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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
EST CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

T 
JL HE CHEMISTRY OF A SINGLE ELEMENT is rarely the focal point of a 

symposium, but the occasion of the 40th anniversary of the first synthesis 
and weighing of pure compounds of plutonium suggested to us that such a 
symposium would be both timely and productive. The interest, enthusiasm, 
and stimulating interaction that the symposium generated showed that this 
supposition was indeed correct. 

The chemistry of plutonium is unique in the periodic table. This theme 
is exemplified throughout much of the research work that is described in 
this volume. Many of the properties of plutonium cannot be estimated 
accurately based on experiments with lighter elements, such as uranium and 
neptunium. Because massive amounts of plutonium have been and are being 
produced throughout the world, the need to define precisely its chemical 
and physical properties and to predict its chemical behavior under widely 
varying conditions will persist. In addition to these needs, there is an 
intrinsic fundamental interest in an element with so many unusual properties 
and with so many different oxidation states, each with its own chemistry. 

The symposium was designed to provide an overview of the current 
status of plutonium chemistry by practitioners in the various areas covered. 
The authors, drawn from U.S. and foreign universities and national labora
tories, were encouraged to include review material to place their subjects in 
perspective, as well as to suggest what they believe to be productive 
directions for future investigation. We find it particularly useful that the 
contributions represent a mixture of fundamental as well as more applied 
environmental and process chemical research. Although we do not claim 
that this volume represents all areas of plutonium chemistry that are cur
rently under active investigation, this collection does represent a reasonably 
broad and balanced view of the field. The contents of the volume should 
be useful as a reference both for those familiar with actinide chemistry and 
for those with limited interests who seek an introduction to the literature 
and current status in an area of plutonium chemistry. 

We would like to thank all of the participants and contributors for 
their interest and cooperation, and the officers of the Division of Nuclear 
Chemistry and Technology, particularly the chairman, Richard Hahn, for 

xi 
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their encouragement and assistance from the inception of the idea to hold 
the symposium through its realization. We were particularly honored with 
the participation of one who was there when it all began and who was 
also celebrating other anniversaries this year, Glenn T. Seaborg. 

WILLIAM T. CARNALL 
Argonne National Laboratory 
Argonne, Illinois 60439 

GREGORY R. CHOPPIN 
The Florida State University 
Tallahassee, Florida 32306 

December 1982 
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1 
Forty Years of Plutonium Chemistry: The 
Beginnings 

GLENN T. SEABORG 

University of California, Lawrence Berkeley Laboratory and Department of 
Chemistry, Berkeley, CA 94720 

The first isolation of a chemical compound of 
plutonium (a flouride) took place on August 20, 1942 
and the first weighing of a pure compound (2.77 micro
grams of the dioxide) on September 10, 1942. Thus 
this Symposium marks quite precisely the 40th anni
versary of these events, the beginnings of the inves
tigation of the macroscopic (non-tracer) chemical 
properties of this important synthetic element. The 
immediately following ultramicrochemical studies led 
to a definition of the IV and VI oxidation states, 
some properties of the metallic state, the synthesis 
and characterization of numerous solid compounds 
and the crucial testing of the first method devised 
for its separation and isolation in pure form after 
its production in the nuclear chain reaction. Later 
work with larger amounts, available as the result 
of its production in a nuclear reactor, made it 
possible to characterize the III and V oxidation 
states and many more compounds. 

The l a s t f o r t y years have seen an e x t e n s i v e , world-wide 
i n v e s t i g a t i o n o f the chemical p r o p e r t i e s o f the s y n t h e t i c element, 
plutonium. As a r e s u l t , as much i s known about the chemical 
p r o p e r t i e s o f t h i s element as i s known about the chemical p r o p e r 
t i e s of most of the n a t u r a l l y o c c u r r i n g elements. The papers i n 
t h i s volume, pr e s e n t e d at the Symposium on the Chemistry o f 
Pl u t o n i u m h e l d d u r i n g the Kansas C i t y meeting o f the American 
Chemical S o c i e t y , i n September, 1982, r e p r e s e n t an up - d a t i n g o f 
t h i s l a r g e amount of i n f o r m a t i o n . 

I n the time and space a v a i l a b l e to me, I s h a l l l a r g e l y con
f i n e my comments to the o r i g i n o f the che m i c a l s t u d i e s on t h i s 
remarkable element. I n so doing I s h a l l i n c l u d e q u o t a t i o n s from 
my J o u r n a l i n or d e r to h e l p capture some o f the f l a v o r o f t h i s 
p i o n e e r i n g work. 

0097-6156/83/0216-0001$06.50/0 
© 1983 American Chemical Society 
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2 PLUTONIUM CHEMISTRY 

The f i r s t i s o l a t i o n o f a c h e m i c a l compound of p l u t o n i u m 
(a f l u o r i d e ) took p l a c e on August 20, 1942 and the f i r s t w e i g h i n g 
of a pure compound (2.77 micrograms o f the d i o x i d e ) on September 
20, 1942 at the wartime M e t a l l u r g i c a l L a b o r a t o r y of the U n i v e r s i t y 
o f Chicago. These events r e p r e s e n t the b e g i n n i n g of the i n v e s t i 
g a t i o n o f the macroscopic ( n o n - t r a c e r ) c h e m i c a l p r o p e r t i e s of 
p l u t o n i u m and t h i s Symposium corresponds q u i t e p r e c i s e l y t o the 
40th a n n i v e r s a r y of these i n a u g u r a l experiments. 

T r a c e r Chemical I n v e s t i g a t i o n s at B e r k e l e y 

T r a c e r i n v e s t i g a t i o n s d u r i n g 1941 and e a r l y 1942 a t B e r k e l e y 
l e d t o a g r e a t d e a l o f i n f o r m a t i o n about the c h e m i c a l p r o p e r t i e s 
of p l u t o n i u m . I t was l e a r n e d t h a t i t has a t l e a s t two o x i d a t i o n 
s t a t e s , the h i g h e r of which i s not c a r r i e d by lanthanum f l u o r i d e 
or cerium f l u o r i d e , w h i l e the lower s t a t e i s q u a n t i t a t i v e l y 
c o p r e c i p i t a t e d w i t h these compounds. I t was e s t a b l i s h e d t h a t the 
h i g h e r o x i d a t i o n s t a t e can be o b t a i n e d by treatment o f the lower 
s t a t e w i t h o x i d i z i n g agents such as p e r s u l f a t e and a r g e n t i c i o n s , 
dichromate, permanganate, or p e r i o d a t e , and t h a t the upper s t a t e 
can be reduced t o a lower ( r a r e e a r t h f l u o r i d e - c a r r i a b l e ) s t a t e 
by treatment w i t h s u l f u r d i o x i d e o r bromide i o n . The approximate 
p o t e n t i a l o f the couple p l u t o n i u m (reduced)~*plutonium ( o x i d i z e d ) 
was b e l i e v e d t o be between -1.0 and -1.4 v o l t s . I t was e s t a b l i s h 
ed t h a t p l u t o n i u m i n aqueous s o l u t i o n i s not reduced t o the metal 
by z i n c , and t h a t i t does not form a v o l a t i l e t e t r o x i d e . I t was 
shown t h a t a s t a b l e lower s t a t e of p l u t o n i u m — p r o b a b l y p l u t o n i u m 
( I V ) — i s c a r r i e d by T h d O s ) ^ . E t h e r e x t r a c t i o n was used t o 
s e p a r a t e l a r g e amounts of u r a n y l n i t r a t e from p l u t o n i u m . Methods 
a l s o were d e v i s e d f o r the s e p a r a t i o n o f p l u t o n i u m from elements 
90, 91, and 93. 

On the b a s i s o f these f a c t s , i t was s p e c u l a t e d t h a t p l u t o 
nium i n i t s h i g h e s t o x i d a t i o n s t a t e i s s i m i l a r to uranium (VI) 
and i n a lower s t a t e i s s i m i l a r to t horium (IV) and uranium ( I V ) . 
I t was reasoned t h a t i f p l u t o n i u m e x i s t e d n o r m a l l y as a s t a b l e 
p l u t o n i u m (IV) i o n , i t would p r o b a b l y form i n s o l u b l e compounds or 
s t a b l e complex i o n s analogous to those of s i m i l a r i o n s , and t h a t 
i t would be d e s i r a b l e (as soon as s u f f i c i e n t p l u t o n i u m became 
a v a i l a b l e ) t o determine the s o l u b i l i t i e s o f such compounds as the 
f l u o r i d e , o x a l a t e , phosphate, i o d a t e , and p e r o x i d e . Such data 
were needed to c o n f i r m deductions based on the t r a c e r experiments. 

When the P l u t o n i u m P r o j e c t was e s t a b l i s h e d e a r l y i n 1942, 
f o r the purpose o f p r o d u c i n g p l u t o n i u m v i a the n u c l e a r c h a i n 
r e a c t i o n i n uranium i n s u f f i c i e n t q u a n t i t i e s f o r i t s use as a 
n u c l e a r e x p l o s i v e , we were g i v e n the c h a l l e n g e o f d e v e l o p i n g a 
c h emical method f o r s e p a r a t i n g and i s o l a t i n g i t from the uranium 
and f i s s i o n p r o d u c t s . We had a l r e a d y c o n c e i v e d the p r i n c i p l e of 
the o x i d a t i o n - r e d u c t i o n c y c l e , which became the b a s i s f o r such a 
s e p a r a t i o n s p r o c e s s . T h i s p r i n c i p l e a p p l i e d to any process i n 
v o l v i n g the use o f a substance which c a r r i e d p l u t o n i u m i n one of 
i t s o x i d a t i o n s t a t e s but not i n another. By use of t h i s 
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1. SEABORG Plutonium Chemistry: The Beginnings 3 

p r i n c i p l e , f o r example, a c a r r i e r c o u l d be used t o c a r r y p l u t o 
nium i n one o x i d a t i o n s t a t e and thus to s e p a r a t e i t from uranium 
and the f i s s i o n p r o d u c t s . Then the c a r r i e r and the p l u t o n i u m 
c o u l d be d i s s o l v e d , the o x i d a t i o n s t a t e o f the p l u t o n i u m changed, 
and the c a r r i e r p r e c i p i t a t e d a g a i n , l e a v i n g the p l u t o n i u m i n 
s o l u t i o n . The o x i d a t i o n s t a t e o f the p l u t o n i u m c o u l d a g a i n be 
changed and the c y c l e s r e p e a t e d . With t h i s type o f procedure, 
o n l y a c o n t a m i n a t i n g element h a v i n g a c h e m i s t r y n e a r l y i d e n t i c a l 
w i t h p l u t o n i u m would f a i l to s e p a r a t e i f a number o f o x i d a t i o n -
r e d u c t i o n c y c l e s were employed. T h i s p r i n c i p l e , o f c o u r s e , 
a p p l i e s t o o t h e r types o f p r o c e s s e s , such as v o l a t i l i t y , s o l v e n t 
e x t r a c t i o n , or a d s o r p t i o n methods. 

Move to M e t a l l u r g i c a l L a b o r a t o r y 

The work on the P l u t o n i u m P r o j e c t i n e a r l y 1942 was c e n t r a l i 
zed i n the M e t a l l u r g i c a l L a b o r a t o r y o f the U n i v e r s i t y o f Chicago. 
The f o l l o w i n g e x t r a c t from my j o u r n a l d e s c r i b e s my a r r i v a l i n 
Chicago w i t h my c o l l e a g u e I s a d o r e Perlman: 

Sunday, A p r i l 19, 1942. T h i s morning a t 9:30 a.m. 
I s a d o r e Perlman and I a r r i v e d i n Chicago aboard the C i t y 
of San F r a n c i s c o . Although our t r i p from B e r k e l e y took 
almost two f u l l days, we f e e l t h a t the time has not been 
wasted. Many l i v e l y d i s c u s s i o n s ensued i n the p r i v a c y o f 
our bedroom and, w i t h a p p r o p r i a t e c a r e , i n the c l u b c a r 
r e g a r d i n g ways t o separate element 94 c h e m i c a l l y from 
uranium ( t h a t w i l l be n e u t r o n - i r r a d i a t e d i n c h a i n - r e a c t i n g 
p i l e s ) and from the f i s s i o n by-products t h a t w i l l be p r o 
duced c o n c u r r e n t l y i n the n e u t r o n - i r r a d i a t i o n p r o c e s s . 
T h i s o v e r a l l problem o f element 94 i s o l a t i o n w i l l occupy 
most o f our a t t e n t i o n f o r some time to come. The work of 
my group i n the Department of Chemistry a t the U n i v e r s i t y 
of C a l i f o r n i a , B e r k e l e y , d u r i n g the p e r i o d August 1940 t o 
the p r e s e n t , has produced much of the background i n f o r m a t i o n 
which i s the b a s i s of the M e t a l l u r g i c a l P r o j e c t . ( T h i s i s 
the code name f o r the p r o j e c t whose m i s s i o n i s t o produce 
f i s s i o n a b l e element 94 i n s u f f i c i e n t q u a n t i t y f o r use i n a 
n u c l e a r weapon, and the p r o j e c t i s c e n t e r e d at the U n i 
v e r s i t y o f Chicago.) 

Our r e s e a r c h at B e r k e l e y has r e s u l t e d i n the d i s c o v e r y 
o f element 94, d emonstration o f the slow neutron f i s s i o n a -
b i l i t y o f i t s i s o t o p e 9 4 2 3 9 , d i s c o v e r y and d emonstration of 
the slow n e u t r o n f i s s i o n a b i l i t y of U 2 3 3 , spontaneous 
f i s s i o n measurements on these i s o t o p e s , d i s c o v e r y o f 9 3 2 3 7 , 
i s o l a t i o n o f and n u c l e a r measurements on U 2 3 t*, study o f 
the c hemical p r o p e r t i e s and methods of chemical s e p a r a t i o n 
o f element 94, d emonstration o f the presence of s m a l l con
c e n t r a t i o n s o f 94 i n n a t u r e and much r e l a t e d i n f o r m a t i o n . 

I have known Perlman s i n c e our undergraduate days at 
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4 PLUTONIUM CHEMISTRY 

UCLA. When I went t o B e r k e l e y to b e g i n my graduate work, 
he a l s o t r a n s f e r r e d to B e r k e l e y t o complete h i s work f o r a 
B.S. degree i n c h e m i s t r y . He l a t e r o b t a i n e d h i s Ph.D. i n 
p h y s i o l o g y a t B e r k e l e y and a f t e r some p o s t d o c t o r a l work t h e r e 
j o i n e d my group i n January and soon became a key man i n t h i s 
e f f o r t . 

When we stepped i n t o the s t r e e t from the Chicago and 
Northwestern R a i l r o a d S t a t i o n at Canal and Madison S t r e e t s 
the temperature was a c o l d 40°F, a r a t h e r sharp c o n t r a s t to 
t h a t i n B e r k e l e y when we l e f t . S t a r i n g us i n the face was 
the h e a d l i n e i n the Chicago Sun, "Tokyo Fears New Bombings; 
Reports F i r e s i n Four C i t i e s " w i t h sub-heads "Five-Hour R a i d 
on Japanese L a i d to Yanks" and " C a p i t a l , Yokohama, Kobe and 
Nagoya B l a s t e d . " The account went on t o say, " E a r l i e r 
Japanese b r o a d c a s t s s a i d a t t a c k s , which began at noon y e s t e r 
day, were c a r r i e d out by h i g h - f l y i n g U n i t e d S t a t e s planes 
which swept i n from s e v e r a l d i r e c t i o n s and s t a r t e d f i r e s 
among the f l i m s y wood and paper homes o f the h e a v i l y popu
l a t e d a r e a s , " and co n t i n u e d w i t h , " N e i t h e r Washington nor 
Gener a l Douglas McArthur's headquarters o f the U n i t e d 
N a t i o n s f o r c e s i n A u s t r a l i a would say t h a t Japan has been 
a t t a c k e d by a i r . " 

We took a cab from the s t a t i o n t o the Shoreland H o t e l 
(55th S t r e e t a t Lake M i c h i g a n ) near the U n i v e r s i t y o f Chicago 
campus. We r e g i s t e r e d here and about noon r e t u r n e d t o the 
downtown ar e a v i a the I l l i n o i s C e n t r a l commuter l i n e . 
F o l l o w i n g l u n c h we attended the Chicago Theater f o r a Sun
day matinee and saw a stage show f e a t u r i n g Kay Kayser's band 
and a movie, "Design f o r S c a n d a l , " w i t h W a l t e r Pidgeon. We 
had d i n n e r , r e t u r n e d here t o our h o t e l , a f t e r which I wrote 
to H e l e n , my b r i d e - t o - b e . 

T h i s day marks my 30th b i r t h d a y and a t r a n s i t i o n p o i n t 
i n my l i f e , f o r tomorrow I w i l l take on the added r e s p o n s i 
b i l i t y o f the 94 c h e m i s t r y group at the M e t a l l u r g i c a l L abora
t o r y on the U n i v e r s i t y of Chicago campus, the c e n t r a l com
ponent o f the M e t a l l u r g i c a l P r o j e c t . 
We went to work immediately. Other chemists were added t o 

my group and b e f o r e the end o f the month we were a s s i g n e d space i n 
and moved to the area on the f o u r t h f l o o r o f George H e r b e r t Jones 
L a b o r a t o r y on the U n i v e r s i t y o f Chicago campus ( F i g u r e 1 ) . 

Altho u g h the o u t l i n e o f a chem i c a l s e p a r a t i o n process c o u l d 
be o b t a i n e d by t r a c e r - s c a l e i n v e s t i g a t i o n s , the process c o u l d not 
be d e f i n e d w i t h c e r t a i n t y u n t i l study o f i t was p o s s i b l e a t the 
a c t u a l s e p a r a t i o n p l a n t s . T h e r e f o r e , the q u e s t i o n i n the summer o f 
1942, was as f o l l o w s : How c o u l d any s e p a r a t i o n s process be t e s t e d 
at the c o n c e n t r a t i o n o f p l u t o n i u m t h a t would e x i s t s e v e r a l y e a r s 
l a t e r i n the p r o d u c t i o n p l a n t s when, a t t h i s t i m e , t h e r e was not 
even a microgram o f p l u t o n i u m a v a i l a b l e ? T h i s problem was s o l v e d 
through an unprecedented s e r i e s o f experiments encompassing two 
major o b j e c t i v e s . F i r s t , i t was dec i d e d to attempt the p r o d u c t i o n 
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6 PLUTONIUM CHEMISTRY 

o f an a c t u a l weighable amount of p l u t o n i u m by bombarding l a r g e 
amounts o f uranium w i t h the neutrons from c y c l o t r o n s . I t must be 
remembered t h a t never b e f o r e had weighable amounts of transmuta
t i o n products been produced w i t h any p a r t i c l e a c c e l e r a t i o n 
machine. Even e x t e n d i n g t h i s p o s s i b i l i t y t o the l i m i t , i t was not 
a n t i c i p a t e d t h a t more than a few micrograms o f p l u t o n i u m c o u l d be 
produced. The second aspect o f the s o l u t i o n o f t h i s problem i n 
v o l v e d the n o v e l i d e a o f a t t e m p t i n g t o work w i t h o n l y microgram 
amounts of p l u t o n i u m b u t , a t the same time, a t o r d i n a r y concen
t r a t i o n s . I t was d e c i d e d t o undertake a program o f i n v e s t i g a t i o n 
i n v o l v i n g volumes of s o l u t i o n s and weighings on a s c a l e of 
o p e r a t i o n s much below t h a t of o r d i n a r y m i c r o c h e m i s t r y • 

We s o l v e d the f i r s t problem by bombarding l a r g e amounts of 
u r a n y l n i t r a t e w i t h neutrons a t the c y c l o t r o n s at the U n i v e r s i t y 
o f C a l i f o r n i a and Washington U n i v e r s i t y ; p l u t o n i u m c o n c e n t r a t e s 
were d e r i v e d from these sources through the e f f o r t s o f teams of 
chemists who used e t h e r e x t r a c t i o n s t o separate the b u l k o f the 
uranium and an o x i d a t i o n - r e d u c t i o n c y c l e w i t h r a r e e a r t h f l u o r i d e 
c a r r i e r to c o n c e n t r a t e the product. I managed to convince 
chemists t r a i n e d i n the techniques of u l t r a m i c r o c h e m i s t r y to j o i n 
us t o s o l v e the second p r o b l e m — B u r r i s B. Cunningham and L o u i s B. 
Werner of the U n i v e r s i t y o f C a l i f o r n i a and M i c h a e l C e f o l a from 
New York U n i v e r s i t y . 

I s o l a t i o n o f P l u t o n i u m 

The f i r s t i s o l a t i o n o f p l u t o n i u m was e f f e c t e d i n room 405, 
Jones L a b o r a t o r y , by s t a r t i n g w i t h a c o n c e n t r a t e c o n t a i n i n g the 
o r d e r o f a microgram o f p l u t o n i u m i n about 10 m i l l i g r a m s o f r a r e 
e a r t h s prepared f o r us by A r t h u r C. Wahl and co-workers a t 
B e r k e l e y . My j o u r n a l r e c o r d s t h i s event as f o l l o w s : 

Thursday, August 20, 1942. Perhaps today was the most e x c i t 
i n g and t h r i l l i n g day I have e x p e r i e n c e d s i n c e coming to the 
Met Lab. Our m i c r o c h e m i s t s i s o l a t e d pure element 94 f o r 
the f i r s t time! T h i s morning Cunningham and Werner s e t 
about fuming ( w i t h e v o l u t i o n o f SO3) y e s t e r d a y ' s 94 s o l u t i o n 
c o n t a i n i n g about one microgram o f 9 4 2 9 , added h y d r o f l u o r i c 
a c i d whereupon the reduced 94 p r e c i p i t a t e d as the f l u o r i d e , 
or perhaps a double f l u o r i d e , f r e e o f c a r r i e r m a t e r i a l , from 
a t o t a l s o l u t i o n volume of 15 c u b i c m i l l i m e t e r s . 

T h i s p r e c i p i t a t e of 94, which was viewed under the 
microscope and which was a l s o v i s i b l e t o the naked eye, 
d i d not d i f f e r v i s i b l y from the r a r e - e a r t h f l u o r i d e s . 
( S h o r t l y a f t e r the 94 was p r e c i p i t a t e d , a c o n s i d e r a b l e 
amount of K2SiF6 was observed t o s e p a r a t e , as a r e s u l t o f 
the f a c t t h a t p r e c i p i t a t i o n had been performed i n g l a s s 
v e s s e l s . T h i s w i l l be a v o i d a b l e i n f u t u r e work because 
we have now developed s u i t a b l e f l u o r i d e - r e s i s t a n t m i c r o 
v e s s e l s . ) 
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1. SEABORG Plutonium Chemistry: The Beginnings 7 

From the a l p h a - a c t i v i t y r e m aining i n the supernatant 
l i q u i d a f t e r the f i n a l p r e c i p i t a t i o n as a f l u o r i d e , i t can 
be c a l c u l a t e d , u s i n g 30,000 years as the h a l f - l i f e o f 9 4 2 3 9 , 
t h a t t h i s s a l t o f 94 has a s o l u b i l i t y o f the o r d e r o f 
magnitude of 10 mg o f the element per l i t e r o f 6 N HF 
s o l u t i o n . T h i s v a l u e i s n e c e s s a r i l y somewhat t e n t a t i v e . 

By a f t e r n o o n a h o l i d a y s p i r i t p r e v a i l e d i n our group. 
Covey brought i n photo floodlamps and h i s 35 mm camera and 
photographed e v e r y t h i n g i n s i g h t ( F i g u r e s 2 and 3 ) . By 
t h i s time the p r e c i p i t a t e d 94 f l u o r i d e had taken on a 
p i n k i s h hue. Perlman, C e f o l a and I , and many o t h e r s i n c l u d 
i n g Kohman, J a f f e y and t h e i r h e l p e r s , who were work i n g i n 
the a t t i c l a b o r a t o r y on the e x t r a c t i o n o f 9 4 2 3 9 from 
neutron-bombarded UNH, came i n t o Room 405 to peer through 
the microscope a t the t i n y speck. 

A l l t h i s w h i l e , Kohman, J a f f e y and t h e i r a s s i s t a n t s 
were r e c r y s t a l l i z i n g the UNH from the f i r s t e t h e r e x t r a c 
t i o n , which they have been doing f o r the l a s t two days. I n 
t h i s s t e p , the f o u r s e p a r a t e s o l u t i o n s were taken t o the r o o f 
and t r a n s f e r r e d i n t o 14-inch e v a p o r a t i n g d i s h e s , s e t over 
hot p l a t e s , and heated t o almost b o i l i n g . Each c o n c e n t r a t e 
was kept simmering; and, as i t t h i c k e n e d from e v a p o r a t i o n , 
i t was v i g o r o u s l y s t i r r e d . When i t was e v i d e n t t h a t t h e r e 
remained a r a t i o o f 6H2O t o one uranium n i t r a t e by the 
p o r c e l a i n c h i p t e s t , the h e a t i n g was stopped. S t i r r i n g 
c o n t i n u e d , however, u n t i l the mass c o o l e d down and hexa-
h y d r a t e c r y s t a l s appeared. Each d i s h was weighed b e f o r e 
and a f t e r emptying. The t o t a l net weight o f the r e c o n s t i 
t u t e d UNH c r y s t a l s c o n t a i n i n g the 93 and 94 i s 31 l b . , 
10.5 oz. 
The l a s t paragraph i n t h i s e x t r a c t r e f e r s t o work on the 

s e p a r a t i o n o f uranium by e t h e r e x t r a c t i o n as a step toward o b t a i n 
i n g a p l u t o n i u m c o n c e n t r a t e from a l a r g e sample o f n e u t r o n - i r r a 
d i a t e d u r a n y l n i t r a t e . 

F i r s t Weighing o f P l u t o n i u m 

The f i r s t w e i g h i n g o f a pure p l u t o n i u m compound i s des
c r i b e d i n the f o l l o w i n g e x t r a c t from my j o u r n a l : 

Thursday, September 10, 1942. During the l a s t couple o f 
days Cunningham and Werner have been wor k i n g t o e s t a b l i s h 
the degree o f p u r i t y o f the p r e c i p i t a t e o f 94 ox i d e t h a t 
they weighed on Monday. When the 94 ox i d e was d i s s o l v e d 
o f f the p l a t i n u m w e i g h i n g boat w i t h H2SO4, they o x i d i z e d 
w i t h S20 8" 2 + A g + 2 , f o l l o w e d by the a d d i t i o n o f HF; 
u n f o r t u n a t e l y a p r e c i p i t a t e appeared which must be caused 
by unremoved L a + . Th i s i n d i c a t e d t h a t something has been 
h o l d i n g back some L a + 3 d u r i n g the LaF3 p r e c i p i t a t i o n s ; t h i s 
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1. SEABORG Plutonium Chemistry: The Beginnings 9 

F i g u r e 3. L. B. Werner and B. B. Cunningham, Room 405, Jones 
L a b o r a t o r y , August 20, 1942. 
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PLUTONIUM CHEMISTRY 

led Cunningham and Werner to make an investigation of this 
phenomenon through the use of tracer experiments with 
radioactive lanthanum f i s s i o n product. From these experi
ments they were able to conclude that the concentration of 
HNO3 must be about 1 M (the concentration had been higher 
in their experiments) in order to insure the complete 
precipitation of the lanthanum fluoride from the S2O8""2 + 
A g + 2 solution. They also concluded this oxidizing agent 
is perhaps the best to use in the oxidation-reduction 
cycles. Although they have been unsuccessful so far i n 
is o l a t i n g pure 94 , they feel that they have now established 
the procedures for doing so. 

Thus prepared, today Cunningham and Werner are tackling 
experiments with Kohmanfs cleaner one-fourth portion 
(batch no. 2) of 9 4 2 3 9 isolated from the large St. Louis 
bombardment of UNH with cyclotron neutrons. According to 
Kohman*s analysis, this solution contains about 8 x 1 0 6 

alpha p a r t i c l e disintegrations per minute, corresponding 
to about 70 micrograms of 9 4 2 3 9 , in a volume of about 18cc , 
together with a few inorganic (such as AgN03 and K2SO4) and 
other contaminants. They began by removing the 94 as the 
insoluble fluoride by co-precipitation with a milligram of 
L a + 3 . This precipitate was dissolved in a volume of 1 ml 
with the help of H 2S0 4, oxidized with S 2 0 8 " 2 + A g + 2 in the 
presence of 1 M H N O 3 , and the L a + 3 precipitated as the 
fluoride by the addition of HF. After removal of the pre
c i p i t a t e , two drops of 30% hydrogen peroxide were added to 
reduce the 94 (no v i s i b l e precipitate appeared), 100 micro
grams of La were added as c a r r i e r , and the lanthanum 
fluoride precipitate incorporating the reduced 94 was re
moved by centrifugation. This precipitate was dissolved in 
250 cubic millimeters of H2O with the help of H 2 S 0 i f , and the 
solution again oxidized in the same manner. The L a + 3 was 
precipitated as the fluoride, and after i t s removal the 
94 was reduced by fuming with ^ S O i * i n a platinum micro-
crucible and precipitated as the hydroxide in carrier-free 
form by the addition of five drops of concentrated NHifOH. 
The hydroxide was packed by centrifugation in a microcone, 
dissolved in concentrated HNO3 solution to which K I O 3 was 
added to precipitate in carrier-free form plutonous iodate. 
This appeared as a white bulky c r y s t a l l i n e material. After 
washing with HNO3 and K I O 3 solution, the iodate was trans
formed into a pale yellowish green flocculent 94 hydroxide 
by the addition of concentrated NHt̂ OH. Measurements on the 
alpha a c t i v i t y i n the supernatant solutions indicated a 
s o l u b i l i t y of about 0 . 0 2 0 grams 94 per l i t e r for the 
plutonous iodate [whose formula is presumably Pu(l03)iJ and 
about 0 . 0 0 4 grams 94 per l i t e r for the plutonous hydroxide 
[whose formula is presumably Pu(OH) ̂  * X H 2 0 ] , using the name 
"plutonium" for element 94 as suggested by Wahl and me in 
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1. SEABORG Plutonium Chemistry: The Beginnings 11 

our Report A-135 ("The Chemical P r o p e r t i e s o f Elements 
93 and 94") i s s u e d l a s t March. The pure h y d r o x i d e was 
d i s s o l v e d i n c o n c e n t r a t e d HNO3 and upon e v a p o r a t i o n t o 
dry n e s s , the lemon-yellow c r y s t a l l i n e plutonous n i t r a t e 
[presumably o f formula Pu(N03)ifXH2O] appeared. T h i s was 
d i s s o l v e d i n a s m a l l volume o f water r e s u l t i n g i n a s o l u t i o n 
o f p a l e y e l l o w - g r e e n c o l o r . A p o r t i o n o f t h i s s o l u t i o n was 
d e l i v e r e d onto a p l a t i n u m w e i g h i n g boat which had been 
weighed on our S a l v i o n i b a l a n c e . The sample was d r i e d and 
i g n i t e d t o form the pl u t o n i u m o x i d e and the boat was a g a i n 
weighed. By s u b t r a c t i o n the weight o f the oxi d e was found 
to be 2 .77 micrograms. 

T h i s was the f i r s t w e i g h i n g o f pure p l u t o n i u m , i n f a c t 
the f i r s t w e i g h i n g o f any s y n t h e t i c element, making t h i s 
a h i s t o r i c day. I i n t e n d t o p r e s e r v e t h i s sample, f o r 
p o s t e r i t y , even though i t means removing a p r e c i o u s q u a n t i t y 
of p l u t o n i u m from our e x p e r i m e n t a l program. [ T h i s sample 
was l a t e r photographed by Covey (see F i g u r e 4 ) . I t has 
been p r e s e r v e d and i s now on d i s p l a y i n the Lawrence H a l l 
of S c i e n c e on the B e r k e l e y campus o f the U n i v e r s i t y o f 
C a l i f o r n i a . ] I am g l a d t h a t I was pr e s e n t to keep i n 
touch w i t h today's dramatic e v e n t s . The a l p h a a c t i v i t y o f 
the sample was r o u g h l y determined t o be about 263,000 
d i s i n t e g r a t i o n s per minute, which corresponds t o a d i s i n t e 
g r a t i o n r a t e o f about 110,000 a l p h a p a r t i c l e d i s i n t e g r a t i o n s 
per minute per microgram o f pl u t o n i u m element, assuming the 
form u l a o f the oxide to be PU2O5 and the m o l e c u l a r weight o f 
pl u t o n i u m to be 239. (We assume the c o u n t i n g e f f i c i e n c y o f 
our " i n s i d e " a l p h a - p a r t i c l e c o u n t e r , used to measure # the 
a l p h a - p a r t i c l e e m i s s i o n r a t e o f an a l i q u o t sample, i s 45%.) 

We have now seen pure compounds o f 94 (plutonium) and 
weighed a compound of pl u t o n i u m , r e s u l t s which s h o u l d g i v e 
g r e a t impetus t o the Met Lab's program o f p r o d u c i n g and 
s e p a r a t i n g gram and k i l o g r a m q u a n t i t i e s o f t h i s t r e a s u r e d 
element. 

War f r o n t r e p o r t s are a l l d e p r e s s i n g today. The Na z i s 
c l a i m they have d r i v e n t o the edge o f S t a l i n g r a d . At the 
same time the Japanese have broken through a mountain range 
i n Guinea and are o n l y 44 m i l e s from P o r t Moresby, keystone 
of New Guinea defenses. 

The d e s c r i p t i o n s of the f i r s t i s o l a t i o n and f i r s t w e i g h i n g of 
pl u t o n i u m t h a t appeared i n M e t a l l u r g i c a l L a b o r a t o r y Reports a t 
t h a t time have been reproduced i n a Benchmark Book o f r e p r i n t s 
(Seaborg, 1978) . 

The work of Cunningham and Werner c o n t i n u e d the next day: 

F r i d a y , September 11 , 1942. Today Cunningham and Werner 
worked on the rema i n i n g plutonous n i t r a t e s o l u t i o n o f 
y e s t e r d a y . They c o n v e r t e d the p l u t o n i u m to the h y d r o x i d e 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

00
1

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Fi
gu

re
 
4.
 

Pl
ut

on
iu

m 
ox

id
e 

(2
.7

7 
mi

cr
og

ra
ms

) 
we

ig
he

d 
on

 
Se

pt
em

be
r 

10
, 

19
42

. 
It

 i
s 

sh
ow

n 
on

 
a 

pl
at

in
um

 w
ei

gh
in

g 
bo

at
 

ma
gn

if
ie

d 
ap

pr
ox

im
at

el
y 

40
-f

ol
d.

 
Th

e 
Pu

 
ox

id
e 

ap
pe

ar
s 

as
 

a 
cr

us
ty

 
de

po
si

t 
(i

nd
ic

at
ed

 
by

 
th

e 
ar

ro
w)

 n
ea

r 
th

e 
en

d 
of

 
th

e 
pl

at
in

um
 w

ei
gh

in
g 

bo
at

, 
wh

ic
h 

is
 h

el
d 

wi
th

 
fo

rc
ep

s 
th

at
 

gr
ip

 
a 

sm
al

l 
ha

nd
le

. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

00
1

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. SEABORG Plutonium Chemistry: The Beginnings 13 

by the a d d i t i o n o f NH^OH, d i s s o l v e d t h i s i n HNO3 and 
p r e c i p i t a t e d the i o d a t e by the a d d i t i o n o f s a t u r a t e d KIO3 
s o l u t i o n . A f t e r washing, t h i s p r e c i p i t a t e was converted 
to the h y d r o x i d e by the a d d i t i o n o f c o n c e n t r a t e d ammonium 
h y d r o x i d e , washed, d i s s o l v e d i n a c i d and then r e p r e c i p i t a t e d 
as the h y d r o x i d e . As Cunningham and Werner's notebook s t a t e s 
at t h i s time, t h i s h y d r o x i d e p r e c i p i t a t i o n was made " f o r the 
purpose of d i s p l a y i n g the pure m a t e r i a l to c e r t a i n i n t e r e s t e d 
persons. A f t e r t h i s m a t e r i a l was r e t u r n e d . . . " You can 
imagine how i n t e r e s t e d we were i n showing o f f and photo
g r a p h i n g t h i s pure compound. A f t e r t h i s d i g r e s s i o n f o r the 
b e n e f i t o f d i s p l a y purposes, the h y d r o x i d e was c o n v e r t e d to 
the n i t r a t e by s o l u t i o n i n n i t r i c a c i d and e v a p o r a t i o n t o 
dryness. An aqueous s o l u t i o n of t h i s was p l a c e d on a 
weighed p l a t i n u m b o a t , evaporated and i g n i t e d and found t o 
weigh 4.45 micrograms, c o r r e s p o n d i n g t o 4.02 micrograms o f 
p l u t o n i u m on the more r e a s o n a b l e assumption t h a t the formula 
of the o x i d e i s Pu02. The o x i d e d i s s o l v e d f a i r l y r e a d i l y 
i n h ot c o n c e n t r a t e d ^ S O i * , presumably due t o the f o r m a t i o n 
of the s t a b l e s o l u b l e complex o f P u + I f w i t h s u l f a t e i o n f o r 
which we have p r e v i o u s e v i d e n c e . An a l p h a p a r t i c l e count 
on an a l i q u o t of t h i s i n d i c a t e s t h a t the t o t a l a l p h a 
a c t i v i t y i n the sample i s 672,000 a l p h a d i s i n t e g r a t i o n s 
per minute. T h i s corresponds t o a s p e c i f i c a c t i v i t y o f 
167,000 a l p h a d i s i n t e g r a t i o n s per minute per microgram, 
which leads to a h a l f - l i f e v a l u e of 20,000 ± 2,000 years 
f o r 9 4 2 3 9 . 

Other I n v e s t i g a t i o n s 

The group i n B e r k e l e y w i t h W. M. L a t i m e r a l s o c o n t r i b u t e d 
to t h i s u l t r a m i c r o c h e m i c a l program o f i n v e s t i g a t i o n . D u r i n g the 
summer o f 1942, A. C. Wahl was a l s o p r o c e s s i n g c y c l o t r o n -
i r r a d i a t e d uranium i n o r d e r t o i s o l a t e pure p l u t o n i u m . He i s o 
l a t e d 200 micrograms o f c h e m i c a l l y pure p l u t o n i u m i n 92 per cent 
y i e l d from 45 k i l o g r a m s o f uranium t h a t had been i r r a d i a t e d f o r 
two months w i t h neutrons from the B e r k e l e y 60-inch c y c l o t r o n . He 
employed lanthanum f l u o r i d e p r e c i p i t a t i o n s from reduced and o x i 
d i z e d s o l u t i o n s and measured y i e l d s and d e c o n t a m i n a t i o n f a c t o r s a t 
every s t e p , c o l l e c t i n g data which proved v e r y v a l u a b l e i n e v a l u a 
t i o n o f t h i s s e p a r a t i o n s p r o c e s s , then the o n l y p r a c t i c a l method 
f o r i s o l a t i o n o f p l u t o n i u m . The chemical procedure was s t a r t e d 
i n J u l y , but progress was slow because o f the care e x e r c i s e d i n 
e v a l u a t i o n o f the s e p a r a t i o n s p r o c e s s , and a pure compound o f 
p l u t o n i u m (IV) h y d r o x i d e , was not i s o l a t e d u n t i l September 29, 
1942. Wahl was v e r y p l e a s e d to show the 0.2 m i l l i g r a m p l u t o n i u m 
sample, e a s i l y v i s i b l e t o the naked eye, t o E. 0. Lawrence, whose 
c y c l o t r o n had produced the p l u t o n i u m . T h i s p l u t o n i u m was used i n 
an u l t r a m i c r o c h e m i c a l program o f i n v e s t i g a t i o n at B e r k e l e y . 
Among o t h e r accomplishments, the B e r k e l e y chemists were a b l e t o 
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14 PLUTONIUM CHEMISTRY 

e s t a b l i s h i n 1943 t h a t the o x i d a t i o n number o f the h i g h e s t s t a t e 
i s VI (Connick and co-workers, 1949). 

Some c o n t i n u i n g u l t r a m i c r o c h e m i c a l i n v e s t i g a t i o n s o f 
Cunningham and Werner are d e s c r i b e d i n my j o u r n a l . 

Monday, September 28, 1942. Upon r e t u r n i n g t o Jones Labora
t o r y t h i s morning, I found t h a t my group has been extremely 
a c t i v e a l l week d u r i n g my absence. 

Cunningham, Werner, and C e f o l a have spent the l a s t two 
weeks doing experiments and r e c o v e r i n g the 94 from the 
v a r i o u s f r a c t i o n s and r e s i d u e s f o l l o w i n g t h e i r experiments 
u s i n g 94 from P e r l m a n 1 s , Kohman 1s, and J a f f e y ' s b a t c h e s . 
Cunningham and Werner have prepared a " s t o c k s o l u t i o n " o f 
pure 94 n i t r a t e c o n t a i n i n g about 2 y (micrograms) o f 94 
per X ( c u b i c m i l l i m e t e r ) o f s o l u t i o n . T h i s they p l a n t o 
use t o t e s t the s o l u b i l i t i e s o f a number o f 94 compounds 
to g i v e i n f o r m a t i o n t h a t might be u s e f u l i n d e v e l o p i n g a 
procedure f o r the s e p a r a t i o n o f 94 from uranium and f i s s i o n 
products i n neutron-bombarded uranium from a p i l e . They 
have p e r f e c t e d methods f o r the d e t e r m i n a t i o n o f s o l u b i l i t y 
o f 94 compounds. 

In t h e i r experiments a s m a l l amount of 94 n i t r a t e 
( c o n t a i n i n g a p p r o x i m a t e l y 0.1 y 94) i s p l a c e d i n 2 X o f 
s o l u t i o n , the a p p r o p r i a t e p r e c i p i t a t i n g agent added, the 
mix t u r e c e n t r i f u g e d , the supernatant l i q u i d removed and 
r e p l a c e d by about 5 X o f the medium i n which the s o l u b i l i t y 
o f the compound i s t o be measured. The two phases are 
mixed by v i g o r o u s s t i r r i n g , a l l o w e d t o st a n d o v e r n i g h t o r 
lon g e r a t room temperature (25°C ± 5°C). Then a measured 
volume o f the supernatant i s withdrawn and i t s a l p h a 
a c t i v i t y determined. S o l u b i l i t i e s o f 94 ( p l u t o n i u m ) are 
c a l c u l a t e d i n terms o f the c o n c e n t r a t i o n o f the element, 
assuming the s p e c i f i c a c t i v i t y t o be 167,000 a l p h a d i s i n 
t e g r a t i o n s per microgram o f p l u t o n i u m per minute ( h a l f - l i f e 
o f 20,000 y e a r s ) . 

On Saturday, upon measuring the s u p e r n a t a n t s o f the 
v a r i o u s p r e c i p i t a t i o n s performed the day b e f o r e , Cunningham 
and Werner found the f o l l o w i n g s o l u b i l i t i e s : 

S o l u b i l i t y 
P r e c i p i t a n t Compound Medium (mg P u / l i t e r ) 

plutonous i o d a t e s a t ' d KIO3 so In 2.1 
1/2-sat'd KIO3 1.8 
s a t ' d KIO3 4.8 
3 M HNO3 
s a t ' d KIO3 6.2 
6 M HNO3 

plutonous f l u o r i d e H2O 10.8 
3 M HF 12.3 

KIO3 

11 

n 

HF 
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1. SEABORG Plutonium Chemistry: The Beginnings 15 

S o l u b i l i t y 
P r e c i p i t a n t Compound Medium (mg P u / l i t e r ) 

HF plutonous f l u r o i d e 6 M HF 44.8 
NHifOH plutonous h y d r o x i d e H 20 1.8 

cone. NH^OH 0.24 

A l s o on Saturday Cunningham and Werner r e c e i v e d Gold-
schmidt's o n e - f o u r t h p o r t i o n o f 9 4 2 3 9 ( b a t c h No. 4) from 
the l a r g e S t . L o u i s n e u t r o n bombardment o f uranium. T h i s 
c o n s i s t s o f about 8 x 10 6 a l p h a - p a r t i c l e d i s i n t e g r a t i o n s 
per minute, c o r r e s p o n d i n g t o about 70 micrograms o f 9 4 2 3 9 

i n a volume o f 25 cc . To t h i s they added about 3 x 10 6 

a l p h a - p a r t i c l e d i s i n t e g r a t i o n s per minute t h a t they have 
r e c o v e r e d from the r e s i d u e s o f Kohman's and J a f f e y ' s p o r t i o n 
d u r i n g the l a s t couple o f weeks. 

An important experiment was the e s t a b l i s h m e n t o f the +4 
o x i d a t i o n s t a t e o f plutonium: 

Tuesday, October 13, 1942. Cunningham and Werner prepared 
a sample o f pl u t o n i u m i o d a t e from a s m a l l p o r t i o n o f t h e i r 
s t o c k p l u t o n i u m n i t r a t e s o l u t i o n by the a d d i t i o n o f excess 
HIO3 i n 4 M HNO3. The p r e c i p i t a t e was removed by c e n t r i 
f u g a t i o n , washed w i t h H2O, t r a n s f e r r e d t o a p l a t i n u m weigh
i n g boat, d r i e d f o r f o u r hours a t 100°C, then weighed w i t h 
the S a l v i o n i b a l a n c e . The p r e c i p i t a t e was then d i s s o l v e d 
and the d r i e d p l a t i n u m boat was weighed a g a i n g i v i n g a 
weight o f 1.70 micrograms f o r the plu t o n i u m i o d a t e . The 
a l p h a - p a r t i c l e a c t i v i t y o f the d i s s o l v e d i o d a t e was d e t e r 
mined and found to be 73,000 a l p h a d i s i n t e g r a t i o n s per 
minute. U s i n g a s p e c i f i c a c t i v i t y f o r p l u t o n i u m o f 
165,000 a l p h a d i s i n t e g r a t i o n s per minute per microgram, t h i s 
corresponds t o 0.44 micrograms of p l u t o n i u m element. From 
t h i s we can c a l c u l a t e the mole r a t i o o f i o d a t e to p l u t o n i u m 
to be 3.89, p o i n t i n g s t r o n g l y t o a v a l e n c e charge o f +4 
f o r the pl u t o n i u m i n plutonous i o d a t e . T h i s i s the f i r s t 
i n s t a n c e i n which the formul a f o r a p l u t o n i u m compound has 
been e s t a b l i s h e d . The f o r m u l a , Pu(l03)»+, agrees w i t h our 
e x p e c t a t i o n s . 

Move t o New Chemistry B u i l d i n g 

By October 1942, my r e s e a r c h group had grown to about 25 
members, c o m p l e t e l y s a t u r a t i n g the l a b o r a t o r y space t h a t had 
been a l l o t t e d t o us on the f o u r t h f l o o r o f George H e r b e r t Jones 
L a b o r a t o r y ( F i g u r e 5 ) . I n a n t i c i p a t i o n o f t h i s , c o n s t r u c t i o n o f 
a new b u i l d i n g was n e a r i n g c o m p l e t i o n t o house my group and o t h e r 
chemists on the P l u t o n i u m P r o j e c t , a t a s i t e on I n g l e s i d e Avenue 
(between 56th S t . and 57th St.) a t the edge of the U n i v e r s i t y o f 
Chicago campus. We moved i n t o t h i s b u i l d i n g — t h e New Chemistry 
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16 PLUTONIUM CHEMISTRY 

F i g u r e 5. Space occupied by i n d i v i d u a l members of our group, 
e a r l y October 1942, on f o u r t h f l o o r of Jones L a b o r a t o r y . 
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1. SEABORG Plutonium Chemistry: The Beginnings 17 

B u i l d i n g — d u r i n g December and by the f o l l o w i n g A p r i l (1943) our 
group (now c a l l e d S e c t i o n C - l ) had doubled i n number t o about 50 
people ( F i g u r e 6 ) . 

The Bismuth Phosphate Process 

S t a n l e y G. Thompson j o i n e d my group on October 1, 1942 and 
i t f e l l t o h i s l o t t o d i s c o v e r the process t h a t was chosen f o r 
use at C l i n t o n L a b o r a t o r i e s ( i n Tennessee) and the Hanford E n g i 
neer Works ( i n the s t a t e o f Washington) f o r the s e p a r a t i o n o f 
p l u t o n i u m from uranium and the immense i n t e n s i t y of r a d i o 
a c t i v e f i s s i o n p roducts w i t h which i t was produced i n the n u c l e a r 
c h a i n r e a c t o r s . A g a i n I t u r n t o my j o u r n a l t o t e l l the s t o r y : 

S aturday, December 19, 1942. Today Thompson t e s t e d the use 
of bismuth phosphate as a c a r r i e r f o r 94 i n i t s reduced 
s t a t e w i t h r a t h e r encouraging r e s u l t s . Upon p r e c i p i t a t i n g 
r e l a t i v e l y h i g h c o n c e n t r a t i o n s of bismuth (15-25 mg per 
10 cc) as bismuth phosphate from 20% UNH s o l u t i o n , he f i n d s 
the 94 to be c a r r i e d t o the e x t e n t of more than 85%. The 
bismuth phosphate p r e c i p i t a t e s are slow i n forming and 
r e q u i r e d i g e s t i o n at temperatures o f the o r d e r of 75 C. 
He f i n d s t h a t the bismuth phosphate p r e c i p i t a t e i s v e r y 
dense and c r y s t a l l i n e , which are d e s i r a b l e p r o p e r t i e s , and 
d i s s o l v e s r e a d i l y i n HC1. 

In view o f Thompson's r e s u l t s on the c a r r y i n g o f P u + I t 

by bismuth phosphate, Cunningham and Werner made an immediate 
t e s t today to see whether i t i s c a r r i e d a t a r a t i o o f 
B i + 3 : P u + I t of about 100:1. The i r r e s u l t s i n d i c a t e t h a t under 
c o n d i t i o n s s i m i l a r t o those o f Thompson's experiment, the 
P u + t f i s c a r r i e d to the e x t e n t o f 98%. This was f a s t work 
and i l l u s t r a t e s the pace a t which our group i s now working. 
They a l s o made a t e s t o f the c a r r y i n g o f P u + I f by hafnium 
phosphate at a r a t i o o f Hf:Pu o f 100:1 and they f i n d t h a t 
about 90% of the Pu i s c a r r i e d . 

The reason f o r the u l t r a m i c r o c h e m i c a l t e s t was to e s t a b l i s h 
whether the bismuth phosphate would c a r r y the p l u t o n i u m a t the 
c o n c e n t r a t i o n s t h a t would e x i s t a t the Hanford e x t r a c t i o n p l a n t . 
T h i s t e s t was n e c e s s a r y because i t d i d not seem l o g i c a l t h a t t r i -
p o s i t i v e bismuth s h o u l d be so e f f i c i e n t i n c a r r y i n g t e t r a p o s i t i v e 
p l utonium. I n subsequent months th e r e was much s k e p t i c i s m on t h i s 
p o i n t and the u l t r a m i c r o c h e m i s t s were f o r c e d t o make repeated 
t e s t s t o prove t h i s p o i n t . Thompson soon showed t h a t P u ( V l ) was 
not c a r r i e d by bismuth phosphate, thus e s t a b l i s h i n g t h a t an 
o x i d a t i o n - r e d u c t i o n c y c l e would be f e a s i b l e . A l l the v a r i o u s 
p a r t s o f the bismuth-phosphate o x i d a t i o n - r e d u c t i o n procedure, 
b u l k r e d u c t i o n v i a c r o s s - o v e r to a r a r e e a r t h f l u o r i d e o x i d a t i o n -
r e d u c t i o n s t e p and f i n a l i s o l a t i o n by p r e c i p i t a t i o n o f p l u t o n i u m 
(IV) p e r o x i d e were t e s t e d a t the Hanford c o n c e n t r a t i o n s o f 
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1. SEABORG Plutonium Chemistry: The Beginnings 19 

p l u t o n i u m i n c a r e f u l and c r u c i a l experiments performed by 
Cunningham, Werner, Perlman, D a n i e l R. M i l l e r , and o t h e r s . Without 
the p o s s i b i l i t y o f these t e s t s e a r l y i n 1943, I b e l i e v e t h a t t h i s 
p r o c e s s , which went i n t o p r o d u c t i o n a t Hanford i n the s t a t e o f 
Washington, and which performed e x c e e d i n g l y w e l l , would not have 
been chosen. S e v e r a l a l t e r n a t i v e p r o c e s s e s , i n c l u d i n g s o l v e n t 
e x t r a c t i o n , v o l a t i l i t y , a d s o r p t i o n and o t h e r p r e c i p i t a t i o n methods 
were a l s o under i n v e s t i g a t i o n , but these e i t h e r were bese t w i t h 
problems o r c o u l d v e r y w e l l have delayed the date o f o b t a i n i n g the 
f i n a l product p l u t o n i u m i n the r e q u i r e d q u a n t i t i e s . 

D i s c o v e r y o f Other Fundamental Chemical P r o p e r t i e s 

The f i r s t d e f i n i t e p r o d u c t i o n o f p l u t o n i u m metal was made i n 
November, 1943 by Baumbach and coworkers ( 1 9 5 8 ) . A p p r o x i m a t e l y 35 
micrograms o f PuFtf i n a s m a l l t h o r i a c r u c i b l e i n a h i g h vacuum 
was r e a c t e d w i t h barium m e t a l a t 1400°C t o y i e l d p l u t o n i u m m e t a l . 
The m e t a l was found to have a s i l v e r y l u s t r e , a d e n s i t y o f about 
16 grams j e r c u b i c c e n t i m e t e r and i t r a p i d l y absorbed hydrogen a t 
about 210 C t o form a b l a c k powder subsequently i d e n t i f i e d as 
PUH3 (a p r o o f t h a t m e t a l had been produced). 

The s u c c e s s f u l o p e r a t i o n o f the r e a c t o r and p l u t o n i u m 
e x t r a c t i o n p l a n t a t Oak Ridge, Tennessee l e d t o the a v a i l a b i l i t y 
o f f i r s t m i l l i g r a m , and then gram, amounts o f p l u t o n i u m s t a r t i n g 
e a r l y i n 1944. The a v a i l a b i l i t y o f m i l l i g r a m amounts of p l u t o 
nium l e d to the immediate d i s c o v e r y o f the I I I o x i d a t i o n s t a t e . 
As mentioned above, e a r l y t r a c e r work at the U n i v e r s i t y o f C a l i f 
o r n i a i n 1941 had e s t a b l i s h e d the e x i s t e n c e o f a lower o x i d a t i o n 
s t a t e ( I V and/or I I I s t a t e ) and a h i g h e r s t a t e (VI and/or h i g h e r 
s t a t e ) , and the u l t r a m i c r o c h e m i c a l work l a t e i n 1942 and i n 1943 
had d e f i n e d the e x i s t e n c e of the IV and VI s t a t e s . The I I I o x i 
d a t i o n s t a t e was d i s c o v e r e d e a r l y i n 1944 by Connick and coworkers 
( 1949 ) , who a c t u a l l y worked w i t h about 0 .25 m i l l i g r a m o f c y c l o 
tron-produced p l u t o n i u m , a t the U n i v e r s i t y o f C a l i f o r n i a , 
B e r k e l e y , and, e s s e n t i a l l y s i m u l t a n e o u s l y , by Hindman and co
workers (1949) at the M e t a l l u r g i c a l L a b o r a t o r y and M a s t i c k and 
Wahl (1944) a t the Los Alamos L a b o r a t o r y ; the l a t t e r two groups 
u t i l i z e d the m i l l i g r a m amounts o f pl u t o n i u m made a v a i l a b l e a t 
the time through the o p e r a t i o n o f the r e a c t o r and chem i c a l s e p a r a 
t i o n p l a n t a t the C l i n t o n L a b o r a t o r i e s i n Tennessee. The e x i s t 
ence o f the V o x i d a t i o n s t a t e was e s t a b l i s h e d i n the summer o f 
1944, through the use o f p l u t o n i u m o b t a i n e d from the C l i n t o n 
L a b o r a t o r i e s , by Connick and coworkers ( 1 9 4 9 ) , at the U n i v e r s i t y 
of C a l i f o r n i a , B e r k e l e y . 

A l t h o u g h a number o f s o l i d compounds o f p l u t o n i u m were 
s y n t h e s i z e d by u l t r a m i c r o c h e m i c a l techniques d u r i n g our f i r s t 
y e ar and a h a l f a t the M e t a l l u r g i c a l L a b o r a t o r y , i t was not u n t i l 
November, 1943 t h a t a p o s i t i v e i d e n t i f i c a t i o n o f a c r y s t a l 
s t r u c t u r e was made. W. H. Z a c h a r i a s e n j o i n e d the p r o j e c t i n the 
f a l l o f 1943 and v e r y soon began to make d e f i n i t i v e i d e n t i f i -
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c a t i o n s o f compounds on the microgram s c a l e u s i n g the x - r a y d i f 
f r a c t i o n t e c h n i q u e . The f i r s t p o s i t i v e r e s u l t was o b t a i n e d on 
p l u t o n i u m d i o x i d e : 

Monday, November 8, 1943. I n the course o f t h e i r attempts 
to produce powdered p l u t o n i u m metal s u i t a b l e f o r study by 
the x-ray d i f f r a c t i o n method, K i r k and Baumbach subm i t t e d 
a sample t h a t t u r n e d out t o be p l u t o n i u m d i o x i d e w e i g h i n g 
10 micrograms which they gave to Z a c h a r i a s e n l a s t Wednes
day; he succeeded i n o b t a i n i n g a s a t i s f a c t o r y x - r a y d i f 
f r a c t i o n p a t t e r n , e n a b l i n g him t o determine i t s c r y s t a l 
s t r u c t u r e . T h i s i s a tremendous accomplishment! T h i s 
p r o b a b l y means t h a t i t i s p o s s i b l e , even on a microgram 
s c a l e , t o o b t a i n the s t r u c t u r e o f numerous p l u t o n i u m com
pounds. T h i s would be a tremendous boost t o our program. 
C o n s i d e r the f o l l o w i n g r e s u l t s . The o x i d e has the f l u o r i t e 
s t r u c t u r e . There are f o u r molecules i n the u n i t cube which 
has an edge equa l to 5.370 ± 0.005 X. The d e n s i t y o f the 
o x i d e i s 11.54 gm/cm3. For comparison, the edge o f the 
u n i t cube o f t h o r i u m o x i d e and uranium o x i d e i s 5.58 and 
5.47 I. r e s p e c t i v e l y . A l l o f t h i s i n f o r m a t i o n was o b t a i n e d 
w i t h 10 micrograms! 
The i n g e n u i t y and e x p e r i m e n t a l s k i l l d i s p l a y e d by the m i c r o -

chemists i n d e v i s i n g methods f o r c o n d u c t i n g d r y - c h e m i c a l r e a c t i o n s 
i n t i n y , t h i n - w a l l e d c a p i l l a r y t u b e s, and the a s t o n i s h i n g a b i l i t y 
o f Z a c h a r i a s e n i n s e c u r i n g and i n t e r p r e t i n g x-ray d i f f r a c t i o n 
p a t t e r n s on products so prepared, l e d t o the i d e n t i f i c a t i o n of a 
l a r g e number of p l u t o n i u m compounds. Alt h o u g h the f i r s t such work 
was performed w i t h the s m a l l (microgram) q u a n t i t i e s o f c y c l o t r o n -
produced p l u t o n i u m , more progress was made when the l a r g e r amounts 
became a v a i l a b l e from the o p e r a t i o n o f the p i l o t p r o d u c t i o n p l a n t 
at C l i n t o n L a b o r a t o r i e s i n Tennessee ( f i r s t m i l l i g r a m and then 
gram amounts) e a r l y i n 1944, and when the s t i l l l a r g e r amounts 
became a v a i l a b l e from the p r o d u c t i o n p l a n t a t the Hanford Engineer 
Works i n the s t a t e o f Washington e a r l y i n 1945. During t h i s p e r i 
od a l l o f the b i n a r y h a l i d e s as w e l l as the o x i d e s and oxy-
h a l i d e s and s e v e r a l o t h e r compounds o f p l u t o n i u m were s y n t h e s i z e d 
and i d e n t i f i e d . I t was a l s o p o s s i b l e t o o b t a i n b a s i c thermo
dynamic d a t a on a number of these compounds by d i r e c t thermo-
chemical methods or by o b s e r v a t i o n s o f the temperature c o e f f i 
c i e n t s o f e q u i l i b r i u m c o n s t a n t s o r , as rough e s t i m a t e s , by n o t i n g 
the presence or absence o f r e a c t i o n s under chosen e x p e r i m e n t a l 
c o n d i t i o n s to e s t a b l i s h lower or upper l i m i t s of s t a b i l i t y . 

A good d e a l was l e a r n e d about p l u t o n i u m m e t a l , i n c l u d i n g the 
d e t e r m i n a t i o n o f i t s d e n s i t y by both c a p i l l a r y d isplacement and 
x-ray d i f f r a c t i o n methods, i t s m e l t i n g p o i n t and vapor p r e s s u r e . 

Much was a l s o l e a r n e d a t the M e t a l l u r g i c a l L a b o r a t o r y about 
the s o l u t i o n c h e m i s t r y o f p l u t o n i u m d u r i n g these f i r s t few years 
of i n v e s t i g a t i o n . T h i s i n c l u d e d e l u c i d a t i o n o f the i o n i c s p e c i e s 
p r e s e n t i n aqueous s o l u t i o n s o f d i f f e r e n t a c i d s and d e t e r m i n a t i o n 
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of the n a t u r e o f v a r i o u s complex i o n s . The group at B e r k e l e y made 
n o t a b l e c o n t r i b u t i o n s t o measuring the o x i d a t i o n p o t e n t i a l s r e 
l a t i n g the v a r i o u s o x i d a t i o n s t a t e s and toward u n d e r s t a n d i n g the 
k i n e t i c s o f r e a c t i o n s i n v o l v i n g these s t a t e s . The group at Los 
Alamos a l s o added much to t h i s knowledge, e s p e c i a l l y about methods 
f o r p r o d u c t i o n o f the m e t a l l i c s t a t e and the p r o p e r t i e s o f the 
m e t a l . 

Thus, a l a r g e amount of i n f o r m a t i o n about the c h e m i c a l 
p r o p e r t i e s o f p l u t o n i u m , working w i t h macroscopic or weighable 
amounts, was o b t a i n e d d u r i n g those f i r s t few y e a r s , i . e . , 1942 
t o 1945. U n t i l the f a l l o f 1943, c y c l o t r o n bombardments were the 
s o l e source o f p l u t o n i u m and a t o t a l of about 2000 micrograms, or 
2 m i l l i g r a m s , were prepared. When the l a r g e r amounts became 
a v a i l a b l e from C l i n t o n L a b o r a t o r i e s e a r l y i n 1944 and s t i l l l a r g e r 
amounts from the Hanford Engineer Works e a r l y i n 1945, the amounts 
a v a i l a b l e to the chemists were s t i l l r e l a t i v e l y s m a l l and the i n 
v e s t i g a t i o n s c o n t i n u e d on the m i c r o c h e m i c a l s c a l e . 

Subsequent I n v e s t i g a t i o n s 

I n v e s t i g a t i o n s o f the c h e m i c a l p r o p e r t i e s of p l u t o n i u m have 
con t i n u e d i n many l a b o r a t o r i e s throughout the w o r l d as i t has be
come a v a i l a b l e . T h i s has l e d to the s i t u a t i o n where the c h e m i s t r y 
of t h i s r e l a t i v e newcomer i s as w e l l understood as i s t h a t o f most 
of the w e l l - s t u d i e d elements. The f o u r o x i d a t i o n s t a t e s of 
p l u t o n i u m — I I I , IV, V, and V I — l e a d to a c h e m i s t r y which i s as 
complex as t h a t o f any o t h e r element. I t i s unique among the 
elements i n t h a t these f o u r o x i d a t i o n s t a t e s can a l l e x i s t s i m u l 
t a n e o u s l y i n aqueous s o l u t i o n a t a p p r e c i a b l e c o n c e n t r a t i o n . As a 
m e t a l , a l s o , i t s p r o p e r t i e s are unique. M e t a l l i c p l u t o n i u m has 
s i x a l l o t r o p i c forms, i n the temperature range from room tempera
t u r e to i t s m e l t i n g p o i n t (640°C), and some o f these have pro
p e r t i e s not found i n any o t h e r known m e t a l . 

T h i s account o f the b e g i n n i n g s and e a r l y days o f the f o r t y 
years o f p l u t o n i u m c h e m i s t r y s h o u l d serve as a background f o r the 
f o l l o w i n g papers which i l l u m i n a t e many o f the accomplishments o f 
the i n t e r v e n i n g years and emphasize the h i g h l e v e l of the p r e s e n t 
s t a t u s of i n f o r m a t i o n on the c hemical p r o p e r t i e s o f t h i s 
remarkable s y n t h e t i c element. 
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2 
Magnetic Properties of Organometallic and 
Coordination Compounds of Plutonium 

B. KANELLAKOPULOS and R. KLENZE 

Kernforschungszentrum Karlsruhe, Institut für Heisse Chemie, 
Postfach 3640, D-7500 Karlsruhe, Federal Republic of Germany 

The magnetic properties of Pu compounds in 
different oxidation states are reviewed. New mea
surements on Pu(C 8H 8) 2, PuF4, [ (C 2 H 5) 4N] 2PuCl 6, and 
[(C2H5)4N]4Pu(NCS)8 are presented. The interpreta
tion of the data is based on intermediate, j - j mix
ed crystal field states and orbital reduction due 
to covalency. Especially in the case of the organo
metallic compounds a large orbital reduction is 
found. 

The known o x i d a t i o n s t a t e s of pl u t o n i u m p r e s e n t a 5 f ^ - s e r i e s , 
s t a r t i n g from f 1 [ P u ( V I I ) ] up to f 5 [ P u ( I I I ) ] . But c o n t r a r y to 
the 4f^- and 5f^ s e r i e s a c r o s s the p e r i o d t a b l e , where the prop
e r t i e s can be d e s c r i b e d by some smooth v a r y i n g parameters, chang
i n g o f the o x i d a t i o n s t a t e s i n f l u e n c e s the e l e c t r o n i c p r o p e r t i e s 
d r a s t i c a l l y . Due to the l a r g e range of a v a i l a b l e o x i d a t i o n s t a t e s 
p l u t o n i u m r e p r e s e n t s a f a v o r a b l e element among the a c t i n i d e s to 
study these e f f e c t s . 

The i n t e r p r e t a t i o n of the e l e c t r o n i c and e s p e c i a l l y o f the 
magnetic p r o p e r t i e s of the a c t i n i d e s i s much more c o m p l i c a t e d 
than i n the l a n t h a n i d e s f o r the f o l l o w i n g r e a sons: 
1. M i x i n g of L S - s t a t e s by s p i n o r b i t c o u p l i n g w i l l be s t r o n g e r 

w i t h an i n c r e a s i n g number of f - e l e c t r o n s . As a consequence, 
i n t e r m e d i a t e v a l u e s of Lande g f a c t o r and reduced c r y s t a l 
f i e l d m a t r i x elements must be used. 

2. C r y s t a l f i e l d e f f e c t s a r e of the ord e r of the f r e e i o n i n t e r 
a c t i o n ; thus they cannot be t r e a t e d as a s m a l l p e r t u r b a t i o n 
as i n the l a n t h a n i d e s . Whereas the c r y s t a l f i e l d s p l i t t i n g 
i n the o x i d a t i o n s t a t e +3 i s comparable to t h a t f o r the l a n 
t h a n i d e s , i t i s s i g n i f i c a n t l y i n c r e a s e d i n the p r o g r e s s i o n 
to h i g h e r o x i d a t i o n s t a t e s . On the ot h e r hand the energy gap 
between ground s t a t e and e x c i t e d m u l t i p l e t s decreases w i t h 
r i s i n g number of f - e l e c t r o n s . Thus the e f f e c t of j - j m i x i n g 
i s i m p o r t a n t f o r a l l o x i d a t i o n s t a t e s of plutonium. 

0097-6156/83/0216-0025$06.00/0 
© 1983 American Chemical Society 
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3. Covalency d i r e c t l y i n f l u e n c e s the magnetic p r o p e r t i e s by 
l o w e r i n g the Lande g v a l u e . I t i s expected to be l a r g e r f o r 
the h i g h e r o x i d a t i o n s t a t e s but the i n f l u e n c e on r e d u c i n g the 
g v a l u e i s much more pronounced f o r the f ( P u ( I V ) ) - and f 5 

( P u ( I I I ) ) - s y s t e m s w i t h low g v a l u e s . T h i s i s seen i n Table I , 
where the r e d u c t i o n of g 2 ( J ) due t o Steven's o v e r l a p r e d u c 
t i o n f a c t o r k i s g i v e n assuming k=0.90. 

P u ( V I I ) 5fl 

Magnetic measurements of LisPu06 i n the temperature range 
from 4.2 t o 300 K were i n t e r p r e t e d by t a k i n g i n t o account the 
o p t i c a l spectrum of [PuOi+(OK) 2] 3~ s o l u t i o n and u s i n g a model 
s i m i l a r to t h a t of P r y c e and E i s e n s t e i n i n c l u d i n g a t e t r a g o n a l 
d i s t o r t i o n of the C^- symmetry (1,2)• The f o l l o w i n g r e s u l t s 
were o b t a i n e d : s p i n - o r b i t c o u p l i n g c o n s t a n t £ = 1900 cm - 1, which 
i s not much h i g h e r than f o r o t h e r ^ - s y s t e m s w i t h lower o x i d a t i o n 
s t a t e s of the c e n t r a l i o n ; A = 8967 and 0 = 4201 cm" 1, c o r r e 
sponding t o the c u b i c f i e l d parameters A°<rl+> = 2862, A6<r 6> = 
-129 cm""1; a t e t r a g o n a l d i s t o r t i o n 6 = -625 cm - 1 and o r b i t a l r e 
d u c t i o n f a c t o r k = 0.8 (T$) and k 1 =1.0 ( I \ ) . To account f o r 
the h i g h temperature magnetism an e m p i r i c a l c o r r e c t i o n of 120 x 
10""6 emu f o r the temperature independent paramagnetism (TIP) must 
be i n c l u d e d . 

The 1/x-vs-T p l o t i s shown i n F i g . 1. I t s h o u l d be noted 
t h a t the same s e t of parameters f i t s a l l s i x expected t r a n s i t i o n s 
of t he o p t i c a l spectrum. For P u ( V I I ) t h i s i s the o n l y known mag
n e t i c measurement i n the temperature range between 4 and 300 K. 

Pu(VI) 5 f 2 

The magnetic s u s c e p t i b i l i t y of Na[Pu0 2 ( C H 3 C O O ) 3] was measured 
by Dawson between 90 and 333 K ( 3 ) . The r e s u l t i n g magnetic mo
ment, P e f f = 8.0 yg, i s temperature independent and corresponds 
to y | f f = 8.70 which i s c a l c u l a t e d from EPR measurements on a 
d i l u t e d sample ( 4 ) . The i n t e r p r e t a t i o n was based on a s t r o n g 
a x i a l f i e l d of the P u 0 2

2 + i o n . 
The poor data on PuF6 a r e p r o b a b l y b e s t i n t e r p r e t e d as a v e r y 

s m a l l TIP o f about 150 x 10" 6 emu i n d i c a t i n g a s i n g l e t ground 
s t a t e and a l a r g e c r y s t a l f i e l d s p l i t t i n g o f the o c t a h e d r a l com
pound C5 ). 

Pu(V) 5 f 3 

No magnetic measurements f o r compounds of p e n t a v a l e n t p l u t o n 
ium have been r e p o r t e d so f a r . 

Pu(IV) S f " 

The most i n f o r m a t i o n on the e l e c t r o n i c s t r u c t u r e of Pu i o n s 
i s a v a i l a b l e f o r Pu(IV) compounds. As f a r as our own r e s u l t s a r e 
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Table I . g-values and y e f f o f ground s t a t e s i n R u s s e l l - S a u n d e r s 
and i n t e r m e d i a t e c o u p l i n g f o r d i f f e r e n t c o n f i g u r a t i o n s . 

E l . conf. f 1 f 2 f 3 f 4 f 5 

Ox. s t a t e V I I VI V IV I I I 

*5/2 H 4 i 9 / 2 L 4 H 5 / 2 

6/7 4 / 5 8/11 3/5 2/7 

y e f f ( y i b 6 , 4 2 9 12 .800 13 .091 7.200 0.714 

i n t e r m . 100% 84% 78% 78% 66% 
i . 2_, 3 T T 4 T 5_ 6 „ c o u p l i n g F 5 / 2 H 4 I 9 / 2 I 4 H 5 / 2 

0.8571 0.8358 0.7720 0.6508 0 .4211 

6 .429 13 .971 14 .751 8 .471 1.5516 

0 .751 0 .741 0.707 0.628 0 .391 

R-S term 

8 J 

y e f f ( y B } 

2 
q ,a ^ r e d 

q r e d = g j ( k = 0 - 9 ) / g j ( k = 1 . 0 ) . 
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p r e s e n t e d we used f o r ou r c a l c u l a t i o n s a f r e e i o n parameter s e t 
e x t r a p o l a t e d from s p e c t r o s c o p i c s t u d i e s on the o c t o t h i o c y a n a t o -
complexes o f u ran ium and nep tun ium ( 6 ) . I t i s s i m i l a r t o o t h e r 
parameter s e t s de t e rmined f o r P u ( I V ) bu t i n c l u d e s the T r e e ' s 
pa ramete rs a , $ , y , w i t h ( E i = 3592, E 2 = 17.95, E 3 = 3 1 9 . 8 , £ = 
2420, a =20, $ = - 5 0 0 , y - 1200 c m " 1 ) , j - j m i x i n g was i n c l u d e d 
f o r the l o w e s t 12 J - s t a t e s c o r r e s p o n d i n g to 17 ,000 c m " 1 , w h i c h i s 
s u f f i c i e n t to d e s c r i b e the ground s t a t e p r o p e r t i e s . 

P u 0 2 

I n o r d e r to demons t ra te t he impor t ance o f s i m u l t a n e o u s l y 
d i a g o n a l i z i n g the f r e e i o n and c r y s t a l f i e l d i n t e r a c t i o n s ( j - j 
m i x i n g ) we may focus on P u 0 2 . The magnet ism was measured by 
Raphae l e t a l . 07). Up to 1000 K a pure TIP o f 536 x 1 0 " 6 emu 
was found w i t h o u t any i n d i c a t i o n o f p o p u l a t i o n o f h i g h e r s t a t e s . 
A p p l y i n g the L e e , L e a s k , Wol f d i ag ram (8) f o r c u b i c c o o r d i n a t i o n , 
a T\ s t a t e was p r e d i c t e d as ground s t a t e . The energy gap to t he 
f i r s t I \ was c a l c u l a t e d to be 2290 cm" 1 f rom the magne t i c i n t e r 
a c t i o n between these l e v e l s . Thus i t i s e v i d e n t t h a t j - j m i x i n g 
w i t h h i g h e r s t a t e s cannot be n e g l e c t e d . I t i s i n t e r e s t i n g t h a t 
t h i s l a r g e energy gap i s no t easy to p r o d u c e . The j - j m i x i n g 
w i l l compensate the s p l i t t i n g f o r l a r g e r c r y s t a l f i e l d p a r a m e t e r s , 
and f o r r a t i o s A ^ < r 6 > / A ° < r l + > <0.3 the maximum s p l i t t i n g i s l ower 
t han 1000 cm"" 1. T h i s can be r a t i o n a l i z e d by the f a c t t h a t i n the 
low energy r e g i o n o f 5fk t h e r e i s more c r o w d i n g o f I \ t han o f T i 
l e v e l s , thus a s t r o n g e r r e p u l s i o n o f I \ l e v e l s y i e l d s a r i - I \ 
c r o s s i n g . To r ep roduce the o b s e r v e d TIP the c r y s t a l f i e l d p a r a 
meters must be o f the o r d e r A j< t t t > <-4,000 and AJ?<r6> - 2 , 6 0 0 -
3,500 c m " 1 . I t s h o u l d be emphasized t h a t the r a t i o o f the p a r a 
meters i s l a r g e r t han i n any o t h e r known a c t i n i d e compound. F o r 
compar i son the e s t i m a t e d v a l u e s f o r U 0 2 (9) a r e : Aj<r'*> = - 3 , 3 0 0 
and A ° < r 6 > = 200 cm"" 1. 

PuFtt 

M a g n e t i c measurements o f PuFi+ between 4 . 2 and 300 K a r e c o n 
s i s t e n t a t h i g h t empera tu res w i t h o l d e r measurements ( 1 0 - 1 2 ) . The 
l a r g e t empera tu re dependent d iamagne t i sm o b s e r v e d e a r l i e r was 
n o t found . Up to 100 K the s u s c e p t i b i l i t y i s n e a r l y t empera tu re 
independent w i t h a v a l u e o f x T x p ~ 2 9 ^ 0 x 1 0 ~ 6 e m u ' ' ^ [ i e C u r i e " 
Weiss b e h a v i o r nea r room t empera tu re i n d i c a t e s p o p u l a t i o n o f a 
h i g h e r f i r s t e x c i t e d s t a t e . The s t r u c t u r e o f PuFi* i s i s o m o r p h i c 
w i t h t h a t o f UFi+ ( 1 3 ) , where two d i f f e r e n t s e t s o f a c t i n i d e atoms 
a r e 8 - f o l d c o o r d i n a t e d by a d i s t o r t e d a n t i p r i s m . 

I f we a p p l y the Mulak model o f a p s e u d o a x i a l , symmetry 
( 1 4 ) , u s i n g a r a t i o c / a = 0 . 9 5 , we f i n d i n d e e d a s i n g l e t ground 
s t a t e |0> and a f i r s t e x c i t e d s t a t e |±1> c a u s i n g the obse rved 
T I P . D e v i a t i o n from D i f d symmetry w i l l a f f e c t to f i r s t o r d e r o n l y 
the e x c i t e d degenera te s t a t e s and w i l l no t a l t e r t h i s s i m p l e 
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model. U s i n g the parameters A°<r 2> = -63, Aj<r' t> = -1290, and 
Ag<r 6> = 564 cm" 1, c a l c u l a t e d from a p o i n t charge model and 
s c a l e d down to f i t the magnetic p r o p e r t i e s , we c a l c u l a t e the f o l 
l o w i n g energy l e v e l s : 

0>: 0 
±1>: 575 
±4>: 1184 
±3>: 1241 
±2>: 2373 

As seen from F i g . 2(a) the energy gap between |0> and |±1> i s 
too l a r g e to a l l o w the observed p o p u l a t i o n of the f i r s t e x c i t e d 
s t a t e . Thus we assume some o r b i t a l r e d u c t i o n to f i t the observed 
b e h a v i o r . The v a l u e s found a r e k = 0.91 and E(|±l>) = 424 cm - 1 

and y i e l d the curve ( b ) . 

[(C2H 5)i»N] 2PuCl 6 

The magnetic p r o p e r t i e s of some R 2 P U C I 6 complexes (R=(CH3)ifN, 
(C2H5)t tN, Cs) were measured between 3 and 50 K by K a r r a k e r (15) . 
The i n t e r p r e t a t i o n was based on a T\ o r a l t e r n a t i v e l y a s p l i t Y5 
ground s t a t e . In b o t h cases a s m a l l t o t a l s p l i t t i n g of the 5Ii+ 
s t a t e was proposed, c o n t r a d i c t o r y to the s m a l l magnetic moment 
found a t room temperature (11,16) and to the e x t r a p o l a t e d v a l u e s 
found f o r s i m i l a r complexes of o t h e r a c t i n i d e s . In F i g . 3 our 
measurement of [ (C2H5)i+N] 2P11CI6 i s shown. We assume t h a t the 
o n l y s t a t e i n v o l v e d i s the T5 and t h a t a d i s t o r t i o n of the c u b i c 
symmetry w i l l produce a s p l i t t i n g of about 200 cm" 1. The low tem
p e r a t u r e magnetism i s due to a f u r t h e r s p l i t t i n g o f about 18 cm" 1. 
D e t a i l s of the c a l c u l a t i o n depend of course on the n a t u r e of 
the d i s t o r t i o n . But i t was found t h a t the g e n e r a l p i c t u r e 
w i l l not be changed f o r d i f f e r e n t k i n d s of d i s t o r t i o n s . 

As the room temperature v a l u e of the magnetic moment i s con
s i d e r a b l y lower than the expected v a l u e f o r a Fs s t a t e ( y ?

f f ~ 
5.45 l i g ) , c o n s i d e r a b l e l o w e r i n g of the g v a l u e must be expected. 

[(C2H 5N] I tPu(NCS) 8 

That magnetic measurements o f t e n r a i s e more problems than 
they s o l v e , i s demonstrated f o r the i n d i c a t e d compound. We p r e 
pared a s e r i e s of [ (C2H5N] ltAn(NSC) q compounds (An = Th, U, Np, Pu) 
w i t h c u b i c c o o r d i n a t i o n of the a c t i n i d e i o n . We d e r i v e d a con
s i s t e n t i n t e r p r e t a t i o n of the magnetic and o p t i c a l p r o p e r t i e s of 
the uranium and the neptunium compounds ( 6 ) . I n the case o f Pu we 
expect an i s o l a t e d T i ground s t a t e and a f i r s t e x c i t e d s t a t e a t 
about 728 cm - 1. To our s u r p r i s e we found a magnetic ground s t a t e 
much more pronounced than i n the case of the hexachloro-complex, 
F i g . 4. 
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F i g u r e 4. M v s . temperature diagram of [ (C^H,. ) 4 N ] 4 P u ( N C S ) 8 . 
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F i g u r e 5. X , vs temperature diagram of PuCCgHg^.as 
f u n c t i o n of k. 
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Pu(C 8H 8)2 

The magnetic p r o p e r t i e s of Pu(C 8H 8)2 (=Pu(C0T) 2), Pu(C 2K5C0T) 2 

and Pu(C\H9C0T) 2 were measured by K a r r a k e r (17,18). A l l compounds 
proved t o be diamagnetic a t room temperature near the t h e o r e t i 
c a l l y c a l c u l a t e d diamagnetic v a l u e . At low temperature they 
showed s t r o n g temperature dependent diamagnetism from -5,000 x 
10" 6 emu a t 4 K t o -900 x 10" 6 emu a t 45 K. 

Our new measurements w i t h i n the temperature range 4.2 to 
300 K shows t h a t P u ( C 0 T ) 2 i s temperature independent paramagnetic, 
F i g , 5. A s m a l l paramagnetic i m p u r i t y was found which c o r r e 
sponded t o y 2££ « 0.01 yg. E x t r a p o l a t i o n f o r 1/T-K) y i e l d e d XTIP = 

(191 ± 10) x ID"6 emu. The diamagnetic c o r r e c t i o n used, = 

-209 x 1 0 - 6 emu, was o b t a i n e d from Th(C0T) 2. 
The "diamagnetism" o r b e t t e r the nonmagnetic ground s t a t e o f 

Pu ( C 0 T ) 2 , was a s p e c i f i c t e s t o f d i f f e r e n t models f o r the e l e c 
t r o n i c s t r u c t u r e o f the An(COT) 2 compounds. I t has been e x p l a i n e d 
by a |0> ground s t a t e i n a p s e u d o a x i a l D 8^ symmetry, i n t e r a c t i n g 
w i t h the e x c i t e d |±1> s t a t e g i v i n g r i s e t o the observed 

X T I P = AE(|±1>-10>) 8 J ( k ) x 1 0 " 6 e m u ( A E i n C n f l ) ' 

where the Lande g j ( k ) f a c t o r depends on the o r b i t a l r e d u c t i o n 
f a c t o r k. I t i s seen from F i g . 6 t h a t the c a l c u l a t e d energy gap 
i s e xtremely l a r g e (- 7,700 cm" 1 f o r k = 1.0). I f we ta k e a l a r g e 
amount of o r b i t a l r e d u c t i o n i n t o account, as was found e m p i r i c a l l y 
f o r o r g a n o m e t a l l i c compounds of the t e t r a v a l e n t a c t i n i d e s , t h i s 
energy gap s t i l l remains remarkably l a r g e , compared to the e s t i 
mated v a l u e s by d i f f e r e n t a u t h o r s (19-21), which a r e lower than 
1000 cm" 1. 

P u ( I I I ) 5 f 5 

C o n t r a r y t o o t h e r o x i d a t i o n s t a t e s most of the compounds of 
t r i v a l e n t p l u t o n i u m t h a t have been i n v e s t i g a t e d show magnetic 
o r d e r i n g a t low temperatures. 

g-Pu 20 3 

T h i s i s one of the b e s t i n v e s t i g a t e d p l u t o n i u m compounds. 
S p e c i f i c heat and magnetic measurements show an a n t i f e r r o m a g n e t i c 
t r a n s i t i o n a t 17 .6 K (22,23). From n e u t r o n d i f f r a c t i o n measure
ments a pseudo s p i r a l magnetic s t r u c t u r e l i k e t h a t i n the heavy 
l a n t h a n i d e metals was deduced. There a r e two magnetic components, 
b o t h w i t h 0.6 y f i p e r p e n d i c u l a r to the c - a x i s w i t h a mo d u l a t i o n 
of c and 2.5c r e s p e c t i v e l y . The s a t u r a t i o n moment of 0.85 y B 

corresponds to a y * f f = 1.01 y£. Below 6 K the magnetic moments 
a r e expected to a l i g n p a r a l l e l to the c - a x i s w i t h o u t change of the 
entropy o f the system. No attempt was made t o i n t e r p r e t the 
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F i g u r e 6. C a l c u l a t e d energy gap AE(+1>-|0>) as f u n c t i o n o f k. 
P r e d i c t e d gaps: a, Ref. 19; and b, Ref. 20. 
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paramagnetic p r o p e r t i e s . U s i n g the for m u l a ( l / x ) e x p = ( 1 / X ) C o o p + 

( 1 / X ) p a r a
 a n d e x t r a p o l a t i n g ( l / x ) C o o p = ^60 x 10" emu the c a l 

c u l a t e d moment i s y | f f = 0.95 a t 25 K and 1.7 y| a t 300 K. From 
s p e c i f i c heat measurements one e x c i t e d energy l e v e l of the 6Hs/2 
ground s t a t e was e s t i m a t e d to be at about 50 and the o t h e r be
tween 160 and 300 cm" 1. 

Cubic Compounds 

Due to the i n t e r m e d i a t e c o u p l i n g the s i g n of the c r y s t a l f i e l d 
m a t r i x element 3 i s r e v e r s e d compared to the pure R u s s e l l - S a u n d e r s 
s t a t e . Thus f o r 8 - f o l d c u b i c c o o r d i n a t i o n a Tj ground s t a t e was 
found. From EPR measurements on Pu3"*- d i l u t e d i n f l u o r i t e h o s t 
l a t t i c e s , a magnetic moment a t T=0 K can be c a l c u l a t e d , r a n g i n g 
from y * f f = 1.333 ( i n Ce0 2) t o y * f f = 0.942 y| ( i n S r C l 2 ) ( 2 ^ , 
25). The l a r g e d e v i a t i o n from the expected v a l u e y | f f = 0.370 
y j p o i n t s up the s t r o n g c r y s t a l f i e l d i n t e r a c t i o n w i t h the h i g h e r 
s t a t e 6 H 7 / 2 . The energy of the T& s t a t e i s about 85 ( i n Ce0 2) or 
50 cm"1 ( i n S r C l 2 ) above the ground s t a t e . 

From magnetic measurements on the e l p a s o l i t e Cs 2NaPuCle a 
T8 ground s t a t e and a low l y i n g T7 s t a t e was deduced ( 2 6 ) . The 
magnetic moment v a r i e s from 0.65 a t 3 K t o 1.1 y^ a t 50 K. 

H a l i d e s 

For P U F 3 o n l y h i g h temperature measurements of magnetism are 
a v a i l a b l e (27). The magnetic moment between 90 and 300 K i s about 
^ e f f = y^" and decreases a t h i g h e r temperature. 

An a n t i f e r r o m a g n e t i c t r a n s i t i o n was found f o r PUCI3 a t 4.5 K, 
whereas P u l 3 o r d e r s f e r r o m a g n e t i c a l l y a t 4.75 K (28). PuBr3 shows 
a pure C u r i e b e h a v i o r (28). The magnetism o f PuCl3 was f i t t e d by 
u s i n g the van V l e c k formula assuming the energy l e v e l s of P u 3 + i n 
L a C l 3 , E i = 13 and E 2 = 77 cm" 1. A TIP c o n t r i b u t i o n of 236 x 10" 6 

emu f o r the 6H7/ 2 was a l s o i n c l u d e d (21,28). 

O r g a n o m e t a l l i c s 

The magnetic s u s c e p t i b i l i t y of K[Pu(C0T) 2] #2THF was measured 
i n the temperature range from 4.2 t o 50 K (30). The magnetic 
moment was found t o be y ^ f f = 1.56 y^ u s i n g 0 = 3.7 K. 

P u ( C 5 H 5 ) 3 and (C5H5) 3Pu-CENC 6Hi1 ( F i g . 7) show a s i m i l a r tem
p e r a t u r e dependence to t h a t o f PUCI3. The lower magnetic moments 
i n d i c a t e some r e d u c t i o n of the g - f a c t o r (21,31). 

C o n c l u s i o n s 

A l t h o u g h magnetic p r o p e r t i e s o f a number of p l u t o n i u m com
pounds a r e known, i t seems from the above d i s c u s s i o n t h a t t he 
knowledge o f the e l e c t r o n i c ground s t a t e p r o p e r t i e s i s v e r y l i m i t 
ed. Each compound r e p r e s e n t s a system of i t s own which has t o be 
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2. KANELLAKOPULOS AND KLENZE Magnetic Properties 37 

a n a l y z e d c a r e f u l l y b e f o r e any comparison w i t h o t h e r s i s p o s s i b l e . 
As seen i n F i g . 8 the e x p e r i m e n t a l l y determined magnetic moments 
a t room temperature a r e i n g e n e r a l much lower than the f r e e i o n 
v a l u e s . To e x t r a c t the c o n t r i b u t i o n of o r b i t a l r e d u c t i o n , the 
i n f l u e n c e of i n t e r m e d i a t e c o u p l i n g , c r y s t a l f i e l d e f f e c t s and 
j - j m i x i n g must be c o n s i d e r e d . 

E s p e c i a l l y f o r low symmetry compounds the i n f o r m a t i o n from 
measurement of the s u s c e p t i b i l i t y i s o f t e n not enough t o d e s c r i b e 
the ground s t a t e unambiguously. S p e c t r o s c o p i c , EPR and o t h e r t e c h 
n iques s h o u l d be combined w i t h more magnetic i n v e s t i g a t i o n s t o 
f i r m l y e s t a b l i s h the i n t e r p r e t a t i o n . 

q= 1 2 3 U 5 

Ion: PuV" PuV I PuV Pu I V Pu"1 

2 
F i g u r e 8. C a l c u l a t e d and e x p e r i m e n t a l l y measured p^^ 
v a l u e s of Pu compounds i n d i f f e r e n t o x i d a t i o n s t a t e s . 
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3 
Reaction of Plutonium Metal with 
Diiodoethane 

DAVID G. KARRAKER 

E. I. du Pont de Nemours & Company, Inc., Savannah River Laboratory, 
Aiken, SC 29808 

The reaction of alpha plutonium metal with 
diiodoethane yielded a product analyzed to be 
PuI3C2H4•4THF. Heating this compound to 140°C for one 
hour yielded a green product, PuI2C2H3. Ir spectra of 
both compounds showed the presence of ethylenic double 
bonds, and magnetic susceptibility showed that both 
were Pu +3 compounds. From this evidence, tentative 
compositions for these compounds were deduced as 
PuI3(CH2=CH2)•4THF and PuI2(CH=CH2). The large, 
polarizable iodide ion is considered to be an 
important factor in stabilizing the Pu+3-ethylenic 
bonds. 

Samarium and y t t e r b i u m metals d i s s o l v e i n t e t r a h y d r o f u r a n 
(THF) s o l u t i o n s of d i i o d o e t h a n e t o y i e l d s o l u t i o n s o f t h e i r 
d i i o d i d e s , (_1) as 

Sm + l ^ H ^ T H F » S m l 2 + C 2H 1 + 

The b l u e samarium d i i o d i d e s o l u t i o n s are s t a b l e i n d e f i n i t e l y i n the 
absence of water and oxygen, and Sml^ and Y b l 2 s o l u t i o n s have been 
employed as re d u c i n g agents i n o r g a n i c s y n t h e s i s . 

The chemical s i m i l a r i t y between l a n t h a n i d e and a c t i n i d e metals 
suggests t h a t C ^ ^ I ^ might a l s o r e a c t w i t h a c t i n i d e m e t a l s . P r e 
l i m i n a r y experiments found no r e a c t i o n between thorium or uranium 
metals and a THF s o l u t i o n of C 2 H 1 + I 2 . Plutonium and neptunium 
metals r e a c t e d , but not i n the same manner as samarium and y t t e r 
bium m e t a l s . T h i s paper r e p o r t s s t u d i e s on the products of the 
r e a c t i o n between p l u t o n i u m metal and THF s o l u t i o n s of C 2 H . I 2 . 

0097-6156/83/0216-0041$06.00/0 
© 1983 American Chemical Society 
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42 PLUTONIUM CHEMISTRY 

E x p e r i m e n t a l 

M a t e r i a l s . THF and e t h y l e t her were p u r i f i e d by d i s t i l l a t i o n 
from L i A l H . i n an argon atmosphere. Toluene and petroleum e t h e r 
(b.p., 20-40°C) were s t i r r e d o v e r n i g h t w i t h CaH 2 and f i l t e r e d 
b e f o r e use. Alpha-phase plutonium metal p i e c e s , prepared at Rocky 
F l a t s (Rockwell I n t e r n a t i o n a l , Golden, C o l o r a d o ) , were cleaned w i t h 
a THF s o l u t i o n of C 2 H l + I 2 b e f o r e use. 

Diiodoethane was p u r i f i e d from i o d i n e by d i s s o l v i n g i n e t h e r 
and washing the e t h e r s o l u t i o n w i t h an aqueous s o l u t i o n of sodium 
t h i o s u l f a t e . The e t h e r phase was d r i e d w i t h anhydrous sodium 
s u l f a t e and vacuum evaporated t o recover pure C 2 H i + I 2 . 

A n a l y s e s . P l u t o n i u m was determined r a d i o m e t r i c a l l y . A 
weighed sample of a compound was d i s s o l v e d i n 2M H^O^ w i t h a few 
drops of 90% HN0 3 to o x i d i z e o r g a n i c m a t e r i a l , and an a l i q u o t of 
t h i s s o l u t i o n counted f o r a l p h a a c t i v i t y . 

Carbon was e s t i m a t e d by a v a r i a t i o n of the Van S l y k e method.(_2) 
A 30-100 mg sample was heated f o r 30 minutes w i t h 0.5 g K 2 C r 2 0 7 , l g 
K I 0 3 , 10 mL 20% fuming I^SO^ and 5 mL H^O^ i n a c l o s e d f l a s k swept 
by a p u r i f i e d N 2 stream. The N 2 stream c a r r i e d the e v o l v e d C 0 2 t o 
an a b s o r p t i o n s o l u t i o n of 0.5M NaOH-0.3M NoH^. A f t e r the wet 
combustion, the absorbed C 0 2 was r e l e a s e d from an a l i q u o t of the 
NaOH s o l u t i o n w i t h l a c t i c a c i d i n a manometric appa r a t u s . C o r r e c 
t i o n s were a p p l i e d f o r the vapor p r e s s u r e of water and f o r reagent 
b l a n k . 

I o d i n e was determined by an i o d o m e t r i c t i t r a t i o n adapted from 
White and Secor.(3) I n s t e a d of the normal C a r i u s combustion, 
i o d i d e was separated from the samples e i t h e r by s l u r r y i n g i n 6M 
NaOH, or by s t i r r i n g the sample w i t h l i q u i d sodium-potassium (NaK) 
a l l o y , f o l l o w e d by d i s s o l v i n g excess NaK i n e t h a n o l . P r e c i p i t a t e d 
p lutonium h y d r o x i d e s were f i l t e r e d . I odine was determined i n the 
f i l t r a t e by bromine o x i d a t i o n t o i o d a t e i n an a c e t a t e b u f f e r s o l u 
t i o n , d e s t r u c t i o n of the excess bromine w i t h formic a c i d , a c i d i f y 
i n g w i t h H^SO^, a d d i t i o n of excess KI s o l u t i o n , and t i t r a t i n g the 
l i b e r a t e d i o d i n e w i t h standard sodium t h i o s u l f a t e . The p r e c i s i o n 
o f the i o d i n e d e t e r m i n a t i o n i s e s t i m a t e d t o be about 5% o f the 
measured v a l u e , p r i n c i p a l l y due t o incomplete e x t r a c t i o n of i o d i n e 
from the sample. 

Measurements. I n f r a - r e d s p e c t r a f o r the r e g i o n 600-4000 cm""1 

were measured w i t h a P e r k i n - E l m e r Model 710B spectrometer on 
samples pressed i n KBr p e l l e t s . Magnetic s u s c e p t i b i l i t i e s were 
measured w i t h a v i b r a t i n g sample magnetometer ( P r i n c e t o n A p p l i e d 
P h y s i c s ) as p r e v i o u s l y d e s c r i b e d . ( 4 ) 

P r e p a r a t i o n s . A l l p r e p a r a t i o n s , p u r i f i c a t i o n s , e t c . were 
performed i n a p u r i f i e d argon atmosphere. The plutonium metal and 
a THF s o l u t i o n of C 2 H ^ I 2 were s t i r r e d t o g e t h e r at room temperature 
i n the dark, t o minimize C^ll^I^ decomposition. In a t y p i c a l 
p r e p a r a t i o n , a 3.0 g p i e c e of a l p h a - p l u t o n i u m metal was s t i r r e d f o r 
t h r e e days w i t h a s o l u t i o n of 2.1g C 2 H i + I 2 i n 50 mL THF. An 
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3. KARRAKER Reaction of Pu Metal with Diiodoethane 43 

o f f - w h i t e p r e c i p i t a t e formed i n the s o l u t i o n ; 1.90 g of unreacted 
Pu metal was r e c o v e r e d . The p r e c i p i t a t e was f i l t e r e d , washed w i t h 
pet. e t h e r , and d r i e d over n i g h t at 80°C i n vacuum. The r e c o v e r e d 
product weighed 3.70 g. The f i l t r a t e from the r e a c t i o n c o n t a i n e d 
15 mg Pu. Analyses found 25±2% Pu, 41 ± 2% I and 23±2% C, c o n s i s 
t e n t w i t h the e m p i r i c a l formula P u l 3

 c
1 8

H
3 6 ° i + > ( P u> 25.53%; I , 

40.70%; C, 23.08%). Assuming f o u r molecules of s o l v a t e d THF, the 
e m p i r i c a l formula i s PuI 3C 2H 1 +«4THF. Attempts t o r e a c t Pu metal 
w i t h C^H^I^ i n t o l u e n e and e t h y l e t h e r s o l u t i o n s were u n s u c c e s s f u l . 

The s t i o c h i o r a e t r y of the r e a c t i o n was measured by r e a c t i n g Pu 
metal w i t h a THF s o l u t i o n of C2Rll2 i n a s e a l e d , evacuated f l a n k . 
A f t e r 24 hours, volume and pressure measurements showed t h a t 1.46 
mm of gas was e v o l v e d , a f t e r c o r r e c t i o n f o r the vapor p r e s s u r e of 
THF; 1.54 mm of Pu was consumed, and t i t r a t i o n of the THF f i l t r a t e 
found 1.8 mm o f i o d i n e . The gas c o m p o s i t i o n was not determined, 
but assuming th a t the evolved gas was C 2H t +, these d a t a i n d i c a t e 
t h a t the r e a c t i o n i s : 

THF 
Pu + 2 C 2 H l + I 2 - ^ ^ P u I 3 ( C 2 H 1 + ) «xTHF + + 1/2 I 2 

Heating the white r e a c t i o n product t o 140°C f o r one hour i n 
vacuum caused a v i s i b l e i o d i n e e v o l u t i o n and a p p r o x i m a t e l y 40% 
weight l o s s . No f u r t h e r weight l o s s was observed up t o 250°C. The 
gaseous products from the p y r o l y s i s were not c o l l e c t e d . The green 
product from p y r o l y s i s analyzed Pu, 43±3%; I , 50 ± 2%; C, 4.9 ± 1%. 
The e m p i r i c a l formula P u I 2 C 2 H 3 has the c a l c u l a t e d c o m p o s i t i o n Pu, 
45.88%; I , 48.75%; C, 4.79%. 

Both e m p i r i c a l formulae have hydrogen c o m p o s i t i o n s a s s i g n e d t o 
agree w i t h the c o m p o s i t i o n chosen based on other evidence. 

R e s u l t s 

IR S p e c t r a . The i n f r a r e d a b s o r p t i o n bands of C 2 H K I 2 , 
P u I ^ H ^ T H F ( r e f e r r e d t o below as "R") and P u I 2 C 2 H 3 (P) are 
l i s t e d i n Table I , and the s p e c t r a are shown i n F i g u r e s 1 and 2. 
The s p e c t r a of both plutonium compounds have s t r o n g a b s o r p t i o n 
bands at 3400 cm" 1 and 1600 cm" 1 t h a t are i n t e r p r e t e d as due t o C-H 
and C=C s t r e t c h i n g f r e q u e n c i e s . The IR spectrum o f C^l^I^ has a 
broad complex a b s o r p t i o n from 2800-4000 cm""1 and a sharp, s t r o n g 
band at 1128 cm""1. A b s o r p t i o n i n the 3000 cm""1 r e g i o n i s n o r m a l l y 
a s s o c i a t e d w i t h CH s t r e t c h i n g v i b r a t i o n s . ( _ 5 ) The normal CH 2 

s t r e t c h i s found at h i g h e r f r e q u e n c i e s i n C=CH 2 and C=CH 
groupings. 

The a b s o r p t i o n at 1600 cm" 1 i n the plutonium compounds i s 
s l i g h t l y lower than th a t expected f o r a C=C s t r e t c h i n g v i b r a t i o n . ( _ 5 ) 
The C-C v i b r a t i o n i n C 2 H i + I 2 i s found at 1128 cm""1, and c o o r d i n a t i o n 
or bonding of a C 2H^I moiety would be expected t o lower t h i s 
v a l u e . (6^) However, c o o r d i n a t i o n or bonding o f a C=C l i n k a g e would 
be expected t o both lower the frequency and i n c r e a s e the i n t e n s i t y 
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44 PLUTONIUM CHEMISTRY 

TABLE I 

I n f r a r e d A b s o r p t i o n Bands (cm" 1) 

C2\12 PuI 3C 2H l f-4THF P u I 2 C 2 H 

2800-4000 S, bd 3400 S 3400 S 
2900 sh 2880 W, bd 
2200 w, bd 
1600 s, sp 1600 sp 

1150 S, sp 1150 W 
1100 sh 

1050 sh 1050 M, bd 
1000 w, bd 1000 sh 

890 W 

S, s t r o n g ; M, medium; W, weak; bd, broad; sp, sharp; sh, shoulder. 
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of t h i s band. The presence of a C=C v i b r a t i o n i s c o n s i s t a n t w i t h 
the s h i f t of a CH 2 s t r e t c h from 2900 cm""1 t o g r e a t e r f r e q u e n c i e s . 

The spectrum o f R has a b s o r p t i o n bands i n the 1000 cm" 1 r e g i o n 
t h a t can be a t t r i b u t e d t o c o o r d i n a t e d THF. (_7, 8) The broad 
a b s o r p t i o n i n the spectrum o f P i n the 1000-1150 cm" 1 r e g i o n i s 
probably due t o s k e l e t a l and deformation v i b r a t i o n s . ( 5 ) The 
absence of a b s o r p t i o n at 1200-1350 cm" 1 i n d i c a t e s t h a t t h e r e are 
probably no h y d r i d e hydrogens.(8) 

Magnetic S u s c e p t i b i l i t i e s . The magnetic s u s c e p t i b i l i t i e s of b o t h 
p l u t o n i u m compounds ( F i g u r e 3) show a weak Curie-Weiss paramagne
t i s m ; f o r R, u e f f = 0 . 8 7 u 3 , 9=2.6°K 9 and f o r P, y eff =0»52u B, 
0=1.4°K over the temperature range 6 to 40°K. Below 6°K, the 
d e v i a t i o n of the d a t a from the s t r a i g h t l i n e i n d i c a t e s lower 
c r y s t a l f i e l d l e v e l s . At h i g h e r temperatures, the magnetism 
becomes too weak t o measure by the magnetometer. 

These magnetic measurements i n d i c a t e t h a t p l u t o n i u m i s present 
as the +3 v a l e n c e i n these compounds. P u 3 + has a 5 f 5 c o n f i g u r a 
t i o n , and 6 H 5 / 2 ground s t a t e , and would show Curie-Weiss paramagne
t i s m s i m i l a r t o the paramagnetism found f o r the compounds s t u d i e d 
h e r e . (10) P u [ + + has a 5fL* c o n f i g u r a t i o n and a ground s t a t e . In 
a c r y s t T l f i e l d o f low enough symmetry t o remove any degeneracy, 
the lowest c r y s t a l f i e l d l e v e l would be a s i n g l e t s t a t e , which 
c o u l d o n l y show temperature-independent (Van V l e c k ) paramagne
t i s m . (11) P u 2 + would be expected t o have a 5 f 6 c o n f i g u r a t i o n , and 
a 7 F Q ground s t a t e , l i k e Am 3 +. The magnetic s u s c e p t i b i l i t y f o r a 

7FQ ground s t a t e can o n l y be temperature-independent, i n any 
c r y s t a l f i e l d symmetry. 

D i s c u s s i o n 

To r e v i e w the a v a i l a b l e e v i d e n c e , the p l u t o n i u m i n b o t h 
compounds i s t r i v a l e n t , the compounds have c o o r d i n a t e d or bonded 
e t h y l e n i c groups, and the e m p i r i c a l formulae are Pul3C 2H i +»4THF (the 
r e a c t i o n p roduct) and P u I 2 C 2 H ^ (the p y r o l y t i c p r o d u c t ) . Formulae 
that are c o n s i s t a n t w i t h t h i s evidence are P u l 3(CH 2=CH 2) ̂ THF f o r 
the r e a c t i o n p r o d u c t , and PuI 2(CH=CH 2) f o r the p y r o l y t i c p roduct. 
The evidence i s o n l y s u f f i c i e n t t o propose these c o m p o s i t i o n s , and 
u n t i l c o r r o b o r a t i v e measurements can be made, these formulae should 
be c o n s i d e r e d t e n t a t i v e . 

Other p o s s i b i l i t i e s c o n s i d e r e d were t h a t a C ^ ^ I moiety was 
bonding to the P u 3 + i o n , and th a t the p y r o l y t i c product c o u l d be a 
P u 2 + compound. The former i s i n c o m p a t i b l e w i t h the i r s p e c t r a , the 
l a t t e r w i t h the magnetic s u s c e p t i b i l i t y r e s u l t s . No evidence was 
found f o r a h y d r i d e i o n i n the i r s p e c t r a . The p y r o l y t i c product 
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certainly has a polymeric structure, since otherwise the Pu 3 + i 0 n 
would be only 3-coordinate. The structure of the pyrolytic product 
probably involves extensive iodide bridging. 

Some speculation may be entertained on the series of reactions 
involved in the oxidation of Pu metal by C^^I^ An initial step 
could be the attack on Pu metal by C2HI+l2 producing a Pu2* species, 
such as PuI2*xTHF. Comparison with Sml2 or Ybl 2 indicates that a 
Pul 2 species would be soluble in THF. Once in solution, the Pul 2 

species would be oxidized by C 2H 1 +I 2, liberating I 2 and precipitat
ing PuI3(C2HI+) *xTHFF. The low concentration of Pu in the THF 
solution suggests that the oxidation of Pu 2 + to Pu 3 + is a rapid 
reaction. Sml2 is not oxidized in the presence of excess Sm metal. 
In a similar reaction, Yb metal is oxidized first to Yb 2 + species, 
then to a Yb + 3 species by Me5CpI«(12). 

Assuming confirmation by further work, these compounds are the 
first Pu compounds to show Pu-ethylenic bonding. The nature of 
this bonding is unknown, but participation of 5f orbitals with TT 
orbitals of the ethylene double bond, though unlikely, should be 
considered. The large and easily polarizable iodide ions could be 
the key factor in stabilizing the proposed Pu+3-ethylene bonds. 
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4 
Bis(μ-hydroxo)tetraaquadiplutonium(IV) 
Sulfate 
Its Relation to Other Tetravalent Hydroxysulfates 
and to the Plutonium(IV) Polymer 

DENNIS W. WESTER 

Argonne National Laboratory, Chemistry Division, Argonne, IL 60439 

Pu2(OH)2(SO4)3(H2O)4, (I) is a hydroxysulfate 
which is unique among the actinides. Other members 
of the series form hydroxysulfates of different 
composition. The conditions leading to I are com
pared to conditions by which hydroxysulfates of 
other tetravalent actinide, lanthanide and Group IVB 
elements are produced. The crystal structure of I 
is described and compared to other known hydroxysul
fate structures. Hydroxysulfates of Zr, Hf and Ce 
are isomorphous to I. A common feature of al l hy
droxysulfates is shown to be the presence of double 
hydroxide bridges. Infrared, visible and near-IR 
spectroscopic results are compared to those for 
Pu(IV) polymer and indicate a close similarity be
tween I and the polymer. 

Hydrothermal h y d r o l y s i s o f m e t a l i o n s i s u s e f u l i n p r o d u c i n g 
c r y s t a l l i n e phases which c o n t a i n m e t a l s i n a s t a t e of p a r t i a l 
h y d r o l y s i s , i . e . , a s t a t e i n t e r m e d i a t e between t h a t of the hy-
d r a t e d m e t a l i o n and t h a t o f the hydrous h y d r o x i d e . Such r e a c 
t i o n s have been used t o produce numerous c r y s t a l l i n e phases of 
a c t i n i d e s (JL-4), Group IV m e t a l i o n s (5 -14) and l a n t h a n i d e s ( 15 -
2 1 ) . 

P r e v i o u s s t u d i e s o f the hydr o t h e r m a l h y d r o l y s i s of t e t r a v a l 
ent Th, U and Np (l - _ 4 ) have shown a remarkable s i m i l a r i t y i n the 
b e h a v i o r o f these elements. I n each case compounds of s t o i c h i -
ometry M ( 0 H ) 2 S 0 i t r e p r e s e n t the major p r o d u c t . I n order t o extend 
our knowledge of the h y d r o l y t i c b e h a v i o r of the a c t i n i d e s and to 
e l u c i d a t e s i m i l a r i t i e s and d i f f e r e n c e s among t h i s group of e l e 
ments, we have i n v e s t i g a t e d t he b e h a v i o r o f t e t r a v a l e n t p l u t o n i 
um under s i m i l a r c o n d i t i o n s . The r e l a t i o n s h i p s between the ma
j o r product o f the hydr o t h e r m a l h y d r o l y s i s o f P u ( I V ) , 
P u 2 ( 0 H ) 2 ( S 0 O 3 ( H 2 0)it, ( I ) , and o t h e r t e t r a v a l e n t a c t i n i d e , l a n 
t h a n i d e and Group IVB h y d r o x y s u l f a t e s a r e the s u b j e c t of t h i s r e -

0097-6156/83/0216-0049$06.00/0 
© 1983 American Chemical Society 
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p o r t . The compounds are compared w i t h r e s p e c t t o s y n t h e s i s , 
s t r u c t u r e and s p e c t r a l p r o p e r t i e s . 

D i s c u s s i o n 
P u 2(0H ) 2 ( S 0 i t ) 3 ( H 2 O K , ( I ) , i s an e x t r e m e l y s t a b l e phase i n 

the P u 0 2
# S 0 3 # H 2 0 system. The s y n t h e s i s and c h a r a c t e r i z a t i o n of I 

have been d e s c r i b e d p r e v i o u s l y (22). The r e d c r y s t a l s of the com
pound were observed t o be s t a b l e i n a i r f o r a t l e a s t s i x t e e n 
months. 

S y n t h e t i c S t u d i e s . Table 1 p r e s e n t s the r e s u l t s of s e v e r a l 
h y d r o t h e r m a l h y d r o l y s i s r e a c t i o n s i n v o l v i n g v a r i o u s c o n c e n t r a t i o n s 
o f Pu(IV) and s u l f a t e . These r e s u l t s suggest t h a t the pH of the 
s o l u t i o n may be an i m p o r t a n t f a c t o r l e a d i n g t o the f o r m a t i o n of 
I . I f the amorphous product i s assumed t o be an e x t e n s i v e l y hy-
d r o l y z e d compound, i t s f o r m a t i o n a t lower pH v a l u e s would be i n 
h i b i t e d so t h a t the Pu(IV) i o n s would remain i n s o l u t i o n and be 
a v a i l a b l e f o r f o r m a t i o n of I . Such b e h a v i o r i s observed s i n c e a t 
s u l f u r i c a c i d c o n c e n t r a t i o n s l e s s than 0.20 M o n l y the amorphous 
prod u c t i s observed. The pH v a l u e s f o r s u l f u r i c a c i d of 0.20-
0.25 M a r e i n the b o r d e r l i n e r e g i o n where temperature and concen
t r a t i o n of Pu(IV) can have l a r g e e f f e c t s . For i n s t a n c e , a t a con
c e n t r a t i o n of Pu(IV) e q u a l t o 0.325 M i n 0.20 M s u l f u r i c a c i d , 
b o t h I and the amorphous product a r e observed a t 140°C However, 
r a i s i n g the temperature t o 180°C, which i n c r e a s e s the degree of 
h y d r o l y s i s , causes o n l y t h e amorphous product t o appear. I n ano
t h e r case, b o t h p r o d u c t s a r e observed a t a Pu(IV) c o n c e n t r a i t o n 
o f 0.166 M and a s u l f u r i c a c i d c o n c e n t r a t i o n of 0.25 M. Presum
a b l y , an i n c r e a s e i n t h e c o n c e n t r a t i o n of Pu(IV) would l e a d to 
a l a r g e r p r o p o r t i o n o f I due t o t h e n e c e s s i t y of forming dimers. 
S u l f a t e c o n c e n t r a t i o n u n f o r t u n a t e l y p a r a l l e l e d t h a t of hydrogen 
i o n so t h a t the e f f e c t s of changing s u l f a t e c o n c e n t r a t i o n were 
obscured. However, the f o l l o w i n g o b s e r v a t i o n s can be made. At 
the l o w e s t s u l f a t e c o n c e n t r a t i o n t h e amorphous product was the 
o n l y p roduct observed. As the c o n c e n t r a t i o n of s u l f a t e ( s u l f u r i c 
a c i d ) was r a i s e d , the o n l y o t h e r p roduct which was observed was 
r e d c r y s t a l l i n e I . A l t h o u g h the green powdery amorphous product 
was observed up t o s u l f a t e c o n c e n t r a t i o n s of 0.25 M, by the time 
the s u l f a t e c o n c e n t r a t i o n reached 0.50 M, I was the o n l y product 
observed a t 140°C However, s i n c e the f o r m a t i o n of the hydroxy-
s u l f a t e s i s i n t i m a t e l y r e l a t e d t o t h e h y d r o l y s i s of the c a t i o n , 
we f e e l t h a t the pH i s t h e c o n t r o l l i n g f a c t o r . 

Comparison of these r e s u l t s f o r p l u t o n i u m w i t h those f o r 
o t h e r t e t r a v a l e n t m e t a l s r e v e a l s some i n t e r e s t i n g f a c t s . Thor-
i u m ( I V ) , uranium(IV) and neptunium(IV) s u l f a t e s have been i n 
v e s t i g a t e d under hydrothermal h y d r o l y t i c c o n d i t i o n s . For u r a n i 
um, the s t a b l e phases which have been r e p o r t e d i n c l u d e U(0H)2S0it 
( 2 ) , UsO^OHK (SOOe ( 3 ) , U ( S 0 O 2* 4H 20 (23) and U ( S 0 O 2 (24). 
For t h o r i u m (1) and neptunium ( 4 ) , t h e h y d r o x y s u l f a t e s M(0H) 2S0i+ 
a r e known. The c o n d i t i o n s f o r f o r m a t i o n of these h y d r o x y s u l f a t e s 
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4. WESTER Bis(t*-hydroxo)tetraaquadiplutonium(IV) Sulfate 51 

TABLE 1 

Hydrothermal H y d r o l y s i s R e a c t i o n s i n the Pu02*S03 #H20 System 

[Pu(IV)] [ S 0 4
 2 ] T,K P r o d u c t s 

0.138 0.125 140 amorphous 

(12Pu 2-2S0 3-7H 20) 

0.325 0.20 140 amorphous + I 

0.325 0.20 180 amorphous 

0.166 0.25 140 amorphous + I 

0.238 0.50 200 I 

0.552 0.50 140 I  P
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a r e n e a r l y i d e n t i c a l t o those f o r f o r m a t i o n o f I . For i n s t a n c e , 
from u r a n i u m - c o n t a i n i n g s o l u t i o n s of 0.1-0.5 M s u l f u r i c a c i d a t 
100-150°C, U(0H ) 2 S0i t i s the predominant product (2). U n f o r t u n a t e 
l y , t he exact c o n c e n t r a t i o n s o f uranium which were used a r e not 
g i v e n . At somewhat h i g h e r uranium c o n c e n t r a t i o n s i n 0.5 M s u l 
f u r i c a c i d a t 200°C, U 60i» (OH) i> (SOO 6 i s the predominant phase ( 3 ) . 
U(SOO 2 forms from 0.3 M U(IV) i n 0.3 M s u l f u r i c a c i d a t 140°C 
(24). Np(0H ) 2 S0t t forms from a s o l u t i o n of 0 . 0 8 M Np(IV) i n 0.5 M 
s u l f u r i c a c i d a t 140°C ( 4 ) . ThiOH^SOt*, a l o n g w i t h o t h e r phases 
(one of which may be T h ( S 0 O 2 · 4 H 2 0 ) , i s prepared i n a s i m i l a r man
ner ( 1 ) . I t i s remarkable t h a t i n view of the many d i f f e r e n t 
phases observed i n the a c t i n i d e - s u l f a t e systems, t o t h i s date the 
o n l y c r y s t a l l i n e phase which has been observed i n the p l u t o n i u m 
s u l f a t e system i s one which i s e n t i r e l y d i f f e r e n t from a l l the 
o t h e r a c t i n i d e phases. The reasons f o r t h i s d i s t i n c t i v e b e h a v i o r 
of p l u t o n i u m a r e as y e t u n c l e a r e s p e c i a l l y i n view of the s i m i l 
a r i t y of the f i r s t h y d r o l y s i s c o n s t a n t s f o r U, Np and Pu. Exper
iments i n v o l v i n g f u r t h e r v a r i a t i o n s o f the c o n d i t i o n s a r e i n p r o 
g r e s s . 

A l t h o u g h the phase which appears t o be v e r y s t a b l e f o r 
p l u t o n i u m has not been observed i n o t h e r A n 0 2

e S 0 3 # H 2 0 systems, 
phases of i d e n t i c a l c o m p o s i t i o n have been observed f o r Z r , Hf and 
Ce. The c r y s t a l s t r u c t u r e of t h e z i r c o n i u m compound Z r 2 ( 0 H ) 2 -
(SOO 3 (H 20) i+, i s w e l l known ( 5 ) . One v e r y i n t e r e s t i n g f e a t u r e of 
the M0 2*S03'H 20 systems f o r Z r , Hf and Co i s t h a t t h e r e a r e a 
l a r g e number of phases which have been observed. Some of these 
correspond t o phases which a r e known f o r Th, U and Np. For z i r 
conium, a s e r i e s of b a s i c s u l f a t e s i s known t o i n c l u d e Z r 2 ( 0 H ) 2 -
(S0i+) 3 ( H 2 0 ) a n d two m o d i f i c a t i o n s of Zr(0H ) 2 S 0 i t as the major 
c o n s t i t u e n t s ( 5 ) . Other b a s i c s u l f a t e s such as Zr (OH) 2 S0if ·Η 20, 
ΖΓι»(ΟΗ)ιο(80θ3(Η 20)ι 0, Z r 3 (OH) 8 (SOO 2 (H 20) 8 and some b a s i c s u l 
f a t e s o f l e s s d e f i n i t e c o m p o s i t i o n a r e known ( 7 ) , but these a t 
p r e s e n t bear l i t t l e r e l a t i o n t o the b a s i c a c t i n i d e s u l f a t e s . I n 
a d d i t i o n , the compounds Zr (SOO 2· 4H 20, Zr (SOO 2· 1. 5H 20, Z r ( S 0 i * ) 2 -
H 20, Z r ( S 0 O 2 and Zr (SOO 2*Η280ι* a r e observed a t 100°C. (6) . 

The H f 0 2 » S 0 3 e H 2 0 system a l s o has been e x t e n s i v e l y s t u d i e d . 
The b a s i c s u l f a t e s which a r e w e l l known i n c l u d e H f 2 ( O H ) 2 ( S O O 3 -
(Η 2 0 Κ (10), Ηί(0Η)280ι* ( 1 3 ) , Hf (OH) 2S0i>·Η20 ( 1 2 ) , and H f ( 0 H ) 2 -
SOi^2H 20 ( 1 1 ) , a l t h o u g h the l a s t compound a l s o has been d e s c r i b e d 
as Hf ^ O s(SOO 3 · 9H 20 (14). I n a d d i t i o n , the compounds Hf ( S 0 i + ) 2 » 
XH 20, X=0.5, 1.5 and 4.0 a r e known (1 0 ) . The phases which occur 
i n t he Ce0 2 » S 0 3»H 20 system a r e more numerous and l e s s w e l l -
d e f i n e d than any of the above m e t a l s ; however, once a g a i n com
pounds c o r r e s p o n d i n g t o C e ( 0 H ) 2 S 0 4 , CeeOi* (OH) ̂  (SOO 6 and C e 2 ( 0 H ) 2 -
(SOO3 (H20)M. a r e observed (15,16) . 

The c o n d i t i o n s under which the b a s i c s u l f a t e s of t e t r a v a l -
e n t , Z r , Hf and Ce form p r o v i d e a n a l o g i e s on which t o base spec
u l a t i o n about the hydr o t h e r m a l h y d r o l y s i s of t e t r a v a l e n t p l u t o n 
ium. I n the z i r c o n i u m system a t 100°C, the o n l y b a s i c s u l f a t e 
observed i s Z r 2 ( O H ) 2 ( S O O 3 ( H 2 0 ) k , i . e . , the z i r c o n i u m a n a l o g of 
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4. WESTER Bis(p-hydroxo)tetraaquadiplutonium{lV) Sulfate 53 

I. However, as the temperature of the hydrothermal hydrolysis i s 
raised, two forms of Zr(0H) 2S04 are formed. In addition, 
Zr (OH) 2 S 0 i t » H 2 O forms from solutions more concentrated i n zircon
ium than solutions which produce Z r 2 (OH) 2 (SOi*) 3 (H 20) i». Thus, i t 
would seem that either higher temperatures or solutions more con
centrated i n plutonium would produce Pu(0H)2S04 or Pu (OH) 2S04 eH 20. 
This trend seems to continue for the Hf02*S03eH20 system. For 
hafnium, the basic sulfates Hf (OH) 2SOi»* 2H 20, Hf (OH) 2S0i*#H20 and 
Hf(0H) 2S04 are formed at 100, 200 and 300°C, respectively. In 
addition, Hf 2(OH)2(SOO 3 ( H 2 O ) 4 i s observed at least up to 200°C. 
However, for hafnium i t appears that Hf(OH)2(SOO 3 ( H 2 O ) 4 becomes 
more stable at 200°C than Hf(OH) 2S04»H 20. In fact, the published 
s o l u b i l i t y diagram for the Hf02*S03eH20 system does not predict 
the existence of Hf(OH)2 S O 4·H 20 at 200°C, so that the results for 
the hafnium system must be interpreted with caution. Fortunately, 
for the Ce02*S03eH20 system the results are i n concordance with 
the trend observed for the zirconium system. At temperatures up 
to 100°C, the p r i n c i p a l phases are 6Ce0 2*5S0 3

e12H 20, 2Ce02 e3S0 3* 
4H 20, 3 C e 0 2*2S0 3»3H 20, C e 0 2 * S0 3 · H20, Ce(S0O 2 · 4H 20 and C e ( S 0 O 2 . 
As the temperature of the system i s raised, phases begin to d i s 
appear from the s o l u b i l i t y diagram u n t i l at 175°C, only CeU2# 

S0 3*H 20 and Ce(SOO2 remain. This behavior i s similar to that of 
zirconium and the same conclusions with respect to plutonium can 
be drawn. 

Structural Studies. X-ray powder d i f f r a c t i o n patterns for I 
indicate that the c r y s t a l structure i s isomorphous to Z r 2 ( 0 H ) 2 ~ 
(SOO 3 (Η2θ)ι*. Figure 1 depicts the structure of the zirconium 
compound Ç5). The structure of I i s i d e n t i c a l to that of the 
zirconium analog except for variations i n bond distances and an
gles which do not affect the ove r a l l structure. We have as yet 
been unable to obtain single crystals of I which are suitable for 
X-ray d i f f r a c t i o n studies. 

By analogy to the Zr compound, the structure of I can be de
scribed as being composed of Pu2(0H)| + moieties to which are co
ordinated water molecules and bridging sulfate groups. Each plu
tonium i s coordinated to eight oxygens (two hydroxide oxygens, 
four sulfate oxygens and two water oxygens). The geometry of the 
coordination sphere i s dodecahedral. In the absence of data ob
tained from a single c r y s t a l structural analysis, more detailed 
discussion of the coordination sphere i s not possible. 

The c r y s t a l structures of H f 2 ( O H ) 2 ( S O 4 ) 3 ( H 2 0 ) 4 (14) and 
C e 2 (OH) 2 (SOO 3 ( H 2 O K (14) also have been determined and found to 
be isomorphous to the zirconium compound. The c e l l constants 
for this series of four isomorphous compounds r e f l e c t the effect 
of the ionic r a d i i on the dimensions of the unit c e l l . The values 
for these c e l l constants are i n Table II. Thus, the c e l l con
stants for the zirconium and hafnium compounds are nearly ident
i c a l and smaller than the c e l l constants for the cerium and plu
tonium compounds which are also nearly i d e n t i c a l . This trend i s 
exactly that followed by the ionic r a d i i of these elements. 
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54 PLUTONIUM CHEMISTRY 

Figure 1. The crystal structure of Zr 2(0H) 2(S0 4) 3(H 20) 4, re
printed with permission from Ref. 5, copyright 1966, American 
Chemical Society. Zirconium atoms are shown as solid circles, 
oxygen atoms as open circles. The Pu compound is isomorphous, 
Zr being replaced by Pu. la shows the manner in which the 
bridging sulfates link Pu atoms to form layers, lb shows the 
manner in which layers are linked through the double hydroxide 
bridges. 
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4. WESTER Bis(fi-hydroxo)tetraaquadiplutonium(IV) Sulfate 55 

TABLE I I 

C e l l Constants f o r M 2 ( 0 H ) 2 (so4) 3-4H 20 

M = Zr Hf Ce Pu 

a (A) 13.056 13.1 13.5 13.51 

b(A) 6.5075 6.5 6.7 6.71 

c(A) 15.092 15.1 15.8 15.52 

96.35 96.5 91 95.7 
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56 PLUTONIUM CHEMISTRY 

Comparison of the c r y s t a l structure for the M 2(OH) 2(SO^)3-
(H 20)it series of compounds (M=Zr,Hf,Ce,Pu) with the c r y s t a l 
structure of other hydroxysulfate compounds reveals a common 
structural feature which pervades the chemistry of these hydrol-
yzed species. The existence of -M(OH) 2Μ-· 6 + moieties i n nearly a l l 
of the hydroxysulfate structures which have been determined i s i n 
deed very s t r i k i n g . For the series of compounds M(0H)2S04, where 
M=Zr ( 1 4 ) , Hf U3) , Th (1 ) , U (2) and Np (_4), the metal atoms are 
linked into chains through the bridging hydroxides. Figure 2 
shows the structure of the compound Th(OH)2SOit from several view
points. The metal atoms form zigzag arrays, with two hydroxide 
ligands separating one metal from the next. Thus, the stoichio-
metry of the chains i s [M(OH) 2]£ n . Crystal structures for 
Μ(ΟΗ) 28θ4·Η 20 where M=Zr (8), Hf (12) also have been determined 
and reveal the presence of almost planar zigzag chains of metal 
atoms joined by double hydroxide bridges. The single exception 
to this trend toward formation of double hydroxy-bridged metal 
dimers or chains i s the compound which i s best described as 
CeOSOit eH 20 (17). However, even i n this structure the cerium ions 
form chains which are linked by bridging oxide ions. 

Accommodation of metal atoms of widely d i f f e r i n g ionic r a d i i 
into the same overall structure creates interesting p o s s i b i l i t i e s 
for the doping of metal ions into a common matrix for spectro
scopic examination under nearly constant c r y s t a l f i e l d effects. 
For instance, observation of i d e n t i c a l phases for zirconium and 
plutonium indicate that the zirconium compound would serve as a 
suitable matrix i n which to isola t e plutonium. Similarly, the 
appearance of i d e n t i c a l phases for Th, U and Np makes possible 
the doping of uranium or neptunium into a thorium matrix. 

Hydrolysis of tetravalent plutonium leads ultimately to a 
species described as Pu(IV) polymer (25-27). Although this spe
cies i s soluble, i t s structure has eluded detection. Due to the 
predominance of double hydroxy-bridged dimeric metal clusters i n 
the structural chemistry of tetravalent Zr, Hf, Ce, Th, U , Np and 
Pu; i t i s plausible to suggest that the i n i t i a l step i n the for
mation of the Pu(IV) polymer may be the hydrolysis of aqueous 
Pu(IV) to form hydroxy-bridged dimers. Further steps may be re
lated to those observed i n zirconium hydrolysis. As mentioned 
previously, species such as Zri* (OH)i 0 (SOi+) 3 (H20) 1 0 containing 
c y c l i c tetramers of oxide-bridged zirconium atoms have been as
signed to these slowly hydrolyzed species, but f i n a l confirmation 
of the structures of both the zirconium and plutonium polymers i s 
lacking. However, using t y p i c a l interatomic distances from crys-
tallographic structure determinations, the radius of such tetra-
meric clusters would be on the order of 14 A, a dimension vtfiich 
agrees remarkably well with the dimension of the primary p a r t i 
cles of Pu(IV) polymer as determined from electron micrographs 
( 2 5 ) . 
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4. WESTER Bis(p-hydroxo)tetraaquadiplutonium(IV) Sulfate 57 

T h O H 

y 

ζ 

Figure 2. The crystal structure of Th(0H)2S04, reprinted with 

permission from Réf. 1, copyright 1950, Royal Swedish Academy 
of Science. The -M(0H)9M- moiety is shown in the upper left . 

The (M(0H)^]2 zigzag chain is illustrated in the upper right 

The bottom views show how the zigzag chains are linked by 
bridging sulfate groups. 
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58 PLUTONIUM CHEMISTRY 

S p e c t r o s c o p i c S t u d i e s . Comparison o f the i n f r a r e d spectrum 
o f I w i t h t h a t f o r t h e M(0H) 2 S0it compounds, where M=U,Np, r e v e a l s 
the expected d i f f e r e n c e s and s i m i l a r i t i e s . The i n f r a r e d spectrum 
o f I i s shown i n F i g u r e 3 . The presence o f water o f c o o r d i n a t i o n 
i n _ t h e s t r u c t u r e o f I g i v e s r i s e t o bands a t ^3200 cm"1 and 1600 
cm . S i n c e such water m o l e c u l e s a r e absent i n the s t r u c t u r e o f 
the M (0H) 2 S0 i t compounds, these bands a l s o a r e absent i n the i n f r a 
r e d spectrum o f the M(0H) 2 S0it compounds. On the o t h e r hand, 
b r i d g i n g s u l f a t e groups a r e common t o both s t r u c t u r e s and the s u l 
f a t e r e g i o n of the i n f r a r e d spectrum, ^1300-1000 cm" 1, i s s u r 
p r i s i n g l y s i m i l a r f o r b o t h types o f compounds. 

P l u t o n i u m ( I V ) polymer has been examined by i n f r a r e d s p e c t r o s 
copy (26). One of the prominent f e a t u r e s i n the i n f r a r e d spectrum 
o f the polymer i s an i n t e n s e band i n the OH s t r e t c h i n g r e g i o n a t 
^3400 cm x . Upon d e u t e r a t i o n , t h i s band s h i f t s t o ^2400 cm l . 
However, i t c o u l d not be p o s i t i v e l y a s s i g n e d t o OH v i b r a t i o n s i n 
the polymer due t o a b s o r p t i o n o f water by the KBr p e l l e t . I n 
view of the broad band observed i n t h i s same r e g i o n f o r I , i t now 
seems l i k e l y t h a t the bands observed p r e v i o u s l y f o r Pu(IV) p o l y 
mer a r e a c t u a l l y due t o OH i n the polymer. Indeed, we have ob
served a s i m i l a r s h i f t i n the sharp a b s o r p t i o n o f U (0H) 2 S0i* upon 
d e u t e r a t i o n (28). T h i s a b s o r p t i o n s h i f t s from ^3500 cm 1 t o 
^2600 cm 1 . 

V i s i b l e and near-IR s p e c t r a o f I a r e shown i n F i g u r e s 4 and 
5 , r e s p e c t i v e l y . Both r e g i o n s o f the s p e c t r a a r e d i s t i n c t i v e 
due t o t h e sharpness and abundance o f a b s o r p t i o n s . A t t h i s time 
a d e t a i l e d a n a l y s i s of t h e spectrum of I has not been c a r r i e d 
out. However, q u a l i t a t i v e comparison w i t h some s p e c t r a of Pu(IV) 
compounds does r e v e a l some i n t e r e s t i n g r e l a t i o n s h i p s . 

The v i s i b l e spectrum o f PuiSOt,) 2 · 4 H 2 0 a t - 9 2 ° C (29) a l s o 
shows numerous sharp a b s o r p t i o n s between ^700-400 nm. Al t h o u g h 
Pu(S0i+) 2* 4 H 2 0 e x i s t s i n two polymorphic forms, b o t h forms c o n t a i n 
e i g h t c o o r d i n a t e p l u t o n i u m i n a s i t e symmetry s i m i l a r t o the Dt+d 
s i t e of p l u t o n i u m i n I . Thus, even though the form of Pu (S0 i+) 2

# 

4 H 2 0 which was used f o r the s p e c t r o s c o p i c study i s not s p e c i f i e d , 
we can assume t h a t t h e s i t e symmetry o f p l u t o n i u m i s s i m i l a r t o 
t h a t i n I . I n t h e r e g i o n 600-700 nm, b o t h s p e c t r a a r e c h a r a c t e r 
i z e d by a s e r i e s of t h r e e a b s o r p t i o n s . I n a d d i t i o n , an a b s o r p t i o n 
o c c u r s a t ^710-720 nm f o r each compound, but t h a t f o r I shows 
much more f i n e s t r u c t u r e i n t h i s r e g i o n . Each spectrum has two 
v e r y sharp a b s o r p t i o n s near 575 nm which a r e f o l l o w e d by broad ab
s o r p t i o n s near 540 nm. F e a t u r e s o f the s p e c t r a a t h i g h e r ener
g i e s a r e a l s o v e r y s i m i l a r and may be i n d i c a t i v e of Pu(IV) i n 
s i t e symmetry approaching Di+d, i - e . , an Archimedean a n t i p r i s m . 

