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FOREWORD 

The Subcommittee on Radiochemistry is one of a number of 
subcommittees working under the Committee on Nuclear Science 
within the National Academy of Sciences - National Research 
Council. Its members represent government, industrial, and 
laniversity laboratories in the areas of nuclear chemistry and 
analytical chemistry 

The Subcommittee has concerned itself with those areas of 
nuclear science which involve the chemist, such as the collec­
tion and distribution of radiochemical procedures, the estab­
lishment of specifications for radiochemically pure reagents, 
availability of cyclotron time for service irradiations, the 
place of radiochemistry in the undergraduate college program, 
etc. 

This series of monographs has grown out of the need for 
up-to-date compilations of radiochemical information and pro­
cedures. The Subcommittee has endeavored to present a series 
which will be of maximum use to the working scientist and 
which contains the latest available information. Each mono­
graph collects in one volume the pertinent information required 
for radiochemical work with an Individual element or a group of 
closely related elements. 

An expert in the radiochemistry of the particular element 
has written the monograph, following a stEindard format developed 
by the Subcommittee. The Atomic Energy Commission has sponsored 
the printing of the series. 

The Subcommittee is confident these publications will be 
useful not only to the radiochemist but also to the research 
worker in other fields such as physics, biochemistry or medicine 
who wishes to use radiochemical techniques to solve a specific 
problem. 

V.'. Wayne Meinke, Chairman 
Subcommittee on Radiochemistry 
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INTRODUCTION 

This volume which deals with the radiochemistry of the 
transcurium elements is one of a series of monographs on radio­
chemistry of the elements. There is included a review of the 
nuclear and chemical features of particular interest to the 
radiochemist, a discussion of problems of dissolution of a 
sample and counting techniques, and finally, a collection of 
radiochemical procedures for the element as found in the liter­
ature. 

The series of monographs will cover all elements for which 
radiochemical procedures are pertinent. Plans Include revision 
of the monograph periodically as new techniques and procedures 
warrant. The reader is therefore encouraged to call to the 
attention of the author any published or unpublished material on 
the radiochemistry of the transcurium elements which might be in­
cluded in a revised version of the monograph. 

iv 
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The Radiochemistry of the Transcurium Elements 

G. H. HIGGINS 
Lawrence Radiation Laboratory 

University of California 
Livermore, California 

I. GENERAL COMMENTS 

The t ranscurium element group is composed of berkelium (Bk), atomic 

number 97; californium (Cf), number 98; einsteinium (Es), number 99; 

fermium (Fm), number 100; mendelevium (Md), number 101; and nobelium 

(No), number 102. 

These elements are all synthetic; that i s , they are all usually produced 

by multiple neutron capture or charged particle reactions on isotopes of e le­

ments of lower atomic nunnber. Their discovery and production is described 

by Thompson. With the inclusion of the as yet undiscovered element 103 

they compose the second half of the actinide ser ies in which the 5f electron 

shell is being completed. Their chemistry is extraordinari ly s imilar to that 

of the lanthanides or r a r e ear ths . Excepting Bk (and possibly No), they 

exist solely as tripositive ions in aqueous solutions. Bk can be oxidized to 

the +4 state under conditions equivalent to those required for oxidation of 

„ +3 . ,- +4 , , , . Ce to Ce (» 1. 6 v). 

The chemical propert ies of any one of these elements are quite s imilar 

to those of the res t , so it is appropriate to speak of many of their chemical 

propert ies in collective t e r m s . The radiochemical procedures can usually 

be divided into three pa r t s : 
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1. The i s o l a t i o n of a t r i p o s i t i v e l a n t h a n i d e - a c t i n i d e f r a c t i o n . 

2. S e p a r a t i o n of the t r i p o s i t i v e ac t i n ide s f r o m the l a n t h a n i d e s . 

3 . S e p a r a t i o n of t h e a c t i n i d e s f r o m e a c h o t h e r . 

T h e t r a n s c u r i u m a c t i n i d e s h a v e c h a r a c t e r i s t i c a d e c a y e n e r g i e s ( n o t e 

t h a t t h e l i g h t P b - B i i s o t o p e s m a y b e c o n f u s e d w i t h s o m e t r a n s c u r i u m n u c l i d e s 

a n d s h o r t s p o n t a n e o u s f i s s i o n h a l f - l i v e s . B e c a u s e of t h e s e p r o p e r t i e s t h e y 

c a n b e i d e n t i f i e d a n d m e a s u r e d w i t h o u t b e i n g e n t i r e 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 s , a n d h e n c e s o m e of t h e p r o c e d u r e s do n o t p r o v i d e f o r c o m p l e t e 

p u r i f i c a t i o n s . 

T h e l i g h t e s t t r a n s c u r i u m e l e m e n t , B k , i s f i v e a t o m i c n u m b e r s b e y o n d 

t h e l a s t a b u n d a n t l y o c c u r r i n g n a t u r a l e l e m e n t , u r a n i u m . T h e l o n g e r - l i v e d 

i s o t o p e s of B k a r e s e v e r a l m a s s n u m b e r s m o r e t h a n 2 3 8 , s o e v e n t h i s m o s t 

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

a w a y f r o m n a t u r a l o c c u r r e n c e . T h e r e f o r e t h e s e e l e m e n t s h a v e n o t y e t b e e n 

2 
a v a i l a b l e f o r s t u d y m l a r g e r t h a n m i c r o g r a m q u a n t i t i e s . C u n n i n g h a m a n d 

3 

T h o m p s o n a n d M u g a h a v e r e p o r t e d t h e m a g n e t i c s u s c e p t i b i l i t i e s of t h e t r i ­

p o s i t i v e B k a n d Cf i o n s a s w e l l a s t h e s o l u t i o n a b s o r p t i o n s p e c t r a m t h e r a n g e 
+3 

f r o m a b o u t 5 3 0 0 t o 8 7 0 0 A . N e i t h e r i o n i s s t r o n g l y c o l o r e d a l t h o u g h Cf 

d i s p l a y s t w o w e a k a b s o r p t i o n p e a k s a t 7 8 0 0 a n d 8 3 0 0 A . T h e s e s t u d i e s a r e 

r e m a r k a b l e m t h a t t h e y w e r e p e r f o r m e d on s u b m i c r o g r a m q u a n t i t i e s of B k 

a n d Cf. N o s u c h w o r k h a s b e e n p o s s i b l e o n E s , F m , M d , o r N o , a n d m f a c t 

a l m o s t n o c h e m i c a l s t u d i e s , e v e n a t t r a c e r l e v e l s , h a v e b e e n p o s s i b l e on M d 

a n d N o b e c a u s e t h e h a l f - l i v e s of t h e o b s e r v e d i s o t o p e s a r e s o s h o r t . It i s 

c l e a r t h a t t h e r e i s v e r y l i t t l e i n f o r m a t i o n a b o u t t h e s e e l e m e n t s e x c e p t w h a t 

IS d e r i v e d f r o m t r a c e r s t u d i e s a n d c o m p a r i s o n s w i t h t h e c h e m i s t r y of t h e 

l a n t h a n i d e s . 

I I . G E N E R A L R E V I E W S O F T H E C H E M I S T R Y O F T H E T R A N S C U R I U M 

E L E M E N T S 

G e n e r a l r e v i e w s of t h e c h e m i s t r y of t h e t r a n s c u r i u m e l e m e n t s c a n b e 

f o u n d m t h e f o l l o w i n g b o o k s a n d a r t i c l e s : 

2 



G. T . S e a b o r g , "The T r a n s u r a n i u m E l e m e n t s , " A d d i s o n - W e s l e y 

Pub l i sh ing C o . , I n c . , Read ing , M a s s . , 1958. [Ref. 4. ] 

J . K. Katz and G. T. S e a b o r g , " C h e m i s t r y of the Act in ide E l e m e n t s , " 

Methuen and Co . , L t d . , London, 1957. [Ref. 5 . ] 

S. G. T h o m p s o n , B . G. H a r v e y , G. R. Choppin , and G. T . S e a b o r g , 

J . A m . C h e m . Soc . 76, 6 2 2 9 ( 1 9 5 4 ) . [Ref. 6. ] 

B . B . Cunn ingham, J . C h e m . E d u c . 36̂  ( J a n u a r y , 1959). [ R e f . 2 . ] 

S. G. T h o m p s o n and M. Lou i s Muga, "Methods of P r o d u c t i o n and 

R e s e a r c h on T r a n s c u r i u m E l e m e n t s , " P r o c . U. N . I n t e r n . Conf. Peace fu l 

Uses A tomic E n e r g y , 2nd, Geneva , 1958, 1 5 / P / 8 2 5 . [Ref. 3 . ] 

