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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 
university 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. 

t 

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 standard 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. 

W. Wayne Meinke, Chainiian 
Subcommittee on Radiochemistry 

ill 



INTRODUCTION 
This report has been prepared as one of a ser ies of monographs on the 

radiochemistry of the elements for the Subcommittee on Radiochemistry of 

the Committee on Nuclear Science within the National Academy of Sciences. 

Information presented here has been obtained in a search which included the 

Chemical Abstracts from 1947 to April 25, I960; Nuclear Science Abstracts 

from 1947 to April 15, I960; Abstracts of Declassified Documents for 1947 

and 1948; Analytical Abstracts from 1954 to April I960; and the authors ' 

personal experiences from 1950 to the present . Data have been included 

pr imari ly for radiochemists working with the r a r e ear ths , but it is hoped 

that others will also find the information useful. 

Although the l ist of references is long, no pretense can possibly be 

made that it is complete. We have attempted to cover all phases of r a r e -

earth chemistry that could conceivably be of interest to a radiochemist and 

to include all of the more significant references in each phase. During the 

course of the writing, however, we were continually finding important art icle 

which had been missed in the l i tera ture search and doubtless there a re many 

which we still have not found. We would be most appreciative if these omis

sions could be brought to our attention so that they may be included in future 

revisions of the manuscript. 

The authors wish to acknowledge most heartily the assis tance of Carl 

Wens rich and Carol Patr ick of the LRL l ibrary staff. Without their aid in 

obtaining reprints of the references this volume could hardly have been p re 

pared. 

We also wish to express our s incerest appreciation to Mrs . Margaret 

Dixon for typing the final manuscript with alacri ty, precision, and pe r se 

verance. 

W. E. Nervik 

P. C. Stevenson 
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(KAPL) , 5th E d . , R e v i s e d to A p r i l 1956. F o r m o r e de t a i l ed i n f o r m a t i o n 
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Although the r a r e e a r t h s have been known for m o r e than one h u n d r e d 

y e a r s , it is only dur ing the l a s t fifteen y e a r s o r so that t e c h n i q u e s have 

been deve loped for s e p a r a t i n g p u r e compounds of indiv idual m e m b e r s of t h i s 

g roup of e l e m e n t s . The bes t m e t h o d s for p r e p a r i n g p u r e r a r e - e a r t h m e t a l s 

a r e l e s s than t en y e a r s old, and i n t ens ive effort h a s gone into s tudy of the 

p r o p e r t i e s of t h e s e newly ava i l ab le m a t e r i a l s . 
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[Scand ium and y t t r i u m a r e , s t r i c t l y speak ing , not r a r e e a r t h s , but 

t h e i r c h e m i c a l b e h a v i o r is v e r y s i m i l a r to tha t of the l an than ide g r o u p 

( l an thanum to lu te t ium) and they will be inc luded in all subsequen t d i s c u s s i o n s 

of the c h e m i s t r y of t h e s e e l e m e n t s . Ac t in ium is a homologue of l an thanum 

and is inc luded as r e p r e s e n t a t i v e of the ac t in ide g r o u p of e l e m e n t s (actiniunn 

to nobe l ium) , which a l s o behave v e r y m u c h l ike the l an than ides in m o s t 

c h e m i c a l o p e r a t i o n s . T h u s , in a l l d i s c u s s i o n s of the " r a r e e a r t h s " o r 

" l a n t h a n i d e s " which follow, s c a n d i u m , y t t r i u m , and the t n p o s i t i v e m e m 

b e r s of the ac t in ide g r o u p a r e m e a n t to be i nc luded . ] 

The r a r e - e a r t h e l e m e n t s a r e quite e l e c t r o p o s i t i v e and, comple t e ly 

a s ide f r o m the s e p a r a t i o n of p u r e compounds , p r e p a r a t i o n of the p u r e m e t a l s 
489 is not an e a s y t a s k . T r o m b e h a s w r i t t e n an exce l l en t c o m p r e h e n s i v e 

r ev i ew on al l a s p e c t s of the p r e p a r a t i o n and p r o p e r t i e s of the r a r e - e a r t h 
449 454 16 

m e t a l s , whi le Speddmg and Daane ' and B a n k s e t a l . have pub l i shed 

fine r e v i e w s of the w o r k tha t h a s been done m th i s f ield at Iowa S ta te Co l l ege . 

Although it migh t have v e r y l i t t le app l i ca t ion to r a d i o c h e m i c a l p r o c e d u r e s , 
548 Huffine a n d W i l l i a m s have w r i t t e n an exce l l en t r e v i e w of the t e c h n i q u e s 549 used to re f ine and purify r a r e - e a r t h nneta ls , and M o r r i c e and c o - w o r k e r s 

have d e s c r i b e d de t a i l s of the e l e c t r o l y t i c r e d u c t i o n of c e r i c oxide and c e r o u s 

f luor ide to c e r i u m m e t a l m a m o l t e n f luo r ide so lven t . 

E l e c t r o d e p o s i t i o n of m e t a l l i c r a r e e a r t h s f r o m aqueous m e d i a does 

not usua l ly give s a t i s f a c t o r y r e s u l t s b e c a u s e the newly depos i t ed m e t a l 
256 r e a c t s with w a t e r to give the oxide . L a n g e , H e r r m a n n , and S t r a s s m a n n , 

go 90 
h o w e v e r , r e p o r t a p r o c e d u r e for s e p a r a t i n g S r -Y m i x t u r e s by e l e c t r o l y s i s 

m di lute aqueous n i t r i c acid so lu t ion . The exac t n a t u r e of the c a r r i e r - f r e e 
90 90 

Y depos i t on the ca thode was not d e t e r m i n e d but the Y y i e ld s w e r e good 

(90-98%) and the s e p a r a t i o n f rom S r was f a i r . S r -Y s e p a r a t i o n f a c t o r s 

of a p p r o x i m a t e l y 100-200 pe r depos i t ion w e r e obta ined and the a u t h o r s r e -
90 p o r t tha t wi th four depos i t i on cyc l e s the Y con ta ined on the o r d e r of only 

-5 90 187 
1 X 10 % S r i m p u r i t y . H a m a g u c h i , Ikeda , and K a w a s h i m a have a l s o 

90 90 d e s c r i b e d a p r o c e d u r e for the e l e c t r o l y t i c s e p a r a t i o n of S r -Y m i x t u r e s . 
T e c h n i q u e s have been deve loped for p roduc ing r a r e - e a r t h m e t a l s by 

e l e c t r o l y s i s of fused s a l t s us ing ca thodes of c a r b o n , m o l y b d e n u m , t ungs t en , 
489 m e r c u r y , o r , at h ighe r t e m p e r a t u r e s , m o l t e n c a d m i u m or z inc . T h e s e 

p r o c e d u r e s a r e capab le of giving good r e s u l t s but the b e s t m e t h o d c u r r e n t l y 

m use for p roduc t ion of p u r e m e t a l s s e e m s to be that deve loped by Daane 
449 454 

and the Speddmg g r o u p at Iowa S t a t e . ' Th i s me thod involves r e d u c t i o n 

of the anhyd rous r a r e - e a r t h f l uo r ides by m e t a l l i c c a l c i u m m t a n t a l u m c r u 

c ib l e s unde r an i n e r t a t m o s p h e r e . Ope ra t i ng t e m p e r a t u r e s a r e kept high 

enough to m e l t both the r a r e - e a r t h m e t a l and the C a F , s lag so that when the 
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c r u c i b l e has cooled the t a n t a l u m and s lag m a y be pee led away and the r a r e -

e a r t h m e t a l obta ined as a so l id ingot . 

Me ta l l i c s cand ium, y t t r i u m , and all of the r a r e e a r t h s except s a m a r i u m , 

e u r o p i u m , and y t t e r b i u m have been p r e p a r e d by th is t e c h n i q u e . P r o m e t h i u m 

and the a c t i n i d e s , of c o u r s e , a r e not inc luded s ince they a r e not n o r m a l l y 
465 ava i l ab l e m m a c r o s c o p i c a r oun t s , a l though Stone has d e s c r i b e d a me thod 

for p r e p a r i n g Ac m e t a l by reduc ing A c F , m vacuo with l i th ium m e t a l at 1000°C. 

When a t t e m p t s w e r e m a d e to r e d u c e the S m , Eu , and Yb h a l i d e s with c a l c i u m 

no m e t a l was p roduced but the d iva len t s a l t s w e r e found m the s l a g . T h e s e 

e l e m e n t s behaved the s a m e w h e t h e r a lone o r m i x e d with o t h e r r a r e e a r t h s 

and, indeed, r educ t ion by c a l c i u m h a s been used by the Speddmg g r o u p to 

s e p a r a t e G d - S m and L u - Y b m i x t u r e s , the S m and Yb m e a c h c a s e being found 

m the s l ag . In the L u - Y b c a s e , for i n s t a n c e , a s a m p l e which conta ined 30% 

Yb in i t i a l ly was r e d u c e d to l u t e t i u m m e t a l conta in ing l e s s than 0. 25% y t t e r b i u m 
449 i m p u r i t y m one s t e p . 

The Iowa S ta te g r o u p h a s s u c c e e d e d m obtaining p u r e m e t a l l i c S m , Eu , 

and Yb by a p r o c e s s which involves r educ t ion of the pu re oxide by l an thanum 
449 454 m e t a l in a t a n t a l u m c r u c i b l e . ' L a n t h a n u m is the l e a s t vo la t i l e of the 

r a r e - e a r t h m e t a l s and l an thanum oxide has the h ighes t hea t of f o r m a t i o n of 

the r a r e - e a r t h o x i d e s . At the p r o p e r t e m p e r a t u r e , t h e r e f o r e , the r e a c t i o n 

L a + Sm O ^ - ^ La - ,0„ t Sm 

can be m a d e to go to comple t i on by d i s t i l l i ng off the s a m a r i u m m e t a l as it i s 

f o r m e d . The d i s t i l l ed m e t a l is condensed on a cool p a r t of the t an t a lum r e 

ac t ion v e s s e l and m a y often be ob ta ined b e t t e r than 99- 9% p u r e . 

This t echn ique of r educ ing the r a r e - e a r t h oxide with l an thanum and 

d i s t i l l ing off the newly f o r m e d m e t a l h a s a l s o been used by Speddmg and 
449 Daane on a m i x t u r e of r a r e e a r t h s . The vapo r p r e s s u r e s of the r a r e -

e a r t h m e t a l s a r e suff icient ly di f ferent so that by f r ac t iona l d i s t i l l a t i o n a 

s igni f icant s e p a r a t i o n of the nnetals m a y be ob ta ined . The a u t h o r s r e p o r t 

a pos s ib l e o r d e r of vo la t i l i ty of s o m e of the r a r e e a r t h s a s : Eu > Yb > Sm > 
488 Lu > T m > Ho, Dy > E r > Gd. T r o m b e has a l s o d e s c r i b e d the d i s t i l l a t i on 

s e p a r a t i o n of a m i x t u r e of r a r e - e a r t h m e t a l s , with the o r d e r of v o l a t i l i t y 

Sm > Nd > P r , Ce > L a . 