Near-IR and v i s i b l e s p e c t r a of the Pu(IV) polymer have been 
p u b l i s h e d ( 2 7 ) . A l t h o u g h the s p e c t r a g e n e r a l l y a r e v e r y b r o a d , 
t h e a b s o r p t i o n s correspond w e l l t o the f a m i l i e s of peaks seen 
f o r I . E s p e c i a l l y n o t a b l e a r e f e a t u r e s between 1000-1200 nm and 
600-700 nm. I n each c a s e , the spectrum of I resembles t h a t of 
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the polymer, except that numerous sharp peaks are superimposed on 
what would correspond to the broad absorptions of the polymer. 

Gaseous PuCli* at 928°C has been examined spectroscopically 
(30). Comparison of its spectrum with that of I once again shows 
similarities although the relatively broad peaks in the spectrum 
of PuClif which correspond to the families of peaks in the spec
trum of I are shifted to lower energies. The fact that the spec
tra of Pu(IV) are similar under such widely differing conditions 
suggests that these transitions may be insensitive to the en
vironment of the central atom. 

Conclusions 

We have investigated the hydrothermal hydrolytic behavior 
of Pu(IV) sulfate solutions in the temperature range 140-200°C 
The only crystalline phase which has been isolated has the formula 
Pu2 (OH) 2 (SOO 3 (H2OK. The appearance of this phase is quite re
markable because under similar conditions the other actinides 
which have been examined form phases of different composition 
(Μ(0Η)280ί*, M=Th,U,Np). Thus, plutonium apparently lies at that 
point in the actinide series where the actinide contraction in
fluences the chemistry such that elements in identical oxidation 
states will behave differently. The chemistry of plutonium in 
this system resembles that of zirconium and hafnium more than 
that of the lighter tetravalent actinides. Structural studies do 
reveal a common feature among the various hydroxysulfate com
pounds, however, i .e. , the existence of double hydroxide bridges 
between metal atoms. This structural feature persists from zir
conium through plutonium for compounds of stoichiometry Μ(0Η)280ι* 
to Μ2(0Η)2(50θ 3(Η 20)ι*. Spectroscopic studies show similarities 
between Pu2 (OH) 2 (S0i+) 3 (H20) t* and the Pu(IV) polymer and suggest 
that common structural features may be present. 
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5 
Superconductivity and Magnetism in Metallic 
Plutonium Systems 

J. L. SMITH, Z. FISK, and J. O. WILLIS 
Los Alamos National Laboratory, Center for Materials Science, 
Los Alamos, NM 87545 

R. G. HAIRE 
Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Within the general trend in the behavior across 
the actinide series, their alloys, and their metallic 
compounds from superconductors to local moment magnets, 
the only serious irregularity occurs in some plutonium 
compounds. These compounds should be magnetic but 
turn out to be temperature independent paramagnets. 
The explanation appears to be related to current work 
on mixed-valent cerium compounds. Plutonium-americium 
alloys also show this behavior. Considerations based 
upon the plutonium atomic volume in the solids show 
the greatest promise of explaining this irregularity. 

The f - e l e c t r o n s i n p l u t o n i u m metal p a r t i c i p a t e i n the m e t a l 
l i c bonding and y e t are almost l o c a l i z e d e l e c t r o n s . T h i s makes 
p l u t o n i u m the most complex e l e m e n t a l metal and the most d i f f i c u l t 
t o understand. Most metals become e i t h e r s u p e r c o n d u c t i n g o r mag
n e t i c a t low temperatures. Because these phenomena are r e l a t i v e 
l y w e l l understood t h e o r e t i c a l l y , low temperature measurements 
u s u a l l y p r o v i d e a w e a l t h o f i n f o r m a t i o n on the e l e c t r o n i c p r o p e r 
t i e s o f me t a l s . P l u t o n i u m m a t e r i a l s have never y i e l d e d t o such 
s i m p l i f i c a t i o n except f o r a few magnetic compounds. B e h a v i o r 
s i m i l a r t o p l u t o n i u m a l s o occurs f o r cerium, manganese, and i r o n 
because they possess the same p r o p e r t y : e l e c t r o n s t h a t are a l 
most non-conducting and hence almost magnetic. These o t h e r e l e 
ments are s t i l l much s t u d i e d because o f t h i s , but even elementary 
e x p e r i m e n t a l s t u d i e s o f many m e t a l l i c p l u t o n i u m systems are s t i l l 
l a c k i n g because o f i t s r a d i o a c t i v i t y . 

We s h a l l d i s c u s s the r o l e o f f - e l e c t r o n bonding i n pure p l u 
tonium and i n i t s n e i g h b o r i n g a c t i n i d e s , the u s e f u l n e s s o f the 
s i z e o f the atoms i n s o l i d s f o r p r e d i c t i n g b e h a v i o r , and the gen
e r a l t r e n d s i n s u p e r c o n d u c t i v i t y and magnetism i n the p e r i o d i c 
t a b l e . Then we s h a l l show t h a t w i t h i n t h i s framework t h e r e are 
many problems remaining i n d e s c r i b i n g the onset o f magnetism i n 

0097-6156/83/0216-0065$07.00/0 
© 1983 American Chemical Society 
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66 PLUTONIUM CHEMISTRY 

p l u t o n i u m m a t e r i a l s , y e t no t f o r i t s n e i g h b o r i n g a c t i n i d e s . F i n 
a l l y we s h a l l d e s c r i b e our r e c e n t e f f o r t s t o f i n d s i m p l e b e h a v i o r 
i n PuAm a l l o y s . 

P l u t o n i u m M e t a l 

F i g u r e 1 shows the m o n o c l i n i c c r y s t a l s t r u c t u r e o f the room 
t empera tu re α - p h a s e o f p l u t o n i u m (_1) w i t h bonds drawn i n one 
p l a n e to emphasize the p suedo-hexagona l l a y e r s , t h a t i s , the 
p l a n a r s i x - f o l d c o o r d i n a t i o n . Each o f the e i g h t t ypes o f atoms 
a l s o makes s i x t o t e n bonds w i t h atoms i n ad j acen t p l a n e s . F i g 
u re 1 i s a v e r y u n u s u a l s t r u c t u r e f o r a m e t a l and dese rves some 
d i s c u s s i o n . The f a c t t h a t the o r i g i n a l s t r u c t u r e r e p o r t (2) r e 
f e r s t o " c o v a l e n t " bonds can be t a k e n as a s u g g e s t i o n t h a t t h i s 
m e t a l demons t ra tes the cont inuum between c o v a l e n t and s o - c a l l e d 
m e t a l l i c b o n d i n g . B o t h t ypes i n v o l v e s h a r i n g e l e c t r o n s , and i n 
p l u t o n i u m , the a tomic pa ren tage o f the 5 f - w a v e f u n c t i o n bond ing 
shows i t s e l f i n the s o l i d . T h i s f - e l e c t r o n b o n d i n g i s from the 
s p a t i a l l y ex tended 5 f e l e c t r o n s and i s un ique t o the a c t i n i d e s . 
(The same s i t u a t i o n a l s o o c c u r s i n the 4 f e lement c e r i u m under 
a p p l i e d p r e s s u r e ( 3 ) ) . I t i s the symmetry o f the f - e l e c t r o n o r -
b i t a l s w h i c h d i s f a v o r s the t r a d i t i o n a l c l o s e packed s t r u c t u r e s 
( f e e , f a c e - c e n t e r e d - c u b i c , and hep, h e x a g o n a l - c l o s e - p a c k e d ) and 
d i s t o r t s α - P u from an hep c r y s t a l s t r u c t u r e . 

I n f a c t t h i s c o v a l e n t - l i k e s t r u c t u r e does no t make a p a r t i 
c u l a r l y good m e t a l . I t s room-tempera ture r e s i s t a n c e i s h i g h , and 
i t i s v e r y b r i t t l e . The bond l e n g t h s f a l l i n t o a b i m o d a l d i s t r i 
b u t i o n w i t h s h o r t bonds o f 2 . 5 7 - 2 . 7 8 Â and l o n g bonds o f 3 . 1 9 - 3 . 7 1 
Â w i t h the s h o r t bonds o f atoms numbered 2 t h r o u g h 7 a l l f a l l i n g 
w i t h i n one hemisphere ( 1 ) . I t i s as though f - e l e c t r o n bond ing 
must p redomina te i n t h e ~ s h o r t bonds . S i m p l e models have been 
made t h a t e s t i m a t e a tomic volumes i n the a c t i n i d e me ta l s w i t h and 
w i t h o u t an f - c o n t r i b u t i o n ( 4 ) . I t seems l i k e l y t h a t t h i s ap
p r o a c h c o u l d be ex tended to~"pred ic t bond l e n g t h s w i t h and w i t h o u t 
an f - c o n t r i b u t i o n t o check i f t h i s i s the cause f o r the hemis 
p h e r i c a l d i v i s i o n t h a t o c c u r s i n most o f the α - P u atoms. I t i s 
c l e a r t h a t f - e l e c t r o n s p r o f o u n d l y i n f l u e n c e the p l u t o n i u m c r y s t a l 
s t r u c t u r e . 

f - C h a r a c t e r i n A c t i n i d e s 

The i d e a o f f - b o n d i n g was n o t , t o our knowledge , f i r m l y e s 
t a b l i s h e d t h e o r e t i c a l l y u n t i l energy band c a l c u l a t i o n s t h a t were 
b o t h s e l f - c o n s i s t e n t and r e l a t i v i s t i c were a v a i l a b l e about a de
cade ago (5 , j6 ) . E a r l i e r t h i n k i n g about c r y s t a l s t r u c t u r e s ( 7 , 8 ) 
and m e l t i n g p o i n t s (8) tended t o r e f e r t o the p re sence o f f -
c h a r a c t e r i n t he v a l e n c e bands ( 9 ) . However t he most o b v i o u s way 
t o demonst ra te the p re sence and e f f e c t s o f an f - e l e c t r o n energy 
band i s t o c o n s i d e r the connec ted b i n a r y a l l o y phase d iagrams 
shown i n F i g u r e 2 ( 1 0 ) . The f i g u r e b e g i n s and ends w i t h o r d i n a r y 
b e h a v i o r f o r m e t a l s T " The m i d d l e i s marked by the t r a n s i t o f an 
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5. SMITH ET AL. Superconductivity and Magnetism 67 

F i g u r e 1. The c r y s t a l s t r u c t u r e of α-Pu. The l a r g e numbered 
c i r c l e s r e p r e s e n t the e i g h t d i f f e r e n t types o f atoms i n 
one p l a n e of the s t r u c t u r e . The s m a l l e r c i r c l e s show 
the next p l a n e below. The t h i r d p l a ne down repe a t s the 
f i r s t one. The u n i t c e l l c o n t a i n s 16 atoms and i s i n 
d i c a t e d by the heavy p a r a l l e l o g r a m . 
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68 PLUTONIUM CHEMISTRY 

F i g u r e 2. The connected schematic b i n a r y a l l o y phase diagrams f o r 
the l i g h t a c t i n i d e s . The diagrams f o r Ac through U and 
f o r AmCm are e s t i m a t e s based upon the pure elements. 
The c r y s t a l s t r u c t u r e s are i n d i c a t e d on the f i g u r e , i n 
c l u d i n g the st a n d a r d d e s i g n a t i o n s f o r pure p l u t o n i u m . 
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5. SMITH ET AL. Superconductivity and Magnetism 69 

f-band down through the Fermi energy Ε . An f-band s i m p l y means 
t h a t the f - e l e c t r o n s are c o n d u c t i n g anS bonding; t h i s i s an i t i n 
e r a n t e l e c t r o n s t a t e . So as p a r t o f the f-band i s c l e a r l y occu
p i e d a c r y s t a l l o g r a p h i c d i s t o r t i o n s e t s i n a t Pa and as the band 
moves down the c r y s t a l s t r u c t u r e s get more complex u n t i l the f -
band drops below E^, j u s t p a s t Pu where the fee s t r u c t u r e r e t u r n s . 
The m e l t i n g p o i n t i s depressed by the f-band (8,9) which a l s o 
shows i t s t r a n s i t . S i n c e a t pure p l u t o n i u m t h e r e are s i x c r y s 
t a l l o g r a p h i c a l l o t r o p e s i n a 600°C temperature range, the d e t a i l s 
o f the f-band are most s u b t l e j u s t as i t drops below Ej.. As we 
s h a l l show l a t e r , t h i s i s the most d i f f i c u l t b e h a v i o r i n m e t a l l i c 
a c t i n i d e m a t e r i a l s t o understand. The p o i n t o f l o w e s t symmetry 
c r y s t a l s t r u c t u r e s can be s h i f t e d t o h e a v i e r elements w i t h ap
p l i e d p r e s s u r e because f - e l e c t r o n bonding i s enhanced by i n 
creased wave f u n c t i o n o v e r l a p ( 1 1 ) . S i m i l a r l y , d i l u t i n g the ac
t i n i d e atoms w i t h o t h e r atoms in"compounds o r a l l o y s o f t e n s i m p l y 
s h i f t s the i n t e r e s t i n g r e g i o n t o l i g h t e r a c t i n i d e s ( 1 2 ) . So 
p r e s s u r e and d i l u t i o n ( n e g a t i v e p r e s s u r e ) can be thought o f as a 
t h i r d a x i s t o be added i n F i g u r e 2. 

To be more g e n e r a l , s i n c e t h i s d i s c u s s i o n i s c o n f i n e d t o 
m e t a l l i c m a t e r i a l s t h e r e are always s p d - e l e c t r o n c o n d u c t i o n bands 
p r e s e n t near Ê ,. So f - e l e c t r o n bands can be formed by h y b r i d i z a 
t i o n w i t h these bands as w e l l by d i r e c t f - e l e c t r o n w a v e f u n c t i o n 
o v e r l a p . T h i s i s why d i l u t i o n w i t h o t h e r elements can a c t l i k e 
n e g a t i v e p r e s s u r e even when d i r e c t 5f-wave f u n c t i o n o v e r l a p i s 
n i l . Note t h a t cerium i s the element t h a t sees the 4f-band t r a n 
s i t through the Fermi l e v e l (10,12) and manganese and i r o n see 
the 3d-band t r a n s i t (10). The low symmetry s t r u c t u r e s and low 
m e l t i n g p o i n t s o f course occur o n l y i n f-and p-band metals be
cause o f the p a r i t y o f the wave f u n c t i o n s where the s i g n of the 
wave f u n c t i o n changes on g o i n g through z e r o (9,10). 

Volume C o n s i d e r a t i o n s 

The presence o f f-bands i n d i c a t e s a c o n t r i b u t i o n t o bonding 
which means t h a t the volume o f the atoms i n the s o l i d i s de
c r e a s e d , o r e q u i v a l e n t l y , t h a t the v a l e n c e i n c r e a s e s . By v a l e n c e 
i n m e t a l s , we mean the number of e l e c t r o n s o u t s i d e the i n e r t gas 
core minus any l o c a l i z e d e l e c t r o n s (which we f i n d by t h e i r mag
n e t i c moments). There i s then a one-to-one correspondence be
tween the s i z e of the atom i n the metal and the v a l e n c e . These 
have been t a b u l a t e d by Z a c h a r i a s e n a l t h o u g h h i s c o u n t i n g of f -
e l e c t r o n s s h o u l d be r e c o n s i d e r e d ( 1 3 ) . F i g u r e 3 shows the m e t a l 
l i c r a d i i f o r the l i g h t a c t i n i d e elements where the d e p a r t u r e 
from the t r i - v a l e n t l i n e i s due t o f - e l e c t r o n o v e r l a p . A s i m i l a r 
p l o t f o r a f a m i l y of compounds shows the same de p a r t u r e due t o 
h y b r i d i z a t i o n where the minimum i n s i z e i s s h i f t e d t o the l i g h t e r 
a c t i n i d e s as mentioned e a r l i e r . S i n c e b o t h the l a n t h a n i d e s and 
a c t i n i d e s would be t r i v a l e n t i f t h e r e were no f-bands and o n l y 
l o c a l i z e d f - e l e c t r o n s , the d e p a r t u r e o f s i z e s i s a measure o f the 
band f o r m a t i o n (as are the low-symmetry s t r u c t u r e s and low 
m e l t i n g p o i n t s o f F i g u r e 2 ) . 
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F i g u r e 3. The l a t t i c e parameter f o r the f a m i l y o f r o c k - s a l t s t r u c 
t u r e a c t i n i d e - a n t i m o n i d e compounds i s shown where the 
l i n e i s f o r the c o r r e s p o n d i n g l a n t h a n i d e compounds. The 
m e t a l l i c r a d i i f o r the l i g h t a c t i n i d e elements are p l o t 
t e d . The smooth l i n e s i m p l y connects Ac to the heavy 
a c t i n i d e s . I n b o t h cases the smooth l i n e r e p r e s e n t s the 
i d e a l t r i - v a l e n t b e h a v i o r . 
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Thus the r a t h e r e a s i l y o b t a i n e d atomic s i z e s are the b e s t 
i n d i c a t o r o f what the f - e l e c t r o n s are d o i n g . I t has been noted 
t h a t f o r a l l m e t a l l i c compounds i n the l i t e r a t u r e where an f-band 
i s b e l i e v e d not t o o c c u r , t h a t the l a n t h a n i d e and a c t i n i d e l a t 
t i c e parameters appear t o be i d e n t i c a l w i t h i n e x p e r i m e n t a l e r r o r 
(12). T h i s a c t u a l l y r a i s e s the q u e s t i o n as t o why the l a n t h a n i d e 
and a c t i n i d e c o n t r a c t i o n s (no f-bands) f o r the pure elements are 
d i f f e r e n t . A n a l o g i e s t o the compounds and t o the i d e n t i c a l s i z e s 
o f the 4d- and 5d- e l e c t r o n metals would suggest o t h e r w i s e . The 
u s e f u l p o i n t here i s t h a t s i n c e the 4 f - and 5f-compounds have the 
same l a t t i c e parameters when f-bands are not p r e s e n t , i t s i m p l i 
f i e s f o l l o w i n g the s y s t e m a t i c s and c l e a r l y demonstrates t h a t ac
t i n i d e s are worthy o f t h a t name. 

F i g u r e 3 a l s o shows the m e t a l l i c r a d i i f o r the v a r i o u s a l l o 
t r o p i e c r y s t a l s t r u c t u r e s . The s c a t t e r i n those s i z e s i n c r e a s e s 
s l o w l y , i s the w i d e s t a t p l u t o n i u m , and c o l l a p s e s a t americium. 
T h i s shows t h a t p l u t o n i u m , w i t h i n c r e a s i n g temperature, has the 
g r e a t e s t i n s t a b i l i t y towards g o i n g t r i - v a l e n t . I t i s δ which i s 
the l o w e s t d e n s i t y phase ( i n c l u d i n g the l i q u i d ) t h a t must have 
the l e a s t f-bonding. I n t e r e s t i n g l y i t s fee s t r u c t u r e i s the o n l y 
one t h a t i s c a l l e d a c l o s e - p a c k e d - s t r u c t u r e and y e t i t i s the 
l o o s e s t packed among the p l u t o n i u m a l l o t r o p e s . F i g u r e 2 shows 
t h a t t h i s ô-phase i s the t i p o f the fee i c e b e r g t h a t s h o u l d mark 
the t u r n i n g o f f o f f-bonding. T h i s bonding i s o b v i o u s l y gone i n 
americium because i t i s c l e a r l y t r i - v a l e n t as i t must be to have 
an e x a c t l y nonmagnetic, J=0 ground s t a t e which i s c o m p a t i b l e w i t h 
i t s s u p e r c o n d u c t i v i t y (14). However, as F i g u r e 2 shows ô-Pu 
s t i l l has an f-band because i t s r a d i u s i s s t i l l below the t r i -
v a l e n t l i n e . So w i t h i n the continuous fee phase f i e l d from p l u 
tonium t o americium, the f-band must s l o w l y d i s a p p e a r . The new 
experiments d e s c r i b e d l a t e r are the b e g i n n i n g of an e f f o r t t o 
i n v e s t i g a t e the a l l o y s t o see i f low temperature experiments can 
t r a c k the f-band disappearance. (Room temperature x - r a y s d i d not 
see any f e a t u r e s i n t h i s a l l o y system t h a t c o u l d demonstrate an 
f-band except f o r a modest d e p a r t u r e from Vegard's law (15).) 

S u p e r c o n d u c t i v i t y and Magnetism 

A c r o s s a l l d- and f - e l e c t r o n t r a n s i t i o n metal s e r i e s t h e r e 
i s a c o n t r a c t i o n of the r e l e v a n t d- or f - w a v e f u n c t i o n s . I n me
t a l l i c systems t h i s can cause a c r o s s o v e r from i t i n e r a n t , bonding 
e l e c t r o n b e h a v i o r t o l o c a l i z e d e l e c t r o n , magnetic moment b e h a v i o r 
some where alo n g the s e r i e s . The p o s i t i o n o f the c r o s s o v e r a l l o w s 
these f i v e s e r i e s t o be o r d e r e d as 4 f , 5 f , 3d, 4d, and 5d i n de
c r e a s i n g a b i l i t y t o form magnetic moments (10). I n g e n e r a l , c e r 
ium the f i r s t element i n the 4 f s e r i e s i s o f t e n magnetic, w h i l e 
no elements i n the 4d and 5d s e r i e s ever make i t . When the r e l e 
vant d- o r f - e l e c t r o n i s c l e a r l y bonding, the elements, compounds, 
or a l l o y s are u s u a l l y s u p e r c o n d u c t i n g . I f the e l e c t r o n s are 
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c l e a r l y l o c a l i z e d , magnetic moments appear and l o n g range magne
t i c o r d e r o f t e n o c c u r s . I n between these two cases i s an i n t e r 
mediate r e g i o n where many i n t e r e s t i n g phenomena occur (10) ( i n 
c l u d i n g m a t e r i a l s t h a t make s p a r k s ) , but f o r our purposes here 
i t can be c a l l e d a n e a r l y magnetic r e g i o n where s p i n f l u c t u a 
t i o n s occur as w e l l as c o n c u r r e n t volume ( v a l e n c e ) i n s t a b i l i t i e s . 
The s i m p l e s t p o i n t o f view i s t h a t the s p i n f l u c t u a t i o n s suppress 
s u p e r c o n d u c t i v i t y but do not y i e l d magnetic moments. 

The pure a c t i n i d e metals f o l l o w t h i s p a t t e r n n i c e l y . P r o 
t a c t i n i u m and uranium are superconductors ; neptunium and p l u t o 
nium are s p i n f l u c t u a t i o n m a t e r i a l s ; americium has l o c a l i z e d f -
e l e c t r o n s but happens t o be a superconductor because i t s magnetic 
moment i s i d e n t i c a l l y z e r o ; and the remaining a c t i n i d e s c o n t i n u e 
t o be found t o have l o c a l moments (12). The a c t i n i d e m e t a l l i c 
compounds a l s o f o l l o w t h i s g e n e r a l t r e n d . Brodsky (16) reviewed 
t h e i r magnetic p r o p e r t i e s most r e c e n t l y . The o n l y s e r i o u s 
i r r e g u l a r i t y i n compounds o f t e n occurs a t p l u t o n i u m . F o r ex
ample, i n AuCu -type compounds: URh~ i s a temperature indepen
dent paramagnet; NpRh^ has a moment Dut does not o r d e r magnet
i c a l l y ; PuRh^ i s an a n t i f e r r o m a g n e t ; USn^ has a moment but does 
not o r d e r ; NpSn^ i s an a n t i f e r r o m a g n e t ; but PuSn^ i s a tempera
t u r e independent paramagnet. The p o i n t i s t h a t p l u t o n i u m com
pounds t h a t ought t o be magnetic, o f t e n are not (12). These 
compounds are c l e a r l y e x t r e m e l y i n t r i g u i n g , and the i n t e r e s t i s 
s i m i l a r t o t h a t i n the c u r r e n t i n t e n s e e f f o r t s on cerium com
pounds t h a t are e q u a l l y p u z z l i n g . 

The f i r s t caveat i s t h a t i f a p l u t o n i u m compound has f u l l y 
l o c a l i z e d f - e l e c t r o n s i t w i l l resemble i t s l a n t h a n i d e a n a log s a 
marium which never shows simple magnetic b e h a v i o r . That i s , 
c r y s t a l f i e l d s p l i t t i n g o f the magnetic ground s t a t e may make 
the p r o p e r t i e s seem unusual. N o n e t h e l e s s , a t low temperatures 
magnetism shou l d s t i l l always be observed. I t seems l i k e l y t h a t 
the r e a l answer i s t h a t the f - e l e c t r o n moments are compensated by 
the s p i n s o f the s p d - c o n d u c t i o n e l e c t r o n s as has been d i s c u s s e d 
f o r cerium compounds ( 1 7 ) . The d e t a i l s of compensating s p i n and 
o r b i t a l c o n t r i b u t i o n s even f o r cerium w i t h o n l y one f - e l e c t r o n 
remain u n c e r t a i n ; so i t c e r t a i n l y seems p o s s i b l e t h a t the r a t h e r 
s m a l l moment of 0.84 expected f o r the f i v e f - e l e c t r o n s i n p l u 
tonium from R u s s e l l - S a u n d e r s c o u p l i n g c o u l d be s i m i l a r l y compen
s a t e d . Indeed, t h e r e no l o n g e r seems to be any doubt t h a t such a 
phenomenon must be invoked i n uranium compounds (18,19) where of 
course the moment i s l a r g e r and cannot be c o m p l e t e l y compensated. 

The problem c o u l d be s t a t e d from another p o i n t of view. I n 
an i s o s t r u c t u r a l s e r i e s the uranium and neptunium compounds tend 
to be i t i n e r a n t e l e c t r o n magnets or band magnets ( l i k e i r o n ) and 
t h e i r o r b i t a l c o n t r i b u t i o n i s a t l e a s t p a r t i a l l y quenched. For 
much h e a v i e r a c t i n i d e s we know t h a t the compounds w i l l make l o 
c a l moment magnets w i t h o r b i t a l c o n t r i b u t i o n s . I t i s q u i t e pos
s i b l e t h a t i n between these two c l e a r cut forms of magnetism t h a t 
the i n t e r m e d i a t e case c o u l d be dominated by f l u c t u a t i o n s , and no 
r e c o g n i z a b l e form o f magnetism would occur. To s t a t e t h a t the 
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5. SMITH ET AL. Superconductivity and Magnetism 73 

l a c k of magnetism i n many p l u t o n i u m compounds c o u l d be e i t h e r a 
compensation o r f l u c t u a t i o n does not expose the r e a l problem 
which i s t h a t t h e r e i s a g r e a t d e a l of e x p e r i m e n t a l work t o be 
done. T h i s i s the most i n t r i g u i n g c u r r e n t q u e s t i o n f o r m e t a l l i c 
p l u t o n i u m compounds and i t p a r a l l e l s the c u r r e n t e f f o r t on cerium 
compounds. 

Pu Am A l l o y s 

The presence of the fee phase f i e l d r u n n i n g from s p i n - f l u c 
t u a t i n g p l u t o n i u m t o s u p e r c o n d u c t i n g americium had, u n t i l the r e 
cent t h i n k i n g d e s c r i b e d above, seemed t o be a reasonable c a n d i 
date f o r s u p e r c o n d u c t i v i t y . The ô-Pu phase has the h i g h e s t e l e c 
t r o n i c heat c a p a c i t y (and e l e c t r o n i c d e n s i t y of s t a t e s ) o f any 
a l l o t r o p e o f any element (20). T h i s i s f a v o r a b l e f o r supercon
d u c t i v i t y . On the o t h e r hand, americium has an e x t r e m e l y low 
e l e c t r o n i c heat c a p a c i t y (21) but i s a superconductor (presumably 
from s t r o n g e l e c t r o n phonon i n t e r a c t i o n s ) . Measurements o f the 
s u p e r c o n d u c t i n g t r a n s i t i o n temperatures would show how the com
p e t i t i o n goes between s p i n - f l u c t u a t i o n s and e l e c t r o n i c d e n s i t y of 
s t a t e s . 

We prepared s e v e r a l a l l o y s a c r o s s the PuAm system by h e l i u m 
a r c - m e l t i n g o f pre-weighed m i l l i g r a m q u a n t i t i e s of the e n d p o i n t s . 
Compositions determined from s t a r t i n g weights u s u a l l y agreed 
w i t h i n a few per cent w i t h c o m positions determined from the fee 
l a t t i c e parameter. The X-rays on the unannealed (and sometimes 
m e c h a n i c a l l y worked) samples y i e l d e d parameters good t o +0.01 Â 
because of l i n e broadening. F a i n t l i n e s of o t h e r phases were 
seen i n most specimens. Low temperature ac s u s c e p t i b i l i t y mea
surements u s i n g the t e c h n i q u e s o f Smith and H a i r e (14) down to 
a temperature o f 0.05 Κ show a r a t h e r slow d e p r e s s i o n o f the 
americium s u p e r c o n d u c t i n g t r a n s i t i o n temperature o f a p p r o x i 
mately 0.07 K/% Pu. No s i g n of any l o c a l moment b e h a v i o r i s 
seen. The a l l o y s were u n i f o r m l y s l i g h t l y paramagnetic. F u r t h e r 
work i s i n p r o g r e s s near the pure americium end. The s u g g e s t i o n 
p r e s e n t e d e a r l i e r , t h a t on a m i c r o s c o p i c s c a l e , p l u t o n i u m atoms 
can have t h e i r magnetic moments compensated by c o n d u c t i o n e l e c 
t r o n s would be a s i t u a t i o n t h a t would i n h i b i t s u p e r c o n d u c t i v i t y . 
So our r e s u l t s are c o n s i s t e n t i n t h a t no magnetism or supercon
d u c t i v i t y was observed. We are p l a n n i n g e l e c t r i c a l r e s i s t i v i t y 
measurements on the a l l o y s t o attempt t o demonstrate the v a l i d i t y 
o f our e x p l a n a t i o n . The d i f f i c u l t y i s t h a t the samples are q u i t e 
t i n y . N o n e t h e l e s s , i t i s c l e a r from our p r e l i m i n a r y r e s u l t s t h a t 
the p l u t o n i u m i n the a l l o y s does posess an unusual magnetic char
a c t e r i n t h a t s u p e r c o n d u c t i v i t y i s suppressed w i t h o u t the appear
ance o f magnetic moments. 

C o n c l u s i o n s 

There remain t h r e e r e g i o n s o f the p e r i o d i c t a b l e where t h e r e 
i s no s u c c e s s f u l t h e o r e t i c a l treatment o f the onset of magnetism. 
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They are centered on the elements manganese, cerium, and pluto
nium. There is much theoretical work underway on all of these 
elements. The only inadequacy in the experimental side is that 
there remains a tremendous shortage of even fundamental data on 
plutonium metallic compounds. The reasons for the shortage are 
known to all plutonium scientists, but there is also no doubt 
that there is s t i l l a lot of science to be done. 
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6 
Thermodynamics of Plutonium Halides and 
Halogeno Complexes in the Solid State 
and in Aqueous Media 

J. FUGER 

University of Liège (Sart Tilman), Laboratory of Analytical Chemistry and 
Radiochemistry, B-4000 Liège, Belgium 

The thermodynamic data on the binary halides, oxy
halides and halogeno-complexes of plutonium in the 
solid state as well as halide complexes in aqueous 
solutions are critically reviewed and areas which 
require further studies are identified. For a number 
of compounds that lack experimental data, thermody
namic parameters are estimated, in connection with 
existing results for other actinides. Thermodynamic 
relationships with other actinides are also used to 
predict the stability for a number of compounds which 
have not yet been prepared. Our information concerning 
the aqueous halogeno-complex species contrasts with 
the rather satisfactory situation prevailing in the 
case of solid halides. A thorough literature survey 
indicates that experimental data on halide complexes 
in aqueous solution are limited in number and some
times are contradictory ; in addition, the results 
are scattered over a wide range of media and ionic 
strengths. However, in a number of instances, extrap
olation to standard conditions appears to be feasible. 
The enthalpy of formation data that can be derived 
from temperature dependence measurements of the stabil
ity constants are discussed and the thermodynamic 
parameters associated with the formation of the plu
tonium complexes are compared with the corresponding 
data for other actinides. 

A cr it ical assessment of the chemical thermodynamic proper
ties of the actinides and their compounds is presently being 
prepared by an international team of scientists under the auspices 
of the International Atomic Energy Agency (Vienna). As a result 
of this effort, four publications (1, 2, 3, b) have already 
become available and a further ten f4, 6-T4), including the 
halides (8) and aqueous complexes with Tnorganic ligands (12), 

0097-6156/83/0216-0075$07.00/0 
© 1983 American Chemical Society 
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76 PLUTONIUM CHEMISTRY 

are in various stages of preparation. The present discussion will 
therefore be carried out in a manner that preserves the consis
tency with the published IAEA data and will reflect the actual 
status of the assessment work which is under way. Unless other
wise mentioned, auxiliary thermodynamic data are taken from 
CODATA-1977 (15) Recommended Key Values for Thermodynamics or 
compatible witiï the CODATA selection (16). Throughout the various 
tables in this paper the sign X refers to a known compound for 
which the author feels that no thermodynamic result can be reported 
with sufficient confidence. In the Tables, values in square 
brackets are new estimates. For the inorganic aqueous ions al l 
available experimental data are tabulated ; the presently recom
mended values are boxed. Unless otherwise specified all data are 
reported for 298 K. 

Solid Compounds 

Compounds with Fluorine. The available data on plutonium 
fluorides and related species are listed in Table I. 

Table I 
Thermodynamic data associated with the solid 

plutonium fluorides and oxyfluorides at 298 K. 

- ΔΗΪ S° 
kJ.mol-1 J.K-l.mol-1 kJ.mol 1 J .K _ 1 .mol _ 1 

PuF3 1585.7(2.9) 126.11(0.38) PuOF [1139(20)] pB8(21)J 

PuF4 1846(21) 147.23(.38) 

PuF6 1862(29) 221(17) Pu02F2 Χ X 

P11OF4 X X 

The enthalpy of formation of PuF3(c) is based on the measure
ments by Westrum and Eyring (_17) of the enthalpy of precipitation 
according to reaction (1) 

PuCl3 (in 1.5 M HC1) + 3(HF, 1.925 H20) - PuF 3-0.4 H20(c) 

+(3 CI" + 5.375 H20) in 1.5 M HC1 (1) 

knowing AHf(PUC1Q,C), and the enthalpy of solution of this compound 
in 1.5 M HC1, - 123.4 + 0 .4 kJ.mol"1 (18). The enthalpy for 
reaction (1) was reported as - 30.1 + 1.3 kJ.mol" 1 when the enthal
py of solution of the excess HF used to precipitate the fluoride 
had been subtracted. In their original study Westrum and Eyring 
(17) had assumed that the precipitate was anhydrous but a subse
quent detailed study by Jones (19) indicated that indeed the pre
cipitate should have contained 1574 H20. To obtain AH£(PuF3,c), the 
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6. FUGER Pu Halides and Halogeno Complexes 11 

enthalpy of dehydration of PUF3O.4 H20(c) has to be taken i n , 
account. This can be done using a value of - 3.8 + 2.1 kJ.mol" 
estimated by analogy with recent data (20) on the dehydration of 
lanthanide tr i fluorides containing 0.4 to 1 H20, instead of the 
value of 14.2 + 2.1 kJ.mol" 1 taken from Rand (2J.) by analogy with 
the corresponding uranium and thorium tetrafluoride hydrates. 
The obtained value AHf(PuF3,c) = - 1585.7 + 2.9 kJ.mol" 1 cannot be 
considered as entirely satisfactory as the rel iabi l i ty of the 
adopted value for the enthalpy of dehydration is not demonstrated. 
The only experimentally known enthalpies of formation for the 
actinide trifluorides are AHf(PuF3,c) and AHf(UF3,c) : accuracy is 
therefore essential i f these two data are used to estimate the 
enthalpies of formation of the other trifluorides. The low tem
perature heat capacity measurements of Osborne et a l . (22) using 
2 4 2 PuF 3 (c) yield S°(PuF 3,c] = 126.11 + 0.38 J.K" 1.mol"1. 

Our information on AHf(PuF4,c) is based on high temperature 
reactions (600-900 K) already assessed in 1966 by Rand (21) and 
on extrapolation of uranium and thorium tetrafluoride data. Thus 
we have 
a) the equilibrium described by reaction (2) 

Pu02(c) + 4 HF(g) t PuF4(c) + 2 H20(g) (2) 

studied by Johns (23) leading to A H ^ ( P U F 4 , C ) = - 1843 + 21 kJ. 
mol" 1 through the use of appropriate entropy and AG vaTues. 

b) the equilibrium (3) at 873 Κ 

4 PuF3(c) + 02(g) - V a c u u m , 3 PuF4(c) + Pu02(c) (3) 

1 atm. O2 

studied by Fried and Davidson (24) yielding AHf(PuF4,c) = 
- 1826 + 21 kJ.mol" 1. 

c) the consideration of the difference {AHf(MF4,c) - AHf(M4+,aq)} 
as a function of the ionic radii of the quadrivalent actinide 
ion (25). Knowing experimentally {AHf(ThF4,c) - ΔΗ*(Th 4 +,aq)} 
= - 13?8.8 + 8.8 kJ.mol" 1, {AHf(UF4,c) - AHf(UF4+,aq)} = 
- 1323.0 + 5.4 kJ.mol" 1 (2, 8) and the ionic radii r(Th 4 +) = 
0.94 A, rTU 4 +) = 0.89 Â and r(Pu 4 +) = 0.86 Â, one obtains 
UHf(PuF4,c) - AHf(Pu4+,aq)} = - 1319.6 + 13.0 kJ.mol" 1 from a 
linear extrapolation. With AH^(Pu4+,aq) = - 536.4 + 3.3 kJ. 
n* 0 1" 1 (2) one obtains AH?(PuF4,c) = - 1856 + 13 kJ.mol" 1. 

The \raiue listed in Table I is a weightecTaverage of the 
three above paths. Thus AH£(PuF4,c) = - 1846 + 21 kJ.mol" 1. These 
large uncertainty limits are unsatisfactory in view ot the tech
nological importance of PuF4(c). The entropy of PuF4(c), 147.23 + 
0.38 J .KJ.mol " 1 , is based on the low temperature heat capacity 
measurements of Osborne et a l . (26) using the long-lived isotope 
2 4 2 P u . This value is in rather sTTarp disagreement with the value 
of 161.9+2.1 deduced by Rand (21) from the thermodynamic para
meters associated with equilibrium (4) 
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PuF4(c) + F2(g) Î PuF6(g) (4) 

measured by Trevorrow et a l . (27) and, in less detail, by Weinstock 
and Malm (28) and Florin et a l . (29). This observation stresses 
once more the need of the low temperature measurements for the 
determination of accurate entropy data at 298 Κ as opposed to the 
use of indirect methods such as temperature equilibria. Yet, 
PuF3(c) and PuF4(c) are the only halogen-containing plutonium 
compounds for which such low temperature heat capacity data are 
available. In the particular case of PuF^(c) these results cast 
some doubt on the accuracy of the thermodynamic parameters associ
ated with the formation of PuF5(c). The data of Trevorrow et a l . 
(27) yield Δ Η 4 = 29 kJ.mol" 1 by second law analysis and 37 kJ. 
môT"1 by third law treatment. Although the agreement is poor, the 
average of these two data yield AHf(PuF6,g) = - 1813 + 29 kJ.mol" 1. 
These large uncertainty limits also take in account tïïe uncertainty 
in the knowledge of AHf(PuF4,c). The vapor pressure data of both 
crystalline and liquid PUF5 have thoroughly been assessed by Rand 
(21). He reports for relation (5) between 260 and 325 Κ 

PuF.(c) - PuMg) AGr = 62760 - 456.1 Τ + 105.9 Τ log Τ 
6 6 5 (kJ.mol'1) (5) 

from which, with a ACD = - 46 J .KJ.mol " 1 , he deduces ΔΗ5(298) = 
49.0 kJ.mol" 1 and AS5[298) = 148.1 J .K^.mor 1 . From these data, 
AHf(PuF6,c) reported above and S°(PuF 6,g) = 369.0 + 0.8 J.K-l.mol" 1 

obtained from calculations of the thermodynamic functions of PUFÔ 
as an ideal gas (30) one deduces A H £ ( P U F 6 , C ) = - 1862 + 29 kJ.mol - 1 

and S°(PuF 6,c) = 2?1 + 17 J.K^.mol-l. It is worth noting that 
PuF6 is the only hexavalent plutonium compound for which thermo
dynamic data are known experimentally. 

Although a number of oxyfluorides of plutonium are known, 
no experimentally based thermodynamic data are available for these 
compounds. Pu0F(c) was only obtained accidentally during tne 
attempted reduction of PuF3(c) by atomic hydrogen (31) and also 
during an attempted measurement of the melting point of plutonium 
metal. An estimate of its enthalpy of formation can be obtained by 
analogy with theoPuCl3-Pu0Cl and PuBr3~PuOBr systems : using the 
relationship UHf(Pu0X,c) - AHf(PuX3,c)/3> , with X = CI or Br, 
we obtain - 611.0 + 1.7 kJ.mol"1 and-608.5 + 4.2 kJ.mol" 1 for the 
chloride and the bromide systems, respectively. Accepting a value 
of - 610 + 20 kJ.mol' 1 for the fluoride system and using the 
above value for AHf(PuF3,c), we obtain AHf(Pu0F,c) =-1139 + 20 
kJ.mol" 1. Taking an estimate of S°(Pu0F,c) =88+21 based on 
accepted entropy data for PuCl 3(c), PuOCl(c), PuBr3(c) and PuOBr(c) 
and using ΔΗ£(Pu203,hex) = - 1710 + 13 kJ.mol"1 (10, 32) and 
S°(Pu203,hex) = 163.02+0.65 J.K-T.mol" 1 (33) we calculate for 
reaction (6) : 

3 Pu0F(c) + PuF3(c) + Pu203(c) (6) 
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6. FUGER Pu Halides and Halogeno Complexes 79 

AGg = + 113 + 60 kJ.mol" 1, a value which accounts for the stability 
of PuOF towards decomposition into PuF3(c) and Pu2Û3(c). 

Pu0F2(c) has not been stabilized so far and only the thorium 
and uranium analogs have been reported. These compounds are of 
marginal stability towards decomposition according to reaction (7) 

M0F2(c) + 1/2 M02(c) + 1/2 MF4(c) (7) 

since the available thermodynamic data (8) yield à&j = + 6.5 + 3.5 
kJ.mol"! and = + 6.6 + 7.5 kJ.mol"^ for the thorium and ura
nium system, respectively. The limited accuracy of the available 
data for Th0U2(c) and especially U0Cl?(c) precludes quantitative 
prediction of the stability of PuOF2(c). However, the equilibrium 
(3) reported above indicates that, most probably, PuOF2(c) should 
have a very narrow range of stabil ity, i f any. 

PuU2F2(c) is well characterized as are its uranium to ameri-
cium homologues (34). Unfortunately, thermodynamic data are avail
able for U02F2(c)~ only (8) and therefore the estimates of the 
thermodynamic parameters associated with the formation of PuÛ2F2(c) 
would involve large uncertainty limits. Although Pu02F?(c) forma
tion has in i t ia l ly been observed upon controlled hydrolysis of 
UFs(c), the fluoridation of Pu03-0.8 H2Û(c) has been suggested as 
a better preparative method (34). 

Another oxyfluoride, PuOF4(c), has recently been reported 
(35) as a product of controlled hydrolysis of PUF5 dissolved in 
ariïïydrous HF and precipitation from the solution. Again, no 
thermodynamic data are available but i t appears that the compound 
is of very limited stability : although stable in the solid state 
at room temperature, i t is reported to decompose in the presence 
of liquid HF according to reaction (8) 

HF(liquid) 
2 PU0F 4 > PuF6 + Pu02F2 (8) 

when no excess of PuFg is in i t ia l ly present. This behaviour may be 
compared to that of the corresponding neptunium and uranium com
pounds which remain stable in anhydrous HF. NpOF4 is reported (36) 
to decompose into NpFg(g) and Np02F2(c) above 373 Κ while U0F4(c7 
undergoes the same reaction at 523 Κ (37) or 473 Κ (38) and at 
lower temperatures yields l ^ F ^ c ) and UF6(g) (39). A recent 
solution calorimetric study by O'Hare and Malm (TO) indicates 
that the enthalpy change at 298 Κ for reaction (5J 

2 U0F4(c) - U02F2(c) + UF6(g) (9) 

is ΔΗ9 = 46.3 + 5.5 kJ.mol'l. This value is very close to the 
enthalpy of sublimation of UF5 at that temperature. O'Hare and 
Malm conclude that, on the thermochemical point of view, U0F4(c) 
behaves as a loosely bound 1:1 complex of Ui^Fpic) and UFg(c). 
If this is the case, a similar situation should prevail for 
PuOF4(c). 

There is a wealth of information concerning preparative and 
structural aspects of the fluoro- and oxyfluorocomplexes of 
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80 PLUTONIUM CHEMISTRY 

plutonium with alkali metal, ammonium and alkaline earth metal 
ions, containing plutonium in the +3 to +6 valency state (34, 41). 
M(I)Pu(III)F4, M(I)Pu(III)2F7, M(I)Pu(IV)F5, M(I)2Pu(IV)F6, 
M(I)3pu(IV)F7, M(I)4Pu(IV)F8, M(I)Pu(IV)2F9, M(I)Pu(IV)oF13, 
M(I) 7Pu(IV) f iF 3 1, M(II)Pu(IV)F6, M(I)Pu(V]F6> M(I)2Pu(V)F7, 
M(I)Pu(V)02F2, M(I)Pu(VI)02F4 and various hydrates are examples 
of such compounds. 

It is worth noting that although PuF5(c) has not been charac
terized pentavalent fluorocomplexes are well known. In the hexava-
lent state only oxyfluorocomplexes are known. However, thermody
namic data on these species are almost completely lacking. The 
thermal decomposition study (42) of the quadrivalent complex 
(NH4)4PuF8 according to scheme (10) 

( N H 4 ) 2 P u F 8 ( c ) i ! l J L ( N H 4 ) 2 P u F 6 ( c ) ^ J i ( N H 4 ) 7 P u 6 F 3 1

 4 9 3 Κ 
air air 0 2 

NH4PuF5(c) 5 6 3 K> NH4Pu3Fi3(c) PuF4(c) (10) 
vacuum 

is quite similar to that observed by the same authors for the 
corresponding uranium salt. These experiments, however, do not 
yield quantitative information concerning the thermodynamic stabil
ity of the various observed species. It is also interesting to 
note that, when contacted with LiF(c) between 373 and 973 K, 
PuF6(g) reduces to the quadrivalent state (43, 44). The most 
extensive study is that of Trevorrow et al .~[44y~who indicate that, 
at 573 K, the observed reaction is described by relation (11) 

PuF6(g) + LiF(c) - LiPuF5(c) + F2(g) (11) 

In the temperature range 623-723 K, the process is reported to be 
reversible with the intermediate formation of Li4PuF8(c) according 
to reactions (12) and (13) 

4 LiPuF5(c) + 3 F2(g) -> Li4PuFg(c) + 3 PuF6(g) (12) 

Li 4PuF 8(c) + F2(g) + 4 LiF(c) + PuF6(g) (13) 

For reaction (13), at 673 K, constants [PiUF6)/P(F2)]between 10-3 
and 6.25 χ 10"5 (44) or between 2.5 χ 10"5 and 6.7 χ 10-5 
were reported. When contacted with NaF(c), PuFc(g) is also reported 
to reduce to the quadrivalent state with formation of Na3PuF7(c) 
(45). 

Compounds with Chlorine. The available thermodynamic data on 
plutonium chlorides and related species are listed in Table II. 

The enthalpy of formation of PuCl3(c) is derived from the 
measurement of the enthalpy of solution of this compound in 6 M 
HC1 according to reaction (14) 

PuCl3(c) + (Pu 3 + + 3 CI") in 6 M HC1 (14) 
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6. FUGER Pu Halides and Halogeno Complexes 81 

Table II 

Thermodynamic data associated with the solid plutonium 
chlorides, oxychlorides and chlorocomplexes at 298 K. 

- AHf S° 
kJ.mol"1 J.K-l.mol-1 

- AHf S° 
kJ.mol - 1 J.K _ 1.mol-l 

PuCl3 959.8 163.6 
(1.7) (4.2) 

PuCl3.6H20 2773.6 420.1 
(2.1) (5.9) 

Cs2NaPuCl6 2294.9 X 
(2.5) 

PuCl4 963.6 
(unstable) (7.5) 

CSoPuClg 1978.6 X 
(8.4) 

Cs 2Pu0 2Cl 4 Χ X 

PuOCl 930.9 104.2 
(1.7) (5.4) 

Pu02Cl2.6H20 Χ X 

obtained by Robinson and Westrum (18) as ΔΗ14 = - 92.68 + 0.42 
kJ.mol" 1. Use, as additional data, of the enthalpy of solution of 
α-Pu in 6 M HC1 according to reaction (15) 

Pu(a) + 3 H + (in 6 M HC1) + Pu 3 + (in 6 M HC1) + | H2(g) (15) 

assessed (2) as ΔΗ15 = - 592.0 + 1.7 kJ.mol"1 and of the partial 
molar enthalpy of formation of Tîydrochloric acid in 6 M HC1 
(- 153.43+0.042 kJ.mol"1) (16) leads to AH£(PUC1 3 ,C) = - 959.8+ 
1.7 kJ.mol" 1. The entropy of PuCl3(c) at 298 Κ is based on three 
consistent estimation paths given by Rand (2̂ L) : 

a_) Latimer's method (46) with the entropy of the plutonium atom in 
the compound taken as 75.7 J.KJ.mol" 1 and the entropy of each 
chloride being taken as 28.9 J.K-l.mol" 1, yields S°(PuClo,c,298) = 
162.3 J.K' i .mol" 1 . The value chosen for the entropy of the pluto
nium atom is obtained from the only experimentally known entropy of 
a trivalent plutonium halide, PUF3, (126.11 + 0.38) J.K '^mol" 1 

using a value of 16.7 J.K' i.mol" 1 for the entropy of each fluorine 
atom. 

b) Assuming that the entropy of formation of PUCI3 and UC13 are 
Identical, with S°(U,a,298) = (50.21+0.13) J.K"*.mol" 1 and 
S°(Pu,a,298) = (56.15 + 0.42) J.K-i.mol" 1 (1) and S°(UC13,c,298) = 
(159.0 + 0.8) J.K-i.moT"1 (8), one obtains S°(PuClo,c,298) = 
164.8 J.K-i.mol-l. 
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82 PLUTONIUM CHEMISTRY 

c) Assuming that the entropy difference between PuCl3 and UCI3 is 
cTue to the spin only contribution of the additional electrons 
gives S°(PuCl3,c ,298) = 163.2 J.K-i.mol" 1. 

The average of these three estimates yields the accepted value 
S°(PuCl3,c ,298) = (163.6 + 4 .2) J.K" 1 .mol"'1. An experimental datum 
is nevertheless desirable. 

The enthalpy of formation of PuCl3.6H20(c) is based on the 
enthalpy of solution in water according to reaction (16) 

PuCl 3 .6H 20(c) - Pu3+(aq) + 3 Cl"(aq) + 6 H 20(1) (16) 

for which Hinchey and Cobble (47) report a value of - 34.56 + 0.84 
kj.mol" 1 (the uncertainty limits being increased compared to the 
original paper). Using auxiliary data, this value leads to 
AHf(PuCl 3.6H?0,c) = - 2773.6 + 2.1 kJ.mol-1. Hinchey and Cobble 
also measured the solubility of the hexahydrate in water. They 
used activity coefficients for the solute and activity values for 
the water which were estimated by analogy with existing data on 
the isomorphous samarium chloride hexahydrate (48) . From these data 
Hinchey and Cobble (47) report AG?6 = 30.1 + 0.8 kJ.mol" 1 (uncer
tainty limits being ours). S°(PuCl3 .6H 20,c) can be estimated as 
420.1 + 5.9 J.K"l.mol"l from the entropy value of the corresponding 
isoelectronic samarium salt S°(SmCl3.6H 20,c) = 414.2 J.IC^.mol"1 

(49) by including a contribution (50) of 5 .8 J.K'l.mol-1 for the 
greater mass of plutonium. Use of various auxiliary data for 
S°(C]-,aq). S°(H 2 0,1) (16) leads to S°(Pu 3 + ,aq) = - 184.5 + 8.4 
J.K _ 1 .mol- l. This value, adopted in the IAEA assessment ( 2 J , 
serves as basis for the estimation of the entropy of the other 
tri valent actinide ions. In view of its importance, the assump
tions made in its determination should be reduced through addi
tional experiments : in particular, the low temperature heat 
capacity determination of PuCl3-6H20(c) leading to the entropy of 
this salts would be of prime interest. 

Although PuCl4 has been well characterized in the gas phase 
(51) in the temperature range 670-1025 K, all attempts to obtain 
tïïfs compound in the solid state have failed. Use of a plot of the 
difference {AHf(MCl4,c) - AHf(M4+,aq)} (2 , 8) as a function of the 
actinide ionic radii (25) (as done above for PuFa) in the case of 
thorium, protactinium, uranium and neptunium yields a f i r s t path 
leading to A H £ ( P U C 1 4 , C ) . A second path involves the extrapolation 
to the plutonium system of the difference {AH50-|n(MCl4,c) -
AHsoin(MCl3,c)} for the uranium and neptuniumosystems (Z9 8 ) . These 
two paths give constant values, leading to AHf(PuCl4,c) = - 963.6 + 
7.5 kJ.mol-1. With this value, knowing AHf(PuCl3,c) = - 959.8 + 1.7 
kJ.mol"! and assuming for the theoretical reaction (17) 

PuCl4(c) -> PuCl3(c) + 1/2 Cl2(g) (17) 

an entropy change àSu = 73.4 + 1.5 J .Κ" 1 .mol " 1 identical to that 
of the corresponding uranium reaction ( 8 ) , we obtain AG]Q = 
- 18.1 + 7.7 kJ.mol" 1. All data thus indicate that PuC^lc) is 
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6. FUGER Pu Halides and Halogeno Complexes 83 

unstable at room temperature towards chlorine evolution. Its 
synthesis as a solid remains therefore a challenging experiment. 

The enthalpy of formation of PuOCl(c) is based on the deter
mination by Westrum and Robinson (52) of its enthalpy of solution 
in 6 M HC1 according to reaction (18) 

PuOCl + 2 H+ (in 6 M HC1) + (Pu 3 + + Cl" + H20) in 6 M HC1 (18) 

yielding ΔΗ13 = - 101.13 + 0.42 kJ.mol" 1. This result leads to 
ΔΗ£(PuOCl,c) = - 930.9 + 1.7 kJ.mol" 1. The enthalpy of formation 
of PuOCl has also been derived from high temperature hydrolysis of 
PuCl3(c) according to reaction (19) 

PuCl3(c) + H20(g) + PuOCl(c) + 2 HCl(g) (19) 

as measured by Sheft and Davidson (53) and Weigel et a l . (54). 
Corrected to 298 K, these results are in excellent agreement^within 
4 kJ.mol"1) with the solution calorimetry result. However, these 
corrections involve estimated heat capacity data and therefore 
the solution calorimetry result is preferred. The standard entropy 
of PuOCl(c) is derived from the equilibrium constant for reaction 
(19) above as a function of temperature in the range 814-969 Κ 
(53) and 733-893 Κ (54). With a Δ0 ρ of 6.3 J.K-i.mol" 1, as sugges
ted by Rand (21), one obtains AS 1 9 = 125.5 + 3.3 J.K-i.mol" 1 as 
average of the two sets of consistent data leading to S°(PuOCl,c)= 
104.2 + 5.4 J.K-l.mol" 1. 

PTutonyl(VI) chloride has only been reported as the hydrate 
Pu02Cl2.6H20(c) but no thermodynamic data are available on this 
compound. 

Complex chlorides of plutonium (34, 41) do not present such 
a wide range of formulae as the complex fTiJorides but we have at 
hand thermodynamic information on two important species which have 
also been characterized with other actinides. In table II we have 
disregarded the complex halides for which no thermodynamic data 
are available. The enthalpy of formation of Cs2NaPuCl5(c) (55) and 
Cs2PuCl6(c) (56) have been obtained from enthalpy of solution 
measurements. The selected (8) values are AHf(Cs2NaPuCl6,c) = 
- 2294.9 + 2.5 kJ.mol"1 and ΔΗ£(Cs2PuCl6,c) = - 1978.6 + 8.4 kJ. 
mol~l. For the enthalpy of formation from the binary saTts 
(AHcomplex) according to reactions (20) and (21) 

2 CsCl(c) + NaCl(c) + PuCl3(c) + Cs2NaPuCl6(c) (20) 

2 CsCl(c) + PuCl4(c) -> Cs2PuCl6(c) (21) 

the above enthalpies of formation yield,respectively, Δ Η 2 ο = 

- 38.5 + 1.7 kJ.mol" 1 and Δ Η 2 ι = - 129.7 + 11.3 kJ.mol-1. There is 
no value available for another actinide compound of the type 
Cs2NaAnCl6(c) although the uranium, neptunium (57), americium (58) 
and berkelium (59) compounds are known. It i s , "Kôwever, to be 
expected that A T Ç o m n ] P Y should increase in magnitude with the 
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84 PLUTONIUM CHEMISTRY 

decreasing ionic radii of the actinide, as in the case of the 
lanthanide series A H c o m p i e x varies from - 15.1 kJ.mol-1 for the 
lanthanum compound to - 106.3 kJ.mol - 1 for the lutecium compound 
(55). Our information is more complete for the Cs2MU5(c) compounds 
as thermodynamic data are available for all the compounds from 
thorium to plutonium : AH c o mp-| e x for Cs2ThCl6(c) is - 76.1 + 1.3 
kJ.mol"1 and increases in magnitude to - 129.7 + 11.3 kJ.moT"1 for 
Cs2PuCl6(c) as given above. There are no thermodynamic data on 
Cs2BkClç(c) which is not isomorphous with the other compounds of 
the series (59). The magnitude of A H c o r n p i e X in the case of 
Cs2PuCl6(c) is responsible for the stabilization of quadrivalent 
plutonium in a chloride environment while PuCl4(c) has been shown 
to be unstable. This is easily shown : i f , for reaction (21) 
above, we take AS2i > - 30 J .K ' i .mol - 1 from the data of Latimer 
(46) on the entropies of related salts such as K2PtU6(c), , 
K 2PtBr 6(c), K 3 IrCl 6(c), . . . and use A S 1 7 = 73.4 + 1.5 J.K-i.mol" 1 

accepted above, we obtain for the hypothetical reaction (22) 

Cs2PuCl6(c) + 2 CsCl(c) + PuCl3(c) + 1/2 Cl2(g) (22) 

Δ$22 < 103.J.K" 1.mol" 1. With the accepted enthalpies of formation 
we have ΔΗο 2 = 133.5 + 8.5 and AG22 > 103 kj.mol" 1. Other alkali 
metal complex chlorides of quadrivalent plutonium have not been 
unambiguously characterized but, as observed for the thorium (60) 
and uranium salts (6JL, 62), one should expect AHçQ m p-| e x to decrease 
drastically with the decreasing size of the alkali metal cation 
(63) : therefore the diff iculty of stabilizing quadrivalent 
plutonium in such salts should increase with the decreasing ionic 
size of the alkali metal cation. 

Although we have available thermodynamic data for Cs2M02Cl4(c) 
compounds with M = U, Np (63) and that Cs2Am02Cl4(c) has been 
reported (58, 64), the corresponding plutonium has not been 
studied, although i t is capable of existence (65) ; as for a 
number of other plutonium complex halides, analogues containing 
bulky organic cations (tetramethylammonium, tetraethylammonium,...) 
have been reported (34, 41). 

Compounds with Bromine and Iodine. The available thermody-
namic data on these compounds are listed in Table III. 

The enthalpy of formation of PuBr3(c) rests on three con
cordant sets of data for the enthalpy of solution of this compound 
in 02-free 6 M HC1 (66), 1 M HC1 and 0.1 M HC1 (67) and comparison 
with the enthalpy of solution of PuCl3(c) in the same media (18). 
These data yield virtually identical values for the enthalpy of 
formation of PuBr3(c) and can be averaged as AHf(PuBr3,c) = 
- 792.9 + 2.1 kJ.mol-1. The entropy of this compound is an est i 
mate (8) from the value for S°(UBr 3,c) = 192.5 + 8.4 J.K-i.mol" 1 

taking in account the increment in entropy when going from UF3(c) 
and UCl3(c) to PuF3(c) and PuCl 3(c), respectively and allowing 
larger uncertainty limits. Thus, S°(PuBr 3,c) = 201 + 17 J. ic i .mol" 1 . 
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Table III 

Thermodynamic data associated with the solid plutonium, 
bromides, iodides, and related species at 298 K. 

- AHl S° 
kJ.mol- 1 J .K- i .mol - 1 kJ.mol - 1 J.K-l.mol" 1 

PuBr3 792.9(2.1) 201(17) 

Cs2PuBr6 1694.1(4.2) X 

PuOBr 872.8(4.6) 121(13) 

Pul 3 579.9(2.5) 230(17) PuOI [803(20)] [137(21)] 

The enthalpy of formation of PuOBr(c) is derived from the 
vapor phase equilibrium measurements of Sheft and Davidson (68) 
and very recently of Weigel et a l . (69) for reaction (23) 

PuBr3(c) + H20(g) + PuOBr(c) + 2 HBr(g) (23) 

The two sets of data can be represented by AG 2 3 = 95400 - 138.9 Τ 
J.mol-1 (68) in the temperature range 800-900 Κ and AG 2 3 = 
89100 - 13?.2 Τ J.mol" 1 (69) in the temperature range 728-877 K. 
Using a ACD = 6.3 J.K"l.m5T-l as suggested by Rand (21) we calcu
late ΔΗ?3(298) = 92.0 + 2.9 kJ.mol"! from (68) and Δ Η 2 3 (298) = 
85.9 + 2.9 kJ.mol"! from (69). The average of these marginally 
concordant data Δ Η 2 3 = 89.1 + 4.2 kJ.mol - 1 leads to AHf(Pu0Br,c) = 
- 872.8 + 4.6 kJ.moT"1 through the use of ΔΗ£(PuBr 3 ,c), given 
above, and of auxiliary data. The standard entropy of PuOBr(c) 
is also derived from the thermodynamic parameters associated with 
equation (23). With A C d = 6.3 J .K " l .mo l~ S we obtain an average 
of AS23(298) = 128.9 +6.3 J.K-l.mol"! leading to S°(Pu0Br,c) = 
121 + 13 J.K-l.mol-1." 

Βromocomplexes of plutonium are limited in number : t r i - and 
tetravalent complexes with organic cations, namely [(CsHs^PH]* 
PuBr6(c) (70) and [(C 2H 5) 4N] 2 PuBr6(c) (71) have been reported. 
Also, adducts of the type PuBr4.2L (with L = hexamethylphosphora-
mide and triphenylphosphine oxide) are known (72). No thermodynam
ic information are available on these species. More recently, 
however, the compound Cs2PuBr5(c) has been prepared (63) and its 
enthalpy of solution in 1 M HC1 was measured as - 75JT"+ 0.21 kj. 
mol-l. This measurement leads to a value of AH^(Cs2PuBr6,c) = 
- 1694.1 + 4.2 kJ.mol"!. Using a procedure similar to that employed 
in the case of PuCl4(c), we can estimate the enthalpy of formation 
of the hypothetical PuBr4(c) as AH^(PuBr4,c) = - 755.0 + 7.0 kJ. 
mol'l and A H

c o m p ] e x according to reaction (24) 

2 CsBr(c) + PuBr4(c) -> Cs2PuBr6(c) (24) 
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86 PLUTONIUM CHEMISTRY 

as ΔΗΟΔ = - 127.6 + 8.0 kJ.mol" 1. As AHf(PuBr3,c) is given above 
as - 792.9+2.1 kJ.mol" 1, ΔΗ^4 largely accounts for the stabi l i 
zation of quadrivalent plutonium in the complex. In the case of 
Cs2UBr6(c) and Cs2NpBr6(c) AH c o m p i e x values of - 96.1 + 0.6 kJ. 
mol-1 and - 100.4 +0.7 kJ.mol" 1 can be deduced (8) from the data 
of Vdovenko et a l . (73), and Magette and Fuger (74), respectively. 

Measurement of tRe enthalpy of solution of Pul3(c) in Û2~free 
1 M HC1 yielded a value of - 180.2 + 2.0 kJ.mol" 1 (67) which, 
upon combination with the enthalpy of solution of PuCl3 in the 
same medium (18), gives AHf(Pul3,c) = - 579.9 + 2.5 kJ.mol" 1. 
S°(PuI 3 ,c) = 2Î0 + 17 J.K-l.mol-1 is estimated from the value for 
UI 3(c), 221.8 + 8.4 J.K" 1 .mol" 1 , assuming that the same entropy 
difference exists between 1113(c) and Pul3(c) as between UBr3(c) 
and PuBr3(c). 

Pu0I(c) is a well-characterized compound f i r s t observed as a 
by-product of the preparation of Pu^c ) (7j5) but more convenient
ly obtained (67J by reaction of stoichiometric amounts of 
Sb203(c) on Pul3(c). Incidentally, the latter method is a rather 
general way to obtain oxyhalides. Taking by analogy with the 
chloride and bromide compounds, as done for Pu0F(c), a value of 
- 610 + 20 kJ.mol' 1 for UHf(Pu0I,c) - (ΔΗ|(Pul3,c)/3)} we obtain 
AHf(PuOI.c) = - 803 + 20 kJ.mol" 1. The entropy of this compound 
can be estimated as T37 + 21 J.K-i.mol" 1 from the accepted values 
for PuOCl(c), PuOBr(c), AmOCl(c) and AmOBr(c) (8). No iodo-
complexes of plutonium have been reported to date. 

Complexes in Aqueous Solutions 

In this part we shall use the nomenclature of Si lien and 
Martell (_76) to define stability constants, medium and experimental 
techniques. We shall only deal with overall stability constants of 
the cation M with the ligand L according to reaction (25) 

M + η L - MLn ; [MLn]/[M] . [L] n = 3n (25) 

with η = 1, 2, 3, ... When needed to avoid confusion, we shall 
represent the thermodynamic parameters associated with reaction 
(25) by 3n(MLn), AHn(MLp), AGn(MLn) and ASn(MLn). Few enthalpy and 
entropy data are available, however. In the case of plutonium 
halides no species containing more than one plutonium have been 
identified. For the medium the following abbreviations are used : 

0.1 : ionic strength, y , of 0.1 (mole.litre" 1). 
2 NaClÛ4 : constant concentration of the substance stated (2 

mole.l itre" 1 ). 
2(NaC104) : ionic strength held constant at the value stated (2 

mole.litre-ÏJby addition of the species in parentheses 
2(Na)C104 : concentration of the anion held constant at the value 

stated (2 mole.litre" 1) with the ion shown in paren
theses as inert species. 
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6. FUGER Pu Halides and Halogeno Complexes 87 

The abbreviations for the investigation methods are also taken 
from the nomenclature of Si 11 en and Martel 1 (̂ 6) : ai ex = anion 
exchange ; cal = calorimetry ; ciex = cation exchange ; dis = 
distribution between two phases ; est = estimate ; red = e.m.f. 
with redox electrode ; sp = spectrophotometry. Our selected data, 
rather limited in number, arise from the present status of the 
IAEA assessment of inorganic complexes of the actinides (12). 
For these selected data the medium is assumed to be perchloric 
acid or sodium perchlorate. 

Complexes with the Fluoride Ion. For the compilation of 
stability constants (Table IV) of complexes with F", we have used, 
when needed, thermodynamic parameters (Κ, ΔΗ) pertaining to the 
dissociation of hydrofluoric acid as given by Smith and Martell 
(77) or extrapolated from their selection. 

In the case of tri valent plutonium, the literature does not 
reveal any experimental result. However, a rather extensive study 
by Choppin and Unrein (85) on the monofluorocomplexes of Am3+ to 
C f 3 + in 1.0 M NaClÛ4, using solvent extraction over the tempera
ture range 283-328 Κ yields, upon recalculation from the original 
data, AHi(AmF2+) = 12.3, AHi(CmF2+) = 11.8, AHi(BkF2+) = 12.0 and 
AHi(CfF 2 +) = 11.8 kJ.mol" 1. As these data show no distinct trend, 
we shall adopt AHi(PuF2+) = 12.0+4 kJ.mol" 1. The values of the 
stability constants given by Choppin and Unrein at 298 K, log 
3i(AmF 2 +) = 2.49 + 0.02, log 3i(CmF2+) = 2.99 + 0.13, log 3 i(BkF 2 +; 
= 2.77 + 0.04 and log 3 i (CfF 2 + ) = 2.99 + 0.13, are somewhat lower 
than the values reported by other authors (86) using the same 
technique : log 3i(AmF2 +) = 3.39 + 0.01 and log 3i(CmF 2 +) = 3.34 
in 0.5 M NaClO^. In addition the stability constants given by the 
latter authors are more in line with the corresponding values 
obtained by others for the lanthanide elements (87, 88). We 
therefore suggest for an ionic strength of 0.5 a value of log 3 i 
(PuF2 +) = 3.3 + 0.3, thus ά&\ (PuF2 +) = - 18.8 + 1.7 kJ.mol" 1. 
Accepting for that medium the enthalpy values from Choppin and 
Unrein, AH^PuF2*) = 12.0 + 4.0 kJ.mol" 1, we obtain ASi(PuF2 +) = 
103 + 15 J.KJ.mol " 1 . This entropy value is not incompatible with 
the values reported for the light lanthanides. Estimation of data 
for the tri valent fluorocomplexes containing more than one fluo
ride is s t i l l more d i f f icul t . 

In the case of the monofluorocomplexes of quadrivalent pluto
nium, i t is obvious that the lower values obtained in chloride and 
nitrate media are due to complexing by these ions ; these results 
will not be discussed further. In HCIO4 media the data for the 
f i rst two fluoride complexes are quite self-consistent and well 
within the same order of magnitude as these reported for the other 
quadrivalent actinides (12, 89). An extensive comparison would 
extend beyond the scope 07 tFTs paper. In the case of PuF 3 +, 
extrapolation of 3 i to zero ionic strength is not warranted as 
such in view of the limited number of data. However, in the case 
of ThF 3 + where the data extend over a very wide range of ionic 
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6. FUGER Pu Halides and Halogeno Complexes 89 

strengths such an extrapolation has been reported (81) using a 
modification of a Debye-Huckel relation proposed by Vasil'ev (90) 
as relation (26) 

log 3° = log Β - ( Δ Ζ 2 A y 1 / 2 ) / ( l + 1.6 μ 1 / 2 ) - by (26) 

in which A is the Debye-Huckel constant (0.5115 at 298 Κ), Δ Ζ 2 is 
the variation of the sum of the squares of the ionic charges in the 
reaction under consideration, b is an empirical parameter and 1.6 
is a constant valid for all systems, taken instead of the more 
classical 0.33 a (a being the distance of closest approach of the 
ions). It is obvious that the selection of 1.6 as constant for 
all systems is too simple for a rigorous treatment of the problem 
but i t may be used for practical calculations of stability cons
tants since the uncertainties of the data are usually far greater 
than those arising from the activity coefficients of the electro
lytes. In any case Vasil'ev's equation has been shown to account 
for the variation of stability constants of multicharged complexes 
over a wide range of ionic strengths. Thus, a plot of log 3 -
( Δ Ζ 2 A y ! / 2 ) / ( l + 1.6 y 1 ' 2 ) versus y should yield a straight line. 
The treatment of ThF 3 + data has been quite satisfactory (89) 
yielding at y = 0 log 3i(ThF 3 +) = 8.58 + 0.15 and b = 0.32 + 0.04 
with log 3(ThF3+) = 7.5b + 0.03 in 2 M ÏÏC104. With log 3(PuF3+) = 
7.8 in the same medium, we suggest, for y = 0, log 3°(PuF 3 +) = 
8.8 + 0.3, assuming the same functional dependence as for Th 3 + and 
using conservative uncertainty limits to account for the scatter 
of the PuF 3 + data. From the measurements on PuF 3 + at 283 Κ and 
298 Κ (78, 79) in 2 M HCIO4 a value of AHi(PuF3+) = 5.0 + 1.3 kJ. 
mol" 1 has been reported. With log 3i(PuF3+) = 7.77 + 0.07 or 
AG^PuF3*) = - 44.4+0.1 kJ.mol"! one obtains ASi(PuF3+) = 
165.7 + 4.4 J.K"!.mol"!. Although temperature dependence data with 
only two results over such a narrow temperature range may be of 
limited accuracy, the above results are not incompatible with 
AHi(ThF^+)= 3.0 + 0.6 kJ.mol" 1 (calorimetry), AS^ThF3*) = 150.6 + 
6.3 J.K" 1.mol" 1 Ipotentiometry), A H I ( U F 3 + ) = 0.8+3.0 kJ.mol" 1, 
ASi(UF3 +) = 151 + 13 J.K-l.mol" 1 (potentiometry), AHi(NpF3+) = 
3.2 + 1.8 kJ.mol" 1 and ASi(NpF3+) = 154.8 + 6.3 J.moW.K" 1 

(distribution coefficient) reported by Choppin and Unrein (45} for 
1.0 M HC104. However, Baumann (91) reports for y = 0 AHf(ThF3+) = 
- 5.0 kJ.mol" 1 and ASj(ThF3 +) =~T63 J.KJ.mol - 1 . 

The stability constant of the monofluorocomplex of PuOJjp" 
given by Krylov et a l . (83) are 0.50 + 0.05 log unit larger than 
the very consistent results obtained "By others (84, 92-95) for 
U02F+ in the same media. In fact, UÛ2F+ has been stuïïTecTbver a 
wide range of ionic strengths down to 0.05 M NaClÛ4. A plot using 
Vasil'ev's equation yields log 3i(U0?F+) = 5.19 +0.10. Similarly, 
we shall accept log 3i(PuÛ2F+) = 5.70 + 0.20 in agreement with the 
value of 5.63 used by Lemire and TremaTne (96J. The value reported 
for the monofluorocomplex by Patil and Ramakrishna (84) seems to 
be an order of magnitude too low. For the plutonium complexes 
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containing 2 or more fluorides the data of Krylov et a l . (83) are 
several orders of magnitude larger than the data obtained for the 
uranyl (92, 94, 95) or the neptunyl (97, 98) complexes. 

Complexes with the Chloride Ion. Table V summarizes the 
existing data on the stability of these complexes showing the large 
variety of techniques used. For al l the valency states of pluto
nium the complexes are weak (log 3 <1) and the data are rather 
scattered with log 32 always smaller than log 3j. In the case of 
PuCl 2 + the most consistent set of data is obtained from the 
cation exchange measurements of Ward and Welch (99) at ionic 
strength between 1 and 0.2. An extrapolation of tiïese data to 
μ = 0 using Vasil'ev's equation yields a value of log 3i(PuCl 2 +) = 
1.2 + 0 .1 . This value is identical within its uncertainty limits 
to that we obtain by combining and extrapolating the results of 
various authors for AcC l 2 + (115, 116) , AmCl2+ (94, U 7 - 1 2 1 ) and 
CmCl2+ (99). It can therefore be accepted without much reserva
tion. There is only one value reported for the enthalpy of forma
tion of a trivalent actinide chlorocomplex. It has been obtained 
by Martin and White (102) and pertains to PuCl 2 + . It is based on 
the difference in entfiâTpy of solution of PUCI3 in 0.1 M HC1 (18) 
and 0.1 M HCIO4 (102) . From these data and using a log 3i(PuCl^T)= 
+ 0.57 based on the results of Ward and Welch (99), Martin and 
White report AHx(PuCl2 +) = + 19.2 kJ.mol- 1 and ASx = 78 J.K" 1 . 
mol" 1. These results call however for some caution as the enthalpy 
of solution of PUCI3 in 0.1 M HC104 reported by Martin and White 
is 5.9 kJ.mol" 1 more negative than that reported by Fuger and 
Cunningham (122) for a perch!orate medium of the same ionic 
strength (10^T~M HCIO4-O.O99 M NH4C104), the latter value being 
nearly identical with that obtained by Robinson and Westrum (18) 
in 0.1 M HC1. In addition, the data of Martin and White contrast 
with the results of the temperature dependence measurements of the 
stabil ity constant of EuCl 2 + obtained by Choppin and Unrein (123) 
who report at μ = 1 (HCIO4) and 298 Κ enthalpy and entropy changes 
not significantly different from zero (AH(EUC1 2 + ) = - 0.21 + 0 .13 
kJ.mol" 1, AS^EuCl2*) = + 13 + 13 J.K-i.mol" 1) or of those on 
LaC l 2 + reported by Mattern (174) also at y = 1 (NaC104) and 298 Κ 
who gives AH^LaCl 2*) = 5.9 +T.2 kJ.mol" 1, ASi(LaCl 2 +) = 1 7 + 1 7 
J.K" 1.mol" 1. The stability constants (100) reported in 3-13 Μ Γι Cl 
cannot directly be compared with the other data as the water 
activity in these media is drastically modified and therefore the 
hydration sphere is highly affected with the probable occurrence 
of closer contact between the actinide cation and the halide 
anion. 2-

Although quadrivalent plutonium forms complexes up to PuClg" 
with the increasing HC1 concentrât!on,quantitative data only 
exist for the cationic species.In fact, for complexes containing 
more than two chlorides only two results have been reported : 
log 33(PuCl3) = - 0.8 and - 1 in 4 M HCIO4 (103) and 1 to 5 M 
(HC104-KC1) (104), respectively.As these data are isolated, they 
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Table V 

Stability constants of the chloride complexes of plutonium. 

Ion Τ μ, medium log Si log β 2 
Method Ref. 

Pu3+ 294 1 HC1 -0.04 ciex 99 
294 0.5 HC1 0.24 ciex 99 
294 0.5 H(0.2 CI, 0.35 ciex 99 

0.3 C104) 
ciex 99 294 0.207 HC1 0.35 ciex 99 

298 3-13 LiCl -2.4(0.1) -5.00(.06) s ρ 100 
298 1(HC104) ^-0.15 est 101 
298 0.1 H(C104) 0.57 est 102 

298 1 -0.1+0.05 our selection; 
298 0 1.2+0.1 

Pu +4 

PuO? 
PuOl 

293 
298 
298 
298 
298 
298 
298 
298 
298 

4 H(C104) 
1-5(HC104-KC1) 
4 H(C104) 
2 HNOo 
2 H(CT04) 
2 H(C104) 
1 H(C104) 

H(C104) 
2-1.2 HC1 

0.15(.06) 
-0.1 
0.30(.01) 
-0.42 
0.15(.01) 
-0.23(.01) 
-0.24 
0.14 
+0.36 

0.08(.08) 
-0.3 

-0.80(.08) 

-0.64(.10) 

ciex 103 
red 104 
dis 105 
sp 106 
dis 79 
red 107 
red 108 
red 109 
ciex 110 

298 4 0.22(.05) 
298 2 
298 1 

0.15(.05) 
0.23(.05) our selection 

298 0 1.67(.10) 

298 
275.55 
283.35 
288.15 
293.35 
302.75 

4.1 X(C104) 
pH = 1.15 
2 
2 
2 
2 
2 
2 

H(C104) 
H(C104) 
H(C104) 
H(C104) 
H(C104) 
H(C104) 

-0.17 
U.02 

0.10 
-0.04 
0.0 
0.03 
0.06 
0.11 

-0.8 ? 

46 
68 
60 

-0.55 
-0.48 
-0.37 

sp 
dis 

sp 
sp 
sp 
sp 
sp 
sp 

111 
112 

113 
114 
114 
114 
114 
114 

298 2 0.09(.05) -0.45(.10) our selection 
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have been discarded from Table V. The ion exchange data in 4 M 
HCIO4 of Grenthe and Noren (103), the solvent extraction data of 
Danesi et a l . (105) in the same medium and of Bagawde et a l . (79) 
in 2 M HCIO4, together with the potentiometric data of Rabideau et 
al . (109) in 1 M HCIO4, provide the basis for our selection leading 
to log 3°(PuCl 3 + ) = 1.67 + 0 .10, thus AG^PuCl3*) = - 9 .5 + 0.6 
kJ.mol"!. Earlier values ~f"107, 108) did not take into account the 
nitrate or the chloride complex!ng of Pu 3 + . For the same reason 
the AHi(PuCl3+) = 7.9 kJ.mol" 1 and ASI(PUC1 3 +) = 21 J.K-l.moT 1 

reported by Rabideau and Cowan (108) from the temperature depen
dence of the Pu 4 + /Pu 3 + couple in~HUl and HCIO4 will only be men
tioned. The spectrometric value of Hindman (106), as noted by 
the author himself, should only be regarded as approximative in 
view of the importance of nitrate complexing of Pu^+. Although 
detailed comparison of our selection for log 3°(PuCl 3 + ) with the 
data for other quadrivalent actinide cannot be made here, i t is 
clear that our value f i ts well the general pattern : for instance, 
we obtain log 3°(ThCl 3 +) = 1.64 + 0.10 from numerous data (125-
128) covering ionic strengths ranging from 6 to 0 .5 . 

Of all plutonium species, Pu0£ should have the lowest tendency 
to form complexes. The only reported value, log ^(PuOpCl) = 
- 0 .17 appears high compared to the data reported for Np02Cl : 
absence of complexing (129) at μ = 4 (1 H, Na, C104), - 0 . 3 0 +0 . 0 5 
(130) in 2 M HC104, - 0.42 (131) in 2 M NaC104. 

The spectrophotometry data as a function of temperature in 
2 M HC104 by Rabideau and Masters (114) are said by these authors 
to be equally well interpreted on the basis of the existence of 
both PuÛ2Cl+ and PuOoCl?, or of Pu02Cl+ only. However, evidence 
for the presence of botn species is definitely found at μ = 4 
(112) and μ = 2 (113) . At μ = 2 values of log 3i(Pu02Cl+) = 
0705"+ 0 .05 , thus AGi(Pu02Cl+) = - 0.48 + 0 .30 kJ.mol" 1, and log 
32(Pu02Cl2) = - 0.45 + 0 . 1 , thus AG2(Pu02Cl2) = 2.4 + 0.6 kJ.mol" 1, 
can be selected from the concordant spectrophotometry measurements 
of Newton and Baker (113) and Rabideau and Masters (114). Calcu
lation ot the enthalpy changes from the data of Rabideau and 
Masters yield, at μ = 2, AHI(PU0 2 C1 +) = 9.0 + 4.2 kJ.mol"1 and 
AH2(Pu02Cl2) = 18.3 + 4.2 kJ.mol" 1. These values lead to ASWPuO? , 
C1+) = 32 + 15 J.K-T.mol" 1 and AS2(Pu02Cl2) = 5 3 + 1 5 J.K-i.mol" 1, 
results whTch are not unreasonable. Comparison of these results 
( 3 , ΔΗ . . . ) with the numerous data existing on the uranyl and 
neptunyl complexes does not reveal smooth trends so that discussion 
of this topic cannot be carried out here. 

Complexes with the Bromide and Iodide Ions. The few existing 
data on bromide complexes are assembled in Table VI. Data on iodide 
complexes are completely lacking. 

The values for PuBr2+ and PuBr£ deduced by Shiloh and 
Marcus (100) from absorption spectra of concentrated Li Br solutions 
are one order of magnitude lower than the values observed by the 
same authors for the chloride complexes in LiCl solutions at 
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Table VI 
Stability constants of the bromide complexes of plutonium. 

Ion Τ μ, medium log ex log £ h Method Réf. 

Pu4 + 

298 
298 
298 

9.3-11.5 LiBr 
4 H(C1) 
2.0 HC104 

3.45(.08) 
1.00(.02) 
0.33(.01) 

6.54( 
0.64( 

.10) 

.07) 
sp 
dis 
dis 

100 
105 
132 

comparable concentrations : this observation confirms the expected 
lower stability of the bromocomplexes. The same authors have shown 
that, as for the chlorocomplexes, the stability of these species 
increases slightly (< 1 order of magnitude) when going from uraniim 
to americium. 

The two sets of data for the tetravalent bromocomplexes are 
not in good agreement. In addition, compared to the value obtained 
for the first chloride complex at μ = 4, 0.22 + 0.05, the values 
for the bromocomplexes appear high, the results of Danesi et al. 
(105) being definitely out of line. 

Conclusion 
In spite of well identified deficiencies, the status of the 

existing thermodynamic data on solid halides and related compounds 
is rather satisfactory. By contrast, the data on aqueous halogeno-
complexes are fragmentary, sometimes contradictory and in most 
cases limited to stability constants : in such a context, recom
mendation of best values can be made for a few species only. 
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Thermodynamics of Plutonium-Noble Metal 
Compounds 

7 

DEAN E. PETERSON 

Los Alamos National Laboratory, Materials Science and Technology Division, 
Los Alamos, NM 87545 

Plutonium-noble metal compounds have both tech
nological and theoretical importance. Modeling of 
nuclear fuel interactions with refractory containers 
and extension of alloy bonding theories to include 
actinides require accurate thermodynamic properties of 
these materials. Plutonium was shown to react with 
noble metals such as platinum, rhodium, iridium, ruthe
nium, and osmium to form highly stable intermetallics. 
Vapor pressures of phases in these systems were meas
ured by the Knudsen effusion technique. Use of mass 
spectrometer-target collection apparatus to perform 
thermodynamic studies is discussed. The prominent 
sublimation reactions for these phases below 2000 Κ was 
shown to involve formation of elemental plutonium 
vapor. Thermodynamic properties determined in this 
study were correlated with corresponding values ob
tained from theoretical predictions and from previous 
measurements on analogous intermetallics. 

Thermodynamic p r o p e r t i e s of a c t i n i d e i n t e r m e t a l l i c s have 
both t e c h n o l o g i c a l and t h e o r e t i c a l importance. A n a l y s e s of the 
phase b e h a v i o r , f u e l - c l a d d i n g i n t e r a c t i o n s , and vapor t r a n s p o r t 
i n r a d i o i s o t o p i c g e n e r a t o r s , n u c l e a r r e a c t o r s , and n u c l e a r f u e l 
r e p r o c e s s i n g f a c i l i t i e s r e q u i r e a knowledge of f r e e e n e r g i e s and 
heat s of f o r m a t i o n of these m a t e r i a l s . V e r i f i c a t i o n and 
e x t e n s i o n of i n t e m e t a l k i e bonding t h e o r i ^ s ^ such as the 
Engel-Brewer c o r r e l a t i o n o r Miedema model t o i n c l u d e the 

0097-6156/83/0216-0099$06.00/0 
© 1983 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

00
7

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



100 PLUTONIUM CHEMISTRY 

a c t i n i d e s depends upon measurement of a c c u r a t e thermodynamic 
p r o p e r t i e s of these m a t e r i a l s . 

R e l a t i v e l y few thermodynamic s t u d i e s have been performed on 
compounds i n v o l v i n g Th, U and Pu w i t h noble m e t a l s . Most of the 
p r e v i o u s work has i n v o l v e d e l e c t r o c h e m i c a l c e l l d e t e r m i n a t i o n s of 
f r e e e n e r g i e s of f o r m a t i o n , hence l i t t l e has been p u b l i s h e d 
c o n c e r n i n g the s u b l i m a t i o n b e h a v i o r of a c t i n i d e i n t e r m e t a l l i c s . 

E q u i l i b r i u m vapor p r e s s u r e s were measured i n t h i s study by 
means of a mass s p e c t r o m e t e r / t a r g e t c o l l e c t i o n apparatus. 
A n a l y s i s of the temperature dependence of the p r e s s u r e of each 
i n t e r m e t a l l i c y i e l d e d heats and e n t r o p i e s of s u b l i m a t i o n . 
Combination of these measured v a l u e s w i t h c o r r e s p o n d i n g 
parameters f o r s u b l i m a t i o n of e l e m e n t a l Pu enabled c a l c u l a t i o n of 
thermodynamic p r o p e r t i e s of f o r m a t i o n of each condensed phase. 
P r e v i o u s l y r e p o r t e d r e s u l t s on the s u b o r n a t i o n of the PuRu 
phase and the Pu-Pt and Pu-Ru systems are c o r r e l a t e d w i t h 
c u r r e n t r e s e a r c h on the PuOs^ and "Pulr^ compounds. Thermodynamic 
p r o p e r t i e s determined f o r these P u - i n t e r m e t a l l i c s are compared to 
analogous parameters of o t h e r a c t i n i d e compounds i n o r d e r t o 
e s t a b l i s h bonding t r e n d s and to t e s t t h e o r e t i c a l p r e d i c t i o n s . 

EXPERIMENTAL APPROACH 

The phases s t u d i e d i n t h i s work were PuPt^, PuPt^, P u P t Q , 
PuPt^» URh^jPuRh^, PuRu , and PuOs . A l l samples were prepared 
by a r c - m e l t i n g weighed f o i l s of 239-Pu and the r e s p e c t i v e noble 
m e t a l . Less than a 0.1 wt.% mass l o s s o c c u r r e d d u r i n g 
p r e p a r a t i o n of each sample. S p e c t r o s c o p i c a n a l y s e s of the sample 
but t o n s r e v e a l e d no i m p u r i t y l e v e l s h i g h e r than 100 ppm. 
I n d i v i d u a l samples were a l s o c h a r a c t e r i z e d by x-ray d i f f r a c t i o n , 
m e t a l l o g r a p h y , and e l e c t r o n microprobe. The sample p r e p a r a t i o n 
and c h a r a c t e r i z a t i o n i s more f u l l y d i s c u s s e d i n the phase s ^ u ^ i e s 
of the Pu-Pt and Pu-Rh systems by Land, P e t e r s o n , and Roof. 

Sample c e l l s were f a b r i c a t e d from t u n g s t e n . A d d i t i o n a l 
c r u c i b l e s composed of a Pt-40 w/o Rh-8 w/o W a l l o y were a l s o used 
i n experiments on the PuPt phase. Each t u n g s t e n c e l l was vacuum 
outgassed a t 1800 f o r Γ h b e f o r e an experiment. The c e l l 
temperature was determined d u r i n g the measurements by s i g h t i n g 
w i t h a pyrometer (Pyrometer Instrument Co.) onto a blackbody h o l e 
i n each c e l l base. The pyrometer and s i g h t g l a s s e s were 
c a l i b r a t e d w i t h an NBS s t a n d a r d lamp. 

Vapor p r e s s u r e ^ were determined by u s i n g the Knudsen 
e f f u s i o n t e c h n i q u e . E f f u s i o n r a t e s through and o r i f i c e 
c o n t a i n e d i n each sample c e l l were measured as a f u n c t i o n of 
temperature by use of a mass s p e c t r o m e t e r / t a r g e t c o l l e c t i o n 
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7. PETERSON Thermodynamics of Pu-Noble Metal Compounds 101 

apparatus. The equipment d e s i g n and te c h n i q u e s have been 
p r e v i o u s l y ^ d i s c u s s e d i n d e t a i l by Edwards, S t a r z y n s k i , and 
P e t e r s o n . The u n i t enabled c o n c u r r e n t measurements of the 
vapor c o m p o s i t i o n and t o t a l p r e s s u r e . S e l e c t e d t a r g e t s on the 
copper r i b b o n were exposed t o the e f f u s a t e f o r a g i v e n time 
p e r i o d and r a d i o a n a l y z e d by a l p h a c o u n t i n g t o determine the 
condensate l e v e l . The e f f u s a t e was a l s o mass s p e c t r o m e t r i c a l l y 
a n a l y z e d t o determine the c o m p o s i t i o n of the vapor as a f u n c t i o n 
of temperature. An e x t r a n u c l e a r quadrupole was used t o scan the 
mass spectrum over the range 5-800 amu. The spectrometer was 
c a l i b r a t e d by s i m u l t a n e o u s l y e v a p o r a t i n g Ag m e t a l w i t h s e v e r a l 
samples and n o r m a l i z i n g the Pu (239) and Ag (109) i n t e n s i t i e s . 
The vapor p r e s s u r e of Ag as a f u n c t i o n of temperature was 
ob t a i n e d from H u l t g r e n and coworkers. A vacuum of 10 t o r r 
was m a i n t a i n e d i n the apparatus throughout the s u b l i m a t i o n 
experiments. 

DATA TREATMENT 

The predominant r e a c t i o n a s s o c i a t e d w i t h the s u b l i m a t i o n of 
each i n t e r m e t a l l i c s t u d i e d was assumed t o i n v o l v e gaseous Pu and 
the a s s o c i a t e d n o b l e m e t a l r i c h a d j a c e n t phase as p r o d u c t s . The 
e q u i l i b r i u m s u b l i m a t i o n r e a c t i o n s are as f o l l o w s : 

PuPt (s) = Pu(g) + 5 P t ( s ) [ 1 ] , 
5 PuPt (s) = Pu(g) + 4 PuPt (s) [ 2 ] , 
4 P u P t 0 ( s ) = Pu(g) + 3 PuPt (s) [ 3 ] , 
3 P u P t ^ ( s ) = Pu(g) + 2 PuPt (s) [ 4 ] , 

PuRh (s) = Pu(g) + 3 Rh(s) [ 5 ] , 
3 PuRh (s) = Pu(g) + 2 PuRh (s) [ 6 ] , 

P u l r (s) = Pu(g) + 2 I r ( s J [ 7 ] , 
PuRu (s) = Pu(g) + 2 Ru(s) [ 8 ] , 
PuOs (s) = Pu(g) + 2 0 s ( s ) [ 9 ] . 

T o t a l vapor p r e s s u r e s a s s o c i a t e d w i t h each of the above 
r e a c t i o n s were c a l c u l a t e d by use of the Knudsen e q u a t i o n 

» • " « • ά ( î ) 1 , 2 " » > 

where Ρ = vapor p r e s s u r e (atm), G = mass c o l l e c t e d on, t a r g e t 
(Mg) , t = exposure time (min), A = o r i f i c e a r e a (mm ) , W = 
t r a n s m i s s i o n p r o b a b i l i t y , Τ = temperature (Κ), and M = m o l e c u l a r 
weight of vapor (239). 

The vapor p r e s s u r e of Pu(g) i n e q u i l i b r i u m w i t h v a r i o u s 
phases was a l s o determined from i o n i n t e n s i t y measurements w i t h 
the mass spectrometer. The p r e s s u r e was c a l c u l a t e d from the 
eq u a t i o n 
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102 PLUTONIUM CHEMISTRY 

Ρ = CIT/σΎΐ [11] 

where C i s the machine c o n s t a n t , I i s the i o n i n t e n s i t y , σ i s the 
i o n i z a t i o n c r o s s s e c t i o n , 7 i s the m u l t i p l i e r g a i n , and f i s the 
i s o t o p i c f r a c t i o n . 

L i n e a r l e a s t squares treatments of p l o t s of the l o g a r i t h m of 
the vapor p r e s s u r e v e r s u s the r e c i p r o c a l temperature were 
performed. The second-law e n t h a l p y and entropy of s u b l i m a t i o n a t 
the median temperature are p r o p o r t i o n e d t o the s l o p e and 
i n t e r c e p t r e s p e c t i v e l y . The e n t h a l p y of s u b l i m a t i o n a t 298 
Κ, ΔΗ (298) was o b t a i n e d from a t h i r d law treatment which used 
the G i f b s f r e e energy f u n c t i o n , 

ΔΦ°(Τ) = [Δ0°(Τ) - ΔΗ°(298)]/Τ. [12] 

Values of ΔΦ (Τ) were o b t a i n e d by u s i n g s i m u l a n t elements which 
have the same number of b o n d i n g e l e c t r o n s as each i n t e r m e t a l l i c 
phase. Second law v a l u e s of ΔΗ (298) were a l s o o b t a i n e d by use 
of heat c a p a c i t i e s of the same s i m u l a n t and c o n s t i t u e n t 
elements. 

RESULTS 

Sample a n a l y s e s by m e t a l l o g r a p h y , x - r a y d i f f r a c t i o n and 
sp e c t r o s c o p y c o n f i r m e d the d e s i r e d s o l i d c o m p o s i t i o n s . These 
a n a l y s e s r e v e a l e d t h a t o n l y the s m a l l c o m p o s i t i o n a l v a r i a t i o n s 
expected due t o the s u b l i m a t i o n were encountered d u r i n g the 
s t u d i e s . 

Mass s p e c t r o m e t r i c e x a m i n a t i o n of the e f f u s a t e i n 
e q u i l i b r i u m w i t h Sf^j1

 + s o l i d i n t e r m e t a l l i c showed o n l y the 
presence of the Pu i o n . + I o n i z a t i o n e f f i c i e n c y c u rve 
measurements conducted on the Pu s p e c i e s y i e l d e d an appearance 
p o t e n t i a l o f ^ J ^ . 5±0.5 eV based on a c a l i b r a t i o n of the energy 
s c a l e w i t h Hg i o n s . Due t o the l a c k of m o l e c u l a r i o n s 
d e r i v a b l e from the e f f u s a t e , the s u b l i m a t i o n r e a c t i o n s were 
assumed t o proceed by d i s s o c i a t i o n t o e l e m e n t a l Pu and the 
a d j o i n i n g n o b l e m e t a l r i c h phase. A second law p l o t o f the 
temperature dependence of the Pu vapor p r e s s u r e over each phase as 
measured by t a r g e t c o l l e c t i o n i s shown i n F i g u r e 1. The a b s o l u t e 
v a l u e s and temperature dependence of the p r e s s u r e s determined by 
mass spe c t r o m e t r y a r e c o n c u r r e n t w i t h these t a r g e t c o l l e c t i o n 
r e s u l t s . The thermodynamic p r o p e r t i e s a s s o c i a t e d w i t h the 
s u b l i m a t i o n and f o r m a t i o n of each i n t e r m e t a l l i c a r e summarized i n 
Tabl e I . 
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F i g u r e 1. Temperature dependence of p l u t o n i u m vapor p r e s s u r e over 
i n t e r m e t a l l i c s as measured by t a r g e t c o l l e c t i o n . 
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7. PETERSON Thermodynamics of Pu-Noble Metal Compounds 105 

DISCUSSION 

Measurement of the v e r y low p r e s s u r e s a s s o c i a t e d w i t h many 
of the P u - i n t e r m e t a l l i c s r e q u i r e s the h i g h s e n s i t i v i t y a f f o r d e d 
by t a r g e t c o l l e c t i o n . To i d e n t i f y the gas phase s p e c i e s which 
are i n the effusâtes, a mass spectrometer i s needed. The 
e x c e l l e n t agreement between the mass s p e c t r o m e t r i c and t a r g e t 
c o l l e c t i o n r e s u l t s c o n f i r m s the predominance of the Pu gaseous 
s p e c i e s i n the s u b l i m a t i o n of these i n t e r m e t a l l i c s . 

Free e n e r g i e s of f o r m a t i o n f o r Pu-noble m e t a l compounds are 
compared i n F i g u r e 2 w i t h c o r r e s p o n d i n g v a l u e s f o r o t h e r a c t i n i d e 
compounds over t h e i r r e s p e c t i v e temperature ranges of meas
urement. The f o l l o w i n g work i s p r e s e n t e d . URu^-Edwards, 
S t a r z y n s k i , P e t e r s o n ; /J&Os , T h l r , U R h , U l r , UOs , ThRu^> 
ThRh-Kleykamp, ̂ çworkers; ' UPt, UPd-Schmidt; ' U P d ^ L o r e n -
z e l l i , Marcon. The magnitudes of the f r e e e n e r g i e s of forma
t i o n on the Pu i n t e r m e t a l l i c s compare f a v o r a b l y w i t h the o t h e r 
a c t i n i d e systems, a l t h o u g h c o r r e s p o n d i n g Th and U phases appear 
to be more thermodynamically s t a b l e . ^ 

U s i n g a W i g n e r - S e i t z a p p r o x i m a t i o n , Miedema has developed 
a bonding model which appears u s e f u l f o r p r e d i c t i n g e n t h a l p i e s of 
f o r m a t i o n . E x p e r i m e n t a l e n t h a l p i e s a t 298 Κ f o r Pu i n t e r 
m e t a l l i c s are p l o t t e d v e r s u s c o r r e s p o n d i n g c a l c u l a t e d v a l u e s i n 
F i g u r e 3. O v e r a l l agreement i s v e r y good f o r most of the com
pounds s t u d i e d . 

E n t r o p i e s of f o r m a t i o n measured f o r the P u - i n t e r m e t a l l i c s 
ranged from -2 t o -20 JK *g atom . N o r m a l l y s o l i d s t a t e r e a c 
t i o n s have v a l u e s f a l l i n g i n the range -8 to -9 JK "g atom ; 
however, due to the f o r m a t i o n r e a c t i o n s i n v o l v i n g l i q u i d Pu and 
the l a r g e n e g a t i v e e n t h a l p i e s of f o r m a t i o n , more n e g a t i v e en
t r o p i e s might be expected. 

I t would be i n t e r e s t i n g to f u r t h e r examine the v a p o r i z a t i o n 
of P u - i n t e r m e t a l l i c s at h i g h e r temperatures i n o r d e r t o s e a r c h 
f o r m o l e c u l a r vapor s p e c i e s i n v o l v i n g Pu and the n o b l e m e t a l s . 
Due t o the d i r e c t i o n a l n a t u r e of 5f e l e c t r o n s i n Pu, they may not 
be i n v o l v e d i n the bonding of the s o l i d i n t e r m e t a l l i c s , but c o u l d 
c o n t r i b u t e to the s t a b i l i t y of a gas phase m o l e c u l e . A d d i t i o n a l 
measurements of the thermodynamic s t a b i l i t i e s of Np- and Am-noble 
met a l i n t e r m e t a l l i c s c o r r e s p o n d i n g to the Pu phases c o n s i d e r e d i n 
t h i s work would a l s o a s s i s t i n e s t a b l i s h i n g bonding t r e n d s . 
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8 0 0 1000 1200 1400 1600 1800 2 0 0 0 

T(K) 

F i g u r e 2. Temperature dependence of f r e e energy of 
f o r m a t i o n , AG° , of a c t i n i d e i n t e r m e t a l l i c s . 
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- Δ Η ? c a , c (kJ/g atom) 

F i g u r e 3. E x p e r i m e n t a l heats of f o r m a t i o n of p l u t o n i u m 
i n t e r m e t a l l i c s v e r s u s c o r r e s p o n d i n g heats c a l c u l a t e d 
from Miedema model. 
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8 
Thermodynamic Aspects of the Plutonium
-Oxygen System 

MARVIN TETENBAUM 

Argonne National Laboratory, Chemical Technology Division, Argonne, IL 60439 

This paper reviews data on certain thermodynamic 
aspects of the nonstoichiometric Pu-O system, which 
may serve as a basis for use in reactor safety 
analysis. Emphasis is placed on phase relationships, 
vaporization behavior, oxygen-potential measurements, 
and evaluation of pertinent thermodynamic quantities. 
Limited high temperature oxygen potential data ob
tained above the fluorite, diphasic, and sesquioxide 
phases in the Pu-O system are presented. 

Reliable data on the thermodynamic and phase relationships of 
actinide oxide systems are essential for reactor safety analysis. 
This paper reviews certain aspects of thermodynamic data currently 
available on the nonstoichiometric Pu-0 system, which may serve as 
a basis for use i n reactor safety analysis. Emphasis i s placed on 
phase relationships, vaporization behavior, oxygen-potential mea
surements , and evaluation of pertinent thermodynamic quantities . 
It should be emphasized that very l i t t l e i s quantitatively known 
about how the to t a l pressures of plutonium-bearing species vary 
with oxygen potential, stoichiometry, and temperature in the b i -
variant region of oxygen-deficient plutonia between the phase 
limit s at very high temperatures. New (though limited) oxygen 
potential data have been obtained i n our laboratory above the 
f l u o r i t e , diphasic, and sesquioxide phases i n the Pu-0 system at 
1750, 2050, and 2250 K. 

Phase Relationships 

It is generally agreed that the four known oxide phases i n 
the Pu-0 system are PU2O3 (hexagonal, La203 type), PuOx.52 (bcc), 
P u 01.61 ( f c c > tentative), and Pu02 (fee, f l u o r i t e type). Above 

0097-6156/83/0216-0109$06.00/0 
© 1983 American Chemical Society 
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110 PLUTONIUM CHEMISTRY 

*925 K the PuÛ2- x phase exhibits a wide range of composition homo
geneity, varying from the stoichiometric composition, O/Pu * 2.00 
to 0/Pu s 1.61. The tentative phase diagram of the Pu-0 system 
reported by the 1966 IAEA Panel (1) i s shown in Figure 1; i t i s 
based primarily on the high temperature X-ray studies of Gardner 
et a l . (2) and Chikalla et a l . (3), the galvanic c e l l study of 
Markin and Rand (4), as well as v i a e l e c t r i c a l r e s i s t i v i t y and 
thermal expansion measurements. (5, 6̂, 7) According to a recent 
assessment of Potter and Rand (8) which was based on suggestions 
by Sari et a l . (9) and X-ray studies by Boivenau (10), the lower 
phase boundary of the Pu02- X f l u o r i t e phase below ^1000 Κ has a 
composition of 0/Pu * 1.72. Around this composition there i s a 
narrow diphasic region with fee Pu02- X and a bec phase which 
exists from * 0/Pu = 1.70 down to 0/Pu » 1.61. It should be 
emphasized that lower phase boundary compositions shown as l i n e 
compounds even at high temperatures i n Figure 1 have not been 
c r i t i c a l l y defined as a function of temperature. For example, the 
hexagonal sesquioxlde phase shown as a l i n e compound on the phase 
diagram has been found to exhibit a significant range of homo-
geniety (11) (see below).Finally, i t should be noted that unlike 
the urania system, hyperstoichiometric plutonia (Pu02+x) has not 
been found to exist. 

Vaporization Behavior 

The vaporization behavior of the bivariant Pu02-X phase has 
been investigated by means of mass effusion, mass spectrometry, 
and transpiration. With tungsten, rhenium, and iridium effusion 
c e l l s , the agreement between the vapor pressure measurements 
( i . e . , t o t a l pressure of plutonium-bearing species) of Mulford and 
Lamar (12) (2000-2400 K), Pascard (13) (1670-2270 K), Messier (14_) 
(2070-2380 K), Battles et a l . (15) (1937-2342 Κ ) , and Ackermann 
et a l . (16) (1650-2150 Κ) i s within a factor of two. The measure
ments of Ohse and Ciani (17) (1800-2200 K) gave vapor pressure 
values that were somewhat higher than those obtained by the above 
investigators. The results of transpiration measurements of 
Pardue and Keller (18) (1730-2000 Κ ) , which were obtained with 
carrier gas streams of oxygen, a i r , and argon, were not of 
s u f f i c i e n t accuracy to be quantitative. 

With tantalum effusion c e l l s , the results of Ackermann et a l . 
(16) are v i r t u a l l y i d e n t i c a l with the e a r l i e r work of Phipps 
et a l . (19) (1593-2063 Κ) and yielded t o t a l vapor pressure values 
of plutonium-bearing species which were considerably higher (by 
approximately a factor of ten) than those obtained with the less 
reducing tungsten (as well as Re and Ir) c e l l s . Ackermann et a l . 
(16) correlated the vapor pressure results obtained with tantalum 
effusion c e l l s with the univariant diphasic system consisting of 
Pu203(s)-PuOi,6l(s) as the condensed phases and Pu0(g) as the 
primary gaseous species. 
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Figure 1. Tentative plutonium-oxygen phase diagram. 
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112 PLUTONIUM CHEMISTRY 

It should be emphasized that a survey of the vapor pressure 
measurements of plutonium-bearing species above bivariant 
Pu02- X(s) revealed that i n general these measurements suffer from 
a lack of knowledge of the composition of the condensed phase. 
Over the composition range, O/Pu - 1.82 to 1.93, the measured 
pressures appear to be insensitive to the composition. This ac
counts for the general agreement in vapor pressure measurements 
above bivariant Pu02-X of varying composition obtained by various 
investigators with tungsten effusion c e l l s . However, Ackermann 
et a l . (16) rigorously established the temperature dependency of 
plutonium-bearing species above the bivariant composition of 
O/Pu » 1.92 ± 0.01. As a consequence of these measurements and 
the results obtained at the lower phase boundary with Ta effusion 
c e l l s , meaningful thermodynamic analysis can be made. 

Evaluation of Pertinent Thermodynamic Quantities 

The p r i n c i p a l mode of vaporization at the lower phase 
boundary based on the thermodynamic analysis of Ackermann et a l . 
(16, 20) can be represented by the equation 

j £ f i - Pu 20 3(s) = PuO(g) + Pu0i.6i (e) (1) 

From a knowledge of the temperature dependency of oxygen poten
t i a l s above Pu02-X compositions derived from the galvanic c e l l 
measurements of Markin and Rand (4), a knowledge of the standard 
free energy of formation of Pu02(s) (21, 22), the standard free 
energy of formation of Pu02-X compositions can be estimated. The 
results are given i n Table I. It should be emphasized that these 
calculations involve extrapolations In temperature of the order of 
500 K. From the estimated free energy of formation values of 
PU2O3 and PuOi.51 (16), and the temperature dependency of the 
p a r t i a l pressure of PuO(g) given by 

log PPuO/at* - - (2780V 5 0 0 ) + (8.09 ± 0.27) (2) 

the standard free energy of formation of PuO(g) (20) can be 
readily obtained 

ÀGf (PuO, g) = -28500 - 9.7T (1600-2150 K) (3) 

Ackermann et a l . (16, 20) calculated the free energy of for
mation of Pu02(g) based on the reaction 

PixOi.92(e) + 0.08 0(g) = Pu02(g) (4) 
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8. TETENBAUM Thermodynamic Aspects of the Pu-O System 113 

Table 1 

Equations for the Standard Free Energy of Formation 
and P a r t i a l Molar Free Energies of Atomic Oxygen 

for Plutonium Oxides (1600-2150 K), cal/mol 

0/Pu 
AGf = A + BT AGQ • A + BT 

(s) A Β A Β 

2.00 -249000 42.6 (-204750)a (87.7)* 

1.98 -246200 41.3 -181750 63.4 

1.95 -242600 39.9 -178000 59.0 

1.92 -239200 38.7 -173750 54.1 

1.90 -237000 38.0 -171150 50.8 

1.85 -231600 36.4 -164250 43.4 

1.80 -226600 35.2 -157500 36.1 

1.75 -222000 34.4 -151500 29.5 

1.70 -217500 33.8 -149250 26.5 

1.65 -213100 33.3 -150250 26.1 

1.61 -209500 32.9 -153000 26.9 

1.50 -199800 31.9 -153000 26.9 

estimated. 
(1 cal = 4.184 J) 
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114 PLUTONIUM CHEMISTRY 

The contribution of PuO(g) to the measured vapor pressure of 
PuOi.92(s) can be estimated via the reaction 

Pu°1.92(s) = PuO(g) + 0.92 0(g) (5) 

and subtracted from the measured vapor pressure to y i e l d the tem
perature dependency of the p a r t i a l pressure of Pu02(g) (16) 

ι _ „ 29640 log PPu02/atm = 7.67 ~ — 

and, therefore, via equation (4) 

àGf (Pu0 2, g) - -112600 + 6.6T (1600-2150 K) (6) 

For comparison, Battles et a l . (15) determined the p a r t i a l 
heats of sublimation of Pu02(g) and Pu0(g) above Pu0i e33 over the 
temperature range 1937 to 2342 Κ by means of mass spectrometric 
measurements with iridium effusion c e l l s . The absence of iridium 
oxides or iridium species i n the vapor phase indicated that 
iridium was nonreducing toward plutonia. The p a r t i a l heats of 
sublimation calculated from the slopes of the temperature depen
dency data yielded values of 127.1 ± 1.2 and 138.8 ± 1.6 kcal/mol 
for Pu0(g) and Pu02(g). 

From the vapor phase composition and the rate of effusion at 
2219 K, Battles et a l . (14) calculated the following p a r t i a l pres
sures (atm): PuO(g) - 1.50 χ 10" 6, Pu02(g) = 1.19 χ 10" 6, Pu(g) -
2.6 χ 10~ 9, and 0(g) = 2.60 χ 10" 7. I t should be noted that the 
vapor phase composition was based on ionization cross section 
values given by Otvos and Stevenson (23) for 0 +, Pu +, Pu0 +, and 
Pu0$. 

Battles et a l . calculated the free energies of formation of 
PuO(g) and Pu02(g) via the equations 

Pu(g) + 0(g) = Pu0(g) (7) 

and 

Pu0(g) + 0(g) « Pu0 2(g) (8) 

Combination of the p a r t i a l pressures of Pu0(g) and Pu02(g) at 
2219 Κ with the corresponding p a r t i a l heats of sublimation yields 
the following equations for the temperature dependence of Pu0(g) 
and Pu0 2(g) for 0/Pu - 1.83: 

(27770 ± 270) „ , Λ Α Λ ,, N log PPuO/atm - - J - + (6-69 ± 0.14) (9) 
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8. TETENBAUM Thermodynamic Aspects of the Pu-O System 115 

and 

- (30330 ± 340) , + Λ 1 7 Λ 

log PPu02/atm " Τ + ( 6 J (10) 

An expression for the temperature dependency of the p a r t i a l pres
sure of 0(g) was derived by Battles et a l . (15) by using the 0(g) 
pressure measured at 2219 K, and the value of 2.92 χ 10~ 2 1 atm 
at 1200 Κ estimated from the oxygen-potential data of Markin and 
Rand (4) for PuOi.33 

log PO/atm = - 9-88 (11) 

For the temperature dependency of Pu(g), Battles et a l . (15) 
combined the p a r t i a l pressure of Pu(g) determined at 2219 Κ and an 
assumed p a r t i a l enthalpy of vaporization value of 118 kcal/mol, 
leading to the expression 

log PPu/atm = " + 3.04 (12) 

From equations (9), (10), (11), and (12) and the free energy 
of formation of 0(g), the free energies of formation of PuO(g) and 
Pu02(g) can be obtained via the vaporization processes given by 
equations (3) and (4). Therefore, 

and 

LGf (PuO, g) - -16840 - 10.25T (13) 

AGf (Pu0 2, g) - -111590 + 14.23T (14) 

The free energy of formation relationships derived by 
Ackermann et a l . (20) for PuO(g) and Pu0 2(g) are not in agreement 
with the corresponding equations obtained by Battles et a l . At 
2000 Κ, the relationships derived by Ackermann et a l . y i e l d values 
for the free energy of formation of PuO(g) and Pu0 2(g) of -47.9 
and -99.4 kcal/mol, respectively, compared to values of -37.3 and 
-83.1 kcal/mol based on the equations of Battles et a l . 

The major source of error i n calculating the free energies of 
PuO(g) and Pu0 2(g) from Battles et a l . probably results from the 
derived equations for the p a r t i a l pressures of 0(g) and Pu(g) as a 
consequence of uncertainties in ionization cross sections . The 
thermodynamic assessments of Ackermann et a l . involve extrapola
tions of oxygen potentials reported by Markin and Rand (4) in 
temperature of the order of 500 K. However, a second and t h i r d 
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law assessment carried out by Green (24) has shown that the 
equations derived by Ackermann et a l . are more accurate than those 
derived by Battles et a l . 

Based on the thermodynamic assessment of Ackermann et a l . 
(16, 20) the detailed vaporization behavior of the Pu0 2- x phase is 
summarized i n Figure 2, i n which the p a r t i a l pressures of the 
various vapor species are given as a function of the composition 
of the s o l i d phase at 1970 Κ. I t i s apparent that the p a r t i a l 
pressures of PuO(g), Pu(g), 0(g), and 0 2(g) depend on the 0/Pu 
rati o of the condensed phase whereas the p a r t i a l pressure of 
Pu0 2(g) * s rather insensitive to the composition. It should be 
noted that the minimum t o t a l pressure of the system occurs for the 
congruently vaporizing composition of 0/Pu a 1.87. The congru
ent l y vaporizing composition has been calculated by Ackermann 
et a l . (16) to vary from 0/Pu - 1.92 at 1600 Κ to 1.84 at 2400 K. 
For comparison, Ohse and Ciani (17) estimate congruent vaporizing 
composition values of 0/Pu s 1.84, 1.86, and 1.89 (based on the 
minimum t o t a l pressures obtained for the vapor pressure isotherms 
at 1800, 2000, and 2200 K). 

Region of Homogeneity of Pu203 Phase 

As indicated previously, the tentative phase diagram of the 
Pu-0 system shows plutonium sesquioxide as a l i n e compound from 
room temperature up to i t s melting point. During the course of 
the preparation of B-242pU203 for low temperature heat capacity 
measurements (11), a procedure was established which can serve as 
a basis for mapping out the region of homogeneity of the sesqui
oxide phase as well as other phase boundary compositions i n the 
Pu0 2- x system. 

The single phase 8-242pU203 sample was prepared by high-
temperature reduction of 242puQ2. The reduction was carried out 
i n the high-temperature transpiration apparatus previously used tc 
investigate the vaporization behavior of various actinide oxide 
systems (25, 26). Because of the limited amount of 2* 2Pu0 2 

available and the lack of well-defined methods for the preparatior 
of B-Pu203, the synthesis was made batchwise with one gram 
portions of 242puQ2 ± n order to minimize the p o s s i b i l i t y of large 
amounts of sample loss due to unforseen preparative f a i l u r e s . 

The reduction of the sample was made at 2250 Κ i n a flowing 
stream of hydrogen c a r r i e r gas (^280 cmVmin). The total pressure 
of the carrier gas was approximately 1 atm. The water vapor pro
duced during the reduction was swept by the carrier gas into an 
electrolytic-type (P 205) moisture monitor and a continuous 
recorder trace of the water concentration as a function of time 
was obtained. A typical plot of the moisture content of the 
car r i e r gas as a function of time i s shown in Figure 3. The 
region on the l e f t side of this figure where the moisture content 
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Figure 3. Moisture concentration (ppm H2O) i n the hydrogen carrier 
gas as a function of time during the preparation of the plutonium 
sesquioxide sample by hydrogen reduction at 2250 K. 
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8. TETENBAUM Thermodynamic Aspects of the Pu-O System 119 

decreases with time i s interpreted as a single phase region, 
(namely f l u o r i t e Pu02- X), the plateau region i s a diphasic 
region, and the f i n a l rapid decrease of the plateau i s interpreted 
as indicating single-phase plutonium sesquioxide. In contrast to 
the phase diagram, the present result indicates a considerable 
range of composition homogeneity of the plutonium sesquioxide 
phase at 2250 R. 

The reduction was terminated following the plateau region 
when the moisture content was approximately 200 ppm. The reduced 
product was analyzed for oxygen content by heating i t in a i r at 
approximately 1023 Κ to produce stoichiometric Pu02« From the i n 
crease i n mass upon oxidation to Pu02, the 0/Pu r a t i o was found to 
be 1.481 ± 0.005. The oxygen potential for this composition was 
calculated to be A G Q 2 = -134.6 kcal/mol at 2250 K. X-ray analysis 
of a portion of a 10-gram sample prepared batchwise by the above 
procedure showed the presence of only 8-242pU203 phase. The 
l a t t i c e constants were determined to be a = 3.837 and c = 5.948 A 
(a/c - 0.6451); these parameters are i n excellent agreement with 
those of Gardner e t g a l . (2) who reported a - 3.8388 % 0.0002A and 
c - 5.9594 ± 0 . 0 0 0 6 Â for a sample with a 0/Pu r a t i o of 1.498. 

From the water concentration in the hydrogen carr i e r gas as a 
function of time, flow rate, and the measured composition 0/Pu -
1.481, one can make a rough estimate of the i n i t i a l and terminal 
compositions of the diphasic region and the corresponding oxygen 
potential. The results are given i n Figure 3. For comparison, 
based on the galvanic c e l l measurements of Markin and Rand, 
AGQ2 = -135.8 kcal/mol f o r the diphasic region P U 2 O 3 + PuOi.fci. 
The agreement is reasonable, considering the long temperature 
extrapolation required for the calculation of the oxygen potential 
based on the measurements of Markin and Rand. 

"High-Temperature" Oxygen-Potential Measurements 

A scarcity of high-temperature oxygen-potential measurements 
above well-defined condensed phase compositions exists for the 
Pu-0 system. Reliable high-temperature data combined with free 
energy of formation values of the known vapor species and con
densed phase compositions are essential for estimating the vapor
izatio n behavior of plutonia. To date, extrapolated values of 
oxygen potentials derived from the galvanic c e l l measurements of 
Markin and Rand (4_) have been used to estimate the vaporization 
behavior of oxygen-deficient plutonia with a reasonable degree of 
success over a restricted temperature range. 

During the course of exploratory experimentation involved i n 
the preparation of 3-242pU203, some limited oxygen potential 
measurements over Pu02-X f l u o r i t e phase were made at 1750 and 
2050 K. The transpiration method was used for this study because, 
for a given temperature, the composition of the condensed phase 
can be fixed by appropriate choice of oxygen potential (via H2/ 
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Figure 4. "High temperature" oxygen potentials above the Pu02-X 

system. 
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H2O ratios) of the carrier gas. This is consistent with the 
requirements based on the phase rule for a bivariant system. 

The results of limited oxygen potential measurements at 1750 
and 2050 Κ are shown in Figure 4. Included in Figure 4 are 
measurements at 2100 Κ reported by Alexander et al . (27) as well 
as our measurements with the sesquioxide phase and the diphasic 
region (0/Pu - 1.50 - 1.52) at 2250 K. The extrapolated oxygen-
potential values of Markin and Rand are in fair agreement with the 
measurements obtained at 1750 and 2100 Κ (and the diphasic region 
at 2250 K), but deviate considerably from the limited measurements 
obtained at 2050 K. The extrapolated values of oxygen potentials 
derived from Woodley's (28) recent TGA and limited emf oxygen-
potential measurements at 1273, 1373, and 1473 Κ over the composi
tion range, ^1.8 to 1.98, appears to be in better agreement with 
the high-temperature experimental measurements than the extra
polated oxygen potentials of Markin and Rand. 

Some Recommendations for Future Studies on the Pu-0 System 

(1) Measurements of oxygen potentials and vapor pressure of 
plutonium-bearing species above a wide range of Pu-0 compositions, 
including the difficult region close to stoichiometric plutonia, 
should be made at high temperatures, particularly above 3000°C, 
for purpose of safety analysis. 

(2) The temperature dependence of lower phases boundary com
positions needs to be established. 

(3) Measurements of solidus and liquidus temperatures need 
to be established. 

(4) There is a scarcity of oxygen-transport data for oxygen-
deficient actinide oxide systems. Because of this, our under
standing and predictive capabilities of the effect of the defect 
solid state on the properties of reactor fuel systems, as well as 
on the chemical state of fission products in these systems, are 
limited. 
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9 
Vapor Pressures and Vapor Compositions in 
Equilibrium with Hypostoichiometric Plutonium 
Dioxide at High Temperatures 
D. W. GREEN, J. K. FINK, and L. LEIBOWITZ 

Argonne National Laboratory, Chemical Technology Division, Argonne, IL 60439 

Vapor pressures and vapor compositions in equili
brium with a hypostoichiometric plutonium dioxide 
condensed phase have been calculated for the tem
perature range 1500 ≤ T ≤ 4000 Κ. Thermodynamic 
functions for the condensed phase and for each of 
the gaseous species were combined with an oxygen
-potential model, which we extended from the solid 
into the liquid region to obtain the partial pres
sures of O2, O, Pu, PuO and PuO2 as functions of 
temperature and of condensed phase composition. The 
calculated oxygen pressures increase rapidly as 
stoichiometry is approached. At least part of this 
increase is a consequence of the exclusion of Pu6+ 

(or other high oxidation state) from the oxygen
-potential model. No reliable method was found to 
estimate the importance of this ion, whose existence 
has not been established in the oxide system and 
whose effects might be expected to increase greatly 
with temperature, similar to the effects due to U6+ 

in the uranium/oxygen system. As a result of large 
oxygen potentials at high temperatures, extremely 
high total pressures that produced unreasonably high 
vapor densities were calculated. Results were 
limited to temperatures below 4000 Κ and oxygen-to
-metal ratios of 1.994 to 1.70. These calculations 
show that the vapor in equilibrium with hypostoichio
metric plutonium dioxide is poorly approximated as 
PuO2 for most of the temperature and composition 
range of interest. In addition, the vapor is much 
more oxygen-rich than the condensed phase with which 
it is in equilibrium. The limitations of this ap
proach and the implications of these calculations 
for the technologically important (U,Pu)O2-x system 
are also discussed. 

0097-6156/83/0216-0123$06.25/0 
© 1983 American Chemical Society 
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One of the most important t h e r m o p h y s i c a l p r o p e r t i e s of 
r e a c t o r f u e l i n r e a c t o r s a f e t y a n a l y s i s i s vapor p r e s s u r e , f o r 
which d a t a are needed f o r temperatures above 3000 K. We have 
r e c e n t l y completed an a n a l y s i s of the vapor p r e s s u r e and vapor 
c o m p o s i t i o n i n e q u i l i b r i u m w i t h the h y p o s t o i c h i o m e t r i c uranium 
d i o x i d e condensed phase ( 1_), and we present here a s i m i l a r a n a l 
y s i s f o r the plutonium/oxygen (Pu/0) system. 

The p r o c e s s we have f o l l o w e d i s i d e n t i c a l w i t h the one we 
used p r e v i o u s l y f o r the uranium/oxygen (U/0) system (1-2) and i s 
summarized by the procedure t h a t i s shown i n F i g u r e 1. Thermo
dynamic f u n c t i o n s f o r the gas-phase molecules were o b t a i n e d 
p r e v i o u s l y (3) from e x p e r i m e n t a l s p e c t r o s c o p i c d a t a and e s t i m a t e s 
of m o l e c u l a r parameters. The f u n c t i o n s f o r the condensed phase 
have been c a l c u l a t e d from an assessment of the a v a i l a b l e d a t a , 
i n c l u d i n g t he heat c a p a c i t y as a f u n c t i o n of temperature ( 4 ) . The 
oxygen p o t e n t i a l i s found from e x t e n s i o n i n t o the l i q u i d phase 
of a model t h a t was d e r i v e d f o r the s o l i d phase. Thus, we have 
a l l t he i n f o r m a t i o n needed t o ap p l y the procedure o u t l i n e d i n 
F i g u r e 1. 

In t h i s paper we d e s c r i b e : (1) the gas-phase thermodynamic 
f u n c t i o n s ; (2) the condensed-phase thermodynamic f u n c t i o n s ; (3) 
the oxygen p o t e n t i a l (and the phase boundaries t h a t are c o n s i s t e n t 
w i t h i t ) ; and (4) the r e s u l t i n g vapor p r e s s u r e and c o m p o s i t i o n as 
f u n c t i o n s of temperature and c o m p o s i t i o n of the condensed phase. 

Methods 

G e n e r a l . The methods we have used t o c a l c u l a t e the vapor p r e s 
sures and vapor c o m p o s i t i o n s a t h i g h temperatures a r e the same as 
those used p r e v i o u s l y (1-2) f o r the U/0 system. The t o t a l p r e s 
s u r e , p ( t o t a l ) , i n e q u i l i b r i u m w i t h a Pu02- X condensed phase i s 

p ( t o t a l ) = p(0) + p ( 0 2 ) + p(Pu) + p(PuO) + p ( P u 0 2 ) (1) 

where o n l y the n e u t r a l s p e c i e s a r e c o n s i d e r e d . The oxygen-to-
p l u t o n i u m molar r a t i o i n the gas phase, R ( g a s ) , i s 

p(0) + 2 p ( 0 2 ) + p(PuO) + 2p(Pu0 2) 
R ( g a s ) = p(Pu) + p(PuO) + p ( P u 0 2 ) ( 2 ) 

The s e t of p a r t i a l p r e s s u r e s g i v e n by Eq. (1) must s a t i s f y 
e q u i l i b r i a among themselves and w i t h the condensed phase. Of the 
s e v e r a l p o s s i b l e c h o i c e s of independent e q u i l i b r i a , the f o l l o w i n g 
s e t i s a convenient one: 

0 2 ( g ) ^ 20(g) (3) 

f 0 2 ( g ) + P u 0 2 ^ x ( c ) ^ZT Pu0 2(g) (4) 
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F i g u r e 1. 
Procedure f o r c a l c u l a t i o n of vapor p r e s s u r e s from s p e c t r o 
s c o p i c d a t a . 
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P u 0 2 ( g ) PuO(g) + 1/2 0 2 ( g ) (5) 

Pu0 2 ( g ) ^ Pu(g) + 0 2 ( g ) (6) 

where c r e p r e s e n t s the condensed phase and g r e p r e s e n t s the gas 
phase. 

I f we know the oxygen p r e s s u r e , p ( 0 2 ) , from the oxygen 
p o t e n t i a l , the r e q u i r e d p a r t i a l p r e s s u r e s may be o b t a i n e d from 
Eqs. ( 3 - 6 ) , i n sequence, u s i n g the f o l l o w i n g r e l a t i o n s h i p s : 

I n p(0) = 1/2 I n p ( 0 2 ) - AG°(0)/RT (7) 

In p ( P u 0 2 ) - y I n p ( 0 2 ) + [AG°(Pu0 2_ x,c) - AG°(Pu0 2,g)]/RT (8) 

In p(PuO) = [AG°(Pu02,g) - AG°(PuO,g)]/RT -
1/2 I n p ( 0 2 ) + I n p ( P u 0 2 ) (9) 

I n p(Pu) = [AG°(Pu02,g) - AG°(Pu,g)]/RT -
I n p ( 0 2 ) + I n p(Pu0 2) (10) 

Thermodynamic F u n c t i o n s of the Gases. To a p p l y Eqs. ( 1 - 1 0 ) , the 
f r e e e n e r g i e s of f o r m a t i o n , A G ° , f o r a l l gaseous s p e c i e s as a 
f u n c t i o n of temperature are r e q u i r e d . T a b u l a t e d data were f i t by 
a l e a s t - s q u a r e s procedure t o d e r i v e an a n a l y t i c a l e q u a t i o n f o r 
ÙG° of each vapor s p e c i e s . For the plutonium oxide vapor s p e c i e s , 
the d a t a c a l c u l a t e d from s p e c t r o s c o p i c d a t a (_3) were used; f o r 
0(g) and 0 2 ( g ) , the JANAF d a t a (_5) were used; and f o r P u ( g ) , 
d a t a from the c o m p i l a t i o n of O e t t i n g e t a l . (6) were used. The 
c o e f f i c i e n t s of the e q u a t i o n s f o r A G ° of the gaseous s p e c i e s a r e 
i n c l u d e d i n Table I . 

Oxygen P o t e n t i a l f o r S o l i d Pu02« C o n s i d e r a b l e a t t e n t i o n has been 
devoted t o the temperature and c o m p o s i t i o n dependence of the 
oxygen p o t e n t i a l , A G ° ( 0 2 ) , f o r the s o l i d s P u 0 2 _ x and ( U , P u ) 0 2 _ x (7) 
and many models of the oxygen p o t e n t i a l have been proposed ( 8 - 2 0 ) . 
The model d e v i s e d by B l a c k b u r n (12-14) has been used f o r s o l i d 
P u 0 2 _ x f o r t h r e e reasons: (1) i t f i t s the a v a i l a b l e e x p e r i m e n t a l 
d a t a r e a s o n a b l y w e l l (12-14), (2) i t has a s m a l l number of a d j u s t 
a b l e parameters f o r which a p h y s i c a l b a s i s can be p r o v i d e d , and 
(3) i t i s analogous t o the one t h a t has been s u c c e s s f u l l y a p p l i e d 
to the U 0 2 _ x system (1_-2)· T h i s model f o r the s o l i d phase assumes 
the f o l l o w i n g e q u i l i b r i u m between oxygen gas and the i o n s i n the 
l a t t i c e : 

4 P u 4 + + 2 0 2 " 4 P u 3 + + 0 2 ( g ) (11) 
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From t h i s e q u i l i b r i u m the oxygen p r e s s u r e may be determined: 

I n p ( 0 2 ) - 4 I n ( P u 4 + ) / ( P u 3 + ) + 2 I n ( 0 2 ~ ) + I n K s (12) 

where the parentheses i n d i c a t e i o n i c c o n c e n t r a t i o n ( i n moles per 
mole of Pu) and K s i s the e q u i l i b r i u m constant f o r Eq. ( 1 1 ) : 

(Pu3+)A p(Q 2) 
8 " (Pu4+)4 ( 0 2 - ) 2 

B l a c k b u r n a l s o i n c l u d e d i n h i s model an e q u i l i b r i u m between 
t r i v a l e n t and d i v a l e n t p l u t o n i u m . Because our i n t e r e s t l i e s 
p r i n c i p a l l y i n the r e g i o n f o r which χ < 0.1, the d i v a l e n t i o n 
c o n c e n t r a t i o n i s r e l a t i v e l y unimportant ( 2 1 ) . 

I f we c o n s i d e r c o n s e r v a t i o n of plutonium and charge, where 
( 0 2 ~ ) = 2 - x, ( P u 4 + ) = 1 - 2x and ( P u + 3 ) = 2x; Eq. (12) becomes 

In p ( 0 2 ) = 4 I n [ ( 1 - 2x)/2x] + 2 I n (2 - x) + I n K s (14) 

To e v a l u a t e K s, B l a c k b u r n assumed In K s = A s + B s/T, where Τ i s 
the a b s o l u t e temperature, and A s and B s are c o n s t a n t s c h a r a c t e r 
i s t i c of P u 0 2 _ x ( s ) which were found from an ex a m i n a t i o n of a v a i l 
a b l e oxygen p o t e n t i a l d a t a [Alexander ( 2 2 ) , A t l a s and Schlehman 
( 8 ) , M a r k i n and M c l v e r ( 2 3 ) , Woodley ( 2 4 ) , Javed ( 2 5 ) , Tetenbaum 
(26-27), and B l a c k b u r n ( 2 8 ) ] . T h i s e v a l u a t i o n gave B s = -101600 
and A s = 20.8. We have compared the oxygen p o t e n t i a l s c a l c u l a t e d 
u s i n g Eq. (14) and these parameter v a l u e s w i t h more r e c e n t unpub
l i s h e d d a t a of Tetenbaum (27) and have found reasonable agreement. 

The s u b s t i t u t i o n of (ΡΪΡ +) = 2x i n t o Eq. (14) c r e a t e s a 
mathematical problem i n the f i r s t term f o r the s p e c i a l case of 
χ = 0 and a p h y s i c a l problem f o r a l l s m a l l v a l u e s of x. We con
s i d e r e d t h i s problem i n d e t a i l elsewhere ( 2 1 ) . Because of t h i s 
problem a t χ = 0, we l i m i t our d i s c u s s i o n and n u m e r i c a l c a l c u l a 
t i o n s t o cases w i t h χ > 0.005. 