III. T A B L E O F ISOTOPES O F THE TRANSCURIUM E L E M E N T S 

Nucl ide 1/2 Mode of D e c a y 

g.^Bk^^^ 4 . 5 h E C , 9 9 + % ; a, 0. 15% 

Bk 4 . 4 h E C , 9 9 + % ; a, 6 X 1 0 '̂ % 

Bk^^^ 4 . 9 8 d E C , 9 9 + % ; a, 0 . 1 1 % 

246 
Bk 1.8 d EC 

Bk^^^ 

248 
Bk 16 h p , 70%; E C , 3 0% 

Bk^^^ 3 1 4 d p", 9 9 + % ; a 2. 2X 10"^%; S F , 6X 10 ' ^% 

Bk"° 

98 

98 

4.5 h 

4.4 h 

4. 98 d 

1.8 d 

10^ y 

16 h 

3 14 d 

3. 13 h 

25 m 

44 m 

35.7 h 

2.5 h 

350 d 

360 y 

10.9 y 

800 y 

2.2 y 

Cf 25 m a 

245 
Cf 44 m E C , 70%; a, 30% 

Z4f, -4 
Cf 3 5 . 7 h a ; S F , 2 X 1 0 % 

247 

Cf 2 . 5 h EC 

Cf^^^ 350 d a; S F > 1.5X 1 0 ' ^ % 

Cf̂ ^*^ 360 y a ; S F , 4 X 1 0 ' ^ % 

Cf^^° 10 .9 y a; S F « 0 . 15% 

Cf^^^ « 8 0 0 y a 

Cf^^^ 2 . 2 y a, 97%; S F , 3% 



III. T A B L E OF ISOTOPES O F THE TRANSCURIUM E L E M E N T S (Contd. ) 

Nucl ide l / 2 Mode of Decay 

Cf 17 d p 

Cf^^^ / 56 d SF «'100% 

99 
, E s ^ ^ ^ 7 . 3 m a, EC 

TP 2 4 7 

E s a 

E s ^ ^ ^ 25 m E C , 99+%; a, 0 . 3 % 

E s ^ ^ ^ 2 h E C , 9 9 + % ; a, 0 . 1 3 % 

E s ^ ^ ° 8 h EC 

E s ^ ^ ^ 1 . 5 d E C , 9 9 + % ; a, 0 . 5 3 % 
252 

E s =140 d a 
Es^^-^ 2 0 . 0 3 d a ; S F , 8 X 1 0 ' ^ % 

2 5 4 

Es 480 d a; no p 

37 h p ' , 9 9 + % ; EC « 0 . 1% 

E s ^ ^ ^ 24 d p" 

E s ^ ^ ^ s h o r t p" 

100 
T- 248 „ , 

F m 0. 6 m a 

Fm^'^^ 150 s a 

F m ^ ^ ° 30 m a, EC 

F m ^ ^ ^ 7 h E C = 9 9 % ; Q « 1 % 

F m ^ ^ ^ 2 2 . 7 h a ; S F < 4 x l O " ^ % 

F m ^ ^ ^ « 3 . 0 d E C , 89%; a, 11% 

100 
Fm^^ '* 3 . 2 4 h a; S F , 5 . 5 0 X 1 0 " ^ % 

F m ^ ^ ^ 2 1 . 5 h a; SF < 4 . 5 X 1 0 ' ^ % 

F m ^^^ 3-4 h SF « 1 0 0 % 

101 
Md^^^ — a + ? 

Md^^^ « 3 0 m EC 

102 
No^^^ ==10 s a + ? 



III. TABLE OF ISOTOPES OF THE TRANSCURIUM ELEMENTS (Contd. ) 

Nuclide 1/2 Mode of Decay 

No^^^ 3 s a + ' 

256 
. . . — (tentative 0. 25 s a + ' 

identification) 

Abbreviations in the table above are as follows : 

s = seconds, m = minutes, h = hours , d = days, y = years , 

EC = electron capture, a = a particle emission, p = negatron 

emission, SF = spontaneous fission decay. 

A more complete description of most of these nuclides can be found m 

the compilation by Strommger, Hollander, and Seaborg m Reviews of Modern 

Physics , Vol. 30, No. 2, Pa r t II, pp. 585-904. The a part icle energies , 

decay schemes, and genetic relationships a r e tabulated. 

IV REVIEW OF FEATURES OF TRANSCURIUM ELEMENT CHEMISTRY 

MOST INTERESTING TO RADIOCHEMISTS 

IV. A. Coprecipitation and Precipitation Chemistry 

The tripositive actinides display such marked similari ty to the lan­

thanides that one of the latter (usually Ce or La) is ordinarily used as a 

ca r r i e r during precipitation steps. They all form insoluble fluorides from 

strong («3-5M) acid, oxalates from less strong acids («1 -2M) , phosphates 

m slightly acidic solutions ( « 0 . IM), and hydroxides or hydrated oxides m 

basic solutions. These hydrated oxides are insoluble in dilute carbonates, 

but they readily dissolve in excess (40%) carbonate or many of the complex-

mg anions of organic acids such as c i t ra te . 

While there are several other ions which coprecipitate as insoluble 

oxyfluorides at lower acid concentrations, the precipitation of fluorides 

+3 +3 
from «3M HCl or HNO, uniquely car r ies Sc , Y , the tripositive lan­
thanides and actinides, thorium, and the alkaline ear ths . The alkaline earth 

5 



group is left m solu t ion when the r e m a i n d e r of t h e s e e l e m e n t s a r e p r e c i p i ­

ta ted as h y d r a t e d oxides f r o m c a r b o n a t e - f r e e s o l u t i o n s . Holdback Sr 

enhances the s e p a r a t i o n a c h i e v e d with any s ingle p r e c i p i t a t i o n s t e p . 

Of c o u r s e , the t r a n s c u r i u m e l e m e n t s do not c a r r y a p p r e c i a b l y on ac id 

su l f ides , Lead c h r o m a t e , b a r i u m su l fa te , or s i l v e r c h l o r i d e . 

+4 
Bk c o p r e c i p i t a t e s with z i r c o n i u m p h o s p h a t e , z i r c o n i u m lodate and 

7 
c e r i c l oda t e , and inso lub le h y d r o x i d e s . 

IV. B . C o m p l e x Ions and C h e l a t e F o r m a t i o n s 

The o r d e r of the c o m p l e x m g power of d i f ferent anions i s f luor ide > 

ch lo r ide > n i t r a t e > p e r c h l o r a t e for mononega t ive a n i o n s , and c a r b o n a t e > 

oxa la te > sul fa te for dmega t ive a n i o n s . The c o m p l e x / c h e l a t e f o r m a t i o n is 

of u t m o s t i m p o r t a n c e m ion exchange s e p a r a t i o n s s ince the +3 ions a r e so 

s t r o n g l y a d s o r b e d on cat ion r e s m that spec i a l m e a s u r e s a r e r e q u i r e d for 

t he i r r a p i d e lu t ion . C o m p l e x ions a r e f o r m e d with o r g a n i c s u b s t a n c e s , and 

c i t r a t e , t a r t r a t e , l a c t a t e , a - h y d r o x y i s o b u t y r a t e , E D T A , T T A , a c e t a t e , and 

th iocyana te a r e known to f o r m m o d e r a t e l y s t r ong c o m p l e x e s . F o r i n s t a n c e , 

- 19 09±0 2 the d i s s o c i a t i o n c o n s t a n t of the EDTA c o m p l e x of Cf is l i s t e d a s 10 '• ' • 

^ T- 8 
b y F u g e r . 

I V . C . E x t r a c t i o n B e h a v i o r 

T h e o n l y r a p i d e x t r a c t i o n s e p a r a t i o n 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 m -

+4 +3 +3 +3 

v o l v e s t h e e x t r a c t i o n of B k a w a y f r o m B k , C m , a n d Cf i n t o 

d i ( 2 - e t h y l h e x y l ) o r t h o p h o s p h o r i c a c i d — h e p t a n e f r o m H N O . s o l u t i o n s . T h e 

r a t i o of e x t r a c t i o n c o e f f i c i e n t s f o r t h e +4 s t a t e i s m o r e t h a n 10 t i m e s t h a t 
o 

f o r t h e +3 s t a t e . P r o c e d u r e 6 ( S e c t i o n VI I of t h i s r e p o r t ) i s b a s e d o n t h i s 

e x t r a c t i o n . 