Since the p u r e r a r e - e a r t h m e t a l s have been ava i l ab le for such a s h o r t 

t i m e , an a c c u r a t e d e t e r m i n a t i o n of al l of t h e i r phys i ca l p r o p e r t i e s has not 

as yet been comple t ed to e v e r y o n e ' s s a t i s f a c t i o n . A t abu la t ion by Speddmg 
454 and Daane , however , is shown m Tab le 1 and i nd i ca t e s the s u r p r i s i n g l y 

wide v a r i a t i o n of s o m e of the phys ica l p r o p e r t i e s of th is g r o u p of ve ry s i m i 

l a r e l e m e n t s . A m o r e r e c e n t compi l a t i on of the phys ica l p r o p e r t i e s of 
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Table 1. P r o p e r t i e s of r a r e e a r t h m e t a l s (454) 

Element 

La 

Ce 

Pr 

Nd 

Sm 

Eu 
Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 
Lu 

Sc 

Y 

Meltmg 
pomt 

cc) 
920 ± 5 

804 ± 5 

935 ± 5 

1024 ± 5 

1052 ± 5 

900* 
1350 ± 2 0 * 

1400-1500' 

1475-1500* 

1475-1525 

1475-1525* 

1500-1550* 

824 ± 5 
1650-1750* 

1550-1600* 

1475-1525* 

'^-ffmeltlngt 
(kcal/mole) 

2-4 

2 2 

2-4 

2 6 

2 6 

2 3 
3 7 

3 9 

4 I 

4 1 

4 1 

4 4 

2-2 
4 6 

3 8 

4 1 

Boihng 
point 

CO 

4515 

3600 

3450 

3300 

1900* 

1700* 
3000* 

2800* 

2600 

2700* 

2600* 

2400* 

isoot 
3500* 

2750* 

3500* 

A / l v&p or 1 zat Ion 
(kcal/mole) 

81 

79 

79 

69 

46* 

40* 
72* 

70* 

67 

68* 

67* 

51* 

32* 
75* 

73* 

94* 

Transformation 
temperatures 

CO 

260 
868 

(100-200°K) 
754 
798 

868 

917 

798 

C„ at 0°C 
(cal/mole deg) 

6 65 

6 89 

6 45 

7 20 

6 49t 

6 0 0 t 
1120 

6 54t 

6 72 

6 45 

6 65 

6 45t 

6 00t 
6 45t 

6 0 1 t 

6 0 1 t 

Structure 

hep 

fee 

hep 

hep 

Rhombo-
hedral 

bee 
hep 

hep 

hep 

hep 

hep 

hep 

fee 
hep 

hep 

hep 

Lattice 
constants 

(A) 

a = 3 770 
c = 12 159 
o = 5 1612 

a = 3 6725 
c = n 8354 
a = 3 6579 
c = 117992 
a = 8996 
a = 23°13' 
a = 4 6 0 6 
a = 3 6360 
c = S 7826 
a = 36010 
c = 5 6936 
a = 3 5903 
c = 5 6475 
a = 3 5773 
c = 5 6158 
a = 3 5588 
c = 5 5874 
a = 3 5375 
c = 5 5546 
a = 5 4862 
a = 3 5031 
c = 5 5509 
a = 3 3090 
c = 5 2733 
a = 3 6474 
c = 5 7306 

Density 
(g/em») 

6 162 

6 768 

6 769 

7 007 

7 540 

5 166 
7 868 

8 253 

8 565 

8 799 

9 058 

9 318 

6 959 
9 849 

2 995 

4 472 

E s t i m a t e s f r o m w o r k in A m e s L a b o r a t o r y . 

E s t i m a t e s m a d e by D . R . Stul l and G . C . S i enke , "The T h e r m o d y n a m i c 
P r o p e r t i e s of the E l e m e n t s in T h e i r S t a n d a r d S t a t e s , " The Dow C h e m i c a l 
Company , Midland, Mich igan . 

r a r e - e a r t h m e t a l s , a l l oys , and compounds has been c o m p l e t e d by Gibson , 
172 409 

M i l l e r , Kennedy, and Rengstorff , and Sav i t sk i i h a s a l s o c o m p l e t e d a 

r e c e n t r ev i ew of the p r o p e r t i e s , app l ica t ion , and p roduc t ion of r a r e - e a r t h 

m e t a l s . 

The r a r e - e a r t h m e t a l s , being quite e l e c t r o p o s i t i v e , have high hea t s 

of oxidat ion and r e a c t r ead i ly with m o s t oxidizing a g e n t s . R e a c t i o n r a t e s , 

howeve r , may v a r y c o n s i d e r a b l y a m o n g s t the indiv idual r a r e e a r t h s unde r 
449 

c e r t a i n cond i t ions . Spedding and Daane , for i n s t a n c e , s t a t e that a b a r 
of l an thanum m e t a l left exposed to m o i s t a i r wi l l c r u m b l e to powder in a 

few weeks t i m e , but s a m a r i u m and n e o d y m i u m will r e m a i n b r igh t for mon ths 
489 under the s a m e cond i t ions . T r o m b e r e p o r t s tha t e u r o p i u m m e t a l r e a c t s 

rap id ly with w a t e r but s a m a r i u m does not, and c e r i u m and l an thanum r e a c t 

only s lowly even m hot w a t e r . No speci f ic data a r e ava i l ab le m the l i t e r a t u r e 

but it s e e m s r e a s o n a b l e to a s s u m e tha t m ac id so lu t ion with " n o r m a l " d i s 

so lu t ion t echn iques t h e s e d i f fe rences in r e a c t i o n r a t e s would be comple t e ly 

neg l ig ib le . 

1 1 



I V . I B . A M A L G A M S A N D V A R I O U S O X I D A T I O N S T A T E S 

T h e r a r e e a r t h s e x i s t i n a q u e o u s s o l u t i o n , u n d e r n o r m a l c o n d i t i o n s , 

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

c o u r s e , a c c o u n t f o r t h e i r v e r y s i m i l a r c h e m i c a l b e h a v i o r . C e r t a i n of t h e 

r a r e e a r t h s , h o w e v e r , c a n e x i s t m o t h e r t h a n t h e + 3 o x i d a t i o n s t a t e , a n d 

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

of t h e g r o u p . 

C e r i u m i s t h e o n l y r a r e e a r t h w h i c h h a s a u s e f u l +4 o x i d a t i o n s t a t e . 
+4 +4 

( P r a n d T b h a v e b e e n p r e p a r e d a s t h e i r o x i d e s b u t t h e r e i s n o e v i d e n c e 
+ 3 +4 

t o i n d i c a t e t h a t t h e y a r e s t a b l e i n a q u e o u s s o l u t i o n . ) T h e C e - C e c o u p l e 
2 5 7 

h a s a p o t e n t i a l of - 1 . 6 1 v o l t s m a c i d s o l u t i o n , a n d c e r o u s c e r i u m i s 

e a s i l y o x i d i z e d by s t r o n g o x i d i z i n g a g e n t s s u c h a s S ^ O Q , C o , o r , m s t r o n g 
4 5 

a c i d , B r O - . B r e z h n e v a a n d c o - w o r k e r s u s e d o z o n e a s a n o x i d a n t f o r 

c e r i u m on n i t r i c a c i d s o l u t i o n . T h e o x i d a t i o n i s a c i d d e p e n d e n t . T h e i r 

d a t a a r e p r e s e n t e d i n F i g s . 7 a n d 8. O z o n e i s p a r t i c u l a r l y c o n v e n i e n t f o r 

r e m o t e - c o n t r o l o p e r a t i o n s a n d f o r o p e r a t i o n s i n w h i c h i t i s n o t d e s i r e d t o 
+ 4 +4 

a d d n o n v o l a t i l e m a t t e r t o t h e s o l u t i o n . C e b e h a v e s v e r y m u c h l i k e Z r 
+4 

a n d T h a n d m a y , f o r i n s t a n c e , b e s e p a r a t e d f r o m a l l t h e o t h e r r a r e e a r t h s 
+4 

b y p r e c i p i t a t i o n a s t h e l o d a t e . C e i s n o t c o n n p l e t e l y s t a b l e , h o w e v e r , b u t 
2 38 108 

o x i d i z e s w a t e r v e r y s l o w l y . D u k e a n d A n d e r e g g h a v e s h o w n t h a t t h e 
129 

r e a c t i o n i s s u r f a c e c a t a l y z e d a n d E v a n s a n d U r i h a v e s h o w n t h a t i t i s 
+ 4 

p h o t o s e n s i t i v e , s o r e a s o n a b l e p r e c a u t i o n s m u s t b e t a k e n if C e s o l u t i o n s 

a r e t o b e k e p t f o r a n y l e n g t h of t i m e . 

E u r o p i u m , y t t e r b i u m , a n d s a m a r i u m f o r m +2 i o n s w h i c h h a v e p r o v e n 

t o b e v e r y u s e f u l m s e p a r a t i n g t h e s e e l e m e n t s f r o m t h e r e s t of t h e r a r e -

e a r t h g r o u p . E u r o p i u m h a s t h e l o w e s t o x i d a t i o n p o t e n t i a l ( E u = E u , 

E ° = 0 . 4 3 , Yb"^^ = Yb"^'^, E ° = 0 . 5 7 8 , Sm"*"^ = Sm"^^, E ° > 0 . 9)^^"^ of t h e s e 

t h r e e e l e m e n t s a n d i s t h e e a s i e s t t o r e d u c e . E u r o p o u s e u r o p i u m m a y b e 

o b t a i n e d by p a s s i n g a s o l u t i o n c o n t a i n i n g E u o v e r z i n c m a J o n e s r e d u c -
1 4 8 , 2 9 8 , , „ + 3 , ^ ., , . 2 3 3 , , 

t o r , b y s l u r r y i n g a n E u s o l u t i o n w i t h z i n c d u s t , o r by r e d u c 

t i o n w i t h c h r o m o u s c h l o r i d e a t l o w p H ' s . E u b e h a v e s v e r y m u c h l i k e 

B a ( i . e . , i t p r e c i p i t a t e s a s E u S O . b u t t h e h y d r o x i d e d o e s n o t p r e c i p i t a t e 

i n N H . O H ) a n d m a y b e s e p a r a t e d f r o m t h e r e s t of t h e r a r e - e a r t h g r o u p by 
+ 2 

s i m p l e c h e n n i c a l p r o c e d u r e s . E u i s n o t v e r y s t a b l e t o w a r d s o x i d a t i o n , 

h o w e v e r , a n d c a r e m u s t b e t a k e n t o k e e p i t s s o l u t i o n f r e e f r o m 0 - , a n d 

o t h e r o x i d i z i n g a g e n t s . 

Y b a n d S m a r e m u c h l e s s s t a b l e t h a n E u m a q u e o u s s o l u t i o n . 

