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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 
IN 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 

Actinide separation techniques and methods play a very important role 
in analysis and production of nuclear materials, reprocessing of 

nuclear fuels, nuclear waste management, and other aspects of the nuclear 
fuel cycle. Professionals from several disciplines—analytical chemists, 
chemical engineers, process chemists, etc.—make much use of this tech
nology. 

This Symposium has been organized about new concepts, new sys
tems, and new developments in actinide separations methodology. Much 
of the work reported here is based on fundamental actinide chemistry 
developed since the Manhattan Project days. The chapters in this volume 
describe ion exchange, solvent extraction, precipitation, pyrochemical, 
photochemical, and other methods of actinide separations as well as 
application of these separation methods to power reactor fuel reprocess
ing and recovery of actinides from waste solutions. 

The purpose of this Symposium has been to bring together informa
tion concerning actinide recovery, partition, and purification on an inter
national basis from various disciplines and viewpoints. The result of 
this interchange, it is hoped, will be to spark ideas for improvement and 
development of new separation techniques and methods for all aspects 
of actinide technology. 

Vienna, Austria JAMES D. NAVRATIL 

Richland, Washington W A L L A C E W. SCHULZ 
June 20, 1979 

xi 
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INTRODUCTION 

Hphe actinide elements consist of naturally occuring thorium, protac-
tinium, and uranium and the synthetic transuranium elements nep

tunium to lawrencium, inclusive. The actinide elements neptunium to 
einsteinium, inclusive, are manufactured in weighable quantities by irra
diation of uranium in nuclear reactors and are isolated by chemical 
means. The first chemical process for the isolation of neptunium and 
plutonium, the Bismuth Phosphate Process, was developed and put into 
plant-scale operation during World War II. This actinide separations 
process was replaced by the Redox Process, developed during and after 
the war. The Redox Process was in turn replaced by the Purex Process, 
which by now has become the classic method for recovering and purify
ing uranium, neptunium, and plutonium from irradiated nuclear reactor 
fuels. Diverse chemical separations processes, specially tailored for the 
purpose, are used to recover and purify transplutonium elements. 

Plutonium is manufactured in megagram quantities; neptunium, 
americium, and curium in kilogram quantities; californium in gram 
amounts; berkelium in 100-milligram amounts; and einsteinium in milli
gram quantities. Chemical separations play a key role in the manufacture 
of actinide elements, as well as in their recovery, and analysis in the 
nuclear fuel cycle. This collection of timely and state-of-the-art topics 
emphasizes the continuing importance of actinide separations processes. 

Berkeley, California G L E N N T. SEABORG 

xi i i 
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1 
Neptunium (V) Anionic Exchange in Sulfate-Sulfuric 

Acid Solutions 

J. REGO, J. GARRISON, and R. CARVER 

Lawrence Livermore Laboratory, Livermore, CA 94550 

The purpose of this study was to investigate the anionic ex
change behavior of neptunium(V) in sulfate-sulfuric acid, because 
neptunium is often present as a contaminant during the separation 
of other actinides (1). Sulfuric acid systems are seldom utilized 
in industrial processes, but are often used as part of a labora
tory analytical procedure. Literature on neptunium in HClO4, HCl, 
HCl-HF, and HNO3 is quite complete, but the information on the 
H2SO4 system is sketchy at best. There is one report (2) that 
neptunium(V) is adsorbed strongly on Dowex 2 resin from 0.1 Ν to 
1 Ν H2SO4. Our measurements indicate that there is very l itt le 
adsorption of Np(V) on Dowex 1 resin even at low concentrations of 
sulfate-sulfuric acid. We believe the differences in chemical 
structure of the two resins are not sufficient to explain the dis
parity in adsorption. 

Experimental 

237Np traced with 239Np ( t½ = 2.35 days) was used to measure 
the amounts of Np adsorbed on anion exchange resin. The 239Np was 
selected because of availability and convenience in detection. 
The 239Np tracer was prepared by extraction from a 243Am solution 
into thenoyltrifluoroacetone (TTA). The Np in the organic TTA was 
washed three times with 1 Ν HCl-0.4 Ν HI. The Np was then back
-extracted into 9 Ν HCl. 

The (V) oxidation state for a l l Np solutions was achieved by 
digesting with dilute HNO3 before b o i l i n g to near dryness with 
H2S0^ and d i l u t i n g to 0.1 Ν su l f u r i c acid (3., £) · 

Five standard solutions of increasing concentrations of ̂ SO^ 
were prepared: 0 . 0 5 , 0.1, 0 . U , 0 . 8 , and h.2 N. From each of 
these solutions six aliquots were taken. To fi v e of these a l i 
quot s a weighed and increasing amount of Na2S0l| was added. A 
measured amount of 23ÏNp traced with 239N p was added to a l l six 
aliquots. 

The concentrations of the su l f u r i c acid ranged from 0 .05 Ν to 
k.2 N. The t o t a l sulfate concentration ranged from 0 .05 Ν to 8 N. 

0-8412-0527-2/80/47-117-003$05.00/0 
© 1980 American Chemical Society 
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4 ACTINIDE SEPARATIONS 

The f i n a l solutions were mixed and then added to weighed amounts 
of anion exchange resin i n a 15-ml centrifuge cone. 

The resin had been prepared from commercial Dowex-1 ( l χ 8 ) , 
chloride form, that had been graded for p a r t i c l e size by selecting 
the f r a c t i o n with a s e t t l i n g rate of 30-70 mm/min. The resin was 
f i r s t converted to the hydroxide form by washing with dilute NaOH, 
rins i n g with water, and then converted to sulfate form by washing 
with dilute H2S01;. The resin was ai r - d r i e d at room temperature 
before use. 

Each mixture of resi n and neptunium sulfate solution was 
mixed by mechanical shaking and was allowed to equilibrate over
night. This time i n t e r v a l i s long, compared to the duration of 
an a n a l y t i c a l procedure. The l i q u i d was then f i l t e r e d away from 
the r e s i n , and the residual r a d i o a c t i v i t y of a measured aliquot 
of the l i q u i d was compared to an i d e n t i c a l solution that had not 
been added to any anion exchange resin. The ra d i o a c t i v i t y meas
urements were performed i n an end-window Nal c r y s t a l counter 
shielded with lead. The a c i d i t y of each solution was measured by 
t i t r a t i o n with a standard base. 

Results and Discussion 

The neptunium adsorption on the resin was calculated from the 
measurements of 239Np not adsorbed according to the following 
equation: 

[Total 2 3 % p - 2 3 9 NP ( l i q u i d ) 1/g m resin 
K d = 239 

^ ( l i q u i d / 1 1 1 1 

Values for the calculated K^'s are l i s t e d i n Table 1. Where rep
l i c a t e measurements were made, the individual results are report
ed. A computer was used to generate a graph of the data (Fig. l ) . 

Neptunium(V) exists as a neptunyl ion and either hydrates or 
complexes (3., h) as shown below: 

Np 5 + + 20 2" 5 Np0 2
+ 

Np0 2
+ + 6H20 * Np0 2 (H 20)g 

I f sulfate complexing occurs, the following process i s predicted: 

Np0 2
+ + nHSÔ "" $ Np02 ( S O ^ ) ^ 1 " " 2 ^ + nH + 

This process has been studied using spectrophotometry and oxida
t i o n potential s h i f t , and no formation of a sulfate complex has 
been found (j[). 
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ACTTNIDE SEPARATIONS 

Figure 1. Ν ρ (V) adsorption in total sulfate 
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1. REGO E T A L . Np(V) Anionic Exchange 7 

Conclusion 

The most sig n i f i c a n t difference between Dowex 1 and Dowex 2 
resin i s i n the order of s e l e c t i v i t y of the hydroxide ion. A l l 
other mechanical variables between the two resins, such as pore 
size, shrinkage, capacity and water content, are negligible d i f -
erences. We conclude that these differences are i n s u f f i c i e n t to 
explain the disparity of adsorption of neptunium. 

We have measured the adsorption of Np(V) on Dowex 1 anion 
exchange resin from solutions of s u l f u r i c acid that had increas
ing amounts of sulfate salts added. We found that Np(V) did not 
adsorb s i g n i f i c a n t l y at any acid or sulfate concentrations. The 
measured K D ? S are largest at low concentrations of sulfate and 
sul f u r i c acid. The Kp's decreased as both the sulfate or s u l 
f u r i c acid concentrations increased. 
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2 

Recovery of Plutonium Traces from Nitric Acid 

-Fluorhydric Acid Solutions by Sorption onto Alumina 

J. A D R O A L D O D E ARAÚJO and A L C Í D I O ABRÃO 

Chemical Engineering Center, Energetic and Nuclear Research Center, 
Cx Postal 11049, Pinheiros, S.P., Brazil 

Sorption of plutonium traces onto alumina from uranyl nitra
te solutions has been investigated. Several methods have been 
previously proposed for the recovery of plutonium traces from 
reprocessing solutions. Those methods include ion exchange (1,2), 
solvent extraction (3,4) and, extraction chromatography (5,6). 

Several hydrous oxides, such as those of aluminum, silicon 
and, iron have been used to extract traces ions. Nevertheless, 
the sorption mechanism is not definitively established. Those 
oxides probably exhibit some ion exchange capacity among their 
properties and they can act as anionic or cationic exchangers 
and sometimes both. The separation of plutonium traces in the 
presence of HF by sorption onto an alumina column is based on 
its chemical similarities with thorium and lantanide elements 
reported by Abrão (7). In this case only thorium and rare earths 
are sorbed onto alumina from nitric acid-fluoride solutions whi
le uranium remains in the effluent. 

The redox methods are well known for the purification and 
concentration of plutonium from the Purex process solutions. 
This paper deals with three different oxidation states of pluto
nium Pu(III), Pu(IV), and Pu(VI) in HNO3-HF systems. The chroma
t o g r a p h i c column method u s i n g a l u m i n a has b e e n a p p l i e d s u c c e s s -
f u l y to the s e p a r a t i o n of p l u t o n i u m when u r a n y l n i t r a t e s o l u t i o n 
c o n t a i n i n g 0 . 1 - 0 . 3 M HF was p e r c o l a t e d th rough the c o l u m n . 

EXPERIMENTAL 

A l l 239pu s o l u t i o n s u s e d d u r i n g the runs were p r e p a r e d from 
a s t a n d a r d s o l u t i o n ( A m e r s h a m / S e a r l e ) , of 1 u C i / m l (160 yg/ml) 
s p e c i f i c a c t i v i t y . The u r a n i u m s o l u t i o n s were o b t a i n e d by d i s s o 
l u t i o n o f n u c l e a r grade u r a n i u m o x i d e s . One ml of AI2O3 chroma
t o g r a p h i c grade was c o n d i t i o n e d a c c o r d i n g BROCKMANN (8) w i t h 
0 .8M HNO3 i n g l a s s columns 0.6cm i n d i a m e t e r and 20cm l o n g . The 
e x p e r i m e n t s were f o l l o w e d by a l p h a s p e c t r o m e t r y a f t e r the p l u t o 
nium was e x t r a c t e d w i t h 0 . 5 M T T A / X Y L O L . The samples 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 were p r e p a r e d by e l e t r o p l a t i n g a c c o r d i n g to 
WENZEL and HERZ (90 . The a l p h a energy measufement was made by a 

0-8412-0527-2/80/47-117-009$05.00/0 
© 1980 American Chemical Society 
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10 ACTINIDE SEPARATIONS 

s u r f a c e b a r r i e r d e t e c t o r a s s o c i a t e d w i t h a ORTFC m u l t i c h a n n e l a n a 
l y s e r . The p l u t o n i u m o x i d a t i o n s t a t e s were d e t e r m i n e d by a p h o t o 
m e t r i c method u s i n g ARSFNAZO I I I . The d e t e r m i n a t i o n s were carried 
out w i t h a d o u b l e beam PFPFIN-FLMF 1 1? s p e c t r o p h o t o m e t e r vising q u a r t z 
m i c r o c e l l s . 

The f i r s t e x p e r i m e n t s were c a r r i e d out to u n d e r s t a n d the p e r 
formance of p l u t o n i u m in^an. A 1 0 0 - TîNO^ medium. T h i s was done by 
p e r c o l a t i o n of 25 ml of 23 ^ p n s o l u t i o n i n 0 .8M HNO^ w i t h a l p h a 
a c t i v i t y o f 55,000 -f 235 (counts /2000 s e c / m l ) , t h r o u g h a g l a s s 
c h r o m a t o g r a p h i c column ( i . d . 6mm) c o n t a i n i n g 1 ml of A 1 9 0 ^ . 

A l l runs were made w i t h 0 .8M *TN0~ s o l u t i o n s w i t h a Pu a l p h a 
a c t i v i t y of 10,000 316 (counts /2000 sec /ml) a n d , FF c o n c e n t r a 
t i o n r a n g i n g from 0.1 to n . 3 M . 

The f e e d s o l u t i o n f o r the A 1 0 0 ~ column has the f o l l o w i n g com
p o s i t i o n : 1 ,5 χ 1 0 " S M 2 3 9 P u ; a l p h a a c t i v i t y = 230,000 + 480 ( c o u n -
t s / 2 0 0 0 / s e c / 2 0 m l ) ; 0 .8M F.N0 3 ; 6.1 - n .3M F F ; u r a n y l n i t r a t e 47.6 
g U / l ; 0.005M FeSO^ and 0.04M N a N 0 9 . Pu(IV) was o b t a i n e d i n t h i s 
s o l u t i o n by p r e v i o u s r e d u c t i o n o f ^ t o t a l p l u t o n i u m to P u ( I I I ) 
w i t h F e ( I I ) f o l l o w e d by o x i d a t i o n w i t h n i t r i t e . No i n t e r f e r e n c e 
of u r a n i u m was o b s e r v e d i n the p r o c e s s . To a v o i d the i n t e r f e r e n c e 
o f 234j^ ( a u r a n i u m d a u g h t e r ) on the measurements of p l u t o n i u m , 
i t was p r e v i o u s l y removed by p e r c o l a t i n g the s o l u t i o n i n t o another 
a l u m i n a column b e f o r e the a d d i t i o n o f 2 3 9 p u # 

RESULTS AND_PISCUSSI0N 

The r e s u l t s ( T a b l e I) show t h a t o n l y 17 o f the p l u t o n i u m i s 
r e t a i n e d by the a l u m i n a from 0 . 8 M n i t r i c a c i d and t h e r e f o r e p l u 
tonium must l i k e l y be complexed to be s o r b e d . F i g u r e .1 shows a 
t y p i c a l p l u t o n i u m b r e a k t h r o u g h curve from 0 . 8 H n i t r i c a c i d . 

T a b l e I . P l u t o n i u m R e t e n t i o n from 0.08M ΤΙΝ0- onto A 1 9 0 « 

F x p . 
2 3 ° 

P u . r e t a i n e d 
(%) 

1 1 .8 
2 1 .0 
3 0 .8 
4 0 .9 
5 1.1 

T a b l e II shows t h a t the p l u t o n i u m s o r p t i o n onto Alo^3 * s a r o u n ^ 
87% and i t was demonstra ted t h a t w i t h the a i d of f l u o r i d e i o n s 
the r e c o v e r y o f p l u t o n i u m t r a c e s from waste s o l u t i o n s was 
p o s s i b l e . 
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ADROALDO DE ARAUJO AND ABRAO Sorption ΟΠ Al2Os 

Figure 1. Breakthrough curve of Pu onto Al203 column; feed: 25 ml 239Pu-O.8M 
HN03; ^Pu activity = 55,000 ± 235 counts/2000 sec/ml; column = 1 ml Al203; 

flow rate = 0.8 ml/min/cm2. 
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12 ACTINIDE SEPARATIONS 

T a b l e I I . E f f e c t o f HF on Pu R e t e n t i o n on A1„0, 

FF 
(M) 

23Q 
' P u r e t . 

(%) 
D . F . 

C J ' P u ) 

0.1 85.7 7.0 
0.1 85.5 6.9 
0.1 86.1 7.2 
0.2 84.4 6.4 
0.2 84.8 6.5 
0.3 89.6 9.5 
0.3 89.4 9.5 

As was o b s e r v e d i n the f i r s t e x p e r i m e n t s , p l u t o n i u m was not 
c o m p l e t e l y sorbed onto a l u m i n a from 0.1 t o 0.3>f F F . So the next 
s t e p was to examine the p o s s i b i l i t i e s of a d d i n g redox agents to 
m a i n t a i n a s i n g l e o x i d a t i o n s t a t e . A c o n c e n t r a t i o n of 0 .1M HF was 
chosen because t h i s i s enough FF to complex a l l the p l u t o n i u m (Pu 
- 10~^M) £ n t h G f e e d s o l u t i o n and w i l l not cause s i g n i f i c a n t c o r 
r o s i o n e f f e c t s on the g l a s s c o l u m n . Some of the redox agents used 
and the average y i e l d s of p l u t o n i u m r e c o v e r y are g i v e n i n T a b l e 
I I I . T e t r a v a l e n t p l u t o n i u m i s b e t t e r sorbed than Pu ( I I I ) o r Pu 
( V I ) . The t h r e e 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 were determined 
s p e c t r o p h o t o m e t r i c a l l y by c o m p l e x i n g Pu w i t h ARSFNAZO I I I ( 1 ° ) i n 
n i t r i c a c i d medium by a d a p t i n g the method of NEMODRUCK and c o l l a 
b o r a t o r s (11,12) . 

T a b l e I I I . F f f e c t of Pu o x i d a t i o n s t a t e s on s o r p t i o n , Feed s o l u 
t i o n : 2 3 9 P u ~ 100,000 + 316 counts /2000 sec/10 m l ; 
0 .8M HN0- ~ 0 .1M HF c o l u m n : i . d . 6mn; v o l . 1 ml A 1 ? 0 

Pu Redox agent i n the l o a d 
V a l e n c e s o l u t i o n (?) ( Pu) 

I I I 0 .2M NF .NH - 0 . 2 M N H 9 . 0 H . H C 1 
V I c o n e . PC10* 
IV 0.01M N a N 0 9 

IV 0.03M NaNCC 
IV 0 .1M ΝΗ 9 .ΝΠ - O . 0 1 M NaN0 ? 

IV 0.002M Fe (NO ) - 0 . W 
N H 9

n H . F C l - 0 .02M N a N 0 0 

IV 0.ΠΟ5Μ FeSO, - 0 .04M NaN0 o 

4 I 

Pu r e t . D . F . 
CO 

65.0 2.8 
69.7 3.6 
87.2 7.8 
89.0 9.0 
90.9 11.0 

° 2 . 3 13 .0 

07.8 47.2 

A set of l a b o r a t o r y e x p e r i m e n t s nroved t h a t the most e f f e c t i 
ve and c o n s i s t e n t method to e l u t e p l u t o n i u m from the a l u m i n a was 
by r e d u c i n g p l u t o n i u m to t r i v a l e n t s t a t e i n n i t r i c a c i d . The c o l 
l e c t e d d a t a ( T a b l e IV) p r e s e n t good r e s u l t s when 
3M HNO - 0 ,005! ' F e S 0 A , s o l u t i o n was used as « l u t r i e n t . A p -
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2. ADROALDO DE ARAUJO AND ABRAO Sorption on Al2Os 13 

p r o x i m a t e l y 95% o f the p l u t o n i u m was r e c o v e r e d at room t e m p e r a t u 
r e ( 2 5 ° C ) . To d e t e r m i n e i f the tempera ture c o u l d improve the p l u 
tonium d e s o r p t i o n , the e l u t i o n was done w i t h the same e l u t r i e n t 
at 25 and 5 0 ° C . F i g u r e 2, shows t h e s e c u r v e s a n d , at 500C, the 
e l u t i o n p r e s e n t s a s h a r p e r peak w h i l e the c u r v e at 2 5 ° C e x i b i t s 
some t a i l . 

T a b l e I V . P l u t o n i u m e l u t i o n f rom A l o 0 o column at 2 5 ° C . 

E l u t r i e n t Pu e l u t e d (%) 

(M) H N 0 3 

1 62.9 
2 65 .3 
3 78 .9 
4 70.6 
5 22.6 
6 15.7 

(M) HNO - (M) F e S 0 A 

1 0.005 30 .8 
2 0.005 81.3 
3 0.005 94.7 

To demonstra te the v a l i d i t y of t h i s p r o c e d u r e f o r the r e c o v e 
r y o f t r a c e amount of p l u t o n i u m from d i l u t e s o l u t i o n s , 30 l i t e r s 
o f s o l u t i o n w i t h a s p e c i f i c a c t i v i t y of 239p u 135 + 12 ( c o u n t s / 
2000/sec/ml) was p e r c o l a t e d t h r o u g h a s m a l l column c o n t a i n i n g 10 
ml of A l ^ O ^ . About 97% of p l u t o n i u m were sorbed onto the a l u m i n a . 

The e x p e r i m e n t s have shown t h a t t r a c e s o r p t i o n of Pu(IV) onto 
A 1 2 0 3 i s a lmost complete from 0 .8M HNO^ - O . i y H F . The s t a b i l i z a 
t i o n of £ u ( I V ) s t a t e was o b t a i n e d by p r i o r r e d u c t i o n to P u ( I T I ) 
and r e o x i d a t i o n to P u ( I V ) u s i n g F e ( I I ) and n i t r i t e . 

The ^lo^3 column l o a d e d w i t h p l u t o n i u m was s a t i s f a c t o r i l y 
washed w i t h an 0 .1M HNO^ - 0.05M TIF s o l u t i o n f o r the removal o f 
the l a s t t r a c e s o f u r a n i u m and o t h e r e lements not s o r b e d . The e f 
f l u e n t s c o n t a i n e d l e s s than 0.01% o f p l u t o n i u m . Washing the column 
w i t h an 0.8M HN03 - 0.05M HF s o l u t i o n r e s u l t e d i n 0.1% o f p l u t o 
nium a c t i v i t y i n the e f f l u e n t . T h i s i n d i c a t e s t h a t the. column 
s h o u l d be washed w i t h more d i l u t e n i t r i c a c i d . The e f f e c t i v i n e s s 
o f ^ e l u t i o n w i t h FNO^ p l u s a r e d u c i n g agent at room tempera ture and 
50 C was c o n f i r m e d i n b o t h c a s e s . As P u ( I u ) i s more sorbed onto 
a l u m i n a t h a n the o t h e r p l u t o n i u m o x i d a t i o n s t a t e s , i t was reduced 
to P u ( I I I ) to improve the e l u t i o n . On the o t h e r hand HNO^ i s the 
most c o n v e n i e n t medium f o r f u r t h e r uses of n l u t o n i u m , so f o r t h a t 
r e a s o n n i t r i c a c i d (1-6M) was s e l e c t e d as e l u t r i e n t . Pure 3M IWO^ 
at room temperature e l u t e d 79% of p l u t o n i u m . A 3M ΗΝ0~ - 0f005M 
FeSO. s o l u t i o n was chosen as e l u t i n g agent a n d , the e l u t i o n y i e l d 
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Figure 2. Elution curve of 239Pu from Al203 column; Al203 = 1 ml; flow rate = 
1.4 ml/minicm2, surface barrier detector: (Ο) 3 M HNO3-0.005M Fe2\ tempera

ture ~ 25°C; (A)3M HNO3-0.005M Fe2\ temperature ~ 50°C. 
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ADROALDO ED ARAUJO AND ABRAO Sorption on Al2Os 

ELUTRIENT 

3M HN03 

0Ό05Μ FeS0 4| 
20-50°C 

PRODUCT 
3M HN03 

PuilV) 
HF traces 

I FeS04 traces I 

Recycle 

WASTE SOLUTION 
Pu traces 
U-W g/l 

FEED ADJUSTMENT 

0./-0.8M HN03 

Q/-0.3M HF 
_ J M O0O5M F e S 0 4 

PuUW Q.04M NaNOzt 

AI2O3 QQLUm 
PuilV) 

EFFLUENT 
waste 

WASHING 
O./M HN03 

0.05M HF 

EFFLUENT 
waste 

PROCESS CONTROL 
Influent, effluent, 
product : 
A) Pu extraction: 

0,5M TTA/xylol 

B) Pu eletroplating 

C) Pu alpha counting 

Figure 3. Proposed flowsheet for recovery of Pu traces from reprocessing solu
tions 
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16 ACTINIDE SEPARATIONS 

b e i n g improved to about 95%. A l s o the temperature has some i n f l u 
ence i n the e l u t i o n . 

The d e s c o n t a m i n a t i o n of p l u t o n i u m t r a c e s from m a c r o q u a n t i t i e s 
o f u r a n y l n i t r a t e by s o r p t i o n of Pu(IV) onto an A l o 0 ^ column vas 
e a s i l y and s u c e s s f u l l y a c c o m p l i s h e d . P e r c o l a t i o n of a 
0 . 8 . U 0 2 ( N 0 3 ) 2 s o l u t i o n , 0 .8M i n HN0 3 and 0 .3M i n HF t r a c e d 
w i t h p l u t o n i u m - 2 3 9 , the Pu was s o r b e d " w h i l e u r a n i u m p a s s e d 
t h r o u g h the A ^ O ^ c o l u m n . 

CONCLUSION 

The s u c e s s f u l e x p e r i m e n t s f o r the r e t e n t i o n of p l u t o n i u m onto 
a l u m i n a from HNO^-HF s o l u t i o n gave enough c o n f i d e n c e to recomend 
the p r o p o s e d method to s e p a r a t e t r a c e s o f p l u t o n i u m from waste 
s o l u t i o n s i n the p r e s e n c e of macroamounts o f uranium ( V I ) . Of c o 
u r s e , o n l y macroamounts o f t h o r i u m , uranium (IV) and r a r e e a r t h s 
are s e r i o u s i n t e r f e r i n g i o n s , s i n c e they p r e c i p i t a t e iv'ith H F . The 
b e h a v i o r expec ted f o r neptunium i n the same system s h o u l d be s i 
m i l a r to p l u t o n i u m , t h o r i u m and r a r e e a r t h s . The r e t e n t i o n o f 
neptunium from HNO^ - HF s o l u t i o n s i s i n p r o g r e s s . The s o r p t i o n 
y i e l d f o r Pu was around 95%. The s o r p t i o n mechanism i s not w e l l 
e s t a b l i s h e d . F i g u r e 3 shows the proposed f l o w s h e e t f o r r e c o v e r y 
o f Pu t r a c e s from r e p r o c e s s i n g waste s o l u t i o n s . 
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3 
Application of Inorganic Sorbents in Actinide 
Separations Processes 
WALLACE W. SCHULZ 

Rockwell Hanford Operations, Richland, WA 99352 

JOHN W. KOENST 
Mound Facility, Monsanto Research Corporation, Miamisburg, OH 45342 

DAVID R. TALLANT 
Sandia Laboratories, Albuquerque, NM 87185 

Plant-scale applications of organic ion exchange resins, both 
anion and cation, in actinide recovery, separation, and purifica
tion processes are well established. Typical anion resin appli
cations include tailend purification and concentration of 
plutonium and neptunium recovered by the Purex process and 
recovery and separation of 237Np and 238Pu from irradiated 
neptunium targets. (1) Cation exchange resins are used in 241Am 
recovery and purification processes and, also, in pressurized 
systems, to recover and purify kilogram amounts of 244Cm and 
243Am. (2) 

For several good reasons - poor hydraulic behavior, 
unsatisfactory sorption kinetics, unavailability, in some cases, 
of commercial quantities, etc., - inorganic sorbents, in 
contrast to their organic counterparts, have not been used 
extensively in the backend of the nuclear fuel cycle. Also, such 
production-scale applications of inorganic exchangers as have 
been made have been concerned much more with sorption of 
particular fission products (e.g., 137Cs) than with separation 
or purification of actinides. 

This paper summarizes the present status of research which 
is currently underway at several U. S. Department of Energy 
laboratories - Rockwell Hanford Operations, Mound F a c i l i t y , and 
Sandia Laboratories, Albuquerque - to explore the properties and 
characteristics of two inorganic sorbents, bone char (a form of 
calcium hydroxyapatite) and sodium titanate [Na(Ti20sH)], i n 
decontaminating l i q u i d waste streams from actinides and i n 
separating americium and curium from lanthanides. Success i n 
this research might lead to a potential breakthrough i n plant-
scale application of inorganic exchangers i n actinide separation 
schemes. 
Sorbent: Preparation-Source-Properties 

Bone Char. Bone char, a form of calcium hydroxyapatite 
[Caio(POi|)g(OH)2]» i s the commercial name given a natural product 

0-8412-0527-2/80/47-117-017$05.00/0 
© 1980 American Chemical Society 
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18 ACTINIDE SEPARATIONS 

made from granulated cattlebone. In the United States t h i s 
material i s currently available in granular form from Stauffer 
Chemical Corporation at a cost of approximately $1.00/kg 
( $ 0 . 5 0/lb). The chemical composition of the commercial product 
along with some pertinent physical properties i s l i s t e d in 
Table I; the Ca/P weight r a t i o in bone char i s 2.153 compared 
to 2.156 i n pure calcium hydroxyapatite. Additional information 
on some other properties of bone char i s given elsewhere. (_3) 

TABLE I 

SELECTED PHYSICAL PROPERTIES OF 
BONE CHAR AND SODIUM TITANATE 

Property Bone Char 
Bulk density (g/cm3) 0.6Ul 
Surface area (m2/g) 110-120 
Pore volume (cm3/g) 0.25-0.30 
Average p a r t i c l e size (mm) 1.1 

Sodium Titanate 
0.35 

200-U00 

0.25 

(a) Composition: 7.0-8.5$ C; 214.3-25.0$ Ca; 0.k-0.6% Fe; 
0.02-0.03$ A l ; 0.50-0.7$ Mg; ih.8-15.2$ P. 

Sodium Titanate, Niobate, and Zirconate. Preparation and 
properties of the inorganic cation exchangers Na(Ti20 5H), 
Na(Nb 20 6H), and Na(Zr 20 5H) have been intensively studied by 
R. G. Dosch and his colleagues at Sandia Laboratories. (ĵ ,_5) 
These ion exchange materials are synthesized v i a the hydrolytic 
reaction of NaOH and water with the metal alkoxides Ti(0C 3H 7)i +, 
Nb(0C2H5)5, and ZriOC^Hg)^ as i l l u s t r a t e d for preparation of 
sodium titanate (Eqn l ) . 

NaOH(methanol + 2Ti(0C 3H 7)i + + UH20 -Na(Ti 20 5H) + 8C 3H 70H (l) 

Titanium isopropoxide and NaOH are reacted in a molar r a t i o of 
2:1, respectively, with the titanium isopropoxide added to the 
NaOH-methanol solution with s t i r r i n g . Subsequently, hydrolysis 
is done by pouring the mixture into an acetone-water mixture 
containing 8.5 vol$ water; one l i t e r of the acetone-water 
mixture i s required for each mole of titanium. The hydrolyzed 
material i s coarse and can be e a s i l y and rapidly vacuum 
f i l t e r e d through a 50 micrometer f r i t . After drying at ambient 
temperature under vacuum, dried titanate powder i s then screened 
with the material which passes a Number ho U. S. Standard sieve 
and i s retained on a Number ikO U. S. Standard sieve being the 
desired fraction. Some properties of sodium titanate powder are 
l i s t e d i n Table I. 

Sodium zirconate and sodium niobate exchangers have been 
prepared only i n small laboratory-scale batches and t h e i r 
properties have been far less well characterized than those of 
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3. SCHULZ E T A L . Inorganic Sorbents 19 

sodium titanate. Kilogram quantities of -UO+lUO mesh sodium 
titanate powder, synthesized according to Equation 1, have been 
prepared by Cerac, Inc., Milwaukee, Wisconsin. Also, a 
cooperative research program between Rockwell Hanford Operations 
and Sandia Laboratories i s underway to develop pellet-forms of 
titanate with better hydraulic properties than the powder. Two 
such forms currently being tested are 1.6 mm diameter cylinders 
prepared by room temperature extrusion of water-wet powder and 
titanate-loaded macroreticular anion exchange resins. 

Equilibration of sodium titanate, sodium niobate, and sodium 
zirconate with dil u t e HNO3 solutions converts them to the 
respective hydrogen forms H(Ti 20 5H), H(Nb 20 6H), and H(Zr 20 5H). 
(Vacuum dried, -^0+lUO mesh hydrogen form exchangers were used i n 
some of the work reported here.) Titanate, zirconate, and 
niobate exchangers exhibit varying s t a b i l i t i e s toward HNO3 
solutions. The titanate sorbent i s stable in <0.01M HN03 

but dissolves, to a small extent, when contacted with 0.1M HNO3 
for a week. When contacted with 0.5M HN03 for two days, a few 
percent of the zirconate exchanger dissolves; the zirconate form 
appears to be completely stable in <0.5M HNO3. F i n a l l y , niobate 
exchanger i s i n d e f i n i t e l y stable in 0.5M HNO3 and dissolves only 
very slowly, i f at a l l , in 2.5M HN03. 

Sorbent Applications: Chemistry and Processes 

Bone Char Decontamination of Mound F a c i l i t y Waste Streams. 
Both bench and p i l o t plant scale studies have been performed to 
investigate the application and integration of bone char i n 
schemes to remove alpha a c t i v i t y ( 2 3 8Pu, 2 3 9 P u , 2 3 3U) from 
various aqueous waste streams generated at the Mound F a c i l i t y . 
These studies have culminated i n i n s t a l l a t i o n and successful 
operation of a plant-size bone char column for t e r t i a r y t r e a t 
ment of the Mound F a c i l i t y low-risk waste stream. Highlights of 
the Mound experience with bone char, based on results reported 
in part elsewhere, (_6,_7,.8) are b r i e f l y summarized i n t h i s paper. 

Mound F a c i l i t y Low-Risk Waste. Approximately 3 x 10 5 I of 
low-level waste are generated weekly at the Mound F a c i l i t y . This 
particular waste stream i s essentially l o c a l hard water which 
has been demineralized and then used i n various chemical 
processes involving the radionuclides 2 3 8 P u and 2 3 3 U . The f i r s t 
step i n decontaminating the low-risk wastes entails addition of 
small amounts of calcium and iron salts followed by addition of 
NaOH to pH 11.5 to precipitate iron and calcium hydroxides and 
carbonates. The c l a r i f i e d effluent from the pre c i p i t a t i o n step 
i s then passed through a 200 micrometer sand f i l t e r to y i e l d a 
solution containing, t y p i c a l l y , O.k d/min/m£ alpha a c t i v i t y . 

Two columns, each 0.6 m diameter and l.h m high (Figure l ) 
and each containing about 230 kg of bone char, are planned for 
further decontamination of the effluent from the sand f i l t e r . 
Figure 2 i l l u s t r a t e s the flow diagram of the bone char t e r t i a r y 
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20 ACTINIDE SEPARATIONS 

0.61 m 

15.2 cm 

0.30 m 

1.07 m 

15.2 cm 

- BONE CHAR 

OUTLET 

Figure 1. Bone char column used in tertiary treatment of mound facility low-risk 
waste 

Figure 2. Flow diagram for plant-scale bone char tertiary treatment of mound 
facility low-risk waste 
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3. SCHULZ E T A L . Inorganic Sorbents 21 

treatment system designed to operate at flows up to 190 A/min and 
at pressure drops as high as 3^5 kPa. One of the two plant-scale 
bone char beds was designed, i n s t a l l e d , and put into operation i n 
June, 1977. Its performance has been very satisfactory with 
column effluents routinely containing less than 0.1 d/min/m£, 
alpha a c t i v i t y . It i s anticipated that the bone char in t h i s 
column w i l l be changed out some time in 1979· 

The c r i t e r i a used i n designing the f u l l - s c a l e treatment 
system were based on data obtained from a pilot-plant study using 
a 0.38 m dia. by 0 . 6 l m high bed of bone char operated at a 
rate of about kO £/min. Feed to the column contained an average 
0 . l 8 nCi/λ alpha a c t i v i t y while the effluent contained about 0.09 
nCi/β t o t a l alpha. This bed of bone char s a t i s f a c t o r i l y 
decontaminated 2.1 χ 1 0 5 I of feed before saturation. 

Mound F a c i l i t y Caustic Waste. About 6000 I of so-called 
caustic waste containing 0.5 to as much as 8 mg Pu/£ are 
generated yearly at the Mound F a c i l i t y . The bulk (90 vol?) of 
th i s particular waste stream consists of a h wt$ NaOH solution 
used as a scrubber in the corrosive o f f gas system. The remainder 
originates as f i l t r a t e s from NĤ OH prec i p i t a t i o n of PuiOH)^ 
(8 vol?) and miscellaneous alkaline wastes including a n a l y t i c a l 
samples and incinerator o f f gas scrubber solutions. The 
composite caustic waste has a pH i n the range 8 to 13 and 
generally contains a moderate amount of suspended soli d s . 
Currently, for disposal purposes, 38 I of the caustic waste i s 
sorbed on 680 kg of Fuller ' s earth contained i n a 208 £ drum. 

Results of one of a series of p i l o t plant tests made to 
develop and test a sorption system for decontamination of the 
caustic waste are plotted in Figure 3. The p i l o t plant system 
consisted of two cartridge f i l t e r s designed to reta i n , 
respectively, 100 and 1 \im diameter p a r t i c l e s and four bone char 
beds each 5.08 cm diameter by 0.51 m high. A t o t a l of 367 £ of 
actual waste adjusted to pH 8 and spiked to 8 mg/£ (^3 x 1 0 1 1 

d/min/m£)plutonium was flowed at a rate of 20 m£/min through the 
p i l o t plant system. The pressure drop across the cartridge 
f i l t e r s averaged about Ik kPa for the entire run while the drop 
across the four bone char columns was approximately 55 kPa. After 
passage of 356 column volumes of feed, the effluent from the 
f i n a l bone char column contained 63 d/min/m£ corresponding to an 
ove r a l l system decontamination factor (DF) of ̂ U.8 χ 1 0 9 . Much 
of t h i s decontamination was provided by the two cartridge f i l t e r s 
which removed 99+% (DF = h.3 x 10 4 ) of the alpha a c t i v i t y . 

Results from the p i l o t plant studies were used to design a 
conceptual plant-scale system for treating the caustic waste. 
This conceptual design includes two cartridge f i l t e r s , each 
0.51 m high, containing 5 or 6 f i l t e r elements capable of 
retaining 100 and 1 ym diameter p a r t i c l e s , respectively. The 
effluent from the cartridge f i l t e r s then flows, at a rate of 
about 11 £/hr, through three interconnected beds of bone char, 
each 15.2 cm diameter by 0.71 m high and each containing about 
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22 ACTINIDE SEPARATIONS 

Ik kg of sorbent. The total system is designed to reduce the 
plutonium concentration of about 3200 I of feed to <100 d/min/m£ 
before replacement of sorbents or f i l t e r s . An important factor 
in design of the plant sorption system was that each component 
be sized so that i t could be installed in an existing f a c i l i t y 
without major modifications and so that, when spent, i t could be 
conveniently disposed of in 208 I drums in f u l l compliance with 
existing regulations for transuranium wastes. As of this writing, 
no decision has yet been made for installation and operation of 
the proposed plant-scale caustic waste treatment system. 

Sodium Titanate Decontamination of Hanford PRF Waste. The 
Hanford Plutonium Reclamation Facility (PRF) receives and stores 
a l l sorts of unirradiated plutonium metallurgical scrap (alloys, 
metal, and compounds) and processes the scrap to recover and 
purify plutonium. Equipment and operating details of the PRF 
have been described elsewhere.(9>10) In usual PRF operation the 
plutonium-bearing scrap is dissolved in a HNO3-HF solution. After 
addition of Al(N03)3 t o complex fluoride ion and to provide 
salting strength, plutonium is recovered by solvent extraction 
with a 20? TBP (tri-n-butylphosphateJ-CCl^ solvent. Subsequently, 
a 30? DBBP (dibutylbutyl phosphonateJ-CCl^ solvent extraction 
process (2) is used to recover most of the residual plutonium 
and 50-60? of the 241Am from the aqueous raffinate from the TBP 
extraction scheme. 

The aqueous waste from the DBBP extraction process, s t i l l 
containing small but significant amounts of plutonium and 
241Am, is diluted with a large volume of waste water from other 
PRF operations to produce the PRF salt waste (Table II). When 
evaporated to dry salts, the PRF salt waste contains, typically 
1000 to 2000 nCi/g of alpha emitters. 

In normal operation, the PRF generates about 120 m3 of salt 
waste solution per month. Currently, this waste solution is 
made alkaline and routed to underground storage tanks where 
i t mixes with other Hanford defense waste liquors. An 
alternative waste treatment scheme is desirable to avoid 
converting large volumes of non-actinide waste to retrievable 
actinide waste (>10 nCi alpha activity/g) and also to help make 
the PRF independent of future tank farm management operations. 

Figure k illustrates in schematic form the precipitation-
ion exchange process devised and developed for reducing the 
actinide concentration of the PRF salt waste, when solidified, 
to or below 10 nCi/g. This process involves: (a) Addition of 
NaOH to the slightly acid PRF salt waste to precipitate iron, 
calcium, and magnesium hydroxides and remove 80-90 percent of 
the plutonium and >99-9 percent of the 241Am; and (b) Passage 
of the clarified alkaline supernate liquor from the precipitation 
step through a bed of -1+0+lUO mesh sodium titanate powder to 
reduce the concentration of both plutonium and 241Am to below 
their Maximum Permissible Concentration (ll_), 0.005 and O.OOU 
yCi/£, respectively, in water in an uncontrolled zone. The 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
3

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



SCHULZ E T A L . Inorganic Sorbents 23 

Figure 3. Pilot plant test of combined filtration-bone char decontamination of 
mound facility caustic waste: (U) after filters, (A) after first bone char column, 
(O) after second bone char column, (%) after fourth bone char column. Condi
tions: pH = 8; flow = 20 ml/min; total bed height, 2.0 m of 275-μ bone char; 

diameter of bed, 5.1 cm; intial [Pu], 8 mg/L (3. Χ 1011 d/m/ml). 

A m -
P u 
OTHERS • 

~ 1 5 0 M C i / i 
~ 2 0 u C i / J 
SEE TABLE I 

THICKENER 
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DECONTAMINATED 
SOLUTION 
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TABLE I 
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G L A S S 

Figure 4. Precipitation-ion exchange scheme for removal of actinides from Han
ford PRF salt waste 
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24 ACTINIDE SEPARATIONS 

TABLE II 

COMPOSITION OF ACTUAL AND SYNTHETIC ACTINIDE 
PROCESS WASTE SOLUTIONS 

HANFORD PRF SALT WASTE 

Component 
Actual 

Batch 1 
Waste Synthetic 
Batch 2 Waste 

N O 3 , M 1.92 2.32 2.09 
Na+, M 0.93 1.09 1.30 
Al 3+, M 0.32 0.17 0.2k 

Mg 2 +, M Ο.ΟΟ65 0.031 0.019 
N02~, M (a) 0.028 (b) 
Ca2+, M 0.0058 0.019 0.012 
F e 3 + , M 0.0053 0.0060 0.0057 
C r 3 + , M (a) 0.00028 0.0003 
N i 2 + , M (a) 0.00022 0.0002 
Si0 3

2"", M 0.0031 (a) 0.0008 
F-, M (a) (a) 0.005 
pH 0.88 O.kO 0.81* 
2 4 1Am, yCi/£ Ihh 262 270 
Pu, yCi/S, M.6(c) 20(c) 85(c) 
(a) Not Determined 
(b) Not Added 
(c) As 2 3 9 P u 

precipitation-ion exchange decontamination process depicted 
in Figure k has been extensively and s a t i s f a c t o r i l y bench-scale 
tested with both actual and synthetic PRF salt waste. Highlights 
of these laboratory tests are discussed here; detailed results 
are provided i n References 12 and 13. 

The e f f i c i e n c y of freshly precipitated iron hydroxide in 
scavenging plutonium and other actinides from aqueous waste 
solutions i s well known. Processes based on two or more cycles 
of iron hydroxide precipitation have long been used successfully 
at the U. S. Department of Energy Rocky Flats and Los Alamos 
sites to e f f e c t i v e l y decontaminate actinide-containing waste 
solutions generated at those sites.(lU,15^16) 

The PRF salt waste solutions contain, t y p i c a l l y , 0.1 to 
0.3M Al( N 0 3 ) 3 . To eliminate any p o s s i b i l i t y of permanently 
pre c i p i t a t i n g gelatinous, hard-to-separate Al(0H)3, i t i s 
desirable i n the preci p i t a t i o n step to adjust the PRF salt waste 
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3. SCHULZ ET AL. Inorganic Sorbents 25 

to 1-2M 0H~. Even at these terminal hydroxide ion concentrations, 
which are much higher than those employed (e.g., pH 7-12) at 
Los Alamos and Rocky Flats in precipitation decontamination of 
alpha waste liquors, americium and plutonium are s t i l l e f f e c t i v e l y 
carried by the hydroxide precipitate. Furthermore, metal 
hydroxide scavenging of 2^1Am from PRF salt waste i s highly 
insensitive to changes i n precipitation temperature (25 vs 60°C), 
agitation time (0.5 vs h hr), and the order of combination of 
waste and NaOH. 

A single p r e c i p i t a t i o n of iron and other metal hydroxides 
from PRF salt waste solution yields a stream containing, generally, 
<50 nCi/g but more than the desired 10 nCi/g t o t a l alpha a c t i v i t y . 
The exact chemical species of the residual concentration of 2l+1Am 
and plutonium i n t h i s alkaline (l-2M 0H~) stream are, of course, 
not known. From i t s strong uptake by the cation exchanger 
sodium titanate (Table III) americium i s believed to be present 
as a po s i t i v e l y charged aquated or hydroxylated ion. 

The results i n Table III are p a r t i c u l a r l y s i g n i f i c a n t 
in that they c l e a r l y demonstrate how passage of the c l a r i f i e d 
alkaline solution from the pre c i p i t a t i o n step through a single 
bed of sodium titanate exchanger provides excellent further 
decontamination from both plutonium and americium. Limited 
a v a i l a b i l i t y of actual PRF salt waste solution for experimental 
work permitted passage of only about 1000 column volumes (CV) of 
alkaline feed through a 2.0 m£ bed of titanate powder. As 
stated in Table I I I , however, almost UOOO CV of feed prepared 
from synthetic salt waste were passed through a 2.0 m£ bed of 
sodium titanate. In both cases, a l l the decontaminated effluent 
contained <0.00H yCi/fc 2 4 1Am and <0.005 yCi/£ plutonium. These 
l a t t e r values are, as noted e a r l i e r , the MPC*s of 2 4 1Am and 
2 3 9 P u i n water i n an uncontrolled zone. Indeed, the 2 1 + 1 Am 
concentration i n the bulk of the titanate-treated effluent 
was only about 0.1 of the MPC value. 

Judging from the results presented in Table I I I , a single 
0.0U m3 (0.15 m diameter) bed of titanate powder should 
adequately decontaminate a l l the PRF salt waste generated in a 
month. J. Nowak (5_) at the Sandia Laboratories has successfully 
set up and operated, without observing excessive pressure drops, 
0.1 m diameter by 1.22 m high beds of UO-lUO mesh titanate 
powder. This experience suggests that 0.15 m diameter by 2.26 m 
high (O.OU m3) titanate powder beds for decontaminating alkaline 
PRF s a l t waste could also be prepared and operated s a t i s f a c t o r i l y . 
I f not, a series of c r i t i c a l l y safe 0.15 m diameter beds of s u i t 
able height and volume could be used to provide the requisite 
sorption capacity. 

On the basis of using only 0.0k m3 of titanate powder per 
month, approximately l 8 0 kg (dry weight basis) of spent powder 
would be generated in one year. Titanate powder loaded with 
2i+1Am and plutonium could be dried, drummed, and stored as a 
retrievable transuranium waste. Alternatively, using technology 
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d e v e l o p e d at t h e S a n d i a L a b o r a t o r i e s (17) , t h e spent t i t a n a t e 
powder c o u l d p r e s u m a b l y be c o n v e r t e d t o an immobile m o n o l i t h i c 
f o r m b y h o t p r e s s i n g a t v L 1 0 0 ° C . Some p r e l i m i n a r y r e s u l t s 
o b t a i n e d at S a n d i a L a b o r a t o r i e s and d i s c u s s e d l a t e r i n t h i s 
paper s u g g e s t i t may be p o s s i b l e t o e l u t e a c t i n i d e s f r o m l o a d e d 
t i t a n a t e beds w i t h d i l u t e H N 0 3 . Such e l u t i o n and r e g e n e r a t i o n , 
i f i n d e e d p o s s i b l e , w o u l d g r e a t l y r e d u c e t h e amount o f spent 
t i t a n a t e exchanger t o be h a n d l e d . 

A p p r o x i m a t e l y 300 k g o f d r i e d m e t a l h y d r o x i d e s o l i d s w o u l d 
be p r o d u c e d p e r month f r o m d e c o n t a m i n a t i o n o f 120 m 3 o f PRF s a l t 
waste . These s o l i d s c o u l d be drummed and s t o r e d at H a n f o r d as a 
r e t r i e v a b l e a l p h a w a s t e . T e c h n i q u e s f o r i n c o r p o r a t i n g t h e m e t a l 
h y d r o x i d e s o l i d s i n an immobile b o r o s i l i c a t e g l a s s have been 
d e v e l o p e d a l s o . (12) 

The l a b o r a t o r y - s c a l e s t u d i e s r e p o r t e d h e r e were i n i t i a t e d 
p r i o r t o t h e 2 4 1 A m - l o a d e d c a t i o n exchange r e s i n e x p l o s i o n w h i c h 
o c c u r r e d i n t h e PRF i n 1976. S c r a p r e p r o c e s s i n g and o t h e r 
p r o d u c t i o n o p e r a t i o n s i n t h e PRF are c u r r e n t l y suspended w h i l e 
t h e e n t i r e f a c i l i t y undergoes a comprehensive c l e a n i n g and s a f e t y 
r e v i e w . F u t u r e p l a n t - s c a l e a p p l i c a t i o n , i f a n y , o f t h e 
p r e c i p i t a t i o n - s o d i u m t i t a n a t e s o r p t i o n p r o c e s s d i s c u s s e d i n 
t h i s p a p e r has been d e f e r r e d u n t i l c l e a n u p o p e r a t i o n s a r e 
c o m p l e t e d and d e c i s i o n s a r e made about t h e f u t u r e r o l e o f t h e PRF 
f a c i l i t y . F i n a l l y , i n c o r p o r a t i o n o f a t a i l e n d sodium t i t a n a t e 
p o l i s h i n g s t e p i n t o p r o c e s s i n g schemes p r e s e n t l y u s e d t o c l e a n up 
a l p h a b e a r i n g s a l t wastes g e n e r a t e d a t o t h e r U . S. Department o f 
Energy s i t e s ( e . g . , Rocky F l a t s , Los Alamos) w o u l d be an o b v i o u s 
e x t e n s i o n o f the t e c h n o l o g y d i s c u s s e d h e r e . 

S e p a r a t i o n o f Am-Cm From L a n t h a n i d e s . An e x p e r i m e n t a l 
p r o g r a m , d i r e c t e d by t h e Oak R i d g e N a t i o n a l L a b o r a t o r y , t o 
d e t e r m i n e the f e a s i b i l i t y o f and t o d e v e l o p t e c h n o l o g y f o r 
p a r t i t i o n i n g h i g h - l e v e l Purex p r o c e s s waste i n t o a c t i n i d e and 
f i s s i o n p r o d u c t f r a c t i o n s has r e c e n t l y been u n d e r t a k e n a t s e v e r a l 
U . S. Department o f E n e r g y l a b o r a t o r i e s . ( l 8 ) One p r o d u c t , 
t y p i c a l l y , f rom s u c h a c t i n i d e p a r t i t i o n i n g p r o c e s s e s i s an 
aqueous s o l u t i o n c o n t a i n i n g a m e r i c i u m and c u r i u m h e a v i l y 
c o n t a m i n a t e d w i t h l a n t h a n i d e e l e m e n t s . S e p a r a t i o n o f t h e Am-Cm 
f r o m t h e l a r g e mass o f r a r e e a r t h s i s n e c e s s a r y and d e s i r a b l e 
f o r f u t u r e r e a c t o r b u r n - u p o f t h e Am and Cm. As p a r t o f t h e 
" a c t i n i d e p a r t i t i o n i n g " p r o g r a m , l i m i t e d and p r e l i m i n a r y b a t c h 
t r a c e r d i s t r i b u t i o n t e s t s were p e r f o r m e d at S a n d i a L a b o r a t o r i e s 
t o i n v e s t i g a t e t h e s u i t a b i l i t y o f u s i n g t h e i n o r g a n i c s o r b e n t s 
H [ T i 2 0 5 H ] , H [ Z r 2 0 5 H ] , and H [ N b 2 0 6 H ] t o e f f e c t a c h r o m a t o g r a p h i c 
s e p a r a t i o n o f Am-Cm from s e l e c t e d r a r e e a r t h i o n s . 

A s e r i e s o f b a t c h e q u i l i b r a t i o n s was c a r r i e d out t o 
d e t e r m i n e t h e r e l a t i v e a f f i n i t i e s o f s e l e c t e d l a n t h a n i d e s and 
a c t i n i d e s f o r n i o b a t e , z i r c o n a t e , and t i t a n a t e i o n exchange 
m a t e r i a l s as a f u n c t i o n o f p H . These a f f i n i t i e s are e x p r e s s e d 
as d i s t r i b u t i o n c o e f f i c i e n t s (l9_), where : 
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28 ACTINIDE SEPARATIONS 

Kd = (Fraction of Tracer on Ion Exchanger) {mi of solution) 
(Fraction of Tracer in Solution) (g of Ion Exchanger) 

Adjustment of pH was accomplished by addition of dilute NaOH or 
HNO3. Typically, one miHiequivalent of ion exchanger (^0.35 g 
niobate, ^0.37 g zirconate, ^0.25 g titanate) contacted about 
15 mil of solution containing an appropriate radionuclide. In 
each case, the maximum loading was less than 1% of the ion 
exchanger capacity. After e q u i l i b r a t i o n , the pH fs of the 
solutions were measured. The solutions were then f i l t e r e d 
and counted to determine the fraction of tracer remaining in 
solution. In those instances in which most of the radioactive 
tracer was removed from solution, desorption of nuclides from the 
ion exchange material was investigated by adding to the solids 
15 m£ of 0.1M HNO3 (zirconate and titanate) or 0.5M HN0 3 

(niobate), equilibrating the mixture, f i l t e r i n g , and counting 
the solution. In both sorption and desorption experiments, 
sorbents were contacted with test liquids for f i v e days at 
20-28°C. This equilibration time reflected personal convenience 
and i s believed to be much longer than that required to reach 
equilibrium. 

Figures 5-7 present results of batch sorption experiments 
for three actinides and four lanthanide elements. For c l a r i t y , 
data points for the actinide elements have been connected by 
s o l i d l i n e s . The accuracy of the Ka values i s estimated to be 
within +10% for 5 m£/g <K^<105 mZ/g but degrades rapidly out
side these l i m i t s . Two aspects of the results plotted in 
Figures 5-7 are p a r t i c u l a r l y s i g n i f i c a n t . The rapid increase in 

and pH implies that, with the possible exception of neptunium, 
the radionuclides tested can be quantitatively sorbed and then 
eluted from these inorganic ion exchange materials by pH 
adjustment. This implication i s supported by the desorption 
experiments discussed l a t e r . Second, for each exchanger across 
the pH range studied, americium, curium, and (at low pH) 
neptunium were more strongly sorbed than any of the lanthanides. 
Note that the ordinates i n Figures 5-7 are on a logarithmic 
scale. In these tests d i s t r i b u t i o n ratios for neptunium 
remained high even at low pH's whereas those for t r i v a l e n t 
actinides and lanthanides f e l l off almost l i n e a r l y with 
decreasing pH. In t h i s l a t t e r connection i t must be pointed out 
that the sorption behavior of neptunium in these experiments 
was followed by analysis for 2 3 9Np in the presence of i t s alpha-
emitting parent 2I+3Am. The oxidation state of the neptunium thus 
produced i s not known. 

Results of experiments conducted to investigate HNO3 
desorption of tracer amounts of selected radionuclides sorbed on 
the various inorganic ion exchangers are presented in Table IV. 
The percentages l i s t e d are the averages of two, three, or, in 
some cases, four desorption tests. The maximum recovery 
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3. SCHULZ E T A L . Inorganic Sorbents 29 

Figure 5. Affinity of H(Ti205H) sorbent for selected lanthanides and actinides at 
various pH's: (• ; Np, (Π) Am, (BJ Cm, (Φ) Eu, (A) Gd, (0) La, (A) Pm. 

PH 

Figure 6. Affinity of H(Zr205H) sorbent for selected lanthanides and actinides at 
various pH's: ( + )Np, Am, (U) Cm, (Φ) Eu, (A) Gd,(0) La, (A) Pm. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
3

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



30 ACTINIDE SEPARATIONS 

expected in each test was about 90%. Recovery was limited by: 
(a) Loss of ion exchange material containing sorbed r a d i o a c t i v i t y 
during f i l t e r i n g after the load contact; (b) Dilution of the 
desorption solution with small volumes of the solution remaining 
in contact with the ion exchanger after f i l t e r i n g ; and (c) Absorp
tion of some ra d i o a c t i v i t y on the walls of the polyethylene 
v i a l s used to contain the s o l i d exchanger and l i q u i d solutions. 
In view of these experimental lim i t a t i o n s , the recoveries given 
in Table IV are believed to correspond to complete or nearly 
complete removal of sorbed radionuclides. 
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TABLE IV 

BATCH HN03 RECOVERIES OF RADIONUCLIDES SORBED ON 
INORGANIC ION EXCHANGERS 

Elution conditions: 0.25 to 0.37 g of exchanger 
containing sorbed radionuclide contacted 5 days 
at 20-28°C with 15 ml of either 0.1M HNO3 
(zirconate and titanate) or 0.5M HNO3 (niobate). 

% Recovered 
Ion_JExchanger Eu Gd Pm Cm Am 
Niobate 90.6 98.h 89.8 77.1 89-7 
Zirconate 91.9 93.6 86.8 80.3 89.0 
Titanate 80.0 93.8 Qh.6 80.1 90.2 

According to Nachod and Schubert (19.) two sorbable species 
can be separated from each other by column elution chromato
graphic techniques provided the r a t i o of th e i r K^/s (separation 
coefficient) i s 1.2 or greater. On th i s basis, from Figures 5-7 
there i s a pH range for each of the three exchangers - titanate, 
zirconate, and niobate - where pa r t i t i o n i n g of Am, Cm, and Np 
from lanthanide elements appears feasible. Enthusiasm for use 
of columns of sodium titanate, sodium zirconate, and sodium 
niobate for p a r t i t i o n i n g actinides from lanthanides must be 
tempered however by the present lack of any information about 
concentration effects and sorption and desorption k i n e t i c s . 
These and other important factors must be investigated i n 
much more intensive studies than those conducted to date. 
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4 
Transplutonium Elements Production Program 
Extraction Chromatographic Process for 
Plutonium Irradiated Targets 

J. B O U R G E S , C . M A D I C , and G . K O E H L Y 

Departement de Genie Radioactif, Service des Etudes de Procedes, 
Section des Transuraniens, Centre d'Etudes Nucleaires de Fontenay-aux-Roses, 
B.P. Ν 6-92260 Fontenay-aux-Roses, France 

The French transplutonium elements production program (essen
tially 243Am and 244Cm) is based on the treatment of plutonium
-aluminum alloy targets irradiated in the Celestin reactors at Mar
coule. At the time of chemical treatment, these targets (which 
initially contained approximately 400 g of 239Pu) contain 44 g of 
242Pu, 8.5 g of 243Am, 7.5 g of 244Cm, and about 340 g of fission 
products, including = 240 g of lanthanides, chiefly the elements 
La, Ce and Nd (1). 

The process initially developed for the chemical treatment of 
targets was based on liquid-liquid countercurrent extraction in 
nitric medium (2, 3, 4). Problems were encountered in using this 
process, due essentially to the formation of interface fouling and 
stable emulsions. Since no simple method of eliminating these sta
ble emulsions could be found, this process was transposed to the 
extraction chromatography technique (which in principle, is not 
subjected to emulsion formation) and applied to the treatment of 
irradiated Pu-Al targets. E x t r a c t i o n chromatography has found many 
uses i n the s e p a r a t i v e c h e m i s t r y o f a c t i n i d e s e l e m e n t s , d e a l i n g 
e s s e n t i a l l y w i t h a n a l y t i c a l a p p l i c a t i o n s 05) . However, t h i s t e c h 
n i q u e has been used f o r the p u r i f i c a t i o n o f 2 1 + 1 Am and 2 l f l f C m on the 
s c a l e o f 30 g and 6 g r e s p e c t i v e l y (6) u s i n g a T a l s p e a k type p r o 
c e s s ( 7 ) . I n a p r o d u c t i o n scheme, e x t r a c t i o n chromatography has 
the drawback o f b e i n g a d i s c o n t i n u o u s t e c h n i q u e . Owing to i t s s i m 
p l i c i t y o f i m p l e m e n t a t i o n , t h i s t e c h n i q u e was n e v e r t h e l e s s found 
to be c o m p e t i t i v e w i t h l i q u i d - l i q u i d e x t r a c t i o n f o r p r o d u c t i o n o f 
t r a n s p l u t o n i u m elements on the s c a l e o f a few grams. 

EXPERIMENTAL 
Equipment 

A l l the c h e m i c a l t r e a t m e n t s were c a r r i e d out i n h o t c e l l s 
e q u i p p e d w i t h remote m a n i p u l a t o r s , i n v i e w o f the n u c l e a r p r o p e r 
t i e s o f the i s o t o p e s i n v o l v e d ( 2 l + 3 A m , 2 1 f 2 ~ " 2 t + i + C m , 2 5 2 C f and f i s s i o n 
p r o d u c t s ) . A l l the e x p e r i m e n t s , i n c l u d i n g s e p a r a t i o n o f a m e r i c i u m 
and c u r i u m , r e q u i r e d s h i e l d i n g f o r a , 3, Ύ> a n ^ the n e u t r o n s f rom 

0-8412-0527-2/80/47-117-033$05.00/0 
© 1980 American Chemical Society 
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34 ACTINIDE SEPARATIONS 

spontaneous f i s s i o n ( 2 l 4 2 C m , 2kkCm, 2 5 2 C f ) and f rom the a c t i o n o f α 
p a r t i c l e s on l i g h e l e m e n t s . The P e t r u s c e l l (8) p r o t e c t e d by 80 cm 
t h i c k w a l l s o f b a r y t a c o n c r e t e i s i d e a l f o r these m a n i p u l a t i o n s . 

The c h r o m a t o g r a p h i c equipment i n c l u d e s : a) p l e x i g l a s columns 
packed w i t h GAS CHROM Q o r C e l i t e 545 impregnated w i t h e x t r a c t a n t , 
b) S o n a l o r Prominent p r o p o r t i o n i n g pumps, c) s t o r a g e tanks f o r 
v a r i o u s s o l u t i o n s . The column i s f i l l e d by s u c c e s s i v e a d d i t i o n s 
and r e p e a t e d p a c k i n g o f the d r y s t a t i o n a r y p h a s e . Once the p a c k i n g 
i s c o m p l e t e d and the top c o v e r cemented, the column i s p l a c e d i n 
the hot c e l l , where i t undergoes p r e - e q u i l i b r i u m d e s i g n e d to p r o 
duce the c h e m i c a l c o n d i t i o n s r e q u i r e d f o r f i x a t i o n and to e x p e l 
the a i r . The t h r e e column models r o u t i n e l y used i n p r e p a r a t i v e 
chromatography are d e s c r i b e d i n T a b l e I . 

T A B L E I 
Cka&acXoAAAtsicA o& zxtKOLCJjLon ch/iomatogiaphy columns. 

D i a m e t e r 

(mm) 

E f f e c t i v e 
h e i g h t 

(mm) 

Mass o f 
s t a t i o n a r y phase 

(g) 

I n t e r s t i t i a l 
volume 

(ml) 

42 320 250 250 
42 640 500 500 
62 670 1100 1000 

PREPARATION OF STATIONARY PHASE 
Two m a t e r i a l s marketed by A p p l i e d S c i e n c e L a b . were employed , 

C e l i t e 545 and GAS CHROM Q w i t h p a r t i c l e s i z e d i s t r i b u t i o n from 
110 to 140 y and a s p e c i f i c a r e a of about 1 m 2 . g " a . C e l i t e 545 i s 

made h y d r o p h o b i c by t rea tment w i t h d i m e t h y l d i c h l o r o s i l a n e . Impre
g n a t i o n o f the s t a t i o n a r y phase m a t e r i a l s by TBP, TOA, HDEHP, and 
HD(DiBM)P were c a r r i e d out as f o l l o w s : a mass o f m a t e r i a l i s 
p l a c e d i n c o n t a c t w i t h a s o l u t i o n o f e x t r a c t a n t i n hexane , the 
s o l v e n t i s then e v a p o r a t e d under r e d u c e d p r e s s u r e by means o f a 
B u c h i R o t av ap o r r o t a r y e v a p o r a t o r . I m p r e g n a t i o n l e v e l s i n the f i n a l 
m i x t u r e are r e s p e c t i v e l y : TBP = 27 %, TOA = 25 %, HDEHP = 20 % 
and HD(DiBM)P = 30 %. 

REAGENTS 
The r e a g e n t s HN0 3 ; A 1 ( N 0 3 ) 3 , 9 H 2 0 and L1NO3 ( P r o l a b o ) are o f 

t e c h n i c a l g r a d e , K 2 S 2 0 8 , A g N 0 3 ( P r o l a b o ) , DTPA (K and Κ l a b o r a t o 
r i e s , U S A ) , TBP ( O s i ) , TOA ( F l u k a ) and HDEHP (Union C a r b i d e ) are 
pure a n a l y t i c a l g r a d e . We s y n t h e t i z e d HD(DiBM)P u s i n g the method 
d e s c r i b e d i n ( 9 ) . The aluminum n i t r a t e s o l u t i o n d e f i c i e n t i n 
n i t r a t e i o n s . A 1 ( N 0 3 ) 3 _ χ ( 0 Η ) χ was p r e p a r e d by d e s t r u c t i o n a t 100-
1 2 0 ° C o f N 0 3 ~ i o n by f o r m o l (2 moles HCHO p e r N 0 3 " i o n to be 
d e s t r o y e d ) . 
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4. BOURGES E T A L . Transuranium Elements Production 35 

IRRADIATED TARGETS 
The main c h a r a c t e r i s t i c s o f i r r a d i a t e d t a r g e t s are g i v e n i n 

T a b l e I I . 

TABLE I I 

CkaAactoAÂAtioj* oh thd dxpoAAm^Yital tangeX and 
AnduA&UjoJL ta/iQQÂA inxaduxLt&d. 

T a r g e t 
P u 0 2 / A l P u / A l 

I r r a d i a t i o n s c o n d i t i o n s 
. mass o f f e r t i l e m a t e r i a l (g) 2 .56 400 
. i n t e g r a t e d f l u x ( n . k b " 1 ) 30 11.28 

C o o l i n g t ime 5 y e a r s 3 y e a r s 

D i s s o l u t i o n m a t e r i a l b a l a n c e 
. volume ( l i t e r s ) _ 1 88 
. a c t i v i t y o f e m i t t e r s (3,γ C i . l l ) 15 350 

e m i t t e r s (g) : 
. 2hZVu 0 .200 44 
. 2 , + 3Am 0.100 8 .53 
. 2 , f i + C m 0.265 7.44 

RESULTS AND DISCUSSION 
The t r a n s p l u t o n i u m elements a r e o b t a i n e d by n e u t r o n i r r a d i a 

t i o n o f 2 3 9 P u o r h e a v i e r i s o t o p e base t a r g e t s i n t h e r m a l i z e d f l u x 
z o n e s . R e a c t o r s s a f e t y c o n d i t i o n s n e c e s s i t a t e d i l u t i o n o f the 
p l u t o n i u m by a l u m i n u m , b o t h f o r the p l u t o n i u m m e t a l base t a r g e t s 
and f o r o x i d e base t a r g e t s . The o b j e c t i v e of the p r o c e s s i s the 
r e c o v e r y o f r e s i d u a l p l u t o n i u m and the s e p a r a t i o n o f t r a n s p l u t o n i u m 
e l e m e n t s . A f t e r d i s s o l u t i o n o f the i r r a d i a t e d t a r g e t s i n n i t r i c 
a c i d s o l u t i o n , the p l u t o n i u m can be e x t r a c t e d e a s i l y by t e r t i a r y 
ammonium n i t r a t e . We s e l e c t e d t r i o c t y l a m m o n i u m n i t r a t e to do t h i s , 
owing to i t s low m e l t i n g p o i n t , the d i s t r i b u t i o n c o e f f i c i e n t compa
t i b l e w i t h q u a n t i t a t i v e e x t r a c t i o n , and the good mass c a p a c i t y o f 
i n e r t s t a t i o n a r y phases l o a d e d w i t h t h i s e x t r a c t i n g a g e n t . The 
e l u t i o n medium adopted was a s u l f o n i t r i c s o l u t i o n : C ^ S o i t = 0 .75M, 
CHNO3 = 0 .2 M . 

The s e p a r a t i o n o f t r a n s p l u t o n i u m elements f rom the l a n t h a n i d e s 
c o n s t i t u t e s the d e l i c a t e phase o f c h e m i c a l t r e a t m e n t , owing to 
t h e i r comparable a f f i n i t i e s f o r the u s u a l e x t r a c t a n t s : HDEHP, TBP 
and T L A H N O 3 . Among a l l the systems d e s c r i b e d i n the l i t e r a t u r e and 
c o v e r e d by a r e c e n t l y p u b l i s h e d c r i t i c a l c o m p i l a t i o n (10 ) , we 
s e l e c t e d those w h i c h appeared to be much s u i t a b l e f o r a d a p t a t i o n 
to e x t r a c t i o n chromatography : the T a l s p e a k p r o c e s s (7) and the 
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36 ACTINIDE SEPARATIONS 

p r o c e s s e s d e v e l o p e d a t CEN-FAR ( 4 ) . The s e p a r a t i v e p e r f o r m a n c e s 
o f the t h r e e s y s t e m s , based on the use o f the complexant DTPA a r e 
grouped i n T a b l e I I I . I n a l l c a s e s i t was o b s e r v e d t h a t the s e p a 
r a t i o n f a c t o r s α = D ( L n 3 + ) . D ( A m 3 + ) - 1 were s h a r p l y h i g h e r i n the 
p r e s e n c e o f DTPA. The T a l s p e a k p r o c e s s a c h i e v e s good l a n t h a n i d e / 
t r a n s p l u t o n i u m s e p a r a t i o n , whereas the two r e m a i n i n g systems o n l y 
a c h i e v e good s e p a r a t i o n o f t r i v a l e n t a c t i n i d e s f rom l i g h t l a n t h a -
n i d e s i n c l u d i n g europium w i t h TBP ? prometheum w i t h TLAHNO 3 . 

T A B L E I I I 
SzpaAcutlon ^ααΧ,οηλ α = V[Ln3+) , P ( A m 3 + ) - 1 

T a l s p e a k TBP TLAHNO3 

element 
a i a(DTPA) a i a (DTPA) a i a (DTPA) 

L a (3 .9 ) 380 0 .80 1800 6 .0 2300 
Ce 5 .4 140 0 .86 52 .0 3 .5 660 
P r (75) 1.06 12.5 2 .3 73 
Pm (10) (75) 1.1 5 .8 1.2 9 
E u 48 91 1.3 2 .0 0 .83 1.13 
Tb 1.5 1.4 0 .43 0 .90 
E r 1 .02 1 .4 0 .20 0 .43 
Tm (8000) 0 .93 1.4 0 .19 0 .33 
Yb 0 .74 1.4 0 .17 

O p e r a t i n g c o n d i t i o n s : 
. T a l s p e a k o r g a n i c phase : HDEHP = 0 .2 M i n DiPB 

(7) aqueous phase : 1 M l a c t i c a c i d pH = 3 ( α ϊ ) , 
+ DTPA ( 5 . 1 0 - 2 M ) ( a DTPA) 

. TBP o r g a n i c phase : TBP (40% v o l . ) i n dodecane 
04) aqueous phase : L1NO3 = 4 Μ ( α ^ ) + DTPA = 0 .25 M 

= A l 3 + ( α D T P A ) , 

. TLAHNO3 o r g a n i c phase : TLAHNO3 (40% v o l . ) i n dodecane 
(50%), c h l o r o b e n z e n e (50%) 

(4) aqueous phase : L i N 0 3 = 6 M ( a i ) + DTPA = 0 .25 M 
= A l 3 + (a D T P A ) . 

NOTE : The Azpa/icutLon ^acJjoK^ notzd ( ) we/ie o^timatda ^n.om 
tkd g/iaph& o£ (_7 ) . 

The T a l s p e a k p r o c e s s and the CEN-FAR TBP p r o c e s s were t r a n s 
posed to e x t r a c t i o n c h r o m a t o g r a p h y . E u r o p e a n r e s e a r c h e r s (6) have 
adapted the T a l s p e a k p r o c e s s f o r the f i n a l p u r i f i c a t i o n o f 2 l + 1 A m 
and 2 l f t + C m a t the s c a l e o f a few grams. Hence o u r i n t e n t i o n i s to 
use t h i s exper iment to t r e a t h o t t a r g e t s . 

The use o f t h i s p r o c e s s i n e x t r a c t i o n chromatography was 
t e s t e d on a r e a l s o l u t i o n c o r r e s p o n d i n g to a f r a c t i o n o f the 
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4. BOURGES E T A L . Transuranium Elements Production 37 

d i s s o l u t i o n l i q u o r s o f an i n d u s t r i a l t a r g e t . The p r e l i m i n a r y o p e 
r a t i o n s to t r a n s p l u t o n i u m / l a n t h a n i d e s e p a r a t i o n a r e the f o l l o w i n g : 
a) b a t c h e x t r a c t i o n o f 2 k 2 ? u by TLAHNO3 (15 % by v o l . ) / d o d e c a n e , 
b) adjus tment o f the s o l u t i o n to A l ( O H ) 2 4 " = 0 . 1 M , c) b a t c h e x t r a c 
t i o n o f l a n t h a n i d e s and t r a n s p l u t o n i u m elements by TBP (30 % v o l ) / 
d o d e c a n e , d) r e - e x t r a c t i o n o f t r i v a l e n t e lements by 2N HNO3 o r 1 M 
l a c t i c a c i d (pH : 3 ) , e) adjus tment to 1 M l a c t i c a c i d (pH : 3) i n 
case o f n i t r i c r e - e x t r a c t i o n . Two s e p a r a t i o n s were c a r r i e d out 
i n v o l v i n g 30 and 800 mg o f 2 I + 1 + C m . F o l l o w i n g the f i x a t i o n s tage i n 
columns packed w i t h a m i x t u r e o f HDEHP (20 % w t ) / G . C . Q . , the m a t e 
r i a l was s c r u b b e d by a s o l u t i o n w i t h c o m p o s i t i o n : 1 M l a c t i c a c i d 
(pH = 3) ; e l u t i o n was t h e n p e r f o r m e d by an e l u e n t o f c o m p o s i t i o n : 
C l a c t i c a c i d = 1 M , CDTPA = 5 . Ι Ο " 2 M, pH = 3 . The 2 1 + 1 1 Cm e l u t i o n 
c u r v e s are shown i n f i g u r e φ , and c o r r e s p o n d to e x p e r i m e n t s w h i c h 
were c a r r i e d out i n two d a y s . The e l u t i o n c u r v e s e x h i b i t a c o n s i 
d e r a b l e t r a i l i n b o t h c a s e s . I n the f i r s t e x p e r i m e n t ( f i g u r e Q)a) , 
n i t r i c e l u t i o n o f the column r e v e a l s 24 % o f the i n i t i a l c u r i u m 
p r e s e n t w i t h a l l the l a n t h a n i d e s . T h i s r e t e n t i o n i s r e p e a t e d i n the 
second e x p e r i m e n t ( f i g u r e Q ) b ) to a g r e a t e r e x t e n t : p r e s e n c e o f 
two 2 1 + 1 1 Cm peaks w i t h c o m p l e x a t i n g e l u t i o n . These o c c u r e n c e s can be 
a s c r i b e d to a s low 2 l + t * C m d e s o r p t i o n r a t e . I n t h e s e c o n d i t i o n s , t h i s 
h i g h 2 h h C m r e t e n t i o n p r o h i b i t s the use o f t h i s sys tem f o r the q u a n 
t i t a t i v e r e c o v e r y o f t r a n s p l u t o n i u m e l e m e n t s . F u r t h e r m o r e , l a c t i c 
s o l u t i o n s c o n t a i n i n g a l a r g e amount o f c u r i u m and l a n t h a n i d e s d e t e 
r i o r a t e r a p i d l y under the a c t i o n of i n t e n s e r a d i o l y s i s : b l a c k e n i n g 
o f the s o l u t i o n and appearence o f p r e c i p i t a t e s . In v i e w o f these 
m e d i o c r e r e s u l t s , the use o f t h i s sys tem was d i s c o n t i n u e d . 

CEN-FAR TBP p r o c e s s : a c h r o m a t o g r a p h i c s e p a r a t i o n p r o c e s s i n 
c l u d e s t h r e e s u c c e s s i v e s t a g e s f o r w h i c h the c h e m i c a l s c o n d i t i o n s 
a r e to be d e t e r m i n e d : f i x a t i o n , s c r u b b i n g and e l u t i o n . 

F i x a t i o n : f i g u r e (2) shows the e f f e c t o f f r e e a c i d i t y and NO 3 -

i o n d e f i c i e n c y on ( C m 3 + ) f o r c o n c e n t r a t e d s o l u t i o n s c o n t a i n i n g 
a l u m i n u m n i t r a t e . E x t r a c t i o n i s c a r r i e d out by TBP i m p r e g n a t e d on 
G . C . Q . (1 . m.mole TBP g . l o a d e d s t a t i o n a r y p h a s e ) . K D ( C m 3 + ) can 
be o b s e r v e d to be h i g h l y s e n s i t i v e to a c i d i t y i n the n e u t r a l region ; 
the maximum Kj) ( C m 3 + ) (- 250) i s o b t a i n e d f o r an NO Γ i o n d e f i c i e n 
cy e q u a l to 0 .05 ± 0 . 0 5 . T h i s r e s u l t i s s i m i l a r to t h a t o b t a i n e d 
i n l i q u i d - l i q u i d e x t r a c t i o n . 

S c r u b b i n g can be c a r r i e d out s i m p l y by u s i n g a s a l t i n g out 
s o l u t i o n o f L1NO3 = 8 M, w h i c h a c h i e v e s the e l i m i n a t i o n o f c e r t a i n 
f i s s i o n p r o d u c t s , b u t e s p e c i a l l y t h a t o f a l u m i n u m , whose presence 
i s d e t r i m e n t a l to s a t i s f a c t o r y e l u t i o n owing to the c o m p l e x a t i o n 
r e a c t i o n : A l 3 + + YH5 ^ A 1 Y 2 ~ + 5 H + (where Y H 5 = D T P A ) . 

E l u t i o n : The use o f s o l u t i o n w i t h c o m p o s i t i o n CDTPA = 0 .25 M , 
C A 1 3 + = 0 .25 M , CL1NO3 = 4 M (4) to c a r r y out e l u t i o n does n o t 
appear to be r e a l i s t i c . In a c t u a l f a c t , the d i s t r i b u t i o n c o e f f i 
c i e n t a r e too s e n s i t i v e to a s l i g h t v a r i a t i o n i n the r a t i o CDTPA. 
CA13+, w h i c h i s r e f l e c t e d by a l a r g e v a r i a t i o n i n the r e t e n t i o n 
volumes o f the e lements to be s e p a r a t e d . The e l i m i n a t i o n o f A l f rom 
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Figure 1. Elution curves for 244Cm: (a) first experiment; (b) second experiment. 
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the e l u t i o n s o l u t i o n r e q u i r e s a h i g h e r L1NO3 c o n c e n t r a t i o n and a 
d e c r e a s e i n the p H , to make i t p o s s i b l e to o b t a i n d i s t r i b u t i o n 
c o e f f i c i e n t s w h i c h are c o m p a t i b l e w i t h good s e p a r a t i o n . F i g u r e © 
shows the e l u t i o n c u r v e f o r a c t i n i d e / l a n t h a n i d e s e p a r a t i o n c a r r i e d 
o u t i n s m a l l column ( £ = 5 .5 cm, 0 = 4 mm) u s i n g 250 mg o f l o a d e d 
s t a t i o n a r y phase (TBP 27% by w e i g h t / G . C . Q . ) . The s e p a r a t i o n f a c 
t o r s o b s e r v e d are : α ξ ^ = 1.8 ; afâ* = 2 . 5 3 , w h i c h i n the case o f 
(Am, Eu) c o u p l e i s c l o s e to the v a l u e o b t a i n e d by l i q u i d - l i q u i d 
e x t r a c t i o n and g i v e n i n T a b l e I I I . W h i l e the s e p a r a t i o n f a c t o r s 
o b t a i n e d a r e e n c o u r a g i n g , the r e s o l u t i o n o f the e l u t i o n peaks a r e 
m e d i o c r e . The use o f t h i s s e p a r a t i o n sys tem r e q u i r e s r e c y c l i n g o f 
the median f r a c t i o n s . I t i s then p o s s i b l e to o b t a i n h i g h d i s t r i 
b u t i o n c o e f f i c i e n t s K] ) (M 3 + ) by a d d i n g aluminum n i t r a t e to the 
e l u a t e , thus n e u t r a l i z i n g the c o m p l e x i n g power o f DTPA o v e r the 
element to be e x t r a c t e d . A f t e r f i x a t i o n i n these new c o n d i t i o n s , 
a new c y c l e c a n be c a r r i e d o u t . To summarize , the c o n d i t i o n s a d o p 
t e d to c a r r y out t r a n s p l u t o n i u m / l a n t h a n i d e s e p a r a t i o n a r e grouped 
i n T a b l e I V . 

T A B L E I V 

ThaviAptixtoviiuml' lanthanA.de &cpa/iatsion 
In column packed with a TBP 27% by wt/GCQ. mXxtxxKC 

s tage s o l u t i o n c o m p o s i t i o n 

f i x a t i o n 
. 1st c y c l e ( A 1(N0 3) 3) = = 1.8 M ; (H+) = (0 ± 0 .05) M 

. 2nd and 
M ; DTPA = 0.1 M ; ( A l 3 + ) = 0 .5 M f o l l o w i n g c y c l e s ( L 1 N O 3 ) = 7 M ; DTPA = 0.1 M ; ( A l 3 + ) = 0 .5 M 

s c r u b b i n g ( L i N 0 3 ) = 8 M 

e l u t i o n ( L 1 N O 3 ) = 7 M ; DTPA = 0.1 M ; pH = 1.2 

The p o s s i b i l i t y o f a p p l y i n g e x t r a c t i o n chromatography u s i n g 
TBP to the t r e a t m e n t o f h o t t a r g e t s was a t t e m p t e d on the d i s s o l u 
t i o n l i q u o r o f an e x p e r i m e n t a l P U O 2 / A I t a r g e t d e s c r i b e d i n T a b l e 
I I . A f t e r b a t c h e x t r a c t i o n o f 2 1 + 2 P u u s i n g a TLAHNO3 s o l u t i o n , the 
l a n t h a n i d e s / t r a n s p l u t o n i u m elements s e p a r a t i o n i s c a r r i e d o u t 
among the e x p e r i m e n t a l c o n d i t i o n s d e f i n e d i n T a b l e I V . 

The f o l l o w i n g r e s u l t s a r e o b t a i n e d : a) l a n t h a n i d e and t r a n s 
p l u t o n i u m f i x a t i o n o c c u r e d i n the sequence : heavy l a n t h a n i d e s 
(Eu) > t r a n s p l u t o n i u m s > l i g h t l a n t h a n i d e s ( C e ) , ( m 1 3 7 C s ) , ( 1 0 3 

1 0 6 R u ) and aluminum escape p a r t i a l l y , b) i n the s c r u b b i n g s t a g e , 
a f r a c t i o n o f the c e s i u m and r u t h e n i u m i s e l i m i n a t e d w i t h the a l u 
minum, c) the t r a n s p l u t o n i u m elements are e l u t e d i n the o r d e r : 
C f , Cm, Am ; e u r o p i u m i s e l u t e d d i r e c t l y a f t e r Am. d) n i t r i c s t r i p 
p i n g o f the column c o n t a i n s 1 k t * C e , r u t h e n i u m and c e s i u m . The e l u 
t i o n c u r v e i s g i v e n i n f i g u r e © . The a c t i n i d e s are thus r i d o f 
most o f l a n t h a n i d e s and o t h e r f i s s i o n p r o d u c t s i n a s i n g l e c y c l e . 
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4. BOURGES E T A L . Transuranium Elements Production 43 

The f i s s i o n p r o d u c t d e c o n t a m i n a t i o n f a c t o r s f o r the t h r e e 
t r a n s p l u t o n i u m f r a c t i o n s c o l l e c t e d , i . e . 5 yg of 2 5 2 C f , 253 mg o f 
2 u 1 1 Cm, 50 mg o f 2 1 + 3 A m are g i v e n i n T a b l e V . 

T A B L E V 
ΐλΛλΑΌΥΐ product decontamination fiactotu 
oi inaction* 2 5 2 C r f , 21+i*Cm and 2 1 + 3 Am. 

c a l i f o r n i u m 252 c u r i u m 244 a m é r i c i u m 243 

DF Ce > 7.5.10 1 * 150 170 
DF Eu > 5 . 1 0 3 280 115 
DF Ru 750 12.6 50 
DF Cs 5 . 1 0 3 272 580 

No r e t e n t i o n o f α e m i t t e r s was o b s e r v e d d u r i n g t h i s t r e a t m e n t , 
and the s e p a r a t i o n f a c t o r s o f t r a n s p l u t o n i u m elements i n r e l a t i o n 
to e u r o p i u m are r e s p e c t i v e l y : = π . 2 ; = 1.83 ; a|jj = 1 .23 . 
The good p e r f o r m a n c e l e v e l s o b t a i n e d w i t h t h i s TBP p r o c e s s l e t us 
to s e l e c t i t to d e v e l o p a p r o c e s s a p p l i c a b l e to the t rea tment o f 
i n d u s t r i a l t a r g e t s . 

The d i s s o l u t i o n o f an i n d u s t r i a l t a r g e t ( P u - A l ) i n n i t r i c 
a c i d g i v e s a s o l u t i o n whose m a i n c h a r a c t e r i s t i c s a re g i v e n i n 
f i g u r e (5). C h e m i c a l t rea tment o f t h i s s o l u t i o n i n c l u d e s t h r e e s u c 
c e s s i v e phases : a) h i g h a c t i v i t y β , γ (H.A) = s e p a r a t i o n o f p l u t o 
nium and s e p a r a t i o n o f t r a n s p l u t o n i u m elements f rom most o f the 
l i g h t l a n t h a n i d e s ( f i g u r e @ ; b) medium a c t i v i t y 3 , γ (M.A) = d e c o n 
t a m i n a t i o n o f t r a n s p l u t o n i u m elements f r o m l a n t h a n i d e s and the 
f i r s t s t a g e s o f Am/Cm s e p a r a t i o n s ( f i g u r e ( § ) ; c) low a c t i v i t y β , γ 
( L . A ) = f i n a l Am/Cm s e p a r a t i o n s and p u r i f i c a t i o n o f 2 l + 3 A m and 2 M + Cm 
p r o d u c e d ( f i g u r e © ) . The use o f the c h r o m a t o g r a p h i c t e c h n i q u e a l 
lows r e c o v e r y o f a c t i n i d e s w i t h good y i e l d s i n H . A . t r e a t m e n t (see 
T a b l e V I ) . 

T A B L E V I 

PeAfionmance o£ "high activity" 6cpa/iationA 
d i s s o l u t i o n f i n a l s o l u t i o n s A m r 

l i q u o r s ( V - 8 8 £ ) (V =\2l; V =20 I) y i e l d DFJ 

g C i . I " 1 g m C i . l " 1 % 

2 " P u 44 39.5 (1) 90 
lit3Am 8.55 8.25 (2) 96.5 
" " C m 7.44 7.18 (2) 96 .5 
" "Ce 23 .9 2560 (2) 39 
1 2 5 S b 1.66 14.8 (2) 4 . 7 7 . 10 2 

10 3 
1 0 6 R u 75.5 130 (2) 2 .5 . 10 3 

1 3 it 
1 3 7 C s 194.7 9 .4 (2) 9 . 10* 
1 5 2 
1 5 t t E u 6.11 1500 (2) 17 

6 0 C o 0.066 - -
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44 ACTINIDE SEPARATIONS 

SCRUB ELUTION 
HNOj =2N H2SO4 = a75M 
Al**= 2M HNO3 = 0.2 Ν V = 4l V= 61 

FEED V: 88 I 
H*Î*2M; Al 3 * = 1.8 M 
Pu ~ 0.47 g.H ; Cm=0.081g.M 
Am = 0.0i7g.l-1;Lnit>/2.3 g.M 
OTHERS pF^1.54g.l~1 

U 2 p u 

~ 20g 

STATIONARY 
PHASE= 1 kg 

ELUTION 
LiNOj=7M 
DTPA=0.1M 

pH=1.2 
V = 201 

SCRUB 
LiN03=8M 
V~4 I 

|4M, V=tU 

SCRUB ELUTION 

I k 

τ 

0 

A 

" δ " 
242 pu 
~ 20 g 

Al(OH)2.25 (N03)o.7S 
4M . V = 10 1 I 

TO WASTE 
V = 62 I 

STATIONARY 
PHASE = 2.2 kg 

SCRUB 
LiN03= 8M 

V = 41 

AKNCbb, 9 H20 
8 kg 

SCRUB ELUTION 

" δ " 

ELUTION 
LiN03= 7 M 
DTPA= 0.1 M 

pH = 1.2 V=20l 

TO WASTE 
V = 62 I 

TO WASTE 
V* 48 I „ 

Ln3* (LIGHT) 
pF = Cs,Ru 

STATIONARY 
PHASE = 2.2 kg 

Cm: 0.35 g.1-1 

A m : 0.41 g.l"1 

Ln'*( HEAVY) 
V = 201 

* 
M.A 

Figure 5. Dissolution of a Pu-Al target in HNOs 
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Al( NOah, 9 HjQ 

Al (NOah, 9 H?0 

R E C Y C L I N 6 ^ C m 

SCRUB 9 , 
LiN03=8M 

E L U T I O N 

LiN03=9M 
DTPA = 0/IN 

pH= 5 

AKNO3) , 9H20 

S T A T I O N A R Y 
P H A S E = 1.1 kg 

το WASTE φ * τπ 
é é •0) 

2 "Cm *"Am 

Τ 
TO LA TO RECYCLING 

* 3 Am 

S T A T I O N A R Y 

P H A S E = 1.1 kg 

TO W A S T E 

ε Eu 

SCRUB ® 
L i N 0 3 = § M 1 

ADJUSTMENT 
. Al**=0.5M 

Al(N03)3 / 9 H20 

R E C Y C L I N G J "Am 

At(N03)3, 
TO WASTE 

TEL 

SCRUB 
L i N 0 3 = » M 

ELUTION 
LiN0s=8M 
DTPA =0.1 Ν 

pH = 12 

SCRUB 
L i N 0 3 = » M 

ELUTION 
LiN0s=8M 
DTPA =0.1 Ν 

pH = 12 

Τ 

θ 

Ρ 

ELUTION 
LiN0s=8M 
DTPA =0.1 Ν 

pH = 12 

Τ 

θ 

Ρ 

S T A T I O N A R Y 

P H A S E = 1.1 kg 

. TO WASTE 

RECYCLING 

2" Cm 

2 * 3 A m I 

f 

TO L. A 

Figure 6. First stages of Am-Cm separations 
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Figure 7. Final Am-Cm separations and purification of 243Am and 244Cm 
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S o l u t i o n (1) : 
S u l f o n i t r i c so l u t i o n s o f 2 4 2 P u ( 2 l t 2 P u was d e t e r m i n e d by 

r a d i o m e t r y , the w e i g h t s o f 2 l f 2 P u n o t e d above are thus approximate 
v a l u e s ) . 
S o l u t i o n (2) : 

S o l u t i o n o f t r a n s p l u t o n i u m elements o b t a i n e d a t the end o f 
h i g h a c t i v i t y t r e a t m e n t . 

A t the end o f t h i s s t a g e , the t r a n s p l u t o n i u m elements are 
r i d o f most o f the l i g h t l a n t h a n i d e s and o t h e r f i s s i o n p r o d u c t s , 
i t may be o b s e r v e d t h a t , c o n t r a r y to the d a t a i n T a b l e I I I , the 
d e c o n t a m i n a t i o n f a c t o r s o f the t r a n s p l u t o n i u m e l e m e n t s i n Ce and 
Eu a r e c o m p a r a b l e . An example o f good s e p a r a t i o n o f the c o u p l e 
Am/Cm i n M . A . t r e a t m e n t i s g i v e n i n f i g u r e ® . A t the end o f the 
L . A . t rea tment 2kkCm i s pure as shown i n T a b l e V I I . 

T A B L E V I I 
Ibotoplc composition o£ punl^lad cunlum 

(3g l o t ) 

mass number mass f r a c t i o n mass number 
b e f o r e a f t e r 

a n a l y t i c a l s e p a r a t i o n a n a l y t i c a l s e p a r a t i o n 
242 0.0043 ^ 0.0043 
243 0.006 = 0.0017 
244 0.9565 0.9605 
245 0.0133 0.0133 
246 0.0218 0.0218 

z l * 3 A m o b t a i n e d f r o m the TBP c y c l e s c o n t a i n s about 20% by 
w e i g h t o f t r i v a l e n t s e l e m e n t s , m a i n l y G d , Y and t r a c e s o f c u r i u m . 
I t i s p u r i f i e d a f t e r o x i d a t i o n o f the a m e r i c i u m to A m ( V I ) , e i t h e r 
by p r e c i p i t a t i o n o f f l u o r i d e s MF3 i n the p r e s e n c e o f an i n a c t i v e 
c a r r i e r by the method recommended by S . G . P r o c t o r ( 1 1 ) , o r by 
e x t r a c t i o n chromatography on HD(DiBM)P ( f i g u r e ® . L e t us d e s c r i b e 
the e x t r a c t i o n c h r o m a t o g r a p h i c p r o c e s s . 

The p r o c e s s i s b a s e d on the a p p l i c a t i o n o f the o u t s t a n d i n g 
p r o p e r t i e s o f b i s ( 2 , 6 - d i m e t h y l , 4 - h e p t y l ) p h o s p h o r i c a c i d ( H . D ( D i 
BM)P i n v e s t i g a t e d by G.W. M a s o n ; A . F . B o l l m e i e r and D . F . Peppard 
(9) i n l i q u i d - l i q u i d e x t r a c t i o n to the s e p a r a t i o n A m ( V I ) / C m ( I I I ) 
i n m i n u t e q u a n t i t i e s . Our p u r p o s e i s to adapt t h i s p r o c e s s to the 
s e p a r a t i o n Am(VI) /Cm(II I ) i n macro q u a n t i t i e s by the t e c h n i q u e o f 
e x t r a c t i o n chromatography . The main s t a g e s o f the p r o c e s s a r e 
f o l l o w i n g : a) o x i d a t i o n o f a m e r i c i u m : a m e r i c i u m and c u r i u m f r o m 
the TBP columns are p r e c i p i t a t e d i n h y d r o x i d e form and f i l t e r e d to 
e l i m i n a t e r a d i o l y s i s p r o d u c t s . These f r e s h h y d r o x i d e s a r e t a k e n up 
by a s o l u t i o n o f the f o l l o w i n g c o m p o s i t i o n : C H N O 3 = 0 .2 M , CflaN03 
= 2 M o r CH 3P0i*= 2 . 1 0 " 2 M (J2) , CK2S20e= 0 . 2 M, CAg N03= 2 . 1 0 - 2 M . 
A f t e r the a m e r i c i u m and c u r i u m go i n t o s o l u t i o n , the s o l u t i o n i s 
r a i s e d and t h e n k e p t a t 8 0 ° C f o r 30 m i n u t e s , b) c h r o m a t o g r a p h i c 
s e p a r a t i o n : a f t e r c o o l i n g a t ambient tempera ture f o r 10 m i n u t e s , 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, 0. C. 20036 
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48 ACTINIDE SEPARATIONS 

Concentration 
2 w C m or 

2 " A m 

2.0-1 i g - 1 " 1 ) 

1.6 A 

F E E D = DTPA= 0.1M ; A l 3 + = 0.5 M ; L 1 N O 3 7M 

SCRUB = L 1 N O 3 8 M 

ELUTION = Li N O 3 8 M DTPA 0.1 M ; pH 1.20 

COLUMN T B P ( 2 5 % ) GAS CHROM Q 

m = 500 g I = 64 cm 0 4 . 2 cm 

FLOW RATE = 1.2 l . h - 1 

2 U Cm 1.51gl 

ι I 

1 ! 
1 2 4 3 A m (1.75 g > 

Π ! ι » Ι 
I I 
I I 

I I I 
0.5 

= 1.575 l V A m r 3 .251 
R 

Eluate volume 

Figure 8. Separation of Am-Cm in M.A. treatment 

t h i s s o l u t i o n i s i n j e c t e d i n t o a column l o a d e d w i t h a m i x t u r e of 
HD(DiBM)P (30% wtJ/G.C.Q p r e v i o u s l y t r e a t e d by the o x i d i z i n g s o l u 
t i o n u n t i l maintenance o f the A g 2 + c o l o r a t i o n i n the e f f l u e n t 
s o l u t i o n . A m e r i c i u m i n o x i d a t i o n s t a t e VI i s f i x e d , g i v i n g a r i n g 
o f a g r e e n i s h c o l o r . The column i s t h e n s c r u b b e d w i t h the o x i d i 
z i n g s o l u t i o n . The a m e r i c i u m i s e l u t e d by a s o l u t i o n o f c o m p o s i 
t i o n : CN2H5N03= 0 . 5 M, CHN03 = 1M. The Am V I f i x a t i o n band i s 
d i s c o l o r e d by r e d u c t i o n w i t h the appearance o f Am(III ) and Am(V) 
i n s o l u t i o n . The r e s u l t s o b t a i n e d i n the p u r i f i c a t i o n o f a l o t o f 
about 3 g o f 2 l f 3 A m a r e p r e s e n t e d i n T a b l e V I I I , where one may n o t e 
the h i g h c u r i u m d e c o n t a m i n a t i o n f a c t o r o f the a m e r i c i u m . 

L e t us now make some g e n e r a l comments and remarks on t h i s p r o 
c e s s . 

Column b e h a v i o u r : I n h i g h a c t i v i t y medium the TOAHNO3 column 
o p e r a t e s a t 50% o f i t s exchange c a p a c i t y , o r about 20 g o f p l u t o 
n i u m . The two TBP columns mounted i n s e r i e s have an exchange c a p a 
c i t y o f 110 g o f l a n t h a n i d e s (mean a t o m i c w e i g h t 150 g ) , a l l o w i n g 
the f i x a t i o n o f the l a n t h a n i d e s p r e s e n t i n a h a l f t a r g e t . T h i s 
b e h a v i o u r i s c e r t a i n l y n o t o b t a i n e d and i t may be e s t i m a t e d t h a t a 
l a r g e f r a c t i o n o f l i g h t elements escapes i n the f i x a t i o n s t a g e . I n 
a c t u a l f a c t , a s i n g l e p a i r o f columns i s s u f f i c i e n t f o r the second 
p u r i f i c a t i o n c y c l e , w h i c h groups a l l the a m e r i c i u m and c u r i u m p r e 
s e n t i n the t a r g e t . T h i s escape o f l i g h t l a n t h a n i d e s can be 
e x p l a i n e d by the p r e f e r e n t i a l f i x a t i o n o f the Am/Cm c o u p l e . I n me-
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4. B O U R G E S E T A L . Transuranium Elements Production 49 

T A B L E V I I I 
Am(l/I) /Cm (I I I) AcpaAcuUon by extraction cknomcutogsiapky 

on a HV[VIM)? [30 % voolght) [GAS CHROM Q. column). 

N a t u r e o f 
s o l u t i o n 

2 1 + 3 A m 

mg 

2^Cm 

mg 

R e c o v e r y y i e l d s 
7 

2 4 3 A m ° 2kkCm 

D e c o n t a m i n a t i o n 
f a c t o r s 

Cm (Am) Am (Cm) 

Feed 3038 284 

L o a d i n g + 
w a s h i n g 

:c 296 " 104 2 7 — 

2U3Am 
s t r i p p i n g 

2927 0.137 96.34 0 .048 2 . 1 0 3 

•not moAusiablc -'"tetimatcd faorn the Kccovoxy yield o& Am 
column : H = 270 mm ; 0 = 34 mm 

127 g oi HV(ViBM)? [30% weight)/G.C.Q.. 

dium a c t i v i t y , o n l y 20% o f the chromatography column c a p a c i t i e s 
were e m p l o y e d . The f o l l o w i n g o b s e r v a t i o n s are r e l a t e d to the s t a 
b i l i t y o f the columns under i r r a d i a t i o n : a) I n H . A . β ,Ύ (350 C i . 
1 _ 1 ) appearance o f p r e f e r e n t i a l p a t h s and d e g a s s i n g o f s o l u t i o n s 
due to r a d i o l y s i s . D e s t r u c t i o n o f s t a t i o n a r y phase : b l a c k e n i n g 
and p a r t i a l c o l l a p s e o f the b e d . P a r t i a l c l o g g i n g o f columns by 
f o u l i n g ( i n s o l u b l e f i s s i o n p r o d u c t s ? ) . Drop i n exchange c a p a c i t y 
o f the column a s s o c i a t e d w i t h o b s e r v a t i o n s 1 and 2. A l l these 
o c c u r e n c e s r e q u i r e r e p l a c e m e n t o f the columns e v e r y 3 o r 4 c y c l e s . 
I n M . A . o r L . A . β , γ (10 C i . l " 1 to 100 y C i . l " 1 ) the o c c u r e n c e s d e s 
c r i b e d above a l s o a p p e a r , b u t to a l e s s e r e x t e n t . In t h i s case i t 
i s e s s e n t i a l l y the h i g h t a c t i v i t i e s o f α e m i t t e r s r e m a i n i n g i n the 
column w h i c h damage i t and r e q u i r e i t s r e p l a c e m e n t when about 1 k g 
o f s t a t i o n a r y phase has f i x e d a c u m u l a t i v e a c t i v i t y o f 820 C i o f 
α e m i t t e r s . The phenomenon o f r a d i o l y s i s i s v e r y i m p o r t a n t f o r c u 
r i u m s o l u t i o n s w i t h c o m p o s i t i o n CLÎN03 = 7 M, CDTPA = 0 · ! M> 
C 2 t + I + C m > 0 .5 g . l " 1 a t pH = 5 . The a d d i t i o n o f aluminum n i t r a t e to 
aged c u r i u m s o l u t i o n causes i n t e n s e l i b e r a t i o n o f gases ( n i t r o u s 
v a p o r s ) and c o n s i d e r a b l e foam f o r m a t i o n . These o c c u r e n c e s a r e c e r 
t a i n l y r e l a t e d to the f o r m a t i o n o f NOJ i o n s ( s t a b l e a t pH 5) under 
the a c t i o n o f r a d i o l y s i s ; these i o n s a r e c o n v e r t e d i n t o n i t r o u s 
a c i d , w h i c h i s i n s t a b l e a t h i g h e r a c i d i t i e s . The a d d i t i o n of n i t r i c 
a c i d b e f o r e aluminum n i t r a t e p r e v e n t s the u n d e s i r a b l e f o r m a t i o n o f 
t h e s e foams. 

CONCLUSIONS 
The t r e a t m e n t o f i r r a d i a t e d p l u t o n i u m t a r g e t s by e x t r a c t i o n 

chromatography a l l o w e d the p u r i f i c a t i o n o f the i s o t o p e s 2 l t 3 A m and 
2 l + t + C m on the s c a l e o f few tens o f grams. T h i s p r o c e s s p r o v e d to be 
e x t r e m e l y s i m p l e and f l e x i b l e , and y i e l d e d r e s u l t s w h i c h a re r e p r o 
d u c i b l e i n t i m e . The c h i e f advantage o f the TBP p r o c e s s o v e r the 
HDEHP p r o c e s s i n h i g h and medium a c t i v i t y c o n d i t i o n s l i e s i n the 
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50 A C T I N I D E S E P A R A T I O N S 

r a p i d a b s o r p t i o n / d e s o r p t i o n k i n e t i c s o f the e lements to be p u r i f i e d 
and i n the s e p a r a t i o n o f a m e r i c i u m from c u r i u m , w h i c h l a r g e l y o f f 
s e t s i t s lower s e l e c t i v i t y f o r l a n t h a n i d e e l e m e n t s . I t i s c e r t a i n l y 
p o s s i b l e to improve the performance o f t h i s p r o c e s s by : a) o p t i m i 
z a t i o n o f the c h a r a c t e r i s t i c s o f the s t a t i o n a r y p h a s e , b) i m p r o v e 
ment i n the f i l l i n g t e c h n i q u e and i n h y d r a u l i c o p e r a t i o n o f the 
c o l u m n s , c) o n - l i n e a n a l y s i s o f a m e r i c i u m (the " k e y " element i n 
a c t i n i d e / l a n t h a n i d e s e p a r a t i o n ) i n the e l u a t e . 

The a p p l i c a t i o n o f e x t r a c t i o n chromatography w i t h HD(DiBM)P 
to the p u r i f i c a t i o n o f 2 1 + 3 A m o f the end o f t r e a t m e n t makes the p r o 
c e s s more c o n s i s t e n t , e l i m i n a t e s the d e l i c a t e s t a g e s implemented 
i n h o t c e l l , and c o n s i d e r a b l y improves f i n a l p r o d u c t q u a l i t y . 
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5 
Plutonium Peroxide Precipitation: Review and 

Current Research 

P. G . H A G A N and F. J. M I N E R 

Rockwell International, Rocky Flats Plant, P.O. Box 464, Golden, C O 80401 

Plutonium was first discovered by Seaborg, MacMillan, 
Kennedy and Wahl on December 14, 1940. In September 1942, the 
first pure compound of plutonium, PuO2, was prepared by Cunning
ham and Werner. Since that time plutonium has been studied ex
tensively and its production, recovery, and purification have 
been well established. 

A prime responsibility of the Rocky Flats Plant since it 
was built by the Atomic Energy Commission some 25 years ago has 
been the recovery and purification of plutonium. This recovery 
and purification has been done using an aqueous process. One of 
the major steps in that process is the precipitation of plutonium 
peroxide. This step converts the plutonium from an aqueous to a 
solid form for further processing and conversion to metal. 

Plutonium can also be converted to a solid form by other 
precipitants such as oxalate or fluoride: flow sheets have, in 
fact, been developed for these reagents. However, peroxide was 
selected over other precipitants at Rocky Flats for two reasons: 
(1) no additional impurities are introduced by the use of H2O2 

as the precipitant and (2) the peroxide precipitation reaction 
is quite specific for plutonium. S igni f icant pur i f i ca t ion of 
plutonium can be real ized by prec ip i ta t ion of plutonium peroxide. 
This pur i f i ca t ion is espec ia l ly useful for removing americium, 
which is present in the process stream as a result of the beta 
decay of ^ ^ P u . 

Plutonium peroxide was investigated by Hamaker and Koch, ( 0 
Hopkins, (2) and Koshland, et a l . (3) in the 19^0's and Leary (4) 
in the early 1950 's . This work showed that the composition of 
the prec ip i tate varied and often incorporated anions from the 
solution from which it was prec ip i tated. These invest igat ions, 
as well as other work ( 5 ) , also showed that the peroxide prec ip
itate exists in both hexagonal and cubic c r y s t a l l i ne forms. 
Although both forms are compounds of Pu(lV), they have s l i gh t l y 
d i f ferent 0~/Pu rat ios (6). The cubic form can be co l l o ida l and 
therefore is less suitable for process appl icat ion than the hex
agonal form. The ac id i ty of the solution has an e f fect on the 

0-8412-0527-2/80/47-117-051$05.00/0 
© 1980 American Chemical Society 
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52 A C T I N I D E S E P A R A T I O N S 

crysta l structure with the cubic being favored at low a c i d i t i e s . 
There are some data that indicate sulfate ion aids in the 

formation of a more eas i l y f i l t e r e d plutonium peroxide p r e c i p i 
tate. Ganivet (7) found, for instance, that peroxide precipitated 
from a n i t r i c acid medium containing sulfate had better se t t l i ng 
character i s t i c s than prec ip i tates from comparable solutions to 
which no sul fate was added. However, sulfate in the prec ip i tate 
is undesirable, because of the corrosive ef fects i t can have on 
processing equipment. Mainland, et a l , (8) showed that by care
ful control of the prec ip i tat ion parameters, i t was possible to 
e f f ec t i ve l y prec ip i tate peroxide in the absence of su l fa te. 

The s o l u b i l i t y of plutonium peroxide in n i t r i c acid media 
(6^,8_,9) î s a function of the acid concentration as well as the 
concentrations of H2O2 and foreign ions. Typical s o l u b i l i t i e s 
range from 7 to 1190 mg plutonium per l i t e r as the acid con
centration varies from 1.2 to 5.2N (7). 

These invest igat ions, as well as others over the past three 
decades at Rocky Flats and at other s i t e s , indicate that there 
are a number of individual variables that a f fect the physical 
and chemical character i s t i c s of plutonium peroxide. The work in 
this area that is ava i lab le in the unc lass i f ied l i te ra ture has 
been summarized by Cleveland (10) . A review of the l i te ra ture 
indicates a lack of any planned investigative program that 
encompasses a l l of the var iables. This type of investigation is 
important, espec ia l ly from a production process viewpoint, for 
i t would ver i fy the re la t ive importance of the individual v a r i 
ables, as well as any s i gn i f i cant interactions between them. 

Over the years there have been a number of investigations 
at Rocky Flats with the goal of improving the production plutonium 
peroxide prec ip i ta t ion process. In many cases i t was d i f f i c u l t 
to interpret the results since the work was conducted in process 
equipment, often during process runs, and control of the many 
process variables was d i f f i c u l t or impossible. Therefore, a 
laboratory-based experimental program was undertaken with the 
object ive of ident i fy ing the variables that have a s i gn i f i cant 
e f fec t on the peroxide prec ip i ta t ion process as used at Rocky 
F la t s , ranking these variables in order of their e f f e c t , and, 
from the trends observed, se lect ing levels for the variables to 
optimize the production process. The results of this invest iga
tion are summarized in this paper. 

Experimental 

Based on experience at Rocky Flats and information from the 
l i t e r a tu re , s ix of the variables deemed most important in the 
prec ip i ta t ion of plutonium peroxide were selected for invest iga
t ion. These s ix , and the ranges over which they were investigated, 
are ident i f ied in Table I. 

It should be noted that the concentrations of HNO, and H o 0 o 
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H A G A N A N D M I N E R Plutonium Peroxide Precipitation 

TABLE I 

VARIABLES AND LEVELS USED IN INVESTIGATING 
THE PRECIPITATION OF PLUTONIUM PEROXIDE 

S t a t i s t i c a l 
Variable Level Designation 

X : HNO concentration 1.8M -1 
5 2.5M 0 

3.1M +1 

X ? : H 9 ° 9 concentration 2.9M -1 
Z 3.9M 0 

4.9M +1 

X-: Impurities concentration Present -1 
Absent +1 

X^: Digestion time 30 min -1 
60 min 0 
90 min +1 

Χ ς : Rate of HO addition 1.8 ml/min -1 
1.2 ml/min 0 
0.6 ml/min +1 

X/-: Temperature 22°C -1 
14°C 0 
6°C +1 
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given in Table I are the concentrations that exist in the f ina l 
so lut ions. These are more meaningful values, as far as the pre
c ip i t a t i on of plutonium peroxide is concerned, than are the 
i n i t i a l concentrations of the reagents. 

The following variables were held constant throughout the 
experiments. 

1. Plutonium concentration (in HNO3 feed so lut ions) : 43 g/1. 
2. Total volume: 35.4 ml. 
3. Pattern of H2O2 addi t ion: The total amount of H2O2 was 

added at the predetermined rate, i . e . , there was no 
change in the rate during the addition of the H2O2, nor 
were there extended time intervals between the addition 
of portions of the H2O2. 

F i l t r a t i o n rate and the plutonium concentration in the 
f i l t r a t e were the dependent variables measured in the experiment. 
These were selected because they are the process variables that 
most d i rec t l y measure the e f f i c iency of the production p r e c i p i 
tation process and are therefore a d i rect measure of operating 
e f f i c i ency of the process. 

Reagents and Equipment. The plutonium used in the exper i 
ments was prepared by d isso lv ing e lectroref ined plutonium metal 
in HC1, then converting to HNO3 medium using an anion exchange 
resin column. The solutions were checked spectrophotometrical1 y 
for the presence of Pu(Vl) (11). Any Pu(Vl) present was destroy
ed by the addition of a minimal amount of H2Û2. If this i n i t i a l 
addition of H2O2 did not el iminate the Pu(Vl), the treatment was 
continued unt i l a l l of the Pu(Vl) was converted to Pu(lV). 
Reagent grade HNO3 was then added to adjust the solutions to the 
required plutonium and HNO3 concentrations. 

The H2O2 used was the same as used in the production opera
t ions. It was manufactured by Shell Chemical and contained 11.8 
moles H2O2 per l i t e r . 

Impurities were added to the plutonium n i t rate solution as 
a mixture. The individual metal ion impurities and their con
centrations in the HNO3-PIutoniurn solution were as fol lows: Fe, 
0.31 g/1; Cr, 0.04 g/1; Ni , 0.06 g/1; Cu, 0.03 g/1; Pb, 0.02 g/1. 
The part icu lar metal ions used as impurit ies, and their concen
t rat ions , were based on analyses of a series of production 
plutonium n i t rate feed solut ions. The impurity solution was made 
by d isso lv ing e i ther the metal (Fe), or the n i t rate sa lts (Cr, 
N i , Cu, and Pb), in 3M HNO3. When impurities were required in 
a run, 1 ml of this solution was added. When they were not, 1 ml 
of 3M HNO3 was added to maintain a constant volume. 

Water c i rcu lated from a constant temperature bath was used 
to control the temperature. The buret used in adding the H2O2 
was jacketed so that water could be c i rcu lated through i t . The 
beaker containing the piutonium-HNÛ3 solution was placed in a 
small water bath cooled with co i l s containing water from the 
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5. H A G A N A N D M I N E R Plutonium Peroxide Precipitation 55 

constant temperature bath. An acid resistance transducer con
nected to a d i g i t a l temperature readout meter was used to measure 
the temperature of this piutonium-containing so lut ion. 

A M Fi1terometer" was used to measure the f i 1 te rab i 1 i t y of 
the plutonium peroxide prec ip i ta te . This equipment, designed 
espec ia l ly for this work, consisted of a ca l ibrated tube (from a 
100 ml buret) attached to a funnel-type support containing a wire 
screen. A M i l l ipore f i l t e r (Solv inert, 1.5ym mean pore size) 
was supported by this screen. The t ip of the funnel extended 
down into a 500 ml Erlenbeyer f i l t e r f lask and a constant vacuum 
of 5.08 cm of Hg was applied through the side arm of the f lask. 
The time required for a measured quantity (approximately 30 ml) 
of the peroxide s lurry to be f i l t e r e d was recorded. 

A new Mi l l ipore f i l t e r was required for each experiment. In 
order that the f i l t r a t i o n time be a measure of the f i 1 te rab i 1 i t y 
of the plutonium peroxide only, the f i l t r a t i o n character i s t i c s 
of each of the Mi l l ipore f i l t e r s should be the same. However, 
there were large var iat ions in flow rates of water between f i l t e r s . 
Two steps were taken to el iminate as much of this v a r i a b i l i t y as 
poss ible. F i r s t , f i l t e r s were pretested. Using a vacuum of 
2.5^ cm of Hg, a f i l t e r had to permit the passage of 50 ml of 
water through the Filterometer within a time range of 28 to 37 
seconds. If the f i l t r a t i o n time exceeded 37 seconds, the f i l t e r 
was discarded. If the time as less than 28 seconds, i t was 
combined with another f i l t e r and tested again. If the time for 
the combined f i l t e r s f e l l within the time range, they were used. 
If not, they were discarded. The second step taken to el iminate 
v a r i a b i l i t y — i n this case the v a r i a b i l i t y within the 28 to 37 
second range—involved the use of re la t ive rather than absolute 
f i l t r a t i o n times. Relative f i l t r a t i o n times were calculated 
as follows (12): 

plutonium peroxide s lurry (^ 30 ml) f i l t r a t i o n time, sec 
water (kO ml) f i l t r a t i o n time, sec 

In a run, for example, in which the f i l t r a t i o n time for water 
was 33 seconds and for plutonium peroxide 96 seconds, the re
l a t i ve f i l t r a t i o n time is 2 . 9 1 . 

The volume of the plutonium peroxide s lurry varied s l i gh t l y 
depending upon the experimental condit ions. This variance ranged 
from 29.4 to 31.6 ml with an average of 30.1 ml. (These are 
buret readings and they do not include the volume of the section 
of the Filterometer containing the f i l t e r ) . To correct for 
this var iat ion in volume, the re la t ive f i l t r a t i o n time ca lcu
lated above was mult ip l ied by the factor 

30.1 ml 
measured s lurry volume, ml 

This corrected re lat ive f i l t r a t i o n time was the time used in the 
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s t a t i s t i c a l evaluation of the experiments for f i 1 te rab i1 i t y . 
The concentration of plutonium in the f i l t r a t e , which is a 

measure of the completeness of prec ip i tat ion and so the amount of 
plutonium recycle required, was determined coulometrical ly. 
These concentrations were used in the s t a t i s t i c a l evaluation of 
the experiments as a measure of the completeness of p rec ip i t a t i on . 

Experimental Design. The experimental design used in the 
investigation was a f ract ional mixed factor ia l for f i ve variables 
at 3 levels and one variable at 2 leve l s . A f u l l f ac tor ia l 
design would have required 486 runs. This f ract ional f ac tor ia l 
design required only 70 runs, three of which were duplicates used 
to measure the precis ion of the experimental methods. 

Procedure. An experimental run was conducted as fol lows: 
The levels for each of the s ix variables were determined from a 
Master Run Sheet on which a l l 70 runs were arranged in a random 
sequence. For convenience, these levels were noted on a Run 
Sheet used to record a l l information about this part icu lar run. 
Twenty m i l l i l i t e r s of the HNO3-PIutoniurn solution of the required 
HNO3 concentration were measured by pi pet and transferred to a 
100 ml polyethylene beaker. A p l a s t i c beaker was used in pre
ference to a glass one because the plutonium peroxide s lurry could 
be transferred to the Filterometer without retention of any of 
the prec ip i tate on the beaker wall . If impurities were required 
for the run, 1 ml of the impurity solution was added. If they 
were not, 1 ml of 3M HNO3 was added. The beaker containing the 
HNO3, Plutonium, and impurities was placed in a small water bath 
where it was cooled to the desired temperature. The beaker re
mained in this water bath throughout the prec ip i ta t ion and diges
t i on , and the solution was s t i r red continuously. Hydrogen pero
xide, cooled to the required temperature, was added at the pre
determined rate. The measurement of digestion time begain with 
the addition of the H2O2. 

Just pr ior to the end of the digestion time, water cooled 
to the required temperature was added to the s lurry i f necessary 
to bring i t up to volume. This addition of water was necessary 
for runs using the two lower H2O2 concentrations - 7·7 ml of 
water for 2.9M Η 2 0 2 , and 4.3 ml for 3-9M Η 2 θ2· The water com
pensated for the differences in the i n i t i a l volumes of H2O2. 

At the end of the digestion time the plutonium peroxide 
s lurry was transferred to the Fi lterometer. The volume of the 
s lurry was measured to the nearest m i l l i l i t e r and the time re
quired for f i l t r a t i o n to the nearest second. The volume of the 
f i l t r a t e was also measured to the nearest m i l l i l i t e r and then 
di luted with an equal volume of concentrated HNO3. This HNO3 
dissolved any plutonium peroxide present and prevented any post 
p rec ip i ta t ion . The f i l t r a t e was then analyzed coulometrical ly 
for plutonium. From the f i l t r a t i o n time, s lurry volume, and the 
plutonium analysis data, the re la t ive f i l t r a t i o n time and the 
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5. H A G A N A N D M I N E R Plutonium Peroxide Precipitation 57 

plutonium concentration in the f i l t r a t e were ca lcu lated. 

Results 

The data obtained from the experiments were used to develop 
an equation that relates e i ther the re la t ive f i l t r a t i o n time or 
the plutonium concentration in the f i l t r a t e to the s ix variables 
selected for invest igat ion. The equation, which is given in 
Table II in abbreviated form, considers the main e f fects of the 
six variables (X], X2,--.X6) a s w e H a s a l l possible f i r s t order 

In the equation, Y is e i ther the re lat ive f i l t r a t i o n time or 
the plutonium concentration in the f i l t r a t e , depending upon which 
experimental data are used. The X's are s t a t i s t i c a l designations 
of the part icu lar variables as given in Table I, i . e . , X] = HNOj 
concentration, X2 = H2O2 concentration, e tc . The b's are c o e f f i 
cients which were derived from the experimental data obtained in 
the work. The b values are tabulated in abbreviated form in 
Table II. The equation can be used to calculate e i ther the re
la t ive f i l t r a t i o n time or the plutonium concentrations in the 
f i l t r a t e at any spec i f i c value of a variable as long as that 
value is within the range that was used for that variable in the 
experiment. This ca lculat ion is made by subst i tut ing the desired 
value for the appropriate X in the equation. The absolute value 
is not substituted into the equation, but rather a number between 
-1 and +1 that is proportional to the spacing within the range 
of the variables investigated. For instance, the range of tem
perature investigated was 22° (-1) to 6° (+1) [see Level and 
S ta t i s t i ca l Designation columns in Table 1]. To obtain data for 
temperatures of 18° and 10°, -0.5 and +0.5 would be subst ituted, 
respect ively, for Xg. 

The predicted re lat ive f i l t r a t i o n times and the plutonium 
concentrations in the f i l t r a t e s were computed for a number of 
combinations of X ' s . The series of curves that follow (Figures 1 
through 12) were adapted from curves plotted by the computer and 
are useful in showing some of the relat ionships that ex i s t . They 
do not by any means include a l l of the curves that were drawn, 
but rather selected ones that are useful in indicat ing trends. 

Each of the following figures show the ef fect of changes in 
two of the variables on e i ther the re la t ive f i l t r a t i o n time 
(Figures 1 through 6) or the plutonium concentration in the 
f i l t r a t e (Figures 7 through 12). One of the variables being 
investigated is given on the abscissa and the other in the legend 
for each f igure. The rest of the data in the legend indicate the 
values used for the remaining four variables which were held 
constant for the ca lcu la t ion . 

or two-factor interactions 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
5

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



A C T I N I D E S E P A R A T I O N S 

TABLE I I 

GENERAL EQUATION AND 
VALUES OF COEFFICIENTS 

Y = b 0 + b ] X ] + b 2 x 2 + .... ' + b 6 X 6 

b 7 X , X 2 + b 8 X l X 3 + · · · · b 1 2 X 2 X
3

 + 

b 1 3 X 2 \ · · · · b l 6 X 3 X i ( + 

b 1 9 X 4 X 5 + . . . . b 2 1 X 5 X 6 . 

Coeff ic ient 
Relative F i l t r a t i o n 

Time 
Pu Concentration 

in F i l t r a t e 

bO 
bl 
b 2 

H.Oit 
-15.97 
- 0.1633 

1.263 
1.118 

-O.8838 

b6 

b 7 

3.821 
3-763 

-1.016 

-O.I67O 
-1.148 
0.4061 

b 12 
b 13 

-1.801 
-1.666 

-O.I7I7 
-O.OI744 

bl6 -O.2749 -0.2299 

b l 9 -5.960 -0.06681 

b21 -2.568 -0.2157 
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5. H A G A N A N D M I N E R Plutonium Peroxide Precipitation 59 

Figures 1-12. Effect of variables on relative filtration time, specific conditions 
listed below. 

Figure 1. Impurities, present; digestion 
time, 60 min; H202 addition rate, 1.2 ml/ 
min; temperature, 14° C; [H2Oo]: ( Q ) 

2.9M, (χ) 3.9M, ( θ ) 4.9Û. 

Figure 3. Impurities, present; digestion 
time, 60 min; H202 addition rate, 1.2 ml/ 
min;[H202], 2.9M; temperature: ( Q ) 

22°C,(X)140C,(0)6°C. 

Figure 5. Impurities, present; [H202], 
2.9M, temperature, 14°C; [ΗΝ03], 2.5M; 
digestion time: ( Q ) 30 min, (X) 60 min, 

(O)90 min. 

Figure 7. Impurities, present; [H202], 
2.9M; H202 addition rate, 1.2 ml/min; 
temperature, 14°C; digestion time: (•) 

30 min, (X)60 min, (O)90 min. 

Figure 9. Digestion time 60 min; H202 

addition rate, 1.2 ml/min; temperature, 
14°C; [ΗΝ03], 2.5M; impurities: (U) 

present, (O) absent. 

Figure 11. Impurities, present; diges
tion time, 60 min; temperature, 14°C; 
[HN03], 2.5M; [H202]: (Π) 2.9M, (χ) 

3.9M, (Ο) 4.9M. 

Figure 2. Impurities, present; digestion 
time, 60 min; [H202], 2.9M; tempera
ture, 14°C; H202 addition rate: ( Q ) 1.8 
ml/min, (χ) 1.2 ml/min, (O) 0.6 ml/ 

min. 

Figure 4. [H202], 2.9M, digestion time, 
60 min; temperature, 14°C; [HN03], 
2.5M; impurities: (•) present, (O) ab

sent. 

Figure 6. Impurities, present; digestion 
time, 60 min; H202 addition rate, 1.2 ml/ 
min; [ΗΝ03], 2.5M; [H202]: (Π) 2.9M; 

(X)3.9M,(0)4.9M. 

Figure 8. Impurities, present; digestion 
time, 60 min; H202 addition rate, 1.2 ml/ 
min; temperature, 14°C; [HN03]: (\Z\) 

1.8M,(X)2.5M,(0)3.1U. 

Figure 10. Impurities, present; H202 

addition rate, 1.2 ml/min; temperature, 
14°C; [HN03], 2.5M; [H202], (Π) 2.9M, 

(X)3.9M,(0) 4.9M. 

Figure 12. Impurities, present; H202 

addition rate, 1.2 ml/min; [H202], 2.9M; 
[ΗΝ03], 2.5M; temperature: (\J) 22°C, 

(X)14°C,(0)6°C. 
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1.8 2.5 3.1 

H N O , C O N C E N T R A T I O N , M 

Figure 1 

60 

1.8 2.5 3.1 

H N 0 3 C O N C E N T R A T I O N , M 

Figure 2 

2.5 3.1 

Η Ν Ο 3 C O N C E N T R A T I O N , M 

Figure 3 

1.2 0.6 

A D D I T I O N R A T E , ml/min 

Figure 4 

60 r 

30 

_J 

1.2 0.6 

A D D I T I O N R A T E , ml/min 

Figure 5 

22 14 6 

T E M P E R A T U R E , D E G R E E S C 

Figure 6 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
5

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



5. H A G A N A N D M I N E R Plutonium Peroxide Precipitation 61 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
5

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



62 A C T I N I D E S E P A R A T I O N S 

E f f e c t o f V a r i a b l e s on R e l a t i v e F i l t r a t i o n T i m e 

N i t r i c A c i d C o n c e n t r a t i o n . The n i t r i c a c i d c o n c e n t r a t i o n 
h a s a m a j o r e f f e c t on t h e r e l a t i v e f i l t r a t i o n t i m e . T h i s i s 
i n d i c a t e d by t h e g e n e r a l l y s t e e p s l o p e s o f t h e p l o t s i n F i g u r e s 
1, 2 , a n d 3. I r r e s p e c t i v e o f t h e o t h e r v a r i a b l e s , t h e r e l a t i v e 
f i l t r a t i o n t i m e d e c r e a s e s a s t h e n i t r i c a c i d c o n c e n t r a t i o n 
i n c r e a s e s . The i n t e r a c t i o n b e t w e e n t h e n i t r i c a c i d c o n c e n t r a t i o n 
and t h e h y d r o g e n p e r o x i d e a d d i t i o n r a t e i s n o t a b l e ( F i g u r e 2 ) . 
A t l o w a c i d c o n c e n t r a t i o n s , t h e r e i s a c o n s i d e r a b l e d i f f e r e n c e i n 
f i l t r a t i o n t i m e s b e t w e e n t h e t h r e e l e v e l s o f t h e h y d r o g e n p e r o 
x i d e a d d i t i o n r a t e . B u t a s t h e a c i d c o n c e n t r a t i o n i n c r e a s e s , 
t h i s d i f f e r e n c e d e c r e a s e s d r a m a t i c a l l y . 

H y d r o g e n P e r o x i d e A d d i t i o n R a t e . A s t h e h y d r o g e n p e r o x i d e 
a d d i t i o n r a t e d e c r e a s e s , t h e r e l a t i v e f i l t r a t i o n t i m e d e c r e a s e s . 
A g a i n , t h i s o c c u r s i r r e s p e c t i v e o f t h e o t h e r v a r i a b l e s ( F i g u r e s 
4 a nd 5 ) . T h e r e i s t h e i n t e r e s t i n g i n t e r a c t i o n b e t w e e n t h e h y d r o 
gen p e r o x i d e a d d i t i o n r a t e a n d t h e n i t r i c a c i d c o n c e n t r a t i o n a s 
n o t e d a b o v e . In a d d i t i o n , t h e r e a c t i o n b e t w e e n t h e h y d r o g e n 
p e r o x i d e a d d i t i o n r a t e a n d t h e d i g e s t i o n t i m e a s i t e f f e c t s t h e 
f i l t r a t i o n t i m e i s s omewhat o u t o f t h e o r d i n a r y ( F i g u r e 5 ) . A t 
t h e s h o r t e s t d i g e s t i o n t i m e , t h e r e l a t i v e f i l t r a t i o n t i m e i s 
e s s e n t i a l l y c o n s t a n t a s t h e h y d r o g e n p e r o x i d e a d d i t i o n r a t e 
d e c r e a s e s . B u t a t t h e l o n g e s t d i g e s t i o n t i m e , t h e r e l a t i v e f i l 
t r a t i o n t i m e i s some s e v e n t i m e s g r e a t e r a t t h e f a s t e s t h y d r o g e n 
p e r o x i d e a d d i t i o n r a t e t h a n i t i s a t t h e s l o w e s t a d d i t i o n r a t e . 

T e m p e r a t u r e . A s t h e t e m p e r a t u r e d e c r e a s e s , t h e r e l a t i v e 
f i l t r a t i o n t i m e i n c r e a s e s ( F i g u r e 6 ) . The i n c r e a s e i s r e l a t i v e l y 
s m a l 1 , h o w e v e r . 

D i g e s t i o n T i m e . G e n e r a l l y , t h e s h o r t e s t d i g e s t i o n t i m e g i v e s 
t h e s h o r t e s t r e l a t i v e f i l t r a t i o n t i m e ( F i g u r e 5 ) . 

I m p u r i t y C o n c e n t r a t i o n . In a l l c a s e s , when m e t a l l i c i m p u r 
i t i e s a r e p r e s e n t t h e r e l a t i v e f i l t r a t i o n t i m e i s s h o r t e r t h a n 
when t h e y a r e a b s e n t ( F i g u r e 4 ) . The d i f f e r e n c e s , h o w e v e r , a r e 
n o t g r e a t . 

H y d r o g e n P e r o x i d e C o n c e n t r a t i o n . G e n e r a l l y , t h e l o w e s t 
h y d r o g e n p e r o x i d e c o n c e n t r a t i o n g i v e s t h e s h o r t e s t r e l a t i v e f i l 
t r a t i o n t i m e ( F i g u r e s 1 a n d 6 ) . H o w e v e r , t h e d i f f e r e n c e s i n 
r e l a t i v e f i l t r a t i o n t i m e b e t w e e n t h e v a r i o u s h y d r o g e n p e r o x i d e 
c o n c e n t r a t i o n l e v e l s a r e v e r y s m a l l . 

E f f e c t o f V a r i a b l e s on t h e P l u t o n i u m C o n c e n t r a t i o n 
i n t h e F i l t r a t e 

N i t r i c A c i d C o n c e n t r a t i o n . The c o n c e n t r a t i o n o f n i t r i c a c i d 
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5. H A G A N A N D M I N E R Plutonium Peroxide Precipitation 63 

has a major influence on the plutonium concentration in the 
f i l t r a t e just as i t has on the re la t ive f i l t r a t i o n time. The 
plutonium concentration in the f i l t r a t e generally increases with 
an increase in the acid concentration i rrespect ive of the other 
variables (Figures 7 and 8 ) . The only exception is at the high
est hydrogen peroxide concentration where the reverse is true 
(Figure 8 ) . 

Hydrogen Peroxide Concentration. Generally, as the hydro
gen peroxide concentration increases, the plutonium concentration 
in the f i l t r a t e decreases (Figures 8, 9 and 10). There is a 
reversal of this re lat ionsh ip, however, at the lowest acid con
centration (Figure 8 ) . 

Impurity Concentration. The plutonium concentration in the 
f i l t r a t e is less when impurities are present than when they are 
absent (Figure 9 ) . 

Hydrogen Peroxide Addition Rate. Although the e f fect is 
small, the slower the rate of hydrogen peroxide addi t ion, the 
higher the concentration of plutonium in the f i l t r a t e (Figure 11). 

Digestion Time. The longer the digestion time, the lower 
the concentration of plutonium in the f i l t r a t e (Figures 10 and 
12). The decrease in the plutonium concentration is not very 
great, however. 

Temperature. Generally, the plutonium concentration in the 
f i l t r a t e increases as the temperature decreases (Figure 12). 

Discussion 

The objective of this investigation was to identi fy those 
variables that have an ef fect on the prec ip i ta t ion of plutonium 
peroxide, rank these variables in order of their e f f e c t , and 
then select levels for each of the variables that w i l l give an 
optimum prec ip i ta t ion of plutonium peroxide. 

The ident i f i ca t ion of those variables that have a major 
e f fect on plutonium peroxide prec ip i ta t ion was done in two ways. 
The f i r s t way used t - tes t values associated with each var iab le. 
The comparative magnitude of these values indicates the re la t ive 
importance of the var iab le. The second way involved a subjective 
evaluation of the re la t ive importance of each of the variables 
based on a visual comparison of the graphs constructed from the 
experimental data (Figures 1 through 12 plus a couple of dozen 
other comparable graphs that could not be included in this paper 
because of space l im i ta t ions ) . The results of the subjective 
evaluation indicate that only the n i t r i c acid concentration and 
the rate of hydrogen peroxide addition have a major e f fect on the 
re la t ive f i l t r a t i o n time. The other four variables influence the 
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64 A C T I N I D E S E P A R A T I O N S 

re la t ive f i l t r a t i o n time, but to a lesser extent. The n i t r i c 
ac id , hydrogen peroxide, and impurity concentrations have the 
major ef fects on the plutonium concentration in the f i l t r a t e . 
The other three variables have a lesser e f fec t . 

Unfortunately, a change in one variable can have a desired 
e f fec t on the re lat ive f i l t r a t i o n time, but an undesirable e f fect 
on the plutonium content of the f i l t r a t e . This is the s i tuat ion 
with n i t r i c ac id . Increasing the n i t r i c acid concentration im
proves the f i1 terab i1 i t y of the prec ip i tate but at the same time 
increases the plutonium content of the f i l t r a t e . This same type 
of s i tuat ion ex i s t s , but to a lesser degree, for a l l the other 
variables except the digestion time and the impurity concentration. 

The t - tes t data for both re la t ive f i l t r a t i o n time and 
plutonium concentration in the f i l t r a t e are given in Table III. 
The larger the value associated with a var iab le, the more s i gn i 
f icant is the e f fec t of that var iab le. On this bas is, the v a r i 
ables that are most important to the re lat ive f i l t r a t i o n time are 
the n i t r i c acid concentration and the rate of hydrogen peroxide 
addit ion. The variables most important to the plutonium concen
trat ion in the f i l t r a t e are the n i t r i c ac id , hydrogen peroxide 
and impurity concentrations. Thus, the t - test data is in general 
agreement with the subjective evaluation. 

The variables can be ranked in order of importance based on 
the re la t ive magnitude of the t - tes t data given in Table III. 

TABLE I I I 

RELATIVE EFFECT OF VARIABLES 

t - tes t Data 

Variable 

Value 
Relative 

F i l t r a t i o n Time 

Value 
Pu Concentration 

in Fi1trate 

Impurity concn. 

Digestion time 

Rate H 2 0 2 addition 

Temperature 

HNO^ concn. 

H o 0 o concn. 

8.021 

0.093 

0.417 

0.764 

4.242 

1.523 

4.896 

4.401 

3.488 

1.860 

2.318 

0.586 
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5. H A G A N A N D M I N E R Plutonium Peroxide Precipitation 65 

The variable that is most important to the re lat ive f i l t r a t i o n 
time is the n i t r i c acid concentration. This is followed by the 
rate of hydrogen peroxide addit ion. The remaining four variables 
are of less importance, and, in fact , are not s t a t i s t i c a l l y 
s i gn i f i cant . The c r i t i c a l t value for s igni f icance at the 35% 
confidence level is 2.013 and these four variables have t values 
lower than th i s . 

Two variables are about equally important as far as the 
plutonium concentration in the f i l t r a t e is concerned. They are 
the n i t r i c acid concentration and the hydrogen peroxide concen
t rat ion. These are followed in order of importance by the im
purity concentration and the rate of hydrogen peroxide addit ion. 
The remaining two variables are not s t a t i s t i c a l l y s i gn i f i cant . 

The t - tes t data, as well as the subjective evaluat ion, show 
that the plutonium concentration in the f i l t r a t e is more sens i 
t ive to the variables of the prec ip i ta t ion than is the re lat ive 
f i l t r a t i o n time. 

There were no s i gn i f i cant f i r s t or second order interactions 
between variables that effected either the re la t ive f i l t r a t i o n 
times or the plutonium concentrations in the f i l t r a t e . 

Conclusions and Recommendations 

Based on results obtained in this invest igat ion, the levels 
shown in Table IV are recommended for the s ix major variables in 
the plutonium peroxide prec ip i ta t ion process. These levels were 
selected to give the best compromise between the fastest f i l t r a 
tion time for the plutonium peroxide prec ip i tate and the lowest 
concentration of plutonium in the f i l t r a t e . 

The experimental work showed that increasing the HNO3 con
centration decreases the f i l t r a t i o n time but increases the 
plutonium concentration in the f i l t r a t e . A compromise was there
fore necessary in a r r i v ing at the values given. If a minimum 
plutonium concentration is required in the f i l t r a t e , the ac id i t y 
could be lowered to 1.9M with an approximate doubling in the 
f i l t r a t i o n time. 

The H0O2 concentration has l i t t l e e f fec t on f i l t r a t i o n time. 
However, the higher the H2O2 concentration, the less plutonium 
lost to the f i l t r a t e . Concentrations higher than the 22 moles/ 
mole Pu recommended (at least up to 30 molar which was the high
est investigated) would be benef ic ia l i f reagent costs are not 
excessive and production capacity exists for destroying the ex
cess H 2 0 2 in the f i l t r a t e . 

Although the e f fect is not large, f i l t r a t i o n time is shorter 
and the plutonium concentration in the f i l t r a t e is lower i f 
metal l ic impurities are present. From a pract ica l standpoint 
this means, simply, that some impurities can be present in the 
plutonium feed so lut ion. Since d i f ferent impurities can have 
d i f ferent e f fects on the ca ta l y t i c decomposition of H2O2, the 
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TABLE IV 

RECOMMENDED LEVELS FOR MAJOR VARIABLE 
IN PLUTONIUM PEROXIDE PRECIPITATION 

Variable Recommended Level 

HNO^ concentration 

H2^2 c o n c e n t r a t · ο η 

Impuri t ies 

2.3 to 2.7 M a 

22 moles/mole Pu 

Present 

Digestion Time 30 mi η 

2 moles/min/mole Pu in feed 

14°C 

H 2 0 2 Addition Rate 

Temperature 

a Concentration a f ter H o 0„ added to HNO -Pu feed so lut ion. 

impurities present in the feed solution should be known along 
with their concentrations. 

The slowest rate of H2O2 addition investigated gives a 
plutonium peroxide prec ip i tate with the fastest f i l t r a t i o n time. 
The rate of addition has very l i t t l e e f fect on the plutonium 
concentration in the f i l t r a t e . 

The temperature has l i t t l e ef fect on the f i l t r a t i o n time. 
The minimum concentration of plutonium in the f i l t r a t e is ob
tained at 22°C. However, 14°C is recommended since decomposition 
of H2O2, which could be catalyzed by impurities present, would be 
slower at 14°C than at 22°C. 

The e f fect of digestion time on both the f i l t r a t i o n time and 
the plutonium content in the f i l t r a t e is minor, so the shortest 
digestion time investigated is recommended. 

The recommended levels for each of the s ix variables are 
based on experiments tn which the plutonium peroxide p rec ip i t a 
tions were made by a batch process rather than by a continuous 
process. However, the recommendations would be appl icable, bas i 
c a l l y , to e i ther process. 
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6 
Actinide Extractants: Development, Comparison, 

and Future 

R. R. S H O U N and W . J. M c D O W E L L 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Actinide Separations Milestones 

In 1805 Bucholz noted that uranyl nitrate is very soluble in 
diethyl ether (1), and in 1842 Peligot purified uranyl nitrate by 
recrystallization from ether (2). These documented instances of 
the dissolution of an inorganic material in an organic solvent 
formed the basis for a method to separate and purify large quanti
ties of high-purity uranium and plutonium for the Manhattan Proj
ect by solvent extraction, initially using ether as an extractant. 
One of its first uses was to isolate element 94 (plutonium) in the 
Chicago Metallurgical Laboratory during the period 1942-1944. 
This objective was accomplished by ether extraction of uranyl 
nitrate, leaving the plutonium in the aqueous phase. In one in
stance, 300 lb of neutron-irradiated uranyl nitrate was separated 
batchwise by using 2- and 3-liter separatory funnels (3). 

In addition to the actinide separations needs that were 
recognized in the 19th century and the first half of the 20th 
century, a multitude of other separations problems currently need 
to be resolved. F o r example , we a r e now f a c e d w i t h the p r o b l e m 
of s e p a r a t i n g s e v e r a l new (man-made) a c t i n i d e s f r o m t h e o t h e r 
a c t i n i d e s , o r o t h e r groups of e l e m e n t s , f o r a n a l y t i c a l , e n v i r o n 
m e n t a l , and n u c l e a r waste h a n d l i n g p u r p o s e s . These needs have 
added s p e c i a l u r g e n c y to t h e n e c e s s i t y f o r d e v e l o p i n g methods f o r 
s e p a r a t i n g a c t i n i d e s f r o m a w i d e range o f u n d e s i r e d i o n s . I t i s 
hoped t h a t t h i s r e v i e w w i l l n o t o n l y s e r v e to c o r r e l a t e the 
r e f e r e n c e m a t e r i a l i n a u s e f u l manner, b u t a l s o p r o v i d e an u n d e r 
s t a n d i n g o f t h e a p p r o p r i a t e c o m b i n a t i o n o f m o i e t i e s needed to make 
the most e f f i c i e n t s e p a r a t i o n s agents f o r s p e c i f i c a p p l i c a t i o n s , 
and t h e r e b y c o n t r i b u t e t o t h e development o f b e t t e r e x t r a c t a n t s . 

N a t u r a l s u c c e s s o r s t o d i e t h y l e t h e r as an e x t r a c t a n t were 
v a r i o u s e t h e r s , p o l y e t h e r s , and a l c o h o l s such as d i b u t y l c a r b i t o l , 
known as " t r i e t h e r d i b u t o x y t e t r a e t h y l e n e g l y c o l , known as 
" p e n t a e t h e r , " and k e t o n e s such as m e t h y l i s o b u t y l k e t o n e , known 
as "MIBK" o r " h e x o n e " ( 4 ) . Most a p p l i c a t i o n s f o r the e t h e r 
e x t r a c t a n t s r e q u i r e d t h e a d d i t i o n o f h i g h c o n c e n t r a t i o n s of 

0-8412-0527-2/80/47-117-071$05.00/0 
© 1980 American Chemical Society 
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s a l t i n g agents to t h e aqueous phase to e f f e c t t r a n s f e r of t h e d e 
s i r e d m e t a l s p e c i e s i n t o t h e e x t r a c t a n t p h a s e . T h i s was a d i s a d 
v a n t a g e b o t h e c o n o m i c a l l y and i n h a n d l i n g and d i s p o s i n g o f t h e 
aqueous r a f f i n a t e f o r p u r p o s e s o t h e r t h a n a n a l y t i c a l a p p l i c a t i o n s . 

S e e k i n g o t h e r e t h e r - l i k e , a q u e o u s - i m m i s c i b l e compounds w i t h 
e l e c t r o n - d o n o r , c o o r d i n a t i v e p r o p e r t i e s l e d t o t h e r e c o g n i t i o n 
t h a t t r i b u t y l phosphate (TBP) had o u t s t a n d i n g q u a l i t i e s as an 
e x t r a c t a n t f o r u r a n y l , t h o r i u m , and c e r i u m ( I V ) n i t r a t e s f r o m 
s o l u t i o n s c o n t a i n i n g a d d i t i o n a l n i t r a t e i o n . T h i s r e p r e s e n t e d 
a major m i l e s t o n e i n the development o f new r e a g e n t s f o r s o l v e n t 
e x t r a c t i o n (4_, 5) . TBP i s p r e s e n t l y b e i n g used i n an i m p o r t a n t 
p r o c e s s (Purex) f o r s e p a r a t i n g and p u r i f y i n g u r a n i u m and p l u t o n i u m 
from s p e n t f u e l s i n n i t r i c a c i d s o l u t i o n . 

TBP has g a i n e d wide a c c e p t a n c e i n s e p a r a t i o n s 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 and waste h a n d l i n g b e c a u s e o f i t s e x c e l 
l e n t e x t r a c t i o n c h a r a c t e r i s t i c s and r e a d y a v a i l a b i l i t y ; however , 
i t has some d i s a d v a n t a g e s w i t h r e s p e c t to r a d i a t i o n s t a b i l i t y and 
aqueous-phase s o l u b i l i t y . A t l e a s t two homologs o f T B P , t r i h e x y l 
phosphate (THP) and t r i - ( 2 - e t h y l h e x y l ) phosphate (TEHP) , a r e 
e x c e l l e n t e x t r a c t a n t s , a r e l e s s aqueous s o l u b l e , and do n o t e x h i b i t 
the tendency toward t h i r d - p h a s e f o r m a t i o n o b s e r v e d when t h o r i u m 
i s e x t r a c t e d by TBP ( 6 , 7 ) . O t h e r e l e c t r o n - d o n o r a l k y l phosphates 
w i t h e x t r a c t i o n p r o p e r t i e s s i m i l a r t o T B P , such as d i b u t y l p h e n y l -
phosphate (DBPP) and d i - s e c - b u t y l p h e n y l p h o s p h o n a t e (DSBPP), a r e 
b o t h r a d i a t i o n - s t a b l e and show h i g h e r e x t r a c t i o n power f o r u r a n i u m 
and p l u t o n i u m . I n s p i t e o f the advantages of s u c h compounds, TBP 
remains l a r g e l y supreme i n i t s a p p l i c a t i o n because o f e s t a b l i s h e d 
use and c o m m e r c i a l a v a i l a b i l i t y . 

The a l k y l p h o s p h o r i c a c i d s were f i r s t r e c o g n i z e d as e x c e l l e n t 
a c t i n i d e e x t r a c t a n t s because d i b u t y l p h o s p h o r i c a c i d e x i s t e d as an 
i m p u r i t y i n TBP (8) . They e x t r a c t w e l l f r o m u n s a l t e d s o l u t i o n s and 
from systems such as s u l f a t e i n w h i c h TBP i s i n e f f e c t i v e . O r g a n o -
phosphorus a c i d s a r e thus s u i t a b l e f o r u r a n i u m h y d r o m e t a l l u r g i c a l 
a p p l i c a t i o n s where o r e i s l e a c h e d w i t h s u l f u r i c a c i d . The Dapex 
p r o c e s s i s an example i n w h i c h b i s ( 2 - e t h y l h e x y l ) p h o s p h o r i c a c i d 
(HDEHP) i s used a l o n e o r i n s y n e r g i s t i c c o m b i n a t i o n w i t h n e u t r a l 
organophosphorus compounds f o r u r a n i u m and vanadium r e c o v e r y 
(9,10). 

The a l k y l amines o f f e r g r e a t e r s e l e c t i v i t y t h a n o r g a n o p h o s p h o 
r u s compounds i n many a p p l i c a t i o n s , p a r t i c u l a r l y i n u r a n i u m h y d r o -
m e t a l l u r g y . Amine e x t r a c t i o n i s t y p i f i e d by the Amex p r o c e s s , 
w h i c h u s e s a t e r t i a r y o r b r a n c h e d s e c o n d a r y amine to e x t r a c t u r a n i u m 
from s u l f a t e l e a c h l i q u o r s (11) . A s i m i l a r p r o c e s s based on the 
use o f a p r i m a r y o r s t r a i g h t - c h a i n s e c o n d a r y amine (sometimes 
m o d i f i e d w i t h an o r g a n i c - s o l u b l e a l c o h o l ) has g i v e n good r e s u l t s 
i n t h o r i u m r e c o v e r y (12). 

Amines can a l s o be used t o s e p a r a t e the t r i v a l e n t a c t i n i d e s 
f rom the c h e m i c a l l y s i m i l a r t r i v a l e n t l a n t h a n i d e s . I n the Tramex 
p r o c e s s , a t e r t i a r y amine i s used as t h e e x t r a c t a n t f rom 10 to 12 M 
L i C l , 0.1 to 0.3 Ν AICI3, and 0.01 M HC1 ( 1 3 , 1 4 ) . The development 
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of the T a l s p e a k p r o c e s s was an i m p o r t a n t advance i n l a n t h a n i d e -
a c t i n i d e s e p a r a t i o n . H e r e , the l i q u i d c a t i o n exchanger HDEHP i s 
used to e x t r a c t t h e l a n t h a n i d e s f rom a s o l u t i o n c o n t a i n i n g c a r b o x -
y l i c a c i d s and o t h e r a q u e o u s - s o l u b l e c o m p l e x i n g a g e n t s t h a t p r e f e r 
e n t i a l l y r e t a i n t h e t r i v a l e n t a c t i n i d e s i n the aqueous p h a s e . 
T h i s p r o c e s s , w h i c h has the advantage o f b e i n g l e s s c o r r o s i v e 
t h a n Tramex, has had w i d e s p r e a d a p p l i c a t i o n s i n c e i t s development 
i n 1964 ( 1 5 , 1 6 ) . 

A l t h o u g h a v a r i e t y o f e x t r a c t a n t s have been s t u d i e d and t e s t 
ed f o r t h e i r s u i t a b i l i t y i n a n a l y t i c a l s e p a r a t i o n s of a c t i n i d e s , 
perhaps the most r e c e n t m i l e s t o n e i n the p r o c e s s u s e o f a c t i n i d e 
e x t r a c t a n t s i s t h e a p p l i c a t i o n o f the b i d e n t a t e c a r b a m o y l m e t h y l -
phosphonates ( 1 7 , 1 8 , 1 9 ) . The p i o n e e r i n g work on t h e s e compounds 
was done 15 y e a r s ago by S i d d a l l ( 2 0 , 2 1 ) . T h e i r p r i n c i p a l a d v a n 
tage i s t h e i r a b i l i t y to e x t r a c t the t r i v a l e n t , t e t r a v a l e n t , and 
h e x a v a l e n t a c t i n i d e s f rom c o n s i d e r a b l y more c o n c e n t r a t e d n i t r i c 
a c i d media t h a n o t h e r e x t r a c t a n t s . 

The e x t r a c t i o n c h e m i s t r y of the more i m p o r t a n t r e a g e n t s w i l l 
be examined, and t h e i r c h a r a c t e r i s t i c s compared, i n the f o l l o w i n g 
s e c t i o n . 

C l a s s e s of E x t r a c t a n t s 

C o o r d i n a t i v e E x t r a c t a n t s 

A l l n e u t r a l , e l e c t r o n - d o n o r e x t r a c t a n t l i g a n d s , L , b i n d 
n e u t r a l m e t a l s a l t s , such as s a l t s o f the t r i v a l e n t a c t i n i d e s , 
MA3, by c o m p l e t i n g t h e c o o r d i n a t i o n r e q u i r e m e n t s o f the m e t a l , M , 
to g i v e an a d d u c t ΜΑβ^ηί . T h i s i s t r u e o f e x t r a c t a n t s s u c h as 
e t h e r s , the a l k y l phosphate e s t e r s , the p h o s p h i n e o x i d e s , the 
amine s a l t s , and a l l e x t r a c t a n t s t h a t r e q u i r e t r a n s f e r o f a 
c h a r g e - e q u i v a l e n t amount o f a n i o n to the o r g a n i c phase to f o r m 
the e x t r a c t e d s p e c i e s . 

E t h e r s . A l t h o u g h e t h e r s h o l d an i m p o r t a n t h i s t o r i c a l p l a c e 
i n a c t i n i d e e x t r a c t i o n , t h e y a r e n o t u s e d e x t e n s i v e l y a t p r e s e n t . 
They a r e w e a k - L e w i s - b a s e c o o r d i n a t i v e e x t r a c t a n t s , whose c h e m i s t r y 
has been a d e q u a t e l y c o v e r e d i n e a r l i e r r e v i e w s ( 2 2 ) . 

Monodentate phosphate compounds. The monodentate phosphate 
compounds a r e s t r o n g e r L e w i s bases and have a h i g h e r c o o r d i n a t i n g 
a b i l i t y t h a n e t h e r s . T h e i r b a s i c i t y i s i n the o r d e r : phosphate < 
phosphonate < p h o s p h i n a t e < p h o s p h i n e o x i d e . T y p i c a l o f t h e i r 
b e h a v i o r i s t h e e x t r a c t i o n o f a c t i n i d e n i t r a t e s by T B P , w h i c h has 
been r e p o r t e d (23) a s : 

MA Q ( . + 3TBP ± MA - 3 T B P , . . (1) 
3(aq) +· 3 (org) 

E x t r a c t i o n by any t r i a l k y l p h o s p h a t e , p h o s p h o n a t e , p h o s p h i n a t e , 
o r p h o s p h i n e o x i d e would be s i m i l a r . I n g e n e r a l , compounds 
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c o n t a i n i n g c a r b o n - t o - p h o s p h o r u s bonds g i v e h i g h e r D T s t h a n the 
c o r r e s p o n d i n g e s t e r s . F o r example , p h o s p h i n e o x i d e s , w i t h t h r e e 
c a r b o n - p h o s p h o r u s b o n d s , g i v e h i g h e r D ' s f o r U02(N03>2, UO2SO4, 
U 0 2 C l 2 , Th(N0 3 )4 , a n d P u(^3)4 t h a n does T B P , w h i c h has no c a r b o n -
phosphorus bonds ( 2 4 ) . The o r d e r o f e x t r a c t i o n of t r i v a l e n t 
a c t i n i d e s by TBP a t 5 M HNO3 i s : Am < Cm < Bk < C f i Es ( 2 5 ) . 

A c o m p a r i s o n o f the e f f e c t o f the s t r u c t u r e o f phosphate 
e s t e r s on uranium e x t r a c t i o n f rom n i t r a t e media shows t h a t the 
e s t e r s f rom s e c o n d a r y a l c o h o l s g i v e h i g h e r u r a n i u m d i s t r i b u t i o n 
c o e f f i c i e n t s (Djj 's) t h a n t h o s e f rom p r i m a r y a l c o h o l s , p h e n y l e s t e r s 
e x t r a c t u r a n i u m l e s s s t r o n g l y t h a n a l k y l e s t e r s , and b e n z y l e s t e r s 
a r e i n t e r m e d i a t e i n e x t r a c t a n t s t r e n g t h f o r u r a n i u m ( 2 4 ) . 

The u s u a l e f f e c t o f i n c r e a s i n g t h e a c i d c o n c e n t r a t i o n i s r e 
p o r t e d t o be an i n c r e a s e i n t h e D M (due to i n c r e a s e d amounts o f 
the e x t r a c t a b l e MA3 i n the aqueous phase) f o l l o w e d by a d e c r e a s e 
i n t h e D M (due to f o r m a t i o n o f the e x t r a c t a n t - H N C ^ a d d u c t ) , r e s u l t 
i n g i n a maximum e x t r a c t i o n a t an a c i d c o n c e n t r a t i o n between 2 and 
6 M . However, one s t u d y has n o t e d an i n c r e a s e i n a m e r i c i u m 
e x t r a c t i o n a t n i t r i c a c i d c o n c e n t r a t i o n s f rom 12 to 16 M . These 
d a t a a r e n o t c o n s i s t e n t w i t h t h e u s u a l v i e w of a m e r i c i u m d i s t r i b u 
t i o n dependence on n i t r i c a c i d and n i t r a t e c o n c e n t r a t i o n , and the 
a u t h o r s h y p o t h e s i z e t h a t a Τ Β Ρ · Η Ν 0 3 a d d u c t , w h i c h i s a s t r o n g e r 
e x t r a c t a n t f o r a m e r i c i u m t h a n TBP a l o n e , i s formed above 8 M HNO3 
and an o r g a n i c - p h a s e complex o f AmiNC^^^niTBP^mHNC^) i s formed 
r a t h e r t h a n A m i N C ^ ^ n T B P (26) . W h i l e one may n o t a b s o l u t e l y 
d i s c o u n t t h i s p o s s i b i l i t y , a d d i t i o n a l f a c t o r s such as the e x t r a c 
t i o n o f HAm(N03)4 and d e v i a t i o n s f rom i d e a l a c t i v i t i e s i n such 
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 s h o u l d d e f i n i t e l y be c o n s i d e r e d . 

The p h o s p h i n e o x i d e most commonly u s e d as an e x t r a c t a n t i s 
t r i o c t y l p h o s p h i n e o x i d e (TOPO). The o r d e r o f e x t r a c t i o n o f U ( V I ) 
f r o m m i n e r a l a c i d by TOPO i s : HNO3 > HC1 > HCIO4 ( 2 7 ) . E x t e n s i v e 
i n f o r m a t i o n on e x t r a c t i o n w i t h t h i s r e a g e n t has been c o m p i l e d ( 2 8 ) . 

Recent p a p e r s (29) r e p o r t the u s e o f TOPO f o r t h e e x t r a c t i o n 
of a c t i n i u m f rom n i t r a t e m e d i a . The maximum e x t r a c t i o n c o e f f i c i e n t 
f rom >2.0 M NaN0 3 a t pH 2 w i t h 0 .05 M TOPO i n c y c l o h e x a n e was n o t e d 
to be g r e a t e r t h a n 10^, and the e x t r a c t e d complex was r e p o r t e d as 
A c ( N 0 3 ) 3 * 4 T O P O Q0) . 

The maximum a c t i n i u m e x t r a c t i o n f rom c h l o r i d e s o l u t i o n s by 
0 . 1 M T O P O — c y c l o h e x a n e was f o u n d to be f rom 8 M L i C l a t pH 2 
( D A c = > 1^ )) · T n e e x t r a c t e d compound i n t h i s system has been 
r e p o r t e d as L Î 2 A c C l 5 e 2 T O P O ( 3 0 ) . Reagent d e p e n d e n c i e s f o r a m e r i 
c ium e x t r a c t i o n f r o m s l i g h t l y a c i d i c 1 M L i C l w i t h TOPO i n d i c a t e d 
t h a t t h e e x t r a c t e d s p e c i e s i s AmCl3*T0P0 , w h i l e AmCl3»3TOPO i s 
i n d i c a t e d when the aqueous phase i s 5 M L i C l . The number o f 
e x t r a c t a n t m o l e c u l e s a s s o c i a t e d w i t h t h e Am s p e c i e s was n o t c o n 
s t a n t o v e r t h e L i C l c o n c e n t r a t i o n range 1 t o 5 M , and n o n i n t e g r a l 
v a l u e s o f 1 .2 and 2 .7 were o b t a i n e d a t 1 M L i C l and 5 M L i C l , 
r e s p e c t i v e l y . These r e s u l t s s u g g e s t a m i x t u r e o f o r g a n i c - p h a s e 
s p e c i e s ( 3 1 ) . 
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B i d e n t a t e phosphate compounds. The organophosphorus b i d e n t a t e 
e x t r a c t a n t s a r e n e u t r a l s p e c i e s e x t r a c t a n t s t h a t undergo no k e t o -
e n o l i z a t i o n and have no exchangeable h y d r o g e n s (as i s the case i n 
e x t r a c t i o n by the b i d e n t a t e d i k e t o n e s ) . They c o n t a i n e i t h e r two 
P=0 g roups o r one P=0 and one C=0 g r o u p . The c a r b a m o y l m e t h y l -
phosphonates (CMPs) and carbamoylphosphonates (CPs) a r e examples 
of the l a t t e r , w h i l e the t e t r a a l k y l d i p h o s p h o n a t e s and t e t r a a l k y l -
d i p h o s p h i n e d i o x i d e s [ o r b i s - ( d i s u b s t i t u t e d p h o s p h i n y l ) - a l k a n e s ] 
a r e examples o f t h e f o r m e r . 