Cf, E s , F m , a n d C m c a n b e s e p a r a t e d f r o m e a c h o t h e r a n d f r o m t h e 

l a n t h a n i d e s w i t h a p p r o p r i a t e e x t r a c t i o n s i n t o 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 

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 d i p h e n y l p h o s p h o r i c a c i d f r o m a q u e o u s H C l 

s o l u t i o n s . T h e s e e x t r a c t i o n s a r e e f f e c t i v e w i t h m a c r o c o n c e n t r a t i o n s of 

C f . " 



The e x t r a c t i o n s of the l an than ides and ac t i n ide s into t r i - n - b u t y l p h o s ­

phate a r e d i s c u s s e d by B e s t e t a l . , and a pu r i f i ca t ion of Bk with th is r e -

13 
agent is d e s c r i b e d by Hule t . 

14 M a g n u s s e n e t a l . have r e p o r t e d the e x t r a c t i o n coeff ic ients of s e v e r a l 

of the t r a n s c u r i u m e l e m e n t s f r o m 0. IM a m m o n i u m c h l o r o a c e t a t e buffer into 

T T A - t o l u e n e s o l u t i o n s . The data fit the equat ion 

(HT)^(fjj.j,)^ 

w h e r e E is the e x t r a c t i o n coeff ic ient , HT i s the T T A c o n c e n t r a t i o n in the 

o rgan i c l a y e r , and irrrr, i s the T T A a c t i v i t y coeff ic ient in the o r g a n i c p h a s e s 

given by f „ _ = 1 - 0 . 2 4 (HT) ' . The da ta a r e l i s t ed in Tab le I, c o r r e c t e d 

15 to benzene so lvent by P o s k a n z e r and F o r e m a n who s u b t r a c t e d 0. 2 pH unit 

f r o m the p H . . value obta ined in to luene and r e c a l c u l a t e d K. 

Tab le I. E x t r a c t i o n coeff icients (K) of the t r a n s c u r i u m elenaents for e x t r a c ­

t ion f rom 0. IM a m m o n i u m c h l o r o a c e t a t e into T T A - t o l u e n e s o l u t i o n s . 

Ion K pH for 50% E x t r a c t i o n (Benzene) 

3 . 0 

3 . 1 

3 . 1 

3 . 1 

The l an than ides e x t r a c t under n e a r l y the s a m e cond i t i ons , i . e . , pH^Q 

for La is « 4 . 0 and p H . . for Lu is « 3 . 0 , so 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 s 

a r e not r e a d i l y f e a s i b l e . Group s e p a r a t i o n s f r o m ions of the a lka l ine e a r t h 

g r o u p , the +4 Z r - H f fami ly , and the oxygena ted ions can be p e r f o r m e d by 

p r e - e x t r a c t i n g Z r , Hf, P a , Np, Pu , e t c . f rom a so lu t ion ad jus t ed to pH 2, 

d i s c a r d i n g the o rgan i c p h a s e , then adjus t ing the pH to 4 . 5 and e x t r a c t i n g 

the l an than ides and a c t i n i d e s . This s t ep has not been r e p o r t e d in any of the 

c u r r e n t l y u sed p r o c e d u r e s . 

B k « 

C f « 

E ^ 3 

F m « 

« 1. 5X 10'"^ 

8X 1 0 ' ^ 

6 X 1 0 ' ^ 

8X 1 0 ' ^ 



IV. p . Ion Exchange C h e m i s t r y 

The g r e a t s i m i l a r i t y be tween the v a r i o u s t r a n s c u r i u m e l e m e n t s h a s 

in tens i f i ed i n t e r e s t m and w o r k on t h e i r ion exchange b e h a v i o r . With the e x ­

cep t ion of No , the t r a n s c u r i u m e l e m e n t s have b e e n ident i f ied by t he i r r e l a t i v e 

e lu t ion pos i t ions f rom ca t ion exchange r e s i n . While s e p a r a t i o n p r o c e d u r e s 

have been dev i sed which do not m a k e use of ion exchange o p e r a t i o n s , they 

a r e not p r e s e n t l y m g e n e r a l u s e . 

In o r d e r to c o m p a r e da ta f r o m v a r i o u s s o u r c e s , the i o n - e x c h a n g e -

co lumn e lua te vo lumes have been r e d u c e d to uni ts of " f ree co lumn v o l u m e s . " 

Th i s v o l u m e , a b b r e v i a t e d F C V , i s c h a r a c t e r i s t i c of a p a r t i c u l a r r e s m bed 

loading and can be d e r i v e d for any co lumn by finding the e lut ion pos i t ion of 

u n a d s o r b e d m a t e r i a l s such a s o r g a n i c d y e s , e t c . The F C V is about 55% of 

the vo lume of the co lumn b o r e . 

IV. D. 1 S e p a r a t i o n s of the ac t i n ide s and l an than ides The c h l o r i d e and t h i o ­

cyana te c o m p l e x e s of the a c t i n i d e s a r e s t r o n g e r than the c o r r e s p o n d i n g c o m ­

p l e x e s of the l an than ide s . When m i x t u r e s of l an than ides and ac t i n ide s a r e 

e lu ted f r o m s t rong b a s e ca t ion r e s i n s such as Dowex-50 or Z e o - C a r b 225 

wi th 12M HCl or 2 M N H . C N S , the ac t i n ide s a r e e lu ted be fo re the l an than ides 

and g roup s e p a r a t i o n s a r e ob ta ined . F i g u r e 1 i n d i c a t e s the r e l a t i v e e lu t ion 

pos i t i ons f r o m Dowex-50 AG with 20% ethyl a lcohol s a t u r a t e d with HCl gas 

at 2 0 " C . ' S i m i l a r s e p a r a t i o n s a r e obta ined with the s a m e e luant f r o m 

Z e o - C a r b 225 r e s m . F i g u r e 2 shows the r e l a t i v e e lu t ion pos i t ions f r o m 

Dowex-50 using 1 . 8 M N H X N S e l u a t e . ^^ 

The c o m p l e x e s of the ac t i n ide s m v e r y s t r o n g r o m p l e x m g agen t s such 

a s 13M HCl , lOM LiCL, and 2M N H . C N S a r e such that an ion ic s p e c i e s a r e 

f o r m e d . S i m i l a r an ionic s p e c i e s of the l an than ides a r e not a s p r o b a b l e unde r 

the s a m e cond i t i ons , so g roup s e p a r a t i o n s a r e p o s s i b l e us ing t h e s e complfex-

18 
ing agen t s and anion exchange r e s m . 

F i g u r e 3 shows the r e l a t i v e e lut ion p o s i t i o r s of the ac t i n ide s f rom 

Dowex-1 anion r e s m with 13M HCl . S i m i l a r or b e t t e r s e p a r a t i o n s havp 

8 
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Fig. 1. Relative elution positions of transplutonium actinides, Y, Yb, and Rh from 
Dowex-50 AG with 20% ethyl alcohol saturated («12 .5M) with HCl. The transplutonic 
elements appear as a group between 0.3 and 3 free column volumes. 
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Fig . 2. Relative elution positions of the transplutonium actinides from 
Dowex-50 with l .SMammonium thiocyanate at 87°C. 
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F i g . 3 . R e l a t i v e e lu t ion p o s i t i o n s of the 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 
a c t i n i d e s f r o m Do\vex- l with 13MHC1 at r o o m t e m p e r a t u r e . 
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Fig . 4. Relative elution positions of the transplutonium actinides from 
Dowex-1 with 2. OM ammonium thiocyanate at 87 °C. 
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19 been reported using the same eluant and Amberlite IRA-400. Figure 4 

shows the relative elution positions from the same res in using 2M NH.CNS. 

Lithium chloride solutions of about lOM give adsorptions and elutions 

equivalent to 13M HCl. 

When the t ranscurium actinides a re eluted from cation res ins like 

Dowex-50 AG(4% cross-l inked) with 0. IM to 6M HCl, very little separation 

between the actinides and lanthanides is obtained, but separations from most 

other cations can be effected. Procedure 7 (Section VII of this report) by 

Phillips and Gatti uses a "cleanup" column operated pr imar i ly to remove 

innpurities of Ca, F e , and Al. Columns operated at 87°C a re assembled 

as shown in Fig. 5. Trichloroethylene is boiled and its vapor is conducted 

ELUANT-

RESIN BED 

Fig. 5. Column apparatus for elu­
tions at 87°C. Trichloroethylene is 
boiled in the flask, the vapors con­
ducted through the column jacket 
around the res in bed, and the con­
densed vapor returned to the flask. 

TRICHLOROETHYLENE 

around the column into a condenser and back to the boiling flask, thus p ro ­

viding heat exchange at 87 °C. Higher column temperatures a re less p r a c ­

tical because of the formation of vapor bubbles in the solutions and resin bed; 

however, with adequate care , temperatures to 100°C can be used. 