I n the o x y g e n - p o t e n t i a l model t h a t was used f o r the U/0 
system ( l _ - 2 ) , two e q u i l i b r i a f o r the s o l i d were c o n s i d e r e d . One 
of these e q u i l i b r i a i s analogous to Eq. (11) and the o t h e r i n 
v o l v e d the U^ + i o n . We are unaware of evidence f o r the e x i s t e n c e 
of the P u ^ + i o n i n the o x i d e system. No PUO3 molecule was i d e n t i 
f i e d i n the m a t r i x - i s o l a t i o n s t u d i e s (29) a l t h o u g h , w i t h s i m i l a r 
e x p e r i m e n t a l methods, the UO3 molecule was e a s i l y observed ( 3 0 ) . 
No evidence f o r PUO3 has been r e p o r t e d i n mass s p e c t r o m e t r i c 
s t u d i e s ( 3 1 ) . However, the e x i s t e n c e of the P u ^ + i o n has been 
e s t a b l i s h e d by the o b s e r v a t i o n of the h e x a f l u o r i d e ( 3 2 ) . We have 
not i n c l u d e d any P u O T i n our c a l c u l a t i o n s . 

Oxygen P o t e n t i a l f o r L i q u i d P u 0 2 . To extend the o x y g e n - p o t e n t i a l 
model from t h e s o l i d t o the l i q u i d phase, we assume t h a t Eqs. ( 1 1 -
14) a p p l y to the l i q u i d w i t h new v a l u e s of the model parameters. 
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9. GREEN ET AL. Hypostoichiometric Pu Dioxide 129 

T h e r e f o r e , we must f i n d a new e q u i l i b r i u m c o n s t a n t , K«, t h a t i s 
analogous t o K g. We have c o n s i d e r e d (21) s e v e r a l methods of 
e v a l u a t i n g t he model parameters ( t h e e q u a t i o n t h a t g i v e s as a 
f u n c t i o n of temperature) from t h e a v a i l a b l e d a t a . 

The model f o r the l i q u i d phase may be o b t a i n e d by analogy 
w i t h the s o l i d phase. E q u a t i o n (11) i s the i o n i c model r e a c t i o n 
f o r 

4 P u 0 2 ( s ) 2 P u 2 0 3 ( s ) + 0 2 ( g ) (15) 

The e q u i l i b r i u m c o n s t a n t f o r t h i s r e a c t i o n i s g i v e n by 

-RT I n Κ - AG° = ΔΗ° - Τ àS° (16) 

An analogous e q u a t i o n may be w r i t t e n f o r the l i q u i d c o u n t e r p a r t of 
Eq. (15) so t h a t an e q u a t i o n l i k e Eq. (16) i s v a l i d f o r the l i q u i d 
as w e l l . The d i f f e r e n c e between A G ° i n Eq. (16) and &G° f o r i t s 
l i q u i d a nalog becomes 

Δ(ΔΘ°) = 2 ΔΗ° ( P u o 0 o ) - 4 AH°(Pu0 o) -m Ζ J m Ζ 
Τ [2 àS° (Pu o0.) - 4 AS°(Pu0 o)] (17) m Ζ J m ζ 

where ΔΗ^ and A S M a r e the e n t h a l p y and entropy of f u s i o n , r e s p e c 
t i v e l y of the i n d i c a t e d compound. 

I f we assume I n Κ = A + B/T f o r the l i q u i d as w e l l as f o r the 
s o l i d , then: 

( A £ - A s ) + ( B £ - B s)/T = - A(AG°)/RT (18) 

I f the e n t h a l p y and entropy of f u s i o n - a r e assumed t o be i n d e 
pendent of temperature, Eq. (17) w i t h Eq. (18) t o o b t a i n 

ΔΑ = A £ - A s = [2 A S m ( P u 2 0 3 ) - 4 A S m ( P u 0 2 ) ] / R (19) 

and ΔΒ = B £ - B s = -[2Δ Η£(Ρη 20 3) - 4 ΔΗς(Ρη0 2)]^ (20) 

The e n t h a l p i e s and e n t r o p i e s of f u s i o n t h a t a r e r e q u i r e d f o r e v a l 
u a t i o n of Eqs. (19) and (20) may be e s t i m a t e d f o r P u 0 2 and P u 2 0 3 

i n a manner analogous t o t h a t f o r U0 2 (1) · An e s t i m a t e of the 
entropy of f u s i o n was o b t a i n e d (1) from the a v a i l a b l e d a t a i n 
JANAF ( 5 ) , f o r which the average v a l u e of R m [B^ - àSm T m/R«m)] 
i s 1.4. Thus, we o b t a i n ΔA = -2.8. The v a l u e of ΔΒ depends on 
the m e l t i n g p o i n t s . 

The Phase Bo u n d a r i e s . Our i n t e r e s t i n the phase diagram i s s o l e l y 
t o d e f i n e the method by which the c a l c u l a t i o n of the p a r t i a l 
p r e s s u r e s s h o u l d be done. Because (1) t h e r e a r e o n l y s m a l l 
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130 PLUTONIUM CHEMISTRY 

e f f e c t s on the t o t a l p r e s s u r e and vapor c o m p o s i t i o n as a r e s u l t 
of s m a l l changes i n the phase boundaries and (2) the range of Τ 
and χ v a l u e s f o r which the method of c a l c u l a t i o n w i l l be a f f e c t e d 
i s s m a l l , t h e r e i s l i t t l e need t o have an a c c u r a t e phase diagram. 
I t i s more im p o r t a n t f o r our purpose to use a phase diagram t h a t 
i s c o n s i s t e n t w i t h our method and c h o i c e of parameter v a l u e s . 

The s o l i d u s , the l i q u i d u s , the o x y g e n - p o t e n t i a l model f o r the 
s o l i d Pu/0 system, and the o x y g e n - p o t e n t i a l model f o r the l i q u i d 
Pu/0 system each depend upon the temperature and c o m p o s i t i o n . 
Because the o x y g e n - p o t e n t i a l model has a g r e a t e r e f f e c t on the 
vapor p r e s s u r e and c o m p o s i t i o n a t h i g h temperature than do the 
s o l i d u s and l i q u i d u s , we have f i x e d the f u n c t i o n a l forms and the 
parameter v a l u e s f o r the o x y g e n - p o t e n t i a l model. We choose the 
IAEA s o l i d u s (32) and determine the l i q u i d u s t h a t i s c o n s i s t e n t 
w i t h i t and w i t h the two p a r t s of the o x y g e n - p o t e n t i a l model. The 
c a l c u l a t e d l i q u i d u s , which i s based on the l i q u i d model p a r a 
meters, i s v e r y c l o s e t o the IAEA l i q u i d u s ( 3 3 ) . 

The phase diagram t h a t we s h a l l use t o d e f i n e the method of 
c a l c u l a t i o n i s g i v e n i n F i g u r e 2. The r e g i o n s a r e d e f i n e d by: 

Region I : One-phase s o l i d ; Τ < 2416 Κ; 0.005 < χ < 0.30 

Region I I : One-phase s o l i d ; 2416 < Τ < 2701; 
0.005 < χ < x s 

Region I I I : S o l i d and l i q u i d phases: 2416 < Τ < 2701; 
x s < X < x £ 

Region IV: One l i q u i d phase; Τ < 2701; x £ < χ < 0.30 

Region V: One l i q u i d phase: 2701 < Τ < 5000; 
0.005 < χ < 0.3 

The s o l i d u s , which i s the one recommended by the IAEA ( 3 2 ) , 
may be r e p r e s e n t e d by the f o l l o w i n g e q u a t i o n f o r 2416 < Τ < 2701 Κ: 

x s = 9.577 - 6.333 χ 1 0 " 3 Τ + 1.032 χ ΙΟ" 6 Τ 2 (21) 

The l i q u i d u s , which i s c o n s i s t e n t w i t h Eq. (21) and the two 
p a r t s of the o x y g e n - p o t e n t i a l model, may be r e p r e s e n t e d by the 
f o l l o w i n g e q u a t i o n f o r 2416 < Τ < 2701 Κ: 

x £ = 5.108 - 2.534 χ 1 0 " 3 Τ + 2.378 χ 1 0 " 7 Τ 2 (22) 

Thermodynamic F u n c t i o n s of the Condensed Phases. Tabulated t h e r 
modynamic f u n c t i o n s f o r the condensed phases of pl u t o n i u m d i o x i d e 
and a d e t a i l e d d e s c r i p t i o n of t h e i r c a l c u l a t i o n a r e g i v e n e l s e 
where ( 2 1 ) . The AG|(Pu02,c) i s r e p r e s e n t e d by the e q u a t i o n g i v e n 
i n Table I . The AGf v a l u e s were c a l c u l a t e d u s i n g s t a n d a r d thermo
dynamic r e l a t i o n s and the d a t a g i v e n below. 
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F i g u r e 2. 
Phase diagram of the plutonium/oxygeti system. 
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The p h a s e - t r a n s i t i o n temperatures f o r Pu and Pu02, t h a t 
were used, a r e g i v e n i n Table I I . 

Table I I . Important T r a n s i t i o n Temperatures f o r the P l u t o n i u m 
D i o x i d e Condensed Phase 

T,K Phase T r a n s i t i o n Reference 

395 Pu ( a ) — Pu ( 3 ) O e t t i n g e t a l . (6) 

480 Pu ( 3 ) — Pu(y) O e t t i n g e t a l . (6) 

588 P U ( Y ) — P u ( 6 ) O e t t i n g e t a l . (6) 

730 Pu(ô)—Pu(ô') O e t t i n g e t a l . (6) 

752 P u ( o ' ) — P u ( e ) O e t t i n g e t a l . (6) 

913 P u ( e ) — Pu(£) O e t t i n g e t a l . (6) 

2701 Pu0 2(s)—Pu0 2(£) A i t k i n and Evans (34) 

3605 P u ( i , ) — Pu(g) C a l c u l a t e d fromn d a t a i n (6) 

The heat c a p a c i t y f u n c t i o n f o r the s o l i d phase i s from 
F i n k ( 4 ) . F i n k p o i n t s out t h a t a l t h o u g h (U,Pu)02> U0 2, and Th0 2 

have s o l i d - s o l i d phase t r a n s i t i o n s , the a v a i l a b l e d a t a (4) make i t 
i m p o s s i b l e t o determine the e x i s t e n c e of a s i m i l a r phase t r a n s i 
t i o n f o r Pu02» I f a d d i t i o n a l high-temperature measurements i n 
d i c a t e the presence o f a s o l i d - s o l i d phase t r a n s i t i o n , the heat 
c a p a c i t y of Pu02 between the phase t r a n s i t i o n and 2701 Κ may be 
s i g n i f i c a n t l y h i g h e r . 

The heat c a p a c i t y f o r l i q u i d Pu02 has been e s t i m a t e d (21) as 
96 J'mol~l*K""l assuming no e l e c t r o n i c c o n t r i b u t i o n . I f an e l e c 
t r o n i c c o n t r i b u t i o n i s found by experiment t o be p r e s e n t , the 
l i q u i d heat c a p a c i t y would be i n c r e a s e d . 

The f r e e energy of f o r m a t i o n of the h y p o s t o i c h i o m e t r i c con
densed phase Δς|(Pu02- X,c), can be c a l c u l a t e d a t any temperature 
from the f r e e energy of f o r m a t i o n of Pu02(c) and the oxygen 
p o t e n t i a l u s i n g the f o l l o w i n g r e l a t i o n s h i p : 

AG°(Pu0 2_ x,c) = A G°(Pu0 2,c) - ψ- f^ln p ( 0 2 ) dx' (23) 
J 0 

Th i s r e l a t i o n s h i p , which i s a p p l i c a b l e p r o v i d e d t h a t no phase 
boundaries are c r o s s e d a t Τ between χ = 0 and χ = χ 1, a r i s e s from 
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9. GREEN ET AL. Hypostoichiometric Pu Dioxide 133 

the Gibbs-Duhem e q u a t i o n and has been s u c c e s s f u l l y used f o r the 
U/0 system (I). 

The e v a l u a t i o n of the i n t e g r a l i n Eq. (23) d i f f e r s from the 
c o r r e s p o n d i n g i n t e g r a l f o r the U/0 system because of the d i f 
f e r e n c e s i n the o x y g e n - p o t e n t i a l models. In p a r t i c u l a r , the 
n e g l e c t of P u 6 + , but not U 6 + , l e a d s to the problem t h a t I n p ( 0 2 ) 
f o r the Pu/0 system becomes i n f i n i t e as χ goes t o z e r o . However, 
the i n t e g r a l i n Eq. (23) remains f i n i t e and has been e v a l u a t e d 
( 2 1 ) . 

The model we have used and the parameter v a l u e s i n the model 
ar e c o n s i s t e n t w i t h the a v a i l a b l e e x p e r i m e n t a l d a t a ( i n s o f a r as 
c o n s i s t e n c y i s p o s s i b l e ) . I t i s not p o s s i b l e to determine w i t h o u t 
a d d i t i o n a l d a t a whether the d i f f i c u l t i e s a t s m a l l χ and a t h i g h 
temperature are a t t r i b u t a b l e t o i n a d e q u a c i e s i n the model or 
i n a d e q u a c i e s i n the a v a i l a b l e e x p e r i m e n t a l d a t a , which have been 
used t o e v a l u a t e the model parameters. 

Ions. The i o n i z a t i o n p o t e n t i a l s of each vapor s p e c i e s g i v e n i n 
Table I I I a r e s i m i l a r to t h e i r c o u n t e r p a r t s i n the U/0 system ( 1 ) . 
I o n i z a t i o n was shown to be of minor importance f o r the U/0 system 
i n the temperature and c o m p o s i t i o n ranges of i n t e r e s t . F u r t h e r 
more, the r e s u l t s o b t a i n e d from the o x y g e n - p o t e n t i a l model al o n e 
i n d i c a t e t h a t the vapor c o m p o s i t i o n f o r the Pu/0 system w i l l be as 
o x y g e n - r i c h o r more o x y g e n - r i c h than t h a t f o r the U/0 system. A 
v e r y o x y g e n - r i c h e q u i l i b r i u m vapor g i v e s l e s s i o n i z a t i o n because 
of the r e l a t i v e l y h i g h i o n i z a t i o n p o t e n t i a l s of 0 and 0 2 . Thus, 
we- conclude t h a t i o n i z a t i o n may be n e g l e c t e d f o r the temperature 
and c o m p o s i t i o n ranges of i n t e r e s t and have not i n c l u d e d i o n i z a 
t i o n e f f e c t s i n our c a l c u l a t i o n s . 

Table I I I . I o n i z a t i o n P o t e n t i a l s ( I P ) of the M o l e c u l e s and Atoms 
i n E q u i l i b r i u m w i t h a P l u t o n i u m D i o x i d e Condensed 
Phase (1 e V - m o l e c u l e " 1 = 23.06 k c a l ' m o l " 1 = 
96.48 k J - m o l " 1 ) 

Species I P , eV Reference 

Pu 5.83 Moore (35) 

PuO 6.2 ± 0.5 B l a c k b u r n e t a l . (36) 

P u 0 2 9.4 ± 0.5 B l a c k b u r n e t a l . (36) 

0 13.61 Moore (37) 

0 2 12.07 Huber and Herzberg (38) 
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R e s u l t s 

The p a r t i a l p r e s s u r e s of 0, 0 2 , Pu, PuO, and P u 0 2 were c a l c u 
l a t e d as f u n c t i o n s of Τ (1500 < Τ ί 4000 Κ) and χ (0.005 £ χ 
£ 0.30), w i t h p a r t i c u l a r emphasis on 0.005 £ χ £ 0.10. P r e l i m 
i n a r y c a l c u l a t i o n s a t 5000 Κ y i e l d e d unreasonably h i g h oxygen 
p r e s s u r e s and vapor d e n s i t i e s such t h a t an upper temperature l i m i t 
of 4000 Κ was s e l e c t e d . T a b l e s p r e s e n t i n g s e l e c t e d r e s u l t s a r e 
g i v e n i n ANL-CEN-RSD-82-1 (21). 

The c a l c u l a t e d c o m p o s i t i o n of the vapor i n e q u i l i b r i u m w i t h a 
P u 0 1 . 9 6 condensed phase, which i s a t y p i c a l c o m p o s i t i o n f o r a 
r e a c t o r f u e l , i s shown i n F i g u r e 3. Below 2652 K, which i s the 
temperature a t which PuOi.95 begins t o m e l t , the vapor i s P u 0 2 

w i t h v a r y i n g amounts of PuO, 0, and 0 2· Above 2668 K, which i s 
the l i q u i d u s temperature f o r Pu0i e9£, the vapor i s almost e n t i r e l y 
0 2 w i t h some 0. None of the p l u t o n i u m - c o n t a i n i n g s p e c i e s makes an 
a p p r e c i a b l e c o n t r i b u t i o n t o the t o t a l p r e s s u r e a t h i g h tempera
t u r e s . Even the vapor i n e q u i l i b r i u m w i t h Pu0i #90> which i s shown 
i n the bottom p a r t of F i g u r e 3, i s l a r g e l y 0 2 and 0 a t tempera
t u r e s above 3000 K. 

An a l t e r n a t i v e way t o view the oxygen enrichment of the vapor 
r e l a t i v e to the condensed phase i s t o c a l c u l a t e the oxygen-to-
p l u t o n i u m r a t i o of the gas, R ( g a s ) , w i t h Eq. ( 2 ) . The v a l u e of 
R(gas) exceeds t h a t of the condensed phase w i t h which i t i s i n 
e q u i l i b r i u m by a l a r g e amount. L i k e the U/0 system, t h i s oxygen 
enrichment of the vapor r e l a t i v e to the condensed phase i s i n 
c r e a s i n g w i t h temperature. One i m p l i c a t i o n of these r e s u l t s i s 
t h a t the condensed-phase and vapor-phase co m p o s i t i o n s w i l l depend 
upon the ex t e n t of v a p o r i z a t i o n of a sample w i t h o v e r a l l composi
t i o n g i v e n by 0/Pu = 2 - x. 

The temperature dependences of the t o t a l p r e s s u r e s i n e q u i 
l i b r i u m w i t h the condensed-phase c o m p o s i t i o n Pu0^ e90> P u 01.96> a n <* 
PuOi #994 a r e compared i n F i g u r e 4. The d i f f e r e n c e s shown i n 
F i g u r e 4 a r e due to the d i f f e r e n c e s i n oxygen p r e s s u r e s f o r t he 
d i f f e r e n t c o m p o s i t i o n s . 

D i s c u s s i o n and C o n c l u s i o n s 

Comparison t o the U/01 System. Comparison of the r e s u l t s of these 
c a l c u l a t i o n s w i t h those f o r the c o r r e s p o n d i n g U/0 system shows 
t h a t the major d i f f e r e n c e i s the v e r y h i g h oxygen p r e s s u r e s c a l c u 
l a t e d f o r the p l u t o n i u m o x i d e s . Some of these d a t a are compared 
i n Table IV f o r Τ = 2100 and 4000 K. The oxygen p r e s s u r e s i n 
e q u i l i b r i u m w i t h P u 0 2 _ x a t 4000 Κ ar e h i g h e r than those i n 
e q u i l i b r i u m w i t h U 0 2 - x by f a c t o r s r a n g i n g from about 1 0 6 t o 1 0 3 

f o r oxygen-to-metal r a t i o s r a n g i n g from 1.98 t o 1.90. Although 
these r a t i o s are q u i t e l a r g e , an examination of comparable d a t a a t 
2100 K, where e x p e r i m e n t a l oxygen p o t e n t i a l s are a v a i l a b l e , shows 
r a t i o s over the same c o m p o s i t i o n range t h a t vary by l O 1 ^ t o 10**. 
Thus, the oxygen p o t e n t i a l s f o r the two m a t e r i a l s are a c t u a l l y 
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Τ, Κ 
4000 3000 2500 2000 

3.0 4.0 5.0 
ΙΟ4/ Τ, Κ 

F i g u r e 4. 
Log of t o t a l p r e s s u r e (MPa) i n e q u i l i b r i u m w i t h PuOi #994, 
Pu0 1 # 9 6, and P u O l e 9 0 . 
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g e t t i n g c l o s e r as the temperature i n c r e a s e s . The h i g h oxygen 
p r e s s u r e s f o r e q u i l i b r i u m w i t h PuC>2_x a t 4000 Κ r e l a t i v e to those 
a t υθ2- χ s h o u l d not be a t a l l s u r p r i s i n g when compared w i t h a v a i l 
a b l e e x p e r i m e n t a l d a t a . 

Another s i g n i f i c a n t comparison between the two systems con
cerns the p a r t i a l p r e s s u r e s of the metal d i o x i d e m o l e c u l e s . These 
p r e s s u r e s are r e l a t i v e l y i n s e n s i t i v e t o the condensed-phase compo
s i t i o n and a r e q u i t e s i m i l a r i n the p l u t o n i a and u r a n i a systems. 
C a l c u l a t e d m e t a l d i o x i d e vapor p r e s s u r e s a r e compared i n Table V 
f o r 0/M = 1.96. 

Table V. P a r t i a l P r e s s u r e s ( i n MPa) of the D i o x i d e s i n 
E q u i l i b r i u m w i t h the H y p o s t o i c h i o m e t r i c (0/M = 1.96) 
D i o x i d e s of P l u t o n i u m and Uranium 

T,K p ( P u 0 2) p(U0 2) 

2000 3 . 8 x l 0 " 8 1 . 2 x l 0 ~ 8 

3000 l . O x l O " 3 l.OxlO"" 3 

4000 6 . 2 x l 0 ~ 2 7 . 8 x l 0 ~ 2 

A consequence of the extreme s e n s i t i v i t y of oxygen p r e s s u r e 
to s t o i c h i o m e t r y f o r s m a l l v a l u e s of χ i n Pu02- X i s t h a t the t o t a l 
p r e s s u r e s change by a f a c t o r of about i n going from PuO^.93 
t o PuOi e 9o a t 4000 K. I n c o n t r a s t , the co r r e s p o n d i n g f a c t o r f o r 
the U/0 system i s a p p r o x i m a t e l y 2. 

I t i s i m p o r t a n t to c o n s i d e r the complex n a t u r e of the vapors 
i n both oxide systems. Any a n a l y s i s which c o n s i d e r s o n l y the 
d i o x i d e p a r t i a l p r e s s u r e s , o r approximates the t o t a l p r e s s u r e s as 
a d i o x i d e p r e s s u r e , w i l l be s e r i o u s l y i n e r r o r . 

I m p l i c a t i o n s f o r Mixed Oxides 

Because the oxygen p o t e n t i a l s f o r the l i q u i d p l u t o n i u m o x i d e 
were so h i g h , some p r e l i m i n a r y c a l c u l a t i o n s were performed and 
have now been confi r m e d f o r the mixed (U,Pu)02- x system ( 3 9 ) . 
C a l c u l a t i o n s were done by s i m u l t a n e o u s l y s o l v i n g the eq u a t i o n s f o r 
the oxygen p o t e n t i a l s of the Pu/0 and U/0 systems as d e s c r i b e d by 
B l a c k b u r n ( 1 1 ) . These r e s u l t s showed t h a t , even though the Pu/0 
system has an oxygen p r e s s u r e l a r g e r than t h a t f o r the comparable 
U/0 system (same c o m p o s i t i o n and temperature) by a f a c t o r of 10^ ο 
105. the mixed oxide c o n t a i n i n g 20% plut o n i u m has oxygen p r e s s u r e s 
o n l y s l i g h t l y g r e a t e r than those f o r u r a n i a . Moreover, the p r e s 
sure d i f f e r e n c e s between the u r a n i a and mixed-oxide systems de
creased as the temperature i n c r e a s e d . 
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I t appears t h a t the presence of U^ +, f o r which t h e r e i s no 
c o u n t e r p a r t i n the Pu/0 system, i s r e s p o n s i b l e f o r p r e v e n t i n g the 
oxygen p r e s s u r e s from i n c r e a s i n g as r a p i d l y i n the mixed-oxide 
system as i n the p l u t o n i a system. These r e s u l t s (39) i n d i c a t e 
t h a t the oxygen p a r t i a l p r e s s u r e s i n e q u i l i b r i u m w i t h the mixed 
oxide w i l l not d i f f e r d r a s t i c a l l y from those i n e q u i l i b r i u m w i t h 
u r a n i a . 

U n c e r t a i n t i e s and L i m i t a t i o n s 

N u m e r i c a l e v a l u a t i o n of the u n c e r t a i n t i e s i n c a l c u l a t e d 
r e s u l t s has been d i s c u s s e d more c o m p l e t e l y elsewhere ( 2 1 ) . Un
c e r t a i n t i e s i n the gas phase thermodynamic f u n c t i o n s have been 
d i s c u s s e d i n d e t a i l p r e v i o u s l y (_3, 40) and are s m a l l e r than 
o t h e r u n c e r t a i n t i e s i n these c a l c u l a t i o n s . Not a l l e x p e r i m e n t a l 
thermodynamic d a t a f o r PuO and Pu02 are c o n s i s t e n t and f u r t h e r 
d a t a a r e needed ( 4 0 ) . The use of a l t e r n a t i v e e q u a t i o n s recom
mended by Ackermann and Chandrasekhariah (41) f o r AGf of PuO and 
P u 0 2 l e a d t o l a r g e r ( l e s s n e g a t i v e ) v a l u e s f o r ΔΗ|(298.15 Κ) f o r 
both PuO and P u 0 2 , which w i l l r e s u l t i n h i g h e r c a l c u l a t e d vapor 
p r e s s u r e s of P u 0 2 (60% l a r g e r at 4000 Κ and 146% a t 2000 K ) . 
However, the c h o i c e of these equations f o r AG|, which improves 
the c o n s i s t e n c y of the d e r i v e d Second- and T h i r d Law-values of 
ΔΗ|(Pu02,g,298.15 Κ ) , l e a d s to s e r i o u s i n c o n s i s t e n c i e s f o r PuO. 
Some r e s o l u t i o n of these i n c o n s i s t e n c i e s would f u r t h e r reduce the 
u n c e r t a i n t i e s i n the gas-phase thermodynamic f u n c t i o n s . 

The u n c e r t a i n t i e s i n the condensed-phase thermodynamic f u n c 
t i o n s a r i s e from (1) t h e p o s s i b l e e x i s t e n c e of a s o l i d - s o l i d phase 
t r a n s i t i o n i n the temperature range 2160 t o 2370 Κ and (2) the 
u n c e r t a i n t y i n the e s t i m a t e d v a l u e of the l i q u i d heat c a p a c i t y 
which i s on the o r d e r of 40%. While these u n c e r t a i n t i e s a f f e c t 
the p a r t i a l p r e s s u r e s of p l utonium o x i d e s by a f a c t o r of 10 a t 
4000 K, they are not l i m i t i n g because, a t t h a t temperature, the 
t o t a l p r e s s u r e i s due e s s e n t i a l l y e n t i r e l y t o 0 2 and 0. 

The l i m i t a t i o n of our c a l c u l a t i o n s to temperatures l e s s than 
4000 Κ i s a consequence of e x c e s s i v e oxygen p a r t i a l p r e s s u r e s , 
which a r e , i n t u r n , the r e s u l t of the o x y g e n - p o t e n t i a l model or 
the model parameters t h a t are used. Approximations i n t h a t model 
i n c l u d e : n e g l e c t of P u 2 + , n e g l e c t of P u ^ + , entropy e s t i m a t e s , 
phase diagram u n c e r t a i n t i e s , and u n c e r t a i n t i e s i n e v a l u a t i o n of 
the model parameters of the l i q u i d . N e glect of P u 2 + i s not a 
major c o n t r i b u t o r to u n c e r t a i n t y i n the r e g i o n of a p p l i c a t i o n of 
the model. C a l c u l a t i o n s showed t h a t the use of 1.4nR r a t h e r than 
nR f o r the heat of f u s i o n r e s u l t e d i n d i f f e r e n c e s a t the most of 
8% a t 3000 Κ and 4% a t 4000 K. These d i f f e r e n c e s are s m a l l 
compared t o o t h e r u n c e r t a i n t i e s . Because the phase diagram i s 
used s o l e l y to determine l i m i t s of i n t e g r a t i o n , changes i n i t 
would have s m a l l e f f e c t s on t o t a l p r e s s u r e s c a l c u l a t e d . Compari
son of the method used i n the e v a l u a t i o n of l i q u i d model p a r a 
meters w i t h methods used f o r the U/0 system gave d i f f e r e n c e s of 
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8%. Changes i n the method used here would tend t o i n c r e a s e the 
oxygen p r e s s u r e s not decrease them. The u n r e a l ! s t i c a l l y h i g h 
oxygen p r e s s u r e s may be p a r t i a l l y a t t r i b u t a b l e t o the absence of a 
P u W s t a t e ( o r o t h e r h i g h e r v a l e n c e s t a t e s ) . The l a c k of any 
evidence of a hex a v a l e n t s t a t e i n the Pu/0 low-temperature d a t a 
i m p l i e s t h a t the h e x a v a l e n t s t a t e would have a steep c o n c e n t r a t i o n 
g r a d i e n t i f i t i s im p o r t a n t a t 4000 K. Examination of the r o l e of 
a h e x a v a l e n t s t a t e i n the mixed-oxide system c l e a r l y shows i t s 
importance i n l i m i t i n g the oxygen p a r t i a l p r e s s u r e s . Thus, the 
l a c k of e x p e r i m e n t a l d a t a on P u ^ + c r e a t e s a major u n c e r t a i n t y i n 
the o x y g e n - p o t e n t i a l model. Furthermore, high-temperature e x p e r i 
mental d a t a are r e q u i r e d t o t e s t the model employed here and, i f 
nec e s s a r y , modify i t . I f t h i s problem w i t h the o x y g e n - p o t e n t i a l 
model i s s o l v e d , then the l i m i t i n g source of e r r o r would be the 
condensed-phase thermodynamic f u n c t i o n s . 

Needed Measurements 

Throughout t h i s paper, the l i m i t a t i o n s of the c a l c u l a t i o n s 
due to the l a c k of e x p e r i m e n t a l d a t a have been emphasized. Each 
of the major u n c e r t a i n t i e s d i s c u s s e d above c o u l d be reduced by 
a d d i t i o n a l measurements. The f o l l o w i n g l i s t i n c l u d e s some s p e c i f 
i c areas where f u r t h e r experiments may be f e a s i b l e and u s e f u l : 

(1) Measurement of the oxygen p r e s s u r e o r oxygen p o t e n t i a l 
near s t o i c h i o m e t r y . 

(2) Measurement of the e q u i l i b r i u m oxygen p r e s s u r e as f u n c 
t i o n s of both χ and Τ a t h i g h e r temperatures than a r e 
c u r r e n t l y a v a i l a b l e . 

(3) Measurement of the 0/Pu r a t i o of the vapor i n e q u i l i b 
r ium w i t h p l u t o n i u m d i o x i d e l i q u i d . 

(4) Measurement of the p a r t i a l p r e s s u r e s over Pu02» 

(5) Measurement of the heat c a p a c i t i e s of both s o l i d and 
l i q u i d . 

(6) Measurement of a more r e l i a b l e phase diagram f o r the 
Pu/0 system, p a r t i c u l a r l y near the m e l t i n g p o i n t . 

W ith the c u r r e n t l y a v a i l a b l e i n f o r m a t i o n , the l a r g e s t u n c e r 
t a i n t y i s i n the o x y g e n - p o t e n t i a l model and the parameter v a l u e s 
w i t h i n the model. A r e c e n t assessment of the Pu/0 system (42) has 
i n d i c a t e d t h a t the v a l u e s of the parameters used i n the B l a c k b u r n 
model y i e l d s l i g h t l y s m a l l e r oxygen p o t e n t i a l s than those of 
Alexander ( 2 2 ) , those of Tetenbaum (22-42) and those e x t r a p o l a t e d 
from the d a t a of Woodley ( 4 3 ) . A réévaluation of the model 
parameters would a l l o w a b e t t e r f i t t o these e x p e r i m e n t a l d a t a ; 
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however, this revision would not significantly alter the results 
at higher temperatures. As more data become available, a revision 
of the present calculations to include new parameter values may be 
in order. Additional work in other areas is of l ittle value to 
the calculations at high temperature unless it contributes to 
reducing the uncertainty in the oxygen pressure at high tempera
ture. 
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10 
x-Ray Photoemission Spectroscopy (XPS) 
Study of Uranium, Neptunium, and Plutonium 
Oxides in Silicate-Based Glasses 

D. J. LAM, B. W. VEAL, and A. P. PAULIKAS 

Argonne National Laboratory, Materials Science and Technology Division, 
Argonne, IL 60439 

Using XPS as the principal investigative tool, we are 
in the process of examining the bonding properties of 
selected metal oxides added to silicate glass. In 
this paper, we present results of XPS studies of 
uranium, neptunium, and plutonium in binary and multi
-component silicate-based glasses. Models are proposed 
to account for the very diverse bonding properties of 
6+ and 4+ actinide ions in the glasses. 

S i l i c a t e g l a s s e s are b e i n g c o n s i d e r e d as p o s s i b l e media f o r 
l o n g term s t o r a g e of r a d i o a c t i v e wastes. A c t i n i d e elements are 
among those a c t i v e s p e c i e s which must be i s o l a t e d from the b i o 
sphere f o r many c e n t u r i e s . Thus i t i s important to understand 
bonding p r o p e r t i e s of a c t i n i d e s i n the g l a s s e s i n order t o 
fo r m u l a t e the most e f f e c t i v e s t o r a g e medium and t o d i s c o v e r 
p o t e n t i a l f a i l u r e modes. 

As p a r t of a more e x t e n s i v e study of metal oxides d i s s o l v e d 
i n s imple g l a s s e s (1-5), we r e p o r t r e s u l t s f o r U, Np, and Pu 
oxid e s d i s s o l v e d i n sodium s i l i c a t e g l a s s . For t h i s work, we 
r e l y p r i m a r i l y on XPS d a t a . Valence s t a t e s of the i n c o r p o r a t e d 
i o n s can be q u i t e r e l i a b l y determined through a c a r e f u l exami
n a t i o n of b i n d i n g energy s h i f t s , 5f e l e c t r o n i n t e n s i t i e s , and 
the s a t e l l i t e s t r u c t u r e a s s o c i a t e d w i t h core l e v e l e x c i t a t i o n 
( I ) · For s u i t a b l y c o n c e n t r a t e d samples, the a c t i n y l s t r u c t u r e 
can be r e c o g n i z e d i n the s p l i t t i n g of the An ( a c t i n i d e ) 6P3/2 
l e v e l (2) · (Data f o r hexavalent Np oxides are s i m i l a r t o 
r e s u l t s r e p o r t e d f o r U^ + compoounds (6)). These ( a c t i n y l ) 
r e s u l t s can a l s o be t e s t e d w i t h EXAFS s p e c t r a where the An-0 
s e p a r a t i o n can be d i r e c t l y measured (7)· The s p e c t r a l a n a l y 
s e s , s o l u b i l i t y d a t a , and observed p r o p e r t y changes a s s o c i a t e d 
w i t h a d d i t i o n of a c t i n i d e elements to g l a s s e s have enabled us 
to suggest bonding models of An 4+ and 6+ i o n s i n s i l i c a t e 
glasses· 

0097-6156/83/0216-0145$06.00/0 
© 1983 American Chemical Society 
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E x p e r i m e n t a l 

The samples were prepared by m e l t i n g a p p r o p r i a t e amounts of 
c o n s t i t u e n t o x i d e s w i t h powdered sodium t r i s i l i c a t e g l a s s . To 
minimize the c o m p o s i t i o n a l v a r i a t i o n of the samples, a l a r g e 
b a t c h of s o d i u m - t r i s i l i c a t e g l a s s was prep a r e d . T h i s g l a s s was 
then used to prepare the Np and Pu g l a s s e s as w e l l as the 
multicomponent g l a s s samples. The g l a s s e s were melted i n an 
atmosphere of f l o w i n g oxygen or i n a re d u c i n g atmosphere of 
c o n t r o l l e d CO/C0 2 r a t i o , at 1250°C i n p l a t i n u m c r u c i b l e s f o r 
s e v e r a l h o u r s . The samples were crushed, t h o r o u g h l y mixed and 
remelted s e v e r a l times to i n s u r e homogeneity. X-ray powder 
d i f f r a c t i o n p a t t e r n s were taken f o r s e v e r a l randomly s e l e c t e d 
samples to check f o r the presence of c r y s t a l l i n e phases. A f t e r 
the f i n a l m e l t i n g , the samples were v i s u a l l y examined f o r gross 
n o n u n i f o r m i t y of c o l o r d i s t r i b u t i o n . I f found, the sample was 
crushed and r e m e l t e d . Most of the samples s t u d i e d were furnace 
c o o l e d from 1250°C to room temperature. To check the e f f e c t of 
c o o l i n g r a t e on the XPS s p e c t r a , s e v e r a l samples were a i r 
quenched and reannealed at 400°C. No apparent d i f f e r e n c e s were 
found between the furn a c e c o o l e d and reannealed specimens· Two 
bar shaped samples measuring a p p r o x i m a t e l y 3x3x15 mm were cut 
from the i n g o t s w i t h a diamond w a f e r i n g saw u s i n g methanol as 
c o o l a n t . The bars were scored and were subsequently f r a c t u r e d 
i n the u l t r a - h i g h ( 6 x l 0 ~ ^ T o r r ) vacuum chamber of the s p e c t r o 
meter to expose c l e a n s u r f a c e s of the bu l k g l a s s c o m p o s i t i o n 
f o r e x a m i n a t i o n w i t h XPS. 

The spectrometer was a P h y s i c a l E l e c t r o n i c s Model 548 modi
f i e d f o r emplacement i n a glovebox so t h a t a c t i n i d e samples 
c o u l d be examined. S p e c t r a were taken u s i n g A1K r a d i a t i o n 
(1486.6 e V ) . The o v e r a l l energy r e s o l u t i o n of the spectrometer 
was ~1.2 eV u s i n g an a n a l y z e r pass energy of 25 eV. The spec
trometer c o n t r o l was i n t e r f a c e d t o a N i c o l e t 1180 minicomputer 
p r o v i d i n g automatic data a c q u i s i t i o n and a n a l y s i s c a p a b i l i t y . 

E x p e r i m e n t a l R e s u l t s 

We have p r e v i o u s l y r e p o r t e d t h a t d i s s o l u t i o n of U0 2 or UO3 
i n sodium s i l i c a t e g l a s s e s i n an atmosphere of oxygen or a i r 
produces a g l a s s i n which uranium appears o n l y i n the hexa
v a l e n t s t a t e (_2). In order t o o b t a i n d i s s o l v e d t e t r a v a l e n t 
uranium i o n s , i t i s necessary to melt the g l a s s i n ve r y r e 
d u c i n g c o n d i t i o n s . In c o n t r a s t , the m e l t i n g of Np0 2 and Pu 0 2 

i n t o s i l i c a t e g l a s s i n f l o w i n g oxygen w i l l not o x i d i z e the Np 
or Pu to a h i g h e r v a l e n c e s t a t e . The s o l u b i l i t y of Np0 2 and 
Pu0 2 i n sodium t r i s i l i c a t e g l a s s at 1250°C i s t h r e e and two 
mole p e r c e n t , r e s p e c t i v e l y . When attempts were made to d i s 
s o l v e h i g h e r c o n c e n t r a t i o n s of Np or Pu o x i d e , n o n g l a s s y 
r e s i d u e s were o b t a i n e d . For U0 2 d i s s o l v e d i n t o the same g l a s s 
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at 1250°C, the s o l u b i l i t y i s f i v e ( f o r U4+) and twenty ( f o r 
U6+) mole percent when melted i n atmospheres of CO/CO2 = 7 and 
i n a i r , r e s p e c t i v e l y . The l a r g e d i f f e r e n c e i n s o l u b i l i t y 
between he x a v a l e n t and t e t r a v a l e n t uranium i n these g l a s s e s 
w i l l be d i s c u s s e d below. 

The v a l e n c e s t a t e s of Pu and Np io n s i n complex boro-
s i l i c a t e g l a s s e s ( d e s i g n a t e d 76101 and 7668, g l a s s e s prepared 
by B a t t e l l e P a c i f i c Northwest L a b o r a t o r i e s f o r waste form 
s i m u l a t i o n ) were p r e v i o u s l y i n v e s t i g a t e d w i t h XPS (J_)· Nominal 
compositions of these g l a s s e s are g i v e n i n réf. 1. Both t r i v a -
l e n t and t e t r a v e l e n t s t a t e s of Pu were r e a d i l y observed i n the 
g l a s s e s but Np was present e s s e n t i a l l y i n a s i n g l e v a l e n c e 
s t a t e (+4), i n both g l a s s e s . S i m i l a r r e s u l t s are seen i n F i g . 
1, which shows an XPS spectrum t h a t i n c l u d e s a c t i n i d e 4f core 
l e v e l s f o r the 76101 g l a s s i n t o which one mole percent each of 
UOo, Np0 2, and PuOo has been added. Two va l e n c e s t a t e s f o r Pu 
(+4 and +3) and U (+6 and +4) are d i s c e r n a b l e w h i l e Np appears 
o n l y i n the 4+ s t a t e . 

The T i 2p doublet appears on the extreme l e f t s i d e of F i g . 
1. T i 0 2 was added t o the g l a s s because i t i s pr e s e n t i n 
n u c l e a r waste and a l s o because i t i s u s e f u l as an i n t e r n a l 
r e f e r e n c e f o r b i n d i n g energy d e t e r m i n a t i o n s (J_)· The sodium 
t r i s i l i c a t e g l a s s e s w i t h v a r i o u s a d d i t i v e o x i d e s , l i s t e d i n 
Table I , were s t u d i e d by XPS. 

Although m u l t i p l e v a l e n c e s t a t e s were f r e q u e n t l y observed 
w i t h XPS, c a u t i o n s h o u l d be e x e r c i s e d i n a s s o c i a t i n g these 
v a l e n c e s t a t e s w i t h the unperturbed b u l k g l a s s . P a r t i c u l a r l y 
f o r P u ^ + , a s i g n i f i c a n t amount of r e d u c t i o n ( t o P u 3 + ) o c c u r r e d 
d u r i n g the XPS data accumulation t i m e . T h i s i s p a r t i c u l a r l y 
troublesome f o r d i l u t e samples where l o n g data a c q u i s i t i o n 
times are needed to o b t a i n an adequate s i g n a l - t o - n o i s e r a t i o . 
The e f f e c t i s i l l u s t r a t e d i n F i g . 2 which shows p r o g r e s s i v e 
changes of Pu 4f s p e c t r a f o r g l a s s I (see Table I) as a f u n c 
t i o n of dat a a c q u i s i t i o n t i m e . Spectrum (a) i s a 10 minute 
scan a c q u i r e d immediately a f t e r f r a c t u r e . Each s u c c e s s i v e 
spectrum, run f o r an a d d i t i o n a l t e n minutes, was a c q u i r e d 
immediately a f t e r the p r e v i o u s spectrum. The s p e c t r a were then 
smoothed, u s i n g a 5 p o i n t S a v i t s k y - G o l a y r o u t i n e s u p p l i e d by 
N i c o l e t . A f t e r extended X-ray exposure ( s e v e r a l h o u r s ) , the 
r e l a t i v e c o n c e n t r a t i o n s of 4+ and 3+ i o n s became a p p r o x i m a t e l y 
e q u a l . S i n c e the p h o t o e l e c t r o n escape depth i s ~20-30 Â, i t 
appears t h a t Pu i o n s i n the top ~15 A l a y e r were reduced. A 
low energy e l e c t r o n beam was used d u r i n g measurement to main
t a i n charge n e u t r a l i z a t i o n a t the sample s u r f a c e . To t e s t f o r 
p o s s i b l e r e d u c t i o n r e s u l t i n g from the n e u t r a l i z a t i o n beam, t-1 _ 
sample was exposed o v e r n i g h t t o the beam. No r e d u c t i o n r.om 
t h i s source was d e t e c t a b l e . ( T h i s source a l s o produces more 
sample h e a t i n g than the X-ray beam so we r u l e out thermal 
decomposition.) Thus r e d u c t i o n of t e t r a v a l e n t Pu and hexa-

American Chemical 
Society Library 
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470 450 430 410 390 

BINDING ENERGY leV) 

F i g u r e 1. XPS 4f core l e v e l s p e c t r a f o r g l a s s 76101 c o n t a i n i n g 
d i s s o l v e d UO3, Np0 2 and Pu0 2- M u l t i p l e v a l e n c e s t a t e s 
appear f o r U and Pu. I n t e n s i t i e s of the low val e n c e 
s t a t e s are enhanced by i n - s i t u r e d u c t i o n d u r i n g the 
XPS measurement. 

Table I . Composition of Va r i o u s Samples S t u d i e d 

G l a s s Samples Composition (mole f r a c t i o n 

A 0.25 Na 2O«0.75 S i 0 2 

Β (0.25 Na 2O-0.75 S i O 2 ) 0 . 9 6 4 ( T i 0 2 > 0 . 0 3 6 
C (02.5 Na 2O*0.75 S i O 2 ) 0 e 9 8 5 ( P u O 2 ) 0 # 0 1 5 

D ( 0 . 2 5 N a 2 O - 0 . 7 5 S i O 2 ) 0 e 9 1 4 ( T i O 2 ) 0 e 0 3 6 ( U O 3 ) 0 e 0 5 0 

Ε ( 0 . 2 5 N a 2 O - 0 . 7 5 S i O 2 ) 0 e 9 4 4 ( T i O 2 ) 0 # 0 3 6 ( N p O 2 ) 0 e 0 2 0 
F ( 0 . 2 5 N a 2 O - 0 . 7 5 S i O 2 ) 0 e 9 4 9 ( T i O 2 ) 0 e 0 3 6 ( P u O 2 ) 0 # 0 i 5 
G ( 0 . 2 5 N a 2 O * 0 . 7 5 S i O 2 ) 0 # 9 0 9 ( T i O 2 ) 0 e 0 3 6 ( P u O 2 ) 0 e 0 1 5 

( C a O ) 0 # 0 4 0 

H ( 0 . 2 5 N a 2 O * 0 . 7 5 S i O 2 ) 0 # 8 8 9 ( T i O 2 ) 0 # 0 3 6 ( P u O 2 ) 0 e 0 l 5 

( Z n°)0.060 

I ( 0 . 2 5 N a 2 O * 0 . 7 5 S i O 2 ) 0 e 8 0 9 ( T i O 2 ) 0 e 0 3 6 ( P u O 2 ) 0 e 0 1 5 

( Β 2 Ο 3 ) 0 # 1 4 0 
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470 460 450 440 

BINDING ENERGY (eV) 

F i g u r e 2. 4f core l e v e l s p e c t r a f o r g l a s s I (Table I) demonstra
t i n g the s t r o n g tendency of the P u ^ + i o n s t o reduce i n 
the XPS s p e c t r o m e t e r . S p e c t r a (a) through (e) are 
s h o r t (10 min) s e q u e n t i a l runs showing a c c u m u l a t i v e 
r e d u c t i o n of P u 4 + t o P u 3 + . 
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v a l e n t U was caused by the X-ray f l u x under UHV c o n d i t i o n s . 
P r o b a b l y , oxygen d e s o r p t i o n was s t i m u l a t e d by photons o r 
secondary electrons· I t i s not known whether those oxygen 
atoms i n the v i c i n i t y of a c t i n i d e i o n s are p r e f e r e n t i a l l y 
removed or i f 0 atoms come from the s u r f a c e randomly. (We 
note , however, t h a t s i m i l a r r e d u c t i o n b e h a v i o r o f t e n occurs 
from si m p l e uranate s a l t s where the i o n s always have a 
r e l a t i v e l y c l o s e a s s o c i a t i o n w i t h a l l oxygen atoms.) 

The ease of r e d u c t i o n of the Pu 4+ i o n s a p p a r e n t l y can be 
a f f e c t e d by i n c l u s i o n i n the g l a s s of a d d i t i o n a l a d d i t i v e s . 
Whereas the a d d i t i o n of Ti02 a p p a r e n t l y does not a f f e c t i n - s i t u 
r e d u c t i o n , the a d d i t i o n of CaO, ZnO, or B2O3 a p p r e c i a b l y a c c e l 
e r a t e d r e d u c t i o n of the Pu 4+ i o n s . T h i s e f f e c t i s demon
s t r a t e d w i t h 4f core l e v e l s p e c t r a of g l a s s e s F, G, H, and I 
shown i n F i g . 3. Each sample was s u b j e c t e d to the same X-ray 
exposure, i . e . , the same number of scans at the same f l u x . 
(Note t h a t the c o n c e n t r a t i o n s of a d d i t i v e o x i d e s d i f f e r . No 
attempt has been made t o s c a l e t h i s e f f e c t w i t h a d d i t i v e con
c e n t r a t i o n ) · T h i s c u r i o u s r e d u c t i o n e f f e c t i s not e a s i l y 
understood but emphasizes the complex na t u r e of the g l a s s e s 
i n c l u d i n g the p o s s i b l e c o o p e r a t i v e involvement of the m u l t i p l e 
components. S i m i l a r l y complex phenomena might i n f l u e n c e 
l e a c h i n g b e h a v i o r i n the complex, multicomponent g l a s s e s of 
i n t e r e s t f o r r a d i o a c t i v e waste s t o r a g e . 

D i s c u s s i o n 

A c o n s i d e r a t i o n of the s t r u c t u r e of s i l i c a t e g l a s s e s 
p r o v i d e s a u s e f u l s t a r t i n g p o i n t f o r examining bonding p r o p e r 
t i e s of elements i n c o r p o r a t e d i n t o the glasses· I t i s commonly 
b e l i e v e d t h a t added metal i o n s are randomly s i t u a t e d i n l a r g e 
i n t e r s t i t i a l spaces or ho l e s of the amorphous S1O2 network. 
V a r i a t i o n of the bond angles between S1O4 t e t r a h e d r a g i v e r i s e 
to the h o l e s of i r r e g u l a r shape and s i z e . T h i s model of g l a s s 
s t r u c t u r e , developed by Zachariasen (8) and Warren (_9), would 
im p l y t h a t s o l u b i l i t i e s of i n c o r p o r a t e d elements should be 
determined, i n l a r g e p a r t , by the i o n i c s i z e of the added e l e 
ment. With t h i s view, i t i s s u r p r i s i n g t h a t the d i f f e r e n c e i n 
the s o l u b i l i t y of hex a v a l e n t ( i o n i c r a d i u s , yc = 0.8 A) and 
t e t r a v a l e n t ( y c = 0.97 Â) uranium i s so l a r g e , i . e . , 20 vers u s 
5 mole p e r c e n t . In c o n t r a s t to e x p e r i m e n t a l o b s e r v a t i o n , i t 
would a l s o be expected t h a t the s o l u b i l i t y of t e t r a v a l e n t Np 
i o n s (Y C = 0.95 Â) and Pu i o n s ( y c = 0.93 A) s h o u l d be l a r g e r 
or at l e a s t equal t o t h a t of the t e t r a v a l e n t U i n the same 
g l a s s . P r e v i o u s s t u d i e s of hexa v a l e n t U i n s i l i c a t e g l a s s e s 
have i n d i c a t e d t h a t U appears i n the u r a n y l s t r u c t u r e Ç2, _7, 
10)· I f both the U + 4 i o n s and the UO^" i o n s are s i t u a t e d i n 
the i n t e r s t i t i a l h o l e s of the g l a s s network, then the s o l u b i 
l i t y of υοΐ* s h o u l d be s m a l l e r , i n s t e a d of much l a r g e r than the 
U+ 4 i o n . 
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4 + 

I '-λ: 

F 

Ti 2p's 

Pu 4f's 

I L I I I I I I I 
470 460 450 440 430 420 

BINDING ENERGY (eV) 

F i g u r e 3. 4f core l e v e l s p e c t r a f o r a s e r i e s of g l a s s e s c o n t a i n 
i n g Ca, & i , or Β oxide a d d i t i v e s ( g l a s s sample F, G, 
H, and I of Table I ) . The r a t e of r e d u c t i o n of Pu4"1" 
to Pu d u r i n g XPS measurement i s a p p a r e n t l y i n f l u 
enced by the c h o i c e of a d d i t i v e (see t e x t ) . 
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For our purposes, we use a c r y s t a l c h e m i s t r y approach and 
c o n s i d e r c r y s t a l s t r u c t u r e s of s i l i c a t e s w i t h c h e m i c a l composi
t i o n s a p p r o x i m a t i n g the g l a s s e s of i n t e r e s t . S t r u c t u r a l 
f e a t u r e s of these c r y s t a l forms s h o u l d be p r e s e r v e d i n v a r y i n g 
degrees i n the g l a s s e s . For example, the SiO^ t e t r a h e d r o n i s a 
s t r u c t u r a l element common to a l l of the s i l i c a t e g l a s s e s · Of 
comparable importance, but more d i f f i c u l t to demonstrate, i s 
the p o s s i b i l i t y t h a t extended range cha i n s or s h e e t s , r e a d i l y 
o b s e r v a b l e i n the c r y s t a l l i n e forms, may a l s o appear i n the 
g l a s s e s and p l a y an important r o l e i n d e t e r m i n i n g the p h y s i c a l 
p r o p e r t i e s of a p a r t i c u l a r glass· 

Con s i d e r the a - N a 2 0 . 2 S i 0 2 c r y s t a l l i n e form (11) . T h i s 
s i l i c a t e c o n s i s t s of i d e n t i f i a b l e sheets t h a t are assembled 
from Si04 t e t r a h e d r a . Three " b r i d g i n g " oxygen bonds j o i n the 
t e t r a h e d r a w i t h bond s t r e n g t h s comparable t o those found i n 
pure Si02« A s i n g l e " n o n b r i d g i n g " oxygen ( j o i n i n g an a l k a l i 
atom) on each t e t r a h e d r o n p r o v i d e s a t e r m i n a t i o n l a y e r of 
a l k a l i atoms on the sheet s u r f a c e . Thus, the s h e e t s , which 
c o n t a i n s t r o n g i n t e r n a l bonds, are weakly j o i n e d through 
i o n i c a l l y bonded, monovalent a l k a l i atoms. However, i f m etal 
atoms of h i g h e r v a l e n c e were added to the compound and adj a c e n t 
sheets were bonded ( c r o s s l i n k e d ) through these p o l y v a l e n t 
a d d i t i v e s , one might expect t o f i n d profound changes i n the 
p h y s i c a l p r o p e r t i e s of the g l a s s . 

An example of t h i s c o n t r a s t i n bonding c o n d i t i o n s f o r 
c r y s t a l s s i l i c a t e s i s p r o v i d e d by the compound L i 2 0 . 2 S i 0 2 (12) 
which d i s p l a y s v e r y weak i n t e r s h e e t bonding and the m i n e r a l 
p e t a l i t e ( 1 3 ) , which has the co m p o s i t i o n Li 20.Al 203.8Si0 2· To 
conve r t the d i s i l i c a t e to p e t a l i t e r e q u i r e s the replacement of 
thr e e L i atoms w i t h one A l , a process t h a t i s accomplished 
e n t i r e l y w i t h i n the i n t e r s h e e t r e g i o n w i t h o u t s i g n i f i c a n t l y 
p e r t u r b i n g the sheet s t r u c t u r e of the parent d i s i l i c a t e . The 
A l thus c r o s s l i n k s the s i l i c a sheets w i t h a s t r o n g bond and 
pr o f o u n d l y a l t e r s the p h y s i c a l p r o p e r t i e s . 

I t i s our view t h a t s i m i l a r phenomena occur i n g l a s s y s i l i 
c a t e s . P r o b a b l y , c h a i n s or sheets of s i l i c a w i t h s t r o n g 
i n t e r n a l bonds form i n the melt at an e a r l y stage of c o o l i n g . 
A d d i t i v e elements t h a t form s t r o n g c r o s s l i n k s between these 
sheets w i l l then be expected to s i g n i f i c a n t l y a f f e c t the g l a s s 
r i g i d i t y . Such hardening (analagous to the c r o s s l i n k i n g of 
chain s i n polymers) i s commonly observed i n g l a s s e s . One mani
f e s t a t i o n of the c r o s s l i n k i n g i s i n c r e a s e d v i s c o s i t y , o f t e n 
apparent when p o l y v a l e n t metals are added to simpl e s i l i c a t e 
g l a s s e s ( 1 4 ) . 

U t i l i z i n g t h i s d e s c r i p t i o n of s i l i c a t e g l a s s f o r m a t i o n , we 
suggest models t o e x p l a i n the i n c o r p o r a t i o n of 4+ and 6+ 
a c t i n i d e i o n s i n sodium d i s i l i c a t e g l a s s . D u r i n g cooldown, 
SiO^ t e t r a h e d r a l i n k t o g e t h e r t o form a s h e e t - l i k e s t r u c t u r e 
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w i t h , on average, one n o n b r i d g i n g oxygen per t e t r a h e d r o n . The 
sodium i o n s , being c o m p l e t e l y i o n i z e d (5) and r e l a t i v e l y l a r g e , 
are s i t u a t e d i n the i n t e r s t i t i a l spaces between the s h e e t s , 
weakly bonding those sheets t o g e t h e r . Presumably, the t e t r a 
v a l e n t a c t i n i d e i o n s are a l s o l o c a t e d i n the " i n t e r s h e e t " 
r e g i o n s but they bond w i t h g r e a t e r s t r e n g t h than a l k a l i s t o 
oxygens of the t e t r a h e d r a , thus c r o s s l i n k i n g the d i s t o r t e d 
s i l i c a l a y e r s . T h i s g l a s s y s t r u c t u r e w i l l be f r o z e n i n as the 
sample i s c o o l e d . T h i s " s t r o n g c r o s s l i n k i n g " model i s c o n s i s 
t e n t w i t h the ( q u a l i t a t i v e ) o b s e r v a t i o n t h a t , w i t h a d d i t i o n of 
a c t i n i d e 4+ i o n s , the g l a s s v i s c o s i t y i n c r e a s e s . 

I t would appear t h a t a r a t h e r d i f f e r e n t p i c t u r e i s needed 
to e x p l a i n the bonding of U 6+ i n s i l i c a t e g l a s s e s . Strong 
evidence i s now a v a i l a b l e to support the a s s e r t i o n t h a t U 6+ 
appears i n a u r a n y l c o n f i g u r a t i o n (2,7,10). In the g l a s s e s , 
the UO^" i o n has a l i n e a r s t r u c t u r e w i t h U-0 s e p a r a t i o n o f 
about 1.8 Â ( 7 ) . A l k a l i uranates c o n t a i n i n g h e x a v a l e n t uranium 
i n the u r a n y l s t r u c t u r e form e a s i l y and i n c o n s i d e r a b l e 
v a r i e t y . They o f t e n d i s p l a y sheet s t r u c t u r e s (sometimes 
d i s t o r t e d ) w i t h sheets separated by a l k a l i or a l k a l i n e e a r t h 
atoms· These same f e a t u r e s , sheets separated by a l k a l i s , are 
c h a r a c t e r i s t i c of c r y s t a l l i n e a l k a l i d i s i l i c a t e s . I t thus 
appears l i k e l y t h a t , d u r i n g cooldown of U 6+ g l a s s e s , u r a n y l 
s t r u c t u r e s form and bond i n t o the i n t e r s t i c e r e g i o n s between 
s i l i c a sheets· T h i s d i s s o l u t i o n mode permit s a l a r g e U 6+ 
s o l u b i l i t y . S i n c e a l k a l i s p l a y the r o l e of d e l i n e a t i n g s i l i c a 
or uranate s h e e t s , s t r u c t u r a l r i g i d i t y s h o u l d be weak. The 
r e l a t i v e l y low v i s c o s i t y of U 6+ s i l i c a t e g l a s s e s ( a g a i n a 
q u a l i t a t i v e o b s e r v a t i o n ) supports t h i s p i c t u r e . Uranates are 
not s t a b l e at 1250°C where the samples were melted so we do not 
expect macroscopic phase separated r e g i o n s of U 6+ u r a n a t e . 
(Furthermore, X-ray d i f f r a c t i o n d a ta do not show the presence 
of c r y s t a l l i n e second phase r e g i o n s . ) R ather, i t appears t h a t 
a t h i n uranate l a y e r i s formed between s i l i c a sheets and h e l d 
i n p l a c e by l a y e r s of a l k a l i atoms· 

The d i f f e r e n t bonding c h a r a c t e r i s t i c s of U + 4 and U + 6 i n 
a l k a l i s i l i c a t e g l a s s e s may have important i m p l i c a t i o n s to the 
l e a c h i n g p r o p e r t i e s of h i g h l e v e l waste g l a s s e s . In the UO3 
g l a s s e s , the u r a n y l s t r u c t u r e s p r o b a b l y occur i n a s s o c i a t i o n 
w i t h a l k a l i s ( s i m i l a r t o a l k a l i u r a n a t e s ) , an a s o c i a t i o n t h a t 
d r a m a t i c a l l y i n c r e a s e s bonding of the sodium i o n s i n the 
g l a s s . T h i s c o n c l u s i o n i s supported by q u a l i t a t i v e l e a c h i n g 
s t u d i e s of sodium d i s i l i c a t e g l a s s c o n t a i n i n g UO3 ( 1 5 ) . I t was 
observed t h a t the g l a s s maintained i t s s t r u c t u r a l i n t e g r i t y and 
no s i g n i f i c a n t change i n the leachant ph was d e t e c t e d a f t e r 
( s t a t i c ) l e a c h i n g i n d i s t i l l e d water f o r 180 days at room 
temperature· 

In c o n t r a s t , d i s i l i c a t e g l a s s e s c o n t a i n i n g U 4+ showed much 
l e s s l e a c h r e s i s t a n c e . The 4+ g l a s s was o n l y s l i g h t l y more 
l e a c h r e s i s t a n t than pure sodium d i s i l i c a t e g l a s s which i s 
water s o l u b l e . For 4+ g l a s s e s , the ph of the l e a c h s o l u t i o n 
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rose to 10.7 under the same leaching conditions used for the U 
6+ glass · The U 4+ ions , which are soluble in low concentra
tion, apparently cross link silica sheets to produce signifi
cant physical property changes. However, this cross linking 
process would not appear to significantly affect the bonding of 
alkali ions in the glass, so that the ability of a simple 
silicate glass to withstand leach attack is not appreciably 
increased by adding U 4+ ions. 

More quantative leaching data is needed for well charac
terized sodium silicate glasses containing U+^ and U"^ ions. 
It is clear, however, that the general practice of using air-
melted uranium glass (U^+) to simulate leaching behavior of 
transuranic actinides in waste glasses should be discarded. 
Since transuranics in silicates do not, in general, appear in 
the 6+ valence state, this is not a reliable simulation. Also 
U 6+ ions appear to have bonding properties (associated with a 
strong tendency to form the uranyl structure) in glasses that 
are not typical of transuranic ions· 
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11 
Plutonium Hexafluoride Gas Photophysics and 
Photochemistry 

JAMES V. BEITZ, CLAYTON W. WILLIAMS, and W. T. CARNALL 

Argonne National Laboratory, Chemistry Division, Argonne, IL 60439 

Little has been published concerning the 
photodynamics of PuF6 gas, although this 
compound was first synthesized in 1942. We 
recently reported the first observation of 
fluorescence from electronically excited PuF6 

and found its behavior to differ significantly 
from that of UF6 or NpF6. The photophysics of 
PuF6 excited at 532 nm and at 1064 nm has now 
been observed in detail using laser-induced 
fluorescence techniques. The fluorescence 
emission spectra recorded are the same at both 
excitation wavelengths with the fluorescence 
intensity peaking at about 2300 nm. The 
fluorescence decay of PuF6 gas excited at 532 nm 
was found to be laser-fluence dependent and a 
mechanism is proposed which accounts for this 
observation. Net photodecomposition of PuF6 was 
rapid at a fluence of 5 J/cm2 at 532 nm (7 ns 
pulse width). 

Our recent observation (1) of electronic state fluorescence 
from laser-excited PuF6(g) and NpF6(g) has marked the beginning 
of systematic studies of the photophysics and photochemistry of 
transuranic hexafluorides and has provided the key to further 
exploration of the complex vibronic structure characteristic of 
these compounds. While the photochemistry of UF6 has been the 
object of numerous investigations, only a few remarks are found 
in the li t e r a t u r e concerning the electronic state photochemistry 
of the transuranic hexafluorides · Given the dense electronic 
energy le v e l structures of PuF6 and NpF6 and their r e l a t i v e 
i n s t a b i l i t y in comparison with UF6, we can anticipate that their 
photochemistry w i l l involve a r i c h and complex set of 
interactions. The work we report here deals primarily with 
PuF6(g). We turn f i r s t to a very brief review of PuF6 studies 

0097-6156/83/0216-0155$06.00/0 
© 1983 American Chemical Society 
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r e l a t e d to i t s s y n t h e s i s , energy l e v e l s , thermodynamics, 
pho t o p h y s i c s and pho t o c h e m i s t r y . 

Review of R e l a t e d PuF6 S t u d i e s 

I n l i g h t of the s u b j e c t of t h i s Symposium i t i s 
p a r t i c u l a r l y a p p r o p r i a t e to note t h a t PuF6 was f i r s t s y n t h e s i z e d 
i n 1942 on a microgram s c a l e as p a r t of the Manhattan P r o j e c t 
a l t h o u g h i t was not i s o l a t e d as a pure compound (2_) · S t e i n d l e r 
(3,4) has reviewed e a r l y PuF6 s t u d i e s . By 1950 F l o r i n had 
s y n t h e s i z e d PuF6 on a gram s c a l e and i t was no l o n g e r a 
l a b o r a t o r y c u r i o u s i t y . Many of the p h y s i c a l p r o p e r t i e s of PuF6 
were measured by Weinstock, Malm and co-workers i n the 1950's. 
These workers were unable to r e c o r d the Raman spectrum of PuF6 
due to photodecomposition (_5_). They noted t h a t " l i g h t of the 
i n t e n s i t y of o r d i n a r y room i l l u m i n a t i o n " decomposed PuFg, and 
they r e a s o n a b l y assumed t h a t the products were PuFi+(s) and F 2 ( g ) 
(6) · S t e i n d l e r and coworkers found t h a t PuF6 c o u l d be 
s y n t h e s i z e d u s i n g u l t r a v i o l e t i r r a d i a t i o n of PuFi+(s) and F 2 ( g ) 
(7) . The key to t h i s seeming c o n t r a d i c t i o n p r o b a b l y l i e s i n the 
thermodynamic s t a b i l i t y of P u F s ( s ) , a compound o f t e n p o s t u l a t e d 
to e x i s t but whose s y n t h e s i s has never been r e p o r t e d . Other 
more g e n e r a l reviews which d e a l i n p a r t w i t h PuF6 p r o p e r t i e s 
i n c l u d e those of Rand ( 8 ) , O e t t i n g ( 9 ) , D. Brown (10) and K e l l e r 
( 11). Brown's ( 12) and C l e v e l a n d ' s ( 13) books a l s o c o n t a i n 
u s e f u l i n f o r m a t i o n c o n c e r n i n g PuF6. O'Donnell and co-workers 
have r e c e n t l y compared the chem i c a l r e a c t i v i t y of PuF6 i n an
hydrous HF t o t h a t of o t h e r hexaf l u o r i d e s i n the same medium 
( 14). L i t t l e can be gleaned from the l i t e r a t u r e c o n c e r n i n g gas 
phase c h e m i c a l r e a c t i o n s of PuF6. 

E l e c t r o n i c Energy L e v e l s and Thermodynamics 

A b s o r p t i o n band s t r u c t u r e due to e l e c t r o n i c s t a t e s of PuF6 
extends from the i n f r a r e d i n t o the vacuum u l t r a v i o l e t and 
c o n t a i n s c o n t r i b u t i o n s from 5f e l e c t r o n s t a t e s , charge t r a n s f e r 
and d i s s o c i a t i v e s t a t e s . I t s complex v i b r o n i c s t r u c t u r e has 
long c h a l l e n g e d s p e c t r o s c o p i s t s . M. Fred recorded the o p t i c a l 
a b s o r p t i o n spectrum o f PuF6 i n 1954, n o t i n g the presence of 
v i b r o n i c s t r u c t u r e ( 1 5 ) . S t e i n d l e r and Gunther p u b l i s h e d 
a c c u r a t e molar a b s o r p t i v i t y data f o r PuF6 i n 1963 ( 1 6 ) . Kugel 
et a l . d i s c o v e r e d r e s o l v a b l e i s o t o p e s h i f t s i n the e l e c t r o n i c 
a b s o r p t i o n s p e c t r a of PuF6 gas a t room temperature i n 1976 and 
d e s c r i b e d a t h e o r e t i c a l model used to p r e d i c t the energy l e v e l 
s t r u c t u r e of i t s 5f e l e c t r o n s t a t e s ( 1 5 ) . A t h e o r e t i c a l model 
f o r t h i s s t r u c t u r e has a l s o been presented by B o r i n g and Hecht 
( 1 7 ) . R e l a t i v i s t i c c a l c u l a t i o n s c o n c e r n i n g PuF6 have been 
c a r r i e d out by K o e l l i n g , E l l i s and B a r t i e t t (18) and, c o n c e r n i n g 
P u + 6 , by Desclaux and Freeman ( 1 9 ) . These t h e o r e t i c a l 
assignments of the e l e c t r o n i c energy l e v e l s t r u c t u r e of PuF6 
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have y e t to be confirmed e x p e r i m e n t a l l y . No t h e o r y has been 
r e p o r t e d which s u c c e s s f u l l y p r e d i c t s the occurrence of the 
i s o t o p e s h i f t s found by Kugel et a l . ( 1 5 ) . 

Fuger has b r i e f l y reviewed the c u r r e n t s t a t e of c r i t i c a l 
assessments of a c t i n i d e thermodynamics ( 2 0 ) . He l a r g e l y f o l l o w s 
Rand's e a r l i e r assessment i n d e t e r m i n i n g the e n t h a l p y of 
f o r m a t i o n of PuFi* and PuF6. As Fuger noted, i t i s s u r p r i s i n g 
t h a t the heat of f o r m a t i o n of such a t e c h n o l o g i c a l l y i mportant 
compound as PuF$ should be based s o l e l y on v a l u e s f o r the 
e q u i l i b r i u m between PuF6, PuFi+ and F2. While PuF6(g) at room 
temperature i s thermodynamically u n s t a b l e w i t h r e s p e c t to 
PUFL^S) and F 2 ( g ) , i t i s q u i t e s t a b l e at room temperature w i t h 
r e s p e c t to forming PuFi+(g) and F 2 ( g ) . From a photochemical 
p o i n t of view, the l a c k of thermodynamic i n f o r m a t i o n c o n c e r n i n g 
PuF5 i s p a r t i c u l a r l y u n f o r t u n a t e s i n c e i t i s l i k e l y t h a t the 
f i r s t d i s s o c i a t i o n l i m i t of PuF6(g) corresponds to forming 
PuF5(g) and an F atom. 

In F i g u r e 1 the e l e c t r o n i c energy l e v e l s t r u c t u r e s of UF6, 
NpF6 and PuF6 gases are shown to g e t h e r w i t h the r e g i o n s i n which 
these compounds show continuous o p t i c a l a b s o r p t i o n and t h e i r 
known or e s t i m a t e d thermodynamic d i s s o c i a t i o n l i m i t s f o r gas 
phase p r o d u c t s . The data i n F i g u r e 1 are presented i n terms of 
the t r a d i t i o n a l s p e c t r o s c o p i c u n i t of energy, the cm""1 (1 cm" 1 = 
19.86484 χ 10" 2 I + J per molecule or atoms). Since UF6 i s a 5f° 
system i t has no l o w - l y i n g e l e c t r o n i c s t a t e s . Continuous 
o p t i c a l a b s o r p t i o n i n UF6, b e g i n n i n g i n the riear-ultraviolet, i s 
b e l i e v e d to a r i s e from charge t r a n s f e r bands. The f i r s t of 
these bands has an o r i g i n at about 24647 cm""1 based on Andrews 
and co-workers' m a t r i x i s o l a t i o n s t u d i e s ( 2 1 ) . The UF6 
d i s s o c i a t i o n l i m i t shown i s based on Hildenbrand^s"work ( 2 2 ) . 

The r e g i o n s i n which NpF6 shows continuous a b s o r p t i o n are 
shown i n F i g u r e 1 and are based l a r g e l y on S t e i n d l e r and 
Gerding's measurements (23) w i t h p r e f e r e n c e g i v e n i n s e t t i n g the 
lowest energy at which e l e c t r o n i c s t a t e a b s o r p t i o n occurs to 
u n p u b l i s h e d NpF6 f l u o r e s c e n c e work by B e i t z . There i s no 
thermodynamic i n f o r m a t i o n c o n c e r n i n g the f i r s t d i s s o c i a t i o n 
l i m i t of NpF6. The v a l u e shown i s a rough i n t e r p o l a t i o n of the 
measured UF6 v a l u e and our crude e s t i m a t e of the f i r s t 
d i s s o c i a t i o n l i m i t of PuF6. The p o s i t i o n s of the 5f s t a t e s of 
NpFe are based on the work of Goodman and Fred (24) and of 
Hutchinson and Weinstock ( 2 5 ) . 

The r e g i o n s i n which PuF6 shows continuous a b s o r p t i o n as 
w e l l as the 5f s t a t e e n e r g i e s shown i n F i g u r e 1 are based 
p r i m a r i l y on S t e i n d l e r and Gunther's measurements ( 1 6 ) . For a 
c u r r e n t t h e o r e t i c a l i n t e r p r e t a t i o n of the 5f s t a t e s t r u c t u r e of 
PuF6 see J . B l a i s e et a l . ( t h i s volume). The f i r s t d i s s o c i a t i o n 
l i m i t of PuF6 i s c r u d e l y e s t i m a t e d based on the e x t r e m e l y s m a l l 
PuF6 gas f l u o r e s c e n c e photon y i e l d but long f l u o r e s c e n c e 
l i f e t i m e we have found (see below). In a d d i t i o n , the f a c t t h a t 
PuF6 i s a b e t t e r f l u o r i n a t i n g agent than m o l e c u l a r f l u o r i n e 
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0 J 1 
U F 6 NpF 6 PuF 6 

(5f°) (of1) (5f2) 

F i g u r e 1. E l e c t r o n i c energy l e v e l diagram f o r gas phase a c 
t i n i d e h e x a f l u o r i d e s . The r e g i o n s i n which a g i v e n h e x a f l u o -
r i d e e x h i b i t s c o n t i n u o u s a b s o r p t i o n a r e shown shaded w i t h 
d i a g o n a l l i n e s . 5f e l e c t r o n s t a t e s a r e shown as s h o r t h o r i 
z o n t a l l i n e s . The thermodynamic d i s s o c i a t i o n l i m i t s and r e 
s u l t a n t gas phase p r o d u c t s a r e shown to the r i g h t o f the energy 
l e v e l diagram f o r each h e x a f l u o r i d e . U F ^ i g ) , a 5f° system, 
has no l o w - l y i n g e l e c t r o n i c l e v e l s and i s thermodynamically 
more s t a b l e than NpF^(g) o r PuF^ ( g ) . F or these reasons UF^ 
i s u n l i k e l y t o be a good model compound f o r t r a n s u r a n i c hexa-
f l u o r i d e p h o t o c h e m i s t r y s t u d i e s . 
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suggests t h a t the f i r s t d i s s o c i a t i o n l i m i t of PuF6 l i e s below 
the d i s s o c i a t i o n l i m i t of m o l e c u l a r f l u o r i n e (12800 cm""1). The 
second d i s s o c i a t i o n l i m i t , c o r r e s p o n d i n g to m o l e c u l a r p r o d u c t s , 
i s based on Rand's a n a l y s i s (8) of the e n t h a l p i e s of f o r m a t i o n 
of PuFit(g) and PuF6(g). 

The s t r i k i n g f e a t u r e of F i g u r e 1 i s the d i s s i m i l a r i t y of 
UF6 and e i t h e r NpF6 or PuF6. UF6, p o s s e s s i n g g r e a t e r 
thermodynamic s t a b i l i t y and no l o w - l y i n g e l e c t r o n i c s t a t e s , i s 
l i k e l y to be a poor model compound f o r t r a n s u r a n i c h e x a f l u o r i d e 
p h o t o p h y s i c s and p h o t o c h e m i s t r y . 

E x p e r i m e n t a l Methods 

A Q-switched NdrYAG l a s e r (7 ns p u l s e d u r a t i o n , Quanta-Ray 
DRC-1A) operated at 10 Hz was used as a l i g h t s o u r c e . The 
1064 nm fundamental was freque n c y doubled t o 532 nm f o r some 
experiments. I n a l l experiments r e p o r t e d here a geometry was 
used which focused the l a s e r beam i n f r o n t of the entrance 
window of the sample c e l l such t h a t the l a s e r beam was d i v e r g i n g 
as i t passed through the sample c e l l . In t h i s geometry the 
l a s e r beam was about 3 mm i n diameter a t the r e g i o n viewed by 
the l i g h t d e t e c t i o n system. 

PuFe was s y n t h e s i z e d u s i n g 2 i + 2Pu02 from ANL s t o c k s i n an 
apparatus s i m i l a r to t h a t d e s c r i b e d by S t e i n d l e r e t a l . (26) 
w i t h the a d d i t i o n of a f l u o r i n e gas r e c i r c u l a t i o n system. P r i o r 
to f i l l i n g a sample c e l l the PuF6 was p u r i f i e d as d e s c r i b e d by 
Malm and Weinstock ( 2 7 ) . The a l l q u a r t z sample c e l l s were 
c o n s t r u c t e d w i t h c y l i n d r i c a l bodies made of 8 mm i . d . "water-
f r e e " q u a r t z (GE 214) to minimize o p t i c a l absorbance a t 
2700 nm. The l a s e r beam passed c o a x i a l l y through the 
c y l i n d e r . The sample c e l l s were baked out under vacuum and were 
p a s s i v a t e d u s i n g s m a l l amounts of PuF6 p r i o r to be i n g f i l l e d and 
s e a l e d o f f . The temperature of a s i d e are on the sample c e l l 
was v a r i e d to o b t a i n the d e s i r e d PuF6 p r e s s u r e based on the 
vapor p r e s s u r e - t e m p e r a t u r e r e l a t i o n s h i p g i v e n by Weinstock, 
Weaver and Malm ( 2 8 ) . The s i d e arm was a l s o used to condense 
out a l l the PuF6 i n the c e l l when background f l u o r e s c e n c e was 
being checked. T y p i c a l l y the main body of the sample c e l l was 
h e l d a t 300 K. 

F l u o r e s c e n c e was c o l l e c t e d p e r p e n d i c u l a r t o the l a s e r beam 
p r o p a g a t i o n d i r e c t i o n ( i . e . 90 degree l i g h t c o l l e c t i o n ) u s i n g 
c a l c i u m f l u o r i d e l e n s e s . I n f r a r e d f l u o r e s c e n c e was monitored 
u s i n g a 3 mm diameter I n f r a r e d A s s o c i a t e s InSb p h o t o v o l t a i c 
d e t e c t o r c o o l e d to 77 Κ and a c u r r e n t mode p r e a m p l i f i e r which 
p r o v i d e d an o v e r a l l 1/e response time of 1 microsecond. A 
g a l l i u m a r s e n i d e p h o t o m u l t i p l i e r (RCA 31034) was used i n the 
s p e c t r a l r e g i o n between 560 nm and 920 nm and a c o o l e d S - l 
p h o t o m u l t i p l i e r (RCA 7102) was used from 920 nm to 1100 nm. 
C i r c u l a r v a r i a b l e i n t e r f e r e n c e f i l t e r s (CVF) were i n s t a l l e d i n a 
housing equipped w i t h a synchronous motor d r i v e and were used as 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

01
1

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



160 PLUTONIUM CHEMISTRY 

a scanning mono chroma t o r f o r wavelengths from 1370 nm to 
4600 nm. The OCLI CV-1.3/2.5 and CV-2.3/4.6 CVF's p r o v i d e d a 
s p e c t r a l bandpass which v a r i e d over the range of 1% to 3% of the 
wavelength s e l e c t e d . The CVF's made p o s s i b l e 1:1 imaging a t 
f/1.4 l i g h t c o l l e c t i o n thereby improving f l u o r e s c e n c e l i g h t 
c o l l e c t i o n e f f i c i e n c y by a f a c t o r of 9 i n comparison w i t h the 
20 cm f . l . , f / 4 . 2 , h o l a g r a p h i c g r a t i n g monochromator used. The 
g r a t i n g monochromator (ISA H20FIR) was used between 560 nm and 
1400 nm at t y p i c a l l y 32 nm s p e c t r a l bandpass. 

F l u o r e s c e n c e l i f e t i m e s were measured u s i n g a 2048 channel 
d i g i t a l t r a n s i e n t r e c o r d e r (AEL PTR-9200) which was connected to 
a m u l t i c h a n n e l a n a l y z e r ( T r a c o r Northern 570A). T h i s p r o v i d e d 
"add-to-memory" s i g n a l a v e r a g i n g w i t h a best time r e s o l u t i o n of 
10 ns per c h a n n e l . T y p i c a l l y 2048 l a s e r s h o t s were averaged 
t o g e t h e r . The m u l t i c h a n n e l a n a l y z e r output was f e d t o a 
computer where a l i n e a r l e a s t squares a n a l y s i s was c a r r i e d out 
to o b t a i n the l i f e t i m e of the f l u o r e s c i n g s t a t e . F l u o r e s c e n c e 
e m i s s i o n s p e c t r a were recorded u s i n g a boxcar i n t e g r a t o r 
(PAR 162/164) w i t h t y p i c a l l y a 5 microsecond gate w i d t h delayed 
25 microseconds from the l a s e r p u l s e and an output time c o n s t a n t 
of 100 seconds. The pump l a s e r i n t e n s i t y was s i m u l t a n e o u s l y 
recorded and was used to c o r r e c t the rec o r d e d f l u o r e s c e n c e 
i n t e n s i t y f o r the s m a l l changes i n l a s e r i n t e n s i t y which 
o c c u r r e d d u r i n g a f l u o r e s c e n c e e m i s s i o n scan. 

E x p e r i m e n t a l R e s u l t s 

F l u o r e s c e n c e E m i s s i o n S p e c t r a . We r e c e n t l y r e p o r t e d the 
f i r s t o b s e r v a t i o n of f l u o r e s c e n c e from e l e c t r o n i c a l l y e x c i t e d 
PuF6 gas n o t i n g t h a t the observed f l u o r e s c e n c e peaked a t about 
2300 nm (J_). We have now measured the f l u o r e s c e n c e e m i s s i o n 
spectrum of PuF6 e x c i t e d both a t 1064 nm and a t 532 nm. The 
spectrum shown i n F i g u r e 2 was c o r r e c t e d f o r the wavelength 
dependence of the i n f r a r e d d e t e c t i o n system d e s c r i b e d above by 
r e c o r d i n g the spectrum of a tungs t e n lamp whose f i l a m e n t 
temperature was measured w i t h an o p t i c a l pyrometer. From t h i s 
data the s p e c t r a l response f u n c t i o n (29) of the d e t e c t i o n system 
was determined and the f l u o r e s c e n c e spectrum a c c o r d i n g l y 
c o r r e c t e d . The e m i s s i o n spectrum of a low p r e s s u r e mercury a r c 
was recorded to o b t a i n a wavelength c a l i b r a t i o n . 

To w i t h i n the i n t e n s i t y u n c e r t a i n t y shown i n F i g u r e 2, the 
f l u o r e s c e n c e e m i s s i o n spectrum of PuF6 i s unchanged i n s w i t c h i n g 
from 1064 nm e x c i t a t i o n to low f l u e n c e 532 nm e x c i t a t i o n ( c i r c a 
0.3 J/cm 2). Laser f l u e n c e i s a measure of the l a s e r p u l s e 
energy per u n i t c r o s s - s e c t i o n a l a r e a of the l a s e r beam. The 
l a s e r energy was measured u s i n g a c a l i b r a t e d volume absorber 
c a l o r i m e t e r and the l a s e r beam diameter was e s t i m a t e d from 
"burn" p a t t e r n s on t h e r m a l l y s e n s i t i v e paper. The wavelength 
range of 1370 nm to 4600 nm was searched when u s i n g 1064 nm 
e x c i t a t i o n and the range 560 nm to 4600 nm was searched when 
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4 0 0 0 4 5 0 0 5 0 0 0 

wavenumber ( c m - 1 ) 

F i g u r e 2. The f l u o r e s c e n c e i n t e n s i t y o f PuFg(g) e x c i t e d a t 
1064 nm i s shown as a f u n c t i o n of the energy of t h e e m i t t e d 
photons. The s p e c t r a l bandpass and i n t e n s i t y u n c e r t a i n t y a r e 
i n d i c a t e d . To w i t h i n e x p e r i m e n t a l e r r o r , the same e m i s s i o n 
spectrum i s found when 532 nm e x c i t a t i o n i s used.  P
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u s i n g 532 nm e x c i t a t i o n . The o n l y P u F 6 f l u o r e s c e n c e e m i s s i o n 
found was i n the 4500 cm" 1 r e g i o n as shown i n F i g u r e 2. When 
532 nm e x c i t a t i o n was used, s c a t t e r e d l a s e r l i g h t was found t o 
g i v e r i s e to weak f l u o r e s c e n c e from some of the l o n g pass 
o p t i c a l f i l t e r s used to sep a r a t e g r a t i n g o r d e r s . 

P hotodecomposition. A g r e y i s h - w h i t e f i l m of s o l i d m a t e r i a l 
s l o w l y formed al o n g the bottom of the sample c e l l i n P u F 6 c e l l s 
i r r a d i a t e d at 1064 nm. A s i m i l a r f i l m formed c o n s i d e r a b l y 
f a s t e r i n sample c e l l s i r r a d i a t e d a t 532 nm w i t h the f i l m 
forming on the entrance f a c e of the c e l l s as w e l l as al o n g the 
w a l l s of the c e l l . F i l m f o r m a t i o n was e v i d e n t a f t e r l e s s than a 
minute of i r r a d i a t i o n at a l a s e r f l u e n c e of 5 J/cm 2 at 532 nm. 
The exact c h e m i c a l c o m p o s i t i o n of the f i l m has not y e t been 
determined. I t i s known t h a t i t c o n t a i n s p l u t o n i u m and 
f l u o r i n e . Most l i k e l y i t i s amorphous PuFi+. At present we can 
not r u l e out the p o s s i b i l i t y t h a t the f i l m c o n t a i n s o t h e r 
p l u t o n i u m f l u o r i d e s such as P u i f F i 7 , P U 2 F 9 or P U F 5 . I t i s 
ev i d e n t t h a t net photodecomposition of P u F 6 occurs u s i n g l i g h t 
of a photon energy l e s s than the f i r s t d i s s o c i a t i o n l i m i t of 
U F 6 . 

F l u o r e s c e n c e L i f e t i m e s . We r e c e n t l y r e p o r t e d the f i r s t 
measurement of the f l u o r e s c e n c e l i f e t i m e s of e l e c t r o n i c a l l y 
e x c i t e d P u F 6 , u s i n g 1064 nm and 532 nm e x c i t a t i o n (1). We have 
extended our measurements u s i n g 532 nm l i g h t to h i g h e r l a s e r 
f l u e n c e and have found t h a t the f l u o r e s c e n c e decay of P u F 6 
e x c i t e d a t 532 nm i s not s i n g l e e x p o n e n t i a l . T h i s "non-
e x p o n e n t i a l " b e h a v i o r i s e v i d e n t a t lower l a s e r f l u e n c e o n l y i n 
a s l i g h t c u r v a t u r e i n p l o t s of the r e s i d u a l s t h a t r e s u l t from 
f i t t i n g the data t o a s i n g l e e x p o n e n t i a l decay model. P l o t s 
were made of the observed f l u o r e s c e n c e decays as l o g [ f l u o r , 
i n t e n s i t y ] v e r s u s time f o l l o w i n g the 532 nm l a s e r p u l s e . The 
p l o t s s i g n i f i c a n t l y d eparted from the s t r a i g h t l i n e b e h a v i o r 
expected f o r a s i n g l e e x p o n e n t i a l decay as l a s e r f l u e n c e was 
i n c r e a s e d . F l u o r e s c e n c e i n t e n s i t y decayed most r a p i d l y at s h o r t 
t i m e s . Even a t these h i g h e r f l u e n c e s , the n e a r - i n f r a r e d 
f l u o r e s c e n c e i n t e n s i t y of P u F 6 was so weak t h a t the l i f e t i m e s 
had t o be measured u s i n g the InSb d e t e c t o r and o n l y a l o n g pass 
f i l t e r to b l o c k s c a t t e r e d 532 nm l a s e r l i g h t . The observed 
f l u o r e s c e n c e r i s e t i m e s corresponded to the d e t e c t i o n system 
response t i m e . 

At 1064 nm, l a s e r f l u e n c e s i n the range of 0.15-1.4 J/cm 2 

were used d u r i n g the course of t h i s work. At 1064 nm, the 
observed f l u o r e s c e n c e decays were w e l l - f i t i n a l l cases by 
assuming a s i n g l e e x p o n e n t i a l decay. As we p r e v i o u s l y r e p o r t e d 
(JL), the f l u o r e s c e n c e l i f e t i m e of P u F 6 gas a t 300 Κ e x c i t e d by 
1064 nm l i g h t i s 204 ± 12 microseconds independent of P u F 6 gas 
pr e s s u r e over the range s t u d i e d (18 to 109 t o r r , 1 t o r r = 
133.322 p a s c a l ) . At the h i g h e s t P u F 6 p r e s s u r e used about 
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120,000 hard sphere c o l l i s i o n s occur d u r i n g the l i f e t i m e of the 
e m i t t i n g PuF6 e x c i t e d e l e c t r o n i c s t a t e . The e m i t t i n g s t a t e , 
a s s i g n e d as a 5f e l e c t r o n e x c i t e d s t a t e (see below), i s 
remarkably metastable w i t h r e s p e c t to c o l l i s i o n a l l y induced 
energy t r a n s f e r . 

At 532 nm, the range of l a s e r f l u e n c e s used was 
0.1-5.0 J/cm 2. As p r e v i o u s l y r e p o r t e d (_1_), e x c i t a t i o n a t 532 nm 
r e s u l t e d i n a s h o r t e r l i f e t i m e (86 ± 4 microseconds) even a t the 
lowest f l u e n c e used (0.1 J/cm 2), where, w i t h e x t e n s i v e s i g n a l 
a v e r a g i n g , a f i n a l s i g n a l - t o - n o i s e r a t i o of about 20 was 
o b t a i n e d . As noted above the observed f l u o r e s c e n c e decays a t 
532 nm became i n c r e a s i n g n o n - e x p o n e n t i a l w i t h i n c r e a s i n g l a s e r 
fluence· 

The s i g n i f i c a n t l y f a s t e r PuF6(g) f l u o r e s c e n c e decay r a t e 
found u s i n g 532 nm e x c i t a t i o n i s u n l i k e l y to be due to a 
t h e r m a l l y induced e f f e c t ( e . g . p y r o l y s i s ) . The o p t i c a l 
a b s o r p t i o n c o e f f i c i e n t s of PuF6(g) at 532 nm i s at most t w i c e as 
l a r g e as a t 1064 nm ( 15). Assuming the 1064 nm a b s o r p t i o n 
c o e f f i c i e n t remains independent of l a s e r f l u e n c e , then use of 
1.4 J/cm 2 l a s e r f l u e n c e a t 1064 nm would r e s u l t i n d e p o s i t i o n of 
about 7 times as much energy per u n i t sample volume as would be 
d e p o s i t e d by 0.1 J/cm 2 l a s e r f l u e n c e a t 532 nm. While d i f f e r e n t 
energy degrading processes may occur at these two wavelengths, 
s h o r t e r wavelength e x c i t a t i o n w i l l more s t r o n g l y f a v o r 
d i s s o c i a t i o n of PuF6 and hence may even r e s u l t i n a s m a l l e r 
immediate h e a t i n g e f f e c t per absorbed photon. The net r e s u l t i s 
th a t any sample h e a t i n g e f f e c t present a t 532 nm e x c i t a t i o n a t 
0.1 J/cm 2 l a s e r f l u e n c e s h o u l d be s u b s t a n t i a l l y l a r g e r a t 
1.4 J/cm 2 l a s e r f l u e n c e u s i n g 1064 nm e x c i t a t i o n . The 
o b s e r v a t i o n t h a t the measured f l u o r e s c e n c e l i f e t i m e u s i n g 
1064 nm e x c i t a t i o n was independent of l a s e r f l u e n c e t h e r e f o r e 
p r o v i d e s evidence t h a t thermal e f f e c t s are unimportant i n t h i s 
work. 

The "add-to-memory" s i g n a l a v e r a g i n g method c u r r e n t l y 
a v a i l a b l e to us d i s t o r t s f l u o r e s c e n c e i n t e n s i t y v e r s u s time 
p l o t s when the f l u o r e s c e n c e i n t e n s i t y i s a n o n - l i n e a r f u n c t i o n 
of i n c i d e n t l a s e r energy and the l a s e r energy v a r i e s from shot 
to s h o t . For t h i s reason we have not attempted d e t a i l e d k i n e t i c 
m o d e l l i n g of the observed f l u o r e s c e n c e i n t e n s i t y decay curves 
recorded a t h i g h 532 nm l a s e r f l u e n c e . 

F l u o r e s c e n c e Photon Y i e l d s . We p r e v i o u s l y e s t i m a t e d the 
e x p e r i m e n t a l f l u o r e s c e n c e photon y i e l d of PuF6 e x c i t e d a t 
1064 nm as w e l l as a t 532 nm as being 10 "ί 1** 1) ( 1 ) . We d e f i n e 
the e x p e r i m e n t a l f l u o r e s c e n c e photon y i e l d (FPY) as : 

FPY = ( f l u o r , photons emitted)/(pump l a s e r photons absorbed) (1) 

T h i s e s t i m a t e d FPY was based on the r e p o r t e d molar a b s o r p t i v i t y 
of PuF6 at the pump l a s e r wavelength, the p r e s s u r e of PuF6 i n 
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the o p t i c a l r e g i o n of the sample c e l l , the g e o m e t r i c a l 
f l u o r e s c e n c e l i g h t c o l l e c t i o n s o l i d a n g l e , the t r a n s m i s s i o n of 
the o p t i c a l f i l t e r s used, the e s t i m a t e d quantum e f f i c i e n c y of 
the InSb d e t e c t o r , the g a i n of the a m p l i f i e r s used and an 
i n t e g r a t i o n of the observed f l u o r e s c e n c e i n t e n s i t y s i g n a l as a 
f u n c t i o n of ti m e . Although the u n c e r t a i n t y i n the e s t i m a t e d FPY 
i s l a r g e , t h i s e s t i m a t e i s v a l u a b l e i n a s s e s s i n g the 
phot o p h y s i c s and photochemistry of PuF6(g)» 

D i s c u s s i o n 

We w i l l f i r s t c o n s i d e r p o s s i b l e assignments f o r the 
f l u o r e s c i n g s t a t e s i n l a s e r - e x c i t e d PuF6(g) based on a v a i l a b l e 
energy l e v e l s t r u c t u r e and thermodynamic i n f o r m a t i o n . We w i l l 
then c o n s i d e r some of the i m p l i c a t i o n s of the l o n g - l i v e d PuF6 
f l u o r e s c e n c e we have observed i n terms of p o t e n t i a l 
photochemical s e p a r a t i o n p r o c e s s e s . 

E m i s s i o n Spectrum Assignment - 1064 nm E x c i t a t i o n . The 
f l u o r e s c e n c e e m i s s i o n spectrum observed u s i n g 1064 nm e x c i t a t i o n 
i s shown i n F i g u r e 2. We note t h a t the l a r g e s t energy gap 
between PuF6 e l e c t r o n i c s t a t e s e n e r g e t i c a l l y a c c e s s i b l e u s i n g 
t h i s e x c i t a t i o n wavelength occurs between the ground s t a t e and 
the 5f s t a t e at about 4550 cm" 1 (see F i g u r e 1 ) . The observed 
e m i s s i o n spectrum corresponds w e l l t o t h a t expected f o r the 
4550 cm" 1 s t a t e and i t s v i b r a t i o n a l l e v e l s f l u o r e s c i n g to the 
ground s t a t e and i t s v i b r a t i o n a l l e v e l s i f one assumes t h a t the 
next h i g h e r 5f s t a t e c o n t r i b u t e s l i t t l e t o the observed 
f l u o r e s c e n c e spectrum. 

The f l u o r e s c e n c e spectrum shown i n F i g u r e 2 c o n f i r m s the 
v i b r o n i c n a t u r e of the 4550 cm" 1 t r a n s i t i o n s i n c e the peak 
s e p a r a t i o n corresponds w e l l to 2v6 as would be expected from 
S t e i n d l e r and Gunther's a b s o r p t i o n measurements ( 1 6 ) . Based on 
c a l c u l a t i o n s of Kugel e t a l . (15) of PuF6 energy l e v e l s t r u c t u r e 
and t h e i r s t a t e assignments, PuF6(g) f l u o r e s c e s from i t s lowest 
l y i n g 3 Ι % s t a t e . I t should be noted a g a i n , however, t h a t the 
s t a t e assignments g i v e n by Kugel e t a l . have not y e t been 
s y s t e m a t i c a l l y c o n f i r m e d . 

The d i f f e r e n t r e l a t i v e i n t e n s i t i e s of the v i b r o n i c 
components of the f l u o r e s c e n c e e m i s s i o n spectrum shown i n 
F i g u r e 2 i n comparison w i t h the i n t e n s i t i e s of the c o r r e s p o n d i n g 
peaks i n S t e i n d l e r and Gunther's a b s o r p t i o n spectrum a r e r e a d i l y 
understood i n terms of the arguments presented by E i s e n s t e i n and 
Pryce (30) co n c e r n i n g the 7540 cm" 1 a b s o r p t i o n band of 
NpF6(g). The argument i n essence i s t h a t the weaker band i n 
each case can be i n t e r p r e t e d as a "hot" band. The s m a l l 
s h o u l d e r e v i d e n t a t 4550 cm" 1 i n S t e i n d l e r and Gunther's PuF6(g) 
a b s o r p t i o n spectrum, which might be i n t e r p r e t e d as a d i r e c t , 
magnetic d i p o l e a l l o w e d , t r a n s i t i o n , i s not e v i d e n t i n the 
f l u o r e s c e n c e spectrum shown i n F i g u r e 2. T h i s p r o b a b l y r e s u l t s 
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from the lower s p e c t r a l r e s o l u t i o n of the f l u o r e s c e n c e spectrum 
which would tend to obscure such a f e a t u r e . 

An a l t e r n a t e assignment of the e m i t t i n g s t a t e i n PuF6 
f o l l o w i n g 1064 nm e x c i t a t i o n would be the 5f s t a t e at about 
9755 cm" 1. F l u o r e s c e n c e from t h i s s t a t e t o lower l y i n g l e v e l s 
would be expected to occur c e n t e r e d around 9755, 5205, 4970 and 
3960 cm""1, i n poor agreement w i t h the s i n g l e observed band 
c e n t e r e d a t about 4550 cm"*1. T h i s a l t e r n a t e assignment i s 
t h e r e f o r e r e j e c t e d . 

N o n - R a d i a t i v e Decay Channels - 1064 nm E x c i t a t i o n . We t u r n 
now to a comparison of the observed f l u o r e s c e n c e photon y i e l d 
d e f i n e d by E q u a t i o n 1 and the expected f l u o r e s c e n c e quantum 
y i e l d of the 4550 cm""1 s t a t e which i n d i c a t e s t h a t s e v e r a l non-
r a d i a t i v e decay channels may be open f o l l o w i n g 1064 nm 
e x c i t a t i o n of PuF6(g)» The f o l l o w i n g r e l a t i o n s h i p between 
f l u o r e s c e n c e quantum y i e l d (FQY), observed f l u o r e s c e n c e l i f e t i m e 
and the 4550 cm""1 s t a t e ' s r a d i a t i v e or spontaneous e m i s s i o n 
l i f e t i m e i s expected to h o l d ( 3 1 ) : 

FQY = (observed f l u o r , l i f e t i m e ) / ( r a d i a t i v e l i f e t i m e ) (2) 

Since the 4550 cm""1 s t a t e i s the f i r s t e x c i t e d s t a t e of PuF6, 
i t s r a d i a t i v e l i f e t i m e can be determined to be a reasonable 
a p p r o x i m a t i o n by i n t e g r a t i n g the o p t i c a l a b s o r p t i o n spectrum of 
PuF6 over the wavelength range where a b s o r p t i o n due to the 
4550 cm""1 s t a t e o c c u r s . Some u n c e r t a i n t y a r i s e s s i n c e o p t i c a l 
a b s o r p t i o n from the next h i g h e r s t a t e undoubtedly o v e r l a p s t h a t 
due to the 4550 cm""1 s t a t e . 

U s i n g S t e i n d l e r and Gunther's q u a n t i t a t i v e PuF6 a b s o r p t i o n 
spectrum ( 1 6 ) , the observed PuF6 f l u o r e s c e n c e e m i s s i o n band h a l f 
w i d t h as found from F i g u r e 2, and i n i t i a l and f i n a l s t a t e 
degeneracies based on the PuF6 s t a t e assignments of Kugel e t a l . 
( 15), the r a d i a t i v e l i f e t i m e of the 4550 cm" 1 s t a t e i s e s t i m a t e d 
to be 120 m i l l i s e c o n d s . Using t h i s v a l u e and the observed 
l i f e t i m e (204 microseconds) i n E q u a t i o n 2 r e q u i r e s t h a t the 
4550 cm""1 s t a t e ' s f l u o r e s c e n c e quantum y i e l d be about 1.7 χ 
10"~3. Since the upper l i m i t of the e x p e r i m e n t a l f l u o r e s c e n c e 
photon y i e l d (1 χ ÎO"^* 1') d i f f e r s l i t t l e from the v a l u e 
r e q u i r e d by E q u a t i o n 2, i t may be t h a t most i n i t i a l l y e x c i t e d 
PuF6 molecules n o n - r a d i a t i v e l y decay to the 4550 cm*"1 s t a t e . I f 
the t r u e f l u o r e s c e n c e photon y i e l d l i e s near the middle range or 
lower l i m i t of the e x p e r i m e n t a l f l u o r e s c e n c e photon y i e l d then 
o t h e r n o n - r a d i a t i v e decay processes must occur which r e s u l t i n 
onl y a s m a l l f r a c t i o n of the absorbed pump l a s e r photons g i v i n g 
r i s e to p o p u l a t i o n of the e m i t t i n g s t a t e . As shown 
s c h e m a t i c a l l y i n F i g u r e 3 one such n o n - r a d i a t i v e process may be 
d i s s o c i a t i o n of PuF6 i n t o the r a d i c a l s PuF5 and F atom. 

A f u r t h e r consequence of a s s i g n i n g the e m i t t i n g s t a t e as 
the 4550 cm" 1 s t a t e i s t h a t t h i s s t a t e then must be assumed to 
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Quantum Yield: 10 
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F i g u r e 3. Energy diagram f o r 1064 nm e x c i t a t i o n of PuFg(g). 
The 5f e l e c t r o n s t a t e s o f PuF^ a r e shown a t the l e f t . The 
s o l i d arrows i n d i c a t e photon a b s o r p t i o n o r e m i s s i o n p r o c e s 
ses. The wavy arrows i n d i c a t e n o n r a d i a t i v e p r o c e s s e s by 
which e x c i t e d s t a t e s of PuFg a r e l o s t . Comparison of observed 
f l u o r e s c e n c e photon y i e l d s v e r s u s the f l u o r e s c e n c e quantum 
y i e l d expected f o r the 4550 cm" 1 s t a t e i n d i c a t e t h a t the PuF^ 
s t a t e i n i t i a l l y p o p u l a t e d f o l l o w i n g 1064 nm e x c i t a t i o n may 
d i s s o c i a t e as shown. 
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undergo e f f i c i e n t n o n - r a d i a t i v e decay i n l i g h t of i t s e v i d e n t l y 
s m a l l f l u o r e s c e n c e quantum y i e l d . I t i s not known whether the 
primar y n o n - r a d i a t i v e decay process i s c o l l i s i o n l e s s c o n v e r s i o n 
of 5f e l e c t r o n i c energy i n t o i n t e r n a l energy or a " u n i m o l e c u l a r " 
r e a c t i o n (32) i n v o l v i n g b i m o l e c u l a r c o l l i s i o n s a c t i v a t i n g 
e x c i t e d PuFg molecules to a d i s s o c i a t i v e s t a t e . I f such a 
" u n i m o l e c u l a r 1 1 r e a c t i o n i s o c c u r r i n g then even 18 t o r r p r e s s u r e 
must be s u f f i c i e n t to reach the h i g h p r e s s u r e l i m i t i n which the 
" u n i m o l e c u l a r " r e a c t i o n becomes p s e u d o - f i r s t o r d e r s i n c e even a t 
18 t o r r the observed f l u o r e s c e n c e decays were s i n g l e 
e x p o n e n t i a l . 

E m i s s i o n Spectrum Assignment - 532 nm E x c i t a t i o n . S i n c e 
the same PuF6(g) f l u o r e s c e n c e e m i s s i o n spectrum i s found u s i n g 
1064 nm or 532 nm e x c i t a t i o n , we b e g i n by assuming t h a t the 
e m i t t i n g s t a t e f o l l o w i n g 532 nm e x c i t a t i o n of PuF6 i s the same 
s t a t e as when PuF6 i s e x c i t e d a t 1064 nm ( i . e . the 4550 cm" 1 

s t a t e ) . The p r i n c i p a l d i f f i c u l t y w i t h t h i s assignment i s the 
f a c t t h a t the observed f l u o r e s c e n c e decay r a t e i s over a f a c t o r 
of 2 f a s t e r when 532 nm r a t h e r than 1064 nm e x c i t a t i o n i s used 
( 1 ) . In a d d i t i o n the observed f l u o r e s c e n c e decay r a t e i s non-
e x p o n e n t i a l and l a s e r - f l u e n c e dependent at 532 nm e x c i t a t i o n . 
F i g u r e 4 shows s c h e m a t i c a l l y some of the r a d i a t i v e and non 
r a d i a t v e processes which may occur when PuF6 i s e x c i t e d at 
532 nm. I f the processes shown i n F i g u r e 4 w i t h a " ? " do o c c u r , 
then the f a s t e r f l u o r e s c e n c e decay r a t e as w e l l as i t s non-
e x p o n e n t i a l c h a r a c t e r and l a s e r - f l u e n c e dependence can be 
understood i n terms of the phot o c h e m i c l mechanism d e s c r i b e d 
below. Since the proposed photochemical mechanism q u a l i t a t i v e l y 
accounts the o b s e r v a t i o n s found u s i n g 532 nm e x c i t a t i o n , we 
t e n t a t i v e l y a s s i g n the f l u o r e s c e n c e e m i s s i o n spectrum observed 
f o l l o w i n g 532 nm e x c i t a t i o n as a r i s i n g from the f i r s t e x c i t e d 
s t a t e of PuF6, the s t a t e around 4550 cm" 1. 

Non-Ra d i a t i v e Decay Channels - 532 nm E x c i t a t i o n . A 
mechanism i n which the e m i t t i n g s t a t e of PuF6 undergoes a 
b i m o l e c u l a r r e a c t i o n w i t h a photodecomposition product would 
account f o r the f l u o r e s c e n c e decay b e h a v i o r found when PuF6(g) 
i s e x c i t e d a t 532 nm. The s i g n i f i c a n t l y i n c r e a s e d net 
photodecomposition observed on s w i t c h i n g from 1064 nm to 532 nm 
e x c i t a t i o n a l s o argues t h a t an a d d i t i o n a l n o n - r a d i a t i v e decay 
channel has been opened when u s i n g the s h o r t e r wavelength 
e x c i t a t i o n . Since f l u o r e s c e n c e i s observed when u s i n g 532 nm 
e x c i t a t i o n , i t i s l i k e l y t h a t the i n i t i a l l y p o p ulated PuF6 s t a t e 
branches to s e v e r a l n o n - r a d i a t i v e decay channels such as 
d i s s o c i a t i o n and c o l l i s i o n l e s s d e g r a d a t i o n of e l e c t r o n i c energy 
i n t o v i b r a t i o n a l and r o t a t i o n a l energy. One or more of these 
channels would l e a d to p o p u l a t i o n of the e m i t t i n g PuF6 s t a t e . 

I f PuFi+(g) i s formed v i a d i s s o c i a t i o n of the PuF6 s t a t | 
i n i t i a l l y p o p u l a t e d , then a b i m o l e c u l a r r e a c t i o n between PuF6 
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and PuF*f(g) t o produce PuFs(g) would account f o r the non-
e x p o n e n t i a l and l a s e r - f l u e n c e dependent f l u o r e s c e n c e i n t e n s i t y 
decay observed. Here PuF6 denotes PuF6(g) i n i t s 4550 cm" 1 

s t a t e . The r e a c t i o n between PuF6(g) i n i t s ground e l e c t r o n i c 
s t a t e and ground s t a t e P u F ^ g ) would be expected to be 
exothermic both i n comparison w i t h the known thermodynamics of 
the c o r r e s p o n d i n g uranium s p e c i e s (22,23) and from the PuF6 
d i s s o c i a t i o n l i m i t s shown i n F i g u r e 1. However such a 
b i m o l e c u l a r r e a c t i o n i n v o l v i n g n o n - r a d i c a l r e a c t a n t s i n t h e i r 
ground e l e c t r o n i c s t a t e s would be expected to have a s i g n i f i c a n t 
a c t i v a t i o n energy. 

The a c t i v a t i o n energy f o r the PuF6(g) + PuFif(g) r e a c t i o n 
would most l i k e l y be a c o n s i d e r a b l e f r a c t i o n of the energy 
r e q u i r e d t o break a Pu-F bond i n PuF6. T h e r e f o r e the r e a c t i o n 
of PuF6(g) + PuFit(g) i n t h e i r ground s t a t e s would be expected to 
proceed r e l a t i v e l y s l o w l y at room temperature. I f the 
e l e c t r o n i c energy of PuF6 i s a v a i l a b l e to overcome t h i s 
a c t i v a t i o n energy b a r r i e r , then the r e a c t i o n of PuF6 + PuFi* 
would become s u f f i c i e n t l y r a p i d to l a r g e l y account f o r the 
l a s e r - f l u e n c e dependent f l u o r e s c e n c e decays we have observed 
f o l l o w i n g 532 nm e x c i t a t o n of PuF6(g). I n the proposed 
mechanism, the measured f l u o r e s c e n c e l i f e t i m e of PuF6 f o l l o w i n g 
532 nm e x c i t a t i o n would be expected to be shortened i n 
comparison w i t h 1064 nm e x c i t a t i o n and to become n o n - e x p o n e n t i a l 
w i t h i n c r e a s i n g l a s e r f l u e n c e due to the i n c r e a s i n g r a p i d 
removal of PuF6 v i a r e a c t i o n w i t h PuFi+(g). D i m e r i z a t i o n of sub-
hexav a l e n t p l u t o n i u m f l u o r i d e s , subsequent f o r m a t i o n of h i g h e r 
aggregates and p o s s i b l y d i s p r o p o r t i o n a t i o n r e a c t i o n s are 
processes which may c o n t r i b u t e t o f o r m a t i o n of the s o l i d 
p hotodecomposition p r o d u c t . 

The proposed pho t o c h e m i c a l r e a c t i o n mechanism shown i n 
F i g u r e 4 accounts f o r the o b s e r v a t i o n s we have r e p o r t e d and i s 
i n accord w i t h p r e s e n t l y a v a i l a b l e thermodynamic and 
s p e c t r o s c o p i c d a t a . However, t h i s mechanism must be regarded as 
s u b j e c t to r e v i s i o n as more i n f o r m a t i o n becomes a v a i l a b l e 
c o n c e r n i n g the p r o p e r t i e s of pl u t o n i u m f l u o r i d e s i n gas and 
s o l i d phases. We have excluded b i m o l e c u l a r energy t r a n s f e r 
r e a c t i o n s such as PuF6(g) + PuF5(g) PuF6(g) + PuFs(g) from 
c o n s i d e r a t i o n as important n o n - r a d i a t i v e decay channels s i n c e 
energy t r a n s f e r between 5f s t a t e s seem u n l i k e l y to be f a c i l e 
d u r i n g the s h o r t time span of a gas phase c o l l i s i o n . 

Research O p p o r t u n i t i e s . The presence of a l o n g - l i v e d 
f l u o r e s c i n g s t a t e f o l l o w i n g e i t h e r 532 nm or 1064 nm e x c i t a t i o n 
of PuFe(g) p r o v i d e s a v a l u a b l e o p p o r t u n i t y t o study the e x t e n t 
to which e l e c t r o n i c energy i n a 5f e l e c t r o n s t a t e i s a v a i l a b l e 
i n p hotochemical and energy t r a n s f e r r e a c t i o n s . Such gas phase 
b i m o l e c u l a r r e a c t i o n s would occur i n a weak i n t e r a c t i o n l i m i t 
governed by van der Waals' f o r c e s . Seen from the p e r s p e c t i v e of 
p o t e n t i a l photochemical s e p a r a t i o n s i n f l u o r i d e v o l a t i l i t y 
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F i g u r e 4. Energy diagram f o r 532 nm e x c i t a t i o n o f PuF^Cg). 
The 5f e l e c t r o n s t a t e s of PuFg are shown a t the l e f t . The 
s o l i d arrows i n d i c a t e photon a b s o r p t i o n o r e m i s s i o n p r o c e s 
ses. The wavy arrows i n d i c a t e n o n r a d i a t i v e p r o c e s s e s by 
which e x c i t e d s t a t e s of PuF^ may be l o s t . The l a s e r - f l u e n c e 
dependent f l u o r e s c e n c e decay found a t t h i s e x c i t a t i o n wave
l e n g t h can be e x p l a i n e d i n terms of a b i m o l e c u l a r r e a c t i o n 
between PuF 6(g) i n i t s 4550 cm" 1 s t a t e and PuF^(g) t o form 
PuF^Cg). I t i s assumed t h a t PuF^(g) i s formed v i a d i s s o c i a 
t i o n o f the i n i t i a l l y p o p u l a t e d PuF s t a t e . 
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processing, for example, the long-lived excited electronic 
states found in both NpF6(g) and PuF6(g) may pose significant 
problems· 

Conclusions 

Laser-induced fluorescence has proven to be the key to 
these pioneering studies of transuranic hexafluoride electronic 
state photophysics and photochemistry. This is a research area 
of unique opportunity in which fundamental and technical 
research interests strongly converge. 

As we have noted many of the properties of PuF6 and NpF6 
are poorly understood and should be the subject of further 
fundamental investigation. Little is known concerning the gas 
phase reaction rates and mechanisms of mixtures containing 
transuranic hexafluorides. The thermodynamic dissociation 
limits of PuF6(g) are not well-established which is only in part 
due to the present lack of a synthesis for PuFs. There is no 
thermodynamic information concerning NpF6. While NpF6(g) and 
PuFe(g) have been the subject of several spectroscopic 
investigations, our work again points up the lack of proven 
electronic state assignments and the difficulty in making such 
assignments posed by the predominantly vibronic nature of their 
5f transitions. 

Given the powerful techniques that can now be brought to 
bear on these problems, we stand on the threshold of a new era 
and confidently look forward to achieving a systematic and 
predictive understanding of the electronic state properties of 
all the actinide hexafluorides. 
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12 
Measurement and Interpretation of Plutonium 
Spectra 

J. BLAISE 
Laboratoire Aimé Cotton, Centre de la Recherche Scientifique, 
Bat. 505, 91405 Orsay Cedex, France 

M. S. FRED, W. T. CARNALL, H. M. CROSSWHITE, and 
H. CROSSWHITE 
Argonne National Laboratory, Chemistry Division, Argonne, IL 60439 

The atomic spectroscopic data available for 
plutonium are among the richest of any in the 
periodic system. They include high-resolution 
grating and Fourier-transform spectra as well as 
extensive Zeeman and isotope-shift studies. We 
summarize the present status of the term 
analysis and cite the configurations that have 
been identified. A least-squares adjustment of 
a parametric Hamiltonian for configurations of 
both Pu I and Pu II has shown that almost all of 
the expected low levels are now known. The use 
of a model Hamiltonian applicable to both 
lanthanide and actinide atomic species has been 
applied to the low configurations of Pu I 
and Pu II making use of trends predicted by 
ab initio calculations. This same model has 
been used to describe the energy levels of Pu 3 + 

in LaCl 3 , and an extension has permitted 
preliminary calculations of the spectra of other 
valence states. 

In the f i f t e e n years s i n c e p u b l i c a t i o n of an e a r l i e r 
s t a t u s r e p o r t on the atomic s p e c t r a of plut o n i u m and ot h e r 
a c t i n i d e elements CO t h e r e has been steady p r o g r e s s , 
e s p e c i a l l y i n the p a r a m e t r i c i n t e r p r e t a t i o n of the energy 
l e v e l s . The analogy t o l a n t h a n i d e e l e c t r o n i c s t r u c t u r e has 
been more f i r m l y e s t a b l i s h e d , the r e l a t i o n s h i p s among a l l the 
elements of the a c t i n i d e s e r i e s have been c l a r i f i e d , and a 
d e t a i l e d t h e o r y of the l a n t h a n i d e / a c t i n i d e c r y s t a l s p e c t r a has 
been developed. The most t h o r o u g h l y advanced of the a c t i n i d e 
atomic s p e c t r o s c o p i c s t u d i e s are pro b a b l y those f o r p l u t o n i u m , 
so i t i s p a r t i c u l a r l y a p p r o p r i a t e t h a t i n t h i s 40th a n n i v e r s a r y 
year we l o o k a g a i n at where we s t a n d . Because of the c l o s e 
r e l a t i o n s h i p between i o n i c energy l e v e l s i n the f r e e s t a t e and 

0097-6156/83/0216-0173$07.50/0 
© 1983 American Chemical Society 
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i n c r y s t a l l i n e environments, the c u r r e n t s t a t u s of both 
e x p e r i m e n t a l approaches i s p r e s e n t e d , a l o n g w i t h a b r i e f 
summary of the g e n e r a l i z e d p a r a m e t r i c t h e o r y . A more thorough 
d i s c u s s i o n of the r e s u l t s of the term a n a l y s i s f o r n e u t r a l 
p l u t o n i u m (Pu I ) w i l l be g i v e n elsewhere (2) ; a complete 
l i s t i n g of spectrum l i n e s and energy l e v e l s f o r Pu I and Pu I I 
w i l l be made a v a i l a b l e as an Argonne N a t i o n a l L a b o r a t o r y Report 
(_3). A b b r e v i a t e d l i n e l i s t s were r e c e n t l y p u b l i s h e d by Conway 
and coworkers (_4_), and some independent work has a l s o been 
r e p o r t e d by S t r i g a n o v ( 5 ) . Less p r o g r e s s has been made i n 
i n t e r p r e t i n g the s p e c t r a of the h i g h e r v a l e n c e s t a t e s of 
plu t o n i u m i n condensed phases. The summary of s t u d i e s 
p u b l i s h e d up to ~1970 (6) i s s t i l l a r e l e v a n t d e s c r i p t i o n of 
the s t a t u s of t h i s work. 

F r e e - I o n S p e c t r a 

The spectrum of Pu was f i r s t photographed i n 1943 by 
R o l l e f s o n and Dodgen ( 7 ) , who measured the wavelengths (and 
i n t e n s i t i e s ) of about 125 l i n e s . However, the f i r s t energy 
l e v e l a n a l y s i s d i d not come u n t i l 1959, when M c N a l l y and 
G r i f f i n (8), u s i n g a l o w - c u r r e n t dc a r c loaded w i t h 2 3 9 P u i n a 
magnetic f i e l d of 2.447 t e s l a s , found 7 out of the 13 l e v e l s of 
the ground terms 5 f 6 7 s 8 F and 6 F i n Pu I I and a l s o r e p o r t e d 84 
h i g h odd l e v e l s . (Only 73 of these l e v e l s have been 
confirmed)· 

The ground m u l t i p l e t of Pu I was subse q u e n t l y e s t a b l i s h e d 
by Bovey and Gerstenkorn ( 9 ) . Combining H a r w e l l Zeeman s p e c t r a 
(from an e l e c t r o d e l e s s d i s c h a r g e tube c o n t a i n i n g 2 3 9 P u i n a 
magnetic f i e l d of 3 t e s l a s ( 1 0 ) , w i t h the h y p e r f i n e s t r u c t u r e 
and i s o t o p e s h i f t measurements made at L a b o r a t o i r e Aimé Cotton 
(LAC) from a h o l l o w cathode w i t h a p h o t o e l e c t r i c F a b r y - P e r o t 
i n t e r f e r o m e t e r , these authors found the lowest f i v e l e v e l s of 
5 f 6 7 s 2 7 F , as w e l l as 25 upper odd l e v e l s (9^, 11). Be g i n n i n g 
i n 1961, the a n a l y s i s of the pl u t o n i u m s p e c t r a became a j o i n t 
p r o j e c t c a r r i e d out by s p e c t r o s c o p i s t s from t h r e e 
l a b o r a t o r i e s : Argonne N a t i o n a l L a b o r a t o r y (ANL), Lawrence 
Livermore N a t i o n a l L a b o r a t o r y (LLNL) and LAC. In the e a r l y 
stages of the terra a n a l y s i s , when separated i s o t o p e s became 
a v a i l a b l e i n s u f f i c i e n t q u a n t i t y f o r s p e c t r o s c o p i c use, s p e c i a l 
e l e c t r o d e l e s s tubes were prepared f o r p a r t i c u l a r e x p e r i m e n t s . 
One, prepared by E. Worden of LLNL, c o n t a i n e d 88% 2 i + 0 P u f o r use 
w i t h the ANL 30-foot Paschen-Runge s p e c t r o g r a p h and the 2.4 
t e s l a magnet. The thousands of Zeeman p a t t e r n s (an example i s 
shown i n F i g . 1 ) , o b t a i n e d w i t h t h i s tube were e s s e n t i a l f o r 
f u r t h e r p r o g r e s s i n the a n a l y s i s . The s m a l l r e s i d u a l amount of 
23 9p u a i s o p e r m i t t e d i s o t o p e - s h i f t measurements to supplement 
the more a c c u r a t e i n t e r f e r o m e t r i c measurements of Ge r s t e n k o r n 
( 11 ) and S t r i g a n o v and K o r o s t y l e v a (12, 13, 14). Subsequent 
spectrograms taken w i t h tubes prepared by F. S. Tomkins at ANL 
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F i g u r e 1. 
Zeeman p a t t e r n f o r Pu I at 8534 A photographed at 2.4 
t e s l a s . 
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w i t h m i x t u r e s of 2 3 9 P u and even i s o t o p e s 238-244 (as they 
became a v a i l a b l e as s e p a r a t e d s p e c i e s ) were measured by 
Gers t e n k o r n at LAC. In 1970 the s p e c t r a of 2 i + 0 P u and of a 
m i x t u r e of the 240, 242, and 244 i s o t o p e s were recorded by 
F o u r i e r - t r a n s f o r m s p e c t r o s c o p y at LAC up to 3.59 pm. A p o r t i o n 
of one of these r e c o r d i n g s i s shown i n F i g . 2. The h i g h e r 
r e s o l u t i o n made a v a i l a b l e by these experiments and the 
c o n n e c t i o n s between low l e v e l s made p o s s i b l e by t h i s e x t e n s i o n 
i n t o the i n f r a r e d g r e a t l y advanced the a n a l y s i s . 

For e a s i e r r e f e r e n c e to e a r l i e r work the s h i f t f o r (239-
240) was adopted as the r e f e r e n c e f o r t a b u l a t i o n and where 
nec e s s a r y d e r i v e d from the (240-244) i s o t o p e s h i f t by d i v i d i n g 
the l a t t e r by 2.531, a co n s t a n t f a c t o r determined by B l a i s e 
et a l . ( 15). Over 9500 i s o t o p e s h i f t s have now been measured, 
50% of them i n the i n f r a r e d . 

The number of energy l e v e l s found to d a t e , w i t h the a i d of 
the Zeeman e f f e c t and the i s o t o p e s h i f t d a t a , i s 605 even and 
586 odd l e v e l s f o r Pu I and 252 even and 746 odd f o r Pu I I . 
The quantum number J has been determined f o r a l l these l e v e l s , 
the Lande g - f a c t o r f o r most of them, and the i s o t o p e s h i f t f o r 
almost a l l of the Pu I l e v e l s and f o r h a l f of those of Pu I I . 
Over 31000 l i n e s have been observed of which 52% have been 
c l a s s i f i e d as t r a n s i t i o n s between p a i r s of the above l e v e l s . 
These r e p r e s e n t 23 d i s t i n c t e l e c t r o n c o n f i g u r a t i o n s . 

The main problems i n these v e r y complex s p e c t r a are (1) t o 
f i n d the l e v e l s , and (2) to a s s i g n the l e v e l s to the proper 
c o n f i g u r a t i o n . In the absence of c o n f i g u r a t i o n i n t e r a c t i o n one 
can e s t i m a t e the i s o t o p e s h i f t f o r v a r i o u s c o n f i g u r a t i o n s , 
t a k i n g i n t o account the s c r e e n i n g of the 7s e l e c t r o n charge 
d e n s i t y at the nucleus by the 5 f , 6d, and 7p e l e c t r o n s ( 1 6 ) . 
Comparison of these e s t i m a t e s w i t h e x p e r i m e n t a l o b s e r v a t i o n s i s 
an important f i r s t step i n i d e n t i f y i n g n u m e r i c a l energy l e v e l s 
w i t h t h e i r quantum mechanical c o u n t e r p a r t s . Computations of 
the c e n t r a l e l e c t r o n d e n s i t y , [4πψ 2(0)] have been r e p o r t e d 
u s i n g both the n o n - r e l a t i v i s t i c (17) and r e l a t i v i s t i c ( 18) 
Hartr e e - F o c k p r o c e d u r e s . When the i s o t o p e s h i f t c h a r a c t e r i s t i c 
of the l i n e s b e l o n g i n g to a p a r t i c u l a r c o n f i g u r a t i o n i s p l o t t e d 
a g a i n s t the r e l a t i v i s t i c v a l u e f o r 4πψ 2(0), the r e s u l t i n g 
r e l a t i o n s h i p i s seen to be a l i n e a r f u n c t i o n , F i g . 3 ( 1 8 ) . 

Thus f a r , we have i d e n t i f i e d l e v e l s b e l o n g i n g to 14 
d i f f e r e n t c o n f i g u r a t i o n s of Pu I and to 9 c o n f i g u r a t i o n s i n 
Pu I I . The lowest l e v e l s of these c o n f i g u r a t i o n s are g i v e n i n 
Table I along w i t h Lande g - f a c t o r s and the e x p e r i m e n t a l i s o t o p e 
s h i f t s . The l a t t e r v a l u e s are averages and have changed i n 
magnitude somewhat as more e x p e r i m e n t a l d a t a has been 
a n a l y z e d . This can be seen by comparison of v a l u e s i n Table I 
w i t h e a r l i e r t a b u l a t i o n s such as shown i n F i g . 7 of 
r e f e r e n c e 1. S e v e r a l l e v e l s showing anomalous i s o t o p e s h i f t s 
are p e r t u r b e d by nearby l e v e l s w i t h the same J but which 
however belong to another c o n f i g u r a t i o n . For a more d e t a i l e d 
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— I — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — j — ι — ι — ι — ι — j — ι — ι — ι — ι — ι — ι — ι — Γ 

8 0 2 8 8 0 2 9 8 0 3 0 8031 8 0 3 2 8 0 3 3 

σ (cm"1) 
F i g u r e 2. 
Sp e c t r a of a mixt u r e of y > z ^ P u i s o t o p e s recorded 
by F o u r i e r - t r a n s f o r m s p e c t r o s c o p y . 
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9001 

7537900 7538000 7538100 7538200 7538300 7538400 

F i g u r e 3. 
Isotope s h i f t f o r v a r i o u s c o n f i g u r a t i o n s i n Pu I p l o t t e d 
as a f u n c t i o n of the c e n t r a l e l e c t r o n d e n s i t y , 4πψ 2(0). 
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d i s c u s s i o n of the dependence of i s o t o p e s h i f t s on the e l e c t r o n 
c o n f i g u r a t i o n occupancy, see Reference ( 1 8 ) . A c c o r d i n g to the 
s y s t e m a t i c r e l a t i o n s h i p s developed by Brewer ( 1 9 ) , the s t i l l -
m i s s i n g f 5 d 3 c o n f i g u r a t i o n i n Pu 0 I should b e g i n around 27000 ± 
5000 cm" 1, and the l e v e l 5 f 7 ( 8 S 7 / 2 of Pu I I i s p r e d i c t e d to 
occur at 14000 ± 8000 cm" 1. 

A f u r t h e r check on the c o n f i g u r a t i o n assignments made to 
date can be o b t a i n e d by s y s t e m a t i c a l l y comparing those g i v e n i n 
Table I f o r the lowest l e v e l s w i t h analogous ones f o r o t h e r 
elements, as i n F i g s . 4 and 5 f o r a l l the known a c t i n i d e 
c o n f i g u r a t i o n s . To b e t t e r see the t r e n d s a c r o s s the s e r i e s f o r 
g i v e n c o n f i g u r a t i o n types we have changed the energy r e f e r e n c e 
from the e x p e r i m e n t a l zero (ground s t a t e ) t o the lowest l e v e l 
of a p a r t i c u l a r c o n f i g u r a t i o n t y p e . In the l e f t h a l f of 
F i g . 4, we have chosen 5 f N 7 s 2 as the r e f e r e n c e . C o n f i g u r a t i o n s 
w i t h two v a l e n c e e l e c t r o n s then tend to show a f l a t t e r , l e s s 
i r r e g u l a r d i s p l a y than i f r e f e r e n c e d a g a i n s t a ground s t a t e 
w i t h v a r i a b l e c o n f i g u r a t i o n t y p e . C o n f i g u r a t i o n s w i t h t h r e e or 
f o u r v a l e n c e e l e c t r o n s show a s t e e p , but a l s o more r e g u l a r , 
r i s e as the f - s h e l l c o l l a p s e p r o g r e s s e s . In the a l t e r n a t e 
d i s p l a y on the r i g h t , 5 f ^ " 1 6 d 7 s 2 lowest l e v e l s were taken as 
the r e f e r e n c e . T r i v a l e n t c o n f i g u r a t i o n s are now r e l a t i v e l y 
f l a t , w i t h the former r e f e r e n c e 5 f ^ 7 s 2 c o n f i g u r a t i o n s showing a 
steep f a l l and 5 f N " 2 6 d 2 7 s 2 a l e s s steep r i s e . Not a l l 
c o n f i g u r a t i o n types are p l o t t e d i n both diagrams. S i m i l a r 
d i s p l a y s of Pu I I lowest l e v e l s are p l o t t e d i n F i g . 5, w i t h 
5 f N 7 s and 5 f ^ " 1 7 s 2 being chosen f o r a l t e r n a t i v e r e f e r e n c e s . 
A l l the assignments g i v e n i n Table I are c o n s i s t e n t w i t h these 
diagrams· 

The f i r s t and second s p e c t r a of p l u t o n i u m are p r o b a b l y the 
most t h o r o u g h l y s t u d i e d of any i n the p e r i o d i c t a b l e i n s o f a r as 
e x p e r i m e n t a l d e s c r i p t i o n of the observed s p e c t r a and the term 
a n a l y s i s i s concerned, but a d e t a i l e d quantum mechanical 
treatment has been handicapped by t h e i r g r e a t c o m p l e x i t y . 
F o r t u n a t e l y , the lowest odd and lowest even c o n f i g u r a t i o n s f o r 
both Pu I and Pu I I are r e l a t i v e l y s i m p l e , and p a r a m e t r i c 
s t u d i e s of the lowest l e v e l s of the 5 f 6 7 s 2 , 5 f 5 6 d 7 s 2 and 
5 f 6 7 s 8 s c o n f i g u r a t i o n s i n Pu I (20, 21) and 5 f 6 7 s i n Pu I I (21) 
were performed at an e a r l y s t a g e . A " g e n e r a l i z e d " p a r a m e t r i c 
study (22) of the 5 f N 7 s 2 and 5f^7s c o n f i g u r a t i o n s i n the f i r s t 
and second s p e c t r a of the a c t i n i d e s has shown a smooth 
v a r i a t i o n of a l l the u s u a l parameters of the core 5 f N . The 
o n l y m i s s i n g l e v e l below 20000 cm" 1 i n 5 f 6 7 s 2 of Pu I has now 
been found, 107 cm" 1 lower than p r e d i c t e d . 