I t has been n o t e d ( f rom a c i d and water e x t r a c t i o n data) t h a t 
the p h o s p h o r y l groups of t h e d i p h o s p h o n a t e s do n o t a c t i n d e p e n d 
e n t l y of each o t h e r (20) . Thus e x t r a c t i o n power i s n o t a s i m p l e 
f u n c t i o n o f p h o s p h o r y l group c o n c e n t r a t i o n . W i t h more t h a n one 
b r i d g i n g m e t h y l e n e between p h o s p h o r y l g r o u p s , e x t r a c t i o n i s 
s i g n i f i c a n t l y p o o r e r t h a n e x p e c t e d f o r t h a t p h o s p h o r y l c o n c e n t r a 
t i o n . T h i s s u g g e s t s the n e c e s s i t y of s p e c i a l s t e r i c r e q u i r e m e n t s 
such as p o s s i b l y t h e c l a s s i c a l s ix-membered c h e l a t e r i n g (27,32) . 
N i t r i c a c i d i s e x t r a c t e d by b i d e n t a t e compounds a n d , i n most c a s e s , 
competes w i t h the m e t a l e x t r a c t i o n a t h i g h e r a c i d i t i e s (>_8 M) . 
Comprehensive s t u d i e s o f a c i d e x t r a c t i o n and i t s e f f e c t on m e t a l 
i o n e x t r a c t i o n have been r e p o r t e d (21). 

The e x t r a c t i o n of Cm and Es by d i b u t y l ( d i e t h y l c a r b a m o y l ) -
phosphonate (DBDECP), w h i c h has no b r i d g i n g m e t h y l e n e group 
between the c a r b a m o y l and p h o s p h o r y l g r o u p s , i s i n t h e o r d e r : 
HCIO4 > HNO3 > HC1. DBDECP appears u n i q u e i n t h a t i t shows t h i r d -
power r e a g e n t dependence and p r o v i d e s a d i s t r i b u t i o n c o e f f i c i e n t 
w h i c h i n c r e a s e s r a p i d l y w i t h a c i d c o n c e n t r a t i o n even above 8 M . 
T h i s s u g g e s t s e i t h e r t h a t t h e r e i s no c o m p e t i t i o n f r o m a c i d -
compound f o r m a t i o n w i t h the e x t r a c t a n t o r t h a t an a c i d o complex 
of t h e m e t a l i s e x t r a c t e d as i n E q . (2) (20,33): 

M 3 + + (3+X)A~ + X H + + 3DBDECP -> H M A O J _ (DBDECP) 0 . (2) 
χ 3+x 3 

The l a t t e r p o s s i b i l i t y i s s u p p o r t e d by r e f e r e n c e s , s u g g e s t i n g the 
e x i s t e n c e o f a n i o n i c t r i v a l e n t a c t i n i d e s p e c i e s a t a c i d c o n c e n t r a 
t i o n s g r e a t e r t h a n 5 M (34 ) . 

The o r d e r o f e x t r a c t i o n of U ( V I ) f r o m m i n e r a l a c i d s by b i s -
( d i - n - h e x y l p h o s p h i n y l ) a l k a n e s i s : HCIO4 > HC1 > HNO3. The f a c t 
t h a t t h i s o r d e r i s t h e r e v e r s e of t h e o r d e r o b s e r v e d f o r TOPO i s 
e x p l a i n e d by the d i f f e r e n c e i n the a b i l i t y of the monodentate TOPO 
and t h e b i d e n t a t e compounds t o s a t u r a t e t h e u r a n i u m c o o r d i n a t i o n 
s p h e r e . A p p a r e n t l y , TOPO i s u n a b l e t o r e p l a c e a l l the water i n 
the w e a k l y bound (but more o r g a n o p h i l i c ) u r a n i u m p e r c h l o r a t e com
p l e x , whereas t h e b i d e n t a t e compound has t h i s c a p a b i l i t y ( 2 7 ) . 
Numerous d e s c r i p t i v e s t u d i e s o f the e x t r a c t i o n b e h a v i o r o f t h e s e 
compounds f o r u r a n i u m and t h o r i u m systems c a n be f o u n d i n the 
l i t e r a t u r e (27,35-39). 

Work w i t h t h e organophosphorus b i d e n t a t e v i n y l e n e d i p h o s p h i n e , 
i n w h i c h the p h o s p h o r y l s a r e b r i d g e d ! lP(0)CH = H C ( 0 ) P ' , i l l u s t r a t e s 
the i m p o r t a n c e o f s t e r i c c o n s i d e r a t i o n s i n the e x t r a c t i o n of u r a n y l 
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n i t r a t e . E x t r a c t i o n by c i s and t r a n s i s o m e r s was m a r k e d l y d i f f e r 
e n t . E x t r a c t i o n by the c i s - t e t r a t o l y l v i n y l e n e d i p h o s p h i n e d i o x i d e 
was g r e a t e r t h a n t h a t shown by the t r a n s i s o m e r ; the l a t t e r 
has about the same e x t r a c t i o n power as t h e m o n o x i d e . I n a d d i t i o n , 
the shown by c i s - t e t r a p h e n y l v i n y l e n e d i p h o s p h i n e d i o x i d e i s 
t h r e e o r d e r s of magni tude g r e a t e r t h a n t h a t shown by the a n a l o g o u s 
d i o x i d e w i t h a f l e x i b l e e t h y l e n e b r i d g e ( 4 0 ) . 

The organophosphorus b i d e n t a t e o c t a e t h y l t e t r a a m i d o p y r o -
phosphate (OETAPP) , a compound of the t y p e R 2 P ( 0 ) N H ( 0 ) P R 2 , i s 
n o t e d f o r t h e e x t r a c t i o n of u r a n i u m f rom HC1 as w e l l as H N O 3 . 

The maximum Djj r e p o r t e d i s about 105 f rom 4 to 5 M H N O 3 , o r 8 M 
HC1. The l i k e l y e q u i l i b r i u m e x p r e s s i o n s u g g e s t e d i s (41 ) : 

U 0 2 U q )
 + 2 N 0 ; ( a q )

 + 0 E T A P P ( o r g ) t U 0 2 ( N ° 3 Y O E T A P P ( o r g ) - ( 3 ) 

A l k y l ammonium compounds. H i g h - m o l e c u l a r - w e i g h t amines a r e 
v e r y u s e f u l a c t i n i d e e x t r a c t a n t s i n b o t h a n a l y t i c a l and p r o c e s s 
a p p l i c a t i o n s . S a l t s of p r i m a r y , s e c o n d a r y , and t e r t i a r y a m i n e s , 
as w e l l as q u a t e r n a r y ammonium bases R N H 2 , R 2 N H , R 3 N , and R^ 
a r e commonly u s e d . These compounds, w h i c h a r e o f t e n thought o f 
as a n i o n e x c h a n g e r s , may a l s o be c o n s i d e r e d as n e u t r a l - s p e c i e s 
c o o r d i n a t o r s s i n c e e q u i v a l e n t e q u i l i b r i u m e x p r e s s i o n s can be 
w r i t t e n based on e i t h e r mechanism. T h a t i s , 

mR NHA / λ + MA~™ N + (R NH) MA f N + TTIAT n (4) 
3 (org) m+n(aq) •<- 3 m m-fn(org) (aq) 

f o r e x t r a c t i o n by exchange o f the a n i o n o f t h e amine s a l t f o r a 
n e g a t i v e l y c h a r g e d complex o f the m e t a l MAjJjĴ  (n i s the charge of 
the m e t a l ) ; o r , assuming a d d i t i o n o f t h e n e u t r a l a l k y l ammonium 
s a l t to t h e n e u t r a l - m e t a l s p e c i e s : 

mR NHA. . + MA , * (R NH) MA . , . . (5) 
3 (org) n(aq) « - 3 m m+n(org) 

These two mechanisms cannot be d i s t i n g u i s h e d by e q u i l i b r i u m 
s t u d i e s , but k i n e t i c s t u d i e s (42) have shown t h a t b o t h can o p e r a t e 
under a p p r o p r i a t e c o n d i t i o n s . 

S a l t s o f t h e t e r t i a r y amines have f o u n d wide a p p l i c a t i o n i n 
the e x t r a c t i o n o f a c t i n i d e s . They a r e used e x t e n s i v e l y i n the 
h y d r o m e t a l l u r g i c a l r e c o v e r y of u r a n i u m f r o m s u l f a t e l e a c h l i q u o r s 
of u r a n i u m o r e and i n the s e p a r a t i o n of u r a n i u m and t h o r i u m i n 
s u l f a t e systems ( 1 1 , 1 2 ) . P l u t o n i u m ( I V ) i s s e p a r a t e d e f f e c t i v e l y 
f rom u r a n i u m and most o t h e r i o n s i n a n i t r a t e sys tem (43 ) . Among 
t h e t r a n s p l u t o n i u m a c t i n i d e s , Am(III ) i s e x t r a c t e d f rom c o n c e n 
t r a t e d L i C l by t e r t i a r y a m i n e s , v e r y s l i g h t l y by s e c o n d a r y a m i n e s , 
and n e g l i g i b l y by p r i m a r y amines ( 4 4 ) . The t r i v a l e n t t r a n s p l u t o n i -
um e lements a r e a l m o s t i n e x t r a c t a b l e f r o m H N O 3 i n t h e absence o f 
s a l t i n g - o u t a g e n t s , b u t n i t r a t e s a l t s o f t e n i n c r e a s e e x t r a c t i o n 
more r a p i d l y t h a n the t h i r d - p o w e r dependence e x p e c t e d f rom t h e 
e x t r a c t i o n o f M A 3 . F o r example , the D C m i n c r e a s e s p r o p o r t i o n a l l y 
to the s e v e n t h power o f t h e L 1 N O 3 c o n c e n t r a t i o n i n H N O 3 when 
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e x t r a c t e d by 0 .6 M A l a m i n e - 3 3 6 [a m i x t u r e of t r i o c t y l and t r i -
d e c y l amines (C3 -CK))] (12 , 1 3 ) . The e f f e c t i v e n e s s o f such s a l t i n g 
agents a p p e a r s to be i n v e r s e l y p r o p o r t i o n a l to the i o n i c r a d i u s ; 
t h a t i s , f o r D C m , L i + > N a + > N H j and B e 2 + > M g 2 + > C a 2 + . 

T r i a l k y l amines f rom Cg to C20 have been s t u d i e d f o r t h e i r 
p o t e n t i a l s u i t a b i l i t y i n t h e e x t r a c t i o n of Am, Cm, and C f f r o m 
L 1 N O 3 and NaNO^. W i t h the l o n g e r - c h a i n a m i n e s , t h e r e i s a l o w e r 
dependence o f on e x t r a c t a n t c o n c e n t r a t i o n and s a l t i n g - o u t agent 
c o n c e n t r a t i o n . T h i s s u g g e s t s t h a t t h e l a r g e r , more s t e r i c a l l y 
h i n d e r e d e x t r a c t a n t m o l e c u l e s p e r m i t a s m a l l e r number of l i g a n d s to 
s u r r o u n d the m e t a l , t h e r e b y l e a v i n g f r e e c o o r d i n a t i o n s i t e s i n 
t h e complex f i l l e d w i t h w a t e r . As an example o f t h i s s e l e c t i v i t y , 
t r i o c t y l amine p r o v i d e s a s a t i s f a c t o r y Am-Cm s e p a r a t i o n b u t a poor 
Am-Cf s e p a r a t i o n ; w i t h l o n g e r - c h a i n a m i n e s , the Am-Cm s e p a r a t i o n 
d e t e r i o r a t e s , w h i l e the Am-Cf and Cm-Cf s e p a r a t i o n s improve 
s u b s t a n t i a l l y ( 4 5 ) . S e v e r a l p u b l i c a t i o n s on a c t i n i d e s s e p a r a t i o n s 
by t e r t i a r y amines a r e a v a i l a b l e s t u d y i n g Pu(VI) and P u ( I I I ) 
e x t r a c t i o n (46) ; N p ( V ) , N p ( V I ) ; P u ( V I ) , U ( V I ) (47) ; and Am, Cm 
( 4 8 , 4 9 ) . 

I n c e r t a i n a p p l i c a t i o n s , the q u a t e r n a r y ammonium s a l t s have 
advantages o v e r t e r t i a r y amines f o r a c t i n i d e e x t r a c t i o n s . Q u a n t i 
t a t i v e e x t r a c t i o n of t h e t r a n s p l u t o n i u m elements f r o m n i t r a t e 
media by q u a t e r n a r y ammonium s a l t s c a n be a c h i e v e d w i t h a l o w e r 
aqueous-phase n i t r a t e c o n c e n t r a t i o n t h a n i s r e q u i r e d f o r t e r t i a r y 
a m i n e s ; t h u s , aluminum n i t r a t e may be used i n s t e a d of l i t h i u m 
n i t r a t e . The s e p a r a t i o n f a c t o r between Am and Cm can be as h i g h 
as t h r e e i n a q u a t e r n a r y ammonium n i t r a t e sys tem ( 5 0 ) . The e f f e c t 
o f t h e l e n g t h o f the a l k y l c h a i n on Cm, Am, B k , C f , and Es e x t r a c 
t i o n by a l k y l d i o c t y l a m m o n i u m n i t r a t e s s u g g e s t s t h a t s t e r i c f a c t o r s 
s u b s t a n t i a l l y i n f l u e n c e t h e e x t r a c t i o n s e l e c t i v i t y ( 5 1 ) . A 
c o m p a r i s o n o f t h e e x t r a c t i o n o f t e t r a v a l e n t and h e x a v a l e n t 
a c t i n i d e s by t e t r a h e p t y l ammonium n i t r a t e shows t h a t t e t r a v a l e n t 
i o n s a r e more e a s i l y e x t r a c t e d t h a n h e x a v a l e n t i o n s : e . g . , 
Pu(IV) > Np(IV) > T h ( I V ) > Np(VI) > P u ( V I ) > U ( V I ) . S y m m e t r i c a l 
q u a t e r n a r i e s u s u a l l y show h i g h e r e x t r a c t i o n power t h a n u n s y m m e t r i -
c a l ones ( 5 2 ) . An e x c e l l e n t r e v i e w o f amine e x t r a c t i o n may be 
f o u n d i n ( 4 2 ) . 

S u l f o x i d e s . S u l f o x i d e s ( R 2 S 0 ) a r e n e u t r a l e l e c t r o n - d o n o r -
t y p e m o l e c u l e s s i m i l a r t o the p h o s p h i n e o x i d e s . A s i g n i f i c a n t 
volume o f work has shown t h a t l o n g - c h a i n d i a l k y l s u l f o x i d e s may 
have c o n s i d e r a b l e p o t e n t i a l u t i l i t y i n a c t i n i d e s e p a r a t i o n s . 
E x t r a c t i o n b e h a v i o r f r o m n i t r a t e systems i s s i m i l a r to t h a t o f 
TBP f o r some s u l f o x i d e s ; i n a d d i t i o n , t h e y o f f e r the p o s s i b i l i t y 
o f p r o d u c i n g l e s s t r o u b l e s o m e d e g r a d a t i o n p r o d u c t s than T B P . How
e v e r , t h e s e compounds a r e n o t p r e s e n t l y a v a i l a b l e i n c o m m e r c i a l 
q u a n t i t i e s , and we l a c k the e x p e r i e n c e w i t h them t h a t has been 
amassed w i t h T B P . 

D i - n - p e n t y l s u l f o x i d e (DPSO) i n benzene p r e f e r e n t i a l l y e x t r a c t s 
u r a n i u m o v e r t h o r i u m f r o m 5 M HC1 c o n t a i n i n g a n e u t r a l s a l t i n g -
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out a g e n t , y i e l d i n g a s e p a r a t i o n f a c t o r o f 3690. The e x t r a c t e d 
s p e c i e s f o r t h o r i u m i s r e p o r t e d t o be T h C l 4 * 2 D P S O » H C l . Homologs 
d i o c t y l s u l f o x i d e (DOSO) and d i p h e n y l s u l f o x i d e (D<ï>S0) y i e l d com
p l e x e s w i t h the f o r m u l a s ThCl4 e 2DOSO and ThCl4*3D<ï>SO, r e s p e c t i v e l y . 
The e x t r a c t i o n of a m o n o a c i d i c T h C ^ H C l s p e c i e s by DPSO and a 
n e u t r a l s p e c i e s by DOSO i s i n d i c a t e d ( 5 3 ) . 

Two p a p e r s r e p o r t the u r a n y l s p e c i e s e x t r a c t e d by DOSO to be 
U 0 2 ( N 0 3 ) 2

# 2 D O S O ( 5 4 , 5 5 ) . The o r d e r of s t r e n g t h o f e x t r a c t i o n o f 
u r a n y l n i t r a t e i s : d i h e p t y l > d e c y l b e n z y l > d i p h e n y l : the 
e x t r a c t i o n c o e f f i c i e n t f r o m t h r e e d i l u e n t s i s i n the o r d e r : b e n 
zene > c a r b o n t e t r a c h l o r i d e > c h l o r o f o r m . I n s t u d i e s o f the e x t r a c 
t i o n o f Pa(V) and U ( V I ) f r o m HC1 m e d i a by DPSO, D<ï>S0, and DBSO, 
the o r d e r o f e x t r a c t a n t s t r e n g t h was f o u n d to b e : DPSO > DBSO > 
D<ï>S0. T h i s s u g g e s t s t h a t t h e e x t r a c t e d s p e c i e s were P a O C l 3 e 3 R 2 S O o r 
P a ( O H ) 2 C l 3 # 3 R 2 S O (56) . D i p e n t y l s u l f o x i d e was i n v e s t i g a t e d as an 
e x t r a c t a n t to s e p a r a t e the a c t i n i d e s T h ( I V ) , U ( V I ) , and Pa(V) 
f r o m t h e t r i v a l e n t l a n t h a n i d e s L a , C e , Pm, E u , and T b . A c t i n i d e 
e x t r a c t i o n i s a t a maximum a t 7 M HC1, and t h e r e i s l i t t l e o r no 
l a n t h a n i d e e x t r a c t i o n a t t h i s a c i d c o n c e n t r a t i o n ( 5 7 ) . 

C a t i o n Exchange E x t r a c t a n t s 

A l k y l p h o s p h o r i c a c i d s . Perhaps the l a r g e s t s i n g l e group o f 
e x t r a c t a n t s f o r a c t i n i d e s a r e the a l k y l p h o s p h o r i c a c i d s o f t h r e e 
main t y p e s : d i a l k y l p h o s p h o r i c a c i d s , d i a l k y l p h o s p h o n i c a c i d s , and 
d i a l k y l p h o s p h i n i c a c i d s ( R 0 ) 2 P ( 0 ) 0 H , ( R 0 ) R T P ( 0 ) 0 H , and R 2 P ( 0 ) 0 H , 
r e s p e c t i v e l y . M o n o a l k y l ( d i a c i d i c ) r e p r e s e n t a t i v e s of each t y p e 
e x i s t , b u t t h e s e compounds a r e r a r e l y u s e d because o f t h e i r water 
s o l u b i l i t y and d i f f i c u l t y i n s t r i p p i n g . A l k y l p h o s p h o r i c a c i d s 
u s u a l l y form d i m e r s o r h i g h e r a g g r e g a t e s i n n o n p o l a r s o l v e n t s such 
as benzene o r n-hexane ( 5 8 ) . The e x t r a c t i o n o f a t r i v a l e n t 
a c t i n i d e by a d i a l k y l p h o s p h o r i c a c i d s u c h as HDEHP i n a n o n p o l a r 
d i l u e n t may be d e s c r i b e d by t h e r e a c t i o n 

M ^ + . + n ( H A ) 0 / , •> Μ Α 0 · ( η - 3 ) Η Α , . + 3 H * . . (6) 
(aq) 2 (org) 3 (org) (aq) 

I n a p o l a r s o l v e n t i n w h i c h the d i a l k y l p h o s p h o r i c a c i d i s p r i m a r i l y 
a monomer, t r i v a l e n t a c t i n i d e e x t r a c t i o n has been d e s c r i b e d as (59 ) : 

M ^ + . + 3HA, ν -*· M A 0 f N + 3H^ N . (7) 
(aq) (org) «- 3 (org) (aq) 

The d i a l k y l p h o s p h o r i c a c i d most commonly used and s t u d i e d f o r 
t r i v a l e n t a c t i n i d e e x t r a c t i o n i s p r o b a b l y HDEHP. Even though t h i s 
compound i s n o t as s t r o n g an e x t r a c t a n t as some o t h e r s t r a i g h t -
c h a i n a n a l o g s , i t o f f e r s advantages s u c h as low a q u e o u s - p h a s e s o l u 
b i l i t y , l e s s tendency to t h i r d - p h a s e f o r m a t i o n , and r e a d y a v a i l 
a b i l i t y . 

I n a m e r i c i u m and c u r i u m e x t r a c t i o n f rom c h l o r i d e s o l u t i o n s 
by HDEHP i n η - h e p t a n e , dependence o f the e x t r a c t i o n c o e f f i c i e n t 
on h y d r o g e n i o n c o n c e n t r a t i o n and HDEHP c o n c e n t r a t i o n i n d i c a t e s an 
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e x t r a c t e d s p e c i e s s t o i c h i o m e t r y of ΜΑ(ΗΑ2)2· I n b e n z e n e , the i n d i 
c a t e d s p e c i e s i s M(HA2)3« ^ n e x a m p l e o f t h e e f f e c t o f s t e r i c 
h i n d r a n c e may be s e e n f o r the e x t r a c t i o n o f Am^+ and C m ^ + by the 
i s o m e r s b i s - n - o c t y l p h o s p h o r i c a c i d (HDOP), b i s - 2 - e t h y l h e x y l p h o s p h o r -
i c a c i d (HDEHP), and b i s - 2 , 2 - d i m e t h y l h e x y l p h o s p h o r i c a c i d (HDNOP); 
the o r d e r of d e c r e a s i n g 1^ f o r a m e r i c i u m i s HDOP > HDEHP > HDNOP 
( 6 0 ) . D i i s o d e c y l p h o s p h o r i c a c i d (HDIDP) i s r e p o r t e d t o be a 
s t r o n g e r e x t r a c t a n t t h a n HDEHP f o r the t r i v a l e n t a c t i n i d e s ( 6 1 ) . 

HDEHP i s a l s o u s e d as a t o o l i n the s t u d y o f aqueous c o m p l e x a -
t i o n . One o f t h e more u n u s u a l o f s u c h s t u d i e s i s t h e e x a m i n a t i o n 
of the complex f o r m a t i o n o f n o b e l i u m w i t h c i t r a t e , o x a l a t e , and 
a c e t a t e i o n s and c o m p a r i s o n w i t h o t h e r d i v a l e n t i o n s . N o b e l i u m 
was f o u n d to r e s e m b l e Ca and S r , b e i n g s l i g h t l y more l i k e Sr ( 6 2 ) . 

S i n c e HDEHP i s b o t h a c a t i o n exchanger and a c o o r d i n a t o r i n 
most e x t r a c t i o n s i t u a t i o n s , c o o r d i n a t e d w a t e r must be removed f r o m 
t h e m e t a l i o n i n the e x t r a c t i o n . Because t h i s sometimes l e a d s to 
a s low r e a c t i o n s t e p , the k i n e t i c s o f HDEHP e x t r a c t i o n i s i m p o r t a n t . 
The k i n e t i c s o f t h e T a l s p e a k p r o c e s s (14,15) has b e e n i n v e s t i g a t e d 
(63) ; t h e k i n e t i c s o f Am(II I ) and T h ( I V ) e x t r a c t i o n by HDEHP i n an 
u n s t i r r e d system has a l s o been s t u d i e d ( 6 4 ) . 

D i o c t y l p h e n y l p h o s p h o r i c a c i d (HDOPP) has been f o u n d to be a 
more p o w e r f u l e x t r a c t a n t f r o m m i n e r a l a c i d s t h a n HDEHP ( 6 5 , 6 6 ) . 
The d i s t r i b u t i o n c o e f f i c i e n t o f U ( V I ) f r o m s u l f u r i c a c i d s o l u t i o n s 
i s t h r e e t o f i v e t i m e s h i g h e r w i t h HDOPP t h a n w i t h HDEHP under the 
same c o n d i t i o n s . E x t r a c t i o n o f U ( V I ) f rom m i n e r a l a c i d s by HDOPP 
i s i n the o r d e r : HCIO4 > H N 0 3 > H C 1 > H 2S04 ( 6 7 ) . A c i d i t y and 
r e a g e n t d e p e n d e n c i e s a t low r e a g e n t l o a d i n g s and m e t a l - t o - r e a g e n t 
r a t i o s under f u l l y l o a d e d c o n d i t i o n s i n d i c a t e the f o r m a t i o n o f 
compounds such as UO2A4H2 and ( U 0 2 ) n A n + 2 H 2 f ° r t n e t w o r e s p e c t i v e 
c o n d i t i o n s , as has been t h e c a s e f o r HDEHP i n e a r l i e r work ( 6 8 ) . 

The a d d i t i o n o f an e t h e r l i n k a g e i n the a l k y l c h a i n s o f 
d i a l k y l p h o s p h o r i c a c i d s has been f o u n d to i n c r e a s e i t s e x t r a c t i v e 
power f o r t r i v a l e n t a c t i n i d e s , r e s u l t i n g i n an e x t r a c t a n t t h a t i s 
more e f f e c t i v e f r o m a c i d s o l u t i o n s t h a n i s H D E H P (69) . B i s ( h e x o x y -
e t h y l ) p h o s p h o r i c a c i d ( H D H Q E P ) i s a compound o f t h i s t y p e t h a t has 
been s t u d i e d e x t e n s i v e l y ( 7 0 , 7 1 ) . The e t h e r l i n k a g e may c o n t r i 
b u t e t o t h e c o o r d i n a t i o n o f t h e m e t a l i o n , r e s u l t i n g i n the f o r m a 
t i o n of a seven-membered r i n g . 

I n the e x t r a c t i o n o f t r i v a l e n t a c t i n i d e s , the d i a l k y l p h o s p h o n i c 
a c i d s behave i n a manner s i m i l a r to t h a t o b s e r v e d f o r the d i a l k y l 
p h o s p h o r i c a c i d s . However, i n some s y s t e m s , they o f f e r a g r e a t e r 
i n t e r g r o u p s e p a r a t i o n between l a n t h a n i d e s and a c t i n i d e s . The 
s e p a r a t i o n o f C f and Cm f r o m n i t r i c a c i d s o l u t i o n s has been s t u d i e d 
u s i n g 2 - e t h y l h e x y l p h e n y l p h o s p h o n i c a c i d [ΗΕΗ(ΦΡ)] and 1 - m e t h y l -
h e p t y l p h e n y l p h o s p h o n i c a c i d [HMeH(<I>P)]. ORNL has d e v e l o p e d a 
p r o c e s s f o r i n t e r g r o u p a c t i n i d e s e p a r a t i o n , c a l l e d Hepex, b a s e d 
on the u s e o f ΗΕΗ(ΦΡ) ( 7 2 , 7 3 ) . 

One s t u d y c o n c l u d e s t h a t t h e o r g a n i c - p h a s e s p e c i e s r e s u l t i n g 
f rom Am(III ) and Cm(III ) e x t r a c t i o n by ΗΕΗ(ΦΡ) a r e a 3 :2 m i x t u r e 
of ΜΑο·ΗΑ and Μ Α 3 · 2 Η Α , w h i l e C f i s e x t r a c t e d e x c l u s i v e l y as 
MA3·ΗΑ ( 7 4 ) . 
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S u l f o n i c a c i d s . S u l f o n i c a c i d s a r e v e r y s t r o n g c a t i o n exchange 
e x t r a c t a n t s f o r a w i d e v a r i e t y o f m e t a l i o n s . However , t h e i r use 
i n p r o c e s s a p p l i c a t i o n s as l i q u i d e x t r a c t a n t s ( a l t h o u g h e x t e n s i v e l y 
used as r e s i n o u s c a t i o n exchangers ) has been q u i t e l i m i t e d b e c a u s e 
of t h e d i f f i c u l t y o f o b t a i n i n g r e a g e n t s t h a t have s u f f i c i e n t l y 
h i g h o r g a n i c s o l u b i l i t y and s u f f i c i e n t l y low d i s t r i b u t i o n to the 
aqueous phase when i n the s a l t ( p a r t i c u l a r l y the a l k a l i s a l t ) f o r m . 
The u s a b l e compounds t h a t a r e p r e s e n t l y a v a i l a b l e a r e d i n o n y l 
n a p h t h a l e n e s u l f o n i c a c i d (HDNNS) and d i d o d e c y l n a p h t h a l e n e 
s u l f o n i c a c i d (HDDNS). The f i r s t o f t h e s e has been u s e d e x t e n s i v e 
l y i n s t u d y i n g aqueous complexes o f a c t i n i d e s ( 7 5 , 7 6 ) . S t a b i l i t y 
c o n s t a n t s f o r t h e s u l f a t e and f l u o r i d e c o m p l e x i n g of U ( V I ) , N p ( V I ) , 
and P u ( V I ) were f o u n d to f o l l o w the o r d e r : U ( V I ) > Np(VI) > Pu(VI) 
( 7 7 ) . 

D i k e t o n e s . B e t a - d i k e t o n e s such as a c e t y l a c e t o n e , b e n z o y l -
a c e t o n e , and i s o p r o p y l t r o p o l o n e a r e w e l l known f o r t h e i r a p p l i c a 
t i o n s i n a n a l y t i c a l e x t r a c t i o n o f a c t i n i d e s . These compounds a r e 
weak a c i d s due t o t a u t o m e r i z a t i o n ; thus they can a c t as c a t i o n 
exchange e x t r a c t a n t s . T r i v a l e n t a c t i n i d e [ M ( I I I ) ] e x t r a c t i o n by 
t h e r e a g e n t (HA) a t low aqueous a c i d c o n c e n t r a t i o n where the com
pound behaves b o t h as c a t i o n exchanger and c o o r d i n a t o r p r o b a b l y 
f o l l o w s the r e a c t i o n 

Μ * +
 λ + ( i + n ) H A , x •> MA. (HA) , N + i H * . . (8) 

(aq) (org) «- i v ' n ( o r g ) (aq) 

I n h i g h - a c i d systems where t h e compound c a n be o n l y a n e u t r a l 
b i d e n t a t e c o o r d i n a t o r , the r e a c t i o n w o u l d be e x p e c t e d t o b e : 

M X ± + nHA J Μ Χ ± · η Η Α . (9) 

S i n c e f l u o r i n a t e d β - d i k e t o n e s a r e more a c i d i c t h a n n o n f l u o r i n a t e d 
compounds, t h e y have u s e f u l e x t r a c t i o n c o e f f i c i e n t s f r o m more 
a c i d i c s o l u t i o n s ( 7 8 ) . 

The e x t r a c t i o n o f Pa ( IV) by b e n z o y l a c e t o n e (HBA) f r o m p e r 
c h l o r i c a c i d and sodium p e r c h l o r a t e was i n v e s t i g a t e d i n a r e c e n t 
s t u d y o f the e q u i l i b r i a i n d i k e t o n e e x t r a c t i o n . The i n d i c a t e d 
r e a c t i o n i s r e p o r t e d t o be the same as t h a t g i v e n i n E q . ( 8 ) , 
where M?- = Pa0^"or P a ( 0 H ) | + (79) . D i k e t o n e s have a l s o been u s e d 
i n t h e s t u d y o f aqueous c o m p l e x a t i o n . O x a l a t e ( 8 0 ) , s u l f a t e , and 
f l u o r i d e c o m p l e x i n g o f N p ( I V ) , P u ( I V ) and T h ( I V ) have b e e n s t u d i e d 
by 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 . The 1^ i s a l w a y s 
h i g h e r when TTA i s d i s s o l v e d i n benzene t h a n when i t i s d i s s o l v e d 
i n n -hexane (81 ) , w h i c h i s c o n t r a r y to the u s u a l o b s e r v a t i o n o f 
h i g h e r D ' s i n a l i p h a t i c d i l u e n t s . 

S y n e r g i s t i c m i x t u r e s . A s o l v e n t e x t r a c t i o n system i s s a i d 
to be s y n e r g i s t i c when the d i s t r i b u t i o n c o e f f i c i e n t o b t a i n e d f r c m 
a m i x t u r e of e x t r a c t a n t s i s g r e a t e r t h a n the sum of d i s t r i b u t i o n 
c o e f f i c i e n t s of each e x t r a c t a n t a l o n e . Such systems a r e u s u a l l y 
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m i x t u r e s o f c a t i o n exchange e x t r a c t a n t s and c o o r d i n a t i v e e x t r a c t -
a n t s , and t h e s y n e r g i s t i c e f f e c t i s thought to o p e r a t e by an 
enhancement o f t h e ease w i t h w h i c h the c o o r d i n a t i o n s p h e r e o f the 
m e t a l can be s a t i s f i e d . Two methods o f a c c o m p l i s h i n g t h i s have 
been p r o p o s e d f o r t r i v a l e n t a c t i n i d e s ( 7 8 ) . I n the f i r s t , the 
s y n e r g i s t , S, r e p l a c e s c o o r d i n a t e d w a t e r on an e x t r a c t e d m e t a l 
complex , thus making t h e r e s u l t i n g complex more o r g a n o p h i l i c . I n 
the s e c o n d , the o r i g i n a l e x t r a c t e d complex i s s i m p l y c o o r d i n a t i v e l y 
u n s a t u r a t e d and t h e s y n e r g i s t adds t o t h e complex , t h e r e b y e n h a n c 
i n g i t s s t a b i l i t y . 

T h e r e a r e a number o f p r a c t i c a l s y n e r g i s t i c systems t h a t make 
use o f organophosphorus compounds. A c l a s s i c example i s the com
b i n a t i o n o f HDEHP and TOPO. The TOPO i s thought to r e p l a c e water 
o r HDEHP i n t h e c o o r d i n a t i o n s p h e r e o f t h e m e t a l . Some e a r l y work 
i n t h i s a r e a i n c l u d e d a s t u d y of the e x t r a c t i o n o f u r a n i u m i n such 
systems ( 8 2 ) . C o m m e r c i a l p r o c e s s e s now e x i s t f o r t h e r e c o v e r y o f 
u r a n i u m f r o m w e t - p r o c e s s p h o s p h o r i c a c i d u t i l i z i n g s y n e r g i s t i c 
systems ( 8 3 , 8 4 ) . D e s c r i p t i v e s t u d i e s of such systems have a l s o 
been made (85,86) . 

Examples o f TTA s y n e r g i s m w i t h A l i q u a t 336-S c h l o r i d e show a 
s t r o n g s y n e r g i s t i c e f f e c t f o r Am, Cm, and C f . The e x t r a c t e d s p e 
c i e s i s r e p r e s e n t e d as an o r g a n i c - p h a s e i o n p a i r [ M ( T T A ) 3 e C l ] " A + , 
where A + i s the q u a t e r n a r y ammonium i o n (87 ) . F o r TTA-TOPO 
e x t r a c t i o n o f Cm, the e x t r a c t e d s p e c i e s i s r e p o r t e d as Cm(TTA)2 
X · ( T O P O ) 2 , where X i s NO3 o r H S 2 0 g (88) . S y n e r g i s m was f i r s t 
r e p o r t e d i n t h e open l i t e r a t u r e (TTA + TBP) i n 1954 (89 ) , and 
the i n v e s t i g a t i o n of a d d i t i o n a l s y n e r g i s t i c systems was d e s c r i b e d 
soon t h e r e a f t e r ( 9 0 , 8 2 ) . 

S y n e r g i s t i c systems have a l s o b e e n r e p o r t e d i n w h i c h one o f 
the a d d u c t s i s i n t h e aqueous p h a s e . The c o m b i n a t i o n o f TOPO ( i n 
CCI4) and b e n z o i c a c i d ( i n aqueous and o r g a n i c ) was shown t o e x 
t r a c t u r a n i u m w i t h a s y n e r g i s t i c e f f e c t . The o r g a n i c - p h a s e a d d u c t 
was r e p o r t e d t o be I K ^ i C l O ^ « 0 6 ^ 0 0 0 · 2 T 0 P 0 . An optimum b e n z o i c 
a c i d / T 0 P 0 r a t i o e x i s t s , above w h i c h compound f o r m a t i o n between 
T0P0 and b e n z o i c a c i d d e c r e a s e s the s y n e r g i s t i c e f f e c t ( 9 1 ) . 

I n r e c e n t y e a r s , t h e p y r a z o l o n e s have been shown to be e x c e l 
l e n t e x t r a c t a n t s i n s y n e r g i s t i c c o m b i n a t i o n w i t h TBP and T 0 P 0 . 
The e x t r a c t i o n o f b o t h P u ( I V ) (92) and Am (93) by l - p h e n y l - 3 -
m e t h y l - 4 - b e n z o y l - 5 - p y r a z o l o n e (ΦΜΒΡ) w i t h TBP shows s i g n i f i c a n t 
s y n e r g i s t i c e f f e c t s . T h r e e p y r a z o l o n e s i n c o m b i n a t i o n w i t h T0P0 
and TBP a r e compared f o r t h e e x t r a c t i o n o f U ( V I ) i n ( 9 4 ) . Two 
p y r a z o l o n e s e x h i b i t i n g improved s o l u b i l i t y c h a r a c t e r i s t i c s , 
l - p h e n y l - 3 - m e t h y l - 4 - d e c a n o y l - 5 - p y r a z o l o n e (ΦΜ0Ρ) and l - p h e n y l - 3 -
m e t h y l - 4 - t e r t - b u t y l b e n z o y l - 5 - p y r a z o l o n e (ΦΜΒΒΡ), have been s y n t h e 
s i z e d and t e s t e d i n s y n e r g i s t i c c o m b i n a t i o n w i t h T 0 P 0 . The r e s u l t s 
show t h a t ΦΜ0Ρ i s s i g n i f i c a n t l y more s o l u b l e i n n-hexane and thus 
a l l o w s h i g h e r e x t r a c t a n t c o n c e n t r a t i o n s t o be p r e p a r e d . The r e a 
gent dependence i s 3 .2 power to ΦΜ0Ρ and 5 power f o r ΦΜΒΒΡ w i t h 
2 :1 p y r a z o l o n e : T 0 P 0 s o l u t i o n s i n DEB f o r a m e r i c i u m e x t r a c t i o n f r o m 
g l y c o l i c a c i d o r n i t r i c a c i d ( 9 5 ) . 
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F u t u r e A c t i n i d e E x t r a c t a n t s 

I n c o n s i d e r i n g t h e p o s s i b i l i t i e s f o r new and b e t t e r a c t i n i d e 
e x t r a c t a n t s , one must ask the q u e s t i o n , " I n what way i s t h e e x t r a c t -
ant t o be made b e t t e r ? " The answer w i l l v a r y , of c o u r s e , d e p e n d 
i n g on the p a r t i c u l a r need o r a p p l i c a t i o n . F o r example , h y d r o -
m e t a l l u r g i s t s may want a r e a g e n t t h a t i s more s e l e c t i v e f o r u r a 
nium o v e r i r o n i n s u l f a t e s y s t e m s . N u c l e a r f u e l r e p r o c e s s i n g may 
r e q u i r e h i g h r a d i a t i o n s t a b i l i t y . N u c l e a r waste management would 
need a r e a g e n t w h i c h would e x t r a c t a c t i n i d e s f r o m h i g h l y a c i d 
n i t r a t e s y s t e m s , p o s s i b l y h a v i n g t h e a b i l i t y to r e j e c t t r i v a l e n t 
l a n t h a n i d e s . How a r e t h e s e v a r i o u s r e q u i r e m e n t s to be met? 

S e l e c t i v i t y a p p e a r s t o be b e s t i n t h o s e systems w h i c h t a k e 
advantage o f d i f f e r e n c e s i n c o o r d i n a t i v e r e q u i r e m e n t s of t h e m e t a l 
i o n ( e . g . , i n the e x t r a c t i o n by alkylammonium s a l t s ) . The 
c o o r d i n a t i v e n e u t r a l s p e c i e s e x t r a c t a n t s a r e t h e n ex t most s e l e c 
t i v e . L e a s t s e l e c t i v e a r e t h e c a t i o n exchange e x t r a c t a n t s ; 
however , t h o s e t h a t o f f e r c o o r d i n a t i v e p o s s i b i l i t i e s a r e more 
s e l e c t i v e t h a n t h o s e t h a t do n o t . B i d e n t a t e e x t r a c t a n t s o f f e r 
enhanced e x t r a c t i o n s t r e n g t h because o f t h e i r a b i l i t y to f o r m 
c h e l a t e - t y p e r i n g s . No c l a s s of e x t r a c t a n t s i s known to have 
c l e a r l y s u p e r i o r r a d i a t i o n s t a b i l i t y , a l t h o u g h a r o m a t i c m o l e c u l e s 
a r e g e n e r a l l y t h o u g h t t o be l e s s s u s c e p t i b l e t o r a d i a t i o n damage. 
Reagents t h a t a r e b o t h c a t i o n exchangers and s t r o n g a c i d s , s u c h as 
t h e s u l f o n i c a c i d s , s h o u l d be s u p e r i o r e x t r a c t a n t s f r o m h i g h l y 
a c i d s o l u t i o n s . U n f o r t u n a t e l y , no member o f t h i s s u l f o n i c a c i d 
c l a s s t h a t i s s u f f i c i e n t l y o r g a n o p h i l i c has been made a v a i l a b l e . 

Added t o the p r i m a r y e f f e c t o f t h e f u n c t i o n a l group a r e the 
e f f e c t s o f t h e s i z e , p l a c e m e n t , and b r a n c h i n g o f the o r g a n i c 
p o r t i o n of t h e m o l e c u l e . S u f f i c i e n t o r g a n i c " w e i g h t " must be 
added to the f u n c t i o n a l g r o u p ( s ) so t h a t the e x t r a c t a n t m o l e c u l e , 
and whatever s a l t s and a d d u c t s i t forms i n the e x t r a c t i o n p r o c e s s , 
a r e s o l u b l e i n a r e a s o n a b l y s i m p l e h i g h - f l a s h - p o i n t o r g a n i c 
d i l u e n t . A l s o , t h e r e a g e n t as w e l l as i t s s a l t s and a d d u c t s must 
have a v e r y low d i s t r i b u t i o n t o the aqeuous phases to be u s e d . A 
rough a p p r o x i m a t i o n i s t h a t a m o l e c u l a r w e i g h t o f about 300 i s 
r e q u i r e d , b u t t h e e f f e c t o f a g i v e n o r g a n i c l o a d i n g i s h i g h l y 
dependent on i t s f o r m . S t r a i g h t - c h a i n a l i p h a t i c s t e n d to make 
most compounds too i n s o l u b l e i n t h e o r g a n i c phase b e f o r e t h e i r 
d i s t r i b u t i o n to t h e aqueous phase becomes low enough; t h u s a r o 
m a t i c , and e s p e c i a l l y b r a n c e d a l i p h a t i c , r a d i c a l s a r e much b e t t e r 
g r o u p s t o add t o an e x t r a c t a n t m o l e c u l e . The a d d i t i o n o f b r a n c h e d 
r a d i c a l s , however , l i m i t s t h e a b i l i t y o f the f u n c t i o n a l g r o u p to 
a p p r o a c h the m e t a l i o n and the number o f e x t r a c t a n t m o l e c u l e s t h a t 
can be grouped around t h e i o n . F o r t h i s r e a s o n , i t i s o f t e n 
d e s i r a b l e t h a t t h e b r a n c h i n g be somewhat removed f r o m the f u n c t i o n a l 
g r o u p . The s e l e c t i v i t y o f e x t r a c t a n t s may be a l t e r e d by the t y p e 
o f o r g a n i c g r o u p s s u b s t i t u t e d on t h e f u n c t i o n a l g r o u p , w i t h t h e 
more s t e r i c a l l y h i n d e r e d ( h i g h l y b r a n c h e d ) e x t r a c t a n t s t e n d i n g to 
f a v o r l a r g e r i o n s o r i o n s h a v i n g s t r o n g c o o r d i n a t i v e b o n d i n g . 
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The q u e s t i o n t h e n a r i s e s , " I s i t p o s s i b l e to t a i l o r new, more 
p o w e r f u l , and more s e l e c t i v e e x t r a c t a n t s f o r the a c t i n i d e e l e m e n t ? " 
The answer must c e r t a i n l y be y e s , A w e a l t h o f i n f o r m a t i o n now 
e x i s t s as a b a s i s f o r f u t u r e r e s e a r c h and development i n new e x t r a c 
t i o n s y s t e m s , and t h e p o s s i b i l i t i e s have h a r d l y been t o u c h e d . I t 
does a p p e a r , however , t h a t a more o r g a n i z e d approach to the p r o b l e m 
w i l l be r e q u i r e d t h a n has been t y p i c a l i n the p a s t . The s y s t e m a t i c 
changes to be made i n the s t r u c t u r e of e x t r a c t a n t m o l e c u l e s , u s i n g 
p a s t e x p e r i e n c e as a b a s i s , w i l l r e q u i r e the c o o p e r a t i o n o f s y n t h e 
t i c o r g a n i c c h e m i s t s and s o l v e n t e x t r a c t i o n c h e m i s t s . Such e f f o r t s 
s h o u l d be p u r s u e d more i n t e n s i v e l y i n the f u t u r e . 

Which f u n c t i o n a l groups appear to be most p r o m i s i n g i n the 
p r e p a r a t i o n o f new and b e t t e r e x t r a c t a n t s ? B o t h s u l f o n i c a c i d s and 
s u l f o x i d e s o f f e r p r o m i s i n g , u n e x p l o r e d p o s s i b i l i t i e s because of the 
v e r y s t r o n g l y a c i d i c n a t u r e o f the f o r m e r and the c o o r d i n a t i n g 
a b i l i t y o f the l a t t e r . F l u o r i n a t e d β - d i k e t o n e s appear p r o m i s i n g as 
v e r s a t i l e c h e l a t i n g e x t r a c t a n t s i f the aqueous s o l u b i l i t y can be 
r e d u c e d t o a s u f f i c i e n t l y low volume f o r p r o c e s s a p p l i c a t i o n s and 
a c i d s t r e n g t h can be i n c r e a s e d t o the p o i n t where t h e y a r e u s e f u l 
f rom a c i d i c s o l u t i o n s . S y n e r g i s t i c c o m b i n a t i o n s o f f e r c o n t i n u i n g 
f i e l d s f o r i n t e r e s t i n g e x p l o r a t i o n , even w i t h a v a i l a b l e r e a g e n t s . 
One of t h e more i n t e r e s t i n g p o s s i b i l i t i e s may be the c o m b i n a t i o n 
of o r g a n i c - p h a s e c a t i o n exchangers w i t h t h e s i z e - s p e c i f i c crown 
e t h e r s t o p r o d u c e s i z e - s p e c i f i c o r s e l e c t i v e s y n e r g i s t i c m i x t u r e s . 

Many y e a r s a g o , someone i n the AEC o r g a n i z a t i o n commented 
t h a t , " S u r e l y t h i s s o l v e n t e x t r a c t i o n p r o b l e m has been s o l v e d by 
n o w . " The p o s s i b i l i t i e s o f s o l v e n t e x t r a c t i o n appear to be a 
v e r y l o n g way f r o m e x h a u s t i o n even now. 
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7 
Demonstration of the Potential for Designing Extractants 

with Preselected Extraction Properties: Possible 

Application to Reactor Fuel Reprocessing 

G. W . M A S O N and H. E. G R I F F I N 

Chemistry Division, Argonne National Laboratory, 9700 South Cass Avenue, 
Argonne, IL 60439 

From the knowledge of the extractant characteristics of both 
neutral and mono-acidic phosphorus-based organic compounds now 
available, it is possible to tailor-make extractants for a spe
cifically desired separation of two metals. The present study is 
concerned with neutral mono-nuclear, phosphorus-based extractants 
for use in affecting the mutual separation of U(VI) and Th(IV). 

Liquid-liquid extraction (LLE) systems using neutral phos
phorus-based organic compounds have been the subject of extensive 
study since Warf (1) first reported the use of tributyl phosphate, 
TBP, as a useful extractant for cerium(IV), uranyl and thorium 
nitrates. After more than twenty years, liquid-liquid extraction 
systems (such as the Purex and Thorex processes) employing TBP 
dissolved in a suitable diluent versus an aqueous HNO3 phase 
remain the most widely accepted systems for reactor fuel 
reprocessing. 

The use of extractants of the same general type as tributyl 
phosphate, i .e. , neutral extractants containing the P=O coordi
nating group, but designed with specially selected extraction pro
perties should have many advantages in the development of LLE 
systems which may be applicable to reactor fuel reprocessing. 

The i m p o r t a n c e o f the a c i d i c and s t e r i c p r o p e r t i e s o f mono-
a c i d i c p h o s p h o r u s - b a s e d e x t r a c t a n t s i n t h e e x t r a c t i o n o f m e t a l s 
has been w e l l e s t a b l i s h e d . The work o f Mason, P e p p a r d , e t a l . (2 , 
3) has shown t h a t combined a c i d i c and s t e r i c e f f e c t s w h i c h 
r e s u l t f r o m a l t e r i n g the s t r u c t u r e o f t h e a c i d i c e x t r a c t a n t s may 
be v a r i e d to g i v e a wide range o f e x t r a c t i o n c o n s t a n t s ( K s ) f o r 
s p e c i f i c m e t a l s . K s = K [ H + ] a / F b , where K s i s a c o n s t a n t c h a r 
a c t e r i s t i c o f the s y s t e m , Κ i s the d i s t r i b u t i o n r a t i o , Η i s the 
h y d r o g e n i o n c o n c e n t r a t i o n i n t h e e q u i l i b r a t e d aqueous p h a s e , F 
i s t h e c o n c e n t r a t i o n o f e x t r a c t a n t i n t h e e q u i l i b r a t e d o r g a n i c 
p h a s e , a and b a r e t h e r e s p e c t i v e h y d r o g e n i o n and e x t r a c t a n t 
d e p e n d e n c i e s . Recent s t u d i e s , to be p u b l i s h e d , i n v o l v i n g the 

0-8412-0527-2/80/47-117-089$05.00/0 
© 1980 American Chemical Society 
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e x t r a c t i o n o f a c t i n i d e s ( I I I ) , (IV) and (VI) and l a n t h a n i d e s 
( I I I ) i n w h i c h the s t e r i c p r o p e r t i e s o f t h e e x t r a c t a n t s a r e 
v a r i e d , w h i l e k e e p i n g t h e i r a c i d i t i e s e s s e n t i a l l y c o n s t a n t , show 
t h a t s t e r i c h i n d r a n c e w i t h i n t h e e x t r a c t a n t m o l e c u l e i s the most 
i m p o r t a n t p r o p e r t y e f f e c t i n g s e p a r a t i o n f a c t o r s o f m e t a l 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 . The p o s s i b i l i t y o f p r e d i c t i n g t h e 
b a s i c i t y o f the P=0 o f n e u t r a l p h o s p h o r u s - b a s e d compounds from 
the pK^ v a l u e s o f r e l a t e d m o n o a c i d i c a c i d s has been demonst ra ted 
by p r e v i o u s s t u d i e s i n t h i s l a b o r a t o r y (4,5^6). 

The above i n f o r m a t i o n p l u s the p u b l i s h e d work o f r e s e a r c h e r s 
s u c h as t h a t o f S i d d a l l , B u r g e r and Rosen ( ^ , j * , j ^ l 0 ) s n o u l d a l l o w 
one to s t a t e w i t h c o n f i d e n c e t h a t l i q u i d - l i q u i d e x t r a c t i o n s y s 
tems may be d e s i g n e d f o r s p e c i f i c p r o c e s s a p p l i c a t i o n s . By 
v a r y i n g the t y p e and mode o f b o n d i n g ( i . e . , COP o r CP bonds) o f 
o r g a n i c groups i n n e u t r a l p h o s p h o r u s - b a s e d o r g a n i c compounds, i t 
i s p o s s i b l e to e x p l o i t t h e changes i n s t e r i c and i n d u c t i v e e f f e c t s 
w h i c h r e s u l t i n t h e d e s i r e d m o d i f i c a t i o n o f e x t r a c t i o n b e h a v i o r . 
The p u r p o s e o f t h i s s t u d y i s to demonstra te t h e p o t e n t i a l f o r s u c h 
an a p p r o a c h . 

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

The symbols used to r e p r e s e n t the p h o s p h o r u s - b a s e d o r g a n i c 
compounds a r e i n a c c o r d a n c e w i t h p r e v i o u s usage (11,12) i n w h i c h 
H r e p r e s e n t s a t h e o r e t i c a l l y i o n i z a b l e h y d r o g e n ; Τ and D the 
p r e f i x e s t r i - and d i - ; G a g e n e r a l i z e d o r g a n i c group and Ρ the 
phosphorus a tom. T h u s , TGP, DG[GP] and G[DGP] r e p r e s e n t the 
n e u t r a l p h o s p h a t e , (G0)3P0, p h o s p h o n a t e , (G0)2(G)P0 , and p h o s -
p h i n a t e e s t e r s , (G0) (G)2P0, r e s p e c t i v e l y ; HDGP, HG[GP] and H[DGP] 
a r e t h e c o r r e s p o n d i n g m o n o a c i d i c a c i d s . The e n c l o s u r e o f G , 
o r g a n i c g r o u p s , i n b r a c k e t s i n d i c a t e s t h a t t h e groups a r e a t t a c h e d 
to t h e phosphorus by CP bonds i n c o n t r a s t to COP bonds o f G 
groups n o t e n c l o s e d by b r a c k e t s . G groups r e p r e s e n t e d b y m u l t i p l e 
c h a r a c t e r s a r e e n c l o s e d i n p a r e n t h e s e s . 

I n d i v i d u a l compounds u s e d i n t h i s s t u d y a r e s y m b o l i z e d as 
TBP { t r i b u t y l p h o s p h a t e , (CifHgO) 3 P O } , DB[BP] { d i b u t y l b u t y l p h o s 
p h o n a t e , ( 0 ^ 9 0 ) 2 ( C ^ H ^ P O } , B[DBP] { b u t y l d i b u t y l p h o s p h i n a t e , 
( d f H g O M C t f H g h P O } , DA[AP] { d i a m y l amyl p h o s p h o n a t e , ( 0 5 Η ι ι Ο ) 2 · 
( C 5 H n ) P 0 } , DB[(CH)P] { d i b u t y l c y c l o h e x y l p h o s p h o n a t e , ( C i f H 9 0 ) 2 * 
( C e H i O P O ) , DB[(C1M)P] { d i b u t y l c h l o r o m e t h y l p h o s p h o n a t e , 
( C i f H 9 0 ) 2 ( C l C H 2 ) P 0 } , T (4 -MPe-2)P { t r i ( 4 - m e t h y l p e n t y l - 2 ) p h o s p h a t e , 
[ (CH3)2CHCH 2 CH(CH3)0] 3 PO} , D (4 -MPe-2) [BP] { d i ( 4 - m e t h y l p e n t y l - 2 ) 

b u t y l p h o s p h o n a t e , [ ( C H 3 ) 2 C H C H 2 C H ( C H 3 ) 0 ] 2 (CifHg )P0> , D(4-MPe-2) · 
[ iBP] { d i ( 4 - m e t h y l p e n t y l - 2 ) i s o b u t y l p h o s p h o n a t e , [ ( C H 3 ) 2 C H C H 2 C H · 
( C H 3 ) 0 ] 2 [ ( C H 3 ) 2 C H C H 2 ] P O } , D (4 -MPe-2) [PP] { d i ( 4 - m e t h y l p e n t y l - 2 ) 
p r o p y l p h o s p h o n a t e , [ ( C H 3 ) 2 C H C H 2 C H ( C H 3 ) 0 ] 2 ( C 3 H 7 ) P O } , and 
D ( E B ) [ ( E B ) P ] i d i ( 2 - e t h y l b u t y l ) 2 - e t h y l b u t y l p h o s p h o n a t e , [ ( C 2 H 5 ) 2 * 
CHCH2OI2[ (C2H5 )2CHCH2]P0) . 

The c o n c e n t r a t i o n u n i t f o r m a l i t y , F , i s d e f i n e d as t h e number 
o f f o r m u l a w e i g h t s o f s o l u t e c o n t a i n e d i n 1 l i t e r o f s o l u t i o n . 
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The d i s t r i b u t i o n r a t i o o f a g i v e n n u c l i d e i s d e f i n e d as t h e 
c o n c e n t r a t i o n o f t h a t n u c l i d e i n the o r g a n i c phase d i v i d e d by t h e 
c o n c e n t r a t i o n o f n u c l i d e i n t h e aqueous phase o f two m u t u a l l y -
e q u i l i b r a t e d s e n s i b l y - i m m i s c i b l e l i q u i d p h a s e s , t h e c o n c e n t r a t i o n 
o f n u c l i d e b e i n g on an atom b a s i s as r e f l e c t e d i n c o u n t i n g r a t e s , 
a l p h a , b e t a o r gamma. 

The pK^ v a l u e s (used i n t h i s paper ) o f p h o s p h o r u s - b a s e d a c i d s 
i n 75% e t h a n o l were d e t e r m i n e d i n a comprehensive s t u d y , to be 
r e p o r t e d e l s e w h e r e , o f the r e l a t i o n s h i p o f pK^ to s t r u c t u r e and 
c o m p o s i t i o n i n ( X i ) ( X 2 ) P 0 ( 0 H ) and (X)P0(0H)2 compounds u s i n g a 
method d e s c r i b e d p r e v i o u s l y ( 5 ) . 

S o u r c e , P r e p a r a t i o n and P u r i f i c a t i o n o f M a t e r i a l s . The T B P , 
DB[BP] and DB[(C1M)P] were o b t a i n e d f r o m Commercia l S o l v e n t s C o r 
p o r a t i o n and S t o u f f e r C h e m i c a l Company, r e s p e c t i v e l y . The DA[AP] 
and DB[(CH)P] were o b t a i n e d from Hooker C h e m i c a l C o r p o r a t i o n . The 
T ( 4 - M P e - 2 ) P , D ( E B ) [ ( E B ) P ] , D ( 4 - M P e - 2 ) [ B P ] , D ( 4 - M P e - 2 ) [ ( i B ) P ] , 
D(4 -MPe-2 ) [PP] and B[DBP] were p r e p a r e d i n t h i s l a b o r a t o r y . The 
r e a g e n t grade (99% minimum p u r i t y ) dodecane used as a c a r r i e r 
d i l u e n t was o b t a i n e d from A l d r i c h C h e m i c a l Company. 

The c o m m e r c i a l l y o b t a i n e d e x t r a c t a n t s were p u r i f i e d by a 
m o d i f i c a t i o n o f a method p r e v i o u s l y d e s c r i b e d (13) f o r the p u r i 
f i c a t i o n o f T B P . The u n d i l u t e d e x t r a c t a n t was s t i r r e d w i t h an 
e q u a l volume 6 M HC1 a t room t e m p e r a t u r e f o r 1 h o u r and s c r u b b e d 
w i t h two e q u a l volume p o r t i o n s o f w a t e r . The aqueous phases were 
d i s c a r d e d , and the o r g a n i c phase was s t i r r e d f o r 1 h o u r w i t h 1 M 
NaOH a t room t e m p e r a t u r e . The aqueous phase was d i s c a r d e d , and 
the o r g a n i c ( e x t r a c t a n t ) phase was d i l u t e d to 30 p e r c e n t by volume 
w i t h η - h e p t a n e . The η - h e p t a n e s o l u t i o n was s c r u b b e d w i t h 6 o n e -
h a l f volume p o r t i o n s o f d i s t i l l e d w a t e r . The w a t e r phases were 
d i s c a r d e d , and t h e η - h e p t a n e was removed f r o m t h e o r g a n i c phase 
by e v a p o r a t i o n i n an open b e a k e r a t room t e m p e r a t u r e . The p u r i 
f i e d p r o d u c t was f r e e d f rom t r a c e s o f η - h e p t a n e , H2O and a l c o h o l s 
(formed i n t h e p u r i f i c a t i o n s t e p ) by pumping f o r e i g h t h o u r s a t 
10~ 2 mm p r e s s u r e and a t room t e m p e r a t u r e . 

The n e u t r a l phosphonate e s t e r s , D ( E B ) [ ( E B ) P ] , D ( 4 - M P e - 2 ) [ B P ] , 
D ( 4 - M P e - 2 ) [ ( i B ) P ] and D ( 4 - M P e - 2 ) [ P P ] were p r e p a r e d by the 
M i c h a e l i s - A r b u z o v R e a c t i o n i n w h i c h a l k y l h a l i d e s were r e a c t e d 
w i t h p r e v i o u s l y p r e p a r e d t r i a l k y l p h o s p h i t e s . The n e u t r a l p h o s 
p h a t e , T ( 4 - M P e - 2 ) P , was p r e p a r e d by a c o n v e n t i o n a l e s t e r i f i c a t i o n 
method i n w h i c h 4 - m e t h y l - 2 - p e n t a n o l was r e a c t e d w i t h POCI3 i n t h e 
p r e s e n c e o f p y r i d i n e . The t e m p e r a t u r e d u r i n g t h e r e a c t i o n was 
k e p t below 1 5 ° C to p r e v e n t d i s p r o p o r t i o n a t i o n o f t h e a l k y l g r o u p . 
The n e u t r a l p h o s p h i n a t e e s t e r , B [ D B P ] , was p r e p a r e d by e s t e r i f i -
c a t i o n o f d i b u t y l phosphorus o x y c h l o r i d e , ( C i j H g ^ P O C l , i n the 
p r e s e n c e o f p y r i d i n e . 

The same g e n e r a l method as d e s c r i b e d f o r t h e p u r i f i c a t i o n o f 
the c o m m e r c i a l l y o b t a i n e d e x t r a c t a n t s was used to p u r i f y the 
n e u t r a l p h o s p h o r u s - b a s e d e x t r a c t a n t s p r e p a r e d i n t h i s l a b o r a t o r y . 
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A l p h a - a c t i v e 1 .6 χ 1 0 5 - y r 2 3 3 U ( 2 3 8 U : 2 3 3 U mass r a t i o l e s s 
than 0.03) and a l p h a - a c t i v e 7.8 χ l O ^ - y r 2 3 0 T h ( 2 3 2 T h : 2 3 0 T h mass 
r a t i o n e q u a l s 10) were o b t a i n e d from Argonne N a t i o n a l L a b o r a t o r y 
s t o c k s . By methods d e s c r i b e d p r e v i o u s l y , the u r a n i u m (11) and 
t h o r i u m (14) t r a c e r s were p u r i f i e d f rom d a u g h t e r a c t i v i t i e s j u s t 
p r i o r to u s e . 

D e t e r m i n a t i o n o f 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 , K, was d e t e r m i n e d r a d i o m e t r i c a l l y as d e s c r i b e d p r e v i o u s l y 
(11) w i t h t h e f o l l o w i n g e x c e p t i o n s . The aqueous and o r g a n i c 
phases were mixed 4 m i n u t e s i n c u l t u r e tubes w i t h t e f l o n l i n e d 
screw caps u s i n g a Thermodyne v o r t e x m i x e r e q u i p p e d w i t h a 
s p e c i a l l y d e s i g n e d tube h o l d e r . The o r g a n i c phases were p r e -
e q u i l i b r a t e d b e f o r e use by c o n t a c t i n g each o r g a n i c phase w i t h 
two e q u a l volume p o r t i o n s o f b a r r e n aqueous phase ( i . e . , an 
aqueous phase c o n t a i n i n g a l l c o n s t i t u e n t s except the r a d i o a c t i v e 
t r a c e r ) . A l i q u o t s o f t h e aqueous and o r g a n i c phases were mea
s u r e d i n t o a g l a s s s c i n t i l l a t i o n v i a l c o n t a i n i n g 10 ml o f 
Beckman R e a d y - S o l v GP s c i n t i l l a t i o n c o c k t a i l and c o u n t e d i n a 
Beckman LS 100C s c i n t i l l a t i o n c o u n t e r . A l l d i s t r i b u t i o n r a t i o s 
were d e t e r m i n e d a t 22 ± 2 ° C . 

R e s u l t s and C o n c l u s i o n s 

The wide range o f s e p a r a t i o n f a c t o r s , Κ υ / Κ χ ^ , f o r t h e e x t r a c 
t i o n o f U(VI) and T h ( I V ) f r o m 2 .00 M HN0 3 i n t o e l e v e n s e l e c t e d 
n e u t r a l p h o s p h o r u s - b a s e d e x t r a c t a n t s shown i n T a b l e I , demon
s t r a t e s t h e p o t e n t i a l f o r d e s i g n i n g e x t r a c t a n t systems f o r s p e 
c i f i c m e t a l s e p a r a t i o n s . The s e p a r a t i o n f a c t o r s range f rom 0.71 
f o r B[DBP] to 162 f o r D(4-MPe-2) [ iBP] : a K T j / K T h r a t i o o f 228. 

The d a t a o f F i g u r e 1 show t h a t , i n the absence o f s t e r i c 
e f f e c t s , t h e e x t r a c t i o n o f b o t h U(VI) and T h ( I V ) i n c r e a s e s as 
the b a s i c i t y o f t h e c o o r d i n a t i n g P=0 o f the n e u t r a l e x t r a c t a n t 
i n c r e a s e s . The i n c r e a s e i n the e x t r a c t i o n o f Th (3 χ 1 0 3 ) w h i c h 
i s an o r d e r o f magnitude g r e a t e r t h a n the i n c r e a s e f o r U (3 χ 1 0 2 ) 
l e a d s to an i n v e r s i o n o f t h e i r e x t r a c t i o n f o r Β [ D B P ] , the most 
b a s i c o f the e x t r a c t a n t s s t u d i e d . (From the d a t a o f p r e v i o u s 
s t u d i e s ( 4 , 5 ) , the b a s i c i t y o f t h e P=0 i s assumed t o i n c r e a s e as 
t h e pK^ o f the c o r r e s p o n d i n g m o n o a c i d i c a c i d i n c r e a s e s . The 
c o r r e s p o n d i n g m o n o a c i d i c a c i d i s a compound w h i c h c o n t a i n s an OH 
group i n p l a c e o f one o f t h e e s t e r g r o u p s . F o r example, HDBP i s 
t h e c o r r e s p o n d i n g a c i d f o r T B P . ) Of t h e homologous s e r i e s o f 
n e u t r a l p h o s p h a t e , phosphonate and p h o s p h i n a t e e x t r a c t a n t s , 
r e s p e c t i v e l y , TBP, DB[BP] and Β [ D B P ] , the e x t r a c t a n t t h a t g i v e s 
t h e b e s t s e p a r a t i o n f a c t o r f o r U (V I) and T h ( I V ) i s T B P . The TBP 
m o l e c u l e a l s o has the l e a s t b a s i c P=0 o f the s e r i e s . I t i s 
a p p a r e n t t h a t c h a n g i n g o n l y t h e b a s i c i t y o f the e x t r a c t a n t has 
l i t t l e u s e f u l advantage i n the s e p a r a t i o n o f U(VI) and T h ( I V ) . 

The d i s t r i b u t i o n r a t i o s o f the e x t r a c t i o n o f U(VI) and 
T h ( I V ) i n t o a h i g h l y h i n d e r e d phosphate e x t r a c t a n t , T ( 4 - M P e - 2 ) P , 
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T a b l e I . E x t r a c t i o n o f Uranium and T h o r i u m i n t o S e v e r a l 
N e u t r a l P h o s p h o r u s - B a s e d O r g a n i c E x t r a c t a n t s f rom 2.00 M 

HNO^. E x t r a c t a n t S o l u t i o n s a r e 1 .00 F i n Dodecane 

E x t r a c t a n t s 

D i s t r i b u t i o n , Κ S e p a r a t i o n F a c t o r , 

Uranium T h o r i u m ^ ^ T h 

TBP 17 .5 1.74 

T ( 4 - M P e - 2 ) P 3.26 0.15 

DB[BP] 249 61 

DA[AP] 295 70.5 

DB[(CH)P] 245 23 .8 

DB[(C1M)P] 3 .71 0.54 

D(4-MPe-2 ) [BP] 362 3 .12 

D ( 4 - M P e - 2 ) [ ( i B ) P ] 56 .8 0.35 

D ( E B ) [ ( E B ) P ] 245 18 .1 

D ( 4 - M P e - 2 ) [ P P ] 374 2.89 

Β[DBP] 1175 1656 

10 .1 

21 .7 

4 . 1 

4 . 2 

10 .3 

6 .9 

116 

162 

13 .5 

129 

0.71 

Figure 1. Distribution ratio, K, of the 
extraction of U (VI) (Π) and Th (IV) 
(O) from 2.00M HNOs into 1.00F solu
tions of several phosphorus-based ex
tractants in dodecane diluent vs. the pKA 

of their corresponding HDGP, HG[GP], 
or H[DGP] acids (Example: Η DBP cor

responds to TBP). 
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a r e l o w , 3 .26 and 0.15 r e s p e c t i v e l y , r e g a r d l e s s o f the r e l a t i v e l y 
h i g h b a s i c i t y o f t h e P=0. T h e r e f o r e , t h e d a t a f o r t h i s e x t r a c 
t a n t do n o t f i t the c u r v e s o f t h e p l o t o f L o g Κ v e r s u s pK^ o f 
F i g u r e 1 . The l a r g e e f f e c t o f s t e r i c h i n d r a n c e on the e x t r a c t i o n 
o f U(VI) and T h ( I V ) and on t h e i r s e p a r a t i o n f a c t o r s i s shown b y 
t h e s e d a t a and the d a t a f o r t h e h i g h l y h i n d e r e d phosphonate 
e x t r a c t a n t s , D ( 4 - M P e - 2 ) [ B P ] , D ( 4 - M P e - 2 ) [ P P ] , and D ( 4 - M P e - 2 ) [ i B P ] 
g i v e n i n T a b l e I . 

I t s h o u l d be n o t e d t h a t the l i n e a r c u r v e f o r T h ( I V ) compared 
to the m a r k e d l y concave c u r v e f o r U(VI) (see t h e p l o t o f L o g Κ 
v e r s u s pK^ o f F i g u r e 1) i n d i c a t e a d i f f e r e n c e i n t h e mechanism o f 
e x t r a c t i o n f o r t h e s e two m e t a l s . 

The e x t r a c t a n t d e p e n d e n c i e s o f t h e e x t r a c t i o n o f U(VI) and 
T h ( I V ) as shown i n F i g u r e 2 and F i g u r e 3, a r e s e c o n d power and 
t h i r d power, r e s p e c t i v e l y , f o r DA[AP] and D(4 -MPe-2 ) [BP] e x t r a c 
t a n t phases v e r s u s low H N O 3 aqueous , i . e . , 0 .125 M H N O 3 and 0.50 
M H N O 3 f o r t h e two s y s t e m s , r e s p e c t i v e l y . F o r the n o n - i d e a l 
s o l u t i o n range a t c o n c e n t r a t i o n s o f e x t r a c t a n t g r e a t e r t h a n 0 .50 
F , t h e c u r v e s d e p a r t f r o m i n t e g r a l s l o p e s . The d e p e n d e n c i e s 
d e p a r t m a r k e d l y f r o m i n t e g r a l s l o p e s when 2.00 M H N O 3 i s u s e d as 
the aqueous p h a s e , the d e p a r t u r e b e i n g g r e a t e s t a t h i g h 
e x t r a c t a n t c o n c e n t r a t i o n s . S i n c e the p o r t i o n o f e x t r a c t a n t t i e d 
up by H N O 3 remains c o n s t a n t a t a s p e c i f i c H N O 3 c o n c e n t r a t i o n , the 
d i f f e r e n c e i n dependency f o r the e x t r a c t i o n f r o m t h e aqueous 2 .00 
M H N O 3 phase i s p r o b a b l y due to the change i n the n a t u r e o f t h e 
c o m p l e x i n g environment caused by t h e h i g h H N O 3 c o n c e n t r a t i o n i n 
t h e o r g a n i c p h a s e . 

The advantage f r o m t h e improved s e p a r a t i o n f a c t o r s a t low 
e x t r a c t a n t c o n c e n t r a t i o n s , shown i n F i g u r e s 2 and 3, i s g r e a t e s t 
i n p r o c e s s i n g systems i n w h i c h the e x t r a c t i o n o f h i g h c o n c e n t r a 
t i o n s o f m e t a l i s n o t r e q u i r e d . 

The H N O 3 d e p e n d e n c i e s o f the e x t r a c t i o n o f U(VI) and T h ( I V ) , 
shown i n F i g u r e 4 , s h o u l d be c o n s i d e r e d o f o p e r a t i o n a l s i g n i f i 
cance o n l y s i n c e s e v e r a l parameters v a r y s i m u l t a n e o u s l y as t h e 
e q u i l i b r i u m aqueous H N O 3 c o n c e n t r a t i o n i s v a r i e d . F o r example , 
N O 3 a c t i v i t y and n i t r a t o c o m p l e x i n g o f m e t a l s i n the aqueous and 
the f r e e e x t r a c t a n t c o n c e n t r a t i o n i n t h e o r g a n i c phase may v a r y 
as t h e aqueous H N O 3 c o n c e n t r a t i o n i s v a r i e d . 

The d i f f e r e n c e i n t h e H N O 3 dependency f o r the e x t r a c t i o n o f 
U(VI) and T h ( I V ) i n t o D ( 4 - M P e - 2 ) [ B P ] , c u r v e s A and D o f F i g u r e 4 
and i n t o D A [ A P ] , c u r v e s Β and C o f F i g u r e 4 , r e s u l t s i n a s u b 
s t a n t i a l d i f f e r e n c e i n s e p a r a t i o n f a c t o r f o r t h e s e m e t a l s a t low 
and h i g h H N O 3 c o n c e n t r a t i o n s . The s e p a r a t i o n f a c t o r s f o r t h e i r 
e x t r a c t i o n range from 65 to 400 f o r D ( 4 - M P e - 2 ) [ B P ] and 4 .5 to 32 
f o r D A [ A P ] . The improvement i n s e p a r a t i o n f a c t o r s a t low H N O 3 

c o n c e n t r a t i o n s i s a r e a l advantage f o r p r o c e s s e s i n w h i c h 
h y d r o l y s i s o f t h e m e t a l s a t low a c i d c o n c e n t r a t i o n i s n o t a 
p r o b l e m . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
7

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



M A S O N A N D G R I F F I N Designing Extractants 95 

- 2 - 1 0 1 
LOG F DA[AP] 

Figure 2. Extradant dependency of the 
extraction of U (VI) and Th (IV) into a 
dodecane solution of DA[AP] from: 
[(D) U, (A) Th] 0.125M HN03;[(V) V, 

(O) Th]2.00U HNOs. 

LOG F D(4-MPe-2)[BP] 

Figure 3. Extradant dependency of the 
extraction of U (VI) and Th (IV) into a 
dodecane solution of D(4-MPe-2) [BP] 
from: [(V) 17, (A) Th] 0.50M HNOs; 

[(Π) U, (O) Th] 2.00M HN03. 
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Figure 4. HN03 dependency of the extraction of U (VI) and Th (IV) into a do-
decane solution of: [(B) U, (C) Th] 1.00F DA[AP]; [(A) U, (D) Th] 1.00F D(4-

MPe-2)[BP]. 
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A l t h o u g h the s e p a r a t i o n f a c t o r s f o r the e x t r a c t i o n o f U(VI) 
and T h ( I V ) i n t o DA[AP] and D(4-MPe-2 ) [BP] d i f f e r g r e a t l y (a 
f a c t o r o f 28) due to the d i f f e r e n c e i n s t e r i c p r o p e r t i e s o f the 
e x t r a c t a n t s , t h e p a r a m e t e r s o f e x t r a c t a n t d e p e n d e n c i e s , F i g u r e s 
2 and 3, and H N O 3 d e p e n d e n c i e s , F i g u r e 4 , show a p a r a l l e l 
r e l a t i o n s h i p f o r t h e two e x t r a c t a n t s . The a p p a r e n t independence 
o f t h e s e parameters f rom t h e s t e r i c p r o p e r t i e s o f the e x t r a c t a n t 
g r e a t l y s i m p l i f i e s the s e l e c t i o n o f a n e x t r a c t a n t and the 
s p e c i f i c c o n c e n t r a t i o n s o f e x t r a c t a n t and H N O 3 r e q u i r e d f o r a 
d e s i r e d s e p a r a t i o n . 

D i s c u s s i o n 

Some o f t h e advantages o f u s i n g n e u t r a l p h o s p h o r u s - b a s e d 
o r g a n i c e x t r a c t a n t s o f t h e same g e n e r a l t y p e as t r i b u t y l p h o s 
p h a t e , TBP, d e s i g n e d w i t h s p e c i a l l y s e l e c t e d e x t r a c t i o n p r o p e r 
t i e s i n t h e development o f L L E systems f o r use i n r e a c t o r f u e l 
r e p r o c e s s i n g a r e : 

(1) The d i s t r i b u t i o n r a t i o s f o r t h e e x t r a c t i o n o f t h e 
e lements to be r e c o v e r e d (uranium and t h o r i u m , f o r example) may 
be o p t i m i z e d s u c h t h a t b o t h e lements c a n be e f f i c i e n t l y e x t r a c t e d 
t h e n s e l e c t i v e l y s t r i p p e d i n t o H N O 3 . O p t i m i z i n g t h e d i s t r i b u t i o n 
r a t i o s e l i m i n a t e s t h e n e c e s s i t y o f a d d i n g c o m p l e x i n g a g e n t s to 
the aqueous phase f o r s e l e c t i v e s t r i p p i n g o f t h e m e t a l s . 

(2) S i n c e the e x t r a c t a n t s a r e o f t h e same g e n e r a l t y p e as 
TBP, systems b a s e d o n t h e i r u s e would i n v o l v e e s s e n t i a l l y t h e 
same w e l l e s t a b l i s h e d t e c h n o l o g y as r e q u i r e d f o r t h e u s e o f T B P . 

(3) The h i g h m e t a l to e x t r a c t a n t r a t i o f o r t h e s e e x t r a c 
t a n t s a l l o w s h i g h m e t a l l o a d i n g o f t h e e x t r a c t a n t p h a s e , thus 
r e d u c i n g t h e r e q u i r e d i n v e n t o r y o f e x t r a c t a n t . 

(4) The methods o f p r o d u c t i o n o f n e u t r a l p h o s p h o r u s - b a s e d 
compounds i s w e l l known. 

The w i d e l y d i f f e r e n t e x t r a c t i o n o f U(VI) and T h ( I V ) , 
a c t i n i d e s ( I I I ) and l a n t h a n i d e s ( I I I ) as a f u n c t i o n o f t h e 
a c i d i t y and s t e r i c h i n d r a n c e o f m o n o a c i d i c p h o s p h o r u s - b a s e d 
e x t r a c t a n t s , shown i n p r e v i o u s s t u d i e s (2 , .3), l e d to t h e s t u d y 
o f t h e e f f e c t o f v a r y i n g the s t r u c t u r e o f n e u t r a l p h o s p h o r u s -
based compounds on t h e i r b e h a v i o r a s e x t r a c t a n t s . The i n v e r s e 
r e l a t i o n s h i p i n t h e o r d e r o f s u b s t i t u e n t b a s e - i n c r e a s i n g power 
and a c i d - i n c r e a s i n g power o f t h e same s u b s t i t u e n t s i n p h o s p h o r u s -
based o r g a n i c compounds, e s t a b l i s h e d by p r e v i o u s s t u d i e s (4,5^,6), 
i n d i c a t e t h e p o t e n t i a l f o r p r e d i c t i n g the b a s i c i t y o f the P=0 
i n n e u t r a l p h o s p h o r u s - b a s e d compounds f rom e x i s t i n g pK^ v a l u e s 
f o r c o r r e s p o n d i n g m o n o a c i d i c compounds. A l t h o u g h the a v a i l a b i l i t y 
o f b a s i c i t y d a t a f o r n e u t r a l p h o s p h o r u s - b a s e d compounds i s 
l i m i t e d , the l a r g e volume o f p u b l i s h e d pK^ d a t a f o r p h o s p h o r u s -
b a s e d o r g a n i c a c i d s s h o u l d make p r e d i c t i o n o f the b a s i c i t y o f 
a l a r g e number o f s u c h compounds p o s s i b l e . 
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98 A C T I N I D E S E P A R A T I O N S 

T h e r e i s no a p p a r e n t c o r r e l a t i o n between t h e e x t r a c t i o n o f 
U(VI) and the pK^ o r s t e r i c p r o p e r t i e s o f m o n o a c i d i c p h o s p h o r u s -
b a s e d a c i d s , b u t the range o f i t s K s v a l u e s i s r e l a t i v e l y s m a l l 
compared to t h e c o r r e s p o n d i n g ranges f o r T h ( I V ) , a c t i n i d e s ( I I I ) 
and l a n t h a n i d e s ( I I I ) . The range o f K s v a l u e s r e p r e s e n t i n g b o t h 
a c i d i t y and s t e r i c e f f e c t i s 2 .7 χ Ι Ο 5 (<2 χ 1 0 2 f o r most ex 
t r a c t a n t s ) f o r t h e e x t r a c t i o n o f U(VI) compared t o 3 .3 χ 1 0 1 I f f o r 
T h ( I V ) and >1.7 χ Ι Ο 1 0 f o r Am(III ) f o r the e x t r a c t a n t s r e p o r t e d 
( 2 , 3 ) . 

I n t h e e x t r a c t i o n s t u d i e s , to be r e p o r t e d e l s e w h e r e , 
i n v o l v i n g the u s e o f m o n o a c i d i c phosphonate e x t r a c t a n t s o f t h e 
(GO)(C1CH2)P0(0H) t y p e (where G r e p r e s e n t s p h e n y l groups w i t h 
v a r i o u s s u b s t i t u e n t s ) w i t h e s s e n t i a l l y c o n s t a n t a c i d i t i e s b u t 
w i t h v a r y i n g amounts o f s t e r i c h i n d r a n c e w i t h i n t h e e x t r a c t a n t 
m o l e c u l e , t h e range o f K g v a l u e s was 2 .6 χ 1 0 7 f o r T h ( I V ) and 
22 f o r U ( V I ) . T h u s , s t e r i c h i n d r a n c e w i t h i n t h e e x t r a c t a n t 
m o l e c u l e was e s t a b l i s h e d as a v e r y i m p o r t a n t f a c t o r i n L L E s e p a 
r a t i o n s . 

As might be e x p e c t e d f r o m the r e l a t i v e s t o i c h i o m e t r i e s 
i n v o l v e d , 

U 0 ^ + + 2N0" + 2S t U 0 9 ( N O . ) ? S (1) 
A J A 0 

T h * + + 4N0~ + 3 S n t T h ( N O j , S Q (2) 

compared to 

U 0 2 + + 2(HY) t U 0 2 ( H 2 Y 4 ) + 2H+ (3) 
A 0 

T h * + + 3 ( H Y ) 2 t T h ( H 2 Y 6 ) Q + 4H+ (4) 

(where S and HY r e p r e s e n t one mole o f n e u t r a l e x t r a c t a n t and 
one monomeric u n i t o f a c i d i c e x t r a c t a n t , r e s p e c t i v e l y , and A and 
0 r e p r e s e n t t h e aqueous and o r g a n i c p h a s e s , r e s p e c t i v e l y ) , t h e 
e f f e c t o f s t e r i c h i n d r a n c e on s e p a r a t i o n f a c t o r s i s much l a r g e r 
f o r U(VI) and T h ( I V ) f o r a c i d i c e x t r a c t a n t s t h a n f o r n e u t r a l 
e x t r a c t a n t s . A l o g i c a l e x t e n s i o n o f t h i s r e s e a r c h would be a 
s t u d y i n w h i c h the a c i d i t y and s t e r i c e f f e c t s f o r n e u t r a l 
p h o s p h o r u s - b a s e d e x t r a c t a n t s a r e c o r r e l a t e d w i t h t h e s e e f f e c t s 
f o r t h e i r c o r r e s p o n d i n g m o n o a c i d i c a c i d s . 
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Solvent Extraction of Transplutonium Elements from 

Acid Solutions by Polydentate Neutral Organophosphorus 

Compounds and from Alkaline Solutions by Quarternary 

Ammonium Bases and by Alkylpyrocatechols 

B. F. MYASOEDOV, M. K. CHMUTOVA, and Ζ. K. KARALOVA 

V. I. Vernadsky Institute of Geochemistry and Analytical Chemistry, 
USSR Academy of Sciences, Moscow, USSR 

Various classes of reagents for quantitative 
extraction of TPE are widely used. However, these 
extractants either extract TPE only from weakly acid 
media (chelate-forming reagents, amines, organophos
phoric ac ids) , or require a great amount of sa l t ing 
out agents (neutral monofunctional organophosphorus 
compounds). 

The purpose of the present work consists in the 
invest igat ion of polydentate neutral organophospho
rus compounds as extractants for i s o l a t i o n and con
centration of TPE from acid solutions and quaternary 
ammonium bases and alkylpyrocatechols for i so la t ion 
and separation of TPE and rare earth elements from 
a lkal ine solutions. 

Extraction of transplutonium elements from acid so
lu t ion 

It i s well-known that certain bidentate neutral 
organophosphorus compounds are f a r better extractants 
than the i r monodentate analogues (1,2). 

Bidentate organophosphorus compounds have re
cently attracted still more interest as i t was found 
that some of them can be used for removing long- l i 
ved TPE from waste nuclear fuel element solutions 
in order to eliminate the potential danger brought 
about by TPE accumulation (3). The methods develo
ped have shown that these reagents are fa ir ly promi
sing. It has been s t i l l necessary, however, to 
search for reagents with even higher extraction ca
pacity and low s o l u b i l i t y i n water whose production 
and refinement would be as simple as possible. 

We have studied a number of neutral b i - , t r i -
and tetradentate organophosphorus compounds as ex-

0-8412-0527-2/80/47-117-101$05.00/0 
© 1980 American Chemical Society 
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102 A C T I N I D E S E P A R A T I O N S 

tractants of TPE, Eu and U, i n two aspects: (i) the 
dependence of extraction capacity and ( i i ) the depen
dence of s e l e c t i v i t y on the reagent structure* 

Bidentate neutral organophosphorus compounds 
were synthesized in the laboratory of organophospho
rus compounds, USSR Academy of Sciences as described 
i n (£-11), the t r i - and tetradentate compounds as 
described i n (11). The reagents were dissolved i n 
chloroform or dXchloroethane. 

The reagents used for the extraction from 1-15 M 
HNO3 may be divided into two groups: (1) Bidentate 
reagents with a linear bridge between the functional 
P=0 groups (12!,JL2) reagents i n which the me
thylene group hydrogen i s substituted for some other 
atom or group. (2) B i - , t r i - and tetradentate rea
gents i n which the residueè of p-, m- and p-xylene, 
mesitylene and durrole (JM ) serve as bridges connec
ting the P=0 functional groups. 

As an example, l e t us take the simplest dioxide 
of the f i r s t group, i . e . tetraphenylmethylenediphos-
phine dioxide (Ph )oP(0)CH 2P(0)(Ph) 2 (I) and trace 
the effect of modifications i n i t s structure on the 
extracting capacity with respect to TPE and Eu. 

As the bridge elongates to two methylene units 
(Ph)2P(0)(CH 2 ) 2 PTo)(Ph) 2 (II), the distribution 
coefficients decrease by approximately a factor of 
10 J (Figure 1). 

Substitution of the ethylene bridge by vinylene 
bridge arrests the P=0 group in cis-position and 
brings about a thousandfold increase i n the d i s t r i 
bution coefficients, (Ph) 9P(0)CH=CHP(0)(Ph) 2 (III) 
(figure 2). * 

As i t has been shown for uranium(VI) (14)1 i f 
the P=0 groups are bound together by a vinyTene 
bridge arresting them in trans-position (IV) or by 
an acetylene bridge (Ph) 2P(0)CsCP(0)(Ph) 2 (V) ( F i 
gure 2), the reagents stop behaving as bidentates 
ones and the distribution coefficients sharply de
crease. 

CH^-groups introduced into jp-positions of ben
zene rings attached to the phosphorus atoms in (III) 
make the reagents more basic and more nucleophilic; 
(Tol) 2P(0)CH=CHP(0)(Tol)2 (VI) i s a somewhat better 
extractant of TPE and Eu i n comparison with reagent 
(III). 

We should note that these facts refer primarily 
to extraction from solutions where the HNO3 concen
tration i s less than 5M. For instance, the d i s t r i 
bution coefficients of a l l the elements (DTPE) by 
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8. M Y A S O E D O V E T A L . Extraction of Transplutonium Elements 103 

1 3 5 7 L 9 11 13 
UNO, concentration,!̂  

Figure 1. Extraction of trivalent Am (1,1'), Cm(2,2'), Bk (3,3'), Cf (4,4'), Es (5), 
and Eu (6,6') by 0.025M chloroform solutions of reagents I (1-6) and II (Γ-6 ) as 

a function of HN03 concentration. 

1 3 5 7 9 11 13 
UN03, concentration, M 

Figure 2. Extraction of trivalent Am (1,V, 1"), Cm (2), Bk (3), Cf (4), and Eu (5) 
by 0.025M chloroform solutions of reagents III (1-5), IV (Γ), and V (V) as a 

function of HN03 concentration. 
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extraction from 14-15 M HNO3 with the help of reagent 
(II) do not d i f f e r as greatly from those observed 
with the reagents (III) and (VI) as in moderately 
acidic media. 

Substitution of hydrogen in the dioxide (I) me
thylene bridge for other atoms or groups CI, a l l y l 
( a l ) , n-dodecyl (n-dodc) and vinylidene: 
(Ph) 2P(0)CH(Cl)P(0)(Ph) 2 (VII); 
(Ph) 2P(0)CH(al)P(0)(Ph) 2 (VIII); 
(Ph) 2P(0)CH(n-dodc)P(0)(Ph) 2 (IX); 
(Ph)2P(0)C(=CH 2)P(0)(Ph) 2 (X) has been found to de
crease the extraction capacity in a l l the instances. 
Substituents of the methylene bridge hydrogen take 
no part i n formation of compounds being extracted 
but, according to the induction properties, affect 
their s t a b i l i t y . 

Also studied was the extraction capacity of 
another group of reagents (JM)> i . e . 

The dioxide containing a j>-xylene fragment as a 
bridge proved insoluble i n chloroform and dichloro-
ethane. 

The extraction capacity in this group was p r i 
marily dependent on r e l a t i v e positions of functio
nal groups i n the bridge. For instance, the dioxide 
(XI) a b i l i t y to extract Am(III) proved about 3x1CH 
times weaker than that of dioxide XII. The presence 
of three P=0 groups, even i f their mutual arrange
ment i s favourable, l i k e in (XIII) where they occu
py metapositions with respect to each other, or of 
four groups (two couples i n meta-position, reagent 
XIV) does not lead to any substantial increase i n 
distribution coefficients of TPE and Eu, (Figure 3). 
This i s probably due to s t e r i c a l factors, changing 
basicity of the functional groups, etc. 

It i s easy to see that the best extractant of 
TPE i s tetraphenylmethylenephosphine dioxide (I). 
Dioxide I appears to have extraction a b i l i t y superior 
to that of a l l the currently known bidentate neutral 
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8. M Y A S O E D O V E T A L . Extraction of Transplutonium Elements 105 

organophosphorus compounds. Hence we have i n v e s t i 
gated i t i n more d e t a i l (15). 

Experiments on TPE extraction by dioxide from 
n i t r i c acid solutions containing nitrates have shown 
that this reagent can be used for quantitative group 
extraction and concentrating of TPE from solutions 
containing 1-15 M HNÔ  and arbitrary amounts of L i , 
A l , Na or NH* nitrates. Table 1 gives some examples 
of Am concentrating up to the hundredfold. 

Table 1 

Americium extraction from n i t r i c acid solutions by 
0.1 M chloroform solution of reagent I 

org. Extraction, % 

aq. 1M M 0 3 3M HN0 3 m H N O 3 -

1M A 1 ( N 0 3 ) 3 

1M H N 0 3 -

1.8M A I( I K > 3 ) 3 

1:10 - - 99.9 

1:20 94.9 98.6 93.0 

1:50 92.0 98.5 97.0 -
1:100 98.0 93.0 89 .0 

The reagent i s poorly soluble i n n i t r i c acid 
solutions; i t i s résistent to the acid and radioly-
s i s . The reagent solutions in chloroform retain 
their high a b i l i t y of TPE extraction from 1-15 M 
HNOo after receiving a portion of ^ - r a d i a t i o n as 
hign as 75 Wt/h per 25 ml. The reagent solutions 
may be repeatedly used for quantitative TPE extrac
tion. The back-extraction of TPE i s performed by an 
ammonium carbonate solution or by water after the or
ganic phase has been just once washed by an 
A K N O o ^ O H solution. 

Another problem we were interested in was the 
s e l e c t i v i t y of the reagents studied. 

It i s known that the reagent s e l e c t i v i t y i s s i g 
n i f i c a n t l y influenced by fragments preventing i n d i 
vidual groups from free rotation and more or less 
arresting functional groups positions and therefore 
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5 7 9 W 

UNO, concentration. M 
13 

Figure 3. Extraction of trivalent Am (1-4) and hexavalent U (2'-4') by 0.025M 
chloroform solutions of reagents XI (Ι,Ι'), XII (2,2'), XIII (3,3'), and XIV (4,4') as 

a function of concentration. 

Reagents Reagents IJ Reagents 2 ) , l j S 
3MIM0, 15M HMO, 3MW» f 15M HW03 

W W , 

4 Results 4or 
r«agent j[ 

-&eeongto2MUN Û3 

χϊν Λ 

J? 
0 — c / ^ ° / 

£•1 

-2 

Figure 4. Distribution coefficients of trivalent TPE in the neutral organophos
phorus compound-chloroform-nitric acid systems. The Roman numerals corre

spond to numbers of reagents in the text. 
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8. M Y A S O E D O V E T A L . Extraction of Transplutonium Elements 107 

controlling the s ize of the chelate rings (11, 12, 
1 2 ) . 

Here are some results on reagents containing 
r i g i d bridge fragments. In a series of compounds 
with the same functional groups and the same substi-
tuents to the phosphorus atoms the s e l e c t i v i t y of 
dioxides containing f l e x i b l e saturated bridges (rea
gents I and II) differed from that of dioxides with 
non-saturated (vinylene) bridges, which r e s t r i c t the 
freedom of P=0 groups mutual orientation (reagents 
III and IV). The l a t t e r reagents are r e l a t i v e l y mo
re selective with respect to berklium; i n the ex
traction from concentrated HNO3 * 3 i e ^ a c ^ o r of Bk/Cm 
separation reaches 10 (Figure 4 ) · 

A similar effect can be provided by introducing 
substituents into the methylene bridge of dioxide I; 
thus i n a l l the cases the factors of TPE separation 
both from each other and from Eu are growing in 
diluted (3M) as well as i n concentrated HNOo. The 
only exclusion i s extraction by chloro-derivative VII 
from 15 Μ ΗΝΌ^ when the distribution coefficients 
of a l l the TPE are the same. Incidentally, this re
agent displays appreciable s e l e c t i v i t y with respect 
to Am extraction from 1-5 M HNO3; the factor of Cm/Am 
separation i s about 5 and that of Am/Eu separation 
i s about 7·5· The s e l e c t i v i t y of reagents containing 
p- and m-xylene, durrole and mesithylene bridges 
was found to depend only on mutual arrangement of 
P=0 groups i n the bridge regardless of their number 
(11). Figure 3 i l l u s t r a t e s that dioxide XI, in which 
tEe functional groups are i n p-positions with res
pect to each other i s highly selective to U(VI), 
the U/Am separation factor reaching about 8x10*. 

The polydentate reagents XII, XIII and XIV pro
vide r e l a t i v e l y high Am/Eu and p r a c t i c a l l y the same 
separation factors (about 12 for a l l the three rea
gents, Figure 4)· It appears that TPE and Eu complex 
formation with these compounds occurs essentially on 
account of P=0 groups in mutual m-positions which i s 
evidently responsible for the high factors of TPE 
separation from each other and of Eu separation from 
Am. 

uranium extraction by dioxide XI i s very selec
ti v e ; the extraction by tetraoxide XIV i s more se
lect i v e than that by reagents XII and XIII. This can 
be explained i n terms of complex formation involving 
not only the P=0 groups of substituents i n m-positi
ons but also the groups of substituents i n mutual 
p-positions. 
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Extraction of transplutonium elements from alkaline 
solutions 

Extraction from basic media being complicated 
by formation of low soluble precipitates. On the 
other hand, many elements can exist i n alkaline so
lutions i n the form of stable soluble complexes, 
which under appropriate conditions may be transferred 
into the organic phase. As we have shown (16.17.18. 
19) i t i s possible to extract actinides and lanthani-
des from very alkaline media by using aliquat 336 and 
4( d , crt -dioctylethyl)pyrocatechol (DOP). oL -Oxy-
carbonic acids and some of aminopolycarboxylic acids 
were employed to keep the ions of hydrolyzing eleme
nts i n alkaline solutions. It was found that the 
mechanism of extraction strongly depends on the na
ture of the extractant. Aliquat transfers ions into 
the organic phase in the form of an ionic associate 
consisting of the metal compound with the complex-
-forming agent as the anion, and the extractant as 
the cation. DOP extracts actinides and lanthanides 
from the alkaline solutions i n the form of chelates, 
the same as in case of rare elements (20). 

Extraction by aliquat 336. We have found (16, 
17) that aliquat 336 can extract actinides and Tan-
thanides from very alkaline media as complexes with 

06—oxycarbonic acids and with aminopolycarboxylic 
acids. 

The extent of extraction depends on the a l k a l i 
concentration and on concentration of the complex-
forming ligand. Figure 5 shows results on Am and Eu 
extraction i n the presence of dioxydiaminebuthanetet-
raacetic acid (DOBTA) and t a r t a r i c acid vs. a l k a l i 
concentration. The extraction i s the most complete 
at C M Π τ τ é 1 I from the DOBTA solution and at 0 W n M é 

iMaun M from the t a r t a r i c acid solution. u n 

In the l a t t e r case the decrease i n extraction with 
increasing a l k a l i concentration i s more pronounced. 
It appears that complexes with aminopolycarboxylic 
acids are more stable than those with ctf-oxycarbo-
nic acids probably on account of grater mobility of 
oxy-group hydrogen of complex-forming ligand. Eu se
ems to form more hydrolyzable complexes than Am, 
since the l a t t e r displays higher distribution coef
f i c i e n t s . 

Studies on the degree of complex-forming agents 
concentration on the extent of europium microamount 
extraction have shown that the extraction occurs 
even from very diluted solutions of complex-forming 
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agents, and i s almost intensitive to variations ofρ 
DOBTA concentration i n the region from 10"° to 10 M, 
and 0to those o f 0 t a r t a r i c acid in the range from 
10"^ to % 5x10"2 M. 

Extraction of elements from alkaline solutions 
i s s i g n i f i c a n t l y affected by the nature of the comp
lex-forming agent, by the number and mutual arran
gement of hydroxylic groups in i t s structure. Above 
0.3 M a l k a l i concentration europium i s better extrac
ted with monocarbonic acids than with dicarbonic 
ones. Dicarbonic oxyacids promote extraction the 
better the more OH" groups they contain. For instan
ce, distribution coefficients of europium i n the 
0.5 M NaOH-trioxyglutarie acid are twice as high as 
in the 0.5 M NaOH-tartaric acid system. The results 
indicate that aromatic aminopolycarboxylic acids 
provide for europium extraction over a wider range 
of the a l k a l i concentrations than the aliphatic 
ones. 

In alkaline solutions trivalent actinides and 
lanthanides form rather stable complexes with t a r t a 
r i c acid and DOBTA. The complexes undergo no appre
ciable decay during long keeping of the solutions; 
for instance, Eu and Am complexes with DOBTA in 
0.5-1 M NaOH are stable for more than a month. 

The degree of the metal extractions depends on 
i t s concentration. For example, with increasing euro
pium concentration the distribution coefficients i n 
the alkali - D O B T A system decrease, while in the alka-
l i - t a r t a r i c acid system a maximum at 7x10""4 M Eu con
centration i s observed. As we suggested the enhance
ment i n the metal distribution coefficient i s evident
l y due to the metal polymerization i n the organic 
phase, and the decrease i s caused by polymerization 
i n the aqueous phase, which eventually results i n 
low extractable polymer form. The l a t t e r assumption 
i s supported by the fact that as the a l k a l i concen
tration increases the maximum on extraction curves 
undergoes a shi f t towards lower concentration of 
the metal. 

The preliminary data on the composition of the 
compounds being extracted are given. Experiments 
on ion transfer have shown that the metal being 
extracted i s a part of the anionic complex frag
ment. As suggested by the logarhythmic dependence 
of distribution coefficients on the extractant con
centration, at high a l k a l i concentration the me-
tal/extractant ratio i n the compound being extracted 
i s 1:1. The compound being transferred into the or-
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Figure 5. Extraction of Am (III) (1,1') and Eu (III) (2,2') in the presence of 2 χ 
10 3M DOBTA (1,2) and 2.5 χ 102M tartaric acid (Γ,2') by 0.2M aliquat 336; 

OH xylene solution as a function of NaOH concentration. 

Figure 6. Extraction of actinides and hnthanides from alkaline solutions by 
0.2M aliquat 336; OH in the presence of 2.5 χ 10~2M tartaric acid. 
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ganic phase i s probably an ionic associate consisting 
of a metal-complex-forming agent compound as the ani
on and the extractant as the cation» 

Extraction of anionic complexes of elements 
from alkaline solutions by aliquat may be used for 
solving some pra c t i c a l problems. Thus i n the a l k a l i -
-DOBTA and a l k a l i - t a r t a r i c acid systems i t provides 
for group extraction of trivalent actinides and lan-
thanides and for separation of elements i n different 
oxadation states, A study on extraction of Ac(III), 
Am(III), Cf(III), Th(IV), Pu(IV), Np(V), Pa(V) and 
U(VI) has shown that at NaOH concentration less than 
0 ,5 M most actinides are transferres into the orga
nic phase, the distribution coefficients being high 
enough (Figure 6) for these systems to be used i n 
concentrating actinides from alkaline solutions. The 
higher the a l k a l i concentration, the better i s the 
separation coefficient. In the presence of ol -oxy-
carbonic acids and aminopolycarboxylic acids i n 
1 M NaOH the elements are extracted i n the following 
order: Ac(III). Am(III), Cf(III) ^ Th(IV), Pu(IV) ̂  

Np(V), Pa(V) ̂  U(VI). 
Extraction by alkylpyrocatechol. We have found 

4( °t , oc -dioctylethyljpyrocatechol (DOP) to be one 
of the few reagents capable of Am and Eu extraction 
from very alkaline solutions even in the absence of 
complex-forming agents. For instance, 30 minutes 
shaking with 0 ,04 M DOP toluene solution led to 96-
97% extraction from freshly prepared solutions i n 
the NaOH range from 0 ,5 to 5 M, The extraction de
creases with aging because of radiocolloids s o r p t i 
on on the glassware surface; the sorbed particles 
can not be removed even by long contact with the 
extractant, 

To decrease hydrolysis and to increase s e l e c t i 
v i t y we have employed complex-forming agents such 
as DTPA and ta r t a r i c acid (Jj))* results show 
that Am extraction in the NaOH-tartaric acid solu
tion i s approximately the same as that of Eu. At low 
concentrations of the a l k a l i the distribution c o e f f i 
cients are small; as the concentration increases, the 
extraction of Am and Eu sharply increases to reach 
a maximum at 2 M NaOH ( ̂  99%) and to stay constant 
up to 10 M. The R = f/NaOH/ dependence by Am and Eu 
extraction in the form of tartrates by aliquat - 3 3 6 
was different, namely the extraction was high at low 
a l k a l i concentrations and poor at NaOH concentration 
greater than 2 M, It may be assumed that DOP forms 
strong chelates with trivalent actinides and lantha-
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nides. Therefore under conditions of profound hyd
r o l y s i s the substitution of aquo- and hydroxy-groups 
for tartrate ions results i n formation of involved 
composition ions i n the aqueous phase. It i s r e l a t i 
vely easy to extract these complex ions by a chelate 
reagent l i k e DOP i s , but steric d i f f i c u l t i e s make the 
extraction by quaternary ammonium bases hard. 

In solution with low a l k a l i concentration, Eu 
extraction i s appreciably dependent on the nature of 
the diluent. The distribution coefficients decrease 
with increasing d i e l e c t r i c constant i n the order 
cyclohexane ^ toluene ^ chloroform ^ octyl alcohol. 
Extraction of Eu from 5 M NaOH i s 99% whatever the 
diluent (except for octyl alcohol). This means that 
extraction from very alkaline media i s favour of 
coordinatively-saturated compounds. 

As DOP concentration in the organic phase incre
ases from 0.01 to 0.05 M9 extraction of Am and Eu 
increases, the best results being obtained with the 
use of 0.04 M DOP i n toluene solutions. Further en
hancement i n the extractant concentration i s not 
reasonable due to intermolecular hydrogen bonds bet
ween DOP molecules. It follows from the slope of the 
log D = f log /DOP/ curves, that i n the extraction 
from 1 M NaOH the metal/reagent ratio i n the com
pound being extracted i s 1:2. The elements appear to 
be extracted from 1 M NaOH i n the form of hydrated 
compounds. 

Figure 7 shows that Eu distribution coefficients 
over the range from 0.5 to 4M NaOH are essentially 
higher than those of Am. In 2 M NaOH the difference 
i s twenty fo l d . The extent of Am separation from Eu 
may be s t i l l increased by varying the duration of 
mixing and the concentration of the reagent. Extrac
tion of the elements i s very sensitive to duration 
of mixing. The Eu-DTPA complex i s less stable than 
Am-DTPA, so i t s transfer to the organic phase occurs 
much more rapidly. For instance, after 10 minutes 
mixing with 10~4 M DTPA 36% Eu and just 48% Am i s 
transferred into the organic phase. Since the l i m i 
ting step of extraction i s the decay of DTPA comple
xes resulting i n chelates of the elements with the 
extractant, at higher concentrations of DTPA the 
time for the equilibrium to be reached i s usually 
longer. 

The extractant concentration also plays a role 
in the extent of separation. Figure 8 indicates 
that i n the presence of 1x10-4 M DTPA 0.01 M DOP 
toluene solutions extract from 2 M NaOH 60% Eu and 
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1 δ 5 
N Q O H concentrât ion, M 

Figure 7. The effect of NaOH concentration on extraction of Eu (III) (1) and 
Am(III) (2) from 10'4M DTP A by 0.04M DOP toluene solution; extraction time, 

10 minutes. 

Figure 8. The effect of DOP concentration on extraction of Eu (III) (1) and 
Am (III) (2) from the solution containing 104M DTP A and 2M NaOH; extraction 

time, 10 minutes. 
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only 5% Am. Optimum separation of Eu and Am i s obser
ved at 2 M NaOH concentration, 10"*4 M DTPA and 10~ z 

M DOP, the mixing time being 10 minutes. Under these 
c o n d i t i o n s the Eu/Am separation f a c t o r i s about 30, 
and t r i p l e e x t r a c t i o n t r a n s f e r s 97% europium i n t o 
the organic phase, 90% Am stay i n the aqueous phase, 
where the content of Eu i s no higher than 3%· Ameri-
cium can then be q u a n t i t a t i v e l y extracted by 0·04 M 
DOP toluene s o l u t i o n , the phases being mixed f o r 
45 minutes. 

Conclusions 

Thus polydentate organophosphorus compounds ap
pear to be e f f i c i e n t e x tractants of t r i v a l e n t TPE 
from a c i d i c s o l u t i o n s . The f u l l - s c a l e use of these 
compounds i n , f o r instance, TPE e x t r a c t i o n from nuc
l e a r a c i d i c waste s o l u t i o n s seems very l i k e l y i n 
the f u t u r e . 

Since the s t r u c t u r e of the reagents may be wide
l y v a r i e d , one may hope that i t w i l l be p o s s i b l e to 
develop h i g h l y s e l e c t i v e e x t r a c t a n t s capable of TPE 
separation from each other as w e l l as from rare 
earth elements. Some of the reagents described here 
may be used f o r e x t r a c t i o n chromatography separation 
of c e r t a i n TPE whose separation f a c t o r s are high 
enough. 

Our s t u d i e s have shown that i n the presence of 
complex-forming agents a c t i n i d e s and lanthanides can 
be extracted from a l k a l i n e s o l u t i o n by usin g of a l i -
quat 336 and 4( dL,oC-dioctylethyl)pyrocatechol. The 
l a t t e r reagent i s more e f f i c i e n t , as i t provides 
f o r q u a n t i t a t i v e e x t r a c t i o n of t r i v a l e n t a c t i n i d e s 
from very a l k a l i n e media and f o r ap p r e c i a b l y b e t t e r 
s e p a r a t i o n of a c t i n i d e s from r a r e e a r t h elements. 
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9 
The Extraction of Uranium (VI) from Sulphuric Acid 
Solutions by Tri-n-Octylphosphine Oxide 

TAICHI SATO 

Department of Applied Chemistry, Faculty of Engineering, Shizuoka University, 
Hamamatsu, Japan 

We have used tri-n-octylphosphine oxide (TOPO) as a solvent 
extractant of uranium(VI) and thorium(IV) from nitric and hydro
chloric acid solutions (1-3). In contrast, the extraction of 
uranium(VI) and thorium(IV) from nitric and hydrochloric acid 
solutions has been investigated by tri-n-butylphosphate (TBP) (4, 
5). However, since TBP reveals a poor efficiency for the extrac
tion of metals from sulphuric acid solutions, this paper extends 
the work to the extraction of uranium(VI) from sulphuric acid 
solutions by TOPO. 

Experimental 

Reagent 
TOPO (Hokko Chemical Industry Co. Ltd., Tokyo) was used with

out further purification and dissolved in kerosene, or benzene. 
The kerosene was purified by washing with concentrated sulphuric 
acid (4). The aqueous solutions of uranyl sulphate were prepared 
by dissolving uranyl sulphate hydrate (UO2SO4·3Η2O, Yokozawa 
Chemical Co. Ltd.) in sulphuric acid solutions of the required 
concentrations. All chemicals were of analytical reagent grade. 
Extraction and analytical procedures 

E q u a l volumes (20 ml) o f t h e TOPO s o l u t i o n i n t h e o r g a n i c 
s o l v e n t and u r a n y l s u l p h a t e s o l u t i o n c o n t a i n i n g s u l p h u r i c a c i d 
were shaken f o r 10 min i n 50 ml s t o p p e r e d c o n i c a l f l a s k s i n a 
t h e r m o s t a t i c w a t e r - b a t h a t t h e r e q u i r e d t e m p e r a t u r e . P r e l i m i n a r y 
e x p e r i m e n t s showed t h a t e q u i l i b r a t i o n i s complete i n 10 m i n . The 
m i x t u r e was c e n t r i f u g e d and s e p a r a t e d , and u r a n i u m was s t r i p p e d 
from t h e o r g a n i c phase w i t h 0 .5 M ammonium c a r b o n a t e s o l u t i o n , and 
t h e n 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 ( the r a t i o o f t h e e q u i l i b r i u m 
c o n c e n t r a t i o n o f u r a n i u m i n t h e o r g a n i c phase t o t h a t i n t h e aque
ous p h a s e , [ U ] o r g / [ U ] a q ) was o b t a i n e d . 

Uranium(VI) was d e t e r m i n e d b y t i t r a t i o n w i t h EDTA u s i n g x y l e -
n o l orange (XO) as i n d i c a t o r ( 6 ) . The a c i d i t y o f the o r g a n i c phase 
was d e t e r m i n e d b y a d d i n g 2 % sodium o x a l a t e s o l u t i o n t o t h e aque
ous s o l u t i o n back-washed and t i t r a t i n g w i t h 0 .01 M sodium h y d r o x i d e 

0-8412-0527-2/80/47-117-117$05.00/0 
© 1980 American Chemical Society 
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s o l u t i o n b y u s i n g t h e pH m e t e r . The water c o n t e n t o f the o r g a n i c 
s o l u t i o n was d e t e r m i n e d b y t h e K a r l F i s c h e r method. The s u l p h a t e 
c o n c e n t r a t i o n o f t h e o r g a n i c phase was d e t e r m i n e d as f o l l o w s : t h e 
s u l p h a t e i n t h e aqueous s o l u t i o n b a c k - e x t r a c t e d f rom the o r g a n i c 
phase was c o m p l e t e l y p r e c i p i t a t e d as b a r i u m s u l p h a t e w i t h b a r i u m 
c h l o r i d e s o l u t i o n . 
S p e c t r o p h o t o m e t r y , i n f r a r e d and NMR s p e c t r a l measurements 

A b s o r p t i o n s p e c t r a were o b t a i n e d on a Shimadzu Model QV-50 
s p e c t r o p h o t o m e t e r , u s i n g 1 .00 cm f u s e d s i l i c a c e l l s . I n f r a r e d 
s p e c t r a were d e t e r m i n e d on a J a p a n S p e c t r o s c o p i c C o . L t d . Model 
I R - S , e q u i p p e d w i t h p o t a s s i u m c h l o r i d e p r i s m s (4000-550 c m " 1 ) 
u s i n g a matched c e l l w i t h p o t a s s i u m b r o m i d e window (a s p a c e r o f 
0 .1 mm) o r a c a p i l l a r y f i l m between t h a l l i u m h a l i d e . N u c l e a r mag
n e t i c r e s o n a n c e (NMR) s p e c t r a were o b t a i n e d f o r samples d i s s o l v e d 
i n c a r b o n t e t r a c h l o r i d e u s i n g a H i t a c h i P e r k i n - E l m e r Model R-20 
H i g h R e s o l u t i o n NMR s p e c t r o m e t e r u t i l i z i n g a permanent magnet o f 
14092 g a u s s , i n t h e use o f t e t r a m e t h y l s i l a n e as an i n t e r n a l r e f 
e r e n c e . 

R e s u l t s and d i s c u s s i o n 

E x t r a c t i o n i s o t h e r m 
The e x t r a c t i o n o f aqueous s o l u t i o n s c o n t a i n i n g 5 g/1 o f u r a 

n y l s u l p h a t e i n s u l p h u r i c a c i d a t d i f f e r e n t c o n c e n t r a t i o n s was 
c a r r i e d out w i t h TOPO i n k e r o s e n e o r benzene a t 20 ° C . Some r e p r e 
s e n t a t i v e r e s u l t s a r e g i v e n i n F i g u r e 1 . The d i s t r i b u t i o n c o e f f i 
c i e n t a t f i r s t r i s e s w i t h aqueous a c i d i t y , p a s s e s t h r o u g h a maximum 
a t about 3-4 M a c i d and t h e n f a l l s a t h i g h e r a c i d i t i e s . I t i s a l s o 
f o u n d t h a t t h e i n i t i a l aqueous a c i d i t y c o r r e s p o n d i n g t o t h e m a x i 
mum d i s t r i b u t i o n c o e f f i c i e n t i s n o t much i n f l u e n c e d b y v a r y i n g t h e 
TOPO c o n c e n t r a t i o n . When benzene i s u s e d as a d i l u e n t i n s t e a d o f 
k e r o s e n e , t h e shape o f the d i s t r i b u t i o n c o e f f i c i e n t c u r v e w i t h t h e 
s o l u t i o n i n benzene r e s e m b l e s t h a t i n k e r o s e n e , a l t h o u g h t h e ex
t r a c t i o n e f f i c i e n c y i s i n k e r o s e n e > b e n z e n e , as i l l u s t r a t e d i n 
F i g u r e 1 . 

I f we assume t h a t t h e e x t r a c t i o n o f u r a n i u m ( V I ) f rom s u l p h u 
r i c a c i d s o l u t i o n s w i t h TOPO i s governed b y s o l v a t i n g r e a c t i o n as 
i n t h e case o f t h e e x t r a c t i o n from n i t r i c and h y d r o c h l o r i c a c i d 
s o l u t i o n s ( 2 , 3 ) 9 v i z . 

U 0 2 S 0 4 ( a ) + nTOPO(o) *=* U 0 2 S 0 4 . n T 0 P 0 ( o ) (1) 
where (a) and (o) r e p r e s e n t aqueous and o r g a n i c p h a s e s , r e s p e c 
t i v e l y , t h e f o l l o w i n g r e l a t i o n s h i p would be e x p e c t e d 

l o g Eg = l o g Κ + n l o g ( C T 0 P 0 - n C y ) , (2) 
i n w h i c h Eg i s 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 , Κ t h e e q u i l i b r i u m 
c o n s t a n t , C T O p o t n e t o t a l TOPO c o n c e n t r a t i o n and Cy t h e u r a n i u m 
c o n c e n t r a t i o n o f t h e o r g a n i c p h a s e . 

F o r the e x t r a c t i o n o f u r a n y l s u l p h a t e s o l u t i o n s (5 g/1) c o n 
t a i n i n g s u l p h u r i c a c i d a t v a r i o u s c o n c e n t r a t i o n s o f TOPO i n k e r o 
sene a t 20 ° C , t h e l o g - l o g p l o t s o f Eg v s . (C T 0P0 - n C u ) a t c o n 
s t a n t s u l p h u r i c a c i d c o n c e n t r a t i o n s showed t h a t t h e E q n . (2) i s 
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9. S A T O Extraction of U(VI) by TOPO 119 

0.1 1 10 

I n i t i a l aqueous s u l p h u r i c a c i d c o n c n . , M 

Figure 1. Extraction of U (VI) from sulfuric acid solutions by TOPO in (O) 
kersosene and (A) benzene; numerals on the curves are TOPO concentrations, M . 
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120 A C T I N I D E S E P A R A T I O N S 

s a t i s f i e d f o r η = 2: t h e s l o p e s o f 2 . 0 , 2 . 0 , 2 .3 and 2 .3 a t 0 . 5 , 
1 , 2 and 3 M a c i d s r e s p e c t i v e l y . I t i s t h u s t h o u g h t t h a t t h e v a l u e 
o f 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 f o r u r a n i u m shows a second-power 
dependence , i n d i c a t i n g t h e f o r m a t i o n o f t h e d i s o l v a t e U 0 2 S 0 4 -
2T0P0. Hence i t i s i n f e r r e d t h a t η = 2 i n t h e E q n . ( 1 ) , i . e . 

U 0 2 S 0 4 ( a ) + 2T0P0(o) U 0 2 S 0 4 · 2 T 0 P 0 ( o ) (3) 
In t h e e x t r a c t i o n o f u r a n y l s u l p h a t e s o l u t i o n s o f v a r i o u s c o n c e n 
t r a t i o n s c o n t a i n i n g 3 M s u l p h u r i c a c i d w i t h 0 .03 M TOPO i n k e r o 
sene a t 20 ° C , t h e c o n c e n t r a t i o n o f u r a n i u m i n t h e o r g a n i c phase 
as a f u n c t i o n o f i n i t i a l aqueous u r a n i u m c o n c e n t r a t i o n approaches 
a l i m i t i n g v a l u e (0.015 M) as shown i n T a b l e 1 , s u p p o r t i n g t h e 
s o l v a t i o n number o f TOPO f o r u r a n i u m o b t a i n e d f rom t h e s o l v e n t 
dependency , a l t h o u g h t h e o r g a n i c phase i s n o t y e t s a t u r a t e d u n d e r 
the p r e s e n t e x p e r i m e n t a l c o n d i t i o n s . F o r t h o s e o r g a n i c p h a s e s , the 
m o l a r r a t i o s o f t h e s u l p h a t e c o n c e n t r a t i o n and t h e water c o n t e n t 
t o t h e c o n c e n t r a t i o n o f u r a n i u m were a l s o d e t e r m i n e d : the f o r m e r 
i s n e a r l y u n i t y a t t h e d i f f e r e n t i n i t i a l aqueous u r a n i u m c o n c e n 
t r a t i o n , b a s e d on t h e f a c t t h a t t h e s p e c i e s H 2 S 0 4 - 2 T 0 P 0 (7) formed 
a t low a c i d i t y i s exchanged b y t h e s p e c i e s U 0 2 S 0 4 . 2 T O P O a r i s i n g 
from the e x t r a c t i o n o f u r a n y l s u l p h a t e as w e l l as t h e e x t r a c t i o n 
o f u r a n y l n i t r a t e b y TBP ( 8 ) ; t h e l a t t e r d e c r e a s e s t o u n i t y as 
i l l u s t r a t e d i n T a b l e 1 , i m p l y i n g t h a t the u r a n y l complex formed i n 
the o r g a n i c phase c o n t a i n s u r a n i u m / s u l p h a t e / w a t e r / T O P O i n t h e 
m o l a r r a t i o 1 : 1 : 1 : 2 , i n d i c a t i n g t h e s t o i c h i o m e t r y t o t h e 
U 0 2 S 0 4 - H 2 0 . 2 T O P O . 
A b s o r p t i o n s p e c t r a 

Some r e p r e s e n t a t i v e r e s u l t s f o r t h e a b s o r p t i o n s p e c t r a o f 
b o t h t h e aqueous and o r g a n i c phases f rom the e x t r a c t i o n o f aque
ous s o l u t i o n s c o n t a i n i n g 5 g/1 u r a n y l s u l p h a t e i n s u l p h u r i c a c i d 
a t d i f f e r e n t c o n c e n t r a t i o n s w i t h 0 .2 M TOPO i n k e r o s e n e a t 20 °C 
are i l l u s t r a t e d i n F i g u r e s 2 and 3 . F o r t h e s p e c t r a o f aqueous 
u r a n y l s u l p h a t e c o n t a i n i n g s u l p h u r i c a c i d o n l y ( F i g u r e 2 ) , t h e 
f o l l o w i n g r e s u l t s were o b s e r v e d : w i t h i n c r e a s i n g up t o 5 M H 2 S 0 4 , 
the a b s o r p t i o n due t o u r a n y l i o n U 0 2

2 + (9 , 10) , w h i c h e x h i b i t s a 
band c e n t e r a t 420 nm, i s accompanied b y a p r o g r e s s i v e i n c r e a s e 
i n t h e i n t e n s i t y o f the a b s o r p t i o n a t 430 nm b y t h e f o r m a t i o n o f 
t h e s p e c i e s U 0 2 S 0 4 ( 1 1 - 1 3 ) , t h e a b s o r p t i o n a t a round 455 nm d i s 
appears i n above 7 M H 2 S 0 4 , i n d i c a t i n g t h e f o r m a t i o n o f t h e 
s p e c i e s U 0 2 ( S 0 4 ) 2 2 - ( 1 4 , 1 5 ) , a l t h o u g h A r d e n e t a l (16) i n s i s t t h e 
p r e s e n c e o f t h e complex i o n U 0 2 ( S 0 4 ) 3 ^ " a t P H v a l u e s below 2 . 5 . In 
c o n t r a s t , the s p e c t r a o f t h e o r g a n i c phases ( F i g u r e 3) show l a r g e 
l y t h e a b s o r p t i o n s due t o t h e s p e c i e s o f t h e U 0 2 ( S 0 4 ) 2

2 " t y p e , 
even though t h e spec t rum o f t h e aqueous s o l u t i o n a t low s u l p h u r i c 
a c i d c o n c e n t r a t i o n does n o t i n d i c a t e the p r e s e n c e o f U 0 2 ( S 0 4 ) ? 2 ~ . 
I t i s t h u s presumed t h a t t h e e x t r a c t e d s p e c i e s i s an s i x - c o o r d i 
n a t e d u r a n i u m complex i o n , a l t h o u g h t h e s p e c t r a o f t h e o r g a n i c 
phases r e v e a l t h e f i n e s t r u c t u r e a t t r i b u t e d t o t h e l i g a n d f i e l d 
e f f e c t . 
I n f r a r e d s p e c t r a 

The o r g a n i c phases f rom t h e e x t r a c t i o n o f u r a n y l s u l p h a t e 
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350 370 390 410 430 450 470 490 

W a v e l e n g t h , nm 

Figure 2. Absorption spectra of aqueous uranyl sulphate solutions containing 
sulfuric acid at different concentrations; numerals on curves are sulfuric acid 

concentrations, M . 

W a v e l e n g t h , nm 

Figure 3. Absorption spectra of the organic solutions from the extraction of 
aqueous uranyl sulphate solutions containing sulfuric acid at different concentra
tions with 0.2M TOPO in kerosene; numerals on curves are initial aqueous sulfuric 

acid concentrations, M . 
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9. S A T O Extraction of U(VI) by TOPO 123 

s o l u t i o n s (0 , 1 , 5 , 25 and 100 g/1) c o n t a i n i n g 3 M s u l p h u r i c a c i d 
w i t h 0 .1 M TOPO i n k e r o s e n e were examined i n c o m p a r i s o n w i t h t h e 
aqueous s o l u t i o n o f u r a n y l s u l p h a t e a t 250 g/1 b y i n f r a r e d s p e c 
t r o s c o p y . The r e p r e s e n t a t i v e s p e c t r a o f t h e o r g a n i c phases a r e 
i l l u s t r a t e d i n F i g u r e 4 . 

The s p e c t r u m o f the aqueous u r a n y l s u l p h a t e s o l u t i o n r e v e a l s 
the a b s o r p t i o n bands a t 1140, 1030 and 970 c m " 1 , a s s i g n e d t o t h e 
v i b r a t i o n o f t h e b i s u l p h a t e group ( p o i n t group C 3 v symmetry) (17, 
18 ) , and the asymmetr ic s t r e t c h i n g f r e q u e n c y o f the u r a n y l group 
(19) a t 950 c m ' 1 i n a d d i t i o n t o t h e s t r o n g a b s o r p t i o n s o f t h e OH 
group due t o t h e OH s t r e t c h i n g and b e n d i n g v i b r a t i o n s a t 3320 and 
1625 c m " 1 , r e s p e c t i v e l y , a s c r i b e d t o t h e p r e s e n c e o f w a t e r . T h i s 
i m p l i e s t h a t t h e e q u i l i b r i u m U 0 2

2 + + H S O 4 - 5 F = * U 0 2 S 0 4 + H + e x i s t s 
i n t h e aqueous s o l u t i o n a t low a c i d i t y , c o r r e s p o n d i n g t o t h e e l e c 
t r o n i c s p e c t r a l r e s u l t . 

The spec t rum o f the w a t e r - s a t u r a t e d TOPO e x h i b i t s t h e OH v i b 
r a t i o n s ( s t r e t c h i n g and b e n d i n g bands a t 3380 and 1620 c m " 1 , r e 
s p e c t i v e l y ) and t h e Ρ •> 0 s t r e t c h i n g band a t 1185 c m " 1 ( a c t u a l l y 
a d o u b l e t a t 1185 and 1170 c m " 1 ) , i n d i c a t i n g t h e p r e s e n c e o f a 
weak h y d r o g e n bond i n the compound Τ 0 Ρ 0 · Η 2 0 . In t h e o r g a n i c s o l u 
t i o n f rom t h e e x t r a c t i o n o f 3 M s u l p h u r i c a c i d s o l u t i o n , t h e 
a b s o r p t i o n a s s i g n e d t o t h e Ρ 0 s t r e t c h i n g band o f TOPO s h i f t s t o 
t h e lower f r e q u e n c y , r e s u l t i n g from t h e f o r m a t i o n o f t h e s p e c i e s 
H 2 S 0 4 - 2 T O P O ( 7 ) . F o r t h e s p e c t r a o f the o r g a n i c s o l u t i o n s f rom t h e 
e x t r a c t i o n o f t h e aqueous s o l u t i o n s c o n t a i n i n g u r a n y l s u l p h a t e , 
the f o l l o w i n g p a t t e r n i s o b s e r v e d w i t h i n c r e a s i n g t h e c o n c e n t r a 
t i o n o f u r a n i u m : the i n t e n s i t y o f t h e OH v i b r a t i o n s caused b y t h e 
p r e s e n c e o f t h e compound Τ 0 Ρ 0 · Η 2 0 (7) d e c r e a s e s , and s i m u l t a n e o u s 
l y t h e OH s t r e t c h i n g and b e n d i n g bands appear a t 2800 and 1700 
c m - 1 , r e s p e c t i v e l y , d e m o n s t r a t i n g t h a t t h e complex has a c o o r d i 
n a t e d water m o l e c u l e i n agreement w i t h t h e r e s u l t o f the K a r l -
F i s c h e r t i t r a t i o n ( T a b l e 1) ; t h e a b s o r p t i o n due t o t h e Ρ 0 
s t r e t c h i n g band o f TOPO bonded w i t h u r a n i u m i o n , appears a t 1090 
c m " 1 ; t h e a b s o r p t i o n s o f t h e s u l p h a t e group ( p o i n t group C$v 

symmetry) (20) a t 1250, 1150 and 1020 cm"" 1 a r e accompanied b y t h e 
asymmetr ic s t r e t c h i n g band (19) o f t h e u r a n y l group a t 925 cm"" 1 . 
Hence t h e i n f r a r e d r e s u l t s c o n f i r m t h a t u r a n i u m e x t r a c t e d i n t o 
TOPO s o l u t i o n i s bonded t o t h e p h o s p h o r y l oxygen atom, s u g g e s t i n g 
t h a t t h e e x t r a c t e d s p e c i e s e x i s t s as a complex [ U 0 2 S 0 4 ( H 2 0 ) ( T O P O ) 2 ] 
i n an o c t a h e d r a l a r r a n g e m e n t . 
NMR s p e c t r a 

The o r g a n i c phases f rom t h e e x t r a c t i o n o f u r a n y l s u l p h a t e 
s o l u t i o n s (0, 5 and 100 g/1) c o n t a i n i n g s u l p h u r i c a c i d w i t h 0 .1 M 
TOPO i n c a r b o n t e t r a c h l o r i d e a t 20 °C were examined b y NMR s p e c 
t r o s c o p y . The NMR spect rum o f w a t e r - s a t u r a t e d TOPO s o l u t i o n shows 
a peak a t 9 .11 ( τ v a l u e ) i n a t r i p l e t due t o the m e t h y l p r o t o n s , a 
s h a r p peak at 8 .68 a r i s i n g from m e t h y l e n e p r o t o n s , and a peak a t 
5 .53 from m e t h y l e n i c p r o t o n s a t t a c h e d t o a phosphorous atom, and 
t h e water p r o t o n s i g n a l a t 7 .58 , i n d i c a t i n g t h e f o r m a t i o n o f t h e 
compound Τ 0 Ρ 0 · Η 2 0 . In t h e o r g a n i c s o l u t i o n s f rom t h e e x t r a c t i o n o f 
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_ ι ι ι ι I 
1200 1000 800 

F r e q u e n c y , cm ^ 

Figure 4. IR spectra of the organic solutions from the extraction of aqueous 
uranyl sulphate solutions containing 3M sulfuric acid with 0.1 M TOPO in kero
sene; A, B, C, and D represent uranyl sulphate solutions of J , 5, 25, and 100 g/L, 

respectively. 
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aqueous s o l u t i o n s c o n t a i n i n g u r a n y l s u l p h a t e a t 5 and 100 g/1 i n 
3 M s u l p h u r i c a c i d t h e m e t h y l e n i c p r o t o n s a t t a c h e d t o t h e c a r b o n 
atoms i m m e d i a t e l y a d j a c e n t t o a phosphorous atom appear a t 8 . 4 5 , 
8.42 and 8 . 2 0 , r e s p e c t i v e l y , and t h e water p r o t o n r e s o n a n c e s a t 
4 . 0 0 , 3 .85 and 3 . 7 0 , r e s p e c t i v e l y . The f a c t t h a t t h e s i g n a l s o f 
the m e t h y l e n i c p r o t o n and water p r o t o n s h i f t t o a lower f i e l d w i t h 
i n c r e a s i n g i n i t i a l aqueous c o n c e n t r a t i o n o f u r a n y l s u l p h a t e i s 
c o n s i s t e n t w i t h t h e i n f r a r e d d a t a , i n d i c a t i n g t h a t t h e compound 
H 2 S 0 4 « 2 T 0 P 0 i s d i s p l a c e d b y the s p e c i e s UO2SO4·2T0P0. A l s o t h i s 
c o r r e s p o n d s t o t h e r e s u l t s f o r t h e a c i d i t y o f t h e o r g a n i c p h a s e . 
Temperature e f f e c t 

The e x t r a c t i o n o f aqueous s o l u t i o n s c o n t a i n i n g 5 g/1 o f u r a 
n y l s u l p h a t e i n 3 M s u l p h u r i c a c i d w i t h 0 .1 M TOPO i n k e r o s e n e a t 
the t e m p e r a t u r e s between 20 and 50 °C gave the d a t a shown i n T a b l e 
2, i n d i c a t i n g t h a t 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 d e c r e a s e s w i t h 
r i s i n g t e m p e r a t u r e . T h i s i s a n a l o g o u s t o t h e r e s u l t s f o r t h e ex
t r a c t i o n from n i t r i c and h y d r o c h l o r i c a c i d s (2 ,3) . The h e a t o f 
r e a c t i o n (change i n e n t h a l p y ) f o r E q u a t i o n (3) was e s t i m a t e d t o be 
24.56 and 23.93 k J / m o l i n 0 .05 and 0 .1 M TOPO, r e s p e c t i v e l y (24.25 
k J / m o l as avarage v a l u e ) . S i m i l a r r e s u l t s were o b t a i n e d b y v a r y i n g 
the TOPO c o n c e n t r a t i o n . From t h i s i t i s f o u n d t h a t t h e h e a t o f 
r e a c t i o n i s i n t h e o r d e r 38.91 > 25.31 > 24.25 (kJ /mol) f o r t h e 
e x t r a c t i o n systems f rom n i t r i c , h y d r o c h l o r i c and s u l p h u r i c a c i d s , 
r e s p e c t i v e l y , c o r r e s p o n d i n g t o t h e i r e x t r a c t i o n e f f i c i e n c i e s f o r 
u r a n i u m ( V I ) . 
C o m p a r i s o n o f t h e e x t r a c t i o n systems f rom n i t r i c , h y d r o c h l o r i c 
and s u l p h u r i c a c i d s o l u t i o n s 

Some r e p r e s e n t a t i v e r e s u l t s f o r t h e e x t r a c t i o n o f aqueous 
s o l u t i o n s c o n t a i n i n g 5 g/1 o f u r a n y l s a l t s i n n i t r i c , h y d r o c h l o r i c 
and s u l p h u r i c a c i d s , r e s p e c t i v e l y , a t d i f f e r e n t c o n c e n t r a t i o n s 
w i t h 0 .03 M TOPO i n k e r o s e n e a t 20 °C a r e shown i n F i g u r e 5 , 
s u g g e s t i n g t h e i r e x t r a c t i o n e f f i c i e n c i e s o f TOPO f o r u r a n y l s a l t s 
a r e i n t h e o r d e r n i t r a t e > c h l o r i d e > s u l p h a t e . The d i s t r i b u t i o n 
c o e f f i c i e n t p a s s e s t h r o u g h a maximum a l t h o u g h t h e r e s p e c t i v e 
maxima appear a t about 0 .3 M HNO3, 5 M HC1 and 4 M H2SO4. A c c o r d 
i n g l y , as t h e shape o f t h e i r e x t r a c t i o n c u r v e s c l o s e l y r e s e m b l e t o 
each o t h e r , i t i s e v i d e n t t h a t t h e i r e x t r a c t i o n e q u i l i b r i a a r e 
e x p r e s s e d b y t h e s o l v a t i n g r e a c t i o n s ( 2 , 3 ) : 

U 0 2 ( N 0 3 ) 2 ( a ) + 2T0P0(o) 3=* U 0 2 (NO3) 2 · 2 T 0 P 0 ( o ) (4) 
U 0 2 C l 2 ( a ) + 2T0P0(o) U 0 2 C l 2 · 2 Τ 0 Ρ 0 ( ο ) (5) 

and E q u a t i o n ( 3 ) . However , s i n c e t h e complexes formed i n t h e 
o r g a n i c phases have no c o o r d i n a t e d water m o l e c u l e s e x c e p t t h e u r a 
n y l s u l p h a t e complex c o n t a i n i n g a water m o l e c u l e , i t i s t h o u g h t 
t h a t e x t r a c t e d s p e c i e s e x i s t as t h e complexes [U02(02N0)2(TOPO)2], 
[ U 0 2 C l 2 ( T O P O ) 2 ] and [ U 0 2 ( 0 S 0 3 ) ( 0 H 2 ) ( T O P O ) 2 ] i n t h e c o o r d i n a t i o n 
numbers o f e i g h t , s i x and s i x , r e s p e c t i v e l y , on t h e b a s i s o f t h e 
r e s u l t s f o r t h e a b s o r p t i o n and i n f r a r e d s p e c t r a . A d d i t i o n a l l y , 
when t h e r e s p e c t i v e d a t a (1163, 1110 and 938) f o r t h e a p p a r e n t 
m o l e c u l a r w e i g h t s o f t h e u r a n y l n i t r a t o , c h l o r o and s u l p h a t o com
p l e x e s w i t h TOPO a r e compared w i t h t h e t h e o r e t i c a l v a l u e s (1168, 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
9

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



126 A C T I N I D E S E P A R A T I O N S 

T a b l e 2 . Tempera ture dependence o f d i s t r i b u t i o n c o e f f i c i e n t on 

t h e e x t r a c t i o n o f u r a n y l s u l p h a t e s o l u t i o n s c o n t a i n i n g 3 M s u l 

p h u r i c a c i d w i t h TOPO i n k e r o s e n e . 

Temperature 
D i s t r i b u t i o n c o e f f i c i e n t 

°C 
0 .05 M TOPO 0.1 M TOPO 

20 0 .977 3.34 

30 0 .760 2.29 

40 0 .487 1.78 

50 0 .388 1.42 

0.01 
0.01 0.1 1 10 

I n i t i a l aqueous a c i d c o n c n . , M 

Figure 5. Extraction of U (VI) from aqueous solutions containing nitric, hydro
chloric, and sulfuric acids with 0.03M TOPO in kerosene at 20°C; (Ο), (V), and 
(O) represent the extractions of uranyl nitrate, chloride, and sulphate, respec

tively. 
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1114 and 1158) o f t h e m o l e c u l a r w e i g h t s f o r t h e i r monomeric s p e 
c i e s , i t i s c o n s i d e r e d t h a t t h e complexes e x i s t as monomer. I n 
t h i s c a s e , t h e complexes a r e p r e p a r e d f rom t h e o r g a n i c s o l u t i o n s 
i n t h e e x t r a c t i o n u n d e r t h e f o l l o w i n g c o n d i t i o n s , b u t i t seems 
t h a t t h e o r g a n i c s o l u t i o n f r o m t h e e x t r a c t i o n o f u r a n y l s u l p h a t e 
i s n o t y e t s a t u r a t e d w i t h u r a n i u m : the e x t r a c t i o n w i t h 0 .1 M TOPO 
i n benzene a t 20 °C o f u r a n y l n i t r a t e s o l u t i o n (50 g/1) c o n t a i n 
i n g 0 .01 M n i t r i c a c i d and 0 .29 M sodium n i t r a t e , o f u r a n y l c h l o 
r i d e s o l u t i o n (250 g/1) c o n t a i n i n g 0 .1 M h y d r o c h l o r i c a c i d and 4 . 9 
M l i t h i u m c h l o r i d e and o f u r a n y l s u l p h a t e s o l u t i o n (300 g/1) c o n 
t a i n i n g 3 M s u l p h u r i c a c i d . 

F u r t h e r m o r e when t h e e f f e c t o f d i l u e n t on t h e e x t r a c t i o n 
e f f i c i e n c y o f TOPO f o r u r a n i u m ( V I ) i s examined i n t h e e x t r a c t i o n 
o f aqueous s o l u t i o n s c o n t a i n i n g 5 g/1 o f u r a n y l s a l t s i n n i t r i c 
and s u l p h u r i c a c i d s , i t i s f o u n d f rom some r e p r e s e n t a t i v e d a t a 
( T a b l e 3) t h a t h y d r o c a r b o n s such as a l k a n e o r c y c l o a l k a n e enhance 
t h e e x t r a c t i o n e f f i c i e n c i e s i n a l l s y s t e m s , w h i l e h a l o g e n - s u b s t i 
t u t e d h y d r o c a r b o n such as c h l o r o f o r m r e d u c e s them. 

C o n c l u s i o n s 

The d i s t r i b u t i o n o f u r a n i u m ( V I ) between s u l p h u r i c a c i d s o l u 
t i o n s and s o l u t i o n s o f t r i - n - o c t y l p h o s p h i n e o x i d e (TOPO) i n 
o r g a n i c s o l v e n t has b e e n i n v e s t i g a t e d u n d e r d i f f e r e n t c o n d i t i o n s . 
The aqueous and o r g a n i c phases a r e examined s p e c t r o p h o t o m e t r i c a l l y , 
and t h e o r g a n i c phases b y i n f r a r e d and n u c l e a r m a g n e t i c r e s o n a n c e 
s p e c t r o s c o p i e s . As a r e s u l t , i t i s f o u n d t h a t t h e e x t r a c t i o n i s 
e x p r e s s e d b y t h e e q u i l i b r i u m e q u a t i o n I K ^ S O ^ a q ) + 2T0P0(org) 
U 0 2 S 0 4 - 2 T O P O ( o r g ) , i n w h i c h t h e e x t r a c t e d s p e c i e s e x i s t s as a 
complex [ U 0 2 S 0 4 ( H 2 0 ) ( T O P O ) 2 ] i n an o c t a h e d r a l a r r a n g e m e n t . A d d i 
t i o n a l l y t h e o b t a i n e d r e s u l t s a re compared w i t h t h o s e f o r t h e 
e x t r a c t i o n f rom n i t r i c and h y d r o c h l o r i c a c i d s o l u t i o n s . 

Acknowledgements 

The a u t h e r w i s h e s t o thank M e s s r s . T . N i s h i d a and F .Ozawa f o r 
a s s i s t a n c e w i t h e x p e r i m e n t a l work , and t h e Hokko C h e m i c a l I n d u s t r y 
C o . L t d . f o r t h e sample o f TOPO. 

Literature Cited 

1. Sato,T., and Yamatake,M., J.Inorg.Nucl.Chem. 1969 31,3633. 
2. Sato,T., Nishida,T., and Yamatake,M., J.Appl.Chem.Biotechnol. 

1973 23,909. 
3. Sato,T., and Nishida,T., J.Inorg.Nucl.Chem. 1974 36,2087. 
4. Sato,T., J.Appl.Chem. 1965 15,489. 
5. Sato,T., J.Appl.Chem. 1966 16,53. 
6. Kinnunen,J., and Wennerstrand, B., Chemist-Analyst 1957 46,92. 
7. Sato,T., Watanabe,H., and Yamatake,M., J.Appl.Chem.Biotechnol. 

1976 26,697. 
8. Sato,T., J.Inorg.Nucl.Chem. 1959 9,188. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
9

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



9. SATO Extraction of U(VI) by TOPO 129 

9. Sutton,J., J.Chem.Soc. 1949 s275. 
10. Rabinowitch,E., and Belford,R.L., "Spectroscopy and Photo

chemistry of Uranyl Compounds", Pergamon Press, Oxford, 1964 
p.97. 

11. Betts,R.H., and Michels,R.Κ., J.Chem.Soc. 1949 s286. 
12. Ahrland,S., Acta Chem.Scand. 1951 5,1151. 
13. As reference 10, p.116. 
14. Day,Jr.,R.Α., and Powers,R.M., J.Am.Chem.Soc. 1954 76,3895. 
15. Katz,J.J., and Seaborg,G.T., "The Chemistry of the Actinide 

Elements", Methuen, London, 1957 p.186. 
16. Arden,T.V., and Wilkins,C.H., Anal.Chem. 1952 24,1253. 
18. Walrafen,G.E., and Dodd,D.Μ., Trans.Faraday Soc. 1961 57,1286. 
19. Gatehouse,B.M., and Comyns,A,E., J.Chem.Soc. 1958 3965. 
20. Nakamoto,K., "Infrared Spectra of Inorganic and Coordination 

Compounds", 2nd ed., John Wiley, New York 1970, p.173. 

RECEIVED May 17, 1979. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

00
9

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10 
Properties and Uses of Nitrogen and Sulfur Donors 
Ligands in Actinide Separations 

C. MUSIKAS, G. Le MAROIS, R. FITOUSSI, and C. CUILLERDIER 

Division de Chimie, Département de Génie Radioactif, Centre d'Etudes Nucléaires de 
Fontenay aux Roses, BP N° 6, Fontenay aux Roses, 92260 France 

Most of the complexing agents used in actinide separations 
are oxygen donor ligands (1, 2), because of the hard acceptor 
character of the f series ions. The aqueous complexes of ligands 
of which the donor atoms are less electronegative than oxygen 
(Pauling's electronegativity 3.5) are weak because of the compe
tition with water for the coordination sites of the metal. How
ever, unusual actinide separations involving these weak complexes 
have been performed. For instance, the group of trivalent lantha
nide ions has been separated from trivalent actinides by using 
concentrated aqueous chloride media (electronegativity 3.0) from 
which trivalent actinide ions are selectively absorbed in anion 
exchange resins (3) or extracted by organic solutions of tri or 
tetraalkylamonnium chloride salts (4). 4f - 5 f group separation 
is also possible by using aqueous thiocyanate solutions, where 
the trivalent actinide ion can be selectively extracted in an 
organic solution of tetraalkylammonium thiocyanate (5) or fixed 
on an anion exchange resin (6). 

For the thiocyanate complexes of lanthanides or actinides, 
the coordination occurs via the nitrogen atom (electronegativity 
3.0). 

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

T h i s p a p e r r e p o r t s t h e r e s u l t s o f i n v e s t i g a t i o n s o f t h e 
c o m p l e x f o r m a t i o n b e t w e e n a c t i n i d e o r l a n t h a n i d e i o n s a n d a z i d e 
o r o r t h o p h e n a n t h r o l i n e . T h e a i m o f t h i s w o r k was f i r s t t o c o n f i r m 
w h e t h e r t h e s e r e l a t i v e l y s o f t l i g a n d s g i v e c o m p l e x e s o f d i f f e r e n t 
s t a b i l i t i e s w i t h t h e t r i v a l e n t l a n t h a n i d e a n d a c t i n i d e i o n s , a s a 
c o n s e q u e n c e o f t h e b r o a d e r e x t e n s i o n o f 5 f o r b i t a l s a s c o m p a r e d 
w i t h 4 f . S e c o n d l y , we a t t e m p t e d t o u s e t h e r e s u l t s i n a c t i n i d e 
c h e m i c a l s e p a r a t i o n p r o c e s s e s . 

D i a l k y l d i t h i o p h o s p h a t e s a r e a l s o s o f t l i g a n d s ( e l e c t r o n e g a 
t i v i t y o f s u l f u r 2 . 5 ) a n d a s p a r t o f a s y s t e m a t i c s t u d y f o r t h e i r 
b i n d i n g p r o p e r t i e s t o t h e a c t i n i d e s i o n s we r e p o r t t h e r e s u l t s o f 

0-8412-0527-2/80/47-117-131$05.00/0 
© 1980 American Chemical Society 
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132 A C T I N I D E S E P A R A T I O N S 

s o l v e n t e x t r a c t i o n o f U ( V I ) a n d Np ( I V ) . 

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

C h e m i c a l s . A l l r e a g e n t s u s e d i n t h i s s t u d y w e r e a n a l y t i c a l 
g r a d e a n d w e r e s u p p l i e d by P r o l a b o o r M e r c k . T h e n o y l t r i f l u o r o a c e -
t o n e ( T T A ) s u p p l i e d by K o c h L i g h t w a s p u r i f i e d b y s u b l i m a t i o n . T h e 
a c t i n i d e e l e m e n t s w e r e p r o v i d e d b y C E A - S P T ( F o n t e n a y a u x R o s e s ) 
a s o x i d e o r n i t r a t e s o l u t i o n s . We u s e d t h e i s o t o p e s 23cy » 2 3 ? N p , 
2 3 9 P u , 2 4 1 A n u 2 4 4 C m . 1 5 2 E u , 1 4 7 N d j 1 6 9 Y b u s e d a s t r a c e r s w e r e 

s u p p l i e d b y I s o t e c ( V e r s a i l l e s ) . B i s - (2 e t h y l h e x y l ) d i t h i o p h o s -
p h o r i c a c i d ( H D E H D T P ) , t r i o c t y l p h o s p h i n e o x i d e (TOPO) a n d d i h e x y l -
m e t h o x i o c t y l p h o s p h i n e o x i d e (POX 11) w e r e s u p p l i e d b y I r c h a 
( V e r t l e P e t i t ) . 

A p p a r a t u s . U l t r a v i o l e t , v i s i b l e a n d n e a r i n f r a r e d s p e c t r a 
w e r e r e c o r d e d w i t h a C a r y 17 s p e c t r o p h o t o m e t e r , γ s p e c t r o s c o p y 
w a s c a r r i e d o u t w i t h a G e - L i d e t e c t o r a n d a Zoomax ( S e i n ) m u l t i 
c h a n n e l a n a l y z e r . pH m e a s u r e m e n t s w e r e t a k e n w i t h a n A r i e s 10000 
( T a c u s s e l ) p o t e n t i o m e t e r , α s p e c t r o s c o p y was c a r r i e d w i t h a s o l i d 
s t a t e α d e t e c t o r a n d a ( I n t e r t e c h n i q u e ) m u l t i c h a n n e l a n a l y z e r . 

R e s u l t s a n d D i s c u s s i o n 

A z i d e c o m p l e x e s . T h e a q u e o u s t r i v a l e n t a c t i n i d e a n d l a n t h a 
n i d e a z i d e s c o m p l e x e s w e r e e x a m i n e d by t w o t e c h n i q u e s : 
- U . V . , v i s i b l e , n e a r I . R . s p e c t r o s c o p y ( N d , E u , E r , P u , A m , C m ) , 
- S o l v e n t e x t r a c t i o n : ( N d , E u , Y b , Am) u s i n g r a d i o a c t i v e t r a c e r 

t e c h n i q u e s . 
T h e s p e c t r a l c h a n g e s o b s e r v e d o n a d d i t i o n o f a z i d e i o n s t o 

t r i v a l e n t a c t i n i d e o r l a n t h a n i d e p e r c h l o r a t e s o l u t i o n s a r e s h o w n 
i n f i g u r e 1 . 

To c a l c u l a t e t h e f o r m a t i o n c o n s t a n t s o f t h e c o m p l e x e s we 
u s e d e q u a t i o n ( 1 ) , w h i c h c o r r e l a t e s t h e m o l e c u l a r e x t i n c t i o n c o e f 
f i c i e n t o f t h e v a r i o u s m e t a l l i c s p e c i e s ( ε · ) a n d t h e m e a s u r e d 
a p p a r e n t m o l e c u l a r e x t i n c t i o n c o e f f i c i e n t ( ε ^ ) , w i t h t h e s t a b i l i 
t y c o n s t a n t s o f t h e c o m p l e x e s ( 3 J -

i = i max _ . i = i max _ . 

S = εο + Σ 3 i " [ N 3 ) I L 7 1 + Σ β'-^ν1 m 

i=1 1 i=1 1 

3 . a n d ε . w e r e c a l c u l a t e d by l e a s t s q u a r e a d j u s t m e n t . G o o d a d j u s 
t m e n t s a r e o b t a i n e d w h e n i m a x i s l i m i t e d t o 2 i n t h e r a n g e 0 t o 
2Π i n a z i d e . G e n e r a l l y , t o m i n i m i z e t h e n u m b e r o f c o e f f i c i e n t s 
t o be f o u n d i n o n e a d j u s t m e n t , we u s e d a m a t h e m a t i c a l p r o g r a m 
(_7) m a k i n g i t p o s s i b l e t o f i x o n e o r m o r e c o e f f i c i e n t s f o u n d i n 
s e p a r a t e p r e v i o u s e x p e r i m e n t s o r c a l c u l a t i o n s . F o r t h e Nd c o m 
p l e x e s we u s e d a l s o a d e c o n v o l u t i o n m e t h o d t o o b t a i n t h e f o r m a 
t i o n c o n s t a n t s . T h e r e s u l t s o f t h e c a l c u l a t i o n o f f o r m a t i o n 
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10. MusiKAs ET AL. Nitrogen and Sulfur Donor Ligands 133 

Figure 1. Absorption spectra of trivalent actinide and lanthanide ions in the 
absence or presence of azide: ( ) perchloric media, μ = 5, θ = 25°C, pH = 

5.4; ( ; 4M azide, μ = 5,θ = 25°C, pH = 5.4. 
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c o n s t a n t s a r e g i v e n i n T a b l e I . N o t e t h a t a c l e a r d i f f e r e n c e i n 
s t a b i l i t y i s o b s e r v e d b e t w e e n a c t i n i d e a n d l a n t h a n i d e c o m p l e x e s , 
t h e f i r s t f o r m e r b e i n g m o r e s t a b l e . F o r E u ( I I I ) , t h e f o r m a t i o n 
c o n s t a n t s w e r e c a l c u l a t e d f r o m t h e o c c u r e n c e o f a n a b s o r p t i o n b a n d 
i n t h e U . V . p o r t i o n o f t h e s p e c t r u m . A s t h i s a b s o r p t i o n b a n d 
e x i s t s o n l y i n t h e s p e c t r a o f l a n t h a n i d e e l e m e n t s , w h i c h h a v e 
r a t h e r s t a b l e d i v a l e n t i o n s , we a t t r i b u t e d i t t o a z i d e t o m e t a l 
c h a r g e t r a n s f e r s . F i g u r e 2 s h o w s how t h i s b a n d v a r i e s i n t h e 
s é r i e E u , Y b , Sm. 

T h e e n e r g y o f a b s o r p t i o n p e a k t e n d s t o w a r d s h i g h e r v a l u e s 
a s t h e s t a b i l i t y o f t h e d i v a l e n t i o n s d e c r e a s e s , i n a g r e e m e n t 
w i t h t h e s e m i - e m p i r i c a l t h e o r y p o s t u l a t e d by N u g e n t e t a l ( 8 ^ . 

I n o r d e r t o v e r i f y t h e d i f f e r e n c e s o b s e r v e d i n 4 f - 5 f c o m p l e x 
s t a b i l i t y , we u s e d a n a d d i t i o n a l s o l v e n t e x t r a c t i o n m e t h o d b a s e d 
o n t h e c o m p e t i t i o n b e t w e e n a s o l u b l e o r g a n i c c h e l a t a n t ( T T A ) a n d 
t h e a q u e o u s s o l u b l e a z i d e i o n s f o r b i n d i n g t h e m e t a l i o n s . T h e 
e x t r a c t i o n e q u i l i b r i u m i s s h o w n b y e q u a t i o n ( 2 ) a n d 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 s (D) o f t h e m e t a l a t c o n s t a n t pH a r e c o r r e l a 
t e d w i t h t h e f o r m a t i o n c o n s t a n t s b y e q u a t i o n ( 3 ) . 

( N 3 + ) a q + 3 ( Η Τ Τ Α ) o r g * ( n ( T T A ) 3 ) o r g + 3 ( H + ) a q ( 2 ) 

i = i m a x 
• = D / Σ β . . N Q ( 3 ) 

0 i = 0 1 3 

w h e r e D i s 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 w h e n no c o m p l e x i n g a g e n t 
i s p r e s e n t i n t h e a q u e o u s p h a s e . 

i m a x c a n D e d e t e r m i n e d b y t h e maximum s l o p e o f t h e c u r v e 
D = f ( l o g N 3 - ) . I t s v a l u e i s c l o s e d t o t h r e e i n c o n c e n t r a t e d 
a z i d e s o l u t i o n s . 

T y p i c a l e x t r a c t i o n s c u r v e s a r e s h o w n i n f i g u r e 3 . B y t h e 
l e a s t s q u a r e a d j u s t m e n t o f e x p e r i m e n t a l D t o e q u a t i o n ( 3 ) , we 
c a l c u l a t e d t h e c o e f f i c i e n t s β/| a n d β 2 °^ w h i c h v a l u e a r e 2 a n d 8 . 

I t c a n be s e e n t h a t t h e r e s u l t s f o u n d b y s p e c t r o p h o t o m e t r y a r e 
c o n f i r m e d . F i g u r e 4 s h o w s t h e r a t i o o f E u ( I I I ) t o Am ( I I 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 a s a f u n c t i o n o f f r e e a z i d e c o n c e n t r a t i o n . 
T h i s c u r v e s h o w s c l e a r l y t h e h i g h e r s t a b i l i t y o f t h e a q u e o u s , 
Am ( I I I ) a z i d e c o m p l e x e s . D i s t r i b u t i o n c o e f f i c i e n t s o f Am ( I I I ) 
a n d E u ( I I I ) , p r e s e n t i n t h e same s o l u t i o n s , w e r e d e t e r m i n e d b y 
γ s p e c t r o s c o p y . I n c o n c l u s i o n , i t a p p e a r s t h a t t h e a z i d e c o m 
p l e x e s o f a c t i n i d e s a r e m o r e s t a b l e . 

A s s h o w n b y t h e v a l u e s o f t h e f o r m a t i o n c o n s t a n t s f o u n d b y 
s o l v e n t e x t r a c t i o n ( o v e r a l l f o r m a t i o n c o n s t a n t s ) a n d b y s p e c t r o 
p h o t o m e t r y ( i n n e r s p h e r e f o r m a t i o n c o n s t a n t s ) , i t i s s a f e t o 
a s s u m e t h a t a z i d e c o m p l e x e s a r e m o s t l y i n n e r s p h e r e . T h i s i s 
a l s o s u p p o r t e d b y t h e v a l u e s o f t h e f o r m a t i o n c o n s t a n t o f E u ( I I I ) 
c a l c u l a t e d u s i n g t h e c h a r g e t r a n s f e r b a n d w h o s e a p p e a r a n c e m u s t 
be a t t r i b u t e d t o c l o s e c o n t a c t b e t w e e n a z i d e a n d m e t a l i o n . 
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T A B L E I : F o r m a t i o n c o n s t a n t s o f a z i d e s c o m p l e x e s o f t r i v a l e n t 
a c t i n i d e a n d l a n t h a n i d e d e r i v e d f r o m s p e c t r o p h o t o m e t r y 
d a t a . 

C o m p l e x β . 
1 

E l e c t r o n i c trar 
s i t i o n o b s e r v é e 

C a l c u l a t i o n m e t h o d 

N d ( N 3 ) 2 + 1 , 2 f - f ( 8 0 0 nm) d e c o n v o l u t i o n 

E u ( N 3 ) 2 + 4 , 0 c h a r g e t r a n s f e r s e e r e f . ( 1 6 ) 

2 + 

E r ( N 3 r 1 , 2 f - f ( 5 2 5 nm) adjustment to equation ( 1 ) 

2 + 

P u ( N 3 ) ( 4 ) * f - f ( 6 6 5 nm) d e c o n v o l u t i o n 

2 + 

Am(Ν 3 ) 

A m ( N 3 ) 2 

10 

23 

f - f ( 5 0 3 nm) 

f - f ( 5 0 3 nm) 

a d j u s t m e n t to e q u a t i o n (1 ) 

a d j u s t m e n t to e q u a t i o n (1) 

C m C N 3 ) 2 + 

C m ( N 3 ) * 

8 

24 

f - f ( 3 9 7 nm) 

f - f ( 3 9 7 nm) 

a d j u s t m e n t to e q u a t i o n (1 ) 

a d j u s t m e n t to e q u a t i o n (1 ) 

χ A t p H 5 , 4 P u ( I I I ) i s p a r t i a l l y o x i d i z i e d a n d + P u ( N 3 ) , β v a 
l u e i s l e s s r e l i a b l e t h a n A m ( l \ L ) 2 + o r C m ( l \ L ) 2 + v a l u e . 
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Figure 2. UV absorption band of aqueous mixtures of selected lanthanide ions in 
the presence of azide (1-mm cell); CM = 0.05M, 2.4M azide, pH = 5.4, μ = 5. 