13 



IV. D. 2 S e p a r a t i o n s of the t r a n s c u r i u m e l e m e n t s f r o m e a c h o t h e r . While 

s e p a r a t i o n s of the t r a n s c u r i u m e l e m e n t s f r o m each o ther a r e ob ta ined with 

r e l a t i v e l y c o n c e n t r a t e d HCl and NH^CNS, no e l e m e n t is s e p a r a t e d c l ean ly 

f r o m i t s n e i g h b o r . 

The m o s t convenien t and f r equen t ly u sed me thod for s e p a r a t i o n of t he se 

e l e m e n t s f r o m each o the r has been to e lu te t h e m f r o m ca t ion r e s m with c h e ­

lat ing o r g a n i c ac id a n i o n s . S e v e r a l ac id an ions including those of c i t r i c , 

g lyco l i c , t a r t a r i c , l a c t i c , ^ n d a - h y d r o x y i s o b u t y r i c ac id have been used s u c -

2 I 
ces s fu l ly as e l u a n t s . While s o m e advan tage is obta ined m s e p a r a t i o n f a c ­

t o r s if a - h y d r o x y i s o b u t y r a t e is u sed , the g e n e r a l f e a t u r e s of the e lut ion a r e 

the s a m e with any of the e l u a n t s . F i g u r e 6 is a t yp ica l e lu t ion cu rve of the 

a c t i n i d e s f r o m Dowex-50 (12% c r o s s - l i n k e d ) with amnaonium a - h y d r o x y i s o -

b u t y r a t e S i m i l a r e lu t ions a r e r e p o r t e d a t r o o m t e m p e r a t u r e f r o m the s a m e 

r e s m (4% c r o s s - l i n k e d ) and a t 77°C f r o m Z e o - C a r b 225 . 

Tab le 11 i n d i c a t e s the elu-tion pos i t i ons of the ac t in ides and l an than ides 

f r o m cat ion r e s m with a - h y d r o x y i s o b u t y r i c ac id The data a r e n o r m a l i z e d 

to C m = 1. 00. Data have been s u m m a r i z e d f rom Choppin et al , Smi th 

and Hoffman, and Mi l s t ed and B e a d l e . 

Since the e lu t ion pos i t ion of a p a r t i c u l a r e l e m e n t depends on the c o m ­

pe t i t ion be tween the r e s i n and a so lu t ion p h a s e c h e l a t e , the pos i t ion can be 

v a r i e d at will by adjus t ing the p a r a m e t e r s that d e t e r m i n e the che la t e c o n c e n ­

t r a t i o n . T h e s e a r e the pH of the so lu t ion of weak ac ids which f o r m che la t ing 

a n i o n s , and the to ta l ac id c o n c e n t r a t i o n . F i g u r e 7 shows the effect of v a r y ­

ing the pH of so lu t ions of a m m o n i u m a - h y d r o x y i s o b u t y r i c ac id The effect 

of a change of a - h y d r o x y i s o b u t y r i c ac id c o n c e n t r a t i o n can be ca l cu l a t ed by 

a s s u m i n g K , will be unchanged when the anion c o n c e n t r a t i o n is the s a m e and 

-4 
the ion iza t ion cons tan t of the ac id is 1. I X 10 

The spac ing b e t w e e n the h e a v i e r m e m b e r s of the s e r i e s , Md and F m , 

IS m u c h l e s s than the spac ing be tween Cf and Bk for cons t an t pH and c o n ­

c e n t r a t i o n of e luan t . Al though n e a r l y equa l spac ing has been a t t a i n e d for 

23 
r a r e - e a r t h s e p a r a t i o n s m co lumns ut i l iz ing con t inuous ly v a r i a b l e e l u a n t s , 

14 
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Fig. 6. Relative elution positions of curium and the t ranscur ium actinides 
from Dowex-50 12% cross- l inked res in with pH 4.2 ammonium a-hydroxyiso­
butyrate at 87 °C. 
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Table II. Elution positions of actinides and lanthanides from cation exchange 

resin with a-hydroxyisobutyric acid. 

Dowex-50 4% at Zeo-Carb 225 at Dowex-50 12% at 

Md 

F m 

E s 

Cf 

Bk 

C m 

Am 

Lu 

Yb 

T m 

E r 

Ho 

Y 

Dy 

Tb 

Gd 

Eu 

Sm 

P m 

Nd 

La 

Ce 

--
--

0. 13 

0. 19 
0.37 

1.00 

1.39 
0. 11 

0.016 
0.22 

--

0.039 

0.069 

0.076 

0. 14 

0.22 

0. 34 

0 .7 

I. 1 

2 . 3 

- -
3 . 4 

--
--
--

0.21 

--
1.00 

1.38 

--

--

--
--
--

- -
--
--
--
--

- -
- -
- -

0.050 

0.069 
0. 13 
0.20 

0.45 

I .00 

1.4 

0.015 

0.020 

0.026 

0.037 

0.055 

0.06 

0. 078 

0. 14 

0.28 

0. 39 

0. 71 

1. 2. 

2. 1 

'-
i . 5 

there are no repor ts that this has been accomplished with the t ranscur ium 

elements . 

The flow rate at which a column is operated affects the apparent width 

of the elution peaks. Figure 8 shows the effect for Dowex-50 12% res in , 

graded to settle at 0.5 to 0.2 5 cm/min in water, when the eluate is 0. 4M 

lactic acid and the colunnn is operated at 87°C. The curve is displaced 

toward greater half-widths at the same flow rate when coarser resin is used. 

A limiting half-width of about 5 or 6% is found with the finest res in and slow­

est flow rates . 

16 



Fig. 7. The peak position of Cf and Cm. as a function of pH for 0. 4M ammonium 
a-hydroxyisobutyrate and Dowex-50. 12̂ o cross-linked resin. The peak position of 
other lanthanides and actinides can be predicted from this curve and the table in the 
text. 

17 
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FLOW RATE (ml/min/cm^OF COLUMN AREA) 

Fig. 8. Full width at half nnaximunn (half-width) of the elation peak of 
cur ium from Dowex-50 12% cross - l inked res in with 0. 4M ammonium lactate 
at 87 °C on one par t icular column. Similar curves would be obtained with 
other eluants and other columns, but the res in par t ic le s ize , t empera ture of 
operation, length-to-diameter rat io of the res in bed, technique, and the 
presence or absence of c a r r i e r s or mass impuri t ies all affect the absolute 
value of half-width at any flow ra t e . 

V. DISSOLUTION OF SAMPLES AND SPECIAL PROBLEMS RELATED TO 

HANDLING THE TRANSCURIUM ELEMENTS 

The t ranscur ium elements are all unstable with respect to a particle 

emission. Spontaneous fission is also a disintegration mode so that con­

siderable numbers of neutrons may be emitted by some samples and ta rge t s . 

These facts make the handling of microgram or larger quantities of some 

t ranscur ium elements very difficult and potentially hazardous. Most chem­

ical operations must be carr ied on in gloved boxes, and in many instances 

18 



r e m o t e - c o n t r o l handl ing equ ipmen t is r e q u i r e d even af ter the s a m p l e s a r e 

252 
f ree of f i s s ion p r o d u c t con tamina t ion F o r i n s t a n c e , 1 m i c r o g r a m of Cf 

g 
e m i t s =J2 X 10 n e u t r o n s / m m and p r e s e n t s about a t o l e r a n c e work ing dose 

of n e u t r o n s a t a d i s t ance of 1 m e t e r . L a b o r a t o r i e s equipped to hand le the 

t r a n s c u r i u m e l e m e n t s should have a - p a r t i c l e and n e u t r o n s u r v e y m e t e r s as 

wel l a s the usua l p -y s u r v e y m e t e r s 

The t r a n s c u r i u m e l e m e n t s a r e p roduced m at l e a s t t h r e e d i f fe ren t 

k inds of t a r g e t . The n e u t r o n - d e f i c i e n t i so topes a r e p r o d u c e d by h e a v y - i o n 

b o m b a r d m e n t s of u r a n i u m or p lu ton ium by r e a c t i o n s such as 

238 , p l 2 v . . 1 , ^ . 2 4 6 

m which the p r o d u c t atonas a r e co l l ec ted on " r e c o i l c a t c h e r s " s e p a r a t e f r o m 

the b o m b a r d e d t a r g e t nna te r i a l . The t echn iques and diff icul t ies a r e d i s c u s s e d 

3 24 

by T h o m p s o n and Muga and G h i o r s o and S ikke land . B r i e f l y , when the 

c h e m i s t r y is done , the tar_get or c a t c h e r foil is d i s s o l v e d m the a p p r o p r i a t e 

s t r o n g ac id so lu t ion and the a p p r o p r i a t e s e p a r a t i o n s a r e p e r f o r m e d When 

the t r a n s c u r i u m e l e m e n t s a r e p r o d u c e d in th is way no s p e c i a l handl ing equ ip ­

m e n t , such as glove b o x e s , m a y be needed a l though i t m a y be n e e d e d for 

t a r g e t p r e p a r a t i o n if 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 b o m b a r d e d . The t a r g e t 

i t se l f is s e l d o m d i s s o l v e d or hand led when the r e c o i l t echnique is u sed 

Since the r e c o i l a t o m s r e t a i n pos i t i ve c h a r g e s when s topped m he l iu in g a s , 

they can be e l e c t r o s t a t i c a l l y co l l ec t ed a s thin s a m p l e s and s o m e t i m e s t h e i r 

decay c h a r a c t e r i s t i c s can be s tud ied without c h e m i s t r y , h o w e v e r , s o m e of 

the Pb and Bi i so topes have s i m i l a r a - d e c a y ha l f - l i ve s and p a r t i c l e e n e r g i e s 

so that ident i f ica t ion by a p a r t i c l e m e a s u r e m e n t s a lone nnay be u n r e l i a b l e . 