Some r a t h e r h e a v i l y - t r u n c a t e d v e r s i o n s of the more complex 
c o n f i g u r a t i o n s have been used at ANL to a s s i s t i n l e v e l 
i d e n t i f i c a t i o n s . A summary of the f i t t e d p a r a m e t r i c r e s u l t s 
f o r the lowest c o n f i g u r a t i o n s of Pu I and Pu I I i s g i v e n i n 
Table I I . In some cases c o n f i g u r a t i o n m i x i n g has been 
i n c l u d e d . The numbers en c l o s e d i n parentheses f o l l o w i n g the 
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AnIfN"'d 

f 7 7ds 2 _ 

f 3d7s8p_ f % 7 f f l s „ - ^ - * = " - — 5 f N " ' 6 d 7 s 8 s 

f 3 7 s 8 s — / 
/ * 5f N - '6d 2 7p 

, 3 S 2 _ fffi. ft2-/fV- f 7 S 2 - f V - f f V - f '°S 2 - f " s 2 - ^ S f ^ S 2 θ| 
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f 2 ds* '» 
Ac Th Pd U Np Pu Am Cm Bk Cf Es Fm Ac Th Po U Np Pu Cm 8k ; Cf Es 

f V f ° s 2 

F i g u r e 4. 
Syst e m a t i c v a r i a t i o n of the lowest-energy l e v e l s i n a 
g i v e n c o n f i g u r a t i o n f o r An I p l o t t e d as a f u n c t i o n of N, 
where Ν = Ζ - 88. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

01
2

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



182 PLUTONIUM CHEMISTRY 

( lO^m- ' l 

4 0 

An H f Ν 

f 4 d 2 s -

f 5 d p -

f 5 s p -

2 5 h ^ 

O h » s - f 2 s ~ 

An llf 
N-l 

(I0 3cn 

A 2 - A t f 7 s ~ f 8 s - / f 9 s - f I O s - f " s - - ^ 5 f N 7 s 

J I I I L J 1 I I I L 
I 2 3 4 5 6 7 8 9 10 II 12 

Ac Th Ρα U Np Pu Am Cm Bk Cf Es Fm 

-10 

f 8 sp 
f 7 s £ ^ ^ — 5 f N " ' 7 s 7 p 

- v - - 5 f N , 6 d 7 s — / ^ 

J L _ L _ J I I 1 I I L 
I 2 3 4 5 6 7 8 9 10 II Ν 

Ac Th Pa U Np Pu Am Cm Bk Cf Es 

F i g u r e 5. 
Syst e m a t i c v a r i a t i o n of the lowest-energy l e v e l s i n a 
g i v e n c o n f i g u r a t i o n f o r An I I p l o t t e d as a f u n c t i o n of N, 
where Ν = Ζ - 88. 
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t a b u l a t e d v a l u e s r e p r e s e n t the s t a t i s t i c a l e r r o r s a s s o c i a t e d 
w i t h t h a t p a r t i c u l a r parameter v a l u e . A number e n c l o s e d by 
square b r a c k e t s i s one f o r which t h a t parameter was h e l d f i x e d 
d u r i n g the l e a s t - s q u a r e s f i t t i n g p rocedure. C a l c u l a t i o n s such 
as these have been i n v a l u a b l e i n d e f i n i n g the quantum-
e l e c t r o n i c n a t u r e of the e m p i r i c a l l e v e l s ; the d e r i v e d 
e i g e n v e c t o r s are used to compute g-values and i s o t o p e s h i f t s 
f o r d i r e c t comparison w i t h e x p e r i m e n t a l measurements as w e l l as 
f o r more i n d i r e c t a n a l y s e s of h y p e r f i n e s t r u c t u r e parameters 
( 2 3 ) . Because of the s t a b i l i t y of the f - o r b i t a l s i t i s 
p o s s i b l e t o draw a s t r o n g p a r a l l e l among t h e i r atomic 
parameters and analogous parameters from s t u d i e s of o t h e r 
a c t i n i d e and l a n t h a n i d e c a s e s . In f a c t , H a r t r e e - F o c k 
c a l c u l a t i o n s of the a s s o c i a t e d r a d i a l i n t e g r a l s shown i n Tables 
I I I A and Β f o r some cases of i n t e r e s t h e r e , t o g e t h e r w i t h 
a p p r o p r i a t e s y s t e m a t i c c o r r e c t i o n s deduced from e m p i r i c a l 
s t u d i e s , can be used as the b a s i s of a p a r a m e t r i c model which 
embraces a l l of the a c t i n i d e and l a n t h a n i d e s p e c t r a so f a r 
s u b j e c t e d to d e t a i l e d s t u d y . These c o r r e c t i o n s take two 
forms: (1) a n u m e r i c a l c o r r e c t i o n to the H a r t r e e - F o c k 
e s t i m a t e s , p a r t i a l l y a c c o u n t i n g f o r the masking of parameters 
which i s one consequence of the breakdown of the s i n g l e -
c o n f i g u r a t i o n a p p r o x i m a t i o n and (2) i n t r o d u c t i o n of a d d i t i o n a l 
( e f f e c t i v e ) H a m i l t o n i a n o p e r a t o r s which have no meaning i n a 
s i n g l e - c o n f i g u r a t i o n a p p r o x i m a t i o n but which to a l a r g e e x t e n t 
mimic the e f f e c t s of i n t e r a c t i o n s w i t h o t h e r c o n f i g u r a t i o n s 
w i t h o u t i n c r e a s i n g the s i z e s of the m a t r i c e s i n v o l v e d . Because 
these c o r r e c t i o n s to the H a r t r e e - F o c k e s t i m a t e s , and the 
e m p i r i c a l parameters a s s o c i a t e d w i t h e f f e c t i v e o p e r a t o r s , are 
n e a r l y independent of the p a r t i c u l a r i o n under s t u d y , i t i s 
p o s s i b l e to make r e a s o n a b l y a c c u r a t e e s t i m a t e s of p l u t o n i u m 
parameters i n advance of the d e t a i l e d a n a l y s i s . Indeed, as 
n e a r l y as we have been a b l e to determine, none of the 
e f f e c t i v e - o p e r a t o r parameters are s i g n i f i c a n t l y d i f f e r e n t i n 
analogous c r y s t a l / f r e e - i o n comparisons. As a consequence, we 
have used the g e n e r a l p a r a m e t r i c model to g i v e e s t i m a t e s where 
e m p i r i c a l data are i n s u f f i c i e n t , i n attempts to i n t e r p r e t both 
c r y s t a l and f r e e - i o n c a s e s . In s p i t e of the c o m p l i c a t i o n s 
brought about by the e f f e c t s of the c r y s t a l - f i e l d i n t e r a c t i o n , 
the f a c t t h a t i n c r y s t a l s p e c t r a o n l y t r a n s i t i o n s between 
l e v e l s of 5 f N i t s e l f are encountered at low e n e r g i e s has l e d to 
a g r e a t s i m p l i f i c a t i o n of the problems of i d e n t i f i c a t i o n and 
i n t e r p r e t a t i o n . The condensed-phase s p e c t r a of p l u t o n i u m i n 
the t e t r a v a l e n t , ( I V ) , through ( V I I ) o x i d a t i o n s t a t e s are 
known, but t h e o r e t i c a l i n t e p r e t a t i o n of the observed 
t r a n s i t i o n s i s not as h i g h l y developed as t h a t c h a r a c t e r i s t i c 
of P u 3 + . However, s e v e r a l g e n e r a l statements r e g a r d i n g the 
e l e c t r o n i c s t r u c t u r e of Pu i n condensed phase can be made as a 
r e s u l t of r e c e n t work. The subsequent d i s c u s s i o n , t h e r e f o r e , 
r e p r e s e n t s a c o n t i n u a t i o n of t h a t of Pu I and Pu I I s p e c t r a , 
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Table I I I ( A ) . HFR a V a l u e s f o r 5 f N Cores of Pu C o n f i g u r a t i o n s . 
Spectrum C o n f i g u r a t i o n F 2 F 4 F 6 

ζ M° 

I 5f 7s 71461 46094 33638 2230 0.75 
5 f 5 6 d 7 s 2 76279 49543 36268 2422 0.84 
5 f 6 6 d 7 s 70790 45619 33280 2215 0.74 

I I 5 f 6 7 s 71900 46400 33867 2239 0.76 
5f 7s 77274 50260 36815 2249 0.86 
5 f 5 6 d 7 s 76452 49664 36360 2426 0.85 
5 f 6 6 d 70980 45747 33374 2217 0.74 

I I I 5 f 6 72563 46868 34220 2255 0.77 
5 f 5 6 d 76820 49926 36558 2436 0.85 

IV 5 f 5 78223 50942 37335 2479 0.88 

V 5 f 4 82908 54356 39965 2679 0.98 

V I 5 f 3 86982 57347 42285 2914 1.09 

V I I 5 f 2 90625 60037 44381 3130 1.19 

Computed u s i n g H a r t r e e - F o c k methods and i n c l u d i n g an approximate 
r e l a t i v i s t i c c o r r e c t i o n ( 2 4 ) . 

Table I I I ( B ) . HFR a V a l u e s f o r I n e q u i v a l e n t - E l e c t r o n I n t e r a c t i o n s 

Parameter 
Pu I 
5 2 5f 6d7s 

Pu I 
5 f 6 6 d 7 s 

Pu I I 
5 f 5 6 d 7 s 

Pu I I 
5 f 6 6 d 

Pu I I I 
5 f 5 6 d 

£d 1695 985 1976 1418 2255 
F 2 ( f d ) d 24469 17687 27225 22959 29649 
F 4 ( f d ) 12649 8871 14292 11913 15773 
G X ( f d ) 14187 11109 15918 14713 17378 
G 3 ( f d ) 10326 7588 11701 10257 12918 

G 3 ( f s ) 2995 3696 

G 2 ( d s ) 19822 21708 

"Computed u s i n g H a r t r e e - F o c k methods and i n c l u d i n g an approximate 
r e l a t i v i s t i c c o r r e c t i o n ( 2 4 ) . 
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b e g i n n i n g w i t h c o n s i d e r a t i o n of d i v a l e n t p l u t o n i u m , and 
a d d r e s s i n g the condensed-phase s p e c t r a at i n c r e a s i n g stages of 
i o n i z a t i o n . 

C r y s t a l S p e c t r a 

In what f o l l o w s we b r i e f l y r e v i e w some of the p r e v i o u s 
attempts to a n a l y z e the a v a i l a b l e s p e c t r a of p l u t o n i u m (6_) · In 
a d d i t i o n , we e s t i m a t e energy l e v e l parameters t h a t i d e n t i f y at 
l e a s t the g r o s s f e a t u r e s c h a r a c t e r i s t i c of the s p e c t r a of 
p l u t o n i u m i n v a r i o u s v a l e n c e s t a t e s i n the lower energy range 
where i n most c a s e s , s e v e r a l i s o l a t e d a b s o r p t i o n bands can be 
d i s c e r n e d . The method used was based on our i n t e r p r e t a t i o n of 
t r i v a l e n t a c t i n i d e and l a n t h a n i d e s p e c t r a , and the g e n e r a l i z e d 
model r e f e r r e d to e a r l i e r i n the d i s c u s s i o n of f r e e - i o n 
s p e c t r a . 

As was the case w i t h l a n t h a n i d e c r y s t a l s p e c t r a ( 2 5 ) , we 
found t h a t a s y s t e m a t i c a n a l y s i s c o u l d be developed by 
examining d i f f e r e n c e s , ΔΡ, between e x p e r i m e n t a l l y - e s t a b l i s h e d 
a c t i n i d e parameter v a l u e s and those computed u s i n g H a r t r e e - F o c k 
methods w i t h the i n c l u s i o n of r e l a t i v i s t i c c o r r e c t i o n s ( 2 4 ) , as 
i l l u s t r a t e d i n Table IV f o r A n 3 + . C r y s t a l - f i e l d e f f e c t s were 
approximated based on s e l e c t e d p u b l i s h e d r e s u l t s . By forming 
t a b u l a t i o n s s i m i l a r to Table IV f o r 2 + , 4 +, 5 + and 6 + s p e c t r a , 
to the e x t e n t t h a t any e x p e r i m e n t a l d a t a were a v a i l a b l e to t e s t 
the p r e d i c t i o n s , we found t h a t the ΔΡ-values f o r P u 3 + p r o v i d e d 
a good s t a r t i n g p o i n t f o r a p p r o x i m a t i n g the s t r u c t u r e of 
p l u t o n i u m s p e c t r a i n o t h e r v a l e n c e s t a t e s . However, 
adjustments were r e q u i r e d f o r each i n d i v i d u a l o x i d a t i o n s t a t e . 

In a d d i t i o n to t r a n s i t i o n s w i t h i n the 5 f ^ c o n f i g u r a t i o n 
which c h a r a c t e r i z e the lower energy s t a t e s i n the f o l l o w i n g 
d i s c u s s i o n , the energy of onset of f+d t r a n s i t i o n s i s an 
i m portant v a r i a b l e which s t r o n g l y i n f l u e n c e s the nature of the 
s p e c t r a . For example, i n t e n s e a b s o r p t i o n bands c h a r a c t e r i s t i c 
of f-κΐ t r a n s i t i o n s i n the u l t r a v i o l e t range of the P u 3 + ( a q u o ) 
spectrum, F i g . 6, c o m p l e t e l y mask the presence of weaker f * f 
t r a n s i t i o n s . The f i r s t f+d t r a n s i t i o n i s s h i f t e d toward h i g h e r 
e n e r g i e s w i t h i n c r e a s i n g v a l e n c y , and w i t h i n c r e a s i n g atomic 
number w i t h i n a s i n g l e o x i d a t i o n s t a t e . 

P r e d i c t i o n of the energy l e v e l s t r u c t u r e f o r P u 2 + ( 5 f 6 ) i s 
of p a r t i c u l a r i n t e r e s t s i n c e no s p e c t r a f o r t h i s v a l e n c e s t a t e 
of Pu have been r e p o r t e d . On the b a s i s of what i s known of the 
s p e c t r a of Am 2 + ( 2 6 ) , C f 2 + ( 2 7 ) , and E s 2 + ( 2 8 ) , t h e r e appears 
to be evidence f o r a v e r y s m a l l c r y s t a l - f i e l d s p l i t t i n g of the 
f r e e - i o n l e v e l s . Such evidence encourages use of a f r e e - i o n 
c a l c u l a t i o n i n t h i s p a r t i c u l a r case. The parameter v a l u e s 
s e l e c t e d are i n d i c a t e d i n Table V. Based on the s y s t e m a t i c s 
g i v e n by Brewer ( 1 9 ) , the f i r s t f-xi t r a n s i t i o n should occur 
near 11000 cm" 1, so the f * f t r a n s i t i o n s at h i g h e r e n e r g i e s 
would be expected to be a t l e a s t p a r t i a l l y obscured. A 
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Table IV. Comparison of Energy L e v e l Parameters Computed U s i n g 
H a r t r e e - F o c k Methods and Those E v a l u a t e d from F i t t i n g 
E x p e r i m e n t a l Data f o r A n ^ + ( a l l i n c n f l ) . 

U Np Pu Am 

F 2 ( H F R ) a 71442 74944 78223 81346 
F 2 ( F I T ) b 39715 44907 48670 51800 
ΔΡ 31727 30037 29553 29546 

F 4(HFR) 46370 48733 50942 53044 
F 4 ( F I T ) 33537 36918 39188 41440 
ΔΡ 12833 11815 11754 11604 

F 6(HFR) 33981 35684 37335 38905 
F 6 ( F I T ) 23670 25766 27493 30050 
ΔΡ 10248 9918 9842 8855 

ζ (HFR) 1898 2182 2479 2792 
ζ ( F I T ) 1623 1938 2241 2580 
ΔΡ 275 244 238 212 

Computed u s i n g H a r t r e e - F o c k methods and i n c l u d i n g an approximate 
r e l a t i v i s t i c c o r r e c t i o n ( 2 4 ) . 

Computed by f i t t i n g t o e x p e r i m e n t a l d a t a . 
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Table V. E s t i m a t e d Values of 
ΔΡ = F k ( o r C ) H F R

a - F k ( o r c ) F Y P T

b f o r Pu ( a l l i n cm" 1). 

P u 2 * P u ^ + Pu5+ Pu6+ 

26500 28000 30000 30000 
AF^ 14000 13000 15000 16000 
AF 6 10000 9200 10000 11000 
Δζ 200 350 350 350 

°The v a l u e s of F ( o r c ) H F R are g i v e n i n Table I I I A . 
In each case the f o l l o w i n g a d d i t i o n a l f r e e - i o n parameters were 

i n c l u d e d i n the c a l c u l a t i o n , ( 2 5 ) : α = 35, β = -1000, 
γ = 1200. Τ 2 = 200, Τ 3 = 50, Τ 4 = 100, Τ 6 = -300, Τ 7 = 400, 
Τ 8 350. Ρ 2 = 1200, Ρ1* = 900, Ρ 6 = 600, Μ° = .767, Μ 2 = .423, 
Μ1* = .293, a l l i n cm" 1. 

p r e d i c t e d energy l e v e l scheme i s g i v e n i n F i g . 7. The group of 
bands computed to l i e near 10000 cm" 1 may be u s e f u l i n any 
e f f o r t to c h a r a c t e r i z e compounds i n which t h i s v a l e n c e s t a t e i s 
s t a b i l i z e d . 

The s p e c t r a of Pu 3 +:LaCl3 (29) and i s o s t r u c t u r a l PUCI3 
( 30) have been examined and the e n e r g y - l e v e l a n a l y s i s has been 
r e f i n e d u s i n g e x t e n s i v e c r y s t a l - f i e l d d a t a . Consequently, the 
r e s u l t s i n c l u d e d i n Table IV are w e l l e s t a b l i s h e d . As a l r e a d y 
i n d i c a t e d , they serve as one b a s i s f o r e s t i m a t i n g parameters 
f o r h i g h e r - v a l e n t s p e c i e s . 

Attempts have been made to a n a l y z e the energy l e v e l 
s t r u c t u r e of P u ^ + compounds i n terms of a f r e e - i o n model, b u t , 
w i t h i n c r e a s i n g m e t a l - i o n v a l e n c e the c r y s t a l - f i e l d s p l i t t i n g 
a l s o i n c r e a s e s s i g n i f i c a n t l y . Frequent o v e r l a p i n e n e r g i e s of 
c r y s t a l - f i e l d l e v e l s b e l o n g i n g to s e v e r a l d i f f e r e n t parent 
f r e e - i o n s t a t e s i s p r e d i c t e d . For a r e a l i s t i c c a l c u l a t i o n , the 
c r y s t a l - f i e l d must be d i a g o n i z e d s i m u l t a n e o u s l y w i t h the f r e e -
i o n p a r t s of the i n t e r a c t i o n . In a d d i t i o n , many Pu1*"*" compounds 
e x h i b i t an i n v e r s i o n symmetry at the Pu 1** s i t e . I n such cases 
the spectrum i s dominated by v i b r o n i c t r a n s i t i o n s . The z e r o -
phonon t r a n s i t i o n s are f o r b i d d e n i n the l i m i t of i n v e r s i o n 
symmetry but may appear weakly i f t h e r e i s any s i g n i f i c a n t 
d i s t o r t i o n away from the symmetry. Thus, not o n l y must the 
e f f e c t s of the c r y s t a l - f i e l d i n t e r a c t i o n be t r e a t e d 
s i m u l t a n e o u s l y w i t h the f r e e - i o n i n t e r a c t i o n s , but the a n a l y s i s 
can be e x c e e d i n g l y complex. 

There i s an i n t e r e s t i n g s i m i l a r i t y i n the c h a r a c t e r of the 
s o l u t i o n a b s o r p t i o n s p e c t r a of the i s o e l e c t r o n i c i o n s N p 3 + and 
Pu** + even though the a b s o r p t i o n bands i n P u ^ + are a l l s h i f t e d 
toward h i g h e r e n e r g i e s due to i n c r e a s e s i n both the 
e l e c t r o s t a t i c ( F k ) and s p i n - o r b i t (ζ) parameters, Table V I . We 
have a l s o examined the s p e c t r a of complex a l k a l i - m e t a l : P u ( I V ) 
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U Np Pu Am 

F i g u r e 7. 
P r e d i c t e d f r e e - i o n energy l e v e l s i n the 5 f N - c o n f i g u r a t i o n 
of U 2+ through Am 2 + and the o v e r l a p p i n g range of t h e 
5 f N ^ 5 f N - l d t r a n s i t i o n s . 
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f l u o r i d e s ( 3 1 ) , and f i n d a s t r o n g s i m i l a r i t y i n the e n e r g i e s at 
which many of the a b s o r p t i o n bands are observed compared to 
those f o r P u 4 + ( a q u o ) . Thus, w h i l e the c r y s t a l - f i e l d 
i n t e r a c t i o n of A n 4 + i s l a r g e r than t h a t i n A n 3 + , some of the 
c h a r a c t e r i s t i c s of the l a t t e r s t r u c t u r e s t i l l remain. 

Table V I . E s t i m a t e d Values of Energy L e v e l Parameters 
f o r P a r a m e t r i c Model, i n cm" 1. 

N p 3 + P u ^ Increase 

F2 44900 55000 +22% 
F f 36900 41300 +12% 

25770 30800 +20% 
ζ 1938 2350 +21% 

The e l e c t r o s t a t i c and s p i n - o r b i t parameters f o r Pu+ which 
we have deduced are s i m i l a r to those proposed by Conway some 
years ago ( 3 2 ) . However, i n c l u s i o n of the c r y s t a l - f i e l d 
i n t e r a c t i o n i n the computation of the energy l e v e l s t r u c t u r e , 
which was not done e a r l i e r , s i g n i f i c a n t l y m o d i f i e s p r e v i o u s 
p r e d i c t i o n s . As an a p p r o x i m a t i o n , we have chosen to use the 
c r y s t a l - f i e l d parameters d e r i v e d f o r C S 2 U C I 6 ( 3 3 ) , Table V I I , 
which t o g e t h e r w i t h the f r e e - i o n parameters l e a d to the 
p r e d i c t i o n of a d i s t i n c t group of l e v e l s near 1100 cm" 1. Of 
course a weaker f i e l d would l e a d to c r y s t a l - f i e l d l e v e l s 
i n t e r m e d i a t e between 0 and 1000 cm" 1. S i m i l a r model 
c a l c u l a t i o n s have been i n d i c a t e d i n F i g . 8 f o r Np^ +, Pu**"*" and 
Am1** compared to the s o l u t i o n s p e c t r a of the i o n s . For Am1*"1" 
the r e f e r e n c e i s Am1** i n 15 M NHi+F s o l u t i o n ( 3 4 ) . 

Table V I I . C r y s t a l - F i e l d Parameters f o r 
Hexah a l i d e 5 f ^ A c t i n i d e Ions. 

C s 2 U C l 6 ( 5 f 2 ) a C s U F 6 ( 5 f l ) h N p F 6 ( 5 f l ) c 

B^ 7200 cm 1 22500 cm 1 44550 cm 1 

B|> 1300 cm" 1 3500 cm" 1 8000 cm" 1 

C r y s t a l - f i e l d parameters a r e from Reference 33, c o n s i s t a n t 
w i t h those f o r P a 1 + + : C s 2 Z r C l 6 ( 5 f 1 ) (43). 

^Reference 40. 
c P r e s e n t work. 
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I I II I I! Ill I I I II I I I I 

30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 
cm" 1 χ I0 3 

F i g u r e 8. 
S o l u t i o n a b s o r p t i o n s p e c t r a f o r N p 4 + , P u ^ + , and Am^+ i n 
the range 0-30000 cm" 1 w i t h p r e d i c t e d energy l e v e l 
s t r u c t u r e i n d i c a t e d . 
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I t s h ould be emphasized t h a t whereas the t h e o r e t i c a l 
m o d e l l i n g of A n 3 + s p e c t r a i n the condensed phase has reached a 
h i g h degree of s o p h i s t i c a t i o n , the type of m o d e l l i n g of 
e l e c t r o n i c s t r u c t u r e of the (IV) and h i g h e r - v a l e n t a c t i n i d e s 
d i s c u s s e d here i s r e s t r i c t e d to v e r y b a s i c i n t e r a c t i o n s and i s 
i n an i n i t i a l s t a t e of development. The use of independent 
e x p e r i m e n t a l methods f o r e s t a b l i s h i n g the symmetry c h a r a c t e r of 
observed t r a n s i t i o n s i s e s s e n t i a l to f u r t h e r t h e o r e t i c a l 
i n t e r p r e t a t i o n j u s t as i t was i n the t r i v a l e n t i o n case. 

For v a l e n c e s t a t e s h i g h e r than ( I V ) , two types of Pu 
compounds are known: the s i m p l e and complex h a l i d e s , such as 
PuF6 and CsPuF6, and the p l u t o n y l s p e c i e s , P u02 + or Pu02~H~» 
The oxygenated s p e c i e s are encountered i n aqueous solutions· 
However, d e f i n i t i v e a n a l y s e s of the l a t t e r type s p e c t r a 
i n c l u d i n g t h a t c h a r a c t e r i s t i c of P u ( V I I ) have yet t o be 
proposed. The d i f f i c u l t y i n a n a l y z i n g the s p e c t r a of p l u t o n y l 
compounds ( 3 5 ) , i s not unique; some degree of c o n t r o v e r s y s t i l l 
surrounds the i n t e r p r e t a t i o n of the s p e c t r a of U 0 2 2 + ( 3 6 ) . I n 
the s p i r i t of the present paper, our i n t e r e s t s were to e x p l o r e 
some of the consequences of a p r e d i c t i v e model f o r energy l e v e l 
s t r u c t u r e s . At present such model c a l c u l a t i o n s are best s u i t e d 
f o r the s p e c t r a of the h a l i d e s . 

S p e c t r o s c o p i c a n a l y s i s of P u 5 + and P u 6 + h a l i d e s i s i n i t s 
i n i t i a l s t a g e s . No low-temperature s i n g l e - c r y s t a l s p e c t r a have 
been r e p o r t e d . A 25°C m u l l spectrum of the compound Rb2PuF7 
was d e s c r i b e d e a r l i e r ( 3 7 ) , and i s now supplemented by the 
r e s u l t s f o r CsPuF6 ( 3 1 ) ; PuFç gas-phase s p e c t r a have been 
r e p o r t e d by s e v e r a l d i f f e r e n t groups at ANL (38-39). 

One of the methods of e s t i m a t i n g the energy l e v e l 
parameters f o r P u 5 + i n compounds such as CsPuFc i s to examine 
the magnitude of the f r e e - i o n and c r y s t a l - f i e l d parameters i n 
ot h e r s i m i l a r A n 5 + compounds. Although t h e r e are problems w i t h 
some of the assumptions t h a t have been made i n a n a l y z i n g the 
s p e c t r a of compounds such as C s U F e O f 1 ) (40-41) and CsNpF6(5f 2) 
( 4 2 ) , we t e n t a t i v e l y conclude t h a t the approximate c r y s t a l 
f i e l d parameters f o r CsUF6 r e p r e s e n t a reasonable step i n the 
p r o g r e s s i o n of 5 f * parameters i n d i c a t e d i n Table V I I . The 
a c t u a l c r y s t a l f i e l d i n CsPuF6 may be s m a l l e r than i n CsUF6, 
and c o n s i s t e n t w i t h r e s u l t s r e p o r t e d f o r CsNpFg. I t may a l s o 
be of lower symmetry. We choose here to use what we b e l i e v e to 
be a l i m i t i n g case f o r i l l u s t r a t i o n . 

The assumption of a l a r g e c r y s t a l - f i e l d i n t e r a c t i o n f o r 
P u 5 + s p e c t r a makes i t n e c e s s a r y to conclude t h a t w h i l e c e r t a i n 
a s p e cts of e a r l i e r f r e e - i o n e s t i m a t e s (37) are v a l i d , the 
"assignment" of f r e e - i o n s t a t e s to observed a b s o r p t i o n bands 
was premature. Much of the s t r u c t u r e must be due to c r y s t a l -
f i e l d components of many f r e e - i o n groups t h a t o v e r l a p i n energy 
or to v i b r o n i c s a t e l l i t e s s i m i l a r to those encountered i n 
C S 2 U C I 6 ( 3 3 ) . Thus, w h i l e the present computations would agree 
w i t h e a r l i e r work i n i n t e r p r e t i n g the l e v e l s observed i n 
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RD2P11F7 as w e l l as i n C s P u F 6 i n the range 6000-7000 cm" 1 as 
b e l o n g i n g to a somewhat i s o l a t e d f i r s t e x c i t e d s t a t e , a more 
d e t a i l e d c a l c u l a t i o n i n c l u d i n g the C s U F 6 c r y s t a l - f i e l d g i v e s 
the r e s u l t s shown i n F i g . 9. I t p r e d i c t s an e s s e n t i a l l y 
continuous l e v e l s t r u c t u r e at e n e r g i e s >8800 cm" 1. E x t e n s i v e 
d e t a i l e d a n a l y s i s w i l l be r e q u i r e d b e f o r e f i r m assignments can 
be made. However, i t s h o u l d be somewhat more s t r a i g h t - f o r w a r d 
to u n i q u e l y e s t a b l i s h the c r y s t a l f i e l d s p l i t t i n g of the ground 
s t a t e by o b s e r v a t i o n of f l u o r e s c e n c e from the f i r s t e x c i t e d 
s t a t e (-7000 cm" 1). 

F i n a l l y , the h i g h e s t v a l e n c e s t a t e r e p o r t e d f o r p l u t o n i u m 
i n a non-oxygen-containing compound i s e x e m p l i f i e d i n P u F 6 , 

whose o p t i c a l spectrum has been shown to be e x t r e m e l y complex 
( 3 9 ) . E s t i m a t e d f r e e - i o n , Table V, and l i g a n d - f i e l d parameters 
used i n the present a n a l y s i s are c o n s i s t e n t w i t h those r e p o r t e d 
e a r l i e r ( 4 4 ) , but d i f f e r c o n s i d e r a b l y from the f r e e - i o n 
parameters developed by B o r i n g and Hecht (45) whose v a l u e s f o r 
F4* and F 6 would appear to us to be d i s t o r t e d . The c r y s t a l -
f i e l d parameters c h a r a c t e r i s t i c of N p F 6 , Table V I I , should 
r e p r e s e n t a good b a s i s f o r e s t i m a t i n g the s i m i l a r i n t e r a c t i o n 
i n P u F 6 . Our r e s u l t s are summarized i n F i g . 10. 

Recent o b s e r v a t i o n s of f l u o r e s c e n c e i n N p F 6 and P u F 6 (46) 
are c o n s i s t e n t w i t h the e n e r g y - l e v e l scheme proposed. However, 
comparison of the c a l c u l a t e d l e v e l s t r u c t u r e w i t h h i g h -
r e s o l u t i o n s p e c t r a of P u F 6 (44) c o n f i r m s t h a t much of the 
observed s t r u c t u r e i s v i b r o n i c i n c h a r a c t e r , b u i l t on 
e l e c t r o n i c t r a n s i t i o n s t h a t are f o r b i d d e n by the i n v e r s i o n 
symmetry at the Pu s i t e . 

C o n c l u s i o n 

The i n v e s t i g a t i o n of Pu f r e e - i o n s p e c t r a has reached a 
p o i n t at which f u r t h e r progress i s slow because of the t i m e -
consuming a n a l y s i s r e q u i r e d and incompleteness of the d a t a . In 
one sense the f i r s t phase of t h i s work i s complete and r e s t s on 
the e x i s t i n g e x t e n s i v e e x p e r i m e n t a l data base (_3) · The 
p o s s i b i l i t i e s now e x i s t f o r t a k i n g much h i g h e r r e s o l u t i o n 
s p e c t r a u s i n g F o u r i e r - t r a n s f o r m methods, but the e a r l i e r 
s p e c t r a o b t a i n e d p h o t o g r a p h i c a l l y u s i n g h i g h d i s p e r s i o n 
s p e c t r o g r a p h s w i l l c o n t i n u e to be an e s s e n t i a l b u i l d i n g 
b l o c k . The c o m p l e x i t y of the i n t e r p r e t i v e problem, g i v e n the 
many i n t e r a c t i n g c o n f i g u r a t i o n s , i n s u r e s t h a t c h a l l e n g i n g 
problems i n t h e o r y as w e l l as experiment remain to be 
addressed. 

I t i s a l s o apparent t h a t t h e r e remains much to be done i n 
d e v e l o p i n g our u n d e r s t a n d i n g of the model i n t e r a c t i o n s t h a t 
best c h a r a c t e r i z e the s p e c t r a of h i g h e r - v a l e n t Pu compounds and 
indeed of the a c t i n i d e s i n g e n e r a l . The s y n t h e s i s of new 
compounds w i t h a v a r i e t y of d i f f e r e n t s i t e symmetries c o u l d be 
of p a r t i c u l a r v a l u e i n d e v e l o p i n g more d e t a i l e d c r y s t a l - f i e l d 
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models. Of equal importance with the theoretical tools is the 
acquisition of high-resolution spectra under conditions that 
permit the independent experimental definition of properties 
that will help characterize the observed transitions. It is 
the lack of a solid experimental basis that has inhibited more 
widespread interest in the theoretical modelling. 
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13 
Stability and Electronic Spectrum of Cesium 
Plutonium Hexafluoride 

L. R. MORSS, C. W. WILLIAMS, and W. T. CARNALL 

Argonne National Laboratory, Chemistry Division, Argonne, IL 60439 

CsPuF6 was prepared and verified to be 
isostructural with corresponding compounds of 
uranium and neptunium. Its decomposition was 
studied in an inert gas atmosphere and in 
vacuum. Its spectrum has been measured in the 
region 400-2000 nm. The energy level structure 
of Pu 5+ in the trigonally distorted octahedral 
CsPuF6 site was computed from a predictive model 
and compared with the observed spectrum. 

Only two complex fluorides of pentavalent plutonium are 
known, both having been prepared by Penneman et a l . (1). One 
of these, Rb2PuF7, appeared to be stable; i t s crystal structure 

and i t s electronic spectrum (2) have been reported. The 
other, CsPuF6, appeared to decompose after a few days (I) and 
only i t s crystal structure was reported. Our interest i n the 
bonding and electronic structure of Pu(V) and pa r t i c u l a r l y i n 
Pu(V) fluorides prompted the present study of CsPuF6. 

Recently Suglobova et a l . (3_*^_>2) reported structural 
data, phase diagrams, and enthalpies of reaction of several 
complex fluorides of uranium(V) with a l k a l i metals. Their 
observations indicate that the enthalpy of s t a b i l i z a t i o n 
represented by the equation 

η MF(s) + UF_(s) = M UF_ (s) (1) 5 η 5+n 
becomes more negative as η increases and as M changes from 
sodium to cesium (Table I ) . We expect similar s t a b i l i z a t i o n 
behavior for complex fluorides of neptunium(V) and 
plutonium(V); this paper represents an i n i t i a l e f f o r t i n a 
comprehensive study of the Pu(V)-fluoride system. 

We attempted to prepare Pu(V) sta b i l i z e d as K 2 P U F 7 , 
Rb2PuF7, and CsPuF6, but were only successful i n repeating the 
preparation of CsPuFç (1). Since there i s a paucity of 
information concerning syntheses of this sort, we ci t e possible 
grounds for our unsuccessful as well as our successful e f f o r t s . 

0097-6156/83/0216-0199$06.00/0 
© 1983 American Chemical Society 
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2 0 0 PLUTONIUM CHEMISTRY 

Table I . S t a b i l i z a t i o n E n t h a l p i e s of A l k a l i F l u o r o u r a n a t e s ( V ) . 

b 
L i U F 6 

NaUF, 
0 

Na 3UF 8 

-26 -70 

KUF 6 K 2 U F ? K 3UFg K 4 U F 9 

-56 -92 -170 -179 

RbUF 6 Rb 2UF ? Rb 3UF 8 Rb.UF. 
4 ! 

-75 -135 -198 -222 

CsUF. 
0 

a-Cs 2UF 7 C s 3 U F 8 Cs.UF, 4 1 

-94 -175 -258 

B-Cs 2UF. 

-163 

dumber under each compound i s ΔΗ i n k J rnol-^ f o r the r e a c t i o n 
nMF(s) + UF^Cs) = M n U F 5 + n ( s ) . These e n t h a l p i e s were c a l c u l a t e d 
from r e a c t i o n enthaTpies~~of References 4 and 5 and r e c e n t l y 
a s s e s s e d a u x i l i a r y thermodynamic d a t a (U. S. N a t i o n a l Bureau o f 
Standards T e c h n i c a l Notes 270-3, 270-4, 270-5, and 270-8). 
Compound r e p o r t e d to e x i s t but thermodynamic d a t a a r e not a v a i l 
a b l e . 
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13. MORSS ET AL. Stability and Electronic Spectrum of CsPuF6 201 

E x p e r i m e n t a l 

A s o l u t i o n of 104 mg of 2 3 9 P u ( I V ) (0.435 mmol), and an 
equimolar amount of CsCl i n 2Ê1 h y d r o c h l o r i c a c i d , were mixed i n 
a p l a t i n u m c r u c i b l e . Concentrated h y d r o f l u o r i c a c i d (24 mmol) 
was added dropwise w i t h s t i r r i n g . The pi n k p r e c i p i t a t e t h a t 
formed immediately was a l l o w e d t o s e t t l e and the supernatant 
l i q u i d was evaporated g e n t l y . The dry product was a f i n e p i n k 
powder w i t h t r a c e s of y e l l o w c o l o r a t the edges of the 
c r u c i b l e . T h i s m i x t u r e was ground t h o r o u g h l y i n an agate 
m o r t a r , t r a n s f e r r e d t o a n i c k e l boat, evacuated t o 5 χ 
10~ 5 mmHg at 100°C, then f l u o r i n a t e d o v e r n i g h t (950 mmHg F 2 
p r e s s u r e ) a t 350°C. The p r o d u c t , handled o n l y i n a d r y box, 
was a p a l e blue powder whose x-ray powder p a t t e r n (Table I I ) 
showed i t to be i s o s t r u c t u r a l w i t h CsUF6 (_6_) and CsNpF6 ( 7 ) . 

A sample of CsPuF6 i n a Pyrex x-ray c a p i l l a r y tube, s e a l e d 
i n dry-box N 2 , was heated i n 100°C increments to 400°C and x-
rayed a f t e r each h e a t i n g p e r i o d of 2-16 hours. Only the few 
s t r o n g e s t l i n e s of CsPuF6 were v i s i b l e a f t e r h e a t i n g a t 
100°C. The m a t e r i a l was e s s e n t i a l l y amorphous a f t e r h e a t i n g at 
200 and 300°C. A f t e r h e a t i n g at 400°C, weak but w e l l r e s o l v e d 
Pu02 l i n e s were observed. Oxygen or H2O may have been present 
i n t r a c e amounts i n the c a p i l l a r y or adsorbed on the c a p i l l a r y 
w a l l s , s e t t i n g up r e a c t i o n s l e a d i n g to f o r m a t i o n of Pu02. 

To a s c e r t a i n the o x i d a t i o n s t a t e of the p r o d u c t , a sample 
(13.910 mg) was weighed i n t o a Pt c r u c i b l e on a Cahn 27 
micr o b a l a n c e i n the d r y box. A f t e r e v a c u a t i o n ( 1 0 ~ 5 mmHg) and 
h e a t i n g t o 315°C, the sample l o s t 0.464 mg. A t e s t f o r 
v o l a t i l i z a t i o n of Pu ( p o s s i b l y as FuFç) was n e g a t i v e . T h i s 
weight l o s s t o a r e s i d u e of CsPuFs r e p r e s e n t s an i n i t i a l 
f o r mula of CsPuF5.85« F u r t h e r h e a t i n g i n a t h e r m o g r a v i m e t r i c 
apparatus i n f l o w i n g N2 r e s u l t e d i n decomposition t o Pu02 (as 
i d e n t i f i e d by i t s powder x-ray p a t t e r n ) a t 400-500°C, 
a p p a r e n t l y caused by t r a c e s of O2 i n the TGA stream. 

We note one d i f f e r e n c e between the b e h a v i o r of our 
p r e p a r a t i o n of CsPuF6 and t h a t of Penneman et a l . (_1). Our 
samples d i d not decompose ( i n s e a l e d x-ray c a p i l l a r i e s ) a f t e r 3 
months. Three weeks i n a dry-box atmosphere ( c a . 10 ppm H2O i n 
N 2 ) d i d l e a v e a product w i t h weaker, more d i f f u s e CsPuF6 l i n e s . 

Because of the s t a b i l i z a t i o n of U(V) i n K 2 U F 7 and Rb2UF7 
(Tabl e I ) , and because we hoped t h a t K2P11F7 might be 
i s o s t r u c t u r a l w i t h K2TaF7, K 2 U F 7 , Rb2UF7, Rb2NpF7, and Rb2PuF7 
(_l_,j$), we attempted p r e p a r a t i o n s of K 2 P U F 7 and Rb2PuF7. 
Concentrated h y d r o f l u o r i c a c i d was added to a m i x t u r e of 2KF + 
Pu(0H ) i + . The product was d r i e d , ground, and f l u o r i n a t e d a t 
400°C. D e s p i t e repeated g r i n d i n g and f l u o r i n a t i o n , the product 
remained p i n k and i t s spectrum was t h a t of P u ( I V ) . A l t h o u g h 
not i d e n t i f i a b l e by x-r a y d i f f r a c t i o n , we r e f e r t o t h i s product 
as K2PuF6- Three m i x t u r e s of (2 R b ) : ( l Pu) were p r e c i p i t a t e d 
w i t h c o n c e n t r a t e d h y d r o f l u o r i c a c i d . They were d r i e d , ground, 
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202 PLUTONIUM CHEMISTRY 

Table I I . X-Ray Powder P a t t e r n f o r CsPuF 6. 

R3 (hexagonal a x e s ) : = 8.000 + 0.008 A, = 8.366 + 0.016 A. a 

d(obsd) d ( c a l c ) h k l I ( o b s d ) b I ( c a l c ) C 

5.35 
4.01 
3.59 
2.667 
2.307 
2.218 
2.000 

1.798 
1.744 
1.636 
1.513 
1.487 
1.411 
1.330 

1.317 

1.263 
1.252 
1.193 

0.9988 

0.8721 

0.8686 

5.34 101 20 7 
4.00 110 100 100 
3.58 012 90 95 
2.668 202 60 65 
2.309 300 50 40 
2.220 122,212 60 54 
2.002 104 1 40 43 
2.000 220 J 
1.790 024 30 16 
1.746 312,132 30 25 
1.634 214,124 30 25 
1.512 410,140 20 17 
1.486 232,322 20 20 
1.415 134,314 10 14 
1.334 404 I 10 11 
1.333 330 J 
1.315 502 1 10 20 
1.317 116,116 J 
1.266 324,234 10 10 
1.250 422,242 10 8 
1.194 306,036 1 10 15 
1.193 152,512 J 
1.000 434,344 
1.001 208 1 10 11 
1.000 440 f 
0.9985 155,515 J 
0.8730 624,264 
0.8736 238,^28 10 18 
0.8729 630,360 
0.8681 526,256 ] 
0.8678 452,542 \ 10 18 
0.8678 256,256 J 

Two s t a n d a r d d e v i a t i o n s , u s i n g l e a s t - s q u a r e s refinement w i t h 
N e l s o n - R i l e y a b s o r p t i o n c o r r e c t i o n ( W i l l i a m s , D. Ε., Ames 
La b o r a t o r y Report IS-1052, 1964). 

^ V i s u a l l y e s t i m a t e d from f i l m . 
C U s i n g program LAZY PULVERIX (Yvon, K.; J e i t s c h k o , W.; P a r t h e , 
E. J . A p p l . C r y s t . 1977, _10, 73-74) and F atomic p o s i t i o n s from 
CsUF 6 ( 6 ) . 
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13. MORSS ET AL. Stability and Electronic Spectrum of CsPuFe 203 

and fluorinated at 300-400°C, with repeated fluorinations and 
slow or rapid cooling i n ¥2· Two of these preparations 
resulted i n Rb2PuF6 and one i n predominately R D 7 P U 6 F 3 1 , 
i d e n t i f i e d by x-ray powder patterns, although they a l l were 
varying degrees of green i n color. Clearly Pu(IV) i s 
sta b i l i z e d in compounds such as K 2 P U F 6 and Rb2PuF6 and i f these 
double salts form they may be resistant to oxidation. A slight 
excess of a l k a l i metal over the 2 : 1 ratio may have f a c i l i t a t e d 
the i n i t i a l preparation of Rb2PuF7 ( 1 , 9 ) . 

For spectroscopic study, samples of CsPuFe, Rb2PuF6, and 
K2P11F6 were thoroughly mixed i n the dry box with vacuum dried 
Teflon powder and pressed into thin pellets ( 1 0 ) · When pellets 
containing CsPuFg were prepared at a pressure of 6800 atm, some 
of the blue CsPuF6 i n the pellet decomposed to pink Pu(IV), but 
when pellets were pressed at 1700 atm, only pink traces at the 
pellet edges were seen. Optical spectra of sample pellets and 
of blank Teflon pellets were taken i n the wavelength region 
4 0 0 - 2 0 0 0 nm with a Cary 17 spectrophotometer at 298 and 77 K, 
using blank pellets or neutral density f i l t e r s i n the reference 
beam. 

Results and Discussion 

Assuming that CsPuF6(s) i s i n equilibrium with CsF(s) + 
PuFi+(s) + l / 2 F 2 ( g ) at 600 Κ at an estimated F 2 pressure of 
0 . 1 atm, we estimate AG° for the above equilibrium as +6 db 
6 kj mol""1. From data of the uranium(V) system i n Table I, we 
estimate AG° = -94 ± 15 kj mol" 1 for the reaction CsF(s) + 
PuF5(s) = CsPuF6(s). (AG° = ΔΗ° since a l l reactions and 
products are solids.) Therefore we estimate AG° = +88 ± 
16 k j mol""1 at 600 Κ for the reaction PuFt+(s) + l / 2 F 2 ( g ) = 
P u F 5 ( s ) . Compounds such as K 3 P U F 8 , R b 3 P u F e , C S 2 P U F 7 , etc., 
should be stable i f the results of Suglobova et a l . hold for 
the PuF 5-MF systems. We note, however, that a report of 
absorption of P u F 6 onto CsF at 100°C appeared to produce only 
CsPuF6; fluorination of Cs2PuF6 at 250-500°C did not produce 
any Pu(V) or Pu(VI) ( 1 1 ) . 

The absorption spectrum of CsPuF6 at 298 Κ i n a Teflon 
pellet i n the range 400-1500 nm i s shown i n Figures 1-3 i n 
comparison with spectra of Pu(IV) fluorides. Cooling to 77 Κ 
resulted i n some absorption bands becoming somewhat narrower 
and more intense than those shown, but none became 
s i g n i f i c a n t l y weaker. Some additional structure was observed 
in the broad band near 620 nm. No absorption attributable to 
CsPuF6 was evident i n the 1500-2400 nm range, but a band near 
2 0 0 0 nm characteristic of Pu(IV) ( 1 2 , 1 3 ) appeared i n p a r t i a l l y 
reduced samples (Figure 3 ) . 

The spectrum of CsPuF6 shown in Figures 1 and 2 , both of 
which refer to the same sample, shows only marginal resemblance 
to that of Rb2PuF7 in a fluorolube mull ( 2 ). However, this 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

01
3

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



204 PLUTONIUM CHEMISTRY 

U ι I . ι I 1 U 

400 500 600 700 
WAVELENGTH (nm) 

F i g u r e 1. A b s o r p t i o n s p e c t r a of K 2 P u F 6 , R b 2 P u F 6 and CsPuF 6 i n 
T e f l o n p e l l e t s at 298 Κ (400-700 nm). 
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WAVELENGTH (nm) 

F i g u r e 2. A b s o r p t i o n s p e c t r a of K 2 P u F 6 and CsPuF 6 i n T e f l o n 
p e l l e t s at 298 Κ (700-1150 nm). 

U ι I ι I / I 1 1 — 

1300 1400 1500 1900 2000 
WAVELENGTH (nm) 

F i g u r e 3. A b s o r p t i o n s p e c t r a of K 2 P u F 6 and CsPuF 6 i n T e f l o n 
p e l l e t s at 298 Κ (1300-2050 nm). 
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lack of resemblance i s not surprising, considering the 
different Pu(V) s i t e symmetries i n the two compounds. 

Spectra of K 2 P U F 6 and Rb2PuF6, which were handled i n the 
same manner as C s P u F 6 and pressed into Teflon p e l l e t s , are also 
shown i n Figure 1. While x-ray powder patterns of C s P u F 6 

samples showed no extraneous l i n e s , i t i s clear that i n the 
400-700 nm region of the spectrum the correlation with Pu(IV) 
absorption spectra strongly suggests the presence of Pu(IV) i n 
the Cs compound. When p a r t i a l l y decomposed to Pu(IV), the Cs 
compound developed bands very similar to those shown for 
K 2 P U F 6 . We conclude that the absorption spectrum i s more 
sensitive to small amounts of Pu(IV) than the x-ray pattern. 
Some Pu(IV) i n CsPuF6 probably remained from incomplete 
fluorination and some Pu(IV) may have been produced when the 
pellets were pressed. In any case the Pu(V) bands i n Figure 2 
are d i s t i n c t from the structural features attributed to 
Pu(IV). The la t t e r did not show much variation from one 
compound to another and they are indeed quite similar i n many 
respects to those found i n the spectrum of aqueous Pu(IV) (14). 

The absorption features uniquely characteristic of Pu(V) 
and shown i n Figures 2 and 3 occur i n the region 800-1500 nm, 
where l i t t l e absorption was found i n K2P11F6. The spectra of 
K 2 P U F 6 i n Figures 1-3 are from the same sample, whereas the 
absorption bands of Pu(V) i n Figure 3 are from a more 
concentrated sample of C s P u F 6 than that used for Figures 1 and 
2 . The concentrated sample of C s P u F 6 in Figure 3 shows obvious 
evidence of Pu(IV) as indicated by the characteristic Pu(IV) 
band near 1950 nm. The intensity scale for the Pu(V) spectrum 
i n Figure 3 i s approximately 1/10 that of Figures 1 and 2 . 

To develop a detailed interpretation of the CsPuF6 
spectrum at ths point would be premature. However, some 
modeling of the expected electronic structure i s possible 
following the procedure outlined by Blaise et a l . ( 15) to 
estimate the appropriate free-ion parameters. An e a r l i e r 
attempt to make assignments to Pu(V) spectra ( 2 ) treated the 
problem solely i n terms of a free-ion model. If we consider 
the magnitude of the s p l i t t i n g of c r y s t a l - f i e l d levels i n the 
spectrum of isostructural CsUF6 (16,17) we see that such 
effects cannot be neglected. By combining the octahedral f i e l d 
that approximates the structure observed i n CsUFe with free-ion 
parameters for P u 5 + assuming a Hartree-Fock related model (15), 
we compute the set of energy levels shown i n Figure 4(A). 

Electronic structure parameters have also been deduced i n 
an analysis of the spectrum of CsNpF6 ( 18), and recently some 
modification of the o r i g i n a l values was proposed (19) · On the 
basis of the l a t t e r set, including the l i g a n d - f i e l d parameters, 
a second prediction of the energy levels of CsPuF6 has been 
made, Figure 4(B). Comparison of results for Rb2PuF7 ( 2 ) and 
CsPuFe, Figure 3, shows that indeed there are observed bands i n 
the 6600-7100 cm"1 range consistent with the calculations. The 
dirterences between the two predictions, Table III, stem 
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13. MORSS ET AL. Stability and Electronic Spectrum of CsPuFe 207 

F i g u r e 4. C a l c u l a t e d energy l e v e l s of Pu i n CsPuF^: (A) u s i n g 
CsUF^ l i g a n d - f i e l d parameters; (B) u s i n g CsNpF^ l i g a n d -
f i e l d parameters. 
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TABLE I I I . Energy L e v e l Parameters ( i n cm ) E s t i m a t e d f o r 
C s P u F 6 . a 

A Β 

F 2 57000 b 
d 

47841 

F 4 
b 

42350 
d 

34572 

F 6 b 
32300 

d 
23505 

ζ b 
2541 

d 
2406 

α 35 35 

β -700 -700 

γ 500 500 

τ 2 200 200 

τ 3 50 50 

100 100 

τ 6 -300 -300 

τ 7 400 400 

τ 8 350 350 

Ρ 2 400 400 

22500 C 12000 e 

3500° 1200 e 

A and B correspond to d e s i g n a t i o n s g i v e n i n F i g u r e 4. The 
^symbols are d e f i n e d i n Reference 20. 
Reference 15. 

^Reference 16 and 17. 
E x t r a p o l a t e d from r e s u l t s f o r CsNpF^ ( 1 9 ) . 

e R e f e r e n c e 19. 
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primarily from a difference of approximately a factor of two in 
the magnitude of the ligand field parameters derived from CsUF6 
and CsNpF6 and these differences are evident in the splitting 
expected from the ground state. The differences in the free-
ion parameters appear to be of lesser importance in the energy 
range shown in Figure 4. 

The predicted structure of the **ΐ9/2 ground state levels 
in Figure 4 can in principle be tested by observation of 
fluorescence such as that expected to originate in the 1500 nm 
state. We have performed preliminary experiments at 77 Κ using 
as an excitation source a nitrogen laser (337.1 nm, 6000 kW 
pulses of 8 nsec duration). No fluorescence was observed at 
>500 nm. If excitation involved charge transfer bands, which 
is highly probable, then rapid non-radiative relaxation of the 
excitation energy might occur. 

It remains for future investigations to explore the fate 
of selective excitation into lower energy absorption bands, an 
area of considerable interest. Our expectations are that 
fluorescence from the «1500 nm band in CsPuF6 should be 
detectable, whereas in the isostructural U and Np compounds 
fluorescence may be more difficult to observe because there are 
few energy gaps large enough to hinder non-radiative relaxation 
processes. Thus for Pu(V) fluorides we have a particularly 
good opportunity to explore excited state relaxation processes 
but also to assess the validity of the predicted crystal field 
splitting based on two different models of precursor electronic 
structures. Extensive studies of the properties of complex 
Pu(V) fluorides are planned. 
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14 

GREGORY R. CHOPPIN 

The Florida State University, Department of Chemistry, Tallahassee, FL 32306 

The effect of pH and complexation on the 
relative stabilities of the oxidation states of Pu 
is discussed. A set of ionic radii are presented 
for Pu in different oxidation states and different 
coordination numbers. A model for Pu hydration is 
presented and the relation between hydrolysis and 
oxidation state evaluated, including the problem 
of hydrous polymerization. 

Complexation of Pu is discussed in terms of 
the relative stabilities of different oxidation 
states and the "effective" ionic charge of PuO+

2 

and PuO2

+2. An equation is proposed for calcula
ting stability constants of Pu complexes and its 
correlation with experimental values demonstrated. 
The competition between inner vs outer sphere 
complexation as affected by the oxidation state 
of Pu and the pKa of the ligand is reviewed. Two 
examples of uses of specific complexing agents 
for Pu indicate a useful direction for future 
studies. 

The i n v e s t i g a t i o n o f pl u t o n i u m c h e m i s t r y i n aqueous s o l u t i o n s 
p r o v i d e s unique c h a l l e n g e s due i n l a r g e p a r t to the f a c t t h a t 
p l u t o n i u m e x h i b i t s an u n u s u a l l y broad range o f o x i d a t i o n s t a t e s -
from 3 to 7-and i n many systems s e v e r a l o f these o x i d a t i o n s t a t e s 
can c o e x i s t i n e q u i l i b r i u m . F o l l o w i n g the normal p a t t e r n f o r 
p o l y v a l e n t c a t i o n s , lower o x i d a t i o n s t a t e s o f plu t o n i u m a r e 
s t a b i l i z e d by more a c i d i c c o n d i t i o n s w h i l e h i g h e r o x i d a t i o n s t a t e s 
become more s t a b l e as the b a s i c i t y i n c r e a s e s . 

As w i t h a l l such g e n e r a l i z a t i o n s , t h i s one can be negated 
by o t h e r f a c t o r s such as complexing which can even r e v e r s e the 
tre n d s and the r e l a t i v e s t a b i l i t y o f the d i f f e r e n t o x i d a t i o n 
s t a t e s . For example, the g r e a t e r s t r e n g t h of complexation o f 

0097-6156/83/0216-0213$06.00/0 
© 1983 American Chemical Society 
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Pu(IV) c a t i o n s r e l a t i v e to t h a t of P u ( I I I ) i n c r e a s e s the s t a b i l i t y 
of the (IV) s p e c i e s compared to ( I I I ) . While P u ( I I I ) i s s t a b l e to 
a i r and warm water i n a c i d i c s o l u t i o n s , i n the presence of a c e t a t e 
o r EDTA (pH 3.5), i t p a r t i a l l y o x i d i z e s to Pu(IV) ( 1 ) . T h i s 
i n c r e a s e d s t a b i l i z a t i o n o f the IV s t a t e i s r e f l e c t e d i n the v a r i 
a t i o n i n the s t a n d a r d p o t e n t i a l (E°) f o r the ( I I I ) / ( I V ) couple 
which i s -0.98v i n 1M HCH^ compared to +0. 63v a t pH 7 (_2). The 
change i n the Ε ° v a l u e i s due to the much more e x t e n s i v e h y d r o l y 
s i s a t pH 7 o f t h e Pu(IV) compared to P u ( I I I ) . 

D i s p r o p o r t i o n a t i o n r e a c t i o n s , which l e a d t o s e v e r a l o x i d a t i o n 
s t a t e s s i m u l t a n e o u s l y i n s o l u t i o n , a r e a l s o a s i g n i f i c a n t a spect 
of p l u t o n i u m c h e m i s t r y , p a r t i c u l a r l y f o r the IV and V s p e c i e s . 

P l u t o n i u m c a t i o n s i n whatever o x i d a t i o n s t a t e can be 
d e s c r i b e d as hard a c i d s and i n t e r a c t w i t h a n i o n i c s p e c i e s by 
i o n i c bonding. As a r e s u l t c e r t a i n g e n e r a l i z a t i o n s can be made 
about the r e l a t i v e complexing t e n d e n c i e s of the d i f f e r e n t 
o x i d a t i o n s t a t e s . 

In t h i s r e v i e w the n a t u r e of the v a r i o u s o x i d a t i o n s p e c i e s i n 
s o l u t i o n a r e reviewed and g e n e r a l i z a t i o n s drawn about t h e i r com
p l e x i n g behavior. 

O x i d a t i o n S t a t e s 

P u ( I I I ) can be r a t h e r e a s i l y formed and m a i n t a i n e d i n a c i d 
s o l u t i o n s u s i n g a r e d u c i n g agent such as Ν2Ηι* and NH 20H. Pu(IV) 
i s a l s o s t a b l e i n c o n c e n t r a t e d a c i d s o l u t i o n s but undergoes s t r o n g 
h y d r o l y s i s even a t r e l a t i v e l y low pH's and i s removed from the 
s o l u t i o n phase by a d s o r p t i o n to suspended p a r t i c l e s and t o the w a l l s 
o f the r e a c t i o n v e s s e l s . P u 0 2

+ i n c r e a s e s i n s t a b i l i t y as the pH 
o f an aqueous s o l u t i o n i s i n c r e a s e d t o about 7 a f t e r which the 
s t a b i l i t y a gain decreases. T h i s o x i d a t i o n s t a t e has a s t r o n g 
tendency to d i s p r o p o r t i o n a t e but t h e r e i s some evidence t h a t i t 
may be the predominant p l u t o n i u m s p e c i e s at u l t r a t r a c e concen
t r a t i o n s i n s o l u t i o n and some n a t u r a l waters where the p r o b a b i l i t y 
of two Pu0 2

 + i o n s i n t e r a c t i n g i s v e r y s m a l l ( 3 ) . Pu02 + ^ % n s ^ n 

aqueous s o l u t i o n have a s t a b i l i t y between t h a t of the UO2 and 
NpÛ2 2 s p e c i e s . The VI o x i d a t i o n s t a t e can be a c h i e v e d i n s o l u 
t i o n by the use o f o x i d a n t s such as bromate and p e r s u l f a t e . 
P u ( V I I ) i s reduced r a p i d l y by water i n a c i d s o l u t i o n s but the r e 
d u c t i o n i s c o n s i d e r a b l y slower i n b a s i c s o l u t i o n . In such b a s i c 
s o l u t i o n s the P u ( V I I ) s p e c i e s seems to be t r i n e g a t i v e , c o r r e s p o n 
d i n g most si m p l y to PuOs" 3, a l t h o u g h i t has been proposed t h a t a 
more l i k e l y f o r m u l a t i o n i s P u 0 2 ( 0 H ) 6 " 3 ( <4 ). 

The o x i d a t i o n p o t e n t i a l s f o r p l u t o n i u m a t pH 0, 8 and 14 a r e 
given i n F i g u r e 1. The v a l u e s f o r pH 8 and 14 a r e those e s t i m a t e d 
by A l l a r d et a l . ( 5 ) . 

C o o r d i n a t i o n Numbers and R a d i i . In the t r a n s i t i o n m e t a l 
i o n s , the i n t e r a c t i o n of the l i g a n d o r b i t a l s w i t h the d o r b i t a l s 
of the m etal i o n s g e n e r a l l y determines the c o o r d i n a t i o n number 
and geometry of the c o o r d i n a t i o n sphere about the metal. The 
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U(III) -0.631 
-1.95 ±0.17 
-2.78 ±0.35 

U(IV) +0.613 
+ 0.08 ± 0.12 
-0.03 ± 0.24 

U(V) +0.063 
-0.23 ± 0.05 
-0.69 ± 0.24 

U(VI) 

+0.338 
-0.07 ± 0.08 
-0.36 ± 0.12 

Np(III) +0.155 
-1.13 ± 0.14 
-1.88 ± 0.24 

Np(IV) +0.739 
+ 0.15 ± 0.13 
-0.09 ± 0.24 

Np(V) +1.136 
+ 0.81 ± 0.08 
+ 0.38 ± 0.24 

Np (VI) 

+0.938 
+0.48 • o.oy 
+0.15 ± 0.12 

Pu(III) +0.982 
-0.39 ± 0.15 
-1.04 ± 0.24 

Pu(IV) +1.170 
+ 0.70 ± 0.12 
+ 0.52 ± 0.24 

Pu(V) +0.916 
+0.60 ± 0.04 
+ 0.16 ± 0.24 

Pu (VI) 

+1.043 
+0.65 ±0.08 
+0.34 ± 0.12 

F i g u r e 1. Redox p o t e n t i a l diagram f o r U, Np, and Pu. 
The r e d u c t i o n p o t e n t i a l s as l i s t e d a r e f o r 
the pH v a l u e s : 

pH = 0 

pH = 8 
pH = 14 
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bonding i n p l u t o n i u m complexes i s s t r o n g l y i o n i c and the number 
o f l i g a n d s as w e l l as t h e i r geometric arrangement about the 
p l u tonium c a t i o n s i s determined p r i m a r i l y by s t e r i c and e l e c t r o 
s t a t i c f a c t o r s . The r e s u l t i s a range o f c o o r d i n a t i o n numbers -
from 6 to 12 f o r the s i m p l e I I I and IV c a t i o n s and 2 t o 8 f o r the 
dioxygenated V and VI c a t i o n s . C o o r d i n a t i o n numbers o f 8 and 9 
seem to be the most common f o r P u ( l l l ) i n s o l u t i o n . For example, 
PuEDTA^ 1 ^ p r o b a b l y has 3 to 4 h y d r a t i o n waters i n the c o o r d i n a 
t i o n sphere even though EDTA i s hexadentate. For P u ( l V ) , the 
s m a l l e r c a t i o n i c r a d i u s may r e s u l t i n somewhat lower 'most 
p r o b a b l e 1 c o o r d i n a t i o n numbers - e.g. 7 and 8. 

The u n c e r t a i n t y o f the proper c o o r d i n a t i o n number of any 
p a r t i c u l a r p l u t o n i u m s p e c i e s i n s o l u t i o n l e a d s to a c o r r e s p o n d i n g 
u n c e r t a i n t y i n the c o r r e c t c a t i o n i c r a d i u s . Shannon has e v a l u a t e d 
much of the a v a i l a b l e d a t a and o b t a i n e d s e t s o f " e f f e c t i v e i o n i c 
r a d i i " f o r metal i o n s i n d i f f e r e n t o x i d a t i o n s t a t e s and c o o r d i n a 
t i o n numbers (6). U n f o r t u n a t e l y , the data f o r p l u t o n i u m i s q u i t e 
sparse. By u s i n g Shannon's r a d i i f o r o t h e r a c t i n i d e s ( e . g . , 
T h ( l V ) , U ( V I ) ) and f o r L n ( l l l ) i o n s , the v a l u e s l i s t e d i n Table I 
have been o b t a i n e d f o r plutonium. These r a d i i a re e s t i m a t e d to 
have an u n c e r t a i n t y of ± 0.02 Α· 

H y d r a t i o n and H y d r o l y s i s . The v a r i o u s o x i d a t i o n s t a t e s o f 
p l u t o n i u m form s t r o n g i o n - d i p o l e bonds w i t h water to become 
s t r o n g l y h y d r a t e d i n aqueous s o l u t i o n . To a f i r s t a p p r o x i m a t i o n , 
we can expect the h y d r a t i o n numbers o f the f i r s t c o o r d i n a t i o n 
sphere to be the same as the most probable c o o r d i n a t i o n numbers 
suggested i n the p r e c e e d i n g s e c t i o n . T h i s means v a l u e s o f 8 o r 
9 f o r P u ( l l l ) , 7 or 8 f o r P u ( V l ) , and, perhaps, 4 f o r P u O j 1 and 
6 f o r P u O j 2 . However, the p o l a r i z a t i o n o f the water d i p o l e s o f 
the primary h y d r a t i o n l a y e r leads t o a t t r a c t i o n of a d d i t i o n a l 
waters o f h y d r a t i o n . E s t i m a t e s o f the t o t a l number of waters 
o f h y d r a t i o n f o r t r i v a l e n t l a n t h a n i d e s and a c t i n i d e s have been 
g i v e n as 12 - 15 (_7>829) based on a model of a s m a l l number of 
t i g h t l y bound waters. 

A more complete d e s c r i p t i o n o f the h y d r a t i o n i s suggested 
by the c o r r e l a t i o n o f the entropy o f h y d r a t e d c a t i o n s w i t h the 
c a t i o n i c charge d e n s i t y Z 2 / r , as shown i n F i g u r e 2 (10). The 
i n c r e a s i n g curve of S a q from Na^ aq) to P u ( a q ) i n d i c a t e s t h a t the 
o r i e n t i n g e f f e c t o f the c a t i o n s on the h y d r a t i o n waters s t e a d i l y 
i n c r e a s e s w i t h the charge d e n s i t y . Perhaps a b e t t e r h y d r a t i o n 
model, then, i s one o f a primary l a y e r o f water molecules about 
the p l u t o n i u m c a t i o n s w i t h a weaker o r i e n t i n g e f f e c t e x t e n d i n g 
some d i s t a n c e i n t o the s o l v e n t beyond t h a t f i r s t l a y e r . F i g u r e 2 
i n d i c a t e s t h a t the t o t a l h y d r a t i o n a l o r d e r i n g o f Pu + i f i s about 
tw i c e t h a t o f P u + 3 w h i l e t h a t o f P u O j 2 i s comparable to t h a t o f 
C a + 2 . An e s t i m a t e o f the e x t e n t o f the h y d r a t i o n a l o r d e r i n g by 
P u + 3 can be o b t a i n e d from a r e c e n t study o f Q G d + 3 which i n d i c a t e d 
t h a t the h y d r a t i o n e f f e c t extends about 50A from the G d + 3 

c a t i o n ( 1 2 ) . 
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14. CHOPPiN Pu Solution Chemistry 217 

Table I + 

E s t i m a t e d E f f e c t i v e I o n i c R a d i i f o r P l u t o n i u m 

C o o r d i n a t i o n 
Number O x i d a t i o n S t a t e 

I I I IV V VI 

4 0.79 0.65 0.53 0.50 

6 1.00 f 0.86 0.74 0.71 

7 1.06 0.92 0.80 0.77 

8 1.10 0.96 0.84 0.81 

9 1.15 1.01 0.89 0.86 

10 1.21 1.01 0.95 0.92 

12 1.26 1.12 1.00 0.97 

The r a d i i are i n A ( = 10" 8cm) u n i t s 

The u n d e r l i n e d v a l u e s are from r e f e r e n c e 6. 
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F i g u r e 2. The c o r r e l a t i o n between -S° and Ζ / r ; f o r the r a d i u s , 
aq 

r , the C.N. = 6 v a l u e s a r e used f o r N a ( l ) , C a ( l l ) and 
P u 0 2

+ 2 , t h a t o f C.N. = 8 f o r P u ( I V ) , t h a t o f C.N. =_9 
f o r P u ( l l l ) and th a t o f C.N. = 4 f o r PuO„ . The S 

ζ aq 
v a l u e s a r e from r e f e r e n c e 11. 
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A s i g n i f i c a n t aspect o f p l u t o n i u m h y d r a t i o n i s the i n c r e a s e 
w i t h pH of h y d r o l y s i s r e a c t i o n s s u c h as: 

P u + n + mH20 = P u ( O H ) + ( n ~ m ) + mH+ (1) 
m 

The o r d e r of h y d r o l y s i s ( i . e . , o r d e r o f i n c r e a s i n g pH f o r onset 
o f h y d r o l y s i s ) f o l l o w s the sequence 

Pu > Pu0 2 > Pu 3 > Pu0 2 (2) 

which d i f f e r s from t h a t i n F i g u r e 2 f o r the h y d r a t i o n e n t r o p i e s 
which i s , 

Pu + i + > P u + 3 > Pu02 2 > Pu0 2 (3) 

The d i f f e r e n c e i n these p a t t e r n s p r o b a b l y r e f l e c t s t h a t the 
h y d r a t e e n t r o p i e s are r e l a t e d s i m p l y t o the net p o s i t i v e charge 
on the c a t i o n i c s p e c i e s ( i . e . , +2 f o r P u 0 2

2 ) w h i l e the h y d r o l y s i s 
r e a c t i o n i s the r e s u l t o f i n t e r a c t i o n o f a water molecule w i t h 
the m e t a l atom i t s e l f — i . e . , Pu i n P u 0 2

2 . I f t h i s i s a v a l i d 
e x p l a n a t i o n , the h y d r o l y s i s o r d e r i n d i c a t e s t h a t the charge on Pu 
i n P u 0 2

2 i s a c t u a l l y between +3 and +4 and p r o b a b l y about +3.3. 
The v a r i a t i o n o f the c o n c e n t r a t i o n o f the f r e e (non-hydrolyzed) 

c a t i o n s w i t h pH i s shown f o r the o x i d a t i o n s t a t e s o f I I I to VI i n 
F i g u r e 3. These curves are based on e s t i m a t e d v a l u e s o f the 
h y d r o l y s i s c o n s t a n t s but are o f s u f f i c i e n t accuracy to i n d i c a t e 
the pH v a l u e s a t which h y d r o l y s i s becomes s i g n i f i c a n t (e.g.. 
-6-8 f o r P u + 3 , < 0 f o r P u + \ 9-10 f o r Pu0 2 and 4-5 f o r PuOj*. 
Values o f the h y d r o l y s i s c o n s t a n t s are l i s t e d i n Table H a n d 
r e p r e s e n t the " b e s t 1 1 v a l u e s ( e x p e r i m e n t a l or e s t i m a t e d ) from 
v a r i o u s l a b o r a t o r i e s . 

The study of plutonium h y d r o l y s i s i s c o m p l i c a t e d by the 
f o r m a t i o n of o l i g o m e r s and polymers once the simple mononuclear 
h y d r o l y s i s s p e c i e s s t a r t forming. The r e l a t i v e mono-oligomer 
c o n c e n t r a t i o n s are dependent on the plutonium c o n c e n t r a t i o n - e.g. 
the r a t i o of Pu present as ( P u 0 2 ) 2 ( 0 H ) 2

2 to t h a t as P u 0 2 ( 0 H ) + 

i s 200 f o r [PU3T = 0.1 M, 5.6 f o r ΙΟ-"** M and 0.05 f o r ΙΟ" 8 M. 
The h y d r o l y s i s o f Pu + i f can r e s u l t i n the f o r m a t i o n o f 

polymers which are r a t h e r i n t r a c t a b l e t o r e v e r s a l to s i m p l e r 
s p e c i e s . G e n e r a l l y such p o l y m e r i z a t i o n r e q u i r e s [ P u ] ^ > 10~ 6 M 
b u t , due t o the i r r e v e r s i b i l i t y , d i l u t i o n o f more c o n c e n t r a t e d 
h y d r o l y s i s s o l u t i o n s below t h i s v a l u e would not d e s t r o y the 
polymers. The r a t e o f p o l y m e r i z a t i o n has been found to be t h i r d 
o r d e r i n Pu c o n c e n t r a t i o n s and has a v a l u e o f 5.4 X 10~ 5 moles/hr 
at 50°C and [ P u + l f ] T ζ 0.006 M, CHN03] 2 0.25 M ( 1 3 ) . Soon a f t e r 
f o r m a t i o n , such polymers can be decomposed r e a d i l y to simple 
s p e c i e s i n s o l u t i o n by a c i d i f i c a t i o n or by o x i d a t i o n to P u ( V l ) . 
However, as the polymers age, the decomposition process r e q u i r e s 
i n c r e a s i n g l y r i g o r o u s treatment. The r a t e of such i r r e v e r s i b l e 
a g ing v a r i e s w i t h temperature, P u ( l V ) c o n c e n t r a t i o n , the n a t u r e o f 
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PH 
F i g u r e 3. The e f f e c t o f h y d r o l y s i s , as a f u n c t i o n o f pH, on the 

c o n c e n t r a t i o n o f hydrated Pu c a t i o n i c s p e c i e s . The 
i n i t i a l ( l o g [Pu] at pH = 0) c o n c e n t r a t i o n s are those 
at pH > 8 which correspond to the k v a l u e s of the Τ . . sp hy d r o x i d e p r e c i p i t a t e o f each s p e c i e s . 
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Table I I 
H y d r o l y s i s Constants f o r P l u t o n i u m 

l o g *3.. = [ M . ( O H ) J [HD-VM 1 

i j 1 J 
Τ = 25°C, I = 1.0 H i C l o O , P* w = 13.8 

M l o g *3n l o g * β ί 2 l o g * E l 3 l o g l o g *&22 l o g * & 3 5 

Pu +3 -7.8 -16.6 -25.9 -36.2 -12.8 -32 
(-7.84) 1* 

P u + 4 -0.3 -2.3 -5.4 -9.7 
(-1.5) (-2.7) (-6.6) (-10.8) 

P u 0 o
+ -9.2 J2 (-9.9) 

P u 0 9
+ 2 -5.5 -11.6 -5.1 -14.5 

1 (-6.0) (-8.59) (-22.1) 

Value i n ( ) are from r e f e r e n c e _28, except ( )^ which i s from 
r e f e r e n c e 10 ( f o r Am 3). The o t h e r v a l u e s are from r e f e r e n c e 29. 
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anions present in solution, etc. A reasonable model of the aging 
involves i n i t i a l formation of aggregates with hydroxy bridging 
which convert with time to structures with oxygen bridging. The 
re l a t i v e percentage of oxygen bridges presumably determines the 
re l a t i v e inertness of the polymer. 

The polymers apparently increase i n aggregate size as the pH 
increases. At pH 4, 99% is s t i l l suspended in solution after 6 
days but at pH 5 this has f a l l e n to 7.4% and at pH 6, to 0.1% (14). 

Complexation 

In studies where different oxidation states of plutonium 
have been complexed by the same ligand, the sequence of complex
ing strength most commonly observed i s that described for the 
hydrolysis reactions: i . e . : 

Pu + i f > Pu0 2
2 > Pu + 3 > PuO^1 

The sequence Pu > Pu 0 i s expected from the ionic nature of 
the P u + n - - X m interaction which should increase with η for 
constant m. The observation that the complexing strength of the 
PuOj 2 cations is greater than the Pu + 3 cations can be understood 
by assuming that the central metal atom, Pu, i n the linear 
[0-Pu-0] + 2 cation has an effective charge that i s greater than 
+3. It i s this effective charge that determines the strength of 
complexing since the ligands bind i n the equatorial positions 
about the linear Puo£2. Wadt (15) recently analyzed U0£ 2 by the 
r e l a t i v i s t i c core potential method and obtained a value of +2.4 
for the atomic charge on the uranium. However, the effective 
charge in the equatorial plane would be expected to exceed this 
value and an estimate of an effective charge_ of +3.3(i 0,1) was 
obtained from analysis of complexation by F anions {16). Similar 
evaluation of the s t a b i l i t y constants for N p 0 2 F and N P O 2 S O Î 1 lead 
to an estimated effective charge on the Np atom in the linear 
species of 2.3 t 0.2 (17). Effective charges for Pu of +3.3 i n 
PuOj? and +2.3 i n PuOj^are consistent with the complexation 
s t a b i l i t y constants of these species. 

Measurement of the s t a b i l i t y constants of plutonium 
complexes is hampered by d i f f i c u l t i e s of maintaining a particular 
oxidation state. Formation of complexes of Pu + 3, except in very 
acid solutions, is accompanied and often obscured by complexation 
catalyzed oxidation to Pu + i +. Study of complexation of Pu + I + i s 
often confused by competition with hydrolysis above pH 1-2. 
Except in tracer level solutions where i t s concentration i s often 
d i f f i c u l t to ascertain, PuOj is normally present in a mixture of 
Pu oxidation states i n which that of PuOj is much lower than 
PuOj 2 and P u + \ PuOj 2 can be formed i n good y i e l d and maintained 
with a holding oxidant (which may be a complexor i t s e l f ) . 
Conversely, PuOj 2 may be reduced by many complexing agents, (18), 
leading to calculation of erroneous s t a b i l i t y constants i f the 
extent of reduction is not taken into account. Photochemical 
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redox r e a c t i o n s can be a f u r t h e r c o m p l i c a t i o n i n p l u t o n i u m 
systems (19). A c o m p i l a t i o n o f the r e p o r t e d s t a b i l i t y c o n s t a n t s 
i s a v a i l a b l e (20) and the p a u c i t y o f data r e f l e c t s the d i f f i 
c u l t i e s i n s t u d y i n g p l u t o n i u m complexation. 

D e s p i t e the problems of d i r e c t e x p e r i m e n t a l e v a l u a t i o n of 
plut o n i u m s t a b i l i t y c o n s t a n t s , they are needed i n modeling of 
the b e h a v i o r of plutonium i n r e p r o c e s s i n g systems i n waste 
r e p o s i t o r i e s and i n g e o l o g i c a l and environmental media. A c t i n i d e 
analogs such as Am + 3, T h + , Np0 2 and IK)!"2 can be used w i t h 
c a u t i o n f o r p l u t o n i u m i n the c o r r e s p o n d i n g o x i d a t i o n s t a t e s and 
v a l u e s f o r s t a b i l i t y c o n s t a n t s o f these analogues a re to be found 
a l s o i n r e f e r e n c e 20. 

I t i s p o s s i b l e to o b t a i n f a i r l y r e l i a b l e v a l u e s f o r many 
complexes of 1:1 ( m e t a l : l i g a n d ) s t o i c h i o m e t r y by u s i n g an extended 
e m p i r i c a l e q u a t i o n i n which the d i e l e c t r i c c o n s t a n t i s dependent 
on the c a t i o n i c charge (21). For the co m p l e x a t i o n r e a c t i o n : 

P u + Z l + Χ " 2 2 = P u X + ( Z l " Z 2 > (4) 

at 25°C, the e q u a t i o n (AG i n kj-m 1 ) i s : 
AG = - (1.387 χ 10 3) Ζχ » Z ? + ^ + ^ ^ n f ( 5 ) 

where D e i s the d i e l e c t r i c c o n s t a n t , d i 2 the i n t e r n u c l e a r c a t i o n -
a nion d i s t a n c e i n %( = π + r 2 ) , Ζχ, Z 2, the i o n i c charges. A l s o 

llnf = -(0.30 Δ Ζ 2 + 0.75) 1^ + 0.015 I (6) 

and 

Δ Ζ 2 = Ζ 2 - (Ζ 2 - Ζ 2) (7) z PuX Pu x 

Th i s e q u a t i o n p r o v i d e s v a l u e s i n good agreement w i t h e x p e r i 
ment f o r i n n e r sphere co m p l e x a t i o n by both i n o r g a n i c and o r g a n i c 
l i g a n d s . I n o r g a n i c l i g a n d s , the v a l u e o f Z 2 i s assumed to be 
p r o p o r t i o n a l to the a c i d c o n s t a n t , pK a, of the bonding group 
(or to £ K a n f o r p o l y d e n t a t e l i g a n d s ) . F i g u r e 4 i s the r e l a t i o n 
between Z 2 and E p K a n which was o b t a i n e d by u s i n g e q u a t i o n (5) 
w i t h e x p e r i m e n t a l f r e e e n e r g i e s o f p r o t o n a t i o n , h o l d i n g a l l v a l u e s 
c o n s t a n t except Z 2 ( 1 0 ) . These v a l u e s of Z 2, i n t u r n , were used 
w i t h e q u a t i o n (5) t o e s t i m a t e the AG o f comp l e x a t i o n o f A m ( l l l ) 
and N p ( l V ) by aminocarboxylate l i g a n d s , of A m ( l l l ) and T h ( l V ) by 
a c e t a t e and the T h ( l V ) by malonate. The comparison o f e x p e r i 
mental and c a l c u l a t e d v a l u e s i s shown i n F i g u r e 5. The v a l u e 
used f o r D e was 57 f o r A m ( l l l ) and 50 f o r T h ( l V ) and N p ( l V ) ; f o r 
a l l t he l i g a n d s , r 2 = 1.55 A w h i l e r i was o b t a i n e d from Table I 
(CN = 8 ) . The c a l c u l a t e d and e x p e r i m e n t a l v a l u e s f o r U 0 2

2 w i t h 
a c e t a t e and malonate show s i m i l a r agreement when Ζχ(ϋ0 2

2) = 3.2 
and D e = 55. For Np0 2Mal" 1 when Ζχ(Νρθ£) =2.3 and D e = 65, 
the c a l c u l a t e d AG agreed w i t h the e x p e r i m e n t a l v a l u e . 
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I50h 

100 

% 50| 

DCTA t 

EDTA. 

HEDTA / ' 
• NTA 

NTA / 

/ 
I D A e / x Malonate 

^x^cetate 

r ^-Acetate 

3*HIDA 

EDTA 

HEDTA 

50 100 150 

A6 C 0 | C (kJm-1) 
F i g u r e 5. Comparison o f the AG c a l c u l a t e d by e q u a t i o n (5) and 

the AG from experiment: · = A m ( l l l ) ; χ = Th ( I V ) ; 
Q = N p ( l V ) . The s o l i d l i n e r e p r e s e n t s A G ( c a l c ) -
AG ( e x p e r . ) . 
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A l l o f the p o l y d e n t a t e l i g a n d systems which showed agreement 
between e x p e r i m e n t a l and c a l c u l a t e d AG v a l u e s i n v o l v e d 5 or 6 
membered c h e l a t e r i n g s . The e x p e r i m e n t a l v a l u e s f o r complexes o f 
c h e l a t e r i n g s o f 7 or more members were p r o g r e s s i v e l y lower than 
the c a l c u l a t e d v a l u e s as the r i n g s i z e i n c r e a s e d . By t h a t 
c r i t e r i o n , poor agreement between the c a l c u l a t e d and e x p e r i m e n t a l 
v a l u e f o r U0 2NTA (5-membered r i n g s ) i n d i c a t e s t h a t the e x p e r i 
mental v a l u e i s probably i n c o r r e c t . 

U n f o r t u n a t e l y , f o r l i g a n d s o f s t r o n g a c i d s , t h i s e q u a t i o n may 
underestimate the s t a b i l i t y c o nstant as i t c a l c u l a t e s v a l u e s f o r 
i n n e r sphere f o r m a t i o n o n l y . E i g e n (22) has proposed t h a t the 
f o r m a t i o n o f complexes proceeds s e q u e n t i a l l y as f o l l o w s : 

M ( a q ) + X ( a q ) ^ M ( H * 0 ) n X (aq) ^ Μ ( Η > ° ) Χ (aq) 

^ ( a q ) ( 8 ) 

The f i r s t s t e p i s d i f f u s i o n c o n t r o l l e d w h i l e the second r e p r e s e n t s 
the f o r m a t i o n of an o u t e r sphere complex i n which the metal i o n 
and the l i g a n d a re s e p a r a t e d by at l e a s t one m olecule to water. I n 
the f i n a l s t e p , t h i s o u t e r sphere complex e j e c t s the water and 
forms an i n n e r sphere complex i n which the metal and l i g a n d are 
d i r e c t l y a s s o c i a t e d . Some l i g a n d s cannot d i s p l a c e the water and 
c o m p l e x a t i o n a p p a r e n t l y t e r m i n a t e s w i t h the f o r m a t i o n o f the o u t e r 
sphere complex. P l u t o n i u m c a t i o n s form both i n n e r and o u t e r sphere 
complexes, depending on the l i g a n d pK a. For t r i v a l e n t p l u t o n i u m , 
we can a s s i g n a predominant o u t e r sphere c h a r a c t e r to the h a l i d e , 
n i t r a t e , s u l f o n a t e and t r i c h l o r o a c e t a t e complexes and an i n n e r 
sphere c h a r a c t e r t o the f l u o r i d e , i o d a t e , s u l f a t e and a c e t a t e 
complexes (.23). A study o f Am + 3, Th + l f and U 0 2

2 c o m p l e x a t i o n 
by c h l o r o a c e t a t e l i g a n d s ( C l n H 3 _ n C C 0 2 , η = 0-3) (24) leads 
to assignment of c o m p l e x a t i o n c h a r a c t e r f o r d i f f e r e n t o x i d a t i o n 
s t a t e s of p l u t o n i u m as g i v e n i n Table I I I . 

Some a t t e n t i o n has been g i v e n to the c o m p l e x a t i o n of a c t i n i d e s 
by m a c r o c y l i c s and s i m i l a r m u l t i d e n t a t e l i g a n d s . G e n e r a l l y , the 
s t r e n g t h o f the i n t e r a c t i o n o f the m e t a l - f u n c t i o n a l group i s too 
weak to d i s p l a c e the metal-water bonds i f the f u n c t i o n a l group i s 
an e t h e r or a phenol. Amine groups are p r o t o n a t e d below pH 6 .to 8. 
p r e v e n t i n g Pu-N i n t e r a c t i o n through the r e p u l s i o n o f the p o s i t i v e l y 
charged p l u t o n i u m and amine groups. As a r e s u l t , h y d r o l y s i s u s u a l l y 
completes s u c c e s s f u l l y a t lower pH's w i t h a c t i n i d e - a m i n e i n t e r a c 
t i o n . By c o n t r a s t , i n a m i n o p o l y c a r b o x y l a t e s , the amine group does 
b i n d t o p l u t o n i u m , i n c r e a s i n g the s t a b i l i t y o f the c o m p l e x a t i o n CtOi 

Raymond's group has s t u d i e d the c o m p l e x a t i o n of Pu"1"** by 
l i n e a r and c y c l i c catechoylamide l i g a n d s i n which the p l u t o n i u m 
has CN = 8 through i n t e r a c t i o n w i t h phenolate groups ( F i g u r e 6 ) . 
The l i g a n d s were designed to be s p e c i f i c complexing agents f o r 
P u + t f from b i o l o g i c a l systems (25). Another s p e c i f i c complexing 
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Table I I I 

R e l a t i o n s h i p o f Complexation C h a r a c t e r 
o f P lutonium and L i g a n d pKa 

C a t i o n 

Pu +3 

Pu 

PuO( 

+4 

••+.2 

Complexation C h a r a c t e r 

i / o < 1 2.0 < pKa > 2.0 i / o > 1 

i / o < 1 1.0 < pKa > 1.0 i / o > 1 

i / o < 1 1.7 < pKa > 1.7 i / o > 1 

F i g u r e 6. The Pu +4 t e t r a c a t e c h o y l a m i d e complex. 
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F i g u r e 7. N,Nf - d i h e p t y l - N,N f, 6,6-tetramethyl -4,8-
dioxaundecane used i n the PuO^ CWE. 

150 

••vss 

pH An Op 

U 
Np 
Pu 
U 
Np 
Pu 
U 

log [An θ | + ] 

F i g u r e 8. Response of the a c t i n y l ( V l ) CWE t o c o n c e n t r a t i o n s 
o f U 0 2

+ 2 ( ), NpO + 2 (- -) and P u 0 2
+ 2 (···) a t 

pH 2 ( x ) , 3 (ο , · , θ ) and 4 (π, Α, Δ ) . 
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agent, N,Nf - diheptyl-N,N' 6,6-tetramethy1- 4,8-dioxaundecane 
diamide (Figure 7), for Uoj w a s shown to provide the basis for a 
uranyl specific ion electrode (26). We have used this ligand to 
develop a simple coated wire type electrode for PuOj2 which 
reacts rapidly and reproducibly (27). It has very good specificity 
for PuOj2 against a greater than 10 fold excess of +2 and +3 
cations and a 100 fold excess of NpOj but does show interference 
by Th+l+as its concentration exceeds that of the PuOj2. The 
electrode operates well between pH 2 and 5 and for PuOj2 concentra7 
tions from 10~5to 10*~2 M (Figure 8) and has been found useful in 
redox and complexation studies as it responds to the concentration 
of "free" plutonyl, not the total. 

Conclusion 

Studies of ligands which might provide specificity in binding 
to various oxidation states of plutonium seems a particularly 
promising area for futher research. If specific ion electrodes 
could be developed for the other oxidation states, study of redox 
reactions would be much facilitated. Fast separation schemes 
which do not change the redox equilibria and function at neutral 
pH values would be helpful in studies of behavior of tracer 
levels of plutonium in environmental conditions. A particularly 
important question in this area is the role of PuOj which has 
been reported to be the dominant soluble form of plutonium in 
some studies of natural waters (3,14). 

The research from F.S.U. described in this review was con
ducted under contracts with the Offices of Basic Energy Science 
and of Health and Environmental Research of the U.S.D.O.E. 
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15 
Aspects of Plutonium(IV) Hydrous Polymer 
Chemistry 

L. M. TOTH, H. A. FRIEDMAN, and M. M. OSBORNE 

Oak Ridge National Laboratory, Chemical Technology Division, 
Oak Ridge, TN 37830 

The polymerization of Pu(IV) hydrolysis products 
in aqueous nitric acid solutions containing uranyl 
nitrate has been examined as a function of pH, temper
ature, and concentration. Even in the absence of the 
uranyl solute, an induction period usually follows the 
polymer growth stage during which time formation of 
primary hydrolysis products occurs. Uranyl nitrate 
retards the polymerization rate by approximately 35% 
in spite of the counteracting influence of the nitrate 
ions associated with this solute; evidence is given 
to demonstrate that the uranyl ion attaches through 
hydroxyl bridges to active sites in the polymer network 
and functions as a chain-terminating unit. The rate of 
polymer growth has been shown to be third order with 
respect to Pu(IV). 

The reflux of aqueous Pu(IV) solutions containing 
<6 M HNO3 produces polymer precipitates that are 
resistant to subsequent dissociation and dissolution 
in nitric acid. Rapid aging of the Pu(IV) polymer to 
form a PuO2-like structure is responsible for the 
unusually stable polymer. Comparative studies under 
nonreflux conditions show that polymer does not form 
at concentrations of HNO3 >3 M. 

The h y d r o l y s i s of Pu(IV) 

P u 4 + + x l i 2 0 = [ P u ( 0 H ) x ] 4 ~ x + xli+ (1) 

and subsequent a g g r e g a t i o n o f h y d r o l y s i s products 

0097-6156/83/0216-0231$06.00/0 
© 1983 American Chemical Society 
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H 

[ P u ( O H ) x ] 4 ~ x + [ ( H O ^ P u ] 4 - * = [(ΗΟ)χ-ιΡιι P u C O H ) ^ ] 2 ^ - * ) 

H (2) 

has been a s u b j e c t of c o n s i d e r a b l e study over the past f o u r 
decades. Since t h i s s t r o n g l y a c i d dependent c h e m i s t r y i s not 
unusual when compared w i t h t h a t of o t h e r m e t a l c a t i o n s , the 
e x p e r i m e n t a l t e c h n i q u e s are t y p i c a l o f those used i n s t u d i e s of 
o t h e r h y d r o l y s i s and a g g r e g a t i o n r e a c t i o n s . These i n c l u d e (1) 
the e l e c t r o c h e m i s t r y and s p e c t r o s c o p y of the elementary hydro
l y s i s r e a c t i o n s , l i g h t s c a t t e r i n g and u l t r a c e n t r i f u g e examina
t i o n of the s i z e of the hydrous p o l y m e r i c aggregates, 
d i f f r a c t i o n and microscopy experiments on the nature of the 
agg r e g a t e s , and g e n e r a l c h e m i c a l s t u d i e s on the r e a c t i v i t y o f 
Pu(IV) and i t s p o l y m e r i c p r o d u c t s . Although the r e s u l t s from 
t h e s e p r e v i o u s plutonium i n v e s t i g a t i o n s may appear t o be s u f 
f i c i e n t f o r an u n d e r s t a n d i n g of the c h e m i s t r y i n v o l v e d i n the 
h y d r o l y s i s r e a c t i o n s , t h e r e s t i l l remain u n c e r t a i n t i e s t h a t 
must be worked out t o ensure r e l i a b l e performance i n the 
aqueous r e p r o c e s s i n g of n u c l e a r f u e l s . 

The need f o r a d d i t i o n a l work stems i n p a r t from s e v e r a l 
d e f i c i e n c i e s . One of these, which i s c h a r a c t e r i s t i c of a l l 
a c t i n i d e s , i s t h a t much o f the work has o n l y been documented, 
a t b e s t , i n u n r e f e r e e d l a b o r a t o r y p u b l i c a t i o n s and, a t w o r s t , 
i n the notebooks or r e c o l l e c t i o n s of t h a t g e n e r a t i o n o f a c t i n -
i d e r e s e a r c h e r s . In a d d i t i o n , the e a r l i e r r e s e a r c h was 
fo c u s e d m a i n l y on p r o v i d i n g b a s i c i n f o r m a t i o n about i s o l a t e d 
Pu(IV) systems; and w h i l e t h i s has been ne c e s s a r y as a f i r s t 
s t e p , the r e a l i z a t i o n t h a t most r e a l s i t u a t i o n s i n v o l v e p l u t o 
nium i n the presence of many i n t e r a c t i v e i o n s d i c t a t e s the 
d e s i g n of more c o m p l i c a t e d and e x t e n s i v e experiments. The 
r e c e n t i n t e r e s t s i n Pu(IV) h y d r o l y s i s c h e m i s t r y have a r i s e n 
from a d e s i r e t o d e f i n e i t s b e h a v i o r i n these r e a l i s t i c 
s i t u a t i o n s , e.g., i n the presence o f l a r g e amounts of accom
panying s o l u t e s , namely u r a n y l n i t r a t e . T h i s work has l e d t o 
the r e v e l a t i o n of some v e r y i n t e r e s t i n g a s p e c t s of i n t e r a c t i o n 
between u r a n y l i o n s and plu t o n i u m polymer. S t r u c t u r a l a s p e c t s 
o f the polymer network gleaned through the usage of i n f r a r e d 
and Raman sp e c t r o s c o p y have r e v e a l e d the exact nature of these 
i n t e r a c t i o n s w i t h o t h e r i o n s ; these t e c h n i q u e s have g r e a t 
promise of p r o v i d i n g f u r t h e r i n s i g h t s i n t o the i n t e r a c t i o n s 
between plutonium and the medium i n which i t r e s i d e s . 

The g e n e r a l g o a l i n the r e c e n t e f f o r t s has been v e r y p r a c 
t i c a l — t o ensure b e t t e r c o n t r o l o f Pu(IV) i n low a c i d r e p r o 
c e s s i n g steams through q u a n t i t a t i v e measurements of the 
parameters th a t determine polymer f o r m a t i o n . A d m i t t e d l y , s i m i 
l a r s t u d i e s have been conducted t o some degree a l r e a d y , but 
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w i t h b e t t e r t e c h n i q u e s we can o f f e r r e f i n e m e n t s t h a t more 
a c c u r a t e l y guide the d e s i g n engineer away from s i t u a t i o n s where 
p l u t o n i u m ( I V ) h y d r o l y s i s w i l l p r e v a i l . An example of t h i s 
p a r a m e t r i c study w i l l be g i v e n toward the end of t h i s p resen
t a t i o n . 

The t e c h n i q u e s used i n the work have g e n e r a l l y been 
s p e c t r o s c o p i c ; v i s i b l e - u v f o r q u a n t i t a t i v e d e t e r m i n a t i o n s of 
s p e c i e s c o n c e n t r a t i o n s and infrared-Raman f o r s t r u c t u r a l 
a s p e c t s o f the polymer. Although the former has o f t e n been 
used i n the study o f plutonium systems, t h e r e has been con
s i d e r a b l y l e s s usage made of the l a t t e r i n the a c t i n i d e h y d r o l 
y s i s mechanisms. 

Nature of the Hydrous Polymer R e a c t i o n 

I f the growth o f Pu(IV) hydrous polymer i s monitored 
s p e c t r o p h o t o m e t r i c a l l y a t 400 nm as a f u n c t i o n of time, i t i s 
observed under many ci r c u m s t a n c e s ( c f . , F i g . 1) (2) t h a t the 
polymer growth i n n i t r i c a c i d s o l u t i o n o f t e n proceeds a f t e r an 
i n d u c t i o n p e r i o d which i s determined by the p u r i t y of the 
system. The subsequent growth stage o f the polymer i n n i t r i c 
a c i d s o l u t i o n o c c u r s through a r e a c t i o n t h a t i s t h i r d o r d e r 
w i t h r e s p e c t t o Pu(IV) c o n c e n t r a t i o n as demonstrated by the 
p l o t of r a t e c o n s t a n t s as a f u n c t i o n o f Pu(IV) c o n c e n t r a t i o n 
shown i n F i g . 2 ( 2 ) . Shown here a r e s e v e r a l s e t s of data t h a t 
a l l have a s l o p e o f 3. In c l u d e d on the p l o t i s a s i n g l e p o i n t 
f o r a HNO3 c o n c e n t r a t i o n o f 0.12_M to i n d i c a t e where o t h e r data 
a t t h i s a c i d i t y would f a l l under the assumption t h a t the t h i r d 
o r d e r r e l a t i o n s h i p was s t i l l v a l i d . These c h a r a c t e r i s t i c s o f 
hydrous polymer f o r m a t i o n a r e t y p i c a l of many h y d r o l y t i c 
systems, e.g., Si ( 0 H ) 4 , and l e n d c o n f i d e n c e i n e x t r a p o l a t i n g 
these d a t a t o more extreme and d i f f i c u l t t o measure c o n d i t i o n s . 

U r a n y l N i t r a t e I n f l u e n c e on Polymer Growth. The e f f e c t of 
a s o l u t e such as u r a n y l n i t r a t e on t h i s polymer f o r m a t i o n i s so 
complex t h a t the net e f f e c t on the polymer growth r a t e cannot 
be p r e d i c t e d . E x p e r i m e n t a l l y , i t i s observed t h a t the r a t e s o f 
growth a t g i v e n i n i t i a l HNO3 c o n c e n t r a t i o n are always slower i n 
the presence of U 0 2 ( N 0 3 ) 2 as i n d i c a t e d by the s o l i d curve i n 
F i g . 1. T h i s o c c u r s i n s p i t e o f an observed b a c k - s h i f t i n the 
Pu(IV) d i s p r o p o r t i o n a t i o n e q u i l i b r i u m , 

3Pu 4+ + 2H 20 = 2Pu 3+ + P u 0 2
2 + + (3) 

and the accompanying decrease i n the a c i d i t y of the s o l u t i o n 
when u r a n y l n i t r a t e i s added. Thus the presence of υθ 2(Νθ3) 2 

i n the s o l u t i o n causes two phenomena t o occ u r . 

(1) the i n c r e a s e i n n i t r a t e i o n c o n c e n t r a t i o n causes the 
s t a b i l i z a t i o n of Pu(IV) through n i t r a t e c o m p l e x a t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

01
5

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



234 PLUTONIUM CHEMISTRY 

28 

0.18 M 

100 150 200 

MINUTES 

300 

Figure 1. Percent Pu(IV) polymer vs. time for 0.05 M Pu solu
tions at 50°C. Solid/dashed l i n e s — s o l u t i o n s with/without 
0.05 M U0 2(NOo)2 added. Makeup HN03 concentrations for solu
tions are indicated. (Reprinted with permission from Ref. 2.) 

^ 3 
_i 
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Ο
ι ι 
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- L O G [ Pu ( IV)] 

Figure 2. Determination of reaction order for Pu(IV) polymer 
growth stage at 50° C. S l o p e d 3 for a l l HN0~ concentrations 
indicated. (Reprinted with permission from Ref. 2.) 
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which s h i f t s the above e q u i l i b r i u m t o the l e f t . (The 
same s h i f t i n the e q u i l i b r i u m i s o b t a i n e d by adding 
NaN03 or Ca(N03)2«) T h i s s h i f t causes a lower a c i 
d i t y and hence an i n c r e a s e d r a t e of p o l y m e r i z a t i o n . 

(2) The presence of UU2^ + causes a net decrease i n the 
r a t e of p o l y m e r i z a t i o n which means t h a t i t must ove r 
come the n i t r a t e i o n e f f e c t t h a t accompanies i t . 

Chemical a n a l y s e s r e v e a l t h a t measurable amounts of u r a n y l 
i o n a r e a c t u a l l y p r e s e n t i n Pu(IV) polymers grown i n mi x t u r e s 
o f Pu(IV) and u r a n y l n i t r a t e s u g g e s t i n g t h a t u r a n y l i o n i s 
b e i n g taken up i n the polymer network and cons e q u e n t l y hampers 
the growth through a c h a i n t e r m i n a t i o n process as suggested i n 
F i g . 3. The u r a n y l serves to termi n a t e a c t i v e s i t e s because i t 
does not t y p i c a l l y form e x t e n s i v e p o l y m e r i c aggregates as does 
P u ( I V ) ; i n s t e a d i t tends o n l y t o d i m e r i z e and, a t most, t r i -
m e rize (4). 

The proof of the c h a i n t e r m i n a t i n g f u n c t i o n o f U 0 2 2 + c o u l d 
be o b t a i n e d by the i d e n t i f i c a t i o n of a u r a n y l - t o - p o l y m e r bond 
through the usage of Raman sp e c t r o s c o p y . However, Raman 
s p e c t r a of plutonium s o l u t i o n s a r e d i f f i c u l t t o measure s i n c e 
the s o l u t i o n s must be kept i n alpha-containment boxes; we, 
t h e r e f o r e , have tu r n e d t o polymer s o l u t i o n s of Th(IV) i n p l a c e 
o f Pu(IV) f o r the i n i t i a l s t u d i e s . I t i s through the decrease 
i n the frequency of the U 0 2

2 + symmetric s t r e t c h i n g v i b r a t i o n 
t h a t the attachment of UO2 t o the Th(IV) polymer network i s 
demonstrated, f o r when u r a n y l d i m e r i z e s i n pure s o l u t i o n s a 
s i m i l a r s h i f t o c c u r s . (One observes separate symmetric 
s t r e t c h i n g v i b r a t i o n s due t o monomeric unhydrolyzed u r a n y l , 
d i m e r i c and t r i m e r i c h y d r o x y l - b r i d g e d u r a n y l each a t p r o g r e s 
s i v e l y lower v i b r a t i o n a l f r e q u e n c i e s (5_).) In u r a n y l - t h o r i u m ( I V ) 
m i x t u r e s t h a t are a d j u s t e d t o pH = 3.1, the appearance of the 
u r a n y l symmetric s t r e t c h i n g v i b r a t i o n a t t r i b u t a b l e t o a d i m e r i c 
s p e c i e s appears q u i t e r e a d i l y ( i n a d d i t i o n t o t h a t of the mono
m e r i c s p e c i e s ) even though the pH i s not h i g h enough f o r u r a n y l 
t o h y d r o l y z e and aggregate on i t s own. I t i s f o r t h i s reason 
t h a t we b e l i e v e U02^ + c h e m i c a l l y a t t a c h e s t o the p o l y m e r i c n e t 
work through h y d r o x y l b r i d g e s . 

Carbon D i o x i d e A d s o r p t i o n on D r i e d Polymer. Other un
expected i n t e r a c t i o n s o f these h y d r o l y t i c polymers have been 
noted p r e v i o u s l y d u r i n g the measurement of i n f r a r e d s p e c t r a of 
d r i e d Pu(IV) polymers ( l i k e those used f o r d i f f r a c t i o n 
s t u d i e s ) . V i b r a t i o n a l bands f i r s t a t t r i b u t e d to n i t r a t e i o n 
were observed i n samples exposed t o room a i r ; however, these 
bands were not pre s e n t i n samples prepared under n i t r o g e n 
atmospheres (see F i g . 4) (6). Chemical a n a l y s e s e s t a b l i s h e d 
enough carbon i n the exposed samples t o c o n f i r m the assignment 
of the extraneous bands t o the carbonate f u n c t i o n a l group 
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236 PLUTONIUM CHEMISTRY 

F i g u r e 4, I n f r a r e d s p e c t r a of KBr p e l l e t s c o n t a i n i n g Pu(IV) 
polymer p r e c i p i t a t e s , (A) prepared i n ̂ - p u r g e d g l o v e bag f r e e 
of CO2; (B) prepared i n l a b o r a t o r y atmosphere. ( R e p r i n t e d w i t h 
p e r m i s s i o n from Ref. 6.) 
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15. TOTH ET AL. Pu(IV) Hydrous Polymer Chemistry 237 

formed by the r a p i d a d s o r p t i o n of atmospheric CO2. Although 
the a f f i n i t y of the polymer f o r CO2 i s not u n u s u a l , i t has not 
o f t e n been c o n s i d e r e d i n p r e v i o u s d i f f r a c t i o n s t u d i e s and c o u l d 
have compromised some of the e a r l i e r r e s u l t s . 

The i m p l i c a t i o n of these two examples i s t h a t the medium 
i n which the Pu(IV) h y d r o l y s i s c h e m i s t r y i s s t u d i e d has a 
s t r o n g b e a r i n g on the outcome of the r e s u l t s . In the p a s t , we 
were content to t r e a t the pure systems and e i t h e r i g n o r e e x t e r 
n a l i n t e r f e r e n c e s (such as the atmosphere) or i n f e r the behav
i o r of m i x t u r e s (such as P u 4 + and U 0 2 2 + ) based on the known 
c h e m i s t r i e s of the i n d i v i d u a l s p e c i e s . The example of 
U 0 2 2 + i n t e r a c t i o n s w i t h Pu(IV) polymer demonstrates t h a t 
n e i t h e r of these approaches i s a c c u r a t e . T h e r e f o r e , f u t u r e 
r e s e a r c h e f f o r t s w i l l n e c e s s a r i l y have t o c o n s i d e r p l u t o n i u m 
h y d r o l y s i s r e a c t i o n s i n more d e t a i l than has p r e v i o u s l y been 
done. 

P a r a m e t r i c S t u d i e s 

R e f l u x Experiments. More r e c e n t e f f o r t s have been 
d i r e c t e d a t a q u a n t i t a t i v e e v a l u a t i o n of those parameters t h a t 
a f f e c t polymer growth, namely a c i d i t y , p lutonium c o n c e n t r a t i o n , 
temperature, and r e f l u x a c t i o n . The l a s t i s an i n t e r e s t i n g 
example t o i l l u s t r a t e s i n c e the a d m i s s i o n of low a c i d conden
s a t e s or d i l u e n t s t o a Pu(IV) s o l u t i o n causes some polymer f o r 
m a tion even when the b u l k s o l u t i o n i s o t h e r w i s e a c i d i c enough 
t o prevent any measurable degree o f h y d r o l y s i s . 

T h i s u n t i m e l y polymer f o r m a t i o n i s understood t o be caused 
by the very r a p i d h y d r o l y s i s and a g g r e g a t i o n of monomeric 
Pu(IV) s p e c i e s ( a t the r e g i o n of condensate r e e n t r y i n t o the 
hot plutonium s o l u t i o n ) t o produce hydrous polymers t h a t are 
not r e a d i l y depolymerized. At h i g h temperatures such as found 
under r e f l u x c o n d i t i o n s , the polymer r a p i d l y ages through the 
c o n v e r s i o n of h y d r o x y l - t o o x o - b r i d g e s : 

Pu' 

H 

0 

n+ 
Pu 

n+ 
Pu - + H 20 (4) 

and thus becomes h i g h l y r e s i s t a n t t o r e d i s s o l u t i o n . 
A l t h o u g h the e f f e c t of r e f l u x on polymer f o r m a t i o n has 

been r e c o g n i z e d f o r many y e a r s , l i t t l e d e t a i l e d i n f o r m a t i o n i s 
a v a i l a b l e c o n c e r n i n g the e x t e n t t o which changes i n tem
p e r a t u r e , a c i d i t y , and plutonium c o n c e n t r a t i o n a f f e c t i t . 
Recent work i n t h i s l a b o r a t o r y has sought to p r o v i d e some of 
t h i s i n f o r m a t i o n , u n f o r t u n a t e l y , a b s o r p t i o n spectrophotometry 
i s not s u i t a b l e f o r m o n i t o r i n g the f o r m a t i o n of Pu(IV) polymer 
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238 PLUTONIUM CHEMISTRY 

under r e f l u x c o n d i t i o n s , because the aged polymer formed a t 
about 100°C does not remain suspended i n the s o l u t i o n . I n s t e a d 
i t p r e c i p i t a t e s and produces e x t e n s i v e l i g h t s c a t t e r . More 
q u a l i t a t i v e t e c h n i q u e s which i n v o l v e s i m p l y r e f l u x i n g the s o l u 
t i o n s u n t i l p r e c i p i t a t e s a r e v i s u a l l y observed have t h e r e f o r e 
been used. R e f l u x r a t e s o f a p p r o x i m a t e l y 0.3 ml/min i n these 
experiments produce a t u r n o v e r of the 10 ml samples i n 0.5 h. 
Re f l u x e d samples were compared w i t h n o n r e f l u x e d samples h e l d 
i s o t h e r m a l l y i n an o i l b a t h . The l e n g t h o f time u n t i l polymer 
was observed i n 0.05 M_ Pu s o l u t i o n s i s shown i n Table 1. I t 
i s seen t h a t above 2 H_ HNO3 no polymer formed i n the n o n r e f l u x 
c o n t r o l samples, whereas polymer formed under a l l c o n d i t i o n s 
t e s t e d a t r e f l u x . Furthermore, the polymer t h a t formed was 
r e s i s t a n t t o a l l attempts a t r e d i s s o l u t i o n i n n i t r i c a c i d , thus 
s u g g e s t i n g a v e r y aged s t a t e of the polymer. 

Table 1. Formation of aged polymer under r e f l u x and n o n r e f l u x 
c o n d i t i o n s w i t h 0.05 M Pu a t 105°C 

HNO3 Hours t o form o b s e r v a b l e p o l y m e r a 

c o n c e n t r a t i o n R e f l u x N o n r e f l u x 
(M) 

1 1.5 [0.013] 18 [0.049] 
2 2.0 [0.029] 191 [0.049] 
3 4.0 [0.050] b [0.050] 
4 22.0 [ 0 . 0 1 3 ] c b [0.050] 
6 48.0 [ 0 . 0 0 7 ] d b [0.045] 
a V a l u e s i n b r a c k e t s are the Pu(IV) molar c o n c e n t r a t i o n s a t 

the end of the experiment. 
^No polymer f o r m a t i o n was observed, even a f t e r a t o t a l of 

596 h. 
c D e c r e a s e i n a c i d i t y noted a t end of experiment; f i n a l 

[ H N O 3 ] = 3 . 5 M . 
^Decrease i n a c i d i t y noted a t end of experiment; f i n a l 

[ H N O 3 ] = 5.0 M. 

Table 2 shows the e f f e c t of r e f l u x on h i g h c o n c e n t r a t i o n s 
o f p l u t o n i u m (up t o 0.55 M) i n comparison t o n o n r e f l u x 
s i t u a t i o n s of comparable a c i d i t i e s . Again, the n o n r e f l u x s o l u 
t i o n s d i d not po l y m e r i z e above a f i x e d a c i d c o n c e n t r a t i o n ( i n 
t h i s case 3M) whereas a l l s o l u t i o n s t h a t were r e f l u x e d showed 
the f o r m a t i o n of polymer. 

I f one takes the 4 o r 6 M HNO3 data under r e f l u x con
d i t i o n s and e v a l u a t e s the i n c r e a s e i n r a t e s w i t h i n c r e a s i n g 
c o n c e n t r a t i o n of Pu ( I V ) , he would f i n d t h a t the time t o form 
o b s e r v b l e polymer i s i n v e r s e l y p r o p o r t i o n a l t o the f i r s t power 
(1.1 ± .4) of the Pu(IV) c o n c e n t r a t i o n . At f i r s t glance t h i s 
might seen t o c o n t r a d i c t e a r l i e r f i n d i n g s (7_) t h a t showed the 
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15. TOTH ET AL. Pu(IV) Hydrous Polymer Chemistry 239 

polymer growth r a t e t o f o l l o w a t h i r d power dependency on 
Pu(IV) c o n c e n t r a t i o n ; but the former case was f o r the growth 
r a t e a f t e r polymer was observed and the present case i s f o r the 
appearance or i n i t i a t i o n of polymer. The i n i t i a t i o n of polymer 
i n v o l v e s a mechanism t h a t has not yet been e l u c i d a t e d and, 
t h e r e f o r e , the f i r s t o r der k i n e t i c s found here are not i n 
c o n t r a d i c t i o n w i t h the p r e v i o u s study. ( I f the time to form 
o b s e r v a b l e polymer f o l l o w e d t h i r d o r d e r k i n e t i c s , a 1000-fold 
i n c r e a s e i n r a t e would be expected f o r a 1 0 - f o l d i n c r e a s e i n 
c o n c e n t r a t i o n . ) 

Table 2. Formation of aged polymer under r e f l u x and n o n r e f l u x 
c o n d i t i o n s w i t h 0.27 and 0.55 M Pu a t 105°C 

HN0 3 Pu Hours to perform 
c o n c e n t r a t i o n c o n c e n t r a t i o n o b s e r v a b l e parameters 

R e f l u x N o n r e f l u x 
3 0.55 97 [0.493] 
4 0.27 7.6 [0.093] 

0.55 1.5 [0.261] b [0.455] 
6 0.55 3.0 [0.357] b [0.348] 

a V a l u e s i n b r a c k e t s a r e the Pu(IV) molar c o n c e n t r a t i o n s a t 
the end of the experiment. 

^No polymer f o r m a t i o n observed, even a f t e r a t o t a l of 
596 h. 

Conc l u s i o n s 

Many r e p o r t s on the h y d r o l y s i s of Pu(IV) and p o l y m e r i z a 
t i o n ( a g g r e g a t i o n ) of the primary h y d r o l y s i s products e x i s t i n 
one form or another. The v a l i d i t y of some of the e a r l i e r data 
may be s u b j e c t to q u e s t i o n because the e x p e r i m e n t a l c o n d i t i o n s 
were not p r o p e r l y c o n t r o l l e d . T h e r e f o r e , these systems deserve 
f u r t h e r c o n s i d e r a t i o n f o r the sake o f r e f i n e m e n t s . N e v e r t h e l e s s , 
the major area of i n t e r e s t f o r the f u t u r e w i l l remain w i t h 
i n t e r a c t i o n s between Pu(IV) h y d r o l y s i s products and ot h e r r e a c 
t i v e s p e c i e s p r e s e n t i n the s o l u t i o n . There i s not o n l y con
s i d e r a b l e promise of e l u c i d a t i n g n o v e l c h e m i c a l i n t e r a c t i o n s , 
but there i s a l s o a g r e a t p r a c t i c a l need t o f u l l y understand 
the e x t e n t of these i n t e r a c t i o n s i n o r d e r t o ensure the most 
complete c o n t r o l of plutonium i n r e p r o c e s s i n g o p e r a t i o n s . 
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16 
Reactions of Plutonium Ions with the Products of 
Water Radiolysis 

J. C. SULLIVAN 

Argonne National Laboratory, Chemistry Division, Argonne, IL 60439 

The free radicals produced in the 
radiolysis of H2O range from the powerful 
reductant e-(aq) to the oxidant OH. The 
reactions of the hydrated electron with Pu(VI) 
are reviewed. The effect of absorption on a 
SiO2 colloid markedly reduces the rate 
k(e-(aq) + Pu(VI)). The reactions of OH with 
CO=

3 and subsequent reaction with Pu(V) are 
discussed. Salient problems in the process and 
waste disposal chemistry of Pu are outlined. 

The g i f t e d chemists who worked on the "Manhattan P r o j e c t " 
r e c o g n i z e d and attempted to q u a n t i t a t i v e l y d e s c r i b e the e f f e c t s 
of α s e l f - r a d i o l y s i s soon a f t e r the p r e p a r a t i o n of macroscopic 
q u a n t i t i e s o f 2 3 9 P u . The present symposium p r o v i d e s an 
a p p r o p r i a t e time and p l a c e to c i t e a number of these i n d i v i d u a l s 
f o r t h e i r c o n t r i b u t i o n s to an important aspect of Pu s o l u t i o n 
c h e m i s t r y . 

The authors of r e p o r t s r e f e r r e d to i n V o l . 14-B (2) who 
p a r t i c i p a t e d i n these e a r l y i n v e s t i g a t i o n s under the d i r e c t i o n 
of P r o f e s s o r R. E. Connick are ( i n a l p h a b e t i c a l o r d e r ) S. C. 
C a r n i g l i a , M. Kasha, W. H. McVey, G. E. Moore, G. E. S h e l i n e and 
W. K. Wilma r t h . These e a r l y s t u d i e s were c a r r i e d out i n HClOi+ 
and HC1 s o l u t i o n s and the net e f f e c t was a r e d u c t i o n to P u ( I I I ) . 

To p r o v i d e an a p p r o p r i a t e background f o r a d i s c u s s i o n of 
the t i t l e r e a c t i o n s note t h a t ~ 1 0 ~ 9 sees a f t e r i r r a d i a t i o n the 
water decomposition ( p r o d u c t s ) can be expressed a s: 

H 20 ~ ~ • H^ q, OH, e^ q, H, H ^ , H 2, 0H~ (1) 

The amounts of these p r i m a r y products per 100 eV adsorbed (G 
v a l u e s ) are r e s p e c t i v e l y ; 2.9, 2.75, 2.65, 0.65, 0.70., 0.45 and 
0.25. These v a l u e s are f o r n e u t r a l water and a 6 0 C o - y s o u r c e . 
The G v a l u e s may v a r y somewhat w i t h energy and type of p a r t i c l e 

0097-6156/83/0216-0241$06.00/0 
© 1983 American Chemical Society 
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242 PLUTONIUM CHEMISTRY 

used f o r the i r r a d i a t i o n , but not markedly over a wide range of 
p a r t i c l e s and e n e r g i e s . 

The thermodynamically p o w e r f u l oxidant(OH) and r e d u c t a n t 
e~(aq) are produced. E s t i m a t e s have been made of the v a l u e s f o r 
the p o t e n t i a l s of some of the c h a r a c t e r i s t i c r e a c t i o n s of the 
s o - c a l l e d primary products of r a d i o l y s i s . These v a l u e s are 
presented i n Table I . I t i s of importance to note t h a t the H 
atom can a c t as e i t h e r an o x i d a n t or r e d u c t a n t 

Table I . H a l f - C e l l P o t e n t i a l s 

R e a c t i o n s 

OH + H + + e" = H2O 2.65 
H + H + + e~ = H 2 

2.30 
OH + e = OH 1.83 
02 + 2 H + + e~ = H2O2 1.73 
H + H2O + e~" = H 2 + OH 1.47 
H + + H 0 2 + e" = H 2 0 2 1.44 
O2 + e" = O2 -0.33 
H+ + e" = H -2.30 
e~ = e~aq -2.87 

(a) H 2 0 ( l i g ) , H 2 ( g , 1 atm 25°), (02g, 1 atm 25°) as s t a n d a r d 
s t a t e s . Schwartz Η. Α., J . Chem. Ed. 1981, J58, 101. 

The development of p u l s e r a d i o l y s i s techniques have l e d to 
the d e t e r m i n a t i o n of a number of the important k i n e t i c processes 
of the s p e c i e s produced by the i r r a d i a t i o n of H2O. The r e s u l t s 
t h a t have been o b t a i n e d f o r a number of the most important 
r e a c t i o n s are presented i n Table I I . These r e s u l t s demonstrate 
t h a t the net e f f e c t of r a d i a t i o n i s H2O decomposition i n the 
absence of any r e a c t i v e s u b s t r a t e . 

Table I I . R e a c t i o n s of the R a d i c a l s 

9 
Rate Constant χ 10 

R e a c t i o n M ls 1 

e"(aq) + e~(aq) + 2H2O2 — • H 2 + 20H 6.0 
e""(aq) + H 3 0 + — • Η + H20 23.5 
e"(aq) + OH — • 0H~ 3.0 
OH + OH — • H 202 5.0 
OH + Η — • H20 20.0 
H -f Η — • H2 10.0 
H+ + OH" — • H20 100.0 
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16. SULLIVAN Pu Ions and the Products of Water Radiolysis 243 

The s o l u t i o n c h e m i s t r y of Pu i s unique i n t h a t i t i s 
p o s s i b l e f o r a l l f o u r of the common o x i d a t i o n s t a t e s to be 
present i n the same s o l u t i o n . The well-known r e l a t i o n s are 
presented i n equ a t i o n s 2, 3 and 4. 

P u ( I I I ) + Pu(V) ^ 2Pu(IV) (2) 

P u ( I I I ) + Pu(VI) ^ Pu(IV) + Pu(V) (3) 

2Pu(V) ^ Pu(IV) + Pu(VI) (4) 

The r e a c t i o n s to be expected between the r a d i c a l s produced 
by the r a d i a t i o n of H20 w i t h the pl u t o n i u m i o n s i n aqueous 
s o l u t i o n a r e : 

P u ( V I I ) + e" — • Pu(VI) (5) aq 
Pu(VI) + OH — • P u ( V I I ) (6) 

Pu(VI) + ( e ~ , H) — • Pu(V) (7) aq 
Pu(V) + OH — • Pu(VI) (8) 

Pu(V) + ( e ~ , H) — • Pu(IV) (9) aq 
Pu(IV) + OH — • Pu(V) (10) 

Pu(IV) + ( e ~ , H) — • P u ( I I I ) (11) aq 
P u ( I I I ) + (OH, H) — • Pu(IV) (12) 

There i s i n a d d i t i o n to the p u l s e r a d i o l y s i s t e c h n i q u e the 
c l a s s i c a l continuous r a d i a t i o n method. Th i s l a t e r procedure 
uses e i t h e r the 6 0 C o - y sources or i n the case of Pu the s e l f α 
i r r a d i a t i o n due to the r a d i o a c t i v e decay. 

The v a s t m a j o r i t y of the s t u d i e s on the r e a c t i o n s such as 
5-12 have been the c l a s s i c a l type i n a c i d i c s o l u t i o n s , 
p r e d o m i n a n t l y i n n i t r i c a c i d s o l u t i o n s f o r obvious process 
r e l a t e d i n t e r e s t s . The r e s u l t s of such s t u d i e s have been 
summarized by Newton (4) so o n l y a v e r y b r i e f r e c a p i t u l a t i o n i s 
warr a n t e d . 

1. The predominant r e a c t i o n s i n p e r c h l o r i c a c i d tend to reduce 
Pu to a "steady s t a t e " m i x t u r e of P u ( I I I ) and P u ( I V ) . 

2. I n s u l f u r i c a c i d s o l u t i o n s Pu(VI) i s reduced o n l y to P u ( I V ) . 

3. In HC1 s o l u t i o n s t h e r e are c o n f l i c t i n g o b s e r v a t i o n s as t o 
whether r e d u c t i o n of Pu(VI) and Pu(IV) o c c u r s . 
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4. The v a s t amount of work c a r r i e d out i n n i t r i c a c i d s o l u t i o n s 
can not be adequately summarized. S u f f i c e i t to say r e s u l t s 
i n these s o l u t i o n s are plagued w i t h i r r e p r o d u c i b i l i y and 
i n d u c t i o n p e r i o d s , but the g e n e r a l p a t t e r n i s r e d u c t i o n of 
P u ( V I ) . 
There are a l i m i t e d number of such "steady r a d i o l y s i s " 

s t u d i e s of Pu i n n e u t r a l or b a s i c s o l u t i o n s t h a t have been 
r e p o r t e d . Here t o o , the r e s u l t s are not unambiguous. For 
example, i n a s e r i e s of s t u d i e s (5) w i t h ~20 mM Pu and added 
2i+t+Cm (1.8 x 1 0 9 D/mM/ml) the Pu(lfï) decreased over p e r i o d s of 
days i n s o l u t i o n s c o n t a i n i n g C I " ( i . e . , a r t i f i c i a l sea water and 
WIPP B r i n e ) as w e l l as i n t r i p l y d i s t i l l e d w a t e r . The most 
s t r i k i n g r e s u l t was the growth and disappearance of Pu(VI) i n 
d i s t i l l e d H 2 O over some 300 days. 

I n a d i f f e r e n t s e t of experiments s o l u t i o n s of P u ( I I I ) or 
Pu(VI) i n H2O (Ar s a t u r a t e d , pH a d j u s t e d to 7, 2 χ ΙΟ" 5 M i n Pu) 
were i r r a d i a t e d i n the ANL 6^Co-y source a t a p o s i t i o n where the 
dose was 1 megarad/hr (6) ~1 mM H 2 O 2 produced/hr. C a t i o n 
exchange column be h a v i o r was used i n an attempt to i d e n t i f y Pu 
o x i d a t i o n s t a t e s , see Table I I I . The r e s u l t s o b t a i n e d a f t e r an 
i r r a d i a t i o n of 1 h r . were i n d i s t i n g u i s h a b l e from the "b l a n k " , 
i . e . a s o l u t i o n not s u b j e c t e d to i r r a d i a t i o n . The i r r a d i a t i o n 
f o r a 24 h r . p e r i o d f a i l e d to demonstrate a marked i n c r e a s e i n 
the amount of Pu(IV) produced t h a t c o u l d be a s c r i b e d t o the 
e f f e c t s of r a d i o l y s i s . 

When a s o l u t i o n of Pu(VI) i s s u b j e c t e d t o the 24 h r . 
i r r a d i a t i o n the bu l k of the Pu has been reduced to the P u ( I I I ) 
o x i d a t i o n s t a t e . There e x i s t s the amb i g u i t y t h a t r e s i d e n c e on 
the column may cause some r e d u c t i o n of Pu(VI) Pu(V) and 
Pu(IV) t o P u ( I I I ) . The g e n e r a l c o n c l u s i o n i s s t i l l v a l i d t h a t 
under these c o n d i t i o n s the e f f e c t of r a d i a t i o n i s to reduce the 
Pu. I t i s apparent t h a t steady r a d i o l y s i s experiments i n the 
near n e u t r a l pH regime are s u b j e c t to the same type of problems 
of i n t e r p r e t a t i o n as are those s t u d i e s c a r r i e d out i n s t r o n g 
a c i d . 

There i s an a d d i t i o n a l problem t h a t a r i s e s i n continuous 
r a d i o l y s i s s t u d i e s . I f the s o l u t i o n s c o n t a i n , C I " , SO^, NO3 o r 

CO3 i o n s the products of H 2 O r a d i o l y s i s can r e a c t to produce the 
cor r e s p o n d i n g r a d i c a l s . These r a d i c a l s , C I 2 , SO^, or CO3 can 
then undergo redox r e a c t i o n s w i t h the Pu i o n s such as 

P u ( I I I ) + C l ~ — • Pu(IV) + 2C1" (13) 

The a p p l i c a t i o n of techniques of p u l s e r a d i o l y s i s o f f e r s 
the p o t e n t i a l to determine r a t e s of primary r a d i o l y s i s induced 
r e a c t i o n p r o c e s s e s . T h i s knowledge can be of gr e a t v a l u e i n the 
d e t e r m i n a t i o n of redox processes of Pu i o n s o c c u r r i n g i n a wide 
v a r i e t y of aqueous s o l u t i o n s . As a matt e r of f a c t , such 
i n f o r m a t i o n i s e s s e n t i a l to a p r e d i c t i o n of the Pu o x i d a t i o n 
s t a t e s to be expected i n breached r e p o s i t o r y s c e n a r i o s . For an 
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u n d e r s t a n d i n g of the e f f e c t s of r a d i o l y s i s i n process streams 
the E d i s o n i a n ( s t e a d y r a d i o l y s i s ) approach can p r o v i d e adequate 
i n f o r m a t i o n . 

In p u l s e r a d i o l y s i s s t u d i e s i t i s f e a s i b l e t o e l i m i n a t e 
u n d e s i r e d r a d i c a l r e a c t i o n s by the use of "scavengers". For 
example, to produce a t o t a l l y r e d u c i n g system s i m p l e a l i p h a t i c 
a l c o h o l s are added and the ensuing r e a c t i o n 

OH + CH3OH — • CH2OH + H ^ (14) 

produces a r a d i c a l which i s slow to r e a c t on the p u l s e 
r a d i o l y s i s time s c a l e . To e l i m i n a t e e"(aq) the s o l u t i o n i s 
s a t u r a t e d w i t h N2O and the r e a c t i o n 

N o0 + e" — • N 0 + OH + 0H~ (15) 2 aq 2 
i n s u r e s t h a t the system i s predominantly an o x i d i z i n g system. 

The r a t e parameters f o r the r e a c t i o n s of e~(aq) w i t h 
s u b s t r a t e s are g e n e r a l l y determined by m o n i t o r i n g the 
disappearance of the hydrated e l e c t r o n at 600-700 nm. The f i r s t 
o r d e r r a t e parameters are g e n e r a l l y determined over a range of 
s u b s t r a t e c o n c e n t r a t i o n s and the second o r d e r r a t e parameter 
c a l c u l a t e d from the r e s u l t i n g l i n e a r r e l a t i o n . The da t a 
a v a i l a b l e f o r such s t u d i e s w i t h Pu i o n s are presented i n 
Table IV. 

Table IV. R e a c t i o n Rates of e~(aq) w i t h Pu 

[Pu] [Μ] χ ΙΟ""1* S o l u t i o n k ( 1 0 1 0 M" 1s" 1 ) 

VI 0.12-1.0 pH 5.6 (HC10O 6.4 ± 0.4 (b) 
VI 0.09-1.08 pH 6.1 (HCIOO 5.8 ± 0.3 (b) 
VI 0.2-0.8 0.05 M Na2C03 2.3 ± 0.3 ( c ) 
VI 0.26 2 M NaOH 1.9 ± 0.3 (d) 
V I I 0.2 2 M NaOH 4.2 ± 0.8 (d) 

(a) Ambient temperature, 25°C f o r (b) and ( c ), 20-22°C f o r 
( d ) . 

(b) S u l l i v a n , J . C. ; Gordon, S.; Cohen, D.; Mulac, W. and 
Schmidt, Κ. H., J . Phys. Chem. 1976, _80, 1684. 

( c ) Mulac, W. and S u l l i v a n , J . C., u n p u b l i s h e d r e s u l t s . 
(d) Pakaev, A. K.; Mefad'eva, M. P.; Knot, Ν. N. and S p i t s y n , 

V. I . , High Energy Chem. 1973, J7_, 448. 

The amazing f e a t u r e of these r e s u l t s i s the f a c t t h a t the 
r e a c t i o n occurs at e s s e n t i a l l y the d i f f u s i o n c o n t r o l l e d l i m i t 
over a wide range of s o l u t i o n c o m p o s i t i o n . In p a r t i c u l a r i n 
0.05 M Na2C03 s o l u t i o n s the Pu(VI) e x i s t s p r e d o m i n a n t l y as the 
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t r i s - c a r b o n a t o complex. Yet t h e r e i s no marked e f f e c t i n the 
r a t e of the r e a c t i o n d e s p i t e the f a c t t h a t simple e l e c t r o s t a t i c 
c o n s i d e r a t i o n s would p r e d i c t _a p r i o r i t h a t the f o r m a l n e g a t i v e 
charge on the Pu(VI) would be a k i n e t i c b a r r i e r f o r the r e a c t i o n 
w i t h e ~ ( a q ) . The d ata i n t h i s t a b l e are s u f f i c i e n t to p r o v i d e a 
b a s i s f o r the p r e d i c t i o n t h a t i n homogeneous s o l u t i o n s the r a t e 
of the r e a c t i o n of e~(aq) w i t h Pu(VI) w i l l not be i n f l u e n c e d 
markedly by any complexing of the P u ( V I ) . 

There are two a d d i t i o n a l p u l s e r a d i o l y s i s i n v e s t i g a t i o n s of 
Pu(VI) r e a c t i o n s t h a t are of importance. These are the r a t e of 
r e a c t i o n of e~~(aq) w i t h Pu(VI) adsorbed on S1O2 c o l l o i d s and the 
r a t e of the r e a c t i o n between Pu(V) and the carbonate i o n r a d i c a l 

Pu(V) + C0~ — • Pu(VI) + CO^ (16) 

The former i n v e s t i g a t i o n was m o t i v a t e d , i n p a r t by the f a c t 
t h a t i n a p r e v i o u s study (7) t h e r e had been a marked d i f f e r e n c e 
on the r a t e s of r e a c t i o n s of e~(aq) and U(VI) between 
homogeneous s o l u t i o n s and those c o n t a i n i n g m i c e l l a r m a t e r i a l . 
When the r a t e of disappearance of the hydrated e l e c t r o n i s 
measured over a range of c o n c e n t r a t i o n s from 2 χ ΙΟ""5 M to 8 χ 
10 _ 1 + M at pH = 9.7 i n s o l u t i o n s f o r m a l l y 0.003 M S 1 O 2 , the 
c a l c u l a t e d second order r a t e parameter i s 1.4 χ 1 0 9 M'-^s"1. 
This i s a marked decrease from any of the p r e v i o u s measurements 
and emphasizes the p o i n t t h a t the p r e d i c t i o n of Pu c h e m i s t r y i n 
a n a t u r a l water system must take cognizence of f a c t o r s t h a t are 
not u s u a l l y deemed s i g n i f i c a n t . 

The p o i n t has p r e v i o u s l y been made t h a t common anions can 
r e a c t w i t h the products of water r a d i o l y s i s to produce r e a c t i v e 
s p e c i e s · One such w e l l documented (8_) r e a c t i o n i s 

C 0; + OH k = 4 X M " l s - 1 > C 0 - + 0 H - (17) 

The product CO3 r a d i c a l can r e a c t w i t h a v a r i e t y of i n o r g a n i c 
i o n s i n c l u d i n g the carbonato complex of Pu(V). Thus, i n a p u l s e 
r a d i o l y s i s experiment, Pu(VI) i n 0.05 M Na2C03, He s a t u r a t e d , 
t h e r e are the p a r a l l e l r e a c t i o n s (17) and (18) 

Pu(VI) + e" k = 2 χ 1 0 1 Q M ls 1 ^ ( P u ( v ) ) ( 1 8 ) 

aq 
f o l l o w e d by 

Pu(V) + C0~ k = 3 X 1 ( ) 7 M l g 1 » Pu(VI) + CO3 (19) 

Thus Pu(VI) i n carbonate media w i l l not s u f f e r a net r e d u c t i o n 
due to r a d i o l y s i s . 

American Chemical 
Society Library 

1155 16th St., N.W. 
Washington, U.C. 20036 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

01
6

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



248 PLUTONIUM CHEMISTRY 

F u t u r e Trends 

I t has been noted t h a t r e s u l t s of steady r a d i o l y s i s 
experiments p r o v i d e adequate da t a f o r s e p a r a t i o n s r e l a t e d 
problems. The d i f f i c u l t y i s t h a t i n the absence of k i n e t i c d ata 
f o r the primary process i t becomes neces s a r y to repeat t h i s type 
of experiment f o r each p a r t i c u l a r s e t of c o n c e n t r a t i o n s and 
times· 

One problem t h a t should be of p a r t i c u l a r i n t e r e s t f o r 
s e p a r a t i o n processes i s the i d e n t i f i c a t i o n and k i n e t i c 
c h a r a c t e r i z a t i o n of the r e a c t i v e r a d i c a l s t h a t occur when s t r o n g 
n i t r i c a c i d s o l u t i o n s are s u b j e c t t o i o n i z i n g r a d i a t i o n . The 
important r e d u c i n g r a d i c a l i n such s o l u t i o n s i s the H atom. 
There are p r e s e n t l y no d i r e c t measurements of the r a t e of 
r e d u c t i o n of H atoms w i t h any Pu o x i d a t i o n s t a t e . 

In marked c o n t r a s t t h e r e e x i s t s a volumnous l i t e r a t u r e on 
p u l s e r a d i o l y s i s s t u d i e s of n i t r i c a c i d s o l u t i o n s ( 9 ) . The NO3 
r a d i c a l has been i d e n t i f i e d as a major product a l t h o u g h the 
mechanism of f o r m a t i o n i s s t i l l a matter of debate. While a 
number of r e a c t i o n s of t h i s r a d i c a l have been r e p o r t e d ( 10) 
t h e r e has e v i d e n t l y not been any p u l s e r a d i o l y s i s s t u d i e s of 
r e a c t i o n s w i t h Pu i o n s . 

For r e a c t i o n s i n the near n e u t r a l or s l i g h t l y b a s i c pH 
regime - which are of i n t e r e s t i n en v i r o n m e n t a l c h e m i s t r y and 
waste d i s p o s a l problems - the presence of the common anions C l ~ , 
SOi and CO3 can i n t r o d u c e a d d i t i o n a l c o m p l i c a t i o n s . 