Nd (III) 

Figure 3. Distribution coefficients of 
Nd (III) between aqueous azide solu
tions and 0.0075M ΗΤΤΑ in benzene at 
23°C; aqueous phases μ = 5, Nd ~ 

105M. 0.1 1 C N j (M) 
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O r t h o p h e n a n t h r o l i n e c o m p l e x e s . A s a z i d e s e x h i b i t g r e a t e r 
c h e m i c a l a f f i n i t y f o r t r i v a l e n t a c t i n i d e i o n s , we t r i e d t o c h e c k 
t h i s b e h a v i o r w i t h a b i d e n t a t e l i g a n d . We c h o s e 1 - 1 0 g h e n a n t r o -
l i n e ( C i 2 H ô N 2 ) w h i c h h a s t w o n i t r o g e n d o n o r s a t 2 . 7 5 A f r o m e a c h 
o t h e r a n d g i v e b o n d s i n t h e f i r s t c o o r d i n a t i o n s p h e r e o f t r i v a 
l e n t l a n t h a n i d e , a s s h o w n b y s e v e r a l s p e c t r o s c o p i c m e t h o d s (_9). 
Many s o l i d s c o n t a i n i n g o r t h o p h e n a n t h r o l i n e ( L ) a n d l a n t h a n i d e s 
h a v e b e e n p r e p a r e d b y p r e c i p i t a t i o n f r o m a q u e o u s s o l u t i o n s (JUD), 
b u t no q u a n t i t a t i v e m e a s u r e m e n t o f t h e s t a b i l i t y o f t h e a q u e o u s 
s o l u b l e c o m p l e x e s a p p e a r s i n l i t e r a t u r e . 

We s t u d i e d t h e c o m p l e x e s o f l a n t h a n i d e s a n d Am [ I I I ) b y 
p o t e n t i o m e t r y . T h i s m e t h o d i s b a s e d o n pH v a r i a t i o n s d u e t o t h e 
c o m p e t i t i o n b e t w e e n H + a n d t h e m e t a l i o n s f o r t h e c o o r d i n a t i o n 
s i t e o f o r t h o p h e n a n t h r o l i n e ( p k a - 5 . 2 ) , a s s h o w n b y e q u a t i o n ( 4 ) . 

χ H L + + Π 3 + Χ χ H + + Ν Ι _ χ
3 + (4 ) 

T h e f o r m a t i o n c o n s t a n t s o f t h e c o m p l e x e s w e r e c a l c u l a t e d b y u s i n g 
e q u a t i o n s [5 ) a n d ( 6 ) . 

(H, V [5 ) 

η = 

i = 4 
Σ i 
1 = 1 

. i = 4 
L 1 / Σ 

i = 0 
(6) 

w h e r e _ 
η i s t h e a v e r a g e n u m b e r o f l i g a n d m o l e c u l e s b o n d e d t o t h e 
m e t a l . 

a n d Cpj a r e t h e l i g a n d a n d m e t a l c o n c e n t r a t i o n s r e s p e c 
t i v e l y . 

a n d Hjvj a r e t h e a b s c i s s a e v a l u e s o f t h e c u r v e s i n f i g u r e 5 
a n d r e p r e s e n t t h e a m o u n t s o f a c i d i n t h e p r e s e n c e o f m e t a l . 
$± i s t h e f o r m a t i o n c o n s t a n t o f t h e c o m p l e x N L ? . We l i m i t e d 
i t o 4 b e c a u s e o f s t e r i c h i n d r a n c e . 
T h e c a l c u l a t i o n r e s u l t s a r e s h o w n i n t a b l e I I . We a l s o r e p o r t 

f o r m a t i o n c o n s t a n t s d e t e r m i n e d f r o m s p e c t r o p h o t o m e t r y f o r Ho a n d 
N d , a n d by s o l v e n t e x t r a c t i o n f o r E r . W i t h o u t g o i n g i n t o d e t a i l 
f o r t h e s e t w o m e t h o d s , i t may be n o t e d t h a t t h e r e s u l t s s h o w f a i r 
a g r e e m e n t . T h a t f a c t p o i n t s o u t t h e i n n e r s p h e r e c h a r a c t e r o f 
o r t h o p h e n a n t h r o l i n i u m l a n t h a n o u s c o m p l e x e s . T h e m a i n a b s o r p t i o n 
b a n d o f Am ( I I I ) i s m o d i f i e d by t h e p r e s e n c e o f o r t h o p h e n a n t h r o 
l i n e . We u s e d t h e s e s p e c t r a l v a r i a t i o n s t o c a l c u l a t e t h e f o r m a 
t i o n c o n s t a n t s o f Am ( I I I ) , a s d e s c r i b e d i n t h e p r e v i o u s p a r a 
g r a p h . A s f o r a z i d e c o m p l e x e s , we o b s e r v e d t h a t Am m o n o o r t h o p h e -
n a n t h r o l i n e i s m o r e s t a b l e t h a n t h e e q u i v a l e n t l a n t h a n i d e c o m p l e x , 
a n d f o r t h e b i s o r t h o p h e n a n t h r o l i n e s p e c i e s , t h e d i f f e r e n c e 
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' E u (III) / D A m ( l l l 

60 J 

Figure 4. Variation in the ratio 
^ E u ( i i i ) / ^ A m ( n i ) as a function of azide 
concentration at 25°C; organic phase 
ΗΤΤΑ in benzene, aqueous phase μ = 5, 

pH = 5.4. 

40 J 

'U (VI) 

Figure 5. Distribution coefficients of 
U (VI) between 5 M aqueous phosphoric 
acid and mixture of HDEHDTP and 
neutral oxygen donors in solution in do-
decane as a function of the reagent con
centration ratio; (1) 0.5M (HDEHDTP 
+ POX 11), (2) 0.5M (HDEHDTP + 
TOPO), (3) 0.5M (HDEHDTP + TBP). 

100 J 

10 

0.1 

0.01 . 
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T A B L E I I : F o r m a t i o n c o n s t a n t s o f t r i v a l e n t l a n t h a n i d e a n d 
a c t i n i d e c o m p l e x e s w i t h o r t h o p h e n a n t h r o l i n e d e r i v e d 
f r o m v a r i o u s i n v e s t i g a t i o n t e c h n i q u e s d a t a . 

P o t e n t i o m e t r y S p e c t r o p h o t o m e t r y S o l v e n t e x t r a c t i o n 

E l e m e n t L o g 3 1 L o g B 2 L o g β 1 L o g β 2 L o g ^ L o g e>2 

Nd 1 . 0 9 3 . 9 9 0 . 7 9 3 . 5 3 

Sm 1 . 1 7 3 . 9 9 

E u 1 . 3 1 4 . 0 2 

Gd 1 . 2 2 4 . 0 0 

Dy 1 . 5 0 4 . 1 0 

Ho 1 . 6 6 4 . 1 6 1 . 6 7 3 . 9 5 

E r 1 . 7 8 4 . 1 6 1 . 9 9 4 . 0 3 

L u 1 . 8 8 4 . 3 

Am 2 . 6 8 4 . 6 6 2 . 5 6 4 . 0 3 
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b e t w e e n t h e t w o s e r i e s i s n o t a s s i g n i f i c a n t . 
We a t t e m p t e d t o u s e o r t h o p h e n a n t h r o l i n e a s a n e x t r a c t a n t . 

F o r t h i s p u r p o s e i t was n e c e s s a r y t o h a v e , i n t h e o r g a n i c p h a s e , 
a r e a g e n t a b l e t o n e u t r a l i z e t h e t r i p o s i t i v e c h a r g e o f t h e o r t h o 
p h e n a n t h r o l i n e m e t a l l i c s p e c i e s . We c h o s e n o n a n o i c a c i d w h i c h h a s 
p o o r s o l u b i l i t y i n a q u e o u s p h a s e s . N i t r o b e n z e n e i s s u i t a b l e a s a 
d i l u e n t b e c a u s e i t s o i u b i l i z e s o r t h o p h e n a n t h r o l i n e . T h e r e s u l t s 
o f E u [ I I I ] a n d Am ( I I I ) e x t r a c t i o n i n t h e n i t r o b e n z e n e / o r t h o -
p h e n a n t h r o l i n e / n o n a o i c a c i d m i x t u r e a r e g i v e n i n T a b l e I I I . 

A t t h e w o r k i n g pH o r t h o p h e n a n t h r o l i n e i s p r e s e n t m o s t l y i n 
t h e o r g a n i c p h a s e a n d i t s h i g h e r a f f i n i t y f o r Am ( I I I ) i o n s i s 
s h o w n b y t h e h i g h e r d i s t r i b u t i o n c o e f f i c i e n t s . W i t h o u t o r t h o p h e 
n a n t h r o l i n e Am ( I I I ) a n d E u ( I I I ) i o n s a r e n o t e x t r a c t e d i n t h e 
m i x t u r e n o n a o i c a c i d , n i t r o b e n z e n e . 

S u l f u r d o n o r l i g a n d s . C o m p l e x e s o f a c t i n i d e s o r l a n t h a n i d e s 
i o n s w i t h s u l f u r d o n o r l i g a n d s s u c h a s d i t h i o c a r b a m a t e ( S 2 C N R 2 ) 
( 1 1 ) a n d d i a l k y l d i t h i o p h o s p h a t e s ( ( R 0 ) 2 Ρ S 2 ) Π 2 ) h a v e b e e n 
o b t a i n e d i n n o n - a q u e o u s s o l u t i o n s . T h e u s e s o f d i a l k y l d i t h i o p h o s 
p h a t e s a s e x t r a c t a n t s f o r u r a n i u m ( V I ) h a v e b e e n r e p o r t e d ( 1 3 ) , 
( 1 4 ) . D i a l k y l d i t h i o p h o s p h a t e s a r e p o o r e r e x t r a c t a n t s t h a n d i a l k y l 
p h o s p h a t e s b e c a u s e t h e s o f t s u l f u r a t o m h a s l e s s a f f i n i t y t h a n 
o x y g e n f o r t h e h a r d f c a t i o n s . H o w e v e r , t h e P $ S H g r o u p h a s a 
l o w e r t e n d e n c y t h a n P ^ Q | _ J t o d i m e r i z e v i a h y d r o g e n b o n d s . F u r 
t h e r m o r e , 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 s o f m e t a l l i c s p e c i e s b e t 
w e e n a q u e o u s p h a s e s a n d o r g a n i c p h a s e s c o n t a i n i n g d i a l k y l d i t h i o 
p h o s p h a t e s c a n h a v e h i g h e r v a l u e s d e s p i t e t h i s l o w e r a f f i n i t y . We 
f o u n d o n e e x a m p l e o f t h i s e f f e c t i n U ( V I ) e x t r a c t i o n f r o m c o n c e n 
t r a t e d p h o s p h o r i c a c i d s o l u t i o n s . We i n v e s t i g a t e d t h e s y n e r g i s t i c 
e x t r a c t i o n o f U ( V I ) b y m i x t u r e s o f d i ( 2 e t h y l h e x y l ) d i t h i o p h o s -
p h o r i c a c i d (HDEHDTP) a n d n e u t r a l o x y g e n d o n o r s s u c h a s t r i b u t y l -
p h o s p h a t e ( T B P ) , t r i o c t y l p h o s p h i n e o x i d e ( Τ 0 Ρ 0 ) , a n d d i h e x y l m e -
t h o x i o c t y l p h o s p h i n e o x i d e (POX 11) i n d o d e c a n e . 

D i s t r i b u t i o n c o e f f i c i e n t s o f U ( V I ) a s a f u n c t i o n o f t h e com 
p o s i t i o n o f t h e o r g a n i c p h a s e a r e s h o w n i n f i g u r e 5 . T h e maximum 
o f 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 s a l w a y s o c c u r s f o r t h e p r o p o r t i o n 
1 : 1 o f HDEHDTP a n d n e u t r a l o x y g e n d o n o r . T h i s s u g g e s t s t h a t t h e 
e x t r a c t e d s p e c i e s h a v e t h e f o r m u l a U 0 2 (DEHDTP) ( R 3 P 0 ) ( H 2 P 0 4 ) 
w h e r e R3PO r e p r e s e n t s t h e n e u t r a l o x y g e n d o n o r . T h e v a r i a t i o n o f 
d i s t r i b u t i o n a s a f u n c t i o n o f HDEHDTP o r Τ 0 Ρ 0 o r g a n i c c o n c e n t r a 
t i o n s a r e s h o w n i n l o g a r i t h m i c c o o r d i n a t e s i n f i g u r e 6 . T h e s l o p e 
1 f o r t h e s t r a i g h t l i n e o b s e r v e d s u p p o r t s t h e p r o p o s e d f o r m u l a o f 
t h e e x t r a c t e d s p e c i e s . T h e e f f e c t o f t h e a q u e o u s c o n c e n t r a t i o n o f 
p h o s p h o r i c a c i d o n 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 s o f U ( V I ) i s 
s h o w n i n f i g u r e 7 . T h e y d e c r e a s e p r o b a b l y b e c a u s e o f U ( V I ) p h o s 
p h a t e c o m p l e x f o r m a t i o n i n a q u e o u s s o l u t i o n s . T h e h i g h e r v a l u e s ο 
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 s o f U ( V I ) i n m i x t u r e s o f HDEHDP a n d 
Τ 0 Ρ 0 a s c o m p a r e d w i t h e q u i v a l e n t m i x t u r e s o f d i ( 2 e t h y l h e x y l ) p h o s 
p h o r i c a c i d a n d Τ 0 Ρ 0 ( 1 5 ) a r e p r o b a b l y d u e t o t h e d i f f e r e n c e i n 
n a t u r e o f t h e e x t r a c t e d s p e c i e s a s s u g g e s t e d b y t h e p o s i t i o n o f 
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T A B L E I I 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 o f Am ( I I I ) a n d E u ( I I I ) 
b e t w e e n n i t r o b e n z e n i c m i x t u r e s o f 0 . 2 5 ΙΊ 1 - 1 0 p h e -
n a n t h r o l i n e a n d 0 . 2 5 M n o n a n o i c a c i d a s a f u n c t i o n 
o f a q u e o u s n i t r i c a c i d c o n c e n t r a t i o n ( μ = 0 . 1 ) 

H N 0 3 a q 

(N) 

p H a t e q u i 
l i b r i u m 

°Am ( I I I ) ° E u ( I I I ) 
°Am ( I I I ) 

D E u ( I I I ) 

0 . 0 0 4 5 . 0 8 51 2 . 8 1 8 . 3 

0 . 0 0 6 4 . 8 9 2 2 . 8 1 . 4 1 6 . 6 

0 . 0 0 8 4 . 7 5 1 0 . 1 0 . 6 1 7 . 1 

0 . 0 1 4 . 6 4 7 . 2 0 . 4 1 8 . 5 

0 . 0 1 2 4 . 5 5 4 . 9 0 . 3 1 6 . 5 

U (VI) 

50 J 

0.05 0.1 0.2 0.5 1 

Figure 6. Distribution coefficients of 
U (VI) between 5 M aqueous phosphoric 
acid and mixtures of HDEHDTP and 
TOPO in solution in dodecane; (1) 0.01M 
HDEHDTP, TOPO variable, (2) 0.01 M 

TOPO, HDEHDTP variable. 
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D U (VI) 

100 J 

10 J 

1 4 

0.1 J 

Figure 7. Distribution coefficients of 0.01 I 
U (VI) as a function of aqueous phos- ' 1 1 1 

phoric acid concentration; organic phases 0 5 10 15 
0.25M HDEHDTP + 0.25M TOPO. C H 3 P O 4 ( M ) 
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N p ( i v ) 

0.01 

HDEHDTP 

Figure 8. Distribution coefficients of Np (IV) as a function of HDEHDTP or
ganic concentrations [(1 ),(2)] or aqueous HCl (3) 

O.D. 

Np (DEHDTP) C l 3 

N p ( D E H D T P ) 2 C I 2 

700 λ nm 

Figure 9. Spectra of Ν ρ (IV) extracts 
in do de cane-Η DEHDTP solutions; 
CNP(DEHDTP)2Cl2 = 0.001M; CNP(DEHDTP)CIS 

= 0.00033M. 
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the d i s t r i b u t i o n c o e f f i c i e n t s maximum as a f u n c t i o n of o r g a n i c 
phases c o m p o s i t i o n . The s t r o n g hydrogen bonds i n HDEHP are proba
b l y e x t r a c t i o n i n h i b i t o r s by two e f f e c t s : lower a c t i v i t y of f r e e 
l i g a n d , and f o r m a t i o n of s p e c i e s which do not e a s i l y a l l o w o t h e r 
l i g a n d s p r e s e n t i n the system t o e n t e r the c o o r d i n a t i o n sphere 
of the m e t a l . Another example of high number of s p e c i e s which 
can be e x t r a c t e d i n o r g a n i c phase by u s i n g HDEHDTP as l i g a n d i s 
shown i n f i g u r e 8, where we can see the d i s t r i b u t i o n c o e f f i c i e n t s 
of Np (IV) from c h l o r i d e s o l u t i o n s as a f u n c t i o n of pH and 
HDEHDTP c o n c e n t r a t i o n . These curves suggest t h a t the s p e c i e s ex
t r a c t e d have the f o r m u l a s : 

Np (DEHDTP)C1 3 Np (DEHDTP 2)C1 2 

Spectrophotometry c o n f i r m s these changes i n the Np (IV) e n v i r o n 
ment as shown i n f i g u r e 9. 

Co n c l u s i o n s 

I n v e s t i g a t i o n s of complexes of 5f i o n s and 4£ i o n s w i t h n i 
t r o g e n donor l i g a n d s show t h a t t r i v a l e n t a c t i n i d e i o n s a r e more 
s t r o n g l y complexed than t r i v a l e n t l a n t h a n i d e i o n s , and these 
p r o p e r t i e s can be e x p l o i t e d i n a c t i n i d e - l a n t h a n i d e group separa
t i o n by the c h o i c e o f a p p r o p r i a t e e x t r a c t i o n systems. The hig h e r 
a f f i n i t y of n i t r o g e n l i g a n d f o r 5f t r i v a l e n t i o n s i s not a t t r i 
b u t a b l e t o the occurence of d i f f e r e n t type of complex f o r the 
two s e r i e s ( i n n e r vs o u t e r s p h e r e ) , as shown by the use of s e v e r a l 
c o m p l e x a t i o n t e c h n i q u e s . T h i s d i f f e r e n c e might be a t t r i b u t e d t o 
g r e a t e r c o v a l e n t bond c o n t r i b u t i o n s i n the a c t i n i d e complexes. 
D i a l k y l d i t h i o p h o s p h a t e s can be b e t t e r e x t r a c t a n t s than t h e i r d i a l -
k y lphosphate e q u i v a l e n t s , as shown by the s y n e r g i s t i c e x t r a c t i o n 
of U (VI) from c o n c e n t r a t e d p h o s p h o r i c a c i d . T h i s e f f e c t i s 
prob a b l y due t o the weaker hydrogen bonds of the P^||_j group 
which a l l o w the f o r m a t i o n o f a g r e a t e r v a r i e t y of e x t r a c t e d 
s p e c i e s . In t h i s p a r t i c u l a r case, we showed t h a t the e x t r a c t e d 
s p e c i e s has the fo r m u l a : U0 2 ( H 2 P0 4) (R 3 PO) (DEHDTP). 
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11 
The "Cleanex" Process: A Versatile Solvent Extraction 
Process for Recovery and Purification of Lanthanides, 
Americium, and Curium 

JOHN E. BIGELOW, EMORY D. COLLINS, and LESTER J. KING 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 

The reagent di(2-ethylhexyl) phosphoric acid (HDEHP), a 
liquid cation exchanger, is used to extract trivalent actinide 
and lanthanide elements in the "Cleanex" solvent extraction 
process. The name "Cleanex" was coined because the process was 
initially developed to "clean up" several batches of rework 
solutions from a wide variety of contaminants. The process was 
so effective that i t was later incorporated into the mainline 
operations at the Transuranium Processing Plant (TRU) at the 
Oak Ridge National Laboratory (ORNL), where it has been in rou
tine use for 12 years. At TRU, the process has been applied to 
a number of different batch solvent extraction operations at the 
50-liter scale. These include purification of solutions of trans
plutonium elements, transfer of transplutonium elements from 
nitrate to chloride solutions, and recovery of transplutonium 
elements from rework and waste streams (1). The transplutonium 
elements involved are trivalent actinides. The Cleanex process 
was adapted from the Dapex process (2), which has been used for 
many years in the uranium milling industry. 

The c h e m i s t r y , r e a g e n t s , e q u i p m e n t , and b a s i c o p e r a t i o n s 
r e l a t i n g t o t h e C l e a n e x p r o c e s s and t y p i c a l r e s u l t s o b t a i n e d 
w i t h t h e C l e a n e x p r o c e s s a r e c o v e r e d i n t h e s e c t i o n s b e l o w . 

P r o c e s s C h e m i s t r y 

The p r o c e s s c o n s i s t s o f l i q u i d - l i q u i d s o l v e n t e x t r a c t i o n o f 
t r i v a l e n t a c t i n i d e s and/or l a n t h a n i d e s f r o m a d i l u t e a c i d o r s a l t 
s o l u t i o n i n w h i c h t h e a n i o n c a n be e i t h e r n i t r a t e o r c h l o r i d e . 
The r e l a t i v e l y i n e x t r a c t a b l e i m p u r i t i e s c a n be s c r u b b e d f r o m t h e 
p r e g n a n t o r g a n i c p h a s e w i t h d i l u t e a c i d ( 0 . 0 3 M) and t h e s o l u t e s 
b a c k - e x t r a c t e d , o r s t r i p p e d , w i t h m o r e - c o n c e n t r a t e d a c i d ( 2 - 6 M ) . 
The p r o c e s s i s e q u a l l y e f f e c t i v e w i t h n i t r i c o r h y d r o c h l o r i c 
a c i d , o r m i x t u r e s o f t h e a c i d s . S i n c e t h e e x t r a c t e d s p e c i e s does 
n o t c o n t a i n c o m p l e x e d a c i d , t h e s o l u t e s may be s t r i p p e d i n t o a n 
a c i d d i f f e r e n t t h a n t h e one f r o m w h i c h t h e y were i n i t i a l l y 
e x t r a c t e d . 

American Chemical 
0-8412-05i^^8û/47J17-l^$05.00/0 
© 1980 Afte/fiSh efiîftfyal Society 

1155 15th St. N. W. 
Washington, D. C. 20036 
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The o r g a n i c e x t r a c t a n t i s t h e e s t e r 2 ? £ s - 2 - e t h y l h e x y l 
h y d r o g e n p h o s p h a t e , w h i c h h a s a c i d i c p r o p e r t i e s b e c a u s e o f t h e 
r e p l a c e a b l e h y d r o g e n i o n , and i s u s u a l l y c a l l e d i n t h e t r a d e 
d i ( 2 - e t h y l h e x y l ) p h o s p h o r i c a c i d o r HDEHP. S i n c e t h i s r e a g e n t 
h a s a r e l a t i v e l y h i g h d e n s i t y and v i s c o s i t y , i t i s u s u a l l y d i l u 
t e d w i t h a n o n p o l a r s o l v e n t t o a c o n c e n t r a t i o n o f a b o u t 1 M t o 
p r o d u c e an o r g a n i c e x t r a c t a n t p h a s e w i t h s u i t a b l e o p e r a t i n g 
c h a r a c t e r i s t i c s . I n t h e C l e a n e x p r o c e s s , a l i p h a t i c d i l u e n t s a r e 
p r e f e r r e d o v e r a r o m a t i c d i l u e n t s b e c a u s e o f a b o u t a f i v e f o l d 
h i g h e r e x t r a c t i o n c o e f f i c i e n t f o r t h e t r i v a l e n t a c t i n i d e s . 

The HDEHP i s a c a t i o n e x c h a n g e r , and i t s e x t r a c t i o n o f t r i 
v a l e n t m e t a l i o n s ( M 3 + ) c a n be e x p r e s s e d by t h e f o l l o w i n g chem
i c a l r e a c t i o n : 

M 3 + + 3 (HDEHP) Ζ M ( D E H P ) 0 + 3 H + . (1) a q o r g ^ 3 , o r g a q 

A t e q u i l i b r i u m , t h e c o n c e n t r a t i o n s o f t h e r e a c t i n g s p e c i e s a r e 
r e l a t e d as f o l l o w s ( n e g l e c t i n g a c t i v i t y c o e f f i c i e n t s ) : 

[M(DEHP) . ] [ H + ] ^ 
Κ = 5 1 , (2) 

[ H D E H P ] o r g [ M 3 + ] a q 

where Κ i s t h e e q u i l i b r i u m c o n s t a n t f o r t h e r e a c t i o n . The e q u i l i 
b r i u m e x t r a c t i o n c o e f f i c i e n t (E) f o r t h e t r i v a l e n t m e t a l , d e f i n e d 
a s t h e r a t i o o f t h e c o n c e n t r a t i o n i n t h e o r g a n i c p h a s e t o t h e c o n 
c e n t r a t i o n i n t h e aqueous p h a s e a t e q u i l i b r i u m , c a n be o b t a i n e d by 
a r e a r r a n g e m e n t o f E q . ( 2 ) : 

[M(DEHP) ] Κ [HDEHP];* 

[ M 3 + ] [ H + ] 3 

a q a q 

T h u s , t h e e x t r a c t i o n c o e f f i c i e n t , E, v a r i e s d i r e c t l y w i t h t h e 
t h i r d power o f t h e c o n c e n t r a t i o n o f uncombined HDEHP i n t h e o r 
g a n i c p h a s e ( n e g l e c t i n g a c t i v i t y c o e f f i c i e n t s ) and i n v e r s e l y w i t h 
t h e t h i r d power o f t h e aqueous p h a s e a c i d i t y (H ) . 

The a c i d dependency o b s e r v e d i n p r a c t i c e has* b e e n o n l y a p 
p r o x i m a t e l y i n v e r s e t h i r d p o w e r . I m p u r i t i e s i n C l e a n e x f e e d 
s o l u t i o n s o f t e n c a u s e a d e p a r t u r e f r o m i d e a l i t y ( e . g . , by common-
i o n e f f e c t o r by c o n s u m p t i o n o f some o f t h e HDEHP), and we have 
n o t b e e n a b l e t o c o n t r o l t h e e x t r a c t i o n o f t h e a c t i n i d e e l e m e n t s 
s o l e l y by m o n i t o r i n g t h e a q u e o u s - p h a s e a c i d i t y . F o r t u n a t e l y , 
when p r o c e s s i n g t r a n s p l u t o n i u m e l e m e n t s , t h e h i g h s p e c i f i c a c t i v 
i t y o f 2 i + i + C m f a c i l i t a t e s t h e d e t e c t i o n o f t h a t i s o t o p e i n b o t h 
p h a s e s , t h u s p e r m i t t i n g a r a p i d d e t e r m i n a t i o n o f t h e d e g r e e o f 
e x t r a c t i o n . The e x t r a c t i o n c o e f f i c i e n t s o f t h e t r i v a l e n t a c t i 
n i d e s and l a n t h a n i d e s a r e a l l q u i t e s i m i l a r , so t h e 2 t f I + C m s e r v e s 
a s a n e x c e l l e n t m a r k e r f o r a l l t h e e x t r a c t e d i o n s . 
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M a t e r i a l s 

F e e d S o l u t i o n s . The p r o c e s s i s a p p l i c a b l e t o s o l u t i o n s o f 
t r i v a l e n t a c t i n i d e s o r l a n t h a n i d e s i n e i t h e r d i l u t e a c i d o r a 
v a r i e t y o f s a l t s o l u t i o n s i n e i t h e r n i t r a t e o r c h l o r i d e o r m i x e d 
m e d i a . Sodium c o n c e n t r a t i o n s up t o 3 M c a n be t o l e r a t e d , b u t 
l i t h i u m b e g i n s t o have a d v e r s e e f f e c t s above 2 M and p o t a s s i u m 
i s o b j e c t i o n a b l e even a t 0 . 5 M. C e r t a i n s p e c i a l c o n s t i t u e n t s 
c a n be t o l e r a t e d i n t h e f e e d i f s p e c i f i c p r e c a u t i o n s ( d e s c r i b e d 
l a t e r ) a r e t a k e n . 

E x t r a c t i v e R e a g e n t . The e x t r a c t i v e r e a g e n t i s c o m m e r c i a l -
g r a d e d i ( 2 - e t h y l h e x y l ) p h o s p h o r i c a c i d (HDEHP). V a r i o u s l o t s o f 
m a t e r i a l o b t a i n e d f r o m M o b i l , f r o m S t a u f f e r , and f r o m U n i o n 
C a r b i d e , have a l l a p p e a r e d e q u a l l y u s a b l e . The c o m m e r c i a l m a t e 
r i a l t y p i c a l l y c o n t a i n s 1 - 1 . 5 % o f t h e m o n o e s t e r ( w h i c h i s d i -
a c i d i c ) and a s m a l l amount o f i n e r t m a t e r i a l , p r o b a b l y u n r e a c t e d 
2 - e t h y l h e x a n o l and p y r o p h o s p h o r i c a c i d s . The HDEHP g e n e r a l l y 
t i t r a t e s a b o u t 98% ( 2 . 8 M) and i s u s e d w i t h o u t t r e a t m e n t o t h e r 
t h a n d i l u t i o n . 

D i l u e n t s . An a l i p h a t i c d i l u e n t w i t h a h i g h f l a s h p o i n t i s 
p r e f e r r e d f o r s a f e t y r e a s o n s . A t TRU, b o t h Amsco 1 2 5 - 8 2 and 
NPH ( n o r m a l p a r a f f i n h y d r o c a r b o n , s u p p l i e d by The S o u t h Hampton 
C o . , S i l s b e e , T e x a s ) , have g i v e n good r e s u l t s . C u r r e n t l y , we 
a r e u s i n g o d o r l e s s m i n e r a l s p i r i t s , w h i c h i s s u p p l i e d by Amsco 
and h a s a f l a s h p o i n t o f 5 2 ° C , a s p e c i f i c g r a v i t y o f 0 . 7 5 0 , and 
a b o i l i n g r a n g e o f 1 4 4 - 2 0 8 ° C . A l l o f t h e s e d i l u e n t s have been 
s a t i s f a c t o r y , and no e f f o r t h a s b e e n made t o s y s t e m a t i c a l l y 
e v a l u a t e them f o r o u r a p p l i c a t i o n s . We g e n e r a l l y p r e t r e a t t h e 
d i l u e n t by p a s s i n g i t s u c c e s s i v e l y t h r o u g h a p a c k e d column o f 
s i l i c a g e l and a l u m i n a t o remove t r a c e s o f s u r f a c e - a c t i v e a g e n t s 
t h a t m i g h t l a t e r c o n t r i b u t e t o t h e f o r m a t i o n o f s t a b l e e m u l s i o n s . 

E q u i p m e n t 

The e q u i p m e n t t y p i c a l l y u s e d a t TRU f o r c a r r y i n g o u t t h e 
C l e a n e x p r o c e s s b a t c h w i s e i s i l l u s t r a t e d s c h e m a t i c a l l y i n F i g u r e 1. 
The o p e r a t i n g t e c h n i q u e and d e s i g n c o n s i d e r a t i o n s f o r some o f t h e 
i t e m s i n F i g u r e 1 have b e e n more f u l l y d e s c r i b e d by C h a t t i n (3). 
The f e e d i s a d j u s t e d , and t h e e x t r a c t i o n i s c a r r i e d o u t b a t c h w i s e 
i n a t a n t a l u m - l i n e d e v a p o r a t o r w i t h a c a p a c i t y o f 6 0 - 7 0 l i t e r s . 
P h a s e c o n t a c t i s a c c o m p l i s h e d by a i r - s p a r g i n g . A vacuum t r a n s f e r 
s y s t e m i s u s e d t o r a i s e t h e aqueous p h a s e f r o m t h e b o t t o m o f t h e 
t a n t a l u m e v a p o r a t o r , t h r o u g h a p h a s e s e p a r a t o r ( o r b u l l ' s - e y e ) , 
and i n t o a vacuum t r a n s f e r t a n k . R e p l a c i n g t h e vacuum s o u r c e 
w i t h a l o w - p r e s s u r e a i r l i n e , and o p e r a t i n g a v a l v e , p e r m i t s d i s 
c h a r g e o f t h e a c c u m u l a t e d aqueous p h a s e f r o m t h e vacuum t r a n s f e r 
t a n k i n t o e i t h e r a w a s t e r e c e i v e r o r a p r o d u c t r e c e i v e r t a n k . 
The r a f f i n â t e s ( i n c l u d i n g s c r u b s ) a r e e v e n t u a l l y t r a n s f e r r e d t o 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
1

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



AI
R

-
ΙΓ

 -V
AC

U
U

M
 

SO
LU

TI
O

N
 

AD
D

IT
IO

N
-i 

A
IR

-, 

FI
LT

ER
 

PH
AS

E 
X

_
_

 
SE

PA
R

AT
O

R
 

VA
CU

U
M

 
TR

AN
SF

ER
 

TA
N

K 

FL
O

W
 

A
D

IV
E

R
T

E
R

 
VA

LV
E 

FE
E

D 
AD

JU
ST

M
EN

T 
AN

D
 

EX
TR

AC
TI

O
N

 
TA

N
K 

C
O

N
D

EN
SA

TE
 

C
O

LL
E

C
TI

O
N

 
TA

N
K 

PR
O

D
U

CT
 

C
O

LL
E

C
TI

O
N

 
AN

D
 

EV
AP

O
RA

TI
O

N
 

TO
 W

A
ST

E 
OR

 2
nd

.-
ST

A
G

E 
EX

TR
AC

TI
O

N
 

Fi
gu

re
 1

. 
E

qu
ip

m
en

t 
ar

ra
ng

em
en

t 
fo

r 
C

le
an

ex
 p

ro
ce

ss
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
1

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



11. B i G E L O w ET AL. The "Cleanex" Process 151 

a w a s t e s t o r a g e t a n k . The p r o d u c t r e c e i v e r i s u s u a l l y a n o t h e r 
t a n t a l u m - l i n e d e v a p o r a t o r so t h a t s u c c e s s i v e volumes o f s t r i p 
a c i d c a n be combined and c o n c e n t r a t e d p r i o r t o t h e i r i n t r o d u c t i o n 
i n t o t h e n e x t s t e p i n t h e o v e r a l l p r o c e s s . 

P r o c e s s i n g S t e p s 

F e e d A d j u s t m e n t . The p r o d u c t f r o m a s t e p p r i o r t o C l e a n e x 
i s t r a n s f e r r e d and f l u s h e d i n t o t h e t a n t a l u m - l i n e d e v a p o r a t o r . 
M o s t o f t h e e x c e s s a c i d c o n t a i n e d i n t h e c o m p o s i t e d C l e a n e x f e e d 
i s removed by e v a p o r a t i o n e i t h e r t o a f i n a l volume o f 2 l i t e r s 
o r , i f t h e s a l t c o n t e n t i s h i g h , t o a f i n a l b o i l i n g t e m p e r a t u r e 
o f 1 3 0 ° C , w h i c h e v e r o c c u r s f i r s t . I f t h e f e e d i s a n i t r a t e s o l u 
t i o n , h y d r o l y s i s o f some e l e m e n t s ( e . g . , z i r c o n i u m ) may have o c 
c u r r e d d u r i n g t h e e v a p o r a t i o n ; t h e r e f o r e , a b o u t 1 l i t e r o f 12 M 
HC1 i s added and t h e f e e d s o l u t i o n i s r e h e a t e d t o 1 2 0 ° C t o r e -
d i s s o l v e any h y d r o l y z e d m a t e r i a l s . The f e e d i s t h e n d i l u t e d w i t h 
w a t e r t o make a t o t a l volume o f 12 l i t e r s and i s m i x e d a n d 
s a m p l e d . An a d d i t i o n o f a c i d o r NaOH i s made ( i f n e c e s s a r y ) t o 
a d j u s t t h e s o l u t i o n a c i d i t y i n t o t h e r a n g e o f 0 . 1 t o 0 . 4 N. An 
o x i d a n t s o l u t i o n ( 1 . 5 M L i O C l ) i s added t o make t h e f e e d 0 . 1 M 
L i O C l , and t h e f e e d s o l u t i o n i s t h e n h e a t e d t o 8 0 ° C and d i g e s t e d 
f o r 20 m i n u t e s t o remove any g a s e o u s r e a c t i o n p r o d u c t s . T h i s 
o x i d a t i o n p r o c e d u r e i s c a r r i e d o u t t o e n s u r e t h a t a l l molybdenum 
i n t h e f e e d i s o x i d i z e d t o t h e e x t r a c t a b l e Mo(VI) f o r m (£) . 
O t h e r w i s e , u n e x t r a c t a b l e molybdenum may h y d r o l y z e u n d e r t h e r e l a 
t i v e l y l o w - a c i d c o n d i t i o n s a c h i e v e d l a t e r i n t h e e x t r a c t i o n s t e p 
and r e s u l t i n s e v e r e e m u l s i o n p r o b l e m s . 

E x t r a c t i o n . A b o u t 30 l i t e r s o f t h e p r e v i o u s l y p r e p a r e d o r 
g a n i c e x t r a c t a n t i s a d d e d . A d e q u a t e m i x i n g o f t h e p h a s e s i s 
a c h i e v e d by a i r s p a r g i n g a t a s u p e r f i c i a l a i r v e l o c i t y o f 1.3 
mm/sec ( 0 . 2 5 f t / m i n ) ; t h i s i s t h e same v e l o c i t y u s e d t o m i x a 
s i n g l e p h a s e p r i o r t o s a m p l i n g . A f t e r m i x i n g i s b e g u n , NaOH i s 
added t o f u r t h e r r e d u c e t h e aqueous p h a s e a c i d i t y and t h e r e b y 
i n c r e a s e t h e e x t r a c t a b i l i t y o f t h e t r i v a l e n t a c t i n i d e s . The 
amount o f NaOH added i s c a l c u l a t e d t o r e d u c e t h e a c i d i t y t o 0 . 0 3 N, 
a l i m i t c h o s e n t o m i n i m i z e t h e l i k e l i h o o d o f h y d r o l y s i s and p r e 
c i p i t a t i o n o f u n e x t r a c t e d f e e d c o m p o n e n t s , w h i c h m i g h t r e s u l t i n 
e m u l s i f i c a t i o n . The m i x i n g i s i n t e r r u p t e d a f t e r 3 0 - 6 0 m i n u t e s 
and t h e p h a s e s a l l o w e d t o s e t t l e . The aqueous p h a s e i s s a m p l e d 
and a n a l y z e d f o r f r e e a c i d and f o r g r o s s a l p h a ( p r i m a r i l y 2 1 + l f Cm) . 
The f r e e a c i d i s a l m o s t a l w a y s h i g h e r t h a n 0 . 0 3 Ν b e c a u s e a c i d i s 
t r a n s f e r r e d t o t h e aqueous p h a s e i n exchange f o r t h e m e t a l l i c 
c a t i o n s w h i c h were e x t r a c t e d i n t o t h e o r g a n i c p h a s e . A new NaOH 
a d d i t i o n i s c a l c u l a t e d , b a s e d on t h e a c i d r e s u l t s , and t h e c y c l e 
o f a c i d a d j u s t m e n t and s p a r g i n g i s r e p e a t e d u n t i l t h e amount o f 
u n e x t r a c t e d c u r i u m r e m a i n i n g i n t h e aqueous p h a s e i s l e s s t h a n 
t h e s p e c i f i e d l i m i t . On some o c c a s i o n s , i t may be n e c e s s a r y t o 
t e r m i n a t e t h e e x t r a c t i o n s t e p s h o r t o f t h e g o a l i f s u c c e s s i v e 
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a n a l y s e s show t h e amount o f u n e x t r a c t e d c u r i u m h a s begun t o i n 
c r e a s e . T h i s l a t t e r phenomenon i s b e l i e v e d t o be due t o d i s 
p l a c e m e n t o f t h e c u r i u m by aluminum r e s u l t i n g f r o m a s l o w , i r 
r e v e r s i b l e e x t r a c t i o n o f aluminum w h i c h consumes t h e r e a g e n t , 
HDEHP. The t o t a l t i m e t y p i c a l l y consumed i n t h e e x t r a c t i o n s t e p 
o f t h e p r o c e s s i s on t h e o r d e r o f 2 s h i f t s , o r 16 h o u r s . F o l l o w 
i n g e x t r a c t i o n , t h e aqueous r a f f i n a t e i s t r a n s f e r r e d t o a s e p a r a t e 
t a n k and t h e p r e g n a n t o r g a n i c p h a s e i s s u b s e q u e n t l y s c r u b b e d and 
s t r i p p e d i n t h e same v e s s e l . 

S c r u b b i n g . S i n c e a r e l a t i v e l y l a r g e amount o f NaOH i s added 
d u r i n g a C l e a n e x e x t r a c t i o n t o n e u t r a l i z e e x c e s s a c i d i t y , s o d i u m 
i s u s u a l l y t h e p r e d o m i n a n t m e t a l l i c i m p u r i t y . A v e r y s m a l l p o r 
t i o n o f t h e s o d i u m i s e x t r a c t e d by t h e HDEHP; t h i s amount c a n be 
r e d u c e d by s c r u b b i n g t h e p r e g n a n t o r g a n i c w i t h 0 . 0 3 Ν a c i d . A 
s e c o n d f u n c t i o n o f t h e s c r u b s , and p r o b a b l y t h e most i m p o r t a n t 
f u n c t i o n , i s t o f l u s h t h e r e s i d u a l , u n e x t r a c t e d i m p u r i t i e s f r o m 
t h e aqueous h e e l u n d e r l y i n g t h e p r e g n a n t o r g a n i c l a y e r . 

The p r e g n a n t o r g a n i c p h a s e i s u s u a l l y s c r u b b e d t w i c e w i t h 
0 . 0 3 Ν HC1 ( t h e f i r s t s c r u b i s 0 . 0 3 Ν H N 0 3 i f t h e f e e d s o l u t i o n 
had b e e n i n t h e n i t r a t e f o r m ) . The volume o f e a c h s c r u b i s o n e -
t h i r d o f t h e o r g a n i c - p h a s e v o l u m e . E a c h s c r u b i s m i x e d w i t h t h e 
o r g a n i c p h a s e by a i r - s p a r g i n g a t l e a s t 30 m i n u t e s . The s c r u b 
r a f f i n â t e s a r e u s u a l l y c o m b i n e d w i t h t h e e x t r a c t i o n r a f f i n a t e t o 
p r o v i d e a c o m p o s i t e f e e d f o r a s e c o n d - s t a g e e x t r a c t i o n . 

O r g a n i c P h a s e M o d i f i c a t i o n and S t r i p p i n g . I r o n i s f r e q u e n t l y 
a s i g n i f i c a n t i m p u r i t y i n C l e a n e x f e e d s a n d , i f p r e s e n t , w i l l have 
been o x i d i z e d t o F e ( I I I ) by r a d i o l y s i s and by t h e L i O C l t h a t was 
added t o t h e f e e d . The F e ( I I I ) w o u l d t e n d t o f o l l o w t h e t r a n s -
p l u t o n i u m e l e m e n t s t h r o u g h t h e e x t r a c t i o n and s t r i p p i n g s t e p s . I n 
o r d e r t o r e t a i n t h e F e ( I I I ) i n t h e o r g a n i c phase w h i l e t h e t r a n s -
p l u t o n i u m e l e m e n t s a r e s t r i p p e d , a s o l u t i o n o f 1.6 M Adogen 364-HP 
(a s t r a i g h t - c h a i n t e r t i a r y amine o b t a i n e d f r o m A r c h e r D a n i e l s 

M i d l a n d C o . ) i n d i e t h y l b e n z e n e (DEB) i s added t o t h e p r e g n a n t 
C l e a n e x o r g a n i c p h a s e j u s t b e f o r e s t r i p p i n g . The amount o f Adogen 
added i s enough t o make t h e o r g a n i c p h a s e 0 . 2 M i n a m i n e . 

F o l l o w i n g t h i s m o d i f i c a t i o n o f t h e o r g a n i c p h a s e , t h e t r a n s -
p l u t o n i u m e l e m e n t s a r e s t r i p p e d w i t h 6 M H C 1 — 0 . 5 M H 2 0 2 . The 
h y d r o g e n p e r o x i d e i n t h i s s t r i p s o l u t i o n overcomes t h e t r a n s i e n t 
o x i d i z i n g e f f e c t c a u s e d by i o n i z i n g r a d i a t i o n a c t i n g on t h e H C l 
medium, t h e r e b y p r e v e n t i n g o x i d a t i o n o f b e r k e l i u m t o t h e h i g h l y 
e x t r a c t a b l e t e t r a v a l e n t s t a t e . I t i s a l w a y s n e c e s s a r y t o s t r i p 
t h e o r g a n i c p h a s e w i t h s e v e r a l b a t c h e s o f s t r i p s o l u t i o n i n o r d e r 
t o e f f e c t t r a n s f e r o f a l l o f t h e t r a n s p l u t o n i u m e l e m e n t s t o t h e 
c o l l e c t i o n t a n k . S t r i p p i n g c o e f f i c i e n t s f o r t h e t r a n s c u r i u m 
e l e m e n t s a r e l o w e r t h a n f o r c u r i u m ; t h u s , t h e amounts o f c a l i 
f o r n i u m r e m a i n i n g i n t h e o r g a n i c p h a s e and i n t h e aqueous h e e l 
s o l u t i o n (as i n d i c a t e d by g r o s s n e u t r o n c o u n t s ) a r e m o n i t o r e d t o 
c o n f i r m t h e c o m p l e t e n e s s o f t h e s t r i p p i n g o p e r a t i o n s . 
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A d d i t i o n a l O p e r a t i n g C o n s i d e r a t i o n s 

E x p o s u r e o f t h e O r g a n i c E x t r a c t a n t t o R a d i a t i o n . R a d i o l y t i c 
damage t o t h e o r g a n i c e x t r a c t a n t i s q u i t e l i k e l y t o o c c u r s i n c e 
2 l + l + C m ( 2 . 8 3 w a t t s / g ) i s p r e s e n t i n t h e o r g a n i c p h a s e f o r a s i g n i 
f i c a n t t i m e . A t TRU we g e n e r a l l y t r y t o h o l d p l a n n e d e x p o s u r e s 
b e l o w 150 w a t t - h o u r s / l i t e r (6 χ 1 0 7 r a d ) . T h u s , i n t h e c a s e o f 
a f e e d c o n t a i n i n g enough 2 I + l + C m t o g e n e r a t e 5 w a t t s / l i t e r ( i n t h e 
o r g a n i c p h a s e ) , t h e e x t r a c t i o n and s c r u b b i n g must be c o m p l e t e d 
and s t r i p p i n g begun w i t h i n 30 h o u r s . We have n o t e x p e r i e n c e d any 
o p e r a t i n g d i f f i c u l t i e s w i t h C l e a n e x r u n s made u n d e r t h e s e c o n d i 
t i o n s , b u t s e v e r a l s a m p l e s o f c u r i u m o x i d e p r o d u c t have been 
f o u n d t h a t c o n t a i n e d 5 t o 8% p h o s p h o r u s , p r e s u m a b l y f r o m r a d i o 
l y t i c d e c o m p o s i t i o n o f t h e HDEHP. P o t e n t i a l l y , t h e p r o c e s s o f 
d e c o m p o s i t i o n c a n f o r m e x t r a c t a n t s p e c i e s t h a t behave q u i t e d i f 
f e r e n t l y f r o m HDEHP and c a u s e a v a r i e t y o f d e l e t e r i o u s e f f e c t s . 
I n c r e a s i n g d i f f i c u l t y i n s t r i p p i n g h a s b e e n o b s e r v e d on o c c a s i o n s 
when t h e e x p o s u r e a p p r o a c h e d 200 w a t t - h o u r s / l i t e r . 

O r g a n i c Phase E n t r a i n m e n t D u r i n g Aqueous P h a s e T r a n s f e r s . 
One a d v a n t a g e o f b a t c h s o l v e n t e x t r a c t i o n p r o c e s s e s i s t h a t a d e 
q u a t e t i m e can be a l l o w e d f o r t h e o r g a n i c and aqueous p h a s e s t o 
s e t t l e and s e p a r a t e . The aqueous (bottom) p h a s e c a n t h e n be 
t r a n s f e r r e d t o a s e p a r a t e t a n k u s i n g a s p e c i a l p h a s e - s e p a r a t o r 
v e s s e l . A l t h o u g h t h e p h a s e - s e p a r a t o r i s v e r y e f f e c t i v e i n p r e 
v e n t i n g b u l k t r a n s f e r o f t h e wrong p h a s e , a s m a l l amount o f t h e 
o r g a n i c phase i s f r e q u e n t l y e n t r a i n e d i n t h e aqueous p h a s e . I f 
t h e n e x t p r o c e s s i n g s t e p r e q u i r e s e v a p o r a t i o n o f t h e C l e a n e x 
p r o d u c t s o l u t i o n t o a s m a l l v o l u m e , t h e e n t r a i n e d HDEHP c o u l d be 
decomposed t o a t a r w h i c h c o u l d s o r b a s i g n i f i c a n t amount o f t h e 
a c t i n i d e e l e m e n t s . When t h i s p o s s i b i l i t y e x i s t s , t h e t r a n s f e r o f 
C l e a n e x p r o d u c t s o l u t i o n t o t h e e v a p o r a t o r i s made v i a a t a n k 
c o n t a i n i n g a few l i t e r s o f o r g a n i c d i l u e n t (DEB o r Amsco) so t h a t 
a s e c o n d , c l e a n e r phase s e p a r a t i o n c a n be made. P o s s i b l e e n t r a i n 
ment o f t h e p u r e d i l u e n t i n t o t h e p r o d u c t i s o f l i t t l e c o n s e q u e n c e 
s i n c e t h e d i l u e n t w i l l s t e a m - d i s t i l l o u t o f t h e r e c e i v i n g t a n k 
d u r i n g e v a p o r a t i o n o f t h e aqueous p r o d u c t . 

R e s u l t s 

T y p i c a l r e s u l t s o f t h e C l e a n e x p r o c e s s , as a p p l i e d t o a HFIR 
t a r g e t p r o c e s s i n g c a m p a i g n , a r e shown i n T a b l e I. P a r t A shows 
t h e q u a n t i t i e s o f t h e t r a n s p l u t o n i u m e l e m e n t s f o u n d i n a t y p i c a l 
t a r g e t c a m p a i g n , and t h e i r b e h a v i o r i n t h e p r o c e s s . P a r t Β shows 
t h e b e h a v i o r o f m a j o r f i s s i o n p r o d u c t s , w h i l e P a r t C shows t h e 
p u r i f i c a t i o n t h a t c a n be o b t a i n e d f r o m common m a c r o s c o p i c c o n 
t a m i n a n t i o n s . N o t e t h a t t h e s o l u t e i o n s f o u n d i n t h e s e c o n d 
s t a g e o r g a n i c p h a s e a r e u s u a l l y s t r i p p e d and a c c u m u l a t e d a s a 
r e w o r k f r a c t i o n t o be r e c y c l e d t o s u b s e q u e n t c a m p a i g n s . The 
f i r s t s t a g e o r g a n i c p h a s e and t h e s e c o n d s t a g e aqueous r a f f i n a t e 
a r e d i s c a r d e d . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
1

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



154 ACTINIDE SEPARATIONS 

Table I. T y p i c a l Composition o f Cleanex Feed S o l u t i o n s When 
P r o c e s s i n g Transplutonium Elements During a HFIR Target Campaign 

% D i s t r i b u t i o n t o E x i t S o l u t i o n s 

Component 
Amounts m 

Feed S o l u t i o n 
F i r s t Stage Second Stage 

Product Waste Organic Organic R a f f i n a t e 

243 

244 
Am 

Cm ( T o t a l Cm) 
249, 

252 
Bk 

Cf 
253. 

257. 
Es 

Fm 

P a r t A; Transplutonium Elements 

0.1 g 

17 (50 ) g 

35 mg 

400 mg 

2000 yg 

0.8 pg 

95 

95 

97 

98 

99 

99 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

<0.1 

P a r t B; F i s s i o n Products 
9 5 N b 900 C i VL00 
9 5 Z r 900 C i ^100 
103,106„ Ru 2500 C i 4 10 4 82 
134,136,137 C s 300 C i ^100 
140 o Ba 800 C i ^50 
140 

La 800 C i ^100 
141,144 c e 3000 C i ^100 

Eu 1500 C i ^100 

Gross Gamma 15 
2 χ 10 c/m 45 10 2 43 

P a r t C: Macroscopic I m p u r i t i e s 

A l 50 g 20 25 15 40 

Cr ι g 'vlOO 

Cu 1 g ^100 

Fe 10 g ^100 

Na ^500 g a 3 97 

N i 10 g ^100 

Mo 5 g ^100 

Pd 7 g ^100 

Zr 5 g ^100 

a S e v e r a l hundreds o f grams o f Na, as NaOH, are added t o n e u t r a l i z e the aqueous 

phase a c i d i t y . 
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C o n c l u s i o n s 

The C l e a n e x p r o c e s s i s p a r t i c u l a r l y w e l l s u i t e d t o be c a r 
r i e d o u t a s a b a t c h p r o c e s s . The e x t r a c t i o n c o e f f i c i e n t s a r e 
s t r o n g f u n c t i o n s o f t h e a q u e o u s - p h a s e a c i d i t y ; t h u s , f o r c o m p l e t e 
e x t r a c t i o n , i t i s i m p o r t a n t t o r e d u c e t h e a c i d i t y t o t h e minimum 
p r a c t i c a l v a l u e . However, as t h e a c i d i t y i s r e d u c e d , more o f t h e 
s o l u t e i o n s e x t r a c t i n t o t h e o r g a n i c p h a s e , where t h e y undergo a 
c a t i o n exchange r e a c t i o n w i t h t h e e x t r a c t i o n r e a g e n t (HDEHP), 
t h u s r e l e a s i n g f r e e a c i d . T h i s f r e e a c i d w i l l b a c k - e x t r a c t i n t o 
t h e aqueous p h a s e , where i t w i l l s t r o n g l y a f f e c t t h e e x t r a c t i o n 
c o e f f i c i e n t . A s t e p w i s e a d d i t i o n o f NaOH a l l o w s one t o " t i t r a t e " 
t h e f r e e a c i d , a c h i e v i n g a l m o s t any d e s i r e d d e g r e e o f e x t r a c t i o n . 
F u r t h e r m o r e , t h e p r e c i s i o n o f a c i d c o n t r o l t h a t t h i s a f f o r d s a l 
l o w s one t o c o n t r o l t h e r e a c t i o n pathway so t h a t c e r t a i n e x t r a c t -
a b l e b u t e a s i l y h y d r o l y z e d c a t i o n s , s u c h a s Z r ( I V ) , c a n be com
p l e t e l y removed f r o m t h e aqueous p h a s e b e f o r e t h e a c i d c o n c e n t r a 
t i o n i s d e c r e a s e d t o i t s f i n a l v a l u e . T h i s s i g n i f i c a n t l y r e d u c e s 
t h e p o t e n t i a l o f t h e s e i m p u r i t y i o n s t o f o r m i n t e r f a c i a l c r u d s . 
Even i f some c r u d i s f o r m e d , and p h a s e s e p a r a t i o n i s t h e r e b y r e 
t a r d e d , a b a t c h e x t r a c t i o n does n o t r e q u i r e a r a p i d p h a s e s e p a r a 
t i o n and t h u s i s t o l e r a n t o f a v e r y d i r t y s o l u t i o n . 

I n t h e e n v i r o n m e n t o f t h e TRU F a c i l i t y a t ORNL, t h e C l e a n e x 
p r o c e s s h a s p r o v e d t o be e x t r e m e l y v a l u a b l e and i s r o u t i n e l y 
r e l i e d upon t o p e r f o r m a v a r i e t y o f s e p a r a t i o n s and p u r i f i c a t i o n s . 
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12 
Americium-Curium Separation by Means of Selective 
Extraction of Hexavalent Americium Using a 
Centrifugal Contactor 

C . MUSIKAS, M . G E R M A I N , and A. B A T H E L L I E R 

Division de Chimie, Département de Génie Radioactif, Centre d'Etudes Nucléaires de 
Fontenay-aux-Roses, BP N ° 6 , Fontenay aux Roses, 92260, France 

Americium-curium separations have always posed a challenge to 
chemists, mainly for two reasons : 

- In the trivalent state Am and Cm have closely comparable 
chemical properties, due to the proximity of their ionic radii 
(0.99 and 0.986 Å). 

Americium ions in the higher valency states (IV, V, VI, VII) 
are powerful oxidizing agents, and the known chemical processes 
for heterovalent actinide ion separations are not reliable because 
of the instability of Am ions in all valency states except (III). 
This paper deals with Am (VI) - Cm (III) separation in nitrate me
dia. Three topics are examined in order to improve the performance 
of this process. 

- The kinetics of oxidation of Am (III) by sodium persulfate 
in the presence of Ag+ ions were reinvestigated by studying the 
effect of additions of small amounts of reagents which do not 
drastically change the distribution coefficients of Am (VI) or Cm 
(III) ions. 

Organo phosphorus solvents were selected because they are ra
diation resistant, possess weak reductant properties and that their 
affinity for hexavalent ion is high. 

The o p e r a t i n g p r o c e d u r e was s e l e c t e d by c o n s i d e r a t i o n o f the 
r e s u l t s o f the two p r e v i o u s i n v e s t i g a t i o n s . T h i s can be done by 
u s i n g a c e n t r i f u g a l c o n t a c t o r e n a b l i n g i t to s e t o r g a n i c - a q u e o u s 
phase c o n t a c t time i n a c c o r d a n c e w i t h the k i n e t i c s o f e x t r a c t i o n 
of Am ( V I ) , o x i d a t i o n o f Am ( I I I ) i n aqueous p h a s e , and r e d u c t i o n 
of Am (VI) i n o r g a n i c p h a s e . 

EXPERIMENTAL 

Reagents 

- E x t r a c t a n t s and d i l u e n t 
b i s (2 e t h y l h e x y l ) p h o s p h o r i c a c i d (HDEHP) and t r i n o c t y l -

p h o s p h i n e o x i d e (TOPO) were a n a l y t i c a l grade 
b i s (2 ,6 d i m e t h y l 4 h e p t y l ) p h o s p h o r i c a c i d (HD(DIBM)P) was 

0-8412-0527-2/80/47-117-157$05.00/0 
© 1980 American Chemical Society 
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p r e p a r e d and p u r i f i e d by IRCHA ( F r a n c e ) 
the a l c o h o l used i n t h i s s y n t h e s i s was p r o v i d e d by T o u z a r d & 

M a t i g n o n . 
HDEHP and HD(DIBM)P were d e t e r m i n e d by t i t r a t i o n w i t h s t a n d a r d 
Na OH s o l u t i o n , TOPO c o n c e n t r a t i o n was o b t a i n e d by n i t r i c e x 
t r a c t i o n . 

- H y f r a n e 130 was used as d i l u e n t ( o b t a i n a b l e f rom H y f r a n s a , 
Boussens 31 F r a n c e ) ; i t i s a m i x t u r e o f η p a r a f f i n s r a n g i n g f r o m 
c 1 0 t o c 1 3 ( b o i l i n g p o i n t 190-230 C ; s p e c i f i c g r a v i t y 0 . 7 5 5 - 0 . 7 6 0 ; 
v i s c o s i t y a t 2 0 ° C 1.96 c S ) . 
The r e m a i n i n g r e a g e n t s , n i t r i c a c i d , p e r c h l o r i c a c i d , p h o s p h o r i c 
a c i d , sodium p e r s u l f a t e , s i l v e r n i t r a t e , u r a n y l n i t r a t e , e t c . . . 
were a n a l y t i c a l grade (Prolabo-NORMAPUR). 
Pure241 Am and 2^Cm were o b t a i n e d f rom the SPT s p e c i a l i z e d l a b o 
r a t o r y (Fontenay aux Roses) and were measured by r a d i o m e t r i c me
t h o d s . 

Equipment and P r o c e d u r e s 

K i n e t i c S t u d i e s . The o x i d a t i o n o f Am ( I I I ) was o b s e r v e d by 
s p e c t r o p h o t o m e t r y by m e a s u r i n g o p t i c a l d e n s i t i e s a t 503 nm. 

Am (VI) and Am (V) were c h a r a c t e r i z e d by t h e i r a b s o r p t i o n 
peaks a t 990 to 1010 nm, a n d , 715 t c 720 nm r e s p e c t i v e l y . 
The f o l l o w i n g p r o c e d u r e s were u t i l i s e d : 
O x i d a t i o n o f Am ( I I I ) : One a l i q u o t o f Am ( I I I ) n i t r a t e s t o c k s o 
l u t i o n was d r i e d under an i n f r a r e d lamp, and the d r y s o l i d was d i s 
s o l v e d i n a measured volume o f the a p p r o p r i a t e s o l u t i o n and t r a n s 
f e r r e d to the t h e r m o s t a t i c a l l y - c o n t r o l e d s p e c t r o p h o t o m e t r y c e l l . 
The s t a b i l i t y o f Am (VI) i n o r g a n i c phases was examined by s p e c t r o 
photometry b y o b s e r v i n g the a b s o r p t i o n peak o f Am (VI) i n the r e 
g i o n 990-1010 nm. A l l the s p e c t r o p h o t o m e t r i e s t u d i e s were c a r r i e d 
out w i t h a C a r y 17 s p e c t r o p h o t o m e t e r . 

E x t r a c t i o n S t u d i e s . A c e n t r i f u g a l c o n t a c t o r (EC 8-1) was d e 
s i g n e d f o r l a b o r a t o r y s c a l e mass t r a n s f e r and p r o c e s s p u r i f i c a t i o n 
s t u d i e s . T h i s i s a s i n g l e s t a g e e x t r a c t o r w i t h r o t a t i n g p l e x i g l a s 
b o w l , d e s i g n e d to a l l o w v i s u a l o b s e r v a t i o n o f m i x i n g and s e t t l i n g 
z o n e s . 

' F i g u r e 1"shows the two phases paths i n the e x t r a c t o r . The m i x 
i n g chamber has a volume o f 1 c m 3 , w h i l e t o t a l h o l d - u p o f the c o n 
t a c t o r i s 8 c m 3 . I n e x p e r i m e n t s 3 and 4, the volume o f the s e t t l i n g 
chamber was i n c r e a s e d to 10 c m 3 t o p r e v e n t e n t r a i n m e n t o f the p h a 
s e s . 
These c o n t a c t o r s can be i n t e r c o n n e c t e d by s p e c i a l t u b i n g s to a l l o w 
temperature m o n i t o r i n g and s a m p l i n g " f i g u r e 2 " . They are pump f e d 
w i t h the phases and f l o w r a t e s are r e g u l a t e d by passage through a 
damping out s y s t e m . Speed o f r o t a t i o n was 3600 r e v / m i n ( c e n t r i f u g e 
f i e l d a t the l e v e l o f i n t e r f a c e 200 g) and temperature was 21 + 
2 ° C . F o r t e s t r u n s , s e v e r a l e x t r a c t o r s were used i n the f o l l o w i n g 
c o n d i t i o n s : 
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Figure 2. View of 3 centrifugal contactors connected by tubing 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
2

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



160 ACTINEDE SEPARATIONS 

E x p e r i m e n t s 1 and 2 : Three e x t r a c t o r s were u s e d . 
Runs l a and 2a used one e x t r a c t i o n s tage and two s c r u b s t a g e s , 
f l o w r a t i o s (O/A) were 1.05 f o r e x t r a c t i o n and 1.37 f o r s c r u b . 
Runs lb and 2b used three e x t r a c t i o n s t a g e s and a f l o w r a t i o o f 
4 . 5 . The aqueous phase had the f o l l o w i n g c o m p o s i t i o n : 

0 .2 Ν H N 0 3 , 4 . 1 . Ι Ο " 3 M Am ( I I I ) , 4 . 1 0 ~ 5 M Cm ( I I I ) , 0.1 M 

N a 2 S 2 ° 8 ' 1 0 " 2 M A g N 0 3 > 1 0 ~ 2 M H 3 P ( V 
E x p e r i m e n t 3 : In b o t h runs t h r e e e x t r a c t o r s were u s e d f o r 

e x t r a c t i o n and two (3a) or t h r e e (3b) were u s e d f o r s c r u b . F low 
r a t i o s were 2 f o r e x t r a c t i o n and 4 f o r s c r u b . A m e r i c i u m and c u r i u m 
c o n c e n t r a t i o n s were r e s p e c t i v e l y 0.001 and 8.10~6 M , and a l l r e 
m a i n i n g aqueous r e a g e n t c o n c e n t r a t i o n s were s i m i l a r to e x p e r i m e n t s 
1 and 2 . 

E x p e r i m e n t 4 : 3 e x t r a c t i o n s t a g e s and 3 s c r u b s t a g e s were 
u s e d . F low r a t i o s were r e s p e c t i v e l y 4 and 16. A l l aqueous c o n c e n 
t r a t i o n s were s i m i l a r to those used i n e x p e r i m e n t 3 , e x c e p t f o r 
the H^PO^ c o n c e n t r a t i o n , w h i c h was 3.10~2 M i n e x p e r i m e n t 4b. 

S o l v e n t s were p r e t r e a t e d w i t h s c r u b s o l u t i o n : i n e x p e r i m e n t s 
1 and 2 the c o n t a c t was a c h i e v e d i n a c e n t r i f u g a l c o n t a c t o r (mix
i n g t ime 4 s e c o n d s ) , w h i l e i n e x p e r i m e n t s 3 and 4 , i t was a c h i e v e d 
d u r i n g 5 min i n a s e p a r a t o r y f u n n e l . 

B e f o r e each r u n , the e x t r a c t o r s were r i n s e d f o r 30 m i n u t e s , 
w i t h the s o l u t i o n s ( w i t h o u t Am and Cm) at n o m i n a l f l o w r a t e s . 

RESULTS AND DISCUSSION 

O x i d a t i o n K i n e t i c s o f Am ( I I I ) 

I t i s w e l l known ( 2^ 3_ ) t h a t p e r s u l f a t e can o x i d i z e 
Am ( I I I ) to Am ( V I ) . The r e a c t i o n k i n e t i c s are s low and A g + i s r e 
q u i r e d as a c a t a l y s t . The k i n e t i c s depend on d i f f e r e n t f a c t o r s and 
T a b l e I shows the p r e s e n t s t a t u s o f the l i t e r a t u r e . I t must be 
s t r e s s e d t h a t f o r a c i d i t i e s above 0.5 Ν ( 4 ) , p e r s u l f a t e reduces 
Am (VI) a c c o r d i n g to the mechanisms shown i n e q u a t i o n s (1) and (2). 

S 2 O g
2 " + H + + H 2 0 -> S 0 3 + HS0~ + H 2 0 2 (1) 

H 2 0 2 + 2 Am 0 2
+ + 2 AmO* + 2 H + + 0 2 i (2) 

I n a c c o r d a n c e w i t h the s u g g e s t e d i n t e r p r e t a t i o n s (5) o f the e f f e c t s 
o f s i l v e r i o n s on the k i n e t i c s o f o x i d a t i o n by p e r s u l f a t e i o n s , 
the o x i d a t i o n o f Am ( I I I ) o c c u r s a c c o r d i n g to e q u a t i o n s (3) and 
( 4 ) . 

S 2 0 g 2 " + 2 A g + •*• 2 S02~+ 2 A g 2 + (3) 
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(4) 

R e a c t i o n (4) i s r a t e l i m i t i n g i n most c a s e s , c o n s e q u e n t l y the 
n a t u r e o f the s i l v e r ( I I ) s p e c i e s i s l i a b l e to a f f e c t the o x i d a 
t i o n k i n e t i c s c o n s i d e r a b l y . 

We examined the e f f e c t s o f n o n - o x i d i z a b l e c o m p l e x i n g agents 
on the o x i d a t i o n k i n e t i c s o f Am ( I I I ) . " F i g u r e 3"shows the e f f e c t 
o f s m a l l a d d i t i o n s o f p h o s p h o r i c a c i d o r sodium b i s u l f a t e on the 
o x i d a t i o n r a t e o f Am ( I I I ) a t room t e m p e r a t u r e . The two r e a g e n t s 
are e f f e c t i v e i n a c c e l e r a t i n g the o x i d a t i o n o f Am ( I I I ) . M o r e o v e r , 
t h e i r p r e s e n c e s o l u b i l i z e s the a r g e n t i c o x i d e w h i c h b e g i n s to p r e 
c i p i t a t e a t the a c i d i t y u s e d . S o l u b i l i z a t i o n p r o b a b l y r e s u l t s f rom 
the known complex f o r m a t i o n between A g 2 + i o n s and s u l f a t e (6) o r 
phosphate a n i o n s ( 7 ) . Charge changes i n s i l v e r ( I I ) complexes are 
p r o b a b l y r e s p o n s i b l e f o r the v a r i a t i o n s i n o x i d a t i o n r a t e s o f Am 
( I I I ) . The a d d i t i o n s o f p h o s p h o r i c a c i d o r sodium b i s u l f a t e i n the 
c o n c e n t r a t i o n range used h e r e has no e f f e c t on the a b s o r p t i o n 
s p e c t r a o f Am ( I I I ) and Am ( V I ) , and t h e r e i s p r o b a b l y no d r a s t i c 
change i n the Am s p e c i e s . 
T h i s c o n c l u s i o n i s s u p p o r t e d by c a l c u l a t i o n s o f the f r e e Am i o n 
c o n c e n t r a t i o n s , t a k i n g i n t o a c c o u n t the v a l u e s o f f o r m a t i o n c o n s 
t a n t s o f s u l f a t e o r phosphate complexes g i v e n i n the r e v i e w o f 
L . G . S i l l e n e t a l . ( 8 ) . 

C o n t r a r y to the a u t h o r s o f ( 3 ) , we found t h a t Am ( I I I ) o x i d a 
t i o n i s n o t a f i r s t o r d e r r e a c t i o n w i t h r e s p e c t to Am ( I I I ) i o n s . 
W h i l e the o x i d a t i o n r a t e does a c c e l e r a t e a t low c o n c e n t r a t i o n s o f 
Am ( I I I ) , t h i s a c c e l e r a t i o n can p r o b a b l y be a t t r i b u t e d to r e a c t i o n 
( 5 ) , w h i c h i s t h e r m o d y n a m i c a l l y p o s s i b l e , as i t may be c a l c u l a t e d 
f rom the f o r m a l o x i d a t i o n p o t e n t i a l s o f Am (VI ) /Am (V) and Am ( V ) / 
Am ( I I I ) c o u p l e s ( 9 ) . + 2 + 

The f u r t h e r o x i d a t i o n o f AmO^ i o n s by Ag i s a f a s t r e a c t i o n a t 
room temperature ( 1 0 ) . 

The f o r m a l k i n e t i c s law o f e q u a t i o n (6) shows the i n f l u e n c e o f Am 
(VI) c o n c e n t r a t i o n on the p r o c e s s o f o x i d a t i o n o f Am ( I I I ) 

The d i s a g r e e m e n t w i t h the r e s u l t s o f O h y o s h i e t a l (3) can be 
a s c r i b e d to the d i f f e r e n c e s i n c o n c e n t r a t i o n s o f Am ( I I I ) u s e d i n 
the two works (10""7 M a g a i n s t 10~ 3 M ) . The i n f l u e n c e of i o n i c 
s t r e n g t h on o x i d a t i o n r a t e was s t u d i e d i n o r d e r to c o n f i r m the 
s u g g e s t e d e x p l a n a t i o n o f phosphate and s u l f a t e e f f e c t on the k i n e 
t i c r a t e s . l ! F i g u r e 4 , f shows how the Am ( I I I ) o x i d a t i o n r a t e v a r i e s 
w i t h the i o n i c s t r e n g t h w i t h and w i t h o u t p h o s p h o r i c a c i d . We a t 
tempted to a d j u s t these r e s u l t s to the B r o n s t e d e q u a t i o n ( 7 ) , 
w h i c h c o r r e l a t e s the r a t e c o n s t a n t s o f a r e a c t i o n w i t h the reagent 

(5) 

d (Am ( I I I ) ) 
d t 

- k , (Am ( I I I ) ) . ( A g ( I I ) ) + k 2 (Am ( I I I ) ) . (Am ( V I ) ) 2 

(6) 
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'Am (III) / C A m (III) 
t ο 

I 1 1 1 1 1 1 1 1 

0 20 40 60 80 100 120 140 160 
t ( m n ) 

Figure 3. Effect of NaHSOj^ and U3FOk on the oxidation kinetics of Am (III) 
ions at 25°C: (I) 0.2N ΉΝ03, 0.1M Na2S208, 0.01M AgNOs, 0.001M Am (III); 

(2) same as 1 + 0.04M NaHSOj,; (3) same as 1 + 0.03M H s P 0 4 

£ Ί (mn"1) 

0.05 J 

0.01 J 

Figure 4. Effect of the ionic strength 
on oxidation kinetics of Am (III) at 25°C: 
(1) 0.2N HClOJt, 0.1M Na2S208, 0.01M 
AgNOSf 0.001M Am (III), NaClO/t vari

able; (2) same as 1 + 0.03M tf3P04. 
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charge and the i o n i c s t r e n g t h o f the s o l u t i o n . 

l o g k j = Β + 1.08 z A . z B / μ / ( 1 + / μ ) (7) 

where k j i s the r a t e c o n s t a n t ( i n the p r e s e n t case we took the 
pseudo f i r s t o r d e r c o n s t a n t i n Am ( I I I ) f o u n d a t the o r i g i n o f 
the c u r v e s i n f i g u r e 4 ) . 

Β i s a c o n s t a n t r e l a t e d to the f o r m a t i o n c o n s t a n t o f the a c 
t i v a t e d complex . 

z^ and ζ β a re the charges of the i o n s r e a c t i n g to g i v e the 

a c t i v a t e d c o m p l e x e s . 
1 2 

μ , the i o n i c s t r e n g t h i s d e f i n e d as 1/2 Σ ζ . , where z^ 

and are the charge and the c o n c e n t r a t i o n o f the i o n s p r e s e n t i n 
the s o l u t i o n . 
The r e s u l t s show t h a t i n the p r e s e n c e o f 0 .03 M p h o s p h o r i c a c i d 
one i s d e a l i n g w i t h a r e a c t i o n between a n e u t r a l and a c h a r g e d 
s p e c i e s . As Am ( I I I ) i s p o s i t i v e l y c h a r g e d t h i s means t h a t the o x i 
d i z i n g complexes are n e u t r a l , and may be Ag ( I ^ P O ^ ^ . W i t h o u t 

p h o s p h o r i c a c i d i t seems t h a t one i s d e a l i n g w i t h a r e a c t i o n b e t 
ween two s p e c i e s w i t h o p p o s i t e c h a r g e s , i m p l y i n g t h a t Ag ( I I ) i s 
p r o b a b l y p r e s e n t as a n i o n i c s p e c i e s , a t l e a s t at h i g h i o n i c 
s t r e n g t h s , where AgO i s c o m p l e t e l y d i s s o l v e d . 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 o f R e c h n i t z e t a l s u g g e s t the e x i s t e n c e o f such s p e 
c i e s (10 ) . 

In c o n c l u s i o n , we can s t a t e t h a t a d d i t i o n s o f s m a l l amounts 
o f p h o s p h o r i c a c i d i n c r e a s e the r a t e o f Am ( I I I ) o x i d a t i o n by A g ^ + 

i o n s w i t h o u t d r a s t i c a l l y c h a n g i n g the d i s t r i b u t i o n c o e f f i c i e n t s o f 
the s p e c i e s i n v o l v e d , b e c a u s e no c o m p l e x a t i o n o f Am o c c u r s i n these 
s o l u t i o n s , c o n t r a r y to what o c c u r e d i n the e x t e n s i v e s t u d i e s o f 
Myassoeodov e t a l . (12, 13) i n more c o n c e n t r a t e d p h o s p h o r i c a c i d , 
where the k i n e t i c e f f e c t s must be a t t r i b u t e d to changes i n a m e r i -
c ium and s i l v e r ( I I ) i o n i c s p e c i e s . I n o u r Am-Cm s e p a r a t i o n s we 
added p h o s p h o r i c a c i d , w h i c h a c c e l e r a t e s the o x i d a t i o n r a t e s o f 
Am ( I I I ) , s o l u b i l i z e s a r g e n t i c o x i d e , and makes i t p o s s i b l e to o b 
t a i n Am (VI) q u a n t i t a t i v e l y and r a p i d l y a t room t e m p e r a t u r e . 

Am ( V l ) - C m ( I I I ) S e p a r a t i o n b y S o l v e n t E x t r a c t i o n 

The e x t r a c t i o n o f h e x a v a l e n t a m e r i c i u m has been s t u d i e d by 
s e v e r a l a u t h o r s (14, 15, 16) . In o r d e r to o p t i m i z e the Am ( V l ) - C m 
( I I I ) s e p a r a t i o n s , we r e i n v e s t i g a t e d the e x t r a c t i v e p r o p e r t i e s o f 
f o u r o x i d a t i o n - i n e r t o r g a n o - p h o s p h o r u s s o l u t i o n s : 

- HDEHP i n h y f r a n e 130 
- TOPO i n h y f r a n e 130 
- m i x t u r e s o f HDEHP and TOPO i n h y f r a n e 130 
- HD(DIBM)P i n h y f r a n e 130 + + 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 s o f UO^ and Am i o n s were measured 
between these s o l v e n t s and aqueous phases i n 0.2 Ν n i t r i c a c i d 
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12. M u s i K A s ET AL. Selective Extraction of Am 165 

and the more s i g n i f i c a n t r e s u l t s are g i v e n i n T a b l e I I . 

3 + TABLE I I 
UO^ and Am d i s t r i b u t i o n c o e f f i c i e n t s w i t h v a r i o u s s o l v e n t s 

S o l v e n t 

D 

0.05 M 

TOPO 

0.03 M 

HDEHP 

0.0075 M 
HDEHP 
0.0075 M 
TOPO 

0.1 M 

HD(DIBM)P 

D + + 40 26 210 17 

D A 3+ Am 7 . 1 0 " 1 1 . 5 . 1 0 " 2 1 . 5 . 1 0 " 2 3 . 4 . 1 0 " 4 

a = D U 0 2 + +
/ D A m 3 + 57 1,730 14,000 50,000 

I t appears t h a t s e p a r a t i o n f a c t o r α 
D U ( V I ) / D A m ( I I I ) i s h i g h e r 

u s i n g HD(DIBM)P and m i x t u r e s o f HDEHP, TOPO. The r e s u l t s c o n c e r n 
i n g HD(DIBM)P are i n agreement w i t h those o f Mason e t a l . (15) who 
a t t r i b u t e the i n c r e a s e i n s e p a r a t i o n f a c t o r s to s t e r i c h i n d r a n c e 
f o r the e x t r a c t i o n o f the t r i v a l e n t i o n s . W i t h the m i x t u r e HDEHP, 
TOPO a s y n e r g i s t i c e f f e c t i s o b s e r v e d f o r U (VI) b u t n o t f o r Am 
( I I I ) . The maximum o f D^ o c c u r s w i t h e q u i m o l a r m i x t u r e s 
" F i g u r e 5 " . T h i s f a c t s u g g e s t s t h a t the e x t r a c t e d s p e c i e s i s 
U 0 2 H ( D E H P ) 2 ( T 0 P 0 ) 2 ( N 0 3 ) o r U 0 2 ( D E H P ) ( Τ Ο Ρ Ο ) Ν Ο ^ . S y n e r g i s t i c e x 
t r a c t i o n s o f U (VI) w i t h HDEHP, TOPO m i x t u r e s have been r e p o r t e d 
by B l a k e e t a l . (17) f rom aqueous s u l f u r i c a c i d s o l u t i o n s , and by 
Bunus e t a l . (18) f rom p h o s p h o r i c a c i d s o l u t i o n s . In these two c a 
s e s , the maxima of o c c u r at d i f f e r e n t p r o p o r t i o n s o f e x -
t r a c t a n t , r e v e a l i n g the e f f e c t o f the l i g a n d s p r e s e n t i n aqueous 
s o l u t i o n s on the n a t u r e o f the e x t r a c t e d s p e c i e s . The d e p r e s s i v e 
e f f e c t o f o x i d i z i n g r e a g e n t s on the d i s t r i b u t i o n c o e f f i c i e n t s o f 
U (VI) i s shown i n T a b l e I I I , w i t h the a p p a r e n t d i s t r i b u t i o n c o e f 
f i c i e n t s o f Am (VI) o b t a i n e d i n b a t c h e x p e r i m e n t s . I t may be seen 
t h a t once a g a i n the b e s t Am ( V I ) - A m ( I I I ) s e p a r a t i o n f a c t o r s are 
o b t a i n e d w i t h HD(DIBM)P and the s y n e r g i s t i c m i x t u r e s . R e d u c t i o n 
r a t e s o f Am (VI) i n the s o l v e n t s TOPO and HDEHP are shown i n " f i 
gure 6" . The d i s t r i b u t i o n c o e f f i c i e n t s w h i c h c o r r e s p o n d to c h e m i c 
a l e q u i l i b r i u m , are m o d i f i e d i n t r a n s i e n t systems i n v o l v e d w i t h 
the s h o r t c o n t a c t time p o s s i b l e i n c e n t r i f u g a l c o n t a c t o r . 

T y p i c a l e x t r a c t i o n c u r v e s o b t a i n e d i n our l a b o r a t o r y s c a l e 
a p p a r a t u s show t h a t M u r p h r e e ' s e f f i c i e n c y ( Ε ) v a r i e s w i t h the 
n a t u r e o f the s o l v e n t and w i t h m i x i n g t ime " f i g u r e 7" . From the 
l i n e a r dependence o f E / l - E on m i x i n g t i m e , i t may be c o n c l u d e d 
t h a t our c e n t r i f u g a l c o n t a c t o r can be a s s i m i l a t e d to a p e r f e c t l y 
s t i r r e d c o n t i n u o u s r e a c t o r o f w h i c h the c h a r a c t e r i s t i c e q u a t i o n i s 
0 9 ) 
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ACTINIDE SEPARATIONS 

Figure 5. U02
++ and Am3+ extraction with 0.015U (HDEHP + TOPO): (1) aque

ous initial concentrations 4.2 X 10~4M U02\ 0.2M HN03,phase ratio 0:A = 1, 
temperature 21°C, (2) aqueous initial concentrations 2 χ 105M Am3\ 0.2M HN03, 

phase ratio 0:A = 1, temperature 21° C. 

CAm(VI) / C A m (VI) 
τ ο 

Figure 6. Am (VI) concentration in organic phases as a function of time: (I) 
0.15M HDEHP in hyfrane 130; (2) 0.03M TOPO in hyfrane 130. 
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12. M u s i K A s ET AL. Selective Extraction of Am 167 

Ε 

/ 

M I X I N G T I M E ( S E C O N D ) 

Figure 7. Dependence of Murphrees efficiency on phase contact time} centrifugal 
contactor EC 8-1, speed of rotation 3600 rpm, temperature 21°C: (A) solvent: 
0.0375M HDEHP + 0.0375U TOPO, cation: Am02

++ + oxidizing reagents; (B) 
solvent: 0.05M TOPO, cation: U02

++ + oxidizing reagents; (C) solvent: 0.05M 
TOPO, cation: Am02

++ + oxidizing reagents; (D) solvent: 0.05M HDEHP, cation: 
U02

++ + oxidizing reagents. 
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168 ACTINIDE SEPARATIONS 

TABLE I I I 
I n f l u e n c e o f o x i d i z i n g r e a g e n t s on uranium (VI) and a m e r i c i u m 

d i s t r i b u t i o n c o e f f i c i e n t s . 

0.05 M 0.015 M HDEHP 0.2 M 
TOPO + 0.015 M TOPO HD(DIBM)P 

D u o 2 + + 
40 400 25 

° U 0 ++ + ο χ ί S i z i n g r e a g e n t s 14 27 — 

D A m O + + + ο χ ί S i z i n g r e a g e n t s 7 7 2 . 1 0 " 1 

3+ 
D Am 7.10"" 1 

-2 
7.10 4 .6 .10"" 4 

Ot = D / D . 3+ 
Am02++ Am 

10 100 434 

( k . a ) 4 Λ 
Τ 1-E 

where ( k . a ) i s the a p p a r e n t o v e r a l l mass t r a n s f e r c o e f f i c i e n t and 3 

FA 
3 = FA + FO *" S t * i e ^ l ° w r a t i ° > T m i x i n g time 
A p p a r e n t o v e r a l l t r a n s f e r c o e f f i c i e n t s were c a l c u l a t e d and 

u s e d to compare the e x t r a c t i o n k i n e t i c s o f the v a r i o u s systems 
( T a b l e I V ) . A l t h o u g h some s c a t t e r i n g was o b s e r v e d , i t appears t h a t 
a l l e x t r a c t i o n s are r a p i d and t h a t no s i g n i f i c a n t d i f f e r e n c e s can 
be n o t e d between the s o l v e n t s . 

TABLE IV 
A p p a r e n t o v e r a l l t r a n s f e r c o e f f i c i e n t s i n second 

— o r g a n i c 
aqueous 

0.05 M 
HDEHP 

0.05 M 
TOPO 

0.015 M HDEHP 
0.015 M TOPO 

0. 1 M 
HD(DIBM)P 

++ 
u o 2 

0.053 0.090 

U 0 2
+ + o x i d i z i n g r e a g e n t s 0.051 0. 15 0.018 0.014 

» 3+ Am v e r y h i g h v e r y h i g h 

A m O * * + o x i d i z i n g r e a g e n t s 0 .13 0 .13 
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12. M u s i K A s ET AL. Selective Extraction of Am 169 

A m e r i c i u r n - C u r i u m S e p a r a t i o n Runs 

HDEHP, TOPO, (HDEHP + TOPO) and HD(DIBM)P were t e s t e d u s i n g 
s e v e r a l c o n t a c t o r s i n s t a l l e d as i n d i c a t e d i n " f i g u r e 8" . The e x p e 
r i m e n t a l c o n d i t i o n s o f the runs are g i v e n i n the e x p e r i m e n t a l s e c 
t i o n and the r e s u l t s are summarized i n T a b l e V . 

In exper iment 1 runs ( l a and lb) where 0 .03 M TOPO i s the 
s o l v e n t , we o b s e r v e t h a t w i t h o u t s c r u b s e c t i o n d e c o n t a m i n a t i o n 
f a c t o r s (DF) Am/Cm i s 24 and DF Cm/Am i s 14 .5 , w h i l e w i t h two 
s c r u b s t a g e s ( l a ) , DF Am/Cm i n c r e a s e s to 230 and DF Cm/Am f a l l s to 
1 .7 . 

DF Am/Cm i n c r e a s e s as a n t i c i p a t e d when s c r u b s tages are u s e d , 
w h i l e the drop i n DF Cm/Am i s g r e a t e r than c a l c u l a t e d and r e s u l t s 
m a i n l y f rom the p r e s e n c e o f h e x a v a l e n t a m e r i c i u m i n the r a f f i n a t e , 
i n s t e a d o f the AmO^ ~ Am3+ m i x t u r e p r e v a i l i n g w i t h o u t a s c r u b 
s e c t i o n . 
In exper iment 2 (2a and 2b) w i t h HDEHP, as w i t h TOPO, the r e p l a c e 
ment o f two e x t r a c t i o n s t a g e s by two s c r u b s t a g e s causes : 

DF Am/Cm i n c r e a s e f r o m 5 to 220 
DF Cm/Am d e c r e a s e f r o m 13 to 8 
A c o m p a r i s o n o f runs l a and 2a shows t h a t DF Am/Cm are n e a r l y 

e q u a l w h i l e DF Cm/Am i s h i g h e r w i t h HDEHP, a l t h o u g h the aqueous 
r a f f i n a t e s t i l l c o n t a i n s t r a c e s o f h e x a v a l e n t a m e r i c i u m . Hence to 
o b t a i n p u r e r a m e r i c i u m and to reduce a m e r i c i u m l o s e s , i t was d e c i 
ded to i n c r e a s e the number of s c ru b s t a g e s a n d , i n the e x t r a c t i o n 
s e c t i o n , the number o f s t a g e s and the e x t r a c t i o n f a c t o r (Ex= D x F o ) 

* A 
The s y n e r g i s t i c m i x t u r e (HDEHP + TOPO) was used i n E x p e r i m e n t 3 
( runs 3 a - 3 b ) . The DF Cm/Am v a l u e s o b t a i n e d were v e r y s i m i l a r (7 
and 7.5) and n o t h i g h e r than p r e v i o u s l y , w h i l e DF Am/Cm are r e s 
p e c t i v e l y 1,300 and 6,100 w i t h two and three s c r u b s t a g e s . The 
aqueous r a f f i n a t e was found to c o n t a i n h e x a v a l e n t and t r i v a l e n t 
a m e r i c i u m (the a p p a r e n t 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 f i n a l e x 
t r a c t i o n s tage was 0 . 2 ) . 
HD(DIBM)P (Exper iment 4) p e r m i t s the b e s t p u r i f i c a t i o n o f a m e r i 
c ium (DF Am/Cm 18,750) w h i l e DF Cm/Am remains c l o s e to 7. A n aqeaous 
a c i d i t y d e c r e a s e , w h i c h was e x p e c t e d to i n c r e a s e DF Cm/Am, 

has no e f f e c t , but causes a drop i n DF Am/Cm, p r o b a b l y due to 
h i g h e r c u r i u m e x t r a c t i o n . 
These r e s u l t s s u g g e s t t h a t , whatever the s o l v e n t , when sc rub s t a 
ges are used> DF Cm/Am remains unchanged i f the number o f e x t r a c t 
i o n s t a g e s i s g r e a t e r than one (DF - 7 ) , DF Am/Cm i n c r e a s e s w i t h 
the s e l e c t i v i t y o f the s o l v e n t and the number o f s c r u b s t a g e s . The 
l i m i t e d e x t r a c t i o n o f a m e r i c i u m r e s u l t s f r o m the u n e x t r a c t a b l e 
v a l e n c y s t a t e AmO^, Am^+ formed by c h e m i c a l and r a d i o c h e m i c a l r e 
d u c t i o n . From the d a t a i n r e f e r e n c e (20) i t appears t h a t the l a t t e r 
s h o u l d be v e r y l i m i t e d i n o u r c o n d i t i o n s , so t h a t i t i s p r o b a b l e 
t h a t c h e m i c a l r e d u c t i o n i n the o r g a n i c phase i s r e s p o n s i b l e f o r 
p o o r a m e r i c i u m e x t r a c t i o n . E x p e r i m e n t a l r e d u c t i o n r a t e s e s t i m a t e d 
from the t e s t r u n s , g i v e n i n T a b l e V I , s h o w o n l y s l i g h t d i f f e r e n c e s 
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T A B L E V I 
A p p a r e n t r e d u c t i o n r a t e s of AmO 

E x p e r i m e n t Run S o l v e n t 

R e d u c t i o n r a t e 
i n % per min o f 
r e s i d e n c e i n the 
o r g a n i c phase 

Observed 
v a l e n c y 

1 l a 0 .03 M TOPO 4 .3 A m 0 2 + , A m ^ + 

2 2a 0 .15 M HDEHP 4 .7 
A 3+ 
Am 

3 (3a + 3b) 
0.015 M TOPO 
0.015 M HDEHP 

5 .4 
A 3+ 
Am 

4 (4a + 4b) 0 .2 M H(DIBM)P 6.4 

between the s o l v e n t s , and i t may be n o t e d t h a t AmO^ i s o b s e r v e d 
w h i t h TOPO. However, c u r i u m p u r i f i c a t i o n was improved by a second 
e x t r a c t i o n c y c l e c a r r i e d out w i t h the aqueous r a f f i n a t e , w h i c h had 
been s t o r e d l o n g enough (1-2 h o u r s ) to a l l o w A m J + r e o x i d a t i o n at 
room t e m p e r a t u r e . W i t h (HDEHP + TOPO) as s o l v e n t , we compared the 
DF Cm/Am o b t a i n e d i n the f i r s t and second e x t r a c t i o n c y c l e s . 

These v a l u e s are r e s p e c t i v e l y 7 and 4 ( runs 3a and 3 a 1 ) and 
7.5 and 4 .6 ( runs 3b and 3 b f ) . A l t h o u g h the e f f i c i e n c y of the s e 
cond c y c l e i s lower t h a n t h a t o f the f i r s t , the two c y c l e s p r o v i 
ded o v e r a l l DF Cm/Am o f 28 ( 3 a - 3 a f ) and 34.5 ( 3 b - 3 b f ) . 

Supplementary e x t r a c t i o n c y c l e s s h o u l d i n c r e a s e these DF 
Cm/Am. 
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National Program for Pyrochemical and Dry Processing 
of Spent Reactor Fuel 

C. H . BEAN and M . J. S T E I N D L E R 

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

The current national nuclear energy policy makes it impor
tant to develop alternative reactor-fuel recycle systems that 
will reduce the risk of nuclear weapons proliferation. A viable 
nuclear power system for supplying national energy needs includes 
the reprocessing of spent fuel. The availability of reprocess
ing systems that reduce the risk of proliferation of nuclear 
weapons is, therefore, an integral part of the continued use of 
nuclear power within the confines of national policy. In June, 
1977, the ERDA Division of Waste Management, Production, and 
Reprocessing outlined a fuel cycle program that supports the 
national nuclear energy policy. This program included effort to 
develop pyrochemical and dry processing methods. Argonne National 
Laboratory was requested to act as the lead laboratory for this 
development. The program has the objective of demonstrating the 
feasibility of selected processes applicable to a variety of fuels 
and reactor fuel cycles in order to ensure availability of tech
nology that is compatible with the need for safe and reliable 
nuclear power generation. The Pyrochemical and Dry Processing 
Methods (PDPM) Program is aimed at reprocessing systems that meet 
this need. The PDPM Program is, therefore, directly in support 
of the national policy on the use of nuclear energy. 

Program D e s c r i p t i o n 

I n i t i a l l y , the o b j e c t i v e o f the PDPM Program was to d e v e l o p 
p r o c e s s i n g t e c h n o l o g y a p p l i c a b l e to c o n v e r t e r and f a s t - r e a c t o r 
f u e l - c y c l e systems w h i c h meet n o n p r o l i f e r a t i o n c r i t e r i a and t e c h 
n i c a l , s a f e t y , and economic g u i d e l i n e s . Subsequent d e c i s i o n s by 
DOE have narrowed the scope o f the PDPM Program to t h o s e f u e l 
c y c l e s t h a t may be a p p l i e d to f a s t b r e e d e r r e a c t o r s . The p r o c e s s 
i n g t e c h n o l o g y s h o u l d be a p p l i c a b l e to c a n d i d a t e t h o r i u m - u r a n i u m 
and p l u t o n i u m - c o n t a i n i n g f u e l s . The program s h o u l d be c a p a b l e o f 

0-8412-0527-2/80/47-117-177$05.00/0 
© 1980 American Chemical Society 
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178 ACTINIDE SEPARATIONS 

i d e n t i f y i n g and d e v e l o p i n g to the s t a g e o f d e m o n s t r a t e d f e a s i 
b i l i t y t h o s e p r o c e s s e s t h a t can r e s u l t i n p r o d u c t s u s a b l e i n r e 
c o n s t i t u t e d f u e l and t h a t meet s e l e c t e d c r i t e r i a r e g a r d i n g p r o 
l i f e r a t i o n r i s k s . 

I n c l u d e d i n the o b j e c t i v e s o f the PDPM Program i s e n s u r a n c e 
o f the a v a i l a b i l i t y o f m a t e r i a l s o f c o n s t r u c t i o n needed f o r the 
p r o c e s s e s . S u i t a b l e m a t e r i a l s f o r c r u c i b l e s , v e s s e l s , t r a n s f e r 
p i p i n g , pumps, and o t h e r equipment w i l l have to be d e v e l o p e d , 
t e s t e d , and s e l e c t e d f o r use i n the p r o c e s s i n g s y s t e m . 

Aqueous r e p r o c e s s i n g methods have been d e v e l o p e d to e f f e c t 
an e f f i c i e n t and t h o r o u g h s e p a r a t i o n o f f i s s i l e e lements f r o m the 
c o n t a m i n a t i n g f i s s i o n p r o d u c t s i n s p e n t f u e l ( _ l ) . W h i l e t h e s e 
p r o c e s s e s may be a l t e r e d to y i e l d a p r o l i f e r a t i o n s - r e s i s t a n t p r o d 
u c t by c o p r o c e s s i n g o r by the a d d i t i o n o f r a d i o a c t i v e m a t e r i a l 
t h a t w i l l c o n t a m i n a t e the c l e a n f i s s i l e m a t e r i a l , i t s t i l l i s 
n e c e s s a r y to s a f e g u a r d some o f the p r o c e s s s t e p s to ensure t h a t 
m a t e r i a l u s e f u l i n n u c l e a r weapons w i l l not be d i v e r t e d ( 3 ) . The 
s a f e g u a r d r e q u i r e m e n t s and the ease o f s u b v e r s i o n o f s u c h p r o 
v i s i o n s make many v e r s i o n s o f the c o n v e n t i o n a l p r o c e s s e s s u b j e c t 
to u n a c c e p t a b l e p r o l i f e r a t i o n r i s k s . 

Some o f the p y r o c h e m i c a l p r o c e s s e s have more p o t e n t i a l f o r 
b e i n g p r o l i f e r a t i o n r e s i s t a n t because o f the g r e a t s i m i l a r i t y o f 
the c h e m i s t r y o f u r a n i u m , p l u t o n i u m , and some o f the f i s s i o n p r o d 
u c t s i n the chosen s y s t e m s . O r d i n a r y p r o c e s s e s a r e d e s i g n e d to 
maximize d i f f e r e n c e s i n c h e m i c a l b e h a v i o r i n o r d e r to s e p a r a t e 
c o n s t i t u t e n t s . F o r some o f the p y r o c h e m i c a l p r o c e s s e s the chem
i c a l e q u i l i b r i a a r e s u c h t h a t p a r t i a l s e p a r a t i o n s a r e p o s s i b l e 
b u t complete s e p a r a t i o n s a r e t h e r m o d y n a m i c a l l y l i m i t e d . F o r e x 
a m p l e , excess u r a n i u m can be s e p a r a t e d f rom p l u t o n i u m by p r e c i p i 
t a t i o n i n a m o l t e n m e t a l s u c h as z i n c o n l y u n t i l b o t h a r e p r e s e n t 
i n about e q u a l q u a n t i t i e s i n s o l u t i o n , b u t no f u r t h e r (_3, 4) . 
L i k e w i s e , the s o l u b i l i t y o f f i s s i o n p r o d u c t s i s s e l e c t i v e l y 
l i m i t e d . O n l y a p o r t i o n o f e lements such as r u t h e n i u m w i l l s t a y 
i n s o l u t i o n and be removed ( 5 ) . The m a j o r i t y o f the r u t h e n i u m 
p r e c i p i t a t e s w i t h the a c t i n i d e s . A complete s e p a r a t i o n i s a g a i n 
t h e r m o d y n a m i c a l l y l i m i t e d . As a r e s u l t o n l y a modest dependence 
needs to be p l a c e d on p r o c e s s equipment and f a c i l i t y d e s i g n f o r 
p r o l i f e r a t i o n r e s i s t a n c e . 

A l t h o u g h the r e t e n t i o n o f s e l e c t i v e f i s s i o n p r o d u c t s i n 
f i s s i l e m a t e r i a l s may n o t a d v e r s e l y a f f e c t the p e r f o r m a n c e o f f u e l 
i n a r e a c t o r , the i n t e n s i t y o f the gamma r a d i a t i o n i s such t h a t 
the f i s s i l e m a t e r i a l must be h a n d l e d , t r a n s f e r r e d , and f a b r i c a t e d 
r e m o t e l y . As a r e s u l t , i t i s b o t h t e c h n i c a l l y d i f f i c u l t to d i 
v e r t the f i s s i l e m a t e r i a l and f a b r i c a t e a weapon, and n e a r l y i m 
p o s s i b l e to do so w i t h o u t d e t e c t i o n . The l e v e l s o f r e s i d u a l 
r a d i o a c t i v i t y i n the p r o d u c t o f some o f the p y r o c h e m i c a l o r d r y 
p r o c e s s i n g methods i s c l o s e to t h a t f o u n d i n s p e n t u n r e p r o c e s s e d 
f u e l and hence the r e p r o c e s s e d p r o d u c t p r e s e n t s a r i s k to p r o 
l i f e r a t i o n o n l y t r i v i a l l y l e s s t h a n t h a t o f s p e n t f u e l . P y r o 
c h e m i c a l and d r y p r o c e s s i n g methods can be used t h a t w i l l 
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s e l e c t i v e l y r e m o v e u n d e s i r a b l e f i s s i o n p r o d u c t s a n d s t i l l r e t a i n 
s u f f i c i e n t r a d i o a c t i v e m a t e r i a l t h a t f i s s i l e m a t e r i a l w i l l b e r e 
s i s t a n t t o p r o l i f e r a t i o n w h e t h e r o r n o t t h e f i s s i l e e l e m e n t s a r e 
s e p a r a t e d f r o m o n e a n o t h e r . L i t t l e o r n o s a f e g u a r d s o t h e r t h a n 
w h a t i s a p p l i e d t o s p e n t f u e l n e e d b e p r o v i d e d t o p y r o c h e m i c a l 
p r o c e s s e s t h a t a r e i n c a p a b l e o f p r o d u c i n g a c l e a n s e p a r a t i o n o f 
f i s s i l e e l e m e n t s w i t h o u t t h e r e t e n t i o n o f h i g h l y r a d i o a c t i v e 
f i s s i o n p r o d u c t s . T h i s a s p e c t o f p r o l i f e r a t i o n r e s i s t a n c e o f 
p y r o c h e m i c a l o r d r y p r o c e s s e s p e r m i t s t h e e x p o r t o f r e p r o c e s s i n g 
t e c h n o l o g y t h a t c o u l d s a t i s f y t h e n e e d f o r c l o s i n g t h e f u e l c y c l e 
i n o t h e r c o u n t r i e s w h i l e m i n i m i z i n g t h e r i s k t h a t w e a p o n s c a n b e 
i m m e d i a t e l y p r o d u c e d f r o m m a t e r i a l s i n t h e f u e l c y c l e f a c i l i t i e s , 
i n c l u d i n g t h e f u e l f a b r i c a t i o n p l a n t . 

P y r o c h e m i c a l a n d d r y r e p r o c e s s i n g m e t h o d s a r e r e l a t i v e l y 
e a s i l y a d a p t e d t o m o d e s t s c a l e o p e r a t i o n a n d h e n c e a r e a m e n a b l e 
t o c l o s e - c o u p l i n g w i t h r e a c t o r s . T h i s a s p e c t h a s b e e n d e m o n 
s t r a t e d a t E B R - I I ( 6 ) a n d i s p r o b a b l y m o s t s u i t a b l e t o f a s t 
b r e e d e r r e a c t o r s . 

T h e p o t e n t i a l l y d e s i r a b l e a t t r i b u t e s t h a t j u s t i f y t h e d e v e l 
o p m e n t a n d a p p l i c a t i o n o f PDPM p r o c e s s e s t o s p e n t f u e l r e p r o c e s s 
i n g u n d e r c u r r e n t n o n p r o l i f e r a t i o n p o l i c i e s a r e s u m m a r i z e d a s 
f o l l o w s : 

1 . N o n p r o l i f e r a t i o n A t t r i b u t e s . ( a ) P r o c e s s e s c a n a c c o m m o 
d a t e h i g h r a d i a t i o n f i e l d s a n d s h o r t - c o o l e d f u e l , t h e r e b y m i n i 
m i z i n g t h e n e e d f o r e x t e n s i v e i n v e n t o r y o f s p e n t f u e l i n s t o r a g e ; 
( b ) f i s s i l e c o m p o n e n t s a r e c o n t a m i n a t e d b y r e s i d u a l f i s s i o n p r o d 
u c t s a n d a c t i n i d e s , r e d u c i n g a c c e s s t o t h e m a t e r i a l a n d i n c r e a s 
i n g d e t e c t a b i l i t y o f d i v e r s i o n ; ( c ) c l o s e - c o u p l i n g o f p r o c e s s i n g , 
f a b r i c a t i o n , a n d r e a c t o r f a c i l i t i e s r e d u c e s r e l i a n c e o n t r a n s p o r 
t a t i o n i n t h e f u e l c y c l e . 

2 . P r o c e s s e s a r e A p p l i c a b l e t o V a r i o u s F u e l s , F u e l C y c l e , 
a n d B r e e d e r R e a c t o r T y p e s . ( a ) P r o c e s s e s may b e a p p l i e d t o 
t h o r i u m - u r a n i u m , u r a n i u m - p l u t o n i u m , t h o r i u m - p l u t o n i u m , o r t h o r i u m -
u r a n i u m - p l u t o n i u m f u e l s ; ( b ) t h e t y p e s o f f u e l t h a t c a n b e p r o 
c e s s e d i n c l u d e m e t a l , o x i d e s , o r c a r b i d e s ; ( c ) f u e l f r o m F B R c o r e 
o r b l a n k e t c a n b e p r o c e s s e d . 

3 . F a v o r a b l e E c o n o m i c s . ( a ) T h e e c o n o m i c s o f a s m a l l s c a l e 
r e p r o c e s s i n g f a c i l i t y ( 0 . 1 t o 1 . 0 M g / d a y ) f a v o r s PDPM b e c a u s e o f 
t h e c o n c e n t r a t i o n o f m a t e r i a l i n p r o c e s s t h u s m i n i m i z i n g p l a n t 
s i z e ; ( b ) t h e c a p a b i l i t y f o r p r o c e s s i n g s h o r t - c o o l e d f u e l r e d u c e s 
t h e t u r n - a r o u n d t i m e i n t h e f u e l c y c l e w i t h a c o r r e s p o n d i n g r e 
d u c t i o n i n i n v e n t o r y c o s t s ; ( c ) t h e e l i m i n a t i o n o f c o n v e r s i o n 
s t e p s a t t h e h e a d - e n d a n d f o r t h e f i n a l p r o d u c t may r e d u c e o v e r a l l 
p r o c e s s i n g c o s t s r e l a t i v e t o a q u e o u s p r o c e s s e s . 
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4 . Minimum Waste Handling. (a) Wastes that are produced are 
in a s o l i d form, some of which require minimum treatment for pack
aging, shipment, and storage. 

5. Sound Resource U t i l i z a t i o n . (a) Plutonium can be safely 
recycled without r i s k of p r o l i f e r a t i o n instead of being discarded, 
(b) Rapid recycle of short-cooled fuel reduces the t o t a l demand 
for f i s s i l e material i n the fuel cycle. 

6. Product Amenable to Fabrication. (a) Products from PDPM 
may be available to a fabricator as either oxide, carbide, or 
metal. (b) Process controls may y i e l d products with the charac
t e r i s t i c s desired for optimum f a b r i c a b i l i t y . 

7. Minimum of Safeguards. (a) Processes that are incapable 
of producing f i s s i l e material in a pure form, or with a high en
richment of f i s s i l e isotopes, or with a high l e v e l of decontamina
tion may require l i t t l e or no added safeguards except for protec
tion from sabotage. 

8. Process i s Exportable. (a) The combination of p r o l i f e r a 
tion-resistant processing, compactness of plant, and minimum 
need for safeguards make PDPM processing attractive for export to 
other countries. 

The implementation of the PDPM Program was planned to provide 
several successive points at which the future course of the pro
gram could be assessed and subjected to potential redirection. 
This i s p a r t i c u l a r l y appropriate during the f i r s t few years dur
ing which ten processes were picked for i n i t i a l evaluation. 

During the i n i t i a l phase of the program, a l l process and 
materials developments were treated i n the same way. A review of 
pertinent experience and l i t e r a t u r e to establish technical fea
s i b i l i t y was followed by the development of a process outline 
that included flow sheets, expected behavior of important ele
ments, and available engineering information. The preliminary 
process outlines focused the chemical ideas for processing on 
i d e n t i f i e d fuels, waste, and products. The outlines also iden
t i f i e d the uncertainties and information gaps that challenged the 
f e a s i b i l i t y of the process. These deficiencies constituted the 
basis for i n i t i a l experimental programs once the decision to pur
sue a particular flow sheet was made. At the conclusion of the 
f i r s t year's e f f o r t , four of the i n i t i a l processes selected for 
evaluation were eliminated as a result of program redirection and 
process d i f f i c u l t i e s . 

In the second (or development) phase, e f f o r t i n the process 
types being pursued consists largely of laboratory experimental 
work and engineering scale-up aimed at providing process informa
tion. This a c t i v i t y includes experiments to define the behavior 
of s p e c i f i c important elements (e.g.j uranium, thorium, 
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p l u t o n i u m ) , and b r o a d e r e x p e r i m e n t s t h a t e s t a b l i s h p h y s i c a l and 
c h e m i c a l p r o p e r t i e s o f the p r o c e s s i n g methods s u c h as r e a c t i o n 
r a t e s and s o l u b i l i t i e s . The p r o c e s s s c a l e - u p w i l l i n c l u d e the 
u s u a l a t t e n t i o n to e q u i p m e n t , m a t e r i a l s o f c o n s t r u c t i o n , and u n i t 
o p e r a t i o n s , (e.g.^ mass t r a n s f e r , s e p a r a t i o n s o f s o l i d s f r o m l i q 
u i d s , o r d i s t i l l a t i o n o f s o l v e n t m e t a l s ) as c a r r i e d out r e m o t e l y . 
I n t e n s i v e c o l d l a b o r a t o r y t e s t i n g s h o u l d y i e l d p r o d u c t s t h a t can 
be used f o r f u e l f a b r i c a t i o n and p e r f o r m a n c e t e s t i n g i n o t h e r 
p a r t s o f the f u e l - c y c l e p r o g r a m . E n g i n e e r i n g and h o t s t u d i e s a r e 
i n c l u d e d i n the p r o c e s s s c a l e - u p p l a n s . 

The number o f c a n d i d a t e p r o c e s s e s to be e v a l u a t e d i n the com
ponent and systems development phase s h o u l d be narrowed to n o t 
more t h a n two o r t h r e e . D u r i n g t h i s phase equipment f o r c o l d and 
h o t (remote) p r o c e s s i n g s h o u l d be d e s i g n e d , i n s t a l l e d , and t e s t e d . 
A t t h i s t i m e , p l a n n i n g and d e s i g n s t u d i e s may be i n i t i a t e d f o r 
the c o n s t r u c t i o n o f a 'WO m e t r i c t o n / y e a r d e d i c a t e d r e p r o c e s s i n g 
f a c i l i t y b a s e d on m o d i f i c a t i o n to the E B R - I I F u e l C y c l e F a c i l i t y . 

P r i n c i p a l c o n s t r a i n t s t h a t may l i m i t PDPM development o r d e 
ployment a r e , (a) the p o s s i b i l i t y t h a t r e a g e n t s ( i . e . . , m e t a l s o r 
s a l t s ) may n o t be c a p a b l e o f r e c y c l e i n some p r o c e s s e s w i t h the 
r e s u l t t h a t m a t e r i a l c o s t s and amount o f h i g h - l e v e l waste p r o 
duced w i l l be e x c e s s i v e , o r (b) the i n a b i l i t y o f f u e l f a b r i c a t o r s 
to accommodate to the h o t f u e l p r o d u c t f rom r e p r o c e s s i n g . 

The t ime t h a t major d e c i s i o n s w i l l be made t h a t a f f e c t the 
PDPM Program have been i d e n t i f i e d as f o l l o w s : 

(a) Review P r e l i m i n a r y Flow Sheets 1978-1979 
(b) I d e n t i f y R e f e r e n c e P r o c e s s e s 1981-1982 
(c) D e f i n e P r o c e s s Systems 1984-1985 
(d) E v a l u a t e E n g i n e e r i n g - S c a l e 

Equipment 1985-1986 
D u r i n g the f i r s t f i v e y e a r s o f the program the e f f e c t i v e n e s s , 

s a f e t y , e c o n o m i c s , r e l i a b i l i t y , and major e n v i r o n m e n t a l impact of 
r e f e r e n c e p r o c e s s e s w i l l be e v a l u a t e d f o r f u l l s c a l e a p p l i c a t i o n 
o f a s e l e c t e d p r o c e s s . I f any impediments to f u l l s c a l e a p p l i c a 
t i o n a r e i d e n t i f i e d as a r e s u l t o f t h e s e s t u d i e s , t h e y w i l l be 
e v a l u a t e d and f u r t h e r e x p e r i m e n t s p e r f o r m e d to f i n d s o l u t i o n s d u r 
i n g the p r o c e s s s c a l e - u p p h a s e . 

S e p a r a t i o n s P r o c e s s e s 

S i x p r o c e s s e s t h a t a r e r e p r e s e n t a t i v e o f t h o s e i n i t i a l l y s e 
l e c t e d f o r e v a l u a t i o n i n the PDPM Program a r e summarized b e l o w . 
S e v e r a l o f t h e s e p r o c e s s e s a r e d e s c r i b e d i n s e p a r a t e p a p e r s t h a t 
a r e i n c l u d e d i n t h i s A c t i n i d e S e p a r a t i o n s Symposium. A s e v e n t h 
p r o c e s s , the Z i n c D i s t i l l a t i o n P r o c e s s i s d e s c r i b e d i n g r e a t e r 
d e t a i l . T h i s p r o c e s s was s e l e c t e d as a r e f e r e n c e p r o c e s s to meet 
the c r i t e r i a f o r a p r o l i f e r a t i o n - r e s i s t a n t e x p o r t a b l e t e c h n o l o g y . 
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1 . C a r b i d e F u e l P r o c e s s i n g . S e v e r a l methods a r e b e i n g e v a l 
u a t e d f o r the r e p r o c e s s i n g o f ( U , P u ) C and ( T h , U ) C f u e l . I n p r i n 
c i p l e , c a r b i d e s c a n be b u r n e d to o x i d e s and t h e n r e p r o c e s s e d l i k e 
o x i d e f u e l . A d i r e c t r e d u c t i o n o f the c a r b i d e s i n t o a m e t a l s o l 
v e n t o r an o x i d a t i o n i n t o a s a l t phase i s more a t t r a c t i v e f o r 
p y r o c h e m i c a l f u e l r e c o v e r y p r o c e s s e s . Two a l t e r n a t i v e s a r e b e i n g 
c o n s i d e r e d . I n the f i r s t , c a r b i d e s a r e d i s s o l v e d and p a r t i a l l y 
s e p a r a t e d f r o m f i s s i o n p r o d u c t e lements and each o t h e r i n l i q u i d 
b i s m u t h . I n the s e c o n d , c a r b i d e s a r e o x i d i z e d i n t o a s a l t phase 
u s i n g z i n c c h l o r i d e o r cadmium c h l o r i d e . The s a l t phase i s t h e n 
c o n t a c t e d w i t h a l i q u i d m e t a l such as cadmium-magnesium to p a r 
t i a l l y s e p a r a t e the a c t i n i d e s f rom f i s s i o n p r o d u c t s and each 
o t h e r . T h i s second a l t e r n a t i v e i s a h e a d - e n d s t e p f o r s a l t t r a n s 
p o r t p r o c e s s e s b e i n g e v a l u a t e d f o r o t h e r f u e l s i n the PDPM 
Program. 

R e p r o c e s s i n g i n L i q u i d Bismuth ( 7 ) . The r e a c t i o n o r d i s 
s o l u t i o n o f some o f the c a r b i d e s i n b i s m u t h to form b i s m u t h i d e s 
i s the b a s i s f o r the s e p a r a t i o n o f f i s s i o n p r o d u c t s f rom the 
a c t i n i d e s . Some u n r e a c t e d f i s s i o n p r o d u c t c a r b i d e s and some 
b i s m u t h i d e s a r e l i g h t e r t h a n b i s m u t h a n d , a l o n g w i t h f r e e c a r b o n , 
f l o a t on the b i s m u t h and a r e p h y s i c a l l y s e p a r a t e d . Uranium c a r 
b i d e d i s s o c i a t e s to o n l y a l i m i t e d degree (dependent upon the 
s o l u b i l i t y o f u r a n i u m i n b i s m u t h ) . P l u t o n i u m i s much more s o l u b l e 
i n b i s m u t h t h a n i s t h o r i u m . The s o l u b i l i t y o f the p l u t o n i u m i s 
r e d u c e d by l o w e r i n g the t e m p e r a t u r e , whereupon P u B Î 2 p r e c i p i t a t e s . 
The compounds P u B Î 2 and T h B i 2 a r e d e n s e r than b i s m u t h , a r e o f 
l i m i t e d s o l u b i l i t y i n b i s m u t h , and a r e e x p e c t e d to s e t t l e i n the 
b i s m u t h a l o n g w i t h u n r e a c t e d u r a n i u m c a r b i d e . 

M o l t e n Cadmium/Sal t R e p r o c e s s i n g ( 7 ) . The i n i t i a l s t e p s 
i n v o l v e (a) c o n v e r s i o n o f the a c t i n i d e and v a r i o u s f i s s i o n p r o d 
u c t c a r b i d e s to c h l o r i d e s by r e a c t i o n w i t h C d C l 2 d i s s o l v e d i n 
M g C l 2 - N a C l - K C l e u t e c t i c (mp, 3 9 7 ° C ) and (b) r e d u c t i o n o f the s a l t 
phase w i t h a cadmium-magnesium a l l o y , t h e r e b y p a r t i t i o n i n g the 
f i s s i l e , f e r t i l e , and f i s s i o n p r o d u c t e lements between the s a l t 
and m e t a l p h a s e s . Cadmium-based r a t h e r than z i n c - b a s e d o x i d i z i n g 
and r e d u c i n g agents were chosen to a l l o w o p e r a t i o n a t t e m p e r a t u r e s 
below 6 5 0 ° C w i t h r e a d i l y a v a i l a b l e c o n t a i n e r m a t e r i a l s s u c h as 
m i l d s t e e l and s e r i e s 400 s t e e l s . I n e s s e n c e , t h i s p r o c e s s i n g 
c o n c e p t s e r v e s as a h e a d - e n d s t e p f o r i n t r o d u c i n g c a r b i d e f u e l s 
i n t o v a r i o u s p y r o p r o c e s s e s ( e .g . 3 s a l t t r a n s p o r t ) . 

2. S a l t T r a n s p o r t P r o c e s s i n g (J3, 9_, 10, 1 1 ) . The s e l e c t i v e 
t r a n s f e r o f s p e n t f u e l c o n s t i t u t e n t s between l i q u i d m e t a l s a n d / o r 
m o l t e n s a l t s i s b e i n g s t u d i e d f o r b o t h t h o r i u m - u r a n i u m and u r a 
n i u m - p l u t o n i u m o x i d e and m e t a l f u e l s . The c h e m i c a l b a s i s f o r the 
s e p a r a t i o n i s the s e l e c t i v e p a r t i t i o n i n g o f a c t i n i d e and f i s s i o n -
p r o d u c t e lements between m o l t e n s a l t and l i q u i d a l l o y phases as 
d e t e r m i n e d by the v a l u e s o f the s t a n d a r d f r e e energy o f f o r m a t i o n 
o f the c h l o r i d e s of a c t i n i d e e lements and the f i s s i o n p r o d u c t s . 
E lements to be p a r t i t i o n e d a r e d i s s o l v e d i n one a l l o y ( the donor 
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a l l o y ) , are oxidized upon being mixed with a s a l t , enter the 
s a l t , are transported i n the s a l t to a second alloy (the acceptor 
a l l o y ) , are reduced, and dissolve i n the acceptor al l o y . 

For convenience, the f i s s i o n product elements are divided into 
four groups, FP-1, FP-2, FP-3, and FP-4, that correspond to the 
order i n which separations occur, Table I. The FP-1 f i s s i o n prod
ucts are v o l a t i l e and do not react with either the salts or metal 
elements. They are removed during the head-end processing. Ele
ments that are s u f f i c i e n t l y active to be oxidized by CaCl2 are 
designated as FP-2 f i s s i o n products. Also designated as FP-2 
f i s s i o n products are iodine, bromine, selenium and tellurium, 
that are removed with the s a l t during the oxide reduction step. 
The FP-3 f i s s i o n products are oxidized by MgCl2 or ZnCl2, are 
transferred to the s a l t phase, and are f i n a l l y taken up by an ac
ceptor alloy. The FP-4 elements are too inert to be oxidized by 
MgCl2 or ZnCl2 and remain with the donor alloy. The actinide 
elements are then separated from the FP-4 Fission products by 
s a l t transport to the acceptor alloy followed by vacuum retorting 
and conversion of metallic intermediates to suitable products. 

Table I. Fission Product Groups Corresponding 
To The Order In Which Separations Occur 

Group Fission Product Elements 
FP-1 Tritium, Xe, Kr 
FP-2 Cs, Rb, Sr, Ba, Sm, I, Br, Se, Te 
FP-3 Y, La, Ce, Pr, Nd, Pm, Gd, Tb 
FP-4 Zr, Nb, Mo, Te, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb 

The degree of decontamination can be controlled by the re
tention of FP-3 and/or FP-4 f i s s i o n products with the f i n a l prod
uct. 

Proof-of-principle experiments are being performed to demon
strate the above basic steps. Other experiments include con
t r o l l e d removal of f i s s i o n products, characterization of s a l t s , 
s a l t p u r i f i c a t i o n methods, and a p r o l i f e r a t i o n analysis of the 
process. 

3. Dry Processing (AIROX) of LWR (U,Pu)02 Fuels (12). The 
evaluation of the AIROX process i s an extension of previous fuel 
reprocessing technology and consists of gas-solid fuel reactions 
to (a) release gaseous f i s s i o n products, (b) pulverize the f u e l , 
and (c) separate the fuel from the cladding. This i s a multiple 
oxidation-reduction cycle for oxide fuel i n which the UO2 i s 
oxidized to U3O8 to rupture the cladding and disintegrate the 
p e l l e t s . The U3O8 i s subsequently reduced with hydrogen to UO2 
for fabrication. Solid radioactive f i s s i o n products are retained 
i n the fu e l and a l l the uranium and plutonium are coprocessed and 
returned to the fuel cycle. 
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4 . M o l t e n N i t r a t e S a l t O x i d a t i o n P r o c e s s (10 ) . The r e a c t i o n 
o f UO2 w i t h m o l t e n n i t r a t e s a l t s to form u r a n a t e s t h a t a r e s u b 
s e q u e n t l y r e d u c e d to e f f e c t a s e p a r a t i o n o f the u r a n i u m i s b e i n g 
e v a l u a t e d . The a c t i n i d e b e h a v i o r and u r a n a t e c o m p o s i t i o n i n e q u i -
m o l a r s o d i u m - p o t a s s i u m n i t r a t e i s b e i n g s t u d i e d to d e t e r m i n e the 
u r a n a t e s t a b i l i t y and f o r e c a s t i n g o f c a t i o n b e h a v i o r i n s u b s e 
quent p r o c e s s s t e p s . 

Optimum c o n d i t i o n s a r e b e i n g d e t e r m i n e d f o r f o r m a t i o n o f the 
u r a n a t e . S t u d i e s i n c l u d e u t i l i z i n g 100% n i t r i c a c i d v a p o r to d e 
t e r m i n e u r a n i u m - p l u t o n i u m s e p a r a t i o n and to i n v e s t i g a t e a l t e r n a t e 
s e p a r a t i o n methods , p a r t i c u l a r l y the e f f e c t s o f added a n i o n s . 
Each p r o c e s s s t e p i s b e i n g i n v e s t i g a t e d f o r f i s s i o n p r o d u c t b e 
h a v i o r and d i s t r i b u t i o n w i t h r e s p e c t to the d e s i r e d a c t i n i d e r e 
c o v e r y . The e f f e c t o f added c o n s t i t u e n t s on the b e h a v i o r o f 
a c t i n i d e and f i s s i o n - p r o d u c t compounds i n m o l t e n n i t r a t e s w i l l be 
s t u d i e d . S o l u b l e s p e c i e s i n m o l t e n n i t r a t e s a r e to be i d e n t i f i e d 
and a d e t e r m i n a t i o n made as to whether f i s s i o n p r o d u c t e lements 
a r e p r e s e n t , e i t h e r as s o l u b l e s p e c i e s o r s o l i d s , as a n i o n i c o r 
c a t i o n i c s p e c i e s . 

5 . E x t r a c t i o n o f A c t i n i d e s f rom Bismuth i n t o Ammonium 
C h l o r o a l u m i n a t e (13, 14, 1 5 ) . E x p e r i m e n t s a r e b e i n g p e r 

formed to demonstra te the o x i d a t i v e e x t r a c t i o n o f the a c t i n i d e s 
f rom b i s m u t h i n t o ammonium c h l o r o a l u m i n a t e (NHi+AlClii) and p r o d u c t 
r e c o v e r y f rom the l a t t e r s a l t . I n i t i a l e x p e r i m e n t s w i t h u r a n i u m 
d i s s o l v e d i n b i s m u t h showed e s s e n t i a l l y complete e x t r a c t i o n of the 
u r a n i u m i n t o the s a l t w i t h o n l y a minimum o f c o n t a c t t ime a t 
3 3 0 ° C . E x t r a c t i o n o f t h o r i u m from b i s m u t h took a p p r e c i a b l y l o n g e r 
and the s o l u b i l i t y o f ThCli+ i n NHi+AlCl^ a t 3 7 5 ° C was a p p r e c i a b l y 
l e s s than t h a t o f UCli+ a t the same t e m p e r a t u r e , (1 .1 wt % ThCli+ 
vs. 7 .0 wt % UC11+). 

The r e c o v e r y o f a c t i n i d e c h l o r i d e s f rom ammonium c h l o r a l u m i -
n a t e by d i s t i l l a t i o n o f the s o l v e n t a t 4 0 0 ° C r e s u l t e d i n v e r y 
l i t t l e o f the u r a n i u m o r t h o r i u m b e i n g c a r r i e d o v e r w i t h t h e d i s 
t i l l a t e . The a l u m i n u m / n i t r o g e n r a t i o s i n the bottoms i n d i c a t e d a 
n o n - v o l a t i l e compound t h a t c o n t a i n e d aluminum b u t n o t n i t r o g e n . 
T h i s l a t t e r compound may have been aluminum o x y c h l o r i d e . 

6. M o l t e n - T i n P r o c e s s f o r R e a c t o r F u e l s (16) . L i q u i d t i n i s 
b e i n g e v a l u a t e d as a r e a c t i o n medium f o r the p r o c e s s i n g o f 
t h o r i u m - and u r a n i u m - b a s e d o x i d e , c a r b i d e , and m e t a l f u e l s . The 
p r o c e s s i s b a s e d on the c a r b o t h e r m i c r e d u c t i o n o f UO2, n i t r i d i n g 
o f u r a n i u m and f i s s i o n p r o d u c t e l e m e n t s , and a m e c h a n i c a l s e p a r a 
t i o n o f the a c t i n i d e n i t r i d e s f rom the m o l t e n t i n . V o l a t i l e f i s 
s i o n p r o d u c t s can be removed d u r i n g the h e a d - e n d s t e p s and by d i s 
t i l l i n g o f f a s m a l l p o r t i o n o f the t i n . The h e a v i e r a c t i n i d e 
n i t r i d e s a r e e x p e c t e d to s i n k to the bot tom o f the t i n b a t h . 
L i g h t e r f i s s i o n p r o d u c t n i t r i d e s s h o u l d f l o a t to the t o p . O t h e r 
f i s s i o n p r o d u c t s may r e m a i n i n s o l u t i o n o r form compounds w i t h 
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the t i n . The r e t e n t i o n o f some f i s s i o n p r o d u c t n i t r i d e s w i t h the 
a c t i n i d e s s h o u l d improve the p r o l i f e r a t i o n r e s i s t a n c e o f the p r o d 
u c t . 

I n i t i a l e x p e r i m e n t s have demonst ra ted the f e a s i b i l i t y o f c a r -
b o t h e r m i c r e d u c t i o n o f UO2 and n i t r i d i n g o f u r a n i u m i n m o l t e n t i n . 
N i t r i d i n g o f the p r o d u c t o f c a r b o t h e r m i c r e d u c t i o n o f mixed UO2-
PuÛ2 and added f i s s i o n p r o d u c t e lements i s one o f the s t e p s to be 
c o n f i r m e d f o r t h i s p r o c e s s to be deemed p o t e n t i a l l y u s e f u l . 

U l t i m a t e l y , the p o t e n t i a l f o r r e c o v e r y and r e c y c l e o f t i n by 
f i l t r a t i o n to remove s o l i d s and by the d e c o m p o s i t i o n o f i n t e r -
m e t a l l i c s f rom d e c l a d d i n g s t e p s a l s o must be e v a l u a t e d . 

7. Z i n c D i s t i l l a t i o n P r o c e s s (_3, 4 ) . A z i n c d i s t i l l a t i o n 
p r o c e s s was s e l e c t e d as a r e f e r e n c e p y r o c h e m i c a l p r o c e s s t h a t 
w o u l d have a s u f f i c i e n t degree o f p r o l i f e r a t i o n r e s i s t a n c e t h a t 
i t c o u l d be used by nonweapons n a t i o n s to r e p r o c e s s spent f u e l 
w i t h o u t s i g n i f i c a n t l y i n c r e a s i n g t h e i r weapons p r o d u c t i o n c a p a 
b i l i t y . The p r o c e s s has the i n h e r e n t p r o l i f e r a t i o n - r e s i s t a n t a d 
v a n t a g e s o f b e i n g a low d e c o n t a m i n a t i o n p r o c e s s w i t h l i m i t e d 
p l u t o n i u m e n r i c h m e n t i n u r a n i u m - p l u t o n i u m - z i n c m i x t u r e s . The 
p r o c e s s c h e m i s t r y f l o w s h e e t f o r t h i s p r o c e s s i s shown i n 
F i g u r e 1 . 

The z i n c d i s t i l l a t i o n p r o c e s s c o n s i s t s o f f o u r b a s i c o p e r a 
t i o n s to c o p r o c e s s and r e c o v e r u r a n i u m and p l u t o n i u m c o n t a i n i n g 
f i s s i o n p r o d u c t s f r o m spent FBR m i x e d - o x i d e f u e l s . These o p e r a 
t i o n s a r e : 

(a) d e c l a d d i n g , 
(b) o x i d e r e d u c t i o n , 
(c) p l u t o n i u m e n r i c h m e n t , and 
(d) f i n a l f i s s i o n p r o d u c t d e c o n t a m i n a t i o n and 

heavy m e t a l s c o n c e n t r a t i o n . 

a . D e c l a d d i n g . In the d e c l a d d i n g o p e r a t i o n , the s t a i n l e s s 
s t e e l c l a d d i n g and s h r o u d a r e d i s s o l v e d i n l i q u i d z i n c a t 8 0 0 ° C . 
The u r a n i u m and p l u t o n i u m o x i d e s do n o t r e a c t w i t h the z i n c . A 
m o l t e n CaCl2-KCl-ZnCl2-CaF2 c o v e r s a l t i s m a i n t a i n e d on top o f the 
z i n c to i n h i b i t the v a p o r i z a t i o n o f z i n c . When the c l a d d i n g i s 
b r e a c h e d , the F P - 1 f i s s i o n p r o d u c t s , T a b l e I , a r e v e n t e d and a r e 
c o l l e c t e d i n the a r g o n c o v e r gas w h i c h i s c o n f i n e d f o r decay and 
f u r t h e r p r o c e s s i n g . I o d i n e , r e l e a s e d f rom the f u e l , r e a c t s w i t h 
z i n c to form Znl2 w h i c h s u b s e q u e n t l y complexes w i t h KC1 i n the 
c o v e r s a l t . Some o f the more n o b l e F P - 4 f i s s i o n p r o d u c t s 
( r u t h e n i u m , r h o d i u m , p a l l a d i u m , s i l v e r , e t c . ) may be l e a c h e d f rom 
the o x i d e f u e l by z i n c . 

A f t e r d e c l a d d i n g i s c o m p l e t e d , the z i n c - c l a d d i n g a l l o y i s 
s e p a r a t e d f rom the o x i d e f u e l and c o v e r s a l t . The z i n c i s r e 
c o v e r e d by d i s t i l l a t i o n f o r r e c y c l e . 

The ZnCl2 a l s o r e a c t s w i t h any sodium m e t a l a s s o c i a t e d w i t h 
the FBR f u e l s u b a s s e m b l y ; the N a C l i s d i s s o l v e d i n the c o v e r s a l t . 
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b . Oxide R e d u c t i o n . The o x i d e r e d u c t i o n i s p e r f o r m e d i n the 
same v e s s e l as the d e c l a d d i n g . A d d i t i o n a l s a l t as w e l l as m o l t e n 
z i n c and c a l c i u m m e t a l a r e added to the v e s s e l and v i g o r o u s l y c o n 
t a c t e d w i t h the o x i d e f u e l a t about 8 0 0 ° C . The u r a n i u m , p l u t o 
n i u m , and F P - 3 f i s s i o n p r o d u c t o x i d e s a r e r e d u c e d by the c a l c i u m . 
The CaO b y p r o d u c t and the c h l o r i d e s a l t s o f the F P - 2 f i s s i o n p r o d 
u c t s a re t a k e n up by the s a l t . The r e m a i n i n g F P - 1 gaseous e l e 
ments a r e r e l e a s e d d u r i n g the r e d u c t i o n r e a c t i o n and a r e t a k e n up 
by the a r g o n c o v e r gas t h a t i s h a n d l e d i n the same manner as i n 
the d e c l a d d i n g s t e p . The u r a n i u m , p l u t o n i u m , F P - 3 f i s s i o n p r o d 
u c t s , and FP-4 f i s s i o n p r o d u c t s a r e d i s s o l v e d by the z i n c . 

The CaO must be removed f rom the s a l t so t h a t the s a l t can be 
r e c y c l e d . To a c c o m p l i s h t h i s , the CaO i s e l e c t r o l y z e d i n a c e l l 
w h e r e i n g r a p h i t e i s a consumable anode and the r e d u c e d c a l c i u m 
c o l l e c t s a t the ca thode as m o l t e n m e t a l . Oxygen formed a t the 
anode r e a c t s w i t h g r a p h i t e and the r e s u l t a n t CO and CO2 a r e v e n t e d 
f rom the c e l l . A t the end o f the e l e c t r o l y s i s , a s m a l l s a l t 
s t r e a m c a r r y i n g F P - 2 elements i s b l e d to w a s t e ; the r e m a i n d e r o f 
the s a l t i s t r a n s f e r r e d b a c k to the r e d u c t i o n v e s s e l . 

c . P l u t o n i u m E n r i c h m e n t . The p l u t o n i u m c o n t e n t i n the u r a 
n i u m / p l u t o n i u m p r o d u c t s t r e a m must be about 20 p e r c e n t f o r r e 
c y c l e back to the r e a c t o r . Because the c o r e and the a s s o c i a t e d 
a x i a l b l a n k e t s a r e p r o c e s s e d t o g e t h e r , a s t e p i s r e q u i r e d t h a t r e 
moves u r a n i u m a n d , t h u s , e n r i c h e s the p l u t o n i u m c o n t e n t . T h i s e n 
r i c h m e n t i s a c h i e v e d by d i s t i l l i n g the p a r t i a l l y d e c o n t a m i n a t e d 
r e d u c t i o n a l l o y a t 1 0 0 0 ° C . I n a c c o r d a n c e w i t h the z i n c - u r a n i u m 
phase d i a g r a m , gamma-uranium p r e c i p i t a t e s f rom the z i n c s o l u t i o n 
a t 1 0 0 0 ° C when the u r a n i u m c o n c e n t r a t i o n exceeds 18 atom p e r c e n t . 
The z i n c d i s t i l l a t i o n i s c o n t i n u e d u n t i l about 50 p e r c e n t o f the 
uranium t h a t was i n i t i a l l y p r e s e n t has p r e c i p i t a t e d . The p r e c i p i 
t a t e i s washed w i t h z i n c , r e c o v e r e d , a n d , u l t i m a t e l y , c o n v e r t e d to 
o x i d e f o r b l a n k e t f u e l s . 

The r a t i o o f p l u t o n i u m to uranium i n the z i n c s o l u t i o n r e m a i n 
i n g a f t e r d i s t i l l a t i o n i s dependent on how much z i n c i s d i s t i l l e d 
away. A t the n o m i n a l e n d - p o i n t of the d i s t i l l a t i o n the p l u t o n i u m / 
u r a n i u m r a t i o i s 1 : 4 . 

d . F i n a l F i s s i o n P r o d u c t D e c o n t a m i n a t i o n and Heavy M e t a l 
C o n c e n t r a t i o n . The z i n c s o l u t i o n , w h i c h c o n t a i n s the 

p l u t o n i u m and the u n p r e c i p i t a t e d u r a n i u m , i s t r a n s f e r r e d f rom the 
1 0 0 0 ° C d i s t i l l a t i o n v e s s e l , combined w i t h the wash , d i l u t e d w i t h 
a d d i t i o n a l z i n c u n t i l the z i n c c o n t e n t i s 96 atom p e r c e n t , and 
t h e n c o o l e d to 4 7 0 ° C . A t t h i s t e m p e r a t u r e , the u r a n i u m i n s o l u 
t i o n p r e c i p i t a t e s as the U2Zni7 i n t e r m e t a l l i c w i t h 99 .8 p e r c e n t 
e f f i c i e n c y . P l u t o n i u m and the f i s s i o n p r o d u c t s t h a t form s i m i l a r 
i s o s t r u c t u r a l compounds w i t h z i n c c o p r e c i p i t a t e w i t h the U 2 Z n i 7 . 
The c o p r e c i p i t a t e c o e f f i c i e n t s , as d e f i n e d by the D o e r n e r -
H o s k i n s e q u a t i o n , a r e 0 .66 f o r p l u t o n i u m and 0 .57 to 0.66 f o r the 
F P - 4 e l e m e n t s ; a c o e f f i c i e n t o f 0 .66 amounts to 98 p e r c e n t 
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c o p r e c i p i t a t i o n . I n d i v i d u a l FP-4 f i s s i o n p r o d u c t s a r e d i s t r i b u t e d 
between the i n t e r m e t a l l i c compound and the l i q u i d z i n c w i t h n e a r l y 
a l l o f the r u t h e n i u m and t e c h n e t i u m r e m a i n i n g w i t h the p l u t o n i u m 
w h i l e r h o d i u m , z i r c o n i u m , and p a l l a d i u m remain w i t h the r e s i d u a l 
z i n c s o l u t i o n and e v e n t u a l l y are s e n t to w a s t e . 

The s o l i d ( U , P u ) 2 Z n i 7 i n t e r m e t a l l i c compound, c o n t a i n i n g FP -3 

and s e l e c t i v e FP-4 f i s s i o n p r o d u c t s f o r p r o l i f e r a t i o n r e s i s t a n c e 
i s vacuum d i s t i l l e d to remove the z i n c , w h i c h i s r e c y c l e d . The 
u r a n i u m / p l u t o n i u m c o n c e n t r a t e i s i n j e c t i o n c a s t i n t o rods s u i t a b l e 
as f e e d to the r e f a b r i c a t i o n p r o c e s s . 

The p l u t o n i u m / u r a n i u m r a t i o may be a d j u s t e d to the d e s i r e d 
p l u t o n i u m e n r i c h m e n t by the a d d i t i o n o f the a p p r o p r i a t e amount o f 
u r a n i u m . 

C o n c l u s i o n s 

P y r o c h e m i c a l p r o c e s s i n g methods may o f f e r u n i q u e advantages 
o v e r more c o n v e n t i o n a l aqueous methods w i t h r e s p e c t to m e e t i n g 
n o n p r o l i f e r a t i o n g o a l s . Some p y r o c h e m i c a l p r o c e s s e s a r e i n t r i n 
s i c a l l y p r o l i f e r a t i o n r e s i s t a n t because the p r o c e s s i s i n c a p a b l e 
o f p r o d u c i n g a w e a p o n s - u s a b l e p r o d u c t w i t h o u t s i g n i f i c a n t a l t e r a 
t i o n s . The p r o d u c t a l s o can be s u f f i c i e n t l y r a d i o a c t i v e t h a t i t 
i s p h y s i c a l l y d i f f i c u l t to d i v e r t . These f e a t u r e s w a r r a n t the 
e x a m i n a t i o n o f p y r o c h e m i c a l and d r y p r o c e s s i n g methods under c u r 
r e n t n o n p r o l i f e r a t i o n p o l i c i e s . 
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Pyrochemical Coprocessing of Uranium Dioxide-
Plutonium Dioxide LMFBR Fuel by the Salt 
Transport Method 

JAMES B. KNIGHTON and CHARLES E. BALDWIN 

Rockwell International, Box 464, Golden, CO 80401 

The Salt Transport Process is being developed for coprocess
ing uranium and plutonium in spent LMFBR fuels as part of the 
Pyrochemical and Dry Processing Methods (PDPM) program. The PDPM 
program is administered by Argonne National Laboratory for the 
Department of Energy. The major objectives of this work are: 
(1) develop a pyrochemical process for spent LMFBR fuel that 
gives a uranium-plutonium-fission product oxide suitable for fab
rication into new fuel, and (2) produce a product from which re
covery of plutonium for subsequent use in weapons would require a 
major detectable effort by a foreign nation. Under current non
-proliferation policies, fission product retention with coprocessed 
plutonium and uranium is desirable to enhance resistance to diver
sion of fissile material and proliferation of nuclear weapons. 

Commencing during the early 1950's and extending through the 
1960's, research and development work on pyrochemical and pyromet
allurgical processes was conducted at various sites. The process
es studied may be grouped into the following general categories: 
melt refining, zone melting, electrorefining, vacuum distillation, 
fractional crystallization, gas-solid reactions, and liquid-liquid 
extraction using either immiscible molten metal phases or immisci
ble molten salt-metal phases. Various survey papers have been 
published descr ib ing the above methods f o r processing i r r a d i a t e d 
nuclear reactor f ue l s (1-8). The term " S a l t Transport" has been 
app l ied to a p u r i f i c a t i o n technique whereby a m e t a l l i c so lute i s 
t rans fer red s e l e c t i v e l y from one l i q u i d a l l o y (donor) to another 
l i q u i d a l l o y (acceptor) by c i r c u l a t i n g a molten s a l t between the 
two a l l o y s . Mass t rans fe r takes place by ox idat ion of a solute by 
the s a l t at the donor a l l o y and reduction of the solute by the 
acceptor a l l o y . 

S a l t Transport processes were invest igated at Brookhaven Nat
ional Laboratory (9,10,11,12), Ames Laboratory (13,14), and 
Argonne National Laboratory (1_5,1_6,V7,l_8,19). Because of the 
funding r e s t r a i n t s , the work at Argonne National Laboratory was 
terminated i n 1969. At that time, most of the laboratory studies 
needed to define appropr iate solvent systems were completed, the 

0-8412-0527-2/80/47-117-191$05.00/0 
© 1980 American Chemical Society 
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192 ACTINIDE SEPARATIONS 

chemical f e a s i b i l i t y of a l l the major separations was estab l i shed 
in laboratory sca le experiments, engineering inves t i ga t ions were 
in progress on pyrochemical un i t operat ions, and material of con
s t ruc t i on were being evaluated (20). 

The present work at Rocky F l a t s i s an extension of the 
Argonne work and i s d i rected to development of a p r o l i f e r a t i o n 
re s i s t an t pyrochemical process f o r LMFBR f u e l s . This a r t i c l e des
c r ibes a conceptual pyrochemical process and pre l iminary engineer
ing concepts f o r coprocessing uranium and plutonium in spent LMFBR 
co re -ax ia l blanket and rad i a l blanket fue l s using the Sa l t Trans
port Process. 

Descr ipt ion of Process Chemistry 

The chemical basis fo r the various separations used in t h i s 
pyrochemical process i s the d i f fe rences in the p a r t i t i o n i n g of 
uranium, plutonium, and the f i s s i o n product elements between mol
ten s a l t and l i q u i d a l l o y phases. This d i f fe rence i n p a r t i t i o n i n g 
i s l a r ge l y determined by the values of the standard f ree energy of 
formation (AGf°) of the ch lor ides of uranium, plutonium, and the 
f i s s i o n product elements. 

For convenience purposes, the f i s s i o n product elements are 
d iv ided in to four groups: FP-1, FP-2, FP-3, and FP-4. FP-1 f i s 
s ion products are v o l a t i l e and cons i s t of 3 H, Xe, and Kr. FP-2 
f i s s i o n products are I, Br, Cs, Rb, Ba, Sr, Sm, Eu, Se, and Te. 
FP-3 f i s s i o n products are Y, La, Ce, Pr , Nd, Pm, Gd, and Tb. FP-4 
f i s s i o n products are Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, 
and Sb. 

Table I l i s t s the ch lo r ides of selected elements in the order 
of decreasing values of the f ree energy of formation at 1000°K. 
Two separate ox idat ion- reduct ion couples (CaCl 2 -Ca and MgCl2-Mg) 
are used to " bu f f e r " the p a r t i t i o n i n g of elements between molten 
s a l t and l i q u i d metal phases. The FP-2 elements l i e above CaC l 2 

in the f ree energy sca le . The FP-3 elements l i e between CaC l 2 and 
MgCl 2 and the FP-4 elements l i e below MgCl 2 . In s t ruc tu r ing the 
process, the separations occur in the numerical sequence of the 
above f i s s i o n product groups. 

Figure 1 gives the 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 cerium, 
plutonium, and uranium p a r t i t i o n i n g between molten MgCl 2 and l i q 
uid Cu-Mg and Zn-Mg a l l oy s of varying magnesium content at 800°C. 
As shown i n Figure 1, the 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 a l l i n the 
same general order as the values of the free energies of formation 
fo r the chlor ides of cerium, plutonium, and uranium. However, as 
a l so shown i n Figure 1, large d i f ferences in the value of the d i s 
t r i b u t i o n c o e f f i c i e n t s occur because of solvent e f f e c t s as the a l 
loy system and magnesium content i n the a l l o y i s va r ied . These 
solvent e f fec t s provide the basis fo r s a l t transport separations. 
For example, Cu-low Mg a l l o y s are donor a l l oy s and cerium, p lu to 
nium, and uranium p a r t i t i o n to the s a l t whi le Zn-low Mg a l l o y s are 
acceptor a l l oy s and cerium, plutonium, and uranium p a r t i t i o n to 
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KNIGHTON AND BALDWIN Salt Transport Method 

TABLE I 

Standard Free Energies of Formation 

o f Chlor ides a t 1000°K 

MCI n 

-AGf 
(KCal/g equiv. CI) 

F i s s i on Product 
Group 

BaC l 2 

CsCl 
RbCl 
L i CI 
KCl 
S r C l 2 

SmCl 2 

EuC l 2 

* 
* 
* 

* 
* 
* 

83.6 
82.6 
82.5 
78.8 
81.6 
80.8 
80.0 
79.0 

FP-2 

CaC l 2 76.7 
NaCl 
L a C l 3 

P r C l 3 

CeC l 3 

NdCl 3 

YC13 
PuC l 3 

* 
* 
* 
* 
* 

76.2 
67.0 
66.3 
66.3 
64.2 
61.2 
58.4 

FP-3 

MgCl 2 57.7 
UC13 
Z r C l 2 

ZnC l 2 

C r C l 2 

CdC l 2 

F e C l 2 

CuCl 
NiCl 2 
NbCl s 
MoCl 2 

T c C l 3 

PdCl 2 

RhCI 
RuCl 3 

* 

* 

* 
* 
* 
* 
* 
* 

54.0 
34.2 
34.1 
32.8 
30.4 
26.3 
22.0 
18.6 
11.4 
8.0 
7.4 
5.3 
1.4 
0.3 

FP-4 

* F i s s i on Products 
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194 ACTINIDE SEPARATIONS 

Magnesium Concentration in 
Cu-Mg or Zn-Mg Alloy (wt%) 

Figure 1. Distribution of Ce, Pu, and U between magnesium chloride salt and 
Cu-Mg or Zn-Mg alloy at 800°C 
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14. KNIGHTON AND BALDWIN Salt Transport Method 195 

the metal . A t y p i c a l donor react ion i s given f o r plutonium: 

Pu + 3/2MgCl2 •> PuC l 3 + 3/2Mg (1) 

A t y p i c a l acceptor react ion i s given f o r plutonium: 

PuC l 3 + 3/2Mg + Pu + 3/2MgCl2 (2) 

The acceptor react ion i s the reverse of the donor r eac t i on . The 
MgCl2 consumed by the donor react ion i s regenerated by the accept
or reac t ion . Thus, the s a l t i s not consumed and may be reused 
i n d e f i n i t e l y . For each mole of plutonium transfer red from the 
donor a l l o y to the acceptor a l l o y , there i s a reverse t rans fe r of 
1.5 moles of magnesium from the acceptor a l l o y to the donor a l l o y . 

Other var iab les that a f f e c t the p a r t i t i o n i n g of solutes bet 
ween molten s a l t and l i q u i d metal phases inc lude: temperature, 
s a l t system, MgCl 2 content of the s a l t , and s o l u b i l i t y of the s o l 
utes i n the a l l o y systems. A deta i l ed desc r ip t i on of the chemis
t r y f o r each process step i s beyond the scope of t h i s paper. 

Pre l iminary Design C r i t e r i a 

C r i t e r i a used to develop the conceptual pyrochemical process 
f o r coprocessing uranium and plutonium from spent LMFBR fue l i n 
clude the fo l l ow ing : 
1. Uranium and plutonium w i l l be coprocessed f o r p r o l i f e r a t i o n 

and d i ve r s ion res i s tance. 
2. F i s s i on product removal w i l l be incomplete. 
3. Plutonium recovery w i l l exceed 99%. 
4. Plutonium enrichment i n mixed oxide product must be s u f f i c i e n t 

f o r recyc le to the reactor . 
5. A l l process operations must be simple and r e l i a b l e . 
6. A l l process operations must be remotable. 
7. Types of process operations w i l l be minimized. 
8. A l l f i s s i o n products must be contained. 
9. The amount of process waste must be minimized. 
10. The mixed U0 2 -Pu0 2 product must be f a b r i c a b l e . 
11. The recyc le fue l must be compatible with reactor operat ions. 
12. The process must be tamper-proof. 

Process Flow Sheet 

The block f low diagram presented i n Figure 2 gives the major 
operations of the conceptual process. Feed to the process i s one 
co re -ax i a l blanket or r ad i a l blanket fue l assembly. The fue l as
sembly hardware below the ac t i ve sect ion i s removed p r i o r to pro
cess ing. The hardware above the act i ve sect ion i s not introduced 
i n to the process. In t h i s low decontamination process, the ac t i ve 
sect ion of the spent fue l i s s e l e c t i v e l y d i sso lved i n to molten 
metals and molten s a l t s from which coprocessing of uranium and 
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14. KNIGHTON AND BALDWIN Salt Transport Method 197 

plutonium and separation from f i s s i o n products i s achieved. 
In the f i r s t step of the process, s t a i n l e s s s teel c ladding i s 

separated from the mixed oxide fuel by se l ec t i ve d i s so lu t i on in 
molten z inc at about 800°C. When the cladding i s breached, the 
FP-1 gaseous f i s s i o n products are vented and are contained in the 
furnace cover gas. A f t e r decladding i s completed, the z i n c - s t a i n 
less s tee l l i q u i d a l l o y i s separated from the mixed oxide f u e l . 

The fue l i s d isso lved during reduct ion of the mixed oxides by 
calcium. This oxide reduction operation i s done in the presence 
of a CaC l 2 -CaF 2 s a l t and a Cu-Mg a l l o y . The FP-2 elements and the 
CaO react ion product are taken up by the s a l t and the reduced ura
nium, plutonium, FP-3, and FP-4 elements are taken up by the a l 
loy. Uranium i s present in excess of i t s s o l u b i l i t y l i m i t and 
p rec i p i t a te s as the UCu 5 i n t e r m e t a l l i c compound. 

Removal of FP-3 elements i s by a s a l t transport process in 
which FP-3 elements are t rans fer red from a donor a l l o y to an ac
ceptor a l l o y by c i r c u l a t i n g a KCl -CaCl 2 -MgCl 2 s a l t between the 
a l l o y s . To assure that only a l im i t ed FP-3 removal can be made, 
the process i s designed so that only about 10% of the donor a l l o y 
i s involved i n the FP-3 removal s a l t t ransport process. The r e 
maining a l l o y containing FP-3 elements, uranium, plutonium, and 
FP-4 elements i s not ava i l ab le f o r FP-3 removal. The FP-3 e l e 
ments not removed fo l low plutonium through the process. 

Uranium, plutonium, and the remaining FP-3 elements are sep
arated from the FP-4 elements and the donor a l l o y by a second 
s a l t transport process using a MgCl 2-MgF 2 s a l t . The Cu-Mg reduc
t i on a l l o y i s the donor a l l o y . A zinc-magnesium a l l o y i s the ac
ceptor a l l o y . 

Uranium t rans fers at a slower rate than plutonium because 
uranium has a lower s o l u b i l i t y than plutonium in the donor a l l o y 
and uranium has a lower d i s t r i b u t i o n c o e f f i c i e n t that plutonium 
in the donor a l l o y - s a l t system. This d i f fe rence i n the rate of 
t rans fe r i s very des i rable because i t provides a means f o r e n r i c h 
ing the plutonium content of the product to required concentra
t ions f o r recyc le to the reactor core. This enrichment i s ob ta in 
ed by terminating the c i r c u l a t i o n of the transport s a l t between 
donor and acceptor a l l o y s before complete uranium t rans fe r has 
occurred. As uranium t ran s fe r s , the s o l i d UCu5 compound d isso lves 
into the donor a l l o y . A f t e r plutonium and the des ired amount of 
uranium are separated from FP-4 elements, the remaining uranium 
may be separated by d i v e r t i n g the transport s a l t to a second z i n c -
magnesium acceptor a l l o y . 

Because both z inc and magnesium are v o l a t i l e , these acceptor 
a l l o y elements are separated from the act in ides by vacuum d i s t i l 
l a t i o n . The zinc-magnesium overhead product from vacuum d i s t i l l a 
t i on i s recyc led. A f t e r the v o l a t i l e solvent metals are removed, 
the resu l tant d i s t i l l a t i o n bottom products (U-Pu f o r core fuel and 
U f o r blanket fue l ) are converted to su i t ab l e oxides by react ion 
with oxygen. The oxide products are ava i l ab l e f o r r e f ab r i c a t i on 
into new f u e l . The FP-3 elements that f o l l ow plutonium and the 
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198 ACTINIDE SEPARATIONS 

presence of uranium make the core oxide fue l unat t ract i ve f o r 
weapons use. 

To minimize waste streams, a n c i l l a r y processes not shown in 
Figure 2 may be used to t rea t used process solvents f o r recyc le . 

Process Size 

To determine the process s i z e , mater ia l balances were ca l cu 
la ted f o r each process operat ion. Feed to the process was one 
core -ax ia l blanket fue l assembly. 

TABLE II 

AI Reference Oxide LMFBR Core-Axia l Blanket Fuel Assembly (21_) 

8% Burnup of Core Fuel 
59,519 MWD/Ton (Core/Axial Blanket) 

90-Day Cooling 

Component Kg Thermal Watts 

U0 2 
73.1 0.005 

Pu0 2 
11.5 50.7 

FP-1 0.6 2.04 
FP-2 1.0 307 
FP-3 1.1 1600 
FP-4 1.7 3520 
Cladding 56.7 344 

Table I I I gives the quant i ty , volume of s a l t and metal pre
sent, and design volume at each major process operat ion. 

TABLE II I 

Process Volumes 

Kg L i t e r s 
Design 

Operation Sa l t Metal Total S a l t Metal Total Volume 

Decladding 15.0 581. .9 596 .9 7. .0 78 .4 85, .4 250 
Reduction 202.1 378. .0 580 .1 89 .4 45 .6 135. .0 250 
FP-3 Donor 30.0 49. .6 79 .6 16, .7 5 .6 22, .3 30 
FP-3 Acceptor 30.0 22 .0 52 .0 16 .7 4 .6 21, .3 30 
U-Pu Donor 270.0 371, .9 641 .9 150 .0 42 .4 192, .4 250 
U-Pu Acceptor 270.0 224 .3 494 .3 150 .0 32 .6 182, .6 250 
U Donor 270.0 331, .5 601 .5 150 .0 42 .8 192 .8 250 
U Acceptor 270.0 265 .8 535 .8 150 .0 45 .5 195 .5 250 
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14. KNIGHTON AND BALDWIN Salt Transport Method 199 

In the p r a c t i c a l operat ion of the process, decladding, reduc
t i o n , FP-3 storage, and U-Pu donor operations w i l l be conducted 
sequent ia l l y i n the same c r u c i b l e . A design volume of 250 l i t e r s 
was se lected f o r these four operations and also f o r U-Pu acceptor, 
U donor, and U acceptor operat ions. A design volume of 30 l i t e r s 
was se lected f o r the FP-3 donor and FP-3 acceptor operations. The 
small volume of the FP-3 donor and acceptor c ruc ib le bu i lds in a 
tamper-proof feature to prevent higher than designed removals of 
FP-3 elements. 

Pre l iminary Engineering Concepts 

Because of the r e l a t i v e l y high operating temperatures 
(^800°C), i t i s important that simple process operations are used 
and that the various types of operations are kept to a minimum. 
Process operations must be remotable and process equipment must be 
f ab r i c ab l e . The basic un i t operation used in t h i s process i s l i q 
u i d - l i q u i d ex t rac t i on using molten s a l t s and l i q u i d metals as the 
immiscible process so lvents. The s implest option to equ i l i b r a t e 
the immiscible solvents i s to use a c r u c i b l e and intermix the mol
ten s a l t and l i q u i d metal phases with a mixing paddle. The pro
cess has been structured around t h i s simple concept. Mixing of 
phases, phase disengagement, and phase separation are done sequen
t i a l l y i n the same c r u c i b l e . Molten s a l t and l i q u i d metal phases 
are pressure t rans fer red between c ruc ib le s through heated tubes. 

In the proposed operat ion of the process, four types of 
t rans fe r are envis ioned: (1) separate s a l t from the top of the 
metal, leaving a small s a l t hee l , (2) t rans fe r a l l of the s a l t , 
taking a small metal hee l , (3) t rans fer the metal only, leaving a 
small metal heel with the s a l t , and (4) t r an s fe r both s a l t and 
metal. These four modes of t r an s fe r are accomplished by proper 
pos i t i on ing of the t rans fe r tube i n l e t and by use of an underflow 
weir when t rans fe r of only metal i s requ i red. 

Remote t r an s fe r of so l i d s between c ruc ib le s i s not p r a c t i c a l . 
In the conceptual f low sheet, Figure 2, so l i d s (mixed oxide fue l 
or UCu5 i n t e r m e t a l l i c compound) are present in the f i r s t four 
operat ions. To avoid t r an s fe r r i ng of s o l i d s , a tu rn tab le , Figure 
3, with four operating pos i t ions i s proposed to f a c i l i t a t e moving 
the s o l i d s through the process. 

The primary process operations are conducted sequent ia l l y in 
the same tungsten c r u c i b l e . These primary operations are conduct
ed i n a c i r c u l a r processing assembly with operating s ta t ions ded i 
cated f o r each operat ion. Decladding i s conducted at the f i r s t 
s t a t i o n , oxide reduct ion i s conducted at the second s t a t i o n , FP-3 
donor i s conducted at the t h i r d s t a t i o n , and U-Pu donor i s con
ducted at the fourth s t a t i o n . Each s t a t i on has the necessary ap
paratus to conduct the des i red operations ( in t roduct ion of fuel 
assembly, s t i r r i n g , and t rans fe r of molten s a l t and metal phases 
i n to and out of the c r u c i b l e ) . Figure 4 gives a cross sect ion 
view o f the turntab le . 
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KNIGHTON AND BALDWIN Salt Transport Method 

Figure 4. Pyrochemical fuel processing facility 
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202 ACTINIDE SEPARATIONS 

At each of these operating s t a t i on s , a furnace (with an open 
bottom) i s suspended from the cover of the processing assembly. 
At each of the operating s ta t ions a tungsten c r u c i b l e i s located 
on the turntab le . A f te r each operation i s completed, the tu rn 
table i s rotated f o r the next operat ion. P r i o r to r o t a t i o n , the 
turntab le (and c ruc ib le s ) must be lowered so that the s t i r r e r s 
and t rans fe r tubes w i l l not obstruct the ro ta t i on of the c r u c i 
b le s . A f t e r r o t a t i o n , the c ruc ib le s are raised back to the oper
a t ing l e ve l a t the new operating po s i t i on . The mechanisms and 
seals f o r r a i s i n g , lowering, and ro ta t ing the turntable are l o 
cated below the heated zone of the furnace. 

To f a c i l i t a t e the flow of molten material in to and out of the 
main process vesse l s , a u x i l i a r y furnaces are pos it ioned around the 
turntab le . These a u x i l i a r y furnaces are s tat ionary . The a u x i l 
i a r y furnaces are used to : (1) premelt feed to the process, (2) 
provide storage of molten process so lvents, (3) provide a means of 
e f f e c t i n g c lean sa l t -meta l phase separat ions, (4) provide conta in 
ment of various donor and acceptor a l l o y s , and (5) conduct e l e c -
trowinning of CaO fo r recyc le of calcium metal and reduction s a l t . 

At the t a i l end of a solvent ex t rac t i on process, the solvents 
are separated from the so lutes f o r r ecyc l e . In th i s app l i c a t i on 
of so lvent e x t r a c t i o n , vacuum d i s t i l l a t i o n i s used to separate 
v o l a t i l e z inc and magnesium from coprocessed uranium and plutonium 
and from the uranium product. Feed to vacuum d i s t i l l a t i o n i s s o l 
id a l l o y . Overhead and bottom products are l i kw i s e cast i n to a 
s o l i d a l l o y . These vacuum d i s t i l l a t i o n operations are conducted 
i n separate c e l l s . The ac t i n i de products are converted to oxide 
f o r fue l f a b r i c a t i o n . 