The e x p e r i m e n t s done by G h i o r s o , S ikke land , Wal ton , and Seabo rg leading 

to the d i s c o v e r y of e l e m e n t 102 (nobel ium) a r e c l a s s i c in the s e n s e tha t e v e r y 

advan tage has been taken of t h e s e n o n c h e m i c a l s e p a r a t i o n t e c h n i q u e s . If 

c h e m i s t r y is done on such e l e c t r o s t a t i c a l l y co l l ec t ed m a t e r i a l , the c o l l e c t o r 

p l a t e s a r e s i m p l y washed with c o n c e n t r a t e d HCl and the t r a n s c u r i u m e l e ­

m e n t s a r e r e m o v e d without d i s so lu t ion of the p l a t e . 
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The second s o u r c e of t r a n s c u r i u m e l e m e n t s is the d e b r i s f r o m t h e r m o ­

n u c l e a r e x p l o s i o n s . E s and F m w e r e f i r s t d i s c o v e r e d in f i l t e r ed s a m p l e s 

of the c loud p r o d u c e d by a nnu l t i -mega ton t h e r m o n u c l e a r exp los ion in which 

23 8 
they had been p r o d u c e d by mul t ip l e n e u t r o n c a p t u r e in U . The f i l te r was 

d i s s o l v e d by r e p e a t e d l y d iges t ing it m c o n c e n t r a t e d H N O , and f inal ly d e s t r o y 

mg the l a s t t r a c e s of o rgan i c m a t e r i a l by fuming the r e s i d u e in concentrateid 

HCIO . . The fuming p e r c h l o r i c ac id was then d i lu ted with nnore than 10 t i m e s 

i t s vo lume of 6N HCl , and a s e p a r a t i o n p r o c e d u r e s i m i l a r to P r o c e d u r e 2 

(Section VII) was p e r f o r m e d on a l iquo t s of th is so lu t ion . The m a j o r m a s s i v e 

i m p u r i t i e s m such a so lu t ion a r e Ca , F e , Na , and Al . Th i s kind of s a m p l e 

u s u a l l y has so l i t t le r a d i a t i o n tha t s p e c i a l handl ing e q u i p m e n t i s u n n e c e s s a r y 

The l a s t and m o s t g e n e r a l l y e n c o u n t e r e d s o u r c e of the t r a n s c u r i u m 

e l e m e n t s is u r a n i u m , p lu ton ium, a m e r i c i u m , or curiunn tha t h a s b e e n e x ­

posed to l a r g e i n t e g r a t e d n e u t r o n d o s e s m a r e a c t o r . The p roduc t ion r a t e s 

3 
and c h e m i c a l t e chn iques a r e d i s c u s s e d by Thonnpson and Muga . The s a m p l e 

IS usua l ly p r o d u c e d in an a l u m i n u m - c l a d " s l u g " of an oxide o r m e t a l a l loy 

of t a r g e t m a t e r i a l . D i s so lu t ion is a c c o m p l i s h e d by r e m o v i n g the a l u m i n u m 

in 6MNaOH—2MNaNO, so lu t ion , f i l t e r ing o r cen t r i fug ing the inso lub le r e s i ­

due conta in ing the t r a n s c u r i u m e l e m e n t s awuy f r o m the a l u m i n a t e so lu t ion , 

and f inal ly d i s so lv ing th i s r e s i d u e wi th s t r o n g m i n e r a l a c id (usua l ly H C l , o r 

o c c a s i o n a l l y HCl with a t r a c e of H F and H N O , ) . T h e s e o p e r a t i o n s a r e p e r ­

f o r m e d by r e m o t e con t ro l in sh i e lded equ ipmen t s ince the t a r g e t m a t e r i a l s 

and i n t e r m e d i a t e i so topes unde rgo f i s s ion while the t r a n s c u r i u m e l e m e n t s 

a r e be ing f o r m e d The c o m p l e t e s e p a r a t i o n s , inc luding the i so l a t i on of a 

r a r e - e a r t h f r ac t ion and the s e p a r a t i o n of the lan thanide and ac t in ide f r ac t ions 

a r e usua l ly inc luded in the " c a v e " o p e r a t i o n . P r o c e d u r e 1 m Sect ion VII is 

typ ica l 

VI. COUNTING PROCEDURES AND SOURCE PREPARATIONS 

Count ing s a m p l e s of the t r a n s c u r i u m e l e m e n t s a r e usua l ly p r e p a r e d 

" m a s s - f r e e " or " t h in" b e c a u s e t h e r e a r e no s t a b l e c a r r i e r s , of c o u r s e , and 
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VACUUM 

Fig. 9. Schematic diagram of vacuum volatilizer. Car r i e r - f r ee solutions 
are evaporated on the tungsten filament, the system is evacuated, and the 
t ranscurium elements are volatilized onto the counting disc by passing a 
short-duration high-current pulse through the tungsten filament. 

because some of the most useful measurements involve the a part icles which 

have short ranges. The sample is usually prepared either by evaporating a 

drop or several drops of column eluate on a plate of platinum or other metal 

and then performing the counting operations, or by evaporating the pure 

ca r r i e r - f r ee solution onto a tantalum or tungsten filament approximately 

5 mm wide, 30 to 50 mm long, and 0. 1 mm thick. This filament is placed 

between electrodes in a vacuum jar a few mil l imeters away from a 7/8-inch 

platinum counting disc, as indicated in Fig . 9. and the t ranscur ium element 

salts (usually oxides) are volatilized onto the counting disc by allowing more 

than 10 amp of current to flow through the filament for a few tenths of a s ec ­

ond. This current ra ises the filament temperature above 1400°C and effec­

tively vaporizes all the t ranscurium mater ia l . Very thin uniform counting 
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p la t e s can be p r e p a r e d in th is way; h o w e v e r , the ac t i ve m a t e r i a l will r e c o i l 

off the p l a t e s at an a p p r e c i a b l e r a t e u n l e s s they a r e h e a t e d to about 500°C 

in a i r . 

No s p e c i a l count ing e q u i p m e n t i s used for de t ec t ion of p , e l e c t r o n -

c a p t u r e , o r a p a r t i c l e s . Mos t t r a c e r work is done with the t r a n s c u r i u m 

e l e m e n t s by u t i l iz ing the fact that i so topes of t he se e l e m e n t s have unique a -

p a r t i c l e e n e r g i e s . A p a r t i c u l a r p r o c e s s o r b o m b a r d m e n t can be t r a c e d by 

i n t roduc ing known a m o u n t s , m e a s u r e d in t e r m s of counts p e r unit t i m e , of 
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a spec i f ic l o n g e r - l i v e d i so tope ( e . g . , Cf or Cf to t r a c e a l l Cf i s o ­

topes ) and submi t t i ng the r e c o v e r e d s a m p l e s to a p u l s e - h e i g h t a n a l y s i s to 

d e t e r m i n e the r a t i o of a counts of s e v e r a l i s o t o p e s . An a p u l s e - h e i g h t 

a n a l y z e r is a va luab le and n e a r l y i n d i s p e n s a b l e p i e c e of counting equ ipmen t 

for w o r k with the t r a n s c u r i u m e l e m e n t s . 