We have a l r e a d y d i s c u s s e d the r e a c t i o n s of Pu(VI) i n 
carbonate s o l u t i o n s but th e r e i s no i n f o r m a t i o n a v a i l a b l e on 
r e a c t i o n s of C I 2 or S0Î r a d i c a l s w i t h any of the Pu s p e c i e s 
which may be p o s t u l a t e d to be p r e s e n t . The p u b l i s h e d data on 
the r e a c t i v i t y of these r a d i c a l s i n d i c a t e s t h a t they are both 
o x i d a n t s and c o u l d t h e r e f o r e be expected to p r o v i d e i m p o r t a n t 
paths f o r the d i s t r i b u t i o n of Pu o x i d a t i o n s t a t e s . 

While th e r e have been o n l y a l i m i t e d number of r e a c t i o n s o f 
e~(aq) and Pu i o n s i n near n e u t r a l or b a s i c s o l u t i o n s , 
a p p a r e n t l y s y s t e m a t i c r e a c t i v i t y p a t t e r n s p r o v i d e some 
a d d i t i o n a l i n s i g h t . For example, i t has been noted t h a t the 
second o r d e r r a t e parameters (MT^-s*"1) f o r the r e a c t i o n s of 
Np(VI) and Np(V) (11) (pH=6) are r e s p e c t i v e l y (5.4 ± 0.2) χ 1 0 1 0 

and (2.13 ± 0.03) χ 1 0 1 0 . The v a l u e s of the second or d e r r a t e 
parameters when Am(VI) and Am(V) are the o x i d a n t s (12) are 
(3.9 ± 0.9) χ 1 0 1 0 and (3.18 ± 0.08) χ 1810. So one can p r e d i c t 
t h a t the v a l u e f o r k( e " ( a q ) + Pu(V)) at pH=6 would be 3 ± 1 χ 
1 0 1 0 H - l e - 1 . 

The c o n c l u s i o n t o be drawn i s t h a t the da t a s e t of k i n e t i c 
i n f o r m a t i o n on r e a c t i o n s of Pu i o n s i n s o l u t i o n w i t h p r i m a r y 
products of H2O r a d i o l y s i s needs to be s u b s t a n t i a l l y 
augmented. The steady r a d i o l y s i s s t u d i e s t h a t have been and are 
c u r r e n t l y out are of immediate pragmatic v a l u e . I t i s 
i m p e r a t i v e t h a t s e l e c t e d r a t e d a t a f o r r e a c t i o n s i n aqueous 
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systems that can be used to model the aquatic reservoir be 
obtained. 
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17 
Stability Constants, Enthalpies, and Entropies of 
Plutonium(III) and Plutonium(IV) Sulfate 
Complexes 

K. L. NASH and J. M. CLEVELAND 

U.S. Geological Survey, Denver, CO 80225 

The physical nature of the sulfate complexes 
formed by plutonium(III) and plutonium(IV) in 1 M acid 
2 M ionic strength perchlorate media has been inferred 
from thermodynamic parameters for complexation reac
tions and acid dependence of stability constants. The 
stability constants of 1:1 and 1:2 complexes were de
termined by solvent extraction and ion-exchange tech
niques, and the thermodynamic parameters calculated 
from the temperature dependence of the stability con
stants. The data are consistent with the formation of 
complexes of the form PuSO4

(n-2)+ for the 1:1 com
plexes of both plutonium(III) and plutonium(IV). The 
second HSO-

4 ligand appears to be added without depro
tonation in both systems to form complexes of the form 
PuSO4HSO4

(n-3)+. 

P r e d i c t i o n o f the c h e m i s t r y of p l u t o n i u m i n n e a r - n e u t r a l 
aqueous media i s h i g h l y dependent on un d e r s t a n d i n g r e a c t i o n s t h a t 
may be o c c u r r i n g i n such media. One of the most important param
e t e r s i s the s t a b i l i t y and n a t u r e of complexes formed by p l u t o n i u m 
i n i t s f o u r common o x i d a t i o n s t a t e s . Because P u ( I I I ) , P u ( I V ) , and 
Pu(VI) a r e r e a d i l y h y d r o l y s e d , c o m p l e x a t i o n r e a c t i o n s g e n e r a l l y 
a r e s t u d i e d i n m i l d l y t o s t r o n g l y a c i d i c media. Data determined 
i n a c i d media (and f r e q u e n t l y a t h i g h c o n c e n t r a t i o n s of plutonium) 
then a r e used t o p r e d i c t the c h e m i c a l s p e c i a t i o n of p l u t o n i u m a t 
n e a r - n e u t r a l pH and low c o n c e n t r a t i o n s of the m e t a l i o n . 

S e v e r a l p o t e n t i a l l y i m portant ground-water complexing l i g a n d s 
e x i s t p r e d o m i n a n t l y as p r o t o n a t e d s p e c i e s i n a c i d i c media, w h i l e 
they a r e c o m p l e t e l y i o n i z e d a t pH 7. An example of one such 
system i s the s u l f a t e - b i s u l f a t e system. A t pH <2, the predominant 
s p e c i e s i n aqueous s o l u t i o n i s HS01+, w h i l e above t h i s pH, S0£ i s 
the dominant form of the l i g a n d . P r e v i o u s i n v e s t i g a t i o n s of 
P u ( I I I ) and Pu(IV) c o m p l e x a t i o n by s u l f a t e a l l have been i n 0.5 t o 
2 . 0 M a c i d media (JL-6) . I n t e r p r e t a t i o n of the data generally__ 
i n c l u d e s t h e assumption t h a t c o m p l e x a t i o n of pl u t o n i u m by H S O 4 i s 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 
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252 PLUTONIUM CHEMISTRY 

accompanied by i o n i z a t i o n of HSO^, a c c o r d i n g t o the g e n e r i c 
r e a c t i o n : 

P u n + + HSOT •> P u S O ^ 1 1" 2^ + H + (1) 

I n an attempt t o v e r i f y ( o r r e f u t e ) t h i s assumption, we have de
termined the thermodynamic parameters (ΔΗ, AS) f o r the complexes 
formed between P u ( I I I ) , P u ( I V ) , and HSO^ i n 1 M a c i d media u t i l i z 
i n g cation-exchange and s o l v e n t e x t r a c t i o n procedures. 

E x p e r i m e n t a l 

Reagents. A l l r e a g e n t s used i n t h i s study were of reagent 
grade or b e t t e r and were p u r i f i e d f u r t h e r by the f o l l o w i n g p r o c e 
d u r e s . T h e n o y l t r i f l u o r o a c e t o n e (TTA) was r e c r y s t a l l i z e d t w i c e 
from cyclohexane and p r o t e c t e d from l i g h t and a i r a f t e r r e c r y s t a l -
l i z a t i o n . Hydroquinone ( h o l d i n g r e d u c t a n t f o r p l u t o n i u m ( I I I ) ) was 
p u r i f i e d by vacuum s u b l i m a t i o n and a l s o p r o t e c t e d from l i g h t and 
a i r a f t e r s u b l i m a t i o n . Stock s o l u t i o n s of ^ S O i i and HClO^ were 
prepared from U l t r e x (_7) u l t r a p u r e r e a g e n t s . Both Na2S0i+ and 
NaClO^ were r e c r y s t a l l i z e d from d e i o n i z e d water. Toluene used i n 
the s o l v e n t e x t r a c t i o n work was d i s t i l l e d p r i o r to use, and a l l 
aqueous s o l u t i o n s were prepared i n t r i p l y - d i s t i l l e d water. I n the 
cation-exchange study of P u ( I I I ) c o m p l e x a t i o n , Dowex AG50X2 (20 to 
50 mesh) cation-exchange r e s i n was used, a f t e r b e i n g s u b j e c t e d to 
an e x t e n s i v e c l e a n i n g procedure, i n c l u d i n g washing w i t h 15% H 2 0 2 

i n 1 M NaOH, acetone, and 6 M HC1. F o l l o w i n g a d i s t i l l e d - w a t e r 
wash t o remove a l l t r a c e s of a c i d , the r e s i n was d r i e d a t room 
temperature under m i l d vacuum and s t o r e d i n a d e s i c c a t o r . 

Procedures 

S t a b i l i t y c o n s t a n t s of the complexes formed between P u ( I I I ) , 
P u ( I V ) , and HSO^ were determined i n 1 M a c i d media by measuring 
the decrease i n e x t r a c t i o n ( e i t h e r i n t o TTA-toluene or i o n -
exchange r e s i n ) w i t h i n c r e a s i n g c o n c e n t r a t i o n of HS0I+ i n the 
aqueous s o l u t i o n . Because of v e r y d i f f e r e n t degrees of e x t r a c t i o n 
f o r P u ( I I I ) and Pu(IV) and the imposed requirement of 1 M a c i d i t y , 
Pu(IV)-HS0i4_complexation was s t u d i e d by TTA e x t r a c t i o n , w h i l e the 
P u i l l ^ - H S O ^ system was s t u d i e d by c a t i o n exchange. 

Stock s o l u t i o n s of Na2S0i+ and NaClO^ were prepared by weight 
and s t a n d a r d i z e d by p a s s i n g s e v e r a l a l i q u o t s through a bed of 
Dowex AG50X8 ( H + form) r e s i n and t i t r a t i n g the generated a c i d w i t h 
s t a n d a r d i z e d NaOH. Stock s o l u t i o n s of H 2 S O 4 and H C I O 4 were s t a n d 
a r d i z e d by t i t r a t i o n w i t h NaOH. I n the s o l v e n t e x t r a c t i o n s t u d y , 
TTA s o l u t i o n s were prepared by weight and p r e - e q u i l i b r a t e d w i t h 
1.0 M HCIO^ f o r a t l e a s t 24 hours p r i o r to use. 

The p l u t o n i u m s t o c k s o l u t i o n s were prepared by d i s s o l v i n g 
99.1% pure 2 3 9 P u O 2 ( 0 . 9 % 2 I + 0PuO 2) i n HNO3-HF s o l u t i o n . A l i q u o t s of 
t h i s s t o c k were r e p e a t e d l y taken t o near-dryness i n HClOi+ and 
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f i n a l l y d i s s o l v e d i n 0.5 M HClOi*. T h i s s o l u t i o n then was e l e c t r o -
l y t i c a l l y reduced t o P u ( I I I ) and made c h e m i c a l l y pure by l o a d i n g 
onto a column of AG5DX2 r e s i n and washing w i t h 0.5 M H C I O 4 . To 
prepare P u ( I I I ) s t o c k s , the p l u t o n i u m was e l u t e d from the column 
w i t h 3 M HC1. Foif the p r e p a r a t i o n of Pu(IV) s t o c k s , e l u t i o n was 
performed w i t h 8 M H N O 3 . T h i s e l u t r i a n t then was made up to 0.1 M 
i n NaN02 and a l l o w e d t o e q u i l i b r a t e o v e r n i g h t . O x i d a t i o n - s t a t e 
p u r i t y was g r e a t e r than 99% i n each case, as determined by 0.5 M 
TTA e x t r a c t i o n from 1.0 M HCIO^. 

The P u ( I I I ) - H S 0 ^ s t a b i l i t y c o n s t a n t s were determined a t 2.7, 
10.0, 16.5, and 25.0°C u s i n g the f o l l o w i n g procedure. A p p r o x i 
mately 1 gram of AG50X2 r e s i n was i n t r o d u c e d i n t o each of 22 
p o l y e t h y l e n e v i a l s . F i v e mL ( m i l l i l i t e r s ) of 1.0 M HCIO^ (2 M 
i o n i c s t r e n g t h ) s o l u t i o n s c o n t a i n i n g 0.0 to 1.0 M H 2 S O 4 were 
p i p e t t e d i n t o each of the v i a l s (two b l a n k v i a l s and 20 d i f f e r e n t 
c o n c e n t r a t i o n s of H 2 S O 4 ) . F i v e hundred pL ( m i c r o l i t e r s ) of 0.1 M 
hydroquinone were added t o each, w i t h enough P u ( I I I ) f o r a t o t a l 
c o n c e n t r a t i o n of 3.3 χ 10 8 M. These v i a l s were capped and mixed 
on a r o t a t i n g mixer i n a water b a t h f o r 24 to 48 hours. A f t e r 
e q u i l i b r i u m was a c h i e v e d , d u p l i c a t e 1.0-mL samples of the aqueous 
phase were taken and counted by l i q u i d s c i n t i l l a t i o n . R e p l i c a t e 
d e t e r m i n a t i o n s were done a t each temperature. I n a d d i t i o n , one 
experiment was conducted u s i n g the same procedure w i t h s o l u t i o n s 
a t 2.0 M a c i d i t y . 

I n the Pu(IV) d i s t r i b u t i o n experiments, 1.0 mL of each phase 
was c o n t a c t e d i n a g l a s s c u l t u r e tube. Ten yL of 1.0 M NaNÛ2 and 
10 yL of the Pu(IV) s t o c k were added t o the aqueous phase to g i v e 
t o t a l c o n c e n t r a t i o n s of 0.01 M NaN0 2, 0.074 M HN0 3, and 1.8 χ ΙΟ""7 

M p l u t o n i u m . The phases were mixed v i g o r o u s l y f o r 2 minutes, 
c e n t r i f u g e d , and a l l o w e d t o e q u i l i b r a t e i n a con s t a n t - t e m p e r a t u r e 
(10.0, 25.0, and 35.0°C) water b a t h o v e r n i g h t ; a t 0.0°C, e q u i l i 
b r a t i o n was f o r 5 days. P r e l i m i n a r y experiments i n d i c a t e d t h a t 
e q u i l i b r i u m was a c h i e v e d i n t h i s time. Two hundred m i c r o l i t e r 
samples were taken from each phase and counted by l i q u i d s c i n t i l 
l a t i o n , t o an average c o u n t i n g e r r o r of 1 to 3%. At the TTA con
c e n t r a t i o n s used i n these experiments (0.01 t o 0.05 Μ ) , no quench
i n g of the l i q u i d s c i n t i l l a t i o n by TTA was observed. Two s e t s of 
experiments were conducted a t each temperature. The f i r s t s e t was 
to determine the s o l v e n t e x t r a c t i o n e q u i l i b r i u m f o r the Pu(IV)-TTA 
system. I n the second s e t of experiments, a co n s t a n t c o n c e n t r a 
t i o n of TTA was e q u i l i b r a t e d w i t h a s e r i e s of aqueous s o l u t i o n s a t 
1 M a c i d i t y , 2 M i o n i c s t r e n g t h , c o n t a i n i n g v a r y i n g s u l f a t e con
c e n t r a t i o n s between 0.002 and 0.1 M. I n a l l i n s t a n c e s , d u p l i c a t e 
experiments were run w i t h good agreement between the s e t s . Mass 
ba l a n c e ( t h a t i s , p l u t o n i u m accounted f o r i n each v i a l ) g e n e r a l l y 
was g r e a t e r than 95%. 

R e s u l t s and D i s c u s s i o n 

S t a b i l i t y c o n s t a n t s i n each system were determined by meas-
u r i n g t he d i s t r i b u t i o n c o e f f i c i e n t as a f u n c t i o n of H S O 4 concen-
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t r a t i o n . M a t h e m a t i c a l treatment of the data i s based on the 
method of Schubert ( 8 ), which has been d e s c r i b e d many times p r e 
v i o u s l y . I n each system, d a t a were r e p r e s e n t e d adequately by con
s i d e r i n g t he f o r m a t i o n of o n l y a 1:1 and 1:2 complex. The exp r e s 
s i o n used t o f i t the d a t a i s g i v e n i n e q u a t i o n 2 . 

[HSO~] [ H S O J 2 

1/D = 1/D + 3 /D J L + 3 9/D o - V (2) 

ο 1 ο — ψ 2 ο [ H + ]m 
Data r e d u c t i o n was accomplished v i a n o n - l i n e a r r e g r e s s i o n 
formulae. C o e f f i c i e n t s of the r e g r e s s i o n a n a l y s i s a r e AQ = 1/Do, 
AI = 3 i / ( D 0 [ H + ] n ) , and A 2 = 3 2/(Do [ ^ ] m ) ; where η = m = 0 , i f 
PuCHSOiJx^" 2^ 4" complexes a r e formed; η = 1 f o r PuSo£ +; m = 1 f o r 
PuSO^HSO^; a n c * m = 2 f o r Pu ( S 0 i + ) 2 . The v a l u e s f o r η and m a r e 
determined e x p e r i m e n t a l l y by r e p e t i t i o n of comp l e x a t i o n e x p e r i 
ments as a f u n c t i o n of a c i d i t y . The v a l u e of K 2 i s determined as 
the r a t i o o f A 2 / A i , w i t h a p p r o p r i a t e c o r r e c t i o n f o r a c i d i t y 
( K 2 = ( A 2 [ t f f ] m ) / ( A 1 [ H + ] n ) ) . A sample of the d a t a f o r the P u ( I I I ) -
HSOi; and Pu(IV)-HS0i; systems i s g i v e n i n Table I . 

The Pu ( I I I ) - H S O n System. Data r e d u c t i o n i n the P u ( I I I ) - H S 0 Ç 
system i s c o m p l i c a t e d by the p o s s i b i l i t y t h a t s u l f a t e complexes of 
P u ( I I I ) c o u l d be adsorbed by the r e s i n . Because the mathematical 
treatment i n the case of f o r m a t i o n of a 1:1 complex i s s i m p l e r , 
and any a d s o r p t i o n of the 1:2 complex i s l i k e l y to be l e s s than 
t h a t f o r t h e 1:1 complex, eq u a t i o n s a p p l y i n g t o the l i m i t [HSOif] 
-> 0 ( i . e . , p r e d o m i n a n t l y 1:1 complex i n s o l u t i o n ) were d e r i v e d 
and a p p l i e d t o t h e a p p r o p r i a t e d a t a t o e v a l u a t e the p o s s i b i l i t y 
of a d s o r p t i o n of the 1:1 complex. Assuming the 1:1 complex i s 
PuSOt, t h e d i s t r i b u t i o n c o e f f i c i e n t i n the l i m i t of low [HSOi;] i s : 

[ P u 3 + ] + [ P u S 0 ^ ] r 

D = ^ (3) 
[ P u J + ] a + [ P u S 0 p a 

where t h e r s u b s c r i p t denotes s p e c i e s i n the r e s i n phase, and the 
a s u b s c r i p t denotes aqueous s p e c i e s . I f we d e f i n e 
A = [ P u S 0 t ] r / [ p u S 0 t ] a , and 

[PuSO^][H +] 
n - 4 (4) 

1 [ P u 3 + ] a [ H S 0 4 ] 

e q u a t i o n 3 can be r e w r i t t e n : 

[ P u 3 + ] + (AfL / [H +] ) [ P u 3 + ] [HSO. ] 
D = i 3 _ 4 (5) 

[ P u J + ] (1 + (fi / [ H + ] ) [ H S 0 4 ] ) 
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T a b l e I Sample da t a f o r s t a b i l i t y c o n s t a n t d e t e r m i n a t i o n 

Pu(IV) -HSOç P u ( I I I ) -HSOI; P u ( I I I ) -HSOÇ 

[HSOç] 1/D [HSOc] 1/D [HSOc] 1/D 

0.0 0.0508 0.0 0.0608 0.0 0.0681 
.002 .0784 .045 .0706 .045 .0758 
.004 .1046 .091 .0820 .091 .0824 
.006 .1570 .136 .0915 .136 .0867 
.008 .2004 .182 .1000 .182 .0977 
.010 .2490 .227 .1080 .227 .1034 
.015 .3857 .273 .1224 .273 .1110 
.020 .5949 .318 .1294 .318 .1196 
.025 .8776 .364 .1420 .364 .1304 
.030 1.012 .409 .1698 .409 .1379 
.035 1.186 .454 .1832 .454 .1500 
.040 1.594 .500 .1869 .500 .1514 
.045 2.004 .545 .2050 .545 .1668 
.050 2.544 .591 .2160 .591 .1860 
.055 3.196 .636 .2331 .636 .1929 
.060 3.823 .682 .2344 .682 .1935 
.065 4.276 .727 .2484 .727 .2014 
.070 4.616 .773 .2694 .773 .2067 
.075 4.926 .818 .2769 .818 .2344 
.080 5.612 .864 .3179 .864 .2389 
.085 6.309 .909 .2500 
.091 7.337 
.096 7.695 
.100 7.719 

Η Τ Τ Α = 0.050 M HC10I+ = 1.00 M HClOi* = 2.00 M 
HClOi* = 1.00 M I = 2.00 M I = 2.00 M 

Τ = 25.0°C T = 25.0°C T = 25.0°C 
I = 2.00 M 
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D e f i n e D Q = [ P u 3 + ] r / [ P u 3 + ] a and C = A/D 0, s e p a r a t e the v a r i a b l e s , 
and i n v e r t t o get e q u a t i o n 6: 

1 + (β,/lH+DtHSO"] 
V D - ± ^ V (6) 

1 + ( C 3 1 / [ H + ] ) [ H S 0 4 ] 

S u b t r a c t i n g 1 from b o t h s i d e s of e q u a t i o n 6 y i e l d s : 

(3-1 / [ H + ] ) [HS0"7] - ( C É W [ H + ] ) [ H S O ~ ] 
(D n/D - 1) = 2 _ i t - ( 7) 

1 + ( C 3 1 / [ H + ] ) [ H S 0 4 ] 

Removal of [HSOîJ] t o the l e f t s i d e of e q u a t i o n 7 and i n v e r s i o n 
r e s u l t s i n an e q u a t i o n h a v i n g the g e n e r a l form of a s t r a i g h t l i n e : 

[HSO-]/(D o/D - 1) = + £ fHSO^] (8) 

The c o e f f i c i e n t s can be determined by a p l o t of [HSOil/(D Q/D - 1) 
v s . [HSOI;] . 

A p p l i c a t i o n of e q u a t i o n 10 to the e x p e r i m e n t a l D v s . [HSOTJ] 
d a t a determined a t 25°C and both 1 and 2 M a c i d i t y y i e l d e d 
s t r a i g h t l i n e p l o t s w i t h s l o p e s i n d i s t i n g u i s h a b l e from zero and 
reproduced the 3 i v a l u e s determined i n a n o n - l i n e a r r e g r e s s i o n 
f i t of the d a t a . T h i s r e s u l t i m p l i e s no a d s o r p t i o n of PuSO* by 
the r e s i n and j u s t i f i e s use of the s i m p l e r d a t a treatment 
r e p r e s e n t e d by e q u a t i o n 2. A s i m i l a r a n a l y s i s of the Th(IV ) - H S 0 5 
system done by Z i e l e n (9) l i k e w i s e produced r e s u l t s c o n s i s t e n t 
w i t h no a d s o r p t i o n of ThS0£ + by Dowex AG50X12 r e s i n . 

S t a b i l i t y c o n s t a n t s as a f u n c t i o n of temperature and the 
c a l c u l a t e d c o m p l e x a t i o n e n t h a l p i e s and e n t r o p i e s of the a s s o c i a t e d 
r e a c t i o n s a r e g i v e n i n Tab l e I I . The r e s u l t s of d u p l i c a t e e x p e r i 
ments a t 2.0 M a c i d i t y and i o n i c s t r e n g t h a r e shown as the l a s t 
e n t r y i n the t a b l e . Comparison of the r e s u l t s a t 25°C, and 1.0 
and 2.0 M a c i d i t y i n d i c a t e an approximate i n v e r s e f i r s t o r d e r 
s t o i c h i u m e t r y i n [HT*~] f o r the and a c i d independence f o r K 2 . 
The p o s t u l a t e d r e a c t i o n s i n t h i s medium are g i v e n i n equ a t i o n s 9 
and 10. 

Pu + HSO, -> PuSO. + H + (9) 
and 

PuSo t + HSOT + PuSO,HSO, (10) 4 4 4 4 
DeCarvalho and Choppin (10, 11) p r e v i o u s l y have r e p o r t e d the 

s t a b i l i t y c o n s t a n t s , c o m p l e x a t i o n e n t h a l p i e s , and e n t r o p i e s f o r a 
s e r i e s of t r i v a l e n t l a n t h a n i d e and a c t i n i d e s u l f a t e s . As t h e i r 
work was conducted a pH 3, the dominant s u l f a t e s p e c i e s was So£~ 
and the measured r e a c t i o n was as i n e q u a t i o n 12. 

M 3 + + S0?~ + MSot (11) 4 4 
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T a b l e I I Pu(III)-HSOÏ s t a b i l i t y c o n s t a n t s , e n t h a l p i e s , and 
e n t r o p i e s , f o r the r e a c t i o n s r e p r e s e n t e d by equations 9 and 10, 

( I = 2.00 M; [HClOiJ = 1.00 M) 

Temperature 
(degrees C e l s i u s ) K l κ 2 

2.7 4.25 (+ 0.33) 0.92 (+ 0.10) 
10.0 4.06 (+ 0.47) 0.80 (+ 0.14) 
16.5 3.92 (4- 0.54) 0.67 (+ 0.14) 
25.0 3.57 (+ 0.26) 0.36 (+ 0.08) 
25.0* 2.17 (+ 0.26) 0.41 (+ 0.12) 

*Η010 4 = 2.00 M. 

AG X = -3.15 (+ 0.18) kj/m AG 2 = +2.53 (+ 0.62) kj/m 
ΔΗ Χ = -5.2 (+ 1.0) kJ/m ΔΗ 2 = -28.1 (+ 6.4) kj/m 
ΔΞχ = -6.8 (+ 1.4) J/m-°K AS 2 = -102 (+ 34) J/m-°K 

To compare the p r e s e n t r e s u l t s w i t h those of DeCarvalho and 
Choppin, our r e s u l t s i n 1 M a c i d must be c o r r e c t e d f o r the heat 
and entropy of HS0I[ i o n i z a t i o n . Z e b r o s k i et a l . (12) determined 
K a = 0.084, w h i l e Z i e l e n (9) g i v e s the heat of i o n i z a t i o n as 
AH a = +23.2 kj/m. The c a l c u l a t e d entropy i s AS a = +98 j/m-°K. 
The thermodynamic parameters f o r the r e a c t i o n 

P u 3 + + S 0 ? + •> P u S o t (12) 4 <- 4 
c a l c u l a t e d from our r e s u l t s a r e Κχ = 42.5 (+ 13.2), ΔΗ^ = +18 
(+ 1.7) kJ/m, and AS X = +91 (+ 13) J/m-°K. The c o r r e s p o n d i n g 
parameters determined by DeCarvalho and Choppin a r e i n the range: 
K 2 = 12.2(Lu) - 27(Am), ΔΗχ =+15.5 - 18.8 kj/m, AS χ =+77 -
88 j/m-°K. The agreement, p a r t i c u l a r l y i n the e n t h a l p i e s and 
e n t r o p i e s , i s q u i t e good and tends to support our i n t e r p r e t a t i o n 
of t he e q u i l i b r i u m r e p r e s e n t e d i n e q u a t i o n 9. 

DeCarvalho and Choppin r e p o r t the v a l u e s K 2 = 4 (+ 1 ) , ΔΗ 2 = 
10.0 ( + 1.0) kJ/m, and AS 2 = 47 (+ 7) f o r the r e a c t i o n 

EuSO^ + S 0 ^ + J E u ( S 0 4 ) 2 (13) 

I f we assume a s i m i l a r r e a c t i o n f o r the f o r m a t i o n of Pu(S0i+) 2 the 
co r r e s p o n d i n g parameters a r e K 2 = 4.3(±2), ΔΗ 2 = -4.9 
(+ 1.2) kJ/m, and AS 2 = -4.0 (+ 1.6) J/m-°K. While the c a l c u l a t e d 
v a l u e of K 2 agrees w i t h the EuiSO^)^ r e s u l t s , the e n t h a l p y and 
entropy a r e of o p p o s i t e s i g n , i n d i c a t i n g t h a t Eu(S0i+) 2 i s not a 
good model f o r the 1:2 P u 3 + - s u l f a t e complex formed i n 1 - 2 M 
a c i d media. T h i s r e s u l t we i n t e r p r e t as support f o r the con
c l u s i o n r e p r e s e n t e d by e q u a t i o n 10. 
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P r e v i o u s i n v e s t i g a t i o n s of the P u ( I I I ) - s u l f a t e system i n 1 -
2 M a c i d media have produced r e s u l t s i n which the authors do not 
agree on e i t h e r the n a t u r e of the complexes or the magnitude of 
the s t a b i l i t y c o n s t a n t s (4^6). Both Fardy and Buchanan (4) and 
Vasudeva Rao e t a l . (5) i n t e r p r e t t h e i r d a t a i n terms of the 
complexes PuSO"f and Pu ( S O i t ) 2 . Fardy and Buchanan r e p o r t Κχ= 3 .65 
(+ 0 .21) and K 2 = 3 .3 (+ 0 . 3 9 ) , w h i l e Vasudeva Rao et a l . f i n d 
Κχ = 6 .64 (+ 0 .14) and K 2 = 0 .79 (+ 0 . 0 8 ) . The former r e s u l t s 
g i v e a Κχ/Κ 2 r a t i o of 1 . 1 , which i s much lower than n o r m a l l y i s 
observed f o r s t e p w i s e a d d i t i o n of the same l i g a n d (DeCarvalho and 
Choppin found Κχ/Κ 2 ^ 6 i n the L n 3 + , An 3+-So£ - system). W h i l e 
the Κχ/Κ 2 r a t i o found by Vasudeva Rao et a l . (Κχ/Κ 2 = 8 .4) i s i n 
re a s o n a b l e agreement w i t h t h a t of DeCarvalho and Choppin, the 
c a l c u l a t e d s t a b i l i t y c o n s t a n t f o r the r e a c t i o n r e p r e s e n t e d by 
eq u a t i o n 12 i s 79 , a f a c t o r o f 3 h i g h e r than t h a t of AmS0"J\ 

The i n t e r p r e t a t i o n of bot h of these papers r e q u i r e s the 
e x i s t e n c e o f an a n i o n i c complex. The authors attempted t o c o n f i r m 
t h i s p o s s i b i l i t y by e l e c t r o m i g r a t i o n , a n i o n exchange, and amine 
e x t r a c t i o n . Fardy and Buchanan found i n t h e i r a n i o n exchange and 
e l e c t r o m i g r a t i o n experiments t h a t t he e x i s t e n c e of a n i o n i c P u ( I I I ) -
s u l f a t e s p e c i e s c o u l d not be confirmed by e i t h e r method. Vasudeva 
Rao e t a l . , attempted t o e s t a b l i s h t he e x i s t a n c e of a n i o n i c 
s p e c i e s i n t h e i r experiments by p e r f o r m i n g a s e r i e s of amine ex
t r a c t i o n s . For the e x t r a c t i o n of P u ( I I I ) by Primene JM-T, they 
observed an i n c r e a s e i n the d i s t r i b u t i o n c o e f f i c i e n t of ̂  1.3 χ 
1 0 6 f o r 0 . 1 M H2S0i+ over t h e e x t r a c t i o n from 0 .1 M HCIO^. W h i l e 
t h i s i n c r e a s e indeed i m p l i e s the e x i s t e n c e of a n i o n i c P u ( I I I ) -
s u l f a t e complexes, t h e i r e x i s t e n c e almost c e r t a i n l y i s promoted by 
the presence o f t h e amine. A c a l c u l a t i o n of the s p e c i a t i o n of 
P u ( I I I ) i n 0 . 1 M HpSO^ ( u s i n g t h e i r s t a b i l i t y c o n s t a n t s ) i n d i c a t e s 
59% P u 3 + , 38% PuSOÎ, and o n l y 3% Pu (S0 i+ ) 2 . I n both i n s t a n c e s , t h e 
e x i s t e n c e of Pu i S O ^ ) ^ must be viewed w i t h some s k e p t i c i s m . 

N a i r e t a l . (6) i n v e s t i g a t e d t h i s system by c a t i o n exchange 
( a t 1 M i o n i c s t r e n g t h and a c i d i t y ) and i n t e r p r e t e d the r e s u l t s i n 
terms of t h e s p e c i e s PuSOt and P u i H S O i j t w i t h Κ χ = 18 .13 (+ 0 .44) 
and Κ = 9 .94 (± 0 . 2 4 ) . The assignment of these two s p e c i e s i s 
based on a computer f i t of t h e da t a ( a t 1 M a c i d i t y ) and the 
o b s e r v a t i o n of no a n i o n i c s p e c i e s i n e l e c t r o m i g r a t i o n and a n i o n 
exchange s t u d i e s . An a n a l y s i s of our dat a ( a t two d i f f e r e n t 
a c i d i t i e s ) assuming t h e f o r m a t i o n of Pu ( H S 0 i + ) 2 i n a d d i t i o n t o 
PuSO^ and PuSO^HSO^, i n d i c a t e s the p o s s i b l e e x i s t e n c e of Pu (HS0i + )* | 
( 3 2 ^ 0 . 2 5 ) . However, the u n c e r t a i n t y i n t h i s assignment i s g r e a t 
due t o the e r r o r a s s o c i a t e d w i t h K 2 and the f a c t t h a t o n l y two 
a c i d i t i e s a r e used i n the i n v e s t i g a t i o n . Pending f u r t h e r e x p e r i 

m e n t a t i o n , we conclude t h a t the dominant form of the 1:2 complex 
i n t h i s medium i s PuSOi+HSO^. 

The Pu(IV)-HS0i; System. I n the Pu ( I V ) - H S 0 i system, a s e r i e s 
of p r e l i m i n a r y experiments was n e c e s s a r y to e s t a b l i s h the s t o i c h i -
ometry of t h e TTA e x t r a c t i o n p r o c e s s w i t h r e s p e c t to [H+] and 
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[ΗΤΤΑ]. T h i s was done by v a r y i n g the c o n c e n t r a t i o n of each 
i n d e p e n d e n t l y . R e s u l t s of t h i s i n v e s t i g a t i o n a r e g i v e n i n Table 
I I I . W i t h the e x c e p t i o n of the a c i d dependence a t 10.0°C and the 
TTA dependence at 35.0°C, the s l o p e of the Log Κ v s . Log [H +] or 
Log [ΗΤΤΑ] p l o t s a r e w i t h i n 3% of the t h e o r e t i c a l v a l u e of 4.0. 
The low TTA dependence a t 35.0°C p r o b a b l y i s a t t r i b u t a b l e to 
d i s s o l u t i o n of TTA i n the aqueous phase. O b s e r v a t i o n of f o u r t h -
power dependence on a c i d i t y argues a g a i n s t any change i n the 
e x t r a c t i o n mechanism (e.g., Pu(IV) r e d u c t i o n or NO3 i n v o l v e m e n t ) . 
An aqueous P u ( T T A ) 3 + complex has been r e p o r t e d (14, 15) and t h i s 
p o s s i b i l i t y has been c o n s i d e r e d i n the e r r o r a n a l y s i s of the 
P u ( I V ) - s u l f a t e s t a b i l i t y c o n s t a n t s . 

To v e r i f y the i n t e g r i t y of the e x t r a c t i o n system i n the p r e 
sence of b i s u l f a t e , an experiment was run i n which the TTA s t o i -
c h i o m e t ry was determined a t c o n s t a n t a c i d i t y and two d i f f e r e n t 
c o n c e n t r a t i o n s of HSOiJ. At 0.015 M HSOÏ;, the Pu(IV)-TTA s t o i c h i -
ometry was 3.79 (+ 0.25); w h i l e a t 0.07 M HSOIJ, the s t o i c h i o m e t r y 
was 3.84 (+ 0.33). Both v a l u e s a r e i n agreement w i t h observed 
s t o i c h i o m e t r i e s i n the absence of HSOïJ. 

S t a b i l i t y c o n s t a n t s , e n t h a l p i e s , and e n t r o p i e s determined i n 
the Pu(IV)-HS0i; system a re p r e s e n t e d i n Table IV. The en t h a l p y 
and entropy f o r each of the co m p l e x a t i o n s t e p s were determined by 
a v a n ! t H o f f p l o t of the s t a b i l i t y c o n s t a n t d a t a . These s t a b i l i t y 
c o n s t a n t s i n c l u d e a c o r r e c t i o n f o r n i t r a t e complexing of 
Pu(IV) [(Κχ = 2.88 ( 1 3 ) ) : [NO3] = 0.074 M]. E r r o r l i m i t s of the 
s t a b i l i t y c o n s t a n t s a r e 2σ v a l u e s and r e f l e c t the u n c e r t a i n t y i n 
K e x , and the n i t r a t e complex f o r m a t i o n c o n s t a n t and any c o n t r i 
b u t i o n due t o the aqueous P u ( T T A ) 3 + complex. 

Tab l e I I I E x t r a c t i o n e q u i l i b r i a f o r the r e a c t i o n 

P u t \ + mHTTA, . -y Pu (TTA) , * + n u t ν (a) (o) *- '(o) (a) 

Temperature 
(degrees C e l s i u s ) m Log Κ * & ex 

0.0 4.04 (+ 0.13) 
10.0 3.73 (+ 0.04) 
25.0 3.99 (+ 0.09) 
35.0 3.94 (+ 0.02) 

3.87 
3.89 
3.84 
3.45 

(+ 0.05) 
(+ 0.08) 
(+ 0.07) 
(+ 0.03) 

6.992 (+ 0.047) 
6.813 (+ 0.048) 
6.622 (+ 0.097) 
6.449 (+ 0.107) 

. [Pu(TTA) 4] [ H + ] 4 

[Pu ] [ΗΤΤΑ] 
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T a b l e IV Pu(IV)-HSOIJ s t a b i l i t y c o n s t a n t s , 
e n t h a l p i e s , and e n t r o p i e s , 

( I = 2.00 M; [HClOiJ = 1.00 M) 

Temperature 
(degrees C e l s i u s ) K l K 2 

0.0 
10.0 
25.0 
35.0 

285 (+ 46) 
385 (+ 35) 
585 (+ 36) 
713 (+ 76) 

44 (+ 6) 
30 (+ 4) 
23 (+ 3) 
18 (+ 3) 

AG} = -15.8 (+ 0.2) 
ΔΗχ = 18.5 (+ 0.6) kJ/m 
AS! = 115 (+ 23) J/m-°K 

AG 2 = -7.8 (+ 0.3) kJ/m 
AH2 = -17.6 (+ 3.1) kJ/m 
AS 2 = -33 (+ 7) J/m-°K 

One of s e v e r a l s t u d i e s of t h i s system shows remarkable 
agreement w i t h the pr e s e n t r e s u l t s . Fardy and Pearson (3) i n v e s 
t i g a t e d t h i s system by c a t i o n exchange a t 2 M a c i d i t y and i o n i c 
s t r e n g t h and r e p o r t e d u n c o r r e c t e d s t a b i l i t y c o n s t a n t s βχ = 278 
(+ 8) and 32

 = 6 · 8 (± 0· 2) x 1 0 3 ( K 2 = 24). Assuming the d i f 
f e r e n c e i n the medium (2 M HCIO^ v s . 1 M NaClO^, 1.0 M HCIO^) has 
a m i n i m a l e f f e c t on t h e a c t i v i t i e s of the v a r i o u s complexes, 
P u 4 + , and HSOIJ, t h i s r e s u l t combined w i t h our r e s u l t s a t 1 M 
a c i d i t y i n d i c a t e s an i n v e r s e f i r s t power s t o i c h i o m e t r y i n [H+] f o r 
the 1:1 complex, and a c i d independence i n the f o r m a t i o n of the 
second complex. I f we assume η = m = 1 i n e q u a t i o n 2, the 
e q u i l i b r i a and a s s o c i a t e d s t a b i l i t y c o n s t a n t s i n t h i s system a r e 
g i v e n i n eq u a t i o n s 14 and 15. 

P u 4 + + HS0~ + PuS0* + + H + , Κ χ = 585 (+ 36) (14) 
and, 

PuSO?"4" + HSO? •> PuSO.HSot . K 0 = 23 (+ 3) (15) 4 4 4 4 7 2 — 
I n a d d i t i o n t o the r e s u l t s of Fardy and Pearson, a t l e a s t two 
p r e v i o u s i n v e s t i g a t i o n s o f the P u ( I V ) - s u l f a t e system have p r o 
duced s t a b i l i t y c o n s t a n t s i n s u b s t a n t i a l agreement w i t h our 
r e s u l t s . Rabideau and Lemons (1) determined p o t e n t i o m e t r i c a l l y 
the a s s o c i a t i o n c o n s t a n t f o r Pu 1** and So£~ as K i = 4.61 (+ 0.09) 
χ 1 0 3 (assuming K a = 0.24) i n 1 M HC1. The c a l c u l a t e d s t a b i l i t y 
c o n s t a n t f o r P u 4 * and HSOi; i s 1.1 χ 1 0 3 . Bagawde et a l . (2) 
determined by TTA e x t r a c t i o n the v a l u e s ( I = 2 M NaClO^) Βχ = 
676 (+ 29) and 32 = 4.77 (+0.10) χ 10h (assuming both the 1:1 
and 1:2 complexes a r e deprotonated on complex f o r m a t i o n ) . I f we 
assume t h a t the second complex i s monoprotonated, the v a l u e s 
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17. NASH AND CLEVELAND Stability Constants 261 

Κχ = 676 (+ 29) and K 2 = 35.2 ( +3.0) ar e c a l c u l a t e d . W h i l e these 
a r e somewhat h i g h e r than our r e s u l t s , the K4/K2 r a t i o of 19 i s i n 
r e a s o n a b l e agreement w i t h t h a t o f our study (K1/K2 = 2 5 ) . 

S t a b i l i t y c o n s t a n t s , e n t h a l p i e s , and e n t r o p i e s have been 
p u b l i s h e d f o r b o t h the 1:1 and 1:2 s u l f a t e complexes of the Th*4"*" 
(% 1 2 ) , U 4 + ( 1 6 ) , and N p 4 + (17) (Table I V ) . Only i n the t h o r i u m 
system have s t a b i l i t y c o n s t a n t s been determined as a f u n c t i o n of 
a c i d i t y . Z e b r o s k i e t a l . , (12) found t h a t the 1:2 complex had 
t h e form T h ( S 0 4 ) 2 a t 0.5 M and 1.0 M a c i d i t y but suggested a 
c o n t r i b u t i o n from the monoprotonated, b i s - s u l f a t o complex i n 2 M 
a c i d . However, Z i e l e n (9) found no evidence f o r such a s p e c i e s . 
The K1/K2 r a t i o found i n the l a t t e r study (^8) compares f a v o r a b l y 
w i t h t h e Am(IH)-S0£- d a t a of DeCarvalho and Choppin (10) 
(K1/K2 ^ 7) and suggests Z i e l e n 1 s i n t e r p r e t a t i o n i s c o r r e c t i n the 
t h o r i u m s u l f a t e system. The i n c r e a s i n g K1/K2 r a t i o f o r (^15) 
N p 4 + (^24) , and Pu**"*" (^25) i s c o n s i s t e n t w i t h our i n t e r p r e t a t i o n 
of the e x i s t e n c e of the complex AnSOi+HSO^. Why t h i s s p e c i e s 
s h o u l d become i n c r e a s i n g l y important w i t h i n c r e a s i n g atomic 
number i s not understood. 

I n c o n t r a s t t o t h e s i t u a t i o n observed i n the t r i v a l e n t l a n -
t h a n i d e and a c t i n i d e s u l f a t e s , the e n t h a l p i e s and e n t r o p i e s of 
c o m p l e x a t i o n f o r the 1:1 complexes a r e not c o n s t a n t a c r o s s t h i s 
s e r i e s of t e t r a v a l e n t a c t i n i d e s u l f a t e s . I n o r d e r t o compare 
these r e s u l t s , the thermodynamic parameters f o r the r e a c t i o n 
between t h e t e t r a v a l e n t a c t i n i d e i o n s and HSOIJ were c o r r e c t e d f o r 
the i o n i z a t i o n of HS0L[ as was done above i n the d i s c u s s i o n of the 
t r i v a l e n t complexes. The c o r r e c t e d r e s u l t s a r e t a b u l a t e d i n 
Table V. The e n t h a l p i e s a r e found t o v a r y from +9.8 to+41.7 kj/m 
and the e n t r o p i e s from +101 t o +213 j/m°K. Both the e n t h a l p y and 
entropy i n c r e a s e from ΐΛ+ t o P u 4 w i t h the ThS0£ parameters b e i n g 
s i m i l a r t o those of NpS0§ +. Complex s t a b i l i t y i s d e r i v e d from a 
v e r y f a v o r a b l e entropy c o n t r i b u t i o n i m p l y i n g (not s u r p r i s i n g l y ) 
t h a t t h e s e complexes a r e i n n e r sphere i n n a t u r e . 

Table V S t a b i l i t y c o n s t a n t s , e n t h a l p i e s , and e n t r o p i e s f o r the 
4+ 2- 2+ r e a c t i o n : An + SO. -> AnSO. 

An S i ΔΗχ ASi 

Th 1.98 χ 106 2 Ô 7 9 Ϊ 3 3 
U 3 . 9 3 χ 1 0 3 9.8 1 0 1 
Np 3 . 2 1 χ 1 0 3 18.3 128 
Pu 6.96 χ 1 0 3 41.7 213 
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18 
Photochemistry of Aqueous Plutonium Solutions 

J. T. BELL, L. M. TOTH, and H. A. FRIEDMAN 

Oak Ridge National Laboratory, Chemical Technology Division, 
Oak Ridge, TN 37830 

Aqueous plutonium photochemistry is briefly 
reviewed. Photochemical reactions of plutonium in 
several acid media have been indicated, and detailed 
information for such reactions has been reported for 
perchlorate systems. Photochemical reductions of 
Pu(VI) to Pu(V) and Pu(IV) to Pu(III) are discussed 
and are compared to the U(VI)/(V) and Ce(IV)/(III) 
systems respectively. The reversible photoshift in 
the Pu(IV) disproportionation reaction is highlighted, 
and the unique features of this reaction are stressed. 
The results for photoenhancement of Pu(IV) polymer 
degradation are presented and an explanation of the 
post-irradiation effect is offered. 

The a u t h o r i t a t i v e documents on plutonium (J_,2_) do not 
i n c l u d e photo-chemical r e a c t i o n s of plutonium i n aqueous 
systems. The f i r s t papers i n Western w o r l d l i t e r a t u r e on s t u d 
i e s t h a t were d e d i c a t e d t o aqueous pl u t o n i u m photochemistry 
appeared i n 1976 (3_,4_), even though photochemical changes i n 
o x i d a t i o n s t a t e s were i n d i c a t e d as e a r l y as 1952 (_5,6_>7_)* 
Other reasons f o r i n v e s t i g a t i n g plutonium photochemistry i n the 
m i d - s e v e n t i e s i n c l u d e d the w i d e l y known u r a n y l photochemistry 
and the s i m i l a r i t i e s of the a c t i n y l s p e c i e s , the e x c i t i n g 
p o s s i b i l i t i e s of i s o t o p e s e p a r a t i o n or enrichment, the poten
t i a l f o r c h e m i c a l s e p a r a t i o n or i n t e r f e r e n c e i n s e p a r a t i o n p r o 
c e s s e s f o r n u c l e a r f u e l r e p r o c e s s i n g , the p o s s i b l e photoredox 
e f f e c t s on plutonium i n the environment, and the d e s i r e t o 
expand the fundamental knowledge of plutonium c h e m i s t r y . 

0097-6156/ 83/0216-0263$06.00/0 
© 1983 American Chemical Society 
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Burger and coworkers (5_) i n 1952 r e p o r t e d t h a t some 
d i s t r i b u t i o n c o e f f i c i e n t s f o r P u 0 2 2 + i n organic-aqueous systems 
a t l i g h t e d c o n d i t i o n s were d i f f e r e n t from those observed f o r 
dark c o n d i t i o n s , and those a u t h o r s b e l i e v e d t h a t some P u 0 2 2 + 

had been p h o t o c h e m i c a l l y reduced. That r e d u c t i o n was confirmed 
by o t h e r s (6) i n 1965, and i n 1969 a r e p o r t suggested t h a t most 
aqueous plutonium r e a c t i o n s were a f f e c t e d by l i g h t (7_). 

S t u d i e s of a c t i n i d e p h o t o c h e m i stry are always dominated by 
the r e a c t i o n s t h a t p h o t o c h e m i c a l l y reduce the u r a n y l , U ( V I ) , 
s p e c i e s . Almost any U V - v i s i b l e l i g h t w i l l e x c i t e the u r a n y l 
s p e c i e s such t h a t the l o n g - l i v e d , ^lO""1* seconds, e x c i t e d - s t a t e 
s p e c i e s w i l l r e a c t w i t h most r e d u c t a n t s , and the quantum y i e l d 
f o r t h i s r e d u c t i o n o f UO22"*" t o U02 + i s very near u n i t y ( 8 ) . 
Because of the co n t i n u e d h i g h l e v e l o f i n t e r e s t i n u r a n y l photo
c h e m i s t r y and the s i m i l a r i t i e s i n the a c t i n y l s p e c i e s , one 
wonders why aqueous plu t o n i u m p hotochemistry was not i n v e s t i 
g a t ed e a r l i e r . 

Isotope p h o t o s e p a r a t i o n t e c h n i q u e s f o r a c t i n i d e s p r o b a b l y 
w i l l i n c l u d e o n l y gaseous systems, h e x a f l u o r i d e s and metal 
v a p o r s . Hence, aqueous a c t i n i d e p h o t o c h e m i stry i s not l i k e l y 
t o i n f l u e n c e i s o t o p e s e p a r a t i o n s . However, the i n t e n s e 
i n t e r e s t i n l a s e r s e p a r a t i o n t e c h n i q u e s f o r the gaseous systems 
promotes i n t e r e s t i n the aqueous systems. 

The p o s s i b l e a p p l i c a t i o n of aqueous p l u t o n i u m photochem
i s t r y to n u c l e a r f u e l r e p r o c e s s i n g p r o b a b l y has been the b e s t -
r e c e i v e d j u s t i f i c a t i o n f o r i n v e s t i g a t i n g t h i s s u b j e c t . The 
nec e s s a r y c o n t r o l s of and changes i n Pu o x i d a t i o n s t a t e s c o u l d 
p o s s i b l y be improved by plutonium photochemical r e a c t i o n s t h a t 
were comparable t o the u r a n y l p h o t o c h e m i s t r y . 

The primary reason f o r s t u d y i n g aqueous plutonium photo
c h e m i s t r y has been the s c i e n t i f i c v a l u e . No ot h e r aqueous 
m e t a l system has such a wide range o f c h e m i s t r y ; f o u r o x i d a t i o n 
s t a t e s can c o - e x i s t ( I I I , IV, V, and V I ) , and the Pu(IV) s t a t e 
can form polymer m a t e r i a l . C a t i o n charges on these s p e c i e s 
range from 1 t o 4, and th e r e are m o l e c u l a r as w e l l as m e t a l l i c 
i o n s . A wide v a r i e t y o f an i o n and c h e l a t i n g complex c h e m i s t r y 
a p p l i e s t o the r e s p e c t i v e o x i d a t i o n s t a t e s . F i n a l l y , a l l of 
t h i s aqueous plutonium c h e m i s t r y c o u l d be a f f e c t e d by the 
a b s o r p t i o n of l i g h t , and perhaps new plutonium s p e c i e s c o u l d be 
d i s c o v e r e d by photon e x c i t a t i o n . 

V i s i b l e and UV s p e c t r o p h o t o m e t r y techniques are most con
v e n i e n t f o r s t u d y i n g the polymer and v a r i o u s o x i d a t i o n s t a t e s 
o f plutonium. The s p e c t r a of the plu t o n i u m s t a t e s and the pro 
cedure f o r r e s o l u t i o n o f the c o n c e n t r a t i o n s were p r e v i o u s l y 
d e s c r i b e d ( 9 ) . Changes i n the r e l a t i v e c o n c e n t r a t i o n s of the 
o x i d a t i o n s t a t e s and of the polymer g e n e r a l l y are determined 
from c o r r e s p o n d i n g changes i n the s p e c t r a and a comparison of 
the changes to sta n d a r d s p e c t r a of the v a r i o u s s t a t e s . These 
te c h n i q u e s have been used e x c l u s i v e l y f o r s t u d y i n g the photo
c h e m i s t r y of aqueous plutonium. 
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Only the obvious s t u d i e s o f aqueous plutonium photochem
i s t r y have been completed, and the r e s u l t s a r e summarized 
below. The course o f d i s c u s s i o n w i l l f o l l o w the p a r t i c u l a r 
p h o t o c h e m i c a l r e a c t i o n s t h a t have been observed, b e g i n n i n g w i t h 
the h i g h e r o x i d a t i o n s t a t e s . T h i s d i s c u s s i o n w i l l c o n s i d e r 
p r i m a r i l y those s t u d i e s o f aqueous plutonium i n p e r c h l o r i c a c i d 
media but w i l l i n c l u d e one r e a c t i o n i n n i t r i c a c i d media. 
Aqueous systems o t h e r than p e r c h l o r a t e may a f f e c t p a r t i c u l a r 
p l u t o n i u m s t a t e s by redox r e a c t i o n s and complex f o r m a t i o n and 
c o u l d obscure photochemical changes. D e t a i l e d e x p e r i m e n t a l 
s t u d i e s o f plutonium p h o t o c h emistry i n o t h e r aqueous systems 
s h o u l d a l s o be conducted. 

Photochemical Reduction o f Aqueous Plutonium (VI) 

Plutonium VI e x i s t s i n s o l u t i o n as the m o l e c u l a r p l u t o n y l 
i o n , P u 0 2

2 + . The s t r u c t u r e of t h i s i o n i s e s s e n t i a l l y the same 
as t h a t of the u r a n y l i o n , but the p l u t o n y l i o n i s much l e s s 
s t a b l e than the u r a n y l i o n . The g r e a t e r s t a b i l i t y of the u r a 
n y l s p e c i e s r e s u l t s from i t s h a v i n g o n l y 12 bonding e l e c t r o n s 
w hich e x a c t l y f i l l the bonding o r b i t a l s of the a c t i n y l molecu
l a r o r b i t a l model, w h i l e the p l u t o n y l i o n has the 12 bonding 
e l e c t r o n s p l u s two non-bonding e l e c t r o n s ( 1 0 ) . The two e x t r a 
e l e c t r o n s i n the p l u t o n y l system are e n e r g e t i c a l l y f a v o r e d as 
u n p a i r e d i n the two lowest nonbonding o r b i t a l s , and the ground 
s t a t e f o r the p l u t o n y l i o n i s a t r i p l e t s t a t e . From t h e o r e t i 
c a l c o n s i d e r a t i o n s , one would p r e d i c t t h a t Pu(VI) would be 
reduced t o Pu(V) when e x c i t e d by l i g h t and r e a c t e d w i t h a m i l d 
r e d u c i n g agent such as e t h a n o l . Stronger r e d u c i n g agents such 
as n i t r o u s a c i d would d i r e c t l y reduce P u ( V I ) , and the s t r o n g e r 
agents should be a v o i d e d i n the photochemical experiments. The 
r e a c t i o n 

P u 0 2
2 + + R = P u 0 2

+ + R + (1) 

where R i s an agent w i t h r e d u c i n g p o t e n t i a l s i m i l a r t o e t h a n o l , 
does not proceed i n dark c o n d i t i o n s . However, the r e a c t i o n was 
observed when the aqueous p e r c h l o r a t e system was exposed t o UV 
l i g h t [ 3 ] . Both P u 0 2

+ and Pu1*"1" were observed a f t e r the UV 
i r r a d i a t i o n , ( F i g . 1 ), and the s p e c t r a showed t h a t P u 0 2

+ was 
i n i t i a l l y formed and then d i s p r o p o r t i o n a t e d t o form Pu*"*". A 
quantum y i e l d of 0.02 was determined f o r r e a c t i o n 1 and was 
r e p o r t e d t o be a low v a l u e , perhaps by as much as a f a c t o r of 
10, because of i n t e r f e r i n g r e a c t i o n s . The low quantum y i e l d 
r e l a t i v e t o t h a t f o r the s i m i l a r U 0 2

2 + r e a c t i o n i s l i k e l y 
r e l a t e d t o the s h o r t l i f e - t i m e of the e x c i t e d - s t a t e P u 0 2

2 + . 
The l o w e s t - l e v e l , e x c i t e d t r i p l e t s t a t e of UC^2"*" has an unu
s u a l l y l o n g l i f e t i m e of -10" , which i s ample time f o r r e a c t i o n 
w i t h a r e d u c t a n t t h a t i s e i t h e r a s s o c i a t e d w i t h the U 0 2

2 + i o n 
o r t h a t i s an u n a s s o c i a t e d s p e c i e s i n the same s o l u t i o n . One 
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PLUTONIUM CHEMISTRY 

W A V E LENGTH.mi l l imicrons 

F i g u r e 1. 
Plutonium s p e c t r a showing the p h o t o r e d u c t i o n of p l u -
t o n y l . ( I ) 0.385 M P u 0 2

2 + , some P u 4 + and 1.5 11 
e t h a n o l i n 1.32 M. HC10/+. ( I I ) Immediately a f t e r the 
f i r s t UV i r r a d i a t i o n . ( I l l ) Twenty-four hours a f t e r 
the f i r s t UV i r r a d i a t i o n . (IV) Immediately a f t e r 
the second and 25 h a f t e r the f i r s t UV i r r a d i a t i o n s (_3). 
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18. BELL ET AL. Photochemistry of Aqueous Pu Solutions 267 

can s p e c u l a t e on the b a s i s of c o n t i n u i t i e s i n the a c t i n y l 
s p e c t r a (10) t h a t the UV a b s o r p t i o n by P u 0 2

2 + i n v o l v e s the 
e x c i t a t i o n of a bonding e l e c t r o n to a non-bonding l e v e l , p r o 
d u c i n g an e x c i t e d - s t a t e s p e c i e s w i t h two or f o u r u n p a i r e d 
e l e c t r o n s t h a t would have a very s h o r t l i f e t i m e . Thus o n l y a 
low f r a c t i o n of the e x c i t e d - s t a t e s p e c i e s would r e a c t w i t h 
o t h e r s o l u t i o n components. T h i s theory i s supported o n l y by 
the s i m i l a r i t i e s t o the a c t i n y l i o n s and i s s u b j e c t to c o r r e c 
t i o n by e x p e r i m e n t a l e f f o r t s . 

P h otochemical R e d u c t i o n of Aqueous Plu t o n i u m ( I V ) 

P l u t o n i u m ( I V ) , i n p e r c h l o r i c a c i d w i t h e t h a n o l p r e s e n t , i s 
s t a b l e under dark c o n d i t i o n s but produces P u ( I I I ) when the 
s o l u t i o n i s exposed t o UV l i g h t . A quantum y i e l d of 0.03 was 
r e p o r t e d (3_) f o r the r e a c t i o n , 

Pu* 4* + R = Pu 3+ + R + (2) 

where R + was an i n t e r m e d i a t e o x i d i z e d e t h a n o l s p e c i e s . When 
the r e d u c t a n t i s e t h a n o l , f o r m i c a c i d , o r formate, t h e r e i s no 
d a r k - s t a t e r e a c t i o n . When a s t r o n g e r r e d u c t a n t i s used, such 
t h a t the dark s t a t e r e a c t i o n progresses s l o w l y , the a d d i t i o n of 
UV l i g h t i n c r e a s e s the r e a c t i o n r a t e . For example, h y d r a z i n e 
w i l l s l o w l y reduce P u ( I V ) , and the a d d i t i o n of UV photons w i l l 
a p p r e c i a b l y i n c r e a s e the r e a c t i o n r a t e . 

Some u n p u b l i s h e d and more re c e n t work by these authçrs 
examined the p h o t o r e d u c t i o n o f Pu(IV) i n n i t r i c a c i d s o l u t i o n 
t h a t c o n t a i n e d h y d r a z i n e . That r e d u c t i o n was shown t o occur 
w i t h or a f t e r the f o r m a t i o n of a Pu(IV) peroxy complex. T h i s 
complex i s r e s p o n s i b l e f o r the enhanced r a t e s of Pu(IV) reduc
t i o n i n dark p e r i o d s f o l l o w i n g the p h o t o l y s i s . The p h o t o l y s i s 
o f HNO3 i n the presence of Ν2Η<+ produces H 202, which then 
complexes w i t h P u ( I V ) ; i t i s known t h a t H 20 2 does not appear i n 
the p h o t o l y s i s of pure HN03 s o l u t i o n s , and i t s f o r m a t i o n i n the 
presence of demonstrates some of the complex c h e m i s t r y 
a s s o c i a t e d w i t h Î^H^ s o l u t i o n s . T h i s may have u s e f u l a p p l i c a 
t i o n , because the peroxy complex of Pu(IV) i s reduced a t a 
f a s t e r r a t e w i t h Î^H^ than i s the uncomplexed Pu i o n . 

The Pu(IV) t o ( I I I ) aqueous p h o t o l y s i s can be compared t o 
the Ce(IV) t o ( I I I ) l i g h t - s e n s i t i v e r e a c t i o n s , a l t h o u g h Pu(IV) 
i s a much weaker o x i d i z i n g agent than C e ( I V ) . The C e ( I V ) / C e ( I I I ) 
couple has a st a n d a r d r e d u c t i o n p o t e n t i a l of 1.7 V i n HCIO^, 
w h i l e the comparable p o t e n t i a l f o r the P u ( I V ) / P u ( I I I ) couple i s 
0.98 V. In HCIO4 s o l u t i o n s , UV l i g h t and Ce(IV) w i l l o x i d i z e 
H2O w i t h a quantum y i e l d o f 0.14, but the s i m i l a r r e a c t i o n w i t h 
Pu(IV) has not been r e p o r t e d . With the low r e d u c t i o n p o t e n t i a l , 
i t i s not l i k e l y t o occur. An i n t e r e s t i n g f e a t u r e of the photo-
r e d u c t i o n of Ce(IV) t o C e ( I I I ) i s the s t a b i l i t y of C e ( I I I ) , which 
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enables the C e ( I V ) - ( I I I ) e q u i l i b r i u m t o be e a s i l y s t u d i e d . Con
v e r s e l y , P u ( I I I ) i s r e l a t i v e l y u n s t a b l e and g e n e r a l l y r e q u i r e s a 
h o l d i n g r e d u c t a n t , making the P u ( I V ) - ( I I I ) e q u i l i b r i u m more 
d i f f i c u l t t o study, even w i t h o u t c o n s i d e r i n g the e x p e r i m e n t a l 
problems a s s o c i a t e d w i t h r a d i o a c t i v i t y . T h e r e f o r e , even though 
Pu(IV) has a more i n t e r e s t i n g s o l u t i o n c h e m i s t r y because of 
more i n t e r a c t i o n s w i t h l i g a n d s and aqueous media, i t i s u n l i k e l y 
t h a t the photochemical r e d u c t i o n of Pu(IV) t o P u ( I I I ) w i l l ever 
r e c e i v e the a t t e n t i o n a l r e a d y g i v e n t o the cerium system. 

Photo S h i f t i n the Pu(IV) D i s p r o p o r t i o n a t i o n 

The d i s p r o p o r t i o n a t i o n r e a c t i o n of Pu(IV) i s g e n e r a l l y 
w r i t t e n as 

3Pu* + + H 2 0 = 2Pu 3 + + P u 0 2

2 + + 4H+ (3) 

T h i s o v e r a l l r e a c t i o n was shown more than t h r e e decades 
ago (11) t o i n c l u d e a t l e a s t two separate r e a c t i o n s : the r e l a 
t i v e l y slow r e a c t i o n , 

2 P u * + + H 2 0 = P u 0 2 + + P u 3 + + 4H+ (4) 

and the f a s t e l e c t r o n - e x c h a n g e r e a c t i o n , 

P u * * + P u 0 2

+ = P u 0 2

2 + + P u 3 + (5) 

A f t e r o b s e r v i n g the photochemical r e d u c t i o n of Pu(VI) and 
P u ( I V ) , i t seems obvious t h a t r e a c t i o n (3) s h o u l d be l i g h t -
s e n s i t i v e . However, i t i s not obvious how photons would a f f e c t 
the e q u i l i b r i u m c o n c e n t r a t i o n s of the pl u t o n i u m s p e c i e s . The 
e x p e r i m e n t a l r e s u l t s [ 3 , 4 ] are ver y i n t e r e s t i n g and are d e s c r i b e d 
below, but a complete e x p l a n a t i o n i s y e t t o be developed. 

2 The UV i l l u m i n a t i o n o f c a r e f u l l y s e l e c t e d s o l u t i o n s of 
10" M_Pu(IV) i n 0.5 M_ HC10i+ s i g n i f i c a n t l y i n c r e a s e d the 
d i s p r o p o r t i o n a t i o n r a t e and s h i f t e d the e q u i l i b r i u m i n f a v o r of 
P u 3 , P u 0 2

2 + , and a c i d . Those e f f e c t s a r e shown i n F i g . 2. 
The r e a c t i o n proceeded a t 22°C f o r 27 h i n dark c o n d i t i o n s and 
was not near e q u i l i b r i u m . The sample was exposed s e v e r a l times 
f o r 1 h p e r i o d s . A f t e r each exposure, th e r e was a s i g n i f i c a n t 
decrease i n the Pu(IV) c o n c e n t r a t i o n and s t o i c h i o m e t r i c a l l y 
e q u a l i n c r e a s e s i n the P u ( I I I ) and Pu(VI) c o n c e n t r a t i o n s . 
A f t e r d a r k - c o n d i t i o n e q u i l i b r i u m was e s t a b l i s h e d , as i n d i c a t e d 
by the v i s i b l e s p e c t r a , the p h o t o - s h i f t i n e q u i l i b r i u m was 
observed t o be c o m p l e t e l y r e v e r s e d when the i l l u m i n a t i o n 
ceased. T h i s p h o t o g a l v a n i c e f f e c t m a i n t a i n e d a mass balance i n 
the system, w i t h no reagent consumed or generated d u r i n g the 
d a r k - l i g h t - d a r k c y c l e . T h i s o b s e r v a t i o n suggested t h a t the 
pl u t o n i u m system i n the proper network of a c o n c e n t r a t i o n c e l l 
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c o u l d c o n v e r t l i g h t i n t o an e.ni.f. w i t h o u t the e x p e n d i t u r e of 
c h e m i c a l r e a c t a n t s or the g e n e r a t i o n o f c h e m i c a l p r o d u c t s . 

L a t e r experiments (4) were designed t o determine a c e l l 
e.m.f. f o r the plutonium d i s p r o p o r t i o n a t i o n system w i t h a p a r 
t i c u l a r l i g h t source. C o n c e n t r a t i o n q u o t i e n t s f o r the l i g h t 
and dark c o n d i t i o n s , Qe and Q̂ , were determined, and an energy 
d i f f e r e n c e of 1.65 k c a l (32 mV) was c a l c u l a t e d by the r e l a t i o n 
- R T l n Qe/Qd- T h i s r e v e r s i b l e photochemical s h i f t may be the 
o n l y s i n g l e - e l e m e n t system known a t t h i s time and c e r t a i n l y i s 
the s i m p l e s t such system. Even though the r a d i o a c t i v e p r o p e r 
t i e s c o u l d prevent development and u t i l i z a t i o n of a p l u t o n i u m 
p h o t o c o n v e r s i o n system, these s t u d i e s c e r t a i n l y suggest t h a t 
s i m i l a r n o n r a d i o a c t i v e and more a c c e p t a b l e systems c o u l d be 
d i s c o v e r e d and developed. 

C o n s i d e r a t i o n of where the l i g h t e f f e c t o c curs i n the 
d i s p r o p o r t i o n a t i o n mechanism i s an i n t e r e s t i n g e x e r c i s e . The 
e f f e c t i s t w o - f o l d i n i n c r e a s i n g the r e a c t i o n r a t e and i n 
r e v e r s i b l y s h i f t i n g the r e a c t i o n . Since r e a c t i o n (4) i s r a t e 
c o n t r o l l i n g , and assuming t h a t the r a t e of r e a c t i o n (5) i s so 
f a s t t h a t a p h o t o e f f e c t t o i n c r e a s e t h a t r a t e would not be 
observed by the m i l d i l l u m i n a t i o n i n the experiments, we 
suggest t h a t the i n i t i a l p h o t o e f f e c t i s e x c i t a t i o n of the 
Pu(IV) s p e c i e s . Then the r a t e and the degree of the r e a c t i o n 
f o r the e x c i t e d - s t a t e s p e c i e s are g r e a t e r than t h a t f o r the 
n o n - e x c i t e d s t a t e s p e c i e s . 

Photo E f f e c t s on Degradation of Pu(IV) Polymer 

P l u t o n i u m ( I V ) polymer i s a product of Pu(IV) h y d r o l y s i s 
and i s formed i n aqueous s o l u t i o n s a t low a c i d c o n c e n t r a t i o n s . 
D e p o l y m e r i z a t i o n g e n e r a l l y i s accomplished by a c i d r e a c t i o n t o 
form i o n i c P u ( I V ) , but a c i d d e g r a d a t i o n of polymer i s s t r o n g l y 
dependent on the age of the polymer and the c o n d i t i o n s under 
which the polymer was formed (12). Photoenhancement of Pu(IV) 
d e p o l y m e r i z a t i o n was f i r s t observed w i t h a f r e s h l y prepared 
polymer m a t e r i a l i n 0.5 _M HC10t+, F i g . 3 (3_). D e p o l y m e r i z a t i o n 
proceeded i n dark c o n d i t i o n s u n t i l a f t e r 140 h, 18% of the 
polymer remained. Four r a t h e r m i l d 1-h i l l u m i n a t i o n s of i d e n 
t i c a l samples a t 5, 25, 52, and 76 h enhanced the d e p o l y m e r i z a 
t i o n r a t e s so t h a t o n l y 1% polymer remained a f t e r the f o u r t h 
l i g h t exposure ( F i g . 3 ) . 

An enhancement i n d e p o l y m e r i z a t i o n r a t e a f t e r the l i g h t 
was turned o f f was a l s o observed. T h i s c o n t i n u e d enhancement 
was very obvious a f t e r the exposures a t 25 and 52 h, and i s 
b e l i e v e d t o r e p r e s e n t r e l a t i v e l y f a s t d e p o l y m e r i z a t i o n of s m a l l 
polymer p a r t i c l e s which were fragmented from l a r g e r p a r t i c l e s 
d u r i n g i l l u m i n a t i o n . 

Enhancement of d e p o l y m e r i z a t i o n r a t e s f o r aged polymer 
(polymer w i t h h i g h degree of Pu0 2 c h a r a c t e r (13) were observed 
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T I M E , hrs 
F i g u r e 3. 
The e f f e c t s of f o u r 1 h, low i n t e n s i t y , UV l i g h t 
exposures t o enhance the d e g r a d a t i o n of f r e s h l y 
prepared Pu(IV) polymer. The darkened l i n e 
r e p r e s e n t s d e p o l y m e r i z a t i o n under dark c o n d i t i o n s . 
The s o l u t i o n c o n t a i n e d 0.0093 M_ t o t a l Pu and 0.47 _M 
HClOi^ a t 22°C ( 3 ) . 
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272 PLUTONIUM CHEMISTRY 

a t a l a t e r time (4_)). Polymer m a t e r i a l s which had been age-
s t a b i l i z e d by time and temperature were p a r t i a l l y depolymerized 
i n t h r e e a c i d s o l u t i o n s and w i t h almost c o n t i n u o u s i l l u m i n a 
t i o n . P l o t s of percent polymer v e r s u s exposure time are shown 
i n F i g . 4, and are t h e r e compared w i t h the c o r r e s p o n d i n g 
amounts of polymer r e m a i n i n g under dark c o n d i t i o n s . The photo-
enhancement of Pu(IV) d e p o l y m e r i z a t i o n i s c l e a r l y e s t a b l i s h e d 
f o r polymer aged both by time and temperature. 

1 Γ 

Time Aged Polymer in 
A 0.13/V HCIO4 
B 0.45/V HCIO4 
C 2.O/VHCIO4 

9 0 h 

Temperature Aged 
Polymers in 

D O.I6/VHCIO4 

Ε 1.95/VHCI04 

F 4.0/V HCIO4 ( 5 0 ° C ) 

I I 
20 30 4 0 

UV EXPOSURE TIME (hours) 

F i g u r e 4: 
The e f f e c t s of UV i r r a d i a t i o n t o enhance the 
d e g r a d a t i o n of aged Pu(IV) polymer i n HCIO^. 
D e p o l y m e r i z a t i o n under dark c o n d i t i o n s f o r each 
experiment i s shown by a dat a p o i n t d i r e c t l y above 
the l a s t l i g h t sample p o i n t ( 4 ) . 
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Concluding Remarks 

Several notable photochemical reactions have been observed 
for aqueous plutonium systems. Only the perchlorate system has 
been described in detail, and the effects of complexing ligands 
and various reducing agents are not known. The effects of self 
radiolysis have not been compared to direct photochemistry of 
plutonium chemistry. However, these effects generally change 
the aqueous medium, and the radiolysis products of the medium 
then react with the plutonium. In studies considered herein, 
the direct absorption of UV light by plutonium in aqueous media 
and the subsequent chemistry of this excited state plutonium 
have overwhelmed the effects of self radiolysis. Application 
of aqueous plutonium photochemistry probably wi l l remain 
limited to nuclear fuel processing, as discussed in a recent 
publication (14). However, the most important consideration of 
plutonium photochemistry may be with respect to plutonium in 
the environment, where the transport rates would be dependent 
on its oxidation states and complexing reactions. 
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19 
Behavior of Plutonium in Natural Waters 
BERT ALLARD 
Chalmers University of Technology, Department of Nuclear Chemistry, 
S-41296 Göteborg, Sweden 

JAN RYDBERG1 

Lawrence Livermore National Laboratory, Livermore, CA 94550 

The use of nuclear power leads to waste streams 
containing plutonium. The large scale of plutonium 
production combined with the high radiotoxicity of 
this element makes it mandatory to understand how 
plutonium behaves in nature, particularly how it will 
migrate in water and be taken up by living species. 
The paper reviews the plutonium sources, the relevant 
chemistry of natural waters, and what plutonium 
species are expected to be formed. Measurements of 
interaction between natural solid materials (clay, 
rock, etc) and plutonium dissolved in natural waters 
are used to show the low environmental risk associated 
with storage of large amounts of plutonium in reposi
tories located in deep granite bedrock. 

The large and widespread production of plutonium i n nuclear 
power stations combined with i t s high radiotoxicity has caused 
great public concern about "plutonium poisoning". Consequently, 
the spread of plutonium i n the environment has been extensively 
studied for several decades. The results have been reported i n 
journals and more recently in a number of monographs and confer
ence proceedings (e.g. J_-7). 

Except for large scale accidental releases (e.g. nuclear 
explosions or catastrophic accidents at nuclear plants), water 
w i l l be the main transport medium of plutonium to man. Therefore 
the size and location of plutonium sources, i t s pathways to man 
and i t s behaviour in natural waters are essential knowledge re
quired for the evaluation of i t s ecological impact. That informa
tion, combined with radiological health standards, allows an 
assessment of the overall r i s k to the public from plutonium e.g. 
from a waste repository for spent unreprocessed reactor fuel ele
ments i n deep granite bedrock (8, 9). 

1 Permanent address: Chalmers University of Technology, Department of Nuclear 
Chemistry, S-41296 Gôteborg, Sweden. 

0097-6156/83/0216-0275$06.25/0 
© 1983 American Chemical Society 
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Plutoniun Sources 

About 300 tonnes of plutonium (95% 2 3 9Pu) are presently stored 
i n nuclear weapons (6). Production figures for weapons grade pluto
nium are unknown, but they may be estimated to be <10 tonnes annu
a l l y . Through weapons testing about 4.2 tonnes of plutonium have 
been injected into the atmosphere. Most of this plutonium has now 
been deposited on the ground. Further, 1.4 tonnes have been dir e c t 
ly deposited i n the ground through surface and sub-surface tests 
(6). 

The nuclear power industry (270 nuclear reactors i n 25 coun
t r i e s i n mid-1982) now has a capacity of 200 GWe, which corre
sponds to an approximate annual plutonium production of 50 tonnes. 
The amount of plutonium accumulated from the industry i s estimated 
to be ^250 tonnes. The spe c i f i c a c t i v i t y i s 5 . 3 x 1 ο 1 1 Bq/g Pu for 
fresh spent f u e l , mostly coming from 2 l + 1Pu (6, 10) . It i s predicted 
that by the year 2000, the accumulated plutonium w i l l amount to 
2400 tonnes (6). 

Reprocessing i s now done in about 10 plants i n at least 8 coun
t r i e s (11). For an assumed annual reprocessing capacity of 20 
tonnes of plutonium, about 100 kg may end up i n the waste streams; 
the true global value may be somewhat higher. The global amount of 
plutonium entering the sea through low-level effluents i s believed 
to be below 0.1 kg/y (4). 

A l l plutonium produced must be prevented from spreading into 
the environment. It i s presently believed that the safest way i s 
to store plutonium waste i n deep underground f a c i l i t i e s , and sev
eral such are now being constructed (8̂ , 9̂ , _12, 13). In the future, 
however, releases of various sizes must be anticipated, consider
ing the large amounts of plutonium being handled. The hazards asso
ciated with such releases must be r e l i a b l y assessed. 

Plutonium Distribution Coefficients 

Plutonium, deposited on s o i l , moves downwards with a rate 
which depends on precipitation and s o i l properties. In dry, sandy 
areas, the downward rate may be 1 mm/year, while i n rainy areas i t 
may be 10 times higher (3_). The rate i s considerably reduced in 
clay s o i l . 

The pathway of plutonium dissolved i n natural water, from a 
source such as a nuclear f a c i l i t y , to man, may be quite compli
cated. During the transport, the plutonium atoms encounter d i s 
solved and particulate inorganic and organic matter, as well as 
minerals i n rocks, sediment and s o i l , and l i v i n g organisms which 
may metabolize the plutonium. Figure 1 depicts some of the more 
essential routes for plutonium between the point of emission and 
the plutonium consuming man. The overall effect of these pathways 
i s that plutonium i s slowly eliminated from the water, so that 
only a minor fraction of i t reaches man. An example of this i s 
that of the 4.2 tonnes of plutonium deposited on the earth after 
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atmospheric n u c l e a r e x p l o s i o n s , o n l y 0.25 g of p l u t o n i u m has found 
i t s way i n t o the w o r l d p o p u l a t i o n ( 6 ) . 

I n F i g u r e 1 dashed squares r e f e r to water b o d i e s , w h i l e s o l i d 
squares r e f e r t o s o l i d m atter ( a l s o c o n t a i n i n g some w a t e r ) . P l u t o 
nium may appear i n any of these squares. The r a t i o of the concen
t r a t i o n of p l u t o n i u m i n two a d j a c e n t squares i s u s u a l l y r e f e r r e d 
t o as the c o n c e n t r a t i o n f a c t o r (CF; u s u a l l y from the water t o the 
s o l i d s u b s t a n c e ) , the t r a n s f e r c o e f f i c i e n t (TC; u s u a l l y between 
two b i o l o g i c a l s p e c i e s ) , or the s o r p t i o n r a t i o ( o r ; between 
m i n e r a l s and w a t e r ) . To a v o i d a m b i g u i t y , we s h a l l use the e x p r e s 
s i o n d i s t r i b u t i o n c o e f f i c i e n t ( a b b r e v i a t e d Kd) w i t h u n i t dimension 
(Pu amount per kg product d i v i d e d by Pu amount per kg s o u r c e ) . For 
the t r a n s f e r of p l u t o n i u m from A t o B, Pu(A) ·+ P u ( B ) , we d e f i n e 

Kd = [ P u ] B / [ P u ] A 

Table I summarizes some t y p i c a l d i s t r i b u t i o n c o e f f i c i e n t s . 
Sediments become e n r i c h e d i n p l u t o n i u m w i t h r e s p e c t t o w a t e r , usu
a l l y w i t h a f a c t o r of ^ 1 0 5 . A l s o l i v i n g organisms e n r i c h p l u t o n i u m 
from n a t u r a l w a t e r s , but u s u a l l y l e s s than sediments; a f a c t o r of 
10 3 - I0k i s common. T h i s i n d i c a t e s t h a t the Kd-value f o r sediment 
(and s o i l ) i s p r o b a b l y governed by s u r f a c e s o r p t i o n phenomena. From 
the s i m p l e s t organisms ( p l a n k t o n and p l a n t s ) to man t h e r e i s c l e a r 
evidence of m e t a b o l i c d i s c r i m i n a t i o n a g a i n s t t r a n s f e r of p l u t o n i u m . 
I n g e n e r a l , the h i g h e r the s p e c i e s i s on the t r o p h i c l e v e l , the 
s m a l l e r i s the Kd-value. One may deduce from the Table t h a t the 
c o n c e n t r a t i o n of p l u t o n i u m accumulated i n man i n e q u i l i b r i u m w i t h 
the environment, w i l l not exceed the c o n c e n t r a t i o n of p l u t o n i u m 
i n the ground water, independent of the mode of i n g e s t i o n . 

The Table shows a g r e a t spread i n Kd-values even a t the same 
l o c a t i o n . T h i s i s due t o the f a c t t h a t the e n v i r o n m e n t a l c o n d i t i o n s 
i n f l u e n c e the p a r t i t i o n of p l u t o n i u m s p e c i e s between d i f f e r e n t v a 
l e n c y s t a t e s and complexes. For the d i f f e r e n t a c t i n i d e s , i t i s 
found t h a t the Kd-values under o t h e r w i s e i d e n t i c a l c o n d i t i o n s (e.g. 
f o r the uptake of p l u t o n i u m on g e o l o g i c m a t e r i a l s or i n organisms) 
decrease i n the o r d e r Pu>Am>U>Np ( 1 5 ) . Because neptunium i s u s u a l l y 
p e n t a v a l e n t , uranium h e x a v a l e n t and americium t r i v a l e n t , w h i l e p l u 
tonium i n n a t u r a l systems i s m a i n l y t e t r a v a l e n t , i t i s c l e a r from 
the a c t i n i d e homologue p r o p e r t i e s t h a t the o x i d a t i o n s t a t e of p l u 
tonium w i l l a f f e c t the observed Kd-value. The o x i d a t i o n s t a t e of 
p l u t o n i u m depends on the redox p o t e n t i a l (Eh-value) of the ground 
water and i t s content of o x i d a n t s or r e d u c t a n t s . I t i s a l s o found 
t h a t n a t u r a l l i g a n d s l i k e CO^ 2" and f u l v i c a c i d s , which complex 
pl u t o n i u m (see next s e c t i o n ) , a l s o i n f l u e n c e the Kd-value. 

Composition of N a t u r a l Waters 

Water c o n t a i n s d i s s o l v e d and p a r t i c u l a t e i n o r g a n i c and o r g a n i c 
m a t t e r . To d i s t i n g u i s h between d i s s o l v e d and p a r t i c u l a t e matter a 
0.45 pm pore s i z e f i l t e r i s o f t e n used to s e p a r a t e the f r a c t i o n s . 
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19. ALLARD AND RYDBERG Behavior of Pu in Natural Waters 

Table I . D i s t r i b u t i o n (Kd) of pl u t o n i u m between d i f f e r e n t com
partments of the ecosystem. E x p e r i m e n t a l range i s i n d i c a t e d by 

Tr a n s p o r t from > to l o g Kd Ref. 

Water > Sediment 
P a c i f i c Ocean (Enewetak) 5.0±1.5 29 
I r i s h Sea (Windscale) 4.8±0.6 29 
Lake M i c h i g a n 5.5 16 
White Oak Lake (Tennessee) 4.7±0.8 15 
Hudson R i v e r 4.8 16 

Water > Organisms 
White Oak L. (Tenn.) > seaweed 4.3 15 

11 > sediment s p e c i e s 3 15 
Lake M i c h i g a n > p h y t o p l a n k t o n 4.0 15,30 

11 > zoop l a n k t o n 2.5 15,30 
" > p l a n t e a t i n g f i s h 1.5 15,30 
11 > f i s h e a t i n g f i s h 0.4±0.6 15,30 

White Oak Lake (Tenn.) > f i s h 0.1+0.5 15 
I r i s h Sea > f i s h 0.1 29 
P a c i f i c Ocean (Enewetak) > f i s h 3.7±2.3 29 
Lake M i c h i g a n > c o a s t a l p l a n t s 3.3±0.4 15,30 

11 > c o a s t a l animals 3.110.2 15,30 
Sediments > water organisms (a) 

> a l g e a 212 15 
> p h y t o p l a n k t o n -1.5 15 
> z o o p l a n k t o n -3.0 15 
> p l a n t e a t i n g f i s h -2.310.7 15 

Sediment, s o i l , sludge > p l a n t s 
Sediment (L. Michigan) > c o a s t a l p l a n t s -1.110.3 15 
S o i l (b) > t r e e s -4.2 14 

11 > soybean -2.7 14 
11 > tomato -4.0 14 

S o i l ( C a l i f o r n i a ) > wheat g r a i n -6.210.8 31 
Sludge (c) > corn -5.5 32 

" > b r o c c o l i -3.8 32 
" > tomato -4.1 32 

Food > animals 
Sediment (L. Mich.) > c o a s t a l animals -1.210.3 15 
V e g e t a t i o n (d) > c o t t o n r a t s -0.9 33 
L i c h e n (Lappland) > r e i n d e e r -5.210.3 34 
Food (Pu as ox i d e or hydroxide) > man -5 35 
" (Pu i n o t h e r common forms) > man -4 35 
11 ( P u - c i t r a t e ) > man -3 36 

(a) R e f e r s t o Lake M i c h i g a n , where l o g Kd f o r water > sediment 
5.5. (b) Western U.S. f l o o d p l a i n . (c) Waste sludge from sewage 
treatment p l a n t , (d) Savannah R i v e r P l a n t (S. C a r o l i n a ) , where 
l o g Kd f o r s o i l > r a t i s -1.9. 
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2 8 0 PLUTONIUM CHEMISTRY 

The amount of p a r t i c u l a t e m atter v a r i e s from v e r y h i g h v a l u e s 
i n s i l t c a r r y i n g r i v e r s (the M i s s i s s i p p i R.iver c a r r i e s an average 
of 2600 m g / l i t e r at f l o o d time) to p r a c t i c a l l y zero (0.05 m g / l i t e r ; 
r e f . 17) i n the ocean. A t y p i c a l v a l u e may be 1-10 m g / l i t e r . The 
m i n e r a l p a r t i c l e s o f t e n c o n s i s t of c l a y w i t h i o n exchange p r o p e r 
t i e s . 

C o n s i d e r i n g the v a r i e t y of sources f o r o r g a n i c m a t e r i a l , a 
g r e a t d i v e r s i t y i n the c o n c e n t r a t i o n of p a r t i c u l a t e o r g a n i c matter 
o c c u r s ; however, i t i s u s u a l l y l e s s than a few p e r c e n t of the t o t a l 
p a r t i c u l a t e m a t t e r , except i n areas of e x c e s s i v e human contamina
t i o n . A t y p i c a l v a l u e f o r e s t u a r i n e waters would be 5 m g / l i t e r of 
p a r t i c u l a t e o r g a n i c matter ( 1 8 ) . The o r g a n i c m a t e r i a l has the f u n c 
t i o n a l groups -C00H, -OH and - N H 2 , which may complex metals a t i t s 
s u r f a c e . 

When the water becomes s t a g n a n t , the p a r t i c u l a t e m a t t e r s e t 
t l e s as bottom sediments. I n t h i s p r o c e s s i t c a r r i e s w i t h i t con
s i d e r a b l e amounts of p l u t o n i u m , i f any has been d i s s o l v e d i n the 
water (see Table I ) . 

Table I I summarizes a n a l y t i c a l d a t a f o r d i s s o l v e d i n o r g a n i c 
matter i n a number of n a t u r a l water sources (8, 9̂ , 19_9 20_9 21) . 
Because of the i n t e r a c t i o n of r a i n w a t e r w i t h s o i l and s u r f a c e min
e r a l s , waters i n l a k e s , r i v e r s and s h a l l o w w e l l s (<50m) are q u i t e 
d i f f e r e n t and v a r y c o n s i d e r a b l y from one l o c a t i o n t o another. Never
t h e l e s s , the t a b l e g i v e s a u s e f u l p i c t u r e of how the c o m p o s i t i o n 
of n a t u r a l water changes i n the sequence r a i n -v s u r f a c e water -v 
deep bedrock water i n a g r a n i t i c environment. Changes w i t h depth 
may be c o n s i d e r a b l e as i l l u s t r a t e d by the S t r i p a mine s t u d i e s (22) 
and o t h e r r e c e n t surveys ( 2 3 ) . T y p i c a l changes a r e : an i n c r e a s e i n 
pH and decrease i n t o t a l carbonate ( c o u p l e d ) , a decrease i n 0 2 and 
Eh ( c o u p l e d ) , and an i n c r e a s e i n d i s s o l v e d i n o r g a n i c c o n s t i t u e n t s . 
The t o t a l s a l t c o n c e n t r a t i o n can v a r y by a f a c t o r of 10-100 w i t h 
depth i n the same b o r e h o l e as a consequence of the presence of 
s t r a t a w i t h r e l i c t sea water. Pockets w i t h such water seem to be 
common i n S c a n d i n a v i a n g r a n i t e at >100 m depth. 

R a i n i n e q u i l i b r i u m w i t h atmospheric C0 2» but uncontaminated 
by i n d u s t r i a l e m i s s i o n s , s h o u l d have a pH of 5.7. However, atmos
p h e r i c p o l l u t i o n from b u r n i n g f o s s i l f u e l s has r e s u l t e d i n a c i d 
r a i n of pH as low as 3.5 (24) . I f t h i s c o n d i t i o n c o n t i n u e s f o r a 
l o n g t i m e , i t may l e a d to a change i n groundwater c o m p o s i t i o n , 
which may c o n s i d e r a b l y change the m i g r a t i o n of p l u t o n i u m i n n a t u r e . 

A g r e a t d i v e r s i t y i n the c o n c e n t r a t i o n of d i s s o l v e d o r g a n i c 
m a tter a l s o o c c u r s i n n a t u r a l water. Commonly, the c o n c e n t r a t i o n 
ranges from 0.5 t o 50 m g / l i t e r . F r e s h water and seawater t y p i c a l l y 
have v a l u e s of 0.5-1.5 m g / l i t e r ( 1 8 ) . 

About h a l f of the d i s s o l v e d o r g a n i c carbon may appear i n humic 
or f u l v i c a c i d s . These are h i g h - m o l e c u l a r weight o r g a n i c compounds 
of a c o m p o s i t i o n which i s somewhat u n c e r t a i n . They c o n t a i n a r o m a t i c 
h y d r o x y l and c a r b o x y l groups which have the a b i l i t y to b i n d t o met
a l i o n s . R i v e r s and e s t u a r i e s t y p i c a l l y c o n t a i n 10 m g / l i t e r of a c i d 
w i t h an exchange c a p a c i t y of 5-10 mmoi/g, ma i n l y due t o c a r b o x y l i c 
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T a b l e I I I . S e l e c t e d complex f o r m a t i o n c o n s t a n t s f o r p l u t o n i u m 
( a t 25°C and 1=0) ( 4 1 ) . 

L i g a n d , L S p e c i e s , 
Pu L χ y P u 3 + 

logK 
x,y 

4+ + Pu PuO^ P u 0 2
2 + 

OH" (1,1) 6.0 13.5 4.6 8.3 
(1,2) 11.0 25.5 16.0 
(1,3) 15.5 36.0 
(1,4) 19.0 45.5 
(1,5) 50 
(2,2) 14 27 22.5 
(3,5) 37 54.5 

c o Q

2 " (1,1) 6.5 (5) 10.0 
(1,2) 11.0 (9) 16.7 
(1,3) 14.5 (14) 23.8 
(1,5) (37) 
(2,3) 
(3,6) 60.5 

HPO 2 _ (1,1) (6) 13.0 8.4 
(1,2) 23.8 18.5 
(1,3) 33.4 

H PO," (1,1) 2.4 4.5 3.0 
Ζ 4 (1,2) 8.9 5.5 

F" (1,1) 4.3 8.6 3.7 5.7 
(1,2) 7.6 14.5 11.1 
(1,3) 10.8 19.1 15.9 
(1,4) 23.6 18.8 
(1,5) 25.3 

so 2 ~ (1,1) 3.5 5.6 2 3.0 
(1,2) 5.2 10.3 4.3 

S o l u b i l i t y p r o d u c t s ( l o g K g ) : 
P u ( 0 H ) 3 -23. 5 P u ( H P 0 4 ) 2 -27 
P u 0 2 -54 PuO.HPO. 2 4 -12.6 
Pu0 2(0H) - 8. 8 PuPO. 4 -23 
P u 0 2 ( O H ) 2 -23. 0 ( P u 0 2 ) 3 ( P 0 4 ) 2 -23.5 
P u 2 ( C 0 3 ) 3 -31 PuF 3 -10.2 
P u 0 2 C 0 3 -13. 8 PuF. 4 -24 
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groups ( 1 8 ) ; thus w i t h r e s p e c t t o b i n d i n g c a p a c i t y the a c i d s are 
0.05-0.1 iaM i n the water. M o l e c u l a r weights of 2000-6000, and v a l 
ues up to 10,000 have been suggested (20, 2 5 ) , i n d i c a t i n g t h a t each 
molecule may c o n t a i n 10-100 r e a c t i v e , groups, many p r o b a b l y w i t h 
c h e l a t i n g a b i l i t y . 

Humic a c i d p r e c i p i t a t e s a t s a l t c o n c e n t r a t i o n s >0.05 M and pH 
<4, w h i l e the f u l v i c a c i d s are s t i l l s o l u b l e . Thus, humic a c i d i s 
h a r d l y ever found i n s a l t water (Ή).5 M). T i t r a t i o n experiments 
w i t h a l k a l i i n d i c a t e t h a t t h e r e are c o n s e c u t i v e s t e p s of d e p r o t o n i -
z a t i o n . A t y p i c a l average p k a - v a l u e would be 7 (26) , and f o r a s e
l e c t e d humic a c i d v a l u e s of 4 and 9 are g i v e n f o r pk and pk 0 ( 2 7 , 
28). a l a Z 

P l u t o n i u m Complexes w i t h N a t u r a l Complexing Agents 

A l l the o x i d a t i o n s t a t e s I I I , IV, V and VI can e x i s t i n aque
ous s o l u t i o n s i n the Eh-pH-range of envir o n m e n t a l i n t e r e s t ( 3 7 ) . 
Strong complexes are formed between p l u t o n i u m and oxygen c o n t a i n i n g 
l i g a n d s ( 0 2 ~ , OH", C03 2~ , e t c . ) as w e l l as F~ but not w i t h S 2". 
The complex s t r e n g t h i n c r e a s e s w i t h the e f f e c t i v e charge of the 
acc e p t o r i o n , i . e . i n the ord e r Ρ ^ + > Ρ υ θ 2 2 + £ Ρ π 3 + > Ρ υ 0 2

+ . 
S e v e r a l r e c e n t c o m p i l a t i o n s and c r i t i c a l e v a l u a t i o n s of dat a 

on p l u t o n i u m redox and complex c h e m i s t r y are a v a i l a b l e (e.g. 38-42). 
However, e x p e r i m e n t a l data on pl u t o n i u m complexes w i t h e.g. C03 2~, 
ΗΡ0ι+2 , OH , e t c . are s c a r c e and many of the suggested f o r m a t i o n 
c o n s t a n t s are merely e x t r a p o l a t e d o r even e s t i m a t e d d a t a , e.g. from 
comparisons w i t h the s i m i l a r elements t h o r i u m , uranium, neptunium 
and americium. The u n c e r t a i n t y even i n measured f o r m a t i o n c o n s t a n t s 
i s u s u a l l y a f a c t o r of a t l e a s t 2 to 3, and o f t e n up t o o r d e r s of 
magnitude f o r the h i g h e r complexes. Moreover, the e x i s t e n c e of many 
of the suggested p l u t o n i u m s p e c i e s has never been e x p e r i m e n t a l l y 
v e r i f i e d . S t i l l , i n any d i s c u s s i o n of s p e c i a t i o n and s o l u b i l i t y i n 
n a t u r a l systems i t i s i m p e r a t i v e t h a t a l l r e l e v a n t s p e c i e s are con
s i d e r e d . Thus, i t i s j u s t i f i e d , and ne c e s s a r y , to i n c l u d e e s t i m a t e d 
or e x t r a p o l a t e d d a t a f o r p o o r l y s t u d i e d s p e c i e s and even data f o r 
n o n - i d e n t i f i e d p l u t o n i u m s p e c i e s t h a t are l i k e l y t o e x i s t . Some 
s e l e c t e d complex f o r m a t i o n c o n s t a n t s which c o u l d be v a l i d f o r p l u 
tonium are g i v e n i n Table I I I (41) , c o n s i d e r i n g the major complex
i n g anions i n n a t u r a l waters (Table I I ) . S e l e c t e d s t a n d a r d p o t e n 
t i a l s a re g i v e n i n Table IV ( 4 1 ) . 

T a b l e IV. S e l e c t e d s t a n d a r d p o t e n t i a l s (V) (41) 

4+ - λ-τ Pu + e = P u D l . o i 
PuO * + 4H"1" + e" = P u 4 + + 2H 0 1.10 

9 4 - ι / 4_ 

P u 0 2 + 4H + 2e~ = Pu + 2H 20 1.03 
P u 0 2

2 + + e~ = P u 0 2
+ 0.96 
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L i t t l e i s known about a c t i n i d e complexation by humic or 
f u l v i c a c i d s a l t h o u g h l o g ^ - v a l u e s f o r Am 3 +, T h 4 + and U 0 2

2 + w i t h 
humic a c i d a t pH 4.0-4.5 as 6.8, 11.0 and 5.8, r e s p e c t i v e l y , a r e 
r e p o r t e d ( 4 3 ) . 

P l u t o n i u m S o l u b i l i t y and S p e c i a t i o n i n N a t u r a l Waters 

S e v e r a l attempts to c a l c u l a t e p l u t o n i u m s o l u b i l i t y and s p e c i a 
t i o n i n en v i r o n m e n t a l systems are g i v e n i n the l i t e r a t u r e (e.g. 
39, 41, 44-47). C o n s i d e r i n g the a n i o n c o n c e n t r a t i o n ranges i n n a t u 
r a l waters (Table I I ) and the magnitude of the c o r r e s p o n d i n g p l u t o 
nium s t a b i l i t y c o n s t a n t s (Table I I I ) , the c h e m i s t r y of p l u t o n i u m , 
as w e l l as t h a t of uranium and neptunium, i s almost e n t i r e l y domi
nated by h y d r o x i d e and carbonate c o m p l e x a t i o n , c o n s i d e r i n g i n o r g a n 
i c complexes o n l y (41, 48, 49). 

I n F i g u r e 2 the s o l u b i l i t y and s p e c i a t i o n of p l u t o n i u m have 
been c a l c u l a t e d , u s i n g s t a b i l i t y d a t a f o r the hydroxy and carbonate 
complexes i n Table I I I and st a n d a r d p o t e n t i a l s from T a b l e IV, f o r 
the waters i n d i c t e d i n F i g u r e 2. Here, the v a r i o u s carbonate con
c e n t r a t i o n s would correspond t o an open system i n e q u i l i b r i u m w i t h 
a i r (b) and c l o s e d systems w i t h a t o t a l carbonate c o n c e n t r a t i o n of 
30 m g / l i t e r (c,e) and 485 m g / l i t e r ( d , f ) , r e s p e c t i v e l y . The two r e 
dox p o t e n t i a l s would r o u g h l y correspond t o water i n e q u i l i b r i u m w i t 
a i r (a-d; c f 50) and systems b u f f e r e d by an F e ( I I I ) ( s ) / F e ( I I ) ( s ) -
e q u i l i b r i u m ( e , f ) , r e s p e c t i v e l y . Thus, the n a t u r a l span of carbon
ate c o n c e n t r a t i o n s and redox c o n d i t i o n s i s i l l u s t r a t e d . 

Under o x i c c o n d i t i o n s , the s o l u b i l i t y of p l u t o n i u m i s l i m i t e d 
by P u 0 2 ( s ) w i t h PuiOH)^ as the dominating s p e c i e s i n s o l u t i o n i n 
the i n t e r m e d i a t e pH-range 6-9. At a pH below 5-6 the p e n t a v a l e n t 
P u 0 2 would dominate and below pH 3-4, P u 3 + would be the major spe
c i e s . A t h i g h carbonate c o n c e n t r a t i o n s p e n t a v a l e n t carbonate spe
c i e s l i k e P u 0 2 ( C 0 3 ) 3

5 ~ would dominate i n the h i g h pH-range (above 
8-9). Hexavalent s p e c i e s would not c o n t r i b u t e s i g n i f i c a n t l y . 

Under r e d u c i n g c o n d i t i o n s the s o l u b i l i t y l i m i t i n g s p e c i e s 
would s t i l l be P u 0 2 ( s ) a t h i g h pH (above 7-8) but P u 2 ( C 0 3 ) 3 ( s ) i n 
the low pH-range. T r i v a l e n t s p e c i e s would dominate i n the pH-range 
of e n v i r o n m e n t a l i n t e r e s t (up t o pH 9-10). The o v e r a l l s o l u b i l i t y 
of p l u t o n i u m would be c o n s i d e r a b l y h i g h e r under r e d u c i n g c o n d i t i o n s 
than i n o x i c systems, i n the presence of carbonate. Any of the o x i 
d a t i o n s t a t e s I I I , IV or V c o u l d be o b t a i n e d . 

P r e v i o u s l y , i t has been suggested (39) t h a t Pu02(s) would be 
c o m p a r a t i v e l y s t a b l e i n t e r r e s t r i a l waters i n most pH and redox 
p o t e n t i a l ranges. S o l u t i o n s i n e q u i l i b r i u m w i t h Pu02(s) o r Pu(0H^(s 
are c l a i m e d t o c o n t a i n Pu02 + as the dominating s p e c i e s under o x i c 
c o n d i t i o n s and a t pH below 6-7, a c c o r d i n g t o r e c e n t r e s u l t s ( 5 0 ) . 
These e x p e r i m e n t a l l y determined s o l u b i l i t i e s are i n g e n e r a l agree
ment w i t h the c a l c u l a t e d curves a-d i n F i g u r e 2. A l s o the p o s s i b l e 
r e d u c t i o n t o the t r i v a l e n t s t a t e i n na t u r e by d i s s o l v e d o r g a n i c 
substances (14, 15, 51) a t low o r i n t e r m e d i a t e pH-values has been 
suggested. 
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e I I I I I 1 1 

P u 3 * \ Pû CÔ isi 1 Pu02is> 
\ \ 1 

— \ \ ι 
-

ο 

. \ \ 1 

~ PuC0 3 * N ^ - ^ k 
-

P u O H 2 ^ ^ . . V^v 
— | \ V \ 

PutOH)/ ^ ν ^ Λ ^ Χ 
^ Pu(0H)4 _ 

-10 - Ρι40Η) 5 --^ > >Χ 

I 1 1 1 1 1 1 
8 
PH 

F i g u r e 2. 
Plu t o n i u m s o l u b i l i t i e s (M) and s p e c i e s i n s o l u t i o n ( 4 1 ) . (a) 
Carbonate f r e e , (b) E q u i l i b r i u m w i t h atmospheric carbon d i o x i d e ; 
p ( C 0 2 ) =10 -3.5 atm. (c,e) T o t a l carbonate 0.5 mM (30 m g / l i t e r ) , 
(d, f ) T o t a l carbonate 8 mM (485 m g / l i t e r ) . (a,b, c,d) Ae r a t e d 
systems; Eh = 0.8 - 0.06pH. ( e , f ) Water c o n t a i n i n g F e ( I I ) ; Eh = 
0.2 - 0.06pH. 
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The e x i s t e n c e of p l u t o n i u m w i t h an o x i d a t i o n s t a t e of V (or 
VI) i n n e u t r a l s o l u t i o n s o r a t h i g h pH and i n the presence of c a r 
bonate was p r e v i o u s l y observed ( 5 1 ) . I t has a l s o been suggested 
t h a t Pu(V) i s the dominant o x i d a t i o n s t a t e i n sea-water and t h a t 
Pu(VI) i s r a p i d l y reduced to Pu(V) i n these waters ( 5 2 ) . 

However, i t has been concluded from s o r p t i o n and d i f f u s i o n 
experiments t h a t p l u t o n i u m e x i s t s l a r g e l y i n the t e t r a v a l e n t s t a t e 
(53) and c l e a r l y not as P u ( V ) , i n the i n t e r m e d i a t e pH-range under 
o x i c c o n d i t i o n s and a t low carbonate c o n c e n t r a t i o n . T h i s would be 
r e p r e s e n t a t i v e of many groundwaters and a l s o i n agreement w i t h the 
c a l c u l a t e d curves of F i g u r e 2. 

The s t r o n g p l u t o n i u m complexing a b i l i t y of humic a c i d s i s i l 
l u s t r a t e d by the uptake of p l u t o n i u m on Oak Ridge s o i l , from which 
i t c o u l d not be e l i m i n a t e d e i t h e r by l e a c h i n g w i t h m i l d a c i d s or 
s t r o n g complex formers l i k e c i t r a t e or EDTA ( 1 4 ) . However, c o n s i d e r 
i n g the r e p o r t e d c o n c e n t r a t i o n ranges of humic a c i d i n n a t u r a l 
waters and t h e i r p k a - v a l u e s (see above) and assuming a l o g 3 i ~ v a l u e 
of <13 f o r a Pu(IV)-humic a c i d complex, the maximum p o s s i b l e concen
t r a t i o n of p l u t o n i u m bound to humic a c i d would be n e g l i g i b l e i n 
n a t u r a l waters of pH above 6-7. At low pH (below 5-6), however, 
humic complexes may c o n s t i t u t e a l a r g e , or even do m i n a t i n g , f r a c 
t i o n ( t h i s i s almost c e r t a i n l y t r u e a t pH<4). T h i s c o u l d be the 
case i n s u r f a c e waters p e r c o l a t i n g through o r g a n i c s o i l l a y e r s . 

P l u t o n i u m S o r p t i o n on G e o l o g i c Media 

I n g e n e r a l , t h r e e b a s i c k i n d s of s o r p t i o n mechanisms f o r t r a c e 
elements i n g e o l o g i c aqueous systems can be d i s t i n g u i s h e d ( 5 6 ) . Due 
to n o n - s p e c i f i c f o r c e s of a t t r a c t i o n between sorbent and the s o l u t e , 
a p h y s i c a l a d s o r p t i o n may occur. T h i s s o r p t i o n mechanism r e s u l t s 
i n the b i n d i n g of s p e c i e s from the s o l u t i o n i n s e v e r a l c o n s e c u t i v e 
l a y e r s on exposed s o l i d s u r f a c e s . T h i s would be a r a p i d n o n - s e l e c 
t i v e and r e v e r s i b l e p r o c e s s , f a i r l y independent of n u c l i d e concen
t r a t i o n and o n l y l i t t l e dependent on i o n exchange c a p a c i t y of the 
s o l i d . 

I n the case of a c t i o n of s p e c i f i c c h e m i c a l f o r c e s between s o r 
bent and s o l u t e a c h e m i s o r p t i o n p r o c e s s may r e s u l t . T h i s process 
c o u l d be regarded as a complex f o r m a t i o n r e a c t i o n and would be spe
c i f i c and s e l e c t i v e , c o n c e n t r a t i o n dependent, p o s s i b l y slow and 
p a r t l y i r r e v e r s i b l e . 

The most f r e q u e n t type of i n t e r a c t i o n between s o l i d and spe
c i e s i n s o l u t i o n would be e l e c t r o s t a t i c a d s o r p t i o n ( i o n exchange), 
due t o the a c t i o n of a t t r a c t i v e coulomb f o r c e s between charged p a r 
t i c l e s i n s o l u t i o n and the s o l i d s u r f a c e s . T h i s process would a l s o 
be c o n c e n t r a t i o n dependent. 

For p l u t o n i u m i n the t r i - and t e t r a v a l e n t s t a t e , when h y d r o l y 
s i s would dominate the s o l u t i o n c h e m i s t r y , most s o r p t i o n phenomena 
i n g e o l o g i c systems can be looked upon l a r g e l y as p h y s i c a l adsorp
t i o n p r o c e s s e s . Ion exchange p r o c e s s e s , as d e f i n e d above, would be 
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l e s s s i g n i f i c a n t except f o r non-complexed s p e c i e s ( a t low pH). The 
s o r p t i o n i s h i g h l y dependent on the degree of h y d r o l y s i s , l e a d i n g 
t o a d r a s t i c a l l y enhanced s o r p t i o n when the pH i n c r e a s e s i n t o the 
r e g i o n where h y d r o l y s i s i s expected (56, 57, 58). A l s o n e u t r a l or 
even n e g a t i v e l y charged hydroxy s p e c i e s are s t r o n g l y sorbed e.g. 
on ox i d e and s i l i c a t e s u r f a c e s . 

I n the presence of m i n e r a l phases c o n t a i n i n g anions t h a t would 
form s p a r i n g l y s o l u b l e compounds (e.g. Ρ0^ 3~ and F" f o r the lower 
o x i d a t i o n s t a t e s ) an enhanced p l u t o n i u m uptake due t o c h e m i s o r p t i o n 
can be expected ( 5 7 ) . For p l u t o n i u m i n the h i g h e r o x i d a t i o n s t a t e s 
the f o r m a t i o n of a n i o n i c carbonate complexes would d r a s t i c a l l y r e 
duce the s o r p t i o n on e.g ox i d e and s i l i c a t e s u r f a c e s . 

The s o r p t i o n of pl u t o n i u m on a v a r i e t y of the common m i n e r a l s 
of igneous r o c k s under groundwater c o n d i t i o n s i s i l l u s t r a t e d i n 
F i g u r e 3 (57, 58, 59). For comparison the s o r p t i o n of o t h e r a c t i -
n i d e s i n d i s c r e t e o x i d a t i o n s t a t e s ( A m ( I I I ) , T h ( I V ) , Np(V), U(IV)) 
i s g i v e n i n F i g u r e 4, t o i l l u s t r a t e the n o n - e x i s t e n c e of a predomi
nant Pu(V) s p e c i e s under these c o n d i t i o n s ( 5 3 ) . 

P l u t o n i u m uptake on g e o l o g i c media under v a r i o u s c o n d i t i o n s 
have been s t u d i e d e x t e n s i v e l y d u r i n g the l a s t few y e a r s , and r e 
viewed (e.g. i n r e f . 60). I t should be emphasized t h a t d a t a from 
v a r i o u s experiments are r a r e l y d i r e c t l y comparable, due to d i f f e r 
ences i n e x p e r i m e n t a l t e c h n i q u e s , c h e m i c a l c o n d i t i o n s and o t h e r 
parameters of importance. A d e t a i l e d d i s c u s s i o n of s o r p t i o n d a t a 
i s o u t s i d e the scope of t h i s paper. 

Formation of P l u t o n i u m C o l l o i d s 

Many h i g h l y charged c a t i o n s have a l a r g e tendency t o form p o l y 
m eric h y d r o x i d e s . T h i s i s p a r t i c u l a r y t r u e f o r t e t r a v a l e n t a c t i -
n i d e s ( 6 1 ) . Hydroxy c o l l o i d s may be regarded as h i g h l y p o l y m e r i z e d 
s p e c i e s w i t h l a r g e r e s i d u a l charges, which due to e l e c t r o s t a t i c 
r e p u l s i o n prevent them from a g g r e g a t i o n . Thus, an apparent s o l u b i l 
i t y , which can exceed the s o l u b i l i t y p r o d u c t , may be ach i e v e d . I t 
has been found t h a t p l u t o n i u m c o l l o i d s have a s t r o n g tendency t o 
sorb on exposed m i n e r a l s u r f a c e s (56, 62, 63, 64). However, a t h i g h 
pH s t a b l e s p e c i e s cah be formed which c a r r y a r e s i d u a l n e g a t i v e 
charge, l e a d i n g t o a decrease i n t h e i r s o r p t i o n . 

N a t u r a l c o l l o i d p a r t i c l e s i n aqueous systems, such as c l a y 
p a r t i c l e s , s i l i c a , e t c . may serve as c a r r i e r s of i o n i c s p e c i e s t h a t 
are b e i n g sorbed on the p a r t i c u l a t e s ( p s e u d o c o l l o i d s ) . I t seems 
e v i d e n t t h a t the f o r m a t i o n and t r a n s p o r t p r o p e r t i e s of plu t o n i u m 
p s e u d o c o l l o i d s can not yet be d e s c r i b e d i n q u a n t i t a t i v e terms or 
be w e l l p r e d i c t e d . T h i s i s an important a r e a f o r f u r t h e r s t u d i e s , 
s i n c e the p s e u d o c o l l o i d a l t r a n s p o r t might be the dominating p l u t o 
nium m i g r a t i o n mechanism i n many envi r o n m e n t a l w a t e r s . 
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4 5 6 7 8 9 

pH 

F i g u r e 3. 
S o r p t i o n of pl u t o n i u m ( 1 . 8 x l 0 - 1 1 M) and americium (2xlG"~ 9 M) i n 
a r t i f i c i a l groundwater ( s a l t c o n c e n t r a t i o n 300 m g / l i t e r ; t o t a l 
carbonate 120 m g / l i t e r ; Ref. 59) on some g e o l o g i c m i n e r a l s . 
# q u a r t z , • b i o t i t e , ο a p a t i t e , < > a t t a p u l g i t e , • m o n t m o r i l l o n i t e . 
Dashed l i n e s i n d i c a t e the range f o r major m i n e r a l s i n igneous 
r o c k s . E x p e r i m e n t a l c o n d i t i o n s : room temperature, p a r t i c l e s i z e 
0.04-0.06 mm, s o l i d / l i q u i d r a t i o 6-10 g/1, a e r a t e d system, 
c o n t a c t time 6 days. 
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i o 4 

f i o 3 

ι ι ι ι ι ι ι ι ι 

Ο ^—<9 

1 1 

• 

S 1 0 2 

10 1 

1 1 1 1 1 1 1 1 1 1 1 

5 10 
pH 

F i g u r e 4. 
C o e f f i c i e n t s f o r d i s t r i b u t i o n of T h ( I V ) , U ( V I ) , Np(V), Pu and 
Am(III) ( 0 . 6 - 2 . 5 x l 0 ~ 9 M) between A 1 2 0 3 ( o r S i 0 2 ) and 0.01M 
NaClO^ ( 5 2 ) . o T h ( I V ) , • U ( V I ) , • Np(V), · Am(III) and 
A Pu. E x p e r i m e n t a l c o n d i t i o n s : 25°C, p a r t i c l e s i z e 0.090-0.125 
mm, s o l i d / l i q u i d r a t i o 2 0 g / l , a e r a t e d system, c o n t a c t time 6 
days. 
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P l u t o n i u m R e p o s i t o r y i n Deep G r a n i t e Bedrock 

I n 1976 the Swedish government s t i p u l a t e d t h a t no new n u c l e a r 
r e a c t o r s should be charged u n t i l i t had been shown how the r a d i o 
a c t i v e waste p r o d u c t s c o u l d be taken c a r e of i n an " a b s o l u t e l y s a f e 
manner" ( 8 ) . Consequently, the n u c l e a r power i n d u s t r y (through 
t h e i r j o i n t N u c l e a r F u e l Supply Co, SKBF) embarked on a program 
r e f e r r e d t o as the N u c l e a r F u e l S a f e t y (KBS) P r o j e c t ( 8 ) . I n one 
of the schemes (9) a r e p o s i t o r y f o r spent n u c l e a r f u e l elements i n 
envisaged a t a depth o f 500 m i n g r a n i t i c bedrock. The r e p o s i t o r y 
w i l l u l t i m a t e l y c o n t a i n 6000 tonnes of uranium and ̂ 45 tonnes of 
plu t o n i u m . The spent f u e l elements w i l l be s t o r e d i n copper c y l i n 
ders (0.8 m i n diameter and 4.7 m i n l e n g t h ) w i t h a w a l l t h i c k n e s s 
of 200 mm; the v o i d w i l l be f i l l e d w i t h l e a d . 

A s a f e t y a n a l y s i s (9) has shown t h a t these c y l i n d e r s s h o u l d 
r e s i s t the r e d u c i n g groundwater, which p e r c o l a t e s through Swedish 
bedrock, f o r about 1 0 6 y e a r s . S t i l l , the Swedish a u t h o r i t i e s have 
requested i n f o r m a t i o n about the consequences of the groundwater 
coming i n t o c o n t a c t w i t h the plu t o n i u m . 

The maximum c o n c e n t r a t i o n of p l u t o n i u m a t the border of the 
r e p o s i t o r y i s s e t by F i g u r e 2a-f. Because Swedish groundwater con
t a i n s s m a l l amounts of F e ( I I ) i t i s u s u a l l y r e d u c i n g , c o r r e s p o n d i n g 
to F i g u r e 2e and 2 f . A n a l y s e s of deep groundwater i n g r a n i t i c bed
roc k from v a r i o u s p a r t s of Sweden have g i v e n pH v a l u e s which are 
u s u a l l y i n the range 7.0-9.0. S e l e c t i n g the two h i g h e s t Pu concen
t r a t i o n s , one gets ΙΟ" 5 M a t pH 7 ( F i g u r e 2e) and ΙΟ" 7 M at pH 9 
( F i g u r e 2f) ; f o r f r e s h LWR type p l u t o n i u m t h i s corresponds t o 'vLO*2 

and ^ 1 0 1 0 Bq/m 3, r e s p e c t i v e l y . More than 99% of t h i s a c t i v i t y comes 
from 2 4 1 P u , ( h a l f - l i f e 14.9 y ) ; a f t e r 150 y e a r s , most of 2 4 1 P u has 
decayed, and the co r r e s p o n d i n g a c t i v i t i e s w i l l be M O 9 and ^ 1 0 7 

Bq/m 3, r e s p e c t i v e l y . The dominating s o l u b l e s p e c i e s are P u ( I I I ) 
carbonate complexes: PuC03 +, Pu(C03)2~ and Pu(C0 3) 3 3". 

In 1959 the I n t e r n a t i o n a l Commission on R a d i o l o g i c a l P r o t e c 
t i o n (ICRP) recommended a "maximum p e r m i s s i b l e c o n c e n t r a t i o n of 
pl u t o n i u m i n water (MPC W) f o r u n l i m i t e d p u b l i c use" of 5x10 5 Ci/m 3 

( ^ 2 x l 0 6 Bq/m 3)(64). I n 1979 ICRP i n t r o d u c e d the concept of ALI 
("annual l i m i t s of i n t a k e " ) . For 2 3 9 P u the v a l u e was s e t at 2 x l 0 6 

Bq ( o r 0.9 mg) per year ( 3 5 ) . Because man consumes about 0.5 m 3 

w a t e r / y e a r , t h i s ALI v a l u e corresponds to 4 x l 0 6 Bq/m 3 p o t a b l e water. 
The ALI v a l u e i s based on the assumption t h a t 10~ 5 (0.001%) 

of a l l p l u t o n i u m i n the water i s taken up by the g a s t r o - i n t e s t i n a l 
t r a c t . T h i s i s v a l i d f o r p l u t o n i u m i n h i g h l y i n s o l u b l e form, l i k e 
t e t r a v a l e n t o x i d e or h y d r o x i d e . I n a more s o l u b l e form, the uptake 
may i n c r e a s e t o 0.01%, and the c o r r e s p o n d i n g A L I - v a l u e i s then r e 
duced to 2 x 1 0 5 Bq/y. F or p l u t o n i u m carbonate complexes, the lower 
A L I - v a l u e , c o r r e s p o n d i n g t o 4 x l 0 5 Bq/m 3 must be chosen; i t c o u l d 
be argued t h a t an even s m a l l e r ALI v a l u e s h o u l d be used f o r the 
h i g h l y s o l u b l e carbonate complexes. Thus the maximum t h e o r e t i c a l 
p l u t o n i u m c o n c e n t r a t i o n i n groundwater a t the border of the r e p o s i 
t o r y ( c o n s i d e r i n g complexation w i t h h y d r o x i d e and carbonate o n l y ) 
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c o u l d exceed d r i n k i n g water l i m i t s by a f a c t o r of about 2500, 
when 2 l + 1 P u has decayed ( a f t e r 150 y e a r s ) . 

M i g r a t i o n of P l u t o n i u m through G r a n i t e Bedrock 

P l u t o n i u m i s t r a n s p o r t e d by the groundwater i n f r a c t u r e s i n 
the r o c k ( u s u a l l y <1 mm w i d e ) . A t y p i c a l groundwater v e l o c i t y ( v w ) 
at >100 m depth i n Swedish bedrock i s 0.1 m/y. The f r a c t u r e s are 
f i l l e d w i t h crushed, weathered, c l a y i s h m i n e r a l s , which have a h i g h 
c a p a c i t y t o sorb the p l u t o n i u m . Assuming i n s t a n t a n e o u s and r e v e r s 
i b l e r e a c t i o n s , the s o r p t i o n w i l l cause the p l u t o n i u m t o move con
s i d e r a b l y slower ( w i t h v e l o c i t y v n ) than the groundwater. The r a t i o 
between these two v e l o c i t i e s i s r e f e r r e d t o as the r e t e n t i o n f a c t o r 
(RF), d e f i n e d by 

RF = ν /v = 1 + Kdp ( l - e ) a . / p za w η r f w ρ 
Th i s e q u a t i o n has been used f o r e s t i m a t i n g m i g r a t i o n v e l o c i t i e s of 
r a d i o n u c l i d e s (e.g. 66). Here p v i s the d e n s i t y of the rock (kg/m d), 

, re p o r o s i t y , a^ the s D e c i f i c 
ι /m°) and the s u r f a c e of f i s s u r e s i n the bedrock (m /md) and the s p e c i f i c s u r 

f a c e of p a r t i c l e s used i n the Kd d e t e r m i n a t i o n s (m 2/m 3). The d i s t r i 
b u t i o n c o e f f i c i e n t Kd r e p r e s e n t s an e q u i l i b r i u m v a l u e f o r the p a r t i 
c u l a r r o c k under the p e r t i n e n t c o n d i t i o n s . 

I f , h y p o t h e t i c a l l y , the whole roc k was taken t o be porous, 
a f ^ a p w o u l d be 1 (volume s o r p t i o n ) ; t h i s i s t y p i c a l f o r the m i g r a 
t i o n i n a chromatographic column. I n r e a l i t y , o n l y p a r t of the r o c k 
m a t r i x c o u l d be a v a i l a b l e f o r s o r p t i o n , t y p i c a l l y g i v i n g a f / a _ = 10~"3 

( s u r f a c e s o r p t i o n ) f o r the c o n d i t i o n s used i n our s t u d i e s ( 0 6 ) . 
Other r e p r e s e n t a t i v e v a l u e s a r e : ρ =2500 kg/m 3, ρ =1000 kg/m3 and 
ε =0.001. Γ W 

Kd-values f o r p l u t o n i u m which e x a c t l y correspond t o the c o n d i 
t i o n s i n F i g u r e s 2e and f are not a v a i l a b l e . However, the c o n d i 
t i o n s f o r Am(III) are v e r y s i m i l a r t o those f o r p l u t o n i u m i n F i g u r e 
2e. T h i s would g i v e a Kd range of 300-30,000, a c c o r d i n g t o F i g u r e 
3. S i m i l a r l y , the c o n d i t i o n s f o r p l u t o n i u m i n F i g u r e 3 correspond 
f a i r l y w e l l t o those of F i g u r e 2f a t h i g h pH or of F i g u r e 2c,d; 
the Kd-range i s 1000-80,000. 

I n t r o d u c i n g the v a l u e s i n t o the e q u a t i o n , u s i n g a minimum Kd-
va l u e of >300, g i v e s a r e t e n t i o n f a c t o r of >750. I f t h i s v a l u e i s 
combined w i t h a r e p r e s e n t a t i v e water t r a n s p o r t time from r e p o s i t o r y 
to r e c i p i e n t (>1000 ye a r s f o r a d i s t a n c e >100 m) , the t r a n s p o r t 
e q u a t i o n i n d i c a t e s t h a t i t w i l l take the p l u t o n i u m >750,000 y e a r s 
to reach the r e c i p i e n t which i s the water man may use. T h i s e s t i 
mate i s supported by f i n d i n g s a t the a n c i e n t n a t u r a l r e a c t o r s i t e 
at Oklo i n Gabon ( 6 7 ) . 

The assumptions behind t h i s c a l c u l a t e d example are a c o n s i d e r 
a b l e o v e r s i m p l i f i c a t i o n of the r e a l m i g r a t i o n b e h a v i o r . E f f e c t s 
such as d i f f u s i o n i n t o the ro c k m a t r i x , d i l u t i o n w i t h i n f l o w i n g 
water, d i s p e r s i o n of the m i g r a t i o n f r o n t , c h a n n e l i n g of the host 
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rock, irreversible immobilization of plutonium species (yielding a 
much higher Kd-values than the minimum assessed value of 300), for
mation of mobile particulates, etc. are neglected. These effects 
taken together will tend to increase the Kd-value. Thus it seems 
highly possible that an RF-value of ,^ΙΟ3 always will be achievable. 

If we consider the radioactive decay of plutonium occuring 
during a migration time of 750,000 y., one finds that the plutonium 
concentration reaching the recipient will have decreased to ,ζΙΟ9 

M, or 4x1ο4 Bq/m3. This is below the lowest ALI value presently 
used. Considering the selected conditions — highest possible plu
tonium solubility and lowest observed Kd-value for plutonium sorp
tion on rock — this value contains a considerable safety margin; 

In the above analysis we have neglected the plutonium decay 
products and their associated hazards. All of 2 3 9 Pu, 2 1 + 0Pu and 

4 2Pu decay to much longer lived and less hazardous uranium iso
topes. However, 2 3 8 Pu (originally present to 1% in reactor plutoni
um) decays through 2 2 6 Ra, and 2 1 + 1 Pu (originally present to 12%) 
decays through 2 3 7 Np. Both radium and neptunium are of high radio
toxicity and migrate more rapidly in nature than plutonium. They 
must therefore be considered in a risk analysis (e.g. as in 8^, 9_, 
10) which, however, is outsider the scope of this paper. 

Conclusion 

A general conclusion from the review of the distribution of 
plutonium between different compartments of the ecosystem was that 
the enrichment of plutonium from water to food was fairly well com
pensated for by man's metabolic discrimination against plutonium. 
Therefore, under the conditions described above, it may be con
cluded that plutonium from a nuclear waste repository in deep gra
nite bedrock is not likely to reach man in concentrations exceeding 
permissible levels. However, considering the uncertainties in the 
input equilibrium constants, the site-specific Kd-values and the 
very approximate transport equation, the effects of the decay pro
ducts, etc. — as well as the crude assumptions in the above 
example — extensive research efforts are needed before the safety 
of a nuclear waste repository can be scientifically proven. 
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20 
Aquatic Chemistry of Plutonium 

ROBERT L. WATTERS 

U.S. Department of Energy, Ecological Research Division, Washington, DC 20036 

Research into the aquatic chemistry of plutonium 
has produced information showing how this radio
element is mobilized and transported in the envi
ronment. Field studies revealed that the sorption 
of plutonium onto sediments is an equilibrium 
process which influences the concentration in 
natural waters. This equilibrium process is modi
fied by the oxidation state of the soluble plu
tonium and by the presence of dissolved organic 
carbon (DOC). Higher concentrations of fallout 
plutonium in natural waters are associated with 
higher DOC. Laboratory experiments confirm the 
correlation. In waters low in DOC oxidized 
plutonium, Pu(V), is the dominant oxidation state 
while reduced plutonium, Pu(III+IV), is more prev
alent where high concentrations of DOC exist. 
Laboratory and field experiments have provided 
some information on the possible chemical pro
cesses which lead to changes in the oxidation 
state of plutonium and to its complexation by 
natural ligands. 

Early i n our r e s e a r c h program, we r e a l i z e d t h a t an under
s t a n d i n g of how pl u t o n i u m may move through the environment to the 
human p o p u l a t i o n hinged upon a knowledge of i t s s o l u t i o n chemis
t r y . T h i s was im p o r t a n t knowledge f o r the d e s c r i p t i o n of both 
contemporaneous movement and long-term m o b i l i z a t i o n , s i n c e p l u 
tonium 1 s d i s t r i b u t i o n between s o l i d phases ( s o i l s and sediments) 
and aqueous phases ( s o i l s o l u t i o n s and n a t u r a l water b o d i e s ) 
l a r g e l y determined i t s a c c e s s to food c h a i n s CO. E a r l i e r o b s e r 
v a t i o n s had shown t h a t s o i l and sediment i n most environments 
h e l d the b u l k of pl u t o n i u m , but t h a t a s m a l l m o b i l e f r a c t i o n 
always seemed to be p r e s e n t . We encouraged the study of the chem
i s t r y of t h i s s o l u b l e f r a c t i o n i n terms of the i d e n t i f i c a t i o n and 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 
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q u a n t i f i c a t i o n of i t s c h e m i c a l s p e c i e s , the p o s s i b l e r e a c t i o n s 
t h a t l e d to s p e c i a t i o n , and the s o r p t i o n - d e s o r p t i o n phenomena on 
s o l i d phases. 

The study of the c h e m i s t r y of s o l u b l e p l u t o n i u m i n n a t u r a l 
w a t e r s seemed almost i m p o s s i b l e when f i r s t c o n s i d e r e d . We needed 
to develop the i n f o r m a t i o n i n a q u a t i c systems where the range of 
pH i s 4 to 10, Eh i s 0.6v to -0.2v(_2) and the i o n i c s t r e n g t h 
v a r i e s from t h a t of the oceans to l a k e s w i t h c o n d u c t i v i t i e s l e s s 
than 20yS/cm. I n a d d i t i o n , the range of d i s s o l v e d o r g a n i c carbon 
v a r i e s from about lppm to g r e a t e r than lOOppm. To compound the 
d i f f i c u l t i e s , the r e p o r t e d c o n c e n t r a t i o n s of s o l u b l e p l u t o n i u m i n 
n a t u r a l waters ranged from 1 0 " 1 3 to 1 0 " 1 7 m o l e s / l i t e r depending 
upon t h e i r s o u r c e. These l e v e l s were beyond the s e n s i t i v i t y 
l i m i t s of c h e m i c a l i n s t r u m e n t a t i o n . However, by the use of p l u 
tonium 1 s r a d i o a c t i v i t y and s e v e r a l n o n i s o t o p i c c a r r i e r t e c h n i q u e s , 
a c o n s i d e r a b l e amount of i n f o r m a t i o n about i t s e n v i r o n m e n t a l chem
i s t r y has been accumulated. 

Sources of P l u t o n i u m f o r E n v i r o n m e n t a l Research 

The major source of p l u t o n i u m i n n a t u r a l waters i s the atmos
p h e r i c f a l l o u t from n u c l e a r weapons t e s t s . F a l l o u t p l u t o n i u m i s 
u b i q u i t o u s i n marine and f r e s h w a t e r environments of the w o r l d w i t h 
h i g h e r c o n c e n t r a t i o n s i n the n o r t h e r n hemisphere where the b u l k of 
n u c l e a r weapons t e s t i n g o c c u r r e d ( 3 ) . Much of the r e s e a r c h on the 
a q u a t i c c h e m i s t r y of p l u t o n i u m takes p l a c e i n marine and f r e s h 
water systems where o n l y f a l l o u t i s p r e s e n t . 

F a l l o u t p l u t o n i u m a r r i v e s i n n a t u r a l waters e i t h e r by d i r e c t 
atmospheric d e p o s i t i o n or by e r o s i o n and/or d i s s o l u t i o n from the 
l a n d . A l t h o u g h i n the p a s t , t h i s p l u t o n i u m was c o n s i d e r e d to be 
i n a r e f r a c t o r y form due to f o r m a t i o n w i t h i n the f i r e b a l l , i t 
seems more l i k e l y t h a t most of the p l u t o n i u m o r i g i n a t e d i n the 
s t r a t o s p h e r e by the decay of 2 3 9 N p (from 2 3 9 U formed d u r i n g the 
d e t o n a t i o n ) ( 4 ) . D e p o s i t i o n o c c u r s p r e d o m i n a n t l y w i t h one o r a 
few atoms i n c o r p o r a t e d i n a r a i n d r o p . I n v e s t i g a t i o n s by F u k a i 
i n d i c a t e t h a t c o l l e c t e d r a i n c o n t a i n s s o l u b l e p l u t o n i u m which has 
o x i d a t i o n s t a t e s t h a t a r e almost t o t a l l y Pu(V+VI)(5). 

A second source of p l u t o n i u m , d i s p e r s e d more l o c a l l y , i s 
l i q u i d e f f l u e n t from f u e l r e p r o c e s s i n g f a c i l i t i e s . One such i s 
the f u e l r e p r o c e s s i n g p l a n t a t W i n d s c a l e , Cumbria i n the U n i t e d 
Kingdom where l i q u i d waste i s r e l e a s e d to the I r i s h S e a ( 6 ) . Chem
i c a l a n a l y s i s of t h i s e f f l u e n t shows t h a t about one p e r c e n t o r 
l e s s of the p l u t o n i u m i s i n an o x i d i z e d form b e f o r e i t c o n t a c t s 
the marine water (7^). A p p r o x i m a t e l y 95 p e r c e n t of the p l u t o n i u m 
r a p i d l y adsorbs to p a r t i c u l a t e m a t t e r a f t e r d i s c h a r g e and d e p o s i t s 
on the seabed w h i l e 5 p e r c e n t i s removed from the a r e a as a s o l 
u b l e component(8)· Because t h i s s o u r c e p r o v i d e d c o n c e n t r a t i o n s 
t h a t were r e a d i l y d e t e c t e d , p i o n e e r i n g f i e l d r e s e a r c h i n t o p l u 
tonium o x i d a t i o n s t a t e s i n the marine environment was conducted 
a t t h i s l o c a t i o n . 
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A t h i r d s ource of a q u a t i c p l u t o n i u m i s l i q u i d e f f l u e n t d i s 
charged from l a b o r a t o r y o p e r a t i o n s i n t o ponds and streams. An 
example of t h i s i s a former waste pond a t Oak Ridge N a t i o n a l Labo
r a t o r y , Pond 3513, t h a t r e c e i v e d l i q u i d wastes w i t h low c o n c e n t r a 
t i o n s of t r a n s u r a n i c elements b e f o r e i t was r e t i r e d . T h i s im
poundment has water q u a l i t y s i m i l a r to h i g h pH n a t u r a l ponds. 
S i n c e the pond i s e a s i l y a c c e s s i b l e and s h a l l o w , s c i e n t i s t s a t 
ORNL performed s e v e r a l m a n i p u l a t i v e experiments w i t h c a i s s o n s to 
determine the e f f e c t s of a e r o b i c and a n a e r o b i c environments upon 
the s p e c i a t i o n of a c t i n i d e e l e m e n t s ( 9 ) . 

C o r r e l a t i v e O b s e r v a t i o n s 

E n v i r o n m e n t a l chemists funded by the Department of Energy 
have s t u d i e d these sources to l e a r n as much as they can about the 
c h e m i s t r y of p l u t o n i u m d i s p e r s e d i n f r e s h w a t e r and marine e c o s y s 
tems. Much of the e a r l y work determined the c o n c e n t r a t i o n s i n 
v a r i o u s water b o d i e s and the d i s t r i b u t i o n between water and s e d i 
ment. Table I shows r e s u l t s of v a r i o u s f r e s h w a t e r and marine 
s u r v e y s ( 1 0 ) . 