Process Waste Streams 

The process has f i v e waste streams: Cladding; FP-1 f i s s i o n 
gas; Reduction s a l t contain ing FP-2; FP-3 acceptor a l l o y ; and 
spent donor a l l o y . The amount, volume, and f i s s i o n product decay 
heat f o r each stream are given in Table IV. 

TABLE IV 

Process Waste Streams 

Weight Volume Thermal Watts* 
Stream (Kg) ( L i t e r ) Per Kg Per L i t e r Total 

Cladding 56.7 7.1 6.1 48.5 344 
F i s s i on Gas 0.6 - 3.4 - 2 
Reduction Sa l t 20.2 8.9 15.2 34.5 307 
FP-3 Acceptor 1.1 0.2 1455 8000 1600 
Spent Donor 33.2 4.3 106 818.6 3520 

163.8 27.0 

* 8 0 û r n û p of Core Fue l , 59,519 MWD/Ton (Core/Axial Blanket) 90-
Day Cool ing. 
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14. KNIGHTON AND BALDWIN Salt Transport Method 203 

The z inc -c ladd ing stream, FP-3 acceptor a l l o y , and spent don
or a l l o y are fed to a s ing le vacuum d i s t i l l a t i o n operation to sep
arate the v o l a t i l e solvent z inc and magnesium fo r recyc le . The 
re su l tan t d i s t i l l a t i o n bottom product i s an a l l o y sponge of s t a i n 
less s t e e l , FP-3 elements, copper, and the FP-4 elements. The 
s ta in le s s steel c ladding i s the disposal matrix f o r the FP-3 and 
FP-4 elements. Reduction s a l t containing FP-2 elements may be 
cast i n to the s t a i n l e s s s teel sponge. This compact waste i s s o l i d 
and may be sealed i n h i g h - i n t e g r i t y s tee l containers f o r i n te r im 
and long-term storage. The adequacy of th i s disposal method has 
not been v e r i f i e d . 

Plant Capacity 

The plant processing capacity has been scaled to process one 
reference fuel assembly as shown in Table V. I t i s estimated that 
the maximum l i m i t i n g process residence time at any one operating 
po s i t i on may range from three to s i x hours, which w i l l determine 
the actual plant feed ra te . 

Changes i n fuel assembly s i ze w i l l increase or decrease plant 
throughput. Processing more than one fue l assembly per batch w i l l 
require an increase i n vessel s i z e . Add i t iona l capac i ty a l so can 
be achieved by e s t ab l i s h i ng p a r a l l e l operat ions. The singlje fuel 
assembly per batch operation can process up to 200 tons per year 
of mixed oxide LMFBR fuel or up to eight fue l assemblies per day. 

Mater ia l s of Construction 

Because of the high temperature and corros ive environment in 
which the various pyrochemical operations w i l l be conducted, a 
l im i t ed va r i e t y of construct ion mater ia l s are a va i l a b l e . Tungsten 
and tungsten-al loys are the primary candidates where containment 
of a l l o y s i s requi red. F e r r i t i c a l l o y s may be used where only 
s a l t containment i s requi red. A u x i l i a r y hardware such as t rans fe r 
tubes and ag i ta tor s may require e i t he r tungsten, tungsten a l l o y s , 
or f e r r i t i c a l l oy s depending on t h e i r app l i c a t i on . 

Studies are cu r rent l y underway at Rocky F l a t s and Argonne 
National Laboratory to inves t i gate the corros ion res i s tance and 
f a b r i c a b i l i t y of the various candidate mater ia l s . Some e f f o r t i s 
also being expended in examining a l t e r na te , l im i t ed l i f e mater
i a l s , such as coated or impregnated ceramics. 

Cone!usions 

The pyrochemical coprocessing of spent nuclear fue l by the 
Sa l t Transport Process appears to be a p o t e n t i a l l y v iab le repro
cessing method, not only as an "exportable p r o l i f e r a t i o n r e s i s t 
ant technology," but as a domestic reprocessing operat ion. A l l 
operations are nonaqueous and waste generation i s in s o l i d form, 
thus requ i r ing no conversion from aqueous so lut ions to s o l i d s . 
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Though considerable development e f fo r t was conducted in the 
50's and 60's on pyrochemical processes, further development i s 
required before Salt Transport can be performed on a production 
scale. 
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15 
A Nonaqueous Reprocessing Method for Thorium-Based 

Fuels 

J. K. B A T E S , L . J. J A R D I N E , and M . K R U M P E L T 

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

Programs have been active periodically to develop a thorium
-based fuel cycle for increasing the nation's resource of fissile 
material. Part of the effort has been the investigation of non
-aqueous reprocessing methods for separating thorium from uranium 
and the behavior of these elements in the presence of fission 
products and other impurities (1). Interest in such pyrometallur
gical methods and the entire thorium fuel cycle declined in the 
early 1970s, primarily due to the lower breeding ratio of the 
Th-233U cycle compared to that of the 238U-239Pu cycle, and the 
consequent effort placed on developing the PuO2-UO2 fuel cycle 
for fast breeder reactors. The recent advent of proliferation 
concerns has renewed the interest in the thorium fuel cycle and 
associated pyrometallurgical reprocessing. One reprocessing 
scheme which addresses the current problem is described below. 

The effect of proliferation concerns on the acceptability of 
a fuel cycle, and the development of aqueous Civex processes de
signed to meet these concerns have been outlined previously (2). 
One new c r i t e r i o n imposed on r e p r o c e s s i n g by p r o l i f e r a t i o n i s s u e s 
i s t h a t the p r o c e s s s treams be d i v e r s i o n and p r o l i f e r a t i o n r e 
s i s t a n t . F o r t h o r i u m - b a s e d f u e l c y c l e s , t h i s means t h a t t h o s e 
p r o d u c t s c o n t a i n i n g f i s s i l e m a t e r i a l , 2 3 3 U o r 2 3 9 P u , must be c o -
p r o c e s s e d w i t h t h o r i u m o r be d e n a t u r e d w i t h 2 3 8 U . I n a d d i t i o n , 
r e p r o c e s s i n g schemes must t a k e i n t o a c c o u n t s p e c i a l f e a t u r e s o f 
the t h o r i u m f u e l c y c l e , such as the b u i l d u p o f 2 3 3 P a w h i c h decays 
to 2 3 3 U . The b r e e d i n g c h a i n f o r 2 3 3 U i s as f o l l o w s : 

S i n c e 2 3 3 P a i s a n e u t r o n p o i s o n , (3) a s i g n i f i c a n t w a i t i n g p e r i o d 
may be n e c e s s a r y b e f o r e the r e p r o c e s s e d f u e l would be r e t u r n e d to 
the r e a c t o r . S e p a r a t i o n o f the 2 3 3 P a w o u l d a l l o w a q u i c k r e t u r n 
to the r e a c t o r , b u t would l e a d to a pure 2 3 3 U p r o d u c t , and thus 
i n c r e a s e the p r o l i f e r a t i o n r i s k . 

A n o t h e r f e a t u r e o f the t h o r i u m f u e l c y c l e w h i c h a f f e c t s r e 
p r o c e s s i n g i s the b u i l d u p o f 2 3 2 U i n the i r r a d i a t e d f u e l . 

0-8412-0527-2/80/47-117-207$05.00/0 
© 1980 American Chemical Society 
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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 o f 2 3 2 U may be r e a c h e d i n a few y e a r s 
d u r i n g f u e l i r r a d i a t i o n b u t even 100 day i r r a d i a t i o n s may produce 
s u b s t a n t i a l c o n c e n t r a t i o n s o f 2 3 2 U ( 4 ) . T h e decay o f the s h o r t h a l f 
l i f e o f 2 3 2 U l e a d s to a l o n g decay c h a i n o f n u c l i d e s w h i c h i n 
c l u d e a p e n e t r a t i n g 2 .6 MeV gamma r a y . T h i s w i l l l i k e l y r e q u i r e 
s h i e l d i n g and remote h a n d l i n g o f the f u e l d u r i n g a l l phases o f 
r e p r o c e s s i n g and r e f a b r i c a t i o n . 

A d e s i r a b l e f e a t u r e f o r the r e p r o c e s s i n g method i s t h a t i t 
s h o u l d be a d a p t a b l e to v a r i o u s t h o r i u m f u e l c y c l e s and to s e v e r a l 
f u e l t y p e s , and i t must be a b l e to p r o d u c e a p r o d u c t w i t h a h i g h 
enough f i s s i l e c o n t e n t f o r core f u e l s p e c i f i c a t i o n s . As an e x 
a m p l e , a f u e l c y c l e t h a t i n c l u d e s d i f f e r e n t needs i s a s y m b i o t i c 
c y c l e where 2 3 9 P u w h i c h i s p r o d u c e d i n e x i s t i n g l i g h t w a t e r r e 
a c t o r s (LWR) i s combined w i t h t h o r i u m and b u r n e d i n F B R s . The 
i r r a d i a t e d c o r e f u e l f rom the FBR w o u l d c o n t a i n p l u t o n i u m , 
u r a n i u m , and t h o r i u m w h i l e the b l a n k e t c o n t a i n s 2 3 3 U and t h o r i u m . 
The p r o c e s s f o r the FBR f u e l must t h e r e f o r e meet two demands: one 
p r o d u c t s t r e a m must be s u i t a b l e f o r HTGR o r LWR f u e l s and the 
o t h e r f o r r e t u r n to the FBR c o r e . The a c t i n i d e s i n the s p e n t FBR 
f u e l s h o u l d t h e r e f o r e be s e p a r a t e d i n t o a u r a n i u m - t h o r i u m p o r 
t i o n ( f o r HTGR o r LWR) and a p l u t o n i u m - t h o r i u m p o r t i o n ( f o r FBR 
c o r e ) . 

P r o c e s s D e s c r i p t i o n 

A c o n c e p t u a l p y r o m e t a l l u r g i c a l method f o r the r e p r o c e s s i n g 
o f t h o r i u m - b a s e d f u e l s i s p r e s e n t e d i n F i g . 1 . I t i s r e s p o n s i v e 
to the c o n s t r a i n t s d e s c r i b e d p r e v i o u s l y , b e i n g o p e r a b l e w i t h 
e i t h e r o x i d e o r m e t a l a l l o y f u e l , and p r o d u c i n g p r o d u c t s t reams 
c o n s i s t i n g o f e n r i c h e d u r a n i u m / t h o r i u m and p l u t o n i u m / t h o r i u m . 
The p r o c e s s can be d i v i d e d i n t o t h r e e main s t e p s : (1) o x i d e r e 
d u c t i o n o r m e t a l d i s s o l u t i o n , (2) u r a n i u m / p l u t o n i u m s e p a r a t i o n 
and t h o r i u m p a r t i t i o n , and (3) p r o d u c t r e c o v e r y . Each s t e p i s 
d e s c r i b e d b e l o w . 

1 . R e d u c t i o n . Assuming the f u e l to be d e c l a d u s i n g a 
method c o m p a t i b l e w i t h subsequent p r o c e s s s t e p s , i t must t h e n be 
c o n v e r t e d to m e t a l l i c f o r m . F o r an o x i d e f u e l , t h i s i n v o l v e s a 
r e d u c t i o n o f the type 

2Ca + M 0 2 + M + 2Ca0 M = T h , U , P u , o r FP (1) 

C a r b i d e s can be c o n v e r t e d to o x i d e s and r e d u c e d as a b o v e . M e t a l 
a l l o y f u e l s a r e a l r e a d y i n s u i t a b l e form and can be p r o c e s s e d 
d i r e c t l y . C a l c i u m i s u s e d as the r e d u c i n g agent as the f r e e 
energy o f R e a c t i o n 1 i s - 6 . 6 k c a l / m o l e a t 1 0 0 0 ° C . The o t h e r f u e l 
and f i s s i o n p r o d u c t o x i d e s a r e r e d u c e d more e a s i l y t h a n Th02 , 
thus the r e d u c t i o n s h o u l d be complete once the t h o r i a i s r e d u c e d . 

The r e d u c t i o n p r o c e e d s v i a the a d d i t i o n o f c a l c i u m to a 
magnesium b a s e d a l l o y w h i c h i s c o v e r e d w i t h a f u s e d s a l t 
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(CaCl2, CaF2). The s a l t wets the o x i d e f u e l and s e r v e s as a me
dium f o r the r e d u c t i o n . I t a l s o d i s s o l v e s the CaO p r o d u c e d d u r i n g 
the r e d u c t i o n and t a k e s up the a k l a k i and a l k a l i n e e a r t h f i s s i o n 
p r o d u c t s (FP-2) and a l s o the i o d i n e (5) . The s a l t r e p r e s e n t s the 
major waste s t r e a m i n the p r o c e s s and needs to be b l e d o f f because 
o f a b u i l d u p o f F P - 2 . H i g h s a l t d i s c a r d r a t e s a r e n o t n e c e s s a r y 
because the CaO i s removed by e l e c t r o l y s i s and the c a l c i u m i s r e 
c y c l e d . The v a r i a b l e s c o n t r o l l i n g r e d u c t i o n a r e d i s c u s s e d more 
f u l l y l a t e r . 

2. U r a n i u m / P l u t o n i u m / T h o r i u m P a r t i t i o n . A f t e r the r e d u c t i o n 
s t e p , the m e t a l s p a r t i t i o n a c c o r d i n g to t h e i r s o l u b i l i t y i n the 
magnesium a l l o y . Magnesium i s used as the f o c u s m e t a l b e c a u s e i t 
p r o v i d e s a means o f s e p a r a t i n g u r a n i u m from p l u t o n i u m . 

The s o l u b i l i t i e s o f u r a n i u m , p l u t o n i u m , and t h o r i u m i n mag
n e s i u m a t 6 5 0 ° C a r e 0.002 wt %, 55 wt %, and 44 wt %, r e s p e c 
t i v e l y . T h u s , assuming no s o l u t e i n t e r a c t i o n , uranium i s e s s e n 
t i a l l y i n s o l u b l e i n magnesium, w h i l e p l u t o n i u m i s q u i t e s o l u b l e 
and good s e p a r a t i o n may be e f f e c t e d . W h i l e p r e c i p i t a t i o n o f an 
i n s o l u b l e phase f r o m s o l u t i o n w o u l d a p p e a r to be a s t r a i g h t f o r 
ward p r o c e s s , the b e h a v i o r o f a s o l u t e i n a g i v e n m e t a l o r a l l o y 
may d i f f e r f r o m i t s b e h a v i o r when i n f l u e n c e d by the i n c l u s i o n o f 
o t h e r s o l u t e s . One element may i n c r e a s e o r s u p p r e s s the s o l u 
b i l i t y o f a n o t h e r t h r o u g h c o p r e c i p i t a t i o n o r i n t e r m e t a l l i c com
pound f o r m a t i o n . Such e f f e c t s must be d e t e r m i n e d e x p e r i m e n t a l l y . 

Under p r o p o s e d p r o c e s s c o n d i t i o n s the amount o f t h o r i u m f a r 
exceeds o t h e r e l e m e n t s . To o b t a i n the n e c e s s a r y d i v i s i o n o f 
t h o r i u m between the m i n o r u r a n i u m and p l u t o n i u m c o n s t i t u e n t s , o n l y 
a method o f c o n t r o l l i n g the q u a n t i t y o f t h o r i u m i n s o l u t i o n i s 
n e e d e d . T h i s can be a c h i e v e d by c o n t r o l l i n g the amount o f l i q u i d 
magnesium s o l v e n t . By l i m i t i n g the volume o f t h e l i q u i d mag
n e s i u m , t h o r i u m can be d i v i d e d i n t o a s o l u b l e and i n s o l u b l e f r a c 
t i o n . Even more c o n t r o l can be g a i n e d by a l l o y i n g cadmium w i t h 
magnesium. T h i s a l l o y s o l v e n t r e t a i n s the low s o l u b i l i t y o f u r a 
nium and complete s o l u b i l i t y o f p l u t o n i u m b u t a l l o w s the t h o r i u m 
s o l u b i l i t y to be v a r i e d between 5 and 42 wt % ( F i g . 2 ) . I t i s 
a l s o c o m p a t i b l e w i t h the r e d u c t i o n and r e t o r t i n g o p e r a t i o n s . 

As an e x a m p l e , f o r one m e t r i c t o n o f p l u t o n i u m / t h o r i u m (1 :4 ) 
f u e l w i t h a burnup o f 55 000 MWD the r e s u l t i n g c o r e c o m p o s i t i o n 
(wt %) i s T h - 7 5 . 5 , P u - 1 4 . 6 , F P - 5 . 9 , U - 3 . 7 , and P a - 0 . 3 ( 6 ) . Thus to 
p r o d u c e p r o d u c t s t reams p l u t o n i u m / t h o r i u m (1 :4) and uranium/ 
t h o r i u m ( 1 : 4 . 5 ) the p r o c e s s r e q u i r e s 1600 kg o f Cd-50 wt % Mg 
a l l o y a t 6 0 0 ° C . 

The n e c e s s a r y n o n p r o l i f e r a t i o n c o n s t r a i n t s a r e p r o v i d e d by 
the h i g h r a d i o a c t i v i t y o f each p r o d u c t s t r e a m , and the remote 
h a n d l i n g r e q u i r e m e n t o f each p r o c e s s s t e p . I n a d d i t i o n , b o t h the 
f i s s i l e u r a n i u m and p l u t o n i u m a r e c o p r o c e s s e d w i t h t h o r i u m . Pure 
p l u t o n i u m cannot be o b t a i n e d because b o t h t h o r i u m and p l u t o n i u m 
have a l a r g e s o l u b i l i t y i n the s o l v e n t a l l o y . Pure u r a n i u m c o u l d 
i n p r i n c i p l e be o b t a i n e d by r e p e a t e d l y w a s h i n g the u r a n i u m -
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t h o r i u m p r e c i p i t a t e w i t h f r e s h l i q u i d magnesium. However, i n 
p r a c t i c e such s e p a r a t i o n s have p r o v e n d i f f i c u l t ( 7 ) . F i n a l l y , the 
p r o t a c t i n i u m , w h i c h decays to 2 3 3 U , remains w i t h the u r a n i u m and 
does n o t p r o v i d e a s o u r c e o f c l e a n f i s s i l e m a t e r i a l (8) . 

3 . P r o d u c t R e c o v e r y . A f t e r the u r a n i u m / t h o r i u m p r e c i p i t a t e 
has s e t t l e d a s o l i d l i q u i d s e p a r a t i o n i s e f f e c t e d . The r e m a i n i n g 
u r a n i u m / t h o r i u m i s r e t o r t e d to remove e n t r a i n e d s o l v e n t and the 
p r o d u c t i s r e c o v e r e d . 

The a l l o y i n w h i c h the p l u t o n i u m / t h o r i u m i s d i s s o l v e d a l s o 
c o n t a i n s the s o l u b l e r a r e e a r t h f i s s i o n p r o d u c t s ( F P - 3 ) . A f r a c 
t i o n o f these r a d i o a c t i v e p r o d u c t s a r e s e l e c t i v e l y e x t r a c t e d f rom 
the a l l o y u s i n g a " s a l t - t r a n s p o r t " p r o c e s s (90. The r e m a i n d e r o f 
the F P - 3 f i s s i o n p r o d u c t s s t a y s w i t h the p l u t o n i u m / t h o r i u m s t r e a m 
to p r o v i d e d i v e r s i o n r e s i s t a n c e . The p l u t o n i u m / t h o r i u m r e m a i n i n g 
i n the o r g i n a l a l l o y i s t h e n r e c o v e r e d by r e t o r t i n g the a l l o y . 
The s o l v e n t i n b o t h r e t o r t i n g s t e p s i s r e c y c l e d to t h e b e g i n n i n g 
o f the p r o c e s s . 

P r o c e s s C h e m i s t r y 

The d i r e c t i o n o f each f u e l c o n s t i t u e n t and the c o n t r o l w h i c h 
can be e x e r c i s e d o v e r i t d u r i n g the p r o c e s s i s summarized b e l o w . 

F P - 1 ( k r y p t o n , x e n o n , h y d r o g e n ) — a r e removed d u r i n g d e c l a d 
d i n g and r e d u c t i o n and a r e t r e a t e d as o f f g a s e s . 

F P - 2 ( i o d i n e , c e s i u m , r u b i d i u m , s t r o n t i u m , b a r i u m , e u r o p i u m , 
s a m a r i u m ) — a r e removed d u r i n g the r e d u c t i o n s t e p by e x t r a c t i o n 
i n t o the s a l t p h a s e . T h e r e w i l l be an a c c u m u l a t i o n o f F P - 2 f i s 
s i o n p r o d u c t s i n the s a l t w h i c h i s c o n t r o l l e d by a c o n t i n u o u s 
s a l t b l e e d . F o r 1000 kg o f f u e l , 2000 kg o f s a l t a r e r e q u i r e d . 
To keep a c o n s t a n t l e v e l o f 10% F P - 2 i n the s a l t a b l e e d o f 200 kg 
o f s a l t / b a t c h i s n e c e s s a r y . 

F P - 3 ( y t t r i u m , l a n t h a n u m , c e r i u m , praseodymium, neodymium, 
promethium, g a d o l i n i u m , t e r b i u m ) — a r e s o l u b l e (^15 wt %) i n the 
p r o c e s s a l l o y and a r e removed by s e l e c t i v e e x t r a c t i o n i n t o the 
s a l t a f t e r the r e d u c t i o n . T h i s i s a s a l t - t r a n s p o r t s t e p and i s 
used as the method o f c o n t r o l l i n g the F P - 3 c o n c e n t r a t i o n i n the 
p r o c e s s s t r e a m and o f c o n s o l i d a t i n g the F P - 3 f o r waste h a n d l i n g . 
A n o m i n a l amount o f F P - 3 remains i n the p l u t o n i u m / t h o r i u m s t r e a m 
f o r d i v e r s i o n r e s i s t a n c e . 

F P - 4 ( z i r c o n i u m , n i o b i u m , molybdenum, t e c h n e t i u m , r u t h e n i u m , 
r h o d i u m , p a l l a d i u m , s i l v e r , cadmium, i n d i u m , t i n , a n t i m o n y ) — a r e 
o n l y s l i g h t l y s o l u b l e (<1 wt %) i n the p r o c e s s a l l o y , thus w i l l 
p a r t i t i o n between b o t h p r o d u c t s t r e a m s . The p r o c e s s , as p r e 
s e n t e d , o f f e r s no method o f F P - 4 removal and p o s s i b l y an unwanted 
i n c r e a s e i n t h e s e p r o d u c t s w o u l d o c c u r i f the f u e l were to be r e 
c y c l e d . However , i t w o u l d be p o s s i b l e to s e p a r a t e the F P - 4 f r o m 
the p l u t o n i u m / t h o r i u m s t r e a m by r e c o v e r i n g the p l u t o n i u m / t h o r i u m 
by h y d r i d i n g . The F P - 4 do n o t form s t a b l e h y d r i d e s and w o u l d 
r e m a i n i n s o l u t i o n . 
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Figure 2. The solubility of U, Pu, and Th in Cd-Mg alloys 
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U r a n i u m — i s v e r y i n s o l u b l e i n the a l l o y chosen f o r r e d u c t i o n 
and <0.1% o f the uranium i n the f u e l w i l l be i n the p l u t o n i u m 
s t r e a m . A l s o u r a n i u m does n o t t r a n s f e r i n t o the s a l t d u r i n g the 
F P - 3 r e m o v a l to a s i g n i f i c a n t e x t e n t so t o t a l u r a n i u m l o s s e s 
s h o u l d be n e g l i g i b l e . 

P l u t o n i u m — i s v e r y s o l u b l e i n the p r o c e s s a l l o y so o n l y 
t h r o u g h c o p r e c i p i t a t i o n w i l l any f o l l o w the u r a n i u m s t r e a m . T h e r e 
w i l l be some p l u t o n i u m l o s s d u r i n g the F P - 3 e x t r a c t i o n b u t s h o u l d 
be <0.4% w i t h p r o p e r c h o i c e o f a l l o y and s a l t . 

T h o r i u m — w i l l n o t go i n t o the s a l t a t a l l and i s p a r t i t i o n e d 
by s o l u b i l i t y as d e s i r e d between the p l u t o n i u m and u r a n i u m 
s t r e a m s . 

P r o t a c t i n i u m — p r e c i p i t a t e s w i t h the u r a n i u m and a f t e r about 
300 days w i l l have decayed c o m p l e t e l y i n t o 2 3 3 U . 

S o l u b i l i t y o f T h o r i u m i n Cadmium/Magnesium A l l o y s 

The key to the p a r t i t i o n i n g o f t h o r i u m i n the d e s c r i b e d c o n 
c e p t u a l f l o w s h e e t i s the s o l u b i l i t y i n cadmium-magnesium. E x 
p e r i m e n t a l d a t a a s s o c i a t e d w i t h t h i s p r o b l e m have been o b t a i n e d . 
The w e i g h t p e r c e n t t h o r i u m i n s o l u t i o n was d e t e r m i n e d by t a k i n g 
samples o f the e q u i l i b r a t e d l i q u i d a t v a r y i n g t e m p e r a t u r e s and 
a l l o y c o m p o s i t i o n s . The samples were a n a l y z e d f o r t h o r i u m , mag
n e s i u m , and cadmium u s i n g a t o m i c a b s o r p t i o n s p e c t r o s c o p y and the 
r e s u l t s a r e e s t i m a t e d to have a r e l a t i v e a c c u r a c y o f ± 3 % . 
Samples were t a k e n i n t a n t a l u m s a m p l i n g tubes h a v i n g a p o r o u s 
t a n t a l u m f i l t e r (35 u pore ) a t the e n d . An e x p l a n a t i o n o f the 
s a m p l i n g t e c h n i q u e has been r e p o r t e d p r e v i o u s l y ( 1 0 ) . The m e l t s 
were c o n t a i n e d i n t a n t a l u m c r u c i b l e s and e q u i l i b r a t e d by s t i r r i n g 
f o r 1-1/2 h o u r s between s a m p l e s . The t e m p e r a t u r e s were measured 
by means o f a c a l i b r a t e d c h r o m e l - a l u m e l thermocouple w i t h an 
e s t i m a t e d a c c u r a c y o f ± 1 ° C . 

The r e s u l t s a r e shown i n F i g . 3 . The t h o r i u m s o l u b i l i t y d e 
c r e a s e s u n i f o r m l y as the cadmium c o n c e n t r a t i o n o f the m e l t i s i n 
c r e a s e d o r as the t e m p e r a t u r e i s d e c r e a s e d . Samples were n o t 
t a k e n below 5 5 0 ° C as m e l t s w i t h h i g h e r magnesium c o n c e n t r a t i o n 
a r e s o l i d i f i e d . 

These r e s u l t s compare f a v o r a b l y w i t h p r e v i o u s d a t a o b t a i n e d 
f o r the s o l u b i l i t y o f t h o r i u m i n cadmium(11) b u t i n d i c a t e a much 
l a r g e r t h o r i u m s o l u b i l i t y a t h i g h magnesium c o n c e n t r a t i o n s t h a n 
had p r e v i o u s l y been r e p o r t e d ( 1 2 ) . The p r e s e n t r e s u l t s a r e r e a s o n 
a b l e i n t h a t the s o l u b i l i t y of t h o r i u m i n magnesium i s 42 wt % 
a t 5 8 2 ° C . 

E l e c t r o l y s i s 

D u r i n g the r e d u c t i o n p r o c e s s , c a l c i u m o x i d e i s g e n e r a t e d 
w h i c h i s c o l l e c t e d i n the s a l t p h a s e . The amount o f CaO i n the 
s a l t can r e a c h about 30 atom p e r c e n t b e f o r e the r e d u c t i o n r a t e 
s u b s t a n t i a l l y d e c r e a s e s . The s a l t c a n be e i t h e r d i s c a r d e d as 
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214 ACTINIDE SEPARATIONS 

h i g h l e v e l waste o r p r o c e s s e d to remove the CaO. The volume o f 
waste s a l t g e n e r a t e d f o r each m e t r i c t o n o f f u e l p r o c e s s e d w o u l d 
be ^850 L . T h i s amount can be d e c r e a s e d £ o 8 L by u s i n g the c a l 
cium r e c y c l e p r o c e s s p r e s e n t e d i n F i g . 4 . 

T h i s concept i s b a s e d on e l e c t r o l y s i s o f CaO i n a f u s e d s a l t 
(CaCl2 * C a F 2 ) . The n e t c e l l r e a c t i o n i s 

7ΠΠ° Γ 
C a 0 ( s a l t ) + C ( a n o d e ) C a ( a l l o y ) c a t h o d e + °°<8> ( 2 ) 

The cathode r e a c t i o n g e n e r a t e s c a l c i u m m e t a l f o r r e c y c l e and 
the anode r e a c t i o n y i e l d s oxygen w h i c h combines i n s£tu w i t h the 
c a r b o n anode to p r o d u c e a m i x t u r e o f CO and CO2. (For s i m p l i c i t y 
o n l y CO i s c o n s i d e r e d i n the mass b a l a n c e s . ) T h u s , the oxygen i s 
removed f rom the o x i d i c f u e l n o t as a l a r g e volume s o l i d waste 
b u t as a common gas w h i c h can be s c r u b b e d f o r r e l e a s e i n t o the 
a t m o s p h e r e . 

E l e c t r o l y s i s o f CaO has been a c h i e v e d i n p r e v i o u s s t u d i e s ( 1 3 ) 
where gram q u a n t i t i e s o f c a l c i u m m e t a l were p r o d u c e d f rom the 
f u s e d s a l t e l e c t r o l y s i s o f CaCl2 c o n t a i n i n g <2 wt % CaO a t ^ 8 0 0 ° C . 
No c h l o r i n e was d e t e c t e d a t the anode w h i c h i n d i c a t e d CaO r a t h e r 
t h a n CaCl2 was e l e c t r o l y z e d , w h i c h i s c o n s i s t a n t w i t h thermo
dynamics . 

To e s t a b l i s h the f e a s i b i l i t y o f E q u a t i o n 2, e x p e r i m e n t s u t i l 
i z i n g a c e l l d e s i g n e m p l o y i n g a l i q u i d m e t a l ca thode and a g r a p h 
i t e anode a r e b e i n g c o n d u c t e d . The m e t a l ca thode s e r v e s as the 
c o l l e c t o r f o r the c a l c i u m m e t a l . The s e l e c t e d ca thode m e t a l 
s h o u l d be more dense than the f u s e d s a l t e l e c t r o l y t e and be com
p a t i b l e w i t h the o x i d e r e d u c t i o n r e a c t i o n so t h a t the r e g e n e r a t e d 
c a l c i u m can be r e c y c l e d d i r e c t l y to the r e d u c t i o n s t e p . G r a p h i t e 
immersed i n the s a l t e l e c t r o l y t e i s used as an anode . The e n t i r e 
c e l l i s o p e r a t e d i n a d r y a r g o n a tmosphere . 

I n i t i a l e x p e r i m e n t s u t i l i z e d cadmium as the ca thode and 
C a C l 2 , 15 wt % C a F 2 , 5 wt % CaO as the s a l t . The c e l l was r u n a t 
7 0 0 ° C and a c u r r e n t d e n s i t y o f about 0 .5 amp/cm 2 . The c e l l p o 
t e n t i a l was 2 v o l t s . The r e a c t i o n was m o n i t o r e d by t a k i n g f i l 
t e r e d samples o f the m e t a l and s a l t phases and samples o f the gas 
s t r e a m d i r e c t l y above the c e l l . The r e s u l t s i n d i c a t e t h a t d u r i n g 
the e l e c t r o l y s i s the c a l c i u m m e t a l c o n c e n t r a t i o n i n the ca thode 
m e t a l i n c r e a s e d f r o m 0 to 3 wt %. The CaO i n the s a l t d e c r e a s e d 
f rom 5 to 1 wt % and CO2 and CO were f o u n d i n the o f f g a s . T h e s e 
r e s u l t s i n d i c a t e the e l e c t r o l y s i s p r o c e e d s as e x p e c t e d a n d , w i t h 
o p t i m i z a t i o n o f the o p e r a t i n g c o n d i t i o n s , w i l l s e r v e as a means 
o f r e c y c l i n g c a l c i u m m e t a l thus r e d u c i n g the waste volume f r o m 
the r e d u c t i o n s t e p . 

R e d u c t i o n 

As i n d i c a t e d i n the r e f e r e n c e f l o w s h e e t f o r o x i d e f u e l s 
( F i g . 1) the p r o c e s s i n g o f the f u e l c o n s t i t u e n t s r e q u i r e s a r e 
d u c t i o n s t e p . P y r o c h e m i c a l r e d u c t i o n o f UO2 >(14) P u 0 2 , (15) and 
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10 20 30 40 50 60 
Mg wt% IN Mg/Cd/Th ALLOY 

Figure 3. The solubility of Th in Cd-Mg alloys 
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Figure 4. Schematic of the Ca recycle process designed for the reduction of oxide 
fuels 
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T h 0 2 ( 1 2 ) has been d e m o n s t r a t e d , b u t the p r o c e s s parameters have 
n o t been o p t i m i z e d f o r c a l c i u m r e d u c t i o n . These parameters i n 
c l u d e a l l o y and s a l t c o m p o s i t i o n , t e m p e r a t u r e , e f f e c t of m i x i n g , 
CaO and m e t a l l o a d i n g i n the s a l t and a l l o y r e s p e c t i v e l y , and 
type o f o x i d e b e i n g r e d u c e d . I m p o r t a n t l y , o n l y the r e d u c t i o n o f 
powdered T h 0 2 has been d e m o n s t r a t e d . R e d u c t i o n o f h i g h f i r e d 
T h 0 2 j as m i g h t be o b t a i n e d f r o m a r e a c t o r , has n o t been a t t e m p t e d . 
P r e l i m i n a r y e x p e r i m e n t s d e s i g n e d to demonstra te t h i s r e d u c t i o n 
a r e r e p o r t e d . 

Two types o f h i g h f i r e d t h o r i a ( 1 7 0 0 ° C ) were u s e d , 200 mesh 
m i c r o s p h e r e s and 1/4 i n . p i e c e s of i r r e g u l a r shape ( C e r a c , 99.9% 
p u r e ) . The o t h e r p r o c e s s v a r i a b l e s were chosen to be c o m p a t i b l e 
w i t h the f l o w s h e e t and to o p t i m i z e c o n d i t i o n s f o r r e d u c t i o n . A 
Cd-45 wt % Mg, 10 wt % Ca a l l o y was c o v e r e d w i t h p r e m e l t e d s a l t 
( C a C l 2 , 20 a t . % C a F 2 ) and e q u i l i b r a t e d a t 6 7 5 ° C . Enough T h 0 2 

was added so t h a t w i t h c o m p l e t e r e d u c t i o n the r e s u l t i n g a l l o y 
would c o n t a i n 5 wt % t h o r i u m . Upon a d d i t i o n o f the T h 0 2 the m e l t 
was mixed by s t i r r i n g w i t h a f l a t i m p e l l e r l o c a t e d a t the s a l t -
m e t a l i n t e r f a c e . The s t i r r i n g r a t e was 800 rpm. The s a l t and 
a l l o y were sampled a t the b e g i n n i n g o f the e x p e r i m e n t and a t 
t imed i n t e r v a l s up to f o u r h o u r s . F o r b o t h t y p e s o f s t a r t i n g 
m a t e r i a l t h e r e was a d e c r e a s e i n the c a l c i u m c o n c e n t r a t i o n and an 
i n c r e a s e i n the t h o r i u m c o n c e n t r a t i o n i n the a l l o y i n d i c a t i n g the 
r e d u c t i o n went to about 5% c o m p l e t i o n . A change i n the CaO c o n 
c e n t r a t i o n i n the s a l t , l a r g e r than e x p e r i m e n t a l e r r o r , c o u l d n o t 
be d e t e c t e d . 

These r e s u l t s i n d i c a t e the r e d u c t i o n o f h i g h f i r e d t h o r i a i s 
d i f f i c u l t and t h a t an u n d e r s t a n d i n g o f t h e r e a c t i o n mechanism i s 
l i k e l y to be n e c e s s a r y so t h a t the optimum c o n d i t i o n s can be i d e n 
t i f i e d . 

C o n c l u s i o n s 

A c o n c e p t u a l f l o w s h e e t f o r the p y r o m e t a l l u r g i c a l r e p r o c e s s 
i n g of t h o r i u m - b a s e d f u e l s has been p r e s e n t e d w h i c h meets c u r 
r e n t c o n c e r n s about n o n p r o l i f e r a t i o n and waste c o n t r o l . P r e l i m 
i n a r y r e s u l t s i n d i c a t e the d e s i r e d p r o c e s s s t r e a m s , u r a n i u m / 
t h o r i u m and p l u t o n i u m / t h o r i u m , can be o b t a i n e d u s i n g a c t i n i d e 
s o l u b i l i t y d i f f e r e n c e s i n cadmium-magnesium a l l o y s and t h a t s a l t 
waste can be m i n i m i z e d by e l e c t r o l y z i n g CaO p r o d u c e d d u r i n g the 
r e d u c t i o n p r o c e s s and r e c y c l i n g the c a l c i u m . However, f u r t h e r 
o p t i m i z a t i o n o f c o n d i t i o n s c o n t r o l l i n g the r e d u c t i o n r a t e must be 
a c h i e v e d b e f o r e the p r o c e s s can be u s e d f o r o x i d e f u e l s . 
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A I R O X D r y Pyrochemical Processing of Oxide Fuels 

A Proliferation-Resistant Reprocessing Method 

L . F . G R A N T H A M , R. G . C L A R K , R. C . H O Y T , and J. R. M I L L E R 

Rockwell International, Energy Systems Group, 8900 De Soto Avenue, 
Canoga Park, CA 91304 

During the ear ly developmental phases of nuclear power, 
several low-decontamination methods of recycl ing spent fuel were 
invest igated. Continued development of these low-decontamination 
methods was abandoned in favor of high-decontamination methods of 
recycl ing spent nuclear f u e l . However, recent concern over 
potential diversion by national or subnational groups of highly 
decontaminated f i s s i l e material from power production has brought 
about a rééva lua t ion of low-decontamination fuel cyc les. The 
AIROX process {1,2,3) i s a dry, pyrochemical, low-decontamination 
method of recyc l ing spent f ue l . The AIROX process simultaneously 
declads and pulverizes spent fuel by simple gas-sol id react ions; 
the pulverized fuel i s reenriched, repe l !e t i zed , and recycled to 
the reactor. A discussion of p ro l i f e ra t i on resistance is given 
f i r s t ; this i s followed by a descript ion of the AIROX processing 
method. Fuel cycles that could u t i l i z e this method are then 
suggested; this i s followed by decladding and pulver izat ion data. 
This paper i s concluded with a discussion of the status of AIROX 
reprocessing including advantages and disadvantages of this 
reprocessing method. 

Pro l i fe ra t ion Resistance 

Spent fuel i s generally regarded as p ro l i f e ra t i on - re s i s t an t 
due to the high level of rad ioac t i v i ty and the low concentration 
of f i s s i l e material in the fuel removed from a reactor. High 
levels of rad ioac t i v i t y promote p ro l i fe ra t ion resistance because 
spec ia l , eas i l y monitored f a c i l i t i e s are required to process the 
fuel and the high level of rad ioact iv i ty makes removal of fuel 
without detection extremely d i f f i c u l t . Spent fuel i s also 
p ro l i f e ra t i on - re s i s t an t because the concentration of f i s s i l e 
material i s below that required to achieve a nuclear detonation. 

0-8412-0527-2/80/47-117-219$05.00/0 
© 1980 American Chemical Society 
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220 ACTINIDE SEPARATIONS 

This discharged fue l can be recycled back to the LWR or the 
FBR a f t e r reprocessing and r e f ab r i c a t i o n . The reprocessing step, 
i f conducted by conventional methods fo r r ecyc l e , would separate 
the f i s s i l e mater ia l (plutonium) from the spent f u e l . Potent ia l 
d i ver s ion of a port ion of t h i s separated f i s s i l e material to 
nuclear weapons by nat ional or t e r r o r i s t groups has caused the 
Federal Government to postpone a l l fue l reprocessing and to r e 
evaluate p r o l i f e r a t i o n - r e s i s t a n t methods of r ecyc l i ng the spent 
f u e l . Several p r o l i f e r a t i o n - r e s i s t a n t reprocessing methods have 
been proposed, such as CIVEX(4,5), PYR0-CIVEX(6,7), and AIROX ( J . ) , 
the process that w i l l be discussed in t h i s paper. A l l of these 
reprocessing methods recyc le fue l contain ing f i s s i o n products and 
avoid complete f i s s i l e - f e r t i l e separation to enhance p r o l i f e r a t i o n 
res i s tance. Fuel cycles u t i l i z i n g AIROX reprocessing are pro
l i f e r a t i o n - r e s i s t a n t because (1) the f i s s i o n product content i s 30-
60% that of spent f u e l , (2) no f i s s i l e - f e r t i l e mater ia l separations 
are made, and (3) the process cannot be e a s i l y modified to e f f e c t 
f e r t i l e - f i s s i l e separat ion. 

AIROX Process 

The AIROX (Atomics I n te rnat iona l Reduction Oxidation) process 
i s being developed to reprocess spent uranium oxide-based f u e l . It 
i s a c y c l i c ox idat ion- reduct ion process that employs only gaseous 
and s o l i d mater ia l s ; no l i q u i d s are used. Hence, t h i s process i s 
often re fe r red to as a dry process which simultaneously declads and 
pu lver izes the f u e l . Pu l ve r i za t i on permits release of v o l a t i l e 
f i s s i o n products and comminutes the fue l f o r reenrichment and 
recyc le . I t a lso provides gaseous access to unreacted fuel i n the 
center of the p e l l e t . 

Pu l ve r i za t i on takes place by ox idat ion of the uranium diox ide 
(UO2) with a i r at elevated temperatures ( -400 C) which expands 
the fue l volume; i f the ox idat ion i s continued u n t i l U3O3 i s 
obtained, a 30% volume expansion i s achieved. The volume increase 
ruptures the c ladding and pulver izes the f u e l . Complete ox idat ion 
of UO2 to IbOg i s not required to obtain s u f f i c i e n t volume expan
sion f o r pu l ve r i z a t i on . 

The ox id ized (JO? i s reduced back to UO2 by react ion with 
d i l u t e hydrogen (10-20%) in nitrogen at about 600 C. A f te r 
reduct ion, the fue l can be reox id ized to achieve fur ther p u l v e r i 
za t ion i f des i red. U l t imate l y , the fue l i s reduced back to UO2 
f o r enrichment and p e l l e t i z a t i o n p r i o r to recyc le to the reactor . 

In the AIROX processing system, the hardware i s sheared o f f 
the ends of the fue l assembly and i nd i v idua l fue l pins are fed 
in to a continuous rotary punch, which i s e s s e n t i a l l y a V-be l t 
pu l ley with punch d ies extended from the center of the groove. 
This provides small holes i n the fue l pins spaced at an optimum 
distance (2.5 to 4.0 cm apart) to permit gaseous reactant (O2 and 
H2) access to the f u e l . The cladding a f t e r AIROX processing i s 
shown in Figure 1. A t y p i c a l - s i z e d i s t r i b u t i o n of fue l p a r t i c l e s 
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222 ACTINIDE SEPARATIONS 

af ter d i f fe rent processing conditions i s shown in Table I. After 
a s ingle oxidat ion, the fuel is read i ly pulverized to a s ize su i t 
able for repe l l e t i za t i on ( i . e . , 2-10 microns) by bal l m i l l i ng for 
a few minutes. The fact that the fuel does not pulverize to micron 
s ize during the f i r s t oxidation is advantageous. Submicron and 
micron-sized part iculates of fuel would tend to c l i ng to the rup
tured cladding and to be dispersed by a i r currents in the process 
vessels. Pulver izat ion to about 10 mesh (2000 microns) i s a l l that 
i s required to assure decladding and complete (>99.9%) f u e l -
cladding separation. Note also in Figure 1 that the cladding 
ruptures up to the end plugs; i t i s not necessary to shear the end 
plugs to assure complete removal of the fuel from the fuel pin. 

Possible Fuel Cycles 

AIROX processed spent fuel must be enriched in f i s s i l e con
tent pr ior to reactor recycle. 

LWR Cycle. The source of th is enrichment material for an 
LWR can be e i ther v i r g in uraniumU) or FBR blanket material con
ta in ing the required amount of f i s s i l e material. The fuel cycle 
i s p ro l i f e ra t i on res is tant because of the high rad ioac t i v i t y of 
the product and the low concentration of f i s s i l e material in a l l 
process steps. Between 50-85% of the spent LWR fuel can be 
recycled to the LWR that produced the f u e l ; the remaining 15 to 
50% of the spent fuel can be used to startup a new l ight-water 
reactor, processed by a p ro l i f e ra t ion - res i s t an t method to recover 
the f i s s i l e material or disposed of at a Federal repository. Only 
about 80% as much v i r g in uranium would be required to refuel the 
reactor using recycled fuel a f ter AIROX processing as would be 
necessary to refuel the reactor i f no spent fuel were recycled. 
The f ract ion of the fuel that can be recycled to the LWR that 
produced the spent fuel can be varied from 50-85%, but as the 
f rac t ion of recycled fuel increases, the concentration of U2^5 Ί · π 

the enrichment stream must also be increased from approximately 5 
to 20%. In order for th i s enrichment stream to be p r o l i f e r a t i o n -
res i s tant , the maximum concentration of Ij235 η · η the enrichment 
stream should be l imited to -20%. 

The penalty for recyc l ing f i s s i on products back to an LWR is 
that the concentration of the f i s s i l e material in the fuel must be 
s l i g h t l y higher (3.5 vs 3.2% for a pressurized-water reactor, PWR) 
to make up for the neutrons that w i l l be absorbed by the f i s s i on 
products(8). The neutron cross section varies with each isotope 
of each f i s s i on product; therefore, the importance of removing 
each f i s s i on product depends on the neutron spectrum and on the 
concentration and half l i f e of each f i s s i on product. The impor
tance of removing the various f i s s i on products for uranium and 
plutonium recycle in the PWR neutron spectrum i s given in Table II. 
The v o l a t i l e f i s s i on products removed during AIROX processing 
decrease the paras i t i c neutron absorption about 25%. 
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224 ACTINIDE SEPARATIONS 

TABLE II 

FISSION PRODUCT ELEMENT RELATIVE 
REMOVAL IMPORTANCE 

Fiss ion Product Neutron Absorption (% of Tota l ) * 

Plutonium 

Element 

Uranium Recycle Recycle 

Element 180 day cool ing 10 year cooling 180 day cool ing 

Samarium 21.7% 23.3% 18.2% 
Neodynium 16.8 17.3 11.3 
Cesium** 13.5 13.2 12.9 
Europium 8.2 8.1 9.5 
Rhodium 7.6 7.8 12.2 
Xenon** 6.6 6.7 7.8 
Molybdenum 4.6 4.8 3.7 
Technetium 3.9 4.0 3.2 
Palladium 3.3 3.4 5.4 
Promethium 3.2 0.3 4.9 
Ruthenium** 3.1 3.2 3.1 
S i l ve r 1.4 1.4 3.0 
Praseodymium 1.2 1.2 0.7 
Zirconium 1.2 1.2 0.8 
Lanthanum 0.9 0.9 0.6 
Iodine** 0.8 0.9 0.9 
Krypton** 0.8 0.8 0.5 
Cerium 0.3 0.2 0.2 
Gadolinium 0.3 0.7 0.3 
A l l Others 0.7 0.7 0.8 

*Percent of neutrons absorbed by a spec i f i c f i s s i on product 
element compared to the neutrons absorbed by a l l the f i s s i on 
products in a PWR neutron spectrum. 

**Elements removed during AIROX processing. 
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16. GRANTHAM ET AL. AIROX Processing of Oxide Fuels 225 

FBR C y c l e . The AIROX p roce s s i s a l s o a p p l i c a b l e t o FBR f u e l 
r e c y c l e ; The FBR d r i v e r f u e l must be e n r i c h e d i n f i s s i l e c o n t e n t 
b e f o r e r e c y c l e by t r a n s f e r r i n g f i s s i l e m a t e r i a l f rom t he spent FBR 
b l a n k e t . S i n c e t he c o n c e n t r a t i o n o f f i s s i l e m a t e r i a l i s t oo low 
and s i n c e t he AIROX p roce s s does not s e p a r a t e f e r t i l e and f i s s i l e 
m a t e r i a l , t he AIROX p roce s s must be used i n c o n j u n c t i o n w i t h a 
p r oce s s wh ich does s e p a r a t e f i s s i l e m a t e r i a l . To o b t a i n the 
en r i chment m a t e r i a l , t he spent FBR d r i v e r f u e l and a p o r t i o n 
(20-30%) o f t h e spent b l a n k e t f u e l must be p roce s sed by the 
p r o l i f e r a t i o n - r e s i s t a n t CIVEX o r PYROCIVEX methods. The rema inder 
o f t h e spent f u e l , 70-80% o f the b l a n k e t can be r e c y c l e d a f t e r 
AIROX p r o c e s s i n g o n l y Q J . The p o r t i o n s o f t he spent b l a n k e t f u e l 
w i t h t he h i g h e s t f i s s i l e c o n t e n t ( such as the spent i n t e r n a l and 
a x i a l b l a n k e t s ) as w e l l as a p o r t i o n o f the r e m a i n i n g e x t e r n a l 
b l a n k e t would be r e c y c l e d w i t h o u t f u r t h e r p r o c e s s i n g . The s i m p l i 
c i t y o f t h e AIROX p roce s s p r o v i d e s and economic i n c e n t i v e f o r 
development o f t h i s d u a l - r e p r o c e s s i n g sys tem. 

The A tomic s I n t e r n a t i o n a l B u l l s e y e o r P a r f a i t Core FBR(9J 
f u e l c y c l e was a n a l y z e d t o de te rm ine the maximum amount o f b l a n k e t 
f u e l wh i ch compr i se s 78% o f the spent f u e l t h a t c o u l d be r e c y c l e d 
a f t e r AIROX p r o c e s s i n g o n l y . In t h i s a n a l y s i s , i t was assumed 
t h a t t he en r i chment s t ream f rom the C i vex o r P y r o c i v e x r e p r o c e s s i n g 
p l a n t was about 48% f i s s i l e m a t e r i a l , 42% f e r t i l e m a t e r i a l , and 
10 wt % f i s s i o n p r o d u c t s . In one f u e l management scheme, about 
70 wt % o f t he b l a n k e t f u e l can be r e c y c l e d a f t e r AIROX p r o c e s s i n g 
o n l y . About 51% o f t he spent b l a n k e t f u e l i s r e f a b r i c a t e d i n t o 
LWR f u e l and about 21% i s used t o d i l u t e t he f i s s i l e m a t e r i a l f rom 
the C i v e x o r P y r o c i v e x r e p r o c e s s i n g p l a n t t o the r e q u i r e d FBR 
f i s s i l e c o n t e n t b e f o r e i t i s r e f a b r i c a t e d i n t o d r i v e r f u e l . Only 
28% o f t he spent b l a n k e t f u e l r e q u i r e s p r o c e s s i n g by aqueous o r 
p y r ochem ica l means. In a no the r f u e l management scheme wh ich 
r e c y c l e s - 25% o f t he spent b l a n k e t f u e l back t o t he a x i a l b l a n k e t 
t o i n c r e a s e subsequent b l a n k e t f i s s i l e c o n t e n t , the amount o f t he 
b l a n k e t f u e l wh ich can be r e c y c l e d a f t e r AIROX p r o c e s s i n g o n l y i s 
o ve r 80% and l e s s than 20% must be p roce s sed by aqueous o f p y r o 
chem i ca l methods. About 21% o f the spent d r i v e r f u e l i s r e f a b r i 
c a t e d i n t o d r i v e r f u e l w h i l e 40% o f t he spent b l a n k e t f u e l i s 
r e f a b r i c a t e d i n t o LWR f u e l . 

In t h e FBR f u e l c y c l e s , t he f r a c t i o n ( i . e . , 21% i n t he exam
p l e s above) o f t he b l a n k e t f u e l r e c y c l e d f o r use i n r e f a b r i c a t i n g 
d r i v e r f u e l a f t e r AIROX p r o c e s s i n g o n l y depends on the c o n c e n t r a 
t i o n o f f i s s i l e m a t e r i a l i n t he C i v e x o r P y r o c i v e x p r o d u c t . As 
t h e f i s s i l e c o n t e n t o f t he C i v e x o r P y r o c i v e x p roduc t i s d e c r e a s e d , 
t h e amount o f b l a n k e t f u e l r e c y c l e d f o r d r i v e r f u e l f a b r i c a t i o n 
must a l s o be dec rea sed p r o p o r t i o n a t e l y and the amount o f spent 
b l a n k e t f u e l p roce s sed by t h e C i v e x o r P y r o c i v e x p roce s s must be 
i n c r e a s e d . 
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226 A C T I N I D E S E P A R A T I O N S 

Experimental Results 

Several tests were run to determine oxidation and reduction 
reaction rates of UO2 pe l lets at various processing condit ions. 
The rate of reaction was followed by measuring the amount of 
gaseous reactant consumed and confirmed by weighing and analyzing 
the product at the end of a tes t . The product from several of the 
tests was sieved to determine the s ize d i s t r ibu t ion . 

The oxidation of UO2 appears to proceed in three d i s t i nc t 
steps, i . e . , (1) induction period; (2) rapid oxidation; and 
(3) moderate oxidation. This i s shown in Figure 2. During the 
induction period, es sent ia l l y no oxygen is removed from the 
surrounding gas; th is time probably corresponds to that required 
for the fuel to reach processing temperature, d i f fus ion of a i r 
into the microcracks in the fuel and the i n i t i a t i o n of surface 
oxidat ion. The rapid oxidation corresponds to the formation of 
intermediate uranium oxide phases, such as U4O9 or UO2.6, a s t ' i e 

crysta l structure changes from cubic to the less dense tetragaonal 
phase. The oxygen-to-uranium rat io at the t rans i t ion varies from 
2.5 to 2.6 at oxidation temperatures of 400-500 C. The upper 
boundary of the th i rd oxidation step is the formation of U3O8 
(0:U ra t io of 2.67). Examination of Figure 2 indicates that the 
time required to perform the f i r s t two oxidation steps i s markedly 
reduced as the oxidation temperature approaches 480 C. Es sent ia l l y , 
a l l of the fuel has decomposed to f ine part ic les a f ter the f i r s t 
oxidation step where the UO2 i s oxidized only as far as the i n te r 
mediate phase; complete oxidation to U3O8 i s unnecessary. These 
re su l t s , along with previous results(2^_3,lO) indicate that the 
decladding can be accomplished on the f i r s t oxidat ion. 

During the f i r s t oxidation in AIROX processing, factors such 
as temperature and oxygen part ia l pressure control the amount of 
time required to pulverize the spent f u e l . With a i r as the o x i 
d iz ing gas, a minimum reaction time was found at 480 C. As the 
oxygen par t ia l pressure was increased at about 435 C, the minimum 
reaction time occurs with about 50% oxygen. These data indicate 
that i f one t r i e s to oxidize too rapidly by increasing the tem
perature and oxygen content, the oxidation rate can actual ly 
decrease. This i s probably because rapid oxidation expands the 
surface oxide so that microcracks in the fuel are blocked and the 
oxygen must d i f fuse through an oxide f i lm whereas i f the oxidation 
i s conducted more slowly, the oxygen can d i f fuse through micro-
cracks in the f i lm. 

The degree of pulver izat ion does vary with the pulver izat ion 
conditions as shown in Tables I and III. Three general observations 
can be reached from examining the pulver izat ion data. F i r s t , over 
70% of the product was less than 297 microns in s ize af ter the 
f i r s t par t ia l oxidation (a l l of the fuel was less than 2 m i l 
l imeter in s i ze ) . Second, there is l i t t l e product that i s less 
than 297 microns and greater than 74 microns. In other words, 
once pulver izat ion of a fragment begins, the fragment pulverizes 
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16. G R A N T H A M E T A L . AIROX Processing of Oxide Fuels 229 

r e ad i l y to a power less than 74 microns i n s i z e . Th i r d , the 
amount of mater ia l less than 5 microns i n s i ze i s n e g l i g i b l e , and, 
there fo re , p a r t i c u l a t e contro l or dusting in a commercial process 
may not be a problem. 

The i n t e r r e l a t i o n s h i p between the various processing param
eters and the s i z e d i s t r i b u t i o n i s qu i te complex, and there may be 
s yne rg i s t i c e f f e c t s not e luc idated at the present s tate of deve l 
opment. However, some ten ta t i ve e f f ec t s of the various parameters 
are i l l u s t r a t e d i n the data in Table I I I . During the f i r s t o x i 
dat ion , the enhancement of pu l ve r i za t i on at lower temperatures and 
vol % oxygen i s shown i n Tests 13, 18, and 19 and 12, 11, and 6. 
These data i nd i ca te that although the amount of mater ia l greater 
than 297 microns in s i ze may increase s l i g h t l y ( - 6 % ) , the amount 
of mater ia l pu lver ized to less than 20 microns i s s i g n i f i c a n t l y 
greater (20%) as the ox idat ion temperature and oxygen p a r t i a l 
pressure i s decreased. 

The degree of pu l ve r i za t i on i s enhanced by a reduction 
fo l l owing the i n i t i a l ox idat ion as shown in Tests 13 and 14, as 
wel l as Tests 19 and 20. These data ind ica te that pu l ve r i za t i on 
i s improved markedly by reduction of the ox id ized product back to 
U02- Note that both the amount of material greater than 297 m i 
crons i s reduced, and the amount of mater ia l less than 20 microns 
i s increased during the reduction port ion of the f i r s t redox 
c y c l e . 

Increased o x i d i z i n g temperature during the f i r s t o x i da t i on -
reduction cyc le appears to reduce the degree of pu l ve r i z a t i on . 
These data are shown in Tests 20, 5, 7, 8, 9, and 10. The amount 
of mater ia l greater than 297 microns appears to pass through a 
minimum between 400 and 450 C. However, the amount of material 
297μ to >37μ s i ze and 37μ to ^>20μ s i zes increases markedly whi le 
the amount of mater ia l less than 20 microns decreases markedly as 
the i n i t i a l ox idat ion temperature i s increased. 

The improved pu l ve r i z a t i on with a second ox idat ion- reduct ion 
cyc le i s shown in Table I. These data show a marked reduction in 
the amount of mater ia l greater than 297 microns and a marked 
increase in the amount of mater ia l less than 37 microns a f t e r a 
second ox idat ion- reduct ion c yc l e . 

The maximum pu l ve r i z a t i on does not occur at the maximum 
ox idat ion ra te . With 21% oxygen, the maximum ox idat ion rate 
occurs at 480 C, but the maximum pu l ve r i za t i on occurs at the lower 
temperatures (see Tests 20, 5, 7, 8, 9, and 10). This observation 
appears to support the theory that i f the ox idat ion i s ca r r i ed out 
too r a p i d l y , the U3O8 on the surface of the fragments i n h i b i t s 
f u r the r ox idat ion and pu l ve r i z a t i on . Therefore, i f maximum p u l 
v e r i z a t i o n i s des i red , the ox idat ion should be ca r r i ed out at a 
temperature less than that where the maximum ox idat ion rate 
occurs. 

To obtain maximum pu l ve r i za t i on at minimum t ime, the ox ida 
t i o n temperature should be decreased as the mater ia l i s ox id i zed . 
To minimize the induct ion per iod, the ox idat ion should begin at 
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230 ACTINIDE SEPARATIONS 

-480 C, and then be decreased to -425 C to optimize pulver izat ion. 
Under these condit ions, decladding and pulverizat ion can be accom
pl ished in less than 1 hour. 

No induction period was found during the second oxidation and 
the second oxidation occurs much more rapidly than the i n i t i a l 
oxidat ion. The reduction reaction increases with increasing 
reduction temperature and hydrogen content of the reducing gas. A 
hydrogen concentration of 10-20% w i l l produce sat i s factory reduc
t ion times (<30 min). Unlike oxidation, the reduction rate does 
not appear to decrease with successive cycles. The reduction 
conditions do not appear to a f fect the degree of pu lver izat ion. 

Status of Development 

Pel lets of UO2 have been pressed, s intered, and reprocessed 
several times v ia the AIROX process(10,U 9 12). In one series of 
te s t s , stable f i s s i on products equivalent to 20,000 MWd/MTU burnup 
were added during each of f i ve cycles unt i l the f i s s i on products 
content of the UO2 was equivalent to 100,000 MWd/MTU burnup. No 
di f ference in behavior of the fuel was detected as the material 
was repeatedly processed. During these tes t s , i t was found that 
tap density was a better index of s i n t e r a b i l i t y than s ieve-s ize 
d i s t r i bu t i on . In some of these tes t s , AIROX processed UO2 that 
contained stable f i s s i on products equivalent to 100,000 MWd/MTU 
was refabr icated and i r rad icated to 5,000 MWd/MTU; excel lent 
reactor s t a b i l i t y of these pe l lets was obtained. 

Several capsules were f i l l e d with UO2 pe l le t s that had under
gone various i r rad ia t ion levels up to 21,000 MWd/MTU pr ior to 
AIROX processing, enrichment up to 7.4 wt % U 2 3 5 , and r e p e l l e t i z a -
t i on . I rradiat ions up to 10,000 MWd/MTU were performed, and the 
fuel was subsequently AIROX-processed. Up to 58% of the v o l a t i l e 
f i s s i on products were removed when the capsule was ruptured. The 
remainder of the v o l a t i l e f i s s i on products were removed during 
AIROX processing. The uranium and plutonium isotopic d i s t r ibut ion 
in the as-received, reprocessed, and refabricated material was 
determined; no s i gn i f i cant loss of plutonium during reprocessing 
and refabr icat ion was found. Although these i r rad ia t ion tests 
show the f e a s i b i l i t y of recycl ing AIROX processed f u e l , more 
extensive recycl ing experience must be obtained before th is 
method of fuel recycle can be used in a commercial reactor. 

Process Advantages and Disadvantages 

The disadvantage of using AIROX processing or any processing 
method that recycles f i s s i on products is that a s l i gh t l y higher 
f i s s i l e content of the fuel i s required for the LWR and that a 
s l i gh t decrease in breeding ra t io i s obtained in the FBR. 

Besides being p ro l i f e ra t i on res i s tant , the other advantages 
of fuel cycles using AIROX reprocessing are (1) extension of 
uranium reserve by recyc l ing the f i s s i l e material in spent f u e l , 
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(2) decreased amount of spent fuel requir ing prolonged storage, 
and (3) decreased amount of nuclear waste requiring environmental 
i s o l a t i on . When a l l portions of the nuclear fuel cycle are con
s idered, the p ro l i f e ra t i on - re s i s t an t AIROX process for recycl ing 
LWR fuel may be even more economical than the postponed conven
t ional reprocessing method for recycl ing spent f ue l . C lear ly 
reprocessing, fuel storage, and waste management costs should be 
less using AIROX reprocessing. However, further development of 
remote refabr icat ion f a c i l i t i e s which w i l l increase fuel cycle 
costs when AIROX reprocessing is used is required to ver i fy the 
AIROX process economics. This development is required for a l l 
other low-decontamination processed f u e l . 

Abstract 

Potential diversion of nuclear material from power production 
to weapons production by national or subnational groups has 
resulted in a reevaluation of the proliferation resistance of 
various fuel cycles. The low-contamination fuel cycle, utiliz
ing AIROX dry processing, is proliferation resistant due to the 
retention of fission products with the fuel and to the low con
centration of fissile material in all process steps. In the AIROX 
process, UO2 is oxidized with air to U3O8 to expand the fuel 
volume which simultaneously declads and pulverizes the fuel; the 
fuel is subsequently reenriched, repelletized, and recycled to the 
reactor. 

Fuel cycles utilizing this method of reprocessing will extend 
our uranium reserves, decrease the spent fuel storage requirements, 
and decrease the amount of waste requiring storage in a Federal 
Repository for environmental isolation. AIROX reprocessing is 
applicable to both light-water reactor fuel cycles as well as fast
-breeder fuel cycles. 
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Molten Salt Oxidation-Reduction Processes for Fuel 
Processing 

L. G. MORGAN, L. L. BURGER, and R. D. SCHEELE 

Pacific Northwest Laboratory, Richland, WA 99352 

Pyrochemical and dry processing methods for nuclear fuel 
processing may meet nonproliferation criteria more easily than 
aqueous processing methods. One promising pyrochemical approach 
is the use of molten nitrate systems as oxidants for irradiated 
nuclear fuel components. This paper is a progress report of work 
initiated at the Pacific Northwest Laboratory (PNL) for the 
Department of Energy in FY1978 under the Pyrochemical and Dry 
Processing Methods Program, Consolidated Fuel Recycle Program. 
The specific goals of our project are to: critically evaluate 
the existing literature; experimentally study the basic chemistry 
of nitrate melts and their reactions with irradiated fuel mate
rials; investigate volatilization phenomena and separation of 
fission products from actinides; and determine the compatibility 
of the process with other nonaqueous steps. This project is con
tinuing, and the results of additional studies will be published 
at a later date. 

Review of Previous Studies 

The use of molten nitrates as oxidants for nuclear fuel com
ponents has not been studied as much as other pyrochemical or 
pyrometallurgical processes. Previous studies of molten nitrate 
systems were primarily conducted i n European laboratories, a l 
though some research was done i n Japan and the United States. 

A large body of information exists on molten nitrates. Most 
of the research concerns the physical properties and theoretical 
aspects of molten nitrate systems. Very l i t t l e information 
exists on the behavior of the various elements and their com
pounds i n molten nitrate systems. 

Actinide Oxides i n Molten A l k a l i Metal Nitrates. The chem
i c a l behavior of actinide oxides i n molten a l k a l i metal nitrates 
is an area with l i t t l e available experimental data. Most inves
tigations Q, 2_, 3>, 4), including our own, have shown that molten 

0-8412-0527-2/80/47-117-233$05.00/0 
© 1980 American Chemical Society 
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234 ACTINIDE SEPARATIONS 

a l k a l i metal nitrates do not dissolve uranium dioxide but rather 
convert i t to a diuranate according to the reaction proposed 
below: 

2 U0 2 + 4 NaN03 •+ N a ^ O j + 2 NaNO^ + 2 Ν0 £ + 1/2 0^ (1) 

Avogadro and DePlano reported that the composition of the ura-
nate formed varied with the composition of the a l k a l i metal n i 
trate melt, while Yamagishi and Kamemoto reported that only the 
diuranate species was produced (1, 7). Unfortunately, analyses 
of the uranate product were not reported by some authors Ç3 , 
4). Although the evidence i s sparse, some authors have assumed 
that plutonium dioxide would form a plutonate by a similar reac
tion Q, 2, 3, _5, 6). Wurm, however, predicted that plutonium 
dioxide would be unaffected by contact with molten nitrates (4). 

In contrast to the direct formation of a uranate species, 
there is evidence that both uranium and plutonium dioxide form a 
soluble species i n molten a l k a l i metal nitrates i n the presence 
of n i t r i c acid vapor (8̂ , 9_, 10) or ammonium nitrate (7). How
ever, the soluble species was converted to an insoluble actinide 
species when the temperature was increased over that used for 
dissolution. The soluble species was not id e n t i f i e d and only 
one report (7) analyzed the insoluble material produced. Cohen 
reported similar results for neptunium (IV) oxide (11). 

Thorium oxide would not be expected to react with molten 
a l k a l i metal nitrates. Brambilla claims, however, that a solu
ble thorium species is produced i n the molten phase when n i t r i c 
acid vapor is combined with fluoride ion i n molten nitrates (10). 

Fis s i o n Products i n Molten A l k a l i Metal Nitrates. The 
behavior of f i s s i o n products i n molten a l k a l i metal nitrates i s 
also an area with l i t t l e available experimental data. 

The reaction of the irradiated oxide fuel with the molten 
nitrate melt destroys the existing c r y s t a l l i n e l a t t i c e . Several 
authors have claimed the complete or p a r t i a l release of the rare 
gases Q, 4, 5, 6, 9, 10, 12, 13) and tritium Q, 4, 6, 9, 10, 
13) to the off-gas stream as a result of this change i n c r y s t a l 
line l a t t i c e . 

In addition, Brambilla has claimed that both iodine and 
ruthenium are v o l a t i l i z e d when the molten nitrate reacts with 
the oxide fuel (£). In contrast to this v o l a t i l i z a t i o n , other 
lit e r a t u r e claims that both iodine and ruthenium w i l l be found 
i n the molten phase (6̂ , Γ3). Avogadro and Wurm state that most 
of the f i s s i o n products, other than the noble metals, are either 
v o l a t i l e or soluble i n the nitrate melt, even without addition 
of n i t r i c acid vapor (_12). In a later paper, however, Avogadro 
reports that iodine is stable as iodide i n molten nitrates, and 
that ruthenium is p a r t i a l l y soluble i n the molten phase, and 
p a r t i a l l y v o l a t i l i z e s , while the majority remains with the 
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17. MORGAN ET AL. Molten Salt Redox Processing 235 

solids produced (1). He expects to find most of the other f i s 
sion products, such as the rare earths, barium, strontium, and 
zirconium, i n the solids (1). 

Chemistry i n Molten A l k a l i Metal Nitrates. The chemical 
behavior of actinide oxides and f i s s i o n products reported i n the 
previous sections appear to be based mainly on predicted behav
ior; l i t t l e experimental data has been provided to support the 
various claims. This, i n part, may be because several of the 
claims are reported i n the patent l i t e r a t u r e , rather than i n 
technical documents or i n journal l i t e r a t u r e . 

The chemical behavior of various elements and their com
pounds is best described by Plambeck and Kerridge (14, 15, 16). 
However, as their a r t i c l e s recognize, much remains unknown or 
incomplete. Two major areas, i n which studies are both contro
v e r s i a l and incomplete, are: 1) i d e n t i f i c a t i o n of the acidic 
and basic species i n nitrate melts, and 2) the thermal decompo
s i t i o n of molten nitrates. Both of these areas are, of course, 
d i r e c t l y related to the chemistry of molten nitrates. This lack 
of information on chemical reaction, as well as the complexity 
of irradiated-oxide fuel compositions results i n a situation 
requiring thorough experimental studies. Such studies w i l l 
explain the chemistry of various actinide oxides and f i s s i o n 
products i n molten a l k a l i metal nitrates. 

Current PNL Studies 

The goals of our laboratory studies were to: 1) i n v e s t i 
gate the behavior of uranium dioxide and plutonium dioxide i n 
molten a l k a l i metal nitrates, determining the significant exper
imental parameters; 2) v e r i f y the claims that soluble actinide 
species could be obtained i n the molten phase through addition 
of n i t r i c acid vapor; 3) determine the thermal s t a b i l i t y of 
these species; 4) determine the composition of the uranates 
and/or plutonates and study their conversion to dioxides; 
5) determine the behavior of significant f i s s i o n products and 
their d i s t r i b u t i o n for each stage of any proposed process; and 
6) study the effects of selected anion additives on the chem
is t r y of actinide and fission-product species. 

Uranium Dioxide i n Molten Lithium Nitrate/Potassium Nitrate 
Eutectic. The behavior of uranium dioxide i n a molten lithium 
nitrate/potassium nitrate eutectic was investigated. Our goal 
was to determine whether a soluble uranium species could be pro
duced using a n i t r i c - a c i d vapor sparge. The materials used were 
a lithium nitrate/potassium nitrate eutectic mixture, pure 
n i t r i c acid (100% Η Ν Ο 3 ) , and powdered uranium dioxide. The 
mass rati o of uranium dioxide to the nitrate melt was 1:100. 
The experiments were performed using a Pyrex reaction tube 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
7

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



236 ACTINIDE SEPARATIONS 

e q u i p p e d w i t h a g a s - s p a r g e tube and e x i t v e n t . The r e a c t i o n 
tube and c o n t e n t s were p l a c e d i n a p o t - t y p e f u r n a c e e q u i p p e d 
w i t h v i e w i n g p o r t s so t h a t v i s u a l o b s e r v a t i o n o f the m e l t was 
p o s s i b l e . 

The r e s u l t s o f the t e s t showed t h a t the u r a n i u m d i o x i d e 
p r o d u c e d a v i g o r o u s r e a c t i o n w i t h the n i t r a t e m e l t , b e g i n n i n g a t 
a p p r o x i m a t e l y 4 0 0 ° C . A t t h i s t ime the m e l t was open to the 
a tmosphere , and no n i t r i c a c i d was b e i n g added. N i t r o g e n d i o x 
i d e was e v o l v e d as a gaseous p r o d u c t o f the r e a c t i o n , b u t t h e r e 
was no v i s u a l i n d i c a t i o n o f any u r a n i u m s o l u b i l i t y i n the m o l t e n 
n i t r a t e eutec t i c . Complete r e a c t i o n , i n d i c a t e d by the c e s s a t i o n 
o f gas e v o l u t i o n , r e q u i r e d a p p r o x i m a t e l y 2 .5 hours at 5 0 0 ° C . 
The p r o d u c t o f t h i s r e a c t i o n appeared to have s m a l l e r p a r t i c l e s 
than the o r i g i n a l u r a n i u m d i o x i d e , which s e t t l e d r a p i d l y to the 
b o t t o m o f the r e a c t i o n t u b e . These p a r t i c l e s were r e c o v e r e d by 
aqueous d i s s o l u t i o n o f the s o l i d i f i e d e u t e c t i c and f i l t r a t i o n o f 
the i n s o l u b l e u r a n i u m - c o n t a i n i n g s p e c i e s . No h y d r o l y s i s o f the 
i n s o l u b l e u r a n i u m - c o n t a i n i n g s p e c i e s i s b e l i e v e d to o c c u r w i t h 
aqueous d i s s o l u t i o n of the s a l t m a t r i x . To p r e c l u d e h y d r o l y s i s 
i n e x p e r i m e n t s where i t was more l i k e l y , the n i t r a t e s a l t s were 
d i s s o l v e d i n 0 .5 M HNO3. 

A second t e s t was c o n d u c t e d under the above c o n d i t i o n s . 
R e a c t i o n o f the u r a n i u m d i o x i d e was assumed to be complete when 
gas e v o l u t i o n c e a s e d . A t t h a t p o i n t , the temperature o f the 
m e l t was r e d u c e d to 2 0 0 ° C , and n i t r i c a c i d v a p o r was added to 
the m e l t . The n i t r i c a c i d vapor was c a r r i e d f rom a h e a t e d v e s 
s e l c o n t a i n i n g 100% n i t r i c a c i d w i t h the i n e r t gas s p a r g e . 
T r a n s f e r l i n e s were h e a t e d to m i n i m i z e c o n d e n s a t i o n . The q u a n 
t i t y and t r a n s f e r r a t e o f the n i t r i c a c i d were not d e t e r m i n e d . 
A d d i t i o n of the n i t r i c a c i d p r o d u c e d a r e a c t i o n w i t h the s o l i d s 
p r e s e n t , shown by gas e v o l u t i o n f rom the s o l i d ' s s u r f a c e , which 
y i e l d e d a s o l u b l e u r a n i u m s p e c i e s i n the n i t r a t e m e l t . The 
t o t a l s o l i d s were d i s s o l v e d , which produced a c h a r a c t e r i s t i c 
u r a n y l c o l o r i n the m e l t . A f t e r complete d i s s o l u t i o n o f the 
u r a n i u m s p e c i e s , the n i t r i c a c i d sparge was removed, and the 
m e l t was open to the a tmosphere . 

The s o l u b l e u r a n i u m s p e c i e s p r o d u c e d was s t a b l e at 2 0 0 ° C 
f o r at l e a s t t h r e e h o u r s , at w h i c h t ime the temperature was 
g r a d u a l l y i n c r e a s e d from 2 0 0 ° C to 3 0 0 ° C over a p e r i o d o f one 
h o u r . Suspended s o l i d s were f i r s t n o t e d at 3 0 0 ° C . The temp
e r a t u r e was i n c r e a s e d to 3 5 0 ° C f o r one h o u r , t h e n to 4 0 0 ° C 
f o r 0 .5 h o u r . The s o l i d s p r o d u c e d t h r o u g h the t h e r m a l decompo
s i t i o n o f the s o l u b l e u r a n i u m s p e c i e s were accompanied by gas 
e v o l u t i o n . We d i d not de termine i f t h i s gas e v o l u t i o n was s i m 
p l y r e m o v a l o f excess n i t r i c a c i d from the m e l t or a d e c o m p o s i 
t i o n p r o d u c t . The s o l i d s were formed u n i f o r m l y t h r o u g h o u t the 
m e l t and had a g e l a t i n o u s a p p e a r a n c e . These s o l i d s s e t t l e d v e r y 
s l o w l y to the bot tom o f the r e a c t i o n t u b e . The f i n a l p r o d u c t o f 
t h i s second t e s t was a l s o r e c o v e r e d by aqueous d i s s o l u t i o n o f 
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17. MORGAN ET AL. Molten Salt Redox Processing 237 

the n i t r a t e e u t e c t i c and f i l t r a t i o n o f the i n s o l u b l e u r a n i u m 
s p e c i e s . 

We have not completed i d e n t i f y i n g the f i n a l p r o d u c t s p r o 
duced i n the two e x p e r i m e n t s . However, these p r e l i m i n a r y e x p e r 
iments v e r i f i e d c l a i m s ( £ , 9_, 10) t h a t a s o l u b l e u r a n i u m s p e c i e s 
can be formed i n m o l t e n a l k a l i m e t a l n i t r a t e s t h r o u g h the a d d i 
t i o n o f n i t r i c a c i d v a p o r . 

Uranium D i o x i d e i n M o l t e n E q u i m o l a r S o d i u m - P o t a s s i u m 
N i t r a t e . A f t e r c o m p l e t i n g the above e x p e r i m e n t s , we d e c i d e d to 
use an e q u i m o l a r s o d i u m - p o t a s s i u m n i t r a t e m e l t to p r e c l u d e the 
r a p i d a t t a c k o f our Pyrex r e a c t i o n v e s s e l s t h a t we n o t e d when 
l i t h i u m n i t r a t e was u s e d . U r a n i u m d i o x i d e r e a c t e d w i t h the 
e q u i m o l a r NaN03~KN03 m e l t at a p p r o x i m a t e l y 3 5 0 ° C . The 
r e a c t i o n was f a i r l y v i g o r o u s , b u t at no t ime was i t e x c e s s i v e . 
D u r i n g t h i s p o r t i o n o f the e x p e r i m e n t , an i n e r t gas (argon) 
sparge was m a i n t a i n e d to a g i t a t e the m e l t and to sweep out the 
NO2 p r o d u c e d . Complete r e a c t i o n r e q u i r e d about 2 .5 hours at a 
maximum temperature o f 4 2 0 ° C 

A f t e r r e a c t i o n was complete and the i n e r t gas sparge had 
removed the r e m a i n i n g NO2, the s u p e r n a t e was c l e a r and c o l o r 
l e s s . The m e l t temperature was then lowered to 2 7 5 ° C , and 
n i t r i c a c i d vapor was added to the m e l t as p r e v i o u s l y d e 
s c r i b e d . The u r a n i u m c o m p l e t e l y d i s s o l v e d . The temperature was 
s l o w l y i n c r e a s e d to 4 2 0 ° C over one h o u r . The f o r m a t i o n of 
s o l i d s was f i r s t apparent at 3 0 0 ° C to 3 2 0 ° C F o r m a t i o n o f 
the s o l i d s produced a l a r g e q u a n t i t y o f NO2; s p a r g i n g removed 
t h i s gaseous p r o d u c t . When the t h e r m a l d e c o m p o s i t i o n was com
p l e t e , the m e l t was a g a i n c l e a r and c o l o r l e s s . 

P l u t o n i u m D i o x i d e i n M o l t e n E q u i m o l a r S o d i u m - P o t a s s i u m 
N i t r a t e . The b e h a v i o r o f p l u t o n i u m d i o x i d e i n m o l t e n a l k a l i 
m e t a l n i t r a t e s i s an a r e a o f major c o n c e r n . C l a i m s t h a t a l k a l i 
m e t a l p l u t o n a t e s are formed C l , 2̂ , 3̂ , .5, 6 0 are not s u b s t a n t i 
a t e d by d e f i n i t i v e a n a l y t i c a l r e s u l t s . I n some cases (i>, 6^), 
sodium p e r o x i d e was added as an o x i d a n t to e i t h e r an a l k a l i 
m e t a l n i t r a t e m e l t (6) or to an a l k a l i m e t a l h y d r o x i d e m e l t 
( 5 0 . I f the temperature i s g r e a t enough, f o r example above 
7 0 0 ° C , t h e r m a l d e c o m p o s i t i o n o f the n i t r a t e m e l t produces p e r 
o x i d e s p e c i e s . O t h e r s t u d i e s (4 , 9̂ , 12̂ , 17) do not c l a i m f o r m a 
t i o n o f a p l u t o n a t e s p e c i e s , b u t o n l y s t a t e t h a t an i n s o l u b l e 
p l u t o n i u m - c o n t a i n i n g compound e x i s t s . However, i n a l l the 
r e f e r e n c e s c i t e d , the r e s u l t s were g i v e n f o r mixed u r a n i u m -
p l u t o n i u m d i o x i d e ; d e f i n i t i v e a n a l y t i c a l r e s u l t s were not g i v e n . 

Our s t u d i e s o f the b e h a v i o r o f p l u t o n i u m d i o x i d e i n m o l t e n 
a l k a l i m e t a l n i t r a t e s were c o n d u c t e d i n e q u i m o l a r s o d i u m -
p o t a s s i u m n i t r a t e w i t h o u t a d d i t i o n o f p e r o x i d e . M e l t t empera 
t u r e s were low enough so t h a t t h e r m a l d e c o m p o s i t i o n was not 
e x p e c t e d to produce p e r o x i d e s p e c i e s . I n a d d i t i o n , we s t u d i e d 
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238 ACTINIDE SEPARATIONS 

b o t h the b e h a v i o r o f p l u t o n i u m d i o x i d e and mixed u r a n i u m -
p l u t o n i u m d i o x i d e . 

The b e h a v i o r o f p l u t o n i u m d i o x i d e i s h i g h l y dependent upon 
the h i s t o r y o f the m a t e r i a l . T h u s , a l t h o u g h i r r a d i a t e d p l u t o 
nium d i o x i d e may d i f f e r f rom l a b o r a t o r y s a m p l e s , i t i s e s s e n t i a l 
t h a t the samples be w e l l documented. The p l u t o n i u m d i o x i d e u s e d 
i n our s t u d i e s was p r e p a r e d i n the f o l l o w i n g manner : 1 ) A p l u 
tonium ( IV) n i t r a t e s o l u t i o n was p u r i f i e d by i o n exchange. 2) 
The Pu ( IV) was r e d u c e d to Pu ( I I I ) w i t h a s c o r b i c a c i d . 3) P l u 
tonium ( I I I ) o x a l a t e was p r e c i p i t a t e d w i t h o x a l i c a c i d and a i r 
d r i e d . 4) The o x a l a t e was c a l c i n e d at 7 5 0 ° C . T y p i c a l c a l c i 
n a t i o n temperatures f o r p l u t o n i u m d i o x i d e p r e p a r e d f o r f u e l s 
m a n u f a c t u r e are 6 5 0 ° C to 8 5 0 ° C . Our m a t e r i a l was not s i n 
t e r e d at h i g h e r t e m p e r a t u r e s , a l t h o u g h t h i s i s n o r m a l l y done, i n 
the p r e p a r a t i o n o f mixed o x i d e f u e l s f o l l o w i n g b l e n d i n g and p e l 
l e t f o r m a t i o n . 

F o r t h i s s t u d y we chose a mass r a t i o o f 1 : 1 0 0 , p l u t o n i u m 
d i o x i d e - t o - n i t r a t e m e l t . The e x p e r i m e n t s were performed i n a 
g l o v e box , d e s i g n e d f o r conta inment o f h i g h a l p h a - a c t i v i t y mate
r i a l s . P l u t o n i u m d i o x i d e and e q u i m o l a r N a N Û 3 - K N 0 3 were 
added to the r e a c t i o n v e s s e l , and the temperature was i n c r e a s e d 
to 5 2 5 ° C . The temperature exceeded 3 5 0 ° C a p p r o x i m a t e l y 
t h r e e h o u r s , and 5 0 0 ° C f o r a t l e a s t one h o u r . No r e a c t i o n o f 
p l u t o n i u m d i o x i d e was noted at any t i m e . The m e l t remained 
c l e a r and c o l o r l e s s t h r o u g h o u t the e n t i r e p e r i o d . I t t h e r e f o r e 
appears t h a t p l u t o n i u m d i o x i d e does not r e a c t w i t h the a l k a l i 
m e t a l n i t r a t e m e l t to produce a p l u t o n a t e w i t h i n the temperature 
range c i t e d ( < 5 2 5 ° C ) . The temperature o f the m e l t was then 
r e d u c e d to 2 7 5 ° C , and n i t r i c a c i d vapor was added . A t no t ime 
were t h e r e any v i s u a l i n d i c a t i o n s o f s o l u b i l i t y or r e a c t i o n o f 
the p l u t o n i u m d i o x i d e i n the m e l t . 

A n a l y t i c a l r e s u l t s o f the s tudy o f the b e h a v i o r o f p l u t o 
nium d i o x i d e i n e q u i m o l a r s o d i u m - p o t a s s i u m n i t r a t e show t h a t , 
under the c o n d i t i o n s c i t e d , p l u t o n i u m d i o x i d e d i d not r e a c t and 
d i d not form a s o l u b l e s p e c i e s e i t h e r w i t h the o r i g i n a l m e l t or 
w i t h the a d d i t i o n o f 1 0 0 % n i t r i c a c i d v a p o r . The a n a l y t i c a l 
r e s u l t s were based on a l p h a - e n e r g y a n a l y s i s o f samples o f the 
m o l t e n phase t a k e n t h r o u g h o u t the e x p e r i m e n t . A l l m o l t e n phase 
samples were d i s s o l v e d i n 0 . 5 M H N O 3 . 

M i x e d U r a n i u m - P l u t o n i u m D i o x i d e i n E q u i m o l a r S o d i u m -
P o t a s s i u m N i t r a t e . The b e h a v i o r o f two c o m p o s i t i o n s o f mixed 
u r a n i u m - p l u t o n i u m d i o x i d e has been i n v e s t i g a t e d thus f a r a t 
PNL. The f i r s t c o m p o s i t i o n , d e s i g n a t e d m a t e r i a l A , c o n s i s t s o f 
5.44% P u Û 2 / 9 4 . 5 6 % U O 2 . The second c o m p o s i t i o n , d e s i g n a t e d 
m a t e r i a l B , c o n s i s t s o f 27.56% P u 0 2 / 7 2 . 4 4 % U 0 2 . B o t h mate
r i a l s were a c q u i r e d as p e l l e t s t h a t had been s i n t e r e d a t 
1 7 0 0 ° C . The b e h a v i o r o f b o t h m i x e d - o x i d e m a t e r i a l s was 
s t u d i e d under the same c o n d i t i o n s u s e d i n the p r e v i o u s 
e x p e r i m e n t s . 
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17. MORGAN ET AL. Molten Salt Redox Processing 239 

Reaction of material A was similar to that of powdered ura
nium dioxide, although a higher temperature, 400°C, was 
required to i n i t i a t e the reaction. Reaction of material A was 
completed at 450°C. The temperature of the melt was reduced 
to 275°C following the completion of the oxidation reaction, 
and n i t r i c acid vapor was added as i n previous experiments. 
Most of the solids dissolved i n the melt, producing the charac
t e r i s t i c uranyl color, but not a l l of the solids could be d i s 
solved with this treatment. Preliminary analyses of the molten 
phase taken throughout the experiment indicated that plutonium 
dioxide remained insoluble at a l l times. A l l molten phase sam
ples were dissolved i n 0.5 M H N O 3 before they were analyzed. 

Material Β required an even greater melt temperature than 
material A to i n i t i a t e and complete the oxidative reaction, 
500°C to 550°C. The reaction rate also appeared to be less 
than that i n previous studies, even at this higher temperature. 
Reduction of the melt temperature to 275°C and addition of 
n i t r i c acid vapor produced the same results as for material A. 

Although these studies are not complete, i t appears that 
molten a l k a l i metal nitrates w i l l react with mixed uranium-
plutonium dioxide material of varying composition. Higher melt 
temperatures and longer reaction times are required, however, as 
the plutonium enrichment is increased. The i n s o l u b i l i t y of plu
tonium dioxide must certainly be investigated further since i t s 
s o l u b i l i t y i n the molten phase upon addition of n i t r i c acid 
vapor has been claimed i n various patents (8̂ , 10). It should 
also be noted that the behavior of irradiated uranium-plutonium 
dioxide may d i f f e r from the material used i n our experiments. 

A l k a l i Metal Uranate. Preliminary studies to determine the 
composition of the a l k a l i metal uranates formed i n the various 
a l k a l i metal nitrate melts have also been conducted at PNL. 
Uranium dioxide was reacted with the following melts: sodium 
nitrate; equimolar sodium-potassium nitrate; and lithium-
potassium nitrate eutectic, 42.2 mole% lithium n i t r a t e . A 20:1 
mole r a t i o of nitrate to uranium dioxide was used i n each case. 
The reaction was conducted i n a muffle furnace at 425°C for 
4.5 hours. The s o l i d i f i e d and cooled s a l t cake from the reac
tion was dissolved by addition of d i s t i l l e d water. Hydrolysis 
of the insoluble uranium reaction product is not expected to 
occur. The remaining solids were f i l t e r e d and thoroughly washed 
with d i s t i l l e d water on a f r i t t e d glass f i l t e r . The f i l t e r plus 
the solids were dried i n a vacuum oven at 120°C for two days. 

The a l k a l i metal species and content were determined by 
atomic absorption. The uranium content was determined by x-ray 
fluorescence; strontium was used as an internal standard. X-ray 
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240 ACTINIDE SEPARATIONS 

powder d i f f r a c t i o n p a t t e r n s were a l s o o b t a i n e d f o r c o m p a r i s o n to 
known compounds. T a b l e I l i s t s t y p i c a l a n a l y s e s . 

E m p i r i c a l f o r m u l a s f o r the p r o d u c t s from each m e l t sys tem 
were o b t a i n e d ; we assumed t h a t oxygen was the o t h e r c o n s t i t u e n t 
o f the compounds. The e l e m e n t a l r a t i o s are s u b j e c t to some 
v a r i a t i o n because o f u n c e r t a i n t i e s i n the a n a l y t i c a l d a t a . The 
u r a n i u m a n a l y s e s are e s t i m a t e d to be v a l i d w i t h i n ± 2 % . I n d e p e n 
dent a n a l y t i c a l d e t e r m i n a t i o n s have shown t h a t the o r i g i n a l u r a 
nium d i o x i d e c o n t a i n e d a p p r o x i m a t e l y 0 . 5% i r o n , p l u s a t r a c e o f 
s i l i c a . A d j u s t m e n t of the a n a l y t i c a l d a t a f o r these m i n o r 
i m p u r i t i e s was not done . 

P r o d u c t s o f b o t h the sodium n i t r a t e and e q u i m o l a r s o d i u m -
p o t a s s i u m n i t r a t e m e l t s i n d i c a t e d t h a t a d i u r a n a t e s p e c i e s , 
U 2 O 7 , had been f o r m e d . The p r o d u c t o b t a i n e d f rom e q u i m o l a r 
s o d i u m - p o t a s s i u m n i t r a t e i n d i c a t e d t h a t sodium was the f a v o r e d 
c a t i o n i n the compound; l e s s than 1 0 % o f the a l k a l i m e t a l was 
p o t a s s i u m . X - r a y powder d i f f r a c t i o n d a t a s u p p o r t the e v i d e n c e 
t h a t the d i u r a n a t e s p e c i e s i s formed i n b o t h o f these m e l t 
s y s t e m s . 

The p r o d u c t o b t a i n e d from the l i t h i u m n i t r a t e - p o t a s s i u m 
n i t r a t e e u t e c t i c i s n e i t h e r i d e n t i f i a b l e as the d i u r a n a t e 
( U 2 O 7 ) or u r a n a t e ( U 0 4 ~ ) s p e c i e s , nor as a m i x t u r e com
posed o f each o f these s p e c i e s . To d a t e , the x - r a y powder d i f 
f r a c t i o n p a t t e r n has not been i d e n t i f i e d w i t h any known com
p o u n d . I t i s i n t e r e s t i n g to note the r a t i o s of the a l k a l i 
m e t a l s f o r t h i s s y s t e m , however : a p p r o x i m a t e l y a 2 : 1 a tomic 
r a t i o o f l i t h i u m to p o t a s s i u m , i n d i c a t i n g l i t h i u m i s the 
p r e f e r r e d c a t i o n . 

No change i n c o m p o s i t i o n o f the u r a n a t e p r o d u c t was found 
i n the e q u i m o l a r s o d i u m - p o t a s s i u m n i t r a t e f o l l o w i n g d i s s o l u t i o n 
o f the o r i g i n a l u r a n a t e w i t h n i t r i c a c i d v a p o r and subsequent 
t h e r m a l d e c o m p o s i t i o n of t h a t s o l u b l e s p e c i e s . A n a l y s e s o f the 
u r a n a t e p r o d u c e d over 3 0 0 ° C to 4 5 0 ° C i n d i c a t e d t h a t o n l y the 
d i u r a n a t e s p e c i e s i s f o r m e d . There was, however , a t r e n d toward 
a d e c r e a s i n g p o t a s s i u m c o n t e n t as the r e a c t i o n temperature 
i n c r e a s e d . 

Based on the above d a t a , i t appears t h a t the s t a b i l i t y o f 
the u r a n a t e p r o d u c t formed i s i n the o r d e r o f : N a » K < L i . 

T a b l e I . A l k a l i M e t a l U r a n a t e C o m p o s i t i o n 

A l k a l i M e t a l N i t r a t e System 
C o n s t i t u e n t , % NaNO. 

L i 

N a N 0 3 - K N 0 3 L i N O ^ - K N O 

1.07 

Na 6 .68 6.18 

Κ 0.71 3.17 

U 76.1 75.2 75.0 
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17. MORGAN ET AL. Molten Salt Redox Processing 241 

Additional studies and determinations of the uranate composition 
from various nitrate melts are planned. 

Fis s i o n Products i n Equimolar Sodium-Potassium Nitrate. 
Fission-product behavior i n molten a l k a l i metal nitrates is 
largely unknown. Information on the behavior of various elements 
and their compounds is incomplete. In addition, the complexity 
of the composition and chemical nature of irradiated fuel mate
r i a l makes prediction of individual fission-product behavior even 
more d i f f i c u l t . 

Our own studies to date have been mainly qua l i t a t i v e . Three 
methods have been u t i l i z e d thus far: 1) A synthetic f i s s i o n -
product mixture was prepared and added with uranium dioxide to 
the molten ni t r a t e . 2) Individual fission-product compounds were 
added to nitrate melts and their behavior was observed. 3) 
Fission-product compounds were spiked with radioactive tracers 
and studied i n a nitrate melt. 

In our f i r s t approach, a nonradioactive, representative 
fission-product mixture was prepared, consisting of equal masses 
of the desired elements. An ammonium hydroxide solution was used 
to dissolve molybdenum trioxide, M0O3; this solution was added 
to an aqueous solution containing the nitrates of cerium, p a l l a 
dium, and rhodium. The resulting mixture was calcined at 500°C 
for 17 hours, then at 550°C for an additional seven hours. The 
solids from the calcination were powdered and added to a blended 
mixture consisting of the oxides of antimony, ruthenium, samar
ium, strontium, yttrium, and zirconium. Cesium was then added as 
cesium iodide; niobium was added as potassium hexaniobate, 
K 8Nb 60 1 9-16H 20. 

The f i n a l representative fission-product mixture is there
fore believed to consist of the oxides of: antimony, cerium, 
molybdenum, palladium, rhodium, samarium, strontium, yttrium, and 
zirconium; cesium iodide; and potassium hexaniobate. Current 
analy t i c a l tests i n progress w i l l provide the exact concentra
tions of the elements of concern. 

The behavior of uranium dioxide, containing the addition of 
the synthetic fission-product mixture, was investigated i n equi
molar ΝβΝΟβ-ΚΝΟβ. The mass r a t i o of the f i s s i o n product 
mixture to uranium dioxide was 1:10; the mass rati o of uranium 
dioxide to to t a l a l k a l i metal nitrate was 1:100. A complete 
experimental cycle was conducted, testing the: reaction with the 
molten nitrate; reduction of melt temperature and addition of 
n i t r i c acid vapor; and thermal decomposition of the soluble 
uranium species. 

Samples were taken of the molten phase throughout the exper
iment, and the f i n a l solids were recovered by aqueous dissolution 
of the nitrate melt after s o l i d i f i c a t i o n . Analyses were con
ducted on the samples for uranium and the various elements i n the 
added fission-product mixture. Samples were analyzed by Spark 
Source Mass Spectrometry for the elements of interest. Results 
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242 ACTINIDE SEPARATIONS 

are semiquantitative, but the detection level was approximately 
one part per m i l l i o n on an atomic basis. 

Analysis of the molten phase sample taken after reaction 
with the molten nitrate indicated that only cesium and cerium 
were present i n concentrations greater than the detection l i m i t . 
Samples taken after dissolution of the solids with n i t r i c acid 
vapor indicated that, besides uranium, only cesium and cerium 
were present i n concentrations exceeding the detection l i m i t . 
Following the thermal decomposition of the soluble uranium spe
cies, cesium, cerium, and molybdenum were present i n the molten 
phase at levels above the detection l i m i t . 

Analyses of the f i n a l solids indicated that a l l f i s s i o n pro
duct elements of concern were present: antimony, cerium, cesium, 
iodine, molybdenum, niobium, palladium, rhodium, ruthenium, sa
marium, strontium, yttrium, and zirconium. Both iodine and 
ruthenium were found i n the solids, indicating that i f these 
formed v o l a t i l e species, release was not complete over the period 
of the experiment. 

In our second method, elements of interest were added as a 
compound to the sodium-potassium n i t r a t e , which was then melted. 
Visual observation was the only test i n these qualitative 
experiments. 

The individual elements produced various results. Additions 
of antimony oxide, t i n ( l l ) oxide, and samarium oxide gave no e v i 
dence of reactions with the nitrate melt or s o l u b i l i t y . The 
addition of zirconyl nitrate resulted i n the evolution of n i t r o 
gen dioxide from the melt and the formation of a white insoluble 
precipitate. Addition of palladium nitrate to the melt produced 
a black melt and black insoluble solids. Dissolution of the 
cooled and s o l i d i f i e d s a l t cake with d i s t i l l e d water indicated 
that a palladium mirror had formed at the meniscus of the melt. 
Niobium was added as potassium hexaniobate, K g N b ^ O ^ · I 6 H 2 O . 
There was no visual evidence of reaction or s o l u b i l i t y . Cesium 
iodide added to the nitrate system appeared to completely d i s 
solve, as did molybdenum trioxide. 

A potassium ruthenium n i t r i t e compound, whose exact composi
tion is unknown, was added to the nitrate melt. The ori g i n a l 
compound was an amber color. Observation of the melt indicated 
the formation of black solids, which settled to the bottom of the 
reaction vessel, leaving a green, molten supernate. D i s t i l l e d 
water dissolved the s o l i d i f i e d and cooled melt and appeared to 
dissolve nearly a l l the ruthenium present. 

Antimony oxide was dissolved i n concentrated hydrochloric 
acid, and the resulting solution completely evaporated. The pro
duct of this treatment is probably either SbCl3 or SbOCl. 
These solids were added to the nitrate melt; evolution of n i t r o 
gen dioxide was observed, after which a white precipitate was 
observed. There was no evidence of s o l u b i l i t y at any time. 
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17. M O R G A N E T A L . Molten Salt Redox Processing 243 

The results of these qualitative tests and those obtained by 
Spark Source Mass Spectroscopy i n the f i r s t experiment, indicate 
that of the elements tested thus far, we may expect to find 
cerium, cesium, iodine, molybdenum, and possibly ruthenium as 
soluble species present to some extent i n the equimolar sodium-
potassium nitrate melt. 

As our third technique, we have begun studies on tracer 
quantities of selected f i s s i o n products, and preliminary results 
indicate some s o l u b i l i t y i n the melt for both europium and stron
tium. Material balances or decontamination factors are not 
available at this time. Both qualitative and quantitative 
studies of f i s s i o n product behavior are continuing. The results 
of these studies w i l l be reported as the data become available. 

Effects of Additives. Selected additives to molten n i t r a t e 
systems offer p o s s i b i l i t i e s of s p e c i f i c acid-base reactions or 
formation of sp e c i f i c complexes with the various chemical spe
cies. Acids and bases are conveniently denoted i n oxyanionic 
molten s a l t systems by the Lux-Flood d e f i n i t i o n (18_9 19). Acids 
are defined as compounds capable of removing oxide ions from the 
melt, while bases are defined as compounds capable of donating 
oxide ions to the melt. Examples of various acidic and basic 
species may be found i n the general review a r t i c l e s (14, 15, 
16). We may be able to change the chemistry of uranium, pluto
nium, and fission-product elements reported i n this paper with 
s p e c i f i c additives. 

For example, halide ions may form soluble actinide complexes 
without addition of n i t r i c acid vapor. Preliminary tests have 
shown, however, that uranyl chloride, U O 2 C I 2 , i s not soluble 
i n either a 6-mole% potassium chloride/94-mole% potassium n i t r a t e 
melt, or a 5-mole% sodium chloride/95-mole% sodium nitrate melt. 
Uranyl fluoride, U O 2 F 2 , was s l i g h t l y soluble i n a 9-mole% 
potassium fluoride/91-mole% potassium nit r a t e system. There was 
no evidence of s o l u b i l i t y of uranyl fluoride i n 3.5 mole% sodium 
fluoride/96.5-mole% sodium ni t r a t e . 

In addition, precipitation of fission-product elements has 
been demonstrated. The addition of sodium carbonate or sodium 
sulfate to molten equimolar sodium-potassium nitrate containing 
soluble strontium nitrate results i n pre c i p i t a t i o n of strontium 
carbonate or strontium sulfate, respectively. Molybdenum t r i o x -
ide, M 0 O 3 , added to an equimolar sodium-potassium nitrate melt 
resulted i n evolution of nitrogen dioxide and dissolution of the 
molybdenum, presumably as the molybdate anion, M 0 2 O 7 (14). Addi
tion of soluble strontium nitrate to this n i t r a t e melt produced 
an insoluble precipitate that was also insoluble i n water. The 
existence of an aqueous insoluble strontium molybdate i s known, 
and i t is believed that a similar species is formed i n the melt. 

Thus, the addition of selected reagents to molten n i t r a t e 
systems offers the p o s s i b i l i t y of using molten nitrates not only 
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244 ACTINIDE SEPARATIONS 

as an oxidative medium but also as a solvent for specific chemi
cal reactions. Fission-product interactions, as demonstrated by 
the behavior given for strontium and molybdenum, must be care
f u l l y considered and determined. 

Proposed Conceptual Process Flowsheet 

Figure 1 represents a proposed conceptual process flowsheet 
based upon the existing li t e r a t u r e and our studies conducted thus 
far. 

Decladding. Our conceptual process does not use chemical 
decladding. The i n i t i a l oxidation step i s compatible with either 
stainless steel or Zircaloy cladding; that i s , the nitrate melt 
does not react to any significant extent with the cladding. This 
allows either chopping or shearing the fuel rods into pieces 
before introducing them into the molten ni t r a t e . The oxidation 
should separate the oxidized fuel from the cladding because the 
density of the product is less than that of the or i g i n a l Μ Ο 2 · 

A basket can be used to introduce the fuel element pieces into 
the nitrate melt and withdraw the cladding hulls following the 
disaggregation of the fuel material. 

Redox Reactions. The i n i t i a l chemical reaction i s oxidation 
of uranium dioxide. In the equimolar sodium-potassium n i t r a t e 
system the product is sodium diuranate. The following reactions 
are believed to be the only v a l i d oxidation reactions that are 
possible. 

2 U0 2 + 4 NaN03 Na 2U 2O y + 2NaN02 + 2N02 + 1/2 0 2 (1) 

2 U0 2 + 3 NaN03 N a ^ O j + NaNO£ + 2N02 (2) 

2 U0 2 + 2 NaN03 -+ Na 2U 2O y + NO + N02 (3) 

2 U0 2 + 4 NaN03 N a ^ O j + 4 N02 + Na 20 (4) 

Reactions (1) and (2) are essentially equivalent i f one considers 
the equilibrium of 

NaN02 + 1/2 02 t NaN03. (5) 

Reaction (4) is not l i k e l y since pH measurements of the s o l i d i 
f i e d nitrate s a l t dissolved i n water, following reaction with 
U O 2 , do not indicate a basic solution. 

Exactly which reaction predominates is presently unknown. 
A l l those l i s t e d may occur to some extent and may be dependent 
upon reaction temperature, removal of gaseous products through 
sparging, or other as yet unidentified factors. Plutonium 
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246 ACTINIDE SEPARATIONS 

d i o x i d e has been shown i n our s t u d i e s to be u n a f f e c t e d i n m o l t e n 
s o d i u m - p o t a s s i u m n i t r a t e . T h o r i u m o x i d e would not be o x i d i z e d i n 
the n i t r a t e m e l t . 

D i s s o l u t i o n . The second s t e p o f our proposed p r o c e s s i s the 
d i s s o l u t i o n i n the n i t r a t e m e l t ( T < 3 0 0 ° C ) o f the sodium d i u r a -
nate t h r o u g h a d d i t i o n o f n i t r i c a c i d v a p o r i n the sparge g a s . 
I n i t i a l s t u d i e s used 100% H N O 3 , b u t r e c e n t t e s t s have demon
s t r a t e d t h a t commerc ia l w h i t e - f u m i n g n i t r i c a c i d i s e q u a l l y 
e f f e c t i v e . C o n c e n t r a t e d n i t r i c a c i d does not c o m p l e t e l y d i s s o l v e 
the sodium d i u r a n a t e . 

The p o s t u l a t e d d i s s o l u t i o n r e a c t i o n i s 

Once i n s o l u t i o n , the u r a n i u m s p e c i e s i s s t a b l e at t e m p e r a 
t u r e s l e s s than 3 0 0 ° C w i t h o u t f u r t h e r a d d i t i o n o f HNO3 and i s 
not d e s t r o y e d by c o n t i n u e d s p a r g i n g o f the m e l t w i t h an i n e r t 
g a s . Our s t u d i e s i n d i c a t e t h a t p l u t o n i u m d i o x i d e i s not d i s 
s o l v e d i n the m e l t by the a d d i t i o n of the n i t r i c a c i d v a p o r . 

S e p a r a t i o n s . U r a n i u m : Our p r o c e s s s e p a r a t e s u r a n i u m and 
p l u t o n i u m by d i s s o l v i n g the sodium d i u r a n a t e w i t h n i t r i c - a c i d 
v a p o r . Once the u r a n i u m i s i n s o l u t i o n , a s o l i d ( P u 0 2 and 
i n s o l u b l e f i s s i o n p r o d u c t s ) - l i q u i d ( n i t r a t e m e l t c o n t a i n i n g 
u r a n i u m and s o l u b l e f i s s i o n p r o d u c t s ) phase s e p a r a t i o n i s 
r e q u i r e d at a temperature o f a p p r o x i m a t e l y 2 7 5 ° C . F i l t r a t i o n 
i s p r e s e n t l y e n v i s i o n e d as the phase s e p a r a t i o n method, but no 
s t u d i e s have been c o n d u c t e d o r a l t e r n a t i v e s i n v e s t i g a t e d . 

Once sodium d i u r a n a t e i s s e p a r a t e d from P u 0 2 and the 
i n s o l u b l e f i s s i o n p r o d u c t s , i t i s r e c o v e r e d from the n i t r a t e m e l t 
as an i n s o l u b l e phase by an i n c r e a s e i n temperature ( T > 3 0 0 ° C ) . 
The f o l l o w i n g r e a c t i o n i s p o s t u l a t e d f o r t h i s s t e p . 

Our p r e l i m i n a r y s t u d i e s o f f i s s i o n - p r o d u c t b e h a v i o r show t h a t 
those f i s s i o n p r o d u c t s t h a t are s o l u b l e i n the m e l t remain so 
d u r i n g p r e c i p i t a t i o n o f the sodium d i u r a n a t e . Hence , a r e l a 
t i v e l y " c l e a n " u r a n i u m p r o d u c t s h o u l d be o b t a i n e d . A g a i n , a 
l i q u i d ( n i t r a t e m e l t c o n t a i n i n g s o l u b l e f i s s i o n p r o d u c t s ) - s o l i d 
( sodium d i u r a n a t e ) phase s e p a r a t i o n i s r e q u i r e d . The m e l t temp
e r a t u r e may be lowered to a p p r o x i m a t e l y 2 7 5 ° C f o r t h i s s e p a r a 
t i o n once the d i u r a n a t e has p r e c i p i t a t e d . 

I t appears t h a t whatever the b e h a v i o r o f u r a n i u m i s i n m o l 
t e n n i t r a t e s , the end p r o d u c t i s most l i k e l y to be an a l k a l i 
m e t a l u r a n a t e . S e p a r a t i o n o f the a l k a l i m e t a l c a t i o n and u r a n i u m 
i s perhaps the g r e a t e s t unknown i n the development o f a 

(6) 

(7) 
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17. MORGAN ET AL. Molten Salt Redox Processing 247 

c o n c e p t u a l p r o c e s s . We have not c o n d u c t e d any l a b o r a t o r y s t u d i e s 
to date on the c o n v e r s i o n o f sodium d i u r a n a t e to u r a n i u m d i o x i d e . 

P l u t o n i u m : I n the most o p t i m i s t i c scheme, the P u 0 2 and 
i n s o l u b l e f i s s i o n p r o d u c t s would be r e c y c l e d f o r f u e l m a n u f a c t u r e 
w i t h o u t f u r t h e r t r e a t m e n t , e x c e p t f o r e i t h e r aqueous removal or 
v o l a t i l i z a t i o n o f a d h e r i n g n i t r a t e s a l t s . Because of t h e i r h i g h 
l e v e l o f r a d i o a c t i v i t y , the f i s s i o n p r o d u c t s t h a t accompany the 
P u 0 2 would p r o v i d e the d e s i r e d n u c l e a r d e t e r r e n c e o f the 
f i s s i l e m a t e r i a l . 

More r e a l i s t i c a l l y , t h i s m a t e r i a l ( P u 0 2 p l u s f i s s i o n p r o 
d u c t s ) would r e q u i r e e i t h e r some f u r t h e r d e c o n t a m i n a t i o n f r o m 
d e l e t e r i o u s f i s s i o n p r o d u c t s or f u r t h e r t rea tment to o b t a i n a 
p r o d u c t h a v i n g the n e c e s s a r y c h a r a c t e r i s t i c s f o r f u e l r e c y c l e 
( p a r t i c l e s i z e , c h e m i c a l form o f f i s s i o n p r o d u c t s , o t h e r ? ) . T h i s 
f u r t h e r t reatment has not been i n v e s t i g a t e d to date and p r o b a b l y 
w i l l not be u n t i l we have a b e t t e r knowledge o f the f i s s i o n -
p r o d u c t d i s t r i b u t i o n and c h e m i c a l f o r m . 

Our c o n c e p t u a l f l o w s h e e t f o r f u r t h e r d e c o n t a m i n a t i o n o f p l u 
t o n i u m d i o x i d e i n d i c a t e s o x i d a t i o n o f P u 0 2 w i t h a n i t r a t e m e l t 
c o n t a i n i n g p e r o x i d e . A p l u t o n a t e s p e c i e s s h o u l d form w i t h t h i s 
t r e a t m e n t . I f f o r m e d , we e x p e c t the p l u t o n a t e to be s o l u b l e i n 
the m e l t upon a d d i t i o n o f n i t r i c - a c i d v a p o r . I f t h i s s u p p o s i t i o n 
i s c o r r e c t , t h e n the p l u t o n i u m c o u l d p r o b a b l y be r e c o v e r e d s i m i 
l a r to u r a n i u m . Whether a p l u t o n a t e or P u 0 2 would be o b t a i n e d 
f rom the t h e r m a l d e c o m p o s i t i o n o f a s o l u b l e p l u t o n a t e s p e c i e s i s 
unknown f o r t h i s s y s t e m . 

F i s s i o n P r o d u c t s : Knowledge o f f i s s i o n - p r o d u c t b e h a v i o r i n 
our system i s s t i l l q u a l i t a t i v e and i n c o m p l e t e . S e v e r a l o f the 
elements t e s t e d appear i n b o t h the s o l u b l e and i n s o l u b l e p h a s e s , 
but t h e i r d i s t r i b u t i o n r a t i o i s not y e t a c c u r a t e l y known. I n 
a d d i t i o n , e l e m e n t a l i o d i n e has been o b s e r v e d i n the o f f - g a s l i n e s 
when ces ium i o d i d e i s p r e s e n t i n the m e l t . None of the f i s s i o n -
p r o d u c t s p e c i e s t h a t are s o l u b l e have been i d e n t i f i e d or even 
i n v e s t i g a t e d to d a t e . I n f a c t , w i t h o u t use of a c t u a l i r r a d i a t e d 
f u e l , c o r r e c t l y i d e n t i f y i n g f i s s i o n - p r o d u c t b e h a v i o r i s b e l i e v e d 
to be a major u n c e r t a i n t y i n any p r o c e s s . 

I t has been o b s e r v e d , however , t h a t those f i s s i o n p r o d u c t s 
t h a t are i n i t i a l l y s o l u b l e i n the n i t r a t e m e l t remain so t h r o u g h 
o u t a d d i t i o n o f n i t r i c - a c i d v a p o r and subsequent r e c o v e r y o f 
sodium d i u r a n a t e . Those f i s s i o n p r o d u c t s t h a t are i n i t i a l l y 
i n s o l u b l e i n the n i t r a t e appear to r e m a i n s o , a l t h o u g h i t i s 
e x p e c t e d t h a t the a d d i t i o n of the n i t r i c - a c i d v a p o r w i l l s h i f t 
the d i s t r i b u t i o n r a t i o . 

F u t u r e S t u d i e s 

A d d i t i o n a l r e s e a r c h i s r e q u i r e d f o r each p r o p o s e d p r o c e s s 
s t e p so t h a t a c c u r a t e f e a s i b i l i t y d e t e r m i n a t i o n s can be made. 
The i d e n t i t y and q u a n t i t y o f the v a r i o u s a c t i n i d e and f i s s i o n -
p r o d u c t s p e c i e s i n the m o l t e n , s o l i d , and gaseous phases are 
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248 A C T I N I D E S E P A R A T I O N S 

necessary i f we are to determine p a r t i t i o n factors and calculate 
material balances. Thermodynamic and kinetic data are required 
to define process parameters. 

Process Requirements and Problems. Overall process consi
derations raise other questions which must be addressed: con
struction materials; the control of v o l a t i l e f i s s i o n products; 
waste management, including recycle of process chemicals; and 
s o l i d - l i q u i d phase separations at elevated temperatures are 
included. 

At the reaction temperatures involved, molten nitrate sys
tems are not p a r t i c u l a r l y corrosive and conventional materials, 
such as stainless steels, are probably adequate for the reaction, 
dissolution, and separation steps. If high-temperature v o l a t i l i 
zation or transfer to a halide system is necessary, then other 
materials w i l l be required. 

The behavior of v o l a t i l e f i s s i o n products is largely 
unknown. Brief l i t e r a t u r e references to iodine and ruthenium are 
contradictory. It is l i k e l y that elemental iodine i s the stable 
species i n the melt (16), and that some w i l l be v o l a t i l i z e d . 
Possible process modifications to guarantee a unique path for 
ruthenium have not been considered. The rare gases should escape 
because of the elevated temperature c r y s t a l modification. How
ever, experience with the voloxidation process suggests that this 
release may not be complete. The behavior of both Kr-85 and t r i 
tium must thus be investigated. 

Pyrochemical processes have the potential for low waste v o l 
ume, but only i f materials are recycled. No major problems are 
foreseen for recycle of the greatest bulk component, sodium 
ni t r a t e . Regeneration w i l l be required, but the presence of a 
considerable amount of n i t r i t e is not a problem since n i t r i t e 
also oxidizes uranium dioxide. Removal of the highly soluble 
f i s s i o n products, such as cesium and iodine, w i l l eventually 
require either a separation step or a bleed-off of the n i t r a t e 
stream. 

S o l i d - l i q u i d phase separations at elevated temperatures are 
unit operations that we have not investigated. The efficiency of 
this type of separation, the design and material requirements, 
and the r e l i a b i l i t y of the phase separation must be studied. 

Fuel Recycle Requirements. We assume that the f i n a l product 
returned for fuel fabrication and recycle is a mixed uranium-
plutonium dioxide material, p a r t i a l l y decontaminated from f i s s i o n 
products. The questions of f i s s i l e material enrichment, radia
tion levels, and required handling f a c i l i t i e s are not addressed. 

Fission-product decontamination is re s t r i c t e d by the re
quirement that gamma-emitting nuclides must remain with uranium-
plutonium to provide nuclear deterrence. Various nuclides 
have been considered, including Co-60, which would be added to 
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the f u e l . Nuclides from f i s s i o n that are candidates are Cs-137, 
Ce-144, Ru-106, and Zr-95. Selle has i d e n t i f i e d possible c r i 
t e r i a based on both nuclear properties and chemical and physical 
properties of the metal and i t s oxide (20). Based on these c r i 
t e r i a the potential f i s s i o n nuclides are limited to Ce-144 and 
Ru-106. 

Preliminary experiments have shown that for these four 
nuclei, nearly a l l the zirconium, cerium, ruthenium, and approxi
mately 40% of the cesium stayed with the uranate during a simple 
treatment of the oxide fuel with sodium nit r a t e (21). 

Conclusions 

Several s p e c i f i c items were i d e n t i f i e d as c r u c i a l to the 
development of any conceptual processes u t i l i z i n g molten ni t r a t e s . 

1. W i l l the uranates always precipitate, or can 
U0 2

 D e kept i n solution? 

We have v e r i f i e d that a soluble uranium species is produced 
by the addition of 100% n i t r i c acid vapor to a nitrate melt con
taining uranates formed by reaction of the melt with uranium 
dioxide. The temperature range of dissolution and the thermal 
s t a b i l i t y of the soluble species have been approximately 
defined. Neither the identity nor the s o l u b i l i t y l i m i t of the 
uranium species has been determined. 

2. How does plutonium behave under conditions simi
lar to those for uranium? 

We have determined that plutonium dioxide does not react 
with molten nitrates under the same conditions that uranium diox
ide does. We have also determined that plutonium dioxide i s not 
soluble i n molten nitrates with the addition of 100% n i t r i c acid 
vapor under conditions which did produce soluble uranium. This 
observation must be further v e r i f i e d under the various conditions 
which can produce the soluble uranium species. 

3. How can Th0 2 be handled i n these systems? 

Although Th0 2 w i l l not be oxidized by the melt, i t 
may be possible to produce a soluble thorium species. This 
has not been investigated i n experiments to date. 

4. What subsequent steps can be used to separate the 
sodium or other cations from the uranate, e.g., 
transfer to another sal t system? 

It appears that whatever the behavior of uranium is i n 
molten nitrates, the end product is most l i k e l y to be an a l k a l i 
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m e t a l u r a n a t e . S e p a r a t i o n o f the a l k a l i m e t a l c a t i o n and u r a n i u m 
i s perhaps the g r e a t e s t unknown i n the development o f a c o n c e p 
t u a l p r o c e s s . We b e l i e v e t h a t the f o l l o w i n g o f f e r p r o m i s i n g 
s o l u t i o n s to t h i s s e p a r a t i o n : r e d u c t i o n o f the u r a n a t e to U O 2 
and v o l a t i l i z a t i o n of the a l k a l i m e t a l h y d r o x i d e ; c o n v e r s i o n o f 
the u r a n a t e to a h a l i d e s p e c i e s w i t h s e p a r a t i o n by v o l a t i l i t y ; 
and d i s s o l u t i o n o f the u r a n a t e i n an a l k a l i m e t a l c h l o r i d e m e l t , 
f o l l o w e d by e l e c t r o l y t i c d e p o s i t i o n o f U O 2 f rom the m e l t . 

Based on a v a i l a b l e i n f o r m a t i o n , we b e l i e v e t h a t t r a n s f e r o f 
the u r a n a t e to a m o l t e n c h l o r i d e sys tem w i t h e l e c t r o l y t i c r e d u c 
t i o n i s the most f e a s i b l e method. E l e c t r o l y t i c d e p o s i t i o n f r o m 
m o l t e n a l k a l i m e t a l c h l o r i d e s was an i n t e g r a l s t e p i n the p y r o -
c h e m i c a l p r o c e s s known as the H a n f o r d S a l t C y c l e . D o c u m e n t a t i o n 
o f t h i s phase o f the p r o c e s s was e x t e n s i v e and a l s o r e p r e s e n t s 
one o f the v e r y few p y r o c h e m i c a l p r o c e s s e s t h a t has been c a r r i e d 
t h r o u g h p i l o t - p l a n t s c a l e on i r r a d i a t e d f u e l . Unknowns e x i s t , 
such as the r a t e and c o n d i t i o n s o f u r a n a t e d i s s o l u t i o n , but c o n 
s i d e r a b l e use c o u l d be made o f p r e v i o u s l y documented r e s u l t s . 

5 . How can f i s s i o n - p r o d u c t d i s t r i b u t i o n be c o n 
t r o l l e d d u r i n g u r a n a t e p r e c i p i t a t i o n and on 
subsequent d i s s o l u t i o n or o t h e r t rea tment? 

S u f f i c i e n t knowledge o f f i s s i o n - p r o d u c t b e h a v i o r i n m o l t e n 
n i t r a t e systems i s not a v a i l a b l e i n the l i t e r a t u r e . L a b o r a t o r y 
i n v e s t i g a t i o n s must d e f i n e the b e h a v i o r o f the t h r e e types o f 
f i s s i o n p r o d u c t s o f c o n c e r n : v o l a t i l e f i s s i o n p r o d u c t s , h i g h 
energy gamma e m i t t e r s , and h i g h n e u t r o n c r o s s - s e c t i o n members. 

P r e l i m i n a r y i n v e s t i g a t i o n has shown t h a t most f i s s i o n p r o 
d u c t s are not s o l u a b l e i n a l k a l i m e t a l n i t r a t e m e l t s and t h a t 
they are not d i s s o l v e d by a d d i t i o n o f 100% n i t r i c a c i d v a p o r . I f 
these c h a r a c t e r i s t i c s are v e r i f i e d by f u r t h e r e x p e r i m e n t s , a f i s 
s i o n p r o d u c t s e p a r a t i o n i s e a s i l y e n v i s i o n e d . One c o u l d r e a c t 
the f u e l w i t h the m o l t e n n i t r a t e , d i s s o l v e the u r a n a t e w i t h the 
a d d i t i o n o f 100% n i t r i c a c i d , and s e p a r a t e the uranium from the 
r e m a i n i n g s o l i d s , which s h o u l d c o n s i s t o f b o t h p l u t o n i u m d i o x i d e 
and f i s s i o n p r o d u c t s . 
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Photochemistry of the Actinides 

L. Μ. ΤΟΤΗ, J. T. BELL, and H. A. FRIEDMAN 

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830 

Prior to the advent of the laser, photo-induced reactions 
sat, for the most part, in the chemical background. Photo
-chemists of that time typically gave l itt le thought to actinide 
elements other than uranium which was known for years to be a 
very excellent chemical actinometer when present as the uranyl 
ion. The expertise and specialized equipment required in the 
handling of the other actinides, coupled with their very limited 
supply,served to discourage photochemists from fundamental inves
tigations of these elements. As a result, no report of actinide 
photochemistry (save that of uranium) is to be found in the open 
literature prior to 1969. 

With no supporting fundamental data, reactor technologists 
concerned with the chemistry of reactor fuels could merely 
speculate on the behavior of the actinide solutions should they 
be exposed to electromagnetic radiation. Then as fuel reproc
essing became a topic of much interest during the past decade, 
the concern of possible photochemical activity began to occupy 
the thoughts of some researchers. 

The f i r s t a t t e n t i o n g i v e n to a c t i n i d e p h o t o c h e m i s t r y was f o r 
the p u r p o s e o f i d e n t i f y i n g any p h o t o c h e m i c a l a c t i v i t y w h i c h might 
a l t e r the e f f i c i e n c y of the e x t r a c t i o n or exchange p r o c e s s e s . 
S u b s e q u e n t l y , the i d e n t i f i c a t i o n of p h o t o c h e m i c a l l y a c t i v e s p e c i e s 
of u r a n i u m and p l u t o n i u m gave some i n d i c a t i o n t h a t the p h o t o -
r e a c t i o n s c o u l d be t u r n e d to a u s e f u l end a n d , p e r h a p s , o f f e r a 
c l e a n e r way t o s e p a r a t e a c t i n i d e s f r o m each o t h e r and f r o m the 
o t h e r e lements accompanying them i n n u c l e a r f u e l e l e m e n t s . 

S i n c e t h a t t i m e , l a s e r p h o t o c h e m i s t r y has become a p o p u l a r 
s u b j e c t and w i t h i t have come the l a s e r p h o t o c h e m i s t s l o o k i n g f o r 
a p h o t o n T t a r g e t T . O b v i o u s l y , the f i r s t l a s e r photons would be 
aimed toward i s o t o p e s e p a r a t i o n s w h i c h r e q u i r e d the narrow b a n d -
w i d t h s w h i c h the l a s e r so u n i q u e l y p r o v i d e d ; b u t s p i n - o f f t a r g e t s 
have s i n c e i n c l u d e d the s e p a r a t i o n s of r e a c t o r f u e l components i n 
r e p r o c e s s i n g a n d / o r waste i s o l a t i o n s y s t e m s . A l t h o u g h much has 
been p r o m i s e d f r o m the a p p l i c a t i o n of l a s e r s to the r e p r o c e s s i n g 
o f n u c l e a r f u e l s , t h e r e has been v e r y l i t t l e e v i d e n c e t h a t would 

0-8412-0527-2/80/47-117-253$05.00/0 
© 1980 American Chemical Society 
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s u g g e s t t h e i r usage i s e s s e n t i a l . C o n s e q u e n t l y , most of the 
p e r t i n e n t p h o t o c h e m i c a l work has been p e r f o r m e d w i t h c o n v e n t i o n a l 
l i g h t s o u r c e s . 

A r e l a t i v e l y s m a l l amount o f energy i s r e q u i r e d to do the j o b 
i n a t y p i c a l r e p r o c e s s i n g p l a n t . We e s t i m a t e , under the most i d e 
a l c i r c u m s t a n c e s , t h a t 2000 Watts of a b s o r b e d l i g h t f o r a t y p i c a l 
5 t o n / d a y p l a n t w o u l d be n e c e s s a r y to a c h i e v e the r e d u c t i v e s t r i p 
p i n g of p l u t o n i u m . ( T h i s i s based on the a s s u m p t i o n t h a t the d o m i 
nant p h o t o - r e a c t i o n w i l l be UO^"*" r e d u c t i o n w i t h a Quantum Y i e l d . 
QY, = 0 . 5 . The t w o - f o l d e x c e s s of U^+ i s then used to r e d u c e P u ^ + 

w h i c h i s p r e s e n t as 1 p e r c e n t of the s p e n t LWR f u e l (1). N e p t u n i u m , 
o c c u r r i n g as 0.05 p e r c e n t of the spent f u e l , has been n e g l e c t e d 
f o r t h i s e s t i m a t e . ) T h i s i s i n d e e d an a t t r a c t i v e a l t e r n a t i v e to 
some c h e m i c a l r e a g e n t s , but p r e s e n t l y , f o r want of more d a t a , no 
p h o t o c h e m i c a l p r o c e s s has been s e r i o u s l y c o n s i d e r e d even though 
s e v e r a l i n t e r e s t i n g s u g g e s t i o n s have been o f f e r e d and some p a t e n t s 
have been o b t a i n e d . 

T h i s r e p o r t s h a l l r e v i e w the b a s i c p h o t o c h e m i s t r y of u r a n i u m , 
p l u t o n i u m , and neptunium w h i c h has been s t u d i e d d u r i n g the p a s t 
s e v e r a l y e a r s , s h a l l s u g g e s t where a p h o t o c h e m i c a l p r o c e s s m i g h t 
be most e f f i c i e n t l y a p p l i e d and then s h a l l a s s e s s the g e n e r a l 
a p p l i c a b i l i t y of p h o t o c h e m i s t r y to f u e l r e p r o c e s s i n g . We s h a l l 
assume t h a t the a t t r a c t i v e f e a t u r e s o f p h o t o c h e m i c a l s e p a r a t i o n s 
a r e a p p r e c i a t e d and t h a t the r e a d e r i s a b l e to p e r f o r m the s i m p l e 
c o n v e r s i o n of Watts i n p u t power to moles of r e s u l t i n g p r o d u c t 
p r o v i d e d the quantum e f f i c i e n c i e s to the p h o t o c h e m i c a l r e a c t i o n s 
a r e known. Most e l e m e n t a r y t e x t s on p h y s i c a l c h e m i s t r y (2) o r 
p h o t o c h e m i s t r y (_3) p r o v i d e ample background t h a t need n o t be 
r e p e a t e d h e r e . The f o c u s of t h i s r e p o r t w i l l be on the p h o t o 
c h e m i s t r y of the a c t i n i d e s t h e m s e l v e s and the p r o m i s e w h i c h t h i s 
g i v e s to the p o s s i b i l i t y of s e p a r a t i n g them. 

H i s t o r i c a l l y , the s t u d y of a c t i n i d e p h o t o c h e m i s t r y a t b o t h 
Oak R i d g e and e l s e w h e r e has p r o c e e d e d a l o n g the sequence shown i n 
T a b l e I , moving f r o m a s p e c t r o s c o p i c s t u d y of u r a n y l s p e c i e s to 
p h o t o c h e m i c a l r e d u c t i o n t h e r e o f and u l t i m a t e l y to the photochem
i s t r y o f the more r a d i o a c t i v e a c t i n i d e s . The f u n d a m e n t a l p h o t o 
c h e m i s t r y of p l u t o n i u m and neptunium has been p r o b e d o n l y d u r i n g 
the p a s t t e n y e a r s and by o n l y two l a b o r a t o r i e s (9-14) , due l a r g e l y 
to the d i f f i c u l t y of h a n d l i n g and t h e i r l i m i t e d s u p p l y . The R u s 
s i a n w o r k e r s were t r u l y f i r s t to i n v e s t i g a t e p l u t o n i u m and n e p t u 
n i u m , b u t t h e i r r e p o r t s a r e b r i e f and do n o t m e n t i o n e s s e n t i a l 
f a c t o r s such as quantum e f f i c i e n c i e s and w a v e l e n g t h e f f e c t s on the 
p h o t o - i n d u c e d r e a c t i o n s . F o r t h e s e r e a s o n s , the r e s e a r c h w h i c h 
f o l l o w e d a t Oak R i d g e was p e r f o r m e d to answer some of the e s s e n 
t i a l q u e s t i o n s . 

U l t i m a t e l y , a number o f p h o t o c h e m i s t r y groups t u r n e d t h e i r 
i n t e r e s t s to r e p r o c e s s i n g u s i n g the f u n d a m e n t a l i n f o r m a t i o n thus 
f a r g a t h e r e d and the r e a l i z a t i o n o f the b e n e f i t s w h i c h photochem
i c a l p r o c e s s e s had to o f f e r . A l l of these i n v e s t i g a t o r s f o l l o w e d 
a s i m i l a r p a t h — t h a t of p h o t o - r e d u c i n g u r a n y l to U(IV) and u s i n g 
the r e s u l t i n g u r a n i u m as the c h e m i c a l r e d u c t a n t f o r Pu(IV) i n 
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256 ACTINIDE SEPARATIONS 

o r d e r to a c h i e v e the r e d u c t i v e e x t r a c t i o n of p l u t o n i u m . The 
f i r s t known r e p o r t o f such work was by C a r r o l l and coworkers (17) 
a t H a n f o r d i n 1961 f o l l o w e d by a p a t e n t by W i l s o n (18) i n 1971 
f rom the same l a b o r a t o r y s u g g e s t i n g the o r g a n i c phase r e d u c t i o n 
o f U0^+ u s i n g t r i b u t y l p h o s p h i t e and p h o s p h o r i c a c i d . 

L a t e r , an aqueous phase p h o t o c h e m i c a l p r o c e s s w h i c h would 
p r o d u c e r e d u c t i v e e x t r a c t i o n o f p l u t o n i u m from a TBP o r g a n i c 
phase c o n t a i n i n g b o t h u r a n i u m and p l u t o n i u m was p a t e n t e d (19) a t 
Oak R i d g e . G o l d s t e i n and coworkers (20 ) , a l t h o u g h they c o u l d do 
no e x p e r i m e n t a l work, were q u i c k to see the m e r i t s o f u r a n y l 
r e d u c t i o n u s i n g p h o t o c h e m i s t r y and have w r i t t e n s e v e r a l r e p o r t s 
s u g g e s t i n g i t s usage as a means o f s e p a r a t i n g p l u t o n i u m f r o m 
u r a n i u m . S i n c e t h a t t ime the group a t L o s Alamos has p e r f o r m e d 
some e x p e r i m e n t s on o r g a n i c phase r e d u c t i o n s of u r a n y l i o n (21) 
s i m i l a r to t h a t o f the H a n f o r d work i n 1971; b u t , i n s t e a d of u s i n g 
t r i b u t y l p h o s p h i t e and p h o s p h o r i c a c i d as the r e d u c t a n t s f o r 
u r a n i u m , they p r o p o s e d the usage of the TBP i t s e l f . T h i s has 
a l r e a d y been t r e a t e d i n a p r e v i o u s r e p o r t (22) and the d e t a i l s 
s h a l l n o t be d i s c u s s e d any f u r t h e r h e r e . 

I t may seem s t r a n g e a t f i r s t t h a t a l l of the groups i n v o l v e d 
i n the r e p r o c e s s i n g c h e m i s t r y chose to l o o k a t the same b a s i c 
i d e a — u r a n y l p h o t o c h e m i c a l r e d u c t i o n to U ( I V ) . However, r e a l i z 
i n g t h a t the e a r l y w o r k e r s were not aware of the p l u t o n i u m and 
neptunium p h o t o c h e m i s t r y and t h a t they knew U( IV) was an a c c e p t 
a b l e c h e m i c a l r e d u c t a n t f o r P u ( I V ) , the common c o u r s e of a c t i o n 
i s not so d i f f i c u l t to u n d e r s t a n d . The l a t e r groups had the 
advantage o f knowing t h a t the quantum e f f i c i e n c y f o r d i r e c t 
r e d u c t i o n of P u ( I V ) to P u ( I I I ) was much l e s s t h a n t h a t f o r p h o t o -
r e d u c t i o n of u r a n y l to U ( I V ) . I n a d d i t i o n , t h e r e was the r e a l i 
z a t i o n t h a t u r a n y l c o u l d be p h o t o l y z e d w i t h l i g h t o f w a v e l e n g t h s 
(7) w e l l out i n the v i s i b l e w h i l e p l u t o n i u m r e q u i r e d the usage 
of u l t r a v i o l e t r a d i a t i o n (<350 nm). 

A l l of the p h o t o c h e m i s t r y p r e s e n t e d h e r e w i l l be w i t h r e 
s p e c t to aqueous s o l u t i o n s . A l t h o u g h o t h e r s have c o n s i d e r e d 
p h o t o c h e m i c a l r e a c t i o n s i n o r g a n i c m e d i a , the accompanying p h o t o -
d e g r a d a t i o n of o r g a n i c m o l e c u l e s s u c h as TBP (or o x i d a t i o n of the 
o r g a n i c m o l e c u l e s as a r e s u l t of p a r t i c i p a t i o n i n p h o t o - r e d o x 
r e a c t i o n s ) makes the o r g a n i c phase an u n a t t r a c t i v e r e g i o n f o r 
p r a c t i c a l p h o t o c h e m i c a l r e p r o c e s s i n g . 

P h o t o c h e m i c a l r e a c t i o n s o f the a c t i n i d e s (and f i s s i o n p r o d 
u c t s ) i n the v e r y r a d i o a c t i v e d i s s o l v e r s o l u t i o n have n o t been 
c o n s i d e r e d because the r a d i o a c t i v e and o t h e r w i s e - c o m p l e x n a t u r e 
of the s o l u t i o n i s such t h a t c o n t r o l l e d p h o t o - r e a c t i o n s would be 
most d i f f i c u l t t h e r e i n . Downstream, however , i n the aqueous 
s t r i p p i n g s o l u t i o n , c o n d i t i o n s a r e much more amenable to the 
l e v e l o f development p r e s e n t l y a c h i e v e d . 

Uranium and P l u t o n i u m R e a c t i o n s 

The p h o t o c h e m i c a l r e d u c t i o n o f the V I o x i d a t i o n s t a t e : 
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M O ^ + + R + hv •> Mot + R + C D 
2 2 ox 

(where M can be e i t h e r u r a n i u m o r p l u t o n i u m ) has been f o u n d to 
o c c u r ( 8 ,9 ,10 ) u s i n g a v a r i e t y o f r e d u c t a n t s , R, s u c h as a l c o h o l s , 
a l d e h y d e s , h y d r a z i n e and h y d r o x y l a m m i n e . The p r o d u c t o f the 
r e a c t i o n i s the p e n t a v a l e n t a c t i n i d e i o n and the o x i d i z e d f o r m o f 
the r e d u c t a n t , R J X . F o r example : 

2 P u O Î ; + + C H 3 0 H + hv 2PU0* + C H 2 0 + 2 H + (2) 

The M O * s p e c i e s o f u r a n i u m and p l u t o n i u m i s o r d i n a r i l y 
u n s t a b l e and undergoes r a p i d d i s p r o p o r t i o n a t i o n v i a : 

2M0* + 4 H + t M0^~ + M 4 + + 2 H 2 0 (3) 

w i t h the r e s u l t i n g f o r m a t i o n o f t e t r a - and h e x a - v a l e n t a c t i n i d e 
i o n s . A c o m p a r i s o n o f the quantum e f f i c i e n c i e s f o r t h e s e r e a c 
t i o n s , l i s t e d i n T a b l e I I , r e v e a l s one r e a s o n why the p h o t o -
r e p r o c e s s i n g p r o p o s a l s r e l y so h e a v i l y on the u r a n y l 
p h o t o r e d u c t i o n ; i t i s s i m p l y a m a t t e r o f h i g h e r e f f i c i e n c y . 

O t h e r r e a c t i o n s o b s e r v e d f o r p l u t o n i u m have been (1) the 
d i r e c t p h o t o c h e m i c a l r e d u c t i o n o f Pu(IV) u s i n g r e d u c t a n t s such 
as f o r m i c a c i d , e t h a n o l and h y d r a z i n e ( 8 , 9 , 1 0 ) i n p e r c h l o r i c a c i d : 

4+ ^4- + 
Pu + R + hv -> Pu + R (4) 

ox 

F o r example : 

4 P u 4 + + Ν H . + hv -> 4 P u 3 + + N 0 + 4 H + (5) 
2 4 2 

where quantum e f f i c i e n c i e s as shown i n T a b l e I I have been meas
u r e d ; (2) P h o t o - e q u i l i b r i u m s h i f t o f the P u ( I V ) 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 ( 9 , 1 0 ) : 

3 P u 4 + + 2 H 2 0 P u 0 2
+ + 2 P u 3 + + 4 H + (6) 

w h i c h , i n r e a l i t y , i s a t w o - s t e p e q u i l i b r i u m t h a t i n v o l v e s the 
PuO£ i n t e r m e d i a t e ; and (3) P h o t o - a s s i s t e d d e p o l y m e r i z a t i o n of 
P u ( I V ) hydrous p o l y m e r s ( 9 , 1 0 ) . None o f t h e s e w i l l be f u r t h e r 
d i s c u s s e d because they have a l r e a d y been p r e s e n t e d i n d e t a i l and 
space h e r e i s l i m i t e d . I n s t e a d , a t t e n t i o n s h a l l be f o c u s e d on 
p h o t o - r e p r o c e s s i n g r e l a t e d c h e m i s t r y a n d , i n p a r t i c u l a r , neptunium 
w h i c h has n o t been p r e v i o u s l y c o n s i d e r e d . 

Neptunium R e a c t i o n s 

N e p t u n i u m , l i k e i t s p l u t o n i u m n e i g h b o r , can e x i s t i n o x i d a 
t i o n s t a t e s t h a t v a r y f r o m +3 to +6 ( d i s r e g a r d i n g the +7 s t a t e 
w h i c h i s n o t p e r t i n e n t to r e p r o c e s s i n g - r e l a t e d s o l u t i o n s ) . I n 
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c o n t r a s t to i t s u r a n i u m and p l u t o n i u m a n a l o g s , n e p t u n i u m has a 
v e r y s t a b l e +5 o x i d a t i o n s t a t e w h i c h tends to dominate the 
c h e m i s t r y o f i n o r g a n i c a c i d s o l u t i o n s . Nemodruk and coworkers 
were t h e f i r s t to s t u d y the p h o t o - r e d o x r e a c t i o n s o f Np and they 
l o o k e d s e p a r a t e l y a t p e r c h l o r i c a c i d (11 ) , h y d r o c h l o r i c a c i d (12 ) , 
n i t r i c a c i d (13) and s u l f u r i c a c i d (14) m e d i a . However , n o t i c e 
a b l y a b s e n t i n t h e i r work was any c o n s i d e r a t i o n of quantum 
e f f i c i e n c i e s and w a v e l e n g t h s e f f e c t s f o r the v a r i o u s p h o t o r e d o x 
r e a c t i o n s . 

The r e c e n t p h o t o c h e m i s t r y i n t e r e s t s a t Oak R i d g e have been 
t u r n e d to an e x a m i n a t i o n o f these a s p e c t s f o r n e p t u n i u m i n p e r 
c h l o r i c (15) and n i t r i c a c i d (16) s o l u t i o n s . A p e r c h l o r i c a c i d 
medium p r o v i d e s a much s i m p l e r s t a r t i n g p o i n t because the C l O ^ 
i o n i s n o t s u b j e c t to p h o t o l y s i s as i s the NOg i o n when exposed 
to l i g h t o f 250-360 nm w a v e l e n g t h . N e v e r t h e l e s s , n i t r i c a c i d 
media were u l t i m a t e l y examined because o f t h e i r o b v i o u s p r a c t i c a l 
i m p o r t a n c e . 

P e r c h l o r i c A c i d M e d i a . I n p e r c h l o r i c a c i d , s o l u t i o n s o f 
N p ( I I I ) , ( I V ) , and (V) a r e o x i d i z e d a f t e r the a b s o r p t i o n o f 254 
o r 300 nm r a d i a t i o n i n a s t e p w i s e f a s h i o n a c c o r d i n g to the f o l 
l o w i n g g e n e r a l r e a c t i o n s ( 1 5 ) : 

2 ( 4 - x ) N p 3 + + C10~ + 2 ( 4 - x ) H + ^ 2 ( 4 - x ) N p 4 + + C10~ + ( 4 - x ) H 2 0 (7) 

2 ( 4 - x ) N p 4 + + C10~ + 3 ( 4 - x ) H 2 0 ^ 2 ( 4 - x ) N p 0 2 + C10~ + 6 ( 4 - x ) H + (8) 

2 ( 4 - x ) N p 0 2 + C10~ + 2 ( 4 - x ) H + ^ 2 ( 4 - x ) N p 0 2
+ + C10~ + ( 4 - x ) H 2 0 (9) 

where the b y - p r o d u c t i o n i s s u s p e c t e d to be e i t h e r C 1 0 2 o r CIO . 
The change i n s p e c i e s c o n c e n t r a t i o n f o r Np(IV) p h o t o - o x i d a t i o n i s 
shown i n F i g . 1 w h i l e t h a t f o r Np(V) p h o t o - o x i d a t i o n i s shown i n 
F i g . 2 . Quantum e f f i c i e n c i e s f o r t h e s e and o t h e r r e a c t i o n s a r e 
g i v e n i n T a b l e I I . The complex changes w h i c h o c c u r when Np(IV) 
i s p h o t o - o x i d i z e d ( c f . , F i g . 1) demonst ra te t h a t s e v e r a l phenomena 
take p l a c e s i m u l t a n e o u s l y . These i n c l u d e : (1) the r e t a r d i n g 
e f f e c t s f r o m the p r o d u c t i o n C10~ as s e e n a t 250 m i n u t e s f o r the 
Np(V) s p e c i e s i n 0 . 1 Ν H + ; (2) the a c c e l e r a t i o n o f the Np(V) 
f o r m a t i o n r a t e i n 4 . 0 Ν a c i d as Np(V) a c c u m u l a t e s and i s , i n t u r n , 
p h o t o - o x i d i z e d a t a h i g h e r quantum e f f i c i e n c y to Np(VI) w h i c h then 
combines r a p i d l y w i t h the r e s i d u a l Np(IV) to f o r m N p ( V ) ; and 
(3) the b u i l d - u p o f Np(VI) i n the low a c i d media p r i o r to complete 
c o n v e r s i o n o f Np(IV) to N p ( V ) , w h i c h i s i n c o n t r a s t to the 
o b s e r v a t i o n of the p r e v i o u s w o r k e r s (11) . 

The p h o t o - o x i d a t i o n of Np(V) i s more s t r a i g h t - f o r w a r d s i n c e 
t h e r e a r e o n l y two s p e c i e s p o s s i b l e . F i g u r e 2 shows the e f f e c t 
o f a c i d as e x p e c t e d f r o m the r e a c t i o n g i v e n i n E q . 9. 

The p h o t o c h e m i c a l r e d u c t i o n o f n e p t u n i u m i n aqueous p e r 
c h l o r i c a c i d i s c o m p l i c a t e d because i t must compete a t t imes w i t h 
the o x i d a t i o n p r o c e s s e s caused by the H C I O ^ . I n c o n t r a s t to the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
8

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



260 ACTINIDE SEPARATIONS 

350 

EXPOSURE MINUTES 

Figure 1. Photooxidation of Ν ρ (IV) with 254-nm radiation at 22° C; formation 
of Ν ρ (V) and Np (VI) products shown; total [Np] = 12mM for each solution 
photolyzed; dotted portions on curves represent dark period interruptions during 

the photolysis run. 

2 

350 

E X P O S U R E M I N U T E S 

Figure 2. Photooxidation of Np (V) with 254-nm radiation at 22°C; total [Np] 
= 12mM for each solution photolyzed, Ν ρ (VI) concentration as a function of time 

shown. 
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p r e v i o u s s t u d y (11 ) , the c u r r e n t r e s u l t s show t h a t even the 
N p ( I I I ) s t a t e can be p h o t ο c h e m i c a l l y g e n e r a t e d . The o v e r a l l 
p h o t o r e d u c t i o n r e a c t i o n s u s i n g e t h a n o l have been i d e n t i f i e d a s : 

2 Ν ρ Ο ^ + + C H 3 C H 2 O H ^ > 2Np0* + CH CHO + 2 H + (10) 

6 H + + 2Np0 2 + C H 3 C H 2 O H ^ > 2 N p 4 + + CH 3 CH0 + 4 ^ 0 (11) 

2 N p 4 + + C H 3 C H 2 0 H ^ 2 N p 3 + + CH 3 CH0 + 2 H + (12) 

and the quantum e f f i c i e n c i e s a r e g i v e n i n T a b l e I I f o r each o f 
t h e s e r e a c t i o n s . F o r more d e t a i l on t h i s c h e m i s t r y , the r e a d e r 
i s r e f e r r e d to an e a r l i e r p u b l i c a t i o n ( 1 5 ) . 

N i t r i c A c i d M e d i a . The p h o t o - r e d o x r e a c t i o n s o f neptunium 
i n n i t r i c a c i d a r e , as s t a t e d e a r l i e r , c o m p l i c a t e d by the N O 3 

p h o t o - r e d u c t i o n w h i c h p r e v e n t s the c o m p l e t e p h o t o - o x i d a t i o n of 
n e p t u n i u m to the (VI) s t a t e . A t f i r s t t h i s might seem to pose a 
dilemma w h i c h ought to be a v o i d e d , b u t r e c e n t r e s u l t s have shown 
how t h i s a p p a r e n t c o m p l i c a t i o n i s e s s e n t i a l to a p h o t o - s e p a r a t i o n 
p r o c e s s . Two p h o t o c h e m i c a l r e a c t i o n s w o r k i n g t o g e t h e r w i l l be 
shown to be n e c e s s a r y i n o r d e r to r e a c h what we have a c c e p t e d as 
a p r a c t i c a l r e s u l t . 

When p h o t o l y z e d i n the absence of any added r e d u c t a n t s , 
n i t r i c a c i d s o l u t i o n s o f Np(VI) and Np(IV) are c o n v e r t e d to N p ( V ) . 
The p h o t o c h e m i s t r y o f Np i n n i t r i c a c i d d i f f e r s f r o m t h a t i n 
HC10, s o l u t i o n s s i n c e i n the f o r m e r , complete r e d u c t i o n of 
Np(VI) -> Np(V) u l t i m a t e l y o c c u r s , w h i l e i n the l a t t e r , o x i d a t i o n 
o f Np(V) -+ Np(VI) i s o b s e r v e d ( c f . , F i g . 2 and E q . 9 ) . The d i f 
f e r e n c e i s o b v i o u s l y due to the p r e s e n c e o f p h o t o c h e m i c a l l y 
p r o d u c e d NO2 w h i c h s e r v e s as the r e d u c t a n t f o r N p ( V I ) . The 
quantum e f f i c i e n c i e s f o r Np i n T a b l e I I show t h a t t h e r e a c t i o n s 
o c c u r b e s t when i r r a d i a t e d w i t h 254 r a t h e r than 300 nm l i g h t i n 
agreement w i t h the i n c r e a s e d QY f o r NO3 p h o t o - r e d u c t i o n a t s h o r t e r 
w a v e l e n g t h s (23) b u t i n o p p o s i t i o n to the d i f f e r e n c e i n NO" l i g h t 
a b s o r p t i o n as shown i n F i g . 3 . The Np(VI) r e d u c t i o n p r o b a b l y 
i n v o l v e s an e x c i t e d s t a t e of N p , but the e v i d e n c e i n s u p p o r t of 
t h i s i s n o t c o n c l u s i v e . A l t h o u g h the quantum e f f i c i e n c y f o r 
Np(VI) r e d u c t i o n i s n o t as g r e a t as t h a t f o r the r e d u c t i o n o f 
U 0 ^ + w i t h e t h a n o l o r h y d r a z i n e , i t i s n o t so p r o h i b i t i v e l y low 
t h a t i t cannot be u s e f u l . 

E x p o s u r e of Np(V) s o l u t i o n s to 254 nm r a d i a t i o n p r o d u c e s a 
s t e a d y - s t a t e c o n v e r s i o n o f about 10 p e r c e n t Np(V) -* Np(VI) w h i c h 
r e t u r n s to Np(V) i n the d a r k . [There i s t h e r e f o r e no n e t e f f e c t 
of UV l i g h t on N p ( V ) ] . These o b s e r v a t i o n s can be e x p l a i n e d by 
the s h i f t of the e q u i l i b r i u m : 

2 H + + 2Np0 2 + N0~ t 2 N p 0 2
+ + N0~ + 1^0 (13) 

upon p h o t o - e x c i t a t i o n o f NpO"^. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

01
8

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



262 A C T I N I D E S E P A R A T I O N S 

2 4 0 2 6 0 2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 

WAVELENGTH (nm) 

Figure 3. Absorption spectrum of HN03; [HNOs] = 0.1N, cell pathlength = 
1.0 cm. 
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E x p o s u r e o f Np(IV) n i t r i c a c i d s o l u t i o n s p r o d u c e s a s i m p l e 
p h o t o - o x i d a t i o n of Np(IV) -> Np(V) s i m i l a r to the f o r w a r d r e a c t i o n 
of E q . 13 . 

The a d d i t i o n o f h y d r a z i n e has l i t t l e e f f e c t on the neptunium 
p h o t o - r e a c t i o n s i n n i t r i c a c i d . T h e r e i s some e v i d e n c e t h a t i t 
s e r v e s as a r e d u c t a n t , b u t i t i s n o t enough to be s i g n i f i c a n t . 
E x p e r i m e n t s a r e s t i l l i n p r o g r e s s w h i c h s h o u l d f u r t h e r d e f i n e the 
Np r e d o x c h e m i s t r y i n the p r e s e n c e of added r e d u c t a n t s ; b u t the 
c o m p e t i t i o n between the v a r i o u s redox r e a c t i o n s i n v o l v i n g b o t h 
s o l v e n t and added r e a g e n t s l i m i t s the p o t e n t i a l f o r a p p l i c a t i o n 
to p r o c e s s c o n d i t i o n s . 

A c t i n i d e S e p a r a t i o n P r o c e s s e s 

T a k i n g the f o r e g o i n g neptunium p h o t o c h e m i s t r y i n t o a c c o u n t , 
i t would be u s e f u l to a p p l y i t to t h e development o f a more 
complex p h o t o - s e p a r a t i o n scheme than has been m e n t i o n e d p r e v i 
o u s l y ( 1 9 , 2 4 ) , one w h i c h i n c l u d e s N p , U and P u . S i n c e Np(VI) can 
be p h o t o c h e m i c a l l y r e d u c e d i n the absence o f any i n t e n t i o n a l l y 
added r e d u c t a n t s , i t m i g h t be p o s s i b l e to p h o t o l y z e a n i t r i c a c i d 
s o l u t i o n c o n t a i n i n g the t h r e e a c t i n i d e s , r e d u c i n g the Np(VI) w h i l e 
l e a v i n g the P u ( I V ) and U(VI) unchanged. A f t e r the Np(V) has been 
removed by an e x t r a c t i o n p r o c e s s , h y d r a z i n e c o u l d t h e n be added 
and the s o l u t i o n p h o t o l y z e d to a c h i e v e the s i m u l t a n e o u s r e d u c t i o n 
(as was d e s c r i b e d p r e v i o u s l y ) o f UO^"1 - to and P u ^ + to P u ^ + 

w i t h the accompanying a s s i s t a n c e of the r e a c t i o n : 

U 4 + + 2 P u 4 + + 2 H 2 0 -> U 0 2
+ + 2 P u 3 + + 4 H + (13) 

The s e p a r a t i o n of Np f r o m U and Pu was a c t u a l l y a c c o m p l i s h e d i n 
a 0 .5 Ν HNO3 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 a p p r o x i m a t e l y 0.005 M , 
e a c h , o f N p ( V I ) , U ( V I ) and P u ( I V ) . P r e v i o u s l y , i t was demon
s t r a t e d t h a t Pu and Np c o u l d be i n d i v i d u a l l y s e p a r a t e d f r o m 
U ( 1 9 , 2 4 ) . The r e s u l t s o f t h e s e s e p a r a t i o n p r o c e s s e s a r e shown 
i n T a b l e I I I , thus d e m o n s t r a t i n g p h o t o - s e p a r a t i o n s o f these i o n s 
a r e f e a s i b l e . 

Summary 

To summarize the p r o m i s e o f a c t i n i d e p h o t o c h e m i s t r y b r i e f l y , 
i t has been f o u n d t h a t a l l t h r e e major a c t i n i d e s have a u s e f u l 
v a r i e t y o f p h o t o c h e m i c a l r e a c t i o n s w h i c h c o u l d be a r r a n g e d i n a 
sequence to a c h i e v e a s e p a r a t i o n s p r o c e s s t h a t r e q u i r e s fewer 
r e a g e n t s , a n d , u n d e r s t a n d a b l y , a r e d u c e d volume of waste s o l u 
t i o n s . Most o f the impact o f p h o t o c h e m i s t r y on r e p r o c e s s i n g i s 
a d m i t t e d l y s p e c u l a t i v e s i n c e o n l y the c h e m i c a l f e a s i b i l i t y has 
been d e m o n s t r a t e d . 

N e v e r t h e l e s s , the a t t r a c t i v e c h a r a c t e r i s t i c s o f p h o t o c h e m i c a l 
r e a c t i o n s w i l l c o n t i n u e to be s t a t e d (and sometimes o v e r s t a t e d ) as 
l a s e r - r e l a t e d r e s e a r c h i n t e r e s t s grow. D u r i n g the p a s t y e a r s , we 
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T a b l e I I I . E f f e c t o f l i g h t on the r e d u c t i v e e x t r a c t i o n o f 
N p - P u - U s o l u t i o n s . 

S o l u t i o n s (approx 1 0 m l ) t y p i c a l l y c o n t a i n e d approx 0.005 M 
o f each a c t i n i d e i n q u e s t i o n . W a v e l e n g t h , exposure t i m e , 
a b s o r b e d i n t e n s i t y , s t a r t i n g a c i d i t y , and f i n a l a d j u s t e d 
a c i d i t y were as f o l l o w s : A , 254 nm, 20 m i n , 1W, 0.5 N , 
2 .0 Ν; B , 200 nm, 30 m i n , 1W, 1 .4 N , 2 .6 Ν ( c o n t a i n e d a l s o 
0 .5 M h y d r a z i n e n i t r a t e ) ; C , 254 nm, 10 m i n , 1W, 0 .5 N , 
2 .0 N . A c i d i f i c a t i o n was f o l l o w e d by e x t r a c t i o n i n t o an 
e q u i v a l e n t volume of 30% TBP i n dodecane . P a r t Β t a k e n 
f r o m p r e v i o u s r e s u l t s ( 1 9 , 2 4 ) . 

Dark L i g h t 
Sample Sample 

A S e p a r a t i o n o f Neptunium f r o m N p - U M i x t u r e 

Aqueous 14% Np 93.8% Np 
L a y e r 12.4% U 12.3% U 

TBP 86% Np 6.2% Np 
L a y e r 87.6% U 87.7% U 

S e p a r a t i o n o f P l u t o n i u m f r o m P u - U M i x t u r e 

Aqueous 33% Pu 90% Pu 
L a y e r 3% U 3% U 

TBP 67% Pu 10% Pu 
L a y e r 97% U 97% U 

S e p a r a t i o n o f Neptunium from N p - U - P u M i x t u r e 

Aqueous 22% Np 82.3% Np 
L a y e r 18.1% U 13% U 

16% Pu 20% Pu 

TBP 78% Np 17.7% Np 
L a y e r 81.4% U 86% U 

84% Pu 80% Pu 
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have r e a l i z e d s e v e r a l f e a t u r e s w h i c h m e r i t e n u m e r a t i n g i n c o n c l u 
s i o n : (1) L a s e r p h o t o c h e m i s t r y i s n o t , a t the moment, as 
u n i q u e l y i m p o r t a n t i n f u e l r e p r o c e s s i n g as i t i s i n i s o t o p i c 
e n r i c h m e n t . The p h o t o c h e m i s t r y p r e s e n t l y a t hand can be s u c c e s s 
f u l l y a c c o m p l i s h e d w i t h c o n v e n t i o n a l l i g h t s o u r c e s . (2) The 
e a s i e s t p l a c e to a p p l y p h o t o - r e p r o c e s s i n g i s on the t h r e e a c t i 
n i d e s d i s c u s s e d h e r e . The s o l u t i o n s a r e p o t e n t i a l l y c l e a n e r and 
more amenable to p h o t o - r e a c t i o n s . (3) O r g a n i c - p h a s e p h o t o -
r e a c t i o n s a r e p r o b a b l y not w o r t h much a t t e n t i o n because o f the 
t r o u b l e s o m e s o l v e n t r e d o x c h e m i s t r y a s s o c i a t e d w i t h the p h o t o 
c h e m i c a l r e a c t i o n . (4) Upstream p r o c e s s t r e a t m e n t on the r a f f i -
n a t e ( d i s s o l v e r s o l u t i o n ) may never be too a t t r a c t i v e s i n c e the 
r a d i a t i o n i n t e n s i t y p r e c l u d e s the usage o f many o p t i c a l m a t e r i a l s 
and the n a t u r e of the s o l u t i o n i s such t h a t l i g h t t r a n s m i s s i o n 
i n t o i t might be t o t a l l y i m p o s s i b l e . 
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19 
Application of Photochemical Techniques to Actinide 
Separation Processes 

G . L . D E P O O R T E R and C. K. R O F E R - D E P O O R T E R 

Los Alamos Scientific Laboratory, University of California, Los Alamos, ΝM 87545 

Photochemical techniques offer a potential for selectivity in 
systems where chemical methods offer little selectivity. Although 
thermal chemical properties of species to be separated may be 
similar, spectral differences can be exploited in photochemical 
separations. A further advantage of photochemical methods is the 
substitution of light energy for quantities of reagents. Both of 
these characteristics suggest the applicability of photochemical 
techniques to the actinides, whose separation and purification is 
often difficult, and whose radioactivity causes problems in the 
handling of waste reagents from their processing. In this paper, 
we review the application of photochemical techniques to actinide 
separations and related photochemical processes. The advent of 
the laser has brought about renewed interest in this field. Thus, 
these studies are in research stages and have not been developed 
to plant-scale processes. 