T h e y e v o l v e h y d r o g e n m w a t e r a n d a r e o ix id i zed a t t h e s l i g h t e s t p r o v o c a t i o n 

s o t h e i r p r e p a r a t i o n by s i m p l e r e d u c t i o n m e t h o d s i s n o e a s y t a s k . C l i f f o r d 
81 

a n d B e a c h e l l , h o w e v e r , h a v e s u c c e e d e d m s e p a r a t i n g s a m a r i u m f r o m a 
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F i g . 7. P e r c e n t oxidat ion of c e r i u m by ozone a s a function of n i t r i c 
acid c o n c e n t r a t i o n (one m o l a r p e r l i t e r ) (45) 

E, volti 

+ 1.600 

+ 1.500 

+ 1.400 

6 8 10 12 
Acidity, molas 

14 16 

F i g . 8. O x i d a t i o n - r e d u c t i o n po ten t ia l of Ce / C e couple a s a func
t ion of n i t r i c ac id c o n c e n t r a t i o n (one m o l a r pe r l i t e r ) . The s ign of the 
poten t ia l is a c c o r d i n g to the E u r o p e a n (Russ ian) convent ion (45) 

l an than ide m i x t u r e by reduc ing with Mg in so lven t s of e thano l -HCl o r 50-50 

d ioxane -e thano l s a t u r a t e d with s t r o n t i u m and b a r i u m c h l o r i d e s . A m b r o z h i i 
8 +3 

and Luchnikova have a l s o r e p o r t e d r e d u c t i o n of Sm by Mg in an e t h a n o l -

HCl so lven t . The SmCl-, is depos i t ed on the m a g n e s i u m s u r f a c e s and is not 

v e r y s t a b l e , but it p e r s i s t s long enough so tha t the s u p e r n a t a n t so lu t ion m a y 

be decan ted and the m a g n e s i u m w a s h e d , which, af ter a l l , is a l l tha t is needed 

to effect a s e p a r a t i o n f rom the o r ig ina l r a r e - e a r t h c o n t a m i n a n t s . 
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A m o r e effect ive me thod for reduc ing Eu , Sm, and Yb involves the use 
299 300 

of e l e c t r o l y s i s in aqueous so lu t ion . McCoy, ' us ing a b a s i c c i t r a t e -

a c e t a t e so lu t ion , a m e r c u r y ca thode , and a p l a t inum anode , has s u c c e e d e d 

in obtaining a m a l g a m s of each of t h e s e m e t a l s . The y ie ld p e r p a s s was 

a p p r o x i m a t e l y 90% for Eu , 20% for Ybp and 10% for Sm but by mu l t i p l e 

p a s s e s e s s e n t i a l l y all of each of t h e s e Elements could be r e c o v e r e d f rom 
398 the o r ig ina l so lu t ion . R iab tch ikov , S k l i a r e n k o , and S t r o g a n o v a , h o w e v e r , 

have m a d e an exce l l en t s y s t e m a t i c s tudy of a l l the f ac to r s affecting y t t e r b i u m 

r e d u c t i o n in the s a m e type of s y s t e m u s e d by McCoy, and have s u c c e e d e d in 

get t ing Yb y ie lds of a p p r o x i m a t e l y 98% p e r p a s s . 

When the e l e c t r o l y t e con ta ins the p r o p e r anion it is p o s s i b l e to obta in 

the inso luble d iva len t r a r e - e a r t h sa l t d i r e c t l y by e l e c t r o l y s i s . Thus 
542 13 

Y n t e m a and Ba l l and Y n t e m a got eu ropous and y t t e r b o u s sulfa te i n 
s t ead of the a m a l g a m when the e l e c t r o l y t e con ta ined s o m e su l fur ic ac id , 

72 and Chang h a s p r e c i p i t a t e d e u r o p o u s ox ine - su l fona t e by e l e c t r o l y s i s of 

an a m m o n i a c a l solut ion of 8 -hyd roxyqu ino l ine -5 sulfonic ac id . 

A v a r i a t i o n of the e l e c t r o l y t i c r e d u c t i o n m e t h o d h a s been pub l i shed by 
344 345 347 

Ons to t t , ' ' who pur i f ied e u r o p i u m , s a m a r i u m , and the o the r r a r e 

e a r t h s by e l e c t r o l y s i s with a l i t h ium aniialgam ca thode . Th i s t echn ique 

s e e m s to be m o r e efficient than that u sed by McCoy, and good y ie lds of 

h i g h - p u r i t y E u and Sm can be obta ined without undue effor t . 
n/T u • 11 .. • f 280-283 , 288 , , , , 

M a r s h , m an exce l l en t s e r i e s of p a p e r s , h a s deve loped 

p r o c e d u r e s for i so la t ing Eu , Sm, and Yb by us ing sod ium a m a l g a m without 

e l e c t r o l y s i s . Reduc t ion is c a r r i e d out in ace t i c ac id so lu t ion and p r o c e e d s 

quite v i g o r o u s l y . L a n t h a n u m and the l i g h t e r r a r e e a r t h s a r e a l s o r e d u c e d 

by sod ium a m a l g a m but t h e i r y i e lds a r e low and they do not u sua l ly p r e s e n t 
312 a p r o b l e m . M o e l l e r and K r e m e r s ha.ve s tudied the effect of v a r i o u s anions 

on the r educ t ion of y t t e r b i u m by sodium' a m a l g a m and conclude tha t in di lute 

solut ion the eff iciency of the r e d u c t i o n iis i n v e r s e l y p r o p o r t i o n a l to the c o 

ord ina t ing tendency of the anion, with p e r c h l o r a t e and ch lo r ide giving the 

be s t r e s u l t s . In c o n c e n t r a t e d so lu t i ons , h o w e v e r , a c e t a t e is to be p r e f e r r e d 

b e c a u s e of the f o r m a t i o n of t r o u b l e s o m e s ludges with p e r c h l o r a t e or c h l o r i d e . 

Ho l l eck and Noddack have u s e 4 s t r o n t i u m a m a l g a m to r e d u c e r a r e 

e a r t h s to the +2 s t a t e in sulfa te solut ioi i . Eu , Yb, and S m s e e m to be r e 

duced with the g r e a t e s t eff ic iency, al though s o m e r e d u c t i o n of Sc , Gd, Ce , 

P r , and Nd is r e p o r t e d ; but it is not c l e a r tha t th is t echn ique has any a d 

van tages over the sodium a m a l g a m redi jct ion m e t h o d . 

A fa r out p r o c e d u r e for separat ing; d iva len t s p e c i e s of the r a r e - e a r t h 
I 2 3 

e l e m e n t s has been pub l i shed by Achard. , ' The m e t h o d involves h i g h -
t e m p e r a t u r e vacuum d i s t i l l a t i on of the Yb , E u , and Sm oxides f r o m 
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a m i x t u r e of +3 r a r e e a r t h oxides and c a r b o n . He s u c c e e d e d in s e p a r a t i n g 

all of the Yb as pu re YbO f r o m a m i x t u r e of Y, Tb , Dy, Ho, E r , and Yb 

oxides by mix ing the oxides with 25% of t h e i r weight of c a r b o n and hea t ing 

- 3 

for t h r e e h o u r s at 1400°C in a v a c u u m of 10 m m Hg . In ano the r e x p e r i 

men t , c o m p l e t e s e p a r a t i o n of a b i n a r y m i x t u r e of L u and Yb oxides was 

ach i eved by t h r e e d i s t i l l a t i o n s . S m and Eu a r e a l s o renaoved f r o m m i x e d 

r a r e e a r t h s by th is m e t h o d and m a y be s e p a r a t e d f rom each o the r by a c 

c u r a t e con t ro l of the t e m p e r a t u r e . 

IV. 2. SOLUBLE SALTS 

T h e r e is a su r f e i t of i n f o r m a t i o n ava i l ab l e in the l i t e r a t u r e on the 

so lub i l i t i e s of c e r t a i n r a r e - e a r t h s a l t s . F o r m a n y y e a r s f r ac t i ona l c r y s 

t a l l i z a t i on was the b e s t m e t h o d known for s e p a r a t i n g t h e s e e l e m e n t s and 

m a n y a u t h o r s pub l i shed a r t i c l e s in th i s f ie ld . F r a c t i o n a l c r y s t a l l i z a t i o n is 

of no s igni f icant va lue in m o d e r n r a d i o c h e m i c a l t e c h n i q u e s , h o w e v e r , so no 

a t t emp t wi l l be m a d e to r ev i ew the sub jec t h e r e . 

R a r e - e a r t h s a l t s a r e quite so luble in m o s t a c i d s , including h y d r o 

c h l o r i c , n i t r i c , p e r c h l o r i c , su l fu r i c , a c e t i c , e t c . , but a c c u r a t e v a l u e s for 

the so lub i l i t i e s a r e not r e a d i l y a v a i l a b l e . Such v a l u e s as a r e ava i l ab le in 
199 

the "Handbook of C h e m i s t r y and P h y s i c s , " L a n g e ' s "Handbook of 
255 C h e m i s t r y , " and S e i d e l l ' s "Solub i l i t i es of I n o r g a n i c and Meta l O r g a n i c 
430 

C o m p o u n d s " a r e r e p r o d u c e d in T a b l e 2 and i nd i ca t e the r a n g e of s o l u 

b i l i t i e s of s e v e r a l c o m m o n s a l t s of t h e s e e l e m e n t s . 

V e r y l i t t l e is known about the so lubi l i ty of s i m p l e r a r e - e a r t h s a l t s m 
463 o rgan i c s o l v e n t s . S t e w a r t and Wendlandt , h o w e v e r , have r e c e n t l y p u b 

l i s h e d an a r t i c l e on the so lubi l i ty of l a n t h a n u m n i t r a t e - 6 h y d r a t e in a l a r g e 

n u m b e r of o r g a n i c s o l v e n t s , which, for l a ck of b e t t e r i n fo rma t ion , m a y be 

t aken as ind ica t ive of the g e n e r a l b e h a v i o r of al l the r a r e e a r t h s . 

IV. 3. INSOLUBLE SALTS 

IV. 3A. INSOLUBLE SALTS AND GRAVIMETRIC COMPOUNDS 

IV. 3 A - 1 . In t roduc t ion 

T h e r e is a lways a p rob le in , when d i s c u s s i n g the so lub le , i n so lub le , 

and complex s a l t s of the r a r e - e a r t h e l e m e n t s , m dec id ing j u s t w h e r e to 

d raw the l i nes of d e m a r c a t i o n . "Soluble s a l t s , " obvious ly , wil l p r e c i p i t a t e 

if the c o n c e n t r a t i o n s a r e high enough, " in so lub le s a l t s " a r e not inso lub le in 

all so lu t ions , and complex s a l t s m a y d i s s o l v e , p r e c i p i t a t e , and then d i s s o l v e 

aga in as the pH is r a i s e d . T h u s , the l i nes of d e m a r c a t i o n m u s t be c h o s e n 

r a t h e r a r b i t r a r i l y . In the l a s t s ec t ion , " so lub le s a l t s " w e r e m e a n t to i n -
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elude those r a r e - e a r t h compounds whiqh do not p r e c i p i t a t e in m o s t r a d i o 

c h e m i c a l o p e r a t i o n s . In th i s s ec t ion , those inso lub le r a r e - e a r t h s a l t s which 

a r e used as g r a v i m e t r i c compounds o r as quan t i t a t ive p r e c i p i t a n t s in r a d i o 

c h e m i c a l s e p a r a t i o n s p r o c e d u r e s wi l l be d i s c u s s e d . And Sec t ion I V - 4 wil l 

cove r the l a r g e faini ly of r a r e - e a r t h cdmplex and che la te c o m p o u n d s . 