Table I . D i s t r i b u t i o n C o e f f i c i e n t s , Κ , For P l u t o n i u m i n D i f f e r e n t 
N a t u r a l Waters(10) 

C o n c e n t r a t i o n C o n c e n t r a t i o n Κ 
Sampling a r e a on p a r t i c l e s i n s o l u t i o n ( m l ' g - 1 ) 

( p C i - g - 1 ) ( p C i - l t r - 1 ) X 10* 

Bombay Harbour 0.4-2.9 4.0-20 4.8-13 

Enewetak Lagoon 0.1-75 2.0-75 5.0-60 
4.0-30 

Hudson R i v e r 0.02 0.3 6.7 

I r i s h Sea 36 
23-80 
9.0-29 
0.22 
0.37 

500 
370-650 
310-460 
35 
50 

7.5 
4.6-21 
1.9-9.3 
0.6 
0.7 

Lake M i c h i g a n 0.2 0.6 33 

Lake Washington - - 1.0-8.5 
6.9-27 

M e d i t e r r a n e a n Sea - - 1.6-9.4 

Savannah R i v e r 0.014-0.1 0.24-2.4 4.2-41 
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A number of f r e s h w a t e r l a k e s were surveyed f o r c o n c e n t r a t i o n s 
of p l u t o n i u m , the r a t i o of i t s upper to lower o x i d a t i o n s t a t e s , 
pH, and the c o n c e n t r a t i o n of d i s s o l v e d o r g a n i c carbon (DOC), which 
a r e shown i n Table I I ( 1 1 ) . 

Table I I . C o n c e n t r a t i o n s of A c t i n i d e s and D i s s o l v e d Organic Carbon 
and Pu O x i d a t i o n S t a t e R a t i o s i n F i l t e r e d Lake Water(11) 

C o n c e n t r a t i o n s i n D i s s o l v e d 
f i l t e r e d water Pu(V+VI) Organic 

Lake pH P u ( I I I + I V ) Pu(V+VI) Pu ( I I I + I V ) carbon DOC 
( f C i L- 1) (ppm) 

C l e a r Lake 8 .0 0.09 
Lake M i c h i g a n 8 .0 0.06 
ELA 302S 6 .3 0.13 
ELA 224 6 .4 0.18 
ELA 223 5 .6 0.19 
L a s t Mountain 8 .4 0.28 

Lake 
GSL, McLeod 7 .5 0.34 

Bay 
ELA 161 6 .8 0.28 
GSL, Main 8 .2 0.13 

B a s i n 
GSL, C h r i s t i e 8 .5 0.39 

Bay 
ELA 305 6 .9 0.81 
ELA 227 6 .6 0.34 
Lake of the 7 .1 0.35 

Woods 
Lake K a t h e r i n e 8 .5 0.31 
AELA-885 8 .4 1.0 
ELA-239 6 .3 2.6 
ELA-661-77 4 .8 7.1 
ELA-661-78 5 .6 3.4 
Volo Bog 5 .5 0.61 
Okeef enokee 3 .9 1.8 
ELA 241 5 .9 5.5 
L i t t l e Manito >8 .7 9.6 

0.57 6.5 
0.39 6.5 1.6 
0.21 1.6 <5 
0.30 1.6 3.2 
0.30 1.6 4.6 
0.46 1.6 

0.45 1.3 2.5 

0.35 1.3 1.9 
<0.1 0.7 5.0 

0.21 0.5 6.8 

0.32 0.4 5.1 
0.13 0.4 11.1 
0.11 0.33 

0.10 0.31 
0.16 0.15 40 
0.28 0.11 8.3 

<0.15 <0.05 
<0.1 <0.01 15.2 
<0.1 <0.01 15 
<0.1 <0.02 34.2 
<0.1 <0.02 
<0.2 <0.03 115 

The r e s u l t s i n d i c a t e d c e r t a i n c o r r e l a t i o n s and g e n e r a l i t i e s 
about p l u t o n i u m t h a t l e d to f u r t h e r q u e s t i o n s r e g a r d i n g i t s chemi
c a l s t a t e i n a q u a t i c systems. For i n s t a n c e , the c o n c e n t r a t i o n s of 
f a l l o u t p l u t o n i u m i n n a t u r a l waters was s t r o n g l y dependent upon 
the c o n c e n t r a t i o n of DOC b u t no c o r r e l a t i o n to pH was o b t a i n e d . 
I n systems t h a t r e c e i v e o n l y f a l l o u t p l u t o n i u m , the l a k e s w i t h 
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h i g h DOC have c o n c e n t r a t i o n s of s o l u b l e p l u t o n i u m t e n to a 
hu n d r e d f o l d h i g h e r than those l a k e s and marine waters w i t h low 
d i s s o l v e d o r g a n i c carbon. T h i s i m p l i e d t h a t n a t u r a l o r g a n i c 
m o l e c u l e s might make p l u t o n i u m i o n s more s o l u b l e by c o m p l e x a t i o n . 

A t Mono Lake, a c l o s e d b a s i n , a l k a l i n e , s a l i n e l a k e i n C a l i 
f o r n i a , the c o n c e n t r a t i o n s of pl u t o n i u m i n the water column a r e 
about two o r d e r s of magnitude h i g h e r than i n Lake M i c h i g a n ( 1 2 ) . 
I n experiments where Mono Lake water was a c i d i f i e d to remove c a r 
bonate and b i c a r b o n a t e i o n s and a g a i n a d j u s t e d to pH 10, more than 
90 p e r c e n t of the s o l u b l e p l u t o n i u m moved to the sediment phase. 
When carbonate i o n c o n c e n t r a t i o n was r e s t o r e d , the p l u t o n i u m r e 
turned to s o l u t i o n — s t r o n g evidence of the importance of i n o r g a n i c 
carbon to s o l u b i l i t y i n t h a t system(13). E a r l y s t u d i e s w i t h Lake 
M i c h i g a n water, which has low DOC, had a l s o i m p l i c a t e d b i c a r b o n a t e 
and carbonate as s t a b i l i z i n g l i g a n d s f o r pl u t o n i u m a t pH 8 ( 1 4 ) . 
T h i s l a t t e r r e s e a r c h c h a r a c t e r i z e d the s o l u b l e s p e c i e s as m a i n l y 
a n i o n i c i n c h a r a c t e r . 

The d i s t r i b u t i o n r a t i o s , , of p l u t o n i u m d e f i n e d as 

a r e remarkably s i m i l a r i n b o d i e s o f water w i t h midrange pH and 
s i m i l a r low o r g a n i c c o n t e n t . Table I i n d i c a t e s the K^'s a r e w i t h 
i n one to two o r d e r s of magnitude over a broad g e o g r a p h i c a l range. 
The r e s u l t s of two i n v e s t i g a t i o n s from two d i v e r s e l o c a t i o n s p r o 
v i d e d evidence t h a t t h i s d i s t r i b u t i o n r a t i o might be due to r e 
v e r s i b l e s o r p t i o n - d e s o r p t i o n r e a c t i o n s . S c i e n t i s t s a t Argonne 
N a t i o n a l L a b o r a t o r y (ANL) e q u i l i b r a t e d f i l t e r e d Lake M i c h i g a n 
water w i t h sediments t h a t had been contaminated w i t h 2 3 8 P u t e n 
yea r s e a r l i e r . As many as n i n e e x t r a c t i o n s on the same p o r t i o n s 
of sediment produced e s s e n t i a l l y i d e n t i c a l v a l u e s ( 1 5 ) . Noshkin 
has observed t h a t the c o n c e n t r a t i o n s of pl u t o n i u m i n the waters of 
Enewetak remain r e l a t i v e l y c o n s t a n t a l t h o u g h t h e r e i s a c o n t i n u a l 
replacement of water a t an e s t i m a t e d r e s i d e n c e time of 144 days 
(16). The c o n c e n t r a t i o n corresponds w e l l w i t h t h a t p r e d i c t e d from 
the e x p e r i m e n t a l d i s t r i b u t i o n r a t i o between lagoon sediment and 
water. 

A l t h o u g h the r e l a t i o n s h i p of sediment a d s o r p t i o n to water 
c o n c e n t r a t i o n appears to be a c o n t r o l l i n g f e a t u r e of s h a l l o w water 
systems such as l a k e s and c o a s t a l s h e l f w a t e r , the open ocean i s 
more l i k e l y to c o n t a i n s o l u b l e p l u t o n i u m which seems to be unaf
f e c t e d by p a r t i c u l a t e m a t t e r . T h i s i s p a r t i c u l a r l y e v i d e n t i n two 
océanographie s t u d i e s . Bowen e t a l have d i s c o v e r e d a st r a t u m of 
pl u t o n i u m i n the N o r t h P a c i f i c a t about 500m t h a t has not changed 
depth a p p r e c i a b l y from 1973 to 1980. How i t a r r i v e d a t t h i s depth 
i s s u b j e c t to c o n j e c t u r e but i t appears to be s o l u b l e p l u t o n i u m 
which i s n o t s e t t l i n g ( 1 7 ) . F u k a i e t a l have d e l i n e a t e d p l u t o n i u m 
maxima i n the M e d i t e r r a n e a n Sea which seem to be due to s o l u b l e 
s p e c i e s ( 1 8 ) . Comparison of americium to pl u t o n i u m r a t i o s i n t h i s 

c o n c e n t r a t i o n p l u t o n i u m on sediment 
c o n c e n t r a t i o n i n water 
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study i n d i c a t e s t h a t americium s e t t l e s a t a r a t e c o n s i s t e n t w i t h 
the downward movement of marine p a r t i c u l a t e matter w h i l e the p l u 
tonium now p r e s e n t i n the seawater moves downward more s l o w l y o r 
not a t a l l . 

These v a r i o u s broad r e s e a r c h o b s e r v a t i o n s generated q u e s t i o n s 
about the i n f l u e n c e of c h e m i c a l environments i n a q u a t i c systems 
upon p l u t o n i u m and what c h e m i c a l s p e c i e s might be p r e s e n t . The 
o x i d a t i o n s t a t e s of p l u t o n i u m , i t s a s s o c i a t i o n s w i t h DOC, and i t s 
c o m p l e x a t i o n by i n o r g a n i c i o n s a l l seemed i n t e r r e l a t e d and impor
t a n t to the u n d e r s t a n d i n g of e n v ironmental t r a n s p o r t . 

O x i d a t i o n S t a t e 

The a b i l i t y to i d e n t i f y the o x i d a t i o n s t a t e s of p l u t o n i u m and 
measure t h e i r c o n c e n t r a t i o n s i n e n v ironmental samples has improved 
markedly i n r e s o l u t i o n s i n c e the s t a r t of our r e s e a r c h program. 
The f i r s t c h a r a c t e r i z a t i o n s employed a r a r e e a r t h f l u o r i d e p r e c i p 
i t a t i o n to c a r r y down the lower o x i d a t i o n s t a t e s , P u ( I I I + I V ) , an 
a d d i t i o n of r e d u c i n g agent to the supernate to reduce the upper 
o x i d a t i o n s t a t e s , Pu(V+VI), and a subsequent r a r e e a r t h f l u o r i d e 
p r e c i p i t a t i o n to c a r r y t h i s p l u t o n i u m ( 1 9 ) . The procedure i s p e r 
formed i n the presence of two tracers,~^ 2Ρυ(IV) and 2 3 6 P u ( V I ) , 
w i t h the s o l u t i o n a c i d i f i e d and c o n t a i n i n g a h o l d i n g o x i d a n t to 
s t a b i l i z e the forms i n i t i a l l y p r e s e n t . Table I I p r e s e n t s the 
r a t i o s Pu(V+VI)/Pu(III+IV) determined f o r v a r i o u s n a t u r a l w a t e r s . 
The t r e n d of t h i s r a t i o to decrease w i t h i n c r e a s i n g c o n c e n t r a t i o n s 
of DOC i s i n t e r e s t i n g . Those systems such as Lake M i c h i g a n and 
the marine systems, which a r e c o n s i d e r e d οligotrophic (low i n 
n u t r i t i o n a l m a t e r i a l s t h a t encourage b i o l o g i c a l a c t i v i t y ) , tend to 
have h i g h r a t i o s . These a r e systems which m a i n t a i n h i g h d i s s o l v e d 
oxygen and, t h e r e f o r e , h i g h e r redox p o t e n t i a l s . Where the d i s 
s o l v e d o r g a n i c c o n c e n t r a t i o n s a r e r e l a t i v e l y h i g h , the t o t a l con
c e n t r a t i o n s of p l u t o n i u m a r e h i g h e r , as noted e a r l i e r , and the 
predominant o x i d a t i o n s t a t e i s P u ( I I I + I V ) . These phenomena seem 
to be i n r e a s o n a b l e agreement w i t h s e v e r a l Eh-pH diagrams, one of 
which i s shown i n F i g u r e 1 ( 1 0 ) . I f we i n f e r t h a t i n c r e a s e d DOC 
mediates the r e d u c t i o n of p l u t o n i u m through e l e c t r o n d o n a t i o n , 
and/or i n c r e a s e s the c o m p l e x a t i o n of P u ( I I I + I V ) , then we would 
expect the f o r m a t i o n or s t a b i l i z a t i o n of the lower o x i d a t i o n 
s t a t e s a t the expense of Pu(V+VI). 

A f u r t h e r r e s o l u t i o n of the h i g h e r o x i d a t i o n s t a t e s i n aquat
i c systems o c c u r r e d i n 1978 when s c i e n t i s t s a t Argonne N a t i o n a l 
L a b o r a t o r y ( 2 0 ) and Oak Ridge N a t i o n a l L a b o r a t o r y ( 2 1 ) i n d e p e n d e n t l y 
e s t a b l i s h e d the c a p a b i l i t y to i d e n t i f y Pu(V) as the o x i d i z e d form 
t h a t e x i s t s i n n a t u r a l w a t e r s . Both methods a r e based upon p r e f 
e r e n t i a l a d s o r p t i o n on f i n e l y d i v i d e d s o l i d s . I n the Argonne p r o 
cedure, adapted from a Japanese method f o r d e t e r m i n i n g N p ( V ) ( 2 2 ) , 
Pu(IV) and Pu(VI) adsorb onto s i l i c i c a c i d w h i l e Pu(V) does n o t . 
The Argonne s c i e n t i s t s a l s o have shown t h a t the o x i d i z e d form of 
p l u t o n i u m i n n a t u r a l waters c a r r i e s on CaC03 when i t i s formed by 
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the a d d i t i o n of excess Ca and adjustment to pH 9, but P u ( V I ) , 
formed by the a d d i t i o n of a s t r o n g o x i d a n t does n o t . T h i s p r e c i p 
i t a t e i s r e d i s s o l v e d and Pu(IV) and Pu(V) a r e determined by the 
lanthanum f l u o r i d e method. The s i l i c i c a c i d method has c o n f i r m e d 
t h a t the o x i d i z e d p l u t o n i u m i n Lake M i c h i g a n and the I r i s h Sea i s 
P u ( V ) . The c a l c i u m c arbonate method p r o v i d e d a d d i t i o n a l support 
to the same c o n c l u s i o n about Lake M i c h i g a n water. 

The Oak Ridge t e c h n i q u e employs T i 0 2 powder to adsorb P u ( V ) . 
This procedure has been used to c h a r a c t e r i z e the o x i d a t i o n s t a t e 
of p l u t o n i u m i n Pond 3513 as predominantly P u ( V ) . 

An i n t e r e s t i n g a s p e c t of the c h a r a c t e r i z a t i o n of p l u t o n i u m as 
Pu(V) i n the I r i s h Sea, Lake M i c h i g a n , and Pond 3513 i s t h a t the 
o r i g i n s of the r a d i o n u c l i d e s a r e d i f f e r e n t i n each system, i . e . , 
f u e l r e p r o c e s s i n g waste, f a l l o u t , and l a b o r a t o r y e f f l u e n t s , 
r e s p e c t i v e l y . 

The mechanisms by which Pu(IV) i s o x i d i z e d i n a q u a t i c e n v i 
ronments i s not e n t i r e l y c l e a r . A t Oak Ridge, l a b o r a t o r y e x p e r i 
ments have shown t h a t o x i d a t i o n o c c u r s when s m a l l volumes of un-
h y d r o l y z e d Pu(IV) s p e c i e s ( i . e . , Pu(IV) i n s t r o n g a c i d s o l u t i o n as 
a c i t r i c a c i d complex or i n 45 p e r c e n t Na 2Co3) a r e added to l a r g e 
volumes of n e u t r a l - t o - a l k a l i n e s o l u t i o n s ( 2 3 ) . I n r epeated e x p e r i 
ments, the r a t i o s of o x i d i z e d to reduced s p e c i e s were not r e p r o 
d u c i b l e a f t e r d i l u t i o n / h y d r o l y s i s , nor d i d the r a t i o s of the o x i 
d a t i o n s t a t e s come to any e q u i l i b r i u m c o n c e n t r a t i o n s a f t e r two 
months of o b s e r v a t i o n . These r e s u l t s i n d i c a t e t h a t r a p i d o x i d a 
t i o n p r o b a b l y o c c u r s a t some step i n the h y d r o l y s i s of reduced 
p l u t o n i u m , but t h a t t h i s o x i d a t i o n was not e x p e r i m e n t a l l y c o n t r o l 
l a b l e . The subsequent f a i l u r e of the v a r i o u s e x p e r i m e n t a l s o l u 
t i o n s to converge to s i m i l a r h i g h r a t i o s of Pu(V+VI)/Pu(III+IV) 
demonstrated t h a t the r a t e of o x i d a t i o n i s extremely slow a f t e r 
Pu(IV) h y d r o l y s i s r e a c t i o n s a r e complete. 

These o b s e r v a t i o n s c o n t r a s t w i t h some of the r e s u l t s o b t a i n e d 
i n n a t u r a l w a t e r s . I n the experiments where contaminated s e d i 
ments were e q u i l i b r a t e d w i t h Lake M i c h i g a n water f o r a number of 
days, the Pu(IV) t h a t was on the sediments and was t r a n s f e r r e d to 
the water was o x i d i z e d to P u ( V ) , w i t h the o x i d a t i o n o c c u r r i n g 
e i t h e r d u r i n g o r a f t e r d e s o r p t i o n ( 1 5 ) . The s t u d i e s i n the I r i s h 
Sea near Windscale show t h a t a l t h o u g h no more than 1 p e r c e n t of 
the waste e f f l u e n t stream i s o x i d i z e d p l u t o n i u m , a p p r o x i m a t e l y 5 
p e r c e n t of the p l u t o n i u m r e l e a s e d l e a v e s the a r e a i n the c u r r e n t s 
of the I r i s h Sea as o x i d i z e d p l u t o n i u m . Most of the p l u t o n i u m , 
t h e r e f o r e , must be o x i d i z e d f a i r l y r a p i d l y i n sea w ater. 

O b s e r v a t i o n s of the r a t i o of o x i d i z e d p l u t o n i u m to reduced 
p l u t o n i u m may p r o v i d e some i n s i g h t to the o b s e r v a t i o n s of e r r a t i c 
f o r m a t i o n and l a c k of e q u i l i b r a t i o n i n l a b o r a t o r y s o l u t i o n s a t 
ORNL v e r s u s f a i r l y c o n s i s t e n t and p r e d i c t a b l e b e h a v i o r i n o l i g o -
t r o p h i c l a k e s and marine systems. I n c o a s t a l water and the r e l a 
t i v e l y s h a l l o w Lake M i c h i g a n , Pu(V) i s about 90 p e r c e n t of the 
s o l u b l e p l u t o n i u m , but i n the upper waters of the open ocean, 
where i t does not i n t e r a c t w i t h the s e a f l o o r due to the d epths, 
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the o x i d i z e d and reduced forms a r e i n about equal c o n c e n t r a t i o n s . 
I n the N o r t h P a c i f i c , however, a t depths c l o s e to the ocean f l o o r , 
about 90 pe r c e n t of the s o l u b l e p l u t o n i u m i s a g a i n o x i d i z e d . 
T h i s suggests t h a t c o n t a c t w i t h bottom sediments may mediate or 
c a t a l y z e the d i s t r i b u t i o n of o x i d a t i o n s t a t e s ( 2 4 ) . J u s t what the 
mechanism might be i s not c l e a r . 

Two of the study systems, Lake M i c h i g a n and Pond 3513, e x h i 
b i t c y c l i c b e h a v i o r i n t h e i r c o n c e n t r a t i o n s of Pu(V) ( F i g u r e 2 
and 3 ) . The c y c l e i n Lake M i c h i g a n seems to be c l o s e l y coupled 
w i t h the f o r m a t i o n i n the summer and d i s s o l u t i o n i n the w i n t e r of 
c a l c i u m carbonate and s i l i c a p a r t i c l e s , which a r e r e l a t e d to 
primary p r o d u c t i o n c y c l e s i n the l a k e ( 2 5 ) . The e x p e r i m e n t a l 
knowledge t h a t b o t h Pu(IV) and Pu(V) adsorb on c a l c i u m carbonate 
p r e c i p i t a t e s ( 2 0 ) c o n f i r m s the importance of carbonate f o r m a t i o n i n 
the r e d u c t i o n of p l u t o n i u m c o n c e n t r a t i o n s i n l a t e summer. Whether 
o x i d a t i o n - r e d u c t i o n i s im p o r t a n t i n t h i s p r o c e s s has n o t been 
determined. 

For Pond 3513, the c y c l e of 2 3 8 U and 2 3 9 > 2 1 > 0Pu c o n c e n t r a t i o n s 
i n water ( f i l t e r e d w i t h a 0.22y membrane) i s out of phase w i t h the 
c y c l e of p l u t o n i u m c o n c e n t r a t i o n s i n Lake M i c h i g a n . I n t h i s 
s h a l l o w pond, the c o n c e n t r a t i o n s of the two a c t i n i d e s peak i n 
summer and d e c l i n e i n w i n t e r . An e x p l a n a t i o n f o r t h i s c y c l e of 
plu t o n i u m i s t h a t p h o t o s y n t h e t i c a c t i v i t y d e p l e t e s d i s s o l v e d CO2 
which r e s u l t s i n an i n c r e a s e i n pH and t h i s i n t u r n s h i f t s the 
o x i d a t i o n s t a t e i n f a v o r of Pu(V) which i s desorbed from the 
sedi m e n t s ( 2 6 ) . 

I n A p r i l 1982 an experiment was s t a r t e d i n Pond 3513 to e v a l 
u a t e the r a t e a t which sediment-bound Pu, when s u b j e c t e d to red u c 
i n g c o n d i t i o n s , would o x i d i z e to the more s o l u b l e Pu(V) s t a t e 
a f t e r exposure to the atmosphere. Large p l a s t i c tanks (127 cm 
h i g h , 71 cm d i a . ) were embedded i n t o the pond sediment e n c l o s i n g 
about 500 l i t e r s of pond water, 1 meter i n depth. Two e n c l o s u r e s 
served as t e s t systems, one where O2 was excluded by s e a l i n g 
a l o n e , the ot h e r by s e a l i n g a f t e r adding g l u c o s e . Both i n d i g e n o u s 
Pu and added 2 3 7 N p were s t u d i e d . The r e s u l t s i n d i c a t e d t h a t 
s o l u t i o n - p h a s e Pu(V) and Np(V) c o u l d be reduced to Pu ( I I I + I V ) and 
Np(IV) by adding g l u c o s e and f o r c i n g the system a n a e r o b i c . When 
the system was r e a e r a t e d , the Np(V) c o n c e n t r a t i o n i n the o v e r 
l y i n g water i n c r e a s e d r a p i d l y to about 25 p e r c e n t of i t s o r i g i n a l 
v a l u e . However, the Pu(V) c o n c e n t r a t i o n d i d not i n c r e a s e n e a r l y 
as r a p i d l y . I n f a c t , i n the two covered tanks the response of Pu 
to a e r a t i o n was a t h r e e f o l d i n c r e a s e i n the Pu(V) c o n c e n t r a t i o n 
over t h a t d u r i n g a n a e r o b i o s i s a f t e r about t h r e e months. These 
c o n c e n t r a t i o n s were s t i l l about one f i f t h of those i n the pond 
i t s e l f (but comparable to t h a t i n the c o n t r o l e n c l o s u r e ) . A l 
though more da t a a r e needed, t h e r e does appear to be evidence t h a t 
the r e o x i d a t i o n of Pu i s slower than t h a t of Np (as e x p e c t e d ) . 
The annual c y c l e d e p i c t e d i n F i g u r e 3 c o u l d , t h e r e f o r e , be due to 
a redox c y c l e whose k i n e t i c s a r e c o n t r o l l e d by pH, decay pro c e s s e s 
i n the sediment, and temperature. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
0

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1.
0
 

0.
8
 

0.
6
 

0.
4
 r

-

0.
2
 

• S
ur

fa
ce

 W
at

er
 V

al
ue

s 
Pr

ed
ic

te
d
 b

y 
th

e
 M

od
el

 

—
 

—
 

—
 

Su
rf

ac
e
 W

at
er

 V
al

ue
s,

 M
ea

su
re

d
 

\ 4 

0
ll

 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
M

 I
 I

 I
 I

 I
 I

 I
 M

 I
 I

 I
 I

 I
 1

 I
 

J 
F

M
A

M
J

J 
A

S
O

N
D

J 
F
 

M
A

M
J

J 
A

S 
O

N
D

J 
F
 

M
A

M
J

J 
A

S
O

 
N

D
J 

F
 
M

A
 

M
 J

 
J 

A
 
S 

Ο
 

N
D

 
J 

F
 

M
A

M
J

J 
A

S
O

 
N

D
 

Ο
 

19
73

 
19

74
 

Fi
gu

re
 2
. 

Ex
pe

ri
me

nt
al

 m
ea

su
re

me
nt

s 
o
f 

a 
fi

ve
 
ye

ar
 
ti

me
 

pe
ri

od
(2

5)
. 

19
75

 

Ye
ar

 

2 
39

 ,
 2

^0
 

19
76

 
19

77
 

Pu
 i

n 
La

ke
 M

ic
hi

ga
n 

ov
er

 

r H Ο 3 ο w g H 3 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
0

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



20. WATTERS Aquatic Chemistry of Pu 307 

— ι 1 1 Γ 

• PU-239, 240 
• U-238 

• • 
• • ^ 

12 18 42 48 54 60 66 24 30 36 
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F i g u r e 3. 
Behavior of s o l u b l e p l u t o n i u m and uranium i n Pond 3513, l o c a t e d 
a t the Oak Ridge N a t i o n a l L a b o r a t o r y . The water c o n c e n t r a t i o n s 
(Bq/m 3) r e p r e s e n t the p e r i o d March 1977 through June 1982(26). 
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The s h a l l o w nature of Pond 3513 makes chemical processes 
o c c u r r i n g i n the sediment extremely i m p o r t a n t . More work w i l l be 
needed, however, to e l u c i d a t e the redox c y c l e . 

I n f l u e n c e of D i s s o l v e d Organic Carbon (DOC) 

The e a r l y f i e l d s t u d i e s r e v e a l e d t h a t e l e v a t e d c o n c e n t r a t i o n s 
of f a l l o u t p l u t o n i u m c o r r e l a t e d w i t h i n c r e a s e d c o n c e n t r a t i o n s of 
d i s s o l v e d o r g a n i c carbon. Experiments at Argonne N a t i o n a l Labo
r a t o r y c o r r o b o r a t e t h i s c o r r e l a t i o n ; the e x p l a n a t i o n i s pr o b a b l y 
t h a t the o r g a n i c compounds complex P u ( I V ) , and, hence, decrease 
the d i s t r i b u t i o n r a t i o between water and sed i m e n t s ( 2 7 ) . I n these 
experiments the d i s t r i b u t i o n r a t i o (K^) between sediment and 
n a t u r a l waters was measured as a f u n c t i o n of DOC. Measurements of 
K j i n both f i e l d and l a b o r a t o r y experiments show an unmistakable 
e f f e c t of DOC upon the d i s t r i b u t i o n r a t i o . F i g u r e 4 shows the 
i n v e r s e c o r r e l a t i o n between the of plutonium and c o n c e n t r a t i o n 
of DOC. 

I n o t h e r experiments the o r g a n i c carbon was sepa r a t e d from 
v a r i o u s swamp and l a k e waters by u l t r a f i l t r a t i o n . P o r t i o n s of 
these c o n c e n t r a t e s were combined w i t h a l i q u o t s of the 
u l t r a f i l t e r e d water t o produce a s e r i e s of waters which v a r i e d 
o n l y i n t h e i r c o n c e n t r a t i o n of DOC. A measured amount of 
2 3 7 P u ( I V ) was i n t r o d u c e d , an a l i q u o t of a sediment t h a t was 
r e p r e s e n t a t i v e of a range of l a k e s was added, the samples were 
shaken f o r one week, and the K^'s f o r reduced pl u t o n i u m were 
determined. The e f f e c t s of i n c r e a s i n g c o n c e n t r a t i o n s of DOC i n 
the v a r i o u s Okeefenokee and Lake M i c h i g a n waters i s shown i n 
F i g u r e 5a and 5b, r e s p e c t i v e l y . I n the swamp wa t e r s , the DOC 
a f f e c t s the a d s o r p t i o n of plutonium at c o n c e n t r a t i o n s f a r below 
i t s ambient c o n c e n t r a t i o n of 35 ppm. In Lake M i c h i g a n w a t e r s , 
where n a t u r a l c o n c e n t r a t i o n s of DOC are about 1 ppm, the DOC does 
not a f f e c t the d i s t r i b u t i o n r a t i o f o r p l u t o n i u m u n t i l the 
c o n c e n t r a t i o n i s c o n s i d e r a b l y h i g h e r than ambient. 

N e l s o n e t a l ( 2 8 ) have developed an e q u a t i o n assuming competi
t i v e e q u i l i b r i u m between Pu(IV) and s o l u b l e complexing l i g a n d s and 
between Pu(IV) and a s o l i d adsorber: 

± ~L +I1 (DOC) + | 2 (DOC) 2 

d d 3 3 

where : 
K x and K 2 are c o n d i t i o n a l s t a b i l i t y c o n s t a n t s f o r the 1:1 and 

2:1 complexes of plu t o n i u m w i t h o r g a n i c l i g a n d s . 
i s the observed d i s t r i b u t i o n r a t i o when o r g a n i c m atter i s 

added. 
Κ2 i s the d i s t r i b u t i o n r a t i o of uncomplexed i o n s and a l l low 

m o l e c u l a r weight i n o r g a n i c and o r g a n i c complexes ( u l t r a f i l t r a t i o n 
c u t o f f was at a m o l e c u l a r weight of 1000). 

K3 i s the c o n d i t i o n a l s t a b i l i t y c onstant f o r the a s s o c i a t i o n 
of plutonium w i t h the s o l i d a d sorber. 
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F i g u r e 4. 
V a r i a t i o n of as a f u n c t i o n of ambient d i s s o l v e d o r g a n i c 
carbon (DOC) f o r s e v e r a l n a t u r a l waters (27). 
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V a r i a t i o 
and (b) Lake M i c h i g a n (27 ), 
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V a r i a t i o n of K, as a f u n c t i o n of DOC f o r (a) Okeefenokee Swamp, α 
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The a b s o l u t e v a l u e s of the s t a b i l i t y c o n s t a n t s cannot be 
deduced from these experiments but the r a t i o s K1 / K 3 and K 2 / K 3 can. 
Table I I I shows the v a l u e s of 1/K°, K 1 / K 3 , and K 2/K 3 f o r the n i n e 
e q u i l i b r a t i o n experiments. 

Table I I I . C o n c e n t r a t i o n and S t a b i l i t y Constant R a t i o s ( 2 8 ) 

1/K° χ 1 0 6 a K!/K 3
b K 2 / K 3

C 

d 

Okeefenokee Swamp 0.35 (40) 3.85 (9) -0.002 (90) 
Volo Bog 2.3 (14) 2.94 (13) 0.003 (50) 
Banks Lake 0.98 (16) 0.56 (15) 0.001 (40) 
Argonne Pond 0.80 (12) 0.43 (30) 0.027 (5) 
Saganashkee Slough 0.72 (12) 0.42 (30) 0.023 (24) 
Bay of Fundy 0.85 (15) 0.35 (30) 0.012 (60) 
ELA Lake 239 0.81 (11) 0.20 (60) 0.048 (20) 
G u l f of Mexico 0.38 (13) 0.16 (30) -0.002 (110) 
Lake M i c h i g a n 0.26 (10) 0.03 (40) 0.001 (24) 

U n i t s of kg s e d i m e n f L " 1 s o l u t i o n . 
U n i t s of kg s e d i m e n f k g " 1 DOC. 
U n i t s of kg s e d i m e n f k g " 2 DOC'L s o l u t i o n . 
( ) E s t i m a t e of the s t a n d a r d e r r o r expressed as p e r c e n t 

The v a l u e s of K? seem to c o n f i r m the c o r r e l a t i o n s o f the 
e a r l i e r f i e l d d a t a t n a t the a d s o r p t i o n onto sediments does n o t 
v a r y by more than an o r d e r of magnitude i n systems w i t h low DOC. 
No profound e f f e c t of pH on K° was observed f o r waters which 
ranged from pH 4 (Okeefenokee Swamp) to pH 8 (Lake M i c h i g a n ) . Nor 
was t h e r e an e f f e c t of i o n i c s t r e n g t h on i n the samples which 
ranged i n c o m p o s i t i o n from t h a t of the oceans to t h a t of a l a k e 
w i t h a c o n d u c t i v i t y of l e s s than 20yS/cm. 

The K 1 / K 3 r a t i o s d i v i d e these n a t u r a l waters i n t o t h r e e 
groups. Okeefenokee Swamp and V o l o Bog have r a t i o s of about 3; a 
group of s m a l l l a k e s and two c o a s t a l marine waters show a somewhat 
weaker b i n d i n g w i t h Κχ/Κ 3 r a n g i n g from 0.16 to 0.56; Lake M i c h i g a n 
e x h i b i t s much weaker o r g a n i c complexes w i t h a K i / K 3 of 0.03. 

The f o r m a t i o n of 2:1 complexes as i n d i c a t e d by K 2/K 3 v a l u e s 
of 0.01 to 0.05, appears to be i m p o r t a n t i n f o u r of the water 
b o d i e s , a l l from the i n t e r m e d i a t e group. 

Both of the r a t i o s of f o r m a t i o n c o n s t a n t s were dependent on 
pH. The K 1 / K 3 r a t i o was i n c r e a s e d by d e c r e a s i n g the pH w h i l e 
K2/K3 i n c r e a s e d when pH was i n c r e a s e d . When the pH of water from 
Okeefenokee Swamp was r a i s e d from 4 to 8, K2 / K 3 i n c r e a s e d from 
<0.002 to 0.59; when the pH of water from ELA Lake 239 was lowered 
from 7 to 4 K 2/K 3 decreased from 0.048 to <0.001. 

These s t u d i e s show the u s e f u l n e s s of r e l a t i v e d a t a f o r the 
p r e d i c t i o n of p l u t o n i u m c o m p l e x a t i o n w i t h n a t u r a l l i g a n d s . They 
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r e p r e s e n t the o b s e r v a t i o n s f o r o n l y one type of sediment and one 
o x i d a t i o n s t a t e , but f u t u r e experiments w i l l c o n s i d e r o t h e r s e d i 
ment types and the p o s s i b i l i t y of Pu(V) o r g a n i c complexes to 
develop a more comprehensive d e s c r i p t i o n of the e f f e c t of DOC. 

Mathew and P i l l a i observed a t h r e e f o l d i n c r e a s e i n p l u t o n i u m 
c o n c e n t r a t i o n a t low, normal, and h i g h carbonate c o n c e n t r a t i o n s 
when 2 0 m g / l i t e r of o r g a n i c matter were added to sea water samples 
(29) . A g a i n t h i s i n d i c a t e s the e f f e c t of o r g a n i c c o m p l e x a t i o n 
upon p l u t o n i u m s o l u b i l i t y i n n a t u r a l w a t e r s . 

A l b e r t s e t a l a t the Savannah R i v e r Ecology L a b o r a t o r y have 
performed one s e t of experiments i n an attempt to measure the 
s t a b i l i t y c o n s t a n t s f o r complexes of pl u t o n i u m w i t h n a t u r a l organ
i c m a t e r i a l t h a t was se p a r a t e d by u l t r a f i l t r a t i o n from Upper Three 
Runs Creek, a b l a c k w a t e r stream h i g h i n DOC(30). Experiments were 
ru n i n d e i o n i z e d water a t c o n c e n t r a t i o n s of p l u t o n i u m , o t h e r 
elements, o r g a n i c m a t t e r , and hydrogen i o n comparable to those 
found i n t h a t s o u t h e r n U.S. environment. The s o l u t i o n s were 
e q u i l i b r a t e d w i t h a p p r o p r i a t e i o n exchange r e s i n s , and c o n c e n t r a 
t i o n s of f r e e and bound elements were determined. S t a b i l i t y 
c o n s t a n t s shown i n Table IV were determined by S c a t c h a r d p l o t s ( 3 1 ) . 
The Κχ s t a b i l i t y c o n s t a n t r e p r e s e n t s b i n d i n g a t s i t e s t h a t a r e , 
p r o b a b l y , c a r b o x y l i c groups w h i l e K 2 may r e p r e s e n t b i n d i n g by d i -
c a r b o x y l i c ( 3 2 ) o r p h e n o l i c groups. S i m i l a r types of c o n s t a n t s 
a r e d e r i v e d i n the study of the b i n d i n g of o t h e r m e t a l s by humic 
a c i d s (note Cu i n Table I V ) . The h i g h v a l u e s of Κχ and K 2 f o r Pu 
ar e i n d i c a t i v e of extremely s t a b l e complexes (a thousand times 
h i g h e r than Cu Κχ c o n s t a n t s ) , b u t the number of s i t e s a v a i l a b l e 
f o r b i n d i n g (ηχ and n 2 ) a r e v e r y low per gram of o r g a n i c m a t t e r as 
compared to copper. These s t u d i e s a r e p r e l i m i n a r y and w i l l r e 
q u i r e f u r t h e r experiments w i t h v a r i o u s n a t u r a l w a t e r s , more c h a r 
a c t e r i z a t i o n of the d i s s o l v e d o r g a n i c matter and v a r i a t i o n s i n the 
o x i d a t i o n s t a t e of the i n t r o d u c e d p l u t o n i u m . 

Table IV. S t a b i l i t y Constants of Some Elements When Complexed By 
Upper Three Runs Organic M a t t e r ( 3 0 ) 

Κχ K 2 ηχ n 2 

U 7.3 χ 1 0 8 1.6 χ 1 0 7 0.02 0.62 
Pu(IV) 3.7 χ 10 9 5.9 χ 1 0 8 0.0002 0.0011 
Cu 4 χ 1 0 6 1 χ 10* 0.1 4.1 

a K and η v a l u e s determined f o r A l d r i c h Chemical Co. Humic A c i d s 
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Summary 

The program of research on the aquatic chemistry of transura-
nic elements has made important advances in arriving at an under
standing of plutonium mobilization and transport in natural sys
tems. This program began with determinations of total plutonium 
concentrations in a wide variety of terrestrial and water samples 
to obtain knowledge about geographical distribution, dispersion 
within water bodies, and correlations with water quality param
eters. Inferences from those studies led to other experiments in 
which the chemical species that are present were identified, as 
well as their relationship to the key water quality parameters 
pH and dissolved organic carbon. Two of the important findings 
from the research are the existence of Pu(V) as a major oxidation 
state in seawater and oligotrophic lakes, and the importance of 
dissolved organic matter in the observed solubility in natural 
waters. These investigations have led in turn to attempts to 
estimate thermodynamic and kinetic parameters. 

All of the information obtained in this research area depends 
upon indirect evidence through the use of nonisotopic carriers or 
normalized data in the form of ratios. These are subject to error 
but the trends and insights that have been obtained are very use
ful to the description of the behavior of plutonium in the envi
ronment. Better thermodynamic data in the range of environmental 
concentrations would be helpful in further quantification of chem
ical species, as would phenomenalogical descriptions of the behav
ior of plutonium in reasonably good models of the environment. 
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21 
Complexation of the Plutonium(IV) Ion in 
Carbonate-Bicarbonate Solutions 

J. I. KIM, CH. LIERSE, and F. BAUMGARTNER 

Institut für Radiochemie, TU München, 8046 Garching, 
Federal Republic of Germany 

The complexation of Pu(IV) with carbonate ions is in
vestigated by solubility measurements of 238PuO2 in 
neutral to alkaline solutions containing sodium car
bonate and bicarbonate. The total concentration of 
carbonate ions and pH are varied at the constant 
ionic strength (I = 1.0), in which the initial pH 
values are adjusted by altering the ratio of carbo
nate to bicarbonate ions. The oxidation state of dis
solved species in equilibrium solutions are deter
mined by absorption spectrophotometry and differen
tial pulse polarography. The most stable oxidation 
state of Pu in carbonate solutions is found to be 
Pu(IV), which is present as hydroxocarbonate or 
carbonate species. The formation constants of these 
complexes are calculated on the basis of solubility 
data which are determined to be a function of two 
variable parameters: the carbonate concentration 
and pH. The hydrolysis reactions of Pu(IV) in the 
present experimental system assessed by using the 
literature data are taken into account for calcu
lation of the carbonate complexation. 

With growing i n t e r e s t i n the c h e m i c a l behav iour o f a c t i n i d e i on s 
i n the environment ( 1 ) , the comp lexa t i on o f these i o n s w i th c a r 
bonate an ions has been r e c e n t l y a t t r a c t i n g p a r t i c u l a r a t t e n t i o n 
(2-10) due to the u b i q u i t o u s presence o f ca rbona te i o n s i n na tu re 
(11, 12) and t h e i r pronounced tendency t o form complexes w i th 
heavy meta l i on s (7^, 10 -14 ) . In s p i t e o f the carbonate complex
a t i o n o f a c t i n i d e s be ing c o n s i d e r e d impor tan t chemica l r e a c t i o n s 
f o r under s t and ing the chemi s t r y o f a c t i n i d e s i n n a t u r a l f l u i d s , 
not many exper iments have been devoted up t o now to the q u a n t i 
t a t i v e s tudy o f the s u b j e c t , though numerous q u a l i t a t i v e o b s e r v a 
t i o n s a re d i s c u s s e d i n the l i t e r a t u r e . A l though t h e r e a re a few 
papers r e p o r t i n g the f o rmat i on c o n s t a n t s o f carbonate complexes 

0097-6156/ 83/0216-0317$06.00/0 
© 1983 American Chemical Society 
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318 PLUTONIUM CHEMISTRY 

o f Pu( I I I ) and Pu(VI) (15, 16 ) , i n a c r i t i c a l c o m p i l a t i o n o f s t a 
b i l i t y c o n s t a n t s (13) none o f these da ta has been c o n s i d e r e d wor
thy o f i n c o r p o r a t i o n . To our p re sen t knowledge no r e c o r d e d data 
have been known f o r the ca rbona te comp lexa t i on o f Pu(IV) i n the 
l i t e r a t u r e except one f o r the f o r m a t i o n o f PuCO* s p e c i e s ( 17 ) . 

The s tudy o f ca rbona te complexes o f Pu i s c o m p l i c a t e d by 
v a r i o u s e x p e r i m e n t a l d i f f i c u l t i e s . The low s o l u b i l i t y o f many 
ca rbona te s (7), l e a v i n g a very d i l u t e Pu c o n c e n t r a t i o n i n s o l u 
t i o n , r e s u l t s i n d i f f i c u l t i e s t o the exper iments w i th e l e c t r o 
c h e m i c a l o r s p e c t r o p h o t o m e t r y methods. However, the r a d i o m e t r i c 
method w i t h s o l v e n t e x t r a c t i o n or s o l u b i l i t y measurement i s e a s i 
l y a p p l i c a b l e f o r the purpose . U n l i k e the s o l u t i o n w i th a n i o n s , 
l i k e CI"*, N 0 3 " e t c . , the c o n c e n t r a t i o n o f which can be v a r i e d 
a t a c o n s t a n t pH, the p r e p a r a t i o n o f s o l u t i o n s w i th v a r y i n g c a r 
bonate c o n c e n t r a t i o n accompanies i n d i s p e n s a b l y the change o f pH 
o f t h e s o l u t i o n . As a r e s u l t , the f o r m a t i o n o f ca rbona te complexes 
i n v o l v e s a c c o r d i n g l y the h y d r o l y s i s r e a c t i o n s o f Pu i on s i n s o 
l u t i o n s under i n v e s t i g a t i o n . I t i s t h e r e f o r e p r e r e q u i s i t e t o know 
t h e s t a b i l i t y c o n s t a n t s o f Pu ( lV ) h y d r o x i d e s p r i o r to the s tudy 
o f i t s ca rbona te c o m p l e x a t i o n . 

The p r e s e n t s tudy i s conducted under c o n s i d e r a t i o n o f thus 
ment ioned d i f f i c u l t i e s . The s o l u b i l i t y measurement i s a p p l i e d t o 
the p re sen t i n v e s t i g a t i o n , s e l e c t i n g the pH range 6 ^ 12 i n which 
the ca rbona te c o n c e n t r a t i o n can be ma in t a i ned g r e a t e r than 5xl0~* 6 

M / l . The ca rbona te c o n c e n t r a t i o n and pH o f e x p e r i m e n t a l s o l u t i o n s , 
both be ing mutua l l y dependent i n a g i v e n s o l u t i o n , a re taken i n t o 
account as two v a r i a b l e parameters i n the p r e s e n t exper iment and 
hence the f i n a l e v a l u a t i o n o f f o r m a t i o n c o n s t a n t s i s based on 
t h r e e d i m e n s i o n a l f u n c t i o n s . Fo r c a l c u l a t i o n purpose , the h y d r o 
l y s i s c o n s t a n t s o f Pu( IV) a re taken from the l i t e r a t u r e ( 1 8 ) . In 
o r d e r to d i f f e r e n t i a t e the i n f l u e n c e o f h y d r o l y s i s r e a c t i o n s on 
the ca rbona te comp lexa t i on so f a r as p o s s i b l e , the c a l c u l a t i o n 
i s based on the s o l u b i l i t i e s from s o l u t i o n s o f ca rbona te c o n c e n 
t r a t i o n > l C f M / l and pH > 8. 

E x p e r i m e n t a l 

The 2 3 8 P u 0 2 i s p repa red by p r e c i p i t a t i o n o f Pu( IV) h y d r o x i d e 
from n i t r i c a c i d s o l u t i o n w i th an a d d i t i o n o f cone . Nh^OH, which 
i s f o l l o w e d by wash ing, f i l t r a t i o n , d r y i n g and c a l c i n a t i o n o f 
the h y d r o x i d e f o r 6 h r s a t 700 ° C . At the t ime o f p r e p a r a t i o n , 
the 2 3 8 P u 0 2 i s found t o be i n c r y s t a l l i n e s t a t e w i th t h e 0 l a t t i c e 
c o n s t a n t o f 5.399 A and the average c r y s t a l s i z e o f 225 A. The 
i s o t o p i c c o m p o s i t i o n o f p lu ton ium i s known t o be 94.84 % 2 3 8 P u , 
4.89 % 2 3 9 P u , . 0 . 2 4 % 2 I f 0 P u , 0.024 % 2 l * x P u , 0.004 % lhl?u and 
6.2 ppm 2 3 6 P u . 

About 5 mg o f thus p repared 2 3 8 P u 0 2 i s i n t r o d u c e d i n each 
e x p e r i m e n t a l s o l u t i o n o f 10 m l , which i s p repa red w i th v a r y i n g 
the c o n c e n t r a t i o n o f ca rbona te i o n and pH by chang ing the NaHC0 3 / 
N a 2 C 0 3 r a t i o a t the con s t an t i o n i c s t r e n g t h (I = 1.0) a d j u s t e d 
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by a d d i t i o n o f N a C l û \ . A fevi/ s o l u t i o n s p repa red w i t h h i gh c a r b o n 
a t e c o n c e n t r a t i o n , up to 1 M / l , a re a l s o i n c l u d e d . A l l samples 
a re p l a c e d i n g l a s s v i a l s vi/ith t i g h t l y c l o s e d cover and a l l owed 
t o s t a n d f o r a l ong p e r i o d o f t ime w i t h o c c a s i o n a l s h a k i n g . Meas
urements a re made a f t e r 4, 9 and 12 months c o n t a c t t i m e . 

The sampl ing o f s o l u t i o n f o r a c t i v i t y measurement i s c a r r i e d 
out by f i l t r a t i o n w i th 0.22 μπι M i l l e x f i l t e r ( M i l l i p o r e Co.) which 
i s encap su l ed and a t t a c h e d t o a s y r i n g e f o r handy o p e r a t i o n . The 
randomly s e l e c t e d f i l t r a t e s a re f u r t h e r passed through Amicon 
C e n t r i f l o membrane f i l t e r (CF-25) o f 2 nm pore s i z e . The a c t i v i 
t i e s measured f o r the f i l t r a t e s from the two d i f f e r e n t pore s i z e s 
a re observed t o be i d e n t i c a l w i t h i n e x p e r i m e n t a l e r r o r . A c t i v i t i e s 
a re measured by a l i q u i d s c i n t i l l a t i o n c o u n t e r . Fo r each sample 
s o l u t i o n , t r i p l i c a t e sampl ings and a c t i v i t y measurements a re u n 
der taken and the average o f t h r e e v a l u e s i s used f o r c a l c u l a t i o n . 
A b s o r p t i o n s p e c t r a o f e x p e r i m e n t a l s o l u t i o n s a re measured u s i n g 
a Beckman UV 5260 spec t rophotometer f o r the a n a l y s i s o f o x i d a t i o n 
s t a t e s o f d i s s o l v e d Pu i o n s . 

T h i s a n a l y s i s i s f u r t h e r suppor ted by the measurements w i th 
d i f f e r e n t i a l p u l s e po l a rog raphy ( P o l a r e c o r d Ε 506, Metrohm Co. ) 
u s i n g a d ropp ing Hg e l e c t r o d e . To examine the most s t a b l e o x i d a 
t i o n s t a t e o f Pu i o n s i n ca rbona te s o l u t i o n s , the exper iment i s 
conducted by combin ing an e l e c t r o c h e m i c a l r e a c t i o n c e l l t o the 
a b s o r p t i o n s p e c t r o p h o t o m e t r y . The Pu s o l u t i o n o f d i f f e r e n t o x i 
d a t i o n s t a t e s p repa red e l e c t r o c h e m i c a l l y i s c o n t i n u o u s l y c i r c u 
l a t e d between t h e r e a c t i o n c e l l and the c u v e t t e i n t h e s p e c t r o 
photometer . The o r i g i n a l s o l u t i o n o f 0.1 M HClOi, c o n t a i n i n g 10"~3 

M/ l Pu i s t i t r a t e d w i th N a 2 C 0 3 s o l u t i o n and the change i n o x i 
d a t i o n s t a t e s i s observed w i th g r a d u a l l y v a r y i n g the pH and c a r 
bonate c o n c e n t r a t i o n . 

At the t ime o f s amp l i n g , the t o t a l c o n c e n t r a t i o n o f ca rbona te 
i on s i n each s o l u t i o n and i t s pH a re determined u s i n g a C 0 2 - e l e c 
t r o d e ( O r i o n Research Co-Type 95-02) and a g l a s s e l e c t r o d e , r e 
s p e c t i v e l y . Based on these r e s u l t s , the c o n c e n t r a t i o n s o f f r e e 
b i c a r b o n a t e and ca rbona te i o n s i n each s o l u t i o n a re c a l c u l a t e d 
by t a k i n g account o f degrees o f d i s s o c i a t i o n o f NaHC0 3 , N a 2 C 0 3 , 
H 2 C 0 3 and H C 0 3 , which a re taken from the l i t e r a t u r e (15 , 18, 19) 
or a s s e s s e d through i n t e r p o l a t i o n or e x t r a p o l a t i o n o f r e l e v a n t 
l i t e r a t u r e data (20, 21 ) . 

R e s u l t s and d i s c u s s i o n 

H y d r o l y s i s r e a c t i o n s . As the system under i n v e s t i g a t i o n 
c o n t a i n s not on l y ca rbona te i o n s but a l s o h y d r o x i d e i o n s o f c o n 
s i d e r a b l e c o n c e n t r a t i o n , i t i s q u i t e p l a u s i b l e t h a t the r e a c t i o n s 
o f h y d r o l y s i s and ca rbona te complex f o r m a t i o n compete w i th each 
o t h e r . S i n c e the h y d r o l y s i s r e a c t i o n i s not i n v e s t i g a t e d s e p a 
r a t e l y i n t h i s exper iment , the magnitude o f t h i s r e a c t i o n as a 
f u n c t i o n o f pH i s e v a l u a t e d on the b a s i s o f the f o r m a t i o n c o n 
s t a n t s a v a i l a b l e i n the l i t e r a t u r e ( 18 ) , which a re reproduced 
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i n T a b l e I, t o g e t h e r w i t h the s o l u b i l i t y p roduct o f Pu0 2 t aken 
from the same l i t e r a t u r e . The d i s s o l v e d c o n c e n t r a t i o n o f P l u t o 
nium, [ P u ] s , due t o h y d r o l y s i s r e a c t i o n i s the sum o f a l l h y d r o 
x i d e s p e c i e s : 

[Pu]s = [ Ρ υ * + ] + [ P u ( 0 H ) 3 + ] + + [PuCOH). 1 * - 1 ] (1) 

wj^ich can be w r i t t e n i n terms o f the s o l u b i l i t y p roduct o f Pu0 2 

K s d and f o r m a t i o n c o n s t a n t o f each h y d r o x i d e s p e c i e s β ^ , such a s : 

[ P u ^ H O r T ] (2) 

[ P u C O H i ^ / C P u ^ l C O H " ] (3) 

[ P u ( 0 H ) ^ i ] / [ P u l t + ] [ 0 H - ] i 

(4) 
l_un J l r U 

Based on E q u a t i o n 4, i t i s p o s s i b l e t o e v a l u a t e the d i s s o l v e d 
c o n c e n t r a t i o n o f Pu as a f u n c t i o n o f pH, p r o v i d e d polymer and 
o t h e r complex s p e c i e s a re not p r e s e n t . However, the p o l y m e r i z a t i o n 
o f h y d r o l y s e d s p e c i e s enhances the s o l u b i l i t y o f Pu0 2 and hence 
the d i s s o l v e d Pu c o n c e n t r a t i o n i s expec ted t o be g r e a t e r than 
the q u a n t i t y c a l c u l a t e d by E q u a t i o n 4 . On the o t h e r hand, the 
p resence o f a s t r o n g complex ing a n i o n , e . g . ca rbona te i o n , may 

T a b l e I. The f o rma t i on c o n s t a n t s o f Pu( IV) hyd rox ide s (18) a 

S p e c i e s : P u ( 0 H ) i l 0 9 3 H i C o 

P u ( 0 H ) 3 + 12,2 

P u ( 0 H ) ! + 24.6 

Pu(0H)f 34.7 

Pu(0H)g 44.3 

Pu(0H)I 52.7 

P u 0 2 ( s ) - l o g K H = 52.0 c ) 

y sp 

a) c a l c u l a t e d based on the v a l u e s i n T a b l e s 4.4 and 9.9 i n (18) 
b) symbol used i n t h i s paper ( c f . E q u a t i o n 14) 
c) the v a l u e taken as the average o f those g i v e n i n (7) and (18) 

Pu0 2 + 2H 2 0 t Pu1** + 40H" K H 

sp 

Pu 1** + OH" t P u ( 0 H ) 3 + 3 U 

P u Î + + i O H " t Pu iOH) 1 ? " 1 3u* 
1 H i 

and hence 

K H 5 
[ P u ] 8 = ( Χ Ι β Η [ O H " ] 1 ) 
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suppres s the p o l y m e r i z a t i o n and h i g h e r degree o f h y d r o l y s i s r e 
a c t i o n s through f o r m a t i o n o f ca rbona te or hydroxocarbonate s p e c i e s 
o f the Pu( IV) i o n . 

By the a i d o f the l i t e r a t u r e data o f h y d r o l y s i s c o n s t a n t s , 
the a b s o l u t e and r e l a t i v e amounts o f each h y d r o x i d e s p e c i e s o f 
Pu(IV) as a f u n c t i o n o f pH a re c a l c u l a t e d and g i v e n i n F i g u r e s l a 
and l b . I t i s shown i n t h i s f i g u r e t h a t i n the r e g i o n pH > 8 on l y 
the Pu (0H) i appears i n the s o l u t i o n . By add ing the ca rbonate i o n 
o f i n c r e a s i n g c o n c e n t r a t i o n and thus i n c r e a s i n g pH, i t i s expected 
t h a t the Pu(0H)s i o n i s t r an s fo rmed to d i f f e r e n t ca rbona te com
p l e x e s and a t the same t ime the s o l u b i l i t y p a t t e r n o f Pu0 2 

changes. 

Complexat ion o f Pu( IV) i o n w i t h ca rbona te a n i o n . The s o l u 
b i l i t i e s o f Pu0 2 a r e determined t o be v a r y i n g w i th r e s p e c t t o the 
ca rbona te c o n c e n t r a t i o n as w e l l as pH s i m u l t a n e o u s l y . The d i s 
s o l v e d c o n c e n t r a t i o n s o f Pu determined a f t e r 4 and 12 months c o n 
t a c t t ime a re g i ven i n F i g u r e 2 as a f u n c t i o n o f pH, whereas the 
c o n c e n t r a t i o n s o f f r e e ca rbona te and b i c a r b o n a t e i o n s determined 
i n each e x p e r i m e n t a l s o l u t i o n a re p re sen ted i n F i g u r e 3. The s o l u 
b i l i t i e s measured a f t e r 9 and 12 months a re found to be a lmost 
i d e n t i c a l . In F i g u r e 2, i t i s observed t h a t the s o l u b i l i t y o f 
Pu0 2 a t f i r s t decreases s l o w l y w i th i n c r e a s i n g pH u n t i l pH = 8 .5 , 
then dec reases r a p i d l y between pH = 8.5 ^ 1 0 . 0 , and f i n a l l y i n 
c r e a s e s s t e e p l y above pH = 10 .0 . T h i s development o f s o l u b i l i t y 
w i th i n c r e a s i n g pH does not r e f l e c t a monotonous f u n c t i o n w i th 
s i n g l e v a r i a b l e as shown by Equa t i on 4 but i n f e r s t o a f u n c t i o n 
o f two v a r i a b l e parameter s , i . e . pH and ca rbona te c o n c e n t r a t i o n . 
The minimum s o l u b i l i t y observed at pH = 10 and [C0 3 " " ] = 3 χ 10*" 3 

M/ l i m p l i e s t h a t t h e r e i s a t r a n s f o r m a t i o n o f s o l i d s p e c i e s (s ) 
t a k i n g p l a c e , i . e . from P u 0 2 ( s ) t o P u ( 0 H ) 2 C 0 3 ( s ) . 

The e x i s t e n c e o f such a p roces s can be i n d i r e c t l y ev idenced 
by the i r r e g u l a r change o f decrement observed i n f r e e ca rbona te 
( a l s o b i c a r b o n a t e ) c o n c e n t r a t i o n s near pH = 10 as i l l u s t r a t e d 
i n F i g u r e 3. T h i s may be a s c r i b e d to the consumption o f f r e e c a r 
bonate i on s f o r the f o rma t i on o f the p lu ton ium hydroxocarbonate 
p r e c i p i t a t e . The r e a c t i o n s i n v o l v e d i n t h i s p roce s s a re i n t e r 
p r e t e d as f o l l o w s : 

P u 0 2 ( s ) + 2H 2 0 t Puh+ + 40H~ l o g K^ p = -52 (5) 

Pu1*"*" + 20H~ + CO?" + P u ( 0 H ) 2 C 0 3 ( s ) - l o g K H C = X (6) 
. . SE! . 

P u 0 2 ( s ) + 2H 2 0 + C O P + P u ( 0 H ) 2 C 0 3 + 20H" l o g Κ = X-52 (7) 

where l o g Κ can be X-52 < 0 (8) 

Fo r conven ience o f i l l u s t r a t i o n and f u r t h e r e x p l a n a t i o n s to be 
f o l l o w e d l a t e r , the f r e e P u 4 i o n i s taken as an i n t e r m e d i a t e 
r e a c t a n t i n the f o r m u l a t i o n o f E q u a t i o n s 5 and 6, a l though t h i s 
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3.0 

1.8 h 

^ -ι. 

-10 H 

-5.0 

-9.0 

(a) 
(1): P u 4 + 

(a) 

" 2 \ \ (2): Pu (0H ) 3 + 

(3 ) : Pu(0H)2 + 

(4 ) : Pu(0H)3 

(5) : Pu(0H)° 

(6 ) : Pu(OH)-

(7 ) : Total Pu dissolve>r 

( 5 ) \ 

ι Λ \ ι ν ί \ ι . ι , ι , ι , 

-14.0 -12.0 -10.0 -8.0 -6.0 

log [ 0 H " ] f p e e (M/L) 

-4.0 -2.0 0.0 

(b) 

The region o f 

in te r e s t 

-L 
-14.0 -12.0 -10.0 -6.0 -4.0 -2.0 

(M/L) 

-8.0 

l og [ 0 H " ] f r e e 

Figure 1. 
The a b s o l u t e (a) and r e l a t i v e (b) amounts o f Pu( IV) h y d r o 
x i d e i o n c o n c e n t r a t i o n (or pH), c a l c u l a t e d by E q u a t i o n 4 
based on the da ta g i ven i n Tab le I. The r e g i o n o f i n t e r e s t 
f o r the p re sen t i n v e s t i g a t i o n i s marked by d o t t e d l i n e s . 

0.0 
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-4 h 

-5 h 

j-6 h 

-7 h 

-8 

-9 

( · ) : a f t e r 4 months contac t time 

(χ) : a f t e r 12 months con tac t time 

* 

I I I I I I ι ι ι ι 1 
- 9 - 8 - 7 - 6 -5 -4 -3 -2 

l 0 9 [0 H "] f r e e <M/L) 

Figure 2. 
The s o l u b i l i t i e s o f 2 3 8 P u 0 2 ( c ) as a f u n c t i o n o f the pH 
o f e q u i l i b r i u m s o l u t i o n s . Up t o pH = 10 the s o l u b i l i t i e s 
a f t e r 4 and 12 months a re a lmost i d e n t i c a l , w h i l e a t 
pH > 10 the v a l u e s a f t e r 12 months d i f f e r from those 
a f t e r 4 months which a re not i n e q u i l i b r i u m . The v a l u e s 
a f t e r 12 months and 9 months (not p l o t t e d here) a r e found 
t o be i d e n t i c a l . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
1

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



324 PLUTONIUM CHEMISTRY 

° -6 
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• · · 
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1 · 
• · 

-"*· • 2-
m * " CO, 
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• . Λ 
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" " - f r e e CO3" ion 
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5 6 7 8 9 10 11 12 

PH 

Figure 3. 
The c o n c e n t r a t i o n s o f f r e e ca rbona te and b i c a r b o n a t e i o n s 
determined at s o l u b i l i t y e q u i l i b r i u m as a f u n c t i o n o f pH. 
Decrements o f the c o n c e n t r a t i o n near pH = 10 suggest the 
f o r m a t i o n o f the Pu(0H)2C03 p r e c i p i t a t e and hence l o w e r i n g 
s o l u b i l i t i e s o f Pu02 ( c f . F i g u r e 2). 
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i o n i s not v i a b l e s p e c i e s i n the s o l u t i o n o f pH > 8. The r e a c t i o n 
g i ven by Equa t i on 7 can be f o r m u l a t e d a l t e r n a t i v e l y vi/ith more 
or l e s s r e a l i t y r e l e v a n t r e a c t i o n s : 

P u 0 2 ( s ) + 2H 2 0 + OH" t Pu(0H) I (9) 

Pu (0H) i + CO?" + P u ( 0 H ) 2 C 0 3 ( s ) + 30H" (10) 

P u 0 2 ( s ) + 2H 2 0 + C01" * P u ( 0 H ) 2 C 0 3 ( s ) + 20H" (11) 

As i s apparent i n F i g u r e s l a and l b , the Pu (0H ) i s p e c i e s i n p r e 
dominant a t pH > 8 i n the absence o f ca rbona te i o n s . I t appears 
r ea sonab le to expect t h a t i n the p resence o f ca rbonate i o n s i n 
s o l u t i o n t h e Pu (0H) i i o n undergoes the f o r m a t i o n o f the P u ( 0 H ) 2 C 0 3 

p r e c i p i t a t e , o f which the s o l u b i l i t y depends on the ca rbona te con 
c e n t r a t i o n as w e l l as pH. C o n s i d e r a t i o n o f P u ( 0 H ) 2 C 0 3 as a l e a s t 
s o l u b l e s p e c i e s under the p re sen t e x p e r i m e n t a l system i s a t t r i b u 
t e d t o the s i m i l a r compound, i . e . ThOC0 3 *nH 2 0 , which appears s p a r 
i n g l y s o l u b l e i n a l k a l i n e ca rbona te s o l u t i o n s (22 ) . E q u a t i o n 8 
may r e s u l t i n a p o s i t i v e or n e g a t i v e v a l u e ; the former i n d i c a t e s 
P u ( 0 H ) 2 C 0 3 l e s s s o l u b l e than Pu0 2 w h i l e the l a t t e r s u g ge s t i n g 
the r e v e r s e . 

The d i s s o l v e d s p e c i e s a re c o n s i d e r e d to be a compos i te o f 
numerous h y d r o x i d e s , c a r b o n a t e s , and hydroxocarbonates o f Pu ( IV ) , 
which can be expres sed by 

[Pu]s = [Pu^ + ] -r [ P u ( 0 H ) 3 + ] + + [Pu(0H) i

1 *~ i ]+ 

+ [ P u ( C 0 3 ) 2 + ] + [ P u ( 0 H ) ( C 0 3 ) + ] + + [ P u ( 0 H ) . ( C 0 3 ) 2 " i ] + 

+ [ P u ( C 0 3 ) l t " 2 j ] + [ P u ( 0 H ) 
J 

C 0 3 ) 2 J ]+.. .+[Pu(0H) ( C O s ) 1 ; - 1 - ^ ] 

(12) 
and i n a g e n e r a l form: 

, Γ _n m . -1 / -t -τ \ 

[Pu]s = [ p u " * ] J ; > Z β Η ί Γ ί [ O H " ] 1 [ C 0 1 " ] J ! { U ) 

i - i=0 j=0 " 1 L J : 

where 

ο [Pu(0H).(C0,).] 
3 H i C j = — - i J r (14) 

[ P u - + ] [0H-] 1 [C0i - ] J 

The f r e e c o n c e n t r a t i o n o f P l u t o n i u m , [Pu1*"*"], AS c o n t r o l l e d by 
e i t h e r s o l u b i l i t y p r o d u c t s , Κ f o r Pu0 2 o r f o r P u ( 0 H ) 2 C 0 3 , 

sp 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
1

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



326 PLUTONIUM CHEMISTRY 

namely 

[ P u " + ] = 

K H C 

[ P u i + ] = S £ 

[ 0 H " ] 2 [ C 0 3 " ] 
(15) 

Which o f the two i s a p p l i c a b l e t o the p re sen t exper iment depends 
ma in ly on whether E q u a t i o n 8 r e s u l t s i n a p o s i t i v e or n e g a t i v e 
v a l u e . The s o l u b i l i t y changes q u i t e d i f f e r e n t l y i n pH > 8 and 
reaches the minimum ( [Pu ] s = 2 χ l C f 9 M/ l ) a t pH = 10 and 
[ C 0 l ~ ] = 3 χ 1 0 " 3 M / l . S i n c e the minimum i s much lower than the 
v a l u e a s se s sed by Equa t i on 4 ( c f . F i g u r e l a ) , i t i s p l a u s i b l e 
t h a t E q u a t i o n 8 becomes a p o s i t i v e v a l u e . As d e s c r i b e d above, 
i n pH < 8 the ca rbona te c o n c e n t r a t i o n s are r e l a t i v e l y s m a l l , 
< 1 0 - l f M / l , and i t i s t h e r e f o r e expected t h a t i n t h a t c o n d i t i o n 
d i f f e r e n t hyd rox ide s p e c i e s a re predominant ( c f . F i g u r e l b ) . In 
pH > 8 where [C0|~] > 10" 1* M / l , the f o r m a t i o n o f hydroxocarbonate 
and ca rbona te complexes may take p l a c e . For t h i s r e a s o n , e v a l u a 
t i o n o f the f i n a l r e s u l t s i s ma in ly based on the e x p e r i m e n t a l 
da ta from the s o l u t i o n s o f pH > 8 and [CO^ 2 ] > 10" 1* M / l . 

For the d e t e r m i n a t i o n o f 3̂ -Q - the c o m p u t a t i o n a l . s o l u t i o n 
o f e x p e r i m e n t a l r e s u l t s i s c a r r i e c h O u t by E q u a t i o n 13. The B^iCo 
va lue s f o r h y d r o l y s i s r e a c t i o n s a re taken i n t o account as g i v e n 
i n Tab le 1. The i and j v a l u e s a re v a r i e d from 0 to 5 f o r the 
f o r m a t i o n o f hydroxocarbonate complexes . The i n p u t parameters 
f o r E q u a t i o n 13: [Pu ] s , [OH"] (or pH) , and [ C O 2 " ] a re a l l e x p e r i 
menta l v a l u e s a f t e r 12 months c o n t a c t t i m e . 

V e r i f i c a t i o n o f Pu( IV) i o n i n s o l u t i o n . Whether the d i s 
s o l v e d Pu i on s a re t e t r a v a l e n t i s v e r i f i e d by the f o l l o w i n g e x 
p e r i m e n t s . The a b s o r p t i o n spec t rophotomet ry o f the s o l u t i o n s w i th 
h i g h e r ca rbona te c o n c e n t r a t i o n (> 0.1 M / l ) , i n which the [Pu]s 
v a l u e s a re g r e a t e r than 1 0 " 5 M / l , shows t h a t the d i s s o l v e d s p e c i e s 
a re Pu( IV) i o n s . The i n d i r e c t c o n f i r m a t i o n o f a s t a b l e s p e c i e s 
o f Pu i on s i n ca rbona te s o l u t i o n s i s made by a g r adua l a d d i t i o n 
o f N a 2 C 0 3 s o l u t i o n t o 0.1 M HClOif s o l u t i o n c o n t a i n i n g Pu i o n s o f 
d i f f e r e n t o x i d a t i o n s t a t e s . With i n c r e a s i n g the ca rbona te i o n 
c o n c e n t r a t i o n i n the s o l u t i o n , where pH be ing a l s o i n c r e a s e d a c 
c o r d i n g l y , i t i s observed t h a t the d i s t i n c t i v e a b s o r p t i o n peaks 
o f P u ( I I I ) , Pu ( IV ) , Pu(VI) i n HCIO4 s o l u t i o n d i s a p p e a r g r a d u a l l y 
and the a b s o r p t i o n spectrum o f Pu( IV) i n ca rbona te s o l u t i o n i s 
f i n a l l y o b s e r v e d . F i g u r e 4 m a n i f e s t s the t r a n s f e r p roce s s o f d i f 
f e r e n t o x i d a t i o n s t a t e s o f Pu i o n s from the HClOt* s o l u t i o n to 
Pu( IV) i n the ca rbona te s o l u t i o n . The s p e c t r o p h o t o m e t r y r e s u l t s 
a re f u r t h e r suppor ted by the measurements w i th d i f f e r e n t i a l p u l s e 
p o l a r o g r a p h y , which demonstrates t h a t the most s t a b l e Pu o x i d a t i o n 
s t a t e i n c a rbona te s o l u t i o n s i s Pu ( I V ) . 

The lowest s o l u b i l i t y observed i n our exper iments i s 2 x l 0 " 9 

M/ l a t pH = 10 and [ C 0 3 ~ ] = 3 χ 10~ 3 M / l . When the d i s s o l v e d s p e -
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Wavelength / nm 
Figure 4. 
The a b s o r p t i o n s p e c t r a o f the Pu i on s i n d i f f e r e n t s o l u 
t i o n s . Curve 1: The s t a r t i n g s o l u t i o n c o n t a i n i n g P u ( I I I ) , 
Pu ( IV ) , Pu(V) and Pu(VI) i o n s i n 0.1 M HClOt,; c u r v e 2: 
a f t e r a d d i t i o n o f N a 2 C 0 3 s o l u t i o n (pH = 6 .7 ; [C0|~] = 
10" 1* M / l ) ; cu rve 3: a f t e r f u r t h e r a d d i t i o n o f N a 2 C 0 3 s o 
l u t i o n (pH = 10 .4 ; [COi""] = 0.3 M / l ) . The Pu c o n c e n t r a 
t i o n i s (1 -5) χ 1 0 ~ 5 M / l . 
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c i e s may be o the r than Pu(IV) i o n , i t i s t o expect t h a t the s o 
l u b i l i t y under t h i s c o n d i t i o n must be h i g h e r than the obse rved 
v a l u e , s i n c e the o x i d a t i o n or r e d u c t i o n enhances the s o l u b i l i t y 
o f the l e a s t s o l u b l e Pu( IV) compound. I t i s q u i t e w e l l known t h a t 
the t e t r a v a l e n t a c t i n i d e compounds a re l e s s s o l u b l e than the same 
complex compounds o f o t h e r o x i d a t i o n s t a t e s . 

In the l i t e r a t u r e ( 3 ) , the p o s s i b l e f o r m a t i o n o f p l u t o n y l 
b i c a r b o n a t e complex i s d i s c u s s e d . In o r d e r t o v e r i f y whether we 
a re d e a l i n g w i th b i c a r b o n a t e or ca rbona te complexes , the Pu(IW) 
s o l u t i o n s p repared i n NaHC0 3 and N a 2 C 0 3 s o l u t i o n s a re examined 
by spec t ropho tomet ry . The a b s o r p t i o n s p e c t r a measured up t o 900 nm 
show no v i s i b l e d i f f e r e n c e f o r both s o l u t i o n s . Fo r t h i s reason 
i t i s b e l i e v e d t h a t the Pu(IV) i o n forms ca rbona te complexes i r 
r e s p e c t i v e o f ca rbonate or b i c a r b o n a t e i on s p r e s e n t i n s o l u t i o n . 

Format ion c o n s t a n t s o f ca rbona te complexes . The computa
t i o n a l t rea tment o f e x p e r i m e n t a l r e s u l t s by E q u a t i o n 13 i s made by 
an i t e r a t i o n p r o c e s s . F i g u r e s 5 and 6 demonstrate compar i sons o f 
computed va l ue s w i th e x p e r i m e n t a l da ta as a f u n c t i o n o f two d i f 
f e r e n t v a r i a b l e pa rameter s , [OH"] and [ C 0 § ~ ] . S i n c e the e x p e r i 
menta l e r r o r i n the measurement o f ca rbona te c o n c e n t r a t i o n i s 
r e l a t i v e l y l a r g e due to s m a l l volume o f s o l u t i o n a v a i l a b l e t o 
u se , a c e r t a i n e x t e n t o f d e v i a t i o n i s expec ted from t h e compar i son 
o f computed v a l u e s w i th e x p e r i m e n t a l d a t a . However, F i g u r e s 5 
and 6 show t h a t r e a s o n a b l e agreements between the two v a l u e s a r e 
a t t a i n e d as a f u n c t i o n o f pH as w e l l as o f the ca rbona te c o n c e n 
t r a t i o n . S i n c e each s o l u b i l i t y p o i n t i s r e l a t e d w i th the two 
parameters s i m u l t a n e o u s l y , the computed p o i n t s do not f o l l o w 
smooth c u r v e s but s e n s i t i v e l y f l u c t u a t e i n accordance w i t h the 
v a r i a t i o n o f the con juga te parameter . Because the ca rbonate c o n 
c e n t r a t i o n and pH a re mutua l l y dependent i n a g i ven s o l u t i o n and 
because the OH" and C0|" i o n s a r e c o m p e t i t i v e l i g a n d s f o r com
p l e x a t i o n o f the Pu(IV) i o n , i t i s found neces sa ry t o i n v e s t i g a t e 
the ca rbona te comp lexa t i on o f Pu( IV) by v a r y i n g the two parame
t e r s s i m u l t a n e o u s l y . 

The c a l c u l a t e d f o rma t i on c o n s t a n t s o f Bu -p - a r e p r e s e n t e d 
i n Tab le 2. Among c a l c u l a t e d v a l u e s f o r probaDie complex s p e c i e s , 
t h e r e l a t i v e amounts o f dominant and l e s s dominant complex s p e c i e s 
a re d i s t i n g u i s h e d by 

The r e l a t i v e amount o f dominant s p e c i e s under the e x p e r i m e n t a l 
c o n d i t i o n a r e shown i n F i g u r e 7. F i v e s p e c i e s a r e predominant 
i n the s o l u t i o n : P u ( 0 H ) C 0 3

+ , P u ( C 0 3 ) § , P u ( C 0 3 ) r , P u ( C 0 3 ) i T , 
and P u ( C 0 3 ) 5 " . The s p e c i e s o the r than those g i v e n here a re not 
p re sen t i n s i g n i f i c a n t amount. 

'HaCb r ° H - ] a [ C 0 ! - ] b 

(a ,b = c o n s t . ) (16) 
1 I III η m 
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(χ): experimental value 

( · ) : calculated value 

M H 

J I I I fm I I - J I L_ _ l I l _ 

- 6 - 5 - 4 - 3 -2 
log [0H"] f r e e (M/L) 

Fiqure 5. 
The compar ison o f c a l c u l a t e d s o l u b i l i t i e s by E q u a t i o n 13 
vi/ith the va lue s from exper iment (12 months c o n t a c t t i m e ) . 
The va l ue s a re p l o t t e d as a f u n c t i o n o f the c o n c e n t r a t i o n 
o f f r e e hydrox ide i o n a t s o l u b i l i t y e q u i l i b r i a 
( c f . F i g u r e 6 ) . 
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_ Μ Κ 

- * • 
(χ): experimental value • 

• ( · ) : calculated value • 
Κ 

- - : • ·· 
-

-

: 
-

χ · · 

l l l l i l l . l l l l J 1 1 L i .-I L l i i ] ι 

-5 -4 -3 -2 -1 0 
l o g [ C 0 3 _]free ( M / L> 

Figure 6. 
The compar i son o f c a l c u l a t e d s o l u b i l i t i e s by E q u a t i o n 13 
w i t h the v a l u e s from exper iment (12 months c o n t a c t t i m e ) . 
The v a l u e s a re p l o t t e d as a f u n c t i o n o f the c o n c e n t r a t i o n 
o f f r e e ca rbona te i o n a t s o l u b i l i t y e q u i l i b r i a 
( c f . F i g u r e 5 ) . 
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1.0 

0.0 

- ^ \ P U ( C 0
3 ) 2 / » u ( C 0 3 ) | -

- \ 
P u ( C 0 3 ) ^ / 

. Pu(OH)(C0 3) + 

XPU(C0 3)\ 

1 1 1 l.Tfc 1 1 ^ — \ 1. 1 1 1 

-4.0 -10 -2.0 -1.1 0.0 
log [ C 0 ^ ] f r e e (M/L) 

Figure 7. 
The r e l a t i v e amounts o f predominant hydroxocarbonate and 

ca rbona te s p e c i e s o f Pu( IV) i n the i n v e s t i g a t e d s o l u t i o n s . 
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The complex formation constants obtained from t h i s experiment 
are very large i n comparison with the complexation of the Pu(IV) 
ion with other ligands, l i k e OH", F" etc. In view of s o l u b i l i t i e s 
observed i n higher carbonate concentration ([Pu]s ^ 10" 3 M/l) 
i t i s considered possible that the formation constants of carbon
ate complexes of the Pu(IV) ion must be r e l a t i v e l y large. The 
postulation made i n t h i s work as for the formation of the very 
insoluble Pu(0H) 2C0 3 under the present experimental condition 
i s p r i m a r i l y based on the e a r l i e r works (22) on ThOC03«nH20, which 
i s found to be not much soluble i n a l k a l i n e s o l u t i o n . However, 
the experimental v e r i f i c a t i o n of the postulation i s s t i l l i n pro
gress for the moment. The r a d i o l y s i s e f f e c t due to the 2 3 8 P u nu
c l i d e used i n the present experiment i s not investigated sepa
r a t e l y . The recent paper (23) dealing with the s o l u b i l i t y of 
2 3 8 P u 0 2 i n pure water discusses the change of pH due to the r a 
d i o l y s i s e f f e c t , i . e . decrease of pH on account of the formation 
of HN03 i n the so l u t i o n open to a i r and hence increasing the so
l u b i l i t y of 2 3 8 P u 0 2 . In our separate experiment made i n a system 
closed to a i r contact, the s o l u b i l i t i e s of 2 3 8 P u 0 2 a f t e r 200 days 
i n water with varying pH = 5 'v* 9 are observed to be i d e n t i c a l 
with the values reported i n the l i t e r a t u r e for 2 3 9Pu0 2•nHzOiam) 
(24) which were measured a f t e r 250 days. From experience, i t i s 
believed that the r a d i o l y s i s e f f e c t can be of two kinds: the d i 
rect e f f e c t which changes the c r y s t a l l i n e structure of the oxide 
and thus a l t e r s the k i n e t i c s of d i s s o l u t i o n ; the i n d i r e c t e f f e c t 
which changes the s o l u t i o n and components therein, e.g. producing 
HN03 i n case of the s o l u t i o n being i n contact with a i r , and hence 
leading to a d i f f e r e n t state of equilibrium, namely higher s o l u 
b i l i t y . However, the thus increased s o l u b i l i t y follows the equi-

Table I I . The formation constants of Pu(IV) carbonates 
and hydroxocarbonates 

Species: Pu(0H) i(C0 3) . log 3( 

PuC0 2 + 47.1 + 3.0 
Pu(C03)° 55.0 ± 2.5 
Pu(C0 3 ) I " 57.9 + 2.7 
Pu(C0 3 ) ÎT 59.6 + 2.9 
Pu(C0 3)|" 62.4 ± 2.4 
Pu(0H)C0Î 55.2 ± 2.3 
Pu(0H) 2C0 3(s) - log K H C r 68.8 

y sp 
± 2.4 

aT symbol used i n t h i s paper ( c f . Equation 13) 
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librium function with respect to pH, unless other complexing 
agents are present in solution. In a carbonate solution, the ra
diation effect changes pH and therewith the carbonate concentra
tion, and the Pu02 solubility varies accordingly. The solubility 
function shown in Figure 2 is not altered after 9 months, not 
after 4 months at :pH < 10, although individual experimental 
points are shifted to other positions in accordance with new val
ues of pH and the carbonate concentration determined. The primary 
mechanisms of radiolysis effect on the solubility of Pu02 are, 
however, an important subject for separate investigation. 

Similar experiments with 2 3 9Pu0 2 are in progress in our la
boratory and will be used to verify or to improve the preliminary 
results presented in this paper. 
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22 
Ground-Water Composition and Its Relationship 
to Plutonium Transport Processes 

JESS M. CLEVELAND, TERRY F. REES, and KENNETH L. NASH 

U.S. Geological Survey, Denver, CO 80225 

The degree of plutonium leaching by ground waters 
from waste glass and its oxidation state distribution 
in solution were strongly influenced by the chemical 
composition of the waters. Ground waters from four 
possible host rock types--basalt, granite, shale, and 
tuff--as well as deionized water were used in this 
study. The order of plutonium leachability in the 
five waters was basalt >> tuff > deionized > granite > 
shale. High leaching efficiency in the basalt and tuff 
waters was the result of their high fluoride ion con
centrations, whereas the lower leaching ability of 
granite and shale waters compared to deionized water 
may result from surface passivation of the glass by 
dissolved species--possibly sodium or magnesium--pre
sent in relatively greater concentrations in these 
waters. In single-phase speciation experiments with 
these five waters, plutonium was essentially com
pletely soluble in basalt ground water because of its 
high fluoride concentration, and almost totally insol
uble in shale ground water, probably because of the 
enhancement of colloid coagulation resulting from the 
large sulfate concentration in this water. In the 
single-phase experiments, plutonium(IV) was present in 
appreciable concentrations only in the basalt ground 
water, whilst in the leaching studies it was a common 
component in al l of the leachates. Trends were more 
pronounced at 90°C than at 25°C, probably because of 
kinetic effects. Because of the large influence of 
ground-water composition on plutonium leachability and 
subsequent solubility, we propose that it be included 
as a radioactive waste repository site-selection 
criterion. 

T r a n s p o r t of p l u t o n i u m from a g e o l o g i c r e p o s i t o r y may be 
co n s i d e r e d t o i n v o l v e t h r e e p r o c e s s e s : 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society 
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1. L e a c h i n g from the s o l i d - w a s t e form; 
2. S i n g l e - p h a s e r e a c t i o n s w i t h i n the ground water; and 
3. I n t e r a c t i o n s w i t h r o c k and o t h e r matter a l o n g the ground 

water f l o w p a t h . 
These p r o c e s s e s do not o p e r a t e i n d e p e n d e n t l y ; f o r example, the 
b e h a v i o r of p l u t o n i u m i n s t e p 3 w i l l be g r e a t l y dependent on the 
s p e c i e s formed as a r e s u l t of s o l u t i o n - p h a s e r e a c t i o n s i n step 2. 
However, from a c h e m i c a l s t a n d p o i n t , we have found t h a t c o n s i d e r 
a t i o n of these p r o c e s s e s i n d i v i d u a l l y i s a u s e f u l a i d to under
s t a n d i n g the t r a n s p o r t of p l u t o n i u m i n a ground-water system. 

Of these t h r e e p r o c e s s e s , some have r e c e i v e d more study than 
o t h e r s . There have been a number of d e t e r m i n a t i o n s of l e a c h r a t e s 
( s t e p 1) p a r t i c u l a r l y from b o r o s i l i c a t e - g l a s s waste forms (see, 
f o r example, JL, 2_, 3 ) , but t h e r e has been min i m a l e f f o r t to d e t e r 
mine s p e c i e s of d i s s o l v e d p l u t o n i u m . S o r p t i o n of p l u t o n i u m from 
ground water onto r o c k s u r f a c e s ( s t e p 3) has r e c e i v e d e x t e n s i v e 
i n v e s t i g a t i o n (4, .5, 6) i n an attempt to bypass a more fundamental 
c h e m i c a l approach. F a i l u r e to c o n t r o l c o n d i t i o n s and to determine 
the s p e c i a t i o n of p l u t o n i u m i n the waters i n which the s o r p t i o n 
s t u d i e s were done r e s u l t e d i n p l u t o n i u m s o r p t i o n c o e f f i c i e n t (K^) 
v a l u e s w i t h s t a n d a r d i z e d r o c k samples t h a t d i f f e r e d by t h r e e 
o r d e r s of magnitude among v a r i o u s l a b o r a t o r i e s ( 6 ) . By c o n t r a s t , 
the o x i d a t i o n - s t a t e d i s t r i b u t i o n of p l u t o n i u m i n ground water 
( s t e p 2 ) , which has a s t r o n g i n f l u e n c e on i t s s o l u b i l i t y and s o r p 
t i o n , has r e c e i v e d v e r y l i t t l e s t u d y. I n an e f f o r t to f i l l t hese 
gaps i n knowledge and develop a u n i f i e d c h e m i c a l u n d e r s t a n d i n g of 
p l u t o n i u m t r a n s p o r t , we have undertaken an i n v e s t i g a t i o n of 
p l u t o n i u m s p e c i a t i o n i n a c t u a l ground waters taken from host r o c k s 
of p o s s i b l e r e p o s i t o r y s i t e s . The study i n v o l v e d s o l u t i o n s p r e 
pared i n two d i f f e r e n t ways: (a) u s i n g each of the ground waters 
f o r l e a c h i n g of p l u t o n i u m - c o n t a i n i n g b o r o s i l i c a t e g l a s s , and (b) 
by a d d i t i o n of a s m a l l volume of d i l u t e p l u t o n i u m s o l u t i o n to each 
of the ground w a t e r s . We r e p o r t here the c u r r e n t s t a t u s of t h i s 
d u a l i n v e s t i g a t i o n . 

E x p e r i m e n t a l 

The f o u r ground waters used i n t h i s study were from the 
f o l l o w i n g s o u r c e s : Grand Ronde b a s a l t from the U.S. Department of 
Energy Hanford R e s e r v a t i o n i n Washington; t u f f and Climax s t o c k 
g r a n i t e from the Nevada Test S i t e ; and Cretaceous s h a l e from 
South Dakota. The f i r s t t h r e e a r e or have been c o n s i d e r e d as 
p o s s i b l e h o st r o c k s f o r a g e o l o g i c r e p o s i t o r y (7); the s h a l e , 
d e s p i t e f a v o r a b l e p r o p e r t i e s ( 8 ) , has been l a r g e l y n e g l e c t e d . 
Chemical c o m p o s i t i o n s of these f o u r ground waters are shown i n 
T a b l e I . I n a d d i t i o n , d e i o n i z e d water was a l s o e v a l u a t e d . 

B e f o r e s t a r t i n g the p l u t o n i u m experiments, the i n f l u e n c e of 
d i s s o l v e d oxygen on the E^ of each ground-water sample was d e t e r 
mined by s p a r g i n g s e p a r a t e samples w i t h oxygen and n i t r o g e n . 
A f t e r a 1-hour sparge w i t h oxygen and s t a n d i n g i n c l o s e d con-
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T a b l e I Ground-Water Compositions (mg/L) 

S o l u t e B a s a i t G r a n i t e Shale T u f f 

A l k a l i n i t y 146 140 530 98 
(as CaC0 3) 

Ca l c i u m <0.1 300 100 10 
I r o n 0.3 0.007 0.01 0.007 
Magnesium <1 3 50 3 
Manganese 0.005 0.03 0.3 0.001 
P o t a s s i u m 3.0 2.3 24 4.2 
Sodium 300 300 700 50 
S t r o n t i u m 0.01 5 3 0.05 
S i l i c a 100 10 10 70 
C h l o r i d e 140 73 61 7 
F l u o r i d e 52 0.8 0.1 2.3 
Phosphate 0.1 0.02 0.02 <0.01 
S u l f a t e 75 980 2,000 19 

pH 9.3 8.3 8.4 7.8 

t a i n e r s o v e r n i g h t , the waters had d i s s o l v e d - o x y g e n c o n c e n t r a t i o n s 
of about 20 mg/L; a f t e r a s i m i l a r treatment w i t h n i t r o g e n , the 
d i s s o l v e d oxygen was about 0.6 mg/L. D e s p i t e t h i s g r e a t d i f f e r 
ence, the change i n Eh ranged o n l y from 11 mv ( d e i o n i z e d water) t o 
74 mv ( s h a l e ground w a t e r ) . On the b a s i s of these r e s u l t s , i t was 
concluded t h a t d i s s o l v e d - o x y g e n c o n c e n t r a t i o n was not a s i g n i f i 
c ant f a c t o r i n the time s c a l e o f t h i s s t u d y ; t h i s c o n c l u s i o n was 
c o r r o b o r a t e d by the g e n e r a l independence of the s p e c i a t i o n r e s u l t s 
from i n i t i a l o x i d a t i o n s t a t e of the added p l u t o n i u m . 

L e a c h i n g s p e c i a t i o n s t u d i e s were accomplished u s i n g 5-mm 
b o r o s i l i c a t e g l a s s cubes ( B a t t e l l e f o r m u l a t i o n 80-207, whose com
p o s i t i o n i s g i v e n i n T able I I ) c o n t a i n i n g 0.04 weight p e r c e n t 
P l u t o n i u m (93.8% Pu-239, 5.3% Pu-240, 0.4% Pu-241). A l l l e a c h i n g 
experiments were conducted u s i n g the B a t t e l l e s t a t i c l e a c h t e s t 
MCC-1 procedure w i t h two m o d i f i c a t i o n s : Only two temperatures, 
25°C and 90°C, were used, and the sampling p e r i o d s were 7, 30, 90, 
and 180_days. To meet the r e q u i r e d s u r f a c e area/volume r a t i o s of 
0.01 mm 1 , we used t h r e e cubes (each of 150-mm2 s u r f a c e area) and 
45 mL of ground water; these were c o n t a i n e d i n t i g h t l y capped 
S a v i l l e x (9) T e f l o n j a r s . (Weight l o s s e s due to e v a p o r a t i o n 
averaged l e s s than one p e r c e n t , even a f t e r 180 days a t 90°C). 
A f t e r t h e s t i p u l a t e d l e a c h i n g p e r i o d , the waters were sampled 
b e f o r e and a f t e r f i l t r a t i o n through 0.05 urn Nuclepore f i l t e r s and 
the o x i d a t i o n - s t a t e d i s t r i b u t i o n of p l u t o n i u m i n the f i l t r a t e s 
was determined as f o l l o w s : PrF3 c a r r i e r p r e c i p i t a t i o n f o r P u ( I I I ) 
and ( I V ) , P r F 3 p r e c i p i t a t i o n f o l l o w i n g NaHS03 r e d u c t i o n f o r 
t o t a l p l u t o n i u m , and t h e n o y l t r i f l u o r o a c e t o n e (TTA) e x t r a c t i o n 
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T a b l e I I Composition of B o r o s i l i c a t e G l a s s 

Component Weight P e r c e n t 

A 1 2 0 3 
3.65 

B 2 0 3 9.74 
BaO 0.14 
CaO 10.44 
CuO 2.17 
F e 2 0 3 10.12 
K 2 0 1.97 
L i 2 0 1.89 
MgO 3.18 
Na 20 7.27 
P2O5 2.00 
S i 0 2 39.81 
SrO 0.07 
T i 0 2 4.75 
ZnO 0.29 
Z r 0 2 1.09 
P u 0 2 0.04 

f o r Pu(IV) ( 1 0 ) . Plutonium(V) and (IV) c o n c e n t r a t i o n s were c a l c u 
l a t e d by s u b t r a c t i n g t h e P u ( I I I ) and (IV) c o n c e n t r a t i o n s from the 
t o t a l p l u t o n i u m c o n c e n t r a t i o n s . I n a d d i t i o n , the g l a s s cubes i n 
each c o n t a i n e r were washed w i t h 0.1 M HCIO^ and the r e s u l t i n g 
s o l u t i o n s were a n a l y z e d t o determine the amount of sorbed p l u t o 
nium. Because the p l u t o n i u m was not i s o t o p i c a l l y pure the g l a s s 
c o n t a i n e d a s m a l l amount of americium, a l l p l u t o n i u m a n a l y s e s 
r e q u i r e d anion-exchange p u r i f i c a t i o n f o l l o w e d by r a d i o m e t r i c a n a l 
y s i s or a l p h a s p e c t r o m e t r y , as d e s c r i b e d p r e v i o u s l y ( 1 1 ) . 

I n t he s i n g l e - p h a s e s p e c i a t i o n s t u d i e s , s m a l l a l i q u o t s of 
plutonium-239 s t o c k s o l u t i o n i n 0.5 M p e r c h l o r i c a c i d were added 
to measured volumes of each u n f i l t e r e d ground water to a c h i e v e 
p l u t o n i u m c o n c e n t r a t i o n s of a p p r o x i m a t e l y 10 9 M. The r e s u l t i n g 
s o l u t i o n s were p l a c e d i n S a v i l l e x T e f l o n j a r s and t i g h t l y capped. 
A f t e r p e r i o d s of 1, 3, 7, 17, and 30 days, the s o l u t i o n s were a g i 
t a t e d and samples were withdrawn and a n a l y z e d f o r p l u t o n i u m both 
b e f o r e and a f t e r f i l t r a t i o n through 0.05-ym Nuclepore p o l y c a r b o n 
a t e f i l t e r s . The f i l t e r e d samples were a l s o s p e c i a t e d by P r F 3 

c a r r i e r p r e c i p i t a t i o n and TTA e x t r a c t i o n as d e s c r i b e d above. A l l 
p l u t o n i u m s o l u t i o n s were a n a l y z e d r a d i o m e t r i c a l l y by a l p h a count
i n g . To a s s e s s the e f f e c t of i n i t i a l o x i d a t i o n s t a t e , s e p a r a t e 
s e t s of experiments were r u n u s i n g p l u t o n i u m s o l u t i o n i n the r e 
duced [ ( I I I ) and ( I V ) ] and o x i d i z e d [(V) and ( V I ) ] s t a t e s . A l s o , 
a l l experiments were r u n a t 25°C and 90°C t o determine the e f f e c t 
of temperature. Thus, t h e r e were f o u r s e t s of runs designed to 
e v a l u a t e the e f f e c t s of i n i t i a l o x i d a t i o n s t a t e and temperature; 
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each was r u n i n d u p l i c a t e and the r e s u l t s were averaged. The 
p r e c i s i o n of d u p l i c a t e s and the a d d i t i v i t y of v a r i o u s f r a c t i o n s 
suggest t h a t the d a t a a r e a c c u r a t e to w i t h i n about 15 p e r c e n t . 

G l a s s Leach S p e c i a t i o n R e s u l t s 

S p e c i a t i o n of p l u t o n i u m l e a c h e d from the g l a s s cubes i s shown 
i n F i g u r e 1. The f i r s t bar r e p r e s e n t s the t o t a l amount of i n s o l 
u b l e p l u t o n i u m and i s the summation of suspended p l u t o n i u m (the 
d i f f e r e n c e between the v a l u e s f o r f i l t e r e d and u n f i l t e r e d waters) 
and sorbed p l u t o n i u m — v i z . , the amount removed from the cubes by a 
0.1 M p e r c h l o r i c a c i d wash, n o r m a l i z e d t o the volumes of l e a c h a n t 
s o l u t i o n s so t h a t i t i s comparable to the o t h e r v a l u e s i n the 
graphs. For s i m p l i c i t y , t h e i n s o l u b l e f r a c t i o n s a r e combined i n 
one b a r , whereas the v a r i o u s o x i d a t i o n s t a t e s i n the s o l u b l e 
f r a c t i o n a r e r e p r e s e n t e d by s e p a r a t e b a r s . I t s h o u l d be noted 
t h a t the o r d i n a t e s c a l e v a r i e s among the graphs. 

The most s t r i k i n g f e a t u r e of these r e s u l t s i s the much g r e a t 
er l e a c h i n g of p l u t o n i u m by the b a s a l t ground water a t 90°C com
pared t o any o t h e r water a t e i t h e r temperature a f t e r 180 days; the 
c o n c e n t r a t i o n of p l u t o n i u m i n b a s a l t water exceeded t h a t i n t u f f 
ground water, the second most e f f e c t i v e l e a c h a n t , by a f a c t o r of 
a p p r o x i m a t e l y e i g h t . Reference to Table I shows t h a t b a s a l t 
ground water has by f a r the h i g h e s t f l u o r i d e c o n c e n t r a t i o n , f o l 
lowed by the t u f f w a ter, and on t h i s b a s i s we conclude t h a t 
f l u o r i d e has a g r e a t i n f l u e n c e on the l e a c h i n g of p l u t o n i u m from 
waste g l a s s . T h i s c o n c l u s i o n i s not s u r p r i s i n g i n v i ew of the 
well-known a b i l i t y of f l u o r i d e t o a t t a c k g l a s s ; i n f a c t , among a l l 
the g l a s s cubes used i n t h i s s t u d y , o n l y those i n b a s a l t water 
were v i s i b l y etched. However, i t i s obvious t h a t o t h e r l e s s po
t e n t f a c t o r s a r e a l s o i n v o l v e d , inasmuch as the t h i r d g r e a t e s t 
degree o f l e a c h i n g o c c u r r e d i n d e i o n i z e d water, which should have 
the l o w e s t f l u o r i d e c o n c e n t r a t i o n of a l l . Shale ground water had 
the l o w e s t p l u t o n i u m c o n c e n t r a t i o n a f t e r 180 days a t 90°C, an 
o b s e r v a t i o n t h a t i s c o n s i s t e n t w i t h the i n a b i l i t y of t h i s water 
t o s o l u b i l i z e p l u t o n i u m i n the s i n g l e - p h a s e experiments d e s c r i b e d 
below. T h i s water i s a l s o unique among those s t u d i e d i n b e i n g a 
more e f f e c t i v e l e a c h a n t a t 25°C than at 90°C. 

I t i s i n s t r u c t i v e to compare the 90°C dat a a f t e r 180 days 
u s i n g as a b a s i s of comparison the r e s u l t s i n d e i o n i z e d water, 
which s h o u l d c o n t a i n no complexing agents and no d i s s o l v e d 
s p e c i e s t h a t can a t t a c k g l a s s . The h i g h e r degree of l e a c h i n g i n 
b a s a l t and t u f f ground waters r e f l e c t s t h e i r h i g h e r f l u o r i d e i o n 
c o n c e n t r a t i o n s . The two ground waters c o n t a i n i n g low f l u o r i d e 
c o n c e n t r a t i o n s a r e l e s s e f f e c t i v e l e a c h a n t s than d e i o n i z e d w ater, 
s u g g e s t i n g t h a t they may c o n t a i n d i s s o l v e d i o n s capable of 
p a s s i v a t i n g the g l a s s s u r f a c e . The r e l a t i v e l e a c h i n g e f f e c t i v e 
ness of s h a l e , g r a n i t e , and d e i o n i z e d water shows an i n v e r s e q u a l 
i t a t i v e dependence on sodium and magnesium c o n c e n t r a t i o n s , which 
c o u l d be s i g n i f i c a n t , but the d a t a do not permit a d e f i n i t e 
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c o n c l u s i o n t h a t these i o n s i n h i b i t l e a c h i n g . I n any case, the 
r e s u l t s i n d i c a t e the hazard o f a t t e m p t i n g to p r e d i c t ground water 
l e a c h i n g b e h a v i o r from d a t a o b t a i n e d w i t h d e i o n i z e d water. 

R e s u l t s of t h e l e a c h i n g experiments at 25°C are more d i f f i 
c u l t t o i n t e r p r e t . B a s a l t ground water i s not the most e f f e c t i v e 
l e a c h i n g agent; nor i s s h a l e the l e a s t e f f e c t i v e . I t appears t h a t 
a t the lower temperature f l u o r i d e p l a y s a minor r o l e and o t h e r , 
l e s s o b v i o u s , f a c t o r s predominate. Some of the d i f f e r e n c e s c o u l d 
r e s u l t from k i n e t i c e f f e c t s . T h i s i s a c o n t i n u i n g study w i t h 
f u r t h e r sampling scheduled a t s t i l l l o n g e r time p e r i o d s , so i t i s 
p o s s i b l e t h a t l a t e r r e s u l t s w i l l h e l p c l a r i f y the 25°C d a t a . 

P e r u s a l of the i n s o l u b l e p l u t o n i u m c o n c e n t r a t i o n s a t 90°C 
i n d i c a t e s t h a t they p a r a l l e l the s o l u b l e c o n c e n t r a t i o n s w i t h o u t 
e x c e p t i o n . Moreover, suspended p l u t o n i u m c o n c e n t r a t i o n s g r e a t l y 
exceed the sorbed v a l u e s i n every case. These o b s e r v a t i o n s 
suggest the p o s s i b i l i t y t h a t the "sorbed" p l u t o n i u m i s a c t u a l l y a 
p a r t i a l l y s o l u b i l i z e d s p e c i e s t h a t i s i n t e r m e d i a t e between p l u t o 
nium i n the m a t r i x and t h a t i n s o l u t i o n , r a t h e r than p l u t o n i u m 
t h a t has been d i s p e r s e d (or d i s s o l v e d ) i n t o the water phase, 
h y d r o l y z e d , and sorbed onto the g l a s s s u r f a c e i n c o l l o i d a l form. 
The next s t e p i n t h i s sequence presumably would be d i s p e r s a l of 
t h i s "sorbed" p l u t o n i u m i n t o the water, where some of i t would 
u l t i m a t e l y d i s s o l v e . The d a t a o b t a i n e d i n t h i s study do not p e r 
m i t any m e a n i n g f u l c o n c l u s i o n s r e g a r d i n g mechanism, but i t i s 
i n t e r e s t i n g t h a t the sorbed p l u t o n i u m c o n c e n t r a t i o n was o f t e n 
r e l a t i v e l y g r e a t e r a t the s h o r t e r time p e r i o d s — p a r t i c u l a r l y a t 
25°C—whereas the suspended f r a c t i o n predominated a t l o n g e r t i m e s , 
as would be expected i f t h i s mechanism were c o r r e c t . On the o t h e r 
hand, i t i s not c o n s i s t e n t w i t h the r e p o r t e d p l a t e a u s i n l e a c h 
r a t e s a f t e r an i n i t i a l p e r i o d of r e l a t i v e l y r a p i d l e a c h i n g , 
presumably because of f o r m a t i o n of a d i f f i c u l t l y s o l u b l e c o a t i n g 
on the g l a s s s u r f a c e . Perhaps l a t e r d a t a w i l l be u s e f u l i n 
r e s o l v i n g t h i s q u e s t i o n . 

S i n g l e - P h a s e S p e c i a t i o n R e s u l t s 

The r e s u l t s f o r ground waters c o n t a i n i n g added p l u t o n i u m 
s o l u t i o n a r e d e s c r i b e d i n d e t a i l (12) elsewhere, and hence w i l l 
o n l y be summarized here. P l u t o n i u m b e h a v i o r v a r i e d g r e a t l y among 
these w a t e r s , w i t h s o l u b i l i t y h i g h e s t i n the b a s a l t water and 
lowest i n the s h a l e ground water, and these t r e n d s g e n e r a l l y p r e 
v a i l r e g a r d l e s s of temperature or i n i t i a l o x i d a t i o n s t a t e of the 
pl u t o n i u m . (The b e h a v i o r of p l u t o n i u m i n the g r a n i t e , t u f f , and 
d e i o n i z e d waters i s i n t e r m e d i a t e between these extremes, and w i l l 
not be d i s c u s s e d . ) Reference t o Table I i n d i c a t e s t h a t the b a s a l t 
and s h a l e ground waters a l s o have the most h i g h l y d i v e r g e n t chem
i c a l c o m p o s i t i o n s . The s h a l e ground water had the h i g h e s t a l k a 
l i n i t y , t he h i g h e s t s u l f a t e c o n c e n t r a t i o n and the lowest f l u o r i d e 
c o n c e n t r a t i o n , w h i l e the b a s a l t ground water had the h i g h e s t 
f l u o r i d e c o n c e n t r a t i o n , a much lower s u l f a t e c o n c e n t r a t i o n , a 
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lower a l k a l i n i t y , and a pH 0 . 9 u n i t h i g h e r than the s h a l e water. 
The e f f e c t s of each of these parameters on p l u t o n i u m s p e c i a t i o n 
were e v a l u a t e d i n a s e p a r a t e s e r i e s of experiments, o t h e r pos
s i b l e f a c t o r s were a l s o i n v e s t i g a t e d . 

The s i m i l a r i t y o f r e s u l t s u s i n g u n f i l t e r e d and p r e - f i l t e r e d 
( through a 0.05-ym f i l t e r ) s h a l e ground water i n d i c a t e d t h a t s o r p 
t i o n on p r e - e x i s t i n g p a r t i c u l a t e s was not o c c u r r i n g i n t h i s water. 
S e v e r a l experiments, i n which the i o n i c s t r e n g t h s of d e i o n i z e d 
water and b a s a l t ground water were i n c r e a s e d to t h a t of s h a l e 
ground water by the a d d i t i o n of NaCl w i t h o u t any a p p r e c i a b l e 
change i n p l u t o n i u m s p e c i a t i o n , e l i m i n a t e d i o n i c s t r e n g t h per se 
as a s i g n i f i c a n t i n f l u e n c e . 

To determine the e f f e c t of the pH d i f f e r e n c e between the 
b a s a l t and s h a l e ground w a t e r s , the pH of a sample of the l a t t e r 
was i n c r e a s e d from i t s normal v a l u e to 9 .3 (the pH of the b a s a l t 
water) w i t h NaOH s o l u t i o n , whereas HC1 was used to decrease the 
b a s a l t water pH t o t h a t of the s h a l e ground water. There was no 
s i g n i f i c a n t change i n p l u t o n i u m s o l u b i l i t i e s i n e i t h e r water com
pared t o t h e c o r r e s p o n d i n g unadjusted ground w a t e r s ; we t h e r e f o r e 
conclude t h a t pH had no i n f l u e n c e w i t h i n the range encountered i n 
t h i s i n v e s t i g a t i o n . 

S u l f a t e and f l u o r i d e c o n c e n t r a t i o n s were shown to be the 
prime d e t e r m i n a n t s of p l u t o n i u m b e h a v i o r , w i t h s u l f a t e d e c r e a s i n g 
i t s s o l u b i l i t y and f l u o r i d e i n c r e a s i n g i t . These e f f e c t s were 
demonstrated most d r a m a t i c a l l y i n an experiment i n which the s u l 
f a t e c o n c e n t r a t i o n of s h a l e ground water was decreased from 2,000 
to <5 mg/L by p r e c i p i t a t i o n of BaSO^, and s u c c e s s i v e amounts of 
f l u o r i d e were added t o a t t a i n a f i n a l c o n c e n t r a t i o n comparable to 
t h a t i n b a s a l t ground water. P l u t o n i u m s o l u b i l i t y i n c r e a s e d w i t h 
removal of s u l f a t e and w i t h i n i t i a l a d d i t i o n of f l u o r i d e ; f u r t h e r 
a d d i t i o n s had l i t t l e e f f e c t , s u g g e s t i n g the e x i s t e n c e of a t h r e s h 
o l d v a l u e above which f u r t h e r i n c r e a s e s of f l u o r i d e have minor 
i n f l u e n c e . S u l f a t e p r o b a b l y lowers s o l u b i l i t y by enhancing coag
u l a t i o n o f p l u t o n i u m c o l l o i d s . I n t h i s experiment, p r e c i p i t a t i o n 
of BaSO^ a l s o r e s u l t e d i n a decrease i n a l k a l i n i t y by a f a c t o r of 
t h r e e because of the p r e c i p i t a t i o n of BaC03. The experiment was 
rep e a t e d w i t h the a d d i t i o n of NaHC03 to r e s t o r e the carbonate con
c e n t r a t i o n t o i t s i n i t i a l v a l u e . S i n c e the r e s u l t s d i d not change 
a p p r e c i a b l y , we conclude t h a t p l u t o n i u m s p e c i a t i o n i n these ground 
waters i s l a r g e l y independent of c a r b o n a t e - b i c a r b o n a t e c o n c e n t r a 
t i o n w i t h i n t he range encountered i n t h i s s t u d y , a l t h o u g h a t 
h i g h e r c o n c e n t r a t i o n s i t c o u l d indeed have an i n f l u e n c e . 

The e f f e c t o f f l u o r i d e was f u r t h e r demonstrated by the 
i n c r e a s e i n p l u t o n i u m s o l u b i l i t y i n d e i o n i z e d water from about 
11 p e r c e n t t o e s s e n t i a l l y 100 per c e n t by a d d i t i o n of s u f f i c i e n t 
NaF t o r a i s e the f l u o r i d e c o n c e n t r a t i o n to t h a t of b a s a l t ground 
water. I t i s l i k e l y t h a t the enhanced s o l u b i l i t y of p l u t o n i u m i n 
waters c o n t a i n i n g h i g h f l u o r i d e c o n c e n t r a t i o n s i s the r e s u l t of 
s t a b i l i z a t i o n o f Pu(IV) i n s o l u t i o n by f o r m a t i o n of f l u o r i d e 
complexes. N o r m a l l y Pu(IV) i s the l e a s t s o l u b l e of the f o u r 
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common o x i d a t i o n s t a t e s , but i t s s o l u b i l i t y i n c r e a s e s i n the 
presence of s t r o n g complexing agents. I t i s s i g n i f i c a n t t h a t 
a p p r e c i a b l e c o n c e n t r a t i o n s o f Pu(IV) a r e found o n l y i n the b a s a l t 
ground water ru n s . 

I n the presence of h i g h c o n c e n t r a t i o n s of both s u l f a t e and 
f l u o r i d e , the s p e c i a t i o n r e s u l t s are somewhat more d i f f i c u l t t o 
i n t e r p r e t . G e n e r a l l y , the e f f e c t of f l u o r i d e predominates over 
t h a t of s u l f a t e , but not always. I n d e i o n i z e d water c o n t a i n i n g 
added f l u o r i d e and s u l f a t e t o eq u a l the c o n c e n t r a t i o n s of these 
two anions i n b a s a l t and s h a l e ground w a t e r s , r e s p e c t i v e l y , 
e s s e n t i a l l y a l l t he p l u t o n i u m was s o l u b l e — s i m i l a r to i t s b e h a v i o r 
i n d e i o n i z e d water c o n t a i n i n g o n l y added f l u o r i d e . A l s o , a d d i t i o n 
of sodium s u l f a t e t o b a s a l t ground water to i n c r e a s e i t s concen
t r a t i o n t o t h a t of s h a l e ground water had no a p p r e c i a b l e e f f e c t on 
plu t o n i u m s o l u b i l i t y . 

On the o t h e r hand, i n c r e a s i n g the f l u o r i d e c o n c e n t r a t i o n of 
s h a l e ground water t o t h a t of b a s a l t water i n c r e a s e d p l u t o n i u m 
s o l u b i l i t y by o n l y a n e g l i g i b l e amount, l e a d i n g t o the c o n c l u s i o n 
t h a t another f a c t o r b e s i d e s f l u o r i d e and s u l f a t e c o n c e n t r a t i o n s 
was i n v o l v e d . To i n v e s t i g a t e the i n f l u e n c e of a l k a l i n e e a r t h i o n s 
i n l o w e r i n g the f r e e f l u o r i d e i o n c o n c e n t r a t i o n , an experiment was 
conducted i n which Na 2 S O i + , MgCl2, and CaCl2 were added to b a s a l t 
ground water to i n c r e a s e i t s s u l f a t e , magnesium, and c a l c i u m con
c e n t r a t i o n s t o those of s h a l e ground water. The r e s u l t was a 
r e d u c t i o n of p l u t o n i u m s o l u b i l i t y from 100 percent to 70 p e r c e n t , 
i n d i c a t i n g t h a t a l k a l i n e e a r t h i o n s have an e f f e c t , but t h a t they 
a l o n e cannot account f o r the observed b e h a v i o r . I t i s p o s s i b l e 
t h a t o t h e r p o l y v a l e n t c a t i o n s a r e i n v o l v e d i n r e d u c i n g the f r e e 
f l u o r i d e i o n c o n c e n t r a t i o n . 

Comparison of R e s u l t s i n the Two Systems 

Three p r i n c i p a l c o n d i t i o n s i n the l e a c h i n g s t u d i e s d i f f e r e d 
markedly from those i n the s i n g l e - p h a s e s t u d i e s : 

1. A p r a c t i c a l l y u n l i m i t e d source of p l u t o n i u m was p r e s e n t , 
so t h a t i t s c o n c e n t r a t i o n i n s o l u t i o n ( d i s s o l v e d or 
o t h e r w i s e d i s p e r s e d ) c o u l d , a t l e a s t i n t h e o r y , i n c r e a s e 
c o n t i n u o u s l y w i t h time u n t i l a s t e a d y - s t a t e s i t u a t i o n was 
reached. 

2. Ground-water c o m p o s i t i o n would be a l t e r e d by the g l a s s , 
e i t h e r by two-phase c h e m i c a l r e a c t i o n s o r , more l i k e l y , 
by l e a c h i n g of g l a s s components. I n p a r t i c u l a r , r e l a 
t i v e l y h i g h c o n c e n t r a t i o n s of d i s s o l v e d and c o l l o i d a l 
s i l i c a would be expected. 

3. The g l a s s phase f u r n i s h e d an a c t i v e s u r f a c e f o r the 
p o s s i b l e d e p o s i t i o n of d i s p e r s e d p l u t o n i u m s p e c i e s . 

Because of these d i f f e r e n c e s , i t i s not s u r p r i s i n g t h a t 
s p e c i a t i o n d i f f e r s s i g n i f i c a n t l y i n the two systems. The c o n t r a s t 
i n o x i d a t i o n - s t a t e d i s t r i b u t i o n s between the s i n g l e - p h a s e s t u d i e s 
and the l e a c h i n g experiments i s noteworthy. I n the l a t t e r , 
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p l u t o n i u m ( I V ) was the s i n g l e most abundant o x i d a t i o n s t a t e , 
whereas i n the s i n g l e - p h a s e s t u d i e s i t s c o n c e n t r a t i o n was i n s i g 
n i f i c a n t i n a l l but t h e b a s a l t ground water. T h i s o b s e r v a t i o n 
suggests t h a t s p e c i e s l e a c h e d from the g l a s s were a b l e to s t a b i l 
i z e t e t r a v a l e n t p l u t o n i u m ; r e f e r e n c e to the g l a s s c o m p o s i t i o n i n 
T a b l e I I suggests t h a t o n l y s i l i c a c o u l d have t h i s e f f e c t . I t i s 
p o s s i b l e , t h e r e f o r e , t h a t t h e c o a g u l a t i o n and p r e c i p i t a t i o n of 
p l u t o n i u m ( I V ) polymer was i n h i b i t e d by i t s s o r p t i o n onto sub-
c o l l o i d a l s i l i c a p a r t i c l e s s m a l l enough to pass through a 0.05-ym 
f i l t e r . 

The a b i l i t y of p o l y v a l e n t c a t i o n s leached from the g l a s s to 
suppress the f r e e - f l u o r i d e i o n c o n c e n t r a t i o n i n b a s a l t ground 
water i s d i f f i c u l t t o a s s e s s . F l u o r i d e d e f i n i t e l y enhances 
l e a c h i n g and i s the p r i m a r y cause of the h i g h c o n c e n t r a t i o n s of 
d i s s o l v e d p l u t o n i u m i n the b a s a l t ground-water l e a c h a t e . Once the 
p l u t o n i u m i s d i s s o l v e d , however, i t i s not p o s s i b l e t o determine 
what f r a c t i o n i s s t a b i l i z e d by f l u o r i d e as opposed to o t h e r 
s p e c i e s l e a c h e d from the g l a s s . 

A l t h o u g h t h e r e a r e some obvious d i f f e r e n c e s i n p l u t o n i u m 
s p e c i a t i o n i n the s i n g l e - p h a s e s t u d i e s and i n the l e a c h i n g 
s t u d i e s , t h e r e a r e a l s o s i g n i f i c a n t p a r a l l e l s t h a t can be summar
i z e d i n s e v e r a l c o n c l u s i o n s . The i n f l u e n c e of f l u o r i d e i s obvious 
i n enhancing the g l a s s l e a c h i n g , and i n s t a b i l i z i n g p l u t o n i u m i n 
s o l u t i o n once i t has d i s s o l v e d . I n f a c t , f l u o r i d e seems to be 
e s p e c i a l l y i m p o r t a n t i n l e a c h i n g , as can be seen i n the d a t a f o r 
t u f f ground water. Even though the f l u o r i d e i n t u f f water was 
i n s u f f i c i e n t t o s t a b i l i z e p l u t o n i u m ( I V ) and enhance i t s s o l u b i l i t y 
i n the s i n g l e - p h a s e experiments, i t d i d c o n t r i b u t e to the r e l a 
t i v e l y h i g h l e a c h i n g performance of t h i s water. Thus, the 
n e c e s s i t y f o r m i n i m i z i n g p l u t o n i u m m o b i l i t y m i t i g a t e s a g a i n s t 
c h o o s i n g h o s t r o c k s whose a s s o c i a t e d ground water c o n t a i n s even 
moderate c o n c e n t r a t i o n s of f l u o r i d e i o n . 

The e f f e c t o f s u l f a t e i n i m m o b i l i z i n g p l u t o n i u m , so p r o 
nounced i n the s i n g l e - p h a s e s t u d i e s , i s more s u b t l e i n the l e a c h 
i n g e x p e r i m e n t s , but s t i l l appears to be p r e s e n t , p a r t i c u l a r l y 
a t h i g h e r temperatures. Hence, presence of t h i s i o n i n r e l a t i v e l y 
h i g h c o n c e n t r a t i o n s i n ground water o f t e n has the d e s i r a b l e e f f e c t 
of d e c r e a s i n g p l u t o n i u m s o l u b i l i t y . The r e s u l t s a l s o suggest t h a t 
some d i s s o l v e d s p e c i e s — p o s s i b l y sodium and magnesium—can 
p a s s i v a t e the g l a s s s u r f a c e and hence r e t a r d p l u t o n i u m l e a c h 
a b i l i t y . 

The wide v a r i a t i o n between d i f f e r e n t ground waters i n both 
s e t s of experiments emphasizes the n e c e s s i t y of u s i n g a c t u a l 
ground waters i n a l l l a b o r a t o r y s t u d i e s , s i n c e the observed 
p l u t o n i u m b e h a v i o r i s " g r o u n d - w a t e r - s p e c i f i c 1 1 . Moveover, these 
r e s u l t s r e i n f o r c e the s u g g e s t i o n made elsewhere (12) t h a t ground
water c h a r a c t e r i z a t i o n s h o u l d be i n c l u d e d as a v i a b l e r e p o s i t o r y 
s i t e - s e l e c t i o n c r i t e r i o n . 
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Present Status and Future Directions of 
Plutonium Process Chemistry 
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Golden, CO 80401 

WALLACE W. SCHULZ—Rockwell Hanford Operations, Richland, WA 99352 

An overview is given of plutonium process chemistry 
used at the U. S. Department of Energy Hanford, Los 
Alamos National Laboratory, Rocky Flats, and Savannah 
River sites, with particular emphasis on solution 
chemistry involved in recovery, purification, and 
waste treatment operations. By extrapolating from 
the present system of processes, this paper also 
attempts to chart the future direction of plutonium 
process development and operation. Areas where a 
better understanding of basic plutonium chemistry 
will contribute to development of improved processing 
are indicated. 

Large-scale plutonium recovery/processing fac i l i t ies origi
nated at Los Alamos and Hanford as part of the Manhattan Project 
in 1943. Hanford Operations separated plutonium from irradiated 
reactor fuel, whereas Los Alamos purified plutonium, as well as 
recovered the plutonium from scrap and residues. In the 1950's, 
similar processing faci l i t ies were constructed at Rocky Flats 
and Savannah River. 

A limited overview of the process chemistry used at these 
sites is presented. This paper will also attempt to bridge, at 
least partly, the gap between ongoing fundamental plutonium 
research and development and applied technology needs. We 
believe it is important to bridge this gap, since a continuous 
flow of knowledge about plutonium chemistry from academic and 
government laboratories to the plant is necessary and beneficial 

0097-615 6/ 83/0216-0349$06.00/0 
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in motivating and stimulating fundamental research and develop
ment studies. The research and development areas indicated in 
this paper are representative, we feel, of those where fundamen
tal research and development can make a timely and substantial 
contribution. Our hope is that at least some of our suggestions 
will be pursued. 

Plutonium Processing at Los Alamos 

Plutonium metal is prepared by two methods--direct reduc
tion of the oxide by calcium (DOR) (1_,2_), and reduction of PuF^ 
by calcium in our metal preparation line (MPL)(_3) (see 
Figure 1). In the DOR process, the plutonium content of the 
reduction slag is so low that the slag can be sent to retriev
able storage without further processing. Metal buttons that are 
produced are no purer than the oxide feed and/or the calcium 
chloride salt. Los Alamos purifies the buttons by electrorefin-
ing(4-,j>), yielding metal rings that are >̂  99.96 percent 
plutonium. 

The Los Alamos MPL can accept either plutonium nitrate 
solution or plutonium oxide as feed. If the feed is the nitrate 
solution, then the process steps are: precipitation of 
plutonium peroxide, hydrofluorination of the peroxide to PuF^, 
and reduction of the PuF^ to metal. If the feed is oxide, then 
it is hydrofluorinated to produce PuF4, which is then reduced to 
plutonium metal with calcium metal. This metal usually meets 
the specifications set by the metal fabrication personnel. This 
process is wel1-defined--most parameters are known. 

Los Alamos residue processing yields Pu02 feed that can be 
easily hydrofluorinated. If the oxide has been prepared by 
calcination of the oxalate, then that oxide can be easily 
converted to PuF4, whereas other oxides have poor fluorination 
characteristics. 

Los Alamos has been processing unirradiated plutonium scrap 
since 1944.(6>) Scrap processing is presently being done at the 
new plutonium fac i l i ty , using the flowsheet shown in Figure 2. 
Feed to this system comes from the varied research programs at 
Los Alamos and from other sites through the auspices of the 
Central Scrap Management Office at Savannah River. 

Plutonium Processing at Rocky Flats 

Chemical processing activities involve the recovery of 
plutonium from Rocky Flats Plant scrap, waste materials and 
residues, and effluent streams. The final product of this 
recovery and purification effort is high-purity plutonium metal 
for use in foundry operations. 
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Figure 1. Metal Preparation and Purification at Los Alamos 
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The original plutonium recovery and purification processes 
were adopted from Los Alamos processes in 1950. The processes 
at Rocky Flats are s t i l l similar today, in many respects, to the 
Los Alamos processes. 

Figure 3 shows a flowsheet for plutonium processing at 
Rocky Flats. Impure plutonium metal is sent through a molten 
salt extraction (MSE) process to remove americium. The purified 
plutonium metal is sent to the foundry. Plutonium metal that 
does not meet foundry requirements is processed further, either 
through an aqueous or electrorefining process. The waste 
chloride salt from MSE is dissolved; then the actinides are 
precipitated with carbonate and redissolved in 7M HN03; and 
f inal ly, the plutonium is recovered by an anion exchange 
process. 

Impure plutonium oxide residues are dissolved in 12M HN03-
0.1M_ HF under refluxing conditions, and then the plutonium is 
recovered and purified by anion exchange. Plutonium is leached 
from other residues, such as metal and glass, and is also puri
fied by anion exchange. The purified plutonium eluate from the 
anion exchange process is precipitated with hydrogen peroxide. 
The plutonium peroxide is calcined to the oxide, and the pluto
nium oxide is fluorinated. The plutonium tetrafluoride is 
finally reduced to the metal with calcium. 

Acid waste streams are sent through a nitric acid recovery 
process, and then to a secondary plutonium recovery anion 
exchange process. The acid waste streams are then sent to waste 
treatment. 

Direct oxide reduction (DOR) is presently being tested on 
production equipment. Eventually, i t is hoped to eliminate the 
fluoridation and bomb reduction processes and replace them with 
DOR. 

Plutonium Processing at Hanford 

Irradiated Fuel. A historically important and continuing 
mission at the Hanford site is to chemically process irradiated 
reactor fuel to recover and purify weapons-grade plutonium. 
Over the last 40 years, or so, several processes and p lants -
Bismuth Phosphate, REDOX, and PUREX--have been operated to 
accomplish this mission. Presently, only the Hanford PUREX 
Plant is operational, and although it has not been operated 
since the fal l of 1972, it is scheduled to start up in the early 
1980's to process stored and currently produced Hanford 
-Reactor fuel. Of nine plutonium-production reactors built at 
the Hanford site, only the N-Reactor is s t i l l operating. 
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The following, albeit in very brief fashion, outlines the 
essentials of the technology to be employed in producing pure 
Pu02 from irradiated N-Reactor fuel. Following receipt of the 
fuel in the PUREX Plant, Zircaloy-2 cladding is chemically 
removed by dissolution with boiling NH1+F-NHl+N03 solution 
(Zirflex process). Small amounts of UF^ resulting from attack 
of uranium metal core by the Zirflex process reagent are meta-
thesized to Na2U207 and then dissolved along with unattacked 
uranium metal in HN03. Standard and well-known PUREX process 
technology is practiced to recover, separate, and purify pluto
nium. New equipment has been installed in the Hanford PUREX 
Plant to convert, via plutonium oxalate, the purified Ρυ(Ν0 3 ) 4 

product solution from the third plutonium cycle to Pu02 for 
shipment offsite. Following customary Hanford site practice, 
the denitrated (~0.5-l.0M HN03) PUREX process high-level waste 
(HLW) containing small amounts of plutonium and varying amounts 
of other actinides (Am, Np, and U) will be adjusted to > pH 9 by 
addition of NaOH, and stored in newly constructed underground 
double-shell tanks. 

Current plans for restart of Hanford PUREX Plant call for 
storage of neutralized (pH > 9) spent decladding solution in 
double-shell tanks. Depending upon operating procedures, from 
two to four such tanks (each costing about $10,000,000) will be 
needed to store spent decladdent. (The spent decladdent will 
not, according to present planning, be mixed with alkaline HLW.) 
There is an economic incentive to find inexpensive and safe 
alternative treatment/storage schemes for handling the spent 
decladding solution. Key to such schemes is, as discussed 
subsequently, concentration of plutonium and americium, their 
chemical species in the decladding solution, and a simple method 
for removing them efficiently. 

Plutonium Scrap Processing. In addition to recovering 
plutonium from irradiated reactor fuel, a Plutonium Reclamation 
Facility (PRF)(_7,8J is operated at the Hanford site to recover, 
separate, and purify kilogram amounts of plutonium from a wide 
range of unirradiated scrap materials. A 20 percent TBP-CC14 

solution is used to extract Pu(IV) from HN03-HF-A1(N03)3 

solutions of dissolved scrap. 

Plutonium Processing at Savannah River 

The faci l i t ies at Savannah River(j)) consist of five heavy-
water-moderated and cooled production reactors, two chemical 
separations areas as a heavy water extraction plant, several 
test reactors, reactor fuel and target processing fac i l i t ies , 
the Savannah River Laboratory, and many other faci l i t ies neces
sary to support the operations. During the 1960's, two of the 
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production reactors were shut down and placed in standby condi
tion; one of these is scheduled to start up again in the fal l of 
1983. Two test reactors and the heavy water extraction plant 
have also been shut down. 

Figure 4 il lustrates, in very brief fashion, the essentials 
of the flow of materials from the reactors through the separa
tions area. Depleted uranium targets are processed through the 
F-Area canyon by well-known PUREX process technology.(10-13) 
Enriched uranium fuel elements are processed through the TPArea 
canyon by a modification of the PUREX process.(U_) Irradiated 
neptunium targets are processed through the Η-Area canyon by an 
ion exchange process.(14) 

Following receipt of the irradiated depleted uranium 
targets in the F-Area Separations Area, aluminum cladding is 
chemically removed by dissolution with a NaN03-NaOH solution and 
sent to waste storage. The bare uranium targets are then 
dissolved in boiling 10M HN03. PUREX process technology is used 
to separate and purify both the plutonium and the uranium. The 
uranium solutions are evaporated by successive evaporation 
steps, f irst to U0 2 (N0 3 ) 2 ·6Η 2 0, and then denitrated to U03. The 
plutonium solutions are then concentrated by cation exchange and 
precipitated as PuF3. The precipitate is roasted in an oxygen 
atmosphere to a mixture of -73 mole % PuF^ and 27 mole % Pu02 

before undergoing a calciothermic reduction to plutonium metal 
for shipment offsite. Waste solutions from these processes 
which contain residual plutonium and small amounts of neptunium 
are processed through one of two anion exchange systems to 
recover both the plutonium and neptunium. The waste streams are 
then evaporated, acid stripped, and adjusted to pH > 13 by addi
tion of NaOH before storage in underground double-shell tanks. 

Following receipt of the burned enriched uranium fuel in 
the Η-Area canyon, this aluminum-clad Al-U alloy is dissolved in 
HN03 catalyzed with Hg(N03)2. The dissolver solution is fre
quently blended with dissolved offsite fuels, such as university 
research reactors and HFIR cores from Oak Ridge, before the 
purified uranium and neptunium are separated and purified by a 
modification of the PUREX process. The purified U0 2(N0 3) 2 solu
tion is shipped offsite for conversion to uranium metal. This 
uranium metal is reprepared into fuel tubes for the SRP reac
tors. Since this uranium is repeatedly recycled through the 
reactors, the 2 3 6 U content has grown over the years. The puri
fied neptunium, produced in the fuel tubes by the irradiation of 
the 2 3 6 U , is concentrated by anion exchange, precipitated as an 
oxalate, and calcined to the oxide. This Np02 is then fabri
cated into Al-clad Np02-Al cement targets and returned to the 
reactors to produce 2 5 8 Pu . 
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The irradiated neptunium targets are dissolved in HN03 

catalyzed with Hg(N03)2. The 2 3 7Np and 2 3 8 Pu are then purified 
and partitioned from each other by two cycles of anion 
exchange. Both products are further purified by anion exchange, 
precipitated as oxalate, and calcined to oxide. The purified 
Pu02 is fabricated into heat sources for use in the nation's 
space program. 

The waste streams from the Η-Area processes are evaporated, 
acid-stripped, and adjusted to pH > 13 by addition of NaOH 
before storage in underground double-shell tanks. 

In addition to fuel and targets(_15,16) from SRP reactors, 
SRP also reprocesses a wide variety oT~ fuels from offsite 
research reactors and a wide range of unirradiated plutonium 
scrap materials.(JJ) Following customary Savannah River prac
tice, in it ia l processing of each offsite material is designed to 
transform the actinides to a solution that is compatible with 
one of the solvent extraction cycles in either of the separa
tions areas. A major advantage of this practice is that the 
uranium and plutonium isotopes can be blended over a wide 
range. Since the actinide can be introduced to the mainline 
process at several different points, a greater range of contami
nants can be handled by routine operations. This simplifies 
many of the init ia l purification steps over the steps that would 
be necessary i f only one entry point was available. 

Applied Plutonium Technology Needs - Unirradiated Plutonium 
Scrap and Waste 

DOR Processing of High-Grade Plutonium Scrap. Numerous 
700-g P u U 2 reductions have been performed at Los Alamos; Rocky 
Flats is also testing DOR in its production equipment. However, 
the exact chemical mechanism for the DOR reaction has not yet 
been fully characterized. Research and development need to be 
done to transform this from a batch process to a continuous 
process. Also, the plutonium metal product is contaminated not 
only with the impurities in the Pu02 feed, but also with the 
impurities in the CaCl2 reaction flux. Research and development 
need to be done on preparing pure CaCl 2 or recycling the 
CaO-CaCl2 slag left after DOR. The CaO possibly could be 
rechlorinated in an inert atmosphere (no C0 2, 0 2 , or H20) and 
thus have a salt free of carbonate. (The presence of carbonate 
leads to metal with a high carbon content; the carbon makes the 
metal have undesirable properties.) 

MSE Processing of High-Grade Plutonium Scrap. Americium is 
removëcl from plutoniurn in à liquid-liquid extraction process 
using molten salt (KC1, NaCl, MgCl2) and molten plutonium metal 
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as the immiscible liquid phases. The salt phase, containing 
most of the americium and some plutonium, is transferred to an 
aqueous process for recovery of americium and plutonium. The 
precipitation of Pu(111) and Am(III) carbonates from dissolved 
MSE residues yields actinide(III) carbonates or hydroxyl 
carbonates. (18̂ ) The physiochemical properties of these 
compounds are needed, as well as an understanding of the soluble 
complexes formed in carbonate solution at high pH. 

Other Pyrochemical Processes. The chemistry of pyrochemi-
cal separation processes is another ferti le area of research; 
e.g., new molten salt systems, scrub alloys, etc.; and the 
behavior of plutonium in these systems. Studies of liquid 
plutonium metal processes should also be explored, such as 
f i l trat ion methods to remove impurities. Since Rocky Flats uses 
plutonium in the metal form, methods to convert plutonium com
pounds to metal and purify the metal directly are high-priority 
research projects. 

Plutonium Oxide Dissolution. All four sites dissolve 
impure PuOo residues in concentrated HN03 (10 to 14M) containing 
HF (<0.3M). Whereas material calcined at temperatures of 
<650°C is fairly easy to dissolve, material calcined at higher 
temperatures (up to 1700°C) becomes an intractable refractory 
oxide. Better methods, which can be scaled to a production 
mode, are needed to convert these refractory oxides to a form 
amenable to reprocessing. Some advances have been made in 
aqueous dissolution, using an electrolytic assist to fluoride 
dissolution, but further chemical and engineering data are 
needed to convert this into a viable production process.(19) 

Other aqueous dissolution media, such as h ŜO ,̂ H3P0i+, and 
HC1, should also be further investigated. Masking agents which 
could be used to control the corrosive nature of these alternate 
dissolution media to stainless steel process equipment should 
also be studied. 