The use of photochemistry in separation processes is fairly 
recent. An attempt was made in 1922 to separate chlorine isotopes 
by irradiating a mixture of H2 and Cl2 with light filtered through 
Cl2 enriched in 35Cl (1), but the first successful attempt was by 
irradiation of COCl2 with an aluminum arc in 1932 (2). A l t h o u g h 
t h e p h o t o c h e m i c a l r e a c t i o n s o f t h e u r a n y l i o n ( U 0 2

2 ) were known 
s i n c e 1833 (3 ) , t h e y were not a p p l i e d t o s e p a r a t i o n s u n t i l the 
e a r l y p a r t o f the Manhat tan P r o j e c t , when t h e s p e c t r a and p h o t o 
c h e m i c a l r e a c t i o n s o f u r a n y l compounds and U F 6 were i n v e s t i g a t e d 
f o r t h e i r p o t e n t i a l i n i s o t o p e s e p a r a t i o n ( 4 ) . No p h o t o c h e m i c a l 
p r o c e s s was f o u n d t h a t c o u l d compete w i t h gaseous d i f f u s i o n i n 
e f f i c i e n c y and r a p i d development t o l a r g e s c a l e . 

A l l o f the b a s i c r e q u i r e m e n t s f o r p h o t o c h e m i c a l s e p a r a t i o n s 
were r e c o g n i z e d i n t h i s e a r l y work: 

1 . The a b s o r p t i o n s o f t h e s p e c i e s t o be s e p a r a t e d must be 
s i g n i f i c a n t l y d i f f e r e n t . 

2. A p h o t o c h e m i c a l r e a c t i o n must t a k e p l a c e i n one s p e c i e s 
t o change i t s c h e m i c a l form so t h a t i t can be s e p a r a t e d 
f rom t h e m i x t u r e . 

0-8412-0527-2/80/47-117-267$05.00/0 
© 1980 American Chemical Society 
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268 ACTINIDE SEPARATIONS 

3. T h e r e must be no o t h e r i n t e r f e r i n g r e a c t i o n s t h a t w i l l 
cause a l o s s o f t h e s e l e c t i v i t y . 

4 . A l i g h t s o u r c e must be a v a i l a b l e w i t h a s u f f i c i e n t l y 
narrow w a v e l e n g t h d i s t r i b u t i o n t o d i s c r i m i n a t e among 
s p e c t r a l f e a t u r e s , and i t must have s u f f i c i e n t i n t e n s i t y 
t o cause p h o t o c h e m i c a l r e a c t i o n i n a r e a s o n a b l e t i m e . 

The f i r s t t h r e e r e q u i r e m e n t s r e l a t e t o the i n h e r e n t c h e m i c a l 
p r o p e r t i e s o f the m i x t u r e t o be s e p a r a t e d . The r e q u i r e m e n t s f o r 
t h e l i g h t s o u r c e depend on t h e p r o p e r t i e s o f t h e m i x t u r e , b u t i t s 
a v a i l a b i l i t y i s a t e c h n o l o g i c a l v a r i a b l e . L a s e r s , w i t h t h e i r 
narrow w a v e l e n g t h ranges and h i g h i n t e n s i t i e s , have g e n e r a t e d new 
i n t e r e s t i n p h o t o c h e m i c a l s e p a r a t i o n s . I n f r a r e d l a s e r s have a l s o 
made p o s s i b l e t h e c o m p l e t e l y new f i e l d o f i n f r a r e d - i n d u c e d chem
i s t r y , i n which some s i g n i f i c a n t i s o t o p e s e p a r a t i o n s have been 
r e p o r t e d . 

The f o u r p r i n c i p l e s o f p h o t o c h e m i c a l s e p a r a t i o n a p p l y t o the 
s e p a r a t i o n o f o t h e r c h e m i c a l e n t i t i e s , e lements and compounds, as 
much as t h e y do t o the s e p a r a t i o n o f i s o t o p e s . S i n c e the s p e c t r a 
o f e lements and compounds d i f f e r t o a much g r e a t e r degree t h a n the 
s p e c t r a o f i s o t o p e s , the p r o b l e m i s s i m p l e r . 

S e v e r a l t y p e s o f a p p l i c a t i o n o f p h o t o c h e m i s t r y t o s e p a r a t i o n s 
c a n be d i s t i n g u i s h e d : s e p a r a t i o n o f a c h e m i c a l s p e c i e s t h a t u n d e r 
goes p h o t o c h e m i c a l r e a c t i o n f r o m s p e c i e s t h a t do n o t ; s e l e c t i v e 
i r r a d i a t i o n and p h o t o c h e m i c a l r e a c t i o n o f one o f s e v e r a l p h o t o -
c h e m i c a l l y a c t i v e s p e c i e s ; changes i n c o n v e n t i o n a l s e p a r a t i o n s 
r e s u l t i n g f rom i r r a d i a t i o n ; and p h o t o c h e m i c a l g e n e r a t i o n o f s e p 
a r a t i o n r e a g e n t s . T h i s l i s t does n o t c o v e r a l l p o s s i b i l i t i e s , 
b u t i t s e r v e s t o c a t e g o r i z e the a v a i l a b l e l i t e r a t u r e . 

The s o l u t i o n p h o t o c h e m i s t r y o f t h e a c t i n i d e s b e g i n s w i t h 
u r a n i u m ; none has been r e p o r t e d f o r a c t i n i u m , t h o r i u m , and p r o t a c 
t i n i u m . S p e c t r a have been o b t a i n e d f o r most o f t h e a c t i n i d e i o n s 
t h r o u g h c u r i u m i n s o l u t i o n ( 5 ) . Most s t u d i e s i n a c t i n i d e p h o t o 
c h e m i s t r y have been done on u r a n y l compounds, l a r g e l y t o e l u c i d a t e 
the n a t u r e o f t h e e x c i t e d e l e c t r o n i c s t a t e s o f t h e u r a n y l i o n and 
t h e d e t a i l s o f the mechanisms o f i t s p h o t o c h e m i c a l r e a c t i o n s ( 5 a ) . 
Some s t u d i e s have a l s o been done on the p h o t o c h e m i s t r y o f neptunium 
(6) and p l u t o n i u m ( 7 ) . A l t h o u g h not a l l o f t h e s e s t u d i e s a r e 
d i r e c t e d s p e c i f i c a l l y toward s e p a r a t i o n s , the c h e m i s t r y t h e y 
d e s c r i b e may be a p p l i c a b l e . 

The s p e c t r a and c h e m i c a l p r o p e r t i e s o f the a c t i n i d e s v a r y 
g r e a t l y . F o r example , t h e s p e c t r a o f U 0 2

2
+ and U 1* are shown i n 

F i g . 1 . In the p r e s e n c e o f f l u o r i d e , U 0 2
2 remains i n s o l u t i o n , 

b u t UFii p r e c i p i t a t e s . T h u s , c o m b i n a t i o n o f p h o t o c h e m i c a l and 
t h e r m a l c h e m i c a l p r o p e r t i e s can be u s e d i n t h e i r s e p a r a t i o n s . Both 
o x i d a t i o n and r e d u c t i o n have been r e p o r t e d i n the l i t e r a t u r e as 
p h o t o c h e m i c a l r e a c t i o n s o f a c t i n i d e s . The r e p o r t e d r e a c t i o n s a r e 
summarized i n F i g . 2. 

The p r o b l e m o f t h e l i g h t s o u r c e i s s i m p l e s t f o r s e p a r a t i n g a 
compound t h a t undergoes a p h o t o c h e m i c a l r e a c t i o n f r o m compounds 
t h a t do n o t . In t h i s c a s e , a broadband l i g h t s o u r c e , such as the 
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1 I I I I I Γ 

W A V E L E N G T H (nm) 

Figure 1. UV-visible absorption spectra of U (IV) and U (VI) at equal concen
trations in nitric acid: ( ; 0.042M UOt

2+, IN HNOs; ( ; 0.042M U (IV), 4N 
HNOs. U (IV) spectrum from Ref. 28. 

Element Oxidation State 

VI V IV III 

Uranium 

Neptunium 

Plutonium 
Figure 2. Reported photochemical acti
nide oxidations and reductions from Ref. 

5,6, and 7. 
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270 ACTINIDE SEPARATIONS 

s u n , can be u s e d . P r o c e s s e s o f t h i s s o r t can be b o t h s i m p l e and 
c h e a p . T h i s p r i n c i p l e has been a p p l i e d t o wet r e f i n i n g o f u r a n i u m 
o x i d e (8) and t o s e p a r a t i o n o f u r a n i u m f r o m some o f i t s f i s s i o n 
p r o d u c t s , as a p o t e n t i a l s t e p i n n u c l e a r f u e l r e p r o c e s s i n g (.9). 
Good s e p a r a t i o n s were r e p o r t e d i n t h e s e e x p e r i m e n t s ( T a b l e I ) , but 
no l a r g e - s c a l e a p p l i c a t i o n s have been r e p o r t e d . 

W i t h a s i n g l e - l i n e s o u r c e , two p h o t o c h e m i c a l l y a c t i v e compo
n e n t s can be s e p a r a t e d i n s o l u t i o n by i r r a d i a t i o n and subsequent 
r e a c t i o n o f one o f the components . T h i s t e c h n i q u e has been 
a p p l i e d to t h e s e p a r a t i o n o f the t r a n s i t i o n m e t a l s c o b a l t and i r o n 
(10) and o f europium f r o m t h e o t h e r l a n t h a n i d e s ( Π ) . A l t h o u g h 

no s e p a r a t i o n o f t h i s t y p e has been r e p o r t e d f o r the a c t i n i d e s , 
t h e r e i s n o t h i n g i n p r i n c i p l e t h a t p r e v e n t s i t . T h i s method c o u l d 
p r o v e p a r t i c u l a r l y u s e f u l i n s e p a r a t i n g a c t i n i d e s f rom l a n t h a n i d e s , 
where t h e r m a l c h e m i c a l methods are p a r t i c u l a r l y d i f f i c u l t . 

I r r a d i a t i o n a l s o a f f e c t s t h e c o u r s e o f more c o n v e n t i o n a l s e p a 
r a t i o n p r o c e s s e s . V i s i b l e and u l t r a v i o l e t l i g h t have been f o u n d 
t o a f f e c t p l u t o n i u m s o l v e n t e x t r a c t i o n by p h o t o c h e m i c a l r e d u c t i o n 
o f t h e p l u t o n i u m (12) . A l t h o u g h the r e s u l t s v a r y somewhat w i t h 
t h e c o n d i t i o n s , g e n e r a l l y p l u t o n i u m ( V I ) can be r e d u c e d t o p l u t o -
n i u m ( I V ) , and p l u t o n i u m ( I V ) t o p l u t o n i u m ( I I I ) . The r e d u c t i o n 
a p p e a r s t o t a k e p l a c e more r e a d i l y i f the u r a n y l i o n i s a l s o 
p r e s e n t , p o s s i b l y as a r e s u l t o f p h o t o c h e m i c a l r e d u c t i o n o f t h e 
u r a n y l i o n and subsequent r e d u c t i o n o f p l u t o n i u m by u r a n i u m ( I V ) . 
L i g h t has a l s o been f o u n d t o b r e a k up the u n e x t r a c t a b l e p l u t o n i u m 
p o l y m e r t h a t forms i n s o l v e n t e x t r a c t i o n systems ( 7 b , c ) . The 
e f f e c t o f v i b r a t i o n a l e x c i t a t i o n r e s u l t i n g f rom i n f r a r e d l a s e r 
i r r a d i a t i o n has been s t u d i e d f o r a number o f h e t e r o g e n e o u s 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 (13) . 

In p a r t i c u l a r , when a s o l v e n t e x t r a c t i o n system o f u r a n y l 
n i t r a t e , aqueous n i t r i c a c i d , and t r i - n - b u t y l phosphate (TBP) 
i n a h y d r o c a r b o n d i l u e n t was i r r a d i a t e d w i t h a C 0 2 l a s e r , a 
change was o b s e r v e d i n the e q u i l i b r i u m d i s t r i b u t i o n o f u r a n y l 
n i t r a t e between the phases (14J . When the s o l u t i o n was i r r a d i a t e d 
a t 944 c m " 1 , c l o s e to t h e u r a n y l asymmetr ic s t r e t c h i n g f r e q u e n c y , 
t h e e f f e c t was o b s e r v e d . When a n o n r e s o n a n t f r e q u e n c y was u s e d 
o r t h e energy was a b s o r b e d i n the s o l v e n t , no e f f e c t was o b s e r v e d . 
L i t t l e h e a t i n g c o u l d be e x p e c t e d , a n d , i n any c a s e , h e a t i n g e f f e c t s 
s h o u l d have been i n the o p p o s i t e d i r e c t i o n f rom t h a t o b s e r v e d . 

S i n c e we had p r o p o s e d a s i m i l a r exper iment w i t h i r r a d i a t i o n 
i n the u l t r a v i o l e t - v i s i b l e a b s o r p t i o n band o f the u r a n y l i o n (15) , 
we t r i e d to r e p r o d u c e t h e s e r e s u l t s , b u t w i t h o u t s u c c e s s (16) . 
C o l l i s i o n s i n t h e l i q u i d phase o c c u r so r a p i d l y (about 1 0 1 2 s 1 ) 
t h a t v i b r a t i o n a l e x c i t a t i o n o f the u r a n y l i o n s would be d i s s i p a t e d 
l o n g b e f o r e any s i g n i f i c a n t f r a c t i o n o f e x c i t e d u r a n y l i o n s c o u l d 
r e a c h t h e i n t e r f a c e and t h e r e f o r e change the d i s t r i b u t i o n between 
the two p h a s e s . R a p i d l o s s o f v i b r a t i o n a l e x c i t a t i o n i n r e l a t i o n 
t o o t h e r p r o c e s s e s i s a g e n e r i c p r o b l e m f o r i n f r a r e d l a s e r e f f e c t s 
i n any system o f condensed p h a s e s . However, d i f f e r e n c e s between 
e x p e r i m e n t a l s e t u p s may account f o r the d i f f e r e n c e s i n r e s u l t s , 
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a l t h o u g h p o s s i b l e r e a s o n s a r e o b s c u r e . F u r t h e r e x p e r i m e n t s have 
shown no o t h e r e x t r a c t a n t s t h a t behave i n t h i s way upon i n f r a r e d 
i r r a d i a t i o n (17) . 

P h o t o c h e m i s t r y can a l s o be u s e d i n the g e n e r a t i o n o f r e a g e n t s 
f o r a c t i n i d e s e p a r a t i o n s . In the f i r s t s t e p o f s o l v e n t - e x t r a c t i o n 
r e p r o c e s s i n g methods, u r a n i u m and p l u t o n i u m a r e e x t r a c t e d i n t o the 
o r g a n i c phase f r o m most o f t h e o t h e r a c t i n i d e s and t h e f i s s i o n 
p r o d u c t s , which r e m a i n i n the aqueous p h a s e . In subsequent s t e p s 
o f r e p r o c e s s i n g , p l u t o n i u m and u r a n i u m a r e s e p a r a t e d and p u r i f i e d . 
The r e p r o c e s s i n g schemes v a r y i n t h e degrees o f s e p a r a t i o n 
a c h i e v e d i n t h e s e s t e p s . For example , C i v e x p r o p o s e s t h a t a much 
h i g h e r c o n c e n t r a t i o n o f f i s s i o n p r o d u c t s be c a r r i e d w i t h the 
u r a n i u m and p l u t o n i u m t h a n i n t h e Purex p r o c e s s (IS); i n c o 
p r o c e s s i n g , t h e u r a n i u m and p l u t o n i u m a r e t o be i m c o m p l e t e l y 
s e p a r a t e d f r o m each o t h e r (19 ) . A p l u t o n i u m r e d u c t a n t i s needed 
f o r t h e complete o r p a r t i a l s e p a r a t i o n o f u r a n i u m and p l u t o n i u m . 
P l u t o n i u m ( I V ) e x t r a c t s more r e a d i l y i n t o the o r g a n i c p h a s e , and 
p l u t o n i u m ( I I I ) , i n t o t h e aqueous phase o f the t y p i c a l s o l v e n t 
e x t r a c t i o n system (20) . Uranium(IV) i s a good r e d u c t a n t f o r 
t e t r a v a l e n t p l u t o n i u m (21) , and i t can be p r o d u c e d by t h e p h o t o 
c h e m i c a l r e d u c t i o n o f u r a n y l by o r g a n i c compounds, i n c l u d i n g 
s e v e r a l compounds t h a t a r e u s e d i n normal r e p r o c e s s i n g o p e r a t i o n s 
(22) . P h o t o c h e m i c a l methods can p r o d u c e s o l u t i o n s o f u r a n i u m ( I V ) 
i n e i t h e r t h e aqueous o r the o r g a n i c phase ( 2 2 , 2 3 ) . TBP i s a 
good p h o t o c h e m i c a l r e d u c t a n t f o r t h e u r a n y l i o n , the r e a c t i o n 
p r o d u c t b e i n g e i t h e r u r a n i u m ( I V ) o r u r a n i u m ( V ) , d e p e n d i n g on the 
e x p e r i m e n t a l c o n d i t i o n s ( 2 2 c , d , e ) . U r a n i u m ( V ) , by i t s r e d o x 
p o t e n t i a l , s h o u l d a l s o be a p l u t o n i u m r e d u c t a n t (24 ) . The r e a c t i o n 
f o r r e d u c t i o n o f p l u t o n i u m ( I V ) by u r a n i u m ( I V ) i s 

2 Puk+ + U 4 + + 2 H 2 0 + 2 P u 3 + + U 0 2
2 + + 4 H + (1) 

o r , f o r r e d u c t i o n by u r a n i u m ( V ) , 

P u * * + U 0 2
+ + P u 3 + + U 0 2

2 + . (2) 

A l t h o u g h the redox p o t e n t i a l s f o r aqueous s o l u t i o n i n d i c a t e 
t h a t u r a n i u m ( I V ) s h o u l d r e d u c e p l u t o n i u m ( I V ) , a n i o n s and o t h e r 
c o m p l e x i n g agents can change t h e p o t e n t i a l s s u f f i c i e n t l y t h a t 
u r a n i u m ( I V ) and p l u t o n i u m ( I V ) can c o e x i s t i n s o l u t i o n (25 ) . S i n c e 
one o f t h e p r o d u c t s o f p h o t o c h e m i c a l r e d u c t i o n o f u r a n y l by TBP 
i s d i b u t y l p h o s p h a t e (DBP) , w h i c h complexes p l u t o n i u m ( I V ) s t r o n g l y , 
e x p e r i m e n t s were done to t e s t t h e p h o t o c h e m i c a l l y p r o d u c e d u r a n i -
um(IV) s o l u t i o n s as p l u t o n i u m ( I V ) r e d u c t a n t s (26 ) . B e n c h - s c a l e 
s t a t i o n a r y t e s t s showed t h e s e s o l u t i o n s t o be e q u i v a l e n t t o 
h y d r o x y l a m i n e n i t r a t e s o l u t i o n s s t a b i l i z e d w i t h h y d r a z i n e (27 ) . 
The r e s u l t s o f t h e s e e x p e r i m e n t s a r e shown i n T a b l e I I . F o r t h e s e 
e x p e r i m e n t s , the u r a n i u m ( I V ) was i n the o r g a n i c phase and t h e 
p l u t o n i u m ( I V ) was i n t h e aqueous p h a s e . A l t h o u g h l a r g e amounts o f 
n i t r i t e were p r e s e n t i n the aqueous p h a s e , no n i t r i t e s u p p r e s s o r s 
were n e c e s s a r y . In r e d u c t i o n s i n w h i c h b o t h the u r a n i u m ( I V ) and 
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Table II. Organic U (IV)-Aqueous Pu (IV) Reductions Experiments 

Pu After Reduction 

Aqueous U(IV) Aqueous Organic Pu(o) Pu(a) 
Organic Pu(IV) Pu(a) Pu(o) 

0.73 2.34 1.93 g/8 0.0544 0.0282 35.48 

0.29 5.86 1.90 0.0408 0.0215 46.57 

0.15 11.72 1.84 0.0245 0.0133 75.10 

Initial Solution Concentrations 
Aqueous: 2.04 g/fi Pu (0.0085 M), 1.5 Ν ΗΝ0 3 

Organic: U(IV) 0.0147 M, U(VI) 0.0187 M, 33 v% Τ BP in CCI, 
No Nitrite suppressors used in either phase 
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p l u t o n i u m ( I V ) were i n i t i a l l y i n t h e o r g a n i c p h a s e , the photochem
i c a l l y p r o d u c e d u r a n i u m ( I V ) was a l s o e f f e c t i v e i n r e d u c i n g t h e 
p l u t o n i u m ( I V ) and a l l o w i n g i t to be s t r i p p e d i n t o the aqueous 
p h a s e . We c o n c l u d e t h a t t h e amount o f DBP p r o d u c e d i n the p h o t o l 
y s i s was not s u f f i c i e n t t o i n t e r f e r e i n the s t r i p p i n g o f p l u t o n i u m 
( I I I ) f r o m t h e o r g a n i c p h a s e . F u r t h e r e x p e r i m e n t s s h o u l d be done 
t o d e t e r m i n e the amounts o f DBP and o t h e r p o t e n t i a l l y d e l e t e r i o u s 
b y p r o d u c t s g e n e r a t e d by the v a r i o u s p h o t o c h e m i c a l u r a n y l 
r e d u c t i o n s . 

The p h o t o c h e m i c a l r e d u c t i o n o f a s o l u t i o n c o n t a i n i n g b o t h 
u r a n i u m ( V I ) and p l u t o n i u m ( I V ) i s a l s o o f i n t e r e s t f o r r e p r o c e s 
s i n g a p p l i c a t i o n s . E a r l y e x p e r i m e n t s (12a) showed a s i g n i f i c a n t 
r e d u c t i o n o f p l u t o n i u m ( I V ) by l i g h t i n P u r e x - t y p e p r o c e s s s o l u 
t i o n s . S i n c e the quantum y i e l d f o r p l u t o n i u m redox r e a c t i o n s i s 
about o n e - t e n t h t h a t f o r u r a n y l r e d u c t i o n (7b ,c ) the most l i k e l y 
p a t h o f p l u t o n i u m ( I V ) r e d u c t i o n i n t h e s e e x p e r i m e n t s appears t o 
have been by u r a n i u m ( I V ) o r uranium(V) g e n e r a t e d by p h o t o c h e m i c a l 
r e d u c t i o n o f u r a n y l by o t h e r components o f t h e s o l u t i o n s . F u r t h e r 
e x p e r i m e n t s i n t h i s a r e a would be u s e f u l . 

P h o t o c h e m i c a l s e p a r a t i o n , w i t h the new c a p a b i l i t i e s o f l a s e r s 
as l i g h t s o u r c e s , p r o v i d e s many new a r e a s o f i n v e s t i g a t i o n . A p p l 
i c a t i o n o f p h o t o c h e m i c a l t e c h n i q u e s t o a c t i n i d e s e p a r a t i o n s a l o n e 
has an enormous p o t e n t i a l . As l a s e r s become more r e l i a b l e and 
e c o n o m i c a l , p h o t o c h e m i c a l s e p a r a t i o n s h o u l d become an a t t r a c t i v e 
t e c h n i q u e f o r many s y s t e m s . 
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20 
Plutonium Partitioning Methods in Power Reactor 

Fuel Reprocessing 

ALFRED S C H N E I D E R and BARRY G . W A H L I G 

School of Nuclear Engineering, Georgia Institute of Technology, Atlanta, G A 30332 

The bismuth phosphate process, developed and used during 
World War II for the isolation and purification of plutonium, did 
not provide for the recovery of uranium. Furthermore, this was 
inherently a batch process and thus not amenable to improvements 
in chemical processing which can be obtained with continuous 
operation. In the immediate postwar period, attention was devoted 
to solvent extraction methods which promised to overcome the 
shortcomings of the bismuth phosphate process. The Redox process, 
employing methyl isobutyl ketone (hexone) as the organic solvent 
and aluminum nitrate as the "salting agent" to promote the extrac
tion of uranium and plutonium, was developed at the Argonne 
National Laboratory. Pilot-plant testing of the Redox process was 
done at the Oak Ridge National Laboratory (ORNL) in 1948 and 1949 
and its large-scale use started at Hanford in 1952. In the Purex 
process, tributyl phosphate (TBP) in a hydrocarbon diluent is the 
organic solvent, while nitric acid is used as the "salting agent." 
T h i s p r o c e s s , d e v e l o p e d a t about the same time as the Redox p r o 
cess by the K n o l l s Atomic Power L a b o r a t o r y and ORNL, was put i n t o 
l a r g e - s c a l e o p e r a t i o n a t the Savannah R i v e r P l a n t i n 1954 and a t 
H a n f o r d i n 1956. Over two decades l a t e r and a f t e r numerous 
s t u d i e s of a l t e r n a t e r e p r o c e s s i n g methods and i n t e n s i v e s e a r c h e s 
f o r b e t t e r s o l v e n t s , the Purex p r o c e s s remains the prime r e p r o 
c e s s i n g method f o r spent n u c l e a r f u e l s t h r o u g h o u t the w o r l d . 

U r a n i u m - P l u t o n i u m P a r t i t i o n i n g i n the Purex P r o c e s s 

Tljie U - P u s e p a r a t i o n i s bas^d on the much lower e x t r a c t a b i l i t y 
o f P u 3 i o n s by TBP t h a n of Pu i o n s and the r e l a t i v e ease of 
o x i d a t i o n and r e d u c t i o n o f + p l u t o n i u m i n s o l u t i o n s . The o r i g i n a l 
Purex p r o c e s s u t i l i z e d F e 2 to a c h i e v e the r e d u c t i o n of Pu* to 
Pu . S i n c e n i t r i t e i o n s , w h i c h a r e g e n e r a l l y p r e s e n t i n n i t r i c 
a c i d s o l u t i o n s , r e o x i d i z e P u 3 and thus a f f e c t the net r e d u c t i o n 
r a t e , a " h o l d i n g r e d u c t a n t " i s added to scavenge n i t r i t e i o n s . 
S u l f a m a t e i o n , N H 2 S 0 3 i s an e f f e c t i v e h o l d i n g r e d u c t a n t and t h i s 
l e d to the s e l e c t i o n of f e r r o u s s u l f a m a t e , F e ( N H 2 S 0 3 ) 2 a s the 

0-8412-0527-2/80/47-117-279$05.00/0 
© 1980 American Chemical Society 
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r e d u c i n g agent i n the o r i g i n a l Purex p r o c e s s (_1>_2)· The U-Pu 
p a r t i t i o n i n g i s done i n c o u n t e r c u r r e n t s o l v e n t e x t r a c t i o n c o n 
t a c t o r s ( F i g , 1 ) . S e v e r a l i n c e n t i v e s a r o s e f o r m o d i f y i n g the 
o r i g i n a l p a r t i t i o n i n g method w i t h f e r r o u s s u l f a m a t e : the c o r r o s i v e 
a c t i o n o f b o t h i r o n and s u l f a t e ( t h e e v e n t u a l d e g r a d a t i o n p r o d u c t 
of s u l f a m a t e i o n s ) on p r o c e s s equipment , p a r t i c u l a r l y the h i g h -
l e v e l l i q u i d waste t a n k s ; t h e d e s i r e to a v o i d the i n t r o d u c t i o n of 
a d d i t i o n a l s a l t s i n the waste ; the much h i g h e r p l u t o n i u m c o n t e n t 
o f power r e a c t o r f u e l s , e s p e c i a l l y Pu b r e e d e r f u e l , compared w i t h 
t h a t i n the i r r a d i a t e d uranium from Pu p r o d u c t i o n r e a c t o r s ; and 
the much g r e a t e r burnup and c o n s e q u e n t l y f i s s i o n p r o d u c t c o n t e n t 
o f power r e a c t o r f u e l s . The m o d i f i c a t i o n s were g e n e r a l l y aimed 
a t r e p l a c e m e n t of F e 2 and N H 2 S 0 ~ w i t h o t h e r r e a g e n t s b u t , more 
r e c e n t l y , t h e r e have been more r a d i c a l developments i n v o l v i n g 
n o v e l equipment c o n c e p t s and f l o w s h e e t m o d i f i c a t i o n s . 

A l t e r n a t e R e d u c i n g A g e n t s and H o l d i n g R e d u c t a n t s 

H y d r a z i n e ( N 2 H ^ ) was found to be an e f f e c t i v e s c a v e n g e r of 
N0 2 i o n s and thus a p r o m i s i n g h o l d i n g r e d u c t a n t . P r o d u c t i o n 
s c a l e t e s t s a t H a n f o r d i n 1968 w i t h h y d r a z i n e - s t a b i l i z e d f e r r o u s 
n i t r a t e were p l a g u e d by problems a s s o c i a t e d w i t h the c a r r y o v e r of 
n i t r i t e , though the soundness of t h i s method was demonstra ted 
(3). ^ + 

U*1 reduces Pu*1 to P u 3 and was shown to be an e f f e c t i v e 
r e d u c t a n t f o r U - P u p a r t i t i o n i n g ( 4 ) . The net r e a c t i o n i s : 

2 P u * + + υ" + — * 2 P u 3 + + U 6 + . 

W h i l e the use of υ*"1" a v o i d s the i n t r o d u c t i o n of e x t r a n e o u s 
m e t a l i o n s , the h o l d i n g r e d u c t a n t must be r e t a i n e d to p r e v e n t not 
o n l y the r e o x i d a t i o n of Pu , but a l s o the a u t o c a t a l y t i c o x i d a 
t i o n of U* to U 6 . H y d r a z i n e has been the p r e f e r r e d h o l d i n g 
r e d u c t a n t . S e v e r a l methods a r e a v a i l a b l e f o r the p r o d u c t i o n of 
U ( N 0 S ) % : c a t a l y t i c o r e l e c t r o l y t i c r e d u c t i o n of U 0 2 ( N 0 3 ) 2 ; 
d i s s o l u t i o n of the h y d r a t e d o x i d e of U*1 i n n i t r i c a c i d ; aluminum 
powder r e d u c t i o n of U 0 2 ( N 0 3 ) 2 ; e t c . The p a r t i t i o n i n g method 
u s i n g U ( N 0 3 ) k - h y d r a z i n e was t r i e d a t H a n f o r d i n 1970 and has been 
employed i n r e p r o c e s s i n g p l a n t s i n Western E u r o p e , J a p a n , and the 
S o v i e t U n i o n . W h i l e p a r t i t i o n i n g w i t h U * + i s g e n e r a l l y s a t i s f a c 
t o r y , the need to i n t r o d u c e a d d i t i o n a l uranium i n t o the p r o c e s s 
s treams has two drawbacks : f u e l s w i t h h i g h p l u t o n i u m c o n t e n t 
( e . g . b r e e d e r f u e l ) may r e q u i r e a s u b s t a n t i a l i n c r e a s e i n 
t h r o u g h p u t c a p a c i t y to accomodate the l a r g e e x c e s s of u r a n i u m ; 
a n d , u n l e s s the 2 3 5 U e n r i c h m e n t of the uranium r e d u c t a n t 
matches t h a t of the uranium i n the f u e l , t h e r e i s a l o s s i n the 
v a l u e of the r e c o v e r e d u r a n i u m . T h i s l e d to the development of 
i n s i t u U1* p r o d u c t i o n , such as the e l e c t r o c h e m i c a l m e t h o d s ^ 
d e s c r i b e d b e l o w . The i n s i t u p h o t o c h e m i c a l p r o d u c t i o n of U 
c o n t a i n e d i n the o r g a n i c phase has a l s o been s t u d i e d ( 3 4 , 3 5 ) . 
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Figure la. Chssical Purex partitioning schemes—early partitioning; ( ) aque
ous streams, ( ) organic streams; R. Α., reducing agent; TBP, n-tributyl phos

phate in an aliphatic diluent; S. R., solvent recovery. 
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Figure lb. Chssical Purex partitioning schemes—late partitioning 
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H y d r o x y l a m i n e s a l t s were found to be good r e d u c t a n t s of p l u 
t o n i u m , under c e r t a i n c o n d i t i o n s ( 5 ) . I n t e r e s t i n these r e d u c i n g 
agents stemmed from the d e s i r e to a v o i d the i n t r o d u c t i o n of 
m e t a l l i c c a t i o n s i n the s e p a r a t e d p l u t o n i u m p r o d u c t . H y d r o 
x y l a m i n e s u l f a t e was used on a l a r g e s c a l e a t the Savannah R i v e r 
P l a n t (6)· W h i l e p a r t i t i o n i n g was s a t i s f a c t o r y , the o b j e c t i o n 
a b l e p r e s e n c e o f s u l f a t e i o n s l e d t o the a d o p t i o n of h y d r o x y l a m i n e 
n i t r a t e (HAN). The r e a c t i o n mechanism and k i n e t i c s of the HAN 
r e d u c t i o n of p l u t o n i u m have been s t u d i e d e x t e n s i v e l y (_7>j8)« The 
major problem w i t h HAN has been the s low r e d u c t i o n r a t e w i t h 
i n c r e a s i n g HN0 3 c o n c e n t r a t i o n s . Barney d e r i v e d the f o l l o w i n g 
e q u a t i o n w h i c h r e l a t e s the Pu r e d u c t i o n r a t e w i t h the r e c i p r o c a l 
° f [ H V : , . 

- d [ p » ( I V ) ] , r t P u ( I V ) ] ' [ N H 3 O H ] ' 
d t - k - : W 

[ P u ( I I I ) ] 2 [H + J* ( K d + { Ν θ 7 ] 2 ) 

W h i l e a low HNO3 c o n c e n t r a t i o n i s p o s s i b l e i n p l u t o n i u m p u r i f i c a 
t i o n c y c l e s , a h i g h e r HN0 3 c o n c e n t r a t i o n i s n e c e s s a r y to r e t a i n 
the uranium i n the o r g a n i c phase d u r i n g the p r i m a r y U-Pu p a r t i 
t i o n i n g . P l a n t - s c a l e e x p e r i e n c e was o b t a i n e d a t H a n f o r d w i t h HAN 
i n the second Pu and U c y c l e s (_3 ) , and a t Savannah R i v e r i n the 
p r i m a r y p a r t i t i o n i n g c y c l e , where HAN was p a r t i c u l a r l y e f f e c t i v e 
when used w i t h F e ( N 0 3 ) 2 , as w e l l as i n the second p l u t o n i u m 
c y c l e (6,_9). 

Two approaches were proposed to a l l e v i a t e the a f o r e m e n 
t i o n e d problem w i t h u n f a v o r a b l e k i n e t i c s when HAN i s used i n the 
p r i m a r y U - P u p a r t i t i o n i n g : A low a c i d s c r u b c o n t a i n i n g HAN and 
NjH^ i s i n t r o d u c e d a t the top of the p a r t i t i o n i n g column which 
r e d u c e s a l l o f the Pu and caus_es i t to s t r i p i n t o the aqueous 
phase a l o n g w i t h some of the U 6 , w h i l e a h i g h a c i d s t ream i s 
i n t r o d u c e d i n the l o w e r p a r t of the column which causes the 
uranium to t r a n s f e r back i n t o the o r g a n i c p h a s e . The i n t e r n a l 
r e f l u x i n g of uranium e v e n t u a l l y l e a d s t o near s a t u r a t i o n of the 
s o l v e n t , w h i c h f u r t h e r enhances the s t r i p p i n g of the p l u t o n i u m . 

The second a p p r o a c h , which r e p r e s e n t s a d e p a r t u r e from p r e 
v i o u s J ^ u r e x p a r t i t i o n i n g , p r o v i d e s f o r the q u a n t i t a t i v e r e d u c t i o n 
o f Pu to Pu w i t h HAN and Ν 2 Η^ (as the h o l d i n g r e d u c t a n t ) 
p r i o r to the i n t r o d u c t i o n of the U - and P u - c o n t a i n i n g f e e d i n t o a 
second c y c l e e x t r a c t i o n column ( F i g . 2 ) . T h i s method was p r o 
posed f o r b o t h the EXXON r e p r o c e s s i n g p l a n t i n Tennessee (10) and 
the ORNL R e p r o c e s s i n g F a c i l i t y f o r LMFBR f u e l (_1_1). HAN w i l l 
c o n t i n u e to be an a t t r a c t i v e r e d u c t a n t b e c a u s e , not o n l y i s the 
i n t r o d u c t i o n o f m e t a l l i c c a t i o n s a v o i d e d , but HAN i s decomposed 
s a f e l y by h e a t i n g a t t e m p e r a t u r e s above 6 0 ° C , which s i m p l i f i e s 
the r e o x i d a t i o n of Pu to Pu** p r i o r to subsequent e x t r a c t i o n 
c y c l e s . 

Hydrogen i n tljie p r e s e n c e of a r e d u c t i o n c a t a l y s t w i l l a l s o 
reduce Pu to Pu and c a n thus be used as a r e d u c t a n t f o r U - P u 
p a r t i t i o n i n g . The f e a s i b i l i t y of t h i s concept was demonstra ted 
i n 1965 ( 3 8 , 3 9 ) . 
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E l e c t r o c h e m i c a l P a r t i t i o n i n g 

The s e a r c h f o r an i n s i t u r e d u c t i o n of U 6 + and P u % + to a v o i d 
the need f o r the i n t r o d u c t i o n of e x t r a n e o u s U % + i n t o a p a r t i t i o n 
i n g c o l u m n , l e d S c h n e i d e r and coworkers to i n v e s t i g a t e , i n 1967, 
the e l e c t r o l y t i c r e d u c t i o n of uranium i n a heterogeneous d i s p e r 
s i o n of the T B P - c o n t a i n i n g s o l v e n t i n the c o n t i n u o u s aqueous 
phase ( 1 2 ) . These s t u d i e s p r o g r e s s e d r a p i d l y from s m a l l - s c a l e 
c e l l e x p e r i m e n t s w i t h uranium and p l u t o n i u m to the s u c c e s s f u l 
development of s e v e r a l t y p e s of l a r g e - s c a l e " e l e c t r o p u l s e 
co lumns" (13) ( F i g . 3 ) . A f u l l - s c a l e u n i t w i t h a n o m i n a l p l u t o 
nium p a r t i t i o n i n g c a p a c i t y i n excess of 75 k i l o g r a m s per day was 
i n s t a l l e d a t the B a r n w e l l N u c l e a r F u e l P l a n t i n S o u t h C a r o l i n a . 
P l a n t c h e c k o u t s of t h i s u n i t , u s i n g o n l y u r a n i u m , have b^en i n 
p r o g r e s s s i n c e 1977. In these t e s t s , the f r a c t i o n o f U 6 r educed 
to U* was d e t e r m i n e d f o r a wide range of o p e r a t i n g c o n d i t i o n s . 

Baumgartner and coworkers a t K a r l s r u h e h a v e , s i n c e 1968, 
done numerous s t u d i e s on the a p p l i c a t i o n of e l e c t r o l y t i c r e d u c 
t i o n - o x i d a t i o n methods to Purex r e p r o c e s s i n g schemes (15 ,16 ) 
( F i g . 4 ) . The u t i l i t y of the i n s i t u e l e c t r o l y t i c r e d u c t i o n 
method was demonstra ted w i t h good r e s u l t s on a s m a l l s c a l e f o r a 
b r e e d e r r e a c t o r f u e l c o n t a i n i n g 15% Pu ( 1 7 ) . E l e c t r o l y t i c r e d u c 
t i o n s t u d i e s were r e p o r t e d i n France ( 1 8 ) , the S o v i e t U n i o n 
(_19,_20), the U n i t e d Kingdom (27), and C h i n a (_37). 

N o n - R e d u c t i v e P a r t i t i o n i n g Methods 

S e v e r a l methods were proposed f o r P u - U p a r t i t i o n i n g which 
a r e not based on a r e d u c t i o n of p l u t o n i u m to the l e s s e x t r a c t a b l e 
t r i v a l e n t s t a t e . The s e p a r a t i o n i s a c h i e v e d by e i t h e r f o r m i n g 
aqueous Pu*1 complexes which have a low s o l u b i l i t y i n the T B P -
h y d r o c a r b o n s o l v e n t or by s a t u r a t i n g the o r g a n i c s o l v e n t w i t h 
u r a n i u m , w h i c h d e p r e s s e s the e x t r a c t a b i l i t y of p l u t o n i u m . 

Complexing w i t h H 2 S 0 k has been used f o r some time to promote 
the s t r i p p i n g of p l u t o n i u m from TBP s o l u t i o n s . The U-Pu p a r t i 
t i o n i n g i n s m a l l - s c a l e r e p r o c e s s i n g t r i a l s of h i g h l y i r r a d i a t e d 
f a s t r e a c t o r f u e l was done a t W i n d s c a l e by s c r u b b i n g w i t h d i l u t e 
HjSO^ ( 2 1 ) . Though the P u - U p a r t i t i o n i n g a c h i e v e d was s a t i s f a c 
t o r y , c o n t i n u e d use of H 2 S 0 % i s not f o r e s e e n because of i t s 
c o r r o s i v e n e s s and i n c o m p a t i b i l i t y w i t h e v e n t u a l waste s o l i d i f i c a 
t i o n p r o c e s s e s . 

T h e + u t i l i t y of c a r b o x y l i c a c i d s ( f o r m i c , a c e t i c ) , which a l s o 
form Pu** complexes s p a r s e l y s o l u b l e i n TBP s o l u t i o n s , was i n v e s 
t i g a t e d by Germain (_22) and McKay ^23). The r e s u l t s were not 
e n c o u r a g i n g . 

A p a r t i t i o n i n g method which does not r e q u i r e any a d d i t i v e s 
was proposed by Weech ( 2 4 ) . The p l u t o n i u m s e p a r a t i o n i s accom
p l i s h e d by r e c y c l i n g p a r t of the s e p a r a t e d uranium to a r e f l u x 
column i n which a h i g h s a t u r a t i o n of uranium i s m a i n t a i n e d i n the 
o r g a n i c p h a s e . The p l u t o n i u m e x t r a c t i o n i s thus g r e a t l y 
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H N 0 3 

U,Pu,F.R 

TBP 

H A N , N 2 H„ to 
& H N 0 3 ( d i l . ) SR. 

* l * J 

H A N , N 2 H 4 / 

&HNO3 

H A N & 
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Adjustment 

HNO3 
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Figure 2. Prereduction partitioning scheme; HAN, hydroxyhmine nitrate; N2Hh 

hydrazine. 

Figure 3. AGNS laboratory-scale elec
tropulse column: 1, diaphragm; 2, cath
ode; 3, anode; 4, spacers; 5, cathode bus 
bar; 6, anode bus bar; 7, cathode cham
ber; 8, anode chamber; 9, organic feed; 
10, organic effluent; 11, aqueous feed; 
12, aqueous effluent; 13, anolyte effluent; 
15, air purge; 16, air purge; 17, vent; 18, 
vent; 19, thermocouple; 20, pulse leg. Allied-General 

Nuclear Services 
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Figure 4. KFK electrolytic contactors; a. mixer settler, b. pulsed column. 
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d e p r e s s e d . I t i s c l a i m e d t h a t by s u i t a b l e c o n t r o l of the HN0 3 

c o n t e n t i n the lower p a r t of the r e f l u x c o l u m n , t h a t a c c e p t a b l e 
d e c o n t a m i n a t i o n s were o b t a i n e d from Pu i n the o r g a n i c s tream 
c o n t a i n i n g U and from U i n the aqueous s tream c o n t a i n i n g Pu and Np. 

A more r a d i c a l m o d i f i c a t i o n of the Purex p r o c e s s , the 
A q u a f l u o r p r o c e s s , d e v e l o p e d by G e n e r a l E l e c t r i c f o r i t s Midwest 
F u e l Recovery P l a n t , r e t a i n e d o n l y a s i n g l e TBP c o - d e c o n t a m i n a 
t i o n c y c l e f o l l o w e d by a c o n t i n u o u s a n i o n exchange c o n t a c t o r i n 
w h i c h p l u t o n i u m was to be removed from the U-Pu n i t r a t e s o l u t i o n . 
The performance of t h i s p l a n t was n e v e r t e s t e d w i t h p l u t o n i u m , 
s i n c e G e n e r a l E l e c t r i c d e c i d e d to f o r e g o o p e r a t i o n of the p l a n t 
a f t e r t e c h n i c a l d i f f i c u l t i e s d e v e l o p e d d u r i n g the " c o l d " c h e c k 
out t r i a l s . 

Equipment 

C o n v e n t i o n a l s o l v e n t e x t r a c t i o n c o n t a c t o r s , m i x e r - s e t t l e r s 
o r p u l s e d c o l u m n s , have been used e x c l u s i v e l y u n t i l now f o r the 
Pu-U p a r t i t i o n i n g s t e p . C e n t r i f u g a l c o n t a c t o r s have been c o n s i d 
e r e d , but t h e r e has been some c o n c e r n about the c o m p a t i b i l i t y of 
s h o r t r e s i d e n c e t ime w i t h the k i n e t i c s of p l u t o n i u m r e d u c t i o n . 

The development of i n s i t u e l e c t r o l y t i c methods by A l l i e d 
C h e m i c a l r e s u l t e d i n a n o v e l u n i t , the e l e c t r o p u l s e c o l u m n , i n 
w h i c h mass t r a n s f e r and e l e c t r o l y t i c r e d u c t i o n a r e c a r r i e d out 
s i m u l t a n e o u s l y ( 2 5 ) . The b a s i c f e a t u r e of the e l e c t r o p u l s e 
c o l u m n , ( F i g . 3 ) , i s the d u a l f u n c t i o n of the h o r i z o n t a l p e r f o 
r a t e d p l a t e s , a c t i n g as ca thodes as w e l l as p u l s e p l a t e s , and the 
i n t r o d u c t i o n of v e r t i c a l anode s c r e e n s c o n t a i n e d i n porous 
c e r a m i c s l e e v e s . T h i s d e s i g n was f o u n d p a r t i c u l a r l y s u i t a b l e f o r 
P u - U p a r t i t i o n i n g , s i n c e i t p e r m i t s o p e r a t i o n w i t h an a q u e o u s -
c o n t i n u o u s p h a s e , w h i c h i s needed to m a i n t a i n adequate e l e c t r i c a l 
c o n d u c t i v i t y , w h i l e the o r g a n i c to aqueous f l o w r a t i o i s kept 
q u i t e l a r g e to o b t a i n a h i g h p l u t o n i u m c o n c e n t r a t i o n i n the 
e x i t i n g aqueous s t r e a m . 

The p a r a l l e l e l e c t r o l y t i c r e d u c t i o n developments a t 
K a r l s r u h e appear to have c o n c e n t r a t e d i n i t i a l l y more on the 
r e d u c t i o n of Pu and U i n e l e c t r o d e - e q u i p p e d m i x e r - s e t t l e r s i n 
w h i c h the r e d u c t i o n o c c u r r e d l a r g e l y i n the s e t t l e d aqueous phase 
r a t h e r than i n a he terogeneous m i x t u r e . I t was d e t e r m i n e d t h a t a 
s e p a r a t i n g membrane^may not be n e c e s s a r y because of the redox 
p o t e n t i a l s i n the U * + - U 5 - U 8 + system and the absence of gaseous 
p r o d u c t s a t the e l e c t r o d e s which c o u l d l e a d to e x p l o s i v e m i x 
t u r e s . A p u l s e d c o l u m n , w i t h i n t e r n a l s q u i t e d i f f e r e n t from 
those o f A l l i e d C h e m i c a l ' s e l e c t r o p u l s e c o l u m n , was e v e n t u a l l y 
d e v e l o p e d and s u c c e s s f u l l y t e s t e d (15 ,26) ( F i g . 4 ) . 

A combined e l e c t r o c h e m i c a l c e l l and p u l s e d s o l v e n t e x t r a c 
t i o n column i n w h i c h one of t h e e l e c t r o d e s c o n s i s t s of a bed of 
e l e c t r i c a l l y c o n d u c t i n g p a r t i c l e s was d e v e l o p e d a t the U . K . 
A t o m i c Energy A u t h o r i t y ( 2 7 ) . 
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F l o w s h e e t M o d i f i c a t i o n s 

The l o c a t i o n of the Pu-U p a r t i t i o n i n g s t e p i n Purex f l o w 
s h e e t s and the s e l e c t i o n of s p e c i f i c o p e r a t i n g v a r i a b l e s ( f l o w 
r a t e s , c o n c e n t r a t i o n s , temperature ) were g e n e r a l l y d e t e r m i n e d by 
the type of f u e l to be r e p r o c e s s e d , the subsequent waste manage
ment schemes, and the d e s i r e d c h a r a c t e r i s t i c s of the p r o d u c t s . 
The Purex P r o c e s s has been used e i t h e r w i t h " e a r l y " o r w i t h 
" l a t e " P u - U p a r t i t i o n i n g ( F i g . 1 ) . The e a r l y s p l i t i n the f i r s t 
c y c l e a v o i d s the c o - s t r i p p i n g of uranium and p l u t o n i u m which may 
r e s u l t i n h i g h e r p l u t o n i u m l o s s e s . In o t h e r f l o w s h e e t s , the 
p a r t i t i o n i n g i s d e l a y e d u n t i l the second c y c l e . W h i l e no p a r 
t i c u l a r t r e n d has been o b v i o u s , some of the r e c e n t f l o w s h e e t s i n 
w h i c h the p l u t o n i u m i s reduced p r i o r to r e - e x t r a c t i o n (10 ,11) 
w i l l n e c e s s a r i l y r e q u i r e a second c y c l e p a r t i t i o n i n g . 

C o n s i d e r a b l e e f f o r t has been d e v o t e d i n r e c e n t y e a r s to 
f l o w s h e e t s which a r e more " p r o l i f e r a t i o n r e s i s t a n t . " T h i s g e n e r 
a l l y c o n s i s t s of a v o i d i n g the s e p a r a t i o n of pure p l u t o n i u m , by 
e i t h e r p r o v i d i n g f o r c o - p r o c e s s i n g ( i . e . a p a r t i a l Pu-U p a r t i 
t i o n i n g ) or i n c o m p l e t e removal of f i s s i o n p r o d u c t s ( " s p i k i n g " ) , 
to c o m p l i c a t e the subsequent m a n i p u l a t i o n s w i t h p l u t o n i u m . There 
a r e no fundamental reasons why any of the p a r t i t i o n i n g methods 
d e s c r i b e d c o u l d not be adapted to c o - p r o c e s s i n g and p a r t i a l 
d e c o n t a m i n a t i o n and the r e s u l t s of s e v e r a l s t u d i e s were p u b l i s h e d 
(28 , 2 9 , 3 0 , 3 1 , 3 2 ) . A . M o c c i a and coworkers r e p o r t e d good r e s u l t s 
w i t h the use of l o n g - c h a i n a l i p h a t i c amides f o r the s e l e c t i v e e x 
t r a c t i o n of U 6 f rom HN0 3 s o l u t i o n s of U 6 and Pu" ( 3 6 ) . T h i s 
i s b e l i e v e d to be u s e f u l i n c o - p r o c e s s i n g f l o w s h e e t s where the 
Pu-U p a r t i t i o n i n g i s l i m i t e d to the removal of a s m a l l f r a c t i o n 
o f excess u r a n i u m . I n t e r e s t has a l s o d e v e l o p e d i n s o - c a l l e d 
" d e n a t u r e d f u e l c y c l e s , " u s u a l l y based on U - T h r e a c t o r s , i n which 
the 2 3 3 U produced i s d i l u t e d w i t h n a t u r a l uranium to a f i s s i l e 
c o n t e n t below 12%. S i n c e a p p r e c i a b l e amounts of p l u t o n i u m w i l l 
be produced i n such f u e l , the r e p r o c e s s i n g f l o w s h e e t s must p r o v i d e 
f o r some P u - T h - U s e p a r a t i o n s . C o n c e p t u a l f l o w s h e e t s have been 
d e v e l o p e d f o r s e v e r a l cases (33) ( F i g . 5 ) . T y p i c a l l y , U , P u , and 
Th a r e c o - e x t r a c t e d i n t o a TBP s o l u t i o n and Pu i s p a r t i t i o n e d by 
r e d u c t i v e s t r i p p i n g i n the f i r s t c y c l e . P a r t i a l or complete 
p a r t i t i o n i n g of U and Th i s o b t a i n e d by a T h - l i m i t i n g e x t r a c t i o n 
i n a second c y c l e . A d d i t i o n a l p u r i f i c a t i o n c y c l e s a r e f o r e s e e n 
f o r the P u , T h , and U ( o r T h - U ) p r o d u c t s . 

C o n c l u s i o n s 

The Purex p r o c e s s w i l l c o n t i n u e to be the main method f o r 
the r e p r o c e s s i n g of n u c l e a r r e a c t o r f u e l s . The i n h e r e n t f l e x i 
b i l i t y of t h i s p r o c e s s a l l o w s f o r m o d i f i c a t i o n s needed to accomo
d a t e a l a r g e range of f u e l c o m p o s i t i o n s and p r o d u c t s p e c i f i c a 
t i o n s . Among the s e v e r a l p l u t o n i u m p a r t i t i o n i n g methods d e v e l 
o p e d , those a v o i d i n g the i n t r o d u c t i o n of e x t r a n e o u s m e t a l i o n s 
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R.A. 
&HNO3 

HoO 

HNOo 
~ Ί 

JULPu, 

Th,F.P. 

TBP 

to 

S.R. HNO-3 
4 ' 

H 2 0 

TBP 

to 
S.R. 

F.P. Pu U J h Th(part) Th(part),U 

Figure 5. Partitioning scheme for U-Pu-Th fuel 

( e . g . U , HAN, e l e c t r o l y t i c ) a r e l i k e l y to be f a v o r e d . In s i t u 
r e d u c t i o n methods have i n t r o d u c e d new equipment c o n c e p t s which 
may be p a r t i c u l a r l y w e l l s u i t e d f o r the p r o c e s s i n g of b r e e d e r 
f u e l w i t h h i g h p l u t o n i u m c o n t e n t . 

Literature Cited 

1. Irish, E. R., and Reas, W. Η., "Symposium on the Reprocessing 
of Irradiated Fuels, Held at Brussels," USAEC Report TID-7534 
(Bk. 1), 1976; pp. 83-106. 

2. Cooper, V. R., and Walling, Jr., M. T., "Proceedings of the 
Second International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, 1958," United Nations, N.Y., 1959; pp. 
291-323. 

3. Walser, R. L., "The Hanford Purex Plant Experience with 
Reductants," USAEC Report ARH-SA-69, Atlantic Richfield Hanford 
Co., Richland, WA, 1970. 

4. Schlea, C. S., Caverly, M. R., Henry, Η. Ε., and Jenkins, 
W. J., "Uranium (IV) Nitrate as a Reducing Agent for Pluto
nium (IV) in the Purex Process," USAEC Report DP-808, Ε. I. 
du Pont de Nemours & Co., Aiken, S.C. 1963. 

5. Seaborg, G. T., Ed., "The Actinide Elements," McGraw-Hill 
Book Co., Inc., New York, 1954; pp. 274-276. 

6. Orth, D. Α., McKibben, J. Μ., and Scotten, W. C., "Proceed
ings of the International Solvent Extraction Conference 
I.S.E.C. 71," Soc. of Chemical Industry, London, 1971; pp. 
514-533. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
0

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. SCHNEIDER AND WAHLIG Pu Partitioning Methods 289 

7. Richardson, G. L. , and Swanson, J. L. , "Plutonium Partition
ing in the Purex Process with Hydrazine-Stabilized Hydroxyl
amine Nitrate," Report HEDL-TME-75-31, Hanford Engineering 
Development Lab., Richland, WA, 1975. 

8. Barney, G. S., "Kinetic Study of the Reaction of Pu(IV) with 
Hydroxylamine," Report ARH-SA-207, Atlantic Richfield 
Hanford Co., Richland, WA, 1975. 

9. Thompson M. C., Burney, G. Α., and McKibben, J. Μ., "Recent 
Savannah River Experience with Actinide Separations," Paper 
presented at this Conf. (INDE #142). 

10. Exxon Nuclear Co., "PSAR Nuclear Fuel Recovery and Recycling 
Center," Vol. 4, US NRC, Docket-50564-7; 1976. 

11. Irvine, A. R., and Jones, F. J., "LMFBR Spent Fuel Repro
cessing: A Study of an Industrial-Scale Facility," Report 
ORNL/TM-5723, Oak Ridge National Lab., 1977. 

12. Schneider, Α., and Ayers, A. L. , (to Allied Chemical Corp.), 
"Electrochemical Concentration of Metallic Solutions," and 
"Electrochemical Oxidation or Reduction," U.S. Patents 
3,616,275 and 3,616,276; 1971. 

13. Cermak, A. F., Gray, J. Η., Murbach, E. W., Neace, J. C., 
and Spaunburgh, R. G., "Development of the Electropulse 
Column for the BNFP," in Back End of the LWR Fuel Cycle Conf. 
held in Savannah, GA, 1978 (CONF-780304), p. V-11. 

14. Cermak, A. F., and Spaunburgh, R. G., "Development of the 
Electropulse Column for Uranium-Plutonium Partitioning in 
the AGNS Reprocessing Plant," Paper presented at this Conf. 
(INDE #162). 

15. Schmieder, H., Baumgärtner, F., Goldacker, Η., and Hausberger, 
Η., "Electrolytic Methods in the Purex Process," Report KFK-
2082 (in German) Kernforschungszentrum Karlsruhe, 1974. 

16. Baumgärtner, F., Goldacker, Η., and Schmieder, Η., "Electro
redox Procedures for Plutonium in Power Reactor Fuel Repro
cessing," Paper presented at this Conf. (INDE #163). 

17. Ochsenfeld, W., "Versuche zur Aufarbeitung von Schnell
-Brüter Brennstoffen in der Anlage MILLI," Report KFK-2396 
(in German), Kernforschungszentrum Karlsruhe, 1977. 

18. Miquel, P., and Boudry, J. C., "First Experiments on the 
Reprocessing of Fast Reactor Fuels in France," Paper pre
sented at 82nd AIChE Mtg., Atlantic City, N.J., 1976. 

19. Fomin, V. V., Atomnaya Energia, 1977, 43, 481. 
20. Dem'ianovich, Μ. Α., Atomnaya Energia, 1977, 43, 486. 
21. Warner, B. F., Naylor, Α., Duncan, Α., and Wilson, P. D., 

"Proceedings of the International Solvent Extraction Conf. 
I.S.E.C. 74," Soc. of Chem. Industry, London, 1974, pp. 
1481-1497. 

22. Germain, Μ., Bathellier, Α., and Berard, P., "Proceedings of 
the International Solvent Extraction Conf. I.S.E.C. 74," 
Soc. of Chem. Industry, London, 1974, pp. 2075-2092. 

23. McKay, H. A. C., Miles, J. Η., and Park, H. S., "Possible 
Use of Carboxylic Acids for U/Pu Separation in Nuclear Fuel 
Reprocessing," Report AERE-R-8509, Harwell, U.K., 1976. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
0

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



290 ACTINIDE SEPARATIONS 

24. Weech, M. E. (to General Electric Co.), "Irradiated Fuel 
Recovery System," U.S. Patent 3,714,324; 1973. 

25. Cermak, A. F., Ayers, A. L. , Gray, J. Η., and Schneider, A. 
(to Allied Chemical Corp.), "Apparatus for Electrolytic 
Oxidation or Reduction, Concentration, and Separation of 
Elements in Solution," U.S. Patent 3,770,612; 1973. 

26. Baumgartner, F., Ochsenfeld, W., and Schmieder, Η., 
"Development Work on Reprocessing of Oxidic LMFBR Fuel by 
the Purex Process," Paper presented at 82nd AIChE Mtg., 
Atlantic City, N.J., 1976. 

27. "Electrochemical Processes and Apparatus for the Execution 
Thereof," (to U.K.A.E.A.) Belgian Patent 775,718, 1972. 

28. Okamoto, M. S., and Thompson, M. C., "Coprocessing Solvent 
Extraction Studies," Report DP-MS-77-76, Ε. I. du Pont de 
Nemours & Co., Aiken, S.C., 1978. 

29. Hall, J. C., "Evaluation of Alternatives for Processing 
Uranium-Based LWR Fuels," Report AGNS-1040-3.1-15, Allied
-General Nuclear Services, Barnwell, S.C., 1978. 

30. Levenson, Μ., and Zebroski, E., "CIVEX," Paper presented at 
the 5th Energy Technology Conf., Washington, D.C., 1978. 

31. Flowers, R. Η., Johnson, K. D. Β., Miles, J. Η., and Webster, 
R. Κ., "Possible Long Term Options for the Fast Reactor 
Plutonium Fuel Cycle," Paper presented at the 5th Energy 
Technology Conf., Washington, D. C., 1978. 

32. Cermak, A. F., Neace, J. C., and Spaunburgh, R. G., "Adap
tation of the Electropulse Column to Coprocessing Flow
sheets," Report AGNS-1040-3.2-56, Allied-General Nuclear 
Services, Barnwell, S.C., 1978. 

33. Schneider, Α., and Massey, J. V., "Reprocessing Plants in 
International Fuel Service Centers," Paper to be presented 
at the ANS Annual Meeting in Atlanta, GA, June 1979. 

34. DePoorter, G. L. , Rofer-DePoorter, C. Κ., and Hayter, S. W., 
"Photochemically Produced Uranium (IV) and Application in 
LWR Fuel Reprocessing," Back End of the LWR Fuel Cycle Conf. 
held in Savannah, GA, 1978 (CONF-780304), p. V-15. 

35. Toth, L. Μ., Friedman, Η. Α., and Bell, J. T., "Photochemical 
Separation of Actinides in the Purex Process," Paper 
presented at the Plutonium Fuel Cycle Mtg., Bal Harbour, FL., 
1977. 

36. Moccia, Α., Cao, S., Abita, M., Gasparini, G. Μ., and Grossi, 
G., "The Search for Alternate Fuel Recycling Technologies in 
LWR-FBR Systems," Paper to be presented at the second ENC, 
Hamburg, May 1979. 

37. He, J., Zhang, Q., and Lo, L., "The Separation of Uranium and 
Plutonium by Electrolytic Reduction in the Purex Process," 
Paper presented at this Conference (INDE). 

38. Rainey, R. Η., Nuclear Applications, 1965, 1, 310. 
39. Rainey, R. Η., (to U.S. A.E.C.), "Method of Selectively 

Reducing Plutonium Values," U.S. Patent 3,276,850; 1966. 

RECEIVED May 14, 1979. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
0

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



21 

Development of the Electropulse Column for Uranium-
Plutonium Partition in the AGNS Reprocessing Plant 

A. F. CERMAK and R. G. SPAUNBURGH 

Allied-General Nuclear Services, Post Office Box 847, Barnwell, SC 29812 

In the Purex process, plutonium and uranium are 
coextracted into an organic phase and partitioned by reducing 
plutonium(IV) to the aqueous-favoring plutonium(III). This 
has been achieved chemically by use of a suitable reductant 
such as ferrous sulfamate (1) or uranium(IV). (2, 3, 4, 5) 
The use of ferrous sulfamate results in accelerated corrosion 
of the stainless steel, due to the presence of ferric ions and 
sulfuric acid, and in an increase in the volume of wastes. 
The use of natural uranium(IV) can cause dilution of the 235U 
in slightly enriched uranium, thus lowering the value of the 
recovered uranium. 

In 1968, an electrolytic reduction process was proposed 
by A. Schneider and A. L. Ayers (6) to circumvent the above 
disadvantages. A research program was carried out in the 
Allied Chemical Corporation's laboratories during the years 
1968 to 1972 to develop the process and equipment. The work 
resulted in the development of the Electropulse Column (7) for 
the continuous (differential) electrolytic uranium-plutonium 
partition process, which was later scaled up, fabricated, and 
installed in the Allied-General Nuclear Services reprocessing 
plant at Barnwell, South Carolina. About the same time, a 
stagewise electrolytic uranium-plutonium partition process was 
tested on a mini mixer-settler unit in Germany. (8) 

0-8412-0527-2/80/47-117-291$05.00/0 
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292 A C T I N I D E S E P A R A T I O N S 

In the E l e c t r o p u l s e Column, p l u t o n i u m r e d u c t i o n i s 
achieved both through the redox reaction of plutonium(IV) with 
uranium(IV), produced e l e c t r o l y t i c a l l y from uranium(VI) i n the 
cathode chamber, and by di r e c t reduction of the plutonium(IV) 
at the cathode. The basic reactions involved i n the e l e c t r o 
l y t i c method are as follows : 

At the anode: 2 H 2 O -> 0 2 + 4ê + 4H + 

At the cathode: U0| + + 2ë + 4H + -> + 2H20 

P u 4 + + e P u 3 + 

Redox reaction i n the cathode chamber: 

U 4 + + 2Pu l f + + 2H20 -> 2 P u 3 + + U0| + + 4H + 

I n i t i a l experiments were performed to v e r i f y and demon
st r a t e the f e a s i b i l i t y of the e l e c t r o l y t i c r e d u c t i o n method 
with uranium, followed by experiments with a mixture of u r a 
nium and plutonium. Experiments were conducted batchwise i n a 
small e l e c t r o l y t i c c e l l . Basic parameters, such as concentra
t i o n of solutes and type of h o l d i n g agents ( i n the aqueous 
phase) for removal of any n i t r i t e which would r e o x i d i z e the 
reduced heavy metal, electrode material and geometry, o f f - g a s 
composition and type of diaphragm, were a l s o determined. 
These data were valuable i n the conceptual design of the f i r s t 
continuously operating column for the e l e c t r o l y t i c r e d u c t i o n 
process. 

Experimental 

Two laboratory u n i t s , a 2.54-cm and a 12.7-cm diameter 
Electropulse Column, shown i n Figures 1 and 2, r e s p e c t i v e l y , 
were designed and f a b r i c a t e d f o r e l e c t r o l y t i c experiments. 
The e l e c t r o d e c o n f i g u r a t i o n of both columns was the same, 
i . e . , i n t e r n a l cathode-external anode. The ele c t r o a c t i v e part 
of the column consisted of a c y l i n d r i c a l porous ceramic d i a 
phragm, about 60 cm l o n g , provided w i t h cathode p e r f o r a t e d 
p l a t e s ( F i g u r e 1) or screens ( F i g u r e 2 ) . I t was l o c a t e d 
w i t h i n a tubular anode chamber made of a glass pipe provided 
with a c y l i n d r i c a l platinum screen serving as the anode. The 
cathode i n the 2.54-cm diameter column was made f i r s t of gold 
and l a t e r , during experiments with the uranium-plutonium mix
ture, of titanium perforated plates with a spacing of 1.9 cm. 
The cathode screens i n the 12.7-cm diameter column were made 
of copper plated with s i l v e r . Sieve (perforated) p l a t e s , made 
of t e f l o n or st a i n l e s s s t e e l ( e l e c t r i c a l l y i n s u l a t e d ) , were 
located and placed a l t e r n a t e l y with the cathode screens within 
the c y l i n d r i c a l ceramic diaphragm. The p l a t e and cathode 
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Figure 1. 2.54-cm diameter electro
pulse column: 1, diaphragm; 2, cathode; 
3, anode; 4, spacers; 5, cathode bus bar; 
6, anode bus bar; 7, cathode chamber; 
8, anode chamber; 9, organic feed; 10, 
organic effluent; 11, aqueous feed; 12, 
aqueous effluent; 13, anolyte feed; 14, 
anolyte effluent; 15, air purge; 16, ait 
purge; 17, 18, vent; 19, thermocouple; 

Figure 2. 12.7-cm diameter electro
pulse column: 1, diaphragm; 2, cathode; 
3, anode; 4, spacers; 5, cathode bus bar; 
6, anode bus bar; 7, cathode chamber; 
8, anode chamber; 9, organic feed; 10, 
organic effluent; 11, aqueous feed; 12, 
aqueous effluent; 13, anolyte feed; 14, 
anolyte effluent; 15, air purge; 16, air 
purge; 17, 18, vent; 19, thermocouple; 

20, pulse leg; 21, control valve. 
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screen spacing was v a r i e d from 2.5 to 7.5 cm during t e s t s . 
Both columns were provided with an a i r puiser and a r e c t i f i e r 
as the d i r e c t current power supply. The b a s i c m a t e r i a l f o r 
column construction was glass. Stainless s t e e l was used f o r 
covers, piping, and the e l e c t r i c a l l y insulated plates i n both 
columns. 

Both the 2.54-cm and 12.7-cm d i a m e t e r E l e c t r o p u l s e 
Columns were tested for uranium r e d u c t i o n . The feed to the 
columns consisted of a s o l u t i o n of u r a n y l n i t r a t e i n 30 ν/ο 
t r i b u t y l phosphate i n a normal p a r a f f i n hydrocarbon d i l u e n t 
(organic feed) and a n i t r i c acid solution (aqueous feed) con
t a i n i n g hydrazine as the holding agent f o r the produced u r a -
nium(IV). E l e c t r o l y t i c experiments s t a r t e d a f t e r completion 
of hydrodynamic tests to determine the pulse column optimal 
o p e r a t i n g c o n d i t i o n s . Uranium(VI) c o n c e n t r a t i o n i n the 
o r g a n i c feed was t e s t e d i n the range of 45 t o 95 grams 
uranium/L. N i t r i c acid concentration i n the aqueous feed was 
varied during tests i n a range of 0.8 to 3 M and hydrazine i n 
a range of 0.15 to 0.25 M. Anolyte a c i d i t y was about the same 
as that of the aqueous feed. N i t r i c acid concentration i n the 
organic feed was w i t h i n a range of 0.1 to 0.2 M. The run 
duration on the 2.54-cm diameter E l e c t r o p u l s e Column v a r i e d 
with experimental requirements. The shortest e l e c t r o l y t i c run 
las t e d about 2 hours, the longest 32 hours. E l e c t r o l y t i c runs 
on the 12.7 cm diameter E l e c t r o p u l s e Column l a s t e d a p p r o x i 
mately 1.5 to 2 hours. Both the organic and aqueous phase 
were sampled p e r i o d i c a l l y at the i n l e t and o u t l e t of the 
column and analyzed for U(IV), U(VI), H N O 3 and N 2 H 4 . The runs 
on the 12.7-cm diameter column were made w i t h the organic 
phase r e c i r c u l a t i n g . In t h i s case, the organic feed tank was 
also the receiver. Generally, when i t was observed that the 
U(IV) concentration i n both phases did not change, the run was 
considered completed and the column was shut down. F i n a l 
evaluation of each run was made af t e r completion of chemical 
analyses. 

A t o t a l of about 80 e l e c t r o l y t i c runs for uranium reduc
t i o n was performed on both columns. The main o b j e c t i v e s f o r 
runs on the 12.7-cm diameter E l e c t r o p u l s e Column were to 
determine the best p l a t e and cathode screen geometry and 
arrangement, and to define optimal o p e r a t i n g c o n d i t i o n s f o r 
uranium r e d u c t i o n w i t h regard to mass-transfer and hydro
dynamics. A t o t a l of 27 e l e c t r o l y t i c runs were made i n the 
12.7-cm diameter column. During these runs, the organic flow 
r a t e was t e s t e d i n a range of L ( 0) = 0 . 8 - 3 L/min. The 
o r g a n i c feed r a t e was t e s t e d during uranium runs i n the 
2.54-cm column i n a range of L ( 0) = 16 - 120 mL/min. In both 
columns, the volumetric flow rate r a t i o was tested i n a range 
of P a = aqueous/organic = 1/2 - 1/8 and c u r r e n t d e n s i t y i n a 
range of i = 0.02 - 0.08 A/cm2. 
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Results 
Resultant data have shown that w i t h i n the experimental 

range tested the uranium reduction e f f i c i e n c y R(u), expressed 
as 

U(IV) produced per unit time mru^ 
R(U) - Total U(VI) i n feed per unit time X K ' » 

increases with an in c r e a s e i n uranium c o n c e n t r a t i o n i n the 
organic feed, cathode su r f a c e area, flow r a t e r a t i o (P a = 
aqueous/organic), pulse v e l o c i t y and current d e n s i t y . How
ever, i t decreases with an increase i n the organic feed flow 
rate and aqueous feed a c i d i t y . For i l l u s t r a t i o n , some data 
are presented i n Table I. The current e f f i c i e n c y i n the 
2.54-cm diameter column was within a range of 25 to 90%, and 
i n the 12.7-cm diameter column w i t h i n a range of 20 to 75%, 
depending on the run conditions (Table I). Current e f f i c i e n c y 
i s the percentage of U(IV) produced per u n i t time of that 
calculated from Faraday's law. 

With respect to the resultant data from uranium runs on 
both E l e c t r o p u l s e Columns, the f o l l o w i n g c o r r e l a t i o n was 
derived for the uranium reduction e f f i c i e n c y : 

where : 
R(U) = H " C ( o ) * ER " ( l 0 g 1 + 2 # 5 5 ) ···' ( 1 ) 

E R = · (1 + P a) · / · A 0 (2) 
R L ( o ) 

i s a dimensionless number, which i n c l u d e s hydrodynamic and 
geometric parameters a f f e c t i n g the reduction e f f i c i e n c y w i thin 
the Electropulse Column. 

Experiments have shown that Η i n equation (1) i s a func
t i o n of the n i t r i c acid concentration [C( a) ] i n the aqueous 
phase. I t s experimental values are: 

Η « 1.56 χ 10" 4 at C( a) « 3.0 Μ HN03 

2.17 χ ΙΟ"4 at 1.4 Μ HN03 

2.75 χ 10 _ l f at 1.0 M HN0 3 

3.50 χ 10" 4 at 0.8 Μ HNO 3 

The c o r r e l a t i o n derived from these data i s : 

H = 0.000116 exp Γ τ τ ^ Ι (3) 
L C(a) J 

Equation (1) can then be rewritten i n the form 
R = 0.000116 " c * * ' *° (1 + P a) · (log i + 2.55) 

(o) ' e x P 
[0.883] 
Lc(a) J (4) 
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V e r i f i c a t i o n of the v a l i d i t y of equation (4) was made 
during subsequent uranium runs on the 2.54-cm diameter E l e c 
tropulse Column. The calculated uranium reduction e f f i c i e n c y 
for each run [from equation (4)] was compared with i t s experi
mental v a l u e . In a l l cases, the p r e d i c t e d v a l u e of the 
reduction e f f i c i e n c y correlated w e l l w i t h the corresponding 
experimental value, as shown i n Figure 3. 

Discussion 

The Electropulse Column can be considered as a scrubbing 
contactor, with regard to uranium t r a n s f e r from the organic 
i n t o the aqueous phase. In such a c o n t a c t o r , the uranium 
transfer rate to the aqueous phase increases with an i n c r e a s e 
i n the aqueous phase (scrubbing agent) flow r a t e and uranium 
concentration i n the organic feed. However, i t decreases with 
an increase i n the organic phase flow rate and a c i d i t y of the 
aqueous scrubbing stream. This can be v e r i f i e d through the 
basic mass balance equation f o r scrubbing c o n t a c t o r s . In a 
pulse column, operating under given c o n c e n t r a t i o n and flow 
conditions, the pulse v e l o c i t y ( f x A Q product) a f f e c t s con
siderably the mass-transfer process. The higher the pulse 
v e l o c i t y , the higher i s the number of t h e o r e t i c a l s t a g e s 
w i t h i n the column and also the uranium t r a n s f e r r a t e to the 
aqueous phase. With an increase i n the rate of uranium i n the 
aqueous phase entering i n contact with the cathode of a given 
surface area, the uranium reduction e f f i c i e n c y increases. A l l 
these e f f e c t s , proven during the e l e c t r o l y t i c r u n s , are 
summarized i n empirical equation (4). 

The above equation was used for scale-up ca l c u l a t i o n s and 
design of both the p i l o t p l a n t and f u l l - s c a l e E l e c t r o p u l s e 
Column. A t o t a l of 18 experimental runs f o r uranium(VI) 
e l e c t r o l y t i c reduction was performed on the 20-cm diameter 
p i l o t - s c a l e column. (10) As shown i n Figure 4, the p r e d i c t e d 
reduction e f f i c i e n c y calculated from equation (4) c o r r e l a t e d 
w e l l with the experimental values obtained during these runs. 
The same good c o r r e l a t i o n between the p r e d i c t e d and e x p e r i 
mental R(u) values was achieved l a t e r during c o l d uranium 
tests i n the f u l l - s c a l e u n i t ( F i g u r e 4 ) . The accuracy of 
co r r e l a t i o n was wit h i n the range of ±6%. 

The 2.54-cm diameter E l e c t r o p u l s e Column shown i n F i g 
ure 1, a f t e r completion of uranium runs, was i n s t a l l e d at 
B a t t e l l e Memorial I n s t i t u t e (Columbus, Ohio) f o r uranium-
plutonium p a r t i t i o n t e s t s . S i x e l e c t r o l y t i c runs were made 
under conditions corresponding to p a r t i t i o n i n g i n the f i r s t 
process cycle to determine the e f f e c t of uranium r e d u c t i o n 
e f f i c i e n c y R(u) o n t n e separation process. The organic feed 
contained 80 to 83 grams/L of uranium and 0.71 to 0.82 grams/L 
of plutonium. The n i t r i c a c id c o n c e n t r a t i o n i n the aqueous 
feed was 2.5 to 2.8 M and i n the organic feed 0.2 to 0.3 M. 
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Figure 4. Comparison of experimental U reduction efficiencies with those calcu
lated (predicted) from the derived equation; (Φ) pilot plant column, (§) full-size 

column. 
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As expected, the higher uranium reduction e f f i c i e n c y r e s u l t e d 
i n a higher percentage of plutonium transferred to the aqueous 
phase (Figure 5). At a uranium r e d u c t i o n e f f i c i e n c y higher 
than about 2·4%, over 99% of the plutonium i n the organic feed 
i s t r a n s f e r r e d to the aqueous phase, which i n d i c a t e s an 
e f f i c i e n t p a r t i t i o n process. 

The equation indicates high f l e x i b i l i t y f o r the uranium 
reduction process c o n t r o l . For example, i n a given E l e c t r o 
pulse Column operating under constant flow conditions and at a 
given uranium concentration i n the organic feed, the reduction 
e f f i c i e n c y can be affected by either a c i d i t y of feed streams, 
current input, or pulse v e l o c i t y . Any combination of these 
variables i s also possible. 

The equation provides the means for determining the con
d i t i o n s necessary to obtain a desired uranium concentration i n 
the aqueous effluent stream through the e l e c t r o l y t i c reduction 
process. Any change i n variables and parameters i n c l u d e d i n 
the equation w i l l change the uranium t r a n s f e r r a t e to the 
aqueous phase. The higher the transfer r a t e , the higher the 
reduction e f f i c i e n c y and the content of uranium i n the aqueous 
phase leaving the column (9). This w i l l a f f e c t the uranium-
plutonium p a r t i t i o n with respect to process requirements. 

Notations 

R(U) uranium reduction e f f i c i e n c y (%) 

C( 0) uranium(VI) c o n c e n t r a t i o n i n the organic feed (grams 
uranium/L) 

C n i t r i c acid concentration i n the aqueous feed (M) 

S c cathode surface area (cm ) 

L ( 0) organic feed flow rate (mL/min) 

P a flow rate r a t i o (aqueous/organic) 

} pulse frequency (cycles/minute) 

A Q pulse amplitude (centimeter/cycle) 

i cathode current density (A/cm2) 
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Figure 5. Effect of U reduction efficiency B.(U) on the Pu transfer to the aqueous 
phase (for conditions in the first process cycle) 
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Electroredox Procedures for Plutonium in Power 
Reactor Fuel Reprocessing 

FRANZ BAUMGÄRTNER, HUBERT GOLDACKER, and H E L M U T SCHMIEDER 

Kernforschungszentrum Karlsruhe GmbH, Institut für Heisse Chemie, Postfach 36 40, 
7500 Karlsruhe 1, West Germany 

Reduction and oxidation (redox) steps are major process 
steps in the Purex process. Use is made of redox reactions to 
alt e r the valency of plutonium, uranium or neptunium with the 
object of producing these metals with a high degree of purity. 

Electro-reduction and -oxidation processes are easy to 
operate and control remotely. Unlike the use of redox chemicals, 
they do not give r i s e to waste s a l t s . Convenient remote control 
and operation and avoidance of waste salts are especially attrac
tive features for commercial processing of any type of power 
reactor f u e l . Accordingly, the electrode reactions were introduced 
quite early as intermediate steps in reprocessing. The electro
chemical decladding of spent fuels was the first process in thi s 
field to be advanced up to the technical scale in the USA (1,2,3, 
4). 

In the sixties hydrazine s t a b i l i z e d U(IV) solutions, 
electrochemically produced, successfully substituted the tradi
tional corrosive and salt generating ferrous sulfamate (5) re
ducing agent for the U/Pu separation (e.g. Eurochemic in Mol, 
Karlsruhe Reprocessing Plant WAK). 

Further development work on electrochemical methods started 
again both in the USA and in Germany also in the sixties (6,7). 
The objectives were to make the U/Pu separation more effective 
and to improve the product quality by electro-reduction taking 
place in the extraction apparatus itself ( i n - s i t u processing). 

Today there exist technically mature apparatuses: an electro-
reduction column (JL7) for the U/Pu separation in the AGNS Plant, 
Barnwell and an in-situ electro-reduction mixer s e t t l e r , in
st a l l e d in the 2nd Pu-cycle in the German WAK Plant, Karlsruhe. 

P a r a l l e l to in-situ reduction, electro-oxidation of products 
has been developed at Karlsruhe {8). 

The following part describes the development of electro
redox processes at KfK, Karlsruhe. 

0-8412-0527-2/80/47-117-303$05.00/0 
© 1980 American Chemical Society 
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Main Electrode Reactions and Side Reactions 

The cathodic reduction of the uranyl ion is described by the 
following equation: 

UO^+ + 4H + + 2e~ = U 4 + + 2H„0 Ε = + 0,33 V (1) 
2. 2 ο 

At n i t r i c acid concentrations 0,2 to 2,0 M HNÔ  usually applied 
in the separation step the primary reduction product is U(V) and 
U(IV) is formed by disproportionation. 

υθ^ + + e" — ^ u o * (2) 

2U0* + 2H + — ^ υθ^ + + U0 2 + + H20 (disproportionation) 

Oxidation experiments showed that U(IV) cannot be oxidized below 
the oxygen generation potential, therefore the disproportionation 
step can be considered as i r r e v e r s i b l e below this l i m i t ( 8 , 1 9 , 2 0 ) . 

Oxidation of the s t a b i l i z e r hydrazine, usually applied in 
the Purex process takes place as the preferred anodic reaction, 
so that p r a c t i c a l l y no or only l i t t l e oxygen generation occurs 
under the process conditions. 

N_H* = N„ + 5H + + 4e~ Ε = - 0,23 V (3) 
2 5 2 Ο 

Consequently the in-situ process needs p r i n c i p a l l y no diaphragms. 
Plutonium is reduced d i r e c t l y at the cathode or by the 

electrochemically produced U(IV): 

P u 4 + + e~ = P u 3 + Ε = + 0,92 V (4) 
ο 

For the cathodic n i t r i c acid reduction the following mechanism is 
proposed by Vet ter (9^) : 

H + + N0~ ^ " > H N Q 3 f a s t ( 5 ) 

HN03 + HN02 ^ ^ N 20 4 + H20 slow 

N 20 4 ^ 2N02 fast 

N0 2 + e ^ N 0 2 s l o w 

H + + N0~ CT"^ HN02 fast 

Hydrazine reacts f i n a l l y with n i t r i t e in excess as follows: 

N 2H 4 + 2HN02 —5> N 2 + N 20 + 3H20 (6) 

Since hydrazine reacts quickly with HN02 the reaction preceding 
the electron transfer step is hindered. This interruption of 
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nitrate reduction (eqn. 5) has been confirmed in practice (8). 
The preferred hydrazine oxidation at the anode far below 

the oxygen generation potential is the reason why Pu (III) is not 
or only in small amounts oxidized to Pu(IV) under these conditions. 
The complete conversion of Pu(III) to Pu(IV) is only possible 
after the hydrazine has been destroyed. 

Pu(VI) is formed in minor amounts at the anode, depending 
on the current densities and on the n i t r i c acid concentration, 
because a similar mechanism l i k e in the U(VI)-U(IV)-couple can be 
assumed. 

Electro-reduction in Mixer Settlers (£) 

A 16 stage mixer s e t t l e r (MILLI-EMMA) made from titanium has 
been operated for a t o t a l of about 2000 hours coupled to the 
MILLI f a c i l i t y (Hot P i l o t Plant of the KfK, throughput about 1 kg 
of fuel per day). Figure 1 shows the basic layout. The titanium 
casing serves as cathode. In the s e t t l i n g section, the platinum 
anode has been placed in the anodic chamber lined with ceramic 
i s o l a t i n g material. The e l e c t r i c a l l y conducting connection to the 
titanium casing is provided by the opening below the base l e v e l , 
thus preventing macroamounts of organic phase penetrating into 
the anode space in case of operational f a i l u r e . A detailed des
c r i p t i o n of the mixer s e t t l e r with construction and operation data 
is given in KfK-report no. 2082 (8). 

U/Pu_split 

Table 1 is a compilation of some characteristic test results 
for the U/Pu separation. With about 5 theoretical stages (only 30 
to 50 % stage ef f i c i e n c y for U(VI) extraction was realized with 
the miniature mixer-settler) residual Pu contents in the 1BU flow 
of 1 mg/1 were obtained. These values are influenced by the HDBP 
concentration in the organic phase and by the excess of U(IV) in 
the aqueous phase at the 1BU discharge point. The U(IV) is 
necessary to s t r i p the residual Pu complexed by HDBP. 

Figure 2 shows the concentration p r o f i l e in the battery 
measured in test number 33 of table 1. 

The separation e f f i c i e n c y is also decisively influenced by 
the aqueous acid, a p r o f i l e of which can be seen in figure 2. 
In the BX part of the separation battery concentrations of 0,2 to 
1,2 Μ ΗΝ0 and in the BS part of 1,2 to 1,5 Μ HN03 must be 
considered as optimum a c i d i t i e s . In spite of that quite low acid 
conditions plutonium c o l l o i d formation have never been observed 
because plutonium exists mainly in the t r i v a l e n t state. 

The behaviour of neptunium has been studied in the same con
tactor in quite a number of experiments, resulting in residual Np 
concentrations in the U product of about 1 %. Nearly 99 % of the 
Np went with the Pu product stream under optimized process con
ditions, e.g. 0,2 M HNO in the BXS flow and a maximum phase 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
2

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



ACTINIDE SEPARATIONS 

/ 

/ 

I 1 I I 

, T T 

-M-J-
f 

0 

Figure 1. Principle of the electroreduction mixer settler MILLI-EMMA (S): 
A, mixing chamber; B, aqueous phase; C, organic phase; D, interface; E, anode 
cell; F, Ti containment; G, anode; H, insulator; K. stirrer; ( ) aqueous phase; 

( ) organic phase. 
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Figure 2. U-Pu separation (Experiment no. 33); concentration profile in the 
16-stage electroreduction mixer settler, MILLI-EMMA (S): [HNOs], [N2H5N03] 

in mol/h; [U], [Pu] in g/L; [TBP] in vol %; flows in mL/hr. 
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r a t i o AP /BXS of 5 (14). ο a — 

EH J2ËE?Sfî * î: E^Ç. t _ iEHï i f ion_ cy c l e s )_ 

Acid concentration and HDBP content are also essential para
meters for the e l e c t r o l y t i c Pu backextraction in the Pu p u r i f i 
cation cycles. As shown experimentally the maximum acid concen
tra t i o n should be less than 1,0 M HNO_ in the Pu product. The 
small amount of U entrained from the U/Pu separation battery 
markedly reduces the Pu losses. Characteristic results shown in 
table 2 demonstrate th i s e f f e c t . Figure 3 gives the corresponding 
concentration p r o f i l e s of test number 18. Again a certain amount 
of U(IV) has to be kept in the discharge stage for the BW flow by 
a suitable d i s t r i b u t i o n of anodes over the 16 stage battery. 

A special advantage of the e l e c t r o l y t i c technique for the Pu 
p u r i f i c a t i o n cycles is in the use of high Pu product concentra
tion, which in subsequent tests was increased up to 60 g/1. The 
decontamination factors achieved in the experiments surpassed the 
results obtained with the conventional backextraction relying on 
diluted n i t r i c acid by a factor of at least 10. At the WAK Plant 
(Demonstration Plant at Karlsruhe, throughput about 40 tons of 
fuel per year) the 2BW stream is returned to the first cycle on 
account of the high residual Pu content (̂  100 mg/1). 

The development of in-situ reduction in mixer s e t t l e r s star
ted in 1969 and was f i n a l i s e d quite recently in a 6 week long test 
using a 12 stage electro-reduction mixer s e t t l e r on the WAK l e v e l 
in a Pu test cycle i n s t a l l e d in the I n s t i t u t fur Heisse Chemie 
(15). 

Using t h i s technical titanium contactor, the design p r i n c i p 
les of which are similar to that shown in figure 1, residual Pu 
concentrations in the 2BW of 0,0002 to 0,005 g Pu/1 have been 
achieved at product concentrations up to 45 g Pu/1 and a maximum 
throughput of 1,5 kg Pu per day. The mixer s e t t l e r is now in
s t a l l e d in the second Pu cycle of the WAK Plant. 

The corrosion rates of the titanium casing under cathodical 
conditions were smaller than that of stainless steel in n i t r i c 
acid (~0,05 mm Ti/y) . This value as well as the corrosion rate 
of the p l a t i n i z e d tantalum anode is within the expected order of 
magnitude (< 0,005 mm/y). 

Electro-reduction in Pulsed Columns (16) 

P a r a l l e l with the electro-reduction mixer s e t t l e r an electro-
reduction column with a 10 cm diameter has been developed at 
Karlsruhe. 

The most simple design of such a column is shown in figure 
4. The column wall and the sieve plates are made of titanium and 
work as cathodes. The central rod made of p l a t i n i z e d tantalum and 
separated e l e c t r i c a l l y from the sieve plates by means of ceramic 
rings, serves as the anode. Additional c y l i n d r i c a l metal sheets 
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Figure 3. Pu backextraction (Experiment no. 18); concentration profile in the 
16-stage electroreduction mixer settler, MILLI-EMMA (8): concentrations and 

flows, see Figure 2. 
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Figure 4. Pulsed extraction column for in-situ electroreduction (16) 
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are i n s t a l l e d in the top decanter in order to remove entrained 
continuous aqueous phase and to separate the electrode gas 
generated in the column. 

Extraction tests with U showed that the extraction e f f i 
ciency is very l i t t l e affected by internal electrodes. For example 
an HTS value of 0,8 m was obtained for the U extraction. This 
value is similar to that of normal pulsed columns of these 
dimensions. 

The conversion rate of about 1,3 g U(IV) per Ah, calculated 
by means of the column concentration p r o f i l e , hold-up and 
operating current corresponds to the value found for the electro-
reduction mixer s e t t l e r . 

Figure 5 shows a comparison of U(IV) concentration p r o f i l e s 
realized experimentally for the mixer s e t t l e r and the pulsed 
column. The U(IV) p r o f i l e in the columns shows an inventory of 
about a tenfold stoichiometric excess for the aqueous phase, 
r e l a t i v e to the Pu p r o f i l e to be expected from LWR f u e l . The 
U(IV) production rate in the column can ea s i l y be increased to 
an extent higher than the feed rates of externally produced U(IV) 
normally required in the conventional reduction column. Therefore 
one can at least expect equally good results for the U/Pu se
paration with the electro-reduction column as with the normal 
procedures. This is also confirmed by experiments in the USA 
which resulted in the i n s t a l l a t i o n of an electro-reduction column 
in the AGNS Plant at Barnwell. In these experiments even with high 
acid concentrations (2 M HNÔ  in the aqueous s t r i p , BXS) high 
plutonium decontamination factors have been achieved (17). 

At the present time the titanium column shown in figure 4 
is i n s t a l l e d in a Pu-test cycle at Karlsruhe with a throughput 
of about 400 g Pu/h, where the electro-reductive Pu backextrac
tion can be tested and compared with the competitive procedure 
using hydroxylamine nitrate (HAN) as reducing agent. 

Electro-oxidation of the Pu(III) Product (8,16) 

After each extraction cycle, the Pu(III) product solution 
has to be oxidized to the extractable Pu(IV). At the same time 
the hydrazine s t a b i l i z e r has to be destroyed. 

This process step is carried out in existing f a c i l i t i e s by 
sodium n i t r i t e or by NO^ gas as oxidizing agent. NaNO^ gives r i s e 
to sodium salts in the waste. NÔ  i s t needed in great stoichio
metric excess due to low reaction e f f i c i e n c y . Since n i t r i t e is 
quite extractable in the organic phase i t has to be removed by 
purging with a i r p r i o r to each extraction. The desorption pro
duces a gaseous NO effluent loaded with α/β aerosoles. 

This oxidation step can also be made by electro-oxidation 
at the anode without additional chemicals and waste production. 

Equations 3 and 4 show that hydrazine is oxidized at the 
anode pr i o r to Pu (III). Equation 6 is a possible side 
reaction increasing the e f f i c i e n c y for the hydrazine destruction. 
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TBP 30Λ % 
U 77g/l 

HNO3-002M/l 

_ 1 _ 
CATHODES. METER 

(—60 AMPS—I (—60 AMPS—I (—60 AMPS—| 

ELECTROLYTIC PULSE - COLUMN 
total current : 180 amps. voltage : 9 -5- 13,5 volts 
cath current density . β 13 mA cm-2 -, Temp : 50° C 
internal phase ratio :% « 0>0.2 (estimated) 

TBP 30Λ % 
U 83.9g/l 

' HNO3-Q07M/l 

HNO3 0.6 M/l I 
N2H5NO3 

0,2 M/l 

i a 

ELECTROLYTIC MIXER - SETTLER 
total current : UQ amps : voltage 8 V max 
cath current density : « 15 mAcrrv', Temp 35 0 

internal phase ratio : % -3-5-5 (estimated ) 

I 0,225 ' 0.210 I 0.190 I 0.245 I 0.295 • 0.230 I 0.100 I 
CURRENT. AMPS 

BXP 
' HNO3 1.37 M/l 

N 2 H 5 N O 3 

0.U M/l 
U 28 g/l 

Verlag Karl Thiemig 

Figure 5. Concentration profiles in the electroreduction column and the electro-
reduction mixer settler (16): (Δ) [U]org; (Π) [U(VI)]org; (O) [U(IV)]aq; (χ) 

[ΗΝΟ3]α9;(0)[Ν,Η5ΝΟ3]. 
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Figure 6. Electrooxidation cell (8,16) 
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For technical purposes the oxidation c e l l is divided into 
a hydrazine destruction part and a Pu oxidation part.- For the 
hydrazine oxidation high anodic current densities are applied. 
The reaction is following formally a zero order law. In the second 
part, at lower current densities only Pu(IV) is produced in the 
hydrazine-free electrolyte. Furthermore the production of Pu(VI) 
can be avoided by increasing the n i t r i c acid concentration 
(> 1,0 Μ HN03) (J_8) . 

Figure 6 shows schematically a f l a t titanium c e l l with four 
p a r a l l e l channels. The anodes are made of pl a t i n i z e d tantalum nets 
and are isolated from the cathode by ceramic plates. 

Together with the long-running test of the electro-reduction 
mixer s e t t l e r , an electro-oxidation c e l l at a Pu throughput of 
1,5 kg per day was operated over 6 weeks without any interruption 
(15). The average feed concentrations were 0,1 to 0,15 M N2H5NO 
and 25 to 45 g Pu(III) per l i t e r . The average energy requirement 
was 38 Ah/1. The design principles correspond to that of figure 
6. The c e l l is now i n s t a l l e d in the 2nd Pu cycle of WAK Plant 
d i r e c t l y after the electro-reduction mixer s e t t l e r . 

Further Development Steps 

To prove the s u i t a b i l i t y of the electro-redox methods for 
the i n d u s t r i a l application the electrode behaviour e.g. with 
respect to corrosion or coating by impurities has to be i n v e s t i 
gated in long-running tests under r e a l process conditions. This 
is the aim of the tests in the WAK Plant. 

A Pu test cycle (PUTE) in KfK Karlsruhe w i l l give the 
p o s s i b i l i t y to test e l e c t r o l y t i c a l pulsed columns in technical 
scale and design. The construction w i l l be finished in 1979. 

In p a r a l l e l a f u l l scale electro-reduction column w i l l be 
i n s t a l l e d in an U test cycle for 4 tons of U per day in KfK and 
set in operation by the German industry. 
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The Separation of Uranium and Plutonium by 
Electrolytic Reduction in the Purex Process 

H E JIAN-YU, ZHANG QING-XUAN, and LO LONG-JUN 

Institute of Atomic Energy, Academic Sinica, Beijing, People's Republic of China 

In the partitioning of U and Pu in the first cycle of the 
purex solvent extraction process for reprocessing spent nuclear 
fuel from production reactors, ferrous sulfamate is still being 
used as the reducing agent for Pu(IV). Its use seriously im
pairs the economy in the treatment of medium active waste be
cause of the introduction of scale-forming and corrosive ions 
to the effluent. This drawback is more serious in the repro
cessing of spent fuel from power reactor, where the Pu-content 
would be so high that a tenfold increase in the amount of unde
sirable salts introduced to the process stream would result. 

Therefore, many alternatives for the ferrous sulfamate re
duction method have been studied(1,2,3); besides, the use of 
U(IV) as the reductant has actually found some practical appli
cation. Since U(ΙV) is being prepared by means of electrolytic 
reduction of U(VI), it is natural to go a step further, namely, 
to introduce electrolytic reduction to the process stream it
self. In such an in-situ electrolytic process, not only P(IV) 
would be expected to be directly reduciable to Pu(III), but any 
U(IV) formed would also be expected to serve as the reductant 
for Pu(IV). 

In fact, such a method has been investigated and developed 
both in the Federal Republic of Germany(4,5) and in the united 
States(6,7). This process has also been studied in the People's 
Republic of China for some time and here are presented some of 
our experimental results. 

DBTBBMBATIOH OF CURBBHT-POTBHTIAL CUBTBS 

In order to help selecting a suitable current or potential 
for controlling the course of electrolysis, current-potential 
curves for solutions containing one or more constituents of the 
substances present in the 1B battery were determined, with no 
sti r r i n g in the c e l l . The solution of Pu(IT) was prepared from 
i t s stock containing 3M/L HHO3. Results on Ρt-cathode were 
shown in Fig . 1 and 2 , those on Τi-cathode shown in Fig.3· from 

0-8412-0527-2/80/47-117-317$05.00/0 
© 1980 American Chemical Society 
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318 ACTINIDE SEPARATIONS 

Figure 1. Current-potential curves for 
Ft cathode: SPt = 0.28 cm2; V = 20 mL; 
(Ο) 1.6M HNOs, 10 mg/mL Pu (IV); 
(A) L6M HN03i 10 mg/mL Pu (IV), 

70 mg/mL U (VI). 

-1*00 -ZOO 0 +200 Î400 iéOO 4800 

Figure 2. Current-potential curves for 
Pt cathode: S P i = 0.28 cm2; V — 40 mL; 
(Ο) 1.6M HNOs; (Χ) 1·6Μ ΗΝ03, 0.2M 
N2H5+; (A) L6M HNOSf 0.2M N2H5\ 

70 mg/mL U (VI). 
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which the following observations could be made: 
1 · The overpotentials of U(VI)-U(IV), Pu(IV)-Pu(III) and 

hydrogen on the Ti-cathode are larger than those on the Pt-
oathode, especially for the Pu(IV)-Pu(III) couple. A diffusion-
controlled region is clearly indicated by the S-shaped curve of 
the Pu(IY)-Pu(III) couple. 

2 . The difference between the overpotential for U(VI)-
U(IV) and that for hydrogen is small on the Pt-cathode as well 
as on the Ti-cathode. Therefore the reduction of U(VI), which 
is desirable because the U(IV) formed w i l l serve to reduce 
Pu(lV), would cause an unavoidable evolution of hydrogen. 

T i was chosen as the cathode material for a l l of the f o l 
lowing experiments except when otherwise indicated. This ma
t e r i a l is much cheaper than Pt and, when properly pretreated, 
has an electrolytic property good enough for our purpose. 

ELECTROLYTIC REDUCTION IN THE WONOCELL WITH A DIAPHRAGM IN THE 
AQUEOUS PHASE 

The monocell consists of two compartments separated by a 
sintered-glass diaphragm, with T l wire screen as the oathode 
and Pt c o l l as the anode. A l l experiments with this monocell 
were carried out with st i r r i n g at constant cathode potential* 

NITRIC ACID REDUCTION. As is well known, H N 0 2 is detri
mental to the reduction of Pu(IY), because it could reoxidize 
the Pu(III) and this reduction is autocatalytic as indicated by 
the following reactions: 

Pu 5* • H N 0 2 + H* « Pu 4* + HO + HgO. 

2N0 + H N 0 3 • H 2 0 « 3 H N 0 2 . 

So it would be of interest to study the reduction of HHO3 under 
the conditions employed for the electrolytic reduction of 
Pu(IV). 

The formal potential for the PudV)-Pu(III) couple is 0 . 9 3 
V/SHB in 1N HNO3 while the potential of NO3-NO2 couple is 0 . 9 4 
V/SHB. Theoretically, therefore, the reduction of HNO3 simulta
neously with the reduction of Pu(IV) is to be expected. 

However, there have been different opinions about the me
chanism for reduction of HNO3 on the cathode. Bllinghm(8) sug
gested that HNO3 could be reduced by active hydrogen atom gene
rated on the cathode and H N 0 2 has catalytic action for the re
duction of ΗΝΟ3· Host other authers ( 9 , 1 0 , VI) think that in the 
absence of H N 0 2 , n i t r i c acid could not~5e reduced electrically. 
Krumpelt and others(7) did electrolytic reduotion experiments 
with 0 . 5 H/L HNO3 in~the presence and absence of hydrazine and 
found that HNO3 could not be reduced. 

We have conducted a series of electrolytic reduction expe-
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320 ACTINIDE SEPARATIONS 

Figure 3. Current-potential curves for Ti cathode: Sn = 0.28 cm2; V = 20 mL; 
(0)1.6M HNOs; (Χ) 1.6M HNOs, 10 mg/mL Pu (IV); (Π) I.6M ΗΝ03, 70 mg/ 

mL U (VI). 

Figure 4. Electrolytic reduction of 
HNOs: STi = 36 cm2; V = 20 mL; Ε = 
400 mV/SCE; with stirring; (O) 0.47U 
HNOs; (Π) 0.98U HNOs; (A) I.52M 
HN03; (Χ) 2.0M HN03; (*) 2.0M 

HNOs> 2.8 χ 10'4M N2H5\ 

3 6 9 /2/5/6 2/ 14 H 30 
t(/nim 
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riment8 with HNO3 solutions of 0.5 H/L to 2 M/L which contains 
an i n i t i a l HHO2 concentration of around 10"^-10"" 5 M/L. The re
sults, as shown b y Fig.4, indicated that, whereas HHO3 is d i f 
f i c u l t to reduce at 0.5 H/L, i t s reduction becomes more and 
more easy as i t s concentration goes from 1 H/L to 2 H/L. Be
sides, for the 2 H/L HHO3 in the presence of hydrazine, the 
rate of formation of HHO2, while being depressed at the be
ginning of the electrolysis, rises sharply after a while. This 
last experiment also proves that on Tl-cathode HHO3 could be 
reduced to H H 0 2 even when there is no H H 0 2 present in the i n i 
t i a l HHO3 solution. 

Therefore, for the separation of Pu and U by electrolytic 
reduction in HNO3 solutions(as being practised in the Purex 
Process), enough hydrazine should be added as the supporting 
reducing agent. 

ELECTROLYTIC RBDUCTIOH OF U(VI). Since U(VI) in the form 
of UO2 is present in large amount in the 1B battery in the 
first cycle of the purex process, i t s successful electrolytic 
reduction to U(IV) would create a most favorable condition for 
the reduction of Pu(IV). 

Both Heal(l2) and Finlayson( have shown that H+ ion is 
Involved in the electrolytic reduction of U(VI) to U(IV) as 
summarized by the following reaction: 

VO2* + 4H+ + 2e~ « U4+ + 2H20. 

The object of our work is to measure the rate of reduction 
of UO2 a s & function of typical operating parameters such as 
the applied cathode potential, HNO3 concentration and the 
amount of hydrazine added. 

As shown in Fig.5 and Fig.6, the reduction rate of U(VI) 
increases with increasing applied cathode potential and HHO3 
concentration. Fig.7 indicated that the addition of hydrazine 
effectively promotes the rate of reduction of U(VI) but this 
effect becomes very small beyond 0.1 H/L hydrazine. 

We have decided to add 0.2 H/L hydrazine in our experi
ments for the reduction of Pu(IV) to make sure that the detri
mental effect of HH02 could be counteracted. 

ELECTROLYTIC REDUCTION OF Pu(IV). Cohen(14) had studied 
systematically the electrolytic oxidation and reduction of Pu. 
His results showed that the overpotentials of Pu(I v)-Pu(III) 
and Pu(VI)-Pu(V) couples are low, but it is high for Pu(V)-
Pu(IV) on Pt electrode. Our experiments showed that the over-
potential of Pu(IV)-Pudll) on Ti-electrode is also high. How
ever, in the partitioning step of the first cycle in the purex 
process, the large excess of U present would be expected to be 
beneficial for the reduction of Pu(IV). 

In our work, the effect of acidity and ϋ-content on the 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
3

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



322 ACTINIDE SEPARATIONS 

Figure 5. Electrolytic reduction of 
U (VI) as a function of cathode potential: 
STi = 20 cm2; V = 20 mL; with stirring; 
composition: IM HNOs, 0.2M N2H5

+, 70 
mg/mL U (VI); (Ο) Ε = -300 mV/ 
SCE; (A) Ε 500 mV/SCE; (V) Ε 
= -600 mV/SCE; (X)E = -700 mV/ 

SCE; (·)Ε = -1000 mV/SCE. 

15 20 
t (rnln) 

Figure 6. Electrolytic reduction of 
U (VI) as a function of nitric acid con
centration: STi = 20 cm2; V = 10 mL; 
with stirring; Ε 700 mV/SCE; (•) 
0.5M HN03; (A) 1.0M HNOs; (Χ) I.5M 

HN03. 

Figure 7. Electrolytic reduction of 
U (VI) as a function of N2H5

+ concentra
tion; S r i = 20 cm2; V = 10 mL; Ε = 
—700 mV/SCE; with stirring; (Ο) 1M 
HNOs, 70 mg/mL U (VI), OM N2H5+; 
(A)1M HN03> 70 mg/mL U (VI), 0.05M 
N2H5+; (X) 1M HNOs, 70 mg/mL U 
(VI), 0.1M N2H5

+; (Π) 1M HNOs, 70 
mg/mL U (VI), 0.5M N2H5\ 
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Pu(IV) reduction rate were studied. Pig.8 shows that at large 
excess of U and low concentration of Pu, no effect of acid con
centration on Pu(IT) reduction rate could be observed. After a 
period of electrolysis of less than 30 seconds, nearly a l l of 
the Pu(lV) could be converted to Pu(III). This fact corresponds 
to the change of the potential of the electrolyte solution with 
time, which drops very rapidly after the start of the electro
l y s i s . The effect of O-eoneentration on the reduction rate of 
Pu(lV) is shown in Pig.9 , from which it is clearly shown that 
the reduction rate of Pu(IV) depends very much on the amount of 
U relative to that of Pu in the electrolyte solution. The upper 
two curves showed that i f the weight ratio of U/Pu is near or 
more than one, the reduction rate of Pu(IV) could be greatly 
accelerated. This fact indicates clearly that here U(IV) plays 
an important role in the reduction of Pu(IV). On the other 
hand, i f the U-content in the solution is small compared to 
that of Pu, the rate of reduction of Pu(IV) is determined chi
efly by the electrolytic reduction of Pu(IV) i t s e l f which is 
rather slow. This fact should be borne in mind in designing 
electrolytic reduction equipments in the purex process. 

ELECTROLYTIC REDUCTION OF U(VI) IN A MONOCELL WITHOUT A DIAPH
RAGM 

Schmieder(5) said that in the presence of hydrazine in a 
common cathode-ânode space, there happens only the formation of 
U(IV) on the cathode without any reoxidatlon of it on the anode 
until the course of electrolysis reaches the stage of oxygen 
evolution on the anode. He said that this is due to the fact 
that oxidation of U(IV) has a high oyerpotentlal on the anode. 
Then it should be possible to construct an electrolytic reduc
tion apparatus without a diaphragm. 

We have conducted several experiments in such a set-up and 
the results were shown in Fig. 1 0 . From this figure it could be 
seen that after 30 minutes of electrolysis, appreciable amount 
of U(IV) is formed even when the area of anode is larger than 
that of cathode and the hydrazine remaining in the c e l l is 70% 
of the i n i t i a l amount added. 

In Fig.11 the current-potential curves of N 2 H $ , IT + and 
HNO3 on Pt-anode are represented. It could be seen that for the 
curve of U(IV) oxidation, there appear two waves, the first re
presenting U(IV) oxidation and the second having not yet been 
identified. Fig.12 shows the oxidation of U(IV) in HNO3 acid 
solution in the presence of large excess of hydrazine. The re
sults of these experiments indicate that U^+and hydrazine could 
be simultaneously oxidized on the Pt-electrode before oxygen 
evolution. 

ELECTROLYTIC REDUCTION IN A MILLI TYPE MIXER-SETTLER FOR THE 
SEPARATION OF ϋ ANDTïï 
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Figure 8. Electrolytic Pu (IV) reduc
tion as a function of nitric acid concen
tration at low Pu (IV) concentration: STi 
= 20 cm2; V = 10 mL; Ε = -700 mV/ 
SCE; (Ο) 0.5M HN03, 0.56 mg/mL Pu 
(IV), 70 mg/mL U (VI); (A) 1M HN03, 
0.56 mg/mL Pu (IV), 70 mg/mL U (VI). 

1 
8 

+£00 

30 60 90 
tCsec) 

120 

Figure 9. Electrolytic Pu (IV) reduc
tion as a function of U (VI) concentra
tion: STi = 20 cm2; V = 10 mL; Ε = 
—700 mV/SCE; with stirring; (Ο) IM 
HNOs, 0.2M N2H5\ 70 mg/mL U (VI), 
0.56 mg/mL Pu (IV); (A) IM HN03, 
0.2M N2H5

+, 0.06 mg/mL U (VI), 0.1 
mg/mL Pu (IV); (S7) IM HNOs, 0.2M 
N2H5\ 0.06 mg/mL U (VI), 1 mg/mL 
Pu (IV); (X) IM HNOs, 0.2U N2H5\ 
0.06 mg/mL U (VI), 8 mg/mL Pu (IV). 
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t ( ni!n) 

Figure 10. Electrolytic reduction of U (VI) as a function of ratio of anode and 
cathode area in common space: SPt = 22 cm2 (cathode area); V = 40 mL; Ε = 
-350 mV/SCE; with stirring; composition: 1.5M HNOs, 0.2M N2H5\ 70 mg/mL 
U (VI); (O) R = 2, i = 440 mA; (Q) R = J, i = 420 mA; (χ) R = .2, i = 400 

rnV/SCE 

Figure 11. Current-potential curves for 
Pt anode: SPt = 0.28 cm2; V = 30 mL; 
(X) 2M HNOs; (Ο) 1.5U HNOs, 0.2M 
N2H5+; (A) IM HNOSi 24 mg/mL U 

(IV); 95% U (IV) 
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I. 

tCm/n) 

Figure 12. Cycle electrolytic oxidation of N2H5
+-U (IV) solution: SPt = 280 cm2; 

V = 55 mL; Eanode h&00 mV/SCE; throughput, 10 mL/min. 

IBXQ IBF© IÔSQ 

ι BX 3 es '7 

/BP© 

Figure 13. Flowsheet for partitioning of U and Pu: (S) electrolytic part, (O) 
flow ratio. 

Figure 14. Schematic of electrolytic mixer settler: 1, mixing chamber; 2, settling 
chamber; 3, anode cell; 4, Pt anode; 5, Ti cathode plate; 6, insuhtor; 7, separator. 
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The construction of the Milli-type couter-current mixer-
settler extraction equipment is similar to that employed in the 
Federal Republic of Germany. A flow diagram and a sketch of the 
c e l l construction used in our experiments are shown in Fig.13 
and Fig.14. In the apparatus there are 17 stages, 9 of which 
for extraction(the BX part) and the remaining ones for organic 
washing(the BS part). The housing of the mixer-settler i t s e l f 
serves as the cathode which is made of Ti-metal. Pt-wire wrap
ped on a hollow insulated plate serves as the anode. The volume 
is about 8.4om3 for each mixing chamber and 25.2cm' for each 
settling chamber. Residence time of more than one minute is 
maintained in each mixing chamber and air pulse is used for 
mixing the organic and aqueous phases. The throughput of or
ganic feed solution is 5ml per minute and the flow ratio of 
feed solution 1BF to aqueous extraction stream 1BX and to or
ganic wash stream 1BS is 5/1/1. Reduction is carried out mainly 
in the settling chamber and constant current is used for con
t r o l l i n g the electrolytic process. Operation of the mixer-
settler has been found satisfactory, U and Pu products achieve 
acceptable level of quality. 

Data and results of the experiments are given in table I 
and the concentration profile in the mixer-settler shown in 
Fig.15. From these the following points could be noted: 

1. The acid concentration profile in the mixer-settler 
plays an important role for removing U from Pu. With the proper 
current strength satisfactory results could be achieved when 
the concentration of HNO3 in the Pu product ranges from 1.4 M/L 
to 2 M/L. Increasing the acid concentration by acidifying the 
organic wash stream and increasing HNO3 in 1BF in the BS part 
could increase the SF U substantially, as shown by comparing 
the results of experiments Ho. 2 and 3· The effect of acid 
concentration in the BX part on SFp u is not so important, as 
could be seen by comparing the results of experiments Ho. 2 to 
4, where a change in the acid concentration of the BX part 
gives almost the same SFp u. 

2. It seems that current density plays a definite role for 
obtaining a good separation of U and Pu. As shown in table I, 
low values of SFp u are obtained in experiments No. 1 and 6, for 
which the current strength is 10 to 30£ lower than that used in 
experiments 2 through 5, for which high values of SFp^dO 4) are 
obtained. 

3· The Influence of radiolytic decomposition product d i -
butyl phosphate, which could form a strong complex with Pu(IY), 
has been examined in experiments 5 and 6. In each case 9*10""4 

more per l i t e r of HDBP has been added to the organic feed 
solution. No significant difference could be seen, when a cur
rent strength of 100mA is used. Experiment No.6 gives a some
what lower value of SFp u but here a lower current strength, 
namely, 90mA has been used. 

To summarize, under the conditions of our experiments, sa-
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Figure 15. Concentration profile in the mixer settler: O, organic phase; A, aque
ous phase. 
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330 ACTINIDE SEPARATIONS 

tisfactory results have been obtained for the separation of V 
and Pu by means of electrolytic réduction» 

SUMMARY 

Experiments on the electrolytic reduction of U and Pu in 
the aqueous phase in presence of hydrazine were carried out to 
investigate the effect of various factors influencing the rate 
of reduction. The potentials of the aqueous solution, which can 
serve to indicate the course of the reduction process, were 
measured and operating parameters such as acid concentration, 
hydrazine concentration, applied potential on the cathode, 
etc., were investigated. Experimental results indicated that, 
on Ti-cathode n i t r i c acid could be reduced to nitrous even when 
there is no HN02 in the i n i t i a l HNO3 solution; and, with a U/Pu 
ratio ranging from 10"2 to 102, Pu(IV) can be reduced readily 
when the U/Pu ratio is near or more than 1 at low concentration 
of Pu. In this case, obviously U(IV) formed in the process 
plays an important role in the reduction of Pu(IV). 

To investigate the f e a s i b i l i t y for applying this method in 
the partitioning of U and Pu in the first cycle of the purex 
process, electrolytic reduction experiments have been carried 
out in a Milli-type mixer-settler counter-current extraction 
apparatus, with the first 9 stages serving as the electrolysis 
cells and the remaining ones for the back washing of uranium. 
With a flow rate of 1BF/1BX/1BS of 5/1/1» a separation factor 
SP U varying from 10^ to 10^ was obtained, depending on the cur
rent density as well as the acid concentration in the BS part 
of the battery 1B. The organic wash stream was acidified to in
crease the acid concentration in the BS part so as to obtain a 
high SP U. Under the conditions employed in our experiments sa
tisfactory results for the separation on U and Pu have been 
obtained, 
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2 4 

Studies on Actinides Separation in JAERI 

TOMITARO ISHIMORI 

Japan Atomic Energy Research Institute, 1-1, Shinbashi, Minato-ku, Tokyo 105 

The separation of actinides has been studied for various pur
poses in Japan Atomic Energy Research Institute (JAERI). The works 
which have been carried out so far, are classified into four cate
gories; preparation studies of actinides nuclides, separation chem
istry for chemical analysis, separation of actinides from radio
active waste, and studies on reprocessing of spent nuclear fuels. 
The present work is to review studies of actinide separation per
formed in JAERI, emphasizing the need of the separation for the 
main purpose of individual. Concern is focussed on the separation 
of transuranium elements and studies on thorium and uranium are 
put aside. 

Preparation of Actinides Nuclides 

Since 1958, more than 20 nuclides of actinides ranging from 
neptunium to einsteinium were identified and prepared for tracer 
studies. From neutron-irradiated uranium samples 239Np was adjust
ed to the pentavalent state and separated by TBP extraction from 
perchloric acid media. Plutonium-239 was separated by TBP extrac
tion from nitric acid solution followed by anion exchange in a 
system of Dowex-1 resin and nitric acid. Neptunium-237 was sepa
rated from a spent fuel solution of JRR-1 (Japan Research Reactor 
-1) using anion exchange and TBP extraction. The TBP extraction in 
the hydrochloric acid medium is a simple and effective technique 
to purify neptunium from plutonium contamination. On the other 
hand, both anion exchange and solvent extraction with HDEHP could 
be used to separate tracer scale plutonium from irradiated neptu
nium targets. 

Curium, berkelium, californium and einsteinium were separated 
from the americium samples i r r a d i a t e d by neutrons. For preliminary 
separation the anion exchange in hydrochloric acid and l i t h i u m 
chloride solutions was used as w e l l as the HDEHP extraction. Mu
tu a l separation of the transamericium elements was made by using 
DIAION CK08Y cation exchange r e s i n . Nuclides prepared and separa
t i o n methods adopted are summarized in Table 1 (1-15). 

0-8412-0527-2/80/47-117-333$05.00/0 
© 1980 American Chemical Society 
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Separation for Chemical Analysis 

Separation of Actinides from the Samples of Irradiated Nucle
ar Fuels, For the purpose of chemical measurements of burnup and 
other parameters such as accumulation of transuranium nuclides in 
ir r a d i a t e d nuclear f u e l s , an ion-exchange method has been develop
ed to separate systematically the transuranium elements and some 
f i s s i o n products selected for burnup monitors (16). Anion exchange 
was used in hydrochloric acid media to separate the groups of ura
nium, of neptunium and plutonium, and of the transplutonium e l e 
ments. Then, cation and anion exchange are combined and applied to 
each of those groups for further separation and p u r i f i c a t i o n . Ura
nium, neptunium, plutonium, americium and curium can be separated 
q u a n t i t a t i v e l y and systematically from a spent f u e l specimen, as 
we l l as cesium and neodymium f i s s i o n products. 

Figure 1 shows a t y p i c a l e l u t i o n curve of the first anion-
exchange process for group separation. Plutonium is strongly ad
sorbed on the anion-exchange r e s i n from hydrochloric acid solutions 
of concentrations higher than 6 M, in either the t e t r a - or hexa-
valent state. The plutonium adsorbed is reduced to the t r i v a l e n t 
state in the r e s i n phase, and is loosened and removed from the 
r e s i n column as the e l u t i o n with hydrochloric acid solutions pro
ceed. The rate of removal of the plutonium depends on the concen
t r a t i o n of hydrochloric acid and also on e l u t i o n time. Addition of 
0.1 M n i t r i c acid into the hydrochloric acid s o l u t i o n is e f f e c t i v e 
in preventing the reduction of plutonium in the r e s i n phase. On 
the other hand, the presence of n i t r i c acid disturbs the rapid 
e l u t i o n of l i g h t lanthanide elements due to the formation of com
plex compound with n i t r a t e ions. After e l u t i o n with two column 
volumes of 9 M hydrochloric acid containing 0.1 M n i t r i c a c i d , 
about 1 % of cerium s t i l l remains in the anion-exchange column, 
while cesium has been completely eluted. Three column volumes of 
the eluent are necessary to reduce the loss of cerium to less than 
0.1 %. 

The presence of n i t r a t e ions in the r e s i n phase also disturbs 
the e l u t i o n of plutonium. Washing with concentrated hydrochloric 
acid in the l a t t e r part of the f r a c t i o n Ζ is to remove the remain
ing n i t r i c acid and hydrofluoric acid from the r e s i n . 

For the mutual separation of plutonium and neptunium, both of 
those are adsorbed on an anion-exchange r e s i n column and the r e s i n 
converted to chloride form by washing with concentrated hydrochlo
r i c acid. Then the plutonium is reduced to the t r i v a l e n t state and 
eluted with 9 H hydrochloric acid s o l u t i o n containing 0.1 M hydro-
i o d i c acid. 

Various g e l - and porous-type resins have been examined for use 
in the cation-exchange chromatographic separation of the transplu
tonium elements from the fission-product lanthanides with an e l u 
ent of 11.7 M hydrochloric acid (17). In the case of gel-type res
i n s , very f i n e ones such as c o l l o i d a l aggregate, are needed to 
perform good separation. The number of t h e o r e t i c a l plate obtained 
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E f f l u e n t (ml) 

Atomic Energy Society of Japan 

Figure 1. A typical elution curve of group separation by anion exchange: (O) 
β(γ) activity by GM counter; (Φ) « activity by proportional counter; (X) Zr elu
tion curve by y spectrometry; (-\-) Np elution curve by y spectrometry; volume of 

resin column, 5 mL (0.7 cm χ 13 cm). (16) 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
4

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



24. i s H i M O R i Actinides Separation in JAERI 339 

from a given column increases with decreasing cross-linkage of 
r e s i n , but both the d i s t r i b u t i o n c o e f f i c i e n t s of relevant ions 
between the r e s i n and hydrochloric acid and the r a t i o of the d i s 
t r i b u t i o n c o e f f i c i e n t s of the actinides and the lanthanides become 
smaller. 

While those c o e f f i c i e n t s obtained from the porous-type resins 
are s i m i l a r to those from the gel-type ones, the number of theo
r e t i c a l plates increases by a factor of about 3 and the t a i l i n g of 
el u t i o n curve decreases remarkably. Three groups, of americium and 
curium, of yttrium and of europium to cerium, can be w e l l separated 
with 11.7 M hydrochloric acid which is a commercially a v a i l a b l e 
chemical reagent, as shown in Figure 2. 

Separation of Plutonium from Air-monitoring Samples. Pl u t o -
nium-238, z d yPu and Z I* uPu have been introduced in t o environment 
because of the experiments of nuclear explosion in a i r and of some 
accidents of the a r t i f i c i a l s a t e l l i t e s . Analysis of the plutonium 
is needed to elucidate the d i s t r i b u t i o n of the plutonium in a i r 
and the rate of descent to the surface. For t h i s purpose a n a l y t i 
c a l procedures have been developed and u t i l i z e d for routine meas
urements of the air-borne plutonium (18). 

Air-borne plutonium is co l l e c t e d by passing a i r continuously 
through a long s t r i p of f i l t e r paper. The f i l t e r is composed of 
87 % c e l l u l o s e - 12 % asbestos or 80 % c e l l u l o s e - 19 % glass f i b r e 
and is 76 mm wide and 60 m long. The f i l t e r moves 2.5 cm/h while 
200 ^ 250 1 air/min passes through. After 1 month operation, p l u 
tonium on the f i l t e r is separated for counting as follows: 

F i l t e r paper recovered from the monitoring s t a t i o n monthly is 
ashed completely at 450 °C. The ash thus obtained is placed in a 
2-1 beaker and 2 3 6 P u is added as spike 0 0 . Sixhundred m i l l i l i t r e s 
of 8 Ν n i t r i c acid is added and the mixture is heated on a hot 
plate with occasional s t i r r i n g . A f t e r allowing to stand for about 
one hour, leached s o l u t i o n and residue are separated with a c e n t r i 
fuge. The residue is leached again with 400 ml of 6 Ν hydrochloric 
acid for 3 hours under heating. The recovery of plutonium is about 
75 %. 

The n i t r i c and hydrochloric solutions are combined. Plutonium 
in the s o l u t i o n is coprecipitated with f e r r i c hydroxide. The pre
c i p i t a t e c o l l e c t e d both by décantation and centrifuge is dissolved 
with 10 ml of n i t r i c a c i d . The solu t i o n is evaporated and the res
idue is dissolved with 30 ml of 8 Ν n i t r i c a c i d . Insoluble residue 
is removed with a centrifuge. 

The supernatant is shaken with 15 ml of 10 % t r i - n - o c t y l amine 
in xylene pre-equilibrated with 8 Ν n i t r i c a c id. The extraction is 
repeated twice. Since plutonium is extracted in t o the organic 
phase together with thorium and uranium, the solvent is washed in 
turn with 2 portions of 15 ml of 8 Ν n i t r i c acid and with 2 por
tions of 15 ml of 10 Ν hydrochloric acid in order to remove most 
of thorium and uranium. Then plutonium is back-extracted with 15 
ml of 6 $ hydrochloric acid containing 0.2 ÎJ hydrofluoric acid or 
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Volume of eff luent, 

Japan Atomic Research Institute 

Figure 2. Elution curve of the chromatographic separation of the Am, Cm, Ύ, 
and Eu-Ce groups: (Φ) a activity of Am; (A) « activity of Cm; (Ο) a + β activity 

(17). 
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0.5 Ν hydrochloric acid containing 0.02 Ν hydrofluoric acid in a 
polyethylene vess e l . The resulted aqueous phase is washed with an 
about 20-ml portion of xylene and heated with 5 ml of n i t r i c acid 
and 0.5 ml of per c h l o r i c acid in order to decompose organic sub
stances. 

The residue is dissolved in a mixture of 0.5 ml of 0.1 Ν hy
drochloric a c i d , 0.5 ml of 0.5 U o x a l i c a c i d , 0.15 ml of 2 M ammo
nium formate, 5 ml of 4 M sodium chloride and 3 ml of water and 
plutonium is electrodeposited on a s t a i n l e s s - s t e e l disc (19). 

A c t i v i t i e s of 2 3 8 P u and of 2 3 9 P u - 2 U 0 P u are measured by a-
spectrometry in reference to the a c t i v i t y of 2 3 6 P u spiked. Figure 
3 shows the flow-sheet of the procedures. 

Separation from Radioactive Waste 

Treatment of α-bearing Aqueous Waste from a Plutonium Handl
ing Laboratory. The Tokai Establishment of JAERI has a plutonium 
handling laboratory for basic research. Alpha-bearing aqueous 
waste from the laboratory has amounted to several hundred l i t r e s 
every year. Since the regulations do not permit transportation of 
plutonium bearing waste in l i q u i d form to the waste management f a 
c i l i t y of JAERI, much l i q u i d waste containing α emitters is accu
mulated in the laboratory. Recovery of plutonium from the waste is 
desired to keep the α-activities minimum in the f i n a l waste. 

At the same time, americium had not been r e a d i l y a v a i l a b l e in 
Japan and it was desired to prepare a weighable amount of Am 
for chemical studies. Under the circumstances, a process (9, 20) 
was developed both for the volume reduction of the aqueous waste 
and for the recovery of plutonium and americium (21). 

Alpha radioactive aqueous waste from the laboratory is of a 
wide v a r i e t y . I t is, however, bottled and c l a s s i f i e d according to 
i t s occurrence: Washings of glass wares are almost water. The pu
r i f i c a t i o n of large amounts of plutonium gives l i q u i d waste con
t a i n i n g n i t r i c a c i d , sodium n i t r a t e , weighable amounts of americium 
and about 0.1 g/1 of plutonium. The waste sol u t i o n from the ana
l y t i c a l work contains sulphuric a c i d , p e r c h l o r i c acid and chelating 
agents such as Arsenazo I I I . 

The waste solutions are neutralized with calcium or sodium 
hydroxide in order to avoid explosion in the following evaporation 
procedure. Calcium hydroxide is inexpensive and suitable for use 
in the treatment of a large amount of waste, whereas sodium hy
droxide is preferred f o r n e u t r a l i z i n g the waste containing s u l 
phate. 

Then 20 ml of 30 % hydrogen peroxide and 20 ml of 0.01 M f e r 
r i c chloride are added int o one l i t r e of the neutralized s o l u t i o n . 
Hydrogen peroxide keeps plutonium in the tetravalent state in a l 
ka l i n e medium and f e r r i c hydroxide formed c a r r i e s actinides down. 
This c o p r e c i p i t a t i o n gives decontamination factors of M.01* both 
for Pu (IV) and Am ( I I I ) . Figure 4 shows the flow-sheet for the 
procedure mentioned above. 
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Figure 3. Analytical procedures of mPu 
in an air-monitoring sample 
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waste (20) Radiochemical and Radioanalytical Letters 
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The f e r r i c hydroxide p r e c i p i t a t e obtained is dissolved with 
n i t r i c acid and is made to about 7 M n i t r i c acid s o l u t i o n . This is 
poured on an anion-exchange r e s i n column (3 φ x 40 cm) in order to 
adsorb plutonium. The ef f l u e n t from the column is almost n e u t r a l 
ized and americium is extracted with 30 % dibutylphosphate-dodecane 
so l u t i o n keeping the volume r a t i o of organic to aqueous phases 1 
: 2. Americium is back-extracted with 1 M n i t r i c acid. About 15 
g of plutonium and 160 mg americium were recovered from about 200 1 
of the aqueous waste from the plutonium laboratory. 

The α-activity of the supernatant solutions was a b o u t 3 y C i / l . 
This is too high to discard to the environment. Therefore, it is 
evaporated to a pasty state using a simple evaporator which is 
shown schematically in Figure 5. The device is made of s t e e l and 
i n s t a l l e d in a glove box. T h i r t y l i t r e s of the a l k a l i z e d aqueous 
waste is fed in the evaporator and heated with s i x 1/6-kW e l e c t r i c 
resistance heaters which are sheathed in quartz tubes and set under 
the whole c e i l i n g of the evaporator. Water vapor generated is car
r i e d on the v e n t i l a t i n g a i r of the glove box. The a i r is f i l t e r e d 
through a set of f i l t e r s . About 30 m3/hr of a i r passes through 
t h i s route. The evaporation rate in t h i s system was found to be 
about 0.6 1/hr. As the a i r is heated to about 50 °C at the outlet 
of the glove box, no condensed water was found in the a i r - f i l t e r 
boxes during evaporation. Solutions are made a l k a l i n e in advance 
and there is neither p o s s i b i l i t y of explosion nor formation of 
ac i d i c fumes. 

After evaporation, the highly concentrated s a l t s o l u t i o n con
t a i n i n g s o l i d s a l t s remains in evaporator. The residue is trans
ferred and s o l i d i f i e d with anhydrous gypsum. The s o l i d has 1/5 -
1/10 volume of the o r i g i n a l s o l u t i o n . 

Separation of Actinides from High-level Waste (HLW). From 
the point of view of seeking a possible approach to the ultimate 
disposal of the HLW from the reprocessing of spent nuclear f u e l s , 
processes of solvent e x t r a c t i o n and ion-exchange techniques have 
been studied to recover both americium and lanthanides from the 
HLW and to separate those subsequently. 

In early studies, di-(2-ethylhexyl) phosphoric acid (DEHPA) 
had been chosen as the extractant (22). DEHPA extracts americium 
from the solutions of low acid concentrations such as 0.1 M, while 
a small percentage of americium is car r i e d with the p r e c i p i t a t e 
formed by d e n i t r a t i o n of the HLW with formic acid for a c i d i t y ad
justment. At the end of the d e n i t r a t i o n , the pH of sol u t i o n has to 
be kept lower than 0.5 to avoid the loss of americium more than 
0.1 % due to c o p r e c i p i t a t i o n with zirconium, molybdenum and t e l l u 
rium. 

As shown in Figure 6, diisodecylphosphoric acid (DIDPA) gives 
higher d i s t r i b u t i o n r a t i o s compared with those of DEHPA, being 
more sui t a b l e for using as extractant at higher acid concentra
t i o n s . One M DIDPA d i l u t e d with normal p a r a f f i n s can be used to 
recover americium and lanthanides from the HLW of PUREX process. 
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Figure 5. IR evaporating system for the treatment of α-radioactive waste (21) 

Figure 6. Distribution ratio of Am on 
extraction with DIDPA and DEHPA: 
( ; IM DIDPA-NPH, ( ; IM 

DEHPA-NPH. 
0 . 5 1 

N i t r i c a c i d ( M ) 
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The separation of americium from the lanthanides is fea s i b l e 
by either solvent extraction or ion-exchange process. For the s o l 
vent e x t r a c t i o n , 0.25 M DIDPA d i l u t e d with diisopropylbenzene 
(DIPB) provides appropriate d i s t r i b u t i o n r a t i o s of americium be
tween the organic phase and the aqueous phase composed of 0.05 M 
NasDTPA and 1 M l a c t i c a c i d . 

The e f f e c t of r a d i a t i o n damage has been studied of the s o l 
vents using γ rays from 6 0Co. The r e s u l t s show that the solvents 
are not degraded by exposing to the γ radiations up to 1 x l O 8 rad, 
which is more than 100 times of the dose resulted from the t r e a t 
ment of the HLW. 

Wheelwright has developed a cation exchange separation of 
americium from the lanthanides using DTPA as eluent (24). Nakamura 
et a l . have improved the process by incorporating a porous-type 
cation-exchange r e s i n and a pressurized column (25). The eff e c t of 
rad i a t i o n damage of the r e s i n has been also investigated on opera
t i o n modes. 

A conceptual flow-sheet is proposed as shown in Figure 7. The 
apparatus of those processes have been prepared and the experi
ments using 1 kCi of r e a l waste solutions are scheduled in 1980. 

Studies on the Reprocessing of Nuclear Fuel 

Aqueous Process. In 1967-68, a hot reprocessing test had been 
conducted using the spent f u e l (ca. 600 MWD/T) from JRR-3 (Japan 
Research Reactor-3) (6). About 200 g of p u r i f i e d plutonium was 
recovered by a modified PUREX process from aluminum-claded uranium 
fuels of natural i s o t o p i c composition. 

In order to support t h i s hot t e s t , chemical processes have 
been studied with the view improving aqueous separation process. 

Ef f e c t s of γ i r r a d i a t i o n on the plutonium extraction charac
t e r i s t i c s were studied of tributylphosphate (TBP) and alkylamines 
(26). In i r r a d i a t i o n to the extent of 10 8 R, marked change was 
observed with TBP system tending to bring losses of plutonium, 
while l i t t l e change was found with the extraction systems of t r i -
n-octyl amine and of cyclohexyl d i l a u r y l amine. 

As for the Pu p u r i f i c a t i o n process, a modified method is pro
posed for the e f f e c t i v e s t r i p p i n g of plutonium from TBP (27). The 
nitrous acid acts as "redox reagent" for Pu (IV) in the s t r i p p i n g 
and in the extraction feeds. The addition of 0.1 mol/1 of nitrous 
acid to the extraction feed is s u f f i c i e n t to the e f f e c t i v e s t r i p 
ping of plutonium up to 99.9 %. This modified flow-sheet was dem
onstrated through the process studies with miniature mixer-set
t l e r s . 

In order to evaluate the plutonium p u r i f i c a t i o n process with 
TBP, a c a l c u l a t i o n code has been developed for the system composed 
of TBP, n i t r i c acid and plutonium on the basis of a batchwise 
counter-current extraction cascade (28). The code computes not 
only number of t h e o r e t i c a l stages required, but also concentration 
p r o f i l e for steady or transient state. The p r o f i l e s of calculated 
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plutonium concentration were w e l l agreed with those obtained from 
experimental process data as shown in Figure 8. Actual flow-sheet 
c a l c u l a t i o n was undertaken in accordance with the p i l o t plant test 
(29). 

For the purpose of improving the decontamination factor (DF) 
of FPs from U or Pu in the reprocessing of highly i r r a d i a t e d fuels 
such as those from FBR, a modified method adding i n a c t i v e z i r c o n i 
um or hafnium ion is proposed. The f e a s i b i l i t y of t h i s concept has 
been experimentally demonstrated by both batchwise extraction and 
process studies with miniature m i x e r - s e t t l e r s . 

The addition of in a c t i v e zirconium has resulted in improving 
DF by a factor of about 4 in the simulated FBR f u e l reprocessing 
flow-sheets (30). 

Process studies were also performed on the ion-exchange and 
pr e c i p i t a t i o n methods for the recovery of plutonium and americium 
from the aqueous or organic waste discharged from the above men
tioned process (31). 

Non-aqueous Process. A halide v o l a t i l i t y process has been ex
tensi v e l y studied among the dry reprocessing processes. The chlo
r i d e d i s t i l l a t i o n using carbon t e t r a c h l o r i d e has been studied in 
applying to the treatment of i r r a d i a t e d uranium dioxide (32). In 
a proposed flow-sheet, c h l o r i n a t i o n and d i s t i l l a t i o n processes are 
followed by the sorption and desorption process of uranium chloride 
on a barium chloride bed. Fundamental data of decontamination for 
the f i s s i o n products have been accumulated, showing that excellent 
p u r i f i c a t i o n of uranium is achieved. 

Process studies on f l u o r i d e v o l a t i l i t y method have been car
r i e d out for the purpose of evaluating f e a s i b i l i t y for the repro
cessing of FBR fuels (33). Process concept investigated is shown 
in Figure 9. I t aimed at a simple and advanced process for contin
uous operation. Experiments are mainly made on the f l u o r i n a t i o n 
and p u r i f i c a t i o n using bench-scale fluid-beds and traps. 

The two s t e p - f l u o r i n a t i o n process shown in Figure 9 has been 
proved to provide a stable recovery of plutonium more than 99 % 
(34). The retention mechanism of plutonium on alumina f l u i d i z i n g 
media is interpreted in terms of the e l u t r i a t i o n c h a r a c t e r i s t i c s 
of plutonium f l u o r i d e s (35). 

E f f e c t i v e p u r i f i c a t i o n of plutonium hexafluoride is proved 
through the s e l e c t i v e adsorption of FPs on NaAlFi+. A rather high 
decontamination factor (more than 5 x 10 3) is attained for ruthe
nium f l u o r i d e (36). A new separation process of PuF6 from UF6 by 
the s e l e c t i v e adsorption onto UO2F2 is proposed (37). 

Although promising data have been acquired for the f l u o r i d e 
v o l a t i l i t y process, the t e c h n i c a l f e a s i b i l i t y has not been demon
strated yet. Aside from chemical problems, many technological 
problems such as process s t a b i l i t y due to powder handling and re
mote maintenance, are s t i l l remained unsolved. In order to solve 
these problems, head-end process studies as voloxidation have been 
started. Here, stress is put on the environmental protection of 
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Figure 9. Conceptual process diagram of the reprocessing of FBR fuels 
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reprocessing. The above proposed concept has recently been r e o r i 
ented for the p r o l i f e r a t i o n r e s i s t a n t process (38). 
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Heavy Element Separation for Thorium-Uranium-
Plutonium Fuels 

G. R. GRANT, W. W. MORGAN, Κ. Κ. MEHTA, and F. P. SARGENT 

Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, 
Pinawa, Manitoba 

A large potential exists for resource conservation through 
introduction of thorium fuel cycles in CANDU (CANada Deuterium 
Uranium) reactors (1). While a number of fuel cycles have been 
suggested (2), this paper deals with one using thorium dioxide 
fuel topped with plutonium, and a processing scheme in which all 
fissile and fertile materials are separated and recycled. Al
though not discussed here, other cycles not involving complete 
separation are also being studied as part of the International 
Nuclear Fuel Cycle Evaluation. 

To test the separation of the three actinides (Th, U and Pu) 
from each other, a modified Thorex solvent extraction flow sheet 
using 30% tributylphosphate (TBP) has been developed. Consider
able work has already been reported in the literature for separa
tions in Th-U systems (3, 4), but inclusion of Pu in the fuel 
cycle adds additional complexities (5). The flow sheet adopted 
is that in Figure 1, which also shows the relative flows (FL) of 
the inlet streams and concentrations (M or mol/L) of the major 
components. The flow ratios and acidities for each contactor 
were initially derived by constructing McCabe-Thiele operating 
diagrams based on unpublished distribution measurements made in 
our laboratories (6). 

Contactors I and I I are used as a decontamination cycle to 
remove most of the f i s s i o n products from the a c t i n i d e s . A f t e r 
i n t e r c y c l e concentration and Pu valency adjustment (to P u ( I I I ) ) , 
the next three contactors make up the primary separation system 
and are used to recover P u ( I I I ) . Th and 2 3 3 U . In t h i s work, 
natural U was used in place of 233y e 

Experimental 

Laboratory Scale Contactor Tests. The f e a s i b i l i t y of each 
part of the flow sheet was tested in small, commercially a v a i l a b l e 
m i x e r - s e t t l e r u n i t s which had 12 or 16 stages with i n d i v i d u a l 
mixer and s e t t l e r volumes of 15 mL and 49 mL, res p e c t i v e l y . 
Total volume through-puts up to 600 mL/h were att a i n a b l e with 

0-8412-0527-2/80/47-117-351$05.00/0 
© 1980 American Chemical Society 
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352 ACTINIDE SEPARATIONS 

good hydrodynamic performance. 
The general procedure was to prepare a t y p i c a l synthetic 

feed s o l u t i o n and run the contactor at constant i n l e t conditions 
u n t i l steady state was achieved, as indicated by mass balances. 

The tendency for the Th-TBP complex to form a t h i r d phase at 
high concentrations when kerosene-type diluents are used is w e l l 
known (_7). To counteract t h i s phenomenon, the diluents used were 
eit h e r pure d i e t h y l benzene (DEB) or a commercial i s o p a r a f f i n i e 
kerosene to which s u f f i c i e n t DEB was added as modifier. 

Since much of the flow sheet is s i m i l a r to that of a stan
dard Thorex processing scheme, only those areas where changes 
were required because of the i n c l u s i o n of Pu w i l l be discussed in 
d e t a i l . 

Feed solutions for Contactor I tests were prepared with the 
approximate composition shown as the 1AF stream in Figure 1. The 
heavy element concentrations are representative of those which 
would be obtained from d i s s o l v i n g i r r a d i a t e d Th-Pu f u e l . 
Fluoride and aluminum were also included in the feed because they 
would be needed in an actual d i s s o l u t i o n step for ThC^ ( f l u o r i d e 
catalyzes the d i s s o l u t i o n , and aluminum counteracts the corrosive-
ness of the f l u o r i d e ) . For e f f i c i e n t Th ex t r a c t i o n , the a c i d i t y 
of the feed s o l u t i o n should be in the range of 2 to 3 mol/L in 
HNO3. This is a s i g n i f i c a n t departure from the acid Thorex 
process which uses an ac i d - d e f i c i e n t feed s o l u t i o n and is reported 
to .achieve improved decontamination from f i s s i o n products (8). 
However, a c i d - d e f i c i e n t feed solutions were considered undesirable 
in our flow sheet because Pu hydrolyzes and tends to polymerize 
at low a c i d i t y (9). The ef f e c t of the higher feed a c i d i t y used 
here on f i s s i o n product decontamination has not yet been esta
bli s h e d but w i l l be assessed in l a t e r experiments. 

Feed preparation also included Pu valency adjustment where 
NaNU2 or NO + O2 gas was used to convert all Pu to the r e a d i l y 
extractable Pu(IV) state. 

Before being fed to Contactor I I I , the aqueous feed s o l u t i o n 
was treated to reduce Pu to the Pu(III) s t a t e , to prevent i t s ex
t r a c t i o n and ensure i t s recovery in the aqueous Pu product stream 
(3PP). The reference reductant for the flow sheet was hydroxyla-
mine n i t r a t e (HAN) at 0.3 mol/L with hydrazine n i t r a t e (0.1 mol/L) 
as a holding agent or HNO2 scavenger (10). Use of HAN as Pu r e 
ductant was considered desirable because in reaction with Pu, as 
we l l as in subsequent reactions where the reductant is destroyed, 
only gaseous products are formed (equations 1 and 2). 

2 NH20H + 2 P u 4 + *-2 P u 3 + + N £ + 2 H20 + 2 H + (1) 
and 

4 NH20H + 2 HN03 *-3 N20 + 7 H20 (2) 
HAN does not contribute any s o l i d s to the waste streams which 
must ul t i m a t e l y be treated f o r dispos a l . As w i l l be shown l a t e r , 
however, complete recovery of Pu with the aqueous product stream 
was not achieved using HAN as reductant and sub s t a n t i a l losses of 
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Pu with the solvent i n v a r i a b l y occurred. This loss was a t t r i b u t e d 
to oxidation of Pu(III) to Pu(IV) in the organic phase as has 
also been observed in Purex-related tests (10, 11). 

Two a d d i t i o n a l Contactor I I I tests were performed as follows: 
- Plutonium was reduced in the feed s o l u t i o n with hydrazine-

s t a b i l i z e d HAN and an organic-soluble reducing agent, 2, 5 d i -
tert-amylhydroquinone (DAH2Q) (12), dissolved in the solvent 
(0.03 mol/L) was used to reduce any Pu(IV) formed in the con
tactor. 

- The feed s o l u t i o n (3AF) was treated with ferrous sulfamate 
(FeSA) to reduce Pu to Pu(III) and FeSA was also added with the 
scrub stream (3AS) to reduce any Pu(IV) formed in the scrub sec
t i o n . The concentration of FeSA in both solutions was 0.05 mol/L 
and both were s t a b i l i z e d with 0.05 mol/L sulfamic a c i d . 

Solvent Extraction Computer Code. For modelling the extrac
t i o n behaviour of the acti n i d e s and n i t r i c acid in the f i v e 
contactors of our flow sheet, a solvent e x t r a c t i o n computer code 
c a l l e d SECTOR has been developed. I t is a modification of SEPHIS 
(13), a code developed at Oak Ridge National Laboratories (ORNL) 
fo r the reprocessing of f u e l by the Purex process. Attempts to 
develop SECTOR based on a chemical model to describe the e x p e r i 
mental d i s t r i b u t i o n data had some l i m i t e d success, however, the 
current version r e l i e s on a mathematical d e s c r i p t i o n of the d i s 
t r i b u t i o n data. The variables used in deriving the co r r e l a t i o n s 
f o r the various d i s t r i b u t i o n r a t i o s , D T ^ S D T j , DHN03> etc., are 
the concentrations of Th and HNO3 in tne aqueous phase. I t was 
assumed that U and Pu, being present at low concentrations only, 
would not a f f e c t D - j ^ or DHN03* ^ e c a u s e °f i - t s empirical nature, 
any change in the parameters describing the aqueous phase cannot 
be accommodated by the current model, e.g., addi t i o n of a s a l t i n g 
agent such as NaN03, or HAN, or a change in operating temperature 
requires remeasurement of d i s t r i b u t i o n data and der i v a t i o n of new 
cor r e l a t i o n s . Nevertheless, t h i s version of SECTOR has been 
extremely useful in i n t e r p r e t i n g some of the experimental con
tactor data obtained. 

A d d i t i o n a l changes incorporated i n t o SECTOR to account f o r 
the oxidation-reduction reactions occurring with Pu included: 

- Simultaneous reduction of Pu(IV) (when a reductant was 
present) in the aqueous phase of a mixer, and r e d i s t r i b u t i o n of 
both Pu(III) and Pu(IV) between the two phases, for a time equal 
to the average residence time in the mixer. 

- Further reduction in the aqueous phase of any remaining 
Pu(IV) in the s e t t l e r , for a time equal to the average residence 
time in the s e t t l e r . No further r e d i s t r i b u t i o n of Pu species was 
assumed to occur in the s e t t l e r . 

- Oxidation of Pu(III) to Pu(IV) in the organic phase of a 
s e t t l e r to an extent assumed to be proportional to the Pu(III) 
and HNO3 concentrations of the organic phase, i . e . , 
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A[Pu(IV)] 0 = A [HN03]o · [ P u ( I I I ) ] 0 (3) 
where A is an em p i r i c a l l y defined p r o p o r t i o n a l i t y constant, and 
[ ] 0 represents concentrations of the species (mol/L) in the 
organic phase. 

Results and Discussion 

Contactor I Data. Typical experimental concentration 
p r o f i l e s for Th, HNO3 and Pu are shown in Figures 2, 3 and 4 
res p e c t i v e l y , together with the p r o f i l e s calculated using SECTOR. 
Also shown in the figures are schematic diagrams of the contactor 
and the actual feed concentrations used. 

The thorium p r o f i l e (Figure 2) shows that Th is extracted 
e f f i c i e n t l y and that loss to the aqueous waste stream is reduced 
to < 0.1% in f i v e e x t r a c t i o n stages ( i . e . , stages 7 to 11). 

The p r o f i l e for HNO3 (Figure 3) shows that t h i s solute 
refluxes considerably at the chosen operating conditions. This 
is due to appreciable e x t r a c t i o n of the HNO3 over stages 10 to 16 
where the Th concentration is low, and somewhat poorer extracta-
b i l i t y over stages 1 to 9 where the Th concentration is higher. 
This gives a peak aqueous a c i d i t y of more than 4 mol/L compared 
to an average a c i d i t y of ^ 2 mol/L based on the two i n l e t streams 
(HNO3 is 3 mol/L and 0.5 mol/L in 3AF and 3AS r e s p e c t i v e l y ) . 

The experimental Pu concentration p r o f i l e shown in Figure 4 
indicates that Pu is extracted e f f i c i e n t l y over only the first 
few e x t r a c t i o n stages, and then is extracted quite i n e f f i c i e n t l y 
over the remaining stages. This poorer e x t r a c t a b i l i t y may be due 
in part to hydrolysis of Pu(IV), but it is believed to be mainly 
due to the presence of a small amount of Pu(III) in the feed 
s o l u t i o n . 

In n i t r i c acid s o l u t i o n s , Pu(III) is oxidized according to 
the following equation (14): 

2 P u 3 + + 3 H + + N0~ ̂  ^ 2 P u 4 + + HN02 + H20 (4) 

Nitrous acid is not only a product of the reaction but it also 
catalyzes t h i s oxidation. However, i t s use for Pu valency adjust
ment i n e v i t a b l y s h i f t s the equilibrium to the l e f t and r e s u l t s in 
some Pu(III) remaining in the feed s o l u t i o n . The equilibrium for 
the reaction is described by: 

[Pu(III)] . [ H * ] 1 ' 5 · [NOT] 0- 5 

K- (5) 
[Pu(IV)] · [HN0 2] U- 3 

Using a value of Κ = 0.93 (mol/L) ̂'~* (14), we estimate that in 
the t y p i c a l feed solutions used in these t e s t s up to 2% of the Pu 
may be present as P u ( I I I ) . 

In Contactor I, Pu(IV) is r e a d i l y extracted but the Pu(III) 
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STAGE NUMBER 

Figure 2. Thorium concentration profile and distribution ratio for Contactor I: 
(Φ) aqueous phase; (O) solvent phase; (χ) distribution ratio (DTn); ( ) calcu

lated. 
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Figure 3. Nitric acid concentration profile and distribution ratio for Contactor I: 
(Φ) aqueous phase; (O) solvent phase; (χ) distribution ratio (ΌΗχθ3); ( j, cal

culated. 
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Figure 4. Plutonium concentration profile for Contactor I: (Φ) aqueous phase; 
(O) solvent phase; ( ) calculated. 
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tends to remain with the aqueous phase. Nitrous acid is also 
extracted by the solvent (15), so that the equilibrium should 
s h i f t to the r i g h t . However, the oxidation of Pu(III) by n i t r i c 
a cid takes place only slowly when HNO2 is no longer a v a i l a b l e in 
the aqueous phase to catalyze the reaction, and the r e s u l t is a 
small loss of Pu with the aqueous waste stream (̂  0.1% in the 
case shown). 

Contactor I I . Results f o r Contactor I I were exactly as ex
pected, i . e . , all act i n i d e s were e a s i l y stripped from the organic 
phase in about f i v e stages. With the low a c i d i t y used in the 2AS 
stream, HAN reduced Pu e a s i l y and prevented any polymerization of 
Pu(IV). The r e l a t i v e l y high flow r a t i o used here (aqueous to or
ganic, A/0 = 1.5) was necessary to prevent r e f l u x i n g of U. A l 
though not a problem in t h i s work, where natural U was used, r e -
f l u x i n g could be of concern for separations i n v o l v i n g f i s s i l e U 
isotopes. 

Contactor I I I Data. A t y p i c a l experimental Pu concentration 
p r o f i l e for Contactor I I I where hyd r a z i n e - s t a b i l i z e d HAN was used 
as reductant is shown in Figure 5. Plutonium in the feed s o l u 
t i o n was i n i t i a l l y reduced to Pu(III) using HAN. At a c i d i t i e s of 
less than 1.5 mol/L HNO3, more than 99% of the Pu is reduced, and 
it should be inextractable. The calculated p r o f i l e f o r both 
phases for Pu(III) is shown as dashed l i n e s on the p l o t . For 
stage numbers le s s than 10, the Pu is predicted to be e a s i l y 
scrubbed from the solvent. Experimentally, the behaviour was very 
d i f f e r e n t and su b s t a n t i a l amounts of Pu were extracted and 
car r i e d with the solvent, leading to a loss of ̂  12% with the 3SP 
stream. This behaviour is a t t r i b u t e d to the oxidation of some of 
the Pu(III) in the organic phase and an excessively low reduction 
rate of Pu(IV) by HAN which operates only on the aqueous phase. 
To account for t h i s in the computer c a l c u l a t i o n s , an oxidation 
step was incorporated in t o the SECTOR code as described e a r l i e r . 
The p r o p o r t i o n a l i t y constant A of equation (3) was determined 
e m p i r i c a l l y to be that which gave the best f i t for a number of 
experimentally determined p r o f i l e s obtained under various 
conditions of a c i d i t y and heavy element concentration. When 
using HAN as reductant, a value of A = 1.5 L/mol per unit of 
se t t i n g time appears to be most appropriate. The calculated 
p r o f i l e incorporating the oxidation step is also shown in 
Figure 5 as s o l i d l i n e s . Note that the shape of the experimental 
p r o f i l e is reproduced extremely w e l l , using only t h i s s i n g l e 
adjustable parameter in the pseudo k i n e t i c expression for the 
Pu(III) oxidation. 

In contrast to t h i s , McCutcheon et a l (16) have used k i n e t i c 
expressions for up to f i v e aqueous phase reactions i n v o l v i n g HAN, 
N2 H4> H N 02> HNO3 and Pu in t h e i r simulation model and have 
obtained s i m i l a r l y shaped concentration p r o f i l e s for Pu. However, 
the. oxidation of Pu(III) in the organic phase was not included in 
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Ι Ο 9 

STAGE NUMBER 

Figure 5. Plutonium concentration profile and distribution ratio in Contactor III 
using HAN as reductant: (%) aqueous phase; (O) solvent phase; (χ) distribution 
ratio (DPu); ( ) calculated profile for Pu (III); ( ) calculated; A = 1.5 (see 

text). 
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t h e i r model. 
Barney has shown that the reduction rate of Pu(IV) by HAN is 

retarded very severely at higher a c i d i t i e s , being inversely pro
p o r t i o n a l to the fourth power of [H +] (17) as shown in equation 
(6): 

d [ P u ( I V ) ] k [NH3OHV - [Pu(IV)] 2
 w 

d t [ H + ] 4 . (1 + [N0 3].) 2 · [ P u ( I I I ) ] 2 

Therefore, i f the feed a c i d i t y is decreased, the reduction 
rate should be enhanced and lower Pu losses should be achieved. 
This was confirmed by experiment where the loss was decreased to 
^ 2% Pu at a feed a c i d i t y of 0.8 mol/L. The calculated e f f e c t of 
feed a c i d i t y on Th and Pu losses from Contactor I I I is shown in 
Figure 6. The Pu oxidation model was used in deriving these 
r e s u l t s . An a c i d i t y of less than 0.6 mol/L would apparently be 
required to l i m i t Pu losses to ^ 0.1%. At the same time, Th 
losses to the Pu product stream would be over 10%. Experimentally 
thorium loss was reduced to acceptable l e v e l s by adding a s a l t i n g 
agent (NaN03) to the 3AF and 3AS streams, but t h i s s o l u t i o n 
unfortunately eliminates one of the major advantages of using HAN 
as reductant, v i z , a decrease in the amount of s o l i d wastes which 
must be treated. 

Similar c a l c u l a t i o n s for a U-Pu separation using HAN as 
reductant and the flow r a t i o s of our modified Thorex flow sheet 
in d i c a t e that about the same Pu loss behaviour should be expected. 
However, for flow conditions more appropriate to the Purex 
process, n e g l i g i b l e Pu losses are predicted. Uranium losses are 
predicted to be n e g l i b l e for both sets of conditions. These 
predictions were also confirmed in contactor t e s t s . 

Because the Pu oxidation appeared to be taking place in the 
organic phase and the reductants usually employed operate only in 
the aqueous phase, it was f e l t that Pu losses could be diminished 
by using an organic-soluble reductant, e.g., 2,5 di-tert-amylhy-
droquinone (DAH2Q)(12) dissolved in the extractant. Plutonium in 
the feed s o l u t i o n was i n i t i a l l y reduced to Pu(III) with hydrazine-
s t a b l i l i z e d HAN, but, in the one run which was completed, the 
reduction did not go to completion and the feed s o l u t i o n a c t u a l l y 
contained ^ 12% Pu(IV). However, since there was a large molar 
excess of reductant over Pu(IV), very l i t t l e Pu loss was expected. 
During the first several hours of the run, the reductant appeared 
to be functioning s a t i s f a c t o r i l y , however, Pu losses with the 3SP 
stream slowly increased u n t i l they reached about 5% a f t e r 14 
hours of operation. 

The reduction of Pu(IV) with DAH2Q proceeds according to the 
reaction: 
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NITRIC ACID IN 3AF (M) 

Figure 6. Calculated Pu and Th loss from Contactor III as function of feed 
acidity: A = 1.5 (see text); ( ) Pu loss with 3SP stream; ( ) Th loss with 

3PP stream. 
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OH 
R . ..4+ ^ J U R , 2 P u 3 + + 2 H + ( ? ) 

OH 
where R represents the t e r t i a r y amyl group. 

This indicates that as a c i d i t y increases in t h i s contactor 
(e.g., due to r e f l u x i n g , in the same manner as seen f o r Contactor 
I) reduction is impeded. A competing reaction with DAH2Q is then 
postulated to become more important: 

OH 
R HN02 + H 20 (8) 

OH 
We have i d e n t i f i e d HN02 as a reaction product in HN03~DAH2Q-TBP 
systems by the c h a r a c t e r i s t i c spectrum of the HN02'TBP complex in 
the organic phase (18). We have also obtained evidence that 
D A H 2 Q can react with HN02 and therefore might also be considered 
fo r use as a holding reductant under c e r t a i n conditions. A l 
though the reaction product was not i d e n t i f i e d , n i t r o s a t i o n of 
the r i n g seems p l a u s i b l e . However, at high a c i d i t y , reaction (8) 
appears to become predominant and the r e s u l t i n g HN02 probably 
leads to the a u t o c a t a l y t i c oxidation of Pu(III) and the loss of 
Pu(IV). Other possible undesirable side reactions may also have 
taken place in t h i s contactor run i n v o l v i n g HAN or hydrazine and 
the quinone, e.g., oximes or hydrazones could have been produced 
(19). 

Because of the problems encountered with the other reduc-
tants, some Contactor I I I tests were conducted with ferrous s u l -
famate, the most commonly used Pu reductant. These tests were 
successful and very low Pu losses were achieved as shown by the 
data in Figure 7. Two sets of SECTOR-calculated p r o f i l e s are 
also shown in the f i g u r e ; the dashed l i n e s were obtained when an 
oxidation step was included, whereas the s o l i d l i n e s are the 
r e s u l t of assuming zero oxidation. For the oxidation case it was 
assumed that any Pu(IV) produced is reduced r a p i d l y in the 
aqueous phase by Fe(II) according to equation 9: 

P u * + + F e 2 + ^ - P u 3 + + F e 3 + (9) 
the k i n e t i c s of which have been shown by Rozen et a l . (20) to be 
described by: 

- d [ ? ^ I V ) ] = \ · [Pu(IV)] - k 2 · [Pu(III)] (10) 
2+ 4+ Because of the large molar excess of Fe over any Pu in the 

system, we have assumed that the second term (which Rozen i n c l 
uded because of the back reaction) could be neglected. The 
constant k^ was evaluated from: 
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2 4 6 8 10 12 14 16 

STAGE N U M B E R 

Figure 7. Plutonium concentration profile for Contactor III using ferrous sulfa-
mate as reductant: (Φ) aqueous phase; (O) solvent phase; ( ) calculated, A = 

0.25 (see text); ( ) calculated, A = 0.0 (see text). 
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k = 1620 [Fe(II)] ( n ) 

1 (1 + 2.9[N0~])[H+] 

I t is apparent that i f oxidation of Pu(III) in the organic phase 
does occur, the extent of oxidation is much less than when HAN is 
used as reductant. For the case p l o t t e d , the oxidation was 
assumed to be only ^ 1/6 of that which gave the best f i t to the 
HAN data, ( i . e . , A = 0.25) and even t h i s amount of oxidation 
appears to be excessive when compared with the experimental data. 
In fact the data i n d i c a t e that oxidation of Pu may be i n h i b i t e d 
completely in t h i s system. 