IV. 3A-2 . Hydrox ide 

While it is undoubtedly convenien t to d i s c u s s the c h e m i c a l behav io r 

of the " r a r e e a r t h s " as a g r o u p ( including s c a n d i u m , y t t r i u m , the l a n t h a n i d e s , 

and the ac t in ides in one g r e a t melange)^ it is often not v e r y r e a l i s t i c . I n d i 

v idual e l e m e n t s of the g r o u p wil l behave d i f ferent ly f r o m all the o the r m e m 

b e r s of the g r o u p in all c h e m i c a l r e a c t i o n s . The d i f f e rences of b e h a v i o r 

a r e usua l ly v e r y s m a l l , but they can be quite l a r g e , and e v e r y che in i s t 

work ing with t he se e l e m e n t s should deve lop a fine s e n s e of when t h e s e l a r g e 

and s m a l l d i f fe rences can be used to hip advan tage . 

A s i m p l e i l l u s t r a t i o n of th is point m a y be s e r v e d by the r a r e - e a r t h 

h y d r o x i d e s . P r e c i p i t a t i o n of the r a r e - e a r t h h y d r o x i d e s is a s t a n d a r d o p e r a 

t ion which is u sed in a l m o s t a l l r a r e - e a . r t h r a d i o c h e m i c a l s e p a r a t i o n p r o 

c e d u r e s . The p r e c i p i t a t i o n is quan t i t a t i ve , e a sy to perfornn, and all the 

r a r e - e a r t h e l e m e n t s behave as a g r o u p m o s t of the t i m e . Under c e r t a i n 

condi t ions , h o w e v e r , qui te d i f ferent r e s u l t s m a y be ob ta ined . M o e l l e r and 
313 

K r e m e r s , in an exce l l en t r ev i ew of the b a s i c i t y of the r a r e e a r t h s , 

conclude that the o r d e r of d e c r e a s i n g b&sicity i s : Ac , L a , Ce , P r , Nd, 

Sm, Eu , Gd, Tb , Dy, Y, Ho, E r , T m , Yb, Lu , Sc , Ce"*"*. 

The data of Tab le 3, t aken m o s t l y f r o m the M o e l l e r and K r e m e r s 

a r t i c l e , subs t an t i a t e th i s conc lus ion and ind ica te s e v e r a l v e r y i n t e r e s t i n g 

f e a t u r e s . L a n t h a n u m is the m o s t b a s i c e l e m e n t for which da ta a r e p r e s e n t e d 

in Tab le 3; La(OH) ^ has the h ighes t so lubi l i ty in w a t e r , the h ighes t pH of 

p r e c i p i t a t i o n i n c i d e n c e , and the h i g h e s t so lubi l i ty p r o d u c t of any of the r a r e 

e a r t h s . Ce(OH) . a n d S c ( O H ) , , on the olther hand, a r e at the opposi te e x 

t r e m e s in each of t h e s e c a t e g o r i e s . The d i f f e rences be tween ad jacent e l e 

m e n t s a r e not l a r g e , but the d i f f e rences o v e r the e n t i r e g r o u p a r e s igni f icant . 

T h e s e d i f f e r ences , of c o u r s e , f o r m t h e ' b a s i s for a l l of the r a r e - e a r t h f r a c 

t ional p r e c i p i t a t i o n p r o c e d u r e s . S e p a r a t i o n s a r e c e r t a i n l y not quan t i t a t ive , 

but they a r e l a r g e enough to have warra ln ted a c o n s i d e r a b l e amount of work 

up to the t i m e when m o r e efficient t e chn iques w e r e deve loped . 

T h u s , the b e h a v i o r of the r a r e - e a r t h hyd rox ides m a y be c o n s i d e r e d 

as typ ica l of the inso lub le r a r e - e a r t h s a l t s ; they a r e all qui te inso lub le and 

they can al l be p r e c i p i t a t e d t o g e t h e r if Ijhat i s d e s i r e d , o r , by va ry ing the 

condi t ions of p r e c i p i t a t i o n , s igni f icant Repara t ions within the g r o u p m a y be 

c a r r i e d out. 
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T a b l e Z. So lub i l i t y of r a r e - e a r t h s a l t s 

So lub i l i t y ( g / 1 0 0 m l H^O, 

C h l o r i d e N i t r a t e 

at "C t e m p shown in s u p e r s c r i p t ) 

Su l fa te A c e t a t e 

S c a n d i u m 

Y t t r i u m 

L a n t h a n u m 

C e r i u m +3 
+4 

P r a s e o d y m i u m 

N e o d y m i u m 

S a m a r i u m 

E u r o p i u m 

G a d o l i n i u m 

T e r b i u m 

D y s p r o s i u m 

H o l m i u m 

E r b i u m 

T h u l i u m 

Yt te rb iunn 

LiUtetium 

2 1 7 i 0 -

100 

23 
,50-

246-IS" 
512-

100° 

1 0 0 ' 

vs 

vs 

1 5 l l i ° 

6 3 . 7 i i ° 

, 6 6 " 

50° 
7 3 . 9 — 

6 0 ^ " . 75. 

1 5 3 i i 

56° 

3 9 . 9 ^ ° 

9 . 7 6 ^ ° 
0° 

3 . 9 -

2 0 -

4 . 6 — 
100° 

. 0 .9 

7 .6 * ° ° 

8 i ° ° . 1. 

2 . 7 i ° -
,20° 
o , 

,20° 

20° 

2. 

3. 

3 .56 

5.li° 
8. 18-
, ^ 2 0 

80° 

^100° 

40° 
2 . 0 — 

40° 
2. 2 - ^ 
, ,40° 

20-
3. 3 

. 4. 

6.5 

2 . 5 1 
40 

4 0 ° 

4 0 ° 

,40° 

34.8i°° 
66i°° 22-

22.9-
40 

4 0 ° 

9 . 0 

20. 

26 . 

^25° 

,18° 

.15° 
1 6 . 9 i i " 

16.22^" 

27. 

26. 2 
25° 

1 5 — 

.25° 

11.6-
25° 

T a b l e 3 The r a r e - e a r t h h y d r o x i d e s 

E l e m e n t 

Sc 

Y 

L a 

C e ^ 3 

C e ^ ' ' 

P r 

Nd 

S m 

E u 

Gd 

T b 

Dy 

H o 

E r 

T m 

Yb 

L u 

Ac 

H y d r o x i d e 
b i l i ty p r o 

(a t 25° 

1 X 

5 . 2 X 

1 X 

0 . 8 - 1 . 5 X 

2 X 

2. 7 X 

1.9 X 

6 . 8 X 

3 .4 X 

2. 1 X 

1.3 X 

3. 3 X 

2 . 9 X 

2. 5 X 

s o l u -
iduct 
C) 

1 0 - ^ 8 

1 0 - " 

1 0 - 1 ^ 

10-^0 

10 -*8 

1 0 - ^ ° 

10 -^1 

1 0 - " 

1 0 - " 

1 0 - ^ ^ 

1 0 - " 

10 -^4 

l o - ^ ' ' 

1 0 - ^ 4 

W a t e r so lub i l i t y 
( g r a m m o l e c u l e s 

p e r 10^ l i t e r s ) 

1 .2 -

7 . 8 -

4 . 1-

5 . 4 

2. 7 

2 .0 

1.4 

1.4 

0 . 8 

0 . 6 

0 . 5 

0 . 5 

1. 

9. 
4. 

9 

2 

8 

pH a t 
p r e c i p i t a t i o n i n c i d e n c e 

N O 3 -

7. 39 

8. 35 

8. 1 

( 2 . 6 5 ) 

7. 35 

7 .00 

6 . 9 2 

6 . 8 2 

6 . 8 3 

6 . 7 6 

6 . 4 0 

6. 30 

6. 30 

C I - A c e t a t e -

6 . 7 8 

8 . 0 3 

7 . 4 1 

7 . 0 5 

7 . 0 2 

6 . 8 3 

( 4 . 9 1 ) 

6 . 1 

6 . 8 3 

7 . 9 3 

7. 77 

7 . 6 6 

7 .59 

7 . 4 0 

7. 18 

7. 10 

6 59 

6 . 5 3 

6 . 5 0 

6 . 4 6 

so,-

6 . 8 3 

7 . 6 1 

7 . 0 7 

6 . 9 8 

6 . 7 3 

6. 70 

6 . 6 8 

6 . 7 5 

6. 50 

6 . 2 1 

6. 16 

6. 18 

R e f e r e n c e 

313 

313 

313 

313 

2 4 1 . 4 9 5 

313 

313 

313 

313 

313 

495 

313 

313 

313 

313 
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T h e m o s t f r e q u e n t u s e of t h e r a r e - e a r t h h y d r o x i d e s i n r a d i o c h e m i c a l 

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

t a m i n a t i n g e l e m e n t s ; b u t t h e h y d r o x i d e ifnay b e u s e d a l s o a s t h e f i n a l p r e 

c i p i t a t e a n d i g n i t e d t o t h e o x i d e f o r g r a v i m e t r i c d e t e r m i n a t i o n s . T h e d a t a 
+ 4 +3 

of T a b l e 1 i n d i c a t e t h a t i t s h o u l d b e p o s s i b l e t o s e p a r a t e C e o r S c f r o m 

o t h e r m e m b e r s of t h e r a r e - e a r t h g r o u p by p r e c i p i t a t i o n a s t h e h y d r o x i d e , 

b u t t h i s m e t h o d h a s n o t b e e n r e p o r t e d i n a n y r a d i o c h e m i c a l s e p a r a t i o n p r o 

c e d u r e s . S c a n d i u m h y d r o x i d e i s l i k e l y t o p r e s e n t d i f f i c u l t i e s , s i n c e V i c k e r y 

h a s s h o w n q u i t e c o n c l u s i v e l y t h a t s c a n d i u m i s s o m e w h a t a m p h o t e r i c , f o r m 

ing a s c a n d a t e i o n i n s t r o n g a l k a l i , a n d ^ I s o t h a t s c a n d i u i n i s c a p a b l e of 

f o r m i n g a s o l u b l e h e x a m m i n o s c a n d i u m c a t i o n i n e x c e s s a m m o n i a . 

A n i n t e r e s t i n g r a d i o c h e m i c a l s e p a r a t i o n i n v o l v i n g r a r e - e a r t h h y d r o x i d e s 
1 1 3 

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

4 2 6 
on f i l t e r p a p e r a t a pH of a p p r o x i n n a t e l y 8 . 5 . S c h w e i t z e r a n d J a c k s o n , 

4 2 7 
a n d S c h w e i t z e r , S t e i n , a n d J a c k s o n ilised e s s e n t i a l l y t h e s a m e t e c h n i q u e 

140 140 90 90 

t o s e p a r a t e B a - L a a n d S r -Y m i x t u r e s b y a d s o r p t i o n of t h e b a s i c 

r a d i o c o l l o i d s o n g l a s s f r i t f i l t e r s . T h e l a u t h o r s r e p o r t t h a t t h e m e t h o d i s 

f a i r l y r a p i d , t h a t t h e s e p a r a t i o n i s g o o d , a n d t h a t t h e y i e l d s c a n b e m a d e t o 

a p p r o a c h 1 0 0 % by p r o p e r c o n t r o l of t h e e x p e r i m e n t a l c o n d i t i o n s . 
308 

M e l o c h e a n d V r a t n e y h a v e r e c e n t l y p u b l i s h e d a s t u d y of t h e s o l u 

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

i n t h e 1 0 ° - 4 0 ° C t e m p e r a t u r e r a n g e . 