Possible Hydrochloric Acid Processing Plant. The newer 
processes (e.g., DOR, MSE, electrorefining) for purifying un-
irradiated plutonium products and scrap are making use of molten 
chloride salts. These processes generate molten salt residues 
containing substantial amounts of plutonium. Plutonium in these 
residues could be recovered using a HC1 flowsheet. Other scraps 
and products, such as Pu02 residues, could be dissolved in 
HCl-SnCl2 solutions. Study of a complete HC1 processing plant 
should include the processing chemistry and chemical engineering 
of dissolution, separation, purification and waste treatment, 
and materials of construction (glove boxes and process 
equipment). 
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Plutonium Purification Using HNO3 Solutions. Plutonium 
from both low-grade scraps and impure high-grade oxides is 
normally converted into a HNO3 solution before purification and 
precipitation. The purification step may be an anion exchange 
procedure; the precipitation step may use H2O2 or HF. These 
processes are well-defined, that is, most of the parameters are 
known. However, some work should be done in measuring the 
decontamination factors for cations and anions frequently found 
in plutonium nitrate solutions. Ions which are frequently in 
these solutions include Al, Ca, Mg, Am, U, Th, Np, Pb, Fe, Cr, 
Ni, sulfate and oxalate. For example, Los Alamos prepares oxide 
that meets our reactor research technology and approved purity 
and particle specifications using oxalate and peroxide precipi
tation. In these processes, the decontamination factors for 
each of the precipitations need to be determined for the process 
conditions employed. Leary, et a l . (20) reported many 
decontamination factors for certain peroxide precipitations, but 
not for these specific conditions and impurities. Less data 
exist for decontamination factors obtained by oxalate 
precipitations that are made with present conditions. Fuel 
fabricators have specified that the oxide feed to their plant 
must contain less than 15 ppm fluoride, based on plutonium 
content. This indicates a need to know the behavior of the 
fluoride ion during peroxide and oxalate precipitation of 
plutonium from a variety of conditions. The behavior of many 
cations during these precipitations also needs to be studied. 

The complete chemistry of plutonium liquid-to-solid conver
sion processes, especially peroxide and oxalate precipitation, 
should be further studied. Research and development of direct 
thermal denitration methods should also be pursued. 

Los Alamos is processing a wide variety of residues, 
including Pu-Be neutron sources, polystyrene-PuÛ2-U02 blocks, 
incinerator ash, Pu-U alloys and oxides, Pu-Zr alloys and 
oxides, Pu-Np alloys and oxides, Pu-Th alloys and oxides, etc. 
Processes have been developed for these scrap items (see 
Figure 2 ) , but we need to know more about: Pu-Np separations; 
Pu-Th separations; oxalate precipitations for both plus 3 and 
plus 4 valences; valence stabilization; dissolution methods for 
high-fired impure oxides; in-line alpha monitors to measure 
extremely low concentrations of Pu and Am in 7M HNO3 solutions; 
and solubility of various mixtures of PuÛ2 and UO2 under a 
variety of conditions. 

Plutonium Purification Using Solvent Extraction. The 
Hanford Plutonium Reelamation Faci1ity (PRF) uses a 20 percent 
TBP-CCli* solution to extract Pu(IV) from HNO3-HF-AI ( N 0 3 ) 3 solu
tions of dissolved scrap. The final product solution from the 
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strip column contains, typically, 50 gl_~ 1 plutonium. One of the 
more troublesome chemical problems encountered from time to time 
in PRF operations is engendered by disproportionation of Pu(IV) 
to Pu(111) and Pu(VI). Six-valent plutonium is less well 
extracted by TBP than is Pu(IV), while Pu(111) is not extracted 
by TBP. Because of the wide variability in the composition of 
the aqueous feed to the PRF extraction column, unrecognized 
Pu(IV) disproportionation can cause undesirably high plutonium 
losses until necessary empirical flowsheet changes are made. 
This experience emphasizes a need for research to (a) develop a 
useful tool (e.g., nomograph, etc.) to predict quickly and 
reliably the extent of Pu(IV) disproportionation in solvent 
extraction process feed solutions, and (b) i f possible, develop
ment of a reliable on-line instrument to measure concentrations 
of plutonium in (III), (IV), and (VI) oxidation states in feed 
and raffinate solutions. 

Waste Handling for Unirradiated Plutonium Processing. 
Higher capacity, better-performing, and more radiation-resistant 
separation materials such as new ion exchange resins(_21_) and 
solvent extractants, similar to dihexyl-N,N-
diethylcarbamoylmethylphosphonate,(£2) are needed to selectively 
recover actinides from acidic wastes. The application of mem
branes and other new techniques should be explored. 

The chemistry of waste treatment processes and the develop
ment of new processes are fert i le areas of research work. The 
speciation of plutonium in basic and laundry wastes is needed. 
For example, i f soluble plutonium complexes in basic wastes can 
be destroyed, perhaps ultrafiltration could replace the 
f locculent-carrier precipitation process. The chemistry of 
plutonium(VI I) and of ferrites--a candidate waste treatment 
process—needs to be explored. (23) 

Applied Plutonium Technology Needs - Irradiated Plutonium Scrap 
and Waste 

PIutonium-238 Processing. The major problems with the 
reprocessing 07 neptunium targets to recover 2 3 8 Pu is the 
incomplete partitioning of 2 3 7Np and 2 3 8 Pu on the anion exchange 
columns.(14·) This cross-contamination is the result of either 
incomplete valence adjustments or an unwanted valence readjust
ment during the partitioning step. A better understanding of 
oxidation-reduction reaction kinetics and valence states equi l i 
bria as a function of the concentrations of valence adjustment 
chemicals, total plutonium, 2 3 8 Pu , neptunium, and temperature is 
needed. 
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Disproportionation of Pu(IV). There are several needs 
associated with the occurrence, detection, and mitigation of the 
disproportionation of Pu(IV) in applied plutonium recovery/ 
purification procedures. First, there is a great need for much 
more detailed information concerning the effect of typical pro
cess conditions [e.g., temperature, concentration of plutonium, 
hydrogen ion, nitrate ion, nitrite ion, fluoride ion, other 
metal ions (e.g., A l 3 + , Fe 3 + , etc.), etc.] on the occurrence and 
extent of the reaction: 

3Pu 4 + + 2H20 = Pu0 2

2 + + 2Pu 3 + + 4H+ (1) 

Ideally, this information should be made available in the form 
of easy-to-use nomographs or empirical equations which can be 
quickly and rapidly solved on a programmable desk calculator. 
New instrumentation which can be used on an in-line basis to 
analyze process streams for the concentrations of plutonium in 
different oxidation states is also needed. 

Nitrite ion is often used in plutonium solvent extraction 
systems to oxidize Pu(111) to Pu(IV) and to reduce Pu(VI) to 
Pu(IV). But HONO, produced in HN03 media, is extractable into 
TBP-diluent systems and can interfere with subsequent reductive 
stripping of plutonium. There is thus a need to find a reagent 
comparable to nitrite ion in its reactions with Pu(111) and 
Pu(VI), but which does not extract into TBP solutions. 

Disproportionation reactions of Pu(IV) (Equations 1 and 2) 
and Pu(V) (Equation 3) have been known and studied since 
Manhattan Project days.(24,25) 

2Pu 4 + + 2H20 = Pu02

+ + Pu 3 + + 4H+ (2) 

Pu0 2

+ + Pu 4 + = Pu0 2

2 + + Pu 3 + (3) 

The importance of Pu(VI) and Pu(111) as products of the dispro
portionation of both Pu(IV) and Pu(V) is called out by 
Equations 1 and 3. Equations 1 and 2 also indicate the great 
dependence of the disproportionation reactions on acidity. For 
example, at room temperature, measurable disproportionation of 
Pu(IV) occurs at HN03 concentrations below 1.5M, while at 98°C, 
disproportionation of Pu(IV) occurs at HN03 concentrations less 
than 8M. 

Previous studies of the plutonium disproportionation reac
tion have generally, and understandably, emphasized an academic 
approach with simple acid solutions to elucidate fundamental 
plutonium chemistry. These past investigations should provide a 
firm springboard for the more general and advanced research and 
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development we are recommending. The approach developed and 
advocated by Si 1 ver(26-29) for calculating the concentrations of 
plutonium in various oxidation states in aqueous media may prove 
to be a very valuable tool, particularly when it is supplemented 
by comprehensive data for disproportionation in solutions typi
cal of those encountered in industrial-scale processes. 

Spectrophotometry methods for determining concentration of 
Pu ( 111, IV, VI, and "polymer") in nitrate media have been 
reported.(^30) Adaptation of such procedures to routine rapid 
in-line analysis of feed and raffinate solutions may be 
possible. 

We are not able to suggest a suitable reagent to replace 
Η0Ν0 for counteracting disproportionation of Pu(IV) in nitrate 
media. We can only emphasize the benefits to large-scale pluto
nium separation (via TBP extraction) of finding such a reagent. 

Spent Zirflex Process Decladdent. The basic perceived need 
is to devise and develop a simple process for selective and 
efficient removal of plutonium (and 21+1Am) from spent Zirflex 
process decladdent solution. To satisfy this need, it may be 
necessary--or prove beneficial--to determine, by appropriate 
physiochemical methods, the nature of the plutonium (and ameri
cium) species in the decladding solution. Availability of a 
satisfactory transuranium removal scheme may be one of the key 
factors in devising an alternative to storage in expensive 
double-shell tanks for spent Zirflex process solution at the 
Hanford site. 

Swanson,(31J Smith,(32) Phil l ips,{33) and others have 
described many aspects of TFîe Zirflex process but, unfortunate
ly, not the form or charge of plutonium and other actinides in 
spent decladding solution. Presumably, soluble amounts of these 
elements are present as fluoride complexes, but this remains to 
be proven. 

We are not aware of any previous studies of the removal of 
plutonium or americium from (NH^)2ZrF6-NHlfF-NH1+N03 solutions. 
For ready plant-scale application, precipitation, sorption on 
inorganic materials, or batch solvent extraction processes may 
all be satisfactory. An inexpensive inorganic material with 
great selectivity and capacity for sorbing actinides, and with 
suitable hydraulic properties, would be especially attractive. 

High-Level Waste. Hydrated iron oxide (so-called "sludge") 
precipitates when NaOH is added to HLW and carries down almost 
all the plutonium and most of the other actinides in the HLW. 
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From past production operations at Hanford, approximately 100 
old single-shell tanks contain varying amounts of sludge and 
plutonium. 

The exact chemical species of plutonium present in sludge 
in Hanford single-shell tanks is not known; likely candidates 
include either hydrated oxide or polymer, or both. Similarly, 
the size of the precipitated plutonium particles is not known. 
These data are needed in connection with the desire to use 
economically favorable in situ passive neutron activation tech
niques to measure the plutonium content of the Hanford sludge. 
One preferred technique makes use of the reaction 6 3Cu (α,η) 
61+Cu to estimate plutonium content. Sensitivity and calibration 
of this technique is quite dependent upon the chemical 
environment of the alpha-emitting plutonium atoms. Specifi
cally, such factors as the number and type of neighboring atoms 
(e.g., 0, Na, Al, etc.) and the diameter (size) of the plutonium 
species impact the neutron flux, which can activate 6 3Cu to 
6 4 Cu. Experimentation to characterize the nature and properties 
of the plutonium species produced when Hanford Purex HLW is made 
alkaline thus needs to be performed. Such experimentation 
should include effects of aging of sludges at elevated tempera
tures over long ( i.e., years) times. 

That freshly precipitated hydrated iron oxide effectively 
scavenges plutonium (and various other radionuclides) from 
aqueous waste solution has long been known. Plant-scale use is 
made of this chemical fact at Rocky Flats and Los Alamos in-site 
waste management schemes.(3 9̂3b) Sludges produced at the Rocky 
Flats and Los Alamos sites are believed to be closely akin to 
those produced and stored in Hanford single-shell tanks. We are 
not aware of any recent studies to characterize the nature of 
the plutonium solid forms in any plant-produced sludges. Recent 
advances in the availability of sensitive microcharacterization 
equipment (e.g., SEM, STEM, etc.) should enable suitable deter
mination of the nature and properties of plutonium and other 
actinides in sludge. Techniques applied by Milligan and co
workers in characterizing the nature of the amorphous hydrous 
gel which precipitates when ammonia or alkali is added to a 
solution of Am(III), provide a reference point for characteriza
tion of sludge.(36,37) 
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24 
Plutonium Process Chemistry at Rocky Flats 

CHARLES E. BALDWIN and JAMES D. NAVRATIL 

Rockwell International, Rocky Flats Plant, Golden, CO 80401 

An overview is presented of plutonium process chemis
try at Rocky Flats and of research in progress to 
improve plutonium processing operations or to develop 
new processes. Both pyrochemical and aqueous methods 
are used to process plutonium metal scrap, oxide, and 
other residues. The pyrochemical processes currently 
in production include electrorefining, fluorination, 
hydriding, molten salt extraction, calcination, and 
reduction operations. Aqueous processing and waste 
treatment methods involve nitric acid dissolution, 
ion exchange, solvent extraction, and precipitation 
techniques. 

Rocky Flats is a Government-owned and contractor-operated 
facility which originated in 1952. The plant's primary missions 
are metal fabrication, assembly, and chemical processing--with 
emphasis on production-related research and development. 
Chemical processing activities involve the recovery of plutonium 
from Rocky Flats Plant scrap, waste materials and residues, and 
effluent streams. The final product of this recovery and 
purification effort is high-purity plutonium metal for use in 
foundry operations. 

Both pyrochemical and aqueous methods are used at Rocky 
Flats to process plutonium metal scrap, oxide, and other 
residues. The pyrochemical processes currently in production 
include electrorefining, fluorination, hydriding, molten salt 
extraction, calcination, and reduction operations. Aqueous 
processing and waste treatment methods involve nitric acid 
dissolution, ion exchange, solvent extraction, and precipitation 
techniques. A brief overview of the chemistry involved in these 
operations is described. Research to improve these operations, 
or develop new processes, is also presented. 

0097-6156/83/0216-0369$06.00/0 
© 1983 American Chemical Society 
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Plutonium Processing Overview 

Figure 1 shows a simplified flow sheet for plutonium-239 
recovery operations at Rocky Flats. Impure plutonium metal is 
sent through a pyrochemical process, called molten salt extrac
tion (MSE), to remove the elemental impurity americium.* The 
product plutonium metal, if it meets plant purity requirements, 
is sent to the foundry. Metal that does not meet foundry 
requirements is processed further, either through an aqueous 
process using ion exchange, or through a pyrochemical electro-
refining process. The waste chloride salt from MSE is 
dissolved; then the actinides are precipitated with carbonate 
and redissolved in 7M HNO3; finally the plutonium is purified by 
anion exchange. 

Impure plutonium oxide residues are dissolved in 12M HNO3-
0.1M HF under refluxing conditions and then purified by anion 
exchange. Plutonium is leached from other residues, such as 
metal and glass, and is also purified by anion exchange. The 
purified eluate from the anion exchange process is precipitated 
with hydrogen peroxide. The plutonium peroxide is calcined to 
the oxide, and the plutonium oxide is fluorinated. The pluto
nium tetrafluoride is finally reduced to the metal with calcium. 

Acid waste streams are processed through nitric acid 
recovery and then sent to a secondary plutonium recovery process 
which uses anion exchange. Acid, basic, and laundry waste 
streams are sent to waste treatment. A discussion of the 
process steps shown on Figure 1 follows. 

Pyrochemical Processes 

Molten Salt Extraction. MSE has been used very successful
ly at Rocky Flats since 1967 to remove americium from pluto
nium (_1, 2). 

Plutonium, in 2-kg batches, is contacted at 750°C with a molten 
salt of 35 mole % NaCl-35 mole % KC1-30 mole % MgCl2. The MgCl2 

reacts with the americium according to the reaction: 

Am + 3/2 MgCl2 + AmCl3 + 3/2 Mg 

In addition, some plutonium is also lost to the salt as PUCI3. 
A two-step counter-current extraction is used to minimize the 
amount of salt used in the MSE process, reduce plutonium losses 

* Americium grows in the plutonium-239 from the beta decay of 
plutonium-241. 
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to the salt, and achieve the proper level of americium 
removal ( 1_) · 

The spent salt from MSE is currently sent to an aqueous 
dissolution/carbonate precipitation process to recover plutonium 
and americium. Efforts to recover plutonium and americium from 
spent NaCl-KC1-MgCl2 MSE salts using pyrochemistry have been 
partially successful {3). Metallothermic reductions using Al-Mg 
and Zn-Mg alloys have been used in the past to recover plutonium 
and americium, and produce salts which meet plant discard 
limits. Attempts at direct reductions of MSE salts using 
calcium metal have been less successful, with a discardable 
white salt phase, a nondiscardable black salt phase, and l i t t l e 
or no metal produced (3). Until recently, pyrochemical alloy 
products from salt cleanup have not been compatible with other 
plant operations because of the difficulty in removing impuri
t ies, such as aluminum and calcium, from the americium during 
aqueous processing. Development of the CMP process (vide 
infra), which removes these impurities, has renewed the interest 
in pyrochemical recovery of spent MSE salt (£ ) . Other salt 
systems, such as NaCl-CaCl2-MgCl2, will again be investigated 
for MSE. Calcium reductions of CaCl2-based salts have been 
shown to be successful in the past and could lead to a more 
compatible salt system in the future at Rocky Flats for MSE (_3). 

Electrorefining. Impure plutonium metal from MSE and 
Direct Oxide Reduction (DOR) is sent to an electrorefining 
operation ( J 5 ) . In plutonium electrorefining, impure plutonium 
metal is placed in a molten salt electrolyte of equimolar NaCl-
KC1 and 3 mole % MgCl2. Trivalent plutonium ions, required to 
start electrolysis, are generated in situ by the MgCl2 oxidation 
of plutonium metal. The impure pTutonium metal is made anodic 
(positive) and a tungsten electrode is made cathodic (nega
tive). When a direct current is applied, plutonium at the anode 
is anodically dissolved and plutonium metal is deposited at the 
cathode. The chemical basis for plutonium purification during 
electrorefining is the difference in the free energy of forma
tion (-AGf) for the chlorides of plutonium and the impurity 
elements. Elements with values of -AGf smaller than that for 
plutonium will remain in the anode. The transfer of impurities 
is set by the equilibrium distribution coefficient for each 
element partitioning between the molten anode-salt interface and 
the molten piutonium-salt interface at the cathode {3). 

Spent anode residues from electrorefining (which contain 
approximately 20-30 percent of the plutonium fed to the process) 
are either recycled back to electrorefining, or, if high enough 
in impurities, are oxidized and sent to oxide dissolution. The 
spent salt is sent to aqueous dissolution (see Figure 1). 
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2 4 . BALDWIN AND NAVRATIL Pu Process Chemistry 373 

Future work to be done in electrorefining includes evalua
tion of CaCl2-based salts, similar to those considered for use 
in MSE, which will allow direct reduction of plutonium from 
the salts. Past research and development using NaCl-CaCl2-MgCl2 
for electrorefining looked promising. situ reduction of 
plutonium from the salt demonstrated the ability to recover the 
plutonium with the product metal and produce salt meeting the 
plant's discard limits (3). 

The ability to reuse the salt will be investigated. 
Pyrochemical techniques to recover plutonium from spent anode 
heels will also be examined. One technique, called pyroredox 
(vide infra), utilizes ZnCl2 in a diluent salt of 46 mole % 
ΚΤΓΡ54 mole % CaCl2 to oxidize the plutonium to PuCl3 (3). The 
reduced zinc scavenges the impurities and separates From the 
salt. The salt is reduced in a diluent salt of 26 mole % 
KC1-74 mole % CaCl2 to recover the purified plutonium which can 
be returned to electrorefining or, if pure enough, to the 
foundry. Pyroredox is also being investigated as a primary 
operation to purify plutonium, along with electrorefining. 

Pyroredox. This is a three-step plutonium purification 
process (_3). Impure plutonium metal is reacted with ZnCl2 in a 
solvent salt of KCl-CaCl2, as follows: 

Pu + 3/2 ZnCl2 + PuCl3 + 3/2 Zn 

Impurities less chemically reactive than plutonium follow 
the zinc. The salt and zinc are allowed to solidify and are 
separated. The PuCl3, contained in the salt, is reacted with 
calcium, according to the reaction: 

PuCl3 + 3/2 Ca + 3/2 CaCl2 + Pu 

The plutonium reduces and separates from the salt phase. In the 
third step, disti l lation is used to separate the more volatile 
zinc and calcium from the plutonium. 

Pyroredox is currently under development. Several problems 
have been identified and work is underway to overcome these 
obstacles. As mentioned previously, this process has immediate 
application as a primary plutonium purification process and as a 
means to process spent electrorefining anodes for direct recycle 
back to electrorefining. 

Direct Oxide Reduction. Implementation of the DOR process 
into production is currently underway. Plutonium oxide from 
foundry operations, hydriding, and other sources is calcined in 
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air at 800°C to remove any carbon or other volatile impurities. 
This oxide is then reduced by a 25 percent stoichiometric excess 
of calcium in a CaCl2 solvent. The salt-to-oxide ratio, by 
weight, is 4 to 1. The reaction takes place in a MgO crucible 
which is heated to approximately 850°C. Upon cooling to room 
temperature, a well consolidated plutonium product is obtained 
at better than 98 percent recovery, as well as salt and ceramics 
which are well below the plant discard limits. 

Recent development work has been done defining the above 
operating parameters and evaluating a CaCl2-CaF2 salt system. 

Hydriding. A hydride faci l i ty was constructed for recover
ing plutonium, as plutonium hydride, from various types of 
metallic substrates (6). Hydriding does not damage certain 
types of reusable substrates, as does acid leaching. Hydriding 
also eliminates the use of large volumes of leaching acid 
solutions and the need for subsequent removal of plutonium from 
these solutions. 

During the hydriding cycle, gaseous hydrogen reacts with 
plutonium in an oxygen-free reactor to produce plutonium 
dihydride. It is possible to produce other plutonium-hydrogen 
compounds having different hydrogen-to-plutonium ratios, 
depending on operating parameters. For this type of recovery 
process, however, the formation of nonstoichiometric plutonium 
hydride compounds is not significant. As plutonium hydride is 
produced during a hydriding operation, it falls free from the 
metallic substrate and drops into a tray. Since PuH2 is a 
pyrophoric powder, it is oxidized in air to PuU2. This change 
permits safe handling of the material during additional process
ing. Residual hydrogen that is not used in hydriding operations 
is pumped from the reactor to an apparatus where the hydrogen is 
burned in a natural gas flame. 

Plutonium has been selectively removed from metallic sub
strates that do not form hydrides with hydrogen. Plutonium has 
also been removed from metals that absorb hydrogen (i.e., tanta
lum), but do not produce a hydride under the hydriding operating 
conditions used. The hydriding apparatus is used to recover 
plutonium from reusable equipment, plutonium scrap, piutoniurn-
coated tools, and plutonium melts from tantalum and tungsten 
crucibles. The hydriding apparatus is also used to oxidize such 
pyrophoric material as casting residues, plutonium chips and 
turnings, mixtures of plutonium hydride and plutonium oxide, and 
plutonium hydride that is generated elsewhere on plantsite. 
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Fluorination and Reduction. Until recently, plutonium 
dioxide from the calcination of plutonium peroxide was contacted 
with HF in a rotary hydrofluorinator. The reaction converted 
PuU2 to PUF4, according to the following equation: 

Pu02 + 4 HF + PuFi, + 2 H20 τ 

The PuF^ is then loaded in ceramic (MgO) crucibles, where it is 
reacted with calcium to form CaF2 and plutonium metal as 
follows {Τ}: 

PuFi* + 2Ca° -> 2CaF2 + Pu° 

The products of the reaction, once cooled to room tempera
ture, are easily separated. The plutonium metal is sent to the 
foundry, while the CaF2 salt is stored until it can be dissolved 
in 9M HNO3 for recovery of residual amounts of plutonium. 

Though both hydrofluorination and reduction were accom
plished with relative ease, three significant problems were 
apparent. First, PuFi* is a neutron emitter, requiring consider
able protective shielding and creating difficulty in handling. 
Secondly, the use of HF requires costly equipment which must be 
resistant to corrosion. Finally, the salt from the reduction, 
CaF2, is not discardable, and must be processed to recover 
residual piutonium. 

In the last year, direct fluorination has been used to 
convert PuÛ2 to PuFi*, as follows (8): 

Pu02 + 2F2 Pu Fit + 0 2 + 

The problems previously discussed are basically the same, 
with an added problem—disposal of excess fluorine. Studies are 
underway to find a safe, efficient way to resolve i t . 
Ultimately, the use of DOR, previously discussed, is expected to 
replace fluorination and reduction. This would result in one 
process step, rather than two. In addition, the problems 
previously discussed would be eliminated. 

Aqueous Processing 

Dissolution. Plutonium is solubilized in nitric acid 
solutions at Rocky Flats. The feed material consists of oxide, 
metal and glass, dissolution heels, incinerator ash and sand, 
slag, and crucible from reduction operations. The residues are 
contacted with 12M HNO3 containing CaF2 or HF to hasten 
dissolution. Following dissolution, aluminum nitrate is added 
to these solutions to complex the excess fluoride ion. 
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Complete dissolution of plutonium residues, especially high 
temperature calcined plutonium dioxide contained in residues 
such as incinerator ash, continues to cause problems, despite 
continued research since the Manhattan Project (_9). Methods to 
improve the Rocky Flats system include the use of additives 
(e.g., cerium) and electrochemistry, other solvents (HCl-SnCl2) 
as well as high-temperature fusion methods (10). High pressure 
dissolution, HF preleaching, f1uorination, and other methods are 
being investigated. 

Solvent Extraction. A modified, one-cycle PUREX process is 
used at Rocky Flats to recover plutonium from miscellaneous Pu-U 
residues (11). The process utilizes the extraction of uranium 
(VI) into tributyl phosphate (TBP), leaving plutonium (III) in 
the raffinate. The plutonium is then sent to ion exchange for 
purification. An extraction chromatography method is being 
studied as a possible substitute for the liquid-liquid extrac
tion process (12); TBP is sorbed on an inert support so ion 
exchange column equipment can be used. Electrolytic valence 
adjustment could significantly improve this process. 

Acid waste streams are sent through a nitric acid recovery 
process and then to a secondary plutonium recovery process using 
anion exchange (Figure 2). Another area of solvent extraction 
application involves the use of dihexyl-N,N-diethylcarbomoyl-
methylphosphonate (CMP Process) for removing further amounts of 
plutonium and americium from the acid waste streams coming from 
the secondary plutonium recovery columns (£, 13). Alternative 
solvent extractants, sorbed or bonded on inert support materials 
so ion exchange column equipment can be used, are being studied 
to selectively extract only actinides and not impurities. 

Precipitation Processes. Plutonium peroxide precipitation 
is used at Rocky Flats to convert the purified plutonium nitrate 
solution to a solid (14); the plutonium peroxide is then cal
cined to PuOz and sent to the reduction step. The chemistry of 
the plutonium peroxide precipitation process is being studied, 
as well as alternative precipitation processes such as oxalate, 
carbonate, fluoride, and thermal denitration. The latter method 
shows the most promise for cost and waste reduction. 

Molten salt extraction residues are processed to recover 
plutonium by an aqueous precipitation process. The residues are 
dissolved in dilute HC1, the actinides are precipitated with 
potassium carbonate, and the precipitate redissolved in nitric 
acid (7M) to convert from a chloride to a nitrate system. The 
plutonium is then recovered from the 7M HNO3 by anion exchange 
and the effluent sent to waste or americium recovery. We are 
studying actinide (III) carbonate chemistry and looking at new 
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Figure 2. Aqueous waste recovery and treatment processes 
(broken lines represent processes under development). 
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cation exchangers as an alternative to carbonate precipita
tion (.15, 16). 

Ion Exchange. Very few elements form anions in nitric acid 
solutions, thus anion exchange is a very effective procedure for 
purifying plutonium. The plutonium hexanitrato anion is sorbed 
on the resin from a 7M nitric acid solution. A nitric acid wash 
is used to remove residual impurities from the resin. Dilute 
nitric acid is used to elute the purified plutonium from the 
resin. We have a continuing resin evaluation program to test 
new gel and macroporous anion exchange resins, as well as 
inorganic ion exchangers (17). 

Waste Treatment. Figure 2 outlines the current waste 
recovery and treatment processes, and proposed changes. Acid 
waste streams are sent through nitric acid and secondary pluto
nium recovery processes before being neutralized with potassium 
hydroxide and fi ltered. This stream and basic and laundry waste 
streams are sent to waste treatment. During waste treatment, 
the actinides in the aqueous waste are removed by three stages 
of hydroxide-iron carrier-flocculant precipitation. The f i l 
trate solution is then evaporated to a solid with a spray dryer 
and the solids are cemented and sent to retrievable storage. 

A ferrite waste treatment process is being investigated to 
determine if it can more effectively remove actinides from waste 
solution with less solid waste generation than the flocculant 
precipitation method presently used (18). 

Ferrite is introduced into the aqueous media by two techni
ques. With the jm situ method, ferrite is formed within the 
actinide-containing solution by addition of Fe(II) , Fe(III), 
and sodium hydroxide. With the preformed ferrite method, 
ferrite solids are prepared separately and added to the actinide 
solution. 

Both preformed and _in situ ferrite lowered plutonium con
centrations in simulated process waste from 10" g/1 to 10" g/1 
in one treatment step. Two or three flocculant precipitations, 
as currently used for waste processing, were required to achieve 
the same result. Ferrite waste treatment produced 4.1 g/1 
solids, while production waste processing during the past year, 
using the flocculant process, produced 7.9 g/1 solids. 

The Chemistry Research and Development group has a large 
variety of plutonium process chemistry projects underway. The 
work will certainly add to our understanding of plutonium 
chemistry and will result in plutonium process improvements. 
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Pyrochemical Processing of Plutonium 
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Golden, CO 80401 

LAWRENCE J. MULLINS—Los Alamos National Laboratory, 
Los Alamos, NM 87545 

Non-aqueous processes are now in routine use for 
direct conversion of plutonium oxide to metal, molten 
salt extraction of americium, and purification of 
impure metals by electrorefining. These processes 
are carried out at elevated temperatures in either 
refractory metal crucibles or magnesium-oxide 
ceramics in batch-mode operation. Direct oxide 
reduction is performed in units up to 700 gram PuO2 

batch size with molten calcium metal as the reductant 
and calcium chloride as the reaction flux. Americium 
metal is removed from plutonium metal by salt 
extraction with molten magnesium chloride. 
Electrorefining is used to isolate impurities from 
molten plutonium by molten salt ion transport in a 
controlled potential oxidation-reduction cell. Such 
cells can purify five or more kilograms of impure 
metal per 5-day electrorefining cycle. The product 
metal obtained is typically >99.9% pure, starting 
from impure feeds. Metal scrap and crucible skulls 
are recovered by hydriding of the metallic residues 
and recovered either as impure metal or oxide feeds. 

The term "Pyrochemical Processing" is commonly applied to a 
family of chemical processes that uti l ize oxidation-reduction 
reactions to effect chemical separations at elevated temperatures. 

These reactions are carried out in the total absence of 
aqueous solvents, and are used to chemically isolate elements, or 
groups of elements, from impurities in the feed materials. 

0097-6156/83/0216-0381$08.00/0 
© 1983 American Chemical Society 
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Pyrochemical processes have significant advantages over 
aqueous processes for the purification of actinide metals for 
several reasons: the size of the equipment used to carry out 
the chemical processes is very compact, typically an order of 
magnitude smaller than that needed for aqueous methods; the 
chemical process can be designed to recycle many of the 
reagents used, thereby greatly minimizing waste disposal 
problems; nuclear cr i t ica l i ty concerns are alleviated because 
non-moderating reagents can be used exclusively; pyrochemical 
processes can readily accept metallic feed stocks and produce 
high purity metallic products; and because pyrochemical 
processes require smaller fac i l i t ies , generate less waste, and 
use less manpower, they are cheaper to operate. Like aqueous 
processes, pyrochemical systems uti l ize several different 
physical processes including liquid-liquid extraction, precipi
tation, f i l t rat ion, evaporation and dist i l lat ion. These are 
performed at elevated temperatures in either refractory metal 
or ceramic equipment. Molten metals and molten salts are used 
both as solvents and as immiscible extractants in various steps 
in the chemical purification sequence. Specialized process 
hardware has been constructed to meet the needs of these highly 
corrosive processes. 

While pyrochemical processes have inherent advantages, they 
require sophisticated equipment and specialized operating 
conditions. One of the basic techniques used in pyroprocessing 
is liquid-liquid extraction between molten salts and molten 
metals. The process temperatures are typically 1100 K, and 
because both the process reagents and the refractory materials 
used to contain them are susceptible to air oxidation, process 
operations must be carried out in an inert atmosphere. As the 
actinide elements are inherently radioactive, work on actinide 
compounds is routinely carried out in tight process enclosures; 
pyroprocessing operations require that the atmosphere in 
contact with the process reagents be truly inert and also dry. 
Recirculating argon or helium atmospheres are used to meet this 
requirement. Where sealed reaction vessels are used, dry air 
enclosures are adequate. 

In order to obtain maximum efficiency from pyroprocessing, 
very high purity reagents must be used. Obtaining satisfactory 
reagents has been a continuing problem but as the demand for 
high purity metals and salts rises, commercial sources become 
more available. At present it is necessary to dry al l 
commercially obtained reagent salts prior to use. 

The following pages will describe several examples of 
pyrochemical processing as applied to the recycle of plutonium, 
and will briefly review the fundamental chemistry of these 
processes. We shall review the conversion of plutonium oxide 
to plutonium metal by the direct oxide reduction process 
(DOR),the removal of americium from metallic plutonium by 
molten salt extraction (MSE), and the purification of metallic 
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25. COOPS ET AL. Pyrochemical Processing of Pu 383 

plutonium from dissolved impurities by the electro-refining 
technique (ER). 

Al l actinide metals are pyrophoric and it is common practice 
to burn metallic scrap to oxide as a safety precaution. 
Plutonium is typically stored as Pu02 and must be chemically 
reduced to metal prior to component manufacture. This has 
traditionally been done by precipitating Pu2(C2Û4)3, 
Pu(Û2)2» P u(0H)3, or PUF3 from solution and converting 
i t to PUF4 for bomb reduction to metal. This method is now 
being replaced by direct reduction techniques. 

Reduction of Plutonium Oxide to Metal 

The f i r s t successful reduction of PuO^ to metal with 
calcium was reported by Wade and Wolf(U in 1968. Their 
process was carried out in two stages: an in i t ia l thermit 
reaction between Pu02 and Ca, followed by a leaching step with 
CaCl2 to dissolve the CaO reaction product and any unreacted 
Ca. The f luid flux permitted finely divided plutonium to 
coalesce into a pool of metal. Rotation of the inclined 
reaction vessel was used to promote slag dissolution and metal 
consolidation. The original process described by Wade has been 
significantly improved by workers at several DOE sites( 2> 3,4) e 

The DOR process presently used for production work utilizes 
a CaCl2 (or CaCl2-CaF2) flux to both dissolve the CaO 
reaction product at the reaction site and to provide a fresh 
supply of Ca reductant to keep the reaction going. This process 
exploits the solubility of Ca and CaO in CaCl2 while uti l izing 
the insolubility of plutonium metal in the Ca-CaO-CaCl2 
reaction flux to permit metal consolidation. Vigorous stirring 
is used to keep the reactants in intimate contact so that the 
reaction is driven to completion. Workers at Los Alamos used 
the above process for 238pu metal production in 1975(4). 
That work led to a routine 700 gram scale oxide reduction 
process that has been in use since that time. Recent 
development work at LANL has increased the batch size to one 
kilogram of oxide feed. It appears that the ultimate limitation 
on DOR batch size will be from cr i t ica l i ty safety constraints. 

The use of this direct oxide reduction process is replacing 
fluoride reduction as it eliminates neutron exposure to 
operating personnel (alpha particles from plutonium decay have 
sufficient energy to eject neutrons from fluorine by the α,η 
reaction) and eliminates réduction residues which require 
subsequent recovery. 

The reaction is carried out under an inert atmosphere in an 
open crucible at approximately 830°C. Figure 1 shows typical 
equipment used for direct oxide reduction. Vitrif ied magnesium 
oxide ceramic is commonly used as a container material, but 
tungsten and tantalum can also be used(3). If the latter are 
used, CaF2 is added to lower the temperature needed to liquify 
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384 PLUTONIUM CHEMISTRY 

Figure 1. Stationary Extraction Furnace Assembly for Plutonium 
Reduction and Americium Extraction. 
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25. COOPS ET AL. Pyrochemical Processing of Pu 385 

the flux, thereby decreasing the corrosion of the crucible and 
subsequent contamination of the metal product. Intense stirring 
is required to keep al l the reactants in contact as the very 
dense PuÛ2 sinks and Ca metal floats in the melt. The 
reaction is exothermic and a temperature rise occurs after 
initiation. The overall chemical reaction is: 

Pu02 + 2Ca + Pu + 2CaO 
AG = -44.27 KCal at 1000 Κ 

The mechanism for the reaction is not ful ly understood at 
present but is believed to take place in several steps. Moseley 
et-al(3) found that B-PU2O3 is formed as a solid residue 
when insufficient Ca is present to drive the reaction to 
completion. 

Several of the possible reacting species and their free 
energy of formation are listed in the table below: 

AG @ 1000 Κ 

Compound KCal/mole KCal/gr-at oxygen Ref 

Pu02 -210.130 -105.065 20 
01-PU2O3 -367.696 -122.565 20 
$-Pu2Û3 -343.942 -114.647 20 
PuO -113.057 -113.057 20 
CaO -127.200 -127.200 21 

The reaction mechanism proposed by Moseley is: 

Reaction AG e 1000 

2Pu02 + Ca + B p u2°3 + CaO -50.882 KCal 

3Pu203 + 3Ca + 2Pu + 3Ca0 -37.658 KCal 

is also feasible to assume the following mechanism: 

Pu02 + Ca + PuO + CaO -30.127 KCal 

PuO + Pu02 - 3Pu203 -20.755 KCal 

BPu203 + Ca + 2Pu0 + CaO - 9.372 KCal 

3PuO + Pu + BPu203 - 4.771 KCal 

PuO + Ca + Pu + CaO -14.143 KCal 

3Pu02 + Pu - 2&Pu203 -57.497 KCal 

An additional back reaction can occur between 8PU2O3 and 
PUO2 to form (XPU2O3. Conditions leading to the formation 
of aPu2Û3 are to be avoided as the reaction between a single 
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386 PLUTONIUM CHEMISTRY 

atom of Ca and (XPU2O3 is not thermodynamically favorable: 

aPu 2 0 3 + Ca 2PuO + CaO 

aPu 2 0 3 + 2Ca Pu + PuO + CaO 

aPu o 0 o + 3Ca + 2Pu + 3CaO 

+14.382 KCal 

+ 0.239 KCal 

-13.904 KCal 

Although the exact chemical mechanism for the direct oxide 
reduction reaction has not yet been ful ly characterized, i t has 
been well established that the reaction goes to completion when 
excess calcium is present, sufficient CaCl2 is available to 
dissolve the CaO produced, and adequate stirring is used. As 
calcium metal is soluble to about 1 wt% in CaCl2 at 835°C, 
excess Ca insures that the reaction is driven to completion by 
mass-action effects. 

The CaCl2-rich end of the CaO-CaCl2 and Ca0-CaCl2-CaF2 
phase diagrams have been worked out by Wenz et-al(^) and are 
shown in Figures 2 and 3. The phase diagrams indicate that CaO is 
soluble to 18.5 mole % in CaCl2 at 835°C, but if the loading of 
CaO rises much above 14 mole % the increased viscosity of the melt 
retards consolidation of the droplets of plutonium into a single 
pool. The 700-gram Pu02 reduction process at LANLÎ 5) uses 50 
mole % excess calcium reductant and a CaO loading in CaCl2 of 
about 14 mole %, to give product yeilds in excess of 99.5%. After 
the melt is allowed to cool, an ingot of plutonium metal can be 
readily cleaved from the solidified flux. The salt phase contains 
negligible unreacted Pu02- At present, both the CaCl2-CaO salt 
residue and the excess calcium metal are discarded to waste. These 
materials are promising candidates for recycle; processes are 
presently being developed to recover these reagents for reuse. 

Extraction of Americium With Molten Salt 

All reactor-produced plutonium contains a mixture of several 
plutonium isotopes. The continuous decay of 241 Pu (14.8 year 
half- l i fe) is the source of 241/\ιηβ This isotope decays by alpha 
emission with the simultaneous emission of 60 kilovolt gamma rays 
in 80% abundance. In order to minimize personnel exposure, this 
element is removed from the metal prior to fabrication. 

Early experimental work in electrorefining at Los Alamos by 
Mullins et-al(w demonstrated that americium could be 
partitioned between molten plutonium and a molten NaCl-KCl salt 
containing Pu+3 ions, and Knighton et-a l ( 8 ) , working at ANL 
on molten salt separation processes for fuel reprocessing, 
demonstrated that americium could be extracted from Mg-Zn-Pu-Am 
alloys with immiscible molten magnesium chloride salts. Work 
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Figure 2. Partial Binary Phase Diagram for the CaO-CaCl2 
System.  P

ub
lic

at
io

n 
D

at
e:

 M
ay

 1
9,

 1
98

3 
| d

oi
: 1

0.
10

21
/b

k-
19

83
-0

21
6.

ch
02

5

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



388 PLUTONIUM CHEMISTRY 

775° E-750° 10 P-835° 20 30 CaO-2CaCI 2 

Mole percent CaO — 

Figure 3. Partial Ternary Phase Diagram for the CaCl2-rich 
Side of the CaCl2-CaF2-CaO System. 
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25. COOPS ET AL. Pyrochemical Processing of Pu 389 

was soon initiated by Long et al(9) at Rocky Flats to study 
the extraction of americium from molten plutonium by contacting 
with molten NaCl-KCl salt containing a few percent of MgCl2· 

A production process has evolved from this original work, 
and is presently used for extracting americium from kilogram 
amounts of plutonium metal. This process is based upon 
equilibrium partitioning (by oxidation-reduction reactions) of 
americium and plutonium between the molten chloride salt and the 
molten plutonium phase. The chemistry of this process is 
indicated by the following reactions: 

AG & 1000 Κ 

Pu + 3/2 MgCl2 - PuCl3 + 3/2 Mg -2.4 KCal 

Am + PuCl3 AmCl3 + Pu -25.8 KCal 

Am + 3/2 MgCl2 - AmCl3 + 3/2 Mg -28.2 KCal 

The free energies of formation for the actinide compounds above 
are given by the following table: 

Compound AG @ 1000 Κ (KCal per gram-atom of chlorine) 

AmCl3 -67.0 
PuCl3 -58.4 
MgCl2 -57.6 

The thermodynamic activity equilibrium constant (Ka) is 
expressed in terms of mole fraction (X) and activity coefficient 
(γ) by the following equation: 

(XAmCl ) (yAmCl )(XMg Mg 
3/2 

( X A m ) ( W ( X M g C l ] , 3 / 2 ( y M g C l 9

) 3 / 2 

XAmCl3 

The term - is defined as the distribution coefficient (DAm) 
XAm 

and is simply the ratio of the mole fraction of AmCl3 in the 
salt to the atom fraction of Am in the metal. 

The activity coefficients in the above equation may be 
determined by obtaining experimental data for D/\m, and 
relating Ka to the free energy change for the reaction using 
the equation AGf = -RT In K. 

In laboratory work the following closely related, but not 
identical, relationship is used to determine the partition 
value between phases: 
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390 PLUTONIUM CHEMISTRY 

cone, of AmCU in salt phase 
K. = ί 

cone, of Am in metal phase 

by convention, the above ratio is usually expressed in weight 
percent instead of mole fractions. For extraction work the term 
α is used for the extraction factor and is related to Kd in 
the following manner: 

« = (K d ) (|)(F)(B) 

where 
- û v w f ^ n Wt of solute in salt phase α = extraction factor = ... * • ^ - ^ ι „ u ^ ^ Wt of solute in metal phase 

Kd = distribution coefficient (as defined above) 
s/m = salt to metal ratio by weight 
F = fraction of equilibrium attained 
$ = effects of side reactions 

For a multi-stage counter-current extraction operated in 
true equilibrium without side reactions, the partitioning of a 
solute into the metal phase (fm) and the salt phase (f s ) is 
defined as follows: 

f = (« - 1 ) f = 1 - f 

m , n+lv ' Ts 1 Ti 
(a )-1 

where η = number of counter-current stages. 
For a cross-current extraction the equation is defined as 

follows: 

f = f = τ _ f = d ^ ) n - 1 
m (l+a)n " s ' ' m ( l + a ) n 

Both methods have been used at various times, but the 
counter-current method is the preferred technique as i t minimizes 
salt use and plutonium losses. 

Present production processes use two stage counter-current 
extraction to remove americium from molten plutonium with 
magnesium chloride based salts. Both 35 mole % NaCl - 35 mole % 
KC1 - 30 mole % MgCl? and 50 mole % NaCl-26 mole % CaCl2 - 24 
mole % MgCl2 are used for americium extraction. Figures 4 $nd 
5 show the ternary phase diagrams for these salt systemsUO). 
The above salt fluxes will extract 90% of the americium present 
when a salt-to-metal mass-ratio of 0.06 is used in a two stage 
counter-current extraction. 
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Figure 4. Ternary Phase Diagram for the NaCl-CaCl2-MgCl2 
System. 
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25. COOPS ET AL. Pyrochemical Processing of Pu 393 

The NaCl-KCl eutectic is used when the pregnant extraction 
salt is to be processed by aqueous recovery (this is the salt 
currently used at Rocky Flats because calcium follows americium 
in the present aqueous recovery process). The NaCl-CaCl? 
system is used when the salt is processed by pyrochemical means 
to recover the americium and residual plutonium. When the 
pyrochemical recovery technique is used, the NaCl-CaCl2*-MgCl2 
salt is contacted with liquid calcium metal at approximately 
850°C in a batch extractor. The calcium reduces AmCl3, 
PuCl3, and MgCl2 to form a 50/50 mole % NaCl-CaClj salt 
phase and a molten Am-Pu-Mg-Ca alloy which is immiscible in the 
above s a l t ( l ° ) . After cooling, the metal phase is cleaved 
away from the salt phase and the salt phase is analyzed. L itt le, 
i f any, Am or Pu remains in the salt phase and the salt residues 
can be discarded to waste. Metal recovery begins by evaporating 
magnesium and calcium from the residual metal button at about 
800°C in vacuum. The americium can then be dist i l led away from 
the plutonium in a vacuum s t i l l operated at 1200°C, using 
yttr ia ceramic vessels to contain the molten metal fraction. The 
bottoms fraction contains the plutonium which is recycled back 
into the main plutonium stream. 

Knighton(lO) has calculated the values of Kd for both 
americium and plutonium in both of the salt diluents mentioned 
above for varying concentrations of magnesium chloride. These 
calculations were performed by using the chemical equilibrium 
values for Pu with 100% MgCl2 and an empirical equation based 
on equilibrium values and measured Kd values for salts in the 
midrange and low end of the curves. The low end Pu data is from 
the work of Schweikhardt(H). Knighton's data is presented in 
graphic form for both of these salt systems in Figures 6 and 7. 

Knighton has also constructed graphs for the relationship 
between salt-to-metal ratio for the extraction versus the 
concentration of magnesium chloride in the salt. The graphs for 
both the NaCl-KCl-MgCl2 and NaCl-CaCl2 MgCl2 salt systems 
are shown in Figures 8 and 9. These graphs are for two stage 
counter-current systems with contour lines at 5% intervals from 
80 to 99% americium removal efficiencies. Such graphs enable the 
operators to obtain almost any extraction constant required to 
lower the americium content to some acceptable personnel exposure 
value. 

Figure 10 shows in graphic form the ut i l i ty of molten salt 
extractions for americium removal in one, two, and three stage 
extractions for various salt-to-metal extraction feeds. This 
graph demonstrates the impressive power of molten salt extraction 
systems for purification of plutonium from americium and related 
rare earth elements. 
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Figure 6. Distribution Coefficients for Americium and 
Plutonium Extraction vs MgCl? Concentration in the 
NaCl-KCl-MgCl2 Salt System. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
5

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



COOPS ET AL. Pyrochemical Processing of Pu 395 

gure 7. Distribution Coefficient for Americium Extraction vs 
MgCl2 Concentration in the NaCl-KCl-MgCl2 and 
NaCl-CaCl2-MgCl2 Sait Systems. 
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Figure 8. Yield Curves for Salt-To-Pu Ratio vs Concentration 
of MgCl2 for Extraction of Americium From 
NaCl-CaCl2-MgCl2 Salt Using 2-Stage 
Counter-Current Extraction 
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Figure 9. Yield Curves for Salt-To-Pu Ratio vs Concentration 
of MgCl2 for Extraction of Americium From 
NaCl-KCl-MgCl2 Salt Using 2-Stage Counter-Current 
Extraction. 
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Figure 10. Yield Contours for Americium Extraction vs s/m Ratio 
for 1, 2, and 3-Stage Counter-Current Extraction. 
Salt Composition: 30 m/o MgCl2, 35 m/o NaCl, 
35 m/o KC1. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
5

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



25. COOPS ET AL. Pyrochemical Processing of Pu 399 

Plutonium Electrorefining 

The f i r s t publication related to plutonium electrochemistry 
dates back to Manhattan Project work at Los Alamos when 

electrolysis. Leary et-al (13) published an article in the 
Geneva Proceedings in 1958 on the pyrochemical recovery of 
plutonium from metallic reactor fuels, and in 1960 Mullins 
e t -a lU 4 ) reported a 300 gram scale electrorefining process 
for making high purity metal. Improvements continued, and in 
1962 Mullins e t - a l Ο 5) reported a production process (three 
kilogram scale) for routine production of >99.9% pure metal. 
Recent developments at Los Alamos have expanded the capacity of 
the electrorefining cells to about six kilograms per batch, with 
a cycle time of five days(16). 

The principle of the electrorefining process is basically 
simple: plutonium is oxidized at a liquid metal anode containing 
impure metal feed and the resulting Pu + 3 ions are transported 
through molten salt to a cathode where pure metal is produced. 
The transport salt is usually eutectic NaCl-KCl but NaCl-CaCl2 
can also be used. As liquid plutonium metal builds up on the 
cathode it drips off into an annular channel surrounding the 
anode cup where it coalesces into a pool of metal and is 
recovered after the cell is cooled. The entire chemical process 
is performed in a molten salt bath. 

A schematic representation of an electrorefining cell is 
shown in Figure 11. The basic chemistry of the electrorefining 
technique is as follows: 

ANODE REACTION: Pu(A) impure - Pu + 3 + 3e" 
CATHODE REACTION: Pu+3 + 3 e - + p U( A) pure 

PuCl3 must be added to the cell prior to operation to 
maintain a high concentration of Pu+3 ions in the salt phase. 
This PUCI3 also acts as a salt-phase buffer to prevent 
dissolution of trace impurities in the metal feed by forcing the 
anode equilibrium to favor production (retention) of trace 
impurities as metals, instead of permitting oxidation of the 
impurities to ions. Metallic impurities in the feed fa l l into 
two classes, those more electropositive and those less 
electropositive than plutonium. Since the cell is operated at 
temperatures above the melting point of a l l the feed components, 
and both the liquid anode and salt are well mixed by a mechanical 
stirrer, chemical equlibrium is established between al l 
impurities and the plutonium in the salt even before current is 
applied to the ce l l . Thus, impurities more electropositive than 
the liquid plutonium anode will be oxidized by Pu+3 and be 
taken up by the salt phase, while impurities in the electrolyte 
salt less electropositive than plutonium will be reduced by 
plutonium metal and be collected in the anode. 

amounts of metal by 
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Figure 11. Schematic of Electrorefining Cell Showing Major 
Features. 
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Those impurities less electropositive than plutonium that are 
already present in the molten anode will remain in the anode. 
The extent of these reactions will be determined by the reaction 
free energy and concentration for each of the impurities in the 
molten anode/electrolyte salt system. Americium can be used as 
an example of a very electropositive impurity: 

Am (metal) + PUCI3 (salt) = AmCl3 (salt) + Pu (metal) 

When current is passed through the ce l l , the concentration of 
impurities in the product obtained at the cathode will depend 
upon their concentration in the salt. If equilibrium conditions 
exist in the cel l the following equation applies: 

(Am) 1 ( A m C 1 3) 
m M E T A L P R ° D U C T = Ί Γ (Ρίΐοψ 

Where the parenthesis refer to the chemical activities of the 
reactants and Κ is the equilibrium constant for the previous 
equation. Similar considerations apply to the oxidation of less 
electropositive impurities from the anode when a current is 
passed through the ce l l . Thus, for the case of iron impurity in 
the anode, the reaction 

3 Fe + 2 PuCl 3 = 2 Pu + 3 FeC l 2 

favors the production of iron metal instead of ferrous ion since 
the free energy change for the reaction is +96 kilocalories (+96 
KCal is equivalent to an equilibrium constant of 1 χ 10-21 at 
1000 K). 

The composition of the salt electrolyte in the cel l does not 
change during the electrorefining cycle so long as the driving 
potential of the cel l is kept below the decomposition voltage of 
the electrolyte. The following table gives the decomposition 
potential of normal components of the electrolyte: 

Chloride salt Decomposition Potential at 800° C 

CaCl 2 3.32 
KC1 3.44 
NaCl 3.24 
MgCl2 2.46 
PuCl3 2.40 

Since the energy required to strip the electrons from 
plutonium metal at the anode is exactly matched by the energy 
returned at the cathode, the potential required by the process 
is only that required to overcome time invariant (I2R) losses 
in the cel l circuit, and time dependent resistance (electrode 
polarization). 
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Polarization of the anode occurs after most of the plutonium 
is transferred across the cell and impurities constitute a large 
percentage of the anode. The reason for this can be demonstrated 
by using the case of delta plutonium alloy feed. Delta alloy 
contains ^ 1 wt % gallium. The normal operating temperature of 
the electrorefining cell is 750°C and at this temperature the 
delta alloy melts to form a liquid phase. The phase diagram for 
Pu-Ga is shown in Figure 12. 

As electrorefining proceeds, plutonium is selectively removed 
from the anode and the composition of the anode becomes enriched 
in gallium. At approximately 18 mole percent gallium, the lower 
density eta phase Pu begins to form (at 750°C) and a mixture of 
solid eta phase and liquid is formed at the anode surface (eta 
phase floats on the liquid plutonium phase). The back-EMF of the 
cell will gradually increase as the eta phase is formed. Vigorous 
stirring will expose liquid plutonium and permit oxidation to 
proceed at the anode surface, but at 25 mole % gallium the anode 
will solidify. Continued operation of the cell will now oxidize 
gallium in the ratio of the composition of the solid anode. 

To prevent the passage of impurities, the back-EMF of the 
cel l is monitored at frequent intervals. The current to the 
electrodes is turned off, and the voltage of the cell is 
measured. When the back-EMF reaches a predetermined value, 
operation of the cell is terminated, and the cell is allowed to 
cool. The cathode product, which consists of very pure plutonium 
metal, is recovered from the solidified salt mass by breaking the 
ceramic vessel and brushing the ring free of adhering salt. The 
product ring typically amounts to about 85% of the original mass 
of the anode feed metal. The impurity level of the cathode 
product from electrorefining is usually below normal 
spectroscopic detectabi1ity levels i f the cell is run at anode 
current densities of 0.60 amps per sq. cm. or less. 

The level of purification that can be achieved from 
impurities by the electrorefining process is directly related to 
the free energy of formation of the chloride salt of each 
impurity present in the feed metal, as discussed above. Since 
both the lanthanide and actinide chlorides have very negative 
free energies of formation, the purification factors achievable 
for these elements by plutonium electrorefining is considerably 
lower than for most common impurities. For example, the typical 
purification factor obtained for americium is approximately 9, 
and the factor for neptunium is about 3. The decontamination 
from the lanthanides and americium is easily acomplished by the 
magnesium chloride based molten salt extraction described in the 
previous section. Neptunium is a relatively rare contaminant as 
it grows into plutonium as the daughter of americium-241 (453 
year half- l i fe alpha decay). Neptunium is separated with high 
efficiency in the init ia l chemistry used to isolate plutonium 
from irradiated uranium. If additional purification is 
necessary, neptunium can be extracted from plutonium by the "Salt 
Transport Method" in a compatible pyrochemical process. 
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The following table, excerpted from a Los Alamos production 
report, demonstrates typical feed and product purities achiev
able by the electrorefining method: 

Comparison of Purities of Oxide Feed, DOR Metal, and 
ER Metal Product, Run PMR 162* 

Impurity levels reported as micrograms per gram of sample. 

Element Oxide-Feed DOR Metal Product ER Product 

Β >150 >150 <1 
Na >233 10 6 
Mg >375 300 1 
Al 500 500 <5 
Si 283 1400 <5 
Κ >100 50 15 
Ca >750 100 <3 
Ti 32 50 <5 
Cr 317 360 <5 
Mn 20 10 <1 
Fe >1500 >1500 <5 
Ν 880 940 <5 
Cu 24 7 <1 
Y >180 25 <25 
Zr >450 500 <100 
Nb 85 60 <10 
Mo 121 200 <3 
Ta >500 >500 <100 
W >500 >500 100 
Pb 38 < 5 <5 
Th 421 270 30 
U 656 20 7 
C 78 790 25 
Am 655 795 219 
Pu 82.23 (93.29% pure) 98.47% 99.96% 

*From LA-9I54-MS 

The anode residues must be chemically processed to recover the 
plutonium remaining in the residues. This may amount to about 
10% of the feed mass i f delta alloy is the feed metal. Either 
aqueous or pyrochemical processes may be used for anode 
recovery. One pyrochemical process used for recovery util izes 
oxidation of the plutonium with zinc chloride to form plutonium 
chloride salt, followed by calcium reduction of the PUCI3 
contained in the salt phase to produce pure plutonium metal (the 
impurities follow the zinc metal obtained from the oxidation 
reaction and are discarded to waste). Impurities more stable 
than calcium chloride remain in the salt phase and are also 
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discarded to waste. This process, known as "Pyroredox" is s t i l l 
under development and is not yet available as a production method. 

The electrolyte salt must be processed to recover the ionic 
plutonium orginally added to the ce l l . This can be done by 
aqueous chemistry, typically by dissolution in a dilute sodium 
hydroxide solution with recovery of the contained plutonium as 
Pu(0H)3, or by pyrochemical techniques. The usual pyrochemical 
method is to contact the molten electrolyte salt with molten 
calcium, thereby reducing any PuCl3 to plutonium metal which is 
immiscible in the salt phase. The extraction crucible is 
maintained above the melting point of the contained salts to 
permit any fine droplets of plutonium in the salt to coalesce 
with the pool of metal formed beneath the salt phase. If the 
original ER electrolyte salt was eutectic NaCl-KCl a third "black 
salt" phase will be formed between the stripped electrolyte salt 
and the solidified metal button. This dark-blue phase can 
contain 10 wt. % of the plutonium originally present in the 
electrolyte salt; plutonium in this phase can be recovered by an 
additional calcium extraction s t e p O ' ) . 

Recent work by Coops e t - a lO 8 ) has suggested that "black 
salt" is a dispersion of I ^ P U C I Ô in a matrix of KC1 and 
NaCl. K3PUCI6 is a highly insoluble complex salt that 
solidifies at 621°C from PUCI3-KCI mixtures, and contains 42% 
plutonium by weight. This salt apparently can form during the 
extraction and trap droplets of plutonium metal in a viscous salt 
phase. K3PUCI6 also appears to be more thermodynamically 
stable than either PUCI3 or NaCl; for this reason consideration 
is now being given to the utilization of either CaCl2 or 
NaCl-CaCl2 as the electrolyte salt for ER instead of NaCl-KCl. 

The basic electrorefining process is now being used on a 
production scale for the purification of non-specification 
plutonium metal. The technology is sufficiently well developed 
to permit 24-hour unattended operation of the electrorefining 
cel ls, and the quality of the product metal is highly 
consistent. This technology is rapidly replacing aqueous 
chemistry for plutonium metal purification. 

Metallic Scrap Recycle 

The reaction between plutonium metal and hydrogen is 
exothermic and proceeds quite satisfactorily at room temperature 
in an atmosphere of pure hydrogen. The reaction is ful ly 
reversible and plutonium can be recovered by pumping off the 
hydrogen in a suitable vacuum system. Plutonium hydride that is 
formed below 250°C is granualar and friable; the particle size 
is very fine and the hydride does not adhere to the substrate 
surface. Above 250°C the product is a more adherent flaky 
scale. The rate of reaction, and hence the temperature of the 
reaction, is easily controlled by varying the hydrogen pressure 
in the reaction chamber. Since PUH2 decomposes readily above 
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600°C, the rate of reaction tends to be self limiting at 
hydrogen pressures up to 10 torr. The hydriding technique is 
used to recover metallic plutonium residues clinging to the walls 
of ceramic crucibles, and can also be used to recover machining 
scrap if the feed is free of lubricants or oxides. Mulford and 
Sturdy!14) have found the heat of formation for the reaction 

Pu + H2 - PuH2 

to be -37.4±1.2 KCal per mole, and observed the decomposition 
of PuH2 between 400-800°C to follow the equation: 

"Jog pmm = (10.01 ± 0.32) - (8165 ± 263)/T 

At 650°C the decomposition pressure of PuH2 is 14.7 Torr. 
The very chemically reactive plutonium hydride is usually 

decomposed in a vacuum-tight furnace capable of attaining a 
temperature of 700°C. Plutonium hydride that is decomposed 
under vacuum at temperatures below 400°C forms a very fine 
(<20μ) metallic powder; above 500°C the powder begins to 
sinter into a porous frit which melts at 640°C to form a 
consolidated metal ingot. This metal typically contains 
significant oxide slag but is suitable for feed to either molten 
salt extraction or electrorefining. 

The advantage of hydride recovery is its ability to recover a 
large fraction of the scrap in metallic form. This method 
therefore has a major economic advantage over chemical recycle 
and subsequent reduction to metal. It is just beginning to be 
used as a production aid for metallic scrap recovery. 
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26 
Plutonium Metal Production and Purification 
at Los Alamos 

D. C. CHRISTENSEN and L. J. MULLINS 

Los Alamos National Laboratory, Material Science and Technology Division, 
Los Alamos, NM 87545 

The production of plutonium metal by both fluoride 
and oxide reduction is well established at Los Alamos. 
The subsequent purification of this metal by electro
refining is now being performed in production on a 
6-kg batch scale. The objective is the production 
of high-purity plutonium metal. 
Recent process development efforts have been devoted 
to more expeditious and less costly pyrochemical re
processing of residues created by the metal prepara
tion and purification process. We intend to establish 
an internal recycle which yields either reusable or 
discardable residues and recovers all plutonium for 
feed to the electrorefining purification system. This 
internal recycle is to be performed in a more timely 
and less costly operation than in the present repro
cessing mode. 

The Los Alamos N a t i o n a l L a b o r a t o r y has had a v e r y a c t i v e p r o 
gram f o r the p r o d u c t i o n o f h i g h p u r i t y p l u t o n i u m m e t a l f o r b o t h 
L a b o r a t o r y and n a t i o n a l needs f o r many y e a r s u s i n g p y r o c h e m i c a l 
t e c h n i q u e s . 

P l u t o n i u m p y r o c h e m i s t r y a t Los Alamos da tes back t o 1956. 
D u r i n g the p e r i o d 1956-1962, the P l u t o n i u m C h e m i s t r y and M e t a l l u r 
gy group was i n v o l v e d i n a program on the p y r o c h e m i c a l p r o c e s s i n g 
o f P l u t o n i u m F a s t B r e e d e r R e a c t o r F u e l s f o r the Los Alamos M o l t e n 
P l u t o n i u m R e a c t o r E x p e r i m e n t (LAMPRE). P r o c e s s e s such as o x i d a 
t i v e s l a g g i n g , h a l i d e s l a g g i n g , p y r o r e d o x , l i q u a t i o n , and e l e c t r o 
r e f i n i n g were spawned i n t h i s p e r i o d . These p r o c e s s e s were t u r n e d 
toward n a t i o n a l defense programs i n 1964. I n 1976 the d i r e c t o x 
i d e r e d u c t i o n (DOR) was deve loped i n s u p p o r t o f the a r t i f i c i a l 
h e a r t , p l u t o n i u m - 2 3 8 p rogram. I n 1978, the DOR p r o c e s s was adop t 
ed f o r use i n p l u t o n i u m - 2 3 9 p rograms . T h i s o p e r a t i o n gave us two 
p r i n c i p a l p r o c e s s e s f o r making p l u t o n i u m m e t a l . 

0097-6156/83/0216-0409$06.75/0 
© 1983 American Chemical Society 
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1. The c o n v e n t i o n a l P u F 4 r e d u c t i o n p r o c e s s . 
2. D i r e c t o x i d e r e d u c t i o n p r o c e s s . (DOR). 
In a d d i t i o n t h e r e are two p r i n c i p l e metal p u r i f i c a t i o n p r o 

cesses : 
1. E l e c t r o r e f i n i n g (ER). 
2. H a l i d e S l a g g i n g or Molten S a l t E x t r a c t i o n (MSE). 
B e g i n n i n g i n 1978, the above f o u r p r o c e s s e s were put i n t o 

p r o d u c t i o n i n the new TA-55 b u i l d i n g a t Los Alamos. The source 
of p l u t o n i u m f o r Los Alamos needs was both p l u t o n i u m d i o x i d e from 
aqueous r e c o v e r y p r o c e s s e s and metal from f a b r i c a t i o n s c r a p . I n 
1980, Los Alamos embarked on a program t o i n c r e a s e the output of 
pure m e t a l . 1 P y r o c h e m i c a l p r o c e s s e s were s e l e c t e d as the c a n d i 
date o p e r a t i o n s t o r a p i d l y and c o s t e f f e c t i v e l y a c h i e v e the i n 
creased throughput. T h i s type of p r o c e s s i n g o f f e r s the p o t e n t i a l 
of l a r g e c o s t r e d u c t i o n over t r a d i t i o n a l aqueous che m i c a l p r o 
cesses f o r a number o f reasons. 

• P l u t o n i u m i s pr o c e s s e d as a l i q u i d , i n h i g h l y compact 
equipment, and t h e r e f o r e expensive f l o o r space i s conserved. 

• Very few steps are needed i n o r d e r t o ac h i e v e h i g h l y p u r i 
f i e d p r o d u c t s ( F i g u r e 1). 

• P r i m a r y waste g e n e r a t i o n i s s m a l l because of the h i g h den
s i t y n a t u r e of the fused s a l t o p e r a t i o n s . N e a r l y a l l p r i 
mary waste r e s i d u e s show e x c e l l e n t p o t e n t i a l f o r r e c y c l e . 
(The p r e s e n t main p r o c e s s i n g sequence f o r p l u t o n i u m does 
not i n c l u d e s i g n i f i c a n t reagent and r e s i d u e r e c y c l e ) . 

• Secondary waste from the p r o c e s s i n g of waste r e s i d u e ma
t e r i a l s i s minim a l . 

• The turnaround of p l u t o n i u m i n r e s i d u e s i s v e r y r a p i d . 
The expanded throughput r e s u l t e d i n a commensurate i n c r e a s e 

i n p r i m a r y r e s i d u e g e n e r a t i o n . The i n c r e a s e d p r o d u c t i o n o f p l u 
tonium metal was a c h i e v e d v e r y e a s i l y i n e x i s t i n g f l o o r space be
cause of the compact n a t u r e of equipment, but the i n c r e a s e d needs 
f o r aqueous r e s i d u e h a n d l i n g c o u l d not be met w i t h e x i s t i n g f l o o r 
space. As a r e s u l t , the r e s i d u e s were s t o r e d f o r f u t u r e p r o c e s s 
i n g . I n o r d e r t o support the pr o c e s s s c a l e - u p , R&D e f f o r t s have 
been i n v o l v e d w i t h d e v e l o p i n g c o s t - e f f e c t i v e , high-throughput py
r o c h e m i c a l p r o c e s s e s f o r h a n d l i n g process m a t e r i a l s and r e s i d u e s . 
In a d d i t i o n , we are e v a l u a t i n g problems i n the areas of pr o c e s s 
and equipment d e s i g n have been e v a l u a t e d . Most r e c e n t e f f o r t s 
are concerned w i t h the r e c o v e r y and r e c y c l e of p l u t o n i u m v a l u e s 
i n the r e s i d u e s . 

T h i s document w i l l summarize our p r e s e n t main p r o d u c t i o n se
quence and d i s c u s s how i t was a r r i v e d a t . I t w i l l then d i s c u s s 
the s t a t u s of our p r e s e n t r e c y c l e o f p l u t o n i u m v a l u e s i n r e s i d u e s . 
T h i r d , i t w i l l d i s c u s s our proposed r e c y c l e of a l l p l u t o n i u m i n 
r e s i d u e s . F i n a l l y , i t w i l l d i s c u s s our g o a l of a f u l l y i n t e g r a t e d 
p r o c e s s sequence where p l u t o n i u m and s a l t r e s i d u e s are r e c y c l e d 
through the p r o d u c t i o n sequence. 
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j CASTING J 

I ' i 
I E L E C T R O - j 
I REFINING I 

P u 0 2 

PURE Pu METAL 

DISSOLUTION 

FLUORIDE 
REDUCTION P u F 4 

OXIDATION m IMPURE „ DISSOLUTION OXIDATION P u 0 2 

DISSOLUTION 

CALCINATION 
OXALATE ION 

CALCINATION PRECIPITATION EXCHANGE 

PEROXIDE 
PRECIPITATION 

CALCINATION 
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F i g u r e 1. 
c a t i o n . 

P y r o c h e m i c a l v s . aqueous f l o w s h e e t f o r me t a l p u r i f i -
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Main Pro c e s s Sequence F o r C o n v e r s i o n Of P l u t o n i a To H i g h - P u r i t y 
M e t a l 

A. P r o c e s s Schematic. A schematic o f the main p r o c e s s se
quence f o r the c o n v e r s i o n o f p l u t o n i a s c r a p t o h i g h - p u r i t y m e t a l 
i s shown i n F i g u r e 2. P l u t o n i a s c r a p i s f e d t o b o t h the d i r e c t 
o x i d e r e d u c t i o n (DOR) p r o c e s s and the p l u t o n i u m t e t r a f l u o r i d e p r o 
d u c t i o n / r e d u c t i o n p r o c e s s . 

D i r e c t Oxide R e d u c t i o n . I n DOR, p l u t o n i a i s reduced w i t h 
c a l c i u m m e t a l t o form p l u t o n i u m metal and c a l c i u m o x i d e . 2 ' 3 The 
r e a c t i o n takes p l a c e i n a C a C l 2 s o l v e n t which d i s s o l v e s the c a l 
cium o x i d e and a l l o w s the p l u t o n i u m metal t o c o a l e s c e i n the b o t 
tom o f the c r u c i b l e . 

P u 0 2 ( s ) + 2 Ca° + 11 C a C l 2 U ) + 

2 CaO-11 C a C l 2 U ) + Pu (£) (1) 

The r e a c t a n t s are loaded i n a magnesia c r u c i b l e and heated by 
a r e s i s t a n c e f u r n a c e t o 800°C ( F i g u r e 3 ) . Once the C a C l 2 i s mol
t e n , a t a n t a l u m s t i r r e r and a Ta-Ni thermocouple sheath are lower
ed i n t o the melt. While s t i r r i n g , the r e a c t i o n i s monitored w i t h 
a thermocouple. Once the r e a c t i o n i s complete, the s t i r r e r and 
thermocouple w e l l are r e t r a c t e d and the melt i s a l l o w e d t o c o o l . 
F i g u r e 4 shows a t y p i c a l DOR p r o d u c t and s a l t / c r u c i b l e r e s i d u e . A 
t y p i c a l p r o d u c t b u t t o n weighs 600 g and the p r o c e s s y i e l d i s >99%. 
E s s e n t i a l l y no p u r i f i c a t i o n takes p l a c e i n the r e d u c t i o n s t e p , 
meaning t h a t the p r o d u c t b u t t o n i s no p u r e r than the f e e d . 

P l u t o n i u m T e t r a f l u o r i d e P r o d u c t i o n and R e d u c t i o n . I n P u F 4 

p r o d u c t i o n / r e d u c t i o n , p l u t o n i a i s f e d f i r s t t o an HF r e a c t i o n f u r 
nace where the P u 0 2 i s c o n v e r t e d t o PuF 4. The P u F 4 i s r e a c t e d 
w i t h c a l c i u m metal i n the presence o f i o d i n e t o form p l u t o n i u m 
m e t a l , C a F 2, and C a l 2 . 2 , 4 , 5 , 6 C a l c i u m and i o d i n e r e a c t f i r s t t o 
i n i t i a t e the p l u t o n i u m r e a c t i o n . The P u F 4 and c a l c i u m r e a c t t o 
form p l u t o n i u m metal and CaF 2. Both the i o d i n e and P u F 4 r e a c t i o n s 
w i t h c a l c i u m are v e r y e x o t h e r m i c , p r o v i d i n g enough heat t o melt 
the waste s l a g and a l l o w the p l u t o n i u m metal t o c o a l e s c e i n the 
bottom o f the c r u c i b l e . 

Ca + I 2 -> C a l 2 -ΔΗ = 128 k c a l / m o l e (2) 

P u F 4 + 2Ca -> 2CaF 2 + Pu -ΔΗ = 157 kcal/mole (3) 

F i g u r e 5 shows a t y p i c a l P u F 4 p r o d u c t b u t t o n w i t h the s l a g 
and c r u c i b l e r e s i d u e . A t y p i c a l b u t t o n weighs 1250 g and the 
y i e l d i s 96-98%. E s s e n t i a l l y no p u r i f i c a t i o n t a k e s p l a c e i n the 
r e d u c t i o n s t e p , meaning t h a t the p r o d u c t b u t t o n i s no p u r e r than 
the feed f l u o r i d e . 

M o l t e n S a l t E x t r a c t i o n . The metal from DOR and P u F 4 r e d u c t i o n 
i s impure and proceeds t o the next step i n the p r o c e s s sequence 
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F i g u r e 3. D i r e c t o x i d e r e d u c t i o n equipment. 
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F i g u r e 4. D i r e c t o x i d e r e d u c t i o n m e t a l product w i t h r e s i d u e s . 

F i g u r e 5. P l u t o n i u m t e t r a f l u o r i d e r e d u c t i o n s l a g and product 
m e t a l . 
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Americium E x t r a c t i o n (more commonly r e f e r r e d t o as M o l t e n S a l t Ex-
o r MSE). T h i s p r o c e s s i s s p e c i f i c a l l y designed t o reduce the 
americium co n t e n t o f the p l u t o n i u m m e t a l . ( A m 2 4 1 spontaneously 
grows i n t o p l u t o n i u m as a r e s u l t o f P u 2 4 1 decay.) When the im
pure metal c o n t a i n s more than 1000 ppm of americium, i t i s run 
through the MSE p r o c e s s . O t h e r w i s e , i t bypasses the MSE s t e p and 
proceeds d i r e c t l y t o e l e c t r o r e f i n i n g . 

The MSE p r o c e s s was f i r s t r e p o r t e d i n Reference 7 as the 
h a l i d e o r c h l o r i d e s l a g g i n g p r o c e s s . I t was l a t e r o p t i m i z e d and 
developed i n t o a major p r o d u c t i o n p r o c e s s by workers a t the Rocky 
F l a t s P l a n t . 8 I n our p r o c e s s , the f e e d metal i s p l a c e d i n a mag
n e s i a c r u c i b l e as shown i n F i g u r e 3. The e x t r a c t i o n procedure i s 
i d e n t i c a l t o the DOR procedure except t h a t the s t i r r i n g c y c l e i s 
30 minutes i n s t e a d of o n l y a few minutes. An e q u a l molar KCl-NaCl 
i s used as a b u l k m a t r i x f o r the americium r e a c t i o n . The o x i d i z 
i n g agent t y p i c a l l y used i s M g C l 2 , a l t h o u g h P u F 4 has been used ex
t e n s i v e l y a t Los Alamos. The r e a c t i o n s are as f o l l o w s : 

The e x t e n t o f the f i r s t r e a c t i o n i s about 67%, which means 
t h a t some of the M g C l 2 remains i n the b u l k s a l t . I n a t y p i c a l 
4.5-kg run c o n t a i n i n g 3000 ppm americium, 90% o f the americium 
i s o x i d i z e d a t the expense o f a p p r o x i m a t e l y 100 g p l u t o n i u m . A 
t y p i c a l p r o d u c t weighs 4400 g and c o n t a i n s 98% o f the f e e d p l u 
tonium. 

Ingot C a s t i n g . A f t e r the e x t r a c t i o n o f americium from the 
impure m e t a l , the p l u t o n i u m metal must be put i n t o a shape which 
i s c ompatible w i t h the e l e c t r o r e f i n i n g c e l l . T h i s r e q u i r e s a l l o y 
i n g and c a s t i n g the metal i n t o a c y l i n d r i c a l i n g o t shape, hence 
i n g o t c a s t i n g . 

The shape of the i n g o t i s a 2 7/8" diam. c y l i n d e r which i s up 
to 4" l o n g . The q u a n t i t y o f metal needed f o r e l e c t r o r e f i n i n g i s 
6 kg. Due t o n u c l e a r c r i t i c a l i t y c oncerns, 6 kg o f α phase (or 
near f u l l d e n s i t y ) metal c o u l d not be allowed* i n the c y l i n d r i c a l 
c o n f i g u r a t i o n . (For an e x p l a n a t i o n o f c r i t i c a l i t y concerns w i t h 
r e s p e c t t o the 6-kg e l e c t r o r e f i n i n g p r o c e s s , see Réf. 1 ) . As a 
r e s u l t , the m e t a l i s a l l o y e d d u r i n g the c a s t i n g phase w i t h g a l l i u m 
i n o r d e r t o change the b u l k d e n s i t y from >19 g/cm 3 down t o 
<16.5 g/cm 3. T h i s s t e p i n v o l v e s h e a t i n g the m e t a l b u t t o n s under a 
vacuum to above the metal m e l t i n g p o i n t . The m e t a l i s mixed w i t h 
the g a l l i u m and bottom poured from the f u r n a c e tube i n t o the mold. 
A c a s t i n g r e s i d u e , o r s k u l l , always o c c u r s . T h i s s k u l l c o n t a i n s 
any l i g h t element i m p u r i t i e s , o x i d e f i l m s , or h i g h m e l t i n g contam
i n a n t s which e x i s t i n the impure metal b u t t o n s . The c a s t i n g y i e l d 
i s t y p i c a l l y 95%. A t y p i c a l i n g o t can be seen i n F i g u r e 6. 

Pu° + Am° + 3 M g C l 2 -> P u C l 3 + AmCl 3 + 3 Mg° 
+3 

o r , Pu° + 3 P u F 4 + -> 4 Pu + 12 F 
+ o + 3 

Pu 3 + Am° -* Am + Pu° 

(4) 
(5) 

(6) 
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F i g u r e 6. Impure metal i n g o t feed f o r e l e c t r o r e f i n i n g . 
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P l u t o n i u m E l e c t r o r e f i n i n g . P l u t o n i u m e l e c t r o r e f i n i n g p r i n 
c i p l e s are summarized i n R e f s . 1,3,9. B r i e f l y , the p r o c e s s con
s i s t s of o x i d i z i n g p l u t o n i u m from an impure metal feed a t the an
ode and r e d u c i n g i t t o pure metal a t the cathode. 

Anode : Pu (impure, £) -» P u + 3 + 3e~ ^ 
Cathode : P u + 3 + 3e" -> Pu (pure, A) (8) 

Net R e a c t i o n : Pu (impure, £) Pu (pure, £) (9) 

The p r o c e s s i s done a t 740°C i n a molten s a l t c o n s i s t i n g o f 
N a C l - K C l - P u C l 3 - M g C l 2 , under n e a r - e q u i l i b r i u m c o n d i t i o n s . V i r t u a l 
l y a l l of the i m p u r i t i e s c o n c e n t r a t e i n the anode. Of the impur
i t i e s u s u a l l y p r e s e n t i n p l u t o n i u m , o n l y americium c o n c e n t r a t e s 
i n the s a l t . 

The p r o c e s s i s performed i n a double-cupped v i t r i f i e d , mag
n e s i a c r u c i b l e ( F i g u r e 7 ) . The i n n e r cup c o n t a i n s the impure 
metal i n g o t . The c r u c i b l e i s p l a c e d i n s i d e a t a n t a l u m s a f e t y can 
and p l a c e d i n s i d e the f u r n a c e tube. The assembly i s heated by a 
r e s i s t a n c e f u r n a c e . The schematic i n F i g u r e 8 shows the c e l l i n 
o p e r a t i o n . Both the impure metal and the molten s a l t e l e c t r o l y t e 
are s t i r r e d by a v i t r i f i e d magnesia s t i r r e r . A t u n g s t e n rod i s 
suspended i n the impure metal p o o l t o serve as the anode rod. The 
anode rod i s e l e c t r i c a l l y i n s u l a t e d from the s a l t by a magnesia 
s l e e v e . A c y l i n d r i c a l l y shaped sheet of t u n g s t e n i s suspended i n 
the a n n u l a r space between the two cups and serves as the cathode. 

The molten s a l t r e f e r r e d t o i n F i g u r e 8 i s an e q u a l molar 
NaCl-KCl s a l t . A s m a l l amount of M g C l 2 i s added t o t h i s s a l t 
as an o x i d i z i n g agent. The M g C l 2 r e a c t s w i t h the impure metal t o 
b o t h charge the s a l t w i t h Pu+ 3 and t o remove some a d d i t i o n a l 
americium from the metal (Equations 4 and 6 ) . The a c t u a l e l e c t r o 
r e f i n i n g p r o c e s s i s accomplished by s t i r r i n g a t 800 RPM and pass
i n g a dc c u r r e n t between anode and cathode. P l u t o n i u m o x i d i z e s a t 
the anode and reduces back t o metal a t the cathode. The metal 
d r i p s o f f the cathode and i n t o the a n n u l a r space. F i g u r e 9 shows 
a t y p i c a l p r o d u c t r i n g a f t e r break-out. The p r o d u c t y i e l d from a 
Pu- l w t % Ga a l l o y i s 83%. A p p r o x i m a t e l y 10% of the r e s i d u a l p l u 
tonium remains i n the anode as a v e r y impure h e e l . The remaining 
p l u t o n i u m (~7%) ends up i n the s a l t e i t h e r as uncoalesced metal 
shot o r as Pu+ 3 c h l o r i d e s a l t . 

P r e s e n t P l u t o n i u m Residue R e c y c l e 

Process Schematic. A schematic showing our main p r o d u c t i o n 
sequence and our p r e s e n t p l u t o n i u m r e s i d u e r e c y c l e streams i s seen 
i n F i g u r e 10. The oval-shaped s t e p s , r e p r e s e n t i n g the r e c y c l e 
streams, are as f o l l o w s : 

1. C a s t i n g S k u l l R e c y c l e . 
2. S l a g Recovery. 
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F i g u r e 7. E l e c t r o r e f i n i n g p r o c e s s equipment. 
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F i g u r e 9. T y p i c a l e l e c t r o r e f i n i n g product r i n g . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
6

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



Ni
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
6

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



4 2 2 PLUTONIUM CHEMISTRY 

3. Americium E x t r a c t i o n S a l t Recovery. 
4. E l e c t r o r e f i n i n g S a l t S t r i p p i n g . 

Each of these f o u r streams w i l l be d i s c u s s e d i n more depth. 
C a s t i n g S k u l l R e c y c l e . A f t e r i n g o t c a s t i n g , a r e s i d u e con

t a i n i n g up t o 5% of the p l u t o n i u m feed remains behind. U s u a l l y 
the metal b u t t o n s f e d t o the c a s t i n g o p e r a t i o n s r e t a i n some of 
the c a l c i u m used i n the r e d u c t i o n o p e r a t i o n , as w e l l as o t h e r 
v o l a t i l e metals and o x i d e s . 

The b u t t o n s u s u a l l y have a f i l m o f Pu 0 2 as a r e s u l t o f expo
sure t o glove-box a i r . Upon c a s t i n g , t h i s P u 0 2 f l o a t s and remains 
i n the s k u l l a l o n g w i t h trapped p l u t o n i u m m e t a l . T h i s p o r t i o n of 
the s k u l l i s r e c y c l e d back i n t o the p r o d u c t i o n sequence. 

The s k u l l metal and ox i d e are f i r s t c o m p l e t e l y burned t o ox
ide by h e a t i n g i n a i r t o 400-500°C. The p l u t o n i u m metal spontan
e o u s l y burns and i s c o l l e c t e d as a green P u 0 2 powder. T h i s oxide 
i s r e c y c l e d back as feed f o r D i r e c t Oxide R e d u c t i o n . T h i s p r o c e s s 
i s n o r m a l l y 100% e f f i c i e n t w i t h o n l y a s m a l l p l u t o n i u m r e s i d u e 
showing up i n items such as clean-up rags. 

S l a g Recovery. An i n - d e p t h d i s c u s s i o n on the s l a g r e c o v e r y 
p r o c e s s i s found i n Reference 10. 

P e r i o d i c a l l y , d u r i n g the P u F 4 r e d u c t i o n p r o c e s s , p r o d u c t i o n 
m i s f i r e s o ccur. The essence of the m i s f i r e i s t h a t not enough 
heat i s generated d u r i n g the r e d u c t i o n t o melt the CaF 2 by-pro
duct. As a r e s u l t , the p l u t o n i u m metal remains trapped i n the 
CaF 2 s l a g and does not f l o w t o the bottom of the c r u c i b l e and coa
l e s c e as a metal b u t t o n . 

I n an e f f o r t t o r a p i d l y r e c o v e r the p l u t o n i u m from these r e s i 
dues, a p r o c e s s was developed whereby the CaF 2 s l a g i s d i s s o l v e d 
i n C a C l 2 a t 685°C. The p l u t o n i u m , which e x i s t s e i t h e r as a f i n e l y 
d i v i d e d m etal f o g or as i n c o m p l e t e l y reduced f l u o r i d e s a l t , i s r e 
duced t o metal and/or a l l o w e d t o c o a l e s c e as a b u t t o n i n the b o t 
tom of the c r u c i b l e . The process has been demonstrated on s l a g s 
c o n t a i n i n g between 250 g and 1000 g of p l u t o n i u m but i t i s not r e 
s t r i c t e d t o these h i g h - p l u t o n i u m - b e a r i n g r e s i d u e s . The r e c o v e r y 
of p l u t o n i u m i n a one-day c y c l e averages 96% and a l l of the r e s i 
dues have f a l l e n below our a l l o w a b l e d i s c a r d l i m i t s . 

M o l t e n S a l t E x t r a c t i o n (MSE) - S a l t Recovery. The s a l t r e s i 
due from the americium e x t r a c t i o n p r o c e s s i s made up o f N a C l , KC1, 
M g C l 2 , P u C l 3 , and A111CI3. A t y p i c a l r e s i d u e weighs a p p r o x i m a t e l y 
2.0 kg and c o n t a i n s 200 g p l u t o n i u m , 10-20 g americium, 50 g M g C l 2 

w i t h the remaining equimolar N a C l - K C l . 
The proposed p r o c e s s w i l l be performed i n an MgO c r u c i b l e a t 

800°C ( F i g u r e 3). A t a n t a l u m s t i r r e r w i l l be used t o mix the r e -
a c t a n t s . The s a l t r e c o v e r y o p e r a t i o n w i l l c o n s i s t of m e l t i n g the 
s a l t and c o n t a c t i n g i t w i t h c a l c i u m m e t a l . T h i s reduces the 
P u C l 3 , AmCl 3, and M g C l 2 t o me t a l . The magnesium metal v a p o r i z e s 
o f f due t o i t s h i g h vapor p r e s s u r e a t 800°C. The p l u t o n i u m and 
americium c o a l e s c e t o g e t h e r as a b u t t o n i n the bottom o f the 
c r u c i b l e . 

Only a few p r e l i m i n a r y t e s t s have been run. We have 
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s u c c e s s f u l l y removed the p l u t o n i u m from the s a l t r e s i d u e , but the 
e x a c t d i s p o s i t i o n o f the americium i s not c l e a r . Thermodynamical-
l y , the americium s h o u l d be reduced t o metal and r e c o v e r e d w i t h 
the p l u t o n i u m . Our f i r s t i n d i c a t i o n s are t h a t some americium i s 
moved w i t h the p l u t o n i u m but t h a t some s t a y s behind i n the s a l t . 

The s t r i p p i n g approach seems t o be p r a c t i c a l . F u t u r e work 
w i l l i n v e s t i g a t e the d i s p o s i t i o n o f the americium. Work w i l l be 
done t o e s t a b l i s h p r o p e r o p e r a t i n g c o n d i t i o n s and o p t i m i z e p r o c e s s 
y i e l d s . 

E l e c t r o r e f i n i n g (ER) S a l t Recovery. A p p r o x i m a t e l y 8% (500 g) 
o f the p l u t o n i u m i n an e l e c t r o r e f i n i n g run i s l o s t t o the s a l t 
phase. H i s t o r i c a l l y , t h i s waste stream was recovered by aqueous 
p r o c e s s i n g . 3 The s a l t s are now r e c o v e r e d p y r o c h e m i c a l l y by s a l t 
s t r i p p i n g . T h i s o p e r a t i o n c o n s i s t s o f c o n t a c t i n g the molten s a l t 
r e s i d u e w i t h c a l c i u m m e t a l , r e s u l t i n g i n the r e d u c t i o n of P u C l 3 t o 
metal and the co a l e s c e n c e o f m e t a l l i c p l u t o n i u m shot. The p r o c e s s 
r e s u l t s i n the f o r m a t i o n of a m e t a l l i c p l u t o n i u m b u t t o n (96% 
y i e l d ) , a l a r g e w h i t e s a l t phase, and a s m a l l b l a c k s a l t phase. 
The p l u t o n i u m metal i s r e c y c l e d t o MSE and ER. The w h i t e s a l t 
phase t o g e t h e r w i t h the c r u c i b l e c o n t a i n l e s s than r e c o v e r a b l e 
amounts o f p l u t o n i u m and are d i s c a r d e d . The b l a c k s a l t phase 
which c o n t a i n s the unrecovered p l u t o n i u m i s combined w i t h o t h e r 
b l a c k s a l t phases and sent through a second r e d u c t i o n s t e p . Com
p l e t e d e t a i l s o f the p r o c e s s are g i v e n i n R e f e r e n c e . 1 1 

Proposed P l u t o n i u m R e c y c l e 

Process Schematic. A schematic showing our main p r o d u c t i o n 
sequence and r e s i d u e r e c y l e streams i s seen i n F i g u r e 11. I n ad
d i t i o n on t h i s f i g u r e , (shown i n the pentagonal shaped boxes) are 
two proposed p l u t o n i u m r e c y c l e streams which are under i n v e s t i g a 
t i o n but are not b e i n g used i n the p r o d u c t i o n sequence. 

1. P l u t o n i u m and americium r e c o v e r y from MSE S a l t S t r i p p i n g 
P r o d u c t . 

2. E l e c t r o r e f i n i n g anode r e c o v e r y . 
The g o a l of these two p r o c e s s e s i s t o p r o v i d e a c l o s e d loop 

on the p l u t o n i u m streams i n the metal p r e p a r a t i o n and p u r i f i c a t i o n 
sequence. 

M o l t e n S a l t E x t r a c t i o n S a l t s : P l u t o n i u m and Americium Recov
e r y . We have demonstrated the a b i l i t y t o s u c c e s s f u l l y s t r i p the 
p l u t o n i u m from the MSE s a l t s . The r e s u l t i n g metal p r o d u c t now 
c o n t a i n s as much as 10% americium and as a r e s u l t cannot be f e d 
d i r e c t l y i n t o the metal p r o c e s s i n g sequence. To use the p l u t o n i u m 
we must remove the americium. 

Vacuum d i s t i l l a t i o n o f the americium away from the p l u t o n i u m 
has been demonstrated by B e r r y and K n i g h t o n . 1 2 I n t h i s work the 
g o a l was t o r e c o v e r pure americium m e t a l . They demonstrated the 
a b i l i t y t o r e c o v e r >50 g batches o f americium (>99% pure) i n a 
two-stage d i s t i l l a t i o n . 

I n the system d i s c u s s e d h e r e , the g o a l i s not n e c e s s a r i l y t o 
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r e c o v e r pure americium but r a t h e r t o s i g n i f i c a n t l y reduce the 
americium content i n the p l u t o n i u m . I n doing so, the p l u t o n i u m 
must be conserved such t h a t the americium stream c o n t a i n s an 
i n s i g n i f i c a n t amount of p l u t o n i u m . 

The t a r g e t f o r americium c o n c e n t r a t i o n i n the p l u t o n i u m i s 
<1000 ppm. T h i s means t h a t a 1 0 0 - f o l d r e d u c t i o n of americium con
c e n t r a t i o n i s n e c e s s a r y . The vacuum d i s t i l l a t i o n system d i s c u s s e d 
above seems a l i k e l y c a n d i d a t e f o r t h i s s t e p . 

Anode Residue Recovery. A p p r o x i m a t e l y 10% o f the p l u t o n i u m 
p r e s e n t i n a Pu- l w t % Ga e l e c t r o r e f i n i n g f e e d , ends up i n the an
ode r e s i d u e . T h i s r e s i d u e a l s o c o n t a i n s most of the i m p u r i t i e s 
which were p r e s e n t i n the metal feed. The f o l l o w i n g p y r o c h e m i c a l 
p r o c e s s e s have been c o n s i d e r e d f o r r e c o v e r i n g p l u t o n i u m from t h i s 
r e s i d u e . 

• E l e c t r o r e f i n i n g a t temperatures above 1100°C. 
• E l e c t r o r e f i n i n g w i t h a s o l i d p l u t o n i u m anode and a l i q u i d 
p l u t o n i u m cathode. 
•Pyroredox. 
A f t e r a study of the t h r e e a l t e r n a t i v e s we concluded t h a t py

roredox o f f e r e d the most promise f o r anode r e s i d u e r e c o v e r y . Py
roredox i s a m o l t e n - s a l t p r o c e s s i n which p l u t o n i u m metal i s ox
i d i z e d c h e m i c a l l y i n t o the s a l t phase and then reduced c h e m i c a l l y 
i n t o the metal phase. Most of the i m p u r i t i e s are not o x i d i z e d and 
remain i n the metal r e s i d u e . Thus, f o r a Pu-Ga anode r e s i d u a l , 
the r e a c t i o n s would be: 

O x i d a t i o n 

Pu · l/4Ga + 3/2 Z n C l 2 -> P u C l 3 + 3/2 Zn · l/4Ga (10) 

R e d u c t i o n 

2 P u C l 3 + 3 Ca° -> 3 C a C l 2 + 2 Pu° (11) 

The pyroredox p r o c e s s has been s t u d i e d e x t e n s i v e l y by workers 
a t Argonne N a t i o n a l L a b o r a t o r y 1 3 and Rocky F l a t s . 1 4 R e a v i s of Los 
Alamos N a t i o n a l L a b o r a t o r y was a p p a r e n t l y the f i r s t t o e x p l o r e the 
p o t e n t i a l of pyroredox i n 1 9 6 1 . 1 5 , 1 6 K n i g h t o n of Rocky F l a t s r e 
c e n t l y r e p o r t e d the r e s u l t s of a study i n which t w e l v e batches of 
impure p l u t o n i u m metal (about 2 kg of p l u t o n i u m per batch) were 
f e d t o the pyroredox p r o c e s s . 1 4 P r o c e s s i n g was done i n t u n g s t e n 
c r u c i b l e s c o n t a i n e d i n t i l t - p o u r f u r n a c e s . The o x i d a t i o n and r e 
d u c t i o n y i e l d s were e x c e l l e n t , a v e r a g i n g 99.77% and 99.17% r e 
s p e c t i v e l y . The o v e r a l l p r o c e s s y i e l d , however, was low, 89.97%, 
because o f p l u t o n i u m l o s s e s caused p r i m a r i l y by s a l t foaming. The 
p u r i t y of the p l u t o n i u m m e t a l p r o d u c t was poor because o f e n t r a i n -
ment of z i n c metal i n the s a l t phase. K n i g h t o n concluded t h a t the 
r a t e of o x i d a t i o n must be slowed down or the r a t e o f heat removal 
from the r e a c t i o n s i t e must be i n c r e a s e d i n o r d e r t o c o n t r o l foam
i n g . A l t h o u g h the p e r c e n t o f z i n c metal entrainment decreased 
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from 27.3% f o r the f i r s t experiments t o 13% f o r the l a s t , the 
entrainment problem was not r e s o l v e d . Thus, the remaining p y r o r e -
dox problems t h a t K n i g h t o n i d e n t i f i e d were: 

1. Foaming of s a l t . 
2. Z i n c metal entrainment i n s a l t . 
We b e l i e v e t h a t foaming can be e l i m i n a t e d by: 
1. C o n t r o l l i n g the r a t e o f o x i d a t i o n o f p l u t o n i u m by Z n C l 2 , 

i . e . , by c o n t r o l l i n g the o x i d a t i o n r a t e , we can c o n t r o l 
the temperature. 

2. U s i n g pure, anhydrous reagents (note -- I n the DOR p r o 
c e s s , we have noted t h a t wet C a C l 2 r e s u l t s i n s a l t foam
in g . ) 

Our experiments t o date have been on the 100 g p l u t o n i u m 
s c a l e , and have been done i n t a n t a l u m c o n t a i n e r s . We have demon
s t r a t e d : 

1. We can c o n t r o l the p l u t o n i u m o x i d a t i o n r a t e by r e a c t i n g 
molten Z n C l 2 s a l t w i t h s o l i d p l u t o n i u m m e t a l . 

2. We can prepare anhydrous Z n C l 2 - N a C l and Z n C l 2 - K C l . 
3. We can e l i m i n a t e foaming. 
We have not demonstrated q u a n t i t a t i v e phase s e p a r a t i o n of 

s a l t from metal i n the o x i d a t i o n s t e p . A p p r o x i m a t e l y 5% of the 
g a l l i u m was c a r r i e d over from the feed t o the p r o d u c t a f t e r the 
c a l c i u m r e d u c t i o n . We are now s c a l i n g - u p the 100-g experiments t o 
p l a n t - s i z e equipment u s i n g magnesia c r u c i b l e s i n the equipment 
shown i n F i g u r e 3. 

Proposed Reagent R e c y c l e 

P r o c e s s Schematic. The f i n a l i n s t a l l a t i o n i n our main p r o 
d u c t i o n sequence w i l l be the r e c y c l e o f reagent s a l t s . There are 
q u i t e a number of o p t i o n s i n v o l v e d i n r e c y c l i n g reagents from 
n e a r l y every o p e r a t i o n . F i g u r e 12 shows the process schematic 
where the t h r e e major s a l t r e c y c l e steps are h i g h l i g h t e d by 
heavy l i n e s . 

1. D i r e c t Oxide R e d u c t i o n . 
2. Molten S a l t E x t r a c t i o n . 
3. E l e c t r o r e f i n i n g . 
A l l t h r e e have unique problems i n s a l t reuse. 
D i r e c t Oxide R e d u c t i o n . I n DOR, c a l c i u m c h l o r i d e i s used as 

a s o l v e n t t o d i s s o l v e the c a l c i u m o x i d e i n the r e a c t i o n : 

P u 0 2 ( s ) + 2 Ca° + 11 C a C l 2 -> 2 CaO-11 C a C l 2 U) + Pu° (£) (12) 

As can be seen, t h e r e are 11 moles of C a C l 2 needed per mole 
of Pu0 2. A normal r e d u c t i o n i n v o l v e s 700 g of Pu0 2 and r e q u i r e s 
3600 g of C a C l 2 . The r e g e n e r a t i o n / r e u s e o f the s a l t r e s i d u e does 
more than j u s t reduce the c o s t o f C a C l 2 . The b i g g e s t area of im
p a c t i s i n waste h a n d l i n g and subsequent d i s p o s a l . 

I n o r d e r t o reuse the C a 0 e C a C l 2 s a l t cake, the CaO must be 
removed from the m a t r i x , thus l i b e r a t i n g f r e s h C a C l 2 s o l v e n t . 
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There are t h r e e mechanisms f o r a c h i e v i n g t h i s : 
1. P h y s i c a l s e p a r a t i o n o f CaO from the C a C l 2 , 
2. Chemical c o n v e r s i o n o f CaO t o C a C l 2 , and 
3. E l e c t r o l y t i c removal of CaO from C a C l 2 . 
I n p h y s i c a l s e p a r a t i o n , the g o a l i s t o f i n d a s o l v e n t t h a t 

can d i s s o l v e the C a C l 2 and a l l o w the CaO t o s e t t l e . The C a C l 2 

i s s o l u b l e i n most a l c o h o l s and acetone where CaO i s e s s e n t i a l l y 
i n s o l u b l e . A f t e r the CaO i s s e p a r a t e d , the a l c o h o l c o u l d be 
evaporated t o l i b e r a t e C a C l 2 . 

I n the chem i c a l c o n v e r s i o n of CaO t o C a C l 2 , the molten s a l t 
would be c o n t a c t e d w i t h a s t r o n g c h l o r i n a t i n g agent such as HC1 or 
C0C1 2. The c h l o r i n a t i n g agent c o n v e r t s the CaO t o C a C l 2 per the 
f o l l o w i n g e q u a t i o n s : 

CaO + 2HC1 -> C a C l 2 + H 20 (13) 

CaO + C0C1 2 C a C l 2 + C0 2 (14) 

An e l e c t r o l y t i c method f o r removing CaO from C a C l 2 was sug
gested by B a r l e t t a , e t . a l . 1 7 The s a l t i s e l e c t r o l y z e d i n a c e l l 
w i t h a g r a p h i t e consumable anode. Oxygen i s removed a t the anode 
where i t r e a c t s w i t h carbon to form CO and C0 2. Calcium i o n s are 
reduced t o metal a t the cathode. Thus, the e l e c t r o l y t i c r e d u c t i o n 
r e a c t i o n s h o u l d be 

2 CaO + C -> 2 Ca + C 0 2 (15) 

The competing r e a c t i o n causes the f o r m a t i o n of CO gas: 

Ca + C0 2 -> CaO + CO (16) 

I n a l l t h r e e mechanisms, the r e a c t i o n s are performed a t about 
800°C and the o x y g e n - c o n t a i n i n g by-products (H 20, and C0 2) are r e 
moved i n the o f f - g a s stream. 

None o f the above systems have been demonstrated. There are 
s e r i o u s drawbacks t o a l l of them. I n the case o f P h y s i c a l Separa
t i o n , v o l a t i l e o r g a n i c s a r e h i g h l y u n d e s i r a b l e i n a glove-box 
system because o f the p o t e n t i a l f o r e x p l o s i o n and f i r e . I n the 
Chemical C o n v e r s i o n System, HC1 and C0C1 2 pose s e r i o u s c o r r o s i o n 
problems, p a r t i c u l a r l y so a t 800°C. An HC1 system can p r o b a b l y be 
engineered w i t h o u t too much d i f f i c u l t y . A phosgene-handling s y s 
tem would be more d i f f i c u l t because of i t s g r e a t e r r e a c t i v i t y . 
I n the E l e c t r o l y t i c System, c o r r o s i o n should not be a s e r i o u s 
problem. I t s p r i n c i p a l drawback i s d e s i g n of the e l e c t r o l y t i c 
c e l l . 

M o l t e n S a l t E x t r a c t i o n and E l e c t r o r e f i n i n g S a l t R e c y c l e . 
The g o a l i n any s a l t r e c y c l e system i s t o keep the system 
as s i m p l e as p o s s i b l e and t o use compatible reagents f o r each of 
the s t e p s : p r o c e s s i n g , r e c o v e r y , and r e p r o c e s s i n g . I n e v a l u a t i n g 
p o t e n t i a l r e c y c l e schemes, these two c o n s i d e r a t i o n s w i l l p l a y an 
impo r t a n t r o l e . 
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The s a l t m a t r i x p r e s e n t l y used f o r b o t h M o l t e n S a l t 
E x t r a c t i o n (MSE) and E l e c t r o r e f i n i n g i s an equimolar NaCl-KaCl 
w i t h M g C l 2 added as an o x i d i z i n g agent. A f t e r the o p e r a t i o n , the 
s a l t c o n t a i n s these t h r e e compounds as w e l l as P u C l 3 and AmCl 3. 
D u r i n g the s t r i p p i n g s t e p , p l u t o n i u m and americium are reduced t o 
metal and removed from the s a l t as a metal b u t t o n . The r e d u c i n g 
agent p r e s e n t l y used i s c a l c i u m . The r e s u l t i n g s a l t , a f t e r s t r i p 
p i n g , i s made up of KC1, Na C l , M g C l 2 and C a C l 2 . O b v i o u s l y , the 
s a l t c o m p o s i t i o n i s g e t t i n g more and more complex. The s p e c i f i c 
makeup o f the s a l t m a t r i x i s not s i g n i f i c a n t as l o n g as i t i s r e a 
s o n a b l y pure, a b s o l u t e l y d r y , and melts a t l e s s than 800°C. But, 
i t i s v e r y d e s i r a b l e t o know the s p e c i f i c c h a r a c t e r i s t i c s o f the 
s a l t b e i n g used from a chem i c a l and d i a g n o s t i c s s t a n d p o i n t . 

The r e c y c l e d s a l t w i l l accumulate M g C l 2 and C a C l 2 w i t h the 
C a C l 2 b e i n g the predominant compound. (The M g C l 2 may o r may not 
be c o m p l e t e l y reduced t o Mg° by Ca° and t h e r e f o r e a r e s i d u a l of 
M g C l 2 w i l l l i k e l y be r e c y c l e d back i n the r e t u r n s a l t ) . As a r e 
s u l t o f the C a C l 2 b u i l d - u p , f u t u r e i n v e s t i g a t i o n s w i l l i n v o l v e the 
use of C a C l 2 i n s t e a d o f KCl-NaCl as the feed s a l t t o MSE and ER. 

Calcium metal i s the u s u a l r e d u c i n g agent used i n s t r i p p i n g 
p l u t o n i u m and americium from these r e s i d u e s a l t s . Other a c t i v e 
m e t a l s , such as sodium m e t a l , show good p o t e n t i a l f o r use as a r e 
duci n g agent. I n the case o f sodium m e t a l , the r e d u c t i o n by
pro d u c t would be NaCl per the f o l l o w i n g r e a c t i o n . 

P u C l 3 + 3 Na° Pu° + 3 NaCl (17) 

Si n c e NaCl i s a l r e a d y a major c o n s t i t u e n t o f the i n i t i a l s a l t ma
t r i x , the c o m p l e x i t y o f the s a l t does not change. T h i s i s h i g h l y 
d e s i r a b l e from a r e p r o c e s s i n g s t a n d p o i n t . 

These two approaches t o s a l t r e c y c l e s a t i s f y the needs t o 
keep the system as simple as p o s s i b l e and t o use compatible r e 
agents i n each step o f the p r o c e s s i n g . The f i r s t approach i n v o l 
ves changing m a t r i x s a l t i n o r d e r t o be more comp a t i b l e w i t h the 
c a l c i u m metal r e d u c i n g agent. The second approach i n v o l v e s chang
i n g the r e d u c i n g agent t o be compatible w i t h the e x i s t i n g s a l t ma
t r i x . I n bot h i n s t a n c e s , the r e s u l t i n g s a l t m a t r i x a f t e r the 
s t r i p p i n g step remains as si m p l e as p o s s i b l e . 

Summary 

Plu t o n i u m p y r o c h e m i c a l p r o c e s s e s are now the p r i n c i p a l t o o l s 
a t Los Alamos f o r p r o d u c i n g l a r g e amounts o f h i g h p u r i t y p l u t o n 
ium metal from impure metal and oxide s c r a p . P y r o c h e m i c a l p r o 
c e s s i n g was s e l e c t e d because of i t s c o s t e f f e c t i v e n e s s . The p r o 
cesses are h i g h l y compact and r e q u i r e l i t t l e f l o o r space and man
power t o operate. The pr o c e s s e s are a l s o o p e r a t i o n a l l y e f f i c i e n t 
i n t h a t one or two steps can be used t o s u p p l a n t m u l t i - s t e p opera
t i o n s found i n the c l a s s i c a l aqueous c h e m i s t r y f l o w streams. The 
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third major cost impact is in the area of waste generation and 
reprocessing. In pyrochemical processing, nearly all residues 
have the potential for recycle. Very little primary or secondary 
waste is generated. In the classical aqueous process sequence, 
large volumes of liquids and some solids are usually generated. 
As a result of following the pyrochemical recycle route rather 
than the aqueous waste processing route, the plutonium values in 
the residues can be returned very expeditiously to the main pro
cess sequence. The form of the plutonium is metal, which is most 
desirable from a production standpoint. 

In order to achieve this goal of a fully integrated process 
sequence, a concerted research and process development effort must 
take place. Present R&D efforts are devoted to the development of 
cost-effective pyrochemical processes for the recycle of plutonium 
in residues. Future efforts will be aimed at the recycle of re
agents in each individual process. The objectives of the recycle 
are to produce plutonium metal which can be further purified, and 
to generate small volumes of residues which can be discarded or 
recycled. 

In the present conceptual design, only two ultimate waste 
streams would be generated. One waste stream would contain the 
"noble" impurities and the second would contain the more "active" 
impurities. All reagents would be regenerated and/or recycled. 
The simplest systems would be used, meaning that a single solvent 
salt with a single compatible reducing agent would be used in 
every process. 
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27 
Carbamoylmethylphosphoryl Derivatives as 
Actinide Extractants 
Their Significance in the Processing and Recovery of 
Plutonium and Other Actinides 

E . PHILIP HORWITZ, H E R B E R T D I A M O N D , and DALE G. KALINA 

Argonne National Laboratory, Chemistry Division, Argonne, I L 60439 

Three classes of carbamoylmethylphosphoryl extrac
tants were studied for their ability to extract 
selected t r i - , tetra-, and hexavalent actinides from 
nitric acid. The three extractants are dihexyl-N,N
-diethylcarbamoylmethylphosphonate (DHDECMP), hexyl 
hexyl-N,N-diethylcarbamoylmethylphosphinate (HHDECMP), 
and octyl(phenyl)-N,N-diisobutylcarbamoylmethylphos
phine oxide OФD[IB]CMPO. The above three extrac
trants were compared on the basis of nitric acid and 
extractant dependencies for Am(III), solubility of 
complexes on loading with Nd(III) and U(VI), and 
selectivity of actinide(III) over fission products. 
The influence of temperature on D A m from LiNO3 (10-2 

M HNO3) and from 3 M HNO3 using dilute solutions of 
DHDECMP, HHDECMP, OФD[IB]CMPO in o-xylene showed 
that the increase in DAm in the series phosphone
-phosphinate-phosphine oxide was due primarily to an 
increase in the enthalpy of extraction. 
The above i n f o r m a t i o n was used to develop c o n c e p t u a l 
f l o w s h e e t s f o r the e x t r a c t i o n of a l l of the a c t i n i d e s 
(U, Np, Pu, Am, and Cm) from h i g h - l e v e l l i q u i d waste 
from PUREX p r o c e s s i n g u s i n g 0.4 M 0<j)D[IB]CMP0 i n DEB 
and f o r the e x t r a c t i o n o f a l l of the a c t i n i d e s from 
d i s s o l v e d spent LWR f u e l u s i n g 0.8 M DHDECMP i n DEB. 
In both f l o w s h e e t s , no o x i d a t i o n s t a t e of Pu i s 
necessary s i n c e the I I I , IV, and V I s t a t e e x t r a c t 
i n t o the o r g a n i c phase. 

R e c e n t l y t h e r e has been a renewed i n t e r e s t i n the e x t r a c t i o n 
of a c t i n i d e s w i t h v a r i o u s n e u t r a l b i f u n c t i o n a l organophosphorus 
e x t r a c t a n t s ( 1 - 9 ) . An e x c e l l e n t r e v i e w on t h i s s u b j e c t has been 
p u b l i s h e d r e c e n t l y by Sc h u l z and N a v r a t i l ( 9 ) . I n t e r e s t i n neu
t r a l b i f u n c t i o n a l organophosphorus e x t r a c t a n t s stems l a r g e l y from 
the f a c t t h a t these compounds have the a b i l i t y to e x t r a c t t r i -

0097-6156/83/0216-0433$06.00/0 
© 1983 American Chemical Society 
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v a l e n t a c t i n i d e i o n s from n i t r i c a c i d s o l u t i o n . T h i s i s im p o r t a n t 
from the s t a n d p o i n t o f removing l o n g - l i v e d a l p h a e m i t t i n g n u c l i d e s 
from l i q u i d waste streams generated i n the r e p r o c e s s i n g of spent 
n u c l e a r f u e l . 

We have s t u d i e d the e x t r a c t a n t b e h a v i o r of a s e r i e s of com
pounds c o n t a i n i n g the carbamoylmethylphosphoryl (CMP) moiety i n 
which the b a s i c i t y of the ph o s p h o r y l group and the s t e r i c b u l k of 
the s u b s t i t u e n t group a r e v a r i e d (10,11). These s t u d i e s have l e d 
to the development of e x t r a c t a n t s which have combinations of sub
s t i t u e n t groups t h a t i m p a r t t o the r e s u l t a n t molecule improved 
a b i l i t y t o e x t r a c t Am(III) from n i t r i c a c i d and to w i t h s t a n d hy-
d r o l y t i c d e g r a d a t i o n . A t the same time good s e l e c t i v i t y of ac
t i n i d e s over most f i s s i o n p r o d u c t s and f a v o r a b l e s o l u b i l i t y prop
e r t i e s on a c t i n i d e l o a d i n g a r e ma i n t a i n e d ( 1 1). 

T h i s paper d e s c r i b e s a comparison of the e x t r a c t i o n b e h a v i o r 
of s e l e c t e d . a c t i n i d e ( I I I ) , ( I V ) , and (VI) i o n s by the d i h e x y l - N , 
N - d i e t h y l analogs of carbamoylmethyl-phosphonate and phosphinate 
and octyl(phenyl)-Ν,Ν-diisobutylcarbamoylmethylphosphine o x i d e . 
The o b j e c t i v e was to e v a l u a t e the p o t e n t i a l of s e l e c t e d CMP type 
e x t r a c t a n t s f o r the p r o c e s s i n g and r e c o v e r y of p l u t o n i u m from 
n i t r i c a c i d . 

E x p e r i m e n t a l 

The p r e p a r a t i o n and p u r i f i c a t i o n of DHDECMP, HHDECMP, 
DHDECMPO, and 0<j>D[IB]CMP0 have been d e s c r i b e d i n e a r l i e r p u b l i 
c a t i o n s (7,10,11). A l l e x t r a c t a n t s were >97% pure. (See Table I 
f o r an e x p l a n a t i o n of a b b r e v i a t i o n s . ) E x t r a c t a n t s o l u t i o n s were 
prepared u s i n g d i s t i l l e d - i n - g l a s s grade o-xylene ( B u r d i c k and 
Jackson L a b o r a t o r i e s ) and d i e t h y l b e n z e n e (DEB) (mixture of i s o 
mers, A l d r i c h Chemical Co.). Hydroxylammonium formate and hy
dra zium formate were prepared by m i x i n g hydroxylamine (Chem. 
S e r v i c e , Inc.) o r h y d r a z i n e monohydrate ( J . T. Baker Chemical 
Co., Inc.) w i t h an e q u a l molar amount of f o r m i c a c i d . S y n t h e t i c 
h i g h - l e v e l l i q u i d waste (HLLW) was prepared u s i n g the procedure of 
Bond and Leuze (12). Other aqueous s o l u t i o n s were prepared u s i n g 
m a t e r i a l s d e s c r i b e d p r e v i o u s l y ( 7 ) . 

E x t r a c t i o n s t u d i e s were performed u s i n g 2 3 0 τ η , 233u, 237Np, 
239N p, 239p u, 242p u, 24lAm, and 243cm. Standard r a d i o m e t r i c 
assay and c o u n t i n g procedures were used throughout. D i s t r i b u t i o n 
r a t i o s were determined a t 25°C and as a f u n c t i o n o f temperature 
u s i n g the procedures d e s c r i b e d p r e v i o u s l y (7,13). For Np(IV) and 
Pu(IV) D fs, e x t r a c t i o n s were performed from 3 M HNO3 c o n t a i n i n g 
0.1 M s u f l a m i c acid-0.05 M f e r r o u s s u l f a m a t e , and 0.05 M sodium 
n i t r i t e , r e s p e c t i v e l y . M u l t i p l e s c r u b s ( u s u a l l y 2 to 3) of the 
loaded o r g a n i c phases were performed u n t i l two s u c c e s s i v e e q u i l i 
b r a t i o n s gave the same d i s t r i b u t i o n r a t i o s . The d i s t r i b u t i o n 
r a t i o f o r Np(V) was measured u s i n g a m i x t u r e of 237,239^p t h a t was 
se p a r a t e d from Np(IV) and Np(VI) by c a t i o n i o n exchange from 1 M 
HNO3. T n e d i s t r i b u t i o n r a t i o s of f i s s i o n p r o d u c t s were measured 
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from s y n t h e t i c HLLW u s i n g an Instruments SA, In c . i n d u c t i v e l y 
coupled atomic e m i s s i o n spectrometer (argon plasma). S i n c e o n l y 
aqueous phases c o u l d be a n a l y z e d , the metal i o n c o n s t i t u e n t s of 
the o r g a n i c phases were q u a n t i t a t i v e l y b a c k - e x t r a c t e d by f i r s t 
d i l u t i n g the e q u i l i b r a t e d o r g a n i c phase w i t h 2 - e t h y l h e x a n o l (10% 
by volume) and then e q u i l i b r a t i n g the r e s u l t a n t m i x t u r e t w i c e w i t h 
an e q u a l volume of an aqueous s o l u t i o n c o n t a i n i n g 0.01 M NaCN, 
0.05 M d i e t h y l t r i a m i n e p e n t r a a c e t a t e (DTPA), and 0.50 M NH4OH. 
D i s t r i b u t i o n r a t i o s measured by ICP/AES a n a l y s i s were e s t i m a t e d to 
have a s t a n d a r d d e v i a t i o n o f 20%. 

R e s u l t s and D i s c u s s i o n 

G e n e r a l Comparison of the Three C l a s s e s of CMP E x t r a c t a n t s . 
Table I I shows a g e n e r a l comparison of t h r e e e s s e n t i a l p r o p e r t i e s 
of a l i q u i d - l i q u i d e x t r a c t i o n system; namely, d i s t r i b u t i o n r a t i o , 
s e l e c t i v i t y , and s o l u b i l i t y o f loaded o r g a n i c phase, f o r h e x y l -
e t h y l analogs of the t h r e e c l a s s e s o f CMP e x t r a c t a n t s and f o r 
0(j>D[IB]CMP0. As d e s c r i b e d i n e a r l i e r p u b l i c a t i o n s (10,11), t h e r e 
i s a p r o g r e s s i v e i n c r e a s e i n D^, but decrease i n s e l e c t i v i t y w i t h 
r e s p e c t to im p o r t a n t f i s s i o n p r o d u c t s and i n l o a d i n g s o l u b i l i t y , 
as the donor s t r e n g t h of the pho s p h o r y l group i n c r e a s e s . (The 
s e l e c t i v i t y of Am(III) over F e ( I I I ) i s a good i n d i c a t i o n of s e l e c 
t i v i t y of a c t i n i d e ( I I I ) i o n s over a number of f i s s i o n p r o d u c t s 
whose r e v e r s i b l e D fs a r e more d i f f i c u l t to measure, e.g. > Zr.) 
Th e r e f o r e DHDECMPO i s not a good c a n d i d a t e as a p r o c e s s i n g e x t r a c 
t a n t i n s p i t e of i t s h i g h D̂ m v a l u e . On the o t h e r hand, the 
phosphonate and phosphinate analogs have good o v e r a l l e x t r a c t a n t 
p r o p e r t i e s except f o r the low but u s a b l e D̂ m v a l u e f o r DHDECMP. 
The D ^ f o r DHDECMP can be i n c r e a s e d by u s i n g 0.8 M c o n c e n t r a t i o n 
i n a d i i s o p r o p y l b e n z e n e d e c a l i n d i l u e n t ( 3 ) . 

As Table I I shows, the o c t y l ( p h e n y l ) - N , N - d i i s o b u t y l CMPO 
compensates, to a l a r g e degree, f o r the u n f a v o r a b l e p r o p e r t i e s 

TABLE I I . Comparisons of 0.5 M S o l u t i o n of CMP E x t r a c t a n t s i n 
DEB. 3 Μ HN0„, 25°C 

E x t r a c t a n t D. Am 
Am 

oc 

Fe 
% Loading 

N d ( I I I ) * U ( V I ) * 

DHDECMP 1.8 3 χ io 3 >75 100 
HHDECMP 11 1 χ io z >75 80-85 

DHDECMPO 22 4 χ 10" 1 65-70 30-35 

0c|)D[IB]CMP0 41 3 x 10 1 >75 40-45 

^P e r c e n t l o a d i n g s a r e based on an e x t r a c t a n t - t o - m e t a l r a t i o of 
3 f o r N d ( I I I ) and 2 f o r U ( V I ) . 
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of the d i h e x y l - N , N - d i e t h y l CMPO, a l t h o u g h the U(VI) l o a d i n g of 
0<|)D[IB]CMPO e x t r a c t a n t l i m i t s i t s use to a p p l i c a t i o n s i n v o l v i n g 
moderate to low c o n c e n t r a t i o n s o f U ( V I ) . The absence of a l k o x y 
groups i n the CMPO c l a s s i s noteworthy s i n c e t h i s f e a t u r e i m p a r t s 
improved h y d r o l y t i c and p r o b a b l y r a d i o l y t i c s t a b i l i t y to these 
compounds. 

A c i d and E x t r a c t a n t Dependencies. F i g u r e 1 shows a compari
son between the a c i d dependencies of DAm u s i n g 0.5 M DHDECMP, 
HHDECMP, and 0<j)D[IB]CMP0 s o l u t i o n i n DEB. Al t h o u g h a l l show a 
p r o g r e s s i v e i n c r e a s e i n DAm w i t h i n c r e a s i n g a c i d i t y , the CMPO ex
t r a c t a n t shows an i m p r e s s i v e l y h i g h DAm over a range of a c i d i t y 
from 0.1 M to 6 M HNO3 and p r o b a b l y much h i g h e r . S i n c e the CMPO 
molecule has no a l k o x y groups, the s t a b i l i t y of t h i s e x t r a c t a n t 
a t v e r y h i g h aqueous a c i d i t i e s s h o u l d be s u p e r i o r t o the phos-
p h i n a t e and phosphonate compounds. The peak DAm a t 0.8 M HNO3 
f o r the CMPO e x t r a c t a n t i s a l s o noteworthy s i n c e o p e r a t i o n of an 
e x t r a c t i o n process i n the moderate to low a c i d range c o u l d be use
f u l i f aqueous s o l u b l e complexing agents, e.g., o x a l i c a c i d , a r e 
r e q u i r e d . 

F i g u r e 2 shows the e x t r a c t a n t dependency f o r DAm from 3 M 
HNO3 u s i n g the same t h r e e e x t r a c t a n t s . A l l t h r e e e x t r a c t a n t s 
show a p p r o x i m a t e l y t h i r d power dependencies a l t h o u g h the CMPO 
compound shows a tendency toward h i g h e r dependencies above 0.5 M. 
Because of the v e r y s t r o n g e x t r a c t i o n c a p a b i l i t y of 0<|>D[IB]CMP0, 
a —0.5 M c o n c e n t r a t i o n i s s u f f i c i e n t whereas -1.0 M i s a u s e f u l 
c o n c e n t r a t i o n f o r the phosphinate and phosphonate CMP e x t r a c t a n t s . 
At these c o n c e n t r a t i o n s the HHDECMP and 0(f>D[IB]CMP0 compound have 
comparable DAm v a l u e s . 

E f f e c t of Temperature on DAm* The e f f e c t of temperature on 
DAm from b o t h 2 M L 1 N O 3 (0.01 M HNO3) and 3 M HNO3 f o r the t h r e e 
h e x y l - e t h y l CMP e x t r a c t a n t s and f o r 0(f)D[IB]CMP0 i s shown i n 
F i g u r e s 3 and 4. Table I I I shows a t a b u l a t i o n of the thermody
namic c o n s t a n t s f o r the e x t r a c t i o n of Am(III) u s i n g t h i r d power 
c o n c e n t r a t i o n dependencies f o r the n i t r a t e i o n s and the e x t r a c 
t a n t . (Although a c t i v i t i e s were i g n o r e d i n the c a l c u l a t i o n of 
the thermodynamic c o n s t a n t s , the r e l a t i v e ΔΗ and AS v a l u e s s h o u l d 
be v a l i d s i n c e the a c t i v i t y of the d i f f e r e n t e x t r a c t a n t molecules 
s h o u l d be a p p r o x i m a t e l y the same.) 

The i n c r e a s e i n DAm from DHDECMP to DHDECMPO i s much g r e a t e r 
i n low a c i d L 1 N O 3 than i n 3 M HNO3 because of the i n c r e a s i n g com
p e t i t i o n between Am(III) and hydrogen i o n as the b a s i c i t y of the 
P=0 group i n c r e a s e s . T h i s b e h a v i o r i s a l s o r e f l e c t e d i n the de
cre a s e i n ΔΗ f o r a g i v e n e x t r a c t a n t from L 1 N O 3 to HNO3 and i n the 
i n c r e a s e i n Δ(ΔΗ), the d i f f e r e n c e i n the e n t h a l p y of Am e x t r a c t i o n 
between L 1 N O 3 and n i t r i c a c i d , from the phosphonate to phosphine 
o x i d e . T h i s l a t t e r q u a n t i t y i s r e l a t e d t o the e n t h a l p y of e x t r a c 
t i o n of HNO3. I n a g i v e n medium, the improvement i n DAm from 
DHDECMP to HHDECMP i s l a r g e l y an e n t h a l p y e f f e c t , however, entropy 
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ΙΟ3 

10-3 I 1 
ΙΟ"2 ΙΟ"1 1.0 ΙΟ1 

[HN03]aq,M 
F i g u r e 1. 
D i s t r i b u t i o n r a t i o of Am(III) v e r s u s aqueous n i t r i c a c i d cone, 
f o r carbamoylmethylphosphoryl type e x t r a c t a n t s , e x t r a c t a n t 
cone. = 0.5 M. 
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MOLARITY OF EXTRACTANT 
F i g u r e 2. 
E x t r a c t a n t dependency of Am(III) f o r 0<(>D[IB]CMPO i n DEB and 
HHDECMP and DHDECMP i n DIPB, 3 M HNO~, 25°C. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
7

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



440 PLUTONIUM CHEMISTRY 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ch

02
7

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



27. HORWITZ ET AL. Carbamoylmethylphosphoryl Derivatives 441 

e f f e c t s a r e l a r g e l y r e s p o n s i b l e f o r the i n c r e a s i n g s t r e n g t h of 
DHDECMPO. The i n c r e a s e i n p o s i t i v e AS f o r the DHDECMPO e x t r a c t a n t 
may be due to decreased involvement of the c a r b o n y l group because 
of the l a r g e d i f f e r e n c e i n donor s t r e n g t h between the ph o s p h o r y l 
and c a r b o n y l groups. 

The s u p e r i o r i t y of 0()>D[IB]CMP0 over DHDECMPO i n the e x t r a c 
t i o n o f Am(III) from n i t r i c a c i d media i s l a r g e l y an e n t h a l p y 
e f f e c t , which i s c o n s i s t e n t w i t h the r a t i o n a l e f o r s u b s t i t u t i n g a 
phenyl group f o r a h e x y l . I n f a c t the improved e x t r a c t i o n of Am 
( I I I ) from e i t h e r n i t r i c a c i d o r L1NO3 media i n the s e r i e s DHDECMP, 
HHDECMP, and 0(|>D[IB]CMP0 i s l a r g e l y an e n t h a l p y e f f e c t . From a 
p r a c t i c a l s t a n d p o i n t , D̂ m decreases w i t h an i n c r e a s e i n tempera
t u r e f o r a l l e x t r a c t a n t s . However, as a r e s u l t of the d i f f e r e n c e s 
i n ΔΗ, the s u p e r i o r i t y of 0c|)D[IB]CMP0 over DHDECMP i s g r e a t e r a t 
lower than a t h i g h e r temperature a l t h o u g h the d i f f e r e n c e i s not 
g r e a t . 

TABLE I I I . E q u a t i o n s and Thermodynamic Parameters f o r the 
E x t r a c t i o n of Am(III) from N i t r a t e Media by Carbamoylmethyl

p h o s p h o r y l D e r i v a t i v e s 

2 M L i N 0 3 (0.01 M HN0 3), 0.10 M E x t r a c t a n t i n o-xylene 
DHDECMP HHDECMP DHDECMPO 0φΡ[ΙΒ]0ΜΡ0 

l n K e q 9.563 ^ ψ - - 12.67 7.503 ^ - 1 1 . 3 9 

AG(kJ/mol) -8.32 -17.5 -33.1 -28.9 
AH(kJ/mol) -32.0 -48.9 -51.7 -57.2 
AS(j/mol-K) -79.5 -105 -62.4 -94.7 

3 Μ HN0 3, 0.25 M E x t r a c t a n t i n o-xylene 
DHDECMP HHDECMP DHDECMPO 0(()D[IB]CMP0 

l n K e q 35|9 _ 1 Q 0 3 37|0 _ ^ 31|8 _ η ^ Α ψ _ g 5 7 Q 

AG(kJ/mol) -4.559 -7.033 -8.097 -10.95 
AHCkJ/mol) -29.42 -31.43 -26.51 -34.67 
AS(J/mol-K) -83.38 -81.81 -61.74 -79.56 

F i s s i o n P r o d u c t E x t r a c t i o n . Tables IV and V l i s t the d i s t r i 
b u t i o n r a t i o s f o r most of the f i s s i o n p r o d u c t s produced i n spent 
f u e l . A l s o i n c l u d e d a r e c o r r o s i o n p r o d u c t s Cr, Fe, and N i . Ex
t r a c t a n t c o n c e n t r a t i o n s f o r DHDECMP, HHDECMP, and 0((>D[IB]CMP0 were 
s e l e c t e d on the b a s i s of dat a i n F i g u r e 2. The aqueous a c i d i t y 
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TABLE IV. D i s t r i b u t i o n R a t i o s (Measured by ICP/AES) 
from S y n t h e t i c HLLW. 50°C 

0.8 M DHDECMP 
Element i n DEB a 

0.8 M HHDECMP 
i n DEB^ 

0.4 M 0<j>D[IB]CMP0 
i n DEB C 

*Rb <0.001 <0.001 <0.001 
Sr 0.006 0.003 0.003 
Y 0.56 1.7 1.7 
Zr 0.017 0.26 0.19 
Mo 0.026 0.89 0.66 

*Tc 0.50 1.4 1.2 
Ru 0.14 0.26 0.083 
Rh <0.04 0.11 0.10 
Pd 0.077 0.62 0.19 
Ag <0.5 - <0.6 
Cd <0.03 0.057 0.056 

*Cs <0.001 <0.001 <0.001 
Ba <0.007 <0.007 <0.007 
Cr <0.09 <0.09 <0.09 
Fe <0.03 0.08 0.08 
N i <0.2 <0.2 <0.2 

*R a d i o c h e m i c a l Measurements 
?HLLW - 2.9 M HNO3, 0.05 M H 2 C 2 O 4 , Ο/Α = 1.0 
HLLW - 2.4 M HNO3, 0.05 M H 2 C 2 O 4 , Ο/Α = 1.0 

^HLLW - 2.4 M HNO3, 0.075 M H 2 C 2 0 4 , O/A = 1 . 0 . 

TABLE V. D i s t r i b u t i o n R a t i o s (Measured by ICP/AES) 
from S y n t h e t i c HLLW. 50°C 

0.8 M DHDECMP 
Element i n DEB<2 

0.8 M HHDECMP 
i n DEB^ 

0.4 Μ 0<f>D[IB]CMP0 
i n DEB e 

La 2.1 6.7 2.4 
Ce 1.8 4.9 3.4 
Pr 1.8 6.1 4.5 
Nd 1.9 6.8 5.6 
Pm - - -
Sm 1.5 11.0 9.1 
Eu 1.3 8.8 8.0 
Gd 0.73 2.1 1.9 
*Am 2.2 9.1 9.4 
*Cm 1.7 6.8 7.2 

^Ra d i o c h e m i c a l Measurements 
?HLLW - 2.9 M HNO3, 0.05 M H 2 C 2 O 4 , Ο/Α = 1.0 
HLLW - 2.4 M HNO3, 0.05 M H 2 C 2 0 4 , O/A = 1.0 
^HLLW - 2.4 M HNO3, 0.075 M H 2 C 2 O 4 , O/A = 1.0 
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and temperature were a d j u s t e d to correspond to c o n d i t i o n s which 
would occur i n the fe e d p l u s scrub p r o c e s s e s (see s e c t i o n below on 
c o n c e p t u a l f l o w s h e e t s ) . The D !s f o r Am(III) and Cm(III) were i n 
c l u d e d t o e v a l u a t e s e l e c t i v i t y . As can be seen from the d a t a , 
Am(III) and C m ( I I I ) , which a r e the l e a s t e x t r a c t a b l e a c t i n i d e s 
[ P u ( I I I ) f o l l o w s Am(III) c l o s e l y ] , a r e s e l e c t i v e l y e x t r a c t e d from 
a l l o f the f i s s i o n p r o d u c t s except l a n t h a n i d e s f o r each of the 
t h r e e e x t r a c t a n t s . The presence of o x a l i c a c i d i s r e q u i r e d to 
complex Z r ( I V ) and Mo(VI) as shown p r e v i o u s l y by Mclsaac (3). The 
da t a f o r Tc i n d i c a t e s t h a t poor d e c o n t a m i n a t i o n from t h i s f i s s i o n 
p r o duct would be a c h i e v e d . A l s o the D fs f o r Pd and Ru are mixed 
d i s t r i b u t i o n r a t i o s . The f r a c t i o n of Pd and Ru which e x t r a c t s 
does not r e a d i l y scrub out of a loaded o r g a n i c phase. 

Of the t h r e e e x t r a c t a n t s , DHDECMP shows the b e s t s e l e c t i v i t y 
f o r a c t i n i d e s ( I I I ) over f i s s i o n p r o d u c t s . However, because of 
the low DAm o b t a i n e d u s i n g DHDECMP an o r g a n i c to aqueous phase 
r a t i o of one o r h i g h e r and a number of stages a r e r e q u i r e d to 
ensure a good d e c o n t a m i n a t i o n o f the fe e d s o l u t i o n . HHDECMP and 
0(|>D[IB]CMP0 have s l i g h t l y l e s s s e l e c t i v i t y than the phosphonate 
but would r e q u i r e l e s s o r g a n i c phase because of h i g h e r e x t r a c t -
a b i l i t y o f a c t i n i d e s ( I I I ) . 