The high s p o n t a n e o u s - f i s s i o n decay r a t e s a r e u t i l i zed in count ing s a m ­

p les of the t r a n s c u r i u m e l e m e n t s . Spontaneous f i s s ion c o u n t e r s a r e e a s i l y 

c o n s t r u c t e d by taking advan tage of the fact tha t the spec i f ic ion iza t ion p r o ­

duced by f i s s ion f r a g m e n t s in a count ing gas is h i g h e r than tha t p r o d u c e d by 

a p a r t i c l e s . L a r g e e l e c t r i c a l p u l s e s a r e ob ta ined f r o m f i s s ion f r a g m e n t s 

by modifying s t a n d a r d a - p a r t i c l e c o u n t e r s to o p e r a t e with lower c o l l e c t o r 

v o l t a g e s . S a t i s f a c t o r y o p e r a t i o n is u sua l ly ob ta ined with the c o l l e c t o r b e ­

tween 1/5 and 1/2 the vo l tage a t which an a p l a t eau if found. The gas flow 

p r o p o r t i o n a l c o u n t e r s u s e d for both a - and p - p a r t i c l e count ing a r e e s p e c i a l l y 

useful b e c a u s e t h e i r c o l l e c t o r vo l t ages can u s u a l l y be v a r i e d with e a s e . S e m i 

conduc to r d e t e c t o r s and gas s c in t i l l a t i on c o u n t e r s can a l s o be used for d e ­

t ec t ing f i s s ion f r a g m e n t s and a p a r t i c l e s . 
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VII. S P E C I F I C SEPARATION P R O C E D U R E S 

P r o c e d u r e I 

This p r o c e d u r e is for s e p a r a t i o n of an i m p u r e t r a n s c u r i u m e l e m e n t 

25 
f rac t ion f rom a p i l e - i r r a d i a t e d p lu ton ium or a m e r i c i u m s lug . The p r o c e s s 

is des igned to be p e r f o r m e d on a 50-g a l u m i n u m slug conta in ing 0. 1 to 1. 0 g 

of t a r g e t m a t e r i a l . Am and C m a r e a l s o pur i f i ed . 

The slug is p l aced m a d i s s o l v e r pot s u r r o u n d e d by an oil ba th hea t ed 

to 80°C with an e l e c t r i c i nnmers ion h e a t e r Then 800 ml of so lu t ion 6 M m 

NaOH and 2M m NaNO, is added . The a l u m i n u m vio len t ly r e a c t s and goes 

into solut ion (no hea t r e q u i r e d a f te r r e a c t i o n s t a r t s ) . The inso lub le m a t e r i a l 

is a l lowed to se t t l e and the s u p e r n a t e is wi thdrawn th rough a s i n t e r e d s t a i n ­

l e s s s t e e l f i l te r s t i ck . The p r e c i p i t a t e i s washed twice with 5 0 - m l po r t i ons 

of 2N NaOH s a t u r a t e d with N H , g a s , and then washed with 100 ml of H , 0 . 

The washed p r e c i p i t a t e is d i s s o l v e d by adding 50 ml of 12M HCl — 0. IM HNO. 

and d ige s t i ng . After the r e s i d u e i s d i s s o l v e d , 50 m l of I I M LiCl i s added 

and the solut ion is e v a p o r a t e d to 50 m l . 

The solut ion is t r a n s f e r r e d to a 4 - c m - d i a m X 2 0 - c m - l o n g D o w e x - 1 10% 

c r o s s - l i n k e d r e s m column which is hea t ed to 80 °C with a w a t e r j a c k e t . 

( F r e e co lumn vo lume is « 1 5 0 m l . ) The e v a p o r a t o r con ta ine r and co lumn 

wal ls a r e washed with two 5 0 - m l po r t i ons of lOM LiCl which a r e a l lowed to 

run th rough the co lumn at the r a t e of about 2 n n l / m m . An add i t iona l 3 00 m l 

of lOM LiCl is p a s s e d th rough the co lumn to e l a t e the l a n t h a n i d e s , a lka l ine 

e a r t h s , and a lka l i m e t a l i o n s . The t r a n s p l u t o n i u m a c t i n i d e s a r e next e lu ted 

with 200 ml of 6 N HCl . P lu ton ium r e m a i n s on the c o l u m n . 

The 6N HCl is d i lu ted to 600 ml and p a s s e d th rough a Dowex-50 12% 

r e s m bed 4 c m m d iam and 20 c m long. The co lumn is then w a s h e d with 300 

ml of 2M NH^Cl which r e m o v e s C r , Ni , and s e v e r a l o the r i m p u r i t i e s and 

c o n v e r t s the r e s m to the N H . f o r m . The ac t in ides a r e then e lu t ed with 
4 

0. 4M a - h y d r o x y i s o b u t y r i c ac id ad jus ted to a su i t ab le pH. The d e s i r e d e l e ­

m e n t s a r e co l l ec t ed m four or five " c u t s " s e l e c t e d on the b a s i s of the e l e -
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Procedure 1 (Continued) 

ments desired for further work and the number of FCV's predicted from 

Fig. 7 and the pH. The FCV is « 150 ml. The t ranscur ium element frac­

tion thus obtained may be pure enough to be processed without remote-control 

equipment and is usually further purified by a procedure similar to P r o ­

cedures 2 and 3 following 

Procedure 2 

This procedure was devised to separate the transplutonium elements 

from day-old fission product samples containing 10 to 10 fissions. 

These elements are car r ied with yttrium or lanthanum fluoride and hydroxide 

precipi ta tes , which are subsequently dissolved m HCl, the resultant solution 

IS passed through several anion res in columns to remove U, No, Pu, and 

most of the remaining fission products (m par t icular , Zr and Te) An 

ethanol-HCl elution from a cation r e sm column is used to remove the lan­

thanides . 

To prepare the ion exchange columns, the column tips are plugged with 

glass wool or sand. A s lur ry of r e sm is introduced and allowed to set t le , 

and the supernate discarded. The r e sm is washed by passing several ml of 

eluant through the column. A uniformly deposited bed of r e sm, free from 

air bubbles or channels, is essential to a successful elution. 

1. To an aliquot of the sample m a 40-ml centrifuge tube, add 2 drops 

each of 10 mg/ml Zr , Te, and Sr c a r r i e r s and I drop of 10 mg/ml Y c a r r i e r . 

Using phenolphthalein indicator, add NH.OH to precipitate the Y(OH)^. Cen-

trifuge, discard the supernate, and wash the precipitate twice with 0 .5-1 .0 

ml H^O 

2. Dissolve the precipitate m a minimum amount of 3M HCl and t r a n s ­

fer to a polyethylene test tube. Add 2 drops cone HF per ml of solution 

(If the solution contains a large amount of Fe or U, add enough HF to de-
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P r o c e d u r e 2 (Continued) 

c o l o r i z e the so lu t ion , then 2 d rops p e r ml in add i t ion . ) Le t the so lu t ion s t and 

for 5 m i n u t e s , c en t r i fuge , d i s c a r d the s u p e r n a t e , and wash the p r e c i p i t a t e 

with 0. 5 ml of 2M HF - 2M HNO^ so lu t ion . 

3 . Disso lve the f luor ide p r e c i p i t a t e by adding 1 d rop s a t u r a t e d H,BO-, , 

s t i r r i n g , and then adding 2 ml cone HCl . T r a n s f e r the so lu t ion to a 4 0 - m l 

g l a s s cen t r i fuge tube Add 2 d r o p s of 10 m g / m l Sr c a r r i e r and then boil 

the solut ion b r i e f ly . P r e c i p i t a t e the Y(OH), with N H . O H , cen t r i f uge , d i s ­

c a r d the s u p e r n a t e , and wash the p r e c i p i t a t e twice with 0 . 5 - 1 . 0 ml H- ,0 . 

4 Di s so lve the p r e c i p i t a t e m 3 ml lOM HCl . Add 1 d rop cone HNO^. 

T r a n s f e r the so lu t ion to a 5 - c m X 2 - c m Dowex-1 AG anion r e s m co lumn 

which has been washed with s e v e r a l co lumn v o l u m e s of lOM HCl so lu t ion 

conta ining O.IM HNO, P u s h th rough with p r e s s u r e . After adding 1 d rop 

each of 10 m g / m l Z r and Te e a r n e r s , p a s s the solut ion th rough two a d d i ­

t ional lO-em X 8 -cm anion co lumns which have a l s o been t r e a t e d with lOM 

HCl conta ining 0. IM HNO-, (the s m a l l co lumn con ta ins Pu if p r e s e n t m the 

in i t i a l so lu t ion) . 

5. Add N H . O H to the combined lOM HCl so lu t ion to p r e c i p i t a t e 

Y(OH), . Cen t r i fuge , d i s c a r d the s u p e r n a t e , and wash the p r e c i p i t a t e twice 

with 0. 5 ml H^O. 

6. D i s s o l v e the p r e c i p i t a t e m a m i n i m u m amoun t of 0. IM HCl and 

p a s s the so lu t ion th rough a l - c m X 2 - c m Dowex-50 AG ca t ion r e s m co lumn 

which has been p r e v i o u s l y washed with s e v e r a l co lumn vo lumes of 0. IM HCl . 