I V . 3 A - 3 . F l u o r i d e 

T h e r a r e - e a r t h f l u o r i d e s a r e a l s o u s e d e x t e n s i v e l y f o r g r o u p s e p a r a 

t i o n s of t h e r a r e e a r t h s f r o m o t h e r e l e m e n t s i n r a d i o c h e m i c a l p u r i f i c a t i o n 

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

a c i d s o l u t i o n . I t i s u n f o r t u n a t e t h a t s o v e r y l i t t l e q u a n t i t a t i v e d a t a a r e a v a i l -
250 

a b l e o n t h e s o l u b i l i t y of t h e s e s a l t s . K u r y h a s s t u d i e d t h e r e a c t i o n 

R E F ^ - ^ R E " * " ^ + 3 F ' 

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

La^^ 

Ce'' 

Gd+2 

K 
s 

1.4 X 1 0 ' ^ ^ 

1 . 4 X 10"^^ 

6. 7 X 10"^'^ 

51 2 W e a v e r and P u r d y have a l s o s tud ied the c e r o u s f luor ide s y s t e m and o b 

ta ined a K value of (8 . 1 ± 1. 1) X 10"'^° r a d i o m e t r i c a l l y and ( 1 . 1 ± 0. 5) X 
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10" by conductometric methods. The Weaver and Purdy curve for CeF^ 

solubility as a function of pH is reproduced in Fig. 9 and may be indicative 

of the behavior of the other ra re earths 

The behavior of scandium differs very considerably fronn that of the 

other ra re earths m fluoride solution In IM acid solution, ScF, may be 

precipitated essentially quantitatively. At lower acid concentrations, with 

ammonium ion present, the ScF, connplex forms, and in a buffered NH . 

solution at pH5 the r a r e - ea r th fluorides may be precipitated quantitatively 
41 while essentially all of the scandium remains m solution. 

Some evidence exists to indicate that the actinide fluorides are some-
353 379 what nnore soluble than the r a r e - ea r th fluorides. P res s ly ' has de

veloped a procedure for separating Ann-Pnn mixtures by precipitating P m F , 

in solutions of fluosilicic acid. Ann remains in solution. The separation is 

not clean-cut, however, and multiple precipitations a re required to get large 

separation factors . 

P e r r o s and Naeser have reported the existence of a soluble K - P r - F 

salt, produced when P r F , or P r , 0 . . is added to a melt of potassium hydrogen 

fluoride, but no information is available on the stability of this praseodymium 

fluoride connplex in aqueous solution. 

IV. 3A-4. Oxalate 

The oxalate anion is probably used more than any other for precipitation 

of the r a re -ea r th elements. In dilute acid solution it is reasonably specific 

for this group of elements; the precipitate settles rapidly, has a granular 

crystalline s tructure that pernnits thorough washing, and the oxalate may 

easily be ignited to the oxide for accurate gravimetr ic determinations. 

A considerable amount of information has appeared in the l i terature 

about the behavior of the r a r e - ea r th elements in various aqueous oxalate 

media. It is not practical to give all the data here , but an attempt will be 

made to cover the more significant details . The solubility of all of the r a r e -

earth oxalates m water is quite low. As can be seen from the curve of Fig . 10, 
495 which has been reproduced from Vickery's book on the lanthanons, the hy-

drated oxalate solubilities range from about 0.4 nng/liter for Ce to about 
131 4 mg/ l i te r for Lu. In these same units, data of Feibush, Rowley, and Gordon 

indicate that the solubility of yttrium oxalate is approximately 0.9 mg/ l i t e r , 
140 while F ischer and Bock state that the solubility of scandium oxalate is about 

156 nng/liter at 25*C. No specific data are available on the solubility of a c -
404 tinium oxalate m water, but Salutsky and Kirby report that in 0. IN HNO,-

0 5N oxalic acid the actiniunn oxalate solubility is 24 nng/liter. Fr ied , Hagemann, 
~ 154 

and ^achar i a sen have also prepared actinium oxalate by precipitation from 
dilute acid solution but give no precise solubility data. 
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The r a r e - e a r t h oxa l a t e s a r e usua l ly p r e c i p i t a t e d in d i lu te oxa la te s o l u 

t ion at a pH of 2 to 3. In m o r e ac id so lu t ions ( F i g . 11) the so lub i l i t i e s i n 

c r e a s e c o n s i d e r a b l y and the v e r y finely d iv ided p r e c i p i t a t e s a r e s low to f o r m . 

In F i g . 10, It IS ev ident that oxa l a t e s of the heavy r a r e e a r t h s a r e m o r e 

soluble in w a t e r than a r e those of the l ight r a r e e a r t h s . In a lka l i oxa la te s o 

lu t ions th is d i f fe rence m so lubi l i ty is i n c r e a s e d , with the l i g h t e r e a r t h s being 
495 

p r a c t i c a l l y inso luble and the heavy e a r t h s s o m e w h a t so lub l e . V i c k e r y , for 

e x a m p l e , s t a t e s that the r e l a t i v e so lub i l i t i e s of the oxa l a t e s in a m m o n i u m 

oxa la te a r e : Th 2663, Yb 104, Y 1 0 . 9 9 . Ce 1.8, Nd 1.44, P r 1. 13. and L a 1.0. 
507 

Scand ium is a s p e c i a l c a s e — V i c k e r y p r e s e n t s v e r y convincing ev idence that 

s c a n d i u m f o r m s not only an an ionic oxa la te complex in e x c e s s o x a l a t e , but a l s o 

a ca t ion ic hexannmmo s c a n d i u m ion in the p r e s e n c e of e x c e s s a m m o n i u m ion, 

which s e r i o u s l y i n c r e a s e s the so lubi l i ty of the compound . Al though t h e s e r e l a 

t ive ly h igh so lub i l i t i e s have b e e n u t i l i z ed for the f r a c t i o n a l p r e c i p i t a t i o n s e p a r a 

t ion of the heavy r a r e e a r t h s , t h e i r m a i n i n t e r e s t for r a d i o c h e m i s t s l i e s in the 

l o s s e s and low y ie lds tha t m igh t o c c u r if the c h e m i s t does not r e a l i z e that they 

e x i s t . The r a r e e a r t h s a r e often s e p a r a t e d f r o m one a n o t h e r on i o n - e x c h a n g e 

r e s m colu inns and r e c o v e r e d by p r e c i p i t a t i o n of the oxa la te f r o m fa i r l y s t r o n g 

(up to IM) a m m o n i u m c i t r a t e o r a m m o n i u m l ac t a t e so lu t ion . F o r the l i g h t e r 

r a r e e a r t h s , th is p r e s e n t s no difficulty, but for the H o - L u g r o u p the r a r e -

e a r t h o x a l a t e ' s so lubi l i ty m a y ea s i l y lead to u n d e s i r a b l e l o s s e s . Under t he se 

cond i t ions , the a u t h o r s have found that the heavy r a r e e a r t h s m a y be r e 

c o v e r e d nnore eff iciently by p r e c i p i t a t i o n as the 8 - h y d r o x y q u i n o l a t e s . 

C r o u t h a m e l and M a r t i n have s tud ied the so lubi l i ty of y t t e r b i u m oxa la te 

and complex ion f o r m a t i o n in oxa la te so lu t ions and found that t h e i r r e s u l t s 

could be expla ined by the e x i s t e n c e of Y b ( C , 0 . ) and Y b ( C _ 0 . ) - , complex 

i o n s . Exper innen t s with Nd d i s c l o s e d the e x i s t e n c e of s i m i l a r c o m p l e x e s 

al though the to ta l n e o d y m i u m c o n c e n t r a t i o n in so lu t ion was a p p r o x i m a t e l y 
+ 3 97 fifty t i m e s l e s s than the Yb. With Ce , h o w e v e r , it was n e c e s s a r y to 

pos tu la t e the e x i s t e n c e of a C e ( C , 0 . ) ^ complex in addi t ion to the C e ( C , 0 . ) 

and Ce(C204) c o m p l e x e s m o r d e r to expla in the da t a . F e i b u s h , Rowley , 

and Gordon-^-^ have used the s a m e t echn iques to s tudy the y t t r i u m oxa la te 
- 3 

s y s t e m and they, too, r e q u i r e tha t the Y ( C - , 0 . ) , complex be f o r m e d in 

o r d e r to exp la in t h e i r r e s u l t s . No exp lana t ion is g iven for th is d i f fe rence m 

behav io r be tween Yb-Nd and Y - C e , but t h e r e s e e m s no ques t i on that the 

complexes e x i s t . An i n t e r e s t i n g consequence of t h e s e e x p e r i m e n t s is tha t 

they show that the to ta l c o n c e n t r a t i o n in so lu t ion of those r a r e e a r t h s which 

f o r m the t r i o x a l a t e complex is i n c r e a s i n g with the 3/2 power of the oxa la te 

c o n c e n t r a t i o n while those which f o r m only the d ioxa la te i n c r e a s e wi th the 

1/2 power ( F i g s . 12, 13). If th i s behav io r ex tends into m o r e c o n c e n t r a t e d 
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+3 F i g . 12. Tota l Yb, Ce , and Nd c o n c e n t r a t i o n s in buffered oxa la te 
s o l u t i o n s . Yb and Ce c u r v e s a r e l abe l ed , so l id c u r v e and e x p e r i m e n t a l 
points a r e for Nd (96) 

oxa la te so lu t ions s o m e v e r y i n t e r e s t i n g r e v e r s a l s of the o r d e r of so lubi l i ty 

m a y be expec ted among the r a r e - e a r t h g r o u p of e l e m e n t s . 
+ 4 

Ce oxa la te is c o n s i d e r a b l y m o r e soluble than the t r i v a l e n t r a r e - e a r t h 
399 o x a l a t e s . Ryabch ikov and Vagina r e p o r t tha t the b r i g h t o r ange e e r i e 

oxala te complex is r e a s o n a b l y s t ab le in aqueous so lu t ion at r o o m t e m p e r a t u r e 

bv.t d e c o m p o s e s on hea t ing , with the f o r m a t i o n of a c e r o u s oxa la te p r e c i p i t a t e . 

In addi t ion, they have used the high e e r i e oxa la te so lubi l i ty to s e p a r a t e c e r i u m 

f r o m a m i x t u r e of r a r e e a r t h s with 9 7 - 9 8 % y i e ld s of 99. 9% p u r e CeO^ . 