The success of FeSA may be due in part to the fact that 
sulfamic acid is soluble in the organic phase to a small extent 
(D ̂  10~2) a n d therefore may operate as an HNO2 scavenger in both 
phases. We have determined spectrophotometrically that HNO2 in 
the organic phase is consumed at a fast e r rate when it is mixed 
with solvent previously contacted with sulfamic acid (see Figure 
8), although the concentrations at which the e f f e c t was observed 
are higher than those applicable to t y p i c a l process s o l u t i o n s . 
The constants (k) given for the three curves are the apparent 
first order rate constants for HNO2 destruction. 

Oxidation of Pu in Organic Phase. Two sets of shaker-tube 
experiments were designed to obtain a d d i t i o n a l information on the 
oxidation of Pu(III) in the organic phase. 

In the first, t y p i c a l 3AF feed s o l u t i o n containing Pu(III) 
and hyd r a z i n e - s t a b i l i z e d HAN was extracted with 30% TBP s o l u t i o n . 
The organic phase containing the extracted Pu(III) was then r e -
eq u i l i b r a t e d a f t e r various standing times with an aqueous phase 
containing 1.5 mol/L HNO3 and 0.1 mol/L hydrazine (the l a t t e r was 
added to minimize any e f f e c t due to HNO2), and the d i s t r i b u t i o n 
r a t i o of Pu was measured. The r e s u l t s are shown in Figure 9. 
A f t e r an induction period of 15-20 minutes, Dp u rose sharply 
i n d i c a t i n g rapid oxidation of the extracted Pu(III) to Pu(IV). 
The S-shaped curve also suggests that the organic-phase oxidation, 
l i k e that in the aqueous phase, may be au t o c a t a l y t i c and there
fore f a r more complicated than that assumed by the simple oxida
t i o n step used in SECTOR. 

The e f f e c t of nitrous acid on oxidation of Pu(III) in the 
organic phase was assessed in the second series of experiments. 
Portions of aqueous feed s o l u t i o n containing Pu(III) as above 
were shaken with 30% TBP solutions which contained increasing 
amounts of nitrous acid. The measured Pu d i s t r i b u t i o n r a t i o s are 
shown as a function of shaking time in Figure 10. They in d i c a t e 
that quite small concentrations of HNO2 can a f f e c t Dp u s i g n i f i 
cantly and the threshold for enhanced oxidation of Pu in these 
tests was between 10 and 100 μπιοΙ/L of HNO2. 

These observations on oxidation of Pu(III) in the organic 
phase are consistent with those in reference (11) where U(IV) 
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ΙΟ"3 

9 
θ 
7 

ΙΟ"4 

Ί 1 1 1— 

" ΊΓ ~Ι~χ~ 10̂  4 TrnTn-7) " 

k * 2.6 χ Ι Ο " 2 (min"1) 

_L JL 
1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0 110 

T I M E ( M I N U T E S ) 

Figure 8. Effect of sulfamic acid (SA) on HN02 destruction in solvent phase: 
( ) no SA present; (O) solvent preequilibrated with 0.5 mol/L SA and 0.5 
mol/L HNOs; (%) solvent preequilibrated with 1.0 mol/L SA and 0.5 mol/L 

HNOs. 
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Figure 10. Effect of nitrous acid in solvent on distribution ratio of Pu; solvent 
preequilibrated with 0.1 mol/L HN03 and NaN02 at the following concentra

tions (mol/L): (·) ΙΟ"5, (Π) 10\ (M) M'3, (A)10~2, (A) 101. 
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rather than HAN was used as the reductant. Evidence of Pu(III) 
oxidation in contactor tests of the Purex p a r t i t i o n i n g step using 
HAN was also obtained by Richardson (10). 

Contactors IV and V. The p a r t i t i o n i n g of Th from U in 
Contactor IV was achieved r e l a t i v e l y e a s i l y although the solvent 
product (4SP) contained somewhat more Th than desired. The flow 
r a t i o s and a c i d i t i e s used here were d i f f e r e n t from those used in 
the standard Thorex process and were chosen to ensure that U re-
f l u x i n g would not occur. Optimization of the flow sheet which 
has not been attempted to any extent may w e l l lead to changes in 
operating conditions and improved separation. 

Stripp i n g of U from Contactor V was e a s i l y achieved. 

Summary of Results 

- The flow sheet presented here has been shown, in laboratory 
t e s t s using m i x e r - s e t t l e r s , to be s u i t a b l e for separating 
the the three a c t i n i d e s , Th, U and Pu from each other. 

- Successful p a r t i t i o n i n g of Pu(III) from Th was achieved when 
ferrous sulfamate was used as the Pu-holding reductant. 

- The flows and a c i d i t i e s required for recovery of Th with the 
solvent stream from Contactor I I I are such that hydroxylamine 
n i t r a t e cannot prevent the oxidation of Pu(III) which occurs 
predominantly in the organic phase in the s e t t l e r s , and Pu 
losses are sustained. 

- The oxidation of Pu(III) in the organic phase and i t s en
hancement by the presence of HNO2 in the organic phase was 
conf irmed. 

- SECTOR, a modification of the computer code SEPHIS, has been 
used succe s s f u l l y to c a l c u l a t e solute behaviour in mixer-
s e t t l e r experiments. I t also accounts for the oxidation of 
Pu(III) in the organic phase although improvements to t h i s 
part of the code could be made when the k i n e t i c s of the 
oxidation are established. 
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Improvements in Thorium-Uranium Separation in the 
Acid-Thorex Process 

GLEN E. BENEDICT 

General Atomic Company, San Diego, CA 92138 

The Acid-Thorex process has been used in recent years to 
recover 233U from neutron irradiated thoria targets.(1-4) This 
process uses n-tributyl-phosphate (TBP) in normal paraff in hydro
carbon (NPH) as the extractant and the re la t ive uranium and 
thorium solubilities in each phase are adjusted by control of the 
nitric acid concentration. The Acid-Thorex process is the primary 
candidate for use in proposed aqueous thorium fuel cyc les . In 
this process, uranium is separated from thorium through explo i ta 
tion of the difference in equi l ibrium dis tr ibut ions since no 
usable valence change is avai lable to aid in this separation. 

This report describes some of the flowsheet development work 
done in the General Atomic Company p i l o t plant pulse column equip
ment in support of the High Temperature Gas Cooled Reactor (HTGR) 
Fuel Recycle Development Program. Data are presented showing the 
beneficial effect of adding low concentrations of f luoride ion to 
the thorium part i t ion ing so lut ion . These data also show the 
results of tests where dibutylphosphate (DBP) was added to simu
late solvent degradation and cold zirconium and 95Zr tracer to 
simulate f i s s ion product zirconium. 

Fluoride addit ion not only improves the thorium-uranium 
separation, but also minimizes the prec ip i ta t ion of thorium 
dibutylphosphate in the uranium str ipping column which has been a 
major problem in processing thorium based nuclear fuel materials 
using this process. (3,4) 

Experimental 

Flowsheet testing and data co l lec t ion were performed using 
the General Atomic Company solvent extraction p i l o t plant equip
ment shown in Figure 1. Included in this equipment are several 
5.1 to 7-6 cm (2 to 3 in.) diameter cy l indr i ca l glass pulse c o l 
umns, a 15.2 cm (6 in.) diameter annular pulse column, a c e n t r i 
fugal contactor (Robatel Co.) and associated tanks, feed systems 
and concentrators. 

0-8412-0527-2/80/47-117-371$05.00/0 
© 1980 American Chemical Society 
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Figure 1. Solvent extraction pilot plant 
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26. BENEDICT Acid Thorex Process 373 

The flowsheet used in these studies is shown in Figure 2 and 
i l l u s t ra tes the path of thorium through the par t i t ion cyc le . The 
thorium, uranium, and f i s s i on products enter at the center of the 
extraction-scrub ( 1 A ) column and the uranium and thorium are 
extracted into the r i s ing solvent with the f i s s ion products being 
largely rejected with the n i t r i c ac id . The loaded solvent is 
transferred to the bottom of the par t i t ion column (4.6 m (15 feet) 
long, about k to 5 theoretical stages) where it r ises through the 
thorium par t i t ion solution ( 1 B X ) . A change in flow rate and n i t r i c 
acid concentration allows most of the thorium and very l i t t l e 
uranium to be stripped from the solvent. The f luor ide additions 
were made into the thorium par t i t ion solution ( 1 B X ) stream. 

The par t i t ion cycle columns were operated on flowsheet values 
and then a DBP solution was pumped to the extraction feed point in 
increasing amounts. The thorium content of the uranium product 
stream from the thorium par t i t i on column was monitored. The runs 
were then repeated using increasing increments of f luor ide in 
the thorium par t i t ion solution and the thorium content again moni
tored in the uranium product from the par t i t ion column. 

Residual small amounts of thorium in the uranium stream af ter 
thorium part i t ion ing were analyzed by ion exchange chromatography 
from a chlor ide medium followed by Thorin colorimetry. 

Results and Discussion 

Fluoride is known to separate zirconium f i s s i on product and 
plutonium from solvent degradation products.(5) Since f luor ide 
is used to speed disso lut ion of thoria in n i t r i c ac id, and is 
already present in thorium solvent extraction process feed so lu 
t ions, it was the first choice as an agent to use to improve 
thorium-DPB separation. 

The results of adding no f luor ide and 0 . 0 0 1 and 0.005 M. 
f luor ide to the thorium par t i t ion solution are shown in Figure 3. 
An improvement of a factor of 1 0 in thorium separation from uran
ium is obtained with the 0.005 M. f luor ide , a concentration 
recommended for process use. This amount of f luor ide increases 
the total f luor ide concentration in the high level waste by k0%. 
Furthermore, this amount of f luor ide addition increased the oper-
a b i l i t y of the downstream uranium s t r ip column by lowering the 
prec ip i ta t ion of thorium-DBP in that column where the ac id i t y is 
lower. The thorium-DBP prec ip i ta t ion caused problems in the pro
cessing of thorium target elements (k) where this column per iod i 
ca l l y required cleaning to remove the st icky prec ip i ta te . The 
decrease of the thorium-DBP prec ip i ta t ion is probably the more 
s i gn i f i cant result of the f luor ide addit ion. The ef fect of DBP 
on uranium carry over to the solvent wash system in the ICW 
stream is also shown in Figure 3. 

Early solvent extract ion flowsheets for HTGR fuels recycle 
developed at the General Atomic Company contained a coextraction 
costr ip cycle for thorium and uranium pr ior to the part i t ion ing 
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(5) 1AP 

(2) IAS 

( 1 ) 1AF 

(3) 1AA 
· 

(k) 1 AX 

IS 

1A 

(6) 1AW 

(11) 1BSU 

(8) 1BX 

(7) 1BXF 

1BX 15' 

to high level 
waste 

Τ (9) 1BXT 

(10) IBS 

IBS 17' 

(12) 1BT 
to 2nd Th 

eye 1 e 

To solvent 
wash 

(16) 1CW 

(1*0 1CX 

(13) 1BU 

1C 15' 

(15) îcul 
to 2nd U 

cycle 

Relative 

Stream 
Stream 
No. 

Flow 
Rate 

U 
(g/n 

Th 
(g/l) 

HN03 

(M) 

1AF 1 100 35 348 1.0 
1 AS 2 130 — — 1.0 
1AA 3 40 — — 13.0 
1 AX 4 1000 — (30% TBP) — 
1AP 5 1000 3.5 35 0.2 
1 AW 6 270 0.005 0.05 2.0 
1BXF 7 1180 — — — 
1BX 8 600 (F 0.001 to 0.005 M) 0.2 
1BXT 9 600 — — — 
1BS 10 180 — (30% TBP) — 1BSU 11 180 2.5 20 0.1 
1BT 12 600 0.001 to 0.005 58 0.5 
1BU 13 1180 2.98 (See Fig. 3) 0.02 
1CX 14 593 — — 0.01 
1CU 15 593 5.93 Trace 0. 05 
1CW 16 1180 0.003 (30% TBP) 0.00 

Figure 2. Acid-Thorex partition cycle flowsheet 
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0 0.05 0.1 0.2 0.3 

DBP, g/l IN ORGANIC PHASE 

Figure 3. Effects of fluoride in 1BX stream: (O) no F~ in 1BX; (A) 0.001M F~ 
in 1BX; (Π) 0.005M F~ in 1BX; (χ) 0.001M F~ in 1BX. 

Β A 0.1 0.2 0,3 0Λ 0.5 0.6 

DBP IN ISP (G/LI TER) 

Figure 4. Measured 95Zr decontamina
tion factors: (A) estimated DBP level in 
processing 180-day cooled reference fer
tile particles in pulsed column; (B) same 
as above with Robatel centrifugal con

tactor. 
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376 ACTINIDE SEPARATIONS 

cyc le . Since most radiation damage to the solvent occurs in the 
first solvent extract ion cyc le , most of the DBP wi l l be formed 
there. In a coextraction cyc le , the thorium-DBP precip i tates in 
the costr ip column in a manner which is very deleterious to pro
cess operation. That fact , coupled with the above observations 
using f luor ide to aid separation of thorium and DBP, led to the 
recommendation that the uranium thorium par t i t ion cycle be the 
first cycle in any Acid-Thorex flowsheet arrangement on spent 
thorium fuels . 

It is of interest to note that addit ion of 0.001 M f luor ide 
to the extraction scrub solution did not improve the zirconium-
thorium separation s i gn i f i can t l y in the scrub sect ion. A large 
improvement in zirconium-uranium separation has been observed by 
addition of f luor ide to scrub streams in the Purex process. This 
d i f ference is probably due to the thorium complexing the f luor ide 
and lowering the free f luor ide to a level which is inef fect ive in 
a l ter ing zirconium d i s t r i bu t ion . 

It is also of interest to note that the e f fect of DBP on 
zirconium separation from thorium in the Acid-Thorex system is 
d i f ferent than zirconium separation from uranium in the Purex 
system.(Figure 4) The Purex data are from reference 6 and the 
Acid-Thorex data are from General Atomic Company p i l o t plant 
studies. The thorium probably forms a stronger DBP complex than 
does uranyl ion and, therefore, the amount of uncomplexed DBP 
ava i lab le for ra is ing the equi l ibrium d i s t r ibut ion of zirconium 
would be less in the Acid-Thorex process. 

Conclus ions 

In the Acid-Thorex process, f luor ide ion should be added to 
the thorium part i t ion ing solution ( 1 B X ) to decrease thorium 
transfer to the uranium str ipping column, par t i cu la r l y where 
highly radioactive feeds are used. This f luor ide ion addit ion 
then decreases the prec ip i ta t ion of thorium-DBP in the uranium 
str ipping column. Also, the par t i t ion cycle should be the first 
cycle in the Acid-Thorex process to allow separation of thorium 
from DBP. 
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Actinide Partitioning Flowsheets 

D. D. TEDDER1, B. C. FINNEY, and J. O. BLOMEKE 

Oak Ridge National Laboratory, Oak Ridge, TN 37830 

During the past three years, the Department of Energy has 
funded an R&D program (1,2,3,4,5) to study actinide partitioning 
for waste management purposes. A large part of this effort has 
been related to the development of credible, chemical processing 
flowsheets for removing actinides from fuel reprocessing and 
refabrication wastes. The result is a concept of waste treatment 
fac i l i t i e s (WTFs) that are adjacent to, but not integral with, 
either conventional or safeguarded reprocessing and refabrication 
plants. These WTFs treat wastes as they are generated during 
spent fuel recycle operations, remove residual actinide contamina
tion from the wastes, recycle a mixture of concentrated actinide 
nitrates to the main processing f a c i l i t i e s , and discharge treated 
wastes to the on-site waste treatment fac i l i t i e s for final 
packaging and terminal storage. 

The operation of the WTFs for actinide partitioning does not 
exclude any particular safeguard strategy, since the concentrated 
actinides recovered from the wastes are returned to the on-site 
fac i l i t y that produced them via a shielded, underground pipeline. 
Moreover, the operation of the WTF is largely independent of the 
flowsheet operated in the main processing plant insofar as the 
same generic wastes are produced from a Purex plant regardless of 
whether or not the actinides are coprocessed or processed 
separately. Generically, the wastes will have the same composi
tions, although there may be differences in the quantities of 
waste. 

A primary objective of the DOE program has been to develop 
actin i d e p a r t i t i o n i n g flowsheets that are defensible from the 
standpoint of chemical f e a s i b i l i t y . A four-point strategy was 
adopted in order to meet t h i s objective: 

1. U t i l i z e only demonstrated technology that is r e a d i l y 
applicable to commercial recycle operations. 

1Present address: Georgia Institute Institute of Technology, 
School of Chemical Engineering, Atlanta, GA 30332. 

0-8412-0527-2/80/47-117-381$05.00/0 
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382 ACTINIDE SEPARATIONS 

2 . Develop generic c a p a b i l i t i e s to deal with all types of 
wastes. 

3. Choose processing systems that complement each other 
and provide a c t i n i d e recovery opportunities in depth. 

h. Experimentally evaluate the proposed treatment concepts. 

The first of these points greatly reduced the scope of the 
study, since many possible separation schemes (e.g., pyrochemical) 
were excluded on t h i s basis. The second point tended to expand 
the scope of the study, since work p r i o r to t h i s program had 
focused almost e x c l u s i v e l y on removing actinides from the high-
l e v e l l i q u i d wastes. However, it is w e l l known that s i g n i f i c a n t 
a c t i n i d e losses occur to other wastes as w e l l (e.g., HEPA f i l t e r s , 
i n c i n e r a t o r ashes, chemical s a l t wastes, d i s s o l v e r s o l i d s , etc.) 
and, as f a r as waste management is concerned, it is e s s e n t i a l l y 
meaningless to ignore these wastes. 

Point three is important with respect to providing a d d i t i o n a l 
assurance that the required l e v e l s of a c t i n i d e decontamination can 
be r o u t i n e l y met in a large-scale operation. Unfavorable i n t e r 
actions between processes w i t h i n the WTF can make the system 
unworkable, even i f the separated processes operate w e l l alone. 
On the other hand, complementary systems provide recovery backup 
that can be exploited by considering the consequences of various 
recycle strategies w i t h i n the WTF under conditions of malopera-
t i o n . 

The experimental assessments so f a r have y i e l d e d favorable 
r e s u l t s as f a r as achieving the p a r t i t i o n i n g objectives. Of 
course, these t e s t s are not conclusive, since they have been 
performed on only a very small scale and only separate subsystems 
have been examined. However, there does not appear to be any 
fundamental reason that precludes achieving the stated p a r t i t i o n 
ing goals and, in f a c t , it may be possible to exceed them. 
Rather, the question appears to be one of cost and diminishing 
returns on incremental investment. 

Actinide P a r t i t i o n i n g Goals 

The p a r t i t i o n i n g of actinides from waste has been viewed as 
a means to reduce or mitigate the long-term b i o l o g i c a l hazard of 
nuclear waste (a f t e r 1000 years of storage) by achieving higher 
removal of all actinides from the waste than has been attained in 
the past (6_9Ί_9§_99_). A f t e r 1000 years in geologic i s o l a t i o n , it is 
the a c t i n i d e concentrations in the stored wastes which dominate 
i t s r a d i o t o x i c i t y . With these elements more completely removed 
before i s o l a t i o n the waste may be l e s s harmful, even i f released 
to the environment in the distant future. Therefore, the act i n i d e 
p a r t i t i o n i n g goals were set at l e v e l s such that the r a d i o t o x i c i t y 
of the r e s u l t i n g waste forms a f t e r 1000 years would be comparable 
to that of natural bodies of radioactive ores. 
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In summmary, these goals would be l a r g e l y achieved i f the 
actini d e losses to all reprocessing wastes can be kept below 0.1% 
of the main plant feed and i f the losses to r e f a b r i c a t i o n wastes 
can be kept below 0.15% of the actinides refabricated. 

Waste Treatment Systems 

The subsystems for a WTF supporting a f u e l reprocessing 
plant have been subdivided in t o the following treatment areas: 
( l ) High-Level S o l i d Waste Treatment, (2) High-Level L i q u i d Waste 
Treatment, (3) S o l i d Alpha Waste Treatment, (k) Cation Exchange 
Chromatography, (5) Salt Waste Treatment, (6) Actinide Recovery, 
(7) Solvent Cleanup and Recycle, (8) Off-Gas Treatment, (9) 
Product Concentration, and (10) Acid and Water Recycle. Each of 
these areas has major design problems; the WTF supporting a f u e l 
f a b r i c a t i o n f a c i l i t y is s i m i l a r , but without areas 1 and 2. In 
both cases, all subsystems are integrated so as to operate 
together in a s i n g l e , on-site processing b u i l d i n g . 

High-Level S o l i d Waste Treatment. Cladding h u l l s and d i s -
solver s o l i d s are generated as wastes from reprocessing LWR f u e l s . 
The alpha a c t i v i t y associated with these head-end wastes is nor
mally low, but as a precautionary measure the WTF provides an 
area where these wastes may be given an extended t e r t i a r y HN03/KF/ 
HC1 leach. Experimental studies with mixed-oxide reactor fuels 
(10,11,12) suggest that a c t i n i d e losses can be held to 0.01$ or 
le s s i f f l u o r i d e and chloride are present in the leachant. 

High-Level L i q u i d Waste (HLLW) Treatment. The hi g h - l e v e l 
l i q u i d waste is produced as a raffinâte from the HA solvent 
extraction cycle in Purex. A f t e r generation, the HLLW is immedi
a t e l y transferred to the WTF v i a an underground p i p e l i n e without 
concentration or interim storage. This strategy minimizes the 
problems associated with s o l i d s p r e c i p i t a t i o n . 

Upon entry in t o the WTF, the HLLW is contacted (see Figure l ) 
with the bidentate extractant dihexyl-N,N-diethylcarbamylmethylene 
phosphonate (CMP) which is d i l u t e d to 30 v o l % with d i - i s o p r o p y l -
benzene. Under high acid conditions ( l 3 > l M , t h i s extractant w i l l 
remove all t r i v a l e n t and tetravalent actinides to some degree from 
the HLLW. Of the f i s s i o n products, only Zr, Te, Ru, Mo, Kb, Y, 
and Pd extract to any s i g n i f i c a n t extent. These species can be 
con t r o l l e d e i t h e r by subsequent scrubbing of the organic phase or 
by adjusting extraction conditions so as to r e j e c t those f i s s i o n 
products that e x i s t as anions to the r a f f i n a t e . 

A f t e r scrubbing, the coextracted actinides and lanthanides 
are removed from the organic phase by two separate s t r i p columns 
(a reductant and d i l u t e n i t r i c a c id s t r i p , followed by a d i l u t e 
o x a l i c acid s t r i p ) . A f t e r destruction of the excess o x a l i c a c i d , 
the two s t r i p s are combined with other recycle streams that are 
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Zr 
SCRUB 

HLLW 

- - CMP 

HLLW TO 
SOLIDIFICATION 

ACTINIDES AND 
LANTHANIDES TO 
CEC PURIFICATION 

Figure 1. The high-level liquid waste can he adequately partitioned by solvent 
extraction with 30% CMP. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
7

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



27. TEDDER E T A L . Actinide Partitioning Flowsheets 385 

produced in the WTF, concentrated, p a r t i a l l y denitrated and sent 
to cation exchange chromatography for lanthanide removal. 

Experimental r e s u l t s to date (13), using actual HLLW gener
ated from d i s s o l v i n g H. B. Robinson reactor f u e l that had a 
burnup of ^27,000 MW days/MT and had been cooled for about 2 
years, suggest that greater than 99-99$ of the tetravalent 
actinides and greater than 99·9% of the t r i v a l e n t actinides may 
be removed using CMP extraction subsequent to Purex. Also, by 
adding small amounts of f l u o r i d e to the HLLW before CMP extrac
t i o n , it may be possible to convert t h i s stream i n t o a non-
transuranic -waste ( i . e . , <10 nCi α/g of HL gl a s s ) . However, 
without f l u o r i d e t h i s goal does not seem possible due to the 
presence of small amounts of inextractable tetravalent a c t i n i d e s . 

S o l i d Alpha Waste Treatment. S o l i d Alpha Waste Treatment 
consists of those processing steps that have been developed to 
remove actinides from contaminated HEPA f i l t e r s and in c i n e r a t o r 
ashes. These wastes are generated from the nitrate-to-oxide 
conversion step in reprocessing, comminution steps during p e l l e t 
f a b r i c a t i o n , and the i n c i n e r a t i o n of alpha-contaminated combusti
bles that r e s u l t from c e l l cleanup and glove box operations. 
Generally, from 0.5 to 2.5$ of the actin i d e feed to the f u e l 
reprocessing and r e f a b r i c a t i o n plants may be l o s t to these 
wastes. Actinide recovery from them is complicated by mechanical 
handling problems that r e s u l t from the waste bulk, possible chemi
c a l interferences from the bulk wastes, and the i n t r a c t a b i l i t y of 
ref r a c t o r y a c t i n i d e oxides. 

As conceived, much of the i n i t i a l mechanical handling of 
these wastes occurs in the feed preparation area of the on - s i t e , 
radwaste i n c i n e r a t o r . HEPA f i l t e r s are i n i t i a l l y disassembled in 
the preparation area of the on-site i n c i n e r a t o r which is assumed 
to e x i s t as a separate e n t i t y from the WTF. The HEPA frames are 
burned in the i n c i n e r a t o r ; the HEPA media are shredded and placed 
in 55-gal drums which are then placed in t o on-site t r a n s f e r con
tai n e r s and sent to the rec e i v i n g area of the WTF. Incinerator 
ashes are s i m i l a r l y placed in 55-gal drums and transferred on-site 
to the WTF. 

Because of the handling problems associated with these 
wastes, the Alpha Waste Treatment Area in the WTF is more corr e c t 
l y designated as a mechanical, rather than a chemical, hot c e l l . 
Upon receipt of the shredded HEPA f i l t e r s , they are dumped into a 
hopper and metered through a low-temperature (300°C) asher with a 
screw. This step p a r t i a l l y oxidizes any high-molecular-weight 
glues or binding materials that may have been used to fab r i c a t e 
the HEPA f i l t e r s . Subsequently, the HEPA waste is metered i n t o an 
accumulation hopper for eventual loading i n t o the HEPA leaching 
equipment. Hoppers are used in t h i s fashion to permit the low-
temperature asher to operate continuously, while the leaching step 
is a batch operation. 
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386 ACTINIDE SEPARATIONS 

Actinides are removed from the HEPA waste by leaching them 
with a mixture of n i t r i c a c i d and eerie n i t r a t e s . Intimate con
t a c t is achieved through the use of a s p e c i a l l y designed thermo-
siphon/oxidizer apparatus consisting of a v e r t i c a l cylinder that 
is connected at the top and bottom to a smaller, s t i r r e d o x i d i z e r 
tank that contains the electrodes. The HEPA waste is charged to 
the top of the cylinder which becomes a f i x e d HEPA bed. Leachant 
is c i r c u l a t e d upward through the c y l i n d r i c a l f i x e d bed, horizon
t a l l y to the o x i d i z e r tank where it is cooled s l i g h t l y and 
e l e c t r o l y t i c a l l y r e o xidized, then downward i n t o the thermosiphon 
le g u n t i l it is reintroduced into the bottom of the f i x e d bed 
cyl i n d e r . The thermosiphon e f f e c t is induced by steam jacketing 
the c y l i n d r i c a l f i x e d bed and a portion of the l e g feeding i n t o 
it, while cooling the leachant s l i g h t l y in the s t i r r e d o x i d i z e r 
tank that also receives cold r e f l u x from the off-gas condenser. 

A leaching cycle begins by screw metering a batch of waste 
from the accumulation hopper into the top of the c y l i n d r i c a l bed. 
Next, a mixture of n i t r i c a c i d , cerous n i t r a t e and gadolinium 
n i t r a t e is charged to the thermosiphon. F l u i d c i r c u l a t i o n is 
induced by steam heating the HEPA bed and the thermosiphon l e g . 
As the leachant c i r c u l a t e s and approaches r e f l u x temperature, an 
e l e c t r i c a l p o t e n t i a l is applied across the electrodes in the 
ox i d i z e r tank that converts the cerous n i t r a t e i n t o a mixture of 
cerous and eerie n i t r a t e s . Since the l a t t e r species are ei t h e r 
neutral or anions in s o l u t i o n , it is not necessary to separate the 
electrodes with a diaphragm in the e l e c t r o l y t i c oxidation tank. 
However, the cathode is p a r t l y shielded with a c y l i n d r i c a l finger 
that surrounds it and air-sparged to remove nitrous acid which 
does reduce the eerie species. 

A f t e r several hours of oxidative leaching at r e f l u x tempera
tur e s , the leachant is cooled and reduced by the addition of 
ox a l i c acid. (The o x a l i c a c i d converts the eerie n i t r a t e s back 
to cerous nitrate,which is compatible with s t a i n l e s s s t e e l ; the 
leaching equipment must be constructed of titanium.) The so l u t i o n 
is then transferred to a holding tank for subsequent centrifuga-
t i o n and actin i d e removal. The HEPA f i l t e r residue is washed 
several times with n i t r i c a c i d and water, compacted to about i t s 
o r i g i n a l volume by expressing the entrained water with a s l i g h t 
a i r pressure at the top of the leaching c y l i n d e r , and discharged 
as a slug i n t o a hopper below the leaching apparatus. Subsequent
l y , the HEPA waste is screw metered back into 55-gal drums which 
are then sent to the on-site s o l i d waste treatment f a c i l i t i e s 
where the waste is immobilized with concrete and eventually trans
ported o f f - s i t e to a terminal waste storage f a c i l i t y . 

Incinerator ashes are decontaminated simply by loading them 
in t o a separate, s t i r r e d e l e c t r o l y t i c o x i d i z e r tank. The cathode 
in t h i s tank is p a r t l y shielded from the anode and air-sparged to 
remove nitrous acid. A f t e r several hours of leaching at r e f l u x , 
the excess eerie n i t r a t e s may be reduced with o x a l i c a c i d , the 
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27. TEDDER E T A L . Actinide Partitioning Flowsheets 387 

s o l u t i o n cooled, and then sent to a holding tank for centrifuga-
t i o n to remove the ash residue. 

C l e a r l y these operations are complex,especially for a remote 
operation, but the experimental studies ( 2 , 3 ^ » 5 » 1 5 > l 6 ) suggest 
that they are probably t e c h n i c a l l y f e a s i b l e , although very expen
sive. The eerie n i t r a t e leaching has several important features, 
r e l a t i v e to f l u o r i d e , that should be mentioned. F i r s t of all, it 
is about as e f f e c t i v e as f l u o r i d e in accelerating the d i s s o l u t i o n 
of all transuranic a c t i n i d e s . Secondly, the eerie n i t r a t e s do 
not dissolve or greatly soften the HEPA f i l t e r waste, whereas 
f l u o r i d e converts the HEPA f i b e r g l a s s i n t o an i n t r a c t a b l e , gooey 
mess that cannot be pumped or f i l t e r e d . S i m i l a r l y , f l u o r i d e 
t o t a l l y dissolves i n c i n e r a t o r ashes, whereas t h i s l a t t e r waste is 
only p a r t l y dissolved ( ν ? 0 $ ) by the eerie n i t r a t e leach. A l s o , 
the ash residue r e s u l t i n g from cerium treatment is r e a d i l y cen-
t r i f u g e d . A f t e r treatment, the HEPA waste retains much of i t s 
f i b r o u s , pulpy character and can be screw metered i n t o 55-gal 
drums. 

In terms of decontamination, the eerie leaching appears 
adequate for HEPA f i l t e r s . The experimental studies (5>15 >l6) 
have achieved 99-99$ d i s s o l u t i o n of the most r e f r a c t o r y of the 
tetravalent a c t i n i d e s . However, the leaching of the i n c i n e r a t o r 
ashes ( 5 » l 6 ) has been l e s s successful, since as much as 5$ of the 
alpha a c t i v i t y i n i t i a l l y in t h i s waste does not dissolve with 
eerie treatment alone. However, t h i s l a s t 5$ may be recovered by 
d i s s o l v i n g the ash residuum e n t i r e l y with f l u o r i d e . (This 5$ loss 
would represent about 0.05$ of the a c t i n i d e feed to the main 
plant.) 

For waste management, cerium-promoted d i s s o l u t i o n has another 
important c h a r a c t e r i s t i c r e l a t i v e to f l u o r i d e d i s s o l u t i o n . 
Fluoride dissolves these wastes t o t a l l y and is not r e a d i l y 
recycled, since it is consumed by the formation of s i l i c o n f l u 
orides. In t h i s case, the f l u o r i d e reagent becomes a waste that 
must be disposed of at greater expense, since t h i s f l u o r i d e addi
t i o n increases the weight and bulk of the chemical wastes that 
must be converted to immobile s o l i d s ( i . e . , a concrete or glass 
waste). Cerium, on the other hand, can be recycled w i t h i n the 
WTF by coextracting it with the t r i v a l e n t actinides using the CMP 
extractant in the Actinide Recovery Area. Gadolinium can also be 
recycled with the cerium and used as a neutron poison in the 
S o l i d Alpha Waste Treatment equipment, thereby eliminating the 
need fo r c r i t i c a l l y safe geometry. Although some increase in 
waste quantities r e s u l t s from t h i s strategy ( p r i m a r i l y from the 
solvent cleanup scrub wastes), these increases are modest compared 
to the consequences of fluoride-promoted d i s s o l u t i o n . 

Cation Exchange Chromatography (CEC). This process is 
i d e n t i c a l to that described elsewhere (l7_), except that a number 
of small batches must be run in p a r a l l e l in order to deal with the 
large quantities of curium that b u i l d up due to the recycle of the 
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transuranics. This problem is dealt with by a modular approach 
in designing the cation exchange racks. Each rack (or module) 
consists of a sing l e feed column and two e l u t i o n columns mounted 
on a balanced frame that has o v e r a l l dimensions about the s i z e of 
an o f f i c e f i l e cabinet. In t h i s manner, the watts per batch of 
radioactive material loaded onto the module are kept small. 

The experimental work r e l a t i n g to t h i s processing area has 
focused on i d e n t i f y i n g any inte r a c t i o n s between the cation ex
change chromatography (CEC) area of the WTF and the HLLW Treatment 
Area that produces the CEC feed, and in determining the e l u t i o n 
sequence for the tetravalent a c t i n i d e s . Both studies (5,18) gave 
favorable r e s u l t s . The expected impurities in the feed to the CEC 
w i l l not s i g n i f i c a n t l y a f f e c t system performance. No evidence for 
CEC feed adjustment beyond the control of a c i d i t y l e v e l appears to 
be necessary. A l s o , it was v e r i f i e d that the tetravalent a c t i 
nides w i l l elute ahead of the b a r r i e r ion in CEC; therefore, these 
elements w i l l report to the Salt Waste Treatment system as 
desired. 

Salt Waste Treatment. A l k a l i n e and a c i d i c s a l t wastes are 
produced from a v a r i e t y of sources during f u e l reprocessing and 
re f a b r i c a t i o n . The most important of these wastes, with respect 
to a c t i n i d e l o s s e s , is the a l k a l i n e sodium carbonate scrub waste 
that is generated during TBP recycle and cleanup. This waste may 
contain up to 0.5% of the act i n i d e feed, along with the solvent 
degradation products (sodium s a l t s of monobutyl and d i b u t y l 
phosphoric a c i d s ) . These a c i d i c degradation products prevent 
ac t i n i d e s t r i p p i n g from a neutral extractant such as TBP and, 
therefore, they must be removed from the waste before the a c t i 
nides can be recovered by TBP solvent extraction. A d d i t i o n a l 
troublesome s a l t wastes are the a l k a l i n e detergent wastes con
t a i n i n g surfactants that extract in t o TBP and, in the WTF, the 
sodium carbonate scrub wastes r e s u l t i n g from CMP recycle and 
cleanup. 

These p o t e n t i a l losses are unacceptable during act i n i d e par
t i t i o n i n g , but recent developments at Argonne National Laboratory 
have l e d to an e f f e c t i v e chemical treatment using 2-ethylhexanol. 
Detergent wastes may also be treated. 

The Argonne process (5,19)s designated as "alcohol extrac
t i o n , " (see Figure 2) consists of a c i d i f y i n g the a l k a l i n e wastes 
and then contacting them with 2-ethylhexanol. This alcohol is a 
very e f f e c t i v e extractant for those a c i d i c degradation products 
l i k e d i b u t y l and monobutyl phosphoric acids, but only weakly 
extracts the actinides which remain in the r a f f i n a t e . Consequent
l y the r a f f i n a t e may be subsequently treated with 30% TBP and CMP 
for a c t i n i d e recovery since it no longer contains those a c i d i c 
degradation products that would otherwise extract and prevent 
s t r i p p i n g . The alcohol extractant which contains the degradation 
products (and any detergents as well) is then recycled by washing 
out these a c i d i c species with sodium carbonate. 
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Recent t e s t r e s u l t s (19.) appear very favorable f o r t h i s sys
tem. Although it is r e l a t i v e l y robust, a further improvement has 
been i d e n t i f i e d through the addition of small amounts of d i e t h y l -
enetriaminepentaacetic a c i d (DTPA) to the sodium carbonate scrub 
before it is contacted with used TBP or CMP. Under these condi
t i o n s , the act i n i d e loadings in the carbonate scrub can be 
increased s i g n i f i c a n t l y before i n t e r f a c i a l cruds appear. Also, 
when the r e s u l t i n g a l k a l i n e waste is a c i d i f i e d , neither i n t e r -
f a c i a l cruds nor act i n i d e polymers are formed. Actinides are then 
e a s i l y recovered by TBP solvent extraction from the alcohol 
extraction column r a f f i n a t e , and can be stripped from TBP and CMP 
in the usual fashion. 

Actinide Recovery Area. Both WTFs require an Actinide 
Recovery Area where actinides are recovered from the l i q u o r s 
being produced in the above-mentioned treatment areas. The WTF 
supporting the f u e l reprocessing plant (see Figure 3) requires 
both a TBP and CMP extra c t i o n c y c l e , but the WTF supporting the 
f u e l r e f a b r i c a t i o n plant can be operated with a CMP extraction 
cycle alone and by u t i l i z i n g the e x i s t i n g , on-site TBP scrap 
recovery system. 

In both cases, the various actinide-bearing l i q u o r s are 
concentrated, a c i d i f i e d , and c l a r i f i e d by cen t r i f u g a t i o n as 
needed. Subsequently, the concentrate is contacted with TBP and 
then with CMP. The r a f f i n a t e , now e s s e n t i a l l y a c t i n i d e - f r e e , is 
further concentrated, denitrated with formic a c i d , and the 
r e s u l t i n g s l u r r y converted to a concrete waste that is packaged 
in 55-gal drums. The TBP organic is stripped in the usual manner, 
with the recovered actinides being sent back to the main proces
sing f a c i l i t y . The CMP organic is stripped in two columns, 
s i m i l a r to the operation of the HLLW treatment s t r i p columns (see 
Figure l ) , to recover the stable cerium and gadolinium f o r recycle 
to the S o l i d Alpha Waste Treatment Area. Low concentrations of 
t r i v a l e n t actinides are maintained in the cerium recycle stream by 
bleeding a f r a c t i o n of t h i s stream to the CEC system. Thus, the 
major differences between the Actinide Recovery Area and the HLLW 
Treatment Area are the anticipated higher l e v e l s of r a d i o a c t i v i t y 
in the l a t t e r system. 

Solvent Cleanup and Recycle. Both TBP and CMP solvents can 
be cleaned up with simple water and d i l u t e sodium carbonate 
washes. The conceptual flowsheets also include p r e e q u i l i b r a t i o n 
of the solvents with a c i d before they are recycled to the extrac
t i o n columns. This treatment helps to maintain high a c i d concen
t r a t i o n s in the extraction column raffinâtes. For the CMP 
extractant, e q u i l i b r a t i o n with high a c i d also helps to s t r i p the 
ruthenate and pertechnetate anions from the solvent. A c t i v i t y 
l e v e l s in the Actinide Recovery Area are further c o n t r o l l e d by 
bleeding a f r a c t i o n of i t s CMP solvent to the CMP Solvent Recycle 
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Figure 2. Actinides may be recovered from acidified salt wastes by TBP extrac
tion after the degradation products have been removed using 2-ethylhexanol 

extraction. 
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Figure 3. Actinide recycle occurs between the subsystems within the WTF. 
Wastes enter the subsystems in the left column. Actual recovery occurs in the 
central column subsystems. A mixture of actinide nitrates is sent from Actinide 

Product Concentration to the fuel reprocessing plant for codenitration. 
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Area for HLLW Treatment. A l s o , a small f r a c t i o n of the CMP 
extractant from the HLLW Treatment Area is continuously sent to 
the on-site solvent "burner. 

Off-Gas Treatment. Both WTFs require extensive off-gas 
treatment. The adequate removal of nitrogen oxides appears 
e s p e c i a l l y troublesome for the WTF supporting the f u e l reproces
sing p l a n t , since considerable amounts of acid d e n i t r a t i o n occur 
in the flowsheets. Also, ruthenium v o l a t i l i z a t i o n is problematic 
in the S o l i d Alpha Waste Treatment Area, so ruthenium adsorption 
beds are provided to t r e a t these off-gases. The design strategy 
is to air-sparge the e l e c t r o l y t i c o x i d i z e r tanks and adsorb any 
oxidized ruthenium on s i l i c a gel beds, rather than allowing it to 
r e f l u x in the o x i d i z e r s . The f u e l reprocessing plant WTF w i l l 
also require iodine retention systems; both WTFs u t i l i z e extensive 
HEPA f i l t r a t i o n and c a t a l y t i c Ν 0 χ destruction as a p o l i s h i n g step. 

Acid and Water Recycle. Acid and water recycle is a s i g n i f i 
cant problem, e s p e c i a l l y in the f u e l reprocessing WTF. The 
streams generated i n t e r n a l l y by the WTFs are c h a r a c t e r i s t i c a l l y 
voluminous, with low l e v e l s of alpha a c t i v i t y , but containing 
large amounts of dissolved s o l i d s . This condition r e s u l t s in a 
need to recycle large quantities of d i l u t e acid and water as 
evaporator overheads. However, the high l e v e l s of dissolved s o l 
ids in the WTF waste evaporator feeds severely l i m i t the extent to 
which solvent extraction feeds to the Actinide Recovery Area can 
be concentrated without p r e c i p i t a t i n g chemical s o l i d s and there
by running the r i s k of a d d i t i o n a l a c t i n i d e losses by c o p r e c i p i t a -
t i o n . Because of the dissolved s o l i d s c o n s t r a i n t , the pulse 
columns required f o r use in the Actinide Recovery Area of the WTF 
are about the same siz e as those required in the HLLW Treatment 
Area, although the a c t i n i d e concentrations in the Actinide 
Recovery Area feeds are about an order of magnitude lower than in 
the HLLW. Thus, the dissolved s o l i d s r e s u l t in le s s e f f i c i e n t 
operation in the Actinide Recovery Area than is possible in the 
HLLW Treatment Area. 

Conclusions 

The a c t i n i d e p a r t i t i o n i n g program w i l l show (20) that alpha-
bearing wastes can probably be p a r t i t i o n e d to a l e v e l that would 
s i g n i f i c a n t l y reduce the a c t i n i d e concentrations in the r e s u l t i n g 
wastes. Also, the waste quantities would not be greatly increased 
because of WTF operation. No increase in HL glass quantities is 
anticipated. The LL and IL f u e l reprocessing concrete wastes 
would increase about 25% in volume while the f u e l f a b r i c a t i o n 
waste volumes would increase about l6% with these flowsheets. 
However, the WTF that p a r t i t i o n s f u e l reprocessing wastes may 
ac t u a l l y be lar g e r in size than the main reprocessing plant 
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i t s e l f . I t appears t e c h n i c a l l y f e a s i b l e to develop chemical sys
tems f o r dealing with all types of alpha wastes, but these t r e a t 
ment systems are themselves hi g h l y complex. A simple Purex plant 
only uses one solvent ( i . e . TBP); a WTF would u t i l i z e at le a s t 
three d i f f e r e n t solvents ( i . e . TBP, CMP, and 2-ethylhexanol). In 
add i t i o n , the WTF would require complex mechanical hot c e l l s to 
tre a t HEPA f i l t e r wastes and inc i n e r a t o r ashes, as w e l l as operate 
a bank of cation exchange chromatography columns. Although the 
CEC system might be replaced with an equivalent solvent extraction 
c y c l e , t h i s improvement would be small since the r e s u l t i n g WTF 
would then be u t i l i z i n g four d i f f e r e n t solvents. 
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Flowsheet Development Work at the Idaho Chemical 
Processing Plant for the Partitioning of Actinides from 
Acidic Nuclear Waste 
L. D. McISAAC, J. D. BAKER, J. F. KRUPA, D. H. MEIKRANTZ, 
and N. C. SCHROEDER 
Allied Chemical Corporation-Idaho Chemical Programs, Idaho National 
Engineering Laboratory, Idaho Falls, ID 83401 

The Idaho Chemical Processing Plant (ICPP) located at the 
Idaho National Engineering Laboratory near Idaho Falls, Idaho is 
a multipurpose reprocessing facility for DOE fuels containing 
highly enriched uranium. Fuels routinely processed at ICPP include 
stainless-steel-clad fast-reactor fuels, aluminum-clad test
-reactor fuels, and zirconium-clad fuels for which the 235U enrich
ments before burnup vary from 50 to 93%. The stainless-steel-clad 
fuel is electrolytically dissolved in HNO3, the aluminum-clad fuels 
are dissolved in HNO3-Hg(NO3)2, and zirconium-clad fuels are dis
solved in HF and HNO3. These multi-headend dissolver solutions 
provide the feed for a single solvent extraction system which is 
comprised of a first cycle of TBP extraction followed by two 
cycles of methyl-isobutyl ketone extraction. The uranyl nitrate 
product from the extraction system is denitrated in a fluidized 
bed denitrator to UO3 for shipment. 

The aqueous fission product wastes resulting from the ICPP 
solvent extraction operations contain small amounts of uranium and 
transuranium elements; primarily neptunium, plutonium, and ameri-
cium with traces of curium and transcurium isotopes. The safe and 
effective management of these nuclear wastes has been a primary 
goal of the ICPP operation for the past 27 years. The major tech
nique for management of this waste has been to store the liquid 
waste safely for a period not to exceed 5 years, followed by soli
dification of the waste into a granular oxide and storage in 
stainless steel bins inside a concrete vault. Prior to calcination, 
the high- and intermediate-level liquid wastes (HLLW and ILLW) are 
stored in doubly-contained, cooled, stainless steel tanks. To 
date, there is no evidence of corrosion from the acidic wastes 
stored in these tanks. The HLLW have been solidified on a routine 
basis in the Waste Calcining Facility (WCF) since December 1963, 
with a resultant eight- to ten-fold volume reduction factor. To 
date, this pioneering effort has resulted in approximately 55% of 
the liquid wastes being converted to solids, with approximately 
50,000 cubic feet in storage. Although the projected life of the 
solids storage bins is at least 500 years, the bins are designed 

0-8412-0527-2/80/47-117-395$05.00/0 
© 1980 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
8

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



396 ACTINIDE SEPARATIONS 

such that r e t r i e v a l of the wastes for further treatment or trans
port to a Federal repository might be accomplished whenever 
desired. 

The waste generated at ICPP is d i f f e r e n t with respect to 
anticipated commercial processing plant waste for two reasons. 
F i r s t , all of the multi-headend processes r e s u l t in complete d i s 
s o l u t i o n of the cladding and matrix as w e l l as the f i s s i o n products 
and a c t i n i d e elements; second, the production of transuranium 
elements in highly enriched fu e l s is l e s s than in low enrichment/ 
high burnup power f u e l s . A d d i t i o n a l l y , the t o t a l f i s s i o n product 
inventory in the f u e l is s u b s t a n t i a l l y lower at ICPP as compared 
to power reactor f u e l s and consequently, the r a d i o a c t i v i t y of the 
r e s u l t i n g waste solutions are very d i f f e r e n t for these two cases. 
Thus, the r a t i o of actinides to t o t a l s o l i d s in the ICPP waste is 
s i g n i f i c a n t l y l e s s than in currently anticipated commercial wastes. 
The bulk of the r a f f i n a t e stored at ICPP has been generated from 
the processing of z i r c a l o y - and aluminum-clad f u e l elements. The 
uranium recovery process f o r z i r c a l o y - c l a d elements requires the 
ad d i t i o n of aluminum n i t r a t e as both a s a l t i n g agent and a com-
plexant for the free f l u o r i d e present in the d i s s o l u t i o n process. 
When a v a i l a b l e , the d i s s o l v e r s o l u t i o n from aluminum-clad elements 
is coprocessed with z i r c a l o y - c l a d elements, thus serving the same 
purpose. Raffinâtes generated from these campaigns are, there
fore, s i m i l a r . The chemical analyses of a major first-cycle 
r a f f i n a t e storage tank at ICPP are shown in Table I . Actinide 
analyses are also given in Table I . 

TABLE I 
TYPICAL COMPOSITION OF ICPP Zr-Al FIRST-CYCLE WASTE 
Bulk Chemical (M) Actinides (g/L) 
A c i d i t y (H+) 1.5 2 37 N p 1.2x10"5 

N i t r a t e 2.36 2 38 P u % 5Χ10"1* 
Fluoride 3.12 2 39p u 1.4xl0- 3 

Aluminum O.68 240p u 3.4xl0- 4 

Zirconium O.44 2 ^ P u 1.5Χ10"4 

Iron O.005 242p u 4.8x10"5 

Boron O.22 ^ A m 4.4x10"5 

Mercury ^O.002 2 4 3Am 1.2x10"5 

A l i t r e of waste shown in Table I, when ca l c i n e d , r e s u l t s in 
the production of ^250 g of t o t a l s o l i d s . The p l o t shown in 
Figure 1 describes s i g n i f i c a n t a c t i n i d e concentrations in ICPP 
cal c i n e from a t y p i c a l r a f f i n a t e as a function of time. Though 
uranium and neptunium are present in the c a l c i n e , t h e i r contribu
t i o n to alpha a c t i v i t y is not s i g n i f i c a n t . I t is apparent that 
separation factors of M.00 must be attained for the Pu and Am to 
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Y e a r s 

Figure 1. Significant actinides in ICPP calcine as a function of storage time 
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398 ACTINIDE SEPARATIONS 

reach the desired alpha-free guideline of <10 nCi of alpha-emission 
per gram of s o l i d s a f t e r 1000 years of storage. A removal by a 
factor of ^250 would allow the c a l c i n e to decay to <10 nCi/g 
a f t e r 500 years of storage. 

This paper reviews our a c t i n i d e p a r t i t i o n i n g program and 
summarizes our l a t e s t f indings. 

Separation Requirements 
The thrust of the experimental program at ICPP was to f i n d a 

separation procedure that would separate plutonium, americium, and 
curium from h i g h - l e v e l first-cycle r a f f i n a t e (see Table I) and 
leave behind the cladding elements, s a l t i n g agents, and the bulk 
of the f i s s i o n products. Fission-product lanthanides, because of 
t h e i r s i m i l a r valence and i o n i c s i z e , would be expected to follow 
americium in nearly any simple separation scheme. Americium and 
curium are present in ICPP waste as t r i v a l e n t ions while plutonium 
is most l i k e l y present as both Pu(IV) and Pu(VI). Any separation 
scheme must be applicable to all these i o n i c a c t i n i d e species. 
Due to an i n s t a b i l i t y of d i s s o l v e r s o l u t i o n toward the formation 
of zirconium and aluminum fluorohydrates at lower acid l e v e l s , 
decreasing the a c i d i t y before a c t i n i d e separation is i m p r a c t i c a l . 

A l i t e r a t u r e survey was made for procedures or t e c h n i c a l 
information that would be applicable to the removal of ( I I I ) as 
w e l l as (IV) and (VI) valence actinides from high f l u o r i d e , highly 
a c i d i c ICPP first-cycle r a f f i n a t e . A synthetic Z r - A l d i s s o l v e r 
s o l u t i o n , having a bulk chemical composition s i m i l a r to that given 
in Table I with added lanthanum (O.2 mg/L) and tagged with 2 4 1Am 
and 2 3 9 P u tr a c e r s , was used to evaluate promising procedures. 
Plutonium solutions were s t a b i l i z e d as Pu(IV) and Pu(VI) with 
n i t r i t e and chromate, r e s p e c t i v e l y . Common monodentate ne u t r a l 
organophosphorus extractants such as TBP (tri-n-butylphosphate) 
and DBBP (dibutyl-butylphosphonate) were found to extract Pu(VI) 
very w e l l , but not t r i v a l e n t americium. These monodentate re
agents w i l l , however, extract t r i v a l e n t americium reasonably w e l l 
from low-acid, highly salted s o l u t i o n s . Solvent e x t r a c t i o n pro
cesses which use HDEHP [bis(2-ethylhexylphosphoric acid)] as the 
extractant have been used in the United States (1) and in Germany 
(_2) for recovery of americium from nuclear waste solutions 
previously adjusted to a pH >1. 

Of the many solvent systems we studied for removing actinides 
from ICPP h i g h - l e v e l waste, extraction with the bidentate organo
phosphorus reagents, dibutyl-N,N-diethylcarbamylmethylenephos-
phonate (DBDECMP) and the dihexyl homologue, DHDECMP, are the most 
promising. This class of compounds was first synthesized by 
S i d d a l l in the I960's Ç3,_4) using the Arbuzov rearrangement. Shown 
below is the preparation of DHDECMP. 

0 0 0 
π ii it 

(C 6Hi 30) 3P + C1CH2-C-N(C2H5)2^(C6H130)2P-CH2-C-N(C2H5)2 + C ^ 3C1 
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28. M c i s A A C E T A L . Flowsheet Development Work 399 

S i d d a l l investigated the a b i l i t y of these compounds to extract 
Am(III), C e ( I I I ) , Pm(III), and HN03 from O.1 to 12M HN03 solutions. 
His favorable r e s u l t s led him to suggest such bidentate extrac-
tants could be used to remove t r i v a l e n t actinides from h i g h - l e v e l 
TBP extraction process waste. This idea was l a t e r patented (5). 
Schulz demonstrated in 1973 that DHDECMP was an e f f e c t i v e extrac
tant for americium and plutonium from radioactive Hanford 
generated wastes (6). 

We have evaluated both DHDECMP and DBDECMP as ac t i n i d e 
extractants from the ICPP wastes. Both reagents were purchased 
from Wateree Chemical Company, Inc., Lugoff, S.C. on a "custom-
synthesis" b a s i s . Due to the ease of p u r i f y i n g the "as-received" 
DBDECMP, much of our early experimental work was with t h i s com
pound Ç 7 , 8 ). When aqueous s o l u b i l i t y measurements indicated 
DBDECMP to be appreciably soluble (60 g/L) in O.1M HN03 our 
att e n t i o n was directed to the use of DHDECMP which e x h i b i t s an 
aqueous s o l u b i l i t y s i m i l a r to TBP (O.4 to O.5 g/L) Ç 7 ,9). 

DHDECMP P u r i f i c a t i o n 
Technical grade DHDECMP (50% pure) contains unreacted 

s t a r t i n g materials and many impurities. This grade of DHDECMP is 
unsuitable for d i r e c t a p p l i c a t i o n as an extractant because a c t i 
nides, once extracted, are poorly stripped. The i d e n t i f i c a t i o n 
of impurities has been reported previously (10). 

We p u r i f y l i t r e q u a n tities of DHDECMP by vacuum d i s t i l l a t i o n 
using a c e n t r i f u g a l molecular s t i l l . The f r a c t i o n d i s t i l l i n g at 
^O.5 Pa and 120°C is ^86% pure DHDECMP and can be used without 
further treatment for a c t i n i d e e x t r a c t i o n and s t r i p p i n g studies. 
Impurities present in t h i s product appear to be innocuous. For 
the sake of s i m p l i c i t y in making volume percent DHDECMP-solvent 
d i l u t i o n s , the stock DHDECMP (86%) was considered to be pure. 

S t a r t i n g with 86% DHDECMP, we have prepared 25 mL of >99% 
pure DHDECMP by preparative l i q u i d chromatography. The l i q u i d 
chromatograph used was a Jobin Yvon "Chromatospac-Prep 100", 
Instruments SA, Inc., Mutechen, N.J. P h y s i c a l properties studied 
with p u r i f i e d DHDECMP were density, r e f r a c t i v e index, v i s c o s i t y , 
U-V, IR and NMR spectra. A mutagenic test was also conducted 
and found to be negative. A de t a i l e d d e s c r i p t i o n of t h i s work 
and the r e s u l t a n t p h y s i c a l properites of DHDECMP have recently 
been published (11) . A l i m i t e d number of extractions have been 
made using t h i s high p u r i t y DHDECMP to demonstrate that DHDECMP is 
the dominant extracting component in our ext r a c t i o n studies. 

Diluent E f f e c t s 
Our e a r l i e r studies have shown that the ext r a c t i o n of ameri

cium from synthetic Zr-Al waste solutions is strongly dependent 
upon the p a r t i c u l a r c a r r i e r solvent used to d i l u t e the DHDECMP 
(10). Aromatic solvents proved to be good d i l u e n t s , the best of 
the aromatics being branched alkane d e r i v a t i v e s . A second 
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400 ACTINIDE SEPARATIONS 

organic phase forms when solutions of DHDECMP dissolved in s t r a i g h t 
chain a l i p h a t i c hydrocarbons are contacted with aqueous H N O 3 solu
t i o n s . Decalin, decahydronapthalene, proved to be a superior 
d i l u e n t when compared to aromatics; however, when DHDECMP-decalin 
extractants are contacted with >3M H N O 3 s o l u t i o n s , a second organic 
phase forms. Addition of an aromatic modifier such as d i i s o -
propyl benzene (DIPB) to a DHDECMP-decalin extractant prevents 
second organic phase formation even at a c i d i t i e s as high as 6M 
H N O 3 . Much of our early work was with xylene and with d i i s o -
propyl benzene d i l u e n t s . Later, with large q u a n t i t i e s of extrac
tant being required f or cold p i l o t - p l a n t t e s t i n g , we focused on 
the use of a decalin-DIPB d i l u e n t . 

Reaction K i n e t i c s 
Batch contact studies have shown that both Am(III) and Pu(IV) 

transfer r a p i d l y at 23 to 25°C between DHDECMP-diluent solutions 
and aqueous H N O 3 . In all tests conducted, equilibrium was reached 
in <30 seconds. 

R a d i o l y t i c E f f e c t s 
We have contacted DHDECMP-decalin-diisopropyl benzene 

solvents with h i g h - l e v e l Zr-Al waste f o r periods up to 16 hours 
(12). The only deleterious e f f e c t a t t r i b u t e d to r a d i o l y s i s was 
that a small percent (^O.1%) of extracted plutonium was not 
r e a d i l y s t r i p p a b l e by d i l u t e HNO3-hydroxylamine n i t r a t e (HAN). 
However, subsequent s t r i p s with d i l u t e HNO3-H2C20i+readily removes 
the r e s i d u a l plutonium from the extractant. The DHDECMP solvent 
is r e a d i l y returned to "as new" condition by washing with d i l u t e 
aqueous Na2C03 s o l u t i o n . An e a r l i e r study was performed (13) 
where DBDECMP was i r r a d i a t e d in our f u e l storage basin. The s o l 
vent received doses up to 50 Watt hr/L. Plutonium extracted into 
solvents receiving >4 Watt hr/L was not r e a d i l y stripped. Car
bonate washing of i r r a d i a t e d solvent before e x t r a c t i o n use 
eliminated s t r i p p i n g problems. 

Typ i c a l A c t i n i d e vs. H N O 3 D i s t r i b u t i o n Data 
The d i s t r i b u t i o n c o e f f i c i e n t s have been determined f o r 

Cm(III), Am(III), C f ( I I I ) , Pu(IV), Pu(VI), Np(IV), Np(VI), and 
U(VI) between 30 volume % DHDECMP in DIPB and various n i t r i c acid 
concentrations. Results are shown in Figure 2. Tracers were 
taken to i n c i p i e n t dryness in concentrated n i t r i c acid several 
times, then dissolved with the p a r t i c u l a r n i t r i c acid concentra
t i o n being studied. A f t e r s e t t i n g the oxidation state, extractions 
were done using equal volumes of aqueous and organic phases. 
Contact times were 5 minutes at 23°C. Extractions were done in 
10 mL tubes which were agitated with a mechanical w r i s t shaker. 
Each data point was obtained by a separate e x t r a c t i o n . 
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H N O 3 (M) 

Figure 2. Actinide distribution between 30 vol % DHDECMP in DIPB and 
HNO3 as a function of initial HN03 concentration 
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The Pu(VI) oxidation state was set by making the s o l u t i o n 
O.025M NaBr0 3 - O.001M Ce(NH 4) 2(N0 3) 6. Pu(IV) was set by adding 
one drop of 30% H 202 before taking to i n c i p i e n t dryness. A f t e r 
d i s s o l u t i o n , the n i t r i c acid solutions were made O.025M in n i t r i c , 
then capped to prevent n i t r i c oxides from escaping. Np(IV) and 
Np(VI) states were set by making the solutions O.025M Fe(S0 3NH 2)2 
and O.025M NaBr0 3 - O.001M CeiNH^) 2(N0 3) 6, r e s p e c t i v e l y . Ameri
cium, curium and californium are normally in the t r i v a l e n t state 
and therefore required no redox treatment. Several hours at 60°C 
were required to complete the oxidation to Pu(VI) at the highest 
a c i d i t y . One hour at 60°C was required to complete other oxida
tions to Pu(VI) and Np(VI). A l l other samples were e q u i l i b r a t e d 
for at l e a s t one hour at 23°C p r i o r to e x t r a c t i o n . 

E f f o r t s to determine d i s t r i b u t i o n c o e f f i c i e n t s for Pu(III) 
using O.025M Fe(S0 3NH 2)2 or O.025M sodium formaldehyde s u l f o x y l a t e 
(NaCH20S02) were successful up to 1.0M n i t r i c a c i d . Above that 
concentration, oxidation to Pu(IV) r e a d i l y occurred. 

Figure 2 shows conclusively that DHDECMP can extract t r i v a 
lent as w e l l as tetravalent and hexavalent actinides from moder
at e l y concentrated n i t r i c acid s o l u t i o n s . The valence ( I I I ) 
a c t i n i d e s , Am, Cm, and Cf, have d i s t r i b u t i o n c o e f f i c i e n t s greater 
than one above 1.5M HN03, while valence (IV) and (VI) actinides 
have values greater than one above O.5M HN03. In a d d i t i o n , DHDECMP 
shows very favorable back ex t r a c t i o n or s t r i p p i n g c h a r a c t e r i s t i c s 
below O.3M HN03. Pu(IV) polymer formation undoubtedly occurred 
in low-acid measurements and may account for the low d i s t r i b u t i o n 
c o e f f i c i e n t s . 

E x t r a c t i o n Studies with Z r - A l High-Level Waste 
Comprehensive data for the d i s t r i b u t i o n of a c t i n i d e s , f i s s i o n 

products, and i n e r t constituents of ICPP Zr-Al h i g h - l e v e l waste 
into 30 volume % DHDECMP-xylene solvent have been previously 
reported (10). We have focused our a t t e n t i o n recently on a more 
e f f i c i e n t use of DHDECMP where the diluent is a mixture (2:1) of 
d e c a l i n and DIPB. 

Batch d i s t r i b u t i o n data have been obtained for the e x t r a c t i o n 
of a c t i n i d e s and key elements between synthetic Zr-Al coprocess 
first-cycle r a f f i n a t e and 20 volume % DHDECMP in 2:1 decalin-DIPB. 
The e f f e c t of scrubbing and s t r i p p i n g of the pregnant extractant 
has also been studied. A l l contacts were f o r f i v e minutes using 
a w r i s t a c t i o n shaker at 23°C. The major constituents present in 
synthetic d i s s o l v e r s o l u t i o n have been described elsewhere (7). 
Except for a c i d i t y , tracer techniques were used for the determina
t i o n of d i s t r i b u t i o n c o e f f i c i e n t s . Each feed component was in
vestigated separately. Gamma-ray emitters were analyzed by 
Nal(Tl) and Ge(Li) spectrometry and alpha emitters by l i q u i d 
s c i n t i l l a t i o n counting. With the exception of 9 9 m T c , which was 
c a r r i e r - f r e e , macro-quantity amounts of elements studied were 
present in the yg/mL range. F i s s i o n product element concentra
tions were at ^O.1 mg/L. Other constituents were as shown in 
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Table I. Tracers plus c a r r i e r s , where appropriate, were taken to 
near dryness several times with concentrated n i t r i c acid then 
e q u i l i b r a t e d with the synthetic waste for at l e a s t one hour before 
ext r a c t i o n contact. Each constituent was studied separately. A l l 
measurements were made in duplicate. Results from these studies 
are presented in Table I I . D i s t r i b u t i o n r a t i o s , except where 
noted, have an estimated accuracy of ±10%. 

For those runs where the element under study was extracted 
s i g n i f i c a n t l y but was poorly stripped, the e f f e c t of an additional 
equal volume contact with O.5M Na2C03 - O.025M KCN was measured. 
These r e s u l t s are reported in Table I I I . The use of KCN in the 
O.5M Na2C03 wash s o l u t i o n has been suggested (14) as a possible 
procedure for removing mercury from the solvent before recycle. 
From these r e s u l t s , it appears that palladium and ruthenium are 
also e f f e c t i v e l y removed. 

Chemical analyses of aluminum in the aqueous phase before and 
a f t e r e x t r a c t i o n contact confirmed our e a r l i e r r e s u l t s with 30 
volume % DHDECMP in xylene which indicated low ext r a c t i o n (D A I = 
O.0025) (10). To obtain an accurate value for aluminum would have 
required a c t i v a t i o n a n a l y s i s . This was not f e l t to be warranted. 
A measurement of Pu(VI) was not included here because previous 
studies with other di l u e n t s have shown higher d i s t r i b u t i o n for 
Pu(VI) than for Pu(IV). 

From the data in Table I I , it is apparent that we should be 
able to p a r t i t i o n a c t i n i d e s from the major constituents present in 
hig h - l e v e l Zr-Al waste. Scrubbing, s t r i p p i n g , and solvent 
regeneration also appear f e a s i b l e . 

E x t r a c t i o n Studies on ICPP High Sodium Waste 
Low-level wastes high in sodium content have been c o l l e c t i n g 

at the ICPP for years. Though these wastes represent but a small 
f r a c t i o n of the t o t a l wastes produced, t h e i r cumulative volume is 
considerable (10 6 g a l ) . The t y p i c a l composition of high sodium 
concentration waste is shown in Table IV. 

We have made equal volume batch e x t r a c t i o n measurements on 
synthetic high sodium concentration waste using 20 volume % DHDECMP 
in 2:1 decalin-DIPB. Only actinides and a few chemical c o n s t i t u 
ents were examined. Techniques were as described in the above 
section. Extraction data are shown in Table V. 

Actinides are r e a d i l y extracted from synthetic high sodium 
concentration waste. With the exception of mercury, no other 
macro constituent would be expected to fol l o w the ac t i n i d e s in a 
DHDECMP flowsheet. The high d i s t r i b u t i o n f o r Pu(IV) is most 
l i k e l y due both to the high NaN03 concentration and the low 
f l u o r i d e concentration. 
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TABLE I I 
DHDECMP EXTRACTION-SCRUB-STRIP STUDIES WITH 

SYNTHETIC Zr-Al COPROCESS WASTE 
DISTRIBUTION COEFFICIENTS 

E x t r a c t i o n 3 Scrub^ S t r i p Contacts 0 

Component Contact Contact 1 2 3 4 
Am(III) 7.6 3.7 O.21 O.015 O.013 — 

Pu(IV) 7.6 3.9 O.20 O.004 O.05 — 

Np(V) O.55 O.16 O.010 — — — 

U(VI) 55. 34. 2.7 O.22 O.25 O.010 

Hg(II) 16. 10. 84. 130. >200. >200. 

Ce(III) 4.8 4.1 O.28 O.017 O.023 — 

Ba(II) O.015 O.011 — — — — 

Cs(I) O.00040 — — — — — 

Cd(II) O.014 < O.01 — — — — 

Pd(II) 1.9 O.62 O.82 1.4 7.2 17.0 

Ru(III,IV) 1.2 O.81 7.4 8.2 14.0 8.4 

Tc(VII) 1.4 O.93 2.7 1.0 O.68 O.84 

Mo (VI) O.26 O.20 — — — — 

Nb(V) O.079 O.055 — — — — 

Zr(IV) O.0095 O.016 — — — — 

Y ( I I I ) O.36 O.41 O.015 — — 

S r ( I I ) O.018 O.015 — — — — 

H+ O.2 

a Equal v o l (o/a=l) contact with 20 v o l % DHDECMP in 2:1 Decalin-
DIPB 

b Scrub: 3M HN03, o/a=5 
c S t r i p s 1-3: O.015M HNO3-O.05M HAN, o/a=l 

S t r i p 4: O.005M HN03-O.05M U2C2Oi^9 o/a=l 
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TABLE I I I 
20% DHDECMP WASH WITH O.5M Na 2C0 3 - O.025M KCN 
Element Loaded D i s t r i b u t i o n C o e f f i c i e n t 

Hg(II) O.014 
Pd(II) O.067 
Ru(III,IV) O.013 
TC(VII) O.23 

TABLE IV 
TYPICAL COMPOSITION OF HIGH SODIUM CONCENTRATION WASTE 

Bulk Chemical (M) Actinides (g/L) 
A c i d i t y (H +) 1.4 U ^2 χ 10" 2 

N i t r a t e 4.4 Pu ^1 χ 10" 3 

Aluminum O.50 Am ^1 χ 10" 5 

Zirconium ^1 χ 10" 4 

Mercury O.0050 
Fluoride ^6 χ 10"h 

Sodium 1.7 
Chloride O.030 
Phosphate O.020 

TABLE V 
DISTRIBUTION DATA FOR DHDECMP AND HIGH SODIUM CONCENTRATION WASTE 

Feed Component D i s t r i b u t i o n C o e f f i c i e n t 
Am(III) 9.5 
Pu(IV) 190.0 
U(VI) 140.0 
Hg(II) 7.7 
Zr(IV) O.05 
H+ O.43 
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Mercury E x t r a c t i o n and Stri p p i n g 
Mercury coextracts with a c t i n i d e s into DHDECMP and is not 

stripped by conventional means. The bulk of our future waste w i l l 
be mercury free; however, our tanks contain so much mercury from 
past campaigns that mercury removal from pregnant DHDECMP must be 
dealt with. 

We have j u s t completed a study of the e f f e c t s of mercury 
loading in DHDECMP on extra c t i o n and s t r i p p i n g of actinides and 
al t e r n a t i v e mercury s t r i p p i n g techniques (14). Mercury can be 
removed from DHDECMP by d i r e c t e l e c t r o l y s i s or e l e c t r o l y t i c r e 
placement by another metal such as copper. Removal of mercury in 
the carbonate wash was found to be f e a s i b l e i f e i t h e r cyanide or 
thi o g l y c o l a t e were present. The use of th i o g l y c o l a t e was aban
doned because of i t s i n s t a b i l i t y with time in sodium carbonate 
solut i o n s . Because of the problems associated with s c a l i n g up an 
e l e c t r o l y t i c method, we prefer the use of cyanide complexation for 
mercury removal. The wealth of information generated on the use 
of carbonate-cyanide solutions by the e l e c t r o p l a t i n g industry 
should be r e a d i l y applicable to our waste management needs. 

We have found that mercury can be r e a d i l y removed from 
carbonate-cyanide solutions by electrodeposition, thus making 
mercury recycle possible. 

Flowsheet 
Based on batch e x t r a c t i o n , scrub and s t r i p data (Table I I ) , 

the flowsheet shown in Figure 3 has been developed. Relative 
flows are shown in parentheses. Six stages of ext r a c t i o n and two 
stages of scrubbing should produce waste of <10 nCi/g a f t e r c a l 
c i n a t i o n and storage for 500 years. The number of stages for 
s t r i p p i n g was not determined, but we expect at l e a s t s i x stages 
would be necessary in each column. The second s t r i p column is 
f e l t necessary to remove plutonium not stripped in the preceding 
s t r i p column. This flowsheet does not include a s p e c i f i c mer
cury removal step. The addi t i o n of KCN to the carbonate used in 
the solvent wash column would cause mercury to report to the 
solvent wash waste. 

Though t h i s flowsheet was developed for Zr-Al h i g h - l e v e l 
waste, it should be adaptable to other waste generated at ICPP. 

Mixer-Se t t l e r Test 
Flowsheet parameters have been tested with actual ICPP waste 

in a multi-stage miniature mixer s e t t l e r . The r e s u l t s of these 
tests and a complete d e s c r i p t i o n of the equipment used have 
recently been reported (12). Tables VI and VII summarize the 
r e s u l t s of hot runs using Zr-Al coprocess waste and high sodium 
waste. Both runs involved continuous countercurrent operation 
using s i x stages of ext r a c t i o n with 20 volume % DHDECMP in 2:1 
decalin-DIPB and two stages of scrubbing with 3M HNO3. For the 
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TABLE VI 
ACTINIDE REMOVAL FROM ICPP Zr-Al COPROCESS 
HIGH-LEVEL WASTE: MINIMIXER-SETTLER RUN 

Am(ng/mL)* Pu(ng/mL)* 
Feed 56.6 ± O.2 2228 ± 5 
Raffinate O.333 ± O.001 O.864 ± O.017 
DF 170 2580 

*Isotopic Content (%): 2 4 1Am - 87.11; 2 4 3Am - 12.89; 
2 3 8 P u - 20.15; 2 3 9 P u - 56.56; 2 4 0 P u - 14.05; 
2 4 1 P u - 6.93; 2 4 2 P u - 2.31 

TABLE VII 
ACTINIDE REMOVAL FROM ICPP HIGH SODIUM CONCENTRATION 

WASTE: MINIMIXER-SETTLER RUN 
Am(ng/mL)* Pu(ng/mL)* 

Feed 15.20 ± O.05 907 ± 3 
Raffinate ^O.01 ^O.07 
DF ^ 1500 ^13000 

*Isotopic Content (%) : 2i+1Am - 92.36; 2k3Am - 7.64; 
2 3 8 P u - 5.61; 2 3 9 P u - 82.85; 2 4 0 P u - 8.63; 
2 4 1 P u - 2.15; 2 4 2 P u - O.76 

Zr-Al coprocess waste t e s t , the feed, extractant, and scrub flows 
were 1, O.5, and O.1 mL/min, res p e c t i v e l y . For the high sodium 
concentration waste, the feed, extractant, and scrub flows were 
O.75, 1, and O.25 mL/min, re s p e c t i v e l y . Samples of r a f f i n a t e 
were drawn for a n a l y t i c a l analysis approximately f i v e hours a f t e r 
equilibrium had been reached. The resultant decontamination fa c 
tors agreed reasonably w e l l with our c a l c u l a t i o n s . For the 
coprocess waste run, we expected an americium decontamination 
factor of ̂ 200. We purposely b u i l t in a large " o v e r k i l l " in the 
sodium waste run by increasing the organic to aqueous flow rates. 
The sodium waste run produced a r a f f i n a t e that, when calcined, 
would be w e l l below the guideline f or alpha-free waste with no 
allowance for decay. A n a l y t i c a l analysis of feeds and raffinâtes 
confirmed our batch r e s u l t s in that a c t i n i d e s were fractionated 
from major waste constituents such as aluminum, zirconium, 
sodium, and f l u o r i d e . 
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We have not yet demonstrated the s t r i p p i n g sections of the 
flowsheet during hot operations. We have, however, recently com
pleted a mix e r - s e t t l e r t e s t f o r Oak Ridge National Laboratory (11) 
where s i x stages were used for e x t r a c t i o n (30 volume % DHDECMP i n 
DIPB), two for scrubbing and four f o r s t r i p p i n g . The feed was 
r a f f i n a t e from a TBP extr a c t i o n performed i n our laboratory from 
a high burnup LWR f u e l element. In t h i s t e s t , we ran hot for ten 
continuous hours without any problems. The l e v e l of r a d i a t i o n 
was at l e a s t a fac t o r of ten higher than we would expect for any 
waste generated at ICPP, so we are o p t i m i s t i c that the flowsheet 
(Figure 3) can be run su c c e s s f u l l y . 

Cold P i l o t - P l a n t Tests 
Cold p i l o t - p l a n t tests are presently i n progress using 2-inch 

diameter pulsed plate columns i n continuous countercurrent flow. 
Synthetic Zr-Al h i g h - l e v e l waste loaded with 0.2 g/L Ce(III) i s 
being used as feed and 20 volume % DHDECMP i n 2:1 decalin-DIPB 
as extractant. Cerium i s being used as an americium simulant. To 
date, three complete cycles have been run including a solvent 
recycle wash with Na2C03. No major problems have been encountered. 

These p i l o t - p l a n t t e s t s require large q u a n t i t i e s of good 
q u a l i t y solvent. We had 50L of d i s t i l l e d DHDECMP prepared by 
Bray O i l Company (1925 N. Mariana Avenue, Los Angeles, C a l i f . , 
90032) s t a r t i n g with Wateree Chemical Company crude DHDECMP. Bray 
used t h e i r CVC P i l o t - 1 5 c e n t r i f u g a l molecular s t i l l f o r the d i s 
t i l l a t i o n . Bray has j u s t recently produced 200L of d i s t i l l e d 
DHDECMP from a batch of crude that they manufactured. This i s 
the f i r s t time we have been able to purchase DHDECMP that i s 
ready f o r ex t r a c t i o n use. 
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Recovery of By-Product Actinides from Power Reactor 
Fuels and Production of Heat Source Isotopes 

G. KOCH 

Kernforschungszentrum Karlsruhe, Postfach 3640, D 7500 Karlsruhe 1 
Federal Republic of Germany 

R+D work at Karlsruhe on the recovery of by-pro
duct a c t i n i d e s from power reactor f u e l s was initiated 
by Institut für Heiße Chemie (IHCH) in 1967. In that 
year, construction of the WAK pilot reprocessing plant 
at Karlsruhe had been s t a r t e d , and a R+D cooperation 
program between KfK (owner of WAK) and GWK (operator of 
WAK) was es t a b l i s h e d , with the goal to keep the techno
logy to be used in WAK in pace with future demands and 
developments. One of the five R+D areas of this so
-called "Development Program f o r Fuel Reprocessing", as 
published in the first status report (1), was the re
covery and processing of useful transuranium and fis
sion product isotopes. In the same year, construction 
of IHCH's laboratory reprocessing facility "Milli" (2), 
with a cycle capacity of 1 kg fuel per day, was 
sta r t e d . This o f f e r e d the possibility to have avail
able, in the e a r l y seventies, both a semi-commercial 
scale LWR fuel reprocessing p l a n t (WAK), and a flex
ible, l a b o r a t o r y - s c a l e multi-purpose reprocessing fa
cility ( M i l l i ) . 

In 1971, the "Actinides P r o j e c t " (PACT) was 
founded at KfK, with the goal to promote the production 
and a p p l i c a t i o n of transuranium isotopes (3). R+D work 
devoted to the recovery of raw-material transuranium 
isotopes was incorporated i n t o t h i s p r o j e c t which f o r 
some years l e d to a considerable extension of the ac
t i v i t i e s in t h i s field. However, due to the f a c t that a 
s a t i s f a c t o r y commercial market f o r these products d i d 
not develop in Germany, the d e c i s i o n was reached in 
1973 to terminate the PACT a c t i v i t i e s . 

The present paper reviews the processes which were 
designed by IHCH f o r the recovery of raw-material ac
t i n i d e s from power reactor f u e l s and f o r the production 
of heat-source isotopes, and describes the state of 
development which has been reached. 

0-8412-0527-2/80/47-117-411$05.00/0 
© 1980 American Chemical Society 
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412 ACTINIDE SEPARATIONS 

1. Recovery of Neptunium-237 

A laboratory study was undertaken to determine the 
behaviour of neptunium in the WAK flowsheet, and to 
devise a procedure for i t s recovery. Based on s t a t i c 
(£) and counter-current experiments (5) , the conclusion 
was reached that about h a l f of the Np is co-extracted 
with the U and Pu in the HA-HS m i x e r - s e t t l e r s of WAK 
while the other h a l f is r e j e c t e d to the HAW, see Fig.1. 
I t could a l s o be shown that an increase of the aqueous 
a c i d i t y , or the a d d i t i o n of pentavalent vanadium as an 
oxidant i n t o the lower stages of the HA m i x e r - s e t t l e r 
(6i) , would increase the Np y i e l d in the organic s o l 
vent. In the 1BX-1BS m i x e r - s e t t l e r s where the p a r t i 
t i o n i n g of U and Pu is c a r r i e d out by use of uranium 
(I V ) n i t r a t e - hydrazine n i t r a t e , a s p l i t t i n g of the co-
extracted Np between the two product streams was ob
served; the proportions of the (co-extracted) Np which 
ended up in the 1CU (uranium product) stream f l u c t u a t e d 
from 30 to 93 % while the d i f f e r e n c e amount (from 7 to 
70 %) ended up in the 1 BP (plutonium product) stream. 
No d e f i n i t e reason f o r these f l u c t u a t i o n s could be 
i d e n t i f i e d , but it is known that neptunium, due to i t s 
complicated redox chemistry, reacts in a very s e n s i t i v e 
way to even minor process v a r i a t i o n s (Z'Q) · B a s e ( ^ o n 

these r e s u l t s the proposal was made (̂5) to recover the 
"co-extracted" p o r t i o n of the neptunium by running the 
second plutonium and uranium p u r i f i c a t i o n c y cles under 
conditions where the Np is d i r e c t e d i n t o the aqueous 
raffinâtes (2AW and 2DW streams). In the Pu p u r i f i 
c a t i o n c y c l e , t h i s can be done by adding s u f f i c i e n t 
n i t r o u s a c i d to keep the Np pentavalent, while in the U 
p u r i f i c a t i o n c y c le (which is run under s l i g h t l y r e 
ducing conditions) a low a c i d i t y and a high loading 
help to r e j e c t Np i n t o the aqueous 2DW stream. The two 
r a f f i n a t e streams are combined in WAK in the 3W evapo
r a t o r , and the Np is thus c o l l e c t e d in the concentrate 
from t h i s u n i t (3WW stream). Consequently the proposal 
was made to recover the Np from t h i s 3WW stream by use 
of the well-known anion exchange process (.9/10) . 

Based on these proposals, a neptunium production 
u n i t c a l l e d NEPP was designed and i n s t a l l e d in WAK f o r 
the anion exchange recovery of Np from the 3WW stream. 
However, NEPP had not gone i n t o operation when the PACT 
pr o j e c t was terminated in 1973. 

I t is i n t e r e s t i n g to note that the 1979 a t t i t u d e 
regarding neptunium is quite d i f f e r e n t from what it was 
ten years ago. In those years, Np was considered to be 
a p o t e n t i a l l y valuable material worth to be recovered; 
today, Np has more the touch of an unwanted contaminant 
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414 ACTINIDE SEPARATIONS 

r e q u i r i n g some cumbersome treatment f o r it to be r e 
moved. I r o n i c a l l y enough, t e s t s of a Purex flowsheet 
(11) developed f o r l a r g e - s c a l e processing of high-burn-
up LWR f u e l s r e s u l t e d in about 90 % co-extraction of 
the Np in the HA-HS ex t r a c t o r system (V2) . P a r t i t i o n i n g 
of the co-extracted Np i n t o the 1 BP and 1CU first-cycle 
product streams was found to be s i m i l a r as with the 
WAK flowsheet, i . e . between 50 and 85 % going i n t o the 
1CU uranium stream and the remainder i n t o the 1 BP p l u 
tonium stream. Methods to decontaminate the products 
from Np in the second and t h i r d p u r i f i c a t i o n cycles 
have been devised and tested (V2). 

2. Recovery of Am-241/243 and Cm-244 from High-Level 
Waste 

The americium and curium isotopes formed during 
i r r a d i a t i o n of nuclear reactor f u e l s are di v e r t e d i n t o 
the h i g h - l e v e l waste (HLW) stream during f u e l repro
cessing. The HLW is thus the biggest p o t e n t i a l source 
f o r these elements, and R+D a c t i v i t i e s to develop a 
process f o r the recovery of Am and Cm from HLW were 
s t a r t e d in 1967. A major cond i t i o n was that the pro
cess to be developed must not e s s e n t i a l l y increase the 
waste amount to be processed f u r t h e r , must not use 
strongly c o r rosive reagents, and must be compatible 
with the f i n a l waste s o l i d i f i c a t i o n procedure. 

The separation process chosen was based on HDEHP 
ex t r a c t i o n of a lanthanides - a c t i n i d e s f r a c t i o n (13, 
14) and a TALSPEAK-type (1_5,Ή5) separation of Am/Cm 
from the rare earths. In i t s first v ersion (JT7) , the 
ex t r a c t i o n was made from a citrate-complexed and 
buffered HLW as the feed, and the actinides/lanthanides 
p a r t i t i o n i n g was done in what we c a l l e d the "reverse-
TALSPEAK" mode, i . e . by backwashing the Am + Cm from 
the loaded organic extractant by an aqueous l a c t i c 
a c i d / diethylene triamine pentaacetate (DTPA) s o l u 
t i o n . C i t r a t e complexing of the feed served f o r sup
pression of e x t r a c t i o n of c e r t a i n f i s s i o n and corrosion 
products, e.g. Zr, Nb, Ru, and Fe; and the "reverse"-
mode of the TALSPEAK process r e s u l t e d in the saving of 
a separate e x t r a c t i o n c y c l e . However, studies of the 
s o l i d i f i c a t i o n behaviour of the h i g h - l e v e l waste pro
duced with t h i s process showed that the presence of 
organic m a t e r i a l ( c i t r i c acid) would lead to vigorous 
exothermic reactions during c a l c i n a t i o n ; therefore the 
process was l a t e r s u b s t a n t i a l l y modified. 

In i t s f i n a l v e r s i o n (18-20), see F i g . 2, the 
process s t a r t e d with a co n d i t i o n i n g of the HLW by 
formic a c i d d e n i t r a t i o n , with the goal (a) to reduce 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

02
9

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



K O C H By-Product Actinides b- Heat Source Isotopes 415 

IWWTonk 

JHCOOHh hwwl 

to Off-gas Treatment 

r|Off-gasJ 

Denization I—|WAWD [—J 
Spray 

Calcination 
Glass Furnace 

1 »-to Vitrification 1 

I Distillate| "-to MAW Treatment 

Glass Blocks, 
""to final Storage 

IWBACl 

TXT 
w |WDX| [WDF] 

I WB (Partitioning) | 

|WBRE|-

Iwcxl 

|WC(RE Back-extractionU 
JWCREJ 

WD (Purification) I 

|WDAC| IWDWi 

Aqu.Wash 
Liquor 

Washed Solvent 

Solvent 
Clean-up I 

Spent Aqu. 
Wash Liquor, 
to MAW 
Treatment 

[Preparation! 

2 parallel 
Columns 

[T^ f ^|IAAC| 

to MAW Treatment 

to Final 
Purification 

Figure 2. Flowsheet for Am + Cm recovery from high-level waste solutions (IS) 
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416 ACTINIDE SEPARATIONS 

the a c i d i t y of the HLW down to a value s u i t a b l e f o r the 
HDEHP e x t r a c t i o n , and (b) to remove "trouble-making" 
f i s s i o n and corrosion products by p r e c i p i t a t i o n , thus 
e l i m i n a t i n g the need to complex the e x t r a c t i o n feed 
with organic complexants. Conditions were chosen such 
that Am, Cm, and rare earths (R.E.) remained in 
so l u t i o n while most of the Zr, Nb, Mo, noble metals, 
and Fe were p r e c i p i t a t e d . The s o l i d sludge could be 
f i l t e r e d o f f and sent f o r s o l i d i f i c a t i o n . The l i q u i d 
supernate was adjusted to e x t r a c t i o n conditions and fed 
to the solvent e x t r a c t i o n c y c l e , using 0,3 moles/1 
HDEHP (extractant) +0,2 moles/1 TBP (modifier) in a 
n-alkane d i l u e n t as the solvent. Am, Cm, and R.E.s were 
extracted in the WA contactor from the non-complexed 
feed, Am and Cm were p a r t i t i o n e d from the R.E.s in the 
WB contactor i n t o 0,05 molar DTPA / 1 molar l a c t i d 
a c i d , R.E.s were re-extracted from the solvent in WC by 
5 molar n i t r i c a c i d , and the Am/Cm product s o l u t i o n 
from WB was furthe r p u r i f i e d from R.E.s by an a d d i t i o 
n a l organic solvent scrub stream in WD. In the l a t t e r 
step, e x t r a c t i o n k i n e t i c s of the R.E.s from the strong
l y complexed aqueous phase was shown to play an impor
tant r o l e to the p u r i f i c a t i o n e f f e c t (2Λ). For the f i 
n a l p u r i f i c a t i o n and concentration of the Am + Cm pro
duct a catio n exchange process was developed (19,20,22), 
Separation of the Am from Cm, i f necessary, might be 
performed by the Hanford cat i o n exchange process (23, 
24), by high-pressure c a t i o n exchange (25-27) , or e l s e 
by potassium americium(V) carbonate p r e c i p i t a t i o n (28); 
f o r a review, see (29). 

"Cold" laboratory t e s t s of the s i n g l e steps of the 
flowsheet were made using simulated HLW sol u t i o n s 
spiked with f i s s i o n product t r a c e r s , Am, and Cm. The 
de n i t r a t i o n step turned out to be a s e n s i t i v e process 
but Am/Cm recoveries of ca. 90 % in the aqueous super
nate could be r e a l i z e d under optimized conditions 
while DF > 1000 fo r Zr, Nb, and Mo, and DF » 100 fo r 
Ru and Fe, were obtained with the p r e c i p i t a t i o n (1_9) . 
The solvent e x t r a c t i o n 3 c y c l e gave > 98 % recovery of 
Am/Cm, and DF > ca. 10 f o r the i n d i v i d u a l rare earths, 
Sr, and Cs (^\8) . Appreciable decontamination was also 
obtained f o r Zr/Nb (DF = 20), Ru (50), U (> 650), Pu 
(250), Np (800), and Fe (420). The ion exchange cycle 
served mainly f o r Am+Cm concentration and fo r removal 
of DTPA and l a c t i c a c i d ; based on simulated t e s t s with 
europium, concentration f a c t o r s of about 50 could be 
expected under optimized conditions (22) . 

Planning work was st a r t e d f o r the construction of 
a p i l o t plant f o r the recovery of Am + Cm to which the 
name ISAAC (from the German "jIsolierungs-Anlage fur 
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Americium und Curium") was given (Ή3). These plans were 
abandoned when the PACT p r o j e c t was terminated in 1973. 
Thus, high-active demonstration of the separation 
process is l a c k i n g , and no judgement can be made on i t s 
performance. 

3. Recovery of Americium-241 from Plutonium Scrap 

The scraps which a r i s e during the f a b r i c a t i o n of 
plutonium-containing nuclear f u e l s are c o l l e c t e d and 
stored f o r some time before they are processed to r e 
cover the plutonium. Due to the decay of Pu-241, con
s i d e r a b l e amounts of Am-241 may b u i l d up in the stored 
m a t e r i a l . At the Alkem company, plutonium is recovered 
from the scrap by anion exchange; the americium which 
is not sorbed on the r e s i n is c o l l e c t e d in the combined 
e f f l u e n t s from the loading and wash steps. The e f f l u 
ents are concentrated by evaporation; besides ameri
cium, the concentrated e f f l u e n t s contain major amounts 
of uranium, plutonium, corrosion products, and re
sidues from chemical reagents. A t y p i c a l composition 
is given below: 

Am, 8,2 g/1 Mn, 48,7 g / i Ca, 4,1 g / i 
Pu, 12,0 g/1 Ni , 48,5 g / i S i , 0,5 g / i 
U, 140,0 g/1 Pb, 23,0 g / i Co, 0,4 g / i 
A l , 22,5 g/1 Cu, 15,6 g / i Mg, 0,2 g / i 
Na, 10,5 g/1 Cr, 8,0 g / i MO, 0,2 g / i 
Fe, 82,0 g/1 T i , 4,8 g / i 

A process f o r the recovery of Am (and Pu) from 
these concentrates, based on solvent e x t r a c t i o n with 
t r i c a p r y l methyl ammonium n i t r a t e , TCMAN (Aliquat-336 

, n i t r a t e form), was developed (30), and was opera
ted f o r some time in a small-scale f a c i l i t y equipped 
with pulsed glass columns at the Alkem company to pro
duce multi-gram amounts of americium dioxide. In i t s 
f i n a l version (3J_) the process worked as follows: The 
concentrated e f f l u e n t s were made up to 6 to 7 moles/1 
n i t r i c a c i d , and the U and Pu were extracted in the 
first column by 0,5 moles/1 TCMAN di s s o l v e d in Solves-
so-100 , a h i g h - b o i l i n g aromatic d i l u e n t . U and Pu 
were back-extracted in a second column i n t o a c e t i c 
a c i d - hydroxyl amine s u l f a t e s o l u t i o n . The e f f l u e n t 
from the first column was saturated with o x a l i c a c i d , 
and was n e u t r a l i z e d with ammonia to pH = 2,5. This 
p r e c i p i t a t e d a nearly white p r e c i p i t a t e of Am and Ca 
oxalates while most of the m e t a l l i c contaminants (e.g., 
Fe, Cr, Al) remained in s o l u t i o n as stable oxalato 
complexes. The p r e c i p i t a t e was f i l t e r e d o f f , d i s s o l v e d 
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in concentrated n i t r i c a c i d , n e u t r a l i z e d with ammonia 
to pH = 2,5 to 3, and the Am was extracted from the 
strongly s a l t e d aqueous ammonium n i t r a t e s o l u t i o n by 
0,5 molar TCMAN/Solvesso. The loaded organic solvent 
was scrubbed with concentrated ammonium n i t r a t e s o l u 
t i o n , and the americium was back-extracted with d i l u t e 
n i t r i c a c i d . Americium was p r e c i p i t a t e d from t h i s s o l u 
t i o n as the oxalatg, and was converted i n t o AmO- by 
c a l c i n a t i o n at 800 C. The Am recovery was > 90 %, the 
product p u r i t y > 99 %. 

4. Recovery of Pu-238 from i r r a d i a t e d Np-237 

In the frame of the PACT p r o j e c t , i r r a d i a t i o n of 
several kilograms of Np-237 to produce Pu-238 was 
planned f o r the years a f t e r 1973. A t e s t i r r a d i a t i o n 
of ca. 180 g Np-237 was i n i t i a t e d by the Alkem company 
in 1970. The neptunium was f a b r i c a t e d by Alkem i n t o 
target rods containing p e l l e t s of a 10 % NpO^-iron-
cermet. The targets were i r r a d i a t e d in the BR-2 reactor 
at Mol, Belgium, f o r about 2 months, and were then 
cooled f o r 9 months before processing in the M i l l i . 

E a r l y in 1971, construction of the solvent ex
t r a c t i o n plant M i l l i had been f i n i s h e d , and she was the 
only h i g h l y - s h i e l d e d chemical f a c i l i t y which we had 
a v a i l a b l e to process the m a t e r i a l . M i l l i d i d not in
corporate shielded ion exchange equipment, only a non-
shielded ion exchange column was a v a i l a b l e which could 
be used f o r f i n a l product p u r i f i c a t i o n . This meant that 
a solvent e x t r a c t i o n process was to be used f o r primary 
recovery of Pu-238 and Np-237. Another r e s t r i c t i o n was 
that, according to i t s o r i g i n a l d e s t i n a t i o n as a PUREX 
t e s t f a c i l i t y , processing of a s e r i e s of high-burn-up 
power reactor f u e l s was planned in the M i l l i a f t e r 
the Pu-238 campaign. I t was therefore decided to use a 
TBP process f o r the Pu-238 campaign, in order not to 
contaminate the plant with a f o r e i g n organic solvent, 
although we were aware that TBP could not be considered 
a " f i r s t choice" f o r Pu-238 processing (32). Thus, a 
TBP flowsheet was developed (3_3,2U) , and processing of 
the i r r a d i a t e d Np-237 targets s t a r t e d in the l a s t 
quarter of 1971 using the scheme shown in F i g . 3. 

The i r r a d i a t e d t a r g e t rods were cut open, the 
(Np,Pu)02~Fe cermet p e l l e t s were removed from the h u l l 
and d i s s o l v e d in two stages. F i r s t , the i r o n matrix 
was d i s s o l v e d with 2 molar n i t r i c a c i d below 60 C. 
Tests with u n i r r a d i a t e d p e l l e t s had shown that Np0 2 is 
p r a c t i c a l l y undissolved with t h i s procedure; however, 
with the i r r a d i a t e d p e l l e t s losses of Np and Pu 
occurred during matrix d i s s o l u t i o n which necessitated 
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Decanning of 
(Np,Pu)02-Fe cermet 
targets 

S e l e c t i v e d i s s o l u t i o n 

o f F e , f i l t r a t i o n 
•Fe w a s t e 
s o l u t i o n 

D i s s o l u t i o n o f 

(Np,Pu )0 2 r e s i d u e 

1 s t Np + Pu-

c o - e x t r a c t i o n c y c l e 

F.P. w a s t e 
' s o l u t i o n 

2nd Np + Pu-
c o - e x t r a c t i o n c y c l e 

F.P. w a s t e 
s o l u t i o n 

R e d u c t i o n t o 

N p ( I V ) , P u ( I I I ) 

Pu/Np p a r t i t i o n i n g 

e x t r a c t i o n c y c l e 

1 s t Pu p u r i f i c a t i o n 

by a n i o n e x c h a n g e 

2nd Pu p u r i f i c a t i o n 

by a n i o n e x c h a n g e 

Pu(N03)^ p r o d u c t 

s o l u t i o n 

" p r o d u c t 
s o l u t i o n 

r a f f i n a t e 
- ( t o Np 
r e c o v e r y ) 

Figure 3. Block scheme for the processing of irradiated Np02-Fe targets in the 
Milli facility (37) 
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a separate processing of t h i s stream. Undissolved (Np, 
Pu)02 residues were f i l t e r e d o f f , and were then d i s 
solved with b o i l i n g 10 molar n i t r i c a c i d . The s o l u b i 
l i t y of t h i s m aterial was lower than expected from un
i r r a d i a t e d Np0 2/ and a f t e r 3 days an undissolved r e s i 
due of ca. 2 g Np0 2 remained which was f i l t e r e d o f f , 
and was f i n a l l y d i s s o l v e d w i t h i n 20 hours using b o i l i n g 
10 molar n i t r i c / 0,02 molar h y d r o f l u o r i c a c i d . The 
d i s s o l v e r s o l u t i o n was made 3 molar in n i t r i c a c i d , and 
was fed to the HA m i x e r - s e t t l e r of the first TBP co-
decontamination c y c l e . Due to the prolongued b o i l i n g 
of the d i s s o l v e r s o l u t i o n , most of the Np (86 %) was 
hexavalent in the e x t r a c t i o n feed s o l u t i o n , while 
> 80 % of the Pu was present as Pu(IV) and < 20 % as 
Pu(VI). The solvent used was 10 v o l . % TBP in n-alcane 
C10~~C13* m°les/l vanadate was introduced with the 
3 molar n i t r i c a c i d scrub (HAS) s o l u t i o n to o x i d i s e 
r e s i d u a l Np(V) to extractable Np(VI) (6). Pu and Np 
were back-extracted in the HC m i x e r - s e t t l e r by 0,2 mo
l a r n i t r i c a c i d . A gross-gamma decontamination f a c t o r 
(DF) of only 9 was obtained by t h i s e x t r a c t i o n c y c l e , 
with s i n g l e - i s o t o p e DFs of 3,5 fo r Zr-95, 35 f o r Np-95, 
and 70 f o r Ru-103. The r e s i d u a l gamma a c t i v i t y of the 
product s o l u t i o n was mainly due to Zr-95 (61 % ) , Pa-
233 (17 % ) , Nb-95 (4 % ) , and Ru-103 (0,5 % ) . The Pu/Np 
product s o l u t i o n was stored in a catch tank f o r s e v e r a l 
days during which about h a l f of the Pu-23 8 "vanished" 
from the s o l u t i o n . The explanation f o r t h i s "mysteri
ous" e f f e c t was found when it was detected that a few 
l i t e r s of organic solvent had i n c i d e n t a l l y run with the 
product s o l u t i o n i n t o the catch tank, probably because 
of i n s u f f i c i e n t phase separation in the HC mixer-
s e t t l e r . S u f f i c i e n t d i b u t y l phosphoric a c i d was formed 
by r a d i o l y s i s of t h i s solvent over the days to ext r a c t 
a major part of the plutonium. This r a d i o l i z e d solvent 
was then separated from the aqueous phase, and the Pu-
238 recovered by a s p e c i a l treatment (see below). The 
aqueous product, a f t e r concentration by evaporation, 
was fed to the second co-decontamination cycle which 
was run under s i m i l a r conditions as the first c y c l e ; 
however, the HA-1AS-1B-1C mixer s e t t l e r s of M i l l i were 
used f o r t h i s c y c l e , and 0,2 moles/1 chromate was in
troduced as the oxidant with the scrub instead of the 
vanadate. This cycle gave a gross-gamma DF of 14; of 
the r e s i d u a l gamma a c t i v i t y of the product s o l u t i o n , 
39 % were due to Ce-144 and 23 % to Pa-233. The product 
s o l u t i o n was concentrated by evaporation, and a pre
reduction using 0,2 moles/1 hydrazine n i t r a t e plus 
0,001 moles/1 ferrous n i t r a t e c a t a l y s t was c a r r i e d out 
during 4 hours at 50 C. Then the s o l u t i o n was made up 
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to 0,2 moles/1 ferrous n i t r a t e , 0,45 moles/1 (nominal) 
hydrazine n i t r a t e , and 3,4 moles/1 HNO^, and was fed to 
the p a r t i t i o n i n g cycle which was c a r r i e d out in the 2A-
2B m i x e r - s e t t l e r s of M i l l i . The Np(IV) was extracted 
by 10 v o l . % TBP/n-alcane while the Pu(III) remained in 
the aqueous r a f f i n a t e . The loaded solvent was scrubbed 
with 2 molar n i t r i c a c i d containing 0,1 moles/1 ferrous 
n i t r a t e and 0,2 moles/1 hydrazine n i t r a t e , and the Np 
was back-extracted by 0,2 molar n i t r i c a c i d . The Np 
product contained 17 ppm Pu-238, the t o t a l gross gamma 
DF over the three cycles was ca. 800, and the r e s i d u a l 
gamma a c t i v i t y was mainly due to the Np-237 daughter, 
Pa-2 33 (81 % ) ; the Np product thus corresponded to 
s p e c i f i c a t i o n s . The Pu product s o l u t i o n contained 55,2 
mg/1 Pu and 119 mg/1 Np; Pu-238 and Np-237 were sepa
rated and fu r t h e r p u r i f i e d by anion exchange using 
Dowex 1X2 r e s i n und applying e s s e n t i a l l y the procedure 
developed at Savannah River Laboratory (3_8) . 

Recovery of Pu-238 from the strongly r a d i o l i z e d 
solvent mentioned above was performed (3_5) by repeated 
treatment with an aqueous s o l u t i o n containing 0,1 to 
0,2 moles/1 ferrous n i t r a t e , 0,2 moles/1 hydrazine n i 
t r a t e , and 0,2 moles/1 n i t r i c a c i d , followed by a f i n a l 
wash with 0,1 moles/1 uranium(IV) n i t r a t e , 0,2 moles/1 
hydrazine n i t r a t e , and 0,5 moles/1 n i t r i c a c i d which 
was the most e f f e c t i v e . Pu-238 was recovered and 
furthe r p u r i f i e d from the combined wash sol u t i o n s by 
anion exchange (36) . 

A balance of t h i s campaign (36.) had the following 
r e s u l t s : 4,4 g Pu-238 were in t o t a l a n a l i z e d in the 
d i s s o l v e r s o l u t i o n s . Of these, 2,5 g Pu-23 8 were r e 
covered as the p u r i f i e d product. Major losses arose 
during s e l e c t i v e i r o n d i s s o l u t i o n and f i l t r a t i o n (ca. 
0,4 g), during anion exchange processing (ca. 0,5 g), 
and in the d i f f e r e n t aqueous and organic r a f f i n a t e 
streams of the solvent e x t r a c t i o n c y c l e s . The p r i n c i 
p a l conclusion to be drawn from t h i s cumbersome cam
paign was that TBP solvent e x t r a c t i o n , as we had ex
pected, is not a w e l l - s u i t e d method f o r recovery of 
Pu-238 from i r r a d i a t e d Np-237. Another conclusion was 
that i r o n is not a w e l l - s u i t e d target matrix m a t e r i a l . 
Consequently, the design of a shielded ion-exchange 
f a c i l i t y was envisaged f o r the planned routine pro
cessing of i r r a d i a t e d Np-237 targ e t s . Also, a study on 
a solvent e x t r a c t i o n process using the secondary amine 
Amberlite LA-2 as the extractant to recover Pu and 
Np was i n i t i a t e d (A3) in case that the M i l l i would have 
to be used on an in t e r m i t t e n t basis f o r fur t h e r Pu-238 
campaigns. However, no fur t h e r Np-237 i r r a d i a t i o n s were 
c a r r i e d out a f t e r termination of the PACT p r o j e c t . 
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5. Production of Medical-grade Pu-238 from i r r a d i a t e d 
Am-241 

Plutonium-23 8 produced from n e u t r o n - i r r a d i a t e d 
Np-237 is not i s o t o p i c a l l y pure; u s u a l l y , the mate r i a l 
contains > 80 % Pu-238 and < 20 % of heavier Pu i s o 
topes, and in ad d i t i o n a few ppm of Pu-236. While the 
presence of other Pu isotopes g e n e r a l l y does not 
s e r i o u s l y a f f e c t the a p p l i c a b i l i t y of Pu-238 as a heat 
source, i t s use f o r medical a p p l i c a t i o n s (heart pace
makers etc.) is l i m i t e d by Pu-236 because of the in
tense gamma r a d i a t i o n of some of the Pu-236 daughters. 
Pu-238 which is p r a c t i c a l l y f r ee from Pu-236 can be 
made by i r r a d i a t i o n of Am-241, and alpha decay of the 
Cm-242 thus produced. There are in p r i n c i p a l two ways 
f o r producing such m a t e r i a l : 
- e i t h e r , the i r r a d i a t e d Am-241 target is processed 

a f t e r a short c o o l i n g time to separate the p l u t o n i 
um formed in the target (mainly a mixture of Pu-238 
and Pu-2 42) from the curium-242 and the f i s s i o n 
products. A f t e r storage f o r Cm-242 decay, the 
mixture is processed to recover i s o t o p i c a l l y pure 
Pu-238 and not-consumed Am-241. A l t e r n a t e l y , the 
Cm-242 and Am-241 may be separated from f i s s i o n 
products and from one another immediately a f t e r 
primary separation of the Pu-238/242 mixture, and 
the i s o l a t e d Cm-242 may be stored f o r decay and 
then processed f o r Pu-238 p u r i f i c a t i o n . By both 
these options two plutonium f r a c t i o n s are produced, 
one low-assay Pu-23 8 f r a c t i o n and one i s o t o p i c a l l y 
pure Pu-238 f r a c t i o n . E i t h e r of these options 
involves the processing of short-cooled material 
with very high s p e c i f i c a c t i v i t i e s , 
or, the target is processed a f t e r decay of the Cm-
242 to recover a s i n g l e Pu-238 f r a c t i o n containing 
about 20 % of heavier Pu isotopes but e s s e n t i a l l y 
no Pu-236. Ev i d e n t l y t h i s option involves the pro
cessing of long-cooled m a t e r i a l with much decreased 
s p e c i f i c a c t i v i t i e s . 

A study on the d i f f e r e n t production options (39) 
showed that the l a t t e r has an economic advantage 
against the former one, and probably also against the 
Np-237 route in case that a very low (- 0,1 ppm) Pu-
236 assay would be demanded. (Such extremely low Pu-
236 assays may be demanded f o r large medical power 
sources, e.g. f o r an a r t i f i c i a l h e a r t ) . The chemical 
process which was worked out f o r the processing of 
i r r a d i a t e d americium dioxide - aluminium cermet targets 
consisted of the following steps (40,4J_) : (a) Aluminium 
is di s s o l v e d with 8 molar NaOH. (b) The c a u s t i c s o l u -
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t i o n i s f i l t e r e d o f f , and the Am02 residue i s d i s s o l v e d 
with 9 molar n i t r i c a c i d , (c) Pu i s adjusted to Pu(IV), 
and i s sorbed on Dowex 1X4 (< 400 mesh) r e s i n on a 
hiah-pressure ion-exchancre column. The column i s washed 
with 7 molar n i t r i c a c i d , and the Pu i s eluted with 
0,5 molar n i t r i c a c i d , (d) Pu i s f u r t h e r p u r i f i e d by a 
second high-pressure anion exchange cycle, (e) For 
Americium recovery, the e f f l u e n t of the first anion 
exchange cycle i s denitrated by formic a c i d to - 0,5 
moles/1 hydrogen ion. (f) Am i s sorbed together with 
rare earths (R.Ε.) and r e s i d u a l Cm on a hiah-oressure 
cation exchange column using AG 50X12 r e s i n (21 to 29 
urn grain s i z e ) . The adsorption column i s washed free 
from other f i s s i o n products by 0,5 molar ammonium 
n i t r a t e s o l u t i o n , (g) Am i s separated from Cm and R.E.s 
by chromatographic e l u t i o n with α-hydroxy i s o b u t y r i c 
a c i d (pH = 3,45) through a high-pressure separation 
column loaded with AG 50X12 r e s i n (21 to 29 urn). 

The process was t e s t e d i n 1973 on a small scale 
i n a lead-shielded box with s i n g l e i r r a d i a t e d Am0 2-Al 
targets (4J_,j4£) . D i s s o l u t i o n of A l was slower than 
with u n i r r a d i a t e d p e l l e t s , and the tendency to foaming 
was stronger. Losses of plutonium with the c a u s t i c 
increased strongly with i n c r e a s i n g contact time of the 
americium oxide with the NaOH s o l u t i o n , r a i s i n g from 
3,3 % los s a f t e r 2 h contact to 16,1 % loss a f t e r 28 h 
contact. In contrast, losses of Am and Cm with the 
c a u s t i c were u s u a l l y ^ 0,5 % and not time-dependent. In 
the anion exchange separation, Pu losses occurred when 
the Pu valency was not properly adjusted; losses i n 
creased with i n c r e a s i n g Cm-2 42 concentration and, 
hence, i r r a d i a t i o n dose. However, with valency adjust
ment by add i t i o n of hydrogen peroxide followed by 1 h 
b o i l i n g and by immediate processing through the anion 
exchange column, losses could be kept at about 5 % even 
with r e l a t i v e l y high Cm-2 42 concentrations. In the 
cation exchange step, Am recoveries of 90 to 98 % and 
Cm-242 recoveries of 85 to 95 % were observed; decon-
tamonation f a c t o r s were 100 to 300 f o r Zr/Nb-95, > 2000 
for Ru-103/106, and > 10000 f o r other f i s s i o n products. 
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Separation of Actinides from Purex-Type High Active 
Waste Raffinates 

Development of Experimental Studies at 
JRC-ISPRA Establishment 

L. CECILLE, H. DWORSCHAK, F. GIRARDI, B. A. HUNT, 
F. MANNONE, and F. MOUSTY 
JRC-ISPRA Establishment, 21020 ISPRA (Varese), Italy 

The reduction of the potential long term hazard of radioactive wastes generated 

by the nuclear fuel cycle has been the objective of European and USA R&D program

mes. Several conceptual and experimental studies on the feasibility of the actinide se

paration from radioactive wastes (waste partitioning) have been developed at various 

national (USA, Sweden) laboratories (1—4). Experimental investigations in this field 

were also carried out until 1977 in France, at the CEA laboratories (5). 

Various separation techniques currently applied for actinide recovery processes 

( precipitation, solvent extraction and ion exchange) were regarded as potentially pro

mising for partitioning purposes. The aim of the waste partitioning is however quite 

different from that of existing actinide recovery processes, which mainly serve to 

purify actinides from fission products (FP). Consequently, existing actinide recovery 

processes need to be suitably adapted in order to meet the new requirements of 

waste partitioning. 

If the separation of actinides from HAW is demonstrated to be feasible, a num

ber of alternative waste management options could open up, due to large differences 

in the radiation properties of the two waste fractions. 

HAW Partitioning Studies 

Partitioning studies at the Joint Research Centre - Ispra Establishment of the 
Commission of the European Communities were oriented towards highly radioactive 
wastes generated by the 1st TBP extraction cycle of the Purex process (HAW raffi
nâtes) and towards actinide separation techniques operating under low acidity condi
tions such as solvent extraction by TBP or HDEHP and oxalate precipitation (6-11). 
The HAW partitioning was deemed to be the first stage of an advanced waste mana
gement strategy based on the continuous recycling of separate actinide wastes with
in the fuel cycle. Other alternative waste management options based on separate sto
rage and disposal of the two waste fractions, will be studied at a later stage. It was, 
in fact, considered that, while a decision on waste partitioning or not must be reached 
within a few years, a final decision on a separated actinide management can be de
ferred for much longer times. 

0-8412-0527-2/80/47-117-427$05.00/0 
© 1980 American Chemical Society 
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428 ACTINIDE SEPARATIONS 

The main objectives of HAW partitioning studies are: 
(1 ) to demonstrate on a laboratory scale the technical feasibility of the actinide se
paration from HAW raffinâtes. Laboratory experiments at tracer and full activity 
level are performed in order to obtain fundamental data and other information 
needed to develop on a laboratory scale complete HAW partitioning flow-sheets; 
(2) to evaluate the engineering implications of the partitioning flow-sheets deve
loped on laboratory scale. The engineering assessment is performed assuming that 
only established technologies and equipment will be utilized; 
(3) to prepare reference conceptual designs for preliminary cost evaluations. 

Experimental 

To integrate the HAW partitioning into a waste management scheme including 
concentration, intermediate storage and conditioning steps, two options can be en
visaged. The HAW may in fact be partitioned: 
(1 ) either immediately after being generated by the 1st Purex extraction cycle 

(DIRECT partitioning); 
(2) or after a suitable period of intermediate storage in concentrated form 

(DELAYED partitioning). 
Experimental studies were therefore directed to investigate the removal of actinides 
from both diluted (5000 l/t) and concentrated (about 500 l/t) HAW solutions. Three 
alternative processes have been selected for this purpose. They all rely upon actinide 
separation at low acidity conditions requiring a preliminary denitration step. Two of 
them (TBP and HDEHP processes) are based on solvent extraction techniques using 
as extractants a neutral (TBP) and an acidic (HDEHP) organophosphorus compound 
respectively. The third process (OXAL) applies as the first step the precipitation of 
actinides and lanthanides FP as oxalates. 

It is assumed that: 
(1 ) the HAW raffinate to be partitioned is generated by reprocessing of LWR spent 
fuels irradiated at 33,000 MWd/t, and cooled for 150 days before reprocessing; 
(2) 99.5% of U and Pu originally present in the spent fuel is removed by the Purex 
reprocessing operations; 
(3) the separation of Np is attained either by co-extraction with U and Pu during 
the Purex process or, without affecting conventional reprocessing operations, during 
an additional extraction cycle of acidic HAW aimed at removing residual Pu before 
the acidity reduction step. 

Even though the degree of the actinide removal still needs to be more precisely 
defined, actinide decontamination factors (DF) of 103 for Pu, Am and Cm are taken 
as target values to be attained (12) by a specific partitioning process on HAW raffi
nâtes. A DF of about 10 for Np appears to be sufficient; higher values would in
deed yield only an insignificant advantage (12). 

The TBP extraction process. The extraction of trivalent actinides by TBP 
may succeed, as well known, at low acidity conditions, provided a sufficient nitrate 
salt content is reached in the feed solution (13,14). However, the large amount of 
salting agents to be added to the HAW (tons of Na and Al nitrate per ton of spent 
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30. C E C i L L E E T A L . Separation of Actinides at JRC-ISPRA 429 

fuel) would lead to an unacceptable volume increase of the vitrified waste. On the 
contrary, if about ten-fold concentrated HAW is processed, the amounts of Na and 
Al nitrate to be added per ton of spent fuel will remain comparable with the propor
tions of the additives required for the glass making process. This means on the other 
side that the TBP process can be applied only for a DELAYED partitioning, i.e. after 
an adequate additional cooling period of the HAW. After 5-years cooling, the activi
ty level will decrease by a factor of 10 approximately with respect to that at 150-
days cooling. A still higher benefit may, moreover, come from the virtually total de
cay of 9 5 Zrand 9 5 Nb, the most detrimental isotopes to solvent integrity. 

The concentration of HAW raffinâtes and the addition of suitable amounts of 
nitrate salts are therefore the key steps on which the applicability of the TBP pro
cess for partitioning purposes is based. 

The main steps of this process are illustrated in Fig. 1. The HAW is assumed to 
be concentrated at the reprocessing plant to about 500 l/ton and will have at the end 
of the 5-years storage period a nitric acid concentration of about 4 M. Concentrated 
and stored HAW solutions are expected to contain a considerable amount of precipi
tates that may have been formed freshly during the foregoing steps and may include 
also solids from reprocessing operations. After separation, these precipitates are ex
pected to need further treatment for actinide removal. However, laboratory results 
obtained with simulated HAW solutions showed that maintaining the acidity above 
4 M during the HAW concentration, the fraction of Pu adsorbed on the precipitates 
may be significantly reduced. Therefore, provided the acidity may be kept at the 
same level also during the storage period, the treatment of these precipitates could 
eventually be limited to a simple washing. 

Two options are proposed for this process. In the case op option 1, after remo
val of precipitates (clarification), an additional extraction cycle of acidic HAW is in
troduced before the denitration step. The purpose of this cycle is to get acidic HAW 
virtually free from extractable Pu (and also from Np and U) so that, during the suc
cessive HAW denitration, the formation of Pu-bearing precipitates should be sub
stantially minimized. A conventional Purex type co-decontamination cycle is pro
posed for the selective removal of Pu, U (and Np, if the latter has not been previous
ly co-extracted during the Purex reprocessing operations). According to option 2, 
the denitration of concentrated HAW is carried out without any previous Pu extrac
tion. During denitration, as the acidity of the HAW solution decreases, hydrolysis 
and polymerisation of extractable Pu is expected, together with precipitation of 
hydrolysable FP still remaining in the solution. It appears, however, at least from 
results obtained on simulated HAW solutions that by carrying out the denitration 
under suitably selected process conditions, it should be possible to reduce the reten
tion of Pu on the precipitate to less than 1% of its initial amount. A detailed study 
on the denitration process and reaction mechanisms involved is presently under way. 

The TBP countercurrent extraction step will provide for the separation of Am, 
Cm and Lanthanides from other FP. From the latter, the most part of extractable 
Mo and Zr could have been already eliminated in the foregoing steps (Pu, Np, U ex
traction and precipitation at low acidity) whereas the Ru remaining from the fore
going precipitation (about 50%) should distribute nearly equally between the orga
nic and aqueous phases. 
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Actinides and RE will be back-extracted from TBP by a complexing O.1 M pen-
tasodium diethylenetriaminepentaacetate (Na5 DTPA) solution in 1 M glycolic 
acid at ρ H = 3. 

The aqueous strip solution will form directly the feed solution of the Am, 
Cm/RE countercurrent separation step, to be performed according to the operating 
conditions of the TALSPEAK process (15). The presence of a complexing agent like 
DTPA will prevent the extraction of Am and Cm whereas the RE will be more easily 
extracted by di(2-ethylhexyl)phosphoric acid (HDEHP) in n-dodecane (pH = 3). 

By a separate scrubbing of the loaded solvent with a fresh aqueous DTPA solu
tion, the Am-Cm fraction lost to the organic phase should be completely removed. 
The two DTPA aqueous phases will constitute the starting solution for final actinide 
conditioning processes. 

The HDEHP extraction process. The proposed HDEHP flow-sheet is illus
trated in Fig. 2. In this flow-sheet the only extractant used through the whole pro
cess is HDEHP. It is a well known acidic organophosphorus compound with extrac
tion capacities for metal-ions highly dependent on the hydrogen-ion concentration. 
This extractant has not been used in fuel reprocessing plants but in many actinides 
separation processes such as DAPEX (16), PUBEX and CLEANEX (17). Its pro
perties (extractive capacity, radiation stability, etc..) are therefore reasonably well 
known (17,18). The use of this extractant has created some problems deriving 
from the reduced loading capacity of the solvent as well as from its strong complexing 
properties, causing difficulties for the back-extraction of some elements (Zr, Mo) 
and for its clean-up. 
The solutions so far experimented to solve these problems, namely: 
1 ) the use of large volumes of solvent to balance its reduced loading capacity, 
2) the use of suitable chemicals and operating conditions in order to improve the 

back-extraction efficiency, 
3) the addition of TBP to the HDEHP/n-dodecane mixture in order to avoid the 

third phase formation during the alkaline washing, 
appear to be effective from the chemical and hydraulic points of view but unsatisfac
tory from that of the overall waste balance, due to the generation of non-recyclable 
waste streams in which the absence of alpha-contaminants cannot be guaranteed. 

Also for the HDEHP process, two options are proposed that are quite similar to 
those already proposed for the TBP flow-sheet, i.e. an additional U, Pu and Np ex
traction cycle to be performed before denitration (option 1) or alternatively a deni
tration step without any previous HAW treatment (option 2). The operating condi
tions of the denitration process are similar to those indicated for the TBP flow-sheet. 
Results obtained using simulated HAW solution showed also in this case the possibi
lity of minimizing the Pu adsorption on precipitates, if suitable process conditions 
are applied in carrying out the denitration step (HCOOH/HN0 3 =2; pH = 2). 

After the denitration, the process steps sequence of option 2 is similar to the 
"Reverse Talspeak Process" already developed on a cold laboratory scale at the KfK 
laboratories of Karlsruhe (19) for the recovery of actinides from HAW. It involves 
the coextraction of actinides with RE by HDEHP/TBP in n-dodecane at about pH2, 
the selective stripping of actinides by a Na5 DTPA-glycolic acid solution and the 
stripping of RE by 4 Μ HN0 3 . In the case of option 2, the stripping of co-extracted 
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C L A R I F I C A T I O N 

F R O M 
P U R E X 

P R O C E S S 

E X H A U S T I V E E X T R . 
(U, Pu, Np) 

A L P H A - S O L I D 
T R E A T M E N T 

H A W V I T R I F I C A T I O N 

Θ 

T O 
P U R E X 
P R O C E S S 

- H A W (5000 l/t) 

D E N I T R A T I O N 
pH = 2 

HCOOH 

C L A R I F I C A T I O N 

RE + A C T I N . E X T R A C T I O N 
(Reverse T A L S P E A K ) 

A m , Cm STRIPP ING 
A m , Cm (DTPA) 

^ H D E H P 

RE STR IPP ING 

Pu, Np STR IPP ING 

A C T I N I D E W A S T E 
M A N A G E M E N T 

Figure 2. Process scheme for the direct HAW partitioning based on the actinide 
extraction by HDEHP (HDEHP Process) 

H A W (5000 l/t) 

i 
D E N I T R A T I O N + P R E C I P I T A T I O N HCOOH 

pH ~ O.2 " ~ ~ H 2 C 2 0 4 

C L A R I F I C A T I O N 

HAW 
V I T R I F I C A T I O N 

PPT (RE + ACT. ) 

O X A L A T E D I S S O L U T I O N |^ HNo 3 

Pu, Np S E P A R A T I O N 
( E X T R . or P A R C H R O M . ) 

NaOH (pH ~ 2) 
R E / A C T . S E P A R A T I O N 
( P A R C H R O M or T A L S P E A K 

A C T . 

A C T I N I D E W A S T E 
M A N A G E M E N T 

Figure 3. Process scheme for the direct HAW partitioning based on actinide 
oxalate precipitation (OXAh Process) 
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Pu and Np is carried out by a O.8 M H 2 C 2 0 4 solution. 

The OXAL process. The flow-sheet of the Oxal process is shown in Fig. 3. 
The denitration is carried out by slow addition of the waste solution to the boiling 
mixture of formic and oxalic acid. The presence of the oxalic acid during the deni
tration prevents the polymerisation and precipitation of hydrolysable ions such as 
Zr and Mo ions, and assures the precipitation of the RE and actinide oxalates from 
homogeneous solutions in a we 11-crystallized form. After clarification, the superna
tant is sent to vitrification and the oxalates are dissolved and destroyed by nitric acid 
so that a final solution (3M HN0 3 ) is obtained. 

The final separation of Am and Cm from RE can be done by applying the sol
vent extraction techniques developed in the HDEHP and TBP flow-sheets. As an al
ternative, partitioning techniques based on column extraction chromatography 
(LEVEXTREL-TBP and LEVEXTREL-HDEHP) are being experimentally studied on 
fully active HAW solutions. A final decision on the techniques for the actinide/RE 
separation will be reached at a later stage of the programme. 

Results and Discussion 

A synthetic waste solution simulating chemically a 150-day decayed HAW 
raffinate (Table I) was used to carry out tracer laboratory experiments on TBP, 
HDEHP and OXAL processes. 

Fully active laboratory scale experiments were started using firstly a Windscale 
HAW solution (5000 l/t) generated by the reprocessing of Magnox fuel elements 
with a burn-up value of 3500 MWd/t. The overall decay time was about 10 months 
and as the composition was not known, only relative activity measurements were 
performed. Other fully active HAW solutions were subsequently prepared in Ispra 
hot cells by dissolving U 0 2 samples irradiated at 26 - 36,000 MWd/t and cooled for 
about 4 years. Successive TBP batch-extraction steps were carried out under the 1st 
extraction cycle conditions of the Purex process to remove the bulk of U and Pu. 

Denitration experiments. Results reported in Table II are relating to the de
nitration tests performed on the unconcentrated HAW solutions (5000 l/t) as pro
posed in the HDEHP process scheme (option 2). 

By operating the denitration of simulated HAW with a HCOOH/HN0 3 molar 
ratio of about 2, it seems possible to maintain almost quantitatively the Pu in the 
extractable form. The following mechanism is tentatively proposed to explain the 
Pu behaviour during denitration: the lower retention of Pu into denitration precipi
tates at pH2 is probably due to the reduction of Pu (IV) to Pu (III), even if Pu is 
initially present under polymeric form. This reduction is probably promoted by the 
formic acid decomposition in the presence of the Pd and Rh black acting as catalysts 
(20,21). Preliminary results of fully active runs (Table II) are quite comparable 
although some Pu was lost to the precipitate. The higher Pu fraction adsorbed on the 
precipitate separated in the active run nr. 3 was probably due to the incomplete dis
solution of Pu formate by the 4M HN0 3 wash. 
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TABLE I : Composition of simulated HAW solution calculated from ref. 22 & 23 
assuming a value of 5000 l/ton U, (burn-up = 33,000 MWD/ton; initial 
2 3 5 U enrichment = 3.3%; decay time = 150 days) 

Element g/i Element g/i 

Ge(IV) 7.10 s La(lll) O.254 
As(lll) 1.75-10s Ce(lll) O.576 
Se(IV) O.01 Pr(lll) O.24 
Br(V) 3-10"3 Nd(lll) O.78 
Rb(l) O.066 Pm(lll) O.021 
Sr(ll) O.18 Sm(lll) O.16 
Y(IM) O.094 Eu(lll) O.036 
Zr(IV) O.73 Gd(lll) O.021 
Mo(VI) 
RuNO(lll) 
Rh(lll) 
Pd(ll) 
Ag(l) 
Cd(ll) 
In(lll) 
Sn(IV) 
Sb(lll) 

O.69 
O.45 
O.08 
O.26 
1.2-10"2 

O.017 
2.4- 10"4 

O.011 
3.5- 10"3 

Al(lll) 
Cr(lll) 
Ni(ll) 
Cu(ll) 
Zn(ll) 

O.0021 
O.096 
O.047 
O.02 
O.024 

Mo(VI) 
RuNO(lll) 
Rh(lll) 
Pd(ll) 
Ag(l) 
Cd(ll) 
In(lll) 
Sn(IV) 
Sb(lll) 

O.69 
O.45 
O.08 
O.26 
1.2-10"2 

O.017 
2.4- 10"4 

O.011 
3.5- 10"3 

Na(l) 
Fe(lll) 

1.61 
1.88 

Mo(VI) 
RuNO(lll) 
Rh(lll) 
Pd(ll) 
Ag(l) 
Cd(ll) 
In(lll) 
Sn(IV) 
Sb(lll) 

O.69 
O.45 
O.08 
O.26 
1.2-10"2 

O.017 
2.4- 10"4 

O.011 
3.5- 10"3 U(VI) O.95 

Te(IV) O.113 Np > 15.2-10"3 

KV) O.054 Pu 9.08-10"3 

Cs(l) O.544 Am 30.6-10-3 

Ba(l I) O.278 Cm 7.06-10"3 

TABLE II : Behaviour of Pu during denitration of unconcentrated HAW solutions 
by formic acid 

Run nr. 1 2 3 4 

HAW solution 
(5000 l/t) 

simulated simulated fully active fully active 

chemical form of Pu 
ionic polymeric* probably 

ionic 
probably 
ionic 

HCOOH/HNO3 
molar ratio 

2 2 - 2 2.2 

% Pu left in the 
supernatant solution 86 61 70 56 

% Pu recovered by 
formic and nitric 
washings 

14 39 28 43.4 

% Pu left in the 
precipitate <O.1 <O.1 2 O.6 

* prepared according to reference 24 
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The behaviour of Am and Cm was quite similar to that observed for Pu. Expe
riments are still in progress to optimize the operating conditions. 

Results obtained from denitration tests performed on a concentrated synthetic 
HAW solution (500 l/ton U) as proposed in the TBP process scheme (option 2), 
were comparable to those discussed above. The experiments were so far done on is
mulated HAW solutions. Active runs are scheduled for the second half of 1979. 

Solvent extraction experiments. Until now all extraction and back-extraction 
tests were performed batchwise. Typical results obtained for the HDEHP process 
(Table III) do not show significant differences between extraction tests performed 
on simulated and fully active HAW solutions. 

TABLE III : Percent separation yields obtained from HDEHP batch extraction tests 
on simulated and fully active HAW solutions 

Option Elem. Solvent Simulated HAW Fully active HAW 
Option Elem. Solvent 

Acidity % Extr. 
yield1 

Acidity % Extr. 
yield1 

1 

Pu 
U 
Np 
Mo 
Zr 

O.25 M 
HDEHP 

in 
mesitylene 

4 M 
HN03 

>99.8 
>99.9 

80 2 

92 
99.5 

4 M 
HNO3 

>99 4 

3 

Pu O.3 M >99 >99.5 

Np HDEHP >98 3 

Ru O.2 M TBP pH = 2.11 -O.5 pH = 2.76 ~ 1.0 

2 Am in >98 >99.5 

Cm n-dodecane >99 >99.5 

Ce >98 >99.5 

Eu >99 >99.9 I 

after a single extraction stage 3 not measured 
cumulative, after 4 extraction stages 4 solvent: O.3M HDEHP - O.2M TBP in n-dodecane 

Pu, Am and Cm separation yields appear to be sufficiently high considering 
that the indicated values correspond to a single extraction stage. 

According to the preliminary results of a single back-extraction test performed 
on fully active laboratory scale, after three successive back-extraction stages, the 
overall Pu stripped from the loaded HDEHP/TBP solvent originated by the exhaus
tive extraction step (option 1 ) was nearly quantitative. 

As far as the back-extraction of loaded HDEHP/TBP solvent is concerned 
(option 2), only simulated HAW solutions have been so far tested. Results reported 
elsewhere (10) indicated that Pu, Mo, Zr and U may be almost quantitatively re
moved from the loaded HDEHP/TBP solvent by an oxalate solution at pH 2.5 and 
confirmed that this organic mixture, employed according to the "Reverse Talspeak 
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Process", is able to attain a well satisfactory separation of trivalent actinides from 
RE. Hot cell extraction tests are in progress. 

Also in the case of the TBP process, only simulated HAW solutions have been 
until now used to study the process feasibility. Results have already been reported 
(9), which indicated that separation yields of about 99.9% can be obtained for Am 
after three successive extraction stages operating with a concentrated HAW solution 
adjustedto O.1 — O.2 Μ HN0 3 , O.65 M AI(N0 3) 3 and 1.3 M NaN0 3. The 
back-extraction of all the actinides and RE from loaded TBP (30% in n-dodecane) 
was carried out by means of Na5 DTPA-glycolic acid solution which can be then 
used directly to separate Am and Cm from RE according to the Talspeak process 
(15). 

Oxalate precipitation experiments. Simulated and fully active HAW solutions 
have been utilized to carry out experimental tests on the separation of actinides by 
oxalates precipitation and on the actinide/RE separation steps. 

The Oxal process was initially tested by carrying out separately the HAW de
nitration and the oxalate precipitation. Results obtained from simulated and Wind-
scale HAW solutions are in good agreement. The best DF for Am and Cm (~ 2 χ 103) 
were obtained, however, on the Windscale solution, operating at about pH 2. 

To prevent during the denitration step the formation of precipitates on which 
Pu and Am were partially and irreversibly adsorbed, denitration and oxalate precipi
tation were carried out in a single step by addition of the waste solution to the for
mic and oxalic acid mixture, the latter acid acting as a metal complexant during the 
denitration step. By experimental tests performed on simulated HAW according to 
this modified process scheme, separation yields of about 99.5% for Pu and 99.8% 
for Am were measured. A further reduction of the actinide content was reached by 
flowing the clarified HAW solution through a Dowex 50 resin column. The oxalate 
precipitation experiments on fully active HAW solutions have practically been com
pleted. The results obtained from five runs (Table IV) confirmed the previous results 
obtained on simulated solutions. 

TABLE IV : Percent distribution of actinides and RE measured after denitration-
-oxalate precipitation tests on fully active HAW solutions 

"^£lejrients 
Streams - ^ ^ ^ 

% Distribution "^£lejrients 
Streams - ^ ^ ^ Am, Cm Pu RE 

Initial HAW solution (5000 l/t) 100 100 100 

Supernatant after denitration + 
oxalate precipitation 

O.1 -O.8 <O.6 <O.5 

HAW effluent from DOWEX 50 
column 

<O.05 <O.1 <O.05 

Solution of re-dissolved oxalates > 99.95 >99.9 > 99.95 

including the resin column wash 
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LEVEXTREL resin in the HDEHP form (Bayer, Leverkusen, FRG) was used 
as stationary phase and two columns were utilized to remove Pu and Am-Cm-RE 
from the respective acidic and low-acidity feed solutions. More than 99% of Pu was 
adsorbed and eluted from the first chromatographic column by oxalic acid, whereas 
less satisfactory results were obtained for the Am, Cm/RE separation tests, fractions 
of Am and Cm as high as a few percent being carried over into the RE fraction. 

Process Engineering Assessment Studies 

The scope of these assessment studies is the identification of the process engi
neering and technical solutions suitable to realize the single process steps and relying 
completely on systems and equipment that have already been successfully employed 
by the nuclear fuel cycle technology. 

The TBP process. Going through option 1 of Fig. 1 a clarification of the con
centrated HAW is necessary to take out solids that might have been in the HAW ini
tially or might have been formed during its interim storage. They could, in fact, carry 
the Pu contamination through the following exhaustive extraction cycle, indepen
dently from hydraulic troubles that their presence would provide. Solids can be sepa
rated either by filtration or by centrifugation. Since their actinide content is too high 
for direct vitrification, they can be transferred without any particular washing to a 
common treatment system with the solids separated in the reprocessing operations 
from the dissolver product. 

The exhaustive U, Pu extraction step is best achieved in pulsed columns rather 
than in mixer settlers in order to keep the contact time lower at the very high radia
tion level. This operation is expected to produce as its main product a HAW raffi
nate that is virtually free of Pu (and Np, U); a scrub appears therefore superfluous 
and would dilute only the HAW. In order to attain still a good extraction efficiency 
within a few stages, A/O phase ratios < 3 should be avoided. This ratio corresponds 
to a TBP saturation by heavy metals of about 18%. Considerable amounts of Zr 
are therefore co-extracted, being however present essentially as inactive isotope. 
Either a complexing or a reductive stripping is advisable in order to keep the aqueous 
flow small and the acidity sufficiently high to avoid hydrolysis of Zr. 

The organic waste stream can be regenerated by the usual procedures applied 
in a Purex scheme and the (rather small) amounts of salted aqueous wash wastes 
can be treated together with those of the Purex plant in case some alpha contamina
tion is carried over by incomplete stripping due to retention phenomena. 

The principal actinides separation step is performed at low acidity, at pH of 
about 2. Denitration of HAW is therefore a crucial operation step on which little 
information is available. The operational margin is rather restricted. A too high pH 
would leak to heavy precipitate formation with actinides adsorbed on them. Only 
a batch-wise operation mode can satisfy the chemical and operational requirements 
and furthermore the utilisation of boiling formic acid raises material corrosion pro
blems. 
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In any case there will be precipitates and the solution needs therefore to be 
clarified. This operation should be performed just before feeding the solution into 
the counter-current extraction step. The adjustment by sodium and aluminium ni
trate must therefore be performed first. The addition of an acid deficient Na-AI ni
trate solution on the other side would allow stopping the denitration at a higher 
residual free nitric acid concentration, i.e. at less critical process control conditions. 
As to the precipitates, uncontrolled actinide amounts may be entrained by them. 
To avoid time consuming control measures, it seems advisable to treat them "a priori" 
as alpha contaminated. A simple separation without any washing will therefore be 
sufficient before joining them to the other alpha solids, as mentioned above. 

The following extraction-stripping operation provides for complete Am and 
Cm extraction, together however with the RE fraction of the FP and substantial 
amounts of Ru. It acts in the 1st option as a back-up cycle for Pu and Np separation, 
otherwise these elements too must be separated here completely (option 2). The 
utilisation of pulsed columns remains the first choice also for this operation and the 
aqueous raffinate must meet the final specifications for "alpha free" HAW. Again 
it is therefore of highest importance to run the extraction section at convenient con
ditions, i.e. at a sufficient stage number and phase ratio. To an A/O ratio of O.33 
corresponds 33% TBP saturation (RE). Only experimental counter-current tests may 
be able to show if this phase ratio can be increased and if perhaps a scrub could pro
vide for a better separation mainly from Ru, without compromising the complete 
Am-Cm extraction. 

The main purpose of the separation of Am-Cm from RE by the well known 
Talspeak process is to liberate the RE fraction from actinides. The acceptable rési
duel RE content in the actinide stream on the contrary will depend widely on the 
further destination of the latter. It is in any way not a critical point. Therefore, high 
A/O ratios and an efficient aqueous scrub section must provide for an as low as 
possible extraction of Am and Cm. For these operations mixer-settler batteries 
seem to offer the most convenient approach, taking into account radiation levels, 
flow rates and extraction (and back-extraction) kinetics. 

The HDEHP process. Conceptually this process is very similar to the TBP 
process as Fig. 2 shows. Therefore only the main differences are pointed out here. 
They concern: 
1 ) the flow rates. The treatment of unconcentrated HAW means about 10-fold 
higher aqueous flow rates. The factor for the organic extractant is still more unfa
vourable taking into account the limited loading capacity of the HDEHP with res
pect to TBP. The consequences on equipment dimensions and plant layout appear 
evident; 
2) this process is foreseen for DIRECT HAW partitioning, i.e. for potentially short 
cooled HAW containing still considerable levels of 9 5 Zr and 9 5 Nb. Both elements 
are strongly extracted by HDEHP, a fact that will lead to heavy radiation damage 
with resulting operational difficulties and separation efficiencies reduction; 
3) no salting is required. Therefore any possibility of a less extended denitration 
with a final pH adjustment is excluded. 
4) a simple back-extraction operation on the loaded organic phase is required in 
the last step. In order to remove the RE in the second stripping section to the re-
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quired specifications for residual alpha contaminants, it is essentail that in the first 
stripping section Am-Cm have been back-extracted quantitatively and that residual 
Pu and Np are kept also quantitatively in the organic layer. Retention and/or en
train ment phenomena would seriously compromise the feasibility of this process. 

The OXAL process. The most significant difference of this process with res
pect to the foregoing processes is the possibility of separating from actinides an im
portant fraction of FP (mainly the couples Zr-Nb and Ru-Rh) without requiring 
solvent extraction operations. This makes the process highly attractive for the early 
DIRECT partitioning. On the other side, the handling of highly active solids in 
sludge form is considered one of the most difficult problems in the reprocessing 
field. A thorough analysis of the problem shows, however, that by operating batch-
wise, the denitration-precipitation as well as the dissolution of the precipitates could 
be performed in the same reactor, avoiding any solids transfer and counter-washing 
operations. After the dissolution of the precipitates, a small insoluble fraction might 
require clarification. The further separation of the actinides from residual FP main
ly RE, or vice versa, can be performed in the most appropriate way by one of the 
processes described above. 

Conclusions 

On the basis of the laboratory indications presently available, all three pro
posed partitioning processes appear to be feasible and to have the potential for re
moving actinides from HAW up to the necessary level. 

Additional data on the actinide losses to the various secondary waste streams, 
on the radiation stability of the chemicals used for stripping operations, as well as 
on their recycle or removal as wastes still need to be obtained on laboratory scale 
for fully active HAW. The obtained results will provide the basis for deciding 
whether to proceed or not to a pilot plant scale experimentation. Until such experi
ments are performed it will be impossible to demonstrate the overall feasibility of 
the selected partitioning process with an acceptable degree of reliability. 
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Removal of Americium and Curium from High-Level 
Wastes 

W. D. BOND and R. E. LEUZE 

Chemical Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37830 

A number of potential methods for removing americium and cur
ium from high-level liquid waste have been investigated at Oak 
Ridge National Laboratory for their applicability to waste parti
tioning (1, 2, 3, 4,). Processes acceptable for americium-curium 
removal must give a high-degree of recovery and produce a semi
-pure, concentrated product of these actinides. All separations 
methods investigated consisted of two general process steps. 
First, the trivalent actinide and lanthanide elements are separat
ed from the other elements in the waste. In the second step, am
ericium and curium are then separated from the lanthanide elements. 
Experimental studies have largely been laboratory-scale in which 
synthetic waste solutions and tracer levels of radioactivity were 
utilized. A few laboratory-scale experiments were made in hot 
cells on the coextraction of trivalent actinides and lanthanides. 
The two most promising methods investigated for co-removal of tri
valent actinides and lanthanides are: 

1. A solvent extraction process (4, 5) utilizing dihexyl-
[(diethylcarbamoyl)methyl]phosphonate (DHDECMP) as the extractant. 
This extractant is also called dihexyl-N,N-diethylcarbamylmethe-
lenephosphonate. 

2. The OPIX process (6, 7), which is based on an oxalate 
precipitation coupled with a cation exchange treatement of the 
supernatant liquid. 
Studies U, 2, 3, 4) on the separation of americium-curium from 
lanthanide elements indicate that both cation exchange chromato
graphy (8, 9) and the Talspeak solvent extraction process (JJO, 11) 
are promising methods. Only the most recent work at Oak Ridge 
National Laboratory is reported in this paper. Potential chemical 
processes for americium-curium removal and evaluations of their 
feasibility have been reported previously (1_, 2, 3^, _4). The most 
recent experimental work carried out includes the following: 

1. Hot-cell studies of the DHDECMP extraction process. 
2. Feasibility studies of continuous precipitation of oxa

lates in the OPIX process. 
3. Studies of Talspeak process flowsheets in continuous, 

0-8412-0527-2/80/47-117-441$05.00/0 
© 1980 American Chemical Society 
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countercurrent, m i xe r - s e t t l e r equipment and in batch ext ract ion 
te s t s . 

4. E f fects of impur i t ies derived from DHDECMP degradation on 
the ion exchange loading step of the cat ion exchange chromato
graphy process. 

Hot-Cel l Studies of the DHDECMP Solvent Extract ion Process 

The ext ract ion and s t r i pp ing of t r i v a l e n t act in ides and l an 
thanides were studied using h igh- leve l l i q u i d waste (HLLW) de r i v 
ed from spent LWR fuel (31,000 MWd/MT burnup and decayed fo r 4 
year s ) . A f t e r seven batch ex t rac t ion stages, the Am-Cm remaining 
in the waste was <O.01% with ind icat ions of continuing decrease 
with add i t iona l ex t rac t ion (Figure 1). In these ex t rac t i on s , the 
n i t r i c ac id concentration of the HLLW was 3 M and the HLLW was 
success ive ly contacted with an equal volume of 30% DHDECMP in d i -
isopropylbenzene in seven stages of batch, cross -current ex t rac 
t i o n . The combined ext ract phases were subsequently s t r ipped in 
a succession of contacts with O.05 M HNO3 using an o rgan ic - to -
aqueous phase r a t i o of O.5. More than 99% of the Am-Cm was s t r i p 
ped inthe first 3 stages (Figure 2) ; however, l i t t l e , i f any, was 
s t r ipped in subsequent stages. The Am-Cm and lanthanides which 
remained in the organic phase a f t e r the s t r i pp i ng tests with O.05 
M HNO3 w e r e r e m o v e d i * n a s ing le equal-volume contact with O.2 M 
Na2C03. The ease of removal of the t r i v a l e n t elements with sodium 
carbonate ind icates that the degradation products responsible fo r 
t h e i r retent ion are a c i d i c in nature. The lanthanide elements, 
cerium and europium, showed behavior that was e s s e n t i a l l y i n d e n t i -
cal to Am-Cm in both ex t rac t i on and s t r i pp i n g . No emulsions or 
t h i r d phases were observed in any of the equ i l i b r a t i on s of organic 
and aqueous phases. 

Continuous P r e c i p i t a t i o n of Act inide-Lanthanide Oxalates from HLLW 

The f e a s i b i l i t y of recovering >99.9% of the t r i v a l e n t a c t i 
nides and lanthanides using the OPIX process had previous ly been 
demonstrated by Campbell (6_, 7) in sma l l , batch tes t s in the l ab 
oratory and in hot c e l l s . About 90-95% of the t r i v a l e n t elements 
were removed in the p r e c i p i t a t i o n step, and the small amount r e 
maining in the supernatant l i q u i d was removed by a cat ion exchange 
column. I t was therefore of i n te re s t to determine whether the 
oxalate p r e c i p i t a t i o n step could be performed continuously s ince 
continuous methods a f fo rd many advantages with respect to both 
process scale-up and o p e r a b i l i t y . Since it was first necessary to 
demonstrate a continuous p r e c i p i t a t i o n concept that was b a s i c a l l y 
sound, studies were conducted with synthet ic wastes. Synthetic 
wastes were prepared to correspond chemical ly to HLLW derived from 
LWR fuel having a burnup of 33,000 MWd/MT. Methods of preparation 
of th i s synthet ic so lu t ion were described previous ly (2). E l e 
mental compositions are given in Table I. These i n i t i a l tests 
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'f 
t 

Q LU 

STAGE NUMBER 

Figure 1. Batch cross current extraction of Am-Cm from high-level liquid waste 
with 30% DHDECMP: 3M HN03; 25°C; organic-to-aqueous phase ratio = I. 

STAGE NUMBER 

Figure 2. Batch cross current stripping of Am-Cm from 30% DHDECMP with 
O.05M HNOs: 25°C; organic-to-aqueous phase ratio = O.5. 
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Table I. Synthetic Waste So lut ion Composition 

HN03 = 2.5 M 

Elements 

Rare earths 

Lanthanum 
Cerium 
Praseodymium 
Neodymium 
Samarium 
Europium 
Gadolinium 
Dysprosium 
Hoi mi urn 
Erbium 

O.205 
O.398 
O.196 
O.660 
O.143 
O.0275 
O.019 
O.0002 
O.000015 
O.000005 

Group VIII metals 

Ruthenium 
Rhodium 
Palladium 

O.344 
O.0625 
O.228 

Group I A a l k a l i earths 

Rubidium 
Cesium 

Group II a l k a l i n e earths 

Strontium 
Bari urn 

O.0535 
O.390 

O.1315 
O.268 

Other elements 

Zirconium 
Indium 
Yttr ium 
S i l v e r 
Cadmium 
Arsenic 
Antimony 
Molybdenum 
Selenium 
Tel lur ium 
T in 

O.585 
O.0002 
O.0755 
O.0095 
O.0185 
O.000015 
O.002 
O.55 
O.008 
O.0905 
O.008 
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made only with non-radioact ive synthet ic waste so lut ions ind icate 
that continuous p r e c i p i t a t i o n of t r i v a l e n t ac t i n i de and lanthanide 
oxalates appears f e a s i b l e . Important e f fec t s that can be expected 
by the intense rad ia t ion associated with h igh- leve l waste are gen
erat ion of heat w i th in the oxalate p r e c i p i t a t e and conversion of 
oxalate ions to gaseous CO2 and H2O. 

The experimental equipment used in studying the continuous 
oxalate p r e c i p i t a t i o n and the separation of the p r e c i p i t a t e from 
the l i q u i d is depicted schematical ly in Figure 3. The equipment 
allowed for options o f f i l t e r i n g or s e t t l i n g the p r e c i p i t a t e and 
the use of e i t he r one or two s t i r r e d tank reactors . The fo l lowing 
var iab les were studied: 

1. Oxal ic ac id concentrat ion (O.2 to O.3 M). 
2. Temperature (25 to 50°C). 
3. Degree of mixing (125 to 250 rpm). 
4. Residence time (15 to 40 min.) . 

The ro ta t iona l speeds of the s ix-b laded s t i r r e r s that were used 
corresponded to power inputs of O.02 and O.18 w a t t / l i t e r at speeds 
of 125 and 250 rpm, re spec t i ve l y . Concentrations of o xa l i c ac id 
during p r e c i p i t a t i o n and c ry s ta l growth in the s t i r r e d tank reac
tors were var ied by changing the flow r a t i o of o xa l i c a c i d - t o -
waste so lu t i on whi le maintaining the n i t r i c ac id concentration 
constant at O.9 M. Permiss ible n i t r i c ac id concentrations fo r the 
OPIX process (4, 6, 7) are O.5 to about 1.0 M HN0 3. Y ie lds of 
p r e c i p i t a t e were determined on the basis of praseodymium recovery. 
Tracer 1 4 2 P r ( h a l f - l i f e = 19.2 day, 1.6-MeV γ-ray) was used to 
measure y i e l d s . 

The best operating condit ions over the range of var iab les in
vest igated were (12): 

1. Two s t i r r e d tank reactors in s e r i e s . 
2. An oxa l i c ac id concentrat ion of O.3 M. 
3. Temperature of 25°C. 
4. Residence time of 40 min. 

S t i r r e r speeds were not s i g n i f i c a n t in the first s t i r r e d tank 
reactor , but the highest speed (250 rpm, O.18 w a t t / l i t e r ) gave 
s l i g h t l y better performance in the second reactor under some of 
the te s t condit ions (12.). Co l l e c t i on of the p r e c i p i t a t e by the 
g rav i t y s e t t l e r was not nearly as e f f e c t i v e as the ser ies of 12, 
5, and l-y -d iameter M i l l i p o r e f i l t e r s . Typical re su l t s obtained 
using two s t i r r e d tank reactors in se r ie s are shown in Table I I. 
Since a s i g n i f i c a n t f r a c t i o n of the p r e c i p i t a t e p a r t i c l e s is <12 μ 
in diameter, it is probable that cen t r i f uga t i on would be a good 
method of separating the p r e c i p i t a t e from the supernatant l i q u i d . 

Talspeak Process Studies 

In the Talspeak process, the separation of t r i v a l e n t a c t i 
nides and lanthanides is accomplished by coextract ing the two 
groups of elements into d i (2-ethylhexyl )phosphor ic ac id (HDEHP) 
from a carboxy l i c ac id so lu t i on and then p a r t i t i o n i n g the a c t i -
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SYNTHETIC 
WASTE SOLUTION 

STIRRED TANK 
REACTOR #1 

STIRRED TANK 
REACTOR #2 

S E T T L E R "Vi 

OXALIC ACID TANK 

^ V l 2 / x m FILTER 
^>5μπ\ F ILTER 

μπ\ FILTER 

WASTE TANK 

Figure 3. Equipment flowsheet for continuous precipitation of lanthanide oxa
lates 
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nides into an aqueous phase by s t r i pp i ng the HDEHP with a p a r t i a l 
l y neut ra l i zed (pH = 3), aqeuous so lut ion containing carboxy l ic 
acid and the complexing agent d iethylenetr iaminepentaacet ic ac id 
(DTPA). The aqueous ac t i n i de product is a c i d i f i e d (to pH 1.5), 
and the t r i v a l e n t act in ides are extracted into HDEHP to free them 
of carboxy l i c ac id and DTPA. They are subsequently back-extracted 
into 3 M HNO3. T n e e f fec t s of impur i t ies on process performance 
have received l i t t l e study. Zirconium is known to form highly in
so luble compounds with alkylphosphoric ac ids , but no information 
was ava i l ab le on the e f f e c t of H2MEHP on the separation factors 
for t r i v a l e n t ac t in ides and lanthanides. Performance with respect 
to zirconium impurity and the expected r a d i o l y t i c product of 
HDEHP, mono(2-ethylhexyl)phosphoric ac id (H2MEHP), was of p a r t i c u 
l a r i n te re s t and was invest igated in the studies reported here 
(13). 

The e f fec t s of zirconium on phase separations were studied in 
continuous m i xe r - s e t t l e r equipment at reference flowsheet condi 
t ions (Figure 4) . In these runs neodymium was used to simulate the 
O.05 N[ concentrations of t r i v a l e n t elements in the feed. I n i t i a l 
batch ext ract ion tests showed that 10-4 M Zr had l i t t l e or no 
e f f e c t on phase separations whereas at 10-3 M Zr i n t e r f a c i a l emul
sions or t h i r d phases were formed, making phase separations d i f f i 
c u l t . Subsequently, three flowsheet runs were ca r r i ed out in mix
e r - s e t t l e r s using 10"* M Zr in the feed so lut ions and the cond i 
t ions in Figure 4. No emulsions or i n t e r f a c i a l accumulations 
(sometimes c a l l ed cruds) were observed in the e x t r a c t i o n - p a r t i 
t i on ing (1A) bank. In the s t r i pp ing (2A) bank, emulsion formation 
was noted in stages 10 through 16, and some crud accumulated at 
the i n te r face of stage 16. Thus, the phase separation was some
what a f fected by the presence of 10"* M Zr. (This amount is equ i 
valent to O.5% of the Zr in HLLW; however, the act in ide- lanthan ide 
products obtained from e i t he r the DHDECMP ext rac t ion process or 
the OPIX process are not expected to contain th i s much zirconium.) 
Nevertheless, the process was operated success fu l l y fo r scheduled 
9-hour periods. The amount of i n t e r f a c i a l crud did not appear to 
increase with time. On the basis of these non-radioact ive tes t s 
using neodymium, it appears that the process can t o l e r a te z i r c o n 
ium impurity concentrations of about 10-4 M without se r ious l y im
pa i r i ng phase separat ion. 

Batch ex t rac t ion tests showed that H2MEHP concentrations up 
to about O.006 M did not se r ious l y a f f e c t separation factors 
(Table I I I ) . The separation f ac to r is defined as the r a t i o of 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 Am to that of Eu. The d i s t r i b u t i o n 
c o e f f i c i e n t fo r H2MEHP between 1 M g l y c o l i c ac id - O.05 M DTPA 
(pH = 3) and O.7 M HDEHP in d iethy l benzene was determined to be 
about O.7 and shows that t h i s impurity favors the aqueous phase. 
Thus, the p a r t i t i o n i n g step of the Talspeak process is e s s e n t i a l l y 
" s e l f - c l e a n i n g " with respect to H2MEHP. The concentration of 
H2MEHP on pers i s tent recyc le of the solvent w i th in t h i s step would 
be expected to increase by only a f ac to r of 3 greater than that 
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450 ACTINIDE SEPARATIONS 

Table I I I . E f fec t of H2MEHP Concentration on the 
Separation Factor f o r Americium and Europium in 

Talspeak P a r t i t i o n i n g 

H2MEHP, M 
D i s t r i bu t i on 

Am 
c o e f f i c i e n t s 

Eu 
Separation 

fac to r 

0 1.53 86 56 

O.002 1.64 83 50 

O.006 1.88 110 59 

O.02 2.56 110 43 

O.06 5.41 169 31 

formed during a s ing le pass using v i r g i n solvent. However, the 
HpMEHP formed in the ac t i n ide p u r i f i c a t i o n step would remain in 
trie organic phase since the d i s t r i b u t i o n c o e f f i c i e n t fo r H2MEHP 
at the a c i d i t y used for a c t i n i de p u r i f i c a t i o n (pH = 1.5) is ap
proximately 5. I t is expected that the p u r i f i c a t i o n step could 
t o l e ra te s i g n i f i c a n t amounts of H2MEHP, and solvent p u r i f i c a t i o n 
could be conducted on a campaign basis as needed. 

Ef fects of DHDECMP Degradation Products in Cation Exchange Chroma
tography 

The purpose of t h i s study was to determine i f any so luble 
DHDECMP or impur i t ies derived from DHDECMP by thermal, chemical, 
or r a d i o l y t i c degradation might a f f e c t the loading step of a ca t 
ion exchange chromatography (CEC) process. The CEC process has 
been demonstrated to be t e chn i c a l l y f ea s i b l e fo r t r i v a l e n t a c t i 
nide and lanthanide separations {S9 9). Of p a r t i c u l a r i n te re s t 
was the poss ib le existence of complexing agents among the degrada
t i on products that could decrease loading of the t r i v a l e n t e l e 
ments. The DHDECMP-derived impur i t ies used in t h i s study were 
generated by thermal treatment with n i t r i c ac id (1^, _15). In some 
cases, the so lut ions were fur ther treated thermally or with chemi
cal reagents. The p r i nc ipa l species formed in the thermal degra
dation of solvents is genera l ly about the same as with r a d i a t i o n , 
although the thermal react ions occur more s lowly. However, it has 
been pointed out that there can be important d i f ferences 16). 
Compounds such as hydrogen peroxide and ozone (when a i r is present) 
are produced during i r r a d i a t i o n and can have an e f f e c t . 
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452 ACTINIDE SEPARATIONS 

Ef fects of thermal and chemical degradation products were 
determined by measuring the d i s t r i b u t i o n c o e f f i c i e n t s , K, between 
cat ion res in (Dowex 50-X8) and lanthanide n i t r a t e so lut ions con
ta in ing 142p r (14). in no case did we observe a decrease in Κ 
values because of the presence of impur i t i e s . Typical experiment
al re su l t s are given in Table IV. The bidentate impur i t ies were 
prepared by re f l ux i ng DHDECMP with 4 M HNO3 f ° r 9 hours. We gen
e r a l l y observed a r e l a t i v e l y small increase (10 to 20%) in Κ 
values when bidentate-der ived impur i t ies were present. I t is not 
known whether the increase is due to sorpt ion of organophosphorus 
compounds of the lanthanide elements. I t may be important to 
determine the e f fec t s of bidentate impur i t ies in the chromatogra
phic e l u t i o n . However, only a small f r a c t i on of the t o t a l e l e 
ments would be expected to be a f fec ted . 

Summary 

The DHDECMP process was demonstrated to give a 99.5% removal 
of act in ides from actual HLLW in sma l l - s ca le , batch ext ract ion 
t e s t s . Results from cold tes t s i nd ica te that it may be poss ib le 
to carry out the oxalate p r e c i p i t a t i o n step of the OPIX process 
continuously. About 90% recovery of the t r i v a l e n t act in ides and 
lanthanides can be achieved in the continuous p r e c i p i t a t i o n . The 
presence of zirconium impurity in feed so lut ions to Talspeak pro
cess at concentrations of 10-4 M (O.5% of the Zr in the o r i g i n a l 
waste) a f fected phase separat ions, but equipment could be operated 
s a t i s f a c t o r i l y in cold t e s t s . Zirconium concentrations of 10"" 3 M 
se r i ou s l y a f fected phase separat ions, and substant ia l quant i t ie s 
of i n t e r f a c i a l cruds were formed. Modest concentrations (O.006 M 
or less ) of H2MEHP, a suspected degradation product of HDEHP, did 
not a f f e c t separation f ac to r s . The presence of impur i t ies derived 
from the thermal degradation of DHDECMP did not i n h i b i t the load
ing of the t r i v a l e n t a c t i n i de and lanthanide elements in the ca 
t i o n exchange chromatographic process fo r t h e i r separat ion. 