Wash the co lumn with 1 ml of 0. IM HCl , then 2 ml of the 0. 006M H F - 0. IM 

HCl so lu t ion , and f inal ly 1 ml 0. 5M H C l . 

7 Using a t r a n s f e r pipet and a m i n i m u m of H , 0 , t r a n s f e r the ca t ion 

r e s m f rom the l - c m co lumn to the top of a 12-cm X 2 - e m Dowex-50 r e s m 

co lumn which has been p r e v i o u s l y washed with s e v e r a l co lumn v o l u m e s of 

the e thano l -HCl e l u t r i a n t . After the r e s m has s e t t l e d , w i t h d r a w the e x c e s s 

H , 0 and wash out the co lumn above the r e s i n with a s m a l l po r t i on of e t h a n o l -
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P r o c e d u r e 2 (Continued) 

HCl . E l u t e the ac t i v i t y with the 20% e thano l -HCl so lu t ion , us ing suff ic ient 

p r e s s u r e to give a p p r o x i m a t e l y 1 d r o p e v e r y 45 s e c o n d s . Co l l ec t the d e ­

s i r e d f rac t ion (usual ly d rops 6-25) m a 4 0 - m l cen t r i fuge t ube . (See F i g I 

for typ ica l e lu t ion p o s i t i o n s . ) 

This so lu t ion wil l be f ree of m o s t c o n t a m i n a n t s , h o w e v e r , the co lumn 

s e p a r a t i o n can be r e p e a t e d for c o m p l e t e s e p a r a t i o n of the lan thanide a c t i v i t i e s 

The p u r e a c t i v i t i e s can be s e p a r a t e d f r o m each o the r with P r o c e d u r e 3 . 

N o t e : S e v e r a l v a r i a t i o n s of s t e p s 6 and 7 a r e r e p o r t e d by d i f ferent w o r k e r s 

Some p r e f e r loading the r e s m s l u r r y onto the r e s m bed of the co lumn m s t e p 

7. O t h e r s p r e f e r to run the so lu t ion f r o m s t e p 6 d i r e c t l y into the long co lumn 

and to follow it with 10 to 20 co lumn v o l u m e s of 2M HCl , then the a lcoho l ic 

H C l . The 2M w a s h m o v e s the t r a n s c u r i u m e l e m e n t s down the co lumn about 

10% of the length and they a r e l e s s p e r t u r b e d by the s h r i n k a g e and a c c i d e n t a l 

s t i r r i n g of the r e s m than o t h e r w i s e . 

P r o c e d u r e 3 

Th i s p r o c e d u r e is for s e p a r a t i n g the ac t i n ide s f rom each o the r m s o l u ­

t ions f ree of l a n t h a n i d e s , o the r m a s s i m p u r i t i e s , and r a d i o a c t i v i t i e s . It is 

s i m i l a r to the p r o c e d u r e of T h o m p s o n e t a l . excep t tha t i t u s e s a h y d r o x y -

i s o b u t y r i c a c i d i n s t e a d of l a c t i c ac id , and c o n s e q u e n t l y g ives b e t t e r s e p a r a -

27 t i o n s . 

I P r e p a r a t i o n of r e s m e luan t and eq u ip men t . 

A. Dowex-50 12% c r o s s - l i n k e d r e s m , 200-400 m e s h s p h e r e s 

(obta ined f r o m B i o - R a d L a b s . , 32nd and Griffin Ave . , R ichmond , Calif. ), 

IS f u r t h e r g r a d e d for s i z e by s e l e c t i n g the f r ac t ion tha t s e t t l e s b e t w e e n 0. 5 

and 0. 25 c m / m m f r o m w a t e r . 

B . The g r a d e d r e s m i s washed a l t e r n a t e l y with 12M HCl and 

NH .OH and finally s t o r e d m the a m m o n i u m f o r m . 
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P r o c e d u r e 3 (Continued) 

C. The e luan t is p r e p a r e d f r o m comnne rc i a l a - h y d r o x y i s o b u t y r i c 

ac id di luted to 0. 4M with the pH ad jus ted be tween 3. 8 and 4. 4 to give the 

d e s i r e d e lu t ion t i m e - p e a k s e p a r a t i o n . (See F i g . 7. ) Pheno l m a y be added^ 

until the so lu t ion is 0. OlM to p r e v e n t the g rowth of mo ld . 

D. A p p a r a t u s is s e t up a s m F i g . 5. The co lumn b o r e is 2 m m 

in d i am and about 10 c m long over the c a p i l l a r y r e g i o n . The t ip is p lugged 

with g l a s s wool . The co lumn is hea t ed to the boi l ing point of t r i c h l o r o e t h y l -

ene and the b o r e is fi l led with d i s t i l l ed w a t e r , then s m a l l announts of r e s m 

s l u r r y a r e added to the co lumn and a l lowed to s e t t l e into the b o r e unti l a 

s e t t l e d bed 5 c m m height is ob ta ined . The e x c e s s d i s t i l l ed w a t e r is r e m o v e d 

and s e v e r a l ml of e luant is added to fu r the r r e m o v e t r a c e i m p u r i t i e s . J u s t 

p r i o r to using the co lumn, the e luant r e s e r v o i r is l owered , the top of the 

co lumn IS washed with d i s t i l l ed w a t e r , and a d rop or two of d i s t i l l e d w a t e r 

IS a l lowed to run into the co lumn 

2 An HCl or H N O , so lu t ion conta in ing the ac t in ide e l e m e n t m i x t u r e 

IS e v a p o r a t e d to n e a r d r y n e s s m a 5 -ml cen t r i fuge cone , and d i lu ted with 

» 0 . 1 ml of hot 0. 05M HCl . This so lu t ion i s t r a n s f e r r e d to the r e s m bed and 

a l lowed to run th rough . The cone and s ides of the co lumn above the r e s m 

bed a r e w a s h e d with 50 |JI1 of 0. 05M HCl so lu t ion which is a l lowed to run 

into the r e s m . The washing p r o c e d u r e i s r e p e a t e d . 

3 . The cen t r i fuge cone is washed with 50 L̂1 of e luant which i s then 

t r a n s f e r r e d to the co lumn and a l lowed to r u n into the co lumn . The f i r s t d rop 

to fall f r o m the co lumn af ter th is is " d r o p 1 " of the e lu t ion . 

4. The b o r e of the co lumn above the r e s m is f i l led with hot e luan t 

ca re fu l ly so a s to avoid s t i r r i n g the r e s m bed , and the e luant r e s e r v o i r i s 

l ifted to p rov ide the d e s i r e d flow r a t e ( see F i g . 8) . S a t i s f a c t o r y s e p a r a t i o n s 

a r e obta ined with flow r a t e s of l / 2 to 1 d rop p e r m i n u t e . 

5. E a c h d r o p is co l l ec ted on a p l a t i num p la te which is d r i e d under a 

hea t l amp and hea t ed to r e d hea t in an induct ion h e a t e r to r e m o v e the l a s t 
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Procedure 3 (Continued) 

t races of organic nnaterial. Plates are ready to count. 

The approximate elation positions can be predicted from the curve in 

Fig . 7 and from Table II, assuming a 3-drop free column volume; however, 

slight variations in eluant and res in make it desirable to "cal ibrate" each 

column with a t racer of some transplutonium actinide before separations are 

attennpted. If c a r r i e r s a re included in the solution the same procedure ca.n 

be followed, but the column size should be adjusted to provide 0.4 cnn of 

column area for each milliequivalent of c a r r i e r , and the length of the column 

should be at least 10 times the diameter . 

Procedure 4 

This procedure separates the actinides from the lanthanides. Dowex-1 

res in is used with an HCl solution containing the actinide elements, lantha­

nide activit ies, and about 1 mg lanthanum c a r r i e r . 

A. Dowex-1 8% cross- l inked resin, 200-400 mesh spheres , is s i ze -

graded by selecting the fraction that settles from 0. 15 to 0.25 cm/min in 

water. The graded res in is washed alternately with 12M HCl and NH.OH 

and is stored in the chloride form after a final HCl wash. 

B. Eluant is prepared by saturating commercial analytical grade HCl 

with HCl gas. Immersing the bottles in room-temperature tap water helps 

dissipate the heat. The final concentration of acid at 20-22 °C will be about 

13M. 

C. The column is prepared by attaching a section of 3-mm-diam cap­

i l lary tubing to a 15-ml centrifuge cone, packing the tip with glass wool, 

and filling the bore to a height of 5 cm with the res in . The column should 

be alternately washed with eluant and water before use. The final wash is 

nnade with eluant. 

1. The solution to be purified is evaporated to !=30 jil with an 

air jet in a 5-ml centrifuge cone. The cone is placed in an ice-water bath 
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Procedure 4 (Continued) 

and the solution saturated with HCl from a gas cylinder. 