IV. 3A-5 . 8 -Hydroxyqu ino la te 

In a m m o n i a c a l so lu t ion , 8 -hydroxyquino l ine m a y be used as a q u a n t i 

t a t ive p r e c i p i t a n t for the r a r e - e a r t h e l e m e n t s . V e r y l i t t l e quan t i t a t ive 
128 

so lubi l i ty da ta a r e ava i l ab le but E s w a r a n a r a y a n a and R a g h a v a Rao have 

u s e d the r e a g e n t for the d e t e r m i n a t i o n of Ce and L a , and P o k r a s and 
„ 367, 368 , J - w c +3 

B e r n a y s have used it for Sc 

The p r e c i p i t a t i o n is f a i r l y s h a r p l y dependent on pH, as shown by the 

E s w a r a n a y a n a and R a g h a v a Rao da ta in F i g . 14, and m o s t p r e c i p i t a t i o n s a r e 

c a r r i e d out in s l ight ly a m m o n i a c a l so lu t ion . P o k r a s and B e r n a y s ind ica te 

that t h e r e is no p r e c i p i t a t i o n of s c a n d i u m at pH 3. 90 and e s s e n t i a l l y c o m p l e t e 

p r e c i p i t a t i o n a t pH 5. 72, but they give no da ta for i n t e r m e d i a t e p H ' s . 

8 -hydroxyquino l ine is c e r t a i n l y not a s e l e c t i v e p r e c i p i t a n t for the r a r e -
e a r t h e l e m e n t s 

274 The p r e c i p i t a t e is f locculen t and often h a r d to wash , and 
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therefore its use as a gravinnetric compound is open to sonne question. It is 

of value in spite of these drawbacks, sinc|e it is a more sensitive reagent for 

the r a re earths than other precipitants (see Section IV. 3A-13) and may be 

used to recover very small amounts of mater ia l from solution. The authors, 

for example, have used 8-hydroxyquinoline to precipitate « 0. 1 mg/ml of 

Lu and Yb from IM amnnoniunn lactate solutions with essentially complete re

covery of the r a r e ea r ths . Under the same conditions, oxalate and hydroxide 

gave no precipitate whatever. 

IV. 3A-6. Ammonium Tar t ra te 

Amnnonium tar t ra te is often used as a precipitant to separate scandium 
140 from a large nunnber of other elements. F ischer and Bock state that in 

an amnnoniacal solution containing an excess of amnnonium tar t ra te the solu

bility of scandium ammonium ta r t ra te is ^pproxinnately 3 to 4 mg SCpO^/liter 
139 soln. F ischer , Steinhauser and Hohmann have extended the F ischer and 

Bock study and show that ta r t ra te may be used to separate scandium from 

very large excesses of Y, Fe , Mn, Ti, Mg, Ca, Al, Cu, Cd, Zn, Pb, Ga, 

Ge, Sn, Nb, Cr, V, Mo, and Ni. They used solutions which were either 10% 

or 20% in ammonium ta r t ra te and 0. 2N td 1. 5N in NH.OH. No specific solu

bility data are available on the amnnonium ta r t ra tes of other ra re ear ths , but 

according to Meyer the eerie earths a:pe quite soluble and the yttrium 

earths difficulty soluble. The data of reference 139 indicate that yttrium 

ammonium ta r t ra te is at least as soluble ^s 0. 5 mg Y_0^/ml 10 to 20% 

ammonium tar t ra te soln. It is reasonable to expect the heaviest r a r e - ea r th 

ta r t ra tes to be less soluble than yttrium, so that they might well coprecipitate 

with scandium if they are present in any significant annount. 

IV. 3A-7. Complex Cyanides 

495 The ra re earths are reported to form quite insoluble complex cyanides. 

Most of the work has been carr ied out with the ferrocyanide, ferricyanide, 
495 547 and cobaltieyanide sal ts . ' The insoluble r a r e - e a r t h salts are quite 

complex in that their connpositions and solubilities are functions of the cation 
474 as well as the anion of the precipitant. Thus Tananaev and Seifer report 

that in the Ce(N02) 3-Na .(Fe(CN).) system, Ce(Fe(CN),)2 precipitates initially; 

but with an excess of reagent Na .Ce-,(Fe(CN), )„ precipitates (solubility 2. 1 X 

10"^ mole / l i te r ) . In the Y(N0 2) 3-K^(Fe(dN)^) system, K^Yg(Fe(CN)^)-3OH2O 

precipitates (solubility 6. 2 X 10^^ mole/ l i ter ) ; but in the Y(N03) 3-Rb^(Fe(CN)^) 

system, RbY(Fe(CN). ) -2H,0 is the precipitate (solubility 1.8 X 10"^ mole / 

l i ter); and in the Y(N03) 3-Li^(Fe(CN)^) and Y(N0 3) 2-Na^(Fe(CN)^) systems 

the authors report that there is no ferrocyanide precipitate at all . 
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While the complex r a r e - e a r t h cyan ides a p p e a r to be qui te i n so lub le , 

t h e i r use has been r e s t r i c t e d m a i n l y to f r ac t i ona l p r e c i p i t a t i o n s e p a r a t i o n s , 
495 e s p e c i a l l y of the y t t r i u m e a r t h s , and the a u t h o r s know of no c a s e s w h e r e 

they have been used in r a d i o c h e m i c a l s e p a r a t i o n s of any kind. 

IV. 3A-8 . P h o s p h a t e and R e l a t e d Anions 

The r a r e - e a r t h phospha t e s a r e qui te soluble in ac id so lu t ion . As the 

pH is i n c r e a s e d , h o w e v e r , so lubi l i ty d e c r e a s e s , and in so lu t ions above pH 

4 to 5 p r e c i p i t a t i o n is e s s e n t i a l l y c o m p l e t e . A f a i r l y l a r g e n u m b e r of e l e -
274 m e n t s a l s o p r e c i p i t a t e unde r t h e s e condi t ions and t h e r e a r e ind ica t ions 

of f a i r l y l a r g e d i f f e rences of so lubi l i ty of ind iv idua l n n emb e r s of the r a r e -
279 e a r t h g r o u p . No p r e c i s e da ta a r e ava i l ab l e on the r a r e - e a r t h phospha te 

so lubi l i ty vs so lu t ion pH, and the u s e of phospha te e i t h e r as a quan t i t a t ive 

g r a v i m e t r i c p r e c i p i t a n t o r as a d e s i r a b l e p r e c i p i t a n t to s e p a r a t e the r a r e 

e a r t h s f r o m o the r e lennents i s open to s o m e ques t i on . 

Scand ium f o r m s useful inso lub le s a l t s with s e v e r a l phospha te r e l a t i v e s . 
22 B e c k has r e p o r t e d tha t scandiunn p y r o p h o s p h a t e is v e r y s p a r i n g l y so lub le , 

even in m i n e r a l a c i d s . In nninera l a c i d s , too, the s c a n d i u m s a l t s of a n e u r i n 

py rophospha t e ( c o c a r b o x y l a s e ) and phyt ic ac id (C /H/ (OPO(OH) 2)̂ )̂ a r e qui te 

in so lub le , and the scandiunn s a l t of adenos in t r i p h o s p h a t e is inso lub le in 30% 

ace t i c ac id . Z r a l s o p r e c i p i t a t e s unde r each of t h e s e cond i t ions , but Mg, Ca, 

Ba , Al , Y, Th, Cu, Hg, T l , C r , Mn, and F e do not . 

V i c k e r y has pub l i shed an exce l l en t r e v i e w of the p r e c i p i t a t i o n and 

e x t r a c t i o n r e a c t i o n s of scandiunn which g ives m o r e p r e c i s e da ta than a r e 

ava i l ab le anywhe re e l se in the l i t e r a t u r e . T a b l e 4 is r e p r o d u c e d f r o m h is 

a r t i c l e and i nd i ca t e s the f r ac t i on of scandiunn tha t m a y be p r e c i p i t a t e d unde r 

op t imum condi t ions with a l a r g e n u m b e r of r e a g e n t s . F o r spec i f ic da ta as to 

the o p t i m u m condi t ions in e a c h c a s e , the o r i g i n a l a r t i c l e shou ld be c o n s u l t e d . 
40 Bonnberge r has r e p o r t e d that hypophosphorous ac id m a y be u s e d as 

a g r av inne t r i c r e a g e n t for scandiunn. The p r e c i p i t a t i o n is e s s e n t i a l l y q u a n t i 

t a t ive (~99 .9%) when the in i t i a l p r e c i p i t a t e i s d i g e s t e d o v e r steann for one 

h o u r . O p t i m u m condi t ions a r e in the a r e a of IN H C l - 0 . 5N H 3 P O , , but c o n 

s i d e r a b l e l a t i tude i s p o s s i b l e wi th s m a l l l o s s in ef f ic iency. Any s u b s t a n c e 

that ox id izes hypophosphorous acid unde r hot, ac id cond i t ions , o r any one of 

a f a i r ly long l i s t of e l e m e n t s ( Z r , Hf, Th, Ta , Ca, Ag, Au, Hg, Bi , Sb, A s , 

Sn, Se , T e , Pd , Al , Ga, In, Y, V, C r , Mo, U, F , F e , Co, and P t ) , i n t e r 

f e r e s with the s cand ium hypophosphi te p r e c i p i t a t i o n , so the r e a g e n t is b e s t 

u sed as a final p r e c i p i t a n t in a so lu t ion which con ta ins only s c a n d i u m . 

IV. 3A-9 . loda te 

+ 4 48 
Ce f o r m s an inso lub le e e r i e iodate which p e r m i t s e a s y and r ap id 
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T a b l e 4 . P r e c i p i t a t i o n of s c a n d i u m b y v a r i o u s p r e c i p i t a n t s . T a b u l a t e d 

d a t a a r e % Sc p r e c i p i t a t e d u n d e r o p t i t n u m c o n d i t i o n s (508) 

Mg. of ScjO, per ml. 

Precipitant 
NaOH 
KOH 
NH,OH 
NajCOj 
KjCOa 
(NHJ.CO, 
H , C , 0 , 
Na,C,04 
KjC ,0 . 
( N H i ) A 0 4 
H F 
NaF 
K F 
N H . F 
H3PO4 
N a H . P O . 
Na ,HP04 
NajPO, 
IV2-H2-*^^2^7 
NajHjPjO, 
Cocarboxylase 
Phytin 
NajSO, 
K,SO, 
(NH,),SO, 
AcOH 
NaOAc 
NH^OAc 
Tartaric acid .... 
Na K tartrate . 
(NH,) , tar t ra te . 
Citric acid 
KXO3 
NajBiO, 
Tannin 
Oxine 
Alizarin 

80 
80 
60 

Nil 
50 

Nil 
Nil 
Nil 
Nil 
Nil 
90-5 
35 
86 
Nil 
Nil 
90 
99 
53 
95 
96 
93 
99 
Nil 
66 
Nil 
Nil 
66 
Nil 
Nil 
Nil 
81 

Nil 
93-5 
.85 
85 
89 

5 
90 

69 
Nil 

Nil 
12-5 

Nil 

42 

Nil 

90 

93 
100 

Nil 
Nil 
70 

92 
30 
Nil 

93 
91 

10 

100 

10 
72 

Nil 
27 

20 
Nil 

95 

Nil 

100 
76 
97 

73 

32 

Nil 
50 

86 

99 

60 
98 

82 

10 

25 

94 
55 
90 

95 
100 

98 
98 

100 

Nil 

74 

Nil 
96 
39 

99 

99-3 

75 
98 

85 

37 

16 

92 

82 
99 

Nil 
81 

Nil 
63 

99 

90 

100 

85 
16 

12 
52 
61 
43 

96 
72 
92 

NU 
97 

100 
84 

99 
99 

100 

Nil< 
63 
72 

42 
Nil 

99 

100 
In the presence of mixed lanthanons. 

Precipitation o / S c ( O H ) 3 in presence o / N H ^ C l [concn., 6 0 mg. of 

SC2O3 per ml.). 