On the basis of our studies to date, it appears that the b i 
dentate (DHDECMP) solvent ex t ract ion process and the OPIX process 
are the leading candidate processes f o r the co-removal of t r i v a l 
ent ac t i n i de and lanthanide elements from HLLW. The cat ion ex
change chromatography and the Talspeak processes are the leading 
candidate processes fo r the subsequent separation of ac t in ides and 
lanthanides. The bidentate and cat ion exchange processes are f u r 
ther along in t h e i r development than the other processes and are 
cur rent l y (17) considered the reference processes f o r the p a r t i 
t i on ing of Am-Cm from HLLW. 
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Americium Recovery and Purification at Rocky Flats 

JAMES D. NAVRATIL, LARRY L. MARTELLA, and GARY H. THOMPSON 

Rockwell International, Rocky Flats Plant, P.O. Box 464, Golden, CO 80401 

The Rocky Flats Plant (RFP) has a large recovery facility to 
recover plutonium from miscellaneous scraps and residues; a by
-product in the plutonium recovery stream is americium from the 
decay of plutonium-241. Currently a NaCl-KCl-MgCl2 eutectic 
salt is used at Rocky Flats to separate americium from plutonium 
in a molten salt extraction (MSE) process. 

As a consequence of experimental runs and changes in process 
salt mixtures, a variety of waste salts and alloys have been 
produced, and much of this material is in storage. These waste 
products contain varying quantities of magnesium, sodium, 
potassium, calcium, and aluminum as well as plutonium and 
americium. 

Although alloys produced during metallothermic reduction 
clean-up of waste salts are not being processed, processing of 
waste salts (except those containing aluminum) is being done 
by the process shown in Figure 1. The process includes (1) 
dilute hydrochloric acid dissolution of residues; (2) cation 
exchange to convert from the chloride to the nitrate system and 
to remove gross amounts of monovalent impurities; (3) anion 
precipitation; and (5) calcination at 600°C to yield AmO2. AmO2 

which meets specifications (≥ 95% AmO2, < 1% individual con
taminant elements) is sent to the Department of Energy Isotope 
Pool. 

Americium recovery development at Rocky Flats comprises 
work to improve the ex is t ing process as well as to introduce new 
methods, espec ia l ly those that can par t i t ion americium and 
aluminum since the present cation exchange process can not do 
th i s . 

This report describes attempts to improve the recovery of 
americium. The first part of the report deals with evaluation 
of cation exchange resins used for the concentration of americium 
from low level solutions and for separating americium from major 
impurities. The second part of the report describes development 
of a process that w i l l recover americium from residues contain
ing aluminum as well as other common impurit ies. Results of 

0-8412-0527-2/80/47-117-455$05.00/0 
© 1980 American Chemical Society 
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32. N A V R A T I L E T A L . Am Recovery and Purification 457 

preliminary laboratory demonstration tests of both approaches 
w i l l be described. 

Ion Exchange 

In the cation exchange process plutonium and americium are 
cosorbed on the resin with mono- and divalent cations from the 
MSE process (J_). After act in ide breakthrough the column is 
washed with water to remove nonadsorbed ions remaining (e.g. 
ch lor ide ) , then eluted with 7M HNO3. Plutonium is oxidized to 
Pu(lV) and forms the hexanitrato complex PuiNOj)^ 2 ". Although 
this anionic complex is not adsorbed on the resin it s t i l l does 
not elute very rapid ly. We attr ibute this slow recovery to the 
d i f f i c u l t y the bulky complex has in d i f fus ing through the resin 
matrix, as well as the high se l ec t i v i t y of the resin for Pu(lV). 
The process should be made easier by using a gel-type resin of 
lower crosslinkage or a macroporous res in . The more open or 
porous structure of these resins decreases the distance an ion 
must travel through the matrix unt i l an open channel is reached. 
In addit ion it should also be easier to se lec t i ve ly elute con
taminant ions from more porous resins by using acid washes or 
chelating agents for the same reason. 

Gel-type cation exchange resins were therefore compared with 
a macroporous resin for the recovery of plutonium and americium 
from molten sa l t residues. The ef fects on act in ide recovery of 
loading and e lut ing in the downflow mode, and loading in the 
upflow, e lut ing in the downflow mode were also determined. 

Experimental 

Materials. Two MSE residues were used. These were Na-K-Mg 
chlor ide and Ca-K-Mg chloride waste sa l ts containing Pu and Am. 
The procedure for preparing the solutions is to so lub i l i ze the 
sa l t in O.5M HC1 at 90°C and f i l t e r to remove insolubles. The 
solutions are d i luted to a chlor ide concentration of 50 g/1. 
Analysis of these solutions gave the results l i s ted in Table I. 

Three resins were tested during this preliminary program. 
The first was the conventional gel-type resin currently used at 
Rocky Flats Plant, Dowex 50W-X8, with 8% crossl inkage. The 
second was also a gel-type res in , but with only k% crossl inkage, 
Dowex 50W-X4. The th ird resin was Bio-Rad AG MP-50, a 
macroporous res in . A l l three cation exchange resins were in 
the 50 to 100 mesh par t i c le s ize range. 

Chemicals used were reagent grade. 

Procedure. Plutonium was adjusted to Pu(I I I) by addition of 
2.5 g/1 hydroxylamine hydrochloride one-half hour before the 
column test. Seven tests were made in the downflow loading and 
elut ion mode. Solutions were fed to the column (3-0 cm d i a . , 
150 ml column volume) at 6 ml/min. The ion column eff luent (ICE) 
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ACTINIDE SEPARATIONS 

TABLE I 

Composition of MSE Waste Solutions 

= O.5 M Cl = 50 g/1 

Concentration, mg/1 

Component Na-K-Mg-CI System Ca-K-Mg-Cl System 

Al <10 <10 

Ca 15 20000 

Fe 11 <10 

Κ 15000 6200 

Mg 1700 650 

Na 12000 420 

Pb <10 <10 

S î 10 10 

Pu 3830 10400 

Am 180 43Ο 
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32. N A V R A T i L E T A L . Am Recovery and Purification 459 

was co l lected in fract ions and sampled to determine act in ide 
content. After act in ide breakthrough (O.1 g ac t in ide / l 
determined by radiometric monitoring of the column eff luent) 
loading was stopped and the column was washed with water at 13 
ml/min (total volume = 1 l i t e r ) . Elution with 7M HNO3 followed. 
In the first two tests 4.2 column volumes of ICE were co l lec ted. 
This volume is the average volume required for product recovery 
in production columns; it should be noted, however, that in 
production runs loading is upflow, e lut ion is downflow, so this 
comparison is not appropriate. In the subsequent f ive tes t s , 
product fract ions were co l lected to determine the rate of e lut ion 
and e lut ion was continued unti l recovery was more complete. 
After the product fract ions were co l lected the column was washed 
with water to remove the 7M HNO3. 

Four additional tests were made in the upflow loading, 
downflow elut ion mode. There were no changes in procedure, flow 
rates, e t c . , other than the change in d i rect ion of flows. Only 
the Dowex 50W-X8 and Bio-Rad AG MP-50 resins were tested in this 
test ser ies . 

When it became evident that not all plutonium was being 
removed from the res ins, addit ional washes with 6M HC1 or O.1M 
diethylenetriaminepentaacetic acid (pH = 8.0) were used to s t r i p 
the column before the next test . 

Samples of all ICE were submitted for analys is . Plutonium 
and americium were determined by radiometric techniques; and 
other elements were determined by atomic absorption. 

Results and Discussion 

Seven ion exchange tests were made in the downflow loading 
and e lut ion mode. The amount of act inides fed to the column and 
the percent act in ide recovery obtained with 4.2 column volumes 
of 7M HNO3 e lu t r i an t are shown in Table II. 

The capacity of the resins for act in ide is less when calcium 
is present; this is because the divalent calcium competes more 
e f f ec t i ve l y for ion exchange s i tes than does monovalent sodium. 
The capacit ies of the resins for individual act inides were not 
determined in these experiments. The re lat ive capacit ies for 
both Pu and Am from the MSE residues are discernib le from the 
act in ide adsorbed (the act in ide in the feed). 

The ideal resin would have high act in ide capacity and give 
complete recovery of plutonium and americium in a small volume 
of e lu t r i an t . Each of the resins tested has apparent advantages 
and disadvantages, which can best be compared by referr ing to 
Table II and Figures 2 and 3- (Figures 2 and 3 show the percent 
recovery as a function of column volumes for plutonium and 
americium, respectively.) 

Dowex 50W-X4 gives the best recovery of both plutonium and 
americium, 99.6 and 99.4% respectively in 3.9 column volumes of 
e lu t r i an t . However, the capacity of this resin is inadequate, 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

03
2

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



460 ACTINIDE SEPARATIONS 

TABLE I I 

ACTINIDE ELUTION FROM CATION EXCHANGE RESIN - DOWNFLOW MODE 

Column Volume (CV) : 150 ml Volume of E lu t r i ant : 63Ο ml (4.2CV) 
E lu t r i an t : 7M HNO3 2 T e m P e r a t u r e : 2 3°C 
Flow Rate: O.85 ml/min"cm Mode: Downflow for loading and 

e lut ion 

Type of Act in ide in Feed Actinide Recovery+ 
Resin* MSE Waste** Pu, g Am, g Pu, % Am, % 

Dowex 50W-X8 Na-K-Mg 4.60 O.220 58.2+1.5 94.6+O.1 

Dowex 50W-X8 Ca-K-Mg 3.44 O.143 68.8+1.1 88.7+O.I 

Dowex 50W-X4 Na-K-Mg 2.19 O.105 99.6 99.4 

Bio-Rad AG MP-50 Na-K-Mg 5.94 O.284 91 66 

Bio-Rad AG MP-50 Ca-K-Mg 4.21 O.217 93 80 

* Dowex 50W-X8 and -X4 are 
is a macroporous resin 

gel-type res ins; Bio-Rad AG MP-50 

* * Waste chlor ide solutions 
Mg. 

contain i ng e i ther Na or Ca and K, 

+ Mean % +_ standard deviation on duplicate samples, 
determination 

or s ingle 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

03
2

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



32. NAVRATTL E T A L . Am Recovery and Purification 461 

VOLUME OF ELUATE, COLUMN VOLUMES 

Resin: 150 ml (Column Volume), 50 to 100 mesh 

Elutriant: 7M HN03 

2 
Flow Rate: O.85 ml/min-cm Feed, Elution (6ml/min) 

1.84 ml/min-cm2 Wash (13 ml/min) 
Tests 1, 2: Na-K-Mg Chloride Solution; 4 .6 g Pu; Dowex 50W-X8 Resin 
Tests 3, 4: Ca-K-Mg Chloride Solution; 3-44 g Pu; Dowex 50W-X8 Resin 
Test 5: Na-K-Mg Chloride Solution; 2.19 g Pu; Dowex 50W-X4 Resin 
Test 6: Na-K-Mg Chloride Solution; 5-94 g Pu; Bio-Rad AG MP-50 Resin 
Test 7: Ca-K-Mg Chloride Solution; 5.21 g Pu; Bio-Rad AG MP-50 Resin 

Figure 2. Recovery of Pu from MSE salt residues by cation exchange—downflow 
mode 
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462 ACTINIDE SEPARATIONS 

<5θΙ ι 1 ι ι ι ι ι ι 1 1 
0 1 2 3 4 5 6 7 8 9 10 
VOLUME OF ELUATE, COLUMN VOLUMES 

R e s i n : 150 ml ( C o l u m n V o l u m e ) , 50 t o 100 m e s h 

E l u t r i a n t : 7M HNO^ 

2 

F l o w R a t e : O.85 m l / m i n - c m F e e d , E l u t i o n (6 m l / m i n ) 
1.84 m l / m i n - c m Wash ( 1 3 m l / m i n ) 

T e s t s 1 , 2 : Na-K-Mg C h l o r i d e S o l u t i o n ; O.122 g Am; Dowex 50W-X8 R e s i n 

T e s t s 3 , 4 : C a - K - M g C h l o r i d e S o l u t i o n ; O.143 g Am; Dowex 50W-X8 R e s i n 

T e s t 5 : Na-K-Mg C h l o r i d e S o l u t i o n ; O.105 g Am; Dowex 50W-X4 R e s i n 

T e s t 6 : Na-K-Mg C h l o r i d e S o l u t i o n ; O.284 g Am; B i o - R a d AG MP - 5 0 R e s i n 

T e s t 7 : Ca-K-Mg C h l o r i d e S o l u t i o n ; O.217 g Am; B i o - R a d AG MP - 5 0 R e s i n 

Figure 3. Recovery of Am from MSE salt residues by cation exchange—down-
flow mode 
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32. NAVRATiL E T A L . Am Recovery and Purification 463 

be îng only k8% of that of Dowex 50W-X8 r e s î n . 
The problem with Dowex 50W-X8 is the slow recovery of 

plutonium. Again, it is suggested that this is because of the 
oxidation of Pu( I I I) to Pu(lV) and formation of the hexanitrato 
plutonium complex; Pu(lV) is more t i ght ly held than Pu(I I I) and 
the bulky hexanitrato complex has d i f f i c u l t y d i f fus ing through 
the polymer matrix. We cannot explain why plutonium recovery is 
poorer from the Na-K-Mg residue than from the Ca-K-Mg residue 
whereas americium recovery is better from the Na-K-Mg system and 
worse from the Ca-K-Mg system. The mean + standard deviation 
for the duplicate tests suggests the e f fec t is rea l . 

The macroporous Bio-Rad AG MP-50 resin has approximately 
30% more capacity then the Dowex 50W-X8 for the Na-K-Mg solution 
and 50% more capacity for the Ca-K-Mg so lut ion. This suggests 
that tervalent plutonium and americium can displace calcium from 
the macroporous resin more e f f ec t i ve l y than from the gel-type 
Dowex 50W-X8 res in. Another way to look at this e f fect is to 
consider the two resins ind iv idua l ly . For Dowex 50W-X8, only 
~lk% as much act in ide can be adsorbed from the Ca-K-Mg system as 
from the Na-K-Mg system. With Bio-Rad AG MP-50, 87% as much 
act in ide can be adsorbed from the Ca-K-Mg system; calcium is 
therefore more e f f ec t i ve l y displaced. 

Plutonium elut ion from Bio-Rad AG MP-50 is faster than 
from Dowex 50W-X8; as noted previously, this can be explained as 
the result of a shorter distance for the bulky hexanitrato anion 
to d i f fuse through the matrix before reaching a channel. For 
plutonium, Bio-Rad AG MP-50 macroporous resin gave the best 
capacity, calcium decontamination, and elut ion charac ter i s t i c s . 

We have no explanation for the slower elut ion of americium 
from macroporous res in. Americium recovery from macroporous 
resin should be no worse than from gel-type res in ; one would 
expect it to be better. 

Because of the poor recovery of americium and because RFP 
operating procedures involve loading and elut ion in the upflow 
and downflow modes, respect ively, four addit ional tests were 
done in this mode with Dowex 50W-X8 and Bio-Rad AG MP-50 resins 
and the Na-K-Mg and Ca-K-Mg systems. The results are tabulated 
in Table M l and plutonium and americium elut ion curves are 
shown in Figures k and 5 respect ively. 

The analyt ica l results for plutonium in these runs var ied, 
so the overal l act in ide capacit ies for the resins in Table II 
are considered more precise. Less var iat ion was noted in dup
l i c a te americium samples. Basing the amount of act in ide sorbed 
on americium, the Dowex 50W-X8 adsorbed 13% as much americium 
from the Ca-K-Mg system as it did from the Na-K-Mg system; the 
Bio-Rad AG MP-50 adsorbed 83% as much americium from the Ca-K-Mg 
system. The results based on americium are s imi lar to those 
found during the downflow experiments. 

The percent recovery of act in ide during e lut ion was c a l 
culated based on act in ide fed to the column and recovered in 
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464 ACTINIDE SEPARATIONS 

TABLE I I I 

ACTINIDE ELUTION FROM CATION EXCHANGE RESIN -

UPFLOW AND DOWNFLOW MODE 

Column Volume (CV): 150 ml Volume of E lu t r i ant : 630 ml (4.2CV) 
E lu t r i an t : 7M HNOj Temperature: 23°C 
Flow Rate: O.85 ml/min-cm Mode: Load upflow; elute downflow 

Type of Act inide in Feed Act inide Recovery 
Resin* MSE Waste** Pu,g Am,g Pu,% Am,% 

Dowex 50W-X8 Na-K-Mg 4.05 O.194 82 95 

Dowex 50W-X8 Ca-K-Mg 3.43 O.142 75 93 

Bio-Rad AG MP-•50 Na-K-Mg 5.43 Ο.26Ο 96 98 

Bio-Rad AG MP-•50 Ca-K-Mg 5.21 O.215 96 97 

Dowex 50W-X8 is a gel-type res in ; Bio-Rad AG MP-50 is a 
macroporous res in. 

Waste chlor ide solutions containing e i ther Na or Ca and 
K, Mg. 

+ Single determination 
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0 1 2 3 4 5 6 7 8 9 10 
VOLUME OF ELUATE, COLUMN VOLUMES 

R e s i n : 150 ml ( C o l u m n V o l u m e ) 5 0 t o 100 m e s h 

E l u t r i a n t : 7M H N 0 3 

2 
F l o w R a t e : O.85 m l / m i n - c n ^ F e e d , E l u t i o n ( 6 m l / m i n ) 

1.84 m l / m i n - c m Wash ( 1 3 m l / m i n ) 

T e s t 8: Na-K-Mg C h l o r i d e S o l u t i o n ; 4.05 g P u ; Dowex 50W-X.8 R e s i n 

T e s t 9 : Ca-K-Mg C h l o r i d e S o l u t i o n ; 3.43 g P u ; Dowex 50W-X8 R e s i n 

T e s t 1 0 : Na-K-Mg C h l o r i d e S o l u t i o n ; 5 . 4 3 g P u ; B i o - R a d AG MP-50 R e s i n 

T e s t 11: C a - K - M g C h l o r i d e S o l u t i o n ; 5.21 g P u ; B i o - R a d AG MP-50 R e s i n 

Figure 4. Recovery of Pu from MSE salt residues by cation exchange—feed up
flow, elute downflow 
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466 ACTINIDE SEPARATIONS 

VOLUME OF ELUATE, COLUMN VOLUMES 

R e s i n : 150 ml ( C o l u m n V o l u m e ) , 50 t o 100 m e s h 

E l u t r i a n t : 7M HN03 

2 
F l o w R a t e : O.85 m l / m î n - c n u F e e d , E l u t i o n (6 m l / m i n ) 

1.84 m l / m i n - c m Wash ( 13 m l / m i n ) 

T e s t 8 : Na-K-Mg C h l o r i d e S o l u t i o n ; O.194 g Am; Dowex 50W-X8 R e s i n 

T e s t 9: Ca-K-Mg C h l o r i d e S o l u t i o n ; O.142 g Am; Dowex 50W-X8 R e s i n 

T e s t 1 0 : Na-K-Mg C h l o r i d e S o l u t i o n ; O.260 g Am; B i o - R a d AG MP - 5 0 R e s i n 

T e s t 1 1 : Ca-K-Mg C h l o r i d e S o l u t i o n ; O.215 g Am; B i o - R a d AG MP - 5 0 R e s i n 

Figure 5. Recovery of Am from MSE salt residues by cation exchange—feed up
flow, elute downflow 
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32. N A V R A T i L E T A L . Am Recovery and Purification 467 

eluate f ract ions . Both plutonium and americium recoveries were 
s i gn i f i can t l y improved by upflow loading and downflow e lu t ion . 
This shows that americium has an appreciable a f f i n i t y for the 
resin even in 7M HNOj, and that plutonium may also be retained as 
cat ion ic Pu(lV) within the resin matrix even though it forms the 
anionic hexanitrato complex in 7M HNO3. (The mechanism for this 
could be both the s t ab i l i z a t i on of Pu(IV) adsorbed on the ion 
exchange s i tes and the d i f f i c u l t y of getting s ix n i t ra te ions 
around the Pu(lV) ion in the matrix. Complexation with ind iv id 
ual n i t rate ions probably occurs simultaneously with d i f fus ion 
through the matrix and bead channels.) Whatever the e lut ion 
mechanism, it is evident that back-elution is more e f fec t i ve than 
attempting to force the act in ide on through the column. 

These results also suggest that (since plutonium and 
americium are t i ght ly held) it might be possible to wash im
pur i t ies loaded with plutonium and americium (e.g. calcium and 
magnesium) o f f the column with d i lu te acid (1 to 3M) before 
e lut ing plutonium and americium with 7M HNO3. 

Conclusions and Future Work 

As a result of this preliminary work it was concluded that 
the increased act inide capacity, faster e lut ion k ine t i c s , and 
better decontamination properties of macroporous resins j u s t i f y 
additional work to further evaluate Bio-Rad AG MP-50 and other 
macroporous resins for the MSE cation process; macroporous resins 
do appear to be better for act in ide recovery from molten sa l t 
residues than gel-type resins. 

Only three of many commercially avai lable resins were tested 
in this preliminary work. Other macroporous resins w i l l be 
tested. Loading and elut ion k ine t i c s , breakthrough capac i t ies , 
act in ide recovery and radiation s t a b i l i t y w i l l be evaluated for 
candidate resins. 

Of part icu lar interest is the po s s i b i l i t y of decontaminating 
act inides from impurities by washing the loaded column with 
d i lu te acid or monovalent sa lts to elute the divalent impurities 
before str ipping the column with 7M HNO3. This method is 
presently being evaluated for lead removal from americium using 
Bio-Rad AG MP-50. 

Bidentate Extraction 

Recovery of act inides at RFP with an organophoshorus 
bidentate has been proposed. The conceptual flow sheet is shown 
in Figure 6. The bidentate, dihexyl-N,N-diethylcarbamoylmethy-
lenephosphonate (DHDECMP), is espec ia l ly a t t rac t ive since it can 
recover act inides from MSE residues containing aluminum. The 
cation exchange process is unable to e f fect act in ide pur i f i ca t ion 
when aluminum is present. (DHDECMP extracts act inides and 
lanthanides, but does not extract common RFP contaminants, e.g. 
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32. navratil et al. Am Recovery and Purification 469 

aluminum. No lanthanides are used in process streams at RFP.) 
The act inides are extracted from high acid (e.g. 7M HNOo) 

solutions and can be back-extracted with d i lu te ac id . The method 
is therefore eas i l y used with the ion column ef f luent from the 
anion exchange plutonium recovery step. 

Two techniques appear to be useful for the bidentate 
extract ion of act in ides . The first is l i q u i d - l i q u i d solvent 
extract ion, a method which has several advantages. Currently, 
however, the type of equipment needed (mixer-sett lers, c e n t r i 
fugal contactors, etc.) is not avai lable at RFP. We are better 
equipped to use a column technique. This can be done by sorbing 
the bidentate extractant on an inert so l id support, loading ion 
exchange columns with the sorbent, and proceeding with column 
runs (extraction chromatography). 

Both l i q u i d - l i q u i d extraction and extraction chromatography 
were tested in this work. Lab and p i l o t scale recovery tests 
were done using l i q u i d - l i q u i d extract ion, and laboratory scale 
tests were done using extraction chromatography; results of 
these preliminary tests are described. 

Experimental 

Materials. The a l loy residue contains approximately 15% 
A l , kk% Mg, 29% Pu, 2% Am, and other impurit ies. The residues 
are dissolved by placing the a l loy metal in O.35M HNO3 and 
slowly adding concentrated HNO3. Time is allowed between add i 
tions of concentrated HNOo for the dissolut ion reaction to sub
s ide. The solut ion is adjusted to O.1M F" with concentrated HF 
to remove any polymeric or residual plutonium. After f i l t r a t i o n 
through Whatman kl f i l t e r paper, the solution is adj'usted to 
7M HNO3. 

Plutonium in this feed solution is removed by an anion 
exchange column process. The anion exchange resin is Dowex 
1-X4, 50 to 80 mesh n i t ra te form, obtained from Bio-Rad 
Laboratories. Ferrous sulfamate is added to the solution to 
el iminate hexavalent plutonium, and the feed is passed through 
the column. The ion column ef f luent (ICE) contains the 
americium and impurit ies. Residual americium and impurities are 
washed from the column with 7M HNO3 and the wash is combined 
with the ICE; this is the feed to the bidentate process. A 
typical composition in g/1 is: Am, O.15; Pu, 8.2 χ 10"3, A l , 
O.385; and Mg, 1.02. Plutonium is eluted with d i lu te n i t r i c 
acid and returned to the production stream. 

The DHDECMP is obtained from Wateree Chemical Company, 
Lugoff, South Carol ina, and is pur i f i ed by an ion exchange 
method to approximately 67% pure; the method and extractant 
impurities have been described elsewhere. Diisopropy1 benzene 
(DiPB) was obtained from Pfa l tz and Bauer, Inc. The extractant 
is 30% DHDECMP in DiPB. 

The extraction chromatography method used DHDECMP adsorbed 
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470 ACTINIDE SEPARATIONS 

on 20-50 mesh Amberlite XAD-4. The adsorbent was prepared using 
a column method. The column was loaded with Amberlite XAD-4, 
washed with acetone, and a mixture of 50 vol% CC1^ - 50 vol% 
bidentate was recycled through the column to cause swelling of 
the beads. The CCI^-bidentate mixture was then vacuumed from 
the column and the column was f i l l e d with bidentate and permitted 
to stand overnight. The excess bidentate was vacuumed from the 
column and the adsorbent was conditioned by washing with 7M 
HNO3. 

Procedure. Americium in the combined wash and ICE is 
removed by l i q u i d - l i q u i d extraction or extract ion chromatography 
using bidentate. 

For l i q u i d - l i q u i d extract ion, 2.5 & of feed was contacted 
with O.5 & of bidentate (A/0 = 5) for 15 minutes. This batch 
process is repeated with fresh batches of extractant unt i l the 
americium concentration is <1.9 x 10 g/1; three contacts were 
requi red. 

Residual amounts of extracted impurities are removed from 
the loaded extractant by 7M HNOo washing. Three to f ive contacts 
are made using an A/0 = O.2. The wash is e i ther sent to feed 
acid adjustment or discarded depending upon americium content. 
The americium is then stripped from the organic with water 
( f ive to seven contacts) using an A/0 = O.2. The americium in 
the s t r i p solution is prec ip i tated with oxa l ic a c id , and the 
americium oxalate is calcined to Am02. In the lab scale extrac
tion chromatography method, the DHDECMP-impregnated Amberlite 
XAD-4 was loaded into a column 1.8 cm d ia . χ 23.5 cm and con
dit ioned with 7M HNO3. The americium feed was fed to the 
column at 1.5 ml/min unti l a total of 300 ml had been fed. The 
column was washed with 200 ml of 7M HNO3 at 1.7 ml/min, then 
eluted with deionized water unt i l e lut ion was complete (deter
mined radiometr ica l ly ) . Five to seven 50 ml fract ions were 
required for e lu t ion . Samples were submitted for analys is . 

Results and Discussion 

Table IV shows the results of three laboratory runs of the 
solvent extraction step (after the plutonium was removed by 
anion exchange). The major elements are shown before solvent 
extract ion, a f ter solvent extract ion, in the 7M HNO3 wash, and 
in the f ina l s t r i p product. The americium remaining in the 
organic a f ter str ipping is a lso shown. Although there were 
some analyt ica l discrepancies, the data show that americium was 
e f f ec t i ve l y recovered (except in Test 1, for which we have no 
explanation). Americium was decontaminated from aluminum and 
magnesium in all three runs. 

Results of the p i l o t plant test of the l i q u i d - l i q u i d 
solvent extract ion test are shown in Table V. Only k & of 
approximately 17 & of americium s t r ip product were used in the 
prec ip i tat ion step. Decontamination from Al and Mg was exce l -
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32. NAVRATIL ET AL. Am Recovery and Purification 

TABLE IV 

Recovery and Pur i f i ca t ion of Am from Al -Mg 

MSE Residue by Solvent Extraction 

Stream Am, mg Pu, mg Al , mg Mg, mg 

Feed 21 O.39 149 432 

Raffinate 1 <O.001 143 405 

Wash* 4 <O.001 3 8 

Product* 8 O.06 <O.001 <O.001 

Organ i c + 2 ++ ++ ++ 

Feed 23 O.04 158 459 

Raffinate 1 ++ 160 470 

Wash* 1 ++ 2 6 

Product** 18 O.004 <O.113 <O.113 

Organ i c + O.4 ++ ++ ++ 

Feed 44 O.07 211 713 

Raffinate 1 O.01 242 634 

Wash* 1 O.05 <2 8 

Product** 42 O.03 <2 1 

Organ i c + 2 O.36 ++ ++ 

*7M ΗΝ0 **S t r ip + A f t e r Str ip + + Not Avai lable 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

03
2

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



472 ACTINIDE SEPARATIONS 

TABLE V 

Results of P i lo t Scale Recovery of Americium 

from Dissolved Al-Mg Al loy from MSE Process 

Concentration, g/1 * 

Stream Am Pu Al Mg 

Feed O.15 8.17xl0~ 3 O.385 1.02 

Str ip O.14 7.5xl0 - i* O.005 O.002 

*Single Determination 

TABLE VI 

Impurities in Americium Oxide Product* 

Impurity Concentrations, ppm** 

Plutonium Aluminum Magnes iurn 

3240 <100 <50 

* Speci f icat ions require >95% Am02 with less than 1% of 
any individaul impurity and less than O.5% Pu 

* * Single determination 
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32. N A V R A T I L E T A L . Am Recovery and Purification 

TABLE VII 

Recovery and Pur i f i ca t ion of Am from Al-Mg 

MSE Residue by Extraction Chromatography 

Test Stream Am, mg Pu, mg Al , mg Mg, mg 

1 Feed 35 O.04 81 204 

Eff luent 2 3x1O" 4 89 200 

Wash* 4 + + + 
Product** 22 O.3 O.4 O.18 

2 Feed 17 O.02 39 97 

Eff luent O.037 O.0015 25 65 

Wash* + + + + 
Product** 16 O.2 <O.2 O.2 

3 Feed 29 O.04 68 170 

Eff luent O.4 O.003 57 + 
Wash* 3.5 O.0012 + + 
Product** 25 O.2 <O.45 <O.23 

* 7M HN03 

* * Str ip 

+ Not avai lable 
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474 A C T I N I D E S E P A R A T I O N S 

lent with decontamination factors (DF) of 72 and kkk , respec
t i ve l y . The corresponding DF for plutonium was 10. (DF is the 
rat io of impurity in the feed to impurity in the s t r i p product.) 

Analysis of the f ina l AmÛ2 product is shown in Table VI. Al 
and Mg were below the detectable l imits for these elements. The 
product met spec i f icat ions of >95% Am02 with less than O.5% Pu 
and less than 1% of any other single contaminant. The results 
of the preliminary lab scale extract ion chromatography tests are 
shown in Table VII. Again, in spite of some analyt ica l problems, 
it is evident that americium was decontaminated from aluminum 
and magnesium. A 7M HNO3 wash step is assumed to account for 
the americium loss. 

Conclusions and Future Work 

Laboratory results have shown that americium can be recover
ed and pur i f ied by both solvent extraction and extraction 
chromatography using the bidentate DHDECMP. Solvent extraction 
recovery of americium was demonstrated on a p i l o t plant scale. 
The americium oxide product prepared from this s t r ip solution 
met spec i f i ca t ions . 

P i lo t plant scale test ing of the extract ion chromatography 
process is current ly in progress at Rocky Flats Plant. When 
adequate test ing of both the solvent extract ion and extraction 
chromatography methods has been accomplished, the methods w i l l be 
compared to see which has the greatest promise for recovering 
the americium from special MSE residues. 
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The Extraction of DBP and MBP from Actinides: 
Application to the Recovery of Actinides from TBP
-Sodium Carbonate Scrub Solutions1 

E. P. HORWITZ, G. W. MASON, C. A. A. BLOOMQUIST, 
R. A. LEONARD, and G. J. BERNSTEIN 
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439 

Significant amounts of actinides are present in nuclear 
wastes other than high-level liquid waste produced in spent nu
clear fuel reprocessing (1). One such waste stream is produced 
by scrubbing the radiolytic and hydrolytic degradation products 
from extractant solutions with Na2CO3. Actinide concentrations 
in the range of 0.5 to 5 Kg of actinides may be present in the 
Na2CO3 scrub solutions used to "clean-up" TBP-nDD solutions from 
the reprocessing of one metric ton of spent nuclear fuel (1,2). 
In addition, Na2CO3 scrub waste will be generated in the clean-up 
of the dihexyl-N,N-diethyl carbamoylmethylene phosphonate 
(DHDECMP) extractant which is to be used to extract all of the 
actinides from high-level liquid waste (HLLW) in the proposed 
waste treatment f a c i l i t y described by Tedder, Finney, and Blomeke 
(3). 

Na2CO3 scrub solutions from TBP-nDD consist essentially of a 
NaHCO3-NaNO3 solution containing varying amounts of the sodium 
salts of dibutylphosphoric and monobutyl phosphoric acids (HDBP 
and H2MBP, respectively) and carbonato- and hydroxo-complexes of 
the tetra- and hexavalent actinides and zirconium. The actual 
quantities of DBP, MBP, and actinides depend on the extent of 
hydrolysis and radiolysis. Analogous waste from DHDECMP-DIPB 
processing would be similar in composition but would contain 
mono- and diacidic salts of phosphonic acids and degradation 
products of DHDECMP (4). 

The e f f i c i e n t removal of actinides from the Na2CU3 scrub 
waste s o l u t i o n presents several problems. A c i d i f i c a t i o n of the 
carbonate s o l u t i o n with excess H N O 3 followed by extraction with 
TBP (or, preferably, DHDECMP) (3) r e s u l t s in the rapid build-up 
of a c i d i c degradation products (HDBP and H2MBP in the case of 
TBP) which prevent e f f i c i e n t back ex t r a c t i o n . In addi t i o n , 
a c i d i f i c a t i o n of Na2C03 scrub waste r e s u l t s in the p r e c i p i t a t i o n 
of actinide-DBP and -MBP complexes which are d i f f i c u l t to dissolve 
1Work performed under the auspices of the Office of Basic Energy 
Sciences and the Office of Nuclear Waste Management of the U.S. 
Department of Energy. 

0-8412-0527-2/80/47-117-475$05.00/0 
© 1980 American Chemical Society 
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476 ACTINIDE SEPARATIONS 

and make subsequent processing d i f f i c u l t . Cation and anion ex
change methods are also not f e a s i b l e because of p r e c i p i t a t e 
formation and/or poor a c t i n i d e recoveries. Thus, any method for 
processing the Na2CU3 scrub waste must address the problem of the 
i n t e r a c t i o n and p a r t i t i o n i n g of the h y d r o l y t i c and r a d i o l y t i c 
degradation products that are present, as w e l l as the recovery of 
the a c t i n i d e s . 

This paper describes a process for the recovery of a c t i n i d e s 
from Na2C03 scrub waste solutions which involves the extraction of 
the HDBP and H2MBP from a c i d i f i e d solutions using a water-
immiscible a l i p h a t i c a l cohol. A l l the actinides remain in the 
aqueous phase, which may then be processes using conventional 
TBP or DHDECMP procedures (3)· We r e f e r to t h i s process as the 
ARALEX (Argonne alcohol extraction) process. This paper also 
describes the extraction e q u i l i b r i a measurements performed in the 
development of the process. 

Experimental 

Reagents and Labeled Compounds, The sources of all solvents 
and reagents and the preparation and p u r i f i c a t i o n of 3 2 P labeled 
HDBP, H 2 M B P , and TBP were described by the authors in a previous 
p u b l i c a t i o n Ç5) . 3 2 P - l a b e l e d phosphoric acid ( H 3 P O O , S-
labeled dodecyl s u l f u r i c a c id (DSA). 3H-labeled d i e t h y l e n e t r i -
aminepentacetic acid ( H 5 D T P A ), and Η-labeled 2-ethyl-l-hexanol 
(2-EHOH) were obtained from the Amersham Corporation, A r l i n g t o n 
Heights, I l l i n o i s . 

Measurements of D. D i s t r i b u t i o n r a t i o s , D, (defined as the 
concentration in the organic phase divided by the concentration 
in the aqueous phase) were measured at 25 and 50°C by a procedure 
described previously (5_96) · The D fs for HDBP and DSA were mea
sured by reverse or back extraction to minimize the influence of 
traces of H2MBP and H 2S(H, resp e c t i v e l y . D's for H2MBP, Η3ΡΟι>, 
and H5DTPA were measured by forward e x t r a c t i o n , a f t e r a p r e l i m i n 
ary extraction with a separate portion of organic phase, to 
minimize the e f f e c t s of traces of HDBP in H2MBP and H C 2 H 3 O 2 in 
Η5DTPA. In the case of the a c t i n i d e s , D's were usually measured 
by forward extraction because of the low values of D. When pos
s i b l e , reverse D fs were measured to check r e v e r s i b i l i t y . 

A l l radiometric assaying was performed by conventional 
l i q u i d s c i n t i l l a t i o n counting techniques using a Beckman LS-100 
automatic s c i n t i l l a t i o n counter and Ready-Solv GP s c i n t i l l a t i o n 
s o l u t i o n . 

Counter-Current L i q u i d - L i q u i d Extractions. Two experimental 
arrangements were used to carry out counter-current l i q u i d - l i q u i d 
extractions. One system consisted of seven jacketed glass 
separatory vessels equipped with s t a i n l e s s s t e e l c e n t r i f u g a l 
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33. HORWITZ ET AL. Extraction of DBP and MBP 477 

s t i r r e r s . The vessels were maintained at 50°C by means of a 
constant temperature bath. The counter-current transfer of 
phases was performed manually. The other system consisted of an 
eight stage counter-current m i n i - c e n t r i f u g a l contactor (7). The 
eight stage mini-contactor has a continuous throughput and short 
phase contact times (ylO sec) and thus steady state conditions 
are attained r a p i d l y . No provision was a v a i l a b l e for operating 
the c e n t r i f u g a l contactor at elevated temperatures; therefore, 
room temperature conditions were used for all experiments. 

Flowsheet Testing. Na2C03 scrub waste solutions were pre
pared by extracting measured amounts of U(VI) and Pu(IV) into 
dodecane solutions containing O.02 M - O.04 M HDBP and O.0067 M -
O.0134 M H2MBP. The resultant organic phase plus p r e c i p i t a t e s 
were then s l u r r i e d with the required amount of Na2C03 u n t i l all 
the p r e c i p i t a t e dissolved. 

A l l uranium and plutonium analyses were performed by i s o -
topic d i l u t i o n and radiometric techniques, r e s p e c t i v e l y . HDBP 
and H2MBP mixtures were analyzed by first separating the HDBP 
and H2MBP from each other using a l i q u i d - l i q u i d chromatographic 
column containing n-decanol as the stationary phase and 8 M HNO3 
and O.002 M NHifOH as mobile phases. The separated HDBP and H2MBP 
were then decomposed by oxidation and the resultant H3PO4. measured 
c o l o r i m e t r i c a l l y . NaDBP and Na2MBP mixtures were analyzed by ion 
chromatography (8). Where f e a s i b l e , DBP and MBP were analyzed 
r a d i o m e t r i c a l l y by spiking known quantities of HDBP and H2MBP 
with the 3 2 P - l a b e l e d ester. 

Results and Discussion 

Dimerization of HDBP in Various Solvents, Dyrssen, et a l . 
(9,10), has shown that polar solvents are better extractants for 
HDBP than non-polar solvents because of the formation of a stable 
hydrogen bonded complex between the polar groups of the solvent 
and the phosphoryl and a c i d i c hydrogen groups of the HDBP. In 
order to ascertain the s u i t a b i l i t y of d i f f e r e n t solvents as 
extractants for HDBP and H2MBP, measurements were made of the 
p a r t i t i o n i n g and dimerization constants of HDBP in a number of 
polar solvents. 

The p a r t i t i o n i n g and dimerization constants, Kp and K2, 
r e s p e c t i v e l y , are defined by the following equations: 

[HA] org Κ [HA] (1) Ρ aq 

2HA (2) org org 
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478 ACTINIDE SEPARATIONS 

[H 9A 0] 
K 2 = 2 \ °^ (3) 

[ H A ] Z
n r o org 

where [HA] and [H2A2] are the equilibrium concentrations of the 
monomeric and dimeric forms of HDBP. K p and K2 were calculated 
from the following equation derived by Dyrssen (9) and Hardy and 
S c a r g i l l (11): 

Κ 2K 0K C 
D = -jp- + 2 \ a q (4) 

* φ 2 

where D is the d i s t r i b u t i o n r a t i o , Cac, is the t o t a l formula weight 
concentration of HDBP in equilibrium with the organic phase, and 
φ equals (1 + K a [ H + ] - 1 ) . K a is the a c i d i t y constant for HDBP, 
which has a value of 10" 1 at 25°C and μ = O.1 (9). Plots of D 
vs. C a q for HDBP using 2-ethyl-l-hexanol (2-EH0H), 2 - e t h y l - l -
hexanoic a c i d (2-EHA), and p-diisopropylbenzene (p-DIPB) vs. 
O.1 M H N O 3 at 25°C are shown in Figure 1. At low concentrations 
of C aq, the h o r i z o n t a l asymptote gives 

l o g D = log K p φ" 1. (5) 

The point of i n t e r s e c t i o n of the two asymptotes gives the value 
for l o g 2Κ ρΚ 2/φ. 

Values for K_ and K2 f o r a v a r i e t y of solvents are shown in 
Table I. Some data obtained by Dyrssen and Hay (10) and Hardy 
and S c a r g i l l (11) were included for comparison. The data in 
Table I show c l e a r l y that, as the p a r t i t i o n i n g constant increases, 
the dimerization constant decreases. Thus, those solvents which 
have the greatest a b i l i t y to break the very stable HDBP dimer 
have the greatest tendency to extract the HDBP. A l i p h a t i c 
alcohols show t h i s property to the greatest extent. In the case 
of a l i p h a t i c alcohols the i n t e r a c t i o n between the solvent and 
HDBP is s u f f i c i e n t l y strong that the D is independent of C aq 
(see Figure 1). Thus, K p divided by two gives D. The high K p 

and low K2 using a l i p h a t i c alcohols as solvents is due to the 
strong hydrogen bonds that form between the hydroxyl group of 
the alcohol and the phosphoryl and a c i d i c hydrogen groups of 
HDBP. The probable structure of the alcohol-HDBP complex is 
shown in Figure 2. 

I t is i n t e r e s t i n g to note that the data in Figure 1 and 
Table I show that alcohols are better extractants f o r HDBP than 
are carboxylic acids. One might expect the reverse to be true 
because carboxylic acids probably form hydrogen-bonded complexes 
with HDBP which are s i m i l a r in structure to the very stable 
HDBP dimer. Such structures have resonance s t a b i l i z a t i o n and 
favorable hydrogen bond angles. However, one must consider the 
energy of asso c i a t i o n between the solvent molecules themselves. 
Association between solvent molecules must be broken in order f o r 
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10 
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2-EH0H 

-ο ο ο—o-< ο — ^ » 
2-EHA 

_J I ι m i l ι ι ι ι ι II il i l l I I I I I M i l I I I I I I II 

10"° 10"° 10"* I0"5 10"* 10" 
EQUILIBRIUM C0NC. O F H D B P (M) IN T H E A Q U E O U S P H A S E " 

Figure 1. Distribution ratios of HDBP vs. equilibrium aqueous concentration of 
HDBP using 2-ethyl-l-hexanol (2-EHOH), 2-ethyl-l-hexanoic acid (2-EHA), and 

p-diisopropylbenzene (p-DIPB); aqueous phase = O.1 M HNOs; Τ = 25° C. 

HDBP-ALCOHOL 

P. Ό — C H j , — R 

C 4 H 90 0 — Η 

H 2 M BP-ALCOHOL 

C 4 H S - \ 

Ρ X 0 — C H 2 -

0 0—H*' 
I 

Η 
Figure 2. Structure of hydrogen-bonded 0 
complexes between an aliphatic alcohol J u R 

and HDBP and H2MBP C M 2 _ K 
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33. HORwiTz E T A L . Extraction of DBP and MBP 481 

complexing with HDBP to take place. Carboxylic acids are much 
more strongly associated than alcohols (as indicated by d i f f e r 
ences in b o i l i n g points) because they form stable dimers analogous 
to d i a l k y l phosphoric acids (9). Thus, the difference in Kp and 
K2 between alcohols and carboxylic acids may be explained, at 
leas t q u a l i t a t i v e l y , by the lar g e r energy required to d i s s o c i a t e 
the carboxylic acids p r i o r to the formation of the HDBP complex. 
There also might be some difference in the s t a b i l i t i e s of the 
hydrogen bonded HDBP-alcohol and HDBP-carboxylic a c i d complexes 
which would eit h e r augment (alcohol more stable than carboxylic 
acid complex) or diminish (carboxylic a c i d more stable than 
alcohol complex) the difference between the two solvents. 

A comparison of the constants in Table I for the 2-ethylhexyl 
and n-octyl isomers of the alcohol and carboxylic acid show a 
small but measurable difference in K p. These r e s u l t s are d i f 
f i c u l t to explain from the standpoint of the r e l a t i v e contribu
tions of s t e r i c and inductive e f f e c t s . The branched chain isomers 
are l e s s associated due to s t e r i c e f f e c t s (as indicated by d i f 
ferences in b o i l i n g points) and form weaker acids due to inductive 
e f f e c t s . Both of these e f f e c t s would enhance the s t a b i l i t y of 
the 2-ethylhexyl alcohol and carboxylic complexes with HDBP. 
However, space f i l l i n g (Leybold-Hereaus) atom models show that 
s t e r i c e f f e c t s also i n t e r f e r e to some degree with r o t a t i o n 
around the hydroxyl and carboxyl groups. In ad d i t i o n , the 
enhanced electron density on the oxygens of the hydroxyl and 
carboxyl groups (due to inductive e f f e c t s from branching in the 
a l k y l chain) may not always increase hydrogen bond strength 
because the -OH and -COOH have both donor and acceptor proper
t i e s . Thus, it is d i f f i c u l t to explain the difference in the 
n-octyl and 2-ethylhexyl isomers even q u a l i t a t i v e l y . However, 
the constants in Table I do not d i f f e r greatly f o r the two i s o 
mers and therefore s e l e c t i o n of solvents would be based on other 
considerations. 

Of the solvents l i s t e d in Table I , 2-ethyl-l-hexanol appears 
to be the best choice for processing the Na2C03 scrub solutions. 
2-EHOH has the highest Kp, is commercially a v a i l a b l e , and is less 
expensive than the s t r a i g h t chain alcohols. In add i t i o n , the D 
for H2MBP using 2-EHOH is greater than one; all other non
a l c o h o l i c solvents have D's fo r H2MBP much les s than one. The 
fl a s h point and water s o l u b i l i t y of 2-EHOH are 85°C (12) and O.10 
parts of H 20 at 20°C (13), r e s p e c t i v e l y . 

Extraction of HDBP, H2MBP, and H3P0»*. Figure 3 shows the 
D's for the extr a c t i o n of HDBP, H2MBP, and H3P0it as a function of 
H N O 3 concentration in the aqueous phase using 2-EHOH. The order 
of e x t r a c t a b i l i t y f o r the three compounds shown in Figure 3 is 
expected, since increasing the number of b u t y l groups and 
decreasing the number of hydrophilic groups decreases compatibil
i t y with the water structure and increases c o m p a t i b i l i t y with the 
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482 ACTINIDE SEPARATIONS 

organic phase. I t is important to note the D's achieved for the 
extraction of H2MBP using 2-EHOH. H2MBP is miscible with H 20 in 
all proportions and therefore very d i f f i c u l t to extract into a 
water-immiscible solvent (11) unless a polar compound such as 
TBP is present in the organic phase. The probable structure of 
the HaMBP-alcohol complex is shown in Figure 2. 

I n i t i a l increases in D's for both HDBP and H2MBP in the 
range of O.1 M to 8 M HNO3 are probably due to a combination of 
the diminution in the concentration of DBP"1 and HMBP""1 in the 
aqueous phase and to " s a l t i n g out" e f f e c t s from the HNO3. Even
t u a l l y the D fs for both HDBP and H2MBP decrease with increasing 
HNO3 f o r donor oxygens in the 2-EHOH and phosphorous compounds. 
Figure 4 shows the extraction of HN03 by 2-EHOH and 2-EHA. 

The e f f e c t of temperature on the D vs. HNO3 curves is, in 
general, r e l a t i v e l y small and i n s i g n i f i c a n t from a p r a c t i c a l 
standpoint. Increases in temperature would decrease the associa
t i o n of highly polar solvents, which may explain the higher D fs 
at 50°C and low a c i d i t i e s . The extraction of HNO3 by 2-EHOH is 
approximately 5% higher at 50°C than 25°C., which probably 
accounts for the lower D fs at the higher temperature and a c i d 
i t i e s . The ef f e c t of macro concentrations (up to stoichiometric) 
of U0* on the D fs of HDBP and H2MBP from 3.5 M HNO3 at 50°C was 
also found to be i n s i g n i f i c a n t . 

From a p r a c t i c a l standpoint, e x t r a c t i o n of a mixture of 
HDBP and H2MBP from HNO3 would be determined by the D fs for H2MBP. 
N i t r i c a c id solutions in the 2 M to 6 M range are p r a c t i c a l 
conditions from the standpoint of D fs and n i t r i c a c i d economy. 

Extraction of DSA and H5DTPA. Figure 3 also shows the D's 
for dodecyl s u l f u r i c a c i d (DSA) (the a c i d i c form of the commonly 
used detergent, sodium dodecyl sulfate) and diethylenetriamine-
pentacetic acid ( H 5 D T P A ) . Both of these compounds could be 
constituents in a s a l t waste treatment f a c i l i t y of a f u e l re
processing plant (1) and therefore were included in the study. 
DSA behaves s i m i l a r to HDBP, as expected. Hydrogen-bonded com
plexes analogous to those shown in Figure 2 can be formed between 
the -OH group of the alcohol and the -OSO3H r a d i c a l of DSA. 
Cationic (quaternary ammonium s a l t s ) and neutral detergents are 
also strongly extracted by 2-EHOH. On the other hand, H 5 D T P A is 
very poorly extracted because of the large number of hydrophilic 
groups and the absence of a long hydrocarbon group. In t h i s 
respect, it is analogous to HsPOit, which has s i m i l a r D's. 

Interaction E f f e c t s of H2MBP and HDBP. Hardy and S c a r g i l l 
(11) have shown that the presence of HDBP in kerosene has a 
pronounced e f f e c t on the extraction of H2MBP. This behavior is 
due to hydrogen bonding of the two esters to each other. How
ever, one would not expect i n t e r a c t i o n between HDBP and H2MBP in 
a highly polar solvent, such as 2-EHOH, unless the concentration 
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33. HORwiTz E T A L . Extraction of DBP and MBP 483 

Figure 3. Distribution ratios of dibutyl phosphoric acid (HDBP), monobutyl 
phosphoric acid (H2MBP), phosphoric acid (HsPOk), dodecyl sulfuric acid (DSA), 
and diethylenetriaminetetraacetic acid (H5DTPA) vs. aqueous HN03 concentra

tion; organic phase = 2-ethyl-l-hexanol; Τ = 25° and 50°C. 
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33. H O R W I T Z E T A L . Extraction of DBP and MBP 485 

of one of the esters was above O.1 M. The extraction of labeled 
H2MBP was measured in 2-EHOH which contained unlabeled HDBP, 2 χ 
10 2 M in concentration. No difference in the D for H2MBP was 
found in the absence or presence of HDBP. 

Extract i o n of NaDBP and Na2MBP. The d i s t r i b u t i o n r a t i o s , D, 
of the sodium s a l t s of DBP and MBP were measured between O.25 M 
Na 2C03 and 2-EHOH. The data are shown in Table I I below. 

Table I I . D i s t r i b u t i o n r a t i o s , D, of NaDBP and Na2MBP 
Aqueous Phase - O.25 M Na 2C0 3 

Temperature 50°C 

1st Ext. 2nd Ext. 

NaDBP 1.5 χ 10 

Na2MBP 3.5 χ 1θ' 

The low D's for the extraction of NaDBP and Na2MBP from 2-EHOH 
afford a convenient method for s t r i p p i n g these compounds from the 
solvent. 

Extraction of Actinides by HDBP and H2MBP in 2-EHOH. The 
second objective in the development of a process f o r removing TBP 
degradation products from a c i d i f i e d Na2C03 scrub s o l u t i o n is to 
e f f e c t i v e l y r e t a i n the a c t i n i d e s in the aqueous phase during the 
extraction of HDBP and H2MBP. In order to achieve t h i s objective, 
the DBP- and MBP-actinide complexes have to be e f f e c t i v e l y d i s so
ciated by bonding of solvent molecules to the coordinating groups 
of the HDBP and H2MBP. Dyrssen, et a l . (14), found that the D of 
Y( I I I ) between a s o l u t i o n of O.1 M HDBP in chloroform and O.1 M 
H N O 3 could be reduced by four orders of magnitude by the addition 
of methylisobutyl c a r b i n o l up to 2 M in concentration. Mason, et 
a l . (15,16), reported s i m i l a r e f f e c t s on the D's of c e r t a i n 
actinides and lanthanides using HDEHP in 1-decanol and 2 - e t h y l - l -
hexanoic a c i d . 

Figure 5 shows the e x t r a c t i o n of U(VI), Pu(IV), and Am(III) 
as a function of the concentration of HDBP and H2MBP in 2-EHOH, 
at a constant H N O 3 concentration of 3.5 M. I t can be seen that 
neither HDBP nor H2MBP is an e f f e c t i v e extractant in 2-EHOH for 
these a c t i n i d e s , although ester concentrations above O.05 M give 
D fs that are greater than one for Pu(IV). For comparison, the D 
for Pu(IV) using O.02 M HDBP in p-diisopropyl benzene is approx
imately two orders of magnitude greater than when 2-EHOH is 
used as the di l u e n t . The difference in D's is even greater when 
a l i p h a t i c d i l u e n t s , e.g., dodecane, are compared with 2-EHOH. 
As the concentrations of HDBP and H2MBP decrease, the D's for 
U(VI) and Pu(IV) gradually approach that obtained in pure 2-EHOH 

1.9 χ 10 

2.2 χ 10 
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486 ACTINIDE SEPARATIONS 

Figure 5. Distribution ratios of U (VI), Pu (IV), and Am (III) for HDBP and 
H2MBP in 2-EHOH; aqueous phase = 3.5M HNOs, Τ = 50°C. 
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33. HORwiTz E T A L . Extraction of DBP and MBP 487 

in equilibrium with 3.5 M H N O 3 . 

I t is important to note that the D's for U(VI), Pu(IV), and 
Am(III) are higher for H2MBP than HDBP. However, since the H2MBP 
concentration produced by r a d i o l y s i s and hydrolysis of TBP is 
always s i g n i f i c a n t l y less than HDBP (17), the net eff e c t of the 
two esters on the D's is approximately the same. 

Ad d i t i o n a l studies on the e f f e c t of H N O 3 concentration ( i n 
the 1 M to 8 M range) on the D's of U(VI) and Pu(IV), using f i x e d 
concentrations (O.02 M) of H2MBP and HDBP in 2-EHOH and using pure 
2-EHOH, showed very poor extractions of both metal ions even at 
the lowest acid concentration. These studies also showed that 
2-EHOH makes a s i g n i f i c a n t contribution to the D's at the O.02 M 
ester concentration, e s p e c i a l l y for U(VI) at all a c i d i t i e s and 
for Pu(IV) at the high (6-8 M) a c i d i t i e s . The highest D's were 
found for the Pu(IV)-H2MBP system at 1 M H N 0 3 (D = 1). However, 
the addition of O.05 M H 2C 2 0 i t to the 1 M H N O 3 reduced the D to 
less than O.1 for Pu(IV) and to les s than O.01 for U(VI). 

Since the concentrations of HDBP and H2MBP in Na2C03 scrub 
waste s o l u t i o n w i l l f l u c t u a t e (although in all p r o b a b i l i t y H2MBP 
would not exceed O.01 M (5)), the use of a small quantity of 
ox a l i c acid in the H N O 3 scrub s o l u t i o n would ensure an e f f i c i e n t 
removal of any Pu(IV) and U(VI) that extracts i n t o 2-EHOH along 
with the HDBP and H2MBP. 

Flowsheet f o r Processing Na2C03 Scrub Solutions. The flow
sheet for processing Na2C03 scrub solutions (the ARALEX process) 
is based on the use of 2-EHOH to extract TBP degradation products, 
p r i m a r i l y DBP and MBP, leaving the act i n i d e s in the aqueous phase 
r a f f i n a t e . The r a f f i n a t e can then be recycled into the HLLW and 
processed using DHDECMP (3). Equations describing the basic 
chemical e q u i l i b r i a , using uranyl-DBP and -MBP complexes as 
examples, are as follows: 

[U0 o(DBP) o] + 2nH^ N + 2nEH0H, N Ζ 2 2 n ( a q ) (aq) (org) 
2nEH0H*HDBP/ x + nU0 o (6) (org) 2 

[U09(MBP)1 + 2mH* + 2mEH0H, , t 2 m ( a q ) (aq) (org) 
m(EH0H)o*HoMBP/ N + mU0o (7) 

2 2 ( 0 r g ) 2(aq) 
where η and m equal the state of aggregation of the DBP and MBP 
complexes, respectively. 

The feed s o l u t i o n for the process is the TBP-Na2C03-scrub 
waste s o l u t i o n . Many process-related variables determine the 
composition and volume of the Na2C03 scrub s o l u t i o n ; for example, 
the r a d i a t i o n and h y d r o l y t i c damage to the TBP extractant solu
t i o n s , which, of course, depend on the cooling time of the f u e l 
and residence time of the extractants in the LLE equipment, the 
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488 ACTINIDE SEPARATIONS 

a c t i n i d e and f i s s i o n product composition of the organic extrac
tants during s t r i p p i n g operations, and the r e l a t i v e flow rate of 
extractant and Na2CÛ3 scrub streams. Therefore, c e r t a i n assump
tions were made in s e l e c t i n g a reasonable composition and volume 
of the Na2CU3 waste to use in developing a flowsheet. F i r s t , 
the t o t a l quantity of a c t i n i d e s contained in the Na2CU3 scrub 
waste is ^6 Kg/MTHM (5). Uranium would t o t a l 5.9 Kg, and the 
remaining O.1 Kg of a c t i n i d e s would consist of a mixture of Np, 
Pu, Am, and Cm (3). Second, the primary constituents of the 
Na2C03 scrub waste (NaDBP, Na2MBP, and the U02 +-carbonato complex) 
must stay w i t h i n s o l u b i l i t y l i m i t s . Therefore, the uranyl com
plex and NaDBP concentrations should not exceed O.01 M and O.02 M, 
res p e c t i v e l y , in the Na2C03 s o l u t i o n , which requires a carbonate 
scrub volume of 2500 liters/MTHM. Third, the concentration of 
Na2MBP is approximately one-third that of NaDBP, assuming no 
losses of H2MBP during HN03 scrubbing (17). In addition to the 
above constituents, the Na2C03 scrub waste w i l l also contain a 
c e r t a i n amount of NaHC03 and NaN03 from the n e u t r a l i z a t i o n of 
H N O 3 present in the TBP. Using data in references 1 and 2, 96 
moles of NaHC03 and 96 moles of NaN03 w i l l be formed in the Na2C03 
scrub s o l u t i o n from the n e u t r a l i z a t i o n reaction. However, neither 
the presence of v a r i a b l e amounts of NaHC03 and NaN03 nor actinides 
would a l t e r the flowsheet in any s i g n i f i c a n t d e t a i l . Thus, the 
Na2CÛ3 scrub waste used in the flowsheet development consists of 
2500 liters/MTHM of O.21 M Na2C03 containing 6 Kg of a c t i n i d e s , 
O.02 M NaDBP and O.0067 M Na2MBP (which are present as a c t i n i d e 
complexes), O.038 M NaHC03, and O.038 M NaN03. Approximately 
100 g of f i s s i o n products, p r i m a r i l y Zr and Ru, are also present 
(1). Figure 6 shows a conceptual flowsheet based on one MTHM. 

Flowsheet t e s t i n g using counter-current l i q u i d - l i q u i d extrac
t i o n was performed first using the eight stage m i n i - c e n t r i f u g a l 
contactor. The compositions and flow rates of the feed, organic 
phases, scrub, and r a f f i n a t e are shown in Figure 7. (The feed 
s o l u t i o n was also 2 χ 10~ 2 M in Zr(IV).) I t can be seen from the 
flow diagram that the carbonate feed, 8 M H N O 3 , scrub s o l u t i o n 
from stage 5, and organic s o l u t i o n from stage 3 all meet and are 
mixed in stage 4. Thus, the n e u t r a l i z a t i o n of carbonate feed by 
H N O 3 and the e x t r a c t i o n by 2-EHOH occur simultaneously. This 
technique avoids the extensive p r e c i p i t a t i o n of a c t i n i d e (VI and 
IV)-DBP and -MBP complexes which occurs when the carbonate waste 
s o l u t i o n is a c i d i f i e d p r i o r to e q u i l i b r a t i o n with 2-EHOH. The 
a c t i n i d e (VI and IV)-DBP and -MBP p r e c i p i t a t e s (when they do 
form) w i l l eventually dissolve and d i s s o c i a t e when mixed with 
2-EHOH and H N O 3 s o l u t i o n , but t h i s process requires several 
minutes. 

Uranium(VI) was the only a c t i n i d e present in the carbonate 
waste s o l u t i o n used in the counter-current run shown in Figure 7. 
Subsequent U(VI), HDBP, and H2MBP analyses showed that steady 
state conditions had been already achieved a f t e r the c o l l e c t i o n 
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490 ACTINIDE SEPARATIONS 

(FROM STRIPPING STAGES)*--

2-EHOH 
O.8MHNO3 
(15.0 ml/min) 

CARBONATE FEED 
O.2IMNa2C03 

O.038MNaHC03 

O.038MNaN03 

O.02 M DBP"1 

O.0067MMBP" 
O.01 M ACTINIDES 
(ll.8ml/min) 

n-2 

1 

— • • 
1 2 3 4 5 6 7 8 

AQ. RAFFINATE 
3.5MHN03 

O.20MNaN03 

O.008MH2C204 
O.00 39M ACTINIDES 
(30ml/min) 

8 M H N O 3 

(12.5 ml/min) 

LOADED ORGANIC PHASE 

2-EHOH 
_^_O.I5MHN0 3 + 

O.0I6MHDBP 
O.0053 M H 2 MBP 
(I5ml/min) 

SCRUB SOLUTION 
l.5MHN03 

O.05MH2C204 

(5 ml/min) 

Figure 7. Eight-stage counter-current liquid-liquid extraction flow diagram for 
the extraction of HDBP and H2MBP from Na2COs scrub waste solution; actinide 

= O.01M U (VI); Τ = 23°-26°C. 
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33. HORWiTz E T A L . Extraction of DBP and MBP 491 

of 450 ml (15 min run time) of r a f f i n a t e . A t o t a l of over 3 
l i t e r s of r a f f i n a t e was c o l l e c t e d before terminating the run. 
Only one part in 5 χ 10 3 of the t o t a l uranium was present in the 
organic phase leaving stage 8. The decontamination factors f o r 
HDBP and H2MBP from the r a f f i n a t e were >100 and ^20, respectively. 
A f t e r completion of the run, the aqueous and organic phases were 
removed from the rotors and examined f o r insoluble material and 
i n t e r f a c i a l p r e c i p i t a t e s . Stages 5 through 8 contained a small 
quantity of white p r e c i p i t a t e in the organic phase, which is 
believed to be a Zr-MBP compound. 

Add i t i o n a l studies on flowsheet t e s t i n g were performed on 
carbonate feed solutions containing O.01 M U(VI) , 2.5 χ 10 - I f M 
Pu(IV), and 2 χ ΙΟ""1* M Zr(IV). Preliminary experimental studies 
i n v o l v i n g macro plutonium concentrations (10 - I f M to 10 2 M) showed 
that polymeric Pu(IV) w i l l extract i n t o H 2 M B P-alcohol mixtures. 
Although Pu(IV) polymer did not r e a d i l y form during the prepara
t i o n of the carbonate feed solutions, i f insoluble U(VI)-DBP and 
-MBP complexes are formed on n e u t r a l i z a t i o n of the carbonate 
waste s o l u t i o n , some Pu(IV) (usually l e s s than 10%) would be 
extracted by the 2-EH0H-HDBP-H2MBP mixtures. This extractable 
plutonium (presumably Pu polymer) could not be r e a d i l y removed by 
scrubbing with HN03-H2C 20it mixtures. In order to obviate t h i s 
problem, diethylenetriaminepentacetic acid ( H 5 D T P A ) was added to 
the Na2C03 scrub s o l u t i o n ( p r i o r to back extracting the a c t i n i d e -
DBP and -MBP complexes from TBP-nDD) in approximately the s t o i 
chiometric amount required to complex the actinides present. 
The presence of DTPA should prevent the formation of plutonium 
polymer during the t r a n s i t i o n from pH = 9 to l e s s than pH = O.3. 
Above 1 M in hydrogen ion concentration, H 5 D T P A is no longer very 
e f f e c t i v e as a chelating agent and thus does not a f f e c t the D fs 
of actinides in the ARALEX process. In addition, DTPA in the 
Na2C03 scrub also prevents the formation of plutonium hydroxide 
when macro concentrations of plutonium are present. 

Figure 8 shows the flow diagram f o r a seven stage counter-
current ex t r a c t i o n run using the U(VI)-Pu(IV) carbonate (DTPA) 
waste s o l u t i o n . Jacketed separatory funnels maintained at 50°C 
were used for the test run. The carbonate feed s o l u t i o n was 
introduced i n t o stage 4 while s t i r r i n g the mixture of o x a l i c a c i d 
scrub, 8 M HNO3, and 2-EHOH. No p r e c i p i t a t i o n was observed in 
stage 4, but small quantities of i n t e r f a c i a l p r e c i p i t a t e s were 
observed in stages 5-7. Phase disengagement (by gravity) was 
complete in l e s s than 30 seconds. A t o t a l of 484 ml of r a f f i n a t e 
(11 f r a c t i o n s ) were co l l e c t e d . Only an average of one part of 
Pu (and U) from a t o t a l of 2 χ ΙΟ1* of each a c t i n i d e was detected 
in the organic phases from stage 7. The HDBP and H2MBP decon
tamination factors from the r a f f i n a t e were >100 and ^40, respec
t i v e l y . Thus, the concentration of both HDBP and H2MBP is <10~^ 
M in the r a f f i n a t e . 
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-(FROM STRIPPING STAGESK-

2-EHOH 

O.8MHNO3 
(22 5 ml) 

CARBONATE FEED 

O.038 Μ Να H C0 3 

O.038ΜΝαΝ03 

O.02MDBP-1 

O.0067 M MBP"2 

O.CIMDTPA'5 

O.OIM ACTINIDES 
(17.7ml) 

AQ. RAFFINATE 
3.5MHN03 

O.20MNaN03 

O.009MH2C204 

O.004MH5DTPA 
O.004 M ACTINIDES 
(44.0ml) 

LOADED ORGANIC PHASE 
2-EHOH 
O.I5MHN03 ·-
O.0I6M HDBP 
O.005~3MH2MBP 
(22.5ml) 

8MHN0 3 

(18.8ml) 
SCRUB SOLUTION 

I.5MHNO3 
O.05MH2C204 

(7.5ml) 

Figure 8. Seven-stage counter-current liquid-liquid extraction flow diagram for 
the extraction of HDBP and H2MBP from Na2COs scrub waste solution; actinides 

= O.OIM U (VI) and 2.5 χ I0"4M Pu (IV); Τ = 50°C. 

LOADED ORGANIC PHASE 

2-EHOH 
O.I5MHN03 

O.016 M HDBP 
O.0053 Μ H2MBP , 
(40ml) 

(TO 8M Η Ν O3 WASH 

AND RECYCLE) 

WASTE 
O.3OMHNO3 
O.003IMH2MBP 

(20ml) 

STRIPPED ORGANIC PHASE 
2-EHOH 
KO^ml) 

H 2 0 
(20 ml) 

WASTE 
O.029M NaOH 
O.048 M NaDBP 
O.0IIMNa2MBP 

(13.3ml) 

O.IMNaOH 
(13.3ml) 

Figure 9. Five-stage counter-current liquid-liquid extraction flow diagram for 
the stripping of HDBP and H2MBP from 2-ethyl-l-hexanol (2-EHOH); Τ — 50°C. 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

03
3

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



33. HORWiTz E T A L . Extraction of DBF and MB? 493 

The improvement in D.F. for uranium over that obtained using 
the 8 stage m i n i - c e n t r i f u g a l contactor was l a r g e l y due to improved 
stage e f f i c i e n c y using the separatory funnels and higher tempera
ture. However, the presence of DTPA chelating agent in the Na2CU3 
scrub does ensure a good decontamination of plutonium from the 
organic phase. Improved decontamination factors f o r the actinides 
as w e l l as the HDBP and H2MBP could be achieved by increasing the 
number of stages. However, it would not be necessary to lower 
the concentrations of HDBP and H2MBP in the r a f f i n a t e w e l l below 
the concentrations of these esters present in the TBP used to 
extract the a c t i n i d e s from the r a f f i n a t e . Likewise, the desired 
l e v e l of decontamination of plutonium from the 2-EHOH would be 
governed by the l e v e l s of plutonium present in other waste 
streams. 

Counter-current s t r i p p i n g of the HDBP and H 2 M B P from the 
loaded 2-EHOH was performed using H2O to remove excess HNO3 and 
O.1 M NaOH to remove the phosphorus esters. The flow diagram is 
shown in Figure 9. Separatory funnels at a temperature of 50°C 
were used for the s t r i p p i n g run. Complete phase disengagement 
required ^2 min (e s p e c i a l l y stage 3), but no emulsion or p r e c i p i 
tate formation occurred. A t o t a l of 240 ml of stripped 2-EHOH 
was c o l l e c t e d from stage 5. Decontamination of the 2-EHOH from 
the NaDBP and Na2MBP was 350 and »100, respectively. A f t e r 
s t r i p p i n g , the 2-EHOH is recycled. 

The recovery of U(VI) and Pu(IV) from the a c i d i c raffinâtes 
obtained from the alcohol e x t r a c t i o n process can be r e a d i l y 
c a r r i e d out with TBP or preferably DHDECMP (3)· (The l a t t e r 
extractant w i l l also extract Am(III) and Cm(III).) The presence 
of H 5 D T P A and dissolved 2-EHOH ( s o l u b i l i t y of 2-EHOH in 3.5 M 
HNO3 at 50°C is 2.0 χ 10" 2 M) in the r a f f i n a t e do not i n t e r f e r e 
with the e x t r a c t i o n , or ( i n the case of 2-EHOH) with the s t r i p p i n g 
of a c t i nides with TBP or DHDECMP. However, 2-EHOH would b u i l d up 
in recycled TBP or DHDECMP and, in the range of 5 to 10 weight % 
in these solvents, it w i l l noticeably reduce the D's of the 
ac t i n i d e s . The build-up of 2-EHOH in the TBP or DHDECMP extrac
tant solutions can be prevented by p r i o r removal of the soluble 
2-EHOH from the ARALEX r a f f i n a t e . This can be accomplished by 
eit h e r steam s t r i p p i n g the r a f f i n a t e or solvent scrubbing with 
dodecane or DIPB. The alcohol e x t r a c t i o n process was not tested 
using neptunium, americium, or curium in the carbonate waste 
s o l u t i o n since Np(IV) and (VI) are s i m i l a r to Pu(IV) and U(VI), 
and Np(V), Am(III), and Cm(III) are considerably l e s s complexed 
than the t e t r a - and hexavalent a c t i n i d e s . 

The ARALEX process can also be used to extract detergents 
from aqueous solutions containing a c t i n i d e s ; f or example, con
taminated laundry s o l u t i o n s . Detergents from all three classes 
(anionics such as a l k y l s u l f a t e s and a l k y l benzene sulfonates; 
c a t i o n i c s such as N-benzyl-N-alkyl dimethyl ammonium c h l o r i d e ; 
and nonionics such as polyoxyethylenated a l k y l phenols) are 
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494 ACTINIDE SEPARATIONS 

r e a d i l y extracted by 2-EHOH from a c i d i c and neutral (and in some 
cases a l k a l i n e ) s o l u t i o n s . Once the detergent is extracted from 
the a c t i n i d e s , the a c i d i f i e d r a f f i n a t e may be evaporated or 
processed d i r e c t l y for a c t i n i d e recovery. However, detergents of 
the types l i s t e d above cannot be back-extracted from the 2-EHOH 
and thus one would have to incinerate the loaded organic phase. 
In a d d i t i o n , the ARALEX process can be used to scrub r e s i d u a l TBP 
from various product streams such as americium and curium n i t r a t e 
s o l u t i o n s , thus preventing the eventual p r e c i p i t a t i o n of phos
phates. The D's for TBP from d i l u t e (O.17 M) to concentrated 
(8 M) H N O 3 solutions using 2-EHOH are in the range of 8 χ 10 3 to 
5 χ 10 3, resp e c t i v e l y , at 25°C and 50°C. 

Summary and Conclusions 

A flowsheet f o r the recovery of actinides from TBP-Na2C03 
scrub waste solutions has been developed, based on batch extrac
t i o n data, and tested, using laboratory scale counter-current 
extraction techniques. The process, c a l l e d the ARALEX process, 
u t i l i z e s 2-ethyl-l-hexanol (2-EHOH) to extract the TBP degradation 
products (HDBP and H2MBP) from a c i d i f i e d Na2C03 scrub waste 
leaving the acti n i d e s in the aqueous phase. Dibutyl and monobutyl 
phosphoric acids are attached to the 2-EHOH molecules through 
hydrogen bonds. These hydrogen bonds also diminish the a b i l i t y 
of the HDBP and H2MBP to complex ac t i n i d e s and thus all actinides 
remain in the aqueous r a f f i n a t e . D i l u t e sodium hydroxide so l u 
tions can be used to back-extract the d i b u t y l and monobutyl 
phosphoric acid esters as t h e i r sodium s a l t s . The 2-EHOH can 
then be recycled. 

A f t e r e x t r a c t i o n of the a c i d i f i e d carbonate waste with 
2-EHOH, the acti n i d e s may be re a d i l y extracted from the r a f f i n a t e 
with DHDECMP or, in the case of t e t r a - and hexavalent a c t i n i d e s , 
with TBP. 

The ARALEX process is r e l a t i v e l y simple and involves inex
pensive and r e a d i l y a v a i l a b l e chemicals. The ARALEX process can 
also be applied to other a c t i n i d e waste streams which contain 
appreciable concentrations of polar organic compounds that i n t e r 
fere with conventional a c t i n i d e ion exchange and l i q u i d - l i q u i d 
e x t r a c t i o n procedures. One such a p p l i c a t i o n is the removal of 
detergents from laundry or clean-up solutions contaminated with 
a c t i n i d e s . 
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Dissolution of Plutonium Dioxide—A Critical Review 

JACK L. RYAN and LANE A. BRAY 

Pacific Northwest Laboratory, Battelle Memorial Institute, Richland, WA 99352 

A major problem in the nuclear industry is the dissolution of 
refractory plutonium dioxide. Of all of the metal oxides capable 
of producing reasonably concentrated solutions in dilute acids, 
plutonium dioxide is one of the most, if not the most, difficult 
to dissolve. The difficult task of dissolution of PuO2 on a proc
ess scale has been largely confined to scrap reprocessing and re
covery problems related to plutonium metal production (1) along 
with some special situations such as in reprocessing of 238PuO2 

scrap in isotopic generator production. Use of mixed oxide fuels, 
either in LWR's or in breeder reactors, will require improved 
methods to dissolve plutonium dioxide for irradiated fuels reproc
essing. This is particularly true if fuels are made by blending, 
pressing, and sintering separately prepared uranium dioxide with 
plutonium dioxide (the current method of choice of the fuel manu
facturers) since this never appears to produce material which is 
completely converted to solid solution even after irradiation. 

Overview of the PuO2 Dissolution Problem and Methods 

Several methods have been studied for the dissolution of Pu02« 
The most widely used method in the past is the use of n i t r i c acid 
containing a small concentration ( t y p i c a l l y <O.2 M) of fluoride 
usually added as HF. Although the use of HNO3-HF to dissolve 
Pu02 or Pu02 containing fuel residues is undesirable as pointed 
out by Nicholson (2_), it is preferable to most of the other 
methods which have been used. Other options have been used only 
on a laboratory or limited process scale and w i l l be mentioned 
only b r i e f l y here. 

Gilman (3) has reviewed Pu02 dissolution methods up to 1968, 
and Cleveland (1) has reviewed methods up to about 1970. Aqueous 
methods, other than HNO3-HF, include use of acids such as HI, HBr, 
and HC1 containing SnC^. These appear to act through a combina
tion of strong acid and reducing properties. Phosphoric acid at 
200°C and, on an analytical scale, HCI-HCIO4 at high temperature 
and pressure have been used. Because of their extreme 

0-8412-0527-2/80/47-117-499$05.00/0 
© 1980 American Chemical Society 
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500 ACTINIDE SEPARATIONS 

corrosiveness or incompatibility with plutonium processing in 
n i t r i c acid, these methods find only very limited application. 

Pyrochemical methods include reduction of Pu02 to Pu-Al a l l o y 
in a s a l t bath followed by dissolution of the alloy (1), vacuum 
or carbothermic reduction of Pu02 to P112O3 followed by disso
lution of the PU2O3 (4), halogenation to PUX3 or PuOX (3), and 
several fusion methods (l»3 f4). Fusion agents include NH4HF2, 
K 2 s 2 ° 7 " N a F > Na2S 20 7-K2S20 7, and Na202-NaOH. Further work (6) has 
been done on the Na202~NaOH fusion method in adapting it to ren
dering PUO2 containing incinerator ash soluble. Of the fusion 
methods, the Na202~NaOH mixture is probably by far the most at
tractive since it adds only sodium ion to the f i n a l process solu
tion. It operates by oxidation of Pu02 to Pu(Vl) and/or Pu(VIl) 
in the melt. It requires some care i f organic matter is present 
with the Pu02, and i f appreciable s i l i c a is present, viscous 
fusion mixtures and precipitation of s i l i c a on dissolution of the 
fusion mixture in n i t r i c acid can occur. Adaptation of any of 
these pyrochemical methods to dissolution of Pu02 in irradiated 
fuels reprocessing would be extremely d i f f i c u l t . 

Direct dissolution of Pu02 in n i t r i c acid or n i t r i c acid con
taining additives such as HF or Ce(IV) is by far preferable for 
irradiated fuel reprocessing. Nicholson (2) has very correctly 
pointed out that fuels reprocessors desire to dissolve irradiated 
fuels to low terminal n i t r i c acid concentrations (<4 M). On the 
other hand, most studies of Pu02 dissolution by HNO3-HF have been 
aimed at high Pu02 content scrap reprocessing and have involved 
>8 M HNO3. Also, because of the extreme d i f f i c u l t y of removing 
the very fine ( p a r t i c l e sizes down to <1 ym (7)) Pu02 and heat 
producing (lO^Ru) f i s s i o n product solids, it would be most de
sirable to dissolve all the Pu02 in the bulk dissolver solution 
containing all the uranium. The rest of this paper w i l l be de
voted to dissolution in HNO3, HNO3-HF, or HN03-Ce(IV) solutions. 

Dissolution of PuO? in N i t r i c Acid 

Despite the fact that the dissolution of Pu02 in pure n i t r i c 
acid solution is extremely slow, only two sources of quantitative 
data appear to be available (8^,9). Uriarte and Rainey (j$.) report 
a dissolution rate, R, in mg cnT 2 min" 1 of R = 1.1 χ 10~ 7 [fflK^]^ 
in the range 7-14 M HNO3 where [HNO3] is the molar concentration 
of HNO3. In complete disagreement with this, Horner et al.(£) 
report almost no effect of n i t r i c acid concentration on dissolu
tion rate in the range 2 to 16 M HNO3 with the rate being about 
1.5 χ 10~5 m g cnT^ min""1, a value coinciding with that 
obtained by extrapolation of Uriarte and Rainey 1s work to 
3.4 M HNO3. Both of these groups used high f i r e d , presumable low 
surface area,Pu02« Although a difference in numerical values of 
rates might be explained on the basis of oxide used (difference in 
surface area measurement techniques), this does not account for 
the extremely large difference in n i t r i c acid dependence. 
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34. R Y A N A N D B R A Y Dissolution of Pu02 501 

It is important that, although apparently not recognized by 
workers in the field, at lower a c i d i t i e s (<5 M), such as those of 
most interest to fuels reprocessors, plutonium dioxide is thermo-
dynamically p r a c t i c a l l y insoluble. Combining the following reac
tions and thermodynamic data: 

p u ° + 4 H u q ) : P u 4 u q ) + 2 H 2 ( 8 ) 

AS • -39 cal deg" 1 mole" 1 (ref 10) 

AG = -117.2 kcal mole, (1) 
AS = -37 cal deg" 1 mol" 1 (ref 1) 

V u ° + 0 n r ^ +Pu0 o AG = -240.4 kcal mole" 1, (2) 
AS = -42 cal deg mole (ref 1) 

H 2 ( g )+l/2 0 2 ( g ) ^ H
2 ° ( l i q ) AG » -56.69 kcal mole" 1, (3) 

gives: 

P U ° 2 + 4 H ( a q ) ^ P u 4 U q ) + 2 H 2 ° Δ°298 = 9 ' 8 k c a l J ^ " ^ <*> 

AS = -73 cal deg mole 

Assuming constant AH, one obtains: 

-1 
moic 

-8 

Δ°373 = 1 5 , 3 k c a l m ° l e 

K298 = 6 · 7 X 1 0 

-9 
K373 = 1 - 1 x 1 0 f o r r e a c t ^ o n (4). 

Assuming that Q _ 4+ = Γ ρ ^ Τ Λ and that Q „ + = Q ±
T I M r k gives: 

P u (aq) L ™ ° 3 

ν i ? U = 1.1 χ 10 " 9 (5) 
r (α„ „ r 

3 HNÔ  N WH 20 

For the reaction: 

P u 4 ( a q ) + N ° 3 ( a q ) t P u ( N 0 3 ) 3 U q ) * G298 = " ° ' 9 6 k c a l ' ( 6 ) 

AH = +5.3 kcal mole" 1, 
AS = +21 cal deg" 1 mole" 1(ref 11) 

Resulting in: 

A G 3 7 3 = -2.53 kcal mole" 1 and: 
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502 ACTINIDE SEPARATIONS 

0 Pu(N0.) 3 + 

K0_,0 = 30.2 = (7) 373 
( Q N 0 3 - ) ( a P u 4 + ) 

Again, assuming unit a c t i v i t y coefficients for Pu(N0^) 3 +and Pu^ +, 
t h a t Q ^ Q - = Q ± J J J Î Q > and combining equations (5) and (7) gives: 

[pu(N0 3) 3 +] = (30.2X1.1 χ 10 " 9 ) (α± Η Ν Ο ^) 5 (α Η 0 ) 2

# (8) 

Using the a c t i v i t y c o e f f i c i e n t data of Davis and de Bruin (12) and 
assuming a c t i v i t y coefficients at 100°C are the same as those at 
25°C since there appears (13) to be l i t t l e v ariation between 0°and 
25°C., gives the calculated thermodynamic s o l u b i l i t y curve for Pu02 
in Figure 1. Figure 1 indicates that Pu(IV) solutions above about 
1 g Pu/L and below 5 M HNO3 are thermodynamically unstable with 
respect to c r y s t a l l i n e Pu02 (but they are not unstable with re
spect to the k i n e t i c a l l y more readily formed but less thermodynam
i c a l l y stable hydrated plutonium dioxide). It should be 
emphasized that error in àG^-j^ for reactions (4) or (6) w i l l 
change the results by a factor of 3.8 per kcal mole" 1 of error. 
Of the thermodynamic data used, the entropy data for reaction (6) 
is the most suspect since it is based on old, limited, and perhaps 
uncertain data (14). Some error is to be expected due to the as
sumptions regarding a c t i v i t y coefficients and a positive deviation 
at high a c i d i t i e s is expected due to neglect of higher n i t r a t o 
complexes. 

We have carried out limited experiments on the dissolution of 
Pu0 2 in 4 M HNO3 at 100°C (Figure 2). Using oxide prepared by 
f i r i n g Pu(III) oxalate for 2 hours at 900°C in a i r and having a 
surface area of 4.47 n^/g (BET method) at about 2.0 to 5.2 mg Pu02 
per ml solvent, we obtained about 1.4% dissolution of the Pu and 
about 2.8% of the 241 Am (present to the extent of about 1% in 
this oxide) in less than two hours (possibly less than 15 minutes). 
This was followed by no further dissolution (within experimental 
error) over a period of five hours more. Although this coincides 
closely with the s o l u b i l i t y value from Figure 1, it also coincides 
closely with dissolution of plutonium to one-half of one unit c e l l 
depth over the entire surface and dissolution of 24lAjn to one 
unit c e l l depth over the entire surface since 2.76% of the Pu02 is 
in the surface unit c e l l s with oxide having a surface area of 
4.47 m2/g. Since one-half of the actinide atoms in the surface 
unit c e l l s are in the surface layer, such behavior might suggest 
that the surface plutonium layer has been altered allowing easy 
dissolution and making the second layer accessible to selective 
leaching of the much more soluble 241^. This same behavior was 
observed with a different, but i d e n t i c a l l y prepared and fresher 
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504 A C T I N I D E S E P A R A T I O N S 

TIME, MINUTES 

Figure 2. Dissolution of O.13 g of 900°C fired Pu02 (surface area = 4.47 m2/g) 
using several different 50-ml stirred solutions at 100°C: (A) 4M HNOs + O.05M 
HF; (O) 4M HN03 + O.05M HF + O.005M Zr (IV); (A) 4M HN03; (V) 4M 
HNOs + O.05M HF + O.025M Zr (IV); (U) 4M HNOs + O.05M HF + O.05M 
Zr (IV); ( V ; 4M HN03 + O.05M HF + O.05M Zr metal (-80 mesh); and (χ) syn
thetic dissolver solution [O.85M U (VI)+ 4M HN03 + O.05M HF + O.0066M 

Zr(IV)]. 
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(3 months old) batch of oxide. 
Another experiment was performed at 100°C in which the 

4 M HNO3 solvent was replaced after two hours and again after four 
hours. In the first two hours, 2.8% of the Z^Am again dissolved 
(Pu was not separately determined). In each of the second and 
third two-hour intervals about O.14% of the 2̂ 1.Am dissolved. 
Within the limits of the counting s t a t i s t i c s (241p u was determined 
by Y-counting at about 150 keV) the amount of Pu dissolved was 
also about O.14%. This corresponds to a dissolution rate of 
2.6 χ 10"? m g min" 1 cm"2 which is about 60-fold lower than that 
reported by Horner et a l . (9) for PuÛ2 microspheres and 100-fold 
lower than that obtained by extrapolation to 4 M HNO3 of Uriarte 
and Rainey 1s ( £ 0 r e s u l t s for Pu02 p e l l e t s . If their very low sur
face areas are correct, this difference is not readily explain
able. 

Although the above experiments neither confirm nor reject the 
calculated s o l u b i l i t i e s shown in Figure 1, they do indicate that 
an i n i t i a l r e l a t i v e l y high dissolution rate is followed by a much 
lower rate. Such difference is not explainable on the basis of 
change in surface area. Since only the surface layer of Pu02 
dissolved readily, surface hydration might be suspected as a caus
ative factor. Hydration of Pu02 is not thermodynamically 
favorable, but the surface monolayer may be expected to react 
d i f f e r e n t l y due to different thermodynamic properties. Also, 
radiolysis of adsorbed water to make oxidative free radicals might 
be a factor since we know that ^^^Pu02 rather rapidly converts to 
amorphous and f i n a l l y to polymeric hydrated Pu02 in pure water. 

Despite the fact that the oxide used had been made and stored 
in a low humidity atmosphere, we r e f i r e d a sample of the oxide 
under the same f i r i n g conditions at which it was o r i g i n a l l y pre
pared and carried out a two hour dissolution immediately after
ward. The amount of ̂ ^Am dissolved was reduced to 27% of that 
before and no 241p u w a s detected indicating (for the counting 
conditions used) <_O.2% Pu02 dissolved. This tends to support a 
surface hydration hypothesis, but further work would be needed to 
confirm t h i s . 

The low calculated s o l u b i l i t y of Pu02 at <5 M HNO3 indicates 
that care must be exercised in studying and interpreting dissolu
tion rates in this acid region. It also leads to the prediction 
that fluoride might be required not only as a catalyst to increase 
the dissolution rate but also might be required to act as a 
stoichiometric reagent to complex Pu(IV) and to thereby increase 
equilibrium Pu02 s o l u b i l i t y . An estimate of this effect using 
the published value (JL5) of the formation constant for the mono-
fluoro complex of Pu(IV), estimated values for the difluoro and 
t r i f l u o r o complexes based on data (L5) for Th(lV) and U(IV), 
estimated entropies of formation based on published data (16) for 
Th(IV), U(IV), and Np(IV), the ionization constant for HF (15), 
and assuming unit a c t i v i t y coefficients for HF and F~ indicates 
that addition of O.05 M HF to 4 M HNO3 would be expected to 
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increase Pu02 s o l u b i l i t y four- to f i v e - f o l d over that (48 mg Pu/L) 
shown in Figure 1. Although we did choose values of equilibrium 
constants measured at the higher ionic strengths available, they 
were rot for 4 M HNO3 and such calculations can only be con
sidered to be rough approximations. We have, in fact, actually 
dissolved Pu0 2 in 4 M HNO3-O.O5 M HF to about ten times this es
timated value. At higher n i t r i c acid concentrations, the e q u i l i b 
rium s o l u b i l i t y of Pu0 2 is much higher as seen in Figure 1, and 
fluoride is expected to act only as a catalyst in increasing d i s 
solution rate. 

Dissolution of Pu09 in HNOq - HF 

Several f a i r l y basic studies (8, J 7 , JJ3, 19) of the kinetics 
of dissolution of Pu0 2 by HNO3-HF mixtures and other studies 
(20, 21_, 22̂ , 23) of the dissolution of chemically similar Th0 2 

have been made. The p r i n c i p a l things that can be said about this 
work are that there is l i t t l e agreement between the various 
workers, and that the dissolution of Th0 2 by HNO3-HF is consider
ably easier and possibly mechanistically somewhat different from 
the dissolution of Pu0 2. The e a r l i e r of the Pu0 2 work 0 3 ) finds 
the dissolution rate to increase by the 1.4th power of HF molarity 
at constant a c i d i t y , and by the 4th power of the t o t a l HNO3 molar
i t y . Barney (17) found the rate to be first order in the total HF 
not complexed to Pu(IV), first order in oxide surface area, and 
to be independent of acid concentration in the range 4-12 M. He 
found that the rate decreased with increasing amount of Pu0 2 d i s 
solved because fluoride was tied up by complexing with Pu(lV) in 
solution, and this effect increased with decreasing aci d i t y due to 
formation of higher fluoro complexes at lower a c i d i t i e s . At 
4 M HNO3 the rate was extremely slow after a r a t i o of about 
1 Pu/2.5 HF was reached. Talient and Mailen (19) also found the 
rate to be first order in uncomplexed HF concentration, but, un
l i k e Barney, they found the rate to also be first order in mean 
ionic a c t i v i t y of HNO3 (second order i f F" instead of HF is the 
reacting species). They also recognized the effect of dissolved 
Pu(lV) in decreasing dissolution rates and did experiments aimed 
at eliminating this effect by oxidation of the Pu(lV) to Pu(VI) 
which forms much weaker fluoro complexes. The rates were in
creased by too large an extent to be attributable only to decrease 
of fluoride complexing, however. Despite the rather wide d i f f e r 
ence in conclusions with regard to effect of acidity on dissolu
tion rate, the absolute rates (measured early in dissolution) were 
in rather good agreement for dissolution in 8-10 M HNO3 -
O.05 M HF at 100°C. The values of Tallent and Mailen (18) for low 
surface area (O.012 n^/g) microspheres, of Barney (17) for oxide 
produced by burning Pu metal (2.9 m^/g), and our own unpublished 
data for oxide obtained by calcining Pu(IIl) oxalate at 900°C 
(4.47 rn^/g) all are in the range 1 to 9 χ 10"^ mg Pu0 2 min~l cnf2. 
The somewhat higher values of Uriarte and Rainey (8) are probably 
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due to the use of geometrical surface areas for pellets of only 
90% theoretical density. 

Takeuchi (22) obtained dissolution rates 
>1 mg Th0 2 cm"2 min" 1 in 6 M HN03-O.035 M HF at only 70°C., a rate 
about one thousand times that for Pu02 under the same conditions. 
Despite considerable evidence (24, 25, 26, 27) of i n h i b i t i o n of 
Th0 2 dissolution by complexing of F~ by Zr(IV), Th(IV), A l ( I I I ) , 
Be(II), and Fe(III) (decreasing in the order shown) Shying et a l . 
(20) have observed moderately high Th02 dissolution rates with 
6.5 M HN03 and <O.005 M HF at 25°C. At v i r t u a l l y all of their 
experimental points, Th(IV) in solution greatly exceeds the HF 
concentration, in some cases by a factor of ten. Under these con
ditions, very low Pu02 dissolution rates would be expected based 
on Barney's (17) results. In fact, Barney's data indicates that 
at 6 M HNO3 and Pu/F >O.5, dissolution is very slow at 35°C and 
even at 10 M HNO3 and 100°C dissolution of Pu02 almost stops at 
Pu/F = 2. This again indicates much more rapid dissolution of 
Th02 than of Pu02 since Th(lV) forms a stronger complex with 
fluoride than does Pu(lV) (15). Takeuchi et a l . (22) under con
ditions where the [HFj concentration in solution is large compared 
to the Th concentration, find the dissolution rate to be much less 
than first order in HF concentration, and find that the rate is 
proportional to [HF] /(1+KJ[HF]). This observation was for the 
same range of HF concentrations (O.01 to O.05 M) for which the 
Pu02 dissolution rate was found to be first order in uncomplexed 
[HFJ. They also found a very low dependence on total acidity, as 
did Barney (17) for Pu02 dissolution. Their dissolution rates 
were proportional to K 2 [HN03]/(1+K2[HNO3]) where HNO3 is the 
concentration of unionized n i t r i c acid. Shying et a l . (20) found 
the dissolution rate at low HF concentrations, <O.005 M, and 
Th/F ratios >1 to be less than first order in total fluoride con
centration in solution (after correcting for fluoride adsorbed on 
the Th02 surface) approaching first order at the lower concen
trations studied. We found that their rates can also be repre
sented by an equation of the type r = kK[HF]/(1+K[HF]). Shying 
et a l . (21) report the dissolution rate in HNO3-HF solutions under 
the conditions noted above to be second order in mean ionic activ
i t y of HNO3, after correction for change in fluoride a c t i v i t y with 
HNO3 concentration, a conclusion later reached by Tallent and 
Mailen for Pu02-

It appears on the basis of the above cited l i t e r a t u r e that 
there is l i t t l e overall agreement between the more basic studies 
of Pu0 2 and Th0 2 dissolution in both HNO3 and in HNO3-HF 
solutions. It is d i f f i c u l t to review this work and to determine 
which conclusions, i f any, are the closest to being correct. 
Some of the work is based on r e l a t i v e l y limited experimental data 
with no evidence of i t s reproducibility. Thus, for example, 
Tallent and Mailen (18) carried out only eight Pu02 dissolutions 
to determine both the fluoride and acid dependence of the dissolu
tion rate. The number of samples taken per run ranged from three 
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508 ACTINIDE SEPARATIONS 

to six (usually four) with first sampling times varying between 
O.43 and 1.8 hours, and f i n a l sampling times up to 23 hours with 
dissolution proceeding to almost 100% of the i n i t i a l Pu0 2 in some 
cases. Despite continually changing curvature in these dissolu
tion versus time plots, they have estimated i n i t i a l dissolution 
rates and have determined exact first order dependences on HF con
centration and on mean ionic a c t i v i t y of HNO3. We would suggest 
that there cannot be much r e l i a b i l i t y to the result. Barney's 
(17) study is much more careful in this regard in that he has 
measured seven or eight points in the first 60 minutes of dissolu
tion and has used a large Pu0 2 to solvent r a t i o . At his highest 
dissolution rates, all measurements were below about 10% dissolu
tion to minimize change in surface area with time. Under these 
conditions of large Pu0 2 surface area and rapidly increasing 
solution Pu(lV) concentration, the HF concentration not complexed 
by Pu(IV) was determined by assuming formation of only the one-to-
one PuF^ + complex which is a reasonable assumption at 10 M HNO3. 

The experimental approach of Takeuchi et a l . (22) in their 
study of Th0 2 is probably the best. They have used a small mea
sured surface area of a high density (99% of theoretical) Th0 2 

p e l l e t with s u f f i c i e n t volume of dissolvent that there was never 
s u f f i c i e n t Th dissolved to complex much of the HF. Solution 
samples were taken at approximately 10 minute intervals for about 
100 minutes, and all dissolution plots were straight l i n e s . 
Shying et a l . (20, 21) measured dissolution rates of Th0 2 under 
conditions where the Th in solution was almost always in excess of 
to t a l fluoride (up to 10-fold excess) with the r a t i o varying. At 
the a c i d i t i e s they used, (2 to 6.5 M) the fluoride must be strong
ly tied up by complexing to Th(lV) since Th is e f f i c i e n t l y removed 
from anion exchange columns by 8 M HNO3-O.OI M HF (28). Tallent 
and Mailen (19) have shown a 100-fold decrease in Pu0 2 dissolu
tion rate when Th equal to the total fluoride is added to 
8MHNO3-O.I M HF. Thus, regardless of whether F", HF, ThF 3 +, 
ThF^ +, etc., is the k i n e t i c a l l y controlling fluoride species, 
the results cannot be meaningful since none of these can be d i 
r e c t l y proportional to t o t a l fluoride in solution (corrected for 
adsorbed fluoride) with Th/F varying from O.23 to 10 (21) and 
a c i d i t i e s varying from 2 to 6.5 M HNO3. 

I t is tempting to speculate that dissolution of Pu0 2 in 
HNO3-HF is similar to that for Th0 2 except in degree. The 
equation, r = kK[HFj/(l+K[HF]) as proposed by Takeuchi et a l . (22) 
approaches a first order rate as [HF] decreases. It is at these 
low HF concentrations, where the Th0 2 dissolution rates approach 
first order in [HF],that the absolute Th0 2 rates approach those 
for Pu0 2 at higher HF concentrations where the Pu0 2 dissolution 
rate has been studied and found to be first order in HF concen
tration. The faster dissolution of Th0 2 compared to Pu0 2 is not 
surprising in view of the difference in b a s i c i t i e s , metal oxygen 
bond strengths, and related tendency of the oxides to hydrate. 
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Effects of Metallic Impurities on Dissolution in HNO^-HF 

Metallic impurities which complex fluoride strongly w i l l , i f 
present in quantities approaching the total fluoride concentra
tion, markedly influence Pu0 2 dissolution by lowering free F~ and 
HF a c t i v i t i e s . At the low terminal dissolution a c i d i t i e s desired 
in fuels reprocessing, metals which form stronger fluoro complexes 
than those of Pu(IV), w i l l , i f present in quantities equal to or 
greater than the t o t a l fluoride, e f f e c t i v e l y lower the thermody
namic s o l u b i l i t y of Pu0 2 to that in pure HNO3 (Figure 1). Zirco
nium, which is both a f i s s i o n product and cladding material, is an 
example of this type since both i t s first and second fluoro com
plex formation constants are greater than the first constant for 
Pu(IV). 

A l l metallic ions which complex fluoride to an appreciable 
extent at the a c i d i t i e s and fluoride concentrations of interest 
can be expected to decrease dissolution rates through lowering of 
F" and HF a c t i v i t i e s . Molen (29) showed that the rate of Pu0 2 

dissolution decreases with increasing Pu0 2 to solvent (12 M HNO3 

- O.1 M CaF 2) r a t i o . Harmon (30) noted that at 6 to 7 M HNO3, the 
dissolution rate of Pu0 2 is markedly decreased by the presence of 
an excess of U(VI) and Fe(III) and attributed this to lowered f l u 
oride a c t i v i t y . The effects (24, 25, 26, 27) of Zr(IV), Th(IV), 
AI(III), Be(II), and Fe(III) on Th0 2 dissolution were noted ear
l i e r . Barney (Γ7) studied the rate decrease caused by complexa-
tion of fluoride by dissolving Pu(IV). At high a c i d i t i e s (-10 M), 
he found only the PuF^ + complex needed to be considered, but at 
lower a c i d i t i e s higher complexes were also important. 

Tallent and Mailen (19) have studied the dissolution of Pu0 2 

in 8 M HNO3-O.I M HF in the presence of a variety of fluoride 
complexing metallic ions, several of which might be expected to be 
present in process solutions. They adequately demonstrated a very 
large decrease in dissolution rate upon addition of metallic ions 
which complex fluoride strongly (2000-fold in the case of 
O.1 M Zr), but they have given a t o t a l l y incorrect quantitative 
interpretation of their data. They assumed that only the mono-
fluoro complexes need be considered and carried out their experi
ments with equal concentrations of HF and metallic ion present. 
Under these conditions it can be shown that it is only because of 
higher complexes that such drastic reductions in dissolution rate 
(presumably due to corresponding reductions in HF and F~ a c t i v i t y ) 
can occur. They have also neglected the fact that HF is a weak 
acid only s l i g h t l y ionized in 8 M HNO3 , have incorrectly derived 
equations for fluoride a c t i v i t y in the presence of metallic ions, 
and have used published a c t i v i t y c o e f f i c i e n t data for HF incor
r e c t l y . 

The effects of various fluoride complexing metal ions at 25°C 
can be roughly estimated from their complex formation constants 
(15) assuming, as has been concluded (17), that at any given acid
i t y the Pu0 2 dissolution rate is first order with respect to free 
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(uncomplexed to metal) fluoride or HF concentration. Metallic 
ions present in irradiated fuel dissolver solution which are known 
to form complex fluorides (or form insoluble fluorides) are uran
ium (a bulk constituent), plutonium, zirconium (a f i s s i o n product 
and a fuel cladding material), trivalent actinides, and lantha-
nides. Other f i s s i o n products such as Nb, Mo, and Sb form fluoro 
complexes, but quantitative data is lacking. 

Assuming unit a c t i v i t y coefficients for HF in 4 M HNO3, equal 
a c t i v i t y coefficients for the metallic ions and the metal fluoro 
complexes, and that QJJ+ and Q^oo a r e equal to mean ionic a c t i v 
i t i e s given in ref. (12), it is predicted that Sr at dissolver 
solution levels w i l l have v i r t u a l l y no effect on fluoride a c t i v i t y 
in 4 M HNO3-O.O5 M HF. If the t o t a l lanthanides plus trivalent 
actinides are assumed to act l i k e Ce(IIl), they are not expected 
to lower fluoride a c t i v i t y in 4 M HNO3 except above about 
O.15 M HF where precipitation of the Ln(An)F3 may occur. Addition 
of 1 M U(VI) to 4 M HNO3-O.O5 M HF w i l l reduce free HF (and F~) 
and presumably Pu02 dissolution rate by 5.6-fold at 25°C under the 
above assumptions and correcting for the nitrate complexing (11) 
of the uranium. Because the uranium is present in large excess, 
a very large amount of fluoride would be required to counteract 
this effect. This estimate is in reasonably close agreement with 
the experimental results of Harmon (30) in 6 M HNO3 where the 
effect of uranium would be predicted to be about a factor of two 
less. 

Zirconium forms a series of strong fluoro complexes, both the 
monofluoro and difluoro complexes being stronger than the mono-
fluoro complex of Pu(lV). If only the monofluoro complex of 
Zr(IV) is considered, the predicted lowering of HF or fluoride ac
t i v i t y in 4 M HNO3-O.O5 M HF on addition of O.05 M Zr would be 
75-fold. If the monofluoro and difluoro complexes are considered 
the predicted lowering of fluoride and HF a c t i v i t y and presumably 
lowering of Pu0 2 dissolution rate would be 1000-fold. Including 
the higher fluoro complexes in the calculation would result in 
even larger predicted decrease in dissolution rate. 

Based on estimates similar to those above, it can be pre
dicted that large amounts of fluoride would be required to obtain 
Pu0 2 dissolution rates in irradiated fuel dissolver solutions 
that are comparable to those in pure HNO3-HF solutions. Because 
of the effect of the large excess of uranium, it is probably not 
feasible to add s u f f i c i e n t fluoride (since it is undesirable in 
later processing and waste storage steps) to reach a dissolution 
rate more than several-fold lower than in pure HNO3-HF. 

The above predictions were experimentally confirmed as shown 
in Figure 2. It can be seen from Figure 2 (the percent Pu0 2 

dissolved was determined by gamma counting 241^) that the 
presence of even half as much Zr as HF reduces the Pu0 2 disso
lution rate, within the limits of the 2 4 1 ^ counting method, to 
that of pure HNO3 alone. It can also be seen that Zr metal 
fines, as expected from chopping of zirconium clad f u e l , are as 
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34. R Y A N A N D B R A Y Dissolution of Pu02 511 

effective as Zr i n i t i a l l y in solution. Even one tenth as much Zr 
as HF decreases the dissolution rate appreciably. The dissolu
tion rate in a synthetic dissolver solution (comparable to that 
expected in 30,000 MWD/ton mixed oxide fuel) containing only about 
one eighth as much Zr as HF is also reduced for pr a c t i c a l purposes 
to that in pure HNO3. 

It appears from the above results that in order to reasonably 
rapidly dissolve Pu0 2 residues from mixed oxide fuel in a rea
sonable period, undesirably large amounts of HF would be required. 
An alternative is to separate Pu0 2 residues (along with f i s s i o n 
product solids and, in the case of LWR fuels, Zr cladding fines) 
from the n i t r i c acid dissolver solution, and to dissolve this 
material in a separate HNO3-HF solution. Depending upon the 
amount of Zr fines, and the amount and composition of the f i s s i o n 
product solids, this might s t i l l require several times as much 
fluoride on a molar basis, as the amount of Pu0 2 dissolved. A 
severe disadvantage to this approach is the d i f f i c u l t y of f i l t e r 
ing or centrifuging solids. Not only are they extremely fine, but 
because of the high f i s s i o n product ruthenium content and res u l t 
ing high heat generation rate, it would also be d i f f i c u l t to main
tain stable f i l t e r or centrifuge cakes. 

Dissolution in HNQ^-Ce (IV) 

In 1961, A. S. Wilson (31) received a patent for a process of 
dissolving Pu0 2 in n i t r i c acid containing cerium ions. Wilson's 
work consisted of two dissolution experiments using cerous ion in 
15.7 M HNO3 and two control experiments in the absence of cerium. 
The very reactive Pu0 2 used was prepared by a short calcining of 
the oxalate at 400-500°C. The Pu0 2 dissolution rate (to 20% d i s 
solution) was increased about f i v e - f o l d due to the presence of Ce. 
The scatter was very large between the two control experiments. 
Wilson proposed, but did not prove, that the cerium acted as an 
oxidation catalyst in the process. 

Uriarte and Rainey (8) studied the effect of Ce(IV) on Pu0 2 

dissolution at varying Ce(IV) and HNO3 concentrations. They 
stated that "With O.005 to O.1 M Ce(IV) in 4 M HNO3, the dis 
solution rate was approximately proportional to the first power of 
the eerie ion concentration. At lower Ce(IV) concentrations, the 
rates were the same as those in n i t r i c acid alone." Although 
they, unlike Wilson, adequately demonstrated that Ce(IV) increases 
the dissolution rates of Pu0 2 at various a c i d i t i e s , neither of 
their above conclusions is j u s t i f i e d on the basis of their data. 
Their large experimental scatter, their lack of control of Ce(IV)/ 
Ce(IIl) r a t i o , their lack of a measurement of the dissolution rate 
in pure 4 M HNO3, and comparison of their results to an extrapo
l a t i o n to 4 M HNO3 of their data for dissolution in pure 
7-14 M HNO3 make these conclusions untenable. Their claim that 
the rate in 7, 10, and 14 M HNO3 in the presence of Ce(IV) is 
the same as in n i t r i c acid alone is also c l e a r l y not supported by 
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their own data. 
In more recent studies, Horner et a l . (9) and Harmon (30) 

conclude that Ce(lII) is completely ineffective in promoting Pu0 2 

dissolution except at very high a c i d i t i e s (>12 M) where some oxi
dation to Ce(IV) causes a modest increase in dissolution rate over 
that in pure HNO3. They found Ce(IV) to be most effective at 
about 4 M HNO3. Horner et a l . (9) found the rate with 
O.1 M Ce(IV) to be about 2000 times that which they reported for 
pure HNO3. Their reported rates decrease rapidly both above and 
below 4 M HNO3. At low Ce(IV) concentrations, they report the 
rate to be first order in Ce(IV) concentration, but their data is 
too limited to j u s t i f y such a conclusion. They also found that 
the Ce(IV)/Ce(III) ratio is a very important factor influencing 
the dissolution rate with the rate at a r a t i o of O.25 being 28-
fold lower than in the absence of any i n i t i a l Ce(III). From thi s , 
they conclude that a solution potential of about 1.38 volts would 
be needed for p r a c t i c a l dissolution of Pu0 2 microspheres. They 
propose ozone or e l e c t r o l y t i c regeneration to maintain high 
Ce(IV)/Ce(III) r a t i o but have apparently pursued this only to the 
extent of b r i e f and unsuccessful experiments with ozone. They 
have b r i e f l y examined other oxidants, such as persulfate, perman
ganate, and dichromate, but do not appear to have seriously con
sidered the oxidation-reduction kinetics of these oxidants as 
compared to Ce(IV). 

By properly combining the standard oxidation potentials 
and/or free energies (1, 10) of reactions (9) through (12) or (10) 
through (13) one obtains the standard potentials for oxidative 
dissolution of PuO as PuOÎ or Pu0?+ as given in reactions (14) 
and (15): 1 L 

E° = 1.1702 volts (9) 

E° = -1.28 volts (10) 

A G298 = ~ 2 4 9 ' 4 k c a l m o l e " 1 < n ) 

E° = 1.229 volts (12) 

E° = 1.0433 volts (13) 

E° = 1.58 volts (14) 

E° = 1.24 volts (15) 

From the potentials of reactions (14) and (15), it can be seen 
that P U Q 2 + w i l l be the f i n a l product of oxidative dissolution. 

Pu 4 ++2H 20 + Puo£+4H ++e 

4+ 

Pu ^ Pu +4e 

Pu+02 j Pu0 2 

2H 20 χ 02+4H++4e" 

Pu 4 ++2H 20 J Pu02
++4H++2e 

Pu0 2 + Pu02+e" 

2 + 
Pu0„ •+ Pu0„ +2e 
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Despite th i s , the dissolution can probably be expected to go 
through reaction (14) and thus, even though Pu(V) is unstable in 
the solution and need not reach unit a c t i v i t y , a solution poten
t i a l within about O.2 volts of that of reaction (14) might reason
ably be expected to be required. This correlates closely with the 
1.38 volts estimated by Horner et a l . (£). It can be seen from 
the above that only very strong oxidants should be capable of 
dissolving Pu0 2, and i f these are further limited to those which 
arei generally k i n e t i c a l l y fast, Ce(IV) may be the only r e l a t i v e l y 
stable example. 

Horner et a l . (9) have observed that in dissolution of i r r a 
diated fuels residues, ruthenium present as f i s s i o n product Ru 
metal, destroys the Ce(IV) probably through formation of v o l a t i l e 
RuO^ followed by i t s decomposition to s o l i d Ru02 and return 
from the dissolver condenser to the solution. The Ru02 is then 
again oxidized to RuO^. Elimination of this problem w i l l re
quire removal of ruthenium from the solution. It should be noted 
that other f i s s i o n products such as iodine are oxidized to high 
oxidation states by Ce(IV) and also w i l l consume Ce(IV). 

Conclusions 

Traditional methods of dissolution of Pu0 2 do not lend them
selves to dissolution of the Pu0 2 present in irradiated reactor 
fuels when it is not in s o l i d solution with U0 2. Plutonium d i 
oxide is insoluble both from a thermodynamic and kine t i c stand
point in the terminal n i t r i c acid concentrations desired for d i s 
solver solutions. Pyrochemical dissolution methods would be very 
d i f f i c u l t with the high a c t i v i t y levels involved and would gener
a l l y add appreciably to high level waste volumes. Use of n i t r i c 
acid-hydrofluoric acid at tolerable levels of fluoride is se
verely limited by fluoride complexing by uranium and f i s s i o n 
products. In dissolution in HNO3 solutions of Ce(lV), various 
f i s s i o n products consume Ce(IV). Despite this, the lack of other 
desirable alternatives makes it appear that further work on 
oxidative dissolution might be warranted. 
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Recent Savannah River Experience and Development 
With Actinide Separations 

M. C. THOMPSON, G. A. BURNEY, and J. M. McKIBBEN 
Savannah River Laboratory, Ε. I. du Pont de Nemours and Company, 
Aiken, SC 29801 

Savannah River Laboratory (SRL) and Savannah River Plant 
(SRP) have been involved in actinide separations for 25 years. 
Work continues to upgrade processes and to initiate new processes. 
This report summarizes the work since 1971 (1) except for the 
changes in enriched uranium processing reported in 1977 (2). 
The following topics are discussed: recovery of americium and 
curium; reduction of wastes by substituting hydroxylamine 
nitrate (HAN) for ferrous sulfamate (FeSA) during pa r t i t i o n i n g 
of plutonium and uranium; a solvent extraction flowsheet for 
recovery of 238Pu and 237Np; and improved separation of 238Pu 
and 237Np with macroporous ion exchange resins. 

Recovery of Americium and Curium 

Large-scale p u r i f i c a t i o n of americium, curium, and cali
fornium with pressurized cation exchange has been planned at SRP 
for many years (1). I n i t i a l work involved SRP batch extractions 
to iso l a t e a crude actinide-lanthanide fraction followed by 
solvent extraction and ion exchange in the SRL high level caves 
(1). For large-scale p u r i f i c a t i o n , a single step was substituted 
for batch extraction and solvent extraction. Plant Purex solvent 
(30 vol % tri-n-butyl phosphate in n-paraffin) was used to 
minimize flush time and cross-contamination of solvent. 

Laboratory Tests 

A solvent extraction cycle similar to that used in the 
earlier work was selected (1). The flowsheet (Figure 1) was 
first demonstrated in laboratory miniature mixer-settlers. 

Before solvent extraction, the feed was treated with 
manganous nitr a t e and less than equivalent permanganate to 
convert plutonium to Pu(VI). Tests in miniature mixer-settlers 
with synthetic feed solution but not containing Cf showed accept
ably small concentrations of actinides in the aqueous waste (1AW) 
and organic r a f f i n a t e (1CW) streams, and also acceptable 
separation of plutonium from curium and americium. 

0-8412-0527-2/80/47-117-515$05.00/0 
© 1980 American Chemical Society 
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516 ACTINIDE SEPARATIONS 

These r e s u l t s (Table 1) show that a d d i t i o n a l valence adjust
ment of the feed to reduce Pu from Pu(VI) to the more extractable 
Pu(IV) was not necessary. Plutonium in the Cm-Am stream (IBP) 
varied from 2 to 7.8% of feed Pu. In the 1C mix e r - s e t t l e r , 
O.OIM HAN back-extracted Pu e f f i c i e n t l y , even when the flow of HAN 
was reduced 50%, and although the feed concentration of Pu in the 
test solutions was MO times that expected in plant operation. 

1 A F 

1.5M A I ( N 0 3 ) 

O.6M HNO3 

O.01 g/L P u ( V J ) 

1 A X 

3 0 % T B P 

"(225Hii 

A I ( I M 0 ) 3 

Ν α ( Ν 0 3 ) 

1A 

I A S 

N a N 0 3 

I B S 

3 0 % T B P 

-(loo)* 

IB 

I B P 

A m 
C m 
HNO3 

I B X 

O.1M HNO3 

ICW 

W a s t e 
S o l v e n t 

( 3 2 5 ) 

I C U 1CX 

P u O . O I M H A N 
O.3M HNO3 O.05M HNO3 

Figure 1. Solvent extraction flowsheet for laboratory miniature mixer settlers 

Table 1. Laboratory Tests of Am and Cm Recovery 
With Synthetic Feed Solution 

% of Feed 
Pu Am Cm 

Raffinâtes 
Aqueous 1AW <O.05 <O.05 <O.05 
Organic O.002 O.002 O.04 

Product Solutions 
Cm-Am IBP <8 M00 M00 
Pu ICU 95 O.1 O.2 
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Plant Test 

After the successful laboratory t e s t s , a plant test was 
made with some changes from routine operation. The first cycle 
contactor in the plant is an 18-stage c e n t r i f u g a l contactor with 
the scrub entering Stage 1. To decrease entrainment of the 
6M NaN03 scrub, the IAS was introduced in t o Stage 2 with Stage 1 
acting as a c e n t r i f u g a l separator. The IB mix e r - s e t t l e r was 
changed to allow the aqueous product to be washed with pure 
η-paraffin in Stages 18 and 17. The IBS was introduced then at 
Stage 16 instead of Stage 18. The η-paraffin wash removed 
t r i b u t y l phosphate (TBP) dissolved in the aqueous and lowered 
the phosphate content of the r e s u l t i n g product from 140 to 6 mg/L 
when no actinides were in the feed. 

The entrainment of IAS was determined in a separate run 
with potassium n i t r a t e as a tracer. The concentration due to 
entrainment was O.055 v o l %; the contribution due to both 
entrainment and s o l u b i l i t y was equivalent to O.073 vol %, a value 
s l i g h t l y less than the desired maximum of O.1 v o l %. 

The hot run was made with the feed s o l u t i o n obtained by 
di s s o l v i n g highly i r r a d i a t e d Pu-Al a l l o y in H N O 3 with mercuric 
ion c a t a l y s t . Uranium was added to the s o l u t i o n to produce a 
t y p i c a l Purex feed. Uranium and most of the plutonium were 
recovered by the normal Purex process. The aqueous waste 
containing Am, Cm, Cf, f i s s i o n products, A l , and Hg was evaporated; 
and acid was stripped to produce the feed (Table 2). The r e s u l t s 
are as expected from the laboratory t e s t s : excellent recovery of 
Pu, Am, and Cm but low decontamination factors (DF). 

Table 2. Plant Tests of Am and Cm Recovery With a 
Typical Concentrated Waste Feed Solution 

A 1 ( N 0 3 ) 3 , M 

H N O 3 , M 

Pu, g 
Am, g 
Cm, g 
Gamma, Ci 

1.5 
O.75 

468 
74 
50 

2.3 x 105 

Element or 
Isotope 
Pu 
Am 
Cm 
l h "Ce 
13»*» 1 37 C s 

1 0 6 R u - 1 0 6 R h 
9 5 Z r - 9 5 N b 
Gross Gamma DF 

Endstream, 
1AW 

O.02 

100 
29.7 
50 

IBP 
O.6 

100 
100 
100 

17.9 
50 

8.5 

1CU 
98.5 

47.3 

8.5 

1CW 

5.1 
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518 ACTINIDE SEPARATIONS 

Analyses of sodium in the IBP showed 556 mg/L., which was 
equivalent to an entrainment of IAS of O.09 vol %, higher than 
the cold run but less than O.1 vol %. Phosphate concentration 
in the IBP so l u t i o n was 13.1 mg/L. 

Since the t e s t , the flowsheet has been run s i x times in 
three campaigns to recover a t o t a l of ~6.1 kg Am and 2.3 kg Cm. 
The o v e r a l l recovery of Am and Cm was >99%. The alpha and gamma 
content of these solutions was up to 10 times higher than in the 
test s o l u t i o n . The sodium concentration in the IBP varied from 
420 to 526 mg/L which was lower than obtained in the t e s t . The 
phosphate content of the IBP so l u t i o n varied with the alpha 
a c t i v i t y in the feed or product. This r e s u l t shows that the 
phosphate concentration is a function of alpha r a d i o l y s i s . The 
range of the alpha p a r t i c l e is short; therefore, the r a d i o l y s i s 
is probably occurring in the organic phase while Am and Cm are 
extracted. From the slope of the l i n e in Figure 2, an alpha 
energy of 5.8 MeV for 2l+I*Cm, and 10 minutes residence time in 
the organic phase, the G value was calculated to be O.16 mole
cule per 100 electron v o l t s . The product of r a d i o l y s i s was 
assumed to be monobutylphosphoric acid since the η-paraffin wash 
should remove all TBP and dibutylphosphoric a c i d . 

In all t e s t s , the gamma a c t i v i t y of the solvent increased 
to extremely high l e v e l s . To remove the a c t i v i t y from the 
solvent (mostly 1 0 6 R u ) , the wash time was extended and the IB 
and 1C mixer-settlers were used as washers (Figure 3). Washed 
solvent follows the same trend as unwashed and never quite 
reaches the l e v e l p r i o r to the run. Solutions of Na 2C0 3, 
Na2C03-NaOH, and O.1M H N O 3 were used to wash the solvent. 

The Am and Cm were combined in a sing l e tank a f t e r evapora
t i o n and w i l l be separated when time becomes av a i l a b l e in the 
SRP cation exchange f a c i l i t y . 

Waste Reduction Through Use of Hydroxylamine N i t r a t e 

Ferrous sulfamate has been the reductant f o r plutonium 
during p a r t i t i o n i n g of uranium and plutonium in the Purex process 
at SRP since startup. In recent years, a desire to reduce waste 
volumes has led to studies of a l t e r n a t i v e reductants or com
binations of FeSA with other reductants. The FeSA in the Pu 
s t r i p s o l u t i o n produces Fe(0H)3 and Na2S0i+ in neutralized waste; 
these compounds account f o r a large percentage of the s o l i d 
material in Purex low a c t i v i t y waste. In an e f f o r t to reduce 
these wastes, we investigated HAN as a substitute f o r part or 
all of the FeSA in the Purex first cycle. 

E a r l i e r work at Savannah River had shown that HAN was a 
good Pu reductant at low a c i d i t y and indicated that HAN with 
Fe(N03)3 c a t a l y s i s might be substituted for FeSA during p a r t i t i o n 
ing of U and Pu (3). 
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Laboratory Tests 

Barney has studied reactions of hydroxylamine and plutonium 
and gives the following o v e r a l l reaction (4): 

2NH3OH+ + 2Puh+ -> 2Pu 3 + + N 2 + 2H20 + 4H + (1) 

when hydroxylamine concentration exceeds plutonium concentration. 
Richardson and Swanson confirmed the acid dependence under the 
l a t t e r conditions (5). Richardson also demonstrated Pu p a r t i t i o n 
ing with HAN-N2H4. mixtures in miniature c e n t r i f u g a l contactors 
for breeder f u e l compositions (5). Thus, we anticipated FeSA 
could be completely replaced. However, in tests at SRL, plutonium 
was shown to r e f l u x in all tests except when O.05M FeSA was 
present in addition tp HAN. 

The test r e s u l t s f o r plutonium are shown in Figures 4, 5, 
and 6. In the test with HAN alone, the Pu s p l i t evenly between 
the Pu and U products. Figure 4 shows that most of the Pu is 
reduced in the first stage, the only stage where the a c i d i t y is 
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2x l0 7 ι—ι—ι—ι—ι—ι—ι—ι—ι—ί*Ντ—r 

l x lO 7 

5 x l 0 6 

J Unwashed 
Solvent 

\ 5 x l 0 5 

~ 1 χ10 6 

^ lxlO 1 

σ 
υ 
Ε 
ε 

5 χ ΙΟ 4 

1 χ ΙΟ 4 ' ' ι ι ι I I I I 1*̂ -1 1— 
Ο 10 20 30 40 50 60 70 80 90 180 190 

Hours after Start of Hot Feed 

Figure 3. γ Activity of first cycle solvent: 0-10.3 hr, hot feed; 10.3-18.8 hr, prod
uct removal; 18.8-92 hr, washing with IB and 1C mixer settlers and solvent wash

ers; 92-188 hr, washing with solvent washer only. 

<O.5M; reduction with HAN is best at low a c i d i t y Ç5>4) . Absence 
of a NOI scavenger also contributes to the poor performance of 
HAN alone, because the Pu 3 + is not protected from reoxidation 
by HN02. Adding N 2H 4 to react with HN02 improved performance 
(Figure 4) but did not prevent some reflux. The Pu p r o f i l e 
calculated with the SEPHIS computer program modified by 
Richardson (5) to include kinetics of reduction by HAN shows 
the expected result. Richardson achieved agreement between his 
experimental results in centrifugal contactors and the modified 
SEPHIS (5). The difference between Richardson's tests and our 
tests is the residence time for mixer-settlers versus centri
fugal contactors. The modified SEPHIS program does not include 
kinetics for the reoxidation of Pu so the time effect could not 
be modeled. If residence time is a factor, SRP would have even 
more reoxidation because the residence time is much longer than 
for SRL miniature mixer-settlers. 

Ferric nitrate could be used to catalyze the reduction of 
plutonium by hydroxylamine during partitioning (3_) . A laboratory 
test with a mixture of Fe(NU3)3 and HAN resulted in Pu reflux 
(Figure 5). Using Fe(NU3)2 instead of Fe(N03)3 merely shifted 
the point of reflux toward the feed stage. The reflux must be 
caused by N02 because a plant test at Hanford with Fe(NU3)2 and 
N2H4 was successful except when excess N02 entered the p a r t i t i o n 
ing column (6). 
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Figure 4. Aqueous Pu with hydroxyhmine nitrate and hydarzine 

T 

6 8 10 12 

S t a g e N u m b e r 

Figure 5. Aqueous Pu with mixtures of ferrous or ferrie nitrate and hydroxyl-
amine nitrate 
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522 ACTINIDE SEPARATIONS 

Therefore, further tests were made"with mixtures of FeSA and 
HAN. With O.OIM FeSA, Pu refluxed at the feed stage, but to a 
much lower extent than with Fe(NÛ3)2 (Figure 6). Increasing 
the FeSA to O.05M gave good p a r t i t i o n i n g and showed the f e a s i 
b i l i t y f o r t e s t i n g in the plant. 

SRP personnel did not want to handle hydrazine and hy-
drazoic acid which r e s u l t s from reaction of hydrazine with 
nitrous acid: 

HN02 + N2H5 -> HN3 + 2H20 + 2H + (2) 

Ο — 
α> ο 

Τ 1 

1BU 
out 

2 h 

1BX 
in 

6 8 10 12 
Stage Number 

18 

Figure 6. Aqueous Pu with mixtures of ferrous sulfamate and hydroxylamine 
nitrate 

Plant Tests 

A series of tests were made to determine how much of the 
FeSA could be replaced under plant conditions. Tests were 
started with normal FeSA concentration; then, FeSA was slowly 
replaced with HAN. Operation was stable f or several days in 
all tests and resulted in a s i g n i f i c a n t reduction in stored 
waste volume from the subsequent Pu p u r i f i c a t i o n cycle (Table 3). 
During the l a s t 16-hr segment of the first t e s t , FeSA was reduced 
to O.05M with O.035M HAN. Af t e r a period of continued stable 
operation, the neutron monitors on the mi x e r - s e t t l e r showed 
increasing neutron emission i n d i c a t i v e of a buildup in Pu. When 
the neutron monitors reached the operating l i m i t , the cycle was 
shut down and, subsequently, flushed with FeSA under normal 
operating conditions. Samples of IBP were taken Sh hr before 
r e f l u x and 2 hr a f t e r the s t a r t of r e f l u x . The samples were not 
analyzed u n t i l the following day and showed O.03M and O.02M f o r 
both sulfamate ion and hydroxylamine and O.04M ferrous in the 
respective samples. Since the samples waited some hours p r i o r 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

03
5

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



35. T H O M P S O N E T A L . Savannah River Separations 523 

Table 3. Plant Tests of U-Pu Partitioning 
With Mixtures of HAN and FeSA 

Normal 
Operation Test 1 Test 2 Test 3 

First cycle operation, days - 4.2 2.0 4.3 
Scrub HN03, M 3.0 3.0 2.2 2.2 
Strip concentration, M 

Fe* + O.12 O.08 O.08 O.07 
NH2S0i O.25 O.17 O.17 O.15 
N H 3 O H C N O 3 ) - O.056 O.056 O.049 

Products concentration, M 
Fe 2 + O.06 O.07 O.07 O.07 
N H 2 S O 3 O.14 O.08 O.10 O.07 

NH30H(N03) - O.03 O.04 O.025 
Stored waste, L/MTU 309 206 206 177 

to analysis and were i d e n t i c a l , it was assumed that the r e s u l t s 
do not indicate the Fe 2 + ion concentration in the m i x e r - s e t t l e r . 
Most of the F e 3 + ion present in the i n i t i a l samples would be 
reduced to F e 2 + p r i o r to sample a n a l y s i s . Sulfamate analyses 
i n d i c a t e increased destruction which would be expected i f 
plutonium is reoxidized from Pu(III) to Pu(IV) by nitrous acid 
when sulfamate concentrations get low: 

Pu(N0 3) 3 + HN02 + H N O 3 + Pu(NO3)4 + NO + H 20 (3) 

2N0 + HN03 + H 20 t 3HN02 (4) 
Reduction by HAN is slow at 2.3-2.5M HN03 in the center of 

the m i x e r - s e t t l e r . Therefore, F e 2 + would be the p r i n c i p a l re-
ductant and more should be consumed as r e f l u x increases. How
ever, subsequent reduction by HAN prevented measurement of F e 2 + 

so the HAN concentration should be i n d i c a t i v e of increased Pu 
concentrations. The analyses showed that O.01M more HAN was 
consumed a f t e r the s t a r t of r e f l u x . Assuming that 2 moles of 
f e r r i c are reduced per mole of hydroxylamine, the f e r r i c ion 
concentration was O.02M lower a f t e r r e f l u x than before r e f l u x . 
Lowering F e 2 + and NH 2S0 3 was s u f f i c i e n t to obtain Pu r e f l u x 
s i m i l a r to that observed in laboratory tests with O.01M FeSA. 

Subsequent tests were made at lower 1A scrub acid concen
t r a t i o n because most of the acid in the 2B contactor comes from 
the acid in the organic phase from the 1A contactor. Since 
Equation 1 shows an inverse fourth power dependence on acid 
concentration, the scrub acid was lowered to 2.2M. Good p a r t i 
t i o n i n g was observed and it was possible to lower both the FeSA 
and HAN concentrations. Tests at lower scrub acid and lower 
FeSA concentration w i l l be made to further reduce waste volume. 
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Solvent Extraction Separation of Neptunium and Plutonium 

Laboratory studies were made to design a solvent extraction 
flowsheet f o r the recovery, decontamination, and p a r t i t i o n i n g 
of 2 3 7Np and 2 3 8 P u from i r r a d i a t e d neptunium targets. Replacing 
anion exchange processing of these targets by solvent extraction 
in SRP operations would reduce cost and waste volume, and would 
increase the production rate of 2 3 8 P u (7). The valence of Np 
and Pu must be adjusted to provide species of both elements 
that are extractable with TBP and may thereby be removed from 
inextractable f i s s i o n products. The e x t r a c t a b i l i t y of Np and 
Pu valence states into TBP decreases in the order: Pu(IV) 
> Np(VI) > Np(IV) Ζ Pu(VI) » Np(V) Ζ P u ( I I I ) . Np(V) and 
Pu(III) are r e l a t i v e l y inextractable. S t a b i l i z a t i o n of extract-
able valences is d i f f i c u l t because of the high s p e c i f i c a c t i v i t y 
of 2 3 8 P u and the chemical effects of plant d i s s o l v e r s o l u t i o n 
(2 g/L 2 3 7Np, O.4 g/L 2 3 8 P u , 1.2M A l 3 + , 4.6M NO?, 1M H +, and 
f i s s i o n products). 

Thermodynamic c a l c u l a t i o n s and batch extraction tests 
showed that the Np(IV)-Pu(IV) and Np(VI)-Pu(VI) systems are 
unstable for s o l u t i o n concentrations p r a c t i c a l f o r solvent ex
t r a c t i o n . Products of r a d i o l y s i s provide a mechanism f o r oxida
t i o n of Np(IV) and reduction of Np(VI) and Pu(VI). Batch ex
t r a c t i o n experiments showed that the reaction rates of destabi
l i z i n g reactions are fast enough that the systems cannot be 
s t a b i l i z e d for a pr a c t i c a b l e time for plant processing (8). 

Investigations then centered on methods f o r producing the 
appropriate valences in s i t u in the mixer-settlers during pro
cessing (9) t 

Iodine (including 1 3 1 I when short-cooled targets are 
processed) can be removed in head end by in s i t u p r e c i p i t a t i o n 
with Mn02 (10). Mn02 oxidizes both neptunium and plutonium to 
M(VI). Therefore i n i t i a l t ests were made with Np(VI) and Pu(VI) 
produced by in s i t u p r e c i p i t a t i o n of Mn02. 

Laboratory tests showed that FeSA added as a sidestream to 
the extraction section of the mix e r - s e t t l e r lowered Np losses. 
A f t e r Pu(VI) and res i d u a l Np(VI) were extracted, FeSA was added 
to reduce inextractable Np(V) to extractable Np(IV) in s i t u . 
Any unextracted Pu(VI) w i l l be l o s t by reduction to inextractable 
P u ( I I I ) . In some t e s t s , urea was added a f t e r Mn02 removal to 
s t a b i l i z e Np(VI). Tests demonstrated that >99% of the Np can be 
recovered w i t h i n 24 hr a f t e r valence adjustment, with or without 
urea as a s t a b i l i z e r ; however, Pu losses were high. 

Additional tests were made to determine the optimum side-
stream p o s i t i o n . Np losses increased (except for the unexplained 
high losses in te s t with FeSA into Stage 11), and Pu losses 
decreased as the FeSA sidestream was moved to higher stages 
(Figure 7), providing more stages f o r Pu(VI) extraction before 
the remaining Pu is reduced to inextractable P u ( I I I ) . 
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12 13 14 
Stage Number 

Figure 7. Np and Pu losses to waste as 
a function of stage of O.35M ferrous sul
famate addition-simulated feed: (O) Np, 

(Φ) Pu; plant feed: (A) Np, (A) Pu. 

Table 4. Laboratory Tests of 2 3 7 N p - 2 3 8 P u 
Flowsheet With Plant Feed Solution 

Fission Product 
1 0 3 R u 
1 3U , 1 3 7 Cs 
1 i+ k Ce 

Decontamination Factor 

9.2 y 105 

1 x 105 

>7.2 χ 105 

9 5 r 'Zr >4.7 χ 102 

a. Ratio of activity in 1AF to activity in 1AP. 

Because t o t a l a c t i n i d e losses were minimized by introducing 
FeSA i n t o Stage 13, a tes t with plant d i s s o l v e r s o l u t i o n was made 
with the same conditions. Extractant and scrub flows were in
creased. Np and Pu losses (Figure 7) d i f f e r from tests with simu
lat e d feed because the FeSA concentration was increased to O.50M. 

Decontamination from f i s s i o n products was good except f o r 
9 5 Z r (Table 4) and is comparable to that achieved in reprocessing 
i r r a d i a t e d enriched uranium fuels (2). 

Sim i l a r tests were made a f t e r adjustment to Np(IV) and 
Pu(IV) and with no valence adjustment. Results were s i m i l a r in 
both cases because r a d i o l y s i s r a p i d l y oxidizes Np(IV) to Np(V). 
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Losses of Np and Pu as low as O.15% and O.25% were observed in 
tests with simulated feed and a O.50M FeSA sidestream in Stage 11. 

Higher Np losses (2.36%) were obtained in a tes t with plant 
feed because of increased r a d i o l y s i s from f i s s i o n products present 
in plant feed. 

A m i x e r - s e t t l e r t e s t with a n i t r i t e sidestream into Stage 15 
was made because n i t r a t e oxidation of neptunium with c a t a l y t i c 
amounts of N0 2 has been used to obtain Np(VI) (11,12). The con
centration of HNO2 must be c a r e f u l l y c o n t r o l l e d because it forms 
during the oxidation reaction, and excess HNO2 causes reduction 
of Np(VI) to Np(V). NO2 should be between 5 x 10~k and 
1 x 10"3M; above 1 x 10"3M, Np losses increase r a p i d l y (12). 
Although preliminary m i x e r - s e t t l e r tests with a N0 2 sidestream 
established that N0 2 was between 5 x 10" h and 1 x 10"3M through
out the bank, NO2 could not be co n t r o l l e d with 2 3 8 P u present, 
and Np losses of 17 to 33% were observed. 

P a r t i t i o n i n g of Neptunium and Plutonium 

Neptunium and plutonium are p a r t i t i o n e d by reducing Pu(IV) 
or Pu(VI) to inextractable P u ( I I I ) ; neptunium is simultaneously 
reduced to Np(IV). Neptunium is kept in the organic phase by 
adjusting the acid in the aqueous s t r i p s o l u t i o n (IBX) and the 
organic-to-aqueous flow r a t i o to maintain the extraction factor 
of neptunium greater than one. 

Table 5 gives the r e s u l t s of p a r t i t i o n i n g t e sts with both 
the M(IV) and M(VI) combinations. For the M(VI) case, O.06M 
and O.08M FeSA are -80% and 105%, r e s p e c t i v e l y , of the 
stoichiometric amount of reductant necessary to completely reduce 
Np and Pu. The higher Pu loss might be caused by too low a 
F e 2 + / F e 3 + r a t i o in the scrub section of the m i x e r - s e t t l e r . When 
enriched U solutions were processed, F e 2 + / F e 3 + r a t i o s less than 
O.18 led to oxidation of Pu(III) and Np(IV) (13). The F e 2 + / F e 3 + 

r a t i o of O.054 in the scrub section would allow oxidation and 
re-ext r a c t i o n of Pu. Np loss is not changed because most of the 
Np does not reach the scrub section. Rather than increase waste 

Table 5. Partitioning of Neptunium and Plutonium 

Temp, 
°C 

N 2 H - , 

M 
FeSA, 
M 

Pu Product, 
% Np 

Np Product, 
% Pu 

Np(VI)-Pu(VI) 
30-35 
30-35 
45 

0 
0 
O.10 

O.06 
O.08 
O.08 

O.59 
O.01 
O.01 

O.96 
1.9 
O.32 

Np(IV)-Pu(IV) 
30-35 
30-35 
45 

0 
0 
O.15 

O.06 
O.08 
O.08 

O.04 
O.05 
O.07 

O.25 
O.29 
O.06 
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volumes by addi t i o n a l FeSA, N 2H 4 was added to act as both 
a reducing agent and a N0 2 scavenger. Increasing the temperature 
to enhance the rate of N2Ht+ reduction reactions resulted in lower 
Pu losses although not as low as desired. Pu remaining in the 
first cycle Np product would be rejected to waste in the second 
Np cycle. 

For the M(IV) case, O.06M FeSA represents a tenfold 
stoichiometric excess so O.08M FeSA does not lower Pu losses. 

Second Plutonium Cycle 

The plutonium product from the first cycle (IBP) must be 
further p u r i f i e d and concentrated before p r e c i p i t a t i o n as Pu(III) 
oxalate (14). Concentrations of 3 to 8 g/L Pu and O.5 to 1.5M 
H N O 3 are desired f o r p r e c i p i t a t i o n in plant operation. Radiolysis 
of the solvent by 2 3 8 P u to form nonstrippable plutonium d i b u t y l 
phosphate (DBP) complexes was expected to be the main problem 
with second Pu cycle operation. Thus, the second Pu cycle was 
tested to demonstrate that solutions in the desired concentra
t i o n range could be r e a d i l y extracted and stripped. 

Two miniature m i x e r - s e t t l e r tests were made with feed com
po s i t i o n s i m i l a r to that expected from the IBP. The r e s u l t s 
(Table 6) demonstrate that Pu can be extracted and stripped 
with small losses to waste and solvent. Losses of plutonium to 
the 2AW are dependent on the flow r a t i o of 2AX/2AF. The loss to 
the waste solvent (2BW) is dependent on flow of the solvent 
(2AX). Lowering the 2AX flow increases the loss to 2BW caused 
by r a d i o l y s i s . The lower flow increases the 2 3 8 P u concentration 
and the 2 3 8 P u residence time in the solvent giving a higher 
t o t a l r a d i a t i o n dose. Thus, the increase in loss to 2BW was 
less than expected even though the t o t a l dose increased a fac t o r 
of ~3 (increase in time and concentration is equal to the r a t i o 
of 2AX flow rates, 1.78 to 1 and therefore the increase is 
1.78 2). The poor mass balance obtained in the first t e s t in-

Table 6. Second Plutonium Cycle Tests With 2 3 8 P u 
Flow, 

Stream mL/min Composition 
2AF 2.0 -1.0 g/L 2 3 8 P u , >4.1M HN03 

2AX a 30% vol % TBP 

2AS O.60 O.70M HN03 

2BX O.40 O.01M HN03, O.056M HAN 

α. 2AX Flow, Plutonium, 
mL/min 2AW 2BP 2BW 
1.78 O.002 68.5 O.05 
1.00 O.06 98.8 O.08 
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528 ACTINIDE SEPARATIONS 

dicates that steady state operation may not have been attained 
or that Pu r e f l u x occurred in the 2B mixe r - s e t t l e r . The 
product from the second Pu cycle (2BP) contained 5.0 g/L 2 3 8 P u 
and ~O.6M HN03, which is with i n the desired concentration range 
for oxalate p r e c i p i t a t i o n . 

The s t a b i l i t y of the Pu product was tested by d i v i d i n g the 
so l u t i o n into two equal portions, washing one portion with 
1 v o l % η-paraffin, and leaving the other untreated. Within 
24 hr, s o l i d s formed in the unwashed portion of so l u t i o n . No 
so l i d s formed in the η-paraffin washed portion f o r more than a 
month. The s o l i d s were not analyzed, but are believed to be Pu 
DBP compounds formed by r a d i o l y t i c decomposition of dissolved 
and entrained TBP. 

This process has not been used in the plant because the 
following work improved capacity enough to cover future require
ments fo r 2 3 8 P u . 

Ion Exchange Separation of Neptunium and Plutonium 

Many kilograms of 2 3 8 P u and 2 3 7Np have been recovered and 
p u r i f i e d at SRP in the past by anion exchange in a n i t r a t e 
system (7). Also, anion exchange is used to separate and con
centrate 2 3 9 P u and 2 3 7Np from high l e v e l s of f i s s i o n products 
and highly salted solutions in several plant processes. 

Gel-type r e s i n s , which have a low surface area and no 
disc r e t e pore structure, were used f o r more than a decade 
(Figure 8). I n i t i a l l y Dowex 1-X4 and Dowex 21Κ were used but 
l a t e r Dowex 1-X3 and Dowex 1-X2 were found to have better sorp
t i o n and e l u t i o n properties. Presently macroporous anion ex
change resins are used f o r all SRP applications (15). These 
resins have a r i g i d pore structure and large surface area which 
permits f a s t e r d i f f u s i o n of the bulky hexanitrate ions of the 
tetravalent actinides (Figure 8). I n i t i a l t e s t i n g of Dowex MSA-1 
macroporous anion resins (40 to 60 mesh) in the laboratory and 
also in SRP columns demonstrated that the throughput of the 
d i f f e r e n t systems could be increased 25 to 100% because of in
creased r e s i n loading attainable and increased flow rates. 
Increased flow rates are a t t r i b u t e d to more r i g i d structure so 
there is less shrinking and swelling and deformation of the 
p a r t i c l e s , p a r t i c u l a r l y when the s o l u t i o n composition is widely 
varied. The greatest increase in capacity was in the waste 
recovery processing of large volumes containing low concentration 
of products in the feed because of improved flow rates. Also, 
product loss was decreased and product q u a l i t y improved by using 
macroporous r e s i n . 

Macroporous and gel-type resins have the same matrix; and 
they have s i m i l a r r a d i a t i o n , thermal, and chemical s t a b i l i t y . 
Since somewhat higher flow rates and product loading are a t t a i n 
able with macroporous resins without loss of e f f i c i e n c y , a larger 
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35. T H O M P S O N E T A L . Savannah River Separations 529 

Figure 8. Scanning electron photomicrographs of anion exchange resin: Lett, 
Dowex MSA-1 (11,000 X); Right, Dowex 1-X2 (21,000χ). 

quantity of product can be processed per unit volume of r e s i n 
before the r e s i n capacity is depleted. 

The r e s i n batches tested i n i t i a l l y were all made on a p i l o t 
scale of O.71 to l.Um 3by the manufacturer. When large quantities 
were ordered (~ 3Am3 J. the r e s i n was produced in production-
scale equipment with some v a r i a t i o n in process conditions and 
the properties of the r e s i n f o r a c t i n i d e processing were only 
nominally better than gel-type r e s i n . The throughput was in
creased only 0 to 25%. 

Because of supply problems in the past few years, resins 
from other manufacturers have been investigated. Ionao A-641 
has been used f o r some applications at SRP and r e s u l t s 
approximate those obtained with production-grade Dowex MSA-1. 

The process most s e n s i t i v e to r e s i n q u a l i t y is separation 
of 2 3 8 P u from 2 3 7Np. Data comparing the separation with several 
d i f f e r e n t resins are given in Table 7. 

The process procedure is as follows: 
• Adjust the feed to ̂ 8M N O 3 . 
• Adjust the feed to O.05M Fe(NH 2S0 3) 2 and then heat the 

feed at ̂ 50°C for ^30 minutes. 
• Feed the column at a co n t r o l l e d flow rate. 
• A f t e r cosorption of Np and Pu anionic complexes, elute 

Pu(III) s e l e c t i v e l y with 5.4M HNO3-O.05M Ν2Ηι, - O.05M 
Fe(NH 2S0 3) 2. 

• Elute Np(IV) with O.35M HN03. 
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530 ACTINIDE SEPARATIONS 

Table 7. Separation of 2 3 8 P u and 2 3 7 N p by Anion Exchange 

Resin Bed: 120 mL (O.75 in. ID by 16 in. long) 
Feed: 4 ç Np/L - 1 g Pu/L (volume varied for different loading) 

Actinide Flow, mL/(cm2)(min) Product Purity 
Load, . g Elution Ratio, % 

Resin Mesh Size Pu ι Np Sorption Pu Np Np/Pu Pu/Np 
Dowex^ 

1-X3 40-60 O. 8 2.4 2.8 2.5 2 O.5 O.2 
1-X3 40-60 1. 2 4.2 2.8 2.5 2 3.72 O.26 

Granular^ 
MSA-1 40-60 1. 1 3.6 6 5 4 O.1 O.1 

Bead 
MSA-1 40-60^ 1. 2 4.2 2.8 2.5 2 O.25 O.08 
MSA-1 20-50C 1. 1 2.8 2.8 2.5 2 O.3 O.1 
MSA-1 30-50^ O. 8 2.8 2.8 2.5 1.5 O.6 O.5 
MSA-1 20-50^ O. 8 2.9 2.8 2.5 1.5 1.2 O.7 

Ionaoe 

A641 20-50 O. 7 2.7 2.8 2.5 1.5 1.0 1.9 

a. Loadings were made to maintain some free resin on the 120-mL column. 
Free resin is necessary to get product separation. 

b. Trademark of Dow Chemical Co. 
c. Resin produced on a pilot scale by the manufacturer. 
d. Resin produced on a production scale by the manufacturer. 
e. Trademark of Ionac Chemical Co. 
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Separation of Long-Lived α-Emitters from Highly 
Radioactive Solutions in the Thorium-Uranium Fuel Cycle 

U. WENZEL, C. L. BRANQUINHO, D. HERZ, and G. RITTER 

Institute of Chemical Technology, Kernforschungsanlage Jülich, G.m.b.H., 
Federal Republic of Germany 

Spent Th-U fuel of the HEU (highly enriched uranium) type 
contains about 40 % of the original f i s s i l e and 90 % of the 
original fertile material. In the most developed -mixed (Τh,U)O2-
fuel concept, both valuables shall be recycled. U and the 
corresponding Th portion will be refabricated without cooling 
time under remote conditions while the remaining Th ( ~ 50 %) 
will be stored for 20 years, until its radioactivity, mainly 
produced by 228Th and its daughter products, will not exceed 
that of natural Th. After this period, Th can be used for the 
cold fuel fabrication. 

In this concept, the transuranium elements are considered 
as waste, due to their quantity and value (table 1), since they 
contribute only 0.6 % to the total spent fuel and from that 
amount only 5 % (239Pu and 241Pu) are fissionable nuclides. 

Element Th U Np Pu FP TP 
Portion [%] 79.4 10 0.4 0.2 10 < 0.1 
Isotope 232U 233U 

234U 235U 
236U 238U 

Portion [%] 0.01 26.8 15.7 7 42 8.5 
Isotope 237Np 238Pu 239Pu 240Pu 241Pu 242Pu 

Portion [%] 100 70.3 13 9.7 2.7 4.3 

Table 1: Elemental and Isotopic Composition of Spent 
(Th,U)O2 Fuel after 15 Reactor Cycles (1) 
(TP = Transplutonium Elements) 

0-8412-0527-2/80/47-117-533$05.00/0 
© 1980 American Chemical Society 
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534 ACTINIDE SEPARATIONS 

On the other hand, Np and Pu are very radiotoxic elements 
and the long-term hazard potential (fig. 1) of a final HTGR
-waste deposit is especially determined by 237Np and 238Pu (2), 
while the other actinides, apart from the non-recovered U, are 
of minor importance. Hence, alternative solutions for their 
disposal are now discussed and investigated (1). 

The f u e l cycle concept is much more influenced by the 
chemical behaviour of the actinides during the reprocessing of 
the Th-containing f u e l . I t could be demonstrated during the 
first hot operations (3.), that Np ends up q u a n t i t a t i v e l y in the 
waste stream, but Pu is d i s t r i b u t e d in the product streams 
( 9 0 % in the Τη-, 10 % in the U-stream). These facts contradict 
strongly the above mentioned f u e l cycle strategy, since Pu is 
no waste component and the Pu-contaminated Th cannot be used 
for the fresh f u e l f a b r i c a t i o n with respect to i t s high s p e c i f i c 
α-activity. 

In order to keep the o r i g i n a l f u e l cycle concept, the 
reprocessing has to be extended by: 

- predecontamination of the Th-stream from Pu 
during the e x t r a c t i o n 

- i s o l a t i o n of Pu and eventually Np. 
Great interventions into the e x i s t i n g and already tested 
reprocessing schemes should be avoided during the accomplishment 
of these requirements. 

Extraction Behaviour of the Transuranium Elements during 
Reprocessing 

The two cycle THOREX-process was chosen as reference scheme 
in our studies ( f i g . 2 ) . This process consits of two stages 
which are connected discontinuously (h): 

- the predecontamination stage with an a c i d feed 
including co- and simultaneous backextraction of 
Th and U and separation of the bulk of f i s s i o n 
products 

- the p a r t i t i o n stage with an a c i d d e f i c i e n t feed 
including co- and s e l e c t i v e backextraction of Th 
and U. 

Without interventions, the ext r a c t i o n behaviour of Np and Pu is 
established by the development of N0 X during the d i s s o l u t i o n , 
they are oxidized to the nonextractable Np(V) and the extractable 
Pu(IV) and follow hence the f i s s i o n product (Np) and the heavy 
metal stream (Pu). 
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Zeitia] 
(Time ) 

Figure 1. Radiotoxicity index of the HTGR waste after fifteen reactor cycles 
(99% recovery of Th and U) 
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536 ACTINIDE SEPARATIONS 

The chemical behaviour of both actinides is simply modified 
by s t a b i l i z i n g oxidation states of d i f f e r e n t e x t r a c t a b i l i t y . 
Table 2 shows the e f f e c t s of some redox agents. 

Redox Oxidation Extracta Oxidation Extracta
Agents state b i l i t y state b i l i t y 

Np Pu 

NO χ Np(V) non-extractable Pu(lV) extractable 

vou
3" Np(Vl) extractable Pu(lV) extractable 

F e 2 + Np(lV) extractable P u ( l l l ) non-extractable 

C r 2 0 7
2 " Np(Vl) extractable Pu(Vl) extractable 

N2HU Np(lV) extractable P u ( l l l ) non-extractable 

Np(lV) extractable P u ( l I I ) non-extractable 

Table 2: Oxidation States and E x t r a c t a b i l i t y of Np and Pu 
in the Presence of Several Redox Agents 

Other changes in the e x t r a c t a b i l i t y of the actinides are 
performed using complexing agents. The d i s t r i b u t i o n c o e f f i c i e n t s 
of Pu(lV) with various c i t r i c a c i d concentrations is demonstrated 
for the system TBP/HNO3 in table 3 and figure 3. The range of the 
HNO^ concentrations corresponds to that of the waste ef f l u e n t s 
from the coextraction steps of the THOREX-process. 

N i t r i c C i t r i c Acid 
Acid 
[Mol/l] [Mol/l] 

0 O.05 O. 1 O.2 O.3 1 
1 .3 2.65 O.93 O.55 O.22 
1.5 U.15 1.8 1.1 O.12 
2.0 l.h 2.6 O.08 

Table 3: D i s t r i b u t i o n C o e f f i c i e n t s of Pu(lV) in the System 
30 % TBP-Dodecane/HN03 in Dependence on the C i t r i c 
Acid Concentration 
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F u e l 
Combustion Dissolution 

E n t r a n c e 
Combustion Dissolution 

Waste 
I 

Waste 
II 

Th 

Figure 2. Two-cycle Thorex process 
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538 A C T I N I D E S E P A R A T I O N S 

The influence of the redox agents on the acti n i d e extraction 
behaviour was investigated with glove box shielded m i x e r - s e t t l e r s 
and simulated THOREX-feed solutions. The r e s u l t s (5.) are 
summarized in table k. The y i e l d s of Np and Pu in the mentioned 
process streams were always quan t i t a t i v e . 

Process Stage 
Intervention 

End Stream 
Np Pu 

Acid Feed 
no Intervention Waste I Th-U Stream 

Acid Feed 
Fe(NH 2S0 3) 2 in Scrub Th-U Stream Waste I 

Acid Feed 
(NH^) VO^ in Scrub Th-U Stream Th-U Stream 

Acid Deficient Feed 
(NHi^VO^ in Scrub 
Fe(NH 2S0 3) in S t r i p Th-Stream Th-Stream 

Table k: Consequences of THOREX-Process Interventions on the 
Actinide Extraction Behaviour 

Actinide Disposal 

A f i n a l concept has not been approved f o r the acti n i d e 
disposal in the Th-U f u e l c y c l e , but, in p r i n c i p l e , three 
a l t e r n a t i v e s may be considered: 

- ultimate storage in a waste deposit and t o l e r a t i o n 
of the long-term hazard enhancement 

- burn-off by r e c y c l i n g the actinides through a 
reactor of the same reactor l i n e 

- i n c i n e r a t i o n in a high-flux reactor or a fast 
breeder. 

Each of these a l t e r n a t i v e s requires the combination of the 
actinides ( i . e . Np and Pu) in one of the reprocessing end streams. 
For the ultimate storage the appropriated stream is c l e a r l y the 
high l e v e l radioactive waste, while the i s o l a t i o n of the actinides 
is presupposed in both other cases, regarding the intermediate 
storage of the Th-product, and t h i s a d d i t i o n a l separation process 
should be connected with an predecontaminated reprocessing stream 
as s t a r t i n g s o l u t i o n . 
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36. W E N Z E L E T A L . OL-Emitters in Th-U Fuel Cycle 539 

Based on the r e s u l t s of the ext r a c t i o n behaviour studies 
(table k), the a l t e r n a t i v e s of the a c t i n i d e disposal w i l l be 
discussed with respect to the necessary interventions i n t o the 
reprocessing scheme. The most compatible points between r e 
processing and actin i d e separation w i l l be i l l u s t r a t e d ( f i g . h). 

F i n a l Storage of the Actinides 

The actinides as trace components w i l l not take any penulty 
on the already tested waste management procedures ( d e n i t r a t i o n , 
c a l c i n a t i o n , v i t r i f i c a t i o n ) , provided that Np and Pu can be 
retained in the aqueous waste stream. Without changes of the 
THOREX flow-sheet, the 1st feed s o l u t i o n contains Np(V) and 
Pu(lV). Consequently, Np ends up in the waste stream, while Pu 
following the heavy metal, can be withdrawn with the aqueous 
phase of the 2nd coextraction step with reducing agents and 
thus combined with Np (hatched arrow) for the further waste 
treatment. 

Actinide Recycling through the Reactor 

Assuming the hot r e f a b r i c a t i o n of the t o t a l heavy metal 
(Th + U), no act i n i d e separation w i l l be required. Under these 
circumstances, Np and Pu w i l l be oxidized with VO^^" to an 
extractable valence state during both coextraction steps (cross-
hatched arrow) and d i s t r i b u t e d between the Th- and the U-product 
stream. 

Assuming a p a r t i a l hot r e f a b r i c a t i o n of the heavy metal 
(U + the corresponding Th amount), Np and Pu must be i s o l a t e d 
and, hence, combined q u a n t i t a t i v e l y in a single process stream. 
The simultaneous r e f a b r i c a t i o n of Np, Pu and U requires the 
retention of the transuranium elements in the U-product stream, 
which has not been accomplished during the extraction u n t i l now. 
Presumably, a predecontamination of the Th-product from Pu w i l l 
be needed with respect to the further use of t h i s component in 
the fresh f u e l f a b r i c a t i o n a f t e r the intermediate storage time 
and, therefore, the s t a r t i n g solutions f o r an act i n i d e separation 
are r e s t r i c t e d to the following process streams: 

- f u e l s o l u t i o n ( t h i n f u l l arrow) 
The separation of the actinides w i l l be c a r r i e d out 
before the actual p a r t i t i o n of the f u e l constituents 
without intervening into the extraction flow sheet, 
but the high f i s s i o n product dose rate w i l l be very 
disadvantageous. 
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36. WENZEL ET AL. a-Emitters in Th-U Fuel Cycle 541 

- waste I (th i n broken arrow) 
The combination of the actinides in the waste stream 
has been already discussed. The high dose rate w i l l 
complicate the separation, too. 

- Th-U stream ( s o l i d arrow) 
S t a b i l i z e d as extractable compounds (VO^^"-oxidation 
during the first cycle coextraction) the actinides 
w i l l follow the heavy metal and can be separated 
from the intermediate product stream of the first 
cycle. This stream has a low f i s s i o n product con
centration, and the THOREX-process is discontinued 
anyhow at that step, but, of course, the i n s e r t i o n 
of a new component amidst an established process 
w i l l cause unfavourable consequences. 

- waste I I (open arrow) 
After co- and backextraction of the actinides in the 
first c y c l e , Np is reduced to non-extractable Np(V) 
by the development of N0 X. Pu can be retained in the 
aqueous phase with a complexing agent l i k e c i t r i c 
a c i d (see table 3 ) , which must not i n t e r f e r e with the 
Th/U coextraction. This stream has a low f i s s i o n 
product content and i t s use as s t a r t i n g s o l u t i o n f o r 
the a c t i n i d e separation w i l l not cause a d d i t i o n a l 
interventions into the THOREX flow-sheet. I t must be 
noted, however, that the demonstration of t h i s process 
variant by mix e r - s e t t l e r runs is s t i l l to be c a r r i e d 
out. 

Provided the f e a s i b i l i t y of the Np/Pu combination in waste 
I I , t h i s stream is the most suitable s t a r t i n g s o l u t i o n f o r the 
a c t i n i d e separation; otherwise, the Th-U stream may be chosen. 

After the actinide separation, Np and Pu w i l l be recombined 
with U and the corresponding Th-amount fo r the r e f a b r i c a t i o n 
process which w i l l not suffer considerable changes by the presence 
of the transuranium elements. 

Incineration 

The i n c i n e r a t i o n of actinides in a fast breeder w i l l probably 
require a new f u e l cycle with completely remote f a b r i c a t i o n , r e 
processing and r e f a b r i c a t i o n of the a c t i n i d e f u e l . The recently 
developed high f l u x i r r a d i a t i o n f a c i l i t i e s may become more 
economical for the a c t i n i d e i n c i n e r a t i o n . Concerning the r e 
processing, an actinide separation is indispensable and, thus, 
the actinides w i l l be treated during the extraction in the same 
way as mentioned above. 
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542 ACTINIDE SEPARATIONS 

Separation of the Actinides 

Contrary to t h e i r influence on the Th-U f u e l c y c l e , Np and Pu 
are only trace components of the spent f u e l . Furthermore, the 
actinide separation w i l l be c a r r i e d out mainly to p u r i f y the r e 
processing end streams from Np and Pu, and not to recover both 
elements. 

Under these premises, methods l i k e the extraction chromato
graphy with a high separation power should be favoured over those 
with a high separation capacity l i k e the extr a c t i o n . 