2. The solution is t ransferred to the top of the column. The 

first drop to fall after this is called "drop 1. " The cone is r insed with 30 |i.l 

of eluant which is t ransferred to the column. This wash is then repeated. 

One millil i ter of eluant is carefully placed on top of the column and drops 

a re collected through drop 12. The flow rate can be maintained at about 3 

minutes per drop with a hypodermic syringe and rubber stopper. 

3. After drop 12 has fallen.the eluant is removed above the 

resin, a 15-nnl centrifuge cone is placed under the column, and 1 nnl of lOM 

HCL IS placed on top of the resm. This is passed through the res in and 

elutes the t ranscurium elements. Am, Cm, and the lanthanides a re found 

in drops 1-12. U and Pu (in the IV.or VI oxidation state) remain on the 

resin and may be subsequently removed. 

Procedure 5 
27 This procedure is for purification of Md recoils produced by a 

253 particle bombardment of Es . It is typical of the catcher foil chemical 

techniques. Other actinide targets and products are s imilar ly handled. 

9 253 

The target consisted of « 10 atoms of Es electroplated on a l /32- in . 

X l /4- in . area of larger 0. 002-in. -thick gold foil. A 48-Mev a beam was 

allowed to pass through the gold target foil and "knock off" the Md atoms 

onto a 0. 0001-in. -thick gold "catcher" foil. 

1. The catcher foil was dissolved m aqua regia, and the gold extracted 

with an equal liquid volume of ethyl acetate for sal min. 

2. The aqueous phase was passed through a 2-mm-diam X 1-cm-long 

bed of Dowex- 1 anion resin heated to 87 °C (see Fig. 9), at a rate of about 

five 30-^1 drops per nnmute. The original volume plus 5 drops containing 

the actinide elements was collected and evaporated with a jet of hot a i r . 
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Procedure 5 (Continued) 

253 3. Tracer Es was added and the solution was passed through a 

2-mm-diam by 5-cm-long bed of Dowex-50 X 12 ammonia-form cation resin 

heated to 87 °C. The adsorbed actinides were selectively eluted with a 0.4M 

solution of a-hydroxyisobutyric acid which had been adjusted to pH =4. 0 

with amnnonium hydroxide. The eluant was passed through the column at a 

flow rate of approximately four 20-iJ.l drops per minute. The Md fractions 

were collected in drops 8-13, F m in drops 15-19, Es in drops 27-3 1, and 

Cf in drops 39-47. 

Procedure 6 

This procedure is for oxidation and extraction of Bk from a solution 
9 

containing lanthanides and actinides. No ca r r i e r s a re used. 

1. The solution is evaporated to near dryness two or three times with 

1 6 M HNO-. After the last evaporation, the sample is diluted and KBrO- is 

added to make the solution lOM in HNO, and IM in KBrO, (Note 1). The 

volume of the solution is measured in mil l i l i ters (called V in the following). 

2. V ml of 0. 15M HDEP (Note 2)—heptane solution is washed three 

times with V ml of freshly prepared lOM HNO, — IM KBrO, , for 3 minutes 

each t ime. The aqueous phases are discarded. 

3. The solution from step 1 is contacted with the organic phase fronn 

step 2 for 3 minutes and the phases are separated. 

4. The organic phase from step 3 is washed twice for 3 minutes with 

V ml of freshly prepared lOM HNO, - IM KBrO^. The wash solutions a re 

discarded. 

5. The washed organic phase from step 4 is back-extracted for 3 min­

utes into V ml of freshly prepared lOM HNO, — 1. 5M H^O^ solution. The 

organic phase is discarded. 

6. The aqueous phase from step 5 is washed, f irst with V ml of 0. 15M 
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P r o c e d u r e 6 (Continued) 

H D E P — heptane for 3 m i n u t e s , and then with V m l of hep tane for 3 m i n u t e s . 

The o rgan i c p h a s e s a r e d i s c a r d e d , the aqueous p h a s e con ta ins =K97% of the 

4 

Bk, d e c o n t a m i n a t e d by f a c t o r s of « 10 f r o m a l l o the r l an than ides and a c t i n ­

ides excep t C e , and by f a c t o r s of =10 f r o m C m and Cf. (Note 3 . ) 

Notes 

I. 0. IM K B r O , m a y be subs t i t u t ed a t a l l po in ts ca l l ing for IM K B r O , 

C g H ^ ^ O 

with l i t t le or no d e c r e a s e m yie ld . 

2. H D E P IS di(2-ethylhexyl) o r t h o p h o s p h o r i c ac id , 

PH(OH), and is ava i l ab l e m i m p u r e f o r m f r o m the Vic tor C h e m i c a l W o r k s . 

It IS pur i f i ed by the p r o c e d u r e s r e p o r t e d by D. C . S t e w a r t and H. W. C r a n d a l l , 

J . A m . C h e m , Soc . 73 , 1377 (1951). 

3 . Cunn ingham and Wallnnann have used a p r o c e d u r e s i m i l a r to 

this for e x t r a c t i n g s u b m i c r o g r a m quan t i t i e s of Bk f r o m Cf and C m . Solut ion 

volunnes w e r e r e d u c e d to s u b m i c r o l i t e r q u a n t i t i e s . 

P r o c e d u r e 7 

This p r o c e d u r e is for rennoval of m a c r o i m p u r i t i e s f r o m t r a c e r t r a n s -

curiunn sannp les . 

1. A j acke t ed co lumn for o p e r a t i o n a t 87 °C is p r e p a r e d . Dowex-50 

AG 4% c r o s s - l i n k e d r e s i n ( se t t l ing r a t e 0 . 5 to 0 . 2 5 c m / m i n ) i s u s e d in the 

H fornn (HCl wash l a s t ) , and p r e p a r e d o t h e r w i s e a s in P r o c e d u r e 3 , s t e p s 

lA and I B . The co lumn b o r e is 3 nnm m d i a m and the t ip c o n s i s t s of a p l a t i ­

num rod fused to the g l a s s c a p i l l a r y and b o r e d out with a No . 64 d r i l l . This 

t ip d e l i v e r s un i fo rm 13-H l̂ d r o p s . 

2 . The so lu t ion to be pur i f i ed i s p r e p a r e d so a s to be 0. IM in HCl 

and then a l lowed to p a s s th rough the co lumn . The co lumn wal l s a r e r i n s e d 

with s e v e r a l lOO-^il po r t i ons of 0. IM HCl . 

3 . About 1 ml of 2M HCl is ca re fu l ly i n t r o d u c e d above the r e s m bed 
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Procedure 7 (Continued) 

and forced through the res in at the rate of about 6 drops per minute until 

50 drops have been collected. 

4. The remaining 2M HCl is withdrawn and 1 ml of 6M HCl is added 

and forced through the res in at the ra te of 6 drops per minute until 30 or 40 

drops are collected. The transcuriunn elennents elute close together arcmnd 

drop 80 (counting fronn the beginning, including the 50 drops fronn step 3). 

Other cations elute as indicated in Table III. 

32 



P r o c e d u r e 7 (Continued) 

T a b l e III. O r d e r of e lu t ion of ca t ions f r o m r e s i n co lumn in P r o c e d u r e 7. 

F r e e C o l u m n Vo lumes 
Ca t ions Drop No. (after f i r s t ) 

a=7 

13 

16 

17 

22 2 . 6 of 2M HCl 

24 

26 

28 

30 

37 

C a 53 2 . 8 

Al 1 
3 . 6 

4 . 0 

4 . 4 - 5 . 1 

5 .9 

Sr J 

Ba 

Ac t in ides and 

Lan than ides 

Z r 

64 

70 

75-85 

96 

a The oxidat ion s t a t e of t h e s e ions w a s not speci f ied . W h e r e q u e s t i o n s 
e x i s t , it can be a s s u m e d tha t the oxida t ion s t a t e m o s t s t ab le and so lub le in 
2N HCl is the one ind ica ted . The co lumn speci f ied wi l l hand le 0.1 to 
0.2 m g of m a c r o i m p u r i t i e s , and peak ha l f -w id ths (full wid ths at half m a x ­
ima) g e n e r a l l y run 6-8% under the condi t ions speci f ied . T h e s e da ta have 
not a l l been r e d u c e d to f r ee colannn vo lume un i t s b e c a u s e s e v e r a l of the ions 
(Au, P d , P t , B i , Cd, and Pb) m o v e a p p r e c i a b l y in O.IN HCl and t h e i r 
e lut ion pos i t ion wi l l depend on the vo lume of the solut ion fronn which the 
m a t e r i a l i s a d s o r b e d . The p o s i t i o n s of the ac t in ides and l an than ide s a r e 
not s i m i l a r l y affected. 
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