NH.Cl concn. (mg./ml.) 6 15 25 50 
Fptn. (%) by NaOH 96 85 79 63 

KOH 95 87 75 60 
aq. N H , 89 75 62 45 

Inhibition o / S c ( O H ) 3 precipitation (50 mg. of Sc^O^ per ml.). 

Hydroxy-acid concn. (%) I 5 15 30 
Pptn. (%) by NaOH (citrate) 80 52 27 15 

(tartrate) 86 49 22 19 
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s e p a r a t i o n of c e r i u m f r o m the o the r r a r e e a r t h s . The p r e c i p i t a t i o n is u sua l ly 
+4 +4 

c a r r i e d out m a p p r o x i m a t e l y 4M H N O , s o l u t i o n s . Z r and Th loda tes 

p r e c i p i t a t e unde r the s a m e condi t ions and a m o s t effect ive r a d i o c h e m i c a l 

s e p a r a t i o n is obta ined by reduc ing c e r i u m w i t h H - j O , , scavenging the so lu t ion 
+ 3 

with z i r c o n i u m ioda te , oxidizing Ce with b r o m a t e , and p r e c i p i t a t i n g e e r i e 
i oda t e . 

494 V e n k a t a r a m a n i a h and R a g h a v a r a o have r e p o r t e d an i n t e r e s t i n g p r o -
+4 

cedu re for s e p a r a t i n g Ce f r o m the o the r r a r e e a r t h s and t h o r i u m by p r e 
c ip i ta t ing e e r i e p e r i o d a t e . The p r e c i p i t a t i o n is e a r n e d out by adding a 1:5 

H N O , so lu t ion s a t u r a t e d with p o t a s s i u m p e r i o d a t e to a 1:5 HNO , so lu t ion con-
+4 

t aming Ce and d iges t ing in a boi l ing w a t e r bath for 10 to 15 m m . P r e c i p i t a 
t ion IS quan t i t a t ive and the sa l t m a y be d r i e d at 100-110°C and weighed as 

+ 4 
C e H I O / ' H - , 0 . N e i t h e r Th nor the o the r r a r e e a r t h s p r e c i p i t a t e unde r t he se 

cond i t ions . 

IV. 3A-10. C u p f e r r o n 

C u p f e r r o n and n e o e u p f e r r o n f o r m inso lub le s a l t s with the r a r e - e a r t h 

e l e m e n t s which nnay be of value m quan t i t a t ive d e t e r m i n a t i o n of t h e s e e l e -
372 m e n t s . The p r e c i p i t a t e s a r e s o m e w h a t so luble below pH 2 and the o p t i 

m u m pH for p r e c i p i t a t i o n s e e m s to be about 3. 5. S igni f icant a m o u n t s of the 

p r e c i p i t a n t a r e occ luded m the r a r e - e a r t h s a l t s so it is n e c e s s a r y to ignite 

the c u p f e r r a t e to the oxide to get the b e s t r e s u l t s ; but igni t ion p r o c e e d s 

snnoothly, and final r e s u l t s a r e c o m p a r a b l e in a c c u r a c y to t h o s e obta ined 

by the oxa la te me thod . The r e a g e n t s a r e fa r f r o m s e l e c t i v e for the r a r e 
274 

e a r t h s , h o w e v e r , and c a r e m u s t be t aken that t h e r e a r e no i n t e r f e r i n g 

ca t ions p r e s e n t when the r a r e e a r t h s a r e p r e c i p i t a t e d . 
441 +4 +3 

Sinha and Shome r e p o r t that Th and Ce nnay be p r e c i p i t a t e d 

quan t i t a t ive ly by n - b e n z o y l p h e n y l h y d r o x y l a m i n e and d e t e r m i n e d by igni t ion 

to the ox ide . The a u t h o r s do not men t ion the o t h e r r a r e e a r t h s but p r e 

s u m a b l y they behave v e r y m u c h l ike Ce 
IV. 3 A - 1 1 . Ch lo r ide 

1 38 F i s c h e r , W e r n e t , and Z u m b u s c h - P f i s t e r e r have r e p o r t e d tha t the 

r a r e e a r t h s a r e r e l a t i v e l y inso luble in s a t u r a t e d HCl so lu t ion (24 mg Y - O , / 

100 m l at 0°C) and m u c h l e s s so luble m s a t u r a t e d HCl — die thyl e t h e r ( 1 . 5 mg 

Y^O^/lOO m l 1:1 so ln . at 0 °C) . Scand ium is c o n s i d e r a b l y m o r e so lub le m 

each of t h e s e c a s e s (> 1. 5 g Sc^Oj / lOO m l HCl at 0 °C , > 4 g Sc O3/IOO m l 

HCl — e t h e r at 0°C) and the a u t h o r s sugges t that th i s migh t be a useful m e a n s 

of s e p a r a t i n g Se — r a r e - e a r t h m i x t u r e s unde r s o m e c i r c u m s t a n c e s . 

IV. 3A-12. M i s c e l l a n e o u s P r e c i p i t a n t s 

473 
T a k a s h i m a r e p o r t s that s c a n d i u m m a y be d e t e r m i n e d g r a v i m e t r i c a l l y 
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as the hexamminecobalt fluoscandate [Co(NH 3)/] [ScF/] . Precipitation is 

carr ied out in a pH 3 to 4 solution and the precipitate is dried at 110°C. The 

author reports that 0. 5 to 5 mg of scandii .n can be determined with an e r r o r 

of less than 3%. 
3 0 c 

Reddy, Sarma, and Raghava Rao report that La may be separated 

from the ra re earths excluding cerium by controlled precipitation of lantha

num chromate. 

IV. 3A-13. Sensitivity of Various Precipitants 

In radiochemical investigations it is often desirable to know the smallest 

amounts of r a r e - ea r th ca r r i e r that may be precipitated in a given set of con

ditions. Relatively few art icles are available which make a direct comparison 

of the sensitivity of various precipitants to the r a r e - ea r th elennents. Wendlandt 

and Hayes have connpared the oxalate and cupferrate sensitivity of the light 
552 r a r e earths and Wendlandt and Sewell have extended the study to several 

salts of the heavy ra re ea r ths . Their data are combined in Table 5 and serve 

to indicate the limits of precipitation for each of these reagents under optimum 
conditions. Only four reagents have been compared in Table 5; of these, 

8-hydroxyquinoline is the most sensitive and oxalic acid the least sensitive 

precipitant for the ra re ear ths . 

Table 5. Sensitivity of the ra re earths to various precipitants (521, 552) 

fig M per ml 

Metal Oxalic 
Ion Acid Cupferron 8-Hydroxyquinoline 2-Methyl 8-Hydroxyquinoline 

L a 

Ce+^ 

P r 

Nd 

Sm 

E u 

Gd 

Tb 

Dy 

Y 

Ho 

E r 

Yb 

6 . 3 

6 . 4 

6 . 4 

6 .6 

6 .9 

35 

17.8 

36 

19 

10.2 

38 

57 

40 

2 . 4 

1.6 

1.6 

2. 5 

5. 1 

5. 2 

17.8 

7. 1 

7 .4 

10. 2 

13 

17 

30 

1. 7 

1.4 

1. 1 

3.8 

3.8 

4 . 0 

17 

7. 1 

7.4 

13 

9 . 5 

20 
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IV. 3B. COPRECIPITATION 

C o p r e c i p i t a t i o n is a difficult sub jec t to d i s c u s s c o h e r e n t l y unde r the 

b e s t of c i r c u m s t a n c e s . D i s c u s s i o n of the r a r e e a r t h s is doubly difficult , of 

c o u r s e , s ince they wil l " c o p r e c i p i t a t e " one with ano the r in alnnost a l l t h e i r 

p r e c i p i t a t i o n r e a c t i o n s . One m a y a lways use one r a r e e a r t h as a c a r r i e r to 

c o p r e c i p i t a t e ano the r , and the v a r i a t i o n in c h e m i c a l b e h a v i o r wi th in the r a r e -

e a r t h g r o u p p e r m i t s s o m e s e l e c t i v i t y as to the c a r r i e r eff iciency ( e . g . , one 

would expec t Yb to be a b e t t e r c a r r i e r for L u than L a ) . But too c lose a 

s i m i l a r i t y m c h e m i c a l b e h a v i o r m a y sonne t imes i n t r o d u c e a s m a n y diff icul t ies 

as i t so lves ( e . g . , the L u - Y b s e p a r a t i o n is not an e a s y one) . 

F o r the p u r p o s e s of this s ec t ion , h o w e v e r , let us a s s u m e that the r a r e 

e a r t h s behave a s a s ingle e l e m e n t and divide the sub jec t into two p a r t s - c o -

p r e c i p i t a t i o n of the r a r e e a r t h s with o the r p r e c i p i t a t e s , and c o p r e c i p i t a t i o n 

of o the r e l e m e n t s with r a r e - e a r t h p r e c i p i t a t e s 

In g e n e r a l , it is r e a s o n a b l e to expec t that the r a r e e a r t h s will c o p r e 

c ip i ta te with the inso lub le sa l t of any anion with which they a r e n o r m a l l y i n 

so lub le . T h u s , f e r r i c hyd rox ide wil l c o p r e c i p i t a t e e a r n e r - f r e e r a r e e a r t h s 

without difficulty, o r the r a r e e a r t h s m a y be c a r r i e d on ca l c ium oxala te p r e -
.^ ^ 380, 381 „ , . 1 45 ^ , , ,̂ r , . 

c i p i t a t e s . B r e z h n e v a et a l . s tud ied the c a r r y i n g of c e r i u m and ot 

y t t r i u m on c a l c i u m oxa la te at pH 4 to 5 as a function of oxa la te c o n c e n t r a t i o n 

They found tha t 0. 075 m o l a r / l i t e r of c a l c i u m was n e c e s s a r y for op t imum 

c a r r y i n g . Both l an than ides show a nnaximum m the amount c a r r i e d down at 

a p a r t i c u l a r op t ima l oxa la te c o n c e n t r a t i o n ( s e e F ig 15), the d e c r e a s e with 

i n c r e a s i n g oxa la te at high oxala te c o n c e n t r a t i o n being a t t r i b u t e d to the f o r -

nnation of oxa la te c o m p l e x e s a s p r o p o s e d by C r o u t h a m e l and M a r t i n ' 

100 » 

10 

iOJ 

40 

20 

0 ^ _ 
0 2 0.4 0.6 O.S I 

F i g . 15. Coprecipitation of cer ium and yt tr ium with ca lc ium oxalate at 
various total concentrat ions of oxalate . The equi l ibrium concentration of 
cer ium and yttr ium i s sho^vn as a percentage along the ordinate ax i s , and 
the e x c e s s concentration of oxalate in g e q / l along the a b s c i s s a axis (45) 

( • = Cerium, O = Yttrium, pH of so lut ion: 4-5) 
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In 4M HNO^, l e s s than 1% of r a r e - e a r t h ac t i v i t i e s c a r r y on t h o r i u m iodate 
434 30 3 

p r e c i p i t a t e s , but M c L a n e and P e t e r s o n have shown tha t in so lu t ions of 

low ionic s t r e n g t h Ac m a y be c a r r i e d comple t e ly by z i r c o n i u m ioda t e . P r e 

s u m a b l y the c a r r y i n g eff ic iency for the e n t i r e r a r e - e a r t h g r o u p would be 

qui te high unde r the s a m e cond i t i ons . In the s a m e p a p e r M c L a n e and P e t e r s o n 

ind ica te that Ac nnay be c a r r i e d on e i t h e r b i s m u t h phospha te o r b a r i u m s u l -
390 pha te , and R o g e r s and W a t r o u s r e p o r t tha t Ac m a y be c a r r i e d quite ef

f ic ient ly on l ead su l fa te , but few da ta a r e ava i l ab le on the b e h a v i o r of the r e s t 

of the r a r e - e a r t h g r o u p in t h e s e s y s t e m s . 