Separation System 

Tetravalent actinides are w e l l extractable from HNO3-
solutions i n t o t e r t i a r y amines. The solvent (alamine 336, - 95 
TOA) is polymerized i n t o polystyrene (6_) forming together with 
the matrix, the separation compound (Lewextrel -type). The 
d i s t r i b u t i o n c o e f f i c i e n t (Κρ) of the actinides are nearly in
dependent in the range 2 M HNO3 ̂  [HN03] < 6 Μ HN03; these 
c o e f f i c i e n t s are compiled in table 5 

Aqueous 

Phase 

KD Aqueous 

Phase Th(lV) U(VI) Np(lV) Pu(lV) 

I n f i n i t i v e l y 
D i luted 200 <O.01 U.6 · 10 3 k 

1.9 · 10 
30 g Th/1 
3 g U/l 

1.3 <O.01 110 520 

Table 5: Actinide D i s t r i b u t i o n C o e f f i c i e n t in the System TOA / 2 Μ HN03 

and the t e c h n i c a l data of the Lewextrel-resin are summarized in 
table 6. 

composition (weight %) 37.5 % TOA; 23.h % DVB; 39.1 % styrene 
density Ο.96 g/cm3 

grain s i z e < O.1 mm 
average i n t e r s t i t i a l 
volume kl % 

capacity O.15 m Mol/ml r e s i n 

Table 6: Technical Data of the Lewextrel -TOA r e s i n 
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36. W E N Z E L E T A L . α-Emitters in Th-U Fuel Cycle 543 

The chromatographic support does not show any s y n e r g i s t i c 
e f f e c t on the separation. 

This separation system enables the p u r i f i c a t i o n of all 
THOREX-reprocessing end streams from Np and Pu, re q u i r i n g only 
small v a r i a t i o n s of the feed adjustment procedure. 

Separation Process 

The extraction chromatography is a discontinuous process, 
I t consists of the following steps: 

- preparation of the column to the separation conditions 
- feed adjustment of the s t a r t i n g s o l u t i o n 
- sorption of Np and Pu on the chromatographic compound 
- desorption of Np and Pu from the chromatographic 

compound 
- regeneration of the column. 

The process was tested with a separation unit shielded by 
a glove box. Based on the r e s u l t s ( l_,i58_99.) 5 a hot c e l l bench 
scale plant is now under construction ( f i g . 5). The s t a r t i n g 
s o l u t i o n (Th-U intermediate product stream from the reprocessing) 
is introduced in t o the hot c e l l with the transport container and 
pumped into the feed tank. The feed adjustment is c a r r i e d out by 
adding HNO3 c o n C e through the chemical reagent supply tube from 
outside, Np is s t a b i l i z e d with FeiNI^SC^^, Pu with Ν0 χ, the 
simultaneous s t a b i l i z a t i o n in the tetravalent state can be 
performed with a d e f i n i t e Fe 2 +/Fe3+ mixture ( K)). Subsequently 
the feed s o l u t i o n passes through the column, Np and Pu are 
absorbed on the r e s i n , the p u r i f i e d Th-U stream is c o l l e c t e d in 
the product tank, Np and Pu are eluted from the column with 
O.1 M HNO3 / O.1 M c i t r i c acid through the chemical reagend supply 
tube and are c o l l e c t e d in the Np-Pu tank. The hot c e l l waste 
management is accomplished with the transport container. 

The process is c o n t r o l l e d with a flow rate meter (FIRC = 
Flow Indicator Recorder Controller) governing the gear-pump, and 
an on-line Np/Pu analyser (CoRC = Concentration Recorder 
Controller) ( s c i n t i l l a t i o n is used in the glove box experiments 
while polarography is under development f o r the hot c e l l plant) 
which discontinues the process at a d e f i n i t e Np/Pu concentration 
in the column e f f l u e n t . 

In the glove box experiments, 30 1 Th-U stream/h (corres
ponding to O.5 m? per day) could be p u r i f i e d from Np and Pu. 
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36. W E N Z E L E T A L . a-Emitters in Th-U Fuel Cycle 545 

Summary 

In t h e Th-U f u e l c y c l e , Np and Pu are v a l u e l e s s components 
o f t h e spent f u e l . They have t o be c o n s i d e r e d , however, d u r i n g 
t h e spent n u c l e a r f u e l management. Both elements can be guided 
s i m u l t a n e o u s l y i n t o d e f i n i t e p r o c e s s streams by s t a b i l i z i n g 
e x t r a c t a b l e o x i d a t i o n s t a t e s d u r i n g t h e r e p r o c e s s i n g o f spent 
Th-U f u e l . With r e s p e c t t o an a c t i n i d e s e p a r a t i o n , t h e i n t e r 
mediate Th-U product and t h e predecontaminated waste o f t h e 
second THOREX-cycle are t h e b e s t s u i t e d s t a r t i n g s o l u t i o n s . An 
e x t r a c t i o n chromatographic p r o c e s s is suggested as s e p a r a t i o n 
method and i t s t e c h n i c a l i m p l e m e n t a t i o n is p r e s e n t e d f o r t h e 
p u r i f i c a t i o n o f t h e r e p r o c e s s i n g end streams from Np and Pu. 
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Laboratory and Pilot Plant Studies on Conversion of 
Uranyl Nitrate to Uranium Hexafluoride 

I. J. URZA and D. C. KILIAN 

Exxon Nuclear Company, Inc., 2955 George Washington Way, Richland, WA 99352 

Exxon Nuclear Company has conducted various development pro
grams to support the design and licensing of a commercial nuclear 
fuel reprocessing plant. The uranium conversion portion of the 
reprocessing plant will use fluidized-bed processes for conver
sion of uranyl nitrate hexahydrate (UNH) to uranium hexafluoride 
(UF6). This paper describes the laboratory and pilot plant 
studies conducted at Oak Ridge National Laboratory (1) for Exxon 
Nuclear Company on the conversion of UNH to UF6, and on the puri
fication of UF6. 

Laboratory Studies 

Experimental laboratory studies on the removal of residual 
nitrate from UO3 and the fluorination and sorption of technetium 
on MgF2 were conducted to support the pilot plant work. These 
studies covered a wide range of conditions and were used primar
ily to guide the pilot plant effort rather than to determine 
quantitative thermodynamic and kinetic data. 

Removal of Residual Nitrate From UO3: Uranium trioxide pro
duced by thermal decomposition of uranyl nitrate solution in a 
fluidized-bed contains a small amount (usually about 0.4 to 1.0 
wt%) of residual nitrate. If UO3 is to be converted to UF6 for 
feed to a gaseous d i f f u s i o n enrichment plant, the n i t r a t e content 
of the UOg must be reduced to meet UF^ p u r i t y s p e c i f i c a t i o n s . 
F l u o r i n a t i o n of U0^ in the presence of n i t r a t e r e s u l t s in forma
t i o n of n i t r o s y l and n i t r y l hexafluorouranates and heptafluorou-
ranates (NO UF where χ = 1 or 2 and y = 6 or 7) (2). These com
pounds form p o t e n t i a l l y troublesome s o l i d s . 

The removal of resi d u a l n i t r a t e from U0^ was studied as a 
function of time and temperature under nitrogen, a i r and hydro
gen-nitrogen atmospheres. The procedure used f o r these tests was 
to place a U0^ sample (10g) in a v e r t i c a l 2.54 cm diameter by 
30.5 cm long s t a i n l e s s s t e e l reactor, heat it to the desired 
temperature, and then s t a r t the gas flow. When the t e s t was 
terminated, the sample was cooled and sampled for analysis. 

O.8412-Ο^Ρ75^7^.00/0 
© 1980 A&fflfîfyduèfi&f3i Society 

1155 16* St. N. W. 
Washington, D. C. 20036 
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548 ACTINIDE SEPARATIONS 

Data from tests with t y p i c a l UCL product produced in the 
p i l o t plant fluidized-bed c a l c i n e r l e a to the following general 
conclusions : 

1. Sparging of UO^ with nitrogen, a i r or hydrogen at tem
peratures above 450°C is e f f e c t i v e in lowering the n i t r a t e con
tent of UO . 

2. Treatment with hydrogen gives the highest n i t r a t e re
moval rates and lowest r e s i d u a l n i t r a t e but as expected, r e s u l t s 
in the highest conversion of UO^ to U^0g and UO^. 

3. Treatment with nitrogen at temperatures above 550°C also 
causes s i g n i f i c a n t decomposition of UO- to the lower oxides. 

4. An a i r sparge is nearly as e f f e c t i v e as nitrogen f o r n i 
t r a t e removal at temperatures above 550°C and s i g n i f i c a n t l y sup
presses the decomposition of UO^. 

F l u o r i n a t i o n and Sorption of Technetium on Magnesium 
Fluoride: Trace quantities of technetium w i l l accompany the 
uranium through the Purex solvent e x t r a c t i o n process, the conver
sion of UNH to U0 3 and the f l u o r i n a t i o n of UO^. The technetium 
in the UO w i l l be f l u o r i n a t e d (probably to TcF^) and w i l l v o l a 
t i l i z e with the gaseous UF^ product. The technetium must be 
removed to meet gaseous d i f f u s i o n plant feed s p e c i f i c a t i o n s . 
G o l l i h e r et a l . (3) developed the use of MgF^ f o r removal of 
technetium from UF^. The process was demonstrated on both a 
laboratory and production scale at the Paducah Gaseous D i f f u s i o n 
Plant where UF^ is produced by the hydrofluorination process, 

4HF F 
U0 2 - UF 4 ^ U F 6 . 

The objectives of the laboratory studies were: (1) to study the 
behavior of v o l a t i l e technetium compounds produced by d i r e c t 
f l u o r i n a t i o n of UO^ with elemental f l u o r i n e ; (2) to study the 
technetium sorption c h a r a c t e r i s t i c s of MgF ; and (3) to determine 
the f e a s i b i l i t y of repeated regeneration of MgF^ by desorption of 
technetium with f l u o r i n e . 

A batch of UO^-Tc^O calcine was prepared in the laboratory 
by adding ammonium pertechnetate (NH^TcO^) to UNH which was then 
thermally denitrated at 350°C. Alumina was subsequently added to 
form a granular product. 

The technetium losses due to v o l a t i l i z a t i o n during the c a l 
c i n a t i o n process were n e g l i g i b l e . The analyzed technetium con
centration was 1060 ppm (based on U) and the calculated concen
t r a t i o n based on the ammonium pertechnetate input was 1070 ppm. 
This concentration is more than 10 times that expected in the 
f u e l r e p r o c e s s i n g plant U0-. 

The Tc used in t h i s work was analyzed d i r e c t l y by beta 
s c i n t i l l a t i o n counting. Analyses of samples were ca r r i e d out us
ing a radiochemical separation procedure, with perrhenate as 
c a r r i e r , and beta proportional counting. Samples, which were 
always run in duplicate, generally showed a spread of <10%. 
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37. U R Z A A N D K I L I A N Conversion of UNH to UF6 549 

The major equipment items used in the f l u o r i n a t i o n - s o r p t i o n 
tests included a f l u o r i n a t i o n reactor, an a u x i l i a r y reactor, a 
MgF^ sorption reactor and a UF^ cold trap. The f l u o r i n a t o r and 
the sorption reactor consisted of a 2.54 cm diameter n i c k e l tube 
mounted v e r t i c a l l y with a sieve plate at the bottom to support 
the bed. The f l u o r i n a t i o n , a u x i l i a r y and sorption reactors were 
heated with a tube furnace. 

In each run, 100g of UO^-A^O^ containing 29g of UO^ was 
added to the f l u o r i n a t i o n reactor. The 10.2 cm s t a t i c becl was 
heated to 450°C with a nitrogen purge before s t a r t i n g each run. 
A f t e r the f l u o r i n e flow was st a r t e d , the temperature at the reac
t i o n zone increased to 500-525°C. The reaction zone was followed 
with a movable thermocouple located in the bed. The off-gas from 
the f l u o r i n a t o r was routed to the sorption reactor e i t h e r d i r e c t 
l y or a f t e r passing through the a u x i l i a r y reactor. In the runs 
when the a u x i l i a r y reactor was used, excess f l u o r i n e was added at 
the reactor i n l e t to promote conversion of v o l a t i l e Tc^O^, TcO^F 
or TcOF^ ( i f these compounds were formed). The MgF^ bed used in 
the sorption reactor consisted of 7-g sections of -4 +12 mesh 
MgF^ which had been dried several hours at temperatures ranging 
from 125 to 550°C. Tests were conducted with MgF^ bed depths of 
2.54 to 15.2 cm (each 7-g section occupied about 2.54 cm of the 
reactor length). The sections were separated by n i c k e l screens. 
The off-gas from the sorption reactor was passed through the 
s t a i n l e s s s t e e l UF. cold trap to c o l l e c t UF^« 

A t o t a l of 13 batch f l u o r i n a t i o n - s o r p t i o n runs were made in 
t h i s study with f l u o r i n e concentrations of 33 and 100%. The 
f l u o r i n a t i o n reactor bed temperature was maintained at 500°C and 
the MgF^ sorption reactor temperature was maintained at 100°C in 
each run. When the a u x i l i a r y reactor was used, f l u o r i n e was 
added between the f l u o r i n a t o r and the a u x i l i a r y reactor to pro
vide a minimum of 15% excess f l u o r i n e . The a u x i l i a r y reactor 
temperature was co n t r o l l e d at 500°C. Magnesium f l u o r i d e which 
was preconditioned with f l u o r i n e at 400-550°C and at 100 to 125°C 
was tested during these runs. The MgF^ treated at the lower 
temperature was more e f f e c t i v e f o r technetium removal. 

Analyses of the effectiveness of technetium c o l l e c t i o n on 
MgF^ was complicated by poor technetium material balances. The 
average o v e r a l l material balance f o r runs in which the equipment 
was washed was 81%. The technetium c o l l e c t e d on the MgF^ ranged 
from 13 to 87% of the input; however, based on the amount of 
technetium found in the UF^ product downstream of the MgF^ bed, 
removal of >99% of the technetium from the UF^ was achieved. 

Repeated regeneration of MgF9 by desorption of technetium 
with f l u o r i n e was tested at 350 and 500°C. The same MgF^ bed was 
used during these t e s t s . At the completion of each f l u o r i n a t i o n 
run, the MgF^ was desorbed. The off-gas was passed through a 
cold trap to c o l l e c t the desorbed technetium. Less than 10% of 
the technetium was desorbed at 350°C., but e s s e n t i a l l y all of the 
technetium was desorbed at 500°C. 
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550 ACTINIDE SEPARATIONS 

The following conclusions were drawn from r e s u l t s of the 
technetium f l u o r i n a t i o n - s o r p t i o n studies: 

1. Greater than 99% of the technetium and uranium was vol a 
t i l i z e d from the f l u o r i n a t o r in all f l u o r i n a t i o n t e s t s . 

2. Excess f l u o r i n e in the f l u o r i n a t o r off-gas does not ap
pear to improve the c o l l e c t i o n e f f i c i e n c y of MgF^ for technetium 
compounds. 

3. Greater than 99% of v o l a t i l e technetium compounds pro
duced by d i r e c t f l u o r i n a t i o n of UO- can be removed from UF^ by 
passing the off-gas through a bed of HgF^. 

4. Desorption t e s t s confirmed that technetium removal from 
MgF^ with f l u o r i n e is possible but optimum temperature, time and 
effe c t s of repeated sorption-desorption cycles were not ade
quately defined. 

5. Pretreatment conditioning of MgF^ s i g n i f i c a n t l y a f f e c t s 
technetium sorption capacity. 

Uranium C a l c i n a t i o n P i l o t Plant Studies 

The objectives of the uranium c a l c i n a t i o n development pro
gram were to: 

1. Test the performance of a rectangular uranium c a l c i n a 
t i o n v e s s e l . 

2. Produce fluidized-bed UO product su i t a b l e f o r f l u o r i n a 
t i o n . J 

3. V e r i f y operating and design parameters needed f o r s t a r t 
of d e t a i l e d design. 

4. Determine the behavior of technetium and ruthenium 
during c a l c i n a t i o n and the removal rate of resi d u a l n i t r a t e by 
heat treatment of U0^. 

Process Description: Uranium t r i o x i d e is produced by ther
mal decomposition of uranyl n i t r a t e hexahydrate (UNH) by the 
following endothermic reaction: 

heat 
U0 2(N0 3) 2.6H 20 -U0 3 + NO + Ν0 £ + 0 £ + 6H 20 

ΔΗ = 150 kcal/g-mole @ 300°C 

The reaction is accomplished by spraying UNH into a bed of f l u i d -
ized U0 3 p a r t i c l e s at a temperature of about 300°C. The UNH is 
deposited on the U0^ p a r t i c l e s and decomposed. Fluidized-bed 
reactors are we l l suited f o r t h i s process because high rates of 
heat and mass transfer are required between the s o l i d and f l u i d . 
Under normal operating conditions, UO- produced in a f l u i d i z e d -
bed is granular, free flowing material with a p a r t i c l e s i z e d i s 
t r i b u t i o n s u i t a b l e f o r subsequent fluidized-bed operations (4). 
The V0„ is a chemically stable, m i l d l y hygroscopic s o l i d with a 
c r y s t a l density of 7.3 g/cm3. 
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37. U R Z A A N D K I L I A N Conversion of UNH to UF6 551 

The use of fluidized-beds for producing UCL has been studied 
extensively by various investigators (4-9) at p i l o t plant and 
production scale. The effects of operating variables such as 
temperature, feed composition, feed rate, and s u p e r f i c i a l velo
c i t y , have been investigated extensively. 

A simplified flowsheet of the uranium calcination p i l o t 
plant is shown in Figure 1. Uranyl nitrate hexahydrate was 
prepared in two steam heated feed tanks. The UNH, which has a 
freezing point of about 65°C and a b o i l i n g point of 120°C., was 
pumped into the calciner through an a i r atomized feed nozzle. 
The UNH was calcined to UO in the f luidized-bed calciner using 
preheated a i r as the f l u i d i z i n g gas. The UCL product overflowed 
continuously by gravity from the calciner to the product vessel 
where the weight was monitored with a load c e l l . 

Off-gas from the calcination process was passed through 
sintered-metal f i l t e r s located in the upper section of the c a l c i 
nation vessel. The process off-gas was then cooled in the o f f -
gas condenser where most of the N0 9 released in the denitration 
process was recovered as n i t r i c acia and collected in the conden
sate tank. Uncondensed vapors were passed successively through 
the de-entrainer, the off-gas preheater, the HEPA f i l t e r , and 
then vented to the off-gas system. 

Description of Equipment: The dimensions of the rectangular 
calcination vessel (15.2 cm χ 12.7 cm) were selected to test geo
metric parameters that are important to the design of a plant-
scale slab unit, thereby reducing uncertainties involved in 
scaleup. 

The fluidized-bed section of the calciner contained the a i r 
distributor plate, the bed drainage outlet, the feed nozzle, the 
product overflow l i n e , and the bed charging l i n e . An expanded 
f i l t e r section containing porous stainless steel f i l t e r s and the 
off-gas vent l i n e was located d i r e c t l y above the fluidized-bed 
section. 

The UNH feed tanks had a volume of 227 l i t e r s each; the 
vessels were jacketed for 15 psig steam and contained steam c o i l s 
for 125 psig steam. A positive displacement metering pump was 
used to feed the UNH. 

The off-gas condenser was a shell-and-tube (water-cooled) 
heat exchanger; a 260 l i t e r capacity stainless steel tank was 
used to c o l l e c t condensate; and a stainless steel wire-mesh 
de-entrainer, a shell-and-tube (steam-heated) preheater and a 
HEPA f i l t e r were used in the off-gas system. 

The p r i n c i p a l process instrumentation included: (1) thermo
couples to monitor the temperature at various locations; (2) a 
flow controller to measure the a i r flow rate to the calciner; and 
(3) differential-pressure transmitters to monitor the pressure 
drop across the d i s t r i b u t o r plate, the fluidized-bed and the 
sintered-metal f i l t e r s . 
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552 ACTINIDE SEPARATIONS 

Results of Calcination Runs: Fifteen calcination runs were 
made using UNH feed concentrations ranging from 512 to 1172 g U/L 
and feed rates ranging from 150 to 419 mB/min. A t o t a l of 2540 
kg of UO^ was produced during these runs. 

During the first two runs, d i l u t e UNH feed (500 gU/L) and a 
low feed rate (150 mL/min) was used to test the operation of the 
system. In the subsequent runs, the UNH feed rate was progres
si v e l y increased to 230, 315 and 419 mL/min and the UNH concen
t r a t i o n was increased to 900 and 1200 g U/L. 

During the first 8 runs, excessive p a r t i c l e growth and a 
progressive increase in pressure drop across the off-gas f i l t e r s 
caused operational problems. These problems were resolved by 
enlarging and heating the f i l t e r housing, increasing the f i l t e r 
area and modifying the f i l t e r blowback system. The calcination 
system operated s a t i s f a c t o r i l y during the l a s t 7 runs; the run 
length was limited by the UNH feed supply rather than process 
i n s t a b i l i t i e s . Caking of UO^ around the feed nozzle was evident 
in most runs but did not cause operational problems. 

During the l a s t 7 runs (9 thru 15) 1900 kg of UO^ was pro
duced in 76 hours of operation. The operating conditions and 
results of these runs are summarized in Table 1. The average 
p a r t i c l e diameter of the U0 q bed material remained in the desired 
range (about O.25 mm) for good f l u i d i z a t i o n of the^ bed. The 
maximum U0^ production rate tested was 1,770 kg/hr-m (based on 
the fluidized-bed cross section) during run 14. 

The UO product was t y p i c a l of UO^ produced in f l u i d i z e d -
beds at other f a c i l i t i e s . The UO- was granular, free flowing 
material with a bulk density of 3.7 to 4.1 g/dm3and a tap density 
of 3.9 to 4.2 g/cm3. The average nit r a t e content ranged from O.37 
to O.92 wt% and the water content ranged from O.02 to O.25 wt%. 
The U^Og content was less than O.2 wt%. 

Removal of Residual Nitrate: Product from runs 4 and 15 was 
heat treated at a bed temperature of 600°C and a s u p e r f i c i a l 
f l u i d i z i n g a i r v e l o c i t y of 30.5 cm/sec to study the removal of 
residual n i t r a t e . The nitrate content was reduced to less than 
O.05 wt% in 3 hours. Most of the nit r a t e removal occurred during 
the first hour of heat treatment. Less than 1% of the UO^ decom
posed to U^Og and the p a r t i c l e size was not affected s i g n i f i 
cantly. 

Behavior of Technetium and Ruthenium: A p i l o t plant test 
was conducted to study the behavior of technetium and ruthenium 
in the uranium calcination process. The UO- product from these 
tests was used in^subsequent fluo r i n a t i o n studies. The UNH feed 
was spiked with Tc (as ammonium pertechnetate) and nonradioac
t i v e ruthenium (as ruthenium n i t r a t e ) , and then denitrated under 
normal run conditions. As expected, most of the technetium was 
found in the UO- product as technetium oxide. Over half of the 
ruthenium (RuO^) was v o l a t i l i z e d and found in the condensate from 
the off-gas. 
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37. U R Z A A N D K I L I A N Conversion of UNH to UF6 553 

TABLE 1 
SUMMARY OF DATA FOR CALCINATION RUNS 9 THROUGH 15 

Run 
Number 

UNH Feed 
Cone. 
g U/£ 

Feed Rate 
mA/min 

Bed Temp. 
C° 

Run Duration 
hrs 

9 1125 315 300 3.0 
10 1145 315 300 8.4 
11 1160 315 300 9.3 
12 1100 315 300 12.4 
13 1130 290 300 16.0 
14 1145 315 300 15.9 
15 1130 419 300 11.4 

Avg. U0 3 U0 3 Avg. U0 3 P a r t i c l e 
Run Prod. Rate Produced Size (mm) 
Number kg/hr-m2 kg Beginning End 

9 1,320 77 O.25 O.25 
10 1,200 195 O.23 O.25 
11 1,270 229 O.30 O.25 
12 1,120 269 O.23 O.23 
13 1,090 337 O.28 O.30 
14 1,320 406 O.25 O.28 
15 1,770 390 O.28 O.25 
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Figure 1. Simplified flowsheet of the U calcination pilot plant 
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Figure 2. Simplified flowsheet of the fluorination pilot plant 
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Uranium Fluorination P i l o t Plant Studies 

555 

Uranium trioxide can be converted to UF^ by a one-step, 
direct fluorination process, or by the hydrofluorination process 
which involves three steps: (1) reduction of UO to UO with 
hydrogen; (2) conversion of U0 2 to UF^ with HF; an<T (3) f l u o r i n a 
t i o n of UF^ with elemental fluorine. The one-step direct f l u o r i 
nation process was selected by ENC as the reference process for 
the commercial fuel reprocessing plant. 

The objectives of the uranium fluo r i n a t i o n development pro
gram were to: 

1. Demonstrate direct f l u o r i n a t i o n of UCL in a f l u i d i z e d -
bed on a p i l o t plant scale. 

2. Test the performance of fluorination equipment and 
define the range of acceptable design parameters. 

3. Study methods of increasing fluorine u t i l i z a t i o n . 
4. Study the behavior of technetium during flu o r i n a t i o n and 

subsequent sorption on MgF^. 
5. Study fluorine disposal techniques. 

Process Description: Uranium trioxide is d i r e c t l y f l u o r i -
nated to UF. with elemental fluorine in a highly exothermic reac
ti o n (ΔΗ = 215 kcal/g-mole at 450°C). Iwasaki (10) conducted 
laboratory studies on the kinetics and mechanism of direct fluor
ination of UOg powder to UF^ with gaseous fluorine. The reaction 
was reported to take place in two steps: 

(1) U0 3 + F 2 ^ U 0
2

F 2 + °2 

(2) U0 2F 2 + 2F 2 MJF 6 + 0 2 

The fluorination of U^Og and U0 2 with fluorine gas has been 
studied in p i l o t plant f a c i l i t i e s at Argonne National Labora
tories (11), the Oak Ridge Gaseous Diffusion Plant (12), and by 
Russian investigators (13). 

A simplified flowsheet of the fluorination p i l o t plant is 
shown in Figure 2. During the continuous fl u o r i n a t i o n runs, U0~ 
was fed into a fluidized-bed of alumina (A1 20 ) and UO^ contained 
in the fluorinator. The feed was metered to the fluorinator at a 
rate equivalent to the UO^ reaction rate. Preheated fluorine in 
the f l u i d i z i n g gas was used to convert UO^ solids to v o l a t i l e 
UF^. The fluorination reaction is highly exothermic; therefore, 
cooling must be provided to control the bed temperature. The 
fluorinator was cooled by injecting water into external cooling 
c o i l s purged with a i r . 

Description of Equipment: The major equipment pieces in the 
fluorination p i l o t plant were the fluorinator, the UO^ feeder, 
the NaF traps and the activated alumina traps. The fluorination 
vessel was constructed of Monel and consisted of a fluidized-bed 
and an expanded f i l t e r section. The expanded f i l t e r section was 
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556 ACTINIDE SEPARATIONS 

located d i r e c t l y above the fluidized-bed section and contained 
Monel sintered metal f i l t e r s and the off-gas l i n e . The f l u i d 
ized-bed section contained the f l u i d i z i n g gas distributor plate, 
the bed drainage outlet, and the bed feed i n l e t . The vessel was 
heated with e l e c t r i c a l heaters and water-cooled with cooling 
c o i l s attached to the outer vessel wall. Uranium trioxide was 
metered to the fluorinator with a solids screw-type feeder. 

Three NaF traps were used to remove UF, from the fluorinator 
off-gas. Each trap contained about 50 kg ot NaF p e l l e t s . Calrod 
heaters on the outer vessel surface were used to heat the traps. 

Gaseous fluorine was obtained in 18,400 l i t e r steel tank 
t r a i l e r s . The composition of the gas, as received, was t y p i c a l l y 
90 to 95% fluorine, 5% HF, and 1 to 2% nitrogen-oxygen. The HF 
was removed by passing the gas through a NaF trap. 

Four activated alumina traps were used for removal of fluo
rine from the process off-gas. The activated alumina traps were 
backed by a soda lime trap. 

The fluorination system included the following process 
instrumentation: (1) thermocouples to monitor the temperature at 
various locations; (2) flow controllers and indicating rotameters 
to measure gas flow to the fluorinator; (3) differential-pressure 
transmitters to monitor the pressure drop across the dis t r i b u t o r 
plate, fluidized-bed, and the sintered-metal f i l t e r s ; and (4) a 
duPont 400 photometric analyzer to continuously monitor fluorine 
in the off-gas. 

Results of Fluorination Runs: Five batch and 11 continuous 
fluorination runs were made. The effects of temperature, U0^ 
concentration, and fluorine concentration in the f l u i d i z i n g gas 
were investigated to determine a suitable range of operation and 
to i d e n t i f y any i n s t a b i l i t i e s associate! with the process or 
deficiencies in equipment design. 

In the batch fluo r i n a t i o n runs, UO^ was added to the f l u o r i 
nator to make up i n i t i a l concentrations ranging from 10 to 35 wt% 
U0^ in Α1 20^. The U0^ was fluorinated with concentrations up 
to 35 volume percent. I n i t i a l l y , low concentrations of reactants 
(UO^-F^) were used u n t i l the behavior of the reaction and bed 
temperature control were established. The fluorinator off-gas 
fluorine concentration versus the average fluidized-bed tempera
ture for the batch runs is shown in Figure 3. 

The following conclusions were among those drawn from the 
batch runs: 

1. The reaction of U0- with F^ was i n i t i a t e d readily at bed 
temperatures greater than 40O°C. 

2. Fluorine u t i l i z a t i o n greater than 95% was achieved at an 
average bed temperature of 500°C. 

3. Substantial l o c a l i z e d cooling was required to control 
the bed temperature at normal fluo r i n a t i o n rates. 

In the continuous flu o r i n a t i o n runs, the UO- feeder was used 
to maintain the desired U0- concentration in tne fluidized-bed. 
A t o t a l of 168 kg of U0^ was fluorinated during 31 hours of 
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37. U R Z A A N D K I L I A N Conversion of UNH to UF6 557 

operation. Thermal and k i n e t i c steady-state conditions were 
achieved r a p i d l y , therefore, several bed temperatures and UO^ 
concentrations were tested during the same run. Data from f l u o r 
i n a t i o n tests with a bed of 100% UO^ are shown in Figure 4. The 
unreacted f l u o r i n e in the off-gas is shown as a function of the 
average bed temperature. Results of these tests led to the f o l 
lowing conclusions: 

1. The U0« produced by fluidized-bed c a l c i n a t i o n is s u i t 
able f o r d i r e c t fluidized-bed f l u o r i n a t i o n . 

2. There was no evidence of s i n t e r i n g of the bed dilu e n t 
(Al^O^) under the conditions tested. 

3. The reaction rate is strongly dependent on temperature. 
The U0 3-F^ reaction is i n i t i a t e d at about 350°C.; at about 500°C., 
e s s e n t i a l l y all of the f l u o r i n e is reacted with UO^. 

4. Activated alumina and soda lime were found to be s u i t 
able f o r f l u o r i n e d i s p o s a l ; soda lime tends to cake at high reac
t i o n rates. 

Runs With Technetium-Spiked UO : Two continuous uranium 
f l u o r i n a t i o n runs were made to determine the behavior of techne
tium in the p i l o t - p l a n t f l u o r i n a t i o n system. Fluidized-bed-
produced U0^ containing 300 pg of technetium per gram of U0^ was 
flu o r i n a t e d and then separated from UF^ by passing the v o l a t i l e 
f l u o r i n a t i o n products through a s t a t i c bed of MgF^. 

During the first run, about 95% of the technetium contained 
in UOg was leached from the first 35.6 cm of the MgF^ trap with 
d i l u t e n i t r i c acid. A n e g l i g i b l e amount was detected on the 
remaining 45.7 cm of the trap. Only a trace was accounted f or 
downstream of the MgF^ trap or between the f l u o r i n a t o r and the 
MgF^ trap. The seconcT run was made under s i m i l a r conditions to 
v e r i f y r e s u l t s of the first run. 

During the second run, about 75% of the technetium that was 
contained in UO^ was recovered from the MgF^. The technetium 
concentration was high at the top of the MgF^ bed where first 
contact was made with the f l u o r i n a t o r off-gas. The o v e r a l l 
technetium material balance f o r these tests was 84%. 

Proper conditioning of MgF^ f o r removal of impurities 
(mostly water) proved to be important in reducing the uranium 
loading of the MgFQ. 
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ACTINIDE SEPARATIONS 

Figure 3. Fluorine concentration in the fluorinator off-gas vs. bed temperature 
during batch fluorination runs 

Figure 4. Fluorine unreacted in the fluorinator off-gas vs. bed temperature 
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Separation of Actinides from High Active Waste 
by Means of Counter Current Ion Migration 

B. A. BILAL, F. HERRMANN, K. METSCHER, B. MÜHLIG, 
CH. REICHMUTH, and B. SCHWARZ 
Nuclear Chemistry Division, Hahn-Meitner-Institut für Kernforschung, Berlin, 
Federal Republic of Germany, D-1000 Berlin 39 

The use of nuclear power as energy source is de
termined by the safe handling and deposition of the 
nuclear waste. High active waste solutions must be 
transformed into stable solid form which is suitable 
for final disposal. The separation of the actinides 
from the waste before its solidification (e.g. vitrifi
cation) is advantageous (or may be even necessary) from 
two points of view: 
1. The isolation of the long-lived and highly dange
rous transuranium elements reduces the control time over 
the waste from the scale of millions to that of hundreds 
of years, since about 300 years are 10 x the half life 
time of the longest lived fission product Sr-90. The 
potential danger is reduced in the same scale. 
2. No long-time experience exists about the stability 
and leaching of glasses containing the high α-active 
actinides. 

Most processes are developed for separation of an 
individual actinide or certain groups of actinides 
(e.g. U, Np and Pu by TBP extraction) from the waste. 
These processes are usually based on liquid/liquid 
e x t r a c t i o n and ion exchange technique. More or less 
complicated processes lead to the separation of only 
one transuranium element. In these processes the ra d i o -
l y t i c d e s t r u c t i o n of the organic solvent or the ion ex
changer causes some d i f f i c u l t i e s . 

Using the counter current ion migration process 
(Jh-6) , all the a c t i n i d e s in the waste are separated as 
group or i n d i v i d u a l in one stage y i e l d i n g a high decon
tamination f a c t o r (β*1θ6). The separation takes place in 
aqueous medium, which is l e s s s e n s i t i v e to the r a 
d i a t i o n e f f e c t s than organic substances. The r a d i a t i o n 
products of the car b o x y l i c a c i d s o l u t i o n (mainly a c e t i c 

0-8412-0527-2/80/47-117-561$05.00/0 
© 1980 American Chemical Society 
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562 ACTINIDE SEPARATIONS 

acid) used as a counter current l i q u i d are nearly che
mical i n d i f f e r e n t . The separated a c t i n i d e s are of high 
p u r i t y and are s u i t a b l e f o r r e c y c l i n g in reactors ( 7 ) . 
That means t h e i r concentration in the environment r e 
mains nearly stationary in c i r c u l a r process. 

P r i n c i p l e of the Counter Current Ion Migration 

In t h i s separation process a flow of a s u i t a b l e 
solvent is d i r e c t e d against the i o n i c mixture migrating 
in the e l e c t r i c field. I f the flow rate is equal to 
the average migration v e l o c i t y of the mixture, t h i s r e 
mains s t a t i o n a r y in the separation column, while the 
f a s t e r moving components migrate against the stream, 
and the slower components are gradually flushed back. 
In t h i s way, it is p o s s i b l e , i f necessary, to l e t the 
mixture migrate over a long distance r e l a t i v e to the 
solvent and so to obtain a very high separation f a c t o r . 
In most cases, non-isotopic ions are separated in very 
high p u r i t y . In some rare cases, in which the r e l a t i v e 
d i f f e r e n c e of the m o b i l i t y is le s s than 1% (e.g. Lan-
thanides and some act i n i d e s ) pure components are only 
obtained i f the m o b i l i t y d i f f e r e n c e is increased by 
a d d i t i o n a l e f f e c t s , such as d i f f e r e n t complexation de
gree of the components by means of a s u i t a b l e ligand. 

F i g . 1 shows a column type f o r discontinuous or 
batchwise separation process. A trough of polypropy
lene or another s u i t a b l e m a t e r i a l is di v i d e d v e r t i c a l l y 
to the length axis (separation d i r e c t i o n ) by means of 
diaphragms of polypropylene gauze to prevent the ther
mal convection in t h i s d i r e c t i o n . The diaphragms are 
welded on polypropylene frames and are f i t t e d l i k e 
s l i d e s i n t o p l a t e s of polypropylene through which the 
cool i n g pipes pass. The counter current l i q u i d streams 
with a constant rate from the cathode to the anode i f 
cations are to be separated and v i c e versa. 

Holding the current strength and flow rate con
stant, a s e l f s t a b i l i z a t i o n mechanism leads to the 
establishment of a sta t i o n a r y and constant concentra
t i o n p r o f i l e of the i o n i c mixture as a whole along the 
column. Within t h i s p r o f i l e the separation of the va
rious components gradually takes place. The proceeding 
f r a c t i o n a t i o n of the i n i t i a l homogenous mixture leads 
on the other hand to the establishment of in c r e a s i n g 
concentration gradient of each component g i v i n g r i s e 
to opposite d i f f u s i o n transport, causing remixing. The 
separation process is f i n i s h e d when the two transports 
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38. BiLAL E T A L . Counter-Current Ion Migration 563 

become equal. The separation time is not only a func
t i o n of the m o b i l i t y d i f f e r e n c e of the components, but 
a l s o of the construction s p e c i f i c a t i o n of the separa
t i o n column.Finally, the components are obtained in 
zones which overlap s l i g h t l y due to d i f f u s i o n . The con
centration of each ion in i t s pure zone is a function 
of i t s transport number, of the current strength and 
of the flow r a t e . 

The column shown in fig.1 is a l s o s u i t a b l e f o r 
continuous separation of the mixture, but only in two 
f r a c t i o n s l i k e the separation of the a c t i n i d e s as a 
group from the nuclear waste. 

Processing of the High Ac t i v e Waste (HAW) 

The HAW of spent f u e l reprocessing c o n s i s t s of a 
n i t r i c a c i d (Φ4Μ) s o l u t i o n of about 30 d i f f e r e n t ions, 
namely the a c t i n i d e s U, Np, Pu, Am and Cm, the f i s s i o n 
products Cs, Rb, Sr, Ba, Mo, Nb, Zr, Te, Tc, Ru, Rh, 
Pd, Ag, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb and Dy 
and the corrosion products Mn, Cr, Ni and Fe. Table I 
presents the concentration of these components in a 
waste s o l u t i o n of reprocessing of f u e l elements of 
l i g h t water reactors, supposing a burnup of 33000 Mwd/ 
ton, a s p e c i f i c power of 30 Mw per ton Uranium (3,3% 
U-235), a c o o l i n g time of 1a and a waste volume of 
500 l i t r e / t o n f u e l . The l a s t column of table I contains 
the chemical form of the components in the waste so
l u t i o n . 

Fig.2 shows the flow sheet of the HAW processing. 
The use of the waste s o l u t i o n d i r e c t l y f o r separation 
leads to the d i s s i p a t i o n of avery large part of the 
e l e c t r i c energy f o r the e l e c t r o l y t i c transport of the 
hydrogen and n i t r a t e ions. The concentration of the 
n i t r i c a c i d is therefore reduced to about O.05 M through 
d e n i t r a t i o n by means of formic a c i d . To prevent the hy
d r o l y s i s and the p r e c i p i t a t i o n of some components, par
t i c u l a r l y Pu, a c e t i c a c i d is added as complexing agent 
to the s o l u t i o n before d e n i t r a t i o n . The elements Nb, 
Te and Mo p a r t i a l l y p r e c i p i t a t e as oxides. Se, Ag and 
Pd p a r t i a l l y p r e c i p i t a t e as metals. The r e s t of Mo, 
remaining in s o l u t i o n , is present as polymolybdate 
which does not p r e c i p i t a t e Zr as Zr-polymolybdate, since 
the pH of the s o l u t i o n is s t i l l about 1.2. Due to the 
n i t r i c oxides developed during the d e n i t r a t i o n the Pu 
is converted to Pu(IV) that forms stable p o s i t i v e 
charged acetato-formato-complexes, i f the concentration 
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564 ACTINIDE SEPARATIONS 

Figure 1. Column for discontinuous or batchwise separation: 1, outside walls; 
2, pump; 3, plates for dividing the column in compartments; 4, counter current 

liquid; 5, cooling liquid; 6, frame with diaphragm. 

w a s t e s o l u t i o n C H 3 C00H 

H 2 . d e n i t r a t i o n 
ρ Η « 1 · 2 

Nb.Te.Se.Mo.Ag.Pd.Rd 

Mo,Tc 1. S e p a r a t i o n step 

(Cs,Rb)/Ba/FelNi/Zr/Sr/Mn(Cr/RE/Cm/Am/Pu/Ru/Np/U 

2.Separation s t e p 

o x a l a t e p r e c i p i t a t i o n 

t h e r m a l d e c o m p o s i t i o n 
to oxide 

Figure 2. Flowsheet of the HAW processing 
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Table I. Concentration a n c * chemical form of the 
components in the waste s o l u t i o n . 

element c [ g / i ] ion form e l e 
ment 

C [g/l] ion form 

U O.84 u o i + Zr 5.30 Z r 4 + 

Np 1 .52 NpOj Tc 1 .70 T C O 4 

Pu O.09 P u 4 + Ru 1 .48 Ru(III)-NO-
Am 
Cm 

O.36 
O.06 

Am 3 + 

Cm 3 + 

Rh O.50 

n i t r a t o - n i t -
ro-complexes 

Rh(III) 
Cs 2.60 C s + 

Pd O.90 Pd( I V ) - n i t r a -
Rb O.44 Rb + to-complexes 
Sr 1 .06 S r 2 + Ag O.12 Ag + 

Ba 1.28 B a 2 + Mn 1.1 Mn 2 + 

Y O.5 Y 3 + Cr O.01 C r 3 + 

Rare Ni O.004 N i 2 + 

Earths 
(RE) 11 .40 R E 3 + Fe O.05 F e 3 + 

Mo 3.20 2 + 
M 0 O 2 

Nb O.03 NbOj 
Se O.005 SeO§" 
Te O.40 TeO§" 

of both the a c e t i c and the formic a c i d is about O.5 M. 
The s t a b i l i t y of the Pu complexes over several days was 
examined previously by means of absorption spectroscopy. 
Neither a s h i f t of the absorption band at λ = 457 nm 
nor new bands were found. I f there is no i n t e r e s t to 
gain the elements Pd and Rh separately, they are pre
c i p i t a t e d in the d e n i t r a t i o n step by means of hydrogen 
gas which is a c t i v a t e d on passing a pl a t e of s i n t e r 
glass on which Pd was already p r e c i p i t a t e d . Ru remains 
in the s o l u t i o n as Ru-NO-nitrato-nitro-complexes. Tc 
is present as the pertechnitate i o n . A l l other compo
nents are present in the den i t r a t e d s o l u t i o n as simple 
or p a r t i a l l y complexed cat i o n s . A f t e r f i l t r a t i o n the 
multicomponent mixture is then separated in a column 
shown in f i g . 1 . A mixture of a c e t i c a c i d (O.5M) and 
n i t r i c acid(O.05M) is used as counter current l i q u i d 
(cathode —>anode) . 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ch

03
8

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



566 ACTINIDE SEPARATIONS 

Discontinuous Separation 

One l i t r e of waste s o l u t i o n containing the compo
nents at the concentration given in table I is pro
cessed according to f i g u r e 2. A f t e r about 1h operating 
time Mo and Tc are completely washed out of the column. 
A f t e r f u r t h e r 20h the maximum separation degree of the 
zones (cathode —•anode) Rb, Cs/Ba/Fe, Ni/Zr/Sr/Mn, 
Cr/RE/Cm/Am/Pu/Ru/Np/U is o b t a i n e d ( s . f i g . 3 . I ) . The 
counter current overflow is h i g h l y decontaminated from 
all components and is therefore r e c y c l e d ( s . f i g . 1 ) . 
The overlapping ranges of the a c t i n i d e s zones are 
sucked out of the first column and separated in a se
cond one that has such a small cross s e c t i o n to get 
the l a r g e s t spreading of the pure zones, but a small 
overlapping range. In a running batchwise separation, 
both columns are operated simultaneously. The pure 
zones of the a c t i n i d e s are then extracted out of the 
column and p r e c i p i t a t e d as oxalate. The overlapping 
zones are mixed again to the feed s o l u t i o n of the first 
separation step. More than 98% of the a c t i n i d e s are se
parated in the two steps and are decontaminated from 
the f i s s i o n and c o r r o s i o n products as w e l l as from each 
other by the f a c t o r >10 6. The rare earths are deconta
minated from each other by the f a c t o r %10 3. The decon
tamination f a c t o r of the other f i s s i o n products is 
about >10 6. 

Separaration Data l . s t e p : Length of the column. 
(L)=200 cm, free cross s e c t i o n (q)=5 cm2, flow rate (V) 
= 40 ml/h, high voltage (U)=2000 V, current strength 
(I)=O.2 A, separation time (t)=21h. 2.step: L=200 cm, 
q=O.5cm2, V~=4 ml/h, U=2000 V, 1=O.02 A, t=21h. 

Continuous Separation 

Fig.4 shows schematically the arrangements used 
f o r continuous separation of the a c t i n i d e s as a group 
from the waste. A separation column (a)(L=100 cm) is 
connected to the vessel(b) containing the waste s o l u 
t i o n . Opposite to it there is a second column(c) 
(L=10 cm) having the same cross s e c t i o n . The counter 
current l i q u i d (O.5M a c e t i c a c i d + O.05M n i t r i c acid) 
streams from the cathode to the anode. The column (c) 
contains a zone of an ion of high m o b i l i t y (e.g. K, Cs, 
Rb) to protect the components in (b) against cathode 
contact. In the column (a) the a c t i n i d e s as a group, 
Ru, Tc and Mo are separated from the other components. 
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I 

Figure 3. Stationary distribution of the separated components in a discontinuous 
process: I, first step; II, second step. 

Figure 4. Equipment for continuous separation 
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Ru is q u a n t i t a t i v e l y o x i d i z e d to the v o l a t i l e R U O 4 on 
passing the anode chamber. The overflow passes an anion 
exchanger (d) to hold back Tc and Mo. The pure a c t i 
nides are p r e c i p i t a t e d as oxalate which decomposites 
thermally to the oxides. The decontamination f a c t o r 
a c t i n i d e s / f i s s i o n - and c o r r o s i o n products is £106. 

The separation process s t a r t s as follows: F i r s t 
a discontinuous separation is c a r r i e d out in the column 
(a) using the same values of I/q and V as mentioned 
above. These values are then corrected to allow a con
tinuous separation taking place between the REE- and 
Cm/Am-zones, where the c o n d i t i o n 

b E ' u R E E > v > b E- uCm/Am ( 1 ) 

must be f u l f i l l e d . Ε is the e l e c t r i c field strength at 
the contact point between the column (a) and the v e s s e l 
(b) . I t s value is given by the r e l a t i o n 

Ε = I / q * , (2) 
where is the s t a t i o n a r y c o n d u c t i v i t y of the s o l u t i o n 
in the v e s s e l (b). The m o b i l i t y u is determined from 
measurement of £ of the corresponding component in i t s 
pure zone obtained by means of discontinuous separation 
and c a l c u l a t i o n according to 

uL = V #/I (3) 
2 

Separation Data q (of (a) and (c) = 5 cm , 
U = 1200 V, I = O.22 A, V = 25 ml/h, M (separated ac
t i n i d e s [mole/d]) = O.05. 
Estimation of Energy necessary f o r Separation 

According to a l i n e a r e x t r a p o l a t i o n of the separa
t i o n data, about 10"^ of the energy gained per one ton 
of f u e l in l i g h t water reactors (s.above) must be used 
f o r the processing of i t s high a c t i v e waste. This seems 
to be high. On the other hand, t h i s method makes it 
p o s s i b l e to separate all the a c t i n i d e s simultaneously 
with a high decontamination f a c t o r . I t is easy to ope
rate the separation equipment automatically and so to 
have low personnel cost. 

However, the development of the large scale tech
nique and the c o n s t r u c t i o n of separation columns from 
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materials more resistant to radiation are s t i l l open 
to question. 
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39 
Polymolybdates as Plutonium (IV) Hosts 

R. A. PENNEMAN 
Los Alamos Scientific Laboratory, University of California, P. O. Box 1663, 
Los Alamos, NM 87545 

R. G. HAIRE and M. H. LLOYD 
Oak Ridge National Laboratory, P. O. Box X, Oak Ridge, TN 37830 

Dissolution of Zr-clad plutonium-bearing fuel can 
result in a residue which contains Pu, Zr and fission-product mo
lybdenum. In addition, solutions of these elements can yield in
soluble products on standing, or with further treatment such as 
extended heating. Initial data suggested that molybdates or poly
meric molybdic acids were responsible for formation of the solids. 
In the case of polymeric molybdic acids, interstices in the matrix 
of MoO6 octahedra could accept foreign ions, such as Pu(IV) and 
Zr(IV). It should be noted here that the ion size disparity be
tween Zr(IV) and Pu(IV) will generally require that Zr and Pu oc
cupy different coordination sites, with Pu(IV) demanding larger 
coordination. Recently, the existence of Zr molybdates, Pu molyb
dates and Zr-Pu molybdate mixtures (containing up to several per
cent Pu) have been identified; it was found that the individual Zr 
and Pu molybdate products were not isostructral. Detailed studies 
of the formations of these materials from aqueous media are still 
in progress (M. H. Lloyd and R. L. Fellows, results to be pub
lished). 

A major concern is the assoc iat ion of Pu with the Zr-molyb-
denum p r e c i p i t a t e s , which re su l t s in r e l a t i v e l y high losses of Pu. 
In an e f f o r t to determine the mechanism fo r the Pu as soc ia t i on , 
several p o s s i b i l i t i e s were explored. Presented here are chemical/ 
s t ruc tu ra l considerat ions of the molybdenum systems, the expe r i 
mental evidence co l l e c t ed to date on these mater ia ls and the i n i 
t i a l conclusions that have been reached about them. 

Chemical/Structural Considerations of the System 

Jiirgensen and Penneman (1) discussed the behavior of the 
transiawrenciurn elements Ζ = 104, 105, etc. and c a l l e d a t tent ion 
to the s t r i k i n g contrast in polymerizat ion behavior, and charac
t e r i s t i c aquo species of the hexavalent d- and f -b lock elements. 
For simple aquo ions, it turns out, e m p i r i c a l l y , that the t o t a l 

0-8412-0527-2/80/47-117-571$05.00/0 
© 1980 American Chemical Society 
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572 ACTINIDE SEPARATIONS 

hydration energy of a given M is - ζ 2 κ , where κ is a character
i s t i c constant fo r each t r a n s i t i o n group £2). However, oxo com
plexes of the (V) and (VI) states are more stable than accounted 
fo r by such a simple theory. 

I t is f requent ly argued that a s p e c i f i c property of 5f gçoup 
M(VI) $nd M(V) is the formation of l i n e a r dioxo complexes, M0 2

2 

and M0 2. Their most s t r i k i n g property is the coexistence of oxo 
and aquo l igands, which is exceedingly rare in the res t of the 
elements. There are c h a r a c t e r i s t i c d i f ferences found frequent ly 
between the oxo ions of the V- and VI -va lent a c t i n i de s , uranium 
through americium, and those of the d elements in the same valence 
s tates . 
A. Ac t i ny l V ' s and V I 1 s g ive monomeric oxo cat ions in a c i d , in 

contrast to the d element p r o c l i v i t y towards polymerizat ion 
( i sopo ly ac id formation). Protactinium is s i m i l a r to d e l e 
ments in t h i s regard. 

B. The ac t i n y l (V ) and (VI) oxo ions d i sp lay trans o r i en ta t i on of 
the " y l " oxygens, rare in d-element compounds. Trans oxygen 
binding may require enhanced s p a r t i c i p a t i o n , a r e l a t i v i s t i c 
e f f e c t found in the c a l c u l a t i o na l e f f o r t s on superheavy e l e 
ments. 

C. The " y l " oxygens are usual ly of higher bond order, with much 
shorter metal-oxygen bond lengths than the equator ia l oxygen 
coordinat ion (1.75 Â vs 2.45 Â). 

D. Ac t i n y l ions require higher oxygen coordinat ion (7-8) 
whi le d-block elements in the same valence state often have 
(4 or 6) oxygen coordinat ion. 
The s t ructure of a t y p i c a l oxygen coordinat ion sphere around 

uranyl has s i x oxygens in the equator ia l plane and two short oxy
gen bonds perpendicular to that plane. Bidentate oxygen-donors 
(with 2 oxygens attached to same element n i t r a t e , carbonate) have 
a shorter b i t e than i nd i v idua l oxygens, and can be accommodated 
without puckering the equator ia l oxygen r i n g ; two n i t r a te s and two 
water molecules are common (2). Hydroxyl groups replace water as 
the pH is increased. A s t ructure contain ing dimeric units is 
known, with retent ion of the uranyl oxygens (4). 

In contras t , hexavalent t r a n s i t i o n metals, such as molybdenum 
and tungsten, polymerize in ac id by aggregation to s p e c i f i c a l l y 
favored geometries contain ing oxide octahedra of Mo06 and W06 (the 
i so poly ac ids) (5a). These oxide structures have c a v i t i e s which 
accept fore ign ions, to form heteropoly ions (5b). _The centra l 
cav i t y is a tetrahedra l s i t e , often occupied by P0| , SiO| , e t c , 
a f a c t u t i l i z e d in phosphate p r e c i p i t a t i o n : 

(NH 4) 6Mo 7 024-4H 20 + phosphate -> (NH^aPMo^CWieHgO Φ 

The i s o l a ted Mo06 octahedron is known only in condensed un i t s , 
where the Mo06 polyhedra share corners, edges and faces in combi-
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39. P E N N E M A N E T A L . Poly molybdates as Pu(IV) Hosts 573 

nat ions, prov id ing s i t e s f o r hetero atoms with coordinat ion num
bers: 4, 6, 8, and 12. Although condensed units contain ing 6, 12, 
and 18 Mo or W atoms are common, others (conta in ing 5, 9, 10, 11, 
or 17 M atoms) are formed by removal of one un i t and a l so by dim-
e r i z i n g , eg., ( Ρ 2 Μ ο 5 0 2 3 ) , ( Χ Μ ^ ) , ( X M ^ O ^ ) , ( X 2 M 1 7 0 6 1 ) . 

Some known st ructures with guest metal ions in 4, 8 and 12 
coord inat ion are l i s t e d in the fo l l owing tab le . 

Known Structures 

X-coordinat ion Réf. X 

X n + M o 1 2 0 4 o ( 8 ~ n ) ~ 4 (5) S i ,P ,As ,Zr ,T i 

8 (6,7,8) Ce,Th,U,Np,Pu 
X 4 W l o 0 3 6 H 2

6 " or 

X 4 + Wio0 3 6 8 ~ 

Χ + η Μ ο 1 2 0 4 2

( 1 2 " η ) " 12 (9,10,11) Ce,Th,U,Np 

Since tetrahedra l coordinat ion is not appropriate f o r p l u to 
nium coordinat ion by oxygen, it w i l l not be discussed he re + 

I f one removes from an octahedron the center metal M 6 and 
an ap ica l oxygen, four planar oxygens remain ava i l ab l e fo r coo rd i 
nat ion. I f t h i s is done from 2 W6 un i t s , there are 8 oxygens and 
a cat ion vacancy that can coordinate a large ca t ion . The first 
example of such a s t ructure contained Ce(IV), and l a t e r U(IV) 
(6-7). In these st ructures the 8-0 1 s approximate an ant ipr i sm fo r 
CëUV) which is d i s t o r t ed in the U(IV) case. 

The Mo 1 2 un i t provides a 12-coordinated s i t e , an icosahedron 
of oxygens which can accommodate large cat ions ; such a s t ructure 
conta in ing Ce(IV) was determined by Dexter and S i l ve r ton (9). 

The s izes of the coordinat ion c a v i t i e s are i l l u s t r a t e d by the 
fo l l ow ing data: 

(Experimental) 

M M-0 distances Coord. No. Mater ia l Structure 
6-

8 C e W l o 0 3 6 H 2 0 -ant ipr i sm 
8 -

12 CeMo 1 2 0 4 2 

0-icosahedron 
12 (NH 4 ) 2 Ce(N0 3 ) 6 

8 -
8 UW 1 0 0 3 6 0 -ant ipr i sm 

C e I V 2.38 - 2.40 A 

C e I V 2.51 

C e I V 2.50 

U I V 2.29 - 2.32 
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574 ACTINIDE SEPARATIONS 

Since there are no known structures of such compounds with 
plutonium, it is useful to u t i l i z e Zachariasen 's ru les (123 f o r 
est imat ing actinide-oxygen bond lengths which would be required 
in a p a r t i c u l a r coordinat ion geometry. 

Zachariasen 's Bond Length - Bond Strength Relat ions (12). 
1. A bond strength s.. = s., is assigned to a bond between the 

j j * 
i 1 t h and j 1 t h atoms of a s t ructure so that 

) *u = *i · ] S-H
 = *j 

where v. and y . are the valences of the two atoms. 

2. The length of a bond D A B between two atoms of species A and Β 

is a funct ion only of the strength of the bond. A universal func
t i on Dflg(s), v a l i d f o r all s t ructures contain ing A - Β bonds, is 

postulated: D = Dx - Bins where D x is normalized to un i t bond 
strength (s=l). 

Zachariasen has tabulated Dx and Β values fo r d and f block 
oxides and 0 hal ides (12). His bond length formulas f o r Ce-0 d i s 
tances in A are: Ce( I I I ) , D = 2.18 - O.338 Ins; and Ce(IV), D $ = 
2.117 - O.326 Ins. We estimate the fo l l owing values: 

Cerium-Oxygen Distances, Â 

Coord. 

D s* s* D 

Ce( I I I ) -0 2.51 3/8 8 1/2 Ce(IV)-0 2.34 

2.65 1/4 12 1/3 2.48 

s*: the bond strengths are d iv ided equal ly among the Ce-0 bonds 
in a given coord inat ion, where actual bond distances are unknown. 
Note that reduction of Ce(IV) to Ce( I I I ) in the 8-coordinated case 
would cause an opening o f 0 t h e cav i t y by increas ing the Ce-0 bond 
length from 2.34 to 2.51 A and that the estimated Ce(IV)-0 d i s 
tance agrees wel l with the experimental measurements given ear
l i e r . 

For plutonium, data from s ing le c r y s t a l determinations are 
lack ing. The fo l l ow ing values are estimated as in the cerium case 
above using Zachariasen 1 s formulas f o r plutonium: Pu( I I I ) -0, D = 
2.142 - O.35 Ins; and Pu(IV)-0, D g = 2.094 - O.35 Ins. s 
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39. P E N N E M A N E T A L . Polymolybdates as Pu(IV) Hosts 575 

Plutonium-Oxygen Distances, A 

Pu( I I I ) -0 Pu(IV)-0 

D, ca lcd 2.49 2.34 8-coord. 

D, ca lcd 2.63 2.48 12-coord. 

Here again, the expansion on reduction of Pu(IV) to Pu( I I I ) 
would loosen the binding and open the oxygen cav i t y . Since base 
depolymerizes the polymolybdates, a basic reducing agent should 
break the plutonium-bearing framework. However, a good reducing 
agent would be required as the Pu(IV) is considerably s t a b i l i z e d 
(by O.9V in P 2 W 1 7 0 e f ) (8). 

We w i l l have occasion to r e fe r to such estimated Pu(IV)-0 
distances in the fo l l owing sec t i on , in which the more extreme case 
of s ub s t i t u t i ng Pu(IV) fo r Zr( IV) is discussed. 

The Structures of Some Simple Molybdates 

The "s imple 1 1 molybdate s a l t s have been the subject of study 
by several authors (13-24). There is s t i l l confusion as to t h e i r 
degree of common s t ruc tu ra l features; f o r example we question the 
unusual coordinat ion polyhedra and the metal-oxygen distances in 
the s t ructures of Th(Mo0 4) 2 and Hf(Mo0 4 ) 2 as deduced by Thoret 
(13). L i ke l y the oxygen pos i t ions are in e r ro r s ince the metal-
oxygen bond strengths from Zachariasen*s formula give unreasonable 
valence sums fo r the coordinated metals. In cont ras t , we f i nd 
the s t ructure of the hydroxy zirconium polymolybdate hydrate (14) 
qu i te s a t i s f a c t o r y when analyzed using Zachariasen 's formulas. 
For atom numbering in the fo l l ow ing analys i s see F ig . 1, which was 
taken from reference 14. Using Zachariasen 1 s values f o r molybde
num-oxygen bonds, and f o r zirconium-oxygen bonds, we f i n d fo r 
Z r (Mo 2 0 7 ( 0H) 2 (H 2 0 ) 2 : 

Summation of bond strengths around Mo and Zr. 

Neighbor Distance hi Neighbor Distance 

Mo-0 3 1.722 1.706 Zr-0 5 2.088 O.679 
0 4 2.310 O.2627 0 5 2.088 O.679 
0 5 1.797 1.343 0 6 2.173 O.523 
0 6 1.755 1.538 0 6 2.173 O.523 
0 7 2.113 O.4918 0 7 2.175 O.520 
0 8 2.034 O.6319 0 7 2.175 O.520 

0 8 2.141 O.578 
ΣΜο = 5.97 ZZr = 4.02 
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Figure L Structure of ZrMo207(OH)2(H20)2 
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39 . P E N N E M A N E T A L . Polymolybdates as Pu(IV) Hosts 577 

Note that the seven Zr-0 bond strengths are f a i r l y uniform but 
that there is qu i te a range in Mo-0 distances, with a resu l tant 
range in t h e i r bond strengths; in sp i te of t h i s , they sum quite 
wel l f o r hexavalent molybdenum. 

One of the useful extensions of Zachariasen 1 s bond strength 
ana lys i s is that by summing the oxygen bond strengths, as wel l as 
those of the metals, one can often t e l l which oxygens in the 
st ructure a r i s e from coordinated water or hydroxyl. The 0-H 0 

83 17 
bond strength is d iv ided as fo l lows: 0 H — * — O . 

Summation of bond strengths around the oxygens: 
ο 

Bond Distance, Α Σ, Metal-Oxygen only Σ with H-Bonding 

1.722 0 3-Mo 1.71 0 3 = 1.71 + .17 + .17 = 2.05 
2.310 O4-M0 O.26 0 4 = O.26 + .83 + .83 = 1.92 
1.797, 2.088 0 5-Mo,Zr 2.02 
1.755, 2.173 0 6-Mo,Zr 2.06 
2.113, 2.175 0 7-Mo,Zr 1.01 0 7 = 1.01 + .83 + .17 = 2.01 
2.034, 2.141 0 8-Mo,Zr 1.84 

Thus, 0 4 c l e a r l y o r i g inates from a water molecule, and is coo rd i 
nated s o l e l y to Mo; 0 7 is a hydroxyl oxygen which bridges Zr and 
Mo. The summation of oxygen bond strengths makes the assignments 
unequivocal. 
Consequences of Subs t i tu t ing Pu(IV) f o r Zr in Zr Mo 2 0 7 (0H) 2 - (H 2 Q) 2 * 
There is a d i r e c t l i n k provided by 0 5 between Zr in one one chain 
and a Mo in the adjacent chain and the Zr-0 bond vector is essen
t i a l l y a l igned along the tetragonal a ax i s . Subs t i tu t ion of 
Pu(IV) f o r Zr( IV) at the same coordinat ion number and bond 
strengths would involve an increase in the Pu( IV)-0 5 bond d i s 
tance of O.14 A over the Z r ( I V ) - 0 5 d istance. This would c l e a r l y 
cause expansion between chains. S i m i l a r l y , chain lengthening 
would r e su l t . Since Pu(IV) general ly requires more than an oxygen 
coordinat ion of seven, it would not seem l i k e l y that a s o l i d so lu 
t i o n w i l l r e s u l t over any extended range, nor that the then un
known Pu(IV) molybdate species would be i s o s t r uc tu ra l wi th t h i s 
Zr compound. This p red i c t i on has been borne out by the X-ray work 
which has shown that two d i f f e r e n t s t ructures are involved. 

Experimental Data on Zirconium Molybdate 

In n i t r i c ac id so lu t i on conta in ing uranium, plutonium, z i r 
conium, molybdenum and other f i s s i o n products, p r e c i p i t a t i o n of 
zirconium molybdate occurs p r e f e r e n t i a l l y . Solut ions conta in ing 
only zirconium and molybdenum y i e l d the "same" p r ec i p i t a t ed mater-
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578 ACTINIDE SEPARATIONS 

i a l as so lut ions contain ing a d d i t i o n a l l y uranium, plutonium, f i s 
s ion products, etc. The d i f fe rence in t h i s l a t t e r case is that 
the p r e c i p i t a t e contains about 2 wt.% Pu or greater. 

The p r e c i p i t a t i o n of the zirconium-molybdenum material is a 
funct ion of ac id strength, temperature and time. The rate of pre
c i p i t a t i o n is lower with lower temperatures, low zirconium concen
t r a t i on s and higher ac id strengths. There a lso appears to be an 
induct ion per iod before the onset of p r e c i p i t a t i o n . Discussed 
here is the cha rac te r i za t i on of the zirconium molybdate s o l i d s , as 
obtained separately from n i t r i c ac id so lu t i on s ; chemical analyses, 
thermogravimetry and X-ray powder d i f f r a c t i o n were used to charac
t e r i z e these s o l i d s . 

Chemical analyses of the Zr-Mo p rec i p i t a te s y i e l d a Mo/Zr 
mole r a t i o of two. Thermogravimetry on c a r e f u l l y a i r d r ied pre
c i p i t a t e s a lso provide a Mo/Zr mole r a t i o of two, based on the 
weight loss being Mo03 and the f i n a l product being Z r 0 2 . The 
data ind icate 2.5 H 20/Zr in the o r i g i n a l mater i a l . X-ray powder 
d i f f r a c t i o n patterns of the i n i t i a l p r e c i p i t a t e show the mater ia l 
is i d en t i c a l to the compound reported by C l e a r f i e l d and Bless ing 
(14) to be Z rMo 2 0 B ( 0H) 2 (H 2 0 ) 2 . ( te t ragona l , a = 11.45(1)A 
and c = 12.49(1)A). Heating t h i s mater ia l leads to the formation 
of annydrous Z r (Mo0 4 ) 2 , which on fu r ther heating decomposes to 
give monoclinic Z r 0 2 . The anhydrous Zr (Mo0 4 ) 2 mater ia l was in
dexed as having hexagonal symmetry, with a = 10.0 Â and c = 
11.6 Â, in agreement with l a t t i c e parameters f o r Zr (Mo0 4 ) 2 r e 
ported by Trunov and Kovba (15a) and by Freundl ich and Thoret 
(15b). 

Experimental Data on Plutonium Molybdate 

In the absence of z i rconium, a plutonium-molybdenum compound 
can be p rec i p i t a t ed from n i t r i c ac id so lut ions . The presence of 
zirconium in the same so lu t i on is detrimental to formation of t h i s 
ma te r i a l , as zirconium molybdate is formed p r e f e r e n t i a l l y . How
ever, the amount of Pu molybdate so l i d s that form is a funct ion of 
hydrogen ion concentrat ions; at 1M HN03 or l e s s , s o l i d s form but 
at higher ac id concentrations the quant i ty of p r e c i p i t a t e decreas
es. At 3M HN03 s o l i d s are j u s t barely detectable. 

By chemical analyses, the plutonium molybdate p rec i p i t a t e s 
contains 2 moles of molybdenum per mole of plutonium(IV). Based 
on thermogravimetry, the plutonium molybdate gradual ly loses ~2 
moles of water to form an anhydrous Pu(Mo0 4 ) 2 . Continued heating 
of t h i s compound re su l t s in a loss of Mo03 (>750°C) to y i e l d fee 
Pu0 2. X-ray powder d i f f r a c t i o n of the c a r e f u l l y a i r dr ied p l u to 
nium molybdate p r e c i p i t a t e provided data that were indexed as hav
ing orthorhombic symmetry, with a = 3.34, b = 10.97 and c = 
6.32 Â. The mater ia l appears to Be i s o s t r uc tu ra l with orthorhom
b ic U(Mo0 4) 2 ( a Q =3.36, b Q = 11.08, c Q = 6.42 Â) reported by 
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C. Skvortsova and Sidorenko (16). The X-ray patterns obtained be
fore and a f t e r the loss of water from the plutonium-molybdenum 
compound were i d e n t i c a l , suggesting the waters were not important 
to the s t ructure. Add i t iona l heating of the plutonium compound 
produced a new phase, also orthorhombic and i den t i c a l to Pu(Mo0 4) 2 

reported by Tabuteau (17), by Prokoshin (18), and by Ustinov (19) 
( a Q = 9.42, b = 10.057~c = 13.98 À). TiïTs mater ia l is i s o s t r uc -
tu ra l with the compounds 8-NpMo 20 8 and crThMo 20 8 (20). 

For p r i o r work, having more app l i ca t i on to process cond i 
t i o n s , see ref. 25 and 26. 

P rec ip i t a te s from HN03 so lut ions contain ing Mo/Zr/Pu 

The fo l l owing tab le l i s t s some ana l y t i c a l re su l t s on p r e c i p i 
tates contain ing Mo, Zr and Pu. X-ray re su l t s are not ava i l ab le 
on these mater ia ls at present. In all cases, the amount of z i r c o 
nium in the i n i t i a l so lu t ion was in excess of the amount necessary 
to form Z rMo 2 0 7 (0H 2 ) (H 2 0) 2 

mg Pu * 
I n i t i a l Concn. g/1 mg (Zr+Mo) 

Mo Zr Pu HN03,M 

1.5 5.0 1.47 1 O.086 

1.5 1.0 1.47 1 O.122 

1 1.5 1.5 2 O.023 

1 1.5 1.5 3 O.013 

1 1.5 1.5 4 O.009 

*Each value average of 5 experiments. 

There is evidence that the Pu associated with the Zr-molyb-
date p rec i p i t a te s is not sorbed on the s o l i d ' s surface but is an 
in tegra l part of the mater ia l . This is borne out by the f ac t t ha t 
the Pu cannot be leached out of the s o l i d phase without destroy
ing (d i s so l v i ng it) it. A l so , when the f re sh l y prepared p r e c i p i 
ta te is added to Pu(IV) so lu t i ons , Pu is not ca r r i ed down (sorbed) 
by the Zr s o l i d phase. 

Conclusions 

1) Plutonium molybdate p rec i p i t a t ed in the absence of Zr is 
a d i f f e r e n t s t ructure ( i s o s t r u c tu r a l with U(Mo0 4) 2 (16) than the 
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580 ACTINIDE SEPARATIONS 

ZrMo 2 0 7 (0H) 2 (H 2 0x 2 whose s t ructure was determined by C l e a r f i e l d 
and B less ing (14j. 

2) Because Qof the d i f fe rence between Pu-0 and Zr-0 bond 
lengths (Δ= O.14A) at the same bond strength, it is expected that 
the Z rMo 2 0 7 (0H) 2 (H 2 0) 2 l a t t i c e w i l l not accomodate extensive sub
s t i t u t i o n of the larger Pu(IV) f o r Zr( IV). 

3) The plutonium-bearing p r e c i p i t a t e obtained from n i t r i c 
ac id so lut ions (contain ing molybdenum, zirconium and plutonium) 
gives an X-ray powder d i f f r a c t i o n pattern not d i s t ingu i shab le from 
that of Z rMo 2 0 7 (0H) 2 (H 2 0) 2 p r ec i p i t a ted without plutonium. How
ever, s ince the Pu content is low, the Pu could be present e i t he r 
in the Pu molybdate s t ructure or rep lac ing Zr in the Zr molybdate 
s t ructure and not be detected in the X-ray patterns. 

4) Present data on the Zr and Pu molybdates have not pro
vided evidence f o r the existence of heteropoly molybdate s t ruc 
tures fo r those p rec i p i t a te s obtained from 1-5M HN03. 

5) Zachariasen 's empir ica l ru les r e l a t i n g bond strengths and 
bond lengths in 4f and 5f oxides is demonstrated to be useful when 
appl ied to the simple and complex molybdate structures (12). 
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elements—effect of aqueous-
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Actinides (continued) 
partitioning 
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goals 382-383 

partitioning flowsheets 381-392 
photochemistry 253-265 
photoseparation ( s ) 264ί 

processes 263 
process waste solutions 24t 
purification, effect of Al on ion 

exchange 467-469 
quaternary ammonium salts 77 
quantum efficiencies for redox 

reactions of 25St 
recovery 

from acidified salt wastes 390/ 
flowsheet for 489/ 
from power reactor fuels 411—423 
from scrub solutions 475-494 
from treatment liquors 389 

recycle 390/, 539 
removal 

and disposal 540/ 
from high sodium waste 408i 
hot-cell separation unit for 544/ 
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requirements 398-399 
starting solutions for 539-541 
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process, separation of trivalent 72 

Actinium extraction by trioctylphos-
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Adsorption 
coefficient 4, 5t 
equation, Np 4 
of neptunium(V) on Dowex 1 resin 3 

Agent, reducing, hydrazine 321 
Air-monitoring sample, Pu-239 in 342/ 
Airox 

dry pyrochemical processing of 
oxide fuels 219 

process 183 
effect of temperature 226-230 
proliferation resistance 219-220 
pulverization of U 0 2 pellets 228£ 
for spent uranium oxide-based 

fuel 220-222 
status of development 230 

processed fuel, size distribution of .. 223i 
processing, cladding after 221/ 

Alamine-336 77 
Aliquat 336 

4 ( α,α-dioctylethyl ) pyrocatechol, 
extraction by 108 

extraction by 108-111 
extraction from alkaline solution, 

advantages I l l 
-S chloride, TTA synergism with .... 81 

Alkalinity on Eu extraction, effect of .. 112 
Alkanes, extraction of U( VI) by 

fcis-(di-n-hexylphosphinyl) 75 
Alkyl amines extraction 72 
Alkyl phosphoric acids, actinide 

extractants 72 
Alkylpyrocatechols extractants 101 
Alpha 

activity 518,519/ 
from aqueous waste streams, bone 

char removal of 19 
-bearing waste treatment 341—343 
contaminants, residual 438-439 
decay of Cm-242 422 
emitters, separation from highly 

radioactive solutions 533-545 
radiolysis 518 
waste, retrievable 27 
waste treatment, solid 385-387 

Alumina 
column at 25°C., Pu elution from .... ISt 
column preparation 9 
effect of HF on Pu retention on 12f 
plutonium retention from H N 0 3 on lOf 
recovery of Pu by sorption onto 9-16 
from uranyl nitrate solutions, sorp

tion of Pu traces on 9 
Aluminum 

dissolution of 423 
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tion, effect of 467-469 
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Aluminum (continued) 
-magnesium residue, extraction 

chromatography recovery and 
purification of Am from 473i 

oxide-nitric acid medium, Pu in 
residues, processing flowsheet 468/ 
zirconium-

coprocess HAW, actinide 
removal from 408i 

HAW, pilot-plant tests on 409 
waste 396f 

extraction studies with 402-403 
Aluminum oxide-nitric acid medium, 

Pu in 10 
Aluminum-203, trace sorption of 

Pu (IV) onto 13 
Americium 

from aluminum-magnesium residue 
by solvent extraction, recovery 
and purification of 471f, 473i 

-curium 
cross-current stripping of 443/ 
decontamination factors 169 
from HLLW, cross-current 

extraction of 443/ 
from lanthanides, inorganic sor-

bents use in separating 17 
recovery from HAW, flowsheet .. 415/ 
separation 157 

in centrifugal contactor 169,171f 
process, flowsheet of 170/ 

Talspeak separation of 414 
decontamination 470-474 
diluent effects, extraction of 399-400,408 
distribution coefficients, effect of 

oxidizing reagents on 168 
distribution ratios of 344/, 345 
effect of H 2 MEHP concentration 

on the separation factor for 450i 
extraction 74 

from alkaline solutions by 4 (<*,«-
dioctylethyl ) pyrocatechol .. I l l 

from lithium chloride with tri-
octylphosphine 74 

from nitric acid solutions 105i 
studies 158-160 

from high-level wastes, removal 
of 441-452 

ion-exchange process for 457 
kinetic studies 158 
oxide product, impurities in 472i 
with pressurized ion exchange, 

purification of 515 
recovery 

from α-radioactive aqueous waste, 
flowsheet for Pu and 342/ 

from dissolved Al-Mg alloy 472f 
by ion exchange 466/ 
plant test 517 
process 456/ 
and purification 455-474 

Americium (continued) 
from resins 459-467 
from salt residues 466/ 

separation from lanthanides ...27-31,345 
by tricaprylmethylammonium 

nitrate extraction, recovery of .. 417 
using a centrifugal contactor, selec

tive extraction of hexavalent.... 157 
Americium (III) 

cation by fcis-2-ethylhexyl phos
phoric acid and fois-2,2-di 
methylhexyl phosphoric acid, 
extraction of 79 

distribution 
coefficients of 14l£ 
coefficients, U(VI)0 2 and 165i 
ratio of Eu (III) 138/ 
ratios of U ( VI ), Pu ( IV ), and 486/ 

effect of ionic strength on oxidation 
rate of 162-164 

extraction 106/, 110,113/ 
kinetics of 79 
from lithium chloride by tertiary 

amines 76 
oxidation 

kinetics 160,163/ 
effects of nonoxidizable com

plexing agents 162 
rate, influencing factors 161f 
silver-catalyzed 160 

Americium (VI) 
concentration in organic phases 166/ 
-curium ( III ) separation by extrac

tion chromatography 49i 
-curium ( III ) separation by solvent 

extraction 164-168 
dioxide, reduction rates of 172i 
fixation band 48 
procedure for extraction chroma

tography for separation of 47 
Americium-241 

dissolution in nitric acid 505 
from plutonium scrap, recovery 

of 417-418 
from PRF salt waste, metal 

hydroxide scavenging of 25 
recovery from aqueous raffinate 22 
recovery and purification, ion-

exchange resins for 17 
sorption .' 26i 
Talspeak process, purification of .... 36 
tracers 398 

Americium 241/243 from HAW, 
recovery of 414-417 

Americium-243 recovery and purifi
cation, ion-exchange resins of 17 

Amex process, U extraction by 72 
Amines 

actinide extractants, high-molec
ular-weight 76 

actinides separation by tertiary 77 
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Amines (continued) 
alkyl 72 
extraction of actinides by salts of 

tertiary 76 
Ammonium chloroaluminate, extrac

tion of actinides from Bi into 184 
Ammonium salts, for actinide 

extraction 77 
Amylhydroquinone reductant, 

2,5-di-tert 361-363 
Anion resin applications 17 
Aquaflor process 286 
Aqueous reprocessing methods, spent 

reactor fuel, proliferation risks .... 178 
Aralex process 476-494 
Atom models, Leybold-Hereaus 481 
Azide complexes, trivalent actinide 

and lanthanide 132 

Β 
Backextraction, Pu 310/ 
Bases in oxyanionic molten salt 

systems 243 
Bed(s) 

design, bone char 21 
titanate powder 25 

elution of actinides from 27 
Benzene solvents, D H D E C M P -

decallin-diisopropyl 400 
Benzoylacetone, extraction of 

Pu(IV) by 80 
Beta proportional counting 548 
Bismuth 

carbide fuel, reprocessing in liquid 182 
extraction of actinides from 184 
phosphate process 279 

Bond 
distances, Ce-O 574 
distances, Pu-O 575 
length-bond strength relations, 

Zachariasen's 574-575 
strengths 

around molybdenum 575 
around zirconium 575 
metal-oxygen 577 

Bone char 
bed design 21 
calcium hydroxyapatite 

[Ca 1 0(PO 4) 6(OH) 2] 17 
decontamination of waste streams .. 19 
physical properties of 18 
removal from aqueous waste 

streams 
of alpha activity 19 
of Pu-238 and Pu-239 19 

Bronsted equation 164 

C 
Cadmium-based reducing agents 182 
Cadmium-magnesium alloys, solu

bilities in 212/, 213, 215/ 

Calcination 553f 
Calcium recycle process 215/ 

electrolysis of calcium oxide 213-214 
Calcium reduction, process param

eters for 216 
Californium with pressurized ion 

exchange, purification of 515 
Carbamoylmethylphosphine ( CMPs ) 

extractants 75 
bidentate 73 

Carbamoylphosphonates ( CPs ) 
extractant 75 

Catalyst 
ferrous nitrate 420-421 
mercuric ion 517 
Pu reduction 520-522 
PD black 517 
RH black 433 

Caustic waste 433 
decontamination, development of 

sorption system for 21 
sorption of 21 
treatment, plant-scale design for .... 21 

Celestin reactors 33 
Celite 545 34 
Cell, electro-oxidation 314/ 
CEN-FAR processes 35 
CEN-FAR TBP process; fixation, 

scrubbing, and elution 37 
Centrifugal contactor ( s ) 

americium-curium separation ... 169,171i 
residence time for 520 
selective extraction of hexavalent 

using a 157 
Centrifugal separator 517 
Cerium 

distribution coefficients for 192 
as an oxidation catalyst 511-513 
-oxygen bond distances 574 
plutonium and uranium, distribu

tion of 194/ 
Cerium (IV) 

/cerium(III) ratio effect on 
dissolution rate 512 

consumption by fission products 513 
effect on Ru 513 
nitrates, tributyl phosphate 

extractant for 72 
plutonium dissolution in nitric 

acid- 511-513 
Chelating agent(s) 341,457,493 
Chloride(s) 

distillation 347 
effect in leachant 383 
solutions, Ac extraction from 74 
standard free energies of formation 

of 193f 
by tertiary amines, Am (III) 

extraction from Li 76 
Chromatographic separation, elution 

curve of 340/ 
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Chromatography 
column behavior 48-49 
extraction 

columns, characteristics of 34i 
for plutonium-irradiated targets .. 33 
reagents 34 
for separation of Am (VI) and 

Cm ( III ), procedure for 47 
Chromatography 

column elution 31 
extraction 33,542 

Am(VI)-Cm(III) separation by 49i 
characteristics of irradiated 

targets for 35i 
stationary phase—preparation of 34 

ion exchange 387-388,441 
liquid 399 

Civex process 207,220,225,272 
Cleanex 

feed solutions, composition of 154/ 
feeds, iron impurity in 152 
process 147,431 

advantages in batch process 
extractions 155 

chemistry 147-148 
equipment 149,150/ 
extraction 151 
feed adjustment 149,151 
scrubbing 152 

CMP (see Phosphonate, dihexyl-N,N-
diethyl carbanylmethylene) 

Column(s) 
breakthrough curve of Pu on 

aluminum oxide 11/ 
electropulse 286 

laboratory scale 284/ 
scale-up calculations for 297 

electroreduction 313/ 
pulsed 308-312 

elution curve of Pu-239 from 
aluminum oxide 14/ 

extraction chromatography 433 
for in-situ electroreduction, 

pulsed extraction 311/ 
ion-exchange 343 
plutonium extraction in pulsed 437 
pulsed plate 409 
separation 564/ 
for treatment of low-risk waste, 

bone char 20/ 
uranium extraction in pulsed 437 

Complexing agent ( s ) 73,450 
acetic acid as 563 
in actinide separations 131 
on Americium ( III ) oxidation 

kinetics, effects of 162 
effect on extractant selectivity I l l 
on extractability of actinides, 

effect of 536 
on extraction, effect of .73,108-109,431 

Computer code, solvent extraction .354-355 
Concentration profiles 

for nitric acid 355 
for plutonium 355 
for thorium 355 

Contactor(s) 
centrifugal 159/ 
electrolytic 285/ 
tests 351-354 

Coordination 
cavities 573 
complexes, guest metal ions in 573 
sphere around uranyl, oxygen 572 

Core, axial blanket fuel assembly 198* 
Corrosion products 566 
Crucible turntable 196/ 
Curium 

-americium 
cross-current stripping of 443/ 
decontamination factors 169 
from high-level liquid waste, 

cross-current extraction of .... 443/ 
from lanthanides, inorganic sor-

bents in separating 17 
separation 157 

centrifugal contractor 169 
process, flowsheet of 170/ 

in centrifugal contractor, 
results of 171* 

Talspeak 414 
and Einsteinium by dibutyl (di-

ethylcarbamoyl ) -phosphonate 
( DBDECP ), extraction of 75 

from high-level wastes, removal 
of 441-452 

isotopic composition of 47i 
with pressurized ion exchange, 

purification of 515 
recovery 

from high-level waste, flowsheet 
for Am 415/ 

plant test 517,517* 
separation from lanthanides 27 

Curium (III) 
cation by fris-2-ethylhexyl phos

phoric acid and bis-2,2-di-
methylhexyl phosphoric acid, 

extraction of 79 
procedure for extraction chroma

tography separation of 47 
separation by extraction chroma

tography, Am(VI)- 49i 
separation by solvent extraction, 

Am(VI)- 164 
Curium-242, alpha decay of 422 
Curium-244 

recovery from HAW 414-417 
recovery and purification, ion-

exchange resins of 17 
Talspeak process, purification of .... 36 
tracer 148 
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588 A C T I N I D E S E P A R A T I O N S 

Current efficiency in electropulse 
column 295 

Current-potential curves 
determination of 317-319 
for platinum 325/ 

cathode 318/ 
for titanium cathode 320/ 

Cyclohexane, actinium extraction 
from chloride solutions by tri-
octylphosphine oxide- 74 

D 

Dapex process 147,431 
actinide extraction by 72 

DBDECMP (dibutyl-N,N-diethylcar-
bamylmethylenephosphonate) .... 398 

DBDECP (Dibutyl(diethylcarbamoyl) 
phosphonate ) 75 

DBP (see Phosphate, dibutyl) 
Decalin 

-DIPB extractant 409 
-diisopropyl benzene solvents, 

D H D E C M P - 400 
extractants, DHDECMP- 400 

Decladding 185,197,222,244,303 
Decomposition of uranyl nitrate, 

thermal 550-551 
Decontamination 

americium 470-474 
of caustic waste, pilot-plant test of 

filtration 23/ 
development of a sorption system 

for caustic waste 21 
factor(s) 491,493,517, 

525,561, 566,568 
americium 408 
americium-curium 169 
effect of Zr on 347 
gamma 420-421 
for plutonium 474 
zirconium-95 375/ 

fission product 187 
of Hanford PRF waste, sodium 

titanate 22-27 
incinerator ash 386-387 
of waste streams, bone char 19-31 

Denitration of HAW solutions 433 
Desorption 

effect of temperature on Pu 13 
from inorganic sorbents, nuclides .. 28 
of plutonium ( IV ) from uranyl 

nitrate 16 
of radionuclides from inorganic 

ion exchangers, nitric acid 31* 
DHDECMP (Phosphonate, di-

hexyl-N,N-diethylcarbamyl-
methylene- ) 

Dialkyldithio phosphates 131 

Dibutyl ( diethylcarbamoyl ) phos
phonate extraction equation 75 

Diethylenetriaminepentaacetic acid 
(DTPA) 389 

Diketones extraction of actinides 80 
Diluent effects, extraction of Am ...399-400 
DIPB extractant, decalin- 409 
Diphosphine extractant, vinylene 75 
Dissolution 

disadvantages of F in plutonium 
oxide 510 

effects of metallic ions on 509-511 
in nitric acid-fluorhydric acid, 

plutonium dioxide 506-508 
in metal nitrate melt of the sodium 

diuranate 246 
in nitric acid 

Americium-241 505 
-cerium ( IV ), plutonium 

dioxide 511-513 
-hydrofluoric acid, thorium 

dioxide 507 
plutonium dioxide 500-506 
of plutonium dioxide 

acidic 499-500 
effect of fluoride on nitric 

acid 505-506 
kinetics 506 
pyrochemical 500 
standard potentials for oxidative 512 

rate, Ce ( IV ) /Ce ( III ) effect on 512 
Distribution 

coefficient ( s ) 27,37,117,127*, 134 
of acidic Pu (IV) 537/ 
actinide 542* 
of americium (III) 141* 
for cerium 192 
determination of 400-402 
effect of oxidizing reagents on 

Am 168* 
effect of oxidizing reagents on 

U(VI) 165,168* 
equation 28 
for H 2 MEHP 450 
of metallic species 140 
of neodymium (III) 136/ 
for plutonium 192 
of plutonium (IV) 536* 
temperature dependence of 126* 
temperature—effect on 125 
of tracer praseodymium3*, effect 

of DHDECMP impurities 
on 451* 

of trivalent TPE 106/ 
uranium 74,192 
of uranium (VI) 79,140,142/ 

dioxide and Am (III) 165* 
data for DHDECMP and high 

sodium waste 405* 
data for extraction of actinides 402 
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I N D E X 589 

Distribution ( continued ) 
ratio(s) 482,487 

of americium 344/, 345 
determination of 92 
effect of nitric acid concentration 

on 487 
of Eu (III)/Am (III) 138/ 
extractants 482/ 
of HDBP 480/ 
measurements of 476 
of NaDBP 485f 
of Na2MBP 485f 
nitric acid concentration profile 

and 357/ 
of nuclide 91 
of plutonium 365,367/ 

effect of nitrous acid on 367/ 
thorium concentration profile and 356/ 
of Th(IV) extraction 92,93/ 
of U(VI), extraction 92,93/ 
of U(VI), Pu(IV), and Am(III) 486 
of Y(III) 485 

Donor reaction, plutonium 195 
Dowex 1 resin 7 

adsorption of Np(V) on 3 
Dowex 2 resin 7 
DSA (see Sulfuric acid, dodecyl) 
DTPA ( diethylenetriamine penta-

acetic acid) 389 
Dry processing of spent reactor fuel .. 177 

Ε 
EDTA titration, U(VI) determina

tion by 117-118 
Electrochemical partitioning 283 
Electrode reactions 304-305 
Electrolysis of calcium oxide, calcium 

recycle process 213-214 
Electrolytic contactors 285/ 
Electrolytic reduction 

in situ 283 
of Pu (IV) 321-323 
separation of U and Pu by 317-330 
of U(VI) 321,323 

Electron photomicrographs of ion-
exchange resin, scanning 529/ 

Electropulse column(s) . 283,286,293/, 386 
design 292-294 
laboratory-scale 284/ 
scale-up calculations for 297 
testing of 294 
for uranium-plutonium 

partition 291-300 
uranium transfer rate 297 

Electroredox of plutonium in power 
reactor fuel reprocessing 303-315 

Electroreduction, in-situ 303 
Electroreduction monocell 319 
Eluting agent 13 

Elution of actinides from titanate 
beds 27 

Elution of radionuclides, effect of 
pH on 28 

Elutrient, HN0 8 -FeS0 4 as an 12-13 
Energies of formation of chlorides, 

standard free 193i 
Energy for actinide separation 568 
Entrainment in aqueous phase, 

organic phase 153 
Equilibria, extraction 125 
Equipment, continuous separation .... 567/ 
Ether(s) 

coordinative extractant 73 
extractants, disadvantages 71-72 
linkage in extractants 79 

Europium 
effect of H 2 MEHP concentration 

on the separation factor for .... 450f 
extraction from alkaline solutions 

by 4(<*,a-dioctylethyl) pyro-
catechol I l l 

extraction, effect of alkalinity on ... 112 
Europium ( III ) 

/americium(III), distribution 
ratio of 138/ 

distribution coefficients of 141i 
extraction of 110/, 113/ 

Evaporator, design 343 
Extinction coefficient 132 
Extractability of actinides, effect of 

complexing agents on 536 
Extractants 

for acidic degradation products, 
2-ethylhexanol 388 

acidic properties of monoacidic 
phosphorus-based 89 

for actinides, alkyl phosphoric acids 78 
advantages of neutral phosphorus-

based organic 97 
alkyl phosphoric acids, actinide 72 
alkylprocatechols 101 
bidentate carbamoylmethylphos-

phonates, actinide 73 
te(2-ethylhexyl) phosphoric acid .. 398 
carbamoylmethylphosphonate 

(CMPs) 75 
carbamoylphosphonates (CPs) 75 
characteristics of tetraphenyl-

methylene phosphine 105 
concentration effect on element 

separation 112 
decalin—DIPB 409 
dependencies of extraction of 

Th(IV) andU(VI) 94 
development, comparison and 

future 71-72 
DHDECMP-decalin 400 
di-(2-ethylhexyl) phosphoric acid .. 343 
disadvantages, ether 71-72 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

16
, 1

98
0 

| d
oi

: 1
0.

10
21

/b
k-

19
80

-0
11

7.
ix

00
1

In Actinide Separations; Navratil, J., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



590 A C T I N I D E S E P A R A T I O N S 

Extractants ( continued ) 
distribution ratios 482/ 
effect(s) 

of gamma irradiation on Pu 345 
of hydrogen bonding in 144 
of radiation on organic 153 
radiolytic 400 

ether linkage in 79 
for HDBP, alcohol 478-481 
for HDBP, carboxylic acid 478-481 

high-molecular-weight amines 76 
ion exchange 78 
monodentate phosphate com

pounds, coordinative 73 
organophosphorus 398 

bidentate 75 
polydentate neutral organophos

phorus 101 
with preselected properties 89 
purification 91 
quaternary 101 
selectivity 

complexing agents, effect on I l l 
influencing factors 107 
phosphorus-oxygen bond, effect 

on 107 
steric influences 105-107 

steric properties of 90 
monoacidic phosphorus-based .... 89 

structural considerations for 97 
sulfonic acids, ion exchange 80 
sulfoxides 77 
in synergistic systems with TBP and 

and TOPO, pyrazolones 81 
tetraalkyldiphosphinedioxides 75 
tetraalkyldiphosphonates 75 
of transplutonium elements by 

tetraphenylmethylene phos-
phine dioxide 104 

tri-(2-ethylhexyl) phosphate 
(TEHP) use as 72 

tributyl phosphate (TBP) 
advantages and disadvantages of 72 
for cerium (IV) nitrates 72 
for thorium nitrates 72 
for uranyl nitrates 72 

trihexyl phosphate ( THP ) use as .... 72 
trioctylphosphine oxide (TOPO) .. 74 
for trivalent actinides, diisodecyl-

phosphoric acid 79 
vinylene diphosphine 75 

Extraction 
absorption spectra of solutions 122/ 
acetic acid, diethylenetriamine-

penta-, (H 5DTPA) 482 
acid concentration, effect on 74 
acid extraction, effect on metal ion .. 75 
of the actinide elements, effect of 

aqueous-phase acidity 148 

Extraction (continued) 
actinide(s) 

by Aliquat 336 4(«,a-dioctylethyl) 
pyrocatechol 108 

bidentate 467-474 
from bismuth into ammonium 

chloroaluminate 184 
by Dapex process 72,110/ 
diketones 80 
distribution data for 402 
nitrates, TBP 73 
phosphoric acid, dibutyl 

(HDBP) 485-487 
phosphoric acid, monobutyl 
(H2MBP) 485-487 

of actinium from nitrate media, use 
of trioctylphosphine oxide 74 

by Aliquat 336 . 108-111 
from alkaline solutions by 4-a«,a-

dioctylethyl ) pyrocatechol 
Am and Eu I l l 

by alkyl pyrocatechol 111-114 
americium 74 
of americium, diluent effects 399-400 
of amercium-curium from HLLW, 

cross-current 433/ 
of americium (III) 73,106/, 110/, 113/ 
by Amex process, uranium 72 
of aqueous solutions of uranyl salts 

by TOPO 127* 
batch solvent 147 
of butyl phosphates from 

actinides 475-494 
capacity, structural modification— 

effect on 102 
from chloride solutions by trioctyl

phosphine oxide-cyclohexane, 
actinium 74 

chromatography 469,542-543 
americium (III) 166/ 
americium ( VI ) -curium ( III ) 

separation by 49* 
solvent 164-168 

characteristics of irradiated 
targets for 35* 

column behavior 48-49 
columns, characteristics of 34* 
equipment, preparation of 34 
for plutonium-irradiated targets .. 33 
reagents 34 
recovery and purification of Am 

from Al-Mg residue 473* 
for separation of Am (VI ) and 

Cm (III), procedure for 47 
stationary phase preparation 34 

Cleanex process 151 
advantages in batch process 155 

coefficient for trivalent metal, 
equilibrium 148 
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I N D E X 591 

Extraction (continued) 
column for in-situ electroreduction, 

pulsed 311/ 
computer code, solvent 354-355 
concentration dependence of metals 109 
constants 89, 98 
counter-current 345-347,491 

liquid-liquid 476-477, 488 
cross-current 442 
of curium and einsteinium by 

DBDECP 75 
of curium3+ by frw-2-ethylhexyl 

phosphoric acid and bis-2,2-
dimethylhexyl phosphoric acid 79 

of detergents from aqueous solu
tions of actinides 493-494 

dibutyl-butylphosphonate 398 
distribution ratio of Th(IV) 93/ 
distribution ratio of U(VI) 93/ 
effect 

of alkalinity on Eu 112 
of complexing agents 108-109 
of redox agents on actinide 538f 
of temperature on 482 

efficiencies of TOPO for uranyl 
salts 125 

equation, dibutyl (diethylcar-
bamoyl) phosphonate 75 

equilibria 125 
equilibrium curve for H N 0 3 484 
fission product 383 
flow diagram, counter-current 

liquid-liquid 492/ 
flowsheet, solvent 524 

for laboratory mixer settlers 516/ 
for neptunium 413/ 
Thorex 351 

of hexavalent Am using a cen
trifugal contactor, selective 157 

hot-cell studies of DHDECMP 442 
hydroxyl groups, effect on alkaline .. 109 
isothermal 118-120 
kinetics of Am (III) 79 
kinetics of Th(IV) 79 
of lanthanides 110/ 
liquid-liquid 89,199, 470 

countercurrent 33 
solvent 469 
-actinides, HDEHP 414 
by Aliquat 336 4(a,«-dioctylethyl) 

pyrocatechol 108 
liquid-liquid 561 
from lithium chloride by tertiary 

amines, Am (III) 76 
from lithium chloride with trioctyl-

phosphine, Am 74 
mercury 406 
methyl-isobutyl ketone 395 
nitric acid dependency of U(VI) .. 96/ 

Extraction (continued) 
from nitric acid solutions, Am 105i 
of bis-n-octy\ phosphoric acid, and 

&is-2,2-dimethylhexyl phos
phoric acid 79 

phosphate, sodium dibutyl 
(NaDBP) 485 

phosphate, sodium monobutyl 
(Na2MBP) 485 

of phosphoric acid 481-482 
dibutyl 481-482 
di(2-ethylhexyl) (HDEHP) 416, 

431-433 
monobutyl (H 2MBP) 481-482 

by photochemical reduction, Pu 
solvent 270 

pilot plant, solvent 372/ 
process, molten salt 455-474 
of protactinium ( IV ) by benzoyl-

actinide 77 
in pulsed columns, Pu and U 437 
quaternary ammonium salts, 

iictinide 77 
ractions, trivalent actinide 80 
recovery of Am by tricaprylmethyl-

ammonium nitrate 417 
recovery and purification of Am 

from Al-Mg residue by solvent 471f 
scrub-strip studies, DHDECMP .... 404* 
selectivity, steric factors influence 

on 77 
separation of Am from the lantha

nides by solvent 345 
separations, steric hindrance— 

importance in liquid-liquid 98 
single-cycle 124/ 
solutions, IR spectra of 124/ 
solvent 71,435-436,515 
stripping process 438 
studies 

americium 158-160 
on high sodium waste 403 
of sulfuric acid, dodecyl 482 
with zirconium-aluminum 

waste 402-403 
systems, acidic 125-128 
systems, synergistic solvent 80 
tests on HAW solutions, HDEHP 

batch 435f 
by cw-tetraphenylvinylenediphos-

phine dioxide 76 
by the cis-tetratolylvinylene diphos-

phine dioxide 76 
thenoyl trifluroacetone (TTA) 80 
of thorium into neutral phosphorus-

based organic extractants 93i 
of thorium (IV) 95/ 

acid solutions, TOPO 117 
distribution ratios of the 92 
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592 A C T I N I D E S E P A R A T I O N S 

Extraction (continued) 
of thorium ( IV ) ( continued ) 

extractant dependencies of 94 
nitric acid dependencies of the .94, 96/ 
separation factors for the 92,94 

of transplutonium elements (TPE) 
from acid solution 101 
from alkaline solutions 108 
solvent 101-114 

of transuranium elements 534-538 
with tributyl phosphate (TBP) 279, 

333,351, 395, 398, 409, 421, 428-431 
countercurrent 429 
solvent 388 

by trioctylammonium nitrate, Pu .... 35 
of trivalent actinides 79,103/ 

bidentate 399 
by dialkyl phosphoric acid, 

reactions 78 
di(2-ethylhexyl) phosphoric acid 

(HDEHP) 147,448-450 
liquid-liquid solvent 147 

of trivalent lanthanides 103/ 
di ( 2-ethylhexyl ) phosphoric 

acid (HDEHP) 147,448-450 
liquid-liquid solvent 147 

of uranium 
from acid, octaethyltetraamido-

pyrophosphate (OETAPP) .. 76 
into neutral phosphorus-based 

organic extractants 93* 
synergistic systems of organo-

phosphorus compounds in .... 81 
of uranium (VI) 95/, 106/, 119/, 166/ 

acid solutions, TOPO 117 
distribution ratios of the 92 
extractant dependencies of 94 
from mineral acids by bis-(di-n-

hexylphosphinyl) alkanes ... 75 
nitric acid dependencies of the . 94 
separation factors for the 92,94 
from sulfuric acid solution 

procedure 117-118 
by tri-n-octyl phosphine 

oxide 117-128 
with TOPO solvating reaction .. 118 

synergistic 140 
of uranyl nitrate, steric considera

tions in the 75 

F 
Fast-breeder reactor fuels, reproc

essing diagram of 348/ 
FeSA (see Sulfamate, ferrous) 
Ferrous 

nitrate catalyst 420-421 
sulfamate 469 
sulfate-nitric acid as an elutrient ... 12-13 

Filterometer 55 

Filtration time(s) 
calculation of 55 
effect of variables 60/ 
plutonium perioxide, effect 

digestion time on 62 
of hydrogen peroxide on 62 
of impurity concentration on 62 
of temperature on 62 

Fissile material(s) 351 
dilution of 225 
recycling 230 

Fission product(s) 422,488,534,566 
behavior 241,247 
cerium (IV), consumption by 513 
control, pyrometallurgical process .. 211 
decontamination ... 187-188,248-249,347 

effect of acidity on 352 
factors for transplutonium 

fractions 43,43* 
elements, precipitation of 243 
extraction 383 
groups 183*, 192 
half life of 561 
heavy metal concentration 187 
isotopes 411 
in molten alkali metal nitrates 234 
precipitation of 416 
removal 224* 
waste management, aqueous 395 
zirconium 373,525* 

Flow diagram 
counter-current liquid-liquid 

extraction 492/ 
extractor phases 159/ 
for plant-scale bone char treatment 

of low-risk waste 20/ 
Flowsheet(s) 

partition cycle 374/ 
actinide partitioning 381-392 
for actinide partitioning from 

acidic waste 407/ 
of actinide separation from Purex 

HAW 346/ 
for actinides recovery 489 
of americium-curium separation 

process 170/ 
for americium recovery from HAW 415 
development 395-409 
for experimental runs on Talspeak 

Cycle 449/ 
of fluorination pilot plant 554/, 555 
of HAW processing 563 
of the HAW processing 564/ 
for laboratory mixer settlers, solvent 

extraction 516/ 
for neptunium, solvent extraction .. 413/ 
for partitioning of U and Pu 326/ 
plant tests of Np-237-Pu-238 525* 
for precipitation of lanthanide 

oxalates 446/ 
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I N D E X 593 

Flowsheet ( s ) ( continued ) 
for processing Al residues 468/ 
for processing sodium carbonate 

scrub solutions 487-494 
proliferation resistant 287 
for recovery of Pu traces 15/ 
solvent extraction 524 
testing 477 
equipment 371 

tests 416 
thorex solvent extraction 351 
thorium 373 
for thorium-based fuels 209/ 
for thorium-uranium-plutonium 

fuel, thorex 353/ 
tributyl phosphate (TBP) 418 
of uranium calcination pilot plant .. 554/ 
for waste treatment 406 

Fluidized-bed processes 547-558 
Fluorhydric acid, Pu0 2 dissolution 

in H N O 3 - 506-508 
Fluoride 

effects of 375/ 
-complexing metal ions on 

dissolution 509-511 
in leachant 383 
on nitric acid dissolution of 

Pu0 2 505-506 
on thorium-uranium 

separation 371-373 
in plutonium oxide dissolution, 

disadvantages of 510 
volatility process 347 

Fluoridric-nitric acid solutions, Pu 
traces recovery by sorption onto 
alumina 9 

Fluorination 
pilot plant, flowsheet of 554/ 
reactor 549,555-556 
-sorption procedure 549-550 
technetium in pilot-plant 557 

Fluorine in fluorinator off-gas 558/ 
Fluoro complexes, Zr 510 
Formation constants 
of azide(s) complexes 

calculation of 132,137 
of trivalent actinide 135f 
of trivalent lanthanide 135i 

of trivalent actinide complexes 
with orthophenanthroline 139f 

Fuel(s) 
Airox dry pyrochemical processing 

of oxide 219 
Airox process for spent U oxide-

based 220 
aqueous reprocessing of 

nuclear 345-347 
assembly, core-axial blanket 198f 
components, laser separation of 

reactor fuel 253 

Fuel(s) (continued) 
cycle ( s ) 
concept 533-534 
denatured 287 
fast-breeder reactor 225 
light-water reactor 222-224 
thorium 207,351,371 
-uranium 533-545 

decladding of spent 303 
dissolution, spent 197 
dry processing of light-water 

reactor 183 
dry reprocessing of nuclear 347 
elemental and isotopic composition 

of spent Th-U 533i 
enrichment, Civex process for 225 
enrichment, Pyrocivex process for .. 225 
flowsheet for thorium-based 209 
heavy element separation for 

Th-U-Pu 351-368 
manufacture, Pu recycled for 247 
molten cadmium/salt reprocessing, 

carbide 182 
nonaqueous reprocessing method 

for thorium-based 207-216 
partitioning scheme for 

Ur-Pu-Th 288/ 
plutonium breeder 280 
processing 

carbide 182 
molten salt oxidation-reduction 

processes for 233-250 
pyrochemical 196/ 

pyrometallurgical method for the 
reprocessing of thorium-
based 208-211 

reaction rate of U0 2 227/ 
recovery of actinides from power 

reactor 411-423 
recycle requirements 248 
recycle systems, reactor 177 
recycling, fast-breeder reactors 177 
reprocessing 
advantages, PDPM in spent 179 
applicability of photochemistry 

to 254 
diagram of fast-breeder reactor .. 348/ 
electroredox of Pu in power 

reactor 303-315 
in liquid bismuth, carbide 182 
plutonium partitioning methods 

in power reactor fuel 279-288 
reduction in 214-216 
requirements, Th 208 

salt transport processing of Th-U 
and U-Pu oxide and metal .182-183 

separation of actinides from irradi
ated nuclear 337-339 

size distribution of Airox 
processed 223f 
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594 A C T I N I D E S E P A R A T I O N S 

Fuel(s) (continued) 
spent reactor 

dry processing of 177 
proliferation risks, aqueous 

reprocessing methods 178 
pyrochemical process for .177,195-199 
Salt Transport Process for U and 

Pu in 191-205 
thorex flowsheet for Th-U-Pu ... 353/ 
tin process for reactor 184 
zinc distillation process for spent 

mixed-oxide 185 
zinc distillation of uranium 

oxide-plutonium oxide 186/ 

G 
Gamma 

activity 518 
of first cycle solvent 520/ 

decontamination factor 420-421 
irradiation on Pu extractants, 

effects of 345 
radiation in fissile material 178 

GAS CHROM Q 34 

H 

Hafnium effect on Pu retention on 
alumina 12t 

Half life of fission product 561 
HAN (see Hydroxylamine nitrate) 
Hanford Plutonium Reclamation 

Facility (PRF) salt waste 22 
reduction of actinide concentration 

of precipitation-ion-exchange 
process 22-24 

Hanford Plutonium Reclamation 
Facility waste, sodium titanate 
decontamination of 22-27 

HAW (see Waste, high activity) 
HDBP (see Phosphoric acid, dibutyl) 
HDEHP (Phosphoric acid, di(2-

ethylhexyl-)-; 431 
H r,DTPA (Acetic acid, diethylenetri-

amine penta-) extraction of 482 
HEPA filter treatment 385-386 
Hepex process, intergroup actinide 

separation 79 
Hexanol, 2-ethyl-, extractant for acidic 

degradation products 388 
Hexylphosphinyl, di-n alkanes, extrac

tion of U( VI) by bis- 75 
H 2MBP (see Phosphoric acid, mono

butyl) 
H 2 MEHP (see Phosphoric acid, 

mono ( 2-ethylhexyl ) - ) 
Holding agents 292 
Hot-cell separation unit for actinide 

removal 544/ 

Hydration, surface 505 
Hydrazine 

aqueous Pu with HAN and 521/ 
holding reductant 280 
oxidation of 304 
reducing agent 321 

Hydrogen bonding in extractants, 
effect of 141 

Hydrogen reductant for U-Pu 
partitioning 282 

Hydrolytic damage to TBP extractant 
solutions 487-488 

Hydroxide ion, selectivity of the 7 
Hydroxyl groups, effect on alkaline 

extraction 109 
Hydroxylamine nitrate (HAN) 

aqueous plutonium with ferrous 
sulfamate and 522/ 

effect of acidity on reduction rate 
of Pu(IV) by 361 

and ferrous sulfamate, U-Pu 
partitioning with 523f 

and hydrazine, aqueous Pu with 521/ 
plutonium reductant 352, 523 
in primary U-Pu partitioning 282 
reaction mechanism and reduction 

kinetics of Pu- 282 
reductant 359 
replacement of FeSA under plant 

conditions 522-523 
waste reduction 518-523 

Hydroxylamine salts reductants of 
Pu 282 

Hyfrane 130 164 

I 

Icosahedron geometry 573 
Incinerator ash decontamination .386-387 
Inductive effects 481 
Infrared evaporating system for treat

ment of «-radioactive waste 344/ 
Infrared spectra 120 

of extraction solutions 124/ 
Infrared spectroscopy 118 
Iodine removal 524 
Iodine, volatilization of 234 
Ion 

exchange 561 
actinide purification, effect of 

Al on 467-469 
americium recovery by 466/ 
chromatographic separation of 

the transplutonium elements 
from lanthanides 337 

chromatography 387-388,441 
effect of DHDECMP degrada

tion products in 450 
column 343 
contactor, continuous 286 
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I N D E X 595 

Ion (continued) 
exchange (continued) 

elution curve of group separa
tion by 338/ 

extractants 78 
sulfonic acids- 80 

plutonium recovery by 465/ 
process 

for americium 457 
for plutonium 457 
precipitation-reduction of 

actinide concentration of 
PRF salt waste 22-24 

recovery of Ne 412 
resin(s) 

actinide elution from 464i 
properties of 457,459,467 
recovery and purification 

for Am-241 17 
of Am-243 17 
of Cm-244 17 

scanning electron photomicro
graphs of 529/ 

scheme for removal of actinides 
from salt waste, precipita
tion- 23/ 

separation 
of Am from lanthanides 345 
of neptunium and plutonium 528-530 
of plutonium-238 and 

neptunium-237 by 530f 
of transuranium elements 337 

with pressurized purification 
of americium 515 
of californium 515 
of curium 515 

exchangers 
inorganic 18-19 

nitric acid desorption of radio
nuclides from 28-3It 

migration, countercurrent 561-569 
Ionic exchange in sulfate-sulfuric 

acid solutions, Np(V) 3 
Ionic exchanger, sodium titanate 25 
Iron 

dissolution and filtration, selective .. 421 
hydroxide precipitation 

decontamination of actinide-
containing waste solutions .. 24 

impurity in Cleanex feeds 152 
targets, processing of irradiated 

Np-oxide- 419/ 
Irradiated targets for extraction chro

matography, characteristics of .... 35f 
Isobutyric acid element, α-hydroxy .... 423 
Isothermal extraction 118-120 
Isotopes 

fission product 411 
production of heat source 411-423 
transuranium 411 

Κ 
Ketone extraction, methyl-isobutyl .... 395 
Kinetic(s) 

americium (III) oxidation 160,163/ 
of fluorination of U 0 3 555 
of plutonium dioxide dissolution .... 506 
of plutonium (IV) oxidation 363 
studies, Am 158 

L 
Lanthanide ( s ) 

-actinides, HDEHP extraction of .. 414 
-actinide separation, Talspeak 

process of 73 
americium separation from 27 
azide complexes, trivalent actinide .. 132 
complexes, stability 134 
curium separation from 27 
elements, Pu chemical similarities 

with Th and 9 
extraction of 110/ 

trivalent 103/ 
fixation 48 
inorganic sorbents use in separat

ing Am and Cm from 17 
ion-exchange chromatographic sep

aration of the transplutonium 
elements from 337 

ion exchange separation of Am from 345 
ions with sulfur donor ligands, 

complexes of 140 
ions, UV absorption band of 136/ 
oxalates 

flowsheet for precipitation of 446/ 
high-level liquid waste, precipita

tion of actinide- 442-445,447i 
partitioning reverse Talspeak mode, 

actinides- 414 
separation 

conditions for transplutonium- ... 40f 
preliminary operations to trans-

plutonium/ 37 
of transplutonium elements 

from 35,337-339 
by solvent extraction, separation 

of Am from 345 
sorbent affinity for 30/ 
trivalent 

complexes with orthophenanthro-
line, formation constants of .. 139f 

di(2-ethylhexyl) phosphoric acid 
(HDEHP) extraction 
of 147,448-450 

effect of H 2 MEHP on separation 
factors for 448 

formation constants of azides 
complexes of 135f 

ions, absorption spectra of 133/ 
liquid-liquid solvent extraction .. 147 
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596 A C T I N I D E S E P A R A T I O N S 

Lanthanide(s) (continued) 
orthophenanthroline complexes .. 137 
Tramex process—separation of 

trivalent actinides from 72 
Laser(s) 

infrared 268 
irradiation, vibrational excitation 

from IR 270 
separation of reactor fuel 

components 253 
Leaching, eerie nitrate 387 
Leybold-Hereaus atom models 481 
Ligands 

in actinide separations, nitrogen 
donor 131 

in actinide separations, sulfur donor 131 
aqueous complexes of 131 
complexes of actinides ions and 

lanthanides ions with sulfur 
donor 140 

soft 131 
Liquid chromatography 399 
Liquid-liquid 

extraction ( s ) 
counter-current . 199,470,476-477,488 

flow diagram 490/, 492/ 
separations, steric hindrance .. 98, 561 

solvent extraction 469 
of trivalent actinides 147 
of trivalent lanthanides 147 

Lithium nitrate-potassium nitrate 
eutectic 235 

M 
Magnesium 

alloys, recovery of Am from 
dissolved A l - 471f, 472f, 473* 

alloys, solubility in Cd 
of plutonium 212/ 
of thorium 213, 215/ 

in cadmium/ 212/ 
of uranium 212/ 

separation by vacuum distillation .. 197 
Maximum pulverization 229 
McCabe-Thiele operating diagrams .. 351 
Mechanism of fluorination of U 0 3 555 
Mercuric ion catalyst 517 
Mercury extraction 406 
Mercury stripping 406 
Metal(s) 

concentration, fission product, 
heavy 187-188 

extraction, concentration depend
ence of 109 

hydroxide scavenging of Am-241 
from PRF salt waste 25 

ion extraction, acid extraction 
effect on 75 

ions in coordination complexes, 
guest 573 

Metal(s) (continued) 
in molten alkali 

actinide oxides 233 
chemistry of actinide oxides 235 
fission products 234 

nitrate melt of sodium diura-
nate, dissolution in 246 

nitrates, effects of additives on 
molten 243 

-oxygen bond strengths 577 
uranate composition, alkali 239, 240* 

Metallurgical scrap, Pu recovery 
from 22-27 

Migration velocity 562 
Mineral acids, extraction of U(VI) 

from 75 
Mixer settler(s) 517 

concentration profile in 329/ 
electrode-equipped 286 
electrolytic 326/ 

reduction of U and Pu in 327-330 
electroreduction 305, 306/, 313/ 

plutonium backextraction in 309* 
test 308 
uranium-plutonium separation 

in 306* 
phase separation in 420 
residence time for 520 
solvent extraction flowsheet for 

laboratory 516/ 
test 406-409 
units 351 
uranium-plutonium separation in .. 305 

Modification and stripping, organic 
phase 152 

Molybdate salt structures 575-577 
Molybdenum 

bond strengths around 575 
precipitates from nitric acid 

solutions 579 
systems, chemistry and structure 

of̂  571-574 
Muphree's efficiency dependence on 

phase contact time 167/ 

Ν 
NaDBP (phosphate, sodium dibutyl) 485 
Na2MBP (phosphate, sodium mono

butyl) 485 
Neodymium (III), distribution coeffi

cients of 136f 
Neptunium 

adsorption 3 
equation 4 

contaminant in separation 3 
losses to waste 525/ 
in nitric acid, photoredox reactions 

of 261-263 
oxidation states and extractability .. 536* 
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I N D E X 597 

Neptunium (continued) 
oxide-iron targets, processing of 

irradiated 419/ 
in perchloric acid, photoredox 

reactions of 259-261 
photochemistry of 254 
and plutonium 

combination in reprocessing and 
end streams 538-541 

ion-exchange separation 528-530 
partitioning 526-527 

purification of reprocessing end 
streams from 542 

recovery 
and separation of Np-237 and 

Pu-238 from irradiated 17 
by the Purex process 17 

solvent extraction flowsheet for 413/ 
valence adjustment of 524 

Neptunium (IV) 
photo-oxidation of 260/ 

Neptunium(V) 
adsorption in total sulfate 6/ 
compounds 4 
on Dowex 1 resin, adsorption of 3 
ionic exchange in sulfate-sulfuric 

acid solutions 3 
photo-oxidation of 260/ 

Neptunium-237 
by ion exchange, separation of 

Pu-238 and 530f 
from irradiated Np, recovery and 

separation of 17 
-plutonium-238 flowsheet, plant 

tests of 525f 
recovery of 412-414 

plutonium-238 from irradiated 418-421 
traced with Np-239 3 

Neptunium-239 tracer preparation .... 3 
Neutron absorption, parasitic 222 
Neutron cross section 222 
Nitrate(s) 

aqueous Pu with mixtures of 
ferrous or ferric 521/ 

conversion, uranyl 547-558 
extraction, recovery of Am by 

tricaprylmethylammonium 417 
media, use of TOPO for the extrac

tion of Ac from 74 
molten 

plutonium dioxide in 237-239 
salt oxidation process 184 
uranium dioxide-plutonium 

dioxide in 238-239 
plutonium extraction by trioctyl-

ammonium 35 
plutotonium reduction catalyst, 

ferric 520-522 
removal of residual 552 
salting agent 428-429 

Nitrate(s) (continued) 
system, Pu (IV) separation from 

U in 76 
thermal decomposition of uranyl 550-551 
uranium dioxide in molten 235-239 

Nitric acid 
absorption spectrum of 262/ 
-aluminum medium, Pu in 10 
americium extraction from 105t 
americium-241 dissolution in 505 
-cerium ( IV ), Pu0 2 dissolution 

in 511-513 
concentration on distribution ratios, 

effect of 487 
concentration profile and distribu

tion ratio 357/ 
concentration profiles for 355 
dependencies of the extraction of 

Th(IV) 94,96/ 
dependencies of the extraction of 

U(VI) 94,96/ 
desorption of radionuclides from 

inorganic ion exchangers 31i 
dissolution of Pu02, effect of 

fluoride on 505-506 
electrolytic reduction of 319-321 
extraction, equilibrium curve for .... 484 
ferrous sulfate as an elutrient 12-13 
fluorhydric acid, Pu0 2 dissolution 

in 506-508 
-fluorhydric acid, ThOo dissolution 

of in 507 
plutonium dioxide, dissolution in 500-506 
reduction 304 
solubility of Pu0 2 in 503/ 
solubility of plutonium peroxide in 52 
solution ( s ), precipitates 

from molybdenum 579 
from plutonium 579 
from zirconium 579 

Nitric-fluoridic acid solutions, recov
ery of Pu traces from 9 

Nitrogen donor ligands 131 
Nitrous acid 

destruction in solvent phase, effect 
of sulfamic acid on 366/ 

effect 
on distribution ratio of Pu 367/ 
on oxidation of Pu (III) 365 
on plutonium purification 412 

stripping of Pu 345 
Nuclear 

fuel cycle, inorganic sorbents, 
disadvantages in 17 

magnetic resonance (NMR) 112,123 
Nuclide(s) 

desorption from inorganic sorbents 28 
distribution ratio of 91 
preparation of actinides 333-336 
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598 A C T I N I D E S E P A R A T I O N S 

Ο 
Octaethyltetraamidopyrophosphate 

(OETAPP) extraction of U from 
acid 76 

Octahedral geometries 572 
Off-gas condenser 551 
Off-gas treatment 391 
Opix process 441 
Organophosphorus 

compounds 
bidentate 101 
in extraction of U, synergistic 

systems of 81 
reagent grouping of, neutral 102 
synthesis, tri-, tetra-, bidentate 

neutral 102 
extractants 398 

bidentate 75 
polydentate neutral 

reagents, bidentate 398 
Orthophenanthroline complexes, tri

valent actinide and lanthanide .... 137 
Oxal process 433,436 

engineering 439 
Oxalate(s) precipitation 

of actinide-lanthanide HLLW ...442-445 
actinides separation 436-437 
equipment for continuous 445 
of lanthanide flowsheet for 446/ 
of lanthanide from synthetic HAW 447i 

Oxidant, pentavalent V as an 412 
Oxidation 

catalyst, Ce as an 511-513 
kinetics of Pu (IV) 363 
of N 2 H 5

+ -U(IV), cycle electrolytic 326/ 
of plutonium (III), effect of nitrous 

acid on 365 
potential shift 4 
process, molten nitrate salt 184 
rates, U 0 2 226 
reactions of uranium dioxide 244 
and reductions, photochemical 

actinide 269/ 
states of plutonium in H N D 3 - H F .. 9-16 

Oxygen 
bond strengths, metal- 577 
coordination sphere around uranyl 572 
partial pressure, effect on Airox 

process 226 

Ρ 
Palladium black catalysts 433 
Palladium and rhodium precipitation 565 
Partitioning method with FeSA 280 
Partitioning scheme, prereduction 284/ 
PDPM (see Pyrochemical and dry 

processing methods) 
Peroxide precipitate, composition 

of Pu 51 

Petrus cell 34 
pH on sorption and elution of radio

nuclides, effect of 28 
Phosphate(s) 

compounds, bidentate 75 
compounds, coordinative 

extractants, monodentate 73 
dialkyldithio 131 
dibutyl (DBP) on Zr separation 

from Th, effect of 376 
dihexyl-N,N-diethyl carbanyl-

methylene, solvent recycle .389-391 
extractant, n-tributyl- 371 
extractant, tributyl 

advantages and disadvantages of 72 
for cerium (IV) nitrates- 72 
for thorium 72 

extraction 
of butyl from actinides 475-494 
of sodium dibutyl 485 
of sodium monobutyl 485 

(TEHP) use as an extractant, 
tri-(2-ethylhexyl) 72 

Phosphine dioxide, extractant 
characteristics of tetraphenyl-

methylene 105 
of transplutonium elements by 

tetraphenylmethylene 104 
Phosphine oxide, tri-n-octyl- (TOPO) 157 

extraction, acid solutions 
of thorium (IV) 117 
of uranium (VI) 117 
of uranium(VI) from sulfuric .117-128 

extraction of aqueous solutions of 
uranyl salts by 127f 

IR assignments for aqueous uranyl 
sulphate 123 

NMR assignments for aqueous 123 
pyrazolones extractants in syner

gistic systems with TBP and .... 81 
solvating reaction, extraction of 

U(VI) 118 
for uranium, solvation number of .... 120 
for uranyl salts, extraction 

efficiencies of 125 
Phosphonate 

dibutyl, butyl-, extraction 398 
dibutyl-N,iV-diethylcarbamoyl-

methylene-(DBDECMP) 398 
dihexyl-N,N-diethylcarbamoyI-

methylene, (DHDECMP) 383,467 
-decalin extractants 400 
-decalin-diisopropyl benzene 

solvents 400 
degradation products in ion-

exchange chromatography, 
effects of 450 

extraction 441,469-470, 475 
hot-cell studies of 442 
-scrub-strip studies 404i 
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I N D E X 599 

Phosphonate ( continued ) 
and high sodium waste, distribu

tion data for 405f 
impurities on distribution coeffi

cient of tracer Pr3+, effect of .. 451t 
purification 399 
wash with bisodium carbonate-

potassium cyanide 405f 
esters, preparation of neutral 91 

Phosphoric acid(s) 
actinide extracts, alkyl 72 
dibutyl 

actinides extraction by 485-487 
alcohol extractants for 478-481 
carboxylic acid extractants for . .478-481 
dimerization of 477-481 
distribution ratios of 480/ 
extraction of 481-482 
hydrogen-bonded complexes of 

aliphatic alcohol and 480/ 
interaction effects of 485 
partitioning and dimerization 

constants 479* 
di(2-ethylhexyl)-

actinides 147 
batch extraction tests on HAW 

solutions 435i 
extraction 431-433 

of lanthanides—actinides 147,414, 
448-450 

process engineering 438-439 
extractant 

for actinides, alkyl phosphoric .... 78 
kis(2-ethylhexyl) 398 
di-(2-ethylhexyl) 343 
diisodecyl- 343 

extraction of 481-482 
(HD(DIBM)P), M2,6-dimethyl-

4-heptyl) 157 
bis ( hexoxy ethyl ) 79 
monobutyl 

actinides extraction by 485-487 
interaction effects of 485 

mono ( 2-ethylhexyl ) -
concentration on the separation 

factor for Am, effect of 450f 
concentration on the separation 

factor for Eu, effect of 450i 
distribution coefficient for 450 
on separation factors for trivalent 

actinides, effect of 448 
on separation factors for trivalent 

lanthanides, effect of 448 
reactions, extraction of a trivalent 

actinide by a dialkyl 78 
Phosphorus 

-based acids in ethanol, pKa's of .... 91 
-based organic extractants, 

advantages of neutral 97 
extraction of Th into neutral 93i 

Phosphorus (continued) 
extraction of U into neutral 93f 

-oxygen bond basicity of 90 
-oxygen bond, effect on extractant 

selectivity 107 
Phosphorus-32 tracer 477 
Photochemical 

coreduction of U(VI) and Pu (IV) 274 
generation of reagents 272 
methods, advantages 267 
reductant, TBP as 272 
reduction 

plutonium 256-257 
plutonium, solvent extraction by .. 270 
uranium 256-257 

separations, requirements for 267-268 
techniques 264-274 

Photochemistry 
actinide 253-265 

solution 268 
to fuel reprocessing, applicability of 254 
of plutonium 254 

Photoredox reactions of Np in 
H N 0 3 261-263 

Photoredox reactions of Np in 
perchloric acid 259-261 

Photoreduction separation of Pu 
from U 256 

Photoreduction of uranyl to U(IV) .... 254 
Photoseparations, actinide 263, 264i 
Pilot treatment plant, caustic waste ...21-22 
Platinum, current-potential curves for 325/ 
Plutonium 

acceptor reaction 195 
advantages of peroxide precipita

tion of 51 
in an aluminum-203-nitric acid 

medium 10 
on aluminum oxide column, break

through curve of 11/ 
-aluminum target, chemical treat

ment of dissolved 43 
and americium recovery from a-

radioactive aqueous waste, 
flowsheet for 342/ 

aqueous 
with FeSA and HAW 522/ 
with hydroxylamine nitrate and 

hydrazine 521/ 
with mixtures of ferrous or ferric 

nitrate 521/ 
backextraction 310/ 

electrolytic 308 
in electroreduction mixer settler .. 309i 

breeder fuel 280 
in cadmium/magnesium alloys, 

solubility of 212/ 
chemical similarities with Th and 

lanthanide elements 9 
combination in reprocessing end 

streams, Np and 538-541 
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600 A C T I N I D E S E P A R A T I O N S 

Plutonium (continued) 
concentration 

in filtrate 
nitric acid, effect on 63 

profile 9,346/, 355,358/, 364/ 
and distribution ratio 360/ 

from the Purex process solutions 9 
costripping of U and 287 
cycle tests, second 527* 
decontamination factors for 474 
desorption, effect of temperature on 13 
dioxide 

dissolution 499-513 
in nitric acid 500-506 

-fluorhydric acid 506-508 
-cerium (IV) 511-513 

kinetics of 512 
of pyrochemical 500 
of standard potentials for 

oxidative 505-506 
in molten nitrates 237-239 

uranium dioxide- 238-239 
in nitric acid, solubility of 503/ 
reactions and thermodynamic 

data at low acidities 501-502 
thermodynamic solubility curve . 502 

dissolution 
of standard potentials for 

oxidative 506 
distribution coefficients for 192 
distribution ratio of 365, 367/ 

effect of nitrous acid on 367/ 
donor reaction 195 
during denitration of HAW solu

tions, behavior of 434f 
by electrolytic reduction, separation 

of U and 317-330 
elution from alumina column 13t 
enrichment 187 
extractants, effects of γ-irradiation 

on 345 
extraction in pulsed columns 437 
extraction by trioctylammonium 

nitrate 35 
flowsheet for partitioning of U and 326/ 
fuel, thorex flowsheet for T h - U - .... 353/ 
fuels, heavy element separation 

for T h - U - 351-368 
hydroxylamine nitrate, reaction 

mechanism and reduction 
kinetics 282 

hydroxylamine salts reductants 282 
interference of Th-234 on measure

ments 10 
ion-exchange process for 457 
ion-exchange separation of Np 

and 528-530 
-irradiated targets, extraction 

chromatography for 33 
loss, calculated 362/ 

Plutonium (continued) 
losses to waste 525/ 
in a mixer settler, electrolytic 

reduction of U and 327-330 
molybdate experimental data 578-579 
molybdate, precipitation of 578 
in nitric acid-fluorhydric acid, 

oxidation states of 9-16 
nitrous acid stripping of 345 
in organic phase, oxidation of 368 
oxidation states and extractability 

of 536f 
oxidation states effect on sorption .. 12i 
oxide 

dissolution of 504/ 
dissolution, disadvantages of 

fluoride in 510 
fuel, zinc distillation of uranium 

oxide- 186/ 
salt transport process for 

uranium oxide- 196/ 
-oxygen bond distances 575 
partition, electropulse column 

for U - 291-300 
partitioning methods in power-

reactor fuel reprocessing 279-288 
partitioning, Np and 526-527 
peroxide 

effect of H 2 0 2 on filtration time .. 62 
on filtration time 

effect of digestion time 62 
effect of impurity concentration 62 
effect of temperature 62 

in nitric acid, solubility of 52 
precipitate 

composition of 51 
crystalline forms 51 
filterability of determination of 55 
sulfate ion effect on 52 

precipitation 
equipment for 55 
experimental design 56 
experimental procedure 56 
general equation and coeffi

cients values 58t 
reagents 54 
recommended levels for major 

variables in 66i 
variables and levels used in 

investigating 53i 
photochemical reduction 256-257 
photochemistry of 254 
pKa's of phosphorus-based acids 

in ethanol 91 
in power reactor fuel reprocessing, 

electroredox of 303-315 
precipitates from H N 0 3 solutions .. 579 
product purification and 

concentration 527-528 
product stability 528 
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I N D E X 601 

Plutonium (continued) 
by the Purex Process, separation 

of U and 317-330 
purification of reprocessing end 

streams from 542 
purification, effect of nitrous acid on 412 
Reclamation Facility (PRF), 

Hanford 22-27 
recovery 

by ion exchange 465/ 
from metallurgical scrap 22-27 
by the Purex process 17 
from salt residues 465/ 
from various resins 459-467 

redox reactions 354 
as reductant 518 

ferrous sulfamate- 363 
hydroxylamine nitrate 352 

reduction by HAN 523 
reduction catalyst, ferric nitrate .520-522 
reflux, effect of FeSA on 519-522 
retention from H N 0 3 on alumina .. 10i 
retention on alumina, effect of 

HF on 10i, 12i 
scrap, recovery of Am-241 from .417-418 
separation ( s ) 

from air samples 339-341 
effect of acid concentration on U - 327 
from lanthanides 43i 
uranium 307/ 

in electroreduction mixer 
settler 305, 306f 

uranyl photoreduction 256 
solvent extraction by photochemical 

reduction 270 
sorption 26f 
-thorium, uranium-

fuel, partitioning scheme for 288/ 
partition in Mg alloy 210 

traces 
flowsheet for recovery of 15/ 
sorption onto alumina 9 

transfer to aqueous phase, effect of 
U reduction efficiency on 300/ 

uranium-
partition tests 297-299 
partition, electropulse column 

for 291-300 
partitioning 

equipment 286 
with HAN and FeSA 523f 
hydrogen reductant for 282 
nonreductive 286 
in Purex process 279-280 

valence adjustment of 524 
Plutonium (III) 

effect of nitrous acid on oxidation of 365 
electro-oxidation of 312-315 
oxalate precipitation 527 
oxidation 463 

Plutonium (IV) 
onto aluminum-203, trace sorption 

of 13 
and americium ( III ), distribution 

ratios of U(VI) 486/ 
disproportionation 257 
distribution coefficients of 536f 

acidic 537/ 
electrolytic reduction of 321-323 
by HAN, effect of acidity on 

reduction rate of 361 
hosts, polymolybdates as 571-580 
oxidation, kinetics of 363 
photochemical coreduction of 

U(VI) and 274 
reduction 

electrolytic 324/ 
organic U(IV), aqueous 273f 
plutonium (III) 575 
rate 323 

separation from U in nitrate system 76 
with uranium (IV), redox reaction 

of 292 
by uranium(IV) and (V), reduc

tion of 272 
from uranyl nitrate, desorption of .. 16 

Plutonium-236 daughters 422 
Plutonium-238 

from aqueous waste streams, bone 
char removal of 19 

flowsheet, plant tests of Np-237- .... 525f 
from irradiated Am-241, medical-

grade 422-423 
from irradiated Np, recovery and 

separation of 17,418-421 
and neptunium-237 ion-exchange, 

separation of 530f 
specific activity of 524 

Plutonium-239 
in air-monitoring sample 342/ 
from aluminum oxide column, 

elution curve of 14/ 
from aqueous waste streams, bone 

char removal of 19 
tracers 398 

Plutonium-241 decay 417 
Polymolybdates as Pu(IV) hosts ... 571-580 
Potassium nitrate 

eutectic, molten lithium and 235 
fission products in sodium and ... 241-243 
molten sodium and 237 

Potential curves, current-
determination of 317-319 
for platinum cathode 318/ 
for titanium cathode 320/ 

Potentiometry, complexometric 137 
Praseodymium-142 tracer 445 
Praseodymium3*, effect of 

DHDECMP impurities on 
distribution coefficient of tracer .. 451i 
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602 A C T I N I D E S E P A R A T I O N S 

Precipitation 
-ion-exchange process reduction of 

actinide concentration of PRF 
salt waste 22-24 

iron hydroxide decontamination of 
actinide-containing waste solu
tions by 24 

-sodium titanate sorption 27 
Prereduction partitioning scheme 284/ 
PRF (see Hanford Plutonium 

Reclamation Facility ) 
Process 

calcium recycle 215/ 
parameters for calcium reduction ... 216 
stationary distribution in discon

tinuous 567/ 
Proliferation 

resistance 
Airox process 219-220 
pyrochemical processes 178 
uranium-plutonium-thorium 

partition 210 
resistant 

advantages, Ζ distillation process 185 
flowsheets 287 
process streams 207 

risks, aqueous reprocessing 
methods, spent reactor fuel 178 

Protactinium ( IV ) by benzoylacetone, 
extraction of 80 

Pu0 2 (see Plutonium dioxide) 
Pulsed plate columns 409 
Pulverization conditions 226 
Pulverization, effect of temperature 

on degree of 229 
Purex 

flowsheets 287 
high-level waste, flowsheet of 

actinide separation from 346/ 
partitioning schemes 281/ 
process (es) 72, 89,272,279,303,343, 

376,427,431,437,517-518,548 
disadvantages 291 
neptunium recovery by the 17 
plutonium recovery by 17 
separation of U and Pu by 317-330 
solutions, concentration of 

Pu from 9 
uranium-plutonium partitioning 

in 279-280 
waste 27 

solvent 515 
type HAW raffinâtes, actinides 

separation from 427-439 
Purification 

of americium-241, Talspeak 
process- 36 

of curium-244, Talspeak process- .. 36 
of reprocessing end streams from 

Np and Pu 542 

Pyrazolones extractants in synergistic 
systems with TBP and TOPO 81 

Pyrocatechol 
Americium extraction from alkaline 

solutions by Aliquat 336 I l l 
Europium extraction from alkaline 

solutions by 4( α,α-dioctylethyl) 111 
extraction 

of actinides by Aliquat 336 108 
by alkyl 111-114 
of lanthanides by Aliquat 336 108 

Pyrochemical 
dry processing methods 191 

program 
development of 180-181 
objectives of the 177 
separations processes 181-188 

scale up 181 
in spent fuel reprocessing, 

advantages 179-180 
fuel processing 196/ 
process (es) 

construction materials for 203 
design criteria 195 
engineering concepts 199-202 
plant capacity 203, 204i 
proliferation resistance 178 
size 198 
for spent reactor fuels 195-199 
volumes 198i 

processing of oxide fuels, Airox dry 219 
processing of spent reactor fuel 177 
reduction of high-fired thoria 216 

Pyrocivex process for fuel enrich
ment 220,225 

Pyrometallurgical method for re
processing of Th-based fuels .208-211 

Pyrometallurgical process, fission 
products control 211 

Q 
Quantum efficiencies for redox reac

tions of actinides 258i 
Quaternary extractants 101 

R 
Radiation damage to TBP extractant 

solutions 487-488 
Radiation on organic extractant, 

effect of 153 
Radiolysis 

of adsorbed water 505 
alpha 518 
products 524 

Radiolytic effects on extractant 400 
Radionuclides, effect of pH on sorp

tion and elution 28 
Radionuclides from inorganic ion 

exchangers, H N 0 3 desorption ... 31f 
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I N D E X 603 

Radiotoxicity index of waste fuel 535/ 
Raffinate, Am-241 recovery from 

aqueous 22 
Reactions, extraction by dialkyl 

phosphoric acid 78 
Reactor fuel reprocessing, potential .... 89 
Reactors, fuel recycling in fast-

breeder 177 
Recovery 

of americium-241/243 from 
HAW 414-417 

of curium-244 from HAW 414-417 
limitations, sorption 30 

Redox 
agents 536f 
on actinide extraction, effect of .. 538f 

methods 9 
process 279 
reaction(s) 244-246 

of actinides, quantum efficiencies 258i 
plutonium 354 
of plutonium ( IV ) with 

uranium (IV) 292 
Reducing agent ( s ) 13, 527, 539 
cadmium-based 182 
ferrous sulfamate 279-280 
holding reductants 280-282 

Reductant(s) 
holding 363 
of plutonium, hydroxylamine salts .. 282 
for uranium-plutonium partition

ing, hydrogen 282 
Reduction ( s ) 
data, U electrolytic 296f 
efficiencies, U 298/ 
efficiency on Pu transfer to aqueous 

phase, effect of U 300/ 
electrolytic Pu (IV) 324/ 
in fuel reprocessing 214—216 
of high-fired thoria, pyrochemical .. 216 
of nitric acid, electrolytic 319-321 
organic U(IV)-aqueous Pu(IV) .... 273ί 
oxide 187 
parallel electrolytic 286 
photochemical actinide oxidations 

and 269/ 
of plutonium(IV), electrolytic ... 321-323 
process, electrolytic 291 
process parameters for calcium 216 
rates of Am0 2 172i 
rates, U0 2 226 
of thorium-based fuels 208-210 
of uranium dioxide, carbothermic .. 184 
of uranium and plutonium in a 

mixer settler, electrolytic 327-330 
of uranium (VI), electro

lytic 321,323,325/ 
Reprocessing of nuclear fuel, 

aqueous 345-347 
Reprocessing of nuclear fuel, dry 347 

Resin(s) 
applications, anion 17 
gel-type 463 
macroporous 463, 528 
preparation 4 
properties 528 

of ion-exchange 467 
scanning electron photomicrographs 

of ion-exchange 529/ 
Rhodium black catalysts 433 
Rhodium precipitation, Pd and 565 
Ruthenium, effect on Ce (IV) 513 
Ruthenium in U calcination 552 
Ruthenium, volatilization of 234 

S 

Salt 
molten 

oxidation-reduction processes for 
fuel processing 233-250 

redox process, requirements and 
problems 248 

systems, acids and bases in 
oxyanionic 243 

transport process 211 
chemistry 192-195 
for uranium oxide-plutonium 

oxide 196/ 
for uranium and plutonium in 

spent reactor fuels 191-205 
Salting agent(s) 77,101,361 

nitrate 279,428-429 
Scheme for HAW partitioning 430/ 
Scrub solutions, actinides recovery 

from 475-494 
Scrub solutions, flowsheet for proc

essing sodium carbonate 487-494 
Selectivity of the hydroxide ion 7 
Separation(s) 
by dialkyl sulfoxides, actinide 77 
by extraction chromatography, 

Am(VI)-Cm(III) 47, 49t 
factors 

for chemical systems 36i 
for the extraction of Th(IV) 92,94 
for the extraction of U(VI) 92,94 
of transplutonium elements 43 

lanthanide(s) 
conditions for transplutonium- .... 40ί 

of plutonium from 43,4St 
of plutonium from lanthanides 162 
by tertiary amines, actinides 77 
of transplutonium elements from .... 35 

Silver (II) complexes 162 
Silver-catalyzed Am (III) oxidation .. 160 
Sodium 

dibutyl phosphate, distribution 
ratio of 485i 

fluorine traps 556 
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604 A C T I N I D E S E P A R A T I O N S 

Sodium (continued) 
monobutyl phosphate, distribution 

ratios of 485i 
niobate, preparation and properties 

of 18-19 
nitrate-potassium nitrate, fission 

products in 241-243 
titanate 

decontamination of Hanford PRF 
waste 22-27 

ionic exchanger 25 
physical properties 18i 
preparation and properties of 18-19 
sorption, precipitation 27 
synthesis of 18 

zirconate, preparation and proper
ties of 18-19 

Solid-liquid phase separation 246 
Solubility curve, Pu0 2 thermodynamic 502 
Solvation number of TOPO for U 120 
Solvent 

cleanup and recycle 389 
extraction 71, 515 
Purex 515 

Sorbent(s) 
applications 19-31 
inorganic 

in actinide separations 17 
disadvantages in nuclear fuel 

cycle 17 
nuclides desorption from 28 
use in chromatographic separa

tion of Am-Cm from rare 
earth ions 27 

use in decontaminating liquid 
waste streams from actinides 17 

use in separating Am and Cm 
from lanthanides 17 

preparation 17-19 
properties 17-19 
source 17-19 

Sorption 
of actinides 26f 
onto alumina, recovery of 

plutonium traces by 9,13 
of caustic waste 21 
effect of Pu oxidation states on 12 
and elution of radionuclides, effect 

of pH on 28 
precipitation, sodium titanate 27 
procedure, fluorination- 549-550 
quantitative 28 
reactor 549 
recovery limitations 30 
system for caustic waste decon

tamination, development of 21 
Spectrometry, alpha 9 
Spectrophotometry 4,118 
Standard potentials for oxidative 

dissolution of Pu0 2 512 

Steric 
considerations in the extraction of 

uranyl nitrate 75 
effects 481 
factors 572 

influence on extraction selectivity 77 
hindrance, importance in liquid-

liquid extraction separations .... 98 
influences, extractant selectivity 105 
properties of the extractants 90 
properties of phosphorus-based 

extractants 89 
Stripping 

of americium-curium, cross-current 443/ 
coefficients, transcurium elements .. 152 
counter-current 493 
organic-phase modification and 152 

Structural modification, effect on 
extraction capacity 102 

Sulfamate, ferrous (FeSA) 469 
and hydroxylamine nitrate, aqueous 

Pu with 522/ 
hydroxylamine nitrate replacement 

of 522-523 
plutonium reductant 363 
on plutonium reflux, effect of 519-522 
as reductant 518 
uranium-plutonium partitioning 

with HAN and 523i 
Sulfate 

leach liquors, recovery of U from ... 76 
solutions, absorption spectra of 

uranyl 122/ 
-sulfuric acid solutions, Np(V) 

ion-exchange in 3 
Sulfonic acids, ion-exchange 

extractants 80 
Sulfoxide(s) 

actinide separations by dialkyl 77 
dioctyl, (DOSO) 78 
dipentyl 78 
di-n-pentyl, (DPSO) 77 
diphenyl 78 
extractants 77 

Sulfur donor ligands 
in actinide separations 131 
complexes of actinides ions and 

lanthanide ions 140 
Sulfuric acid 

dodecyl (DSA), extraction of 482 
solutions by TOPO, extraction of 

U(VI) from 117-128 
solutions, Np( V) ionic exchange in 

sulfate- 3 
Synergism with Aliquat 336-S 

chloride 81 
Synergistic systems 

with adduct in aqueous phase 81 
of organophosphorus compounds 

in U extraction 81 
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I N D E X 605 

Synergistic systems (continued) 
recovery of U from phosphoric acid 81 
solvent extraction 80 
with TBP and TOPO, pyrazolones 

extractants in 81 
Synthesis of sodium titanate 18 

Talspeak 
cycle, flowsheet 449/ 
mode, actinides-lanthanides parti

tioning reverse 414 
process 33,35,431,438,441 

Curium-224 36 
kinetics of the 79 
purification of Am-241 36 
reverse 431,435-436 
studies 448-450 

process of lanthanide-actinide 
separation 73 

separation of Am-Cu 414 
Tantalum sampling tubes 213 
Targets, processing of irradiated 419/ 
TBP (see Tributyl phosphate) 
Technetium 

on magnesium fluoride, fluorination 
and sorption of 548-550 

in pilot-plant fluorination 557 
in uranium calcination 552 

Temperature 
dependence of distribution 

coefficient 126f 
effect of 

Airox process 226-230 
on degree of pulverization 229 
on plutonium desorption 13 

effect on distribution coefficient 125 
Tertiary treatment of low-risk waste 

stream 19 
Tetraalkylammonium thiocyanate 131 
Tetraalkyldiphosphinedioxides 

extractant 75 
Tetraalkyldiphosphonates extractant .. 75 
Tetrahydral holes 572 
cw-Tetratolylvinylene diphosphine 

dioxide, extraction by 76 
Thenoyl trifluroacetone (TTA) 80 

synergism with Aliquat 336-S 
chloride 81 

Thermocouple, chromel-alumel 213 
Thermosiphon/oxidizer apparatus 386 
Thiocyanate, tetraalkylammonium 131 
Thorex 

flowsheet for Th-U-Pu fuel 353/ 
partition cycle flowsheet, acid- 374/ 
process ( es ) 89,534 

acid- 371-376 
two-cycle 537/ 

solvent extraction flowsheet 351 

Thoria, pyrochemical reduction of 
high-fired 216 

Thorium 
-based fuels 

flowsheet for 209/ 
nonaqueous reprocessing method 

for 207-216 
pyrometallurgical method for the 

reprocessing of 208-211 
in cadmium-magnesium alloys, 

solubility of 212/, 213,215/ 
concentration profile and distribu

tion ratio 355,356/ 
dioxide, dissolution in H N O 3 - H F .. 507 
effect of DBP on Zr separation from 376 
extraction into organic extractants .. 93f 
flowsheet 373 
fuel 

cycle(s) 207,351,371 
uranium-232 buildup in 207-208 

partitioning scheme for U-Pu 288/ 
reprocessing, requirements 208 

and lanthanide elements, Pu 
chemical similarities with 9 

loss, calculated 362/ 
partition 

cycle, U - 376 
in magnesium alloy, U-Pu- 210 
proliferation resistance of U-Pu- 210 

in sulfate systems, separation of 76 
tracers, purification 92 
tributyl phosphate, extractant for .. 72 
-uranium 

fuel cycle 533-545 
fuel, elemental and isotopic 

composition of spent 533i 
-plutonium fuel, thorex flow

sheet for 353/ 
-plutonium fuels, heavy element 

separation for 351-368 
separation in the acid-thorex 

process 371-376 
from uranium, aqueous reprocess

ing methods for separation 207 
Thorium (IV) 

acid solutions, TOPO extraction of .. 117 
extraction 

distribution ratio of 92, 93/ 
kinetics of 79 
nitric acid dependency of 96/ 
separation factors for 92, 94 

Thorium-234 interference measure
ments of Pu 10 

Tin, nitriding of U in molten 185 
Tin process for reactor fuels 184 
Titanate powder beds 25 
Titanium cathode, current-potential 

curves for 320/ 
TOPO (see Phosphine oxide, 

tri-n-octyl- ) 
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606 A C T I N I D E S E P A R A T I O N S 

TPE ( see Transplutonium elements ) 
Tracer(s) 

americium-241 398 
phosphorus-32 477 
plutonium-239 398 
praseodymium-142 445 
praseodymium3*, effect of 

DHDECMP impurities on 
distribution coefficient of 45l£ 

purification, thorium 92 
purification, uranium 92 
zirconium-95 371 

Tramex process 72 
Transcurium elements, stripping 

coefficients 152 
Transfer coefficients 168i 
Translawrencium elements, proper

ties of 571-574 
Transplutonium 

elements (TPE) 101 
distribution coefficients of 
trivalents 110/ 
extraction 

from acid solution 101 
from alkaline solutions 108 
solvent 101-114 

from nitrate to chloride solutions, 
transfer of 147 

production program, French 33 
purification of solutions of 147 
removal from waste nuclear 

fuel element solutions 101 
from rework and waste streams, 

recovery of 147 
separation 

factors of 43 
from lanthanides 35, 337-339 

ion-exchange chromato
graphic 337 

by tetraphenylmethylene phos
phine dioxide, extractant of .. 101 

fractions, fission product decon
tamination factors for 43i 

-lanthanide separation, conditions 
for 40 

-lanthanide separation, preliminary 
operations to 37 

Transuranium 
elements, extraction of 534-538 
elements, ion exchange of 337 
isotopes 411 
waste, retrievable 25 

Tributyl phosphate (TBP) 
extractant 

advantages and disadvantages of 72 
for cerium (IV) nitrates 72 
solutions, hydrolytic and radia

tion damage to 487-488 
for thorium 72 
for uranyl 72 

Tributyl phosphate ( continued ) 
extraction 279, 333,351,395, 

398,409,421,428-431 
of actinides nitrates 73 
counter-current 429 
solvent 388 

flowsheet 418 
phosphine oxide, tri-n-octyl-

(TOPO), pyrazolones extract
ants in synergistic systems 
with 81 

as photochemical reductant 272 
process engineering 437-438 
process HAW partitioning 429 
removal of 517 
scrubbing of residual 494 

Tri- ( 2-ethylhexyl ) phosphate 
(TEHP) use as extractant 72 

Trihexyl phosphate (THP) use an 
extractant 72 

Trioctylammonium nitrate, Pu 
extraction by 35 

Trioctylphosphine oxide (TOPO) 
americium extraction from lithium 

chloride with 74 
-cyclohexane, Ac extraction from 

chloride solution by 74 
extractant 74 
for the extraction of Ac from 

nitrate media, use of 
TTA (see Thenoyl trifluroacetone) 

U 
Uranium 

from acid, OETAPP extraction of . 76 
in cadmium-magnesium alloys, 

solubility of 212/ 
calcination 551-553 

pilot plant, flowsheet of 554/ 
process 550-551 

concentrations in organic phase 121f 
dioxide 

carbothermic reduction of 184 
fuel, reaction rate of 227/ 
in molten nitrates 239-237 
oxidation rates 226 
oxidation reactions of 244 
pellets, Airox process, pulveriza

tion of 228f 
-plutonium dioxide in molten 

nitrates 238-239 
reduction rates 226 

distribution of Ce, Pu, and 194/ 
distribution coefficients for 74,192 
electrolytic reduction data 296i 
extraction by Amex process 72 
extraction in pulsed columns 437 
extraction into organic extractants .. 93i 
fluorination 555-557 
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I N D E X 607 

Uranium (continued) 
fuel cycle, T h - 533-545 
fuel, elemental and isotopic com

position of spent Th- 533f 
hexafluoride 547-558 
in molten tin, nitriding of 185 
in nitrate system, Pu (IV) separa

tion from 76 
non-aqueous reprocessing methods 

for separating Th from 207 
oxide-plutonium oxide fuel, Ζ 

distillation of 186/ 
oxide-plutonium oxide, salt trans

port process for 196/ 
partitioning equipment, Pu- 286 
photochemical reduction 256-257 
and plutonium 

costripping of 287 
by electrolytic reduction 317-330 
flowsheet for partitioning of 326/ 
by the Purex Process 317-330 

-plutonium 
fuel, thorex flowsheet for Th- .... 353/ 
fuels, heavy element separation 

for T h - 351-368 
partition tests 297-299 
partition, electropulse column 291—300 
partitioning 

hydrogen reductant for 282 
in Purex process 279-280 
with HAN and FeSA 523f 

separation 307/ 
effect of acid concentration on 327 
in electroreduction mixer 

settler 305, 306* 
-thorium 

fuel, partitioning scheme for .... 288/ 
partition in Mg alloy 210 
partition, proliferation resist

ance 210 
reduction efficiency (ies) .295,297-299, 
separation ( s ) 246 

in the acid-thorex process, Th- .. 371 
solar 271* 

solvation number of TOPO for 120 
from sulfate leach liquors, recovery 

of 76 
in sulfate systems, separation of 76 
-thorium partition cycle 376 
tracers, purification 92 
transfer rate, electropulse column .. 297 
trioxide 

mechanism and kinetics of 
fluorination 555 

removal of nitrate from 547-548 
uranyl photoreduction separation 

of Pu from 256 
from wet-process phosphoric acid 

with synergistic systems, 
recovery of 81 

Uranium ( IV ) 
absorption spectrum of 269/ 
-Pu (IV) reduction 273f 
cycle electrolytic oxidation of 

N 2 H 5
+ 326/ 

photoreduction of uranyl to 254 
reduction of Pu (IV) by 272, 292 

Uranium(V) 
reduction of Pu (IV) by 272 

Uranium ( VI ) 
determination by EDTA titration 117-118 
dioxide and Am (III) distribution 

coefficients 165f 
disproportionation of 304 
distribution coefficient s ) of 79,140,142/ 

effect of oxidizing reagents on .... 168 
distribution ratios of extraction 92 
effect of oxidizing reagents on 

distribution coefficients 165 
electrolytic reduction 321, 323, 325/ 
extraction 106/, 119/, 126/ 

acid solutions, TOPO 117 
distribution ratio of 93/ 
from mineral acids by bis-(di-n-

hexylphosphinyl) alkanes .... 75 
nitric acid dependency of 96/ 

separation factors for 92,94,166/ 
from sulfuric acid solution(s) 

by TOPO 117-128 
synergistic 140 

plutonium (IV), and Am (III), 
distribution ratios of 486 

and plutonium ( IV ), photochemical 
coreduction of 274 

ultraviolet-visible absorption 
spectrum of 269/ 

Uranium-232 buildup in Th fuel 
cycle 207-208 

Uranium-236 enrichment of U 
reductant 280 

Uranyl 
ions, vibrational excitation of 270 
nitrate 

desorption of Pu (IV) from 16 
solutions, sorption of Pu traces 

on alumina 9 
steric considerations in extraction 75 

photoreduction separation of Pu 
from U 256 

salts, extraction efficiencies of 
TOPO 125 

salts by TOPO, extraction of 
aqueous solutions 127i 

sulfate 
NMR assignments for aqueous .... 125 
solutions, absorption spectra of .. 122/ 
TOPO, IR assignments for 

aqueous 123 
tributyl phosphate extractant for .... 72 
to uranium (IV), photoreduction of 254 
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608 A C T I N I D E S E P A R A T I O N S 

V 
Vacuum 

distillation, Mg separation by 197 
distillation, Ζ separation by 197 
transfer 149 

Vanadium oxidant, pentavalent 412 
Vibrational excitation from IR laser 

irradiation 270 
Vortex mixer 92 

W 

Waste(s) 
actinide(s) 

recovery from acidified salt 390/ 
removal from high sodium 408t 
removal from Zr-Al coprocess 

high-level 408f 
separation from high activity ....561-569 

bone char column for treatment 
of low-risk 20/ 

cross-current extraction of Am-Cm 
from high-level liquid 443/ 

distribution data for DHDECMP 
and high sodium 405t 

extraction studies on high sodium .. 403 
extraction studies with Zr-Al 402-403 
flowsheet 

for actinide partitioning from 
acidic 407/ 

of actinide separation from Purex 
high-level 346/ 

for americium-curium recovery 
from high-level 415/ 

for bone char treatment of low -
risk 20/ 

for plutonium and americium 
recovery form α-radioactive 
aqueous 342/ 

fuel, radiotoxicity index for 535/ 
Hanford Plutonium Reclamation 

Facility (PRF) salt 22 
hazard potential 534 
high activity 

component ions 565i 
direct partitioning 439 
direct partitioning, HDEHP 

process for 438 
partitioning solutions 433 
partitioning, TBP process 429 
processing, flowsheet of 563 
raffinâtes, actinides separation 

from purex type 427-439 
solutions 

behavior of Pu during denitra
tion of 434i 

denitration of 433 
denitration-oxalate precipita

tion of 436f 

Waste (continued) 
high activity (continued) 

solutions (continued) 
phosphoric acid, di(2-ethyl-

hexyl ) - ), batch extraction 
tests on 435i 

synthetic 434i 
high level waste, separation of 

actinides from 343 
high sodium 405f 
infrared evaporating system for 

treatment of α-radioactive 344/ 
management 381,427 

aqueous fission product 395 
metal hydroxide scavenging of 

Am-241 from PRF salt 25 
neptunium losses to 525/ 
nuclear fuel element solutions, 

TPE removal from 101 
partitioning 427-439 

of actinides from acidic 
nuclear 395-409 

high-level liquid 384/ 
process scheme for high-activity 432/ 

pilot-plant test of filtration, bone 
char decontamination of caustic 23/ 

pilot-plant tests on Zr-Al high-level 409 
plutonium losses to 525/ 
precipitation 

of actinide-lanthanide oxalates 
from high-level liquid 442-445 

-ion-exchange scheme for 
removal of actinides from 
salt 23/ 

of lanthanide oxalates from 
synthetic high-level 447f 

processing high-level liquid 442 
processing, flowsheet of the high-

activity 564/ 
Purex process 27 
recovery of Am-241/243 from high-

level 414^17 
recovery of Cm-244 from high-

level 414-417 
reduction of actinide concentration 

of PRF salt precipitation-ion-
exchange process 22-24 

reduction, HAN 518-523 
removal of Am from high-level... 441—452 
removel of Cm from high-level .441-452 
retrievable alpha 27 
retrievable transuranium 25 
salts processing 455 
sodium titanate decontamination of 

Hanford PRF 22-27 
solution ( s ) 

actinide process 24t 
composition of molten salt 

extraction 458i 
composition, synthetic 444f 
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I N D E X 609 

Waste (continued) 
sources, salt 388 
stream ( s ) 

from actinides, decontaminating 
liquid 17 

bone char decontamination of 19-31 
process 202i 
recovery of transplutonium 

elements from 147 
tertiary treatment of low-risk 19 

treatment 
of alpha-bearing aqueous 341-343 
flowsheet for 406 
high-level liquid 383-385 
high-level solid 383 
low-risk 19-20 
salt 388 
solid alpha 385-387 
systems 383-391 

zirconium-aluminum 396 
Water recycle 391 

Y 
Yttrium (III) 

distribution ratio of 485 

Ζ 

Zachariasen's bond length-bond 
strength relations 574-575 

Zinc distillation 
process for spent mixed-oxide 

fuels 185-188 
process proliferation-resistant, 

advantages r 185 
of uranium oxide-plutonium oxide 

fuel 186/ 
Zinc separation by vacuum 

distillation 197 
Zirconium 

-aluminum 
coprocess HAW, actinide 

removal from 408f 
high-level waste, pilot-plant 

tests on 409 
waste 396i 

extraction studies with 402-403 
bond strengths around 575 
on decontamination factor, effect of 347 
fission product 373 
fluoro complexes 510 
as an impurity 509 
molybdate(s) 576/ 

experimental data 577-578 
precipitation of 578 

on phase separation, effect of 448 
precipitates from HNOs solutions .. 579 
separation from Th, effect of 

DBP on 376 
Zirconium-95 decontamination factors 375/ 
Zirconium-95 tracer 371 
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