E x t r a c t i o n o f A c t i n i d e s ( I V ) and ( V I ) . Table VI shows the D !s 
f o r r e p r e s e n t a t i v e hexa- and t e t r a v a l e n t a c t i n i d e s from 3 M HNO3 
a t 50°C f o r DHDECMP, HHDECMP, and 0(|>D[IB]CMPO. The same concen
t r a t i o n of e x t r a c t a n t s i n DEB were chosen as used to measure the 
f i s s i o n p roduct D fs. The D f o r Np(V) was found to be 0.64 from 
3 M HNO3 a t 50°C u s i n g 0.5 M 0<|>D[IB]CMP0 i n DEB. The data f o r U 
( V I ) , N p ( I V ) , and Pu(IV) f o r DHDECMP a r e i n g e n e r a l agreement but 
somewhat h i g h e r than the v a l u e s r e p o r t e d by Sch u l z and Mclsaac 
( 1 ) . T h i s d i s p a r i t y i s p r o b a b l y due p r i m a r i l y t o the lower p u r i t y 
of the CMP e x t r a c t a n t used i n the e a r l i e r work. The tren d s i n 
d i s t r i b u t i o n r a t i o s f o r t e t r a v a l e n t a c t i n i d e s and uranium f o l l o w 
the same t r e n d s as D̂ m f ° r the t h r e e c l a s s e s of CMP e x t r a c t a n t s . 
I n a d d i t i o n , the i n c r e a s e i n D fs from Th(IV) to Pu(IV) and D fs f o r 
t e t r a v a l e n t > Du a r e expected (14). 

A l t h o u g h the D fs f o r U(VI) and t e t r a v a l e n t a c t i n i d e s a r e v e r y 
h i g h , the data i n Table V I I show t h a t f o r m i c a c i d (HCOOH) w i l l 
r e a d i l y b a c k - e x t r a c t these elements as w e l l as Am(III) from a l l 
the e x t r a c t a n t s except i n the case of U(VI) w i t h 0<)>D[IB]CMP0. 
T h i s l a t t e r s i t u a t i o n a f f o r d s a good method f o r s e p a r a t i n g uranium 
from p l u t o n i u m . Hydroxylammonium formate (HAF) and hydrazium 
formate (NHF) were added t o the f o r m i c a c i d to reduce Pu(IV) to 
P u ( I I I ) to a i d i n p l u t o n i u m r e c o v e r y , a l t h o u g h f o r m i c a c i d a l o n e 
w i l l s t r i p t e t r a v a l e n t a c t i n i d e s , e.g., Th(IV) from 0()>D[IB]CMP0, 
once excess HNO3 p r e s e n t i n the o r g a n i c phase i s removed. Thus, 
f o r m i c a c i d w i t h HAF and NHF a f f o r d s an e x c e l l e n t method f o r 
s t r i p p i n g a l l the a c t i n i d e s from these v e r y p o w e r f u l CMP e x t r a c t 
a n t s . Under the above c o n d i t i o n s Am(III) and Cm(III) p r e s e n t i n 
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TABLE V I . D i s t r i b u t i o n R a t i o s f o r S e l e c t e d A c t i n i d e s from 3 M HNO 
50°C 

U(VI) Th(IV) Np(IV) Pu(IV) 

0.8 M DHDECMP 5.3 x 1 0 1 2.0 x 1 0 2 2.6 x 1 0 2 3.0 x 1 0 2 

i n DEB 
0.8 M HHDECMP 4.8 x 1 0 2 - 5.7 x 1 0 3 7.0 x 1 0 3 

i n DEB 
0.4 M 0(J>D[IB]CMP0 1.1 x 1 0 3 l.o χ io 4 1.6 x 1 0 4 2.0 x 1 0 4 

i n DEB 

TABLE V I I . D i s t r i b u t i o n R a t i o s f o r S e l e c t e d A c t i n i d e s from 
1 M HCOOH - 0.05 M HAF* - 0.05 M HNF**. 50°C 

U(VI) Np(IV) Pu(IV) Am(III) 

0.8 M DHDECMP 0.06 0.008 0.061 <0.01 
i n DEB 
0.8 M HHDECMP 1.4 0.082 0.062 <0.01 
i n DEB 
0.4 M OφD[IB]CMPO 5.0 0.17 0.15 <0.01 
i n DEB 

*HAF - hydroxylammonium formate 
**HNF - h y d r a z i n i u m formate 

p r o c e s s i n g f e e d s o l u t i o n s w i l l f o l l o w p l u t o n i u m through the sepa
r a t i o n procedure and can s e r v e as d e n a t u r i n g n u c l i d e s . 

C onceptual Flowsheet f o r the E x t r a c t i o n of A c t i n i d e s from 
HLLW. F i g u r e 5 shows a c o n c e p t u a l f l o w s h e e t f o r the e x t r a c t i o n of 
a l l the a c t i n i d e s (U, Np, Pu, Am, and Cm) from HLLW u s i n g 0.4 M 
0(|)D[IB]CMP0 i n DEB. The CMP0 compound was s e l e c t e d f o r t h i s p r o c 
ess because of the h i g h D̂ m v a l u e s a t t a i n a b l e w i t h a s m a l l concen
t r a t i o n o f e x t r a c t a n t and because of the absence of macro-concen
t r a t i o n s of u r a n y l i o n . D i s t r i b u t i o n r a t i o s r e l e v a n t to the f l o w 
sheet a r e shown i n p r e v i o u s t a b l e s , IV, V, V I , and V I I and f i g u r e s 
1 and 2. One of the key f e a t u r e s o f the f l o w s h e e t i s t h a t p l u t o 
nium i s e x t r a c t e d from the feed s o l u t i o n and s t r i p p e d from the 
o r g a n i c phase w i t h o u t the a d d i t i o n o f any n i t r i c a c i d or use of 
f e r r o u s s u l f a m a t e . However, o x a l i c a c i d i s added to complex Zr 
and Mo (see Table I V ) . The presence of o x a l i c a c i d reduces any 
Np(VI) to Np(IV) (15). The presence of f e r r o u s i o n , which i s 
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2.0 M 1.5 M HNO--
HNO, 0.075 M H 2 C 2 0 4 

HLLW 
2.9 M HN0 5 

0.033 0.33 1.0 

H 2 C 2 0 4 

RAFFINATE(F.P.'e) 

k 1.33 

SCRUB 
STAGES 

EXTN. 
STAGES 

0.33 

0.4 M O0DIIBJCMPO 
IN DEB 

0.33 RELATIVE FLOW 

H STRIP 
STAGES 

STRIP 
STAGES 

A 0 · 1 7 

1 ¥ 
TRU 1 M HCOOH U 

Ln F.P. 0.05 M HAF 

^ E X T R A C T A N T 
CLEANUP 

0.17 

1 M ( N H 4 ) 2 C 0 3 

F i g u r e 5. 
Conceptual f l o w s h e e t f o r the e x t r a c t i o n of a c t i n i d e s from 
h i g h - l e v e l l i q u i d waste u s i n g 0.4 Μ 0φϋ[ΙΒ]0ΜΡ0 i n DEB. 
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446 PLUTONIUM CHEMISTRY 

always p r e s e n t i n s t a i n l e s s s t e e l equipment c o n t a i n i n g n i t r i c 
a c i d , c a t a l y z e s the r e d u c t i o n . A t e s t w i t h s y n t h e t i c HLLW i n 
which 237,239Np was added as Np(V) c o n f i r m e d t h a t most of the 
neptunium (>99.9%) was co n v e r t e d t o an e x t r a c t a b l e form, which 
was p r o b a b l y Np(IV). 

The loaded 0<f>D[IB]CMPO i s scrubbed s u c c e s s i v e l y w i t h 1.5 M 
HNO3 - 0.075 M H2C2O4 and 2 M HNO3. The o x a l a t e scrub g i v e s 
a d d i t i o n a l d e c o n t a m i n a t i o n from f i s s i o n p r o d u c t s o t h e r than l a n -
t h a n i d e s . High c o n c e n t r a t i o n s o f l a n t h a n i d e s ( a t l e a s t 0.1 M) i n 
the e x t r a c t a n t can be t o l e r a t e d d u r i n g s c r u b b i n g w i t h o u t the p r e 
c i p i t a t i o n o f l a n t h a n i d e o x a l a t e s because of the h i g h d i s t r i b u t i o n 
r a t i o f o r La-Eu from 1.5 M HNO3. The 2 M HNO3 scrub i s used to 
remove the s m a l l q u a n t i t y o f o x a l i c a c i d which e x t r a c t s d u r i n g the 
p r e v i o u s s c r u b b i n g o p e r a t i o n . 

The s t r i p p i n g o p e r a t i o n o c c u r s i n two s t e p s . The f i r s t s t e p 
i n v o l v e s the b a c k - e x t r a c t i o n of the tran s u r a n i u m elements (TRU) 
to g e t h e r w i t h the l a n t h a n i d e f i s s i o n p r o d u c t s u s i n g f o r m i c a c i d 
c o n t a i n i n g hydroxylammonium formate. T h i s o p e r a t i o n r e q u i r e s 
s e v e r a l e q u i l i b r a t i o n s o f the o r g a n i c phase to remove excess 
n i t r i c a c i d b e f o r e the TRU's a r e r e a d i l y removed. A f t e r the f i r s t 
s t r i p , uranium i s removed from the e x t r a c t a n t w i t h ammonium c a r 
bonate. S i n c e the phase r a t i o i s two, both s t r i p p i n g o p e r a t i o n s 
c o n c e n t r a t e the p r o d u c t . O v e r a l l the TRU 1s and uranium a r e con
c e n t r a t e d by a f a c t o r of s i x r e l a t i v e t o t h e i r c o n c e n t r a t i o n s i n 
the f e e d s o l u t i o n . The e x t r a c t a n t cleanup stages i n v o l v e a s i m p l e 
Na2C03 scrub as i n the PUREX p r o c e s s . However, s i n c e 0<f)D[IB]CMP0 
i s much more s t a b l e t o h y d r o l y s i s and p r o b a b l y to r a d i a t i o n than 
TBP, the cleanup s t e p s h o u l d be r e q u i r e d l e s s o f t e n than w i t h TBP. 

The major f i s s i o n p r o d u c t s which w i l l l i m i t o v e r a l l decon
t a m i n a t i o n ( o t h e r than from the l a n t h a n i d e s ) a r e Tc, Ru, and Pd. 
formed to e v a l u a t e the a c t u a l decontaminations which can be 
a c h i e v e d . 

Conceptual Flowsheet f o r the E x t r a c t i o n o f A c t i n i d e s from 
Spent LWR F u e l . F i g u r e 6 shows a c o n c e p t u a l f l o w s h e e t f o r the ex
t r a c t i o n of a l l the a c t i n i d e s from d i s s o l v e d spent LWR f u e l u s i n g 
0.8 M DHDECMP i n DEB. The phosphonate compound was s e l e c t e d f o r 
t h i s p r o c e s s because of i t s more f a v o r a b l e uranium l o a d i n g prop
e r t i e s (see Table I I ) . The r e l a t i v e f l o w s a r e based on a f i e l d 
s o l u t i o n c o n t a i n i n g 1 M u r a n y l n i t r a t e . A l t h o u g h the D ^ v a l u e s 
f o r DHDECMP a r e much s m a l l e r than those o b t a i n e d w i t h the phos-
p h i n a t e and phosphine o x i d e compounds, the l a r g e phase r a t i o s used 
i n the spent f u e l r e p r o c e s s i n g f l o w s h e e t p a r t i a l l y compensate 
f o r the low D^. D i s t r i b u t i o n r a t i o s r e l e v a n t to the f l o w s h e e t 
a r e shown i n t a b l e s IV, V, V I , and V I I and i n f i g u r e s 1 and 2. 
The f l o w s h e e t i n F i g u r e 6 i s somewhat analogous to t h a t proposed 
and t e s t e d by M c l s a a c , Baker, Krupa, L a P o i n t e , M e i k r a n t z , and 
Schroeder (_3) f o r p r o c e s s i n g HLLW from LWR u s i n g DHDECMP. The 
major d i f f e r e n c e s a r e the l a r g e r phase r a t i o s i n the e x t r a c t i o n 
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3 M HNO--
0.05 M H 2 C 2 0 4 

DISSOLVED SPENT 
LWR FUEL 

3 - 4 M H N O . 

0.67 1.0 

SCRUB EXTN. 
STAGES STAGES 

HLLW 

1.67 

3.33 

Pu, Am, Cm 0.3 M HNO« Np 
Ln F.P. 0.1 M HAN U 

F i g u r e 6. 
Conceptual f l o w s h e e t f o r the e x t r a c t i o n of a c t i n i d e s from 
d i s s o l v e d spent LWR f u e l u s i n g 0.8 M DHDECMP i n DEB. 

American Chemical 

Society Library 

1155 16th SU N.W. 

Washington, U.C. 20036 
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s t a g e s i n our f l o w s h e e t , which a r e nec e s s a r y because of the l a r g e 
q u a n t i t y o f u r a n y l n i t r a t e p r e s e n t , and i n the s t r i p p i n g s t a g e s . 

As was the case i n the p r e v i o u s f l o w s h e e t ( F i g u r e 5 ) , no o x i 
d a t i o n s t a t e adjustment i s n e c e s s a r y f o r p l u t o n i u m or neptunium. 
O x a l i c a c i d i n n i t r i c a c i d i s a g a i n used f o r s c r u b b i n g to ensure a 
h i g h d e c o n t a m i n a t i o n from Zr and Mo (_3). However, a 3 M n i t r i c 
a c i d c o n c e n t r a t i o n i s r e q u i r e d because D̂ m decreases w i t h d e c r e a s 
i n g a c i d c o n c e n t r a t i o n u n l i k e the CMPO e x t r a c t a n t s . The f i r s t 
s t r i p p i n g agent f o r the LWR f l o w s h e e t i s a d i l u t e n i t r i c a c i d -
hydroxylammonium n i t r a t e m i x t u r e . These c o n d i t i o n s enable one to 
sep a r a t e Pu, Am, and Cm from U and Np. The Pu-Am-Cm f r a c t i o n 
would r e q u i r e f u r t h e r p r o c e s s i n g t o s e p a r a t e the l a n t h a n i d e s . 
However, the Am and Cm would remain w i t h the Pu thus s e r v i n g as 
d e n a t u r i n g n u c l i d e s . F o l l o w i n g the f i r s t s t r i p p i n g o p e r a t i o n the 
r e s u l t a n t o r g a n i c phase i s then s t r i p p e d w i t h 1 M f o r m i c a c i d , 
which removes U and Np (see Table V I I ) . The e x t r a c t a n t cleanup 
i n v o l v e s a Na2CÛ3 scrub as was the case f o r 0(j)D[IB]CMP0. However, 
the presence of two a l k o x y groups i n DHDECMP does r e s u l t i n i n 
creas e d h y d r o l y t i c d e g r a d a t i o n s compared to the CMPO e x t r a c t a n t s 
and thus more e x t e n s i v e e x t r a c t a n t cleanup would be r e q u i r e d as 
d e s c r i b e d i n ( 1 ) . 

Major l i m i t a t i o n s i n f i s s i o n p roduct d e c o n t a m i n a t i o n w i l l r e 
q u i r e t e s t s w i t h m i x e r - s e t t l e r s . However, we a n t i c i p a t e from the 
d i s t r i b u t i o n r a t i o measurements t h a t Tc, Ru, and Pd w i l l l i m i t the 
o v e r a l l d e c o n t a m i n a t i o n from b e t a a c t i v i t y ( o t h e r than from l a n 
t h a n i d e s ) . 

Summary and C o n c l u s i o n s 

E x t r a c t a n t s d e r i v e d from the carbamoylmethylphosphoryl moiety 
(CMP) were s t u d i e d i n the phosphonate, phosphinate, and phosphine 
o x i d e c l a s s e s . Our s t u d i e s focused on d i h e x y l - N , N - d i e t h y l c a r b a -
moylmethylphosphonate, DHDECMP, h e x y l h e x y l - N , N - d i e t h y l c a r b a m o y l -
m e t h y l p h o s p h i n a t e , HHDECMP, and o c t y l ( p h e n y l ) - N , N - d i i s o b u t y l c a r b a -
moylmethylphosphine o x i d e , 0<|>D[IB]CMPU. The t h r e e types of CMP 
e x t r a c t a n t s were compared on the b a s i s of n i t r i c a c i d and e x t r a c t 
ant dependencies f o r A m ( I I I ) , s o l u b i l i t y of complexes on l o a d i n g 
w i t h N d ( I I I ) and U ( V I ) , and s e l e c t i v i t y over f i s s i o n p r o d u c t s . On 
the b a s i s of the above data two c o n c e p t u a l f l o w s h e e t s were d e v e l 
oped. The f i r s t f l o w s h e e t i n v o l v e s the e x t r a c t i o n of a l l of the 
a c t i n i d e s from HLLW u s i n g 0.4 M 0c|>D[IB]CMP0 i n DEB. The second 
f l o w s h e e t i n v o l v e s the e x t r a c t i o n of a l l of the a c t i n i d e s from 
d i s s o l v e d spent LWR f u e l u s i n g 0.8 M DHDECMP i n DEB. 

An i m p o r t a n t f e a t u r e o f both f l o w s h e e t s i s t h a t the o x i d a t i o n 
s t a t e o f p l u t o n i u m does not have to be a d j u s t e d because a l l t h r e e 
s t a t e s , I I I , IV, and V I , e x t r a c t . Another f e a t u r e of the f l o w 
sheets i s t h a t Am(III) and Cm(III) f o l l o w Pu through the separ a 
t i o n scheme and thus behave as d e n a t u r i n g n u c l i d e s . 

A l t h o u g h the 0(j)D[IB]CMP0 i s a p a r t i c u l a r l y s t r o n g e x t r a c t a n t 
f o r a c t i n i d e s i n the I I I , IV, and V I o x i d a t i o n s t a t e s and has good 
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selectivity over fission products and very good hydrolytic stabil
ity, its major disadvantages are that it forms two organic phases 
on heavy loading with uranyl nitrate and is expensive to prepare. 
DHDECMP on the other hand requires higher ratios to extract acti
nide (III) ions, but has excellent solubility properties on loading 
with uranyl nitrate, has good selectivity over fission products, 
and is much less costly to prepare. The HHDECMP properties lie 
between those of the phosphonate and phosphine oxide with regard 
to its solubility on loading and extractant strength. Thus, the 
phosphinate would represent a good compromise extractant if it 
were not for the fact that it is even more difficult to synthesize 
and purify than the other two extractants. Therefore, final 
choice of which CMP extractant to employ depends on many factors. 
However, al l three compounds described above are effective acti
nide extractants and give the separation chemist many new options. 
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APPENDIX A 

Status of Plutonium Chemistry—Round Table 
Discussion 

R. A. PENNEMAN 

Los Alamos National Laboratory, University of California, Los Alamos, NM 87545 

Remarks by R. A. Penneman, Round Table Discussion Leader: 
"This program on the 40th year of plutonium chemistry reminds 

us anew that plutonium has an exceedingly complicated chemistry. 
The near identity of its oxidation/reduction couples makes all ox
idation states accessible and provides a wealth of chemistry not 
exceeded in any other element. 

"Indeed, plutonium marks an important turning point along the 
actinide series of elements, both in its chemistry and in the 
metallic state. The metallic state of plutonium is the most com
plicated known. Metals beyond plutonium are abruptly simpler. 
Also, the chemistry changes dramatically for elements beyond 
plutonium. For plutonium, valences 3 - 7 are known, with oxida
tion states of 3 through 6 being common. For the elements 
americium and curium, just beyond plutonium, their tetravalent 
states are such powerful oxidants [~1.5 to 2 volts higher than 
that for Pu(IV)] that their tetravalent ions are essentially 
missing from aqueous chemistry. Without powerful oxidative inter
vention accompanied by complexation, this barrier of the tetra
-valent states beyond plutonium is not surpassed. This denies 
access to the pentavalent and hexavalent states of americium in 
ground waters, for example. In contrast, the higher valent states 
of plutonium can be prominent in aqueous solution, especially at 
ground water pH's frequently encountered. 

"In this symposium we have heard papers describing process 
chemistry, new complexing extractants, pyrochemical processing 
methods, spectroscopy, and photochemistry. The groundwork for 
these approaches is of earlier origin just now being pursued, 
however elegantly. Further, we saw several papers on plutonium 
hydrolytic behavior, leaching and speciation at midrange pH's. 
A pattern seems obvious and indicates to me the consequences of 
diminished funding for investigations of basic plutonium chemistry 
and funding focused on certain problem areas. 

"Where do we stand? Many needed complexity constants are 
unknown or poorly known. Questions of solubility under a variety 
of circumstances remain largely unanswered. Prof. Fuger summed 

0097-6156/83/0216-0453$06.00/0 
© 1983 American Chemical Society 
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up h i s p r e s e n t a t i o n w i t h the c o n c l u s i o n t h a t p l u t o n i u m thermochem
i s t r y i s not i n good o v e r a l l shape. The f i e l d o f o r g a n o m e t a l l i c 
c h e m i s t r y i s l a r g e l y untouched. I t i s obvious t h a t much remains 
to be done." 

Speakers and audience members were encouraged t o submit 
w r i t t e n v e r s i o n s of t h e i r p a r t i c i p a t i o n . E d i t e d v e r s i o n s f o l l o w . 

There was c o n s i d e r a b l e c o r r i d o r d i s c u s s i o n a f t e r a p r e s e n t a 
t i o n by Dr. G. L. S i l v e r , who "got the a t t e n t i o n of the audience" 
by t a k i n g p l u t o n i u m chemists t o t a s k c o n c e r n i n g ( a c c o r d i n g t o him) 
t h e i r erroneous use of a (too) s i m p l i f i e d summary e q u a t i o n i n v o l v 
i n g the d i s p r o p o r t i o n a t i o n of Pu(IV) and t h e i r l a c k of a p p r e c i a 
t i o n of alpha c o e f f i c i e n t s . Dr. S i l v e r s t r e s s e d the use of alpha 
c o e f f i c i e n t s and e q u a t i o n s which e x p l i c i t l y i n v o l v e a c i d i t y , 
h y d r o l y s i s of P u ( I V ) , and e s p e c i a l l y the presence of P u ( V ) , which 
i s too f r e q u e n t l y i g n o r e d . 

To i l l u s t r a t e the p o i n t s o f c o n t e n t i o n , accounts o f 
Dr. S i l v e r ' s arguments and a r e p l y by Dr. B e l l ( e d i t e d and 
s o f t e n e d ) are g i v e n . 

Dr. G. L. S i l v e r , Monsanto Research Corp., Mound, Miamisburg, 
OH 45342: 

" I n p l u t o n i u m c h e m i s t r y I f i n d c e r t a i n d e f i c i e n c i e s which 
impede the o r d e r l y development of t h i s s c i e n c e . One of these 
d e f i c i e n c i e s i s c o n t i n u e d use of the e q u a t i o n : 

3Pu(IV) = 2 P u ( I I I ) + Pu(VI) , (1) 
which i s supposed to r e p r e s e n t the d i s p r o p o r t i o n a t i o n of i n i t i a l l y 
pure t e t r a v a l e n t p l u t o n i u m . T h i s e q u a t i o n i s wrong f o r the pur
pose because i t v i o l a t e s mass and charge c o n s e r v a t i o n . I suggest 
the f o l l o w i n g e q u a t i o n as a replacement f o r Eq. ( 1 ) : 

(2+3M)Pu(IV) = ( l + 2 M ) P u ( I I I ) + Pu(V) + MPu(VI) (2) 
i n which M i s the e q u i l i b r i u m r a t i o [ P u ( V I ) ] / [ P u ( V ) ] , and i s found 
as the s o l e p o s i t i v e r o o t of a c u b i c e q u a t i o n . T h i s c u b i c equa
t i o n c o n t a i n s c o e f f i c i e n t s which are f u n c t i o n s of the a c i d i t y . 
The consequence i s t h a t Eq. (2) shows t h a t b o t h the e x t e n t of d i s 
p r o p o r t i o n a t i o n and the s t o i c h i o m e t r y o f d i s p r o p o r t i o n a t i o n are 
dependent upon the a c i d i t y , something l a c k i n g i n Eq. ( 1 ) . But 
h a v i n g s a i d t h i s , I disavow Eq. (2) as inadequate f o r the g e n e r a l 
d e s c r i p t i o n of p l u t o n i u m i n s o l u t i o n . Both Eqs. (1) and (2) 
p l a c e too much emphasis on o x i d a t i o n number Ν = 4.00. We need a 
method which e x p l i c i t l y d e f i n e s the o x i d a t i o n s t a t e d i s t r i b u t i o n 
f o r any v a l u e of N, f o r any a c i d i t y , and f o r any degree of seques
t r a t i o n of the f o u r o x i d a t i o n s t a t e s . These advantages are accom
p l i s h e d w i t h the aforementioned c u b i c e q u a t i o n . I t i s found as 
Eq. (3) i n R a d i o c h i m i c a A c t a 21, 54 (1974) and i s used w i t h 
Eqs. (7)-(10) t h e r e i n f o r d e t e r m i n i n g f r a c t i o n a l d i s t r i b u t i o n s of 
o x i d a t i o n s t a t e s f o r s e l e c t e d v a l u e s of Ν (3<N<6) and a c i d i t y . 

P l u t o n i u m i n s o l u t i o n i s a f u n c t i o n of s i x v a r i a b l e s . The 
f i r s t two o f these v a r i a b l e s may be s e l e c t e d almost a t p l e a s u r e . 
I f p l u t o n i u m o x i d a t i o n number Ν and a c i d i t y are s e l e c t e d , the 
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aforementioned c u b i c e q u a t i o n r e s u l t s . A c a l c u l a t o r program and a 
commentary f o r t h i s approach are g i v e n i n MLM-2809 (1981). S p e c i 
f y i n g Ν r e s t r i c t s p e r m i s s i b l e o x i d a t i o n s t a t e d i s t r i b u t i o n s i n a 
way not g e n e r a l l y a p p r e c i a t e d . I f measured system redox p o t e n t i a l 
and a c i d i t y are s e l e c t e d , the system i s even e a s i e r t o s o l v e . 
T h i s approach i s d i s c u s s e d i n MLM-2727 (1980) and r e f e r e n c e s c i t e d 
t h e r e i n , and w i l l be i l l u s t r a t e d a g a i n i n the j o u r n a l Marine Chem
i s t r y i n 1983. Many o t h e r s e l e c t i o n s f o r the f i r s t two v a r i a b l e s 
are p o s s i b l e . The l a t t e r f o u r v a r i a b l e s I take as the f o u r a l p h a 
c o e f f i c i e n t s , one f o r each o x i d a t i o n s t a t e o f the p l u t o n i u m . I 
choose alpha c o e f f i c i e n t s because they are easy t o handle i n the 
a l g e b r a o f o x i d a t i o n s t a t e d i s t r i b u t i o n s , and because t h e i r i n t r o 
d u c t i o n suggests a new and p o t e n t i a l l y u s e f u l method of s t u d y i n g 
e n v i r o n m e n t a l p l u t o n i u m . The alph a c o e f f i c i e n t i s the r a t i o o f 
the t o t a l c o n c e n t r a t i o n of s o l u b l e o x i d a t i o n s t a t e , i n c l u d i n g a l l 
complexes, t o the c o n c e n t r a t i o n o f the uncomplexed o x i d a t i o n 
s t a t e . " 
Dr. J . T. B e l l , Chem Tech D i v i s i o n , ORNL, Oak Ridge, TN 37830: 

"A major t h r u s t o f S i l v e r ' s comments was d i r e c t e d toward the 
r e a c t i o n which i s commonly and a c c u r a t e l y c a l l e d the d i s p r o p o r t i o n 
a t i o n o f P u ( I V ) . The r e a c t i o n i s f r e q u e n t l y w r i t t e n as 

3 P u 4 + + 2H 20 = P u 0 2
2 + + 2 P u 3 + + 4H + , (1) 

and i s g e n e r a l l y understood t o be the sum or "net r e a c t i o n " o f 
th r e e r e a c t i o n s as f o l l o w s : 

6 P u 4 + + 6H 20 = 3 P u 0 2
+ + 3 P u 3 + + 12H + , (2) 

4+ + 9+ ^+ 
Pu + Pu 0 2 = P u 0 2 + ?u , (3) 

P u 0 2
+ + P u 0 2

+ + 4H + = P u 0 2
2 + + P u 4 + + 2H 20 . (4) 

Pl u t o n i u m chemists use r e a c t i o n (1) as the net r e a c t i o n f o r 
r e a c t i o n s ( 2 ) , ( 3 ) , and ( 4 ) . T h i s i s c l e a r l y documented i n the 
Plu t o n i u m Handbook e d i t e d by Wick, and i n C l e v e l a n d ' s book, 
The Chemistry of Pluto n i u m . R e a c t i o n (1) i s an a c c u r a t e r e p r e 
s e n t a t i o n of an e q u i l i b r i u m and the e q u i l i b r i u m c o n c e n t r a t i o n 
q u o t i e n t i s the prod u c t of the q u o t i e n t s f o r r e a c t i o n s ( 2 ) , ( 3 ) , 
and ( 4 ) . T h e r e f o r e , i t i s c o r r e c t t o d i s c u s s e q u i l i b r i u m concen
t r a t i o n s of P u ( I V ) , P u ( V I ) , and P u ( I I I ) , w i t h o u t Pu(V). Circum
stances where the net r e a c t i o n has not been p r o p e r l y c o n s i d e r e d 
are those where c o n c e n t r a t i o n s of o x i d a t i o n s t a t e s i n s o l u t i o n s 
w i t h low a c i d i t y are c a l c u l a t e d w i t h o u t c o n s i d e r a t i o n of Pu(IV) 
h y d r o l y s i s and p o l y m e r i z a t i o n . The d i s t r i b u t i o n s o f Pu o x i d a t i o n 
s t a t e s ( i n c l u d i n g Pu(V) and Pu(IV) polymer i n n i t r i c a c i d systems) 
were r e p o r t e d i n JINC 35, 609 (1973), and S i l v e r has not i n c l u d e d 
those e x p e r i m e n t a l r e s u l t s i n any comparison of e x p e r i m e n t a l i n f o r 
mation w i t h h i s computed r e s u l t s . The Pu(IV) h y d r o l y s i s and 
p o l y m e r i z a t i o n r e a c t i o n s have more e f f e c t s on the o x i d a t i o n s t a t e s 
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i n r e a c t i o n (1) a t low a c i d i t i e s than any o t h e r r e a c t i o n , and 
f a i l u r e t o c o n s i d e r the h y d r o l y s i s i s n e g l i g e n c e by c h o i c e . 

S i l v e r was c r i t i c a l of the l a c k of use by p l u t o n i u m chemists 
of α-coefficients. Assuming t h a t S i l v e r was r e f e r r i n g t o a - c o e f f i 
c i e n t s d e f i n e d as the f r a c t i o n o f the t o t a l c o n c e n t r a t i o n of a 
substance t h a t e x i s t s as a p a r t i c u l a r s p e c i e s , he was wrong t o say 
t h a t p l u t o n i u m chemists have not used them. P h i l H o r w i t z a t ANL 
has used them. P u b l i c a t i o n s from ORNL have r e p o r t e d them t o 
e a s i l y show r e l a t i v e c o n c e n t r a t i o n s of p l u t o n i u m s p e c i e s , and 
L. M. Toth used such α-coefficients as p e r c e n t of Pu(IV) polymer 
i n h i s symposium t a l k Tuesday. Alpha c o e f f i c i e n t s are a commonly 
used, simple concept - c e r t a i n l y s i n c e Ringbom's a r t i c l e i n the 
J o u r n a l of Chemical E d u c a t i o n i n 1958. M 

Dr. S i l v e r : 
"Any one of B e l l ' s Eqs. ( 2 ) , ( 3 ) , or (4) i s a l i n e a r combina

t i o n o f the o t h e r two, and t h e r e f o r e i t c o n t r i b u t e s no new i n f o r m a 
t i o n . The d i s p r o p o r t i o n a t i o n can be r e p r e s e n t e d by combining two 
such e q u a t i o n s , but every v a l u e of the s o l u t i o n a c i d i t y has i t s 
own p a r t i c u l a r c o m b i n a t i o n , u s u a l l y not e x p r e s s a b l e w i t h s m a l l 
i n t e g e r s , and no s i n g l e combination i s s u i t a b l e f o r a l l a c i d i t i e s 
- see Radiochem. R a d i o a n a l . L e t t e r s 27 ( 4 ) , 243 (1976)." 
REFERENCES TO REMARKS BY G. L. SILVER 
1. S i l v e r , G. L. , "Method f o r E s t i m a t i n g A c i d i t y Changes i n 

Plut o n i u m S o l u t i o n s , " R a d i o c h i m i c a A c t a 1974, 21, 54. 
2. S i l v e r , G. L. , "Comment on the E v a l u a t i o n of the Chemical 

Forms of Pl u t o n i u m i n Seawater and Other Aqueous S o l u t i o n s , " 
to be p u b l i s h e d i n Marine Chemistry (1983). 

3. S i l v e r , G. L. , "Simplex C h a r a c t e r i z a t i o n of E q u i l i b r i u m : 
A p p l i c a t i o n to P l u t o n i u m , " Radiochem. R a d i o a n a l . L e t t . 1976, 
27 ( 4 ) , 243. 

4. S i l v e r , G. L. , i n "Mound F a c i l i t y A c t i v i t i e s i n Chemical and 
P h y s i c a l Research: July-December 1980" ( A p r i l 10, 1981), 
MLM-2809, 50 pp. 

5. S i l v e r , G. L. , i n "Mound F a c i l i t y A c t i v i t i e s i n Chemical and 
P h y s i c a l Research: July-December 1979" (June 18, 1980), 
MLM-2727, 54 pp. 

W. W. S c h u l z , R o c k w e l l Hanford O p e r a t i o n s , Energy Systems Group, 
P.O. Box 800, R i c h l a n d , WA 99352: 

" I am not going t o comment on p l u t o n i u m process c h e m i s t r y o r 
process R&E needs s i n c e I had done a l l t h a t i n my paper on Tuesday. 

" I emphasized and seconded what R a i c a l l e d out - namely the 
g r e a t need f o r e x p e r i m e n t a l work t o determine s o l u b i l i t y data f o r 
pl u t o n i u m i n i t s v a r i o u s o x i d a t i o n s t a t e s under t y p i c a l expected 
g e o l o g i c r e p o s i t o r y c o n d i t i o n s (e.g., pH, Eh, temperature, e t c . ) . 

" I mentioned t h a t new computer codes - RAFSCATT 1 and RAF-
SCATT 2 have been v e r y r e c e n t l y f o r m u l a t e d by Dr. Gary Jacobs and 
Mr. W i l l i a m Anderson of R o c k w e l l Hanford's B a s a l t Waste I s o l a t i o n 
P r o j e c t . These codes r e l a t e r e q u i r e d engineered b a r r i e r ( i . e . , 
waste packages and s e a l s performance t o d r a f t NRC and EPA 
c r i t e r i a ) . A key p a r t o f these codes i s t h a t they p a r t i t i o n 
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r a d i o n u c l i d e s i n those whose r e l e a s e are s o l u b i l i t y - c o n t r o l l e d 
(e.g. p lutonium) and those whose r e l e a s e are not s o l u b i l i t y -
c o n t r o l l e d ( i . e . , r a d i o c e s i u m ) . R e l i a b l e p l u t o n i u m s o l u b i l i t y 
data are thus a p r e r e q u i s i t e t o s u c c e s s f u l a p p l i c a t i o n o f 
RAFSCATT 2. 

"Regarding p l u t o n i u m s o l u b i l i t i e s , judgment needs t o be made 
upon how much time and money t o spend d e t e r m i n i n g e x a c t Pu s o l u b i l 
i t i e s when a l l t h a t may be r e q u i r e d i s to demonstrate t h a t Pu s o l u 
b i l i t i e s are a c c e p t a b l y low f o r r e p o s i t o r y l i c e n s a b i l i t y purposes. 

P h i l H o r w i t z asked me t o comment on what I saw as p o t e n t i a l 
d isadvantages of the v a r i o u s p l u t o n i u m p y r o c h e m i c a l p r o c e s s e s 
e x t o l l e d by speakers i n the Tuesday s e s s i o n s . I , t o o , am a f a n o f 
p y r o c h e m i c a l t e c h n i q u e s . I r e c o g n i z e t h a t p y r o c h e m i c a l p r o c e s s e s 
f o r Pu p r o c e s s i n g are j u s t i n t h e i r i n f a n c y - on b a t c h p l a n t - s c a l e . 
To be t r u l y u s e f u l , such p r o c e s s e s need t o be operated on 
a continuous b a s i s . S c i e n t i s t s and e ngineers concerned w i t h such 
t e c h n o l o g y need t o develop equipment and procedures r e q u i r e d t o 
operate p y r o c h e m i c a l p r o c e s s e s i n a c o s t - e f f e c t i v e , continuous 
manner. 1 1 

Dana C. C h r i s t e n s e n , Group MST-13, MS E511, Los Alamos N a t i o n a l 
L a b o r a t o r y , Los Alamos, NM 87545. 

"A. The 'Twenty Year R e t r i e v a l Storage' has a l l o w e d us t o 
c o n t i n u e o p e r a t i n g w h i l e a l t e r n a t e methods of d i s p o s a l c o u l d be 
e s t a b l i s h e d . The twenty y e a r r e t r i e v a l concept w i l l become one of 
t h r e e t h i n g s i n the not too d i s t a n t f u t u r e . 

1. Twenty Year R e t r i e v a b l e I n t e r i m s i t e s w i l l become perma
nent d i s p o s a l s i t e s . Or 

2. The waste m a t e r i a l w i l l be exhumed and p l a c e d i n perma
nent d i s p o s a l s i t e s . Or 

3. The waste m a t e r i a l w i l l be exhumed and r e p r o c e s s e d . 
New waste c r i t e r i a w i l l be a p p l i e d t o the subsequent 
r e s i d u e s which w i l l be compatible w i t h the permanent 
d i s p o s a l s i t e s . 

"The u l t i m a t e d i s p o s i t i o n of e x i s t i n g wastes i s of major con
c e r n , p a r t i c u l a r l y i f they must go through a d d i t i o n a l p r o c e s s i n g 
i n o r d e r t o be handled i n permanent d i s p o s a l s i t e s . The r e a l con
c e r n i s t h a t we c o n t i n u e t o generate wastes which must go through 
i n t e r i m s t o r a g e b e f o r e they r e a c h t h e i r grave. Most l i q u i d wastes 
are reduced i n volume by e v a p o r a t i o n and blended w i t h the s o l i d 
m a t e r i a l and cement t o make a s o l i d c o n c r e t e m a t r i x . T h i s con
c r e t e i s then sent t o the twenty y e a r r e t r i e v a b l e s t o r a g e s i t e . 

"At Los Alamos, we are making a c o n c e r t e d e f f o r t t o reduce 
t h i s waste volume t o a minimum. I n e f f e c t , we are t r y i n g t o l o o k 
beyond the need f o r permanent waste r e p o s i t o r i e s by e v a l u a t i n g new 
p r o c e s s i n g and r e c y c l e concepts. 

"B. A major e f f o r t i s g o i n g i n t o the p y r o c h e m i c a l p r o c e s s i n g 
a r e a . P y r o c h e m i c a l p r o c e s s i n g a f f o r d s the l u x u r y o f working w i t h 
h i g h - d e n s i t y feeds and reagents thus r e q u i r i n g reduced f l o o r space. 
The reagents are t y p i c a l l y m e t a l / s a l t couples which are e s s e n t i a l 
l y r a d i a t i o n r e s i s t a n t . S i n c e we are working w i t h p l u t o n i u m i n 
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the h i g h - d e n s i t y form ( p r e f e r a b l y molten m e t a l ) , s e l f a t t e n u a t i o n s 
reduce p e r s o n n e l exposures. The reagent s a l t s have a h i g h poten
t i a l f o r r e c y c l e w i t h l i t t l e waste g e n e r a t i o n . We have demon
s t r a t e d e s s e n t i a l l y e v e r y u n i t o p e r a t i o n i n a p l u t o n i u m - r e c o v e r y 
sequence w i t h the e x c e p t i o n of t o t a l - r e a g e n t r e c y c l e . T h e r e f o r e , 
the near term requirement f o r the p l u t o n i u m p r o c e s s i n g i n d u s t r y i s 
to develop and demonstrate an i n t e g r a t e d p r o c e s s sequence where 
the o n l y wastes are those u n d e s i r a b l e elements which e n t e r e d w i t h 
the p l u t o n i u m feed. The emphasis s h o u l d be t o r e c y c l e a l l 
r e a g e n t s . 

"The l o n g e r term g o a l f o r p y r o c h e m i c a l p r o c e s s i n g i s t o con
v e r t the p r e s e n t b a t c h systems t o remotely operated hot c e l l e n v i r 
onments. P y r o c h e m i c a l p r o c e s s e s t y p i c a l l y i n v o l v e r e a c t i o n s of 
c h l o r i d e - b a s e d s a l t s w i t h p l u t o n i u m a t around 800°C. To date, 
d e s i g n i n g systems w i t h compatible m a t e r i a l s of c o n s t r u c t i o n has 
been a g r e a t c h a l l e n g e . Two o p t i o n s e x i s t i n a p p l y i n g these 
systems t o remote o p e r a t i o n s : 1) The hot c e l l s must adapt t o 
b a t c h - t y p e o p e r a t i o n s ; o r , 2) The b a t c h systems must adapt t o the 
c o n v e n t i o n a l continuous/semicontinuous f l o w schemes of the p r e s e n t 
hot c e l l s . The b i g g e s t e n g i n e e r i n g c h a l l e n g e w i l l be t o a p p l y the 
f u l l y i n t e g r a t e d p rocess sequence t o remote f a c i l i t i e s , w i t h the 
emphasis on g e n e r a t i n g the s m a l l e s t q u a n t i t y of u l t i m a t e waste. 

"The success of the e n t i r e n u c l e a r i n d u s t r y i n the U n i t e d 
S t a t e s r e s t s almost e x c l u s i v e l y on our a b i l i t y t o p r o p e r l y handle 
r e p r o c e s s i n g wastes. P y r o c h e m i c a l p r o c e s s e s , as demonstrated i n 
the p l u t o n i u m i n d u s t r y , show g r e a t promise toward g e n e r a t i n g o n l y 
a s m a l l volume of u l t i m a t e waste through h i g h - y i e l d p r o c e s s e s and 
h i g h ( p o t e n t i a l ) reagent reuse. A c o n c e r t e d e n g i n e e r i n g e f f o r t , 
p r i m a r i l y i n the p r o cess a p p l i c a t i o n s a r e a , i s needed t o a p p l y 
these new p r o c e s s i n g and r e c y c l e concepts t o our p r o c e s s i n g f a c i l i 
t i e s o f the f u t u r e . " 

RECEIVED December 22, 1982 
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APPENDIX Β 

Summary of the Nuclear Properties, Availability, 
and Applications of Selected Plutonium Isotopes 

JOHN L. BURNETT 

U.S. Department of Energy, Processes and Techniques Branch, Division of 
Chemical Sciences, Office of Basic Energy Sciences, Washington, DC 20545 

According to the 7th Ed. of the Table of Isotopes, (1), the 
known isotopes of Pu range in mass number from 232 to 246 and in 
half- l i fe from 21 minutes for Pu-233 to 8 x 10' years for 
Pu-244. Certain of these isotopes have found a variety of 
applications in research and technology and are produced in 
varying amounts ranging from tracer levels to metric tons. 
Research quantities are available to properly authorized 
recipients from the Oak Ridge Isotope Sales Office. Some 
information on such isotopes is indicated below. 

Isotope H a l f - l i f e Decay P r e p a r a t i o n 

Pu-236 
Pu-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Pu-244 

2.85y 
45.6d 
87.7y 
2 . 4 1 x l 0 4 y 
6 . 5 7 x l 0 3 y 
14.36y 
3 . 7 6 x l 0 5 y 
8 . 0 5 x l 0 7 y 

a(5.77 MeV) U-235 (99.9%)[22 MeV(d,n)] 
a(5.65 MeV) U-235(99.9%)[36 MeV(a,2n)] 
a(5.50 MeV) Νρ-237(η,γ)Νρ-238(3 ) 
a(5.16 MeV) U-238(n,y)U-239(3~) 
a(5.17 MeV) Cm-244(a) 
$~ U-238(xn)isotope s e p a r a t i o n 
<x(4.90 MeV) U-238(xn)isotope s e p a r a t i o n 
a(4.59 MeV) U-238(xn)isotope s e p a r a t i o n 

Pu-236 and Pu-237 are pop u l a r e n v i r o n m e n t a l and b i o l o g i c a l 
c h e m i c a l t r a c e r s . Both are a v a i l a b l e by the m i c r o c u r i e . 

Pu-238 i s a v a i l a b l e i n v a r i o u s i s o t o p i c enrichments r a n g i n g from 
99+% to 78%. Uses are f o r s m a l l thermal and e l e c t r i c power 
generators· 

Pu-239 i s used as a f a s t r e a c t o r f u e l , i n n u c l e a r weapons, and 
f r e q u e n t l y i n chem i c a l r e s e a r c h where p r o d u c t i o n grade m a t e r i a l 
of mixed i s o t o p i c content i s s u i t a b l e . A v a i l a b l e enrichments 
range from 99.99+% to 97%. 

This chapter not subject to U.S. copyright. 
Published 1983, American Chemical Society. 
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460 PLUTONIUM CHEMISTRY 

Pu-240 is principally used in flux monitors for fast reactors. 
Available enrichments range from 99+% to 93%. 

Pu-241 is the parent from which high assay Am-241 can be 
isolated for industrial purposes. 93% samples are available. 

Pu-242 samples are available in enrichments ranging from 99.9+% 
to 95%; production-grade material ranges from 85% to 95%. Uses 
are for the study of plutonium physical properties and as a mass 
spectroscopy tracer and standard. 

Only one isotope, Pu-244, is presently available as a NBS 
Standard Reference Material and can be obtained from the DOE New 
Brunswick Laboratory. A second NBS/SRM as a 1:1 mixture of 
Pu-239 and Pu-242 is in preparation and a third, Pu-239, is 
planned for the future. All the isotopes are available from the 
ORNL Isotopes Sales Office, Oak Ridge National Laboratory, P. 0. 
Box X, Oak Ridge, Tennessee, 37830. 

Literature Cited 

1. Lederer, C. M.; Shirley, V. S.; Eds.; "Table of Isotopes", 
7th Ed.; Wiley, New York, 1978. 

RECEIVED January 5, 1983 
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INDEX 

A 
Absorption 

IR 
of PuI3C2H4 · 4THF and 

PuI2C2H3 43-48 
of Pu2(OH)2(S04)3(H20)4 58-62 

UV, of plutonyl ion 265-67 
Absorption band structure, PuF6 ...156-59 
Absorption spectra of various alkali 

metal PuF6 compounds 203-6 
Absorption spectrophotometry, 

oxidation state analysis of 
dissolved Pu ions 319, 326-27 

Acid constant, hydration 223 
of disproportionation, 

stoichiometry 454-56 
Acid dependence 

of polymerization of hydrolysis 
products in uranyl 
nitrate 231,237-39 

of stability constants, Pu(III) and 
Pu(IV) sulfate complexes ...251-61 

Acid, nitric 
and extractant dependencies, 

Am(III) 433-49 
and Pu purification 360 

Acid systems, perchloric and nitric, 
photochemical Pu reduction ...265-72 

Acid waste streams and nitric acid 
recovery process 353 

Acidity—See also pH 
Acidity and complexation 213-29 
Actinides—See also the specific 

elements 
and dissolved organic carbon in 

filtered lake water, 
concentration 300/ 

electronic configurations 180-93 
energy level diagram of gas 

phase hexafluorides 157-59 
and magnetic properties 25-26 

entropies and enthalpies of 
sulfate complexes 26It 

extraction from high-level 
liquid waste 444-49 

hydration sphere of cation 90 
hydrothermal hydrolysis 

spectroscopic studies 58-62 
structural studies 53-57 
synthetic studies 50-53 

Actinides (continued) 
lattice parameter for rock-salt 

structure 69-71 
photochemistry 263-72 
radii plot 69-71 
spectra, parametric model 184-89 
stability constants of sulfate 

complexes 261/ 
temperature dependence of free 

energy of formation 105-6 
Actinyl(VI) ion electrode 227-29 
Activation energy for PuF6(g) + 

PuF6(g) reaction 168 
Activity 

alpha, early work 11, 13, 15 
specific 

nuclear reactors 276 
Pu(IV), early work 15 
238-Pu02 319 

thermodynamic, equilibrium 
constant, actinide chlorides .... 389 

Addition, ligand, and stability 
constants, Pu sulfate complexes 251-61 

Adsorber, solid, competitive 
equilibrium with Pu(IV) 308-13 

Adsorption 
carbon dioxide, on dried Pu(IV) 

polymer 235-37 
Pu on geologic media 286-92 

Aggregation of hydrolysis products 
of Pu(IV) 231-32 

Algae, impact of Pu waste 275-92 
ALI—See Annual limit of intake 
Alkali fluorouranates(V), stabilization 

enthalpies 200/ 
Alkali PuF6 compounds, absorption 

spectra 203-6 
Alkaline earth metal Pu complexes 

and their reactions 80 
Alkalinity, ground-water 

compositions 337, 343-44 
Allotropie crystal structures, metallic 

radii plot 72, 72/ 
Alloy phase diagrams, binary 66, 68-69 
Alloys—See also the specific alloys 
Alloys, aluminum-magnesium and 

zinc-magnesium, metallothermic 
reductions 372 

Alpha activity, early work 11, 13, 15 
Alpha coefficient, disproportionation 

equation of Pu(VI) 454-56 

461 
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462 PLUTONIUM CHEMISTRY 

Alpha phase of Pu, reaction with 
diiodoethane 41-48 

Aluminum-magnesium alloys, 
métallo thermic reductions 372 

Americium 
extraction—See also Molten salt 

extraction 
magnesium chloride based salts 390-98 
molten salt extraction at 

Rocky Flats, reaction 370-72 
stationary extraction furnace 

assembly 384/ 
solution absorption spectra 186-93 
sorption 288/ 
and uptake of Pu on geologic 

material and in living 
organisms 278 

Americium-Pu alloys, atomic volume 
and superconductivity 71-73 

Americium(III) 
distribution coefficients between 

aluminum, silicon, and 
chloride oxides 287, 289f 

nitric acid and extractant 
dependencies 433-49 

Americium-241 460 
Ammonia, concentration in natural 

waters 28It 
Ammonium-Pu reactions 80 
Anaerobic system of solution-phase 

Np(V) and Pu(V) via glucose ...305-6 
Analyses 

environmental, reducing agent 302 
mathematical—See Data analysis 

Angles, bond, between Si04 

tetrahedra 150-52 
Animals, impact of Pu waste 275-92 
Anion 

carbonate, and complexation of 
Pu(IV) ion 317-32 

halide, hydration sphere 90 
ANL—See Argonne National 

Laboratory 
Annual limits of intake, Pu concen

tration in drinking water 290-91 
Anode reaction, electrorefining 

technique 399-405,418 
Anode residue recovery from 

electrorefining 372, 425-26 
Antiferromagnetic transition of PuCl3 

and /?-Pu203 33, 35 
Antimonide-actinide compounds, 

lattice parameter for rock-salt 
structure 69-71 

Apatite, sorption of Pu and Am 288/ 
Apparatus—See also Techniques 
Apparatus, experimental, 

fluorescence 159-62 
Applications, isotopes 459-60 

Applied technology needs, overview of 
Pu processing chemistry 349-64 

Aquatic chemistry, Pu 
reactions 275-86,297-313 

Aqueous media 
photochemistry 263-72 
thermodynamics of halides and 

halogeno complexes 86-93 
Aqueous processing 

overview 359 
at Rocky Flats 

ion exchange 378 
nitric acid dissolution 375-76 
precipitation 376-78 
solvent extraction 376 
waste treatment 378 

Aqueous vs. pyrochemical processes, 
large-scale purification 409-11 

Argonne National Laboratory, 
oxidation state studies 302-8 

Atmospheric carbon dioxide, 
equilibrium with Pu 285/ 

Atmospheric fallout from nuclear 
weapon tests and aquatic 
ecosystems 298-99 

Atomic volume and bonding, 
actinides 67-71 

Attapulgite, sorption of Pu and Am .. 288/ 
Availability, isotopes 459-60 

Β 
Bands, vibrational, hydrolytic 

polymers 235-37 
Basalt, Pu transport processes 335-44 
Battelle static leach test 337-38 
Bedrock granite, Pu repository 290-92 
Bedrock water, composition 281/ 
Bicarbonate-carbonate solutions 

and Pu(IV) ion, complexation 
studies 317-22 

Bifunctional organophosphorus 
complexes as actinide 
extractants 433-49 

Binary alloy phase diagrams 66, 68-69 
Binary phase diagram for CaO-CaCi2 

system 387-88 
Binary silicate-based glasses, x-ray 

photoemission spectroscopic 
studies of U, Np, and Pu 145-54 

Binding of organic ligands in natural 
waters, stability constants 308-13 

Biotite, sorption of Pu and Am 288/ 
Bis(cyclooctatetraenyl)plutonium(IV), 

magnetic and electronic 
properties 33, 34/ 

Bis (/x-hydroxo)tetraaquadiplutonium 
(IV) sulfate, hydrothermal 
hydrolysis 

spectroscopic studies 58-62 
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INDEX 463 

Bis(/*-hydroxo)tetraaquadiplutonium 
(IV) sulfate, hydrothermal 
hydrolysis (continued) 

structural studies 53-57 
synthetic studies 50-53 

Bismuth phosphate oxidation-
reduction process 17-19 

Bombardment experiments, neutron, 
early work 6, 13, 15 

Bombay harbor, Pu distribution 
coefficients 299-302 

Bond angles between S1O4 
tetrahedra 150-52 

Bond lengths, α-phase of Pu 66, 67/ 
Bond structure, double, of 

PuI3C2H4-4THF and PuI2C2H3 46-48 
Bond, uranyl-to-Pu(IV) polymer, 

Raman spectroscopy 235 
Bonding electrons and photochemical 

reduction 265-67 
Bonding, /-character, and actinides ... 66-74 
Bonding model, Wigner-Seitz 

approximation 105 
Boron, oxide additives in silicate-

based glasses, x-ray photo-
mission spectroscopic spectra .... 151/ 

Bridges 
double hydroxide, structure of 

hydroxy sulfate compounds .... 56 
hydroxyl, Pu(IV) polymeric 

network 235-39 
oxygen, silicate glasses 152-53 

Bromide complexes 
thermodynamic data 84-86,92-93 

Bromide, concentration in natural 
waters 281/ 

C 

Calcium 
concentration in natural waters 281/ 
ground-water compositions .337, 343-44 

Calcium carbonate, reduction of Pu 
concentrations 305 

Calcium chloride, direct oxide 
reduction 412-15 

Calcium oxide 
additives in silicate-based glasses .. 151/ 
direct oxide reduction—See Direct 

oxide reduction 
pyroredox at Rocky Flats 373-74 

Calcium oxide-calcium chloride flux 
system and phase diagrams 383-88 

Calculations—See Data analysis 
Carbamoylmethylphosphoryl 

derivatives as actinide 
extractants 433-49 

Carbon dioxide 
adsorption on dried Pu(IV) 

polymer 235-37 

Carbon dioxide (continued) 
equilibrium with Pu 285/ 

Carbon, dissolved organic, influence 
on Pu solubility 297-313 

Carbonate 
concentration in natural waters 281/ 
formation in Pu reduction 305 

Carbonate-bicarbonate solutions and 
Pu(IV) ion, complexation 
studies 317-22 

Casting, ingot 416-17 
Casting skull recycle 422 
Cathode reaction, electrorefining 

technique 399-405,418 
Cation, actinide, hydration sphere 90 
Cation-anion, internuclear distance 

in free energy calculations 223-29 
Cation-exchange techniques, stability 

constant determination of Pu sulfate 
complexes 251-61 

Cell 
electrorefining 399-400 
galvanic, standard free energy of 

formation measurements, 
Pu02(s) 112 

iridium effusion, mass spectrometric 
measurements, heats of subli
mation of Pu02(s) 100-101, 105 

tungsten effusion, vapor pressure 
measurements of Pu02 112 

tungsten, preparation 100 
unit, of α-Pu 67/ 

Cell constants, cesium and hafnium .53, 55/ 
Cell coupled with absorption spectro

photometry, electrochemical 
reactions 319 

Cesium, cell constants 53, 55/ 
Cesium plutonium hexafluoride, 

stability and electronic 
spectrum 199-209 

Characterization of Pu, summary of 
early work 2-21 

Characterization of sludge 363-64 
Charge—See Ions and Oxidation 

states 
Charge conservation and dispropor

tionation of Pu(IV) 454-56 
Chelate rings 226 
Chemical processes for scrap recovery 

at Los Alamos 352/ 
Chemical properties, summary of 

early work 1-21 
Chemisorption on geologic media ...286-92 
Chloride 

calcium, direct oxide reduction ... 412-15 
concentration in natural waters 281/ 
ground-water compositions .337, 343-44 
zinc, pyroredox at Rocky Flats ...373-74 
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464 PLUTONIUM CHEMISTRY 

Chloride compounds 
PuCl3, antiferromagnetic transition 35 
R2PuCl6 30-31,80-84 
thermodynamic data 90-92 

Chloride salt, decomposition potential, 
electrorefining 401 

Chloride slagging process—See 
Molten salt extraction 

Citrate, Pu, impact on ecosystem 278-92 
CMP—See Dmexyl-N,N-diethylcar-

bamoylmethylphosphonate process 
Coastal plants and animals, impact 

of Pu waste 275-92 
Coefficient, distribution, in equation 

for thermodynamic activity 
equilibrium constant 389-90 

Coefficients, alpha, disproportionation 
reaction of Pu(VI) 454-56 

Coefficients, distribution—See 
Distribution coefficients 

Coefficients of free energy of forma
tion equation, Pu oxide vapor .... 127/ 

Colloid formation 287-89 
Complex formation constants 282-84 
Complex formation, Pu with Ir, Os, 

Pt, Rh, Ru, and U 100 
Complexation of Pu 

in carbonate-bicarbonate 
solutions 317-32 

by HS04 251-52 
oxidation states and hydrolysis ... 222-29 
and solubility in natural 

waters 301-2,308-13 
Composition 

borosilicate glass 338/ 
condensed phase, Pu-oxide 

systems 119-21 
salt electrolyte, electrorefining 401 
water, and Pu leaching studies ...335-44 
water, swamps, ponds, lakes, 

and oceans 281/ 
Compounds, coordination and organo-

metallic, electronic and magnetic 
properties 25-38 

Computer codes, RAFSCATT 1 and 
RAFSCATT 2, waste packages 
and seals performance 456-58 

Concentration 
carbonate formation, Pu reduction 305 
fluoride ion, ground-water 

leaching ability 335-44 
Pu 

hydrated cationic species, and 
pH effect 220/ 

Concentration dependence, polymeri
zation of hydrolysis products 
with uranyl nitrate 231, 237-39 

Condensed phase composition, oxygen 
and Pu oxide systems .119-21, 124-41 

Condensed phases and thermody
namic functions 130-33 

Configuration, electronic 
actinide 180-93 
and magnetic properties 26-29, 33 
PuI3C2H4 · 4THF and PuI2C2H3 .46-48 
Pu(I) isotope shift 176, 178-80 
Pu(I) and Pu(II), spectral analysis 174-86 

Constants 
acid, hydration 223 
cell, cesium and hafnium 53, 55/ 
Debye-Huckel 89 
dielectric and complexation 223-29 
equilibrium, between O(s) and 

Pu ions 128-29 
formation 282-84 
formation, Pu(IV) hydroxides, 

hydroxycarbonates, and 
carbonates 320-32 

stability 222-23 
halide complexes 88/, 91/, 93/ 
organic ligands 308-13 
sulfate complexes, acid 

dependence 251-61 
Constants, thermodynamic activity 

equilibrium, actinide chlorides ... 389 
Coordination 

cubic, Pu02, Lee, Leask, 
Wolf diagram 29 

planar six-fold, α-phase of Pu 66, 67/ 
Coordination compounds, electronic 

and magnetic properties 25-38 
Coordination numbers 214-17 
Coordination sphere, geometry, 

Pu2(OH)2

6+ 53-57 
Copper, stability constants for 

organic complexes 312-13 
Cost analysis, Pu processing 409-14 
Coupling, //, organometallic and 

coordination compounds 25-38 
Covalency and orbital reduction data, 

organometallic and coordina
tion compounds 25-38 

Cretaceous shale, ground-water 
leaching 335-44 

Crucibles for pyrochemical 
processes 412-30 

Crystal-field effects 186 
Crystal-field parameters for hexa-

halide 5fl-actinide ions 190-96 
Crystal field state 

organometallic and coordination 
compounds 25-38 

PuI3C2H4 · 4THF and PuI2C2H3 .46-48 
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INDEX 465 

Crystal structures 
allotropie, and metallic radii 71,72/ 
spectra 186-93 
tetravalent metals 53-57 

Crystallographic distortion, actinides .66-69 
Cubic coordination, Pu02, Lee, 

Leask, Wolf diagram 29 
Curie behavior, halides 35 
Curie-Weiss behavior, PuF4 29-30 
Curie-Weiss paramagnetism 46-48 
Curium isotopes 

Cu-243, extraction by carbamoyl
methylphosphoryl 
derivatives 433-49 

and preparation of Pu isotopes 459 
Cycle, oxidation-reduction—See 

Oxidation 
Cyclotron experiments, early 

work 6, 13, 15 

D 

Data analysis 
distribution ratios of Pu and 

dissolved organic carbon in 
natural waters 308-13 

mathematical treatment, solubility 
products and formation con
stants of Pu(IV) hydroxides, 
hydroxycarbonates, and 
carbonates 319 

Pu migration in granite bedrock .291-92 
radial integrals, Hartree-Fock 

method 184-88 
stability constants for Pu sulfate 

complexes 253-62 
vapor pressure measurement 100-102 
vapor pressure from spectroscopic 

data 125/ 
Debye-Hiickel relation, modification̂  

and ionic strengths 89 
Decay channels and rate, nonradia-

tive, PuF6(g) fluorescence 
studies 163-70 

Decay, isotopes 459 
Decladdent 

spent Zirflex process 363 
storage tanks 355 

Decomposition potential, chloride 
salt, in electrorefining 401 

Decomposition of Pu oxyfluorides 79 
Dehydration enthalpy of halides and 

halogeno solid compounds 76-86 
Density, electron, and isotope shift 

for Pu(I) configurations ....176, 178-80 
Depolymerization reaction by 

UV-irradiation 270-72 
Deprotonation in Pu sulfate systems 260-61 
Detector, IR fluorescence measure

ments of PuF6(g) 162 

Diamagnetism of Pu(C8H8)2, tempera
ture dependence 33 

Dielectric constant and 
complexation 223-29 

Differential pulse polarography, 
oxidation state analysis of dis
solved Pu ions 319, 326-27 

^Ar-Diheptyl-A^Ar,6,6-tetramethyl-
4,8-dioxaundecane, ion 
electrode 227-29 

Dihexyl-A^N-diethylcarbamoylmethyl-
phosphine oxide and dihexyl-
iV,̂ V-diethylcarbamoylmethyl-
phosphonate, actinide 
extractant 371,433-49 

Dihydride, Pu 374 
Dihydroxide ion, diplutonium, spec

troscopy and coordination 
sphere 53-57 

Diiodoethane, reactions with Pu 41-48 
Dioxide ions, Pu, standard potentials .. 283i 
Dioxide, Pu 

complexation in carbonate-bicar
bonate solutions 317-32 

cubic coordination and Lee, Leask, 
Wolf diagram 29 

direct oxide reduction—See Direct 
oxide reduction 

purification from reactor fuel 353-55 
and x-ray diffraction technique, 

early work 20 
α-Diplutonium trioxide, back 

reaction 385-86 
β-Diplutonium trioxide, specific heat 

and magnetic measurements 33 
Direct oxide reduction (DOR) .350, 382-88 

at Los Alamos 412-15, 426-28 
at Rocky Flats 373-74 

Disilicate glasses 153-54 
Disposal, waste 456-58 
Disproportionation of Pu(IV) 

in applied Pu recovery/purification 
procedures 362 

photo shift 268-70 
Disproportionation of Pu(VI) 454-56 
Dissociation limit of gas-phase 

actinide hexafluoride 156-69 
Dissolution media, aqueous—See also 

Aqueous media and Aqueous 
processing 

Dissolution media, aqueous, proces
sing overview 359 

Dissolved organic carbon (DOC), 
influence on Pu solubility 297-313 

Distortion, crystallographic, and 
symmetry of actinides 66-69 

Distribution coefficients 
Pu in natural waters 276-78, 287, 

289-302 
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466 PLUTONIUM CHEMISTRY 

Distribution coefficients (continued) 
Pu sulfate complexes 253-62 
in thermodynamic activity equi

librium constant equation ....389-90 
Distribution ratio 

actinides, and aqueous nitric acid 
concentration for carbamoyl-
methylphosphoryl 
extractants 437-43 

in aquatic systems, definition ...300-302 
DOC—See Dissolved organic carbon 
Dodecahedral geometry, Pu2(OH)2

6+ .53-57 
DOR—See Direct oxide reduction 
Double bond structure of 

PuI3C2H4 · 4THF and 
PuI2C2H3 46-48 

Double hydroxide bridges, structure 
of hydroxysulfate compounds .... 56 

Ε 
Ecological impact, Pu waste 275-92 
Ecosystems, freshwater and marine, 

impact of Pu waste 297-313 
Efficiency of ionization of Pu 102 
Effusion rates, vapor pressure 

determination 100-101 
Eigenvectors 184 
Electrochemical reaction cell coupled 

with absortion spectrophotometry 319 
Electrode, ion, uranyl-specific 227-29 
Electron density and isotope shift for 

configurations in Pu(I) ...176, 178-80 
Electron-exchange reaction, Pu(IV) 

disproportionation 268 
Electronic configuration—See also 

Energy levels 
actinides 66-74 
actinides, spectral analyses 180-93 
PuF6(s) 156-59, 164, 168-69, 203-9 
PuI3C2H4 · 4THF and PuI2C2H3 46-48 

Electronic properties, organometallic 
and coordination compounds 25-38 

Electrons, bonding, and photo
chemical reduction 265-67 

Electropositive impurities and 
electrorefining 401 

Electrorefining (ER) 399-405 
impure metal ingot feed 416-17 
at Los Alamos 351/, 418-20, 423 
at Rocky Flats 372-73 
salt recycle 423, 428-30 

Electrostatic adsorption by geologic 
media 286-92 

Electrostatic parameters for Pu(IV) .. 190 
Elements 

Group IVB, actinide, and lantha
nide, hydrothermal hydrolysis 

spectroscopic studies 58-62 

Elements (continued) 
Group IVB, actinide and lantha

nide hydrothermal hydrolysis 
(continued) 

structural studies 53-57 
synthetic studies 50-53 

rare earth, Pu purification 393-98 
Energy 

Fermi, actinides 66-69 
free—See Free energy 

Energy of activation for PuF6(g) + 
PuF4(g) reaction 168 

Energy band, f-electron 66, 68-69 
Energy of extraction of Am(III) by 

carbamoylmethylphosphoryl 
derivatives 437-41 

Energy of formation 
actinide chlorides 385, 389 
atomic oxygen for Pu oxides 112-16, 113/ 
Pu oxides 126-33 

Energy gap for Pu(C8H8)2 as function 
of orbital reduction factor 34/ 

Energy levels 
free-ion spectral analysis 174-86 
plutonyl ion 263-68 
PuF4 30 
PuF6 156-59, 164, 168-69, 206-9 
PuI3C2H4 · 4THF and PuI2C2H3 46-48 

Energy levels, transitions 
actinides 66-74 
core level excitation of actinide 

oxides in silicate-based 
glasses 145-54 

Enewetak Lagoon, Pu distribution 
coefficients 299-302 

Enhancement, photo, and degrada
tion of Pu(IV) polymer 270-72 

Enrichment 
oxygen, in Pu02 relative to 

condensed phase 134, 136/ 
Pu isotopes 459-60 

Enthalpy of extraction of Am(III) by 
carbamoylmethylphosphoryl 
derivatives 437-41 

Enthalpy of formation, actinide 
intermetallics 105-7 

Enthalpy of formation, solution, and 
dehydration, halides and halo-
geno solid compounds 76-86 

Enthalpy of fusion, Pu-oxygen systems 129 
Enthalpy of stabilization, alkali 

fluorouranates(V) 199-200 
Enthalpy of vaporization, partial, 

calculations 115 
Entropy of extraction of Am(III) by 

carbamoylmethylphosphoryl 
derivatives 437-41 
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INDEX 467 

Entropy of formation, actinide 
intermetallics 104-7 

Entropy of formation, solution, and 
dehydration, halides and halo-
geno solid compounds 77-86 

Entropy of fusion, Pu-oxygen systems 129 
Entropy of ionization, HS04~ 257 
Entropy of sublimation, Pu-inter-

metallics 104/ 
Environmental impact 

Pu waste 275-92 
Pu waste and ground-water 

leaching 335-36 
Environmental research, sources of 

Pu and its aquatic chemistry .297-313 
Equation, thermodynamic activity 

equilibrium constant 389-90 
Equations 

competitive equilibrium between 
Pu(IV) and soluble complex-
ing ligands and solid 
adsorber 308-13 

enthalpy of stabilization, alkali 
fluorouranates(V) 199 

extraction of Am(III) from nitrate 
media 437,441 

extraction factor, partitioning 
between metal and salt phase 390-97 

free energy of formation, hypo-
stoichiometric condensed 
phase 132 

free energy of formation, PuO(g), 
Pu02(g) 114-16 

free energy of protonation, 
and hydration 223-29 

Knudsen, total vapor pressure 
calculation 101 

reaction—See Reactions 
retention factor of Pu in 

granite bedrock 291-92 
stability constants for Pu sulfate 

complexes 253-62 
vapor pressure calculation of 

Pu oxides 114-15 
vapor pressure calculations at 

high temperatures 124-41 
Vasil'ev's modification of Debye-

Huckel relation 89 
Equilibrium 

CsPuF6 203 
Pu dioxide system 124-29 
Pu and HS04" 251-61 
Pu oxides and fluorides 77 
Pu(IV) polymer growth with 

uranyl nitrate 231-35 
Pu(IV) and soluble complexing 

ligands and solid adsorber ...308-13 
solubility, and sorption of 

carbonate ion 327/ 

Equilibrium constant 
equilibrium between O(g) and 

Pu ions 128-29 
thermodynamic activity, actinide 

chlorides 389 
Equilibrium partitioning in molten 

salt extraction 389 
Equilibrium vapor pressure determina

tion, Pu-noble metal 
compounds 100-107 

Equipment, electrorefining process ... 419/ 
ER—See Electrorefining 
Ethylenic stretching frequencies of 

PuI3C2H4 · THF and PuI2C2H3 .43-48 
Exchange, ion, use at Rocky Flats .... 378 
Excitation, fluorescence, of PuF6(g) .. 162 
Excited states and magnetic measure

ments of PuF4 29-30 
Excited states, plutonyl ion 263-68 
Experimental data vs. calculated solu

bilities for hydrolysis reactions .325-30 
Experimental data vs. Hartree-Fock 

methods, energy level 
parameters 184-90 

Experimental heats of formation, Pu 
intermetallics vs. corresponding 
heats calculated from Miedema 
model 105-7 

Experimental preparation—See 
Preparation 201-3 

Experimental procedure 
actinide extraction by carbamoyl

methylphosphoryl 
derivatives 433-49 

leaching speciation studies 336-39 
Pu distribution ratios and dissolved 

organic carbon determination 
in natural waters 308-13 

238-Pu02 and complexation of ion 
in carbonate solutions 318-19 

stability constant determination of 
Pu sulfate complexes 252-61 

Experimental techniques—See 
Techniques 

Extractants, actinide, and carba
moylmethylphosphoryl 
derivatives 433-49 

Extraction, Am—See also Molten 
salt extraction 

at Los Alamos 412,416,422-25, 
428-30 

molten salt 353, 358-59, 386-98 
at Rocky Flats 370-72 
solvent 360-61, 376 
solvent, stability constant, Pu 

sulfate complexes 252-61 
Extraction factor, partitioning be

tween metal and salt phase 390-97 
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468 PLUTONIUM CHEMISTRY 

F 
Fallout, atmospheric, from nuclear 

weapon tests, and aquatic 
ecosystems 298-99 

Fast reactor fuel, Pu isotopes 459-60 
/-character, actinides 

and bonding 66-74 
crystal field parameter 190-96 

Fermi energy, actinides 66-69 
Ferrite waste treatment process 378 
Film formation, photodecomposition 

ofPuF6(g) 162 
First-order kinetics, Pu(IV) 

polymerization 237-39 
Fish, impact of Pu waste 275-92 
Fission products 

isolation of Pu, Plutonium Project .. 2-7 
selectivity of actinide(III) 441-43 

Fluence, photodecomposition 
of PuF6 155-70 

Fluorescence, laser-induced 155 
Fluorescence photon and quantum 

yield, definition 163-65 
Fluoride compounds of Pu 

gas photophysics and photo
chemistry 155-70 

initial isolation and tracer studies .. 2-7 
magnetic measurements of PuF4 ... 29-30 
production and reduction 

of PuF4 350-53,412 
solubility in various media .10-11, 14-15 
spectra and energy level 

analysis 190-96,199-209 
thermodynamic data 76-80, 87-90 

Fluoride compounds of U(V), alkali, 
stabilization enthalpies 200/ 

Fluoride ion concentrations, ground
water leaching ability 281/, 335-44 

Fluoride precipitation technique of 
rare earth metals 302 

Fluorination at Rocky Flats 375 
Food, impact of Pu waste 275-92 
Formation constants, Pu complexes .282-84 
Formation constants, Pu(IV) 

hydroxides, hydroxycarbonates, 
and carbonates 320-32 

Formation of Pu colloids 287-89 
Formation of Pu-noble metal 

complexes 9 9-107 
Formation of Pu(IV) peroxy 

complex 267 
Formation of Pu(IV) polymer and 

low-acid reprocessing streams .231-39 
Formation, thermodynamic functions 

enthalpy 
halides and halogeno solid 

compounds 76-86 
hydriding reaction 406 

Formation, thermodynamic 
functions (continued) 

enthalpy (continued) 
experimental heats, Pu inter-

metallics vs. corresponding 
heats calculated from 
Miedema model 104-7 

film, photodecomposition 
of PuF6(g) 162 

free energies, actinide chlorides 389 
free energy of 385 
free energy, Pu oxygen 

system 112-16, 126-33 
Formulae—See Equations 
Fourier-transform spectroscopic 

studies, spectra of Pu-240, 
-242, -244 isotopes 176/, 177/ 

FPY and FQY—See Fluorescence 
photon and quantum yield 

Free energy of extraction of Am(III) 
by carbamoylmethylphosphoryl 
derivatives 437-41 

Free energy of formation 385 
actinide chlorides 389 
actinide intermetallics, temperature 

dependence 105-6 
atomic oxygen for Pu oxides 112-16 
Pu oxygen system 126-33 

Free energy of protonation, and 
hydration, equations 223-29 

Free-ion interactions, Pu02 29 
Free-ion spectra, energy level 

analysis 174-86 
Frequencies, ethylenic stretching, of 

PuI3C2H4-4THF and PuI2C2H3 43-48 
Freshwater systems, Pu distribution 

coefficients 298-302 
Fuel 

dissolved spent LWR, extraction 
of actinides 446-49 

fast reactor, Pu isotopes 459-60 
irradiated reactor, Hanford 

Plant 353-55 
Fuel reprocessing plants and marine 

and freshwater systems 298-99 
Fuel safety 290 
Functional groups and Pu waste 

impact on ecosystem 278-92 
Functions 

solid and liquid Pu-oxygen system 
heat capacity 132 

thermodynamic—See Thermo
dynamic functions 

wave, bonding in actinides 69 
Furnace, stationary extraction, 

assembly for Pu reduction 
and Am extraction 384/ 

Fusion, enthalpy and entropy, Pu 
oxygen systems 129 
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INDEX 469 

G 

Gallium-Pu phase diagram 402-3 
Galvanic cell measurements, standard 

free energy of formation 
ofPu02(s) 112 

Gas phase 
CsPuF6 203/ 
Pu-oxygen system 

oxygen-to-Pu molar ratio 124 
uncertainties of thermo

dynamic functions 139-40 
vapor pressure calculations 116 

Gas photophysics and photochemistry 
of PuF6 155-70 

Geological impact, Pu waste 286-92 
Geological impact, Pu waste and 

ground-water leaching 335-36 
Geometry of coordination sphere, 

Pu2(OH)2

6+ 53-57 
Gibbs free energy function, enthalpy 

of sublimation 102 
Glass 

borosilicate, composition 338/ 
silicate, structure 150-54 
waste, Pu leaching by ground 

waters 335-44 
Glucose, anaerobic system of solu

tion-phase Np(V) and Pu(V) ... 305-6 
Grand Ronde basalt, ground-water 

leaching 335-44 
Granite bedrock, Pu repository 290-92 
Granite, Pu transport processes 335-44 
Ground-water composition and Pu 

transport processes, leaching 
studies 335-44 

Group IVB elements 
spectroscopic studies 58-62 
structural studies 53-57 
synthetic studies 50-53 

H 
Hafnium, cell constants 53, 55/ 
Half-lives of isotopes 459 
Halide anion, hydration sphere 90 
Halide compounds of Pu—See also 

Chloride compounds and 
Fluoride compounds 

crystal field parameters 190-96 
gas photophysics and photo

chemistry 155-70 
high temperature magnetic 

measurements 35 
stability and electronic spectrum .157-59, 

199-209 
thermodynamics 

in aqueous solutions 86-93 
in the solid state 75-86, 93 

Halide slagging process—See Molten 
salt extraction 

Halogeno compounds, thermodynamics 
in aqueous solutions 86-93 
in the solid state 75-86, 93 

Hamiltonian operators, correction for 
parametric model for actinide 
and lanthanide spectra 184-86 

Hanford Plant, Pu processing 353-55 
Hartree-Fock calculations of radial 

integrals 184-88 
Health standards, radiological 275 
Heat capacity function for solid and 

liquid Pu-oxygen system 132 
Heat of formation 

Pu intermetallics, experimental vs. 
corresponding heats calculated 
from Miedema model 105-7 

for hydriding reaction 406 
Heat of ionization, HS04" 257 
Heat of reaction, PuF4 reduction 

process 412,415/ 
Heat of sublimation, partial, 

Pu02(g) and PuO(g) 114-15 
Heat of sublimation, Pu-intermetallics 104/ 
Hexachloro complexes 30-31 
Hexafluoride Pu complexes 

gas-phase actinide, electronic 
energy level diagram 157-59 

gas photophysics and photo
chemistry 155-70 

stability and electronic spectrum 199-209 
Hexahalide S/̂ actinide ions, crystal-

field parameters 190-96 
Hexaoxide complexes, reciprocal 

molar susceptibility vs. 
temperature 28/ 

Hexavalent Pu—See Valence states 
Hexyl hexyl-A T̂V-diethylcarbamoyl-

methylphosphinate, actinide 
extractant 433-49 

High-temperature studies 
oxygen potential measurements 

above Pu oxide systems 119-21 
reduction of 242-Pu203 116 
vapor pressures and vapor compo

sitions above Pu oxide 
systems 123-41 

History, Plutonium Project and 
summary of early work 1-21 

Homogeneity of Pu203 phase 116 
Hudson River, Pu distribution 

coefficients 299-302 
Humans, impact of Pu waste 275-92 
Hybridization, /-electron wavefunc-

tion overlap in actinides 69,71-74 
Hydrated iron oxide 363-64 
Hydration—See also Solution 

chemistry 
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470 PLUTONIUM CHEMISTRY 

Hydration and Pu oxidation states .216-29 
Hydration sphere, actinide cation and 

halide anion 90 
Hydriding at Rocky Flats 374 
Hydrocarbonates, Pu(IV) 

complexation 320-32 
Hydrochloric acid processing plant, 

future possibilities 359-60 
Hydrofluorination, metal preparation 

line 350-53,375 
Hydrogen reduction 405-6 
Hydrogen reduction, preparation of 

the Pu sesquioxide sample 118/ 
Hydrolysis—See also Solution 

chemistry 
products with uranyl nitrate and 

polymerization of Pu(IV) ....231-39 
reactions 213-29, 320-21 

Hydroxide bridges, double, structure 
of hydroxy sulfate compounds ... 56 

Hydroxides, Pu 320-32 
formation constants 282-84 
impact on ecosystem 278-92 
solubility, early work 14-15 

Hydroxy 1 bridges in Pu (IV) 
polymeric network 235-39 

Hydroxy sulfate compounds, structure 56-57 
Hypostoichiometric Pu dioxide con

densed phase, vapor pressures 
and vapor compositions 124-41 

I 
ICRP—See International Commission 

on Radiological Protection 
Impurity levels after electrorefining 

process 401-4, 404/ 
Industry, nuclear power—See also 

Plants 
Industry, nuclear power, production 

of Pu 276, 457-58 
Ingot casting for electrorefining 416-17 
Inorganic matter, Pu waste impact 

on ecosystem 278-92 
Instruments—See Apparatus 
Intake, annual limits 290-91 
Integrals, radial, Hartree-Fock 

calculations 184-88 
International Atomic Energy Agency, 

solidus and liquidus for Pu02 

system 130 
International Commission on Radio

logical Protection, recommen
dations 290-91 

Inverse magnetic susceptibilities of 
PuI3C2H4-4THF and PuI2C2H3 47/ 

Iodate complexes, solubility in various 
media, early work 14-15 

Iodide complexes, thermodynamic 
data 84-86,92-93 

Iodine, PuF4 reduction 412, 415/ 
Iodometric titration technique 42 
Ion complexes 

diplutonium dihydroxide, spectros
copy and coordination sphere 53-57 

halides, thermodynamic data 87-93 
hexahalide actinides, crystal field 

parameters 190-9 6 
Ion electrode, uranyl-specific 227-29 
Ion exchange capacity, sorption on 

geologic media 286-92 
Ion exchange technique at Rocky Flats 378 
Ion intensity measurements, vapor 

pressure calculations 101-2 
Ionic model reaction of Pu02(s) 129 
Ionic radii 56, 214-17 
Ionic strength 

Debye-Huckel relation, 
modification 87, 89 

dependence of stability constants of 
Pu sulfate complexes 251-61 

Ionization efficiency curve 
measurements 102 

Ionization potentials 
of molecules and atoms in 

equilibrium with Pu dioxide 
condensed phase 133 

of Pu and Pu02 283/ 
Ionization, heat, and entropy, HS04".. 257 
Ions 

carbonate, and complexation of 
Pu(IV) 317-32 

concentration in natural 
waters 281/, 335-44 

diplutonium dihydroxide, 
spectroscopy and 
coordination sphere 53-57 

plutonyl 
spectra, energy level analysis ...174-86 
nitrite, and Pu solvent extraction 362 
stability 263-68 

Pu(IV) reduction, x-ray photo-
emission spectroscopic study 
in silicate-based glasses 147, 150 

Pu02, free ion and crystal field 
interactions 29 

uranyl, and Pu polymer 231-39 
IR 

detector for fluorescence 
measurements of PuF6(g) 162 

Raman, spectroscopic studies, 
polymerization of Pu(IV) 
hydrolysis products 233, 235-39 

spectra 
PuI3C2H4-4THF and PuI2C2H3 .43-46 
Pu2(OH)2(S04)3(H20)4 58-62 

Iridium effusion cells, mass 
spectrometric measurements of 
heats of sublimation of Pu02(g) 114-15 

Iridium-Pu compound formation 100 
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INDEX 471 

Irish Sea, Pu distribution 
coefficients 299-302 

Iron 
impurity in electrorefining reaction 401 
solubility and ground-water 

compositions 285/, 337, 343-̂ 4 
Iron oxide, hydrated 363-64 
Irradiated reactor fuel, 

Hanford Plant 353-55 
Irradiation, photochemistry of 

aqueous Pu solutions 263-72 
Isolation of Pu from U and fission 

products, Plutonium Project 2-7 
Isotope shift for Pu(I) configurations 

as a function of central electron 
density 176, 178-80 

Isotopes 
nuclear properites, availability 

and applications 459-60 
of U and slow neutron fission 3-4 

Isotopes of Pu 
Fourier-transform spectroscopic 

studies, Pu-240, -242, -244 .176-77 

Κ 

KB S—See Nuclear Fuel Safety Project 
Kinetics, first-order Pu(IV) 

polymerization 237-39 
Knudsen effusion technique and 

equation, vapor pressure 
determination 100-101 

L 
Laboratory, Argonne National, 

studies on oxidation states 302-8 
Laboratory, Los Alamos National 

Pu process chemistry, overview 349-64 
Pu production and purification 409-30 

Laboratory, Oak Ridge National, 
liquid wastes 299, 304-7 

Lakes, impact of Pu waste 275-92 
Lakes, Pu distribution coefficients .299-302 
LAMPRE—See Los Alamos Molten 

Pu Reactor Experiment 
Lande gj (k) values 

Pu(C8H8)2 33 
Pu(I) and Pu(II) 176, 178-80 

Lanthanides 
hydrothermal hydrolysis 

spectroscopic studies 58-62 
structural studies 53-57 
synthetic studies 50-53 

spectra, parametric model 184-89 
trivalency 69 

Lanthanum fission product, radio
active, tracer experiments, 
early work 7, 10 

Large-scale production, cost analysis 
of Pu processing techniques 409-14 

Latimer's method, entropy 81 
Laws of Thermodynamics, Second 

and Third 
consistency for Pu-oxygen 

system 139-40 
heats and entropies of sublimation 

and formation of Pu-inter-
metallics 102-4 

Leaching studies, ground-water com
position and Pu transport 
processes 335-44 

Least squares analyses, linear, vapor 
pressure vs. reciprocal 
temperature 102 

Lee, Leask, Wolf diagram, and cubic 
coordination of Pu dioxide 29 

Lengths, bond, α-phase of Pu 66, 67/ 
Levels, energy—See Energy levels 
Lichen, impact of Pu waste 275-92 
Lifetimes, fluorescence, PuF6(g) 162-63 
Ligands and Pu complex formation .282-84 

competitive equilibrium 308-13 
Pu sulfates, stability constants 251-61 
Pu(IV) hydroxides, hydroxocar-

bonates, and carbonates 317-19 
and Pu valency 222-29 

Linear least squares analyses, vapor 
pressure vs. reciprocal 
temperature 102 

Liquid Pu02, oxygen potential 126-38 
Liquid wastes 

and actinides extraction 444-49 
at Oak Ridge National 

Laboratory 299,304-7 
Lithium oxides of Pu, magnetic 

measurements and reciprocal 
molar susceptibility vs. 
temperature 26, 28/ 

Localization of electrons and energy 
levels in actinides 66-74 

Los Alamos Molten Pu Reactor 
Experiment (LAMPRE) 409 

Los Alamos National Laboratory, Pu 
process chemistry, 
overview 349-64, 409-30 

M 
Magnesium chloride-based salts, 

Am removal 390-98 
Magnesium concentration in natural 

waters and ground-water 
leaching 281/, 337-44 

Magnetic properties 
metallic Pu systems 71-74 
organometallic and coordination 

compounds 25-38 
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472 PLUTONIUM CHEMISTRY 

Magnetic susceptibilities of 
PuI3C2H4 · 4THF and 
PuI2C2H3 46-48 

Manganese, ground-water 
compositions 337, 343-44 

Marine systems, Pu distribution 
coefficients 298-302 

Mass, disproportionation of Pu(IV) .454-56 
Mass number, Pu-236 to -244, nuclear 

properties, availability, and 
applications 459-60 

Mass spectrometer-target collection 
technique, measurement of 
effusion rates 100-101, 105 

Mass spectrometric measurements 
with iridium effusion cells, heat of 
sublimation of Pu02(g) 114-15 

Mathematical analysis—See Data 
analysis 

Maximum permissible concentration 
of Pu in water 290 

Mechanisms 
direct oxide reduction reaction .. .385-88 
oxidation of Pu(IV) in aquatic 

environments 304-5 
sorption on geologic media 286-92 

Mediterranean Sea, Pu distribution 
coefficients 299-302 

Metal phase partitioning, molten 
salt extraction 390-98 

Metal preparation line (MPL) 350 
Metallic radii, light actinide 

elements 69-71 
Metallic scrap recycle 405-6 
Metallothermic reductions, aluminum-

magnesium and zinc-magnesium 
alloys 372 

Metallurgical Project 3-6 
Metals 

alkaline earth, and Pu compounds .. 80 
noble, and Pu compounds, 

thermodynamics 99-107 
tetravalent, hydrothermal 

hydrolysis 50-53 
Methods—See Data analysis, Prepara

tion, Procedures, Processes, and 
Techniques 

Microscopic tracer studies, 
summary of early work 2-3 

Miedema model calculated heats vs. 
experimental heats of formation, 
Pu intermetallics 105-7 

Migration of Pu through granite 
bedrock 291-92 

Minerals and Pu waste impact on 
ecosystem 278-92 

Models 
actinide ion incorporation in 

silicate glass 152 
bonding, Wigner-Seitz 

Models (continued) 
approximation 105 

hydration 216-19 
ionic reaction, Pu02(s) 129 
Miedema, calculated heats vs. 

experimental heats of formation, 
Pu intermetallics 105-7 

octahedral site, trigonally distorted, 
CsPuF6 206-9 

oxygen potential 126-38 
parametric, actinide and 

lanthanide spectra 184-89 
point charge and Mulak, PuF4 29-30 

Moisture content, homogeneity of 
Pu203 phase 116-19 

Molar ratio, oxygen to Pu, 
in gas phase 124 

Molar susceptibility, reciprocal, vs. 
temperature of Li5Pu06 28/ 

Molecular symmetry and magnetic 
measurements of organometallic 
and coordination compounds 25-38 

Molecular weight of pure Pu com
pound, initial work 7, 10-13 

Molten chloride salts, future 
possibilities 359-60 

Molten salt extraction 353, 358-59, 
386-98 

at Los Alamos 412, 416, 422-25, 
428-30 

at Rocky Flats 370-72 
Monoclinic crystal structure, 

α-phase of Pu 66, 67/ 
Montmorillonite, sorption of Pu 

and Am 288/ 
MPL—See Metal preparation line 
Mulak model, PuF4 29-30 

Ν 
Near-IR spectra, 

Pu(OH)2(S04)3(H20)4 61/ 
Neodynium(III) loading and solubility 

of Pu complexes 436-49 
Neptunium 

complexes 
CsNpF6, structural comparison 

to CsPuF6 199 
distribution coefficients between 

aluminum, silicon, and 
chloride oxides 287, 289/ 

hexafluorides, gas phase, elec
tronic energy level 
diagram 157-59 

redox potential diagram 215/ 
solution absorption spectra 186-93 
solution-phase, anaerobic 

system 305-6 
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Neptunium, complexes (continued) 
stability constants, enthalpies, 

and entropies 261/ 
x-ray photoemission spectros

copy of oxides in silicate-
based glasses 145-54 

isotopes 
Np-239, extraction by carba

moylmethylphosphoryl 
derivatives 433-49 

as target for Pu production 356-58, 
459 

and uptake of Pu on geologic 
material and living organisms .. 278 

Neptunium-239, extraction by 
carbamoylmethylphosphoryl 
derivatives 433-49 

Network propagation of Pu(IV) 
polymer and uranyl nitrate 236/ 

Neutron bombardment experiments, 
early work 6, 13, 15 

Neutron diffraction measurements 
of0-Pu2O3 33 

Neutron fission, slow, and 
uranium isotopes 3-4 

Nevada Test Site, ground-water 
leaching 335-44 

Nitrate, concentration in natural 
waters 281/ 

Nitrate, uranyl, polymerization of 
Pu(IV) hydrolysis products 231-39 

Nitric acid media 
dissolution at Rocky Flats 375-76 
and extractant dependencies, 

Am(III) 433-49 
Pu photochemical studies 265-72 

Nitric acid recovery process and acid 
waste streams 353 

Noble metal-Pu compounds, 
thermodynamics 99-107 

Nomenclature of carbamoylmethyl
phosphoryl extractants 435/ 

Nonbridging oxygen bonds in 
silicate-based glasses 152-54 

Nonradiative decay channels, PuF6(g) 
fluorescence studies 165-70 

Nuclear chain reaction and the 
Plutonium Project 2-3 

Nuclear fuel reprocessing, aqueous 
Pu photochemistry 264 

Nuclear fuel safety project 290 
Nuclear properties, isotopes 459-60 
Nuclear reactors, prevalence and 

capacity 276 
Nuclear waste 299, 304-7 

environmental impact 275-92 
repository site-selection criterion 

and ground-water leaching .335-36 
treatment, overview 349-64 

Nuclear weapon tests, atmospheric 
fallout, and aquatic ecosystems 298-99 

Ο 
Oak Ridge National Laboratory, 

liquid wastes 299, 304-7 
Ocean, impact of Pu waste 275-92, 297 
Octahedral CsPuF6 site, model of 

trigonal distortion 206-9 
Octahedral symmetry of Pu(VII) 26 
n-Octyl(phenyl)-N,N-diisobutylcarba-

moylmethylphosphine oxide, 
actinide extractant 433-49 

Operators, Hamiltonian, correction 
for parametric model for actinide 
and lanthanide spectra 184-86 

Optical absorption 
gas-phase actinide hexafluoride ... 156-69 
Pu(VII) 26 

Orbital reduction, covalency, and 
magnetic properties of organo
metallic and coordination 
compounds 25-38 

Orbitals, bonding, and photochemical 
reduction 265-67 

Organic carbon, dissolved, influence 
on Pu solubility 297-313 

Organic ligand complexes 
and Pu valency 222-29 
stability constants 308-13 

Organic matter, Pu waste impact 
on ecosystem 275-92 

Organometallic compounds, electronic 
and magnetic properties 25-38 

Organophosphorus bifunctional com
plexes as actinide extractants ...433-49 

ORNL—See Oak Ridge National 
Laboratory 

Osmium-Pu compound formation 100 
Oxidation reactions 

in electrorefining process 418 
mechanisms in aquatic environ

ments, Pu(IV) 304-5 
Oxidation-reduction reactions in 

molten salt extraction 389 
Oxidation state determination, CsPuF6 

product, thermogravimetric 
technique 201 

Oxidation states 
actinides 

(III) , extraction studies 433-49 
(IV) , spectra and energy level 

analysis 188-96 
Am(III), nitric acid and extractant 

dependencies 433-49 
Nd(III) complexes, extraction 

studies 433-49 
Np(IV), x-ray photoemission spec

troscopy of oxide complexes 146-48 
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Oxidation states (continued) 
Pu 

coordination number and ionic 
radii 214-17 

hydrothermal hydrolysis 
spectroscopic studies 58-62 
structural studies 53-57 

isolation studies, early work 2-7 
and magnetic properties, review .25-38 
photochemistry and reduction in 

aqueous solutions 263-72 
Pu(I) and Pu(II), spectra and 

configurational analysis ...174-86 
Pu(I), Pu(II), and Pu(III), 

Hartree-Fock calculations 
for electronic 
configurations 184-86 

Pu(III) 
early work 19 
stability constants 87-89 

Pu(III) and Pu(IV) 
thermodynamic parameters .251-61 
x-ray photoemission 

spectroscopy of oxide 
complexes 145-54 

Pu(IV) 
complexés 

in carbonate-bicarbonate 
solutions 317-32 

halide and halogeno, 
thermodynamic data .75-93 

polymerization of hydrolysis 
products with uranyl 
nitrate 231-39 

Pu(C8H8)2, magnetic and 
electronic properties .33, 34/ 

Pu0 2—See also Plutonium 
dioxide 

Pu02, vapor pressures and 
compositions 304-5 

disproportionation 
in applied Pu recovery/ 

purification processes .. 362 
and lack of alpha 

coefficients 454 
equilibrium between soluble 

complexing ligands and 
a solid adsorber 308-13 

hydrothermal hydrolysis, 
synthetic studies 50-53 

laser-induced fluorescence 
studies 155-70 

specific activity, early work .... 15 
spectra and energy level 

analyses 188-96 
Pu(IV) and Pu(V), absorption 

spectra and calculated 
energy levels 203-6 

solubility and influence of 
dissolved organic carbon ...302-8 

Oxidation states (continued) 
Pu (continued) 

and transport processes 335-44 
U 

U(IV) and U(VI), x-ray photo-
emission spectroscopy of 
oxide complexes 146-48, 150 

U(V), stabilization enthalpies for 
alkali fluorouranates 200/ 

U(VI) 
complexes, extraction 

studies 433-49 
vapor pressure, comparison to 

Pu-oxygen system 134, 137-41 
Oxide 

dihexyl-A îV-diethylcarbamoyl-
methylphosphine, actinide 
extractant 433-49 

hydrated iron 363-64 
«-octyl(phenyl)-./V,N-diisobutyl-

carbamoylmethylphosphine, 
actinide extractant 433-49 

Pu 
dissolution 359 
processing and purification at 

Rocky Flats 369-78 
Oxide phases in Pu-oxygen system .... 109 
Oxide reduction process, direct 382-88 

with calcium 350 
at Los Alamos 412, 426-28 
at Rocky Flats 373-74 

Oxides 
mixed, U-Pu, oxygen potentials 

and pressures 138-39 
Pu 

free energies of formation and 
direct oxide reduction 
reaction 385-88 

high-temperature oxygen 
potential measurements ... 119-21 

impact on ecosystem 278-92 
initial weighing, Plutonium 

Project 11-13 
magnetic measurements 26 
oxidation states, coordination 

number, and hydrolysis ...214-29 
partial pressure as function of 

temperature and condensed 
phase composition 123-41 

standard free energy of 
formation 112-16, 113/ 

Oxidizing agents for initial isolation .. 2 
Oxo-bridges in Pu(IV) polymer 

network 237-39 
Oxychlorides and oxyfluorides, 

thermodynamic data 76-80 
Oxygen—See also Oxides 

bonds, bridging and nonbridging, in 
silicate-based glasses 152-54 
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Oxygen (continued) 
concentration in natural waters 281/, 302 
partial pressure as function of tem

perature and condensed phase 
composition 123-41 

standard free energy of formation 
and partial molar free 
energies 112-16, 113/ 

Oxygen potential for Pu-oxide 
systems 119-21, 126-38 

Oxygen-to-Pu molar ratio in 
gas phase 124 

Ρ 
Paramagnetism 

Curie-Weiss, of PuI3C2H4 · 4THF 
and PuI2C2H3 46-48 

temperature-independent, for 
various oxidation states 26-29 

Parameters 
crystal-field 

for hexahalide S/̂ actinide ions 190-96 
for Pu oxides 29 

CsPuF6 model, electronic 
structure 206-9 

thermodynamic—See Thermo
dynamic functions 

Parametric model, actinide and 
lanthanide spectra 184-89 

Parametric studies, polymer growth .237-39 
Partial enthalpy of vaporization, 

calculations 115 
Partial heats of sublimation of 

complexes 256-60 
Pu02(g) and PuO(g) 114-15 

Partial molar free energies of atomic 
oxygen for Pu oxides 112-16, 113/ 

Partial pressure of oxygen and Pu 
oxides as function of temperature 
and condensed phase 
composition 123-41 

Partial pressure of PuO(g), free 
energy of formation and tem
perature dependency 112-18 

Particles, alpha, disintegrations per 
minute, early work 11, 13, 15 

Perchlorate acid media 
Pu(III) and Pu(IV) sulfate com

plexes, thermodynamic 
parameters 251-61 

Pu photochemical studies 265-72 
Periodicity 

early work 2 
Pu vs. actinides, volume, magne

tism, and superconductivities .65-74 
Perlman, Isadore 3-4 
Peroxide precipitation at Rocky Flats 376 
Peroxy complex, Pu(IV), formation .. 267 
pH and composition natural waters 280-82, 

337, 343-44 

pH dependent chemistry 
formation constants of Pu(IV) 

hydroxides, hydroxycar-
bonates, and carbonates 320-32 

hydrolysis ...213-29 
polymerization of hydrolysis prod

ucts with uranyl nitrate 231, 237-39 
and Pu solubility in natural 

waters 282-86 
stability constants, Pu sulfate 

Phase diagrams 
binary alloys 66, 67-68 
binary alloys, gallium-Pu 402-3 
CaO-Cl2 system 387-88 
Pu-oxygen system 125/ 

α-Phase of Pu, monoclinic crystal 
structure 66, 67/ 

Phase relationships, Pu-oxygen 
system 109-11, 116-19 

Phase transitions and temperatures 
for Pu and Pu02 132 

Phase transitions and vapor pressure 
calculation for Pu-noble metal 
compounds 99-107 

Phases 
condensed, thermodynamic 

functions 130-33 
gaseous, CsPuF6 203/ 
homogeneity, Pu203 116 

Photo effects on degradation of 
Pu(IV) polymer 270-72 

Photo shift in Pu(IV) disproportiona
tion reaction 268-70 

Phosphate 
bismuth, and oxidation-reduction 

process 17-19 
concentration in natural 

waters 281/, 337, 343-44 
tributyl, solvent extraction 371 

Photochemistry, aqueous Pu 
solutions 263-72 

Photochemistry, Pu hexafluoride 
gas 155-70 

Photodecomposition, PuF6(g) 162 
Photoelectron escape depth, x-ray 

photoemission spectroscopic 
study of actinide oxides 147 

Photon yields, fluorescence, 
PuF6(g) 163-65 

Photophysics, Pu hexafluoride gas .155-60 
Physical adsorption, geologic media 286-92 
Physical constants, Pu(III and IV) 

sulfate complexes 251-61 
Physical properties, silicate glasses .152-54 
Phytoplankton, impact of Pu waste .275-92 
pKa, hydration 223 
Planar six-fold coordination, 

α-phase of Pu 66, 67/ 
Plankton, impact of Pu waste 275-92 
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476 PLUTONIUM CHEMISTRY 

Plants 
fuel reprocessing, and marine and 

freshwater systems 298-99 
impact of Pu waste 275-92 
Pu processing 

Hanford 353-55 
Rocky Flats 350-53 
Savannah River 355-58 

Platinum-Pu compound formation .... 100 
Plutonium-Am alloys, atomic volume 

and superconductivity 71-73 
Plutonium carbonates, formation 

constants 320-32 
Plutonium citrate, impact on 

ecosystem 278-92 
Plutonium colloids, formation 287-89 
Plutonium dihydride 374 
Plutonium dioxide 

complexation in carbonate-bicar
bonate solutions 317-32 

condensed phase, ionization 
potentials of molecules and 
atoms in equilibrium 133 

cubic coordination and Lee, 
Leask, Wolf diagram 29 

direct oxide reduction—See Direct 
oxide reduction 

ions standard potentials 283/ 
phase-transition temperatures 132 
purification from reactor fuel 353-55 
single phase preparation 116 
solid and liquid, oxygen 

potential 126-38 
specific heat and magnetic 

measurements 33 
x-ray diffraction technique, early 

work 20 
Plutonium hexafluoride 

laser-induced fluorescence spec
troscopic studies 155 

photophysics and photochemistry 155-70 
stability and electronic spectrum ... 203-9 

Plutonium hexaoxide, reciprocal 
molar susceptibility 28/ 

Plutonium hydroxides, impact on 
ecosystem 278-92 

Plutonium hydroxocarbonate 
reactions 321-32 

Plutonium-noble metal compounds, 
thermodynamics 99-107 

Plutonium oxides 
dissolution 359 
free energies of formation and 

direct oxide reduction 
reaction 385-88 

impact on ecosystem 278-92 
initial weighing 11-13 
partial pressure as function of 

temperature and condensed 
phase composition 123-41 

Plutonium oxides (continued) 
phase relationships 109-11, 116-19 
processing and purification at 

Rocky Flats 369-78 
and silicate-based glasses, x-ray 

photoemission spectroscopy 145-54 
standard free energy of 

formation 112-16, 113/ 
thermodynamics 109-21 
vaporization behavior 110, 112-21 

Plutonium peroxide precipitation 
at Rocky Flats 376 

Plutonium polymer—See Polymer, 
Pu(IV) 

Plutonium process chemistry—See 
Processes and Processing 

Plutonium Project 2-21 
Plutonium residue recycle processes 

at Los Alamos 418, 421-30 
Plutonium reclamation facility, 

Hanford site 355 
Plutonium tetrafluoride 

Mulak model 29-30 
production and reduction at 

Los Alamos 412 
Plutonium trichloride, antiferro-

magnetic transition 35 
Plutonium-238 processing 361 
Plutonium-239 recovery operations 

at Rocky Flats 370-71 
Plutonyl ion 

stability 263-68 
UV photoreduction, spectra 258/ 

Point charge model, calculations 
for PuF4 30 

Point groups of organometallic and 
coordination compounds 25-38 

Polarography, differential pulse, 
oxidation state analysis of dis
solved Pu ions 319, 326-27 

Polydentate ligand systems 226 
Polymer, Pu(IV) 

hydrolysis products with uranyl 
nitrate 231-39 

photo effects on degradation 270-72 
spectroscopic studies 56-62 

Polymeric hydroxide, formation 287-89 
Polymerization and hydration 213-29 
Ponds, Pu distribution coefficients .299-302 
Potassium, concentration in natural 

waters 281/, 337, 343-44 
Potential 

decomposition, chloride salt in 
electrorefining 401 

ionization, of molecules and atoms 
in equilibrium with Pu dioxide 
condensed phase 133 

oxygen 
measurements above Pu-oxide 

systems, high temperature 119-21 
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INDEX 477 

Potential (continued) 
oxygen (continued) 

solid and liquid Pu02 126-38 
standard, Pu and Pu02 ions 283/ 

Precipitation processes 
Pu 

early work 2-3, 6-21 
at Rocky Flats 376-78 

Pu(IV) hydroxide for 238-Pu02 

Preparation 
CsPuF6 201-3 
isotopes 459 
Pu, Los Alamos National 

Laboratory 350 
Pu(IV) polymer 233-39 
238-Pu02 318-19 
£-Pu 20 3, single phase 116 
Pu sulfate complexes for stability 

constant determination 
reaction of Pu with diiodoethane .42-43 
tungsten cell 100 
XPS study of actinide oxides in 

silicate-based glass 146 
Pressure, partial 

of oxygen and Pu oxides, function 
of temperature and condensed 
phase composition 124 

of PuO(g), temperature 
dependency 112-18 

Pressure, vapor 
hypostoichiometric Pu dioxide 

condensed phase 123-41 
over intermetallics, temperature 

dependence 103/ 
Pu-noble metal compounds 100-107 
PuO, 112-16 

PRF—See Plutonium reclamation 
facility, Hanford site 

Procedure 
for actinide extraction by carba

moylmethylphosphoryl 
derivatives 433-49 

for dissolved organic carbon deter
mination in natural waters .308-13 

for large-scale production and 
purification at Los Alamos .409-30 

for reduction of Pu oxide 
to metal 382-88 

for stability constant determination 
of Pu sulfate complexes 252-61 

Process chemistry at Los Alamos 
National Laboratory, overview 349-64 

Process chemistry, at Rocky Flats, 
overview 369-78 

Processes 
bismuth phosphate oxidation-

reduction 17-19 
disproportionation, Pu(IV) 454-56 
halide or chloride slagging—See 

Molten salt extraction 

Processes (continued) 
isolation via 

oxidation-reduction 
cycle, Plutonium Project 2-3 

Pu transport, and ground-water 
composition, leaching 
studies 335-44 

pyrochemical—See Pyrochemical 
processes 

separation 
at Savannah River plant 357/ 
summary of early work 2-7 

Processing 
aqueous, at Rocky Flats 

ion exchange 378 
nitric acid dissolution 375-76 
precipitation 376-78 
solvent extraction 376 
waste treatment 378 

pyrochemical 359, 370-75, 
381^06,412-30,457 

Processing techniques, Pu, large-scale 
production, cost analysis 409-14 

Production, large-scale, cost analysis, 
Pu processing techniques 409-14 

Project, Metallurgical 3-6 
Project, Nuclear Fuel Safety 290 
Project, Plutonium 2-21 
Propagation of Pu(IV) polymer 

network, and uranyl nitrate 236/ 
Properties 

chemical, summary of early work .. 1-21 
magnetic and electronic, organo

metallic and coordination 
compounds 25-38 

nuclear, isotopes 459-60 
physical, silicate glasses 152-54 
thermodynamic—-See Thermo

dynamic functions 
thermophysical—See Vapor 

pressure 
Protonation, free energies 223-29 
Pseudoaxial D8h symmetry, 

Pu(C8H8)2 33 
Pseudoaxial symmetry, PuF4 29-30 
Pseudo-spiral magnetic structure 

of /?-Pu203 33 
Pulse polarography, differential, 

oxidation state analysis of dis
solved Pu ions 319, 326-27 

Pump laser photon absorption, fluo
rescence photon yield 163-64 

Purification processes 
large-scale 

at Los Alamos 350, 409-30 
at Rocky Flats 369-78 

nuclear waste treatment 349-64, 457 
Pu02 from reactor fuel 353-55 
pyrochemical—See Pyrochemical 

processes 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 1

9,
 1

98
3 

| d
oi

: 1
0.

10
21

/b
k-

19
83

-0
21

6.
ix

00
1

In Plutonium Chemistry; Carnall, W., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



478 PLUTONIUM CHEMISTRY 

Pyrochemical processes 
calcination at Rocky Flats 373-75 
direct oxide reduction at 

Los Alamos 412-15, 426-28 
electrorefining 399-405 

at Rocky Flats 372-73 
at Los Alamos 418-20, 423 

fluorination at Rocky Flats 374 
hydriding 375, 405-6 
molten salt extraction 386-98 

at Los Alamos 412, 416, 422-25, 
428-30 

at Rocky Flats 370-72 
reduction 

chloride, at Rocky Flats 373-75 
fluoride at Los Alamos .412, 415/, 422 

separations 359 
Pyrochemical vs. aqueous processes, 

large-scale Pu purification 409-11 
Pyroredox purification reaction at 

Rocky Flats 373 

Q 
Quantum number J, lowest level 

of each configuration of Pu(I) 
and Pu(II) 176, 178-80 

Quantum yield 
fluorescence, definition 163-65 
photochemical studies 263-71 

Quartz, sorption of Pu and Am 288/ 

R 
Radial integrals, Hartree-Fock 

calculations 184-88 
Radiative lifetime, fluorescence 

quantum yield 165 
Radii, ionic 

light actinide elements 69-71 
tetravalent metals 56 

Radioactive nuclear waste—See 
Recovery and Waste 

Radiological health standards 275 
Radiometrical determination 

technique 42 
RAFSCATT 1 and RAFSCATT 2, 

computer codes, waste packages 
and seals performance 456-58 

Rainwater, composition 281/ 
Raman spectroscopic studies, poly

merization of Pu(IV) hydrolysis 
products 233, 235-39 

Rare earth elements, Pu purification 
by molten salt extraction 393-98 

Rare earth fluoride precipitation 
technique 302 

Rates 
decay, in PuFG(g) fluorescence 163 

Rates (continued) 
effusion, in vapor pressure 

determination 100-101 
leaching, borosilicate-glass waste 

forms 335-44 
of movement in soil 276 
of reduction, disproportionation, and 

depolymerization reactions .264-72 
Ratios 

distribution 
for actinides for carbamoyl

methylphosphoryl 
extractants 437-43 

in aquatic systems, definition .300-302 
molar, oxygen to Pu, in gas phase .. 124 
Pu oxidation state, in filtered 

lake water 300/ 
salt to metal, in molten salt 

extraction 393-98 
Reaction cell, electrochemical, 

coupled with absorption spectro
photometry 319 

Reactions 
Americium removal, molten salt 

extraction at Rocky Flats ... 370-71 
of ammonium and alkaline earth 

metal-Pu complex 80 
at anode and cathode in electro

refining technique 399-405,418 
depolymerization, UV-irradiation 270-71 
diiodoethane and Pu 41-48 
direct oxide reduction ... 382-88, 412-15 
disproportionation of 

Pu(IV) 268-70, 362 
equilibrium sublimation, Pu-noble 

metal compounds 101 
fluorination 375 
free energy of formation of 

Pu02(g) 112-14 
hydrogen and Pu 405-6 
hydrolysis 320-21 

and aggregation, Pu(IV) 231-39 
and pH 219 

hydrothermal hydrolysis 49-62 
ionic model, Pu02(s) 129 
iron impurity, in electrorefining 401 
oxidation-reduction, molten salt 

extraction 389 
photochemical reduction of aqueous 

Pu(VI) and Pu(IV) 263-68 
Pu and HS04" 251-52 
Pu hydroxycarbonates 321-32 
PuF4 reduction process 412,415/ 
PuFG(g) and PuF4(g) 168 
pyroredox, at Rocky Flats 373 
single phase, ground water 335-44 

Reactor fuel, fast, Pu isotopes 459-60 
Reactor fuel, irradiated, Hanford 

Plant 353-55 
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INDEX 479 

Reactor safety analysis, thermo
dynamics of Pu-oxygen system 109-21 

Reagent recycle, salt 426-30 
Reciprocal molar susceptibility vs. 

temperature, Li5Pu06 28/ 
Recovery 

anode residue 425 
from PuF4 reduction process 422 
Pu-239, operations at Rocky 

Flats 370-71 
salt, in electrorefining 423 
salt, in molten salt extraction 422-25 
waste treatment and solution 

chemistry, overview 349-64 
Recycle 

metallic scrap 405-6 
reagent, salt 426-30 
residue, processes at 

Los Alamos 418,421-30 
Redox potential diagram for U, 

Np, and Pu 215/ 
Reducing agent for environmental 

analyses 302 
Reduction 

alloys, aluminum-magnesium and 
zinc-magnesium 372 

in anaerobic system 305-6 
direct oxide 282-86, 350, 373-74, 

382-88, 412, 426-28 
in electrorefining process at anode 418 
furnace assembly 384/ 
in natural waters 282-86 
photochemical, aqueous Pu(VI) 

and Pu(IV) 263-68 
PuF4 412 
PuF4, metal preparation line 350-53 
Pu(IV) ions, x-ray photoemission 

spectroscopy in silicate-based 
glasses 147, 150 

242-Pu02 at high temperature 116 
Reflux experiments, polymer growth 237-39 
Regression analysis, stability constants 

for Pu sulfate complexes 253-62 
Repository, radioactive waste 

deep granite bedrock 290-92 
site-selection criterion and ground

water leaching 335-36 
Reprocessing plants, fuel, and 

aquatic ecosystems 298-99 
Reprocessing streams, low acid 

polymer formation 231-39 
Reprocessing wastes 456-58 

aqueous Pu photochemistry 264 
prevalence and capacity 276 

Research and development, Pu produc
tion and purification .369-78,409-30 

Residue processing and purification 
at Los Alamos 418, 421-30 
at Rocky Flats 369-78 

Residue recovery at anode 425 
Retention factor, Pu in granite 

bedrock 291 
Retrieval storage, 20 year 457 
Rhodium-Pu compound formation .... 100 
Rings, chelate 226 
Rivers, impact of Pu 

waste 275-92,299-302 
Rock, Pu transport processes 335-44 
Rock-salt structure of actinide-anti-

monide compounds, lattice 
parameter 69-71 

Rocky Flats Plant, processing, 
overview 350-53,369-78 

Rotation axes of organometallic and 
coordination compounds 25-38 

Russell-Saunders coupling for 
different configurations 27/ 

Ruthenium-Pu compound formation .. 100 

Safety 
nuclear fuel 290 
reactor, thermodynamics of 

Pu-oxygen system 109-21 
Salt, concentration in natural waters .. 281/ 
Salt electrolyte composition, 

electrorefining 401 
Salt extraction process, molten 353, 358, 

370-72, 386-98, 412, 
422-25, 428-30 

Salt-to-metal ratio, molten salt 
extraction 393-98 

Salt phase partitioning, molten salt 
extraction 390-98 

Salt reagent recycle 426-30 
Salt recovery 

in electrorefining 423 
in molten salt extraction (MSE) .. .422-25 

Salts 
chloride, decomposition potential, 

electrorefining 390-98 
magnesium chloride-based, 

americium removal 390-98 
molten chloride, future 

possibilities 359-60 
Samarium metals in tetrahydrofuran 

solutions of diiodoethane 41 
Savannah River Plant 

impact on ecosystem 278-92 
Pu processing 355-58 

Savannah River, Pu distribution 
coefficients 299-302 

Scrap processing and purification at 
Rocky Flats 369-78 

Scrap processing and 
recovery 350, 352/, 355, 405-6 

Sea, impact of Pu waste 275-92, 297 
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Seaborg, Glenn T., summary of 
work with Pu 1-21 

Seals performance and waste 
packages, computer codes, 
RAFSCATT 1 and 
RAFSCATT 2 456-58 

Second Law of Thermodynamics 
consistency for Pu-oxygen 

system 139-40 
and heats and entropies of sublima

tion and formation of Pu-
intermetallics 102-4 

Sediment, ocean, impact of 
Pu waste 275-92 

Selection criterion for radioactive 
nuclear waste repository site and 
ground-water leaching 335-36 

Selectivity of actinide(III) over 
fission products 441-43 

Separation processes 
isotopes 459 
at Savannah River Plant 356-58 
summary of early work 2-7 

Sesquioxide, Pu, phase diagram of 
Pu-oxygen system 116, 121 

Shale, Pu transport processes 335-44 
Shannon's radii 216-17 
Silica, ground-water 

compositions 337, 343-44 
Silicate glasses, physical properties .150-54 
Single-phase reactions, ground-water 335-44 
Site, ground-water leaching, 

Nevada test 335-44 
Site-selection criterion, radioactive 

nuclear waste repository and 
ground-water leaching 335-36 

Skull recycle, casting 422 
Slag recovery from PuF4 reduction 

process 422 
Slagging process, halide or chloride— 

See Molten salt extraction 
Slow neutron fission and isotopes 

of uranium 3-4 
Sludge, characterization 363-64 
Sodium carbonate solutions and 

complexation of Pu(IV) ion ... 317-32 
Sodium concentrations in natural 

waters and ground-water 
leaching 28 li, 337-41, 343-44 

Sodium oxide of Pu, magnetic 
measurements 26 

Sodium silicate glass, medium for 
actinide oxides 145-54 

Soil, impact of Pu waste 275-92 
Solid adsorber, competitive equilib

rium with Pu(IV) 308-13 
Solid state 

CsPuF6 203* 
halides and halogeno complexes, 

thermodynamic data 76-83, 93 

Solid state (continued) 
Pu02 

oxygen potential 126-38 
standard free energy of 

formation 112-13 
Solidus, Pu-oxygen system 130-31 
Solid waste form, ground-water 

leaching 335-44 
Solubilities 456-57 

actinide oxides in sodium silicate 
glass 146-47, 150, 153 

calculated, vs. experimental, 
hydrolysis reactions 325-30 

ground-water leaching 339-44 
on loading with uranium(VI) 

and neodymium(III) 436-49 
Pu compounds in various 

media 10-11, 14-15 
Pu in natural waters 282-86 
and U(VI) and Nd(III) loading ...436-49 

Solubility product of Pu02 319-24 
Solution chemistry 

of halides and halogeno solid 
compounds, enthalpy 76-86 

polymerization of hydrolysis prod
ucts with uranyl nitrate 231-39 

Pu oxidation states and influence of 
dissolved organic carbon 302-13 

Pu(IV) complexation in carbonate-
bicarbonate solutions 317-32 

review 213-29,349-64 
roundtable discussion 454-57 

Solutions, aqueous 
photochemistry 263-74 
thermodynamic data of halide and 

halogeno complexes 86-93 
Solvent extraction, Pu purification .360-61 
Solvent extraction at Rocky Flats 376 
Solvent extraction techniques, 

stability constant determination 
of Pu sulfate complexes 252-61 

Solvents 
early work 14-15 
perchloric and nitric acid, photo

chemical studies of 
aqueous Pu 265-72 

Sorption of Pu on geologic media ...286-92 
Sources of Pu for environmental 

research 276, 298-99 
Speciation studies 282-86, 336-39 
Specific activity 

nuclear reactors 276 
Pu(IV) oxidation state, early work 15 

Spectra 
absorption, of Pu ions 327/ 
absorption, of various alkali metal 

PuF6 compounds 203-6 
actinide and lanthanide, para

metric model 184-89 
crystal 186-93 
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INDEX 481 

Spectra (continued) 
fluorescence emission, 

PuF6(g) 160-62,164-67 
Fourier transform, of Pu-240, 

-242, -244 isotopes 177/ 
free-ion, energy level analysis 174-86 
IR, near-IR, 

and visible, of 
Pu2(OH)2(S04)3(H20)4 58-62 

IRof potassium bromide pellets 
containing Pu(IV) polymer 
precipitates 236/ 

optical, of Pu(VII) 26 
of PuI3C2H4 · 4THF and 

PuI2C2H3 43-46 
UV photoreduction of plutonyl 

ion 258/ 
visible, of Pu2(OH)2(S04)3(H20)4 .58-62 
x-ray photoemission, of actinide 

oxides 148/, 149/, 151/ 
Spectrometric measurements, mass, 

with irridium effusion cells, heats 
of sublimation of Pu02(g) 114-15 

Spectrophotometric measurements, 
oxychloro complexes 92 

Spectroscopic studies 
absorption, oxidation state analysis 

of dissolved Pu ions 319, 326-27 
Fourier-transform, Pu-240, 

-242, -244 isotopes 176-77 
hydrothermal, hydrolysis and 

hydroxy sulfate Pu complexes 58-62 
IR, of PuI3C2H4 · 4THF and 

PuI2C2H3 43-48 
IR-Raman, polymerization of 

Pu(IV) hydrolysis 
products 233,235-39 

laser-induced fluorescence, PuF6(g) 155 
mass spectrometer-target collec

tion for effusion rate 
measurement 100-102, 105 

procedure for calculation of vapor 
pressures 125/ 

UV-visible 
polymerization of Pu(IV) hydrol

ysis products 233, 235-39 
reduction, disproportionation, 

and depolymerization 
reactions 264-74 

x-ray photoemission, U, Np, and 
Pu oxides in silicate-based 
glasses 145-54 

Zeeman pattern for Pu(I) 175/ 
Sphere complexation, inner vs. 

outer 213 
Spin-orbit coupling, actinides 25 
Spin-orbit parameters for Pu(IV) 190 
Splitting, crystal field, of octa-

hedral(VI) oxidation state 26 

Stability constants 222-23 
halide, bromide complexes ...88/, 91/, 93/ 
organic ligands 308-13 
plutonyl ion 263-68 
sulfate complexes, acid 

dependence 251-61 
Stability of oxidation states, effect of 

pH and complexation 2-3, 223-29 
Stability spectrum of cesium pluto

nium hexafluoride 199-203 
Stabilization enthalpies of alkali 

fluorouranates(V) 199-200 
Standard free energy of formation of 

atomic oxygen for Pu oxides ...112-16 
Standard potentials, Pu and Pu02 

ions 283/ 
Stationary extraction furnace assembly 

for Pu reduction and ameri
cium extraction 348/ 

Stoichiometry of reaction 
disproportionation, dependence on 

acidity 454-56 
Pu metal with a THF solution 

of C 2 HJ 2 43 
Stoichiometry of TTA extraction 

process, Pu sulfate complexes .251-61 
Storage, nuclear waste 275-92 
Storage, nuclear waste, x-ray photo

emission spectroscopic study of 
actinides in silicate-based 
glasses 150 

Storage, retrieval, 20 year 457 
Storage tanks, spent decladding 

solution 355 
Streams, Pu distribution 

coefficients 299-302 
Strengths, ionic, Debye-Huckel 

relation, modification 89 
Stretching frequencies, ethylenic, of 

PuI3C2H4*4THF and PuI2C2H3 43^8 
Strontium, ground-water 

compositions 337, 343-44 
Structural studies 

CsNpFe, comparison to CsPuF6 .... 199 
IR-Raman spectroscopy of poly

merization of Pu(IV) hydrolysis 
products 233,235-39 

tetravalent metals 53-57 
Structure 

of carbamoylmethylphosphoryl 
extractants 435/ 

crystal, allotropie, of metallic 
radii 71,72/ 

double bond, of PuI3C2H4 · 4THF 
and PuI2C2H3 46-48 

electronic, of CsPuFe 206-9 
hydroxysulfate compounds 56-57 
monoclinic crystal, a-phase 

of Pu 66, 67/ 
plutonyl ion 263-68 
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482 PLUTONIUM CHEMISTRY 

Structure (continued) 
pseudo-spiral magnetic, 

of 0-Pu2O3 33 
silicate glasses 150-54 

Sublimation 
heats and entropies, of 

Pu-intermetallics 104/ 
partial heats, of Pu02(g) 

and PuO(g) 114-15 
Sulfate 

complexes 
bis(/*-hydroxo)tetraaquadipluto-

nium(IV) 
spectroscopic studies 58-62 
structural studies 53-57 
synthetic studies 50-53 

concentration, ground-water leach
ing and composition ....337, 343-44 

stability constants, enthalpies, 
and entropies 251-61 

Superconductivity in metallic 
Pu systems 71-74 

Symmetry 
crystallographic distortion of 

actinides 66-69 
of organometallic and coordina

tion compounds 25-38 
of PuI3C2H4 · 4THF and PuI2C2H3 46-48 
of Pu2(OH)2(S04)3(H20)4 58-62 

Synthesis of PuF6 159 
Synthetic studies, hydrothermal 

hydrolysis of Pu(IV) and 
sulfate 50-53 

Τ 

Tanks, spent decladding solution 
storage 355 

Target collection technique, mass 
spectrometer, and measurement 
of effusion rates 100-101, 105 

TBP—See Tributyl phosphate 
Techniques 

absorption spectrophotometry and 
differential pulse polarography 
to determine oxidation state 
stability 319 

aqueous processing at Rocky 
Flats 375-78 

cost analysis for large-scale 
production 409-11 

high-temperature transpiration 116 
Pu processing and scrap recovery, 

overview 349-64 
pyrochemical 

direct oxide reduction, at 
Los Alamos 412-15, 428-30 

electrorefining 399-405 
electrorefining at Los 

Alamos 418-20,423 

hydriding 405-6 
molten salt extraction 386-98 
molten salt extraction at Los 

Alamos 412,416,422-25, 
428-30 

PuF4 reduction at Los 
Alamos 412, 415/, 422 

at Rocky Flats 370-75 
radiometrical determination 42 
recovery for waste recycle 418-30 
reflux, polymer growth 237-39 
separation processes, early work .... 6-21 
thermogravimetric, oxidation state 

determination of CsPuF6 

product 201 
ultramicrochemistry, early work .... 6-21 
vapor pressure determination, 

Knudsen effusion 100-101 
x-ray diffraction, early work 

with Pu dioxide 20 
Technology, applied, overview of Pu 

processing chemistry 349-64 
Temperature dependence 

in Am(III) extraction 437—45 
diamagnetism of Pu(C8H8)2 33 
of free energy of formation of 

actinide intermetallics 105-6 
of magnetic moment, of organo

metallic and coordination 
compounds 31/, 32/, 36/ 

of partial pressure of PuO(g), free 
energy of formation 112-18 

of polymer degradation 368-72 
of polymerization of hydrolysis 

products with nitrate ....231, 237-39 
of Pu disproportionation 268-70 
of Pu vapor pressure over 

intermetallics 103/ 
of reciprocal molar susceptibility 

of Li5PuOe 28/ 
of stability constants, Pu sulfate 

complexes 256-60 
of total pressures in equilibrium 

with condensed-phase com
position, PuO 134, 136/ 

Temperature, phase-transition, 
Pu and Pu02 132 

Ternary phase diagram for 
NaCl-CaCl2-MgCl2 system ...391-92 

Test site, Nevada, and ground-water 
leaching 335-44 

Testing 
Battelle static leach 337-38 
environmental, reducing agent 302 
nuclear weapons 

and aquatic ecosystems 298-99 
and production of Pu 276 

Tetracatechoylamide complex 220/ 
Tetrafluoride Pu complex 

metal preparation line 350-53 
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INDEX 483 

Tetrafluoride Pu complex (continued) 
Mulak model 29-30 
production and reduction at 

Los Alamos 412 
Tetragonal distortion in VII 

oxidation state 26 
Tetrahedra, Si04, bond angles 150-52 
Tetrapositive Pu, carrier 17-19 
Tetravalent metals, hydrothermal 

hydrolysis 50-62 
Thenoyltrifluoroacetone (TTA), 

solvent extraction 
equilibrium 252-53, 258-61 

Thermodynamic functions 126-33 
activity equilibrium constant of 

actinide chlorides 389 
condensed phases 130-33 
halides and halogeno complexes 

in aqueous media 86-93 
in the solid state 75-86, 93 

PuF6 156-59, 164, 168-69 
Pu-noble metal compounds 99-107 
Pu oxides 109-21 

Thermogravimetric technique for 
oxidation state determination 
of CsPuF6 product 201 

Third Law of Thermodynamics 
consistency for Pu-oxygen 

system 139-40 
heats and entropies of sublimation 

and formation of Pu-inter-
metallics 102-4 

Thorium hydroxysulfate structure 57/ 
Thorium(IV), distribution coefficients 

between aluminum, silicon, and 
chloride oxides 287, 289/ 

Thorium-230, extraction by 
carbamoylmethylphosphoryl 
derivatives 433-49 

Titanium, x-ray photoemission spec
troscopic spectra ., 148/, 149/, 151/ 

Titration, iodometric 42 
Tracer studies 

environmental, aquatic 
chemistry 297-313 

oxidation states, early work 2-3 
radioactive lanthanum fission 

product, early work 7, 10 
Tributyl phosphate (TBP), solvent 

extraction 371 
Trichloride compound, antiferro-

magnetic transition 35 
Trigonally distorted octahedral 

CsPuF6 site, model 206-9 
Trioxide, α-diplutonium, back 

reaction 385-86 
Trioxide, y8-diplutonium, specific heat 

and magnetic measurements 33 
Triplet state, plutonyl ion 263-68 
Tripositive bismuth, carrier 17-19 

Trisilicate glass, sodium, and 
solubility of actinide 
oxides 146-47,150,153 

Trivalency 
actinides and lanthanides 69 
PuI3C2H4 · 4THF and PuI2C2H3 .46-48 

Tungsten cells 
preparation 100 
for vapor pressure measurements 

ofPuQ2 112 

U 
Ultramicroscopic studies, early work .. 6-15 
Unit cell of α-Pu 67/ 
Uranium 

compounds 
alkali fluorouranates, stabiliza

tion enthalpies 200/ 
cesium hexafluoride, structural 

comparison to CsPuF6 199 
hexafluorides, gas-phase, elec

tronic energy level 157-59 
hydrothermal hydrolysis 50-53 
nitrate 

neutron-irradiated, and initial 
isolation of Pu 6-7 

and polymerization of Pu(IV) 
hydrolysis products 231-39 

oxides 
of aluminum, silicon, and chlo

ride, distribution 
coefficients 287-89 

oxygen potentials and 
pressures 138-39 

in silicate-based glasses, x-ray 
photoemission spec
troscopy 145-54 

vapor pressure and com
position 134, 137-41 

Pu compound formation 100 
separations at Savannah River 

Plant 356-58 
solubility of complexes on 

loading 436-49 
solution absorption spectra 186-93 
stability constants 261/, 312-13 

isotopes 
and neutron fission 3-4 

and preparation of Pu 
isotopes 2-7, 459 

redox potential diagram 215/ 
and uptake of Pu on geologic mate

rial and living organisms 278 
Uranyl-specific ion electrode 227-29 
UV spectrophotometric studies of 

reduction, disproportionation, 
and depolymerization 
reactions 264-72 
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484 PLUTONIUM CHEMISTRY 

UV-visible spectroscopic studies of 
polymerization of Pu(IV) hydrol
ysis products 233, 235-39 

V 
Valence electrons—See Electron 

configurations 
Valence state transitions, x-ray photo-

emission spectroscopic study of 
actinide oxides 145-54 

Vaporization behavior of Pu-oxygen 
system 110, 112-21 

Vaporization, partial enthalpy of, 
calculations 115 

Vapor pressure hypostoichiometric Pu 
dioxide condensed phase 123-41 

intermetallics, temperature 
dependence 103/ 

procedure for calculation from 
spectroscopic data 125/ 

Pu-noble metal compounds 100-107 
Pu02 112-16 

Vasil'ev's equation, modification of 
Debye-Huckel relation 89 

Vegetation, impact of Pu waste 275-92 
Velocities, migration, of Pu in 

granite bedrock 291 
Vibrational bands of hydrolytic 

polymers 235-37 
Vibrations, IR, of PuI3C2H4 · 4THF 

and PuI2C2H3 43-48 
Visible spectra of 

Pu2(OH)2(S04)3(H20)4 58-62 
Visible spectroscopic studies 

of polymerization of Pu(IV) hydrol
ysis products 233, 237-39 

of reduction, disproportionation, and 
depolymerization reactions 264-72 

Volume, atomic, and bonding 
of actinides 69-71 

Waste storage, nuclear x-ray photo-
emission spectroscopic study of 
actinides in silicate-based 
glasses 150 

Waste streams 
and environmental impact 272-92 
at Oak Ridge National 

Laboratory 299,304-7 
Waste treatment, overview 349-64 
Waste treatment process, ferrite 378 
Waste treatment at Rocky Flats 378 
Water 

drinking, and Pu concentration . .290-91 
and Pu transport processes, leach

ing studies 225-44 
vapor, homogeneity of Pu203 

phase 116-19 
Wavefunction bonding 5/1 66-69 
Weapon testing 

and aquatic ecosystems 298-99 
and production of Pu 276 

Weight, molecular, of pure Pu com
pound, initial work 7, 10-13 

Wigner-Seitz approximation 105 

X 
x-Ray diffraction technique, early 

work with Pu dioxide 20 
x-Ray photoemission spectroscopic 

(XPS) study, U, Np, and Pu 
oxides in silicate-based glasses 145-54 

x-Ray powder diffraction pattern 
CsPuF6 201-2 
Pu(IV) sulfate 53-57 

Y 
Yields, fluorescence photon, 

PuFe(g) 163-64 
Ytterbium metals in tetrahydrofuran 

solutions of diiodoethane 41 

W 
Waste disposal 456-58 
Waste glass, Pu leaching by 

ground waters 335-44 
Waste handling for unirradiated 

Pu processing 361 
Waste, liquid, and actinides 

extraction 444-49 
Waste packages and seals performance, 

computer codes, RAFSCATT 1 
and RAFSCATT 2 456-58 

Waste, repository site-selection cri
terion, ground-water leaching .335-36 

Ζ 

Zeeman pattern for Pu(I) 197/ 
Zinc chloride, pyroredox at 

Rocky Flats 373-74 
Zinc, oxide additives in silicate-based 

glasses, x-ray photoemission 
spectroscopic spectra 151/ 

Zinc-magnesium alloys, metallo-
thermic reductions 372 

Zirconium compound, hydrothermal 
hydrolysis and crystal structure ...52-57 

Zirflex, decladdent 363 
Zooplankton, impact of Pu waste ...275-92 
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