C o n v e r s e l y , when the r a r e e a r t h s a r e p r e c i p i t a t e d it i s r e a s o n a b l e to 

expec t tha t ca t ions which f o r m inso lub le o r nnodera te ly soluble s a l t s with the 

p r e c i p i t a t i n g anion wil l be c o p r e e i p i t a t e d . T h u s , the r a r e - e a r t h h y d r o x i d e s 

wil l c a r r y a whole hos t of e l e m e n t s which a r e inso lub le in b a s i c so lu t ion , o r 

the r a r e - e a r t h oxa la te wil l c o p r e c i p i t a t e c a l c i u m . T h e s e a r e r a t h e r obvious 

e v e n t s , of c o u r s e , and the s o r t of thing tha t r a d i o c h e m i s t s accep t as r o u t i n e . 

P e r h a p s that is why no a r t i c l e s on th is spec i f ic a s p e c t of r a r e - e a r t h r a d i o -

c h e m i s t r y have a p p e a r e d in the l i t e r a t u r e . It m a y be useful , h o w e v e r , to 

point out that not a l l of the c o p r e c i p i t a t i o n r e a c t i o n s a r e s e l f - ev iden t . The 

a u t h o r s have found, for i n s t a n c e , tha t Ba and Z r have s o m e t endency to c o -
171 p r e c i p i t a t e with the r a r e - e a r t h f l u o r i d e s . G e s t , B u r g u s , and Dav ie s have 

shown that the Z r c o p r e c i p i t a t i o n is v e r y s h a r p l y dependent on the Z r c o n c e n -
1 70 t r a t i o n , and G e s t , Ba l lou , A b r a h a m , and C o r y e l l have shown a s o m e w h a t 

l e s s e r c o n c e n t r a t i o n dependence for B a . R a d i o c h e m i s t s , t h e r e f o r e , should 

not be too s u r p r i s e d when unexpec ted e l e m e n t s s o m e t i m e s tag along in t h e i r 

r a r e - e a r t h c h e m i s t r y . 

IV. 3C. PYROLYSIS 

IV. 3 C - 1 . Oxala te 

F o r any g r a v i m e t r i c d e t e r m i n a t i o n of the r a r e e a r t h s , p r e c i p i t a t e s m u s t 

be d r i e d , and the obvious f igure of m e r i t for th is o p e r a t i o n is the t e m p e r a t u r e 

range ove r which a sa l t of known c o m p o s i t i o n is s t a b l e . S ince the oxa l a t e s a r e 

p robab ly used nnore often than any o the r sa l t in the g r a v i m e t r i c d e t e r m i n a t i o n 

of the r a r e e a r t h s , it is p e r h a p s a p p r o p r i a t e that t h e i r py ro l i t i c b e h a v i o r has 

been i n v e s t i g a t e d m o r e thorough ly than o t h e r r a r e - e a r t h s a l t s . The c u r v e 

for the t h e r m a l d e c o m p o s i t i o n of N d J C 2 0 . ) 3 * lOH^O, which h a s b e e n r e p r o 

duced f r o m an a r t i c l e by C a r o and L o r i e r s , ' 0 j s shown in F i g . 16 and m a y be 

c o n s i d e r e d a s f a i r l y t yp ica l of a l l the r a r e - e a r t h o x a l a t e s . The d e c a h y d r a t e 

beg ins los ing w a t e r s t ead i ly at about 50*C and the s a m p l e d e c o m p o s e s c o n 

t inuous ly unti l N d p O , i s f o r m e d at about 700*C. T h e r e a r e no l eve l po r t i ons 

of the cu rve which denote a s t a b l e , \veighable i n t e r m e d i a t e compound, and 

the usua l p r a c t i c e i s to d e c o m p o s e the oxa la te c o m p l e t e l y and weigh as the 
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525 526 ox ide . Wendlandt ' h a s a l s o s tud ied the p y r o l y s i s of the r a r e - e a r t h 

o x a l a t e s and, s i n c e h i s c u r v e s a r e in a c o n c i s e f o r m , h i s da t a a r e r e p r o 

duced in F i g s . 17-20 and T a b l e 6. The m o s t obvious f e a t u r e of the c u r v e s 

i s tha t t h e r e a r e s o few weighab le i n t e r m e d i a t e r a r e - e a r t h oxa la te c o m p o u n d s . 

W h e r e t h e s e ex i s t at a l l , the t e m p e r a t u r e r a n g e for s t ab i l i t y is f a i r l y s m a l l , 

so Sonne c a r e m u s t obv ious ly be t aken if t h e s e i n t e r m e d i a t e s a l t s a r e to be 

weighed a c c u r a t e l y . Above 800*C, h o w e v e r , a l l of the oxa l a t e s a r e c o m p l e t e l y 

d e c o m p o s e d to oxides and m a y be we ighed a c c u r a t e l y . It should p e r h a p s be 

noted tha t CeO^ i s f o r m e d a t 3 6 0 ' C , m u c h l o w e r t han the o t h e r r a r e - e a r t h ox ides 

Oxalate lOHjO 

F i g . 16. T h e r m o l y s i s c u r v e 

of Nd^CC^O^)^. lOH^O (70) 

F i g . 17. T h e r m a l d e c o m p o s i t i o n 
c u r v e s of s c a n d i u m o x a l a t e . A. Scan 
d ium oxa l a t e 2 - h y d r a t e . B . Scand ium 
oxa la te 6 - h y d r a t e (525) 
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F i g . 19. T h e r m a l d e c o m p o s i t i o n 
of y t t r i u m and r a r e - e a r t h m e t a l oxa
l a t e s . A . Gado l in ium oxa la te 10-hy
d r a t e . B , E u r o p i u m oxa la t e IOH2O. 
C. Y t t r i u m oxa la te 9H2O. D. H o l 
m i u m oxa la t e lOH^O. E . E r b i u m 
oxa la te 6H2O (525) 

F i g , 20 . T h e r m a l decompos i t i on 
c u r v e s of r a r e - e a r t h m e t a l o x a l a t e s . 
A, T e r b i u m oxala te lOH O . B , D y s 
p r o s i u m oxa la te lOH.O. C . Thul ium 
oxa la te 5H O. D. Yf te rb ium oxala te 
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(52%) 2 



Table 6. Decompos i t i on t e m p e r a t u r e s of r a r e - e a r t h m e t a l oxa l a t e s (526) 

Rare Ear th 
Metal 

Lanthanum 

Cerium 

Praseodymium 

Neodymium 

Samarium 

Europium 

Gadolinium 

Terbium 

Dysprosium 

Holmium 

Erbium 

Thulium 

Ytterbium 

Lutetium 

Yttrium 

Scandium 

Temp., 

55-380 
380-550 
735-800 

50-360 

40-420 
420-790 

50-445 
445-735 

45-300 
410-735 

60-320 
320-620 

45-120 
120-315 
375-700 

45-140 
140-265 
265-435 
435-725 

45-140 
140-220 
295-415 
415-745 

40-200 
240-400 
400-735 

40-175 
265-395 
395-720 

55-195 
335-730 

60-175 
325-730 

55-190 
315-715 

45-180 
260-110 
410-735 

50-185 
220-635 

Transition 

10-hydrate —• anhydrous 
Anhydrous —»• LajOj.COj 
LajOj.COj - • oxide 

10-hydrate -»• oxide 

10-hydrate - • anhydrous 
Anhydrous —• oxide 

10-hydrate - • anhydrous 
Anhydrous -+ oxide 

10-hydrate -*• anhydrous 
Anhydrous - * oxide 

10-hydrate —• anhydrous 
Anhydrous —• oxide 

10-hydrate - * 6-hydrate 
6-hydrate - • anhydrous 
Anhydrous —• oxide 

10-hydrate - * 5-hydrate 
5-hydrate -*• 1-hydrate 
1-hydrate —*• anhydrous 
Anhydrous —• oxide 

10-hydrate —• 4-hydrate 
4-hydrate - • 2-hydrate 
2-hydrate - • anhydrous 
Anhydrous —*• oxide 

10-hydrate -*• 2-hydrate 
2-hydrate —• anhydrous 
Anhydrous - • oxide 

6-hydrate - • 2-hydrate 
2-hydrate - • anhydrous 
Anhydrous - • oxide 

5-hydrate —• 2-hydrate 
2-hydrate - • oxide 

5-hydrate —• 2-hydrate 
2-hydrate - • oxide 

6-hydrate -- 2-hydrate 
2-hydrate —*• oxide 

9-hydrate -»• 2-hydrate 
2-hydrate - • anhydrous 
Anhydrous - • oxide 

6-hydrate - • 2-hydrate 
2-hydrate —»• oxide 
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IV. 3C-2 . 8 -Hydroxyquino la te and R e l a t e d Anions 

The r a r e - e a r t h — 8 - h y d r o x y q u i n o l a t e s differ f r o m the o x a l a t e s in tha t 

i r e s tab le at f a i r ly high t e m p e r a t u r e s . Wendlandt ' s 

of the r a r e e a r t h s a r e r e p r o d u c e d in T a b l e 7 and F i g . 2 1 . 

C 1 Q 

they a r e s tab le at f a i r ly high t e m p e r a t u r e s . Wendlandt ' s da ta for s e v e r a l 

T a b l e 7. D e c o m p o s i t i o n t e n n p e r a t u r e s for the r a r e - e a r t h 

8-quinol inol c h e l a t e s (518) 

Stage I Stage II S t a g e III 
M(CgH^NO)3 ^'••:^ °C °C 

L a n t h a n u m 360 420-510 800 

C e r i u m (III) 350 - - - 420 

P r a s e o d y m i u m 280 320-520 575 

N e o d y m i u m 250 330-510 730 

S a m a r i u m 260 410-500 700 

Gado l in ium 250 400-525 755 

Y t t r i u m 175 370-525 740 

In T a b l e 7, the d e c o m p o s i t i o n is c l a s s i f i e d in t h r e e s t a g e s : (I) A s m a l l 

l o s s of weight (about 1%) in the t e m p e r a t u r e range 250-300 ' 'C ; (II) The o x i 

dat ion of o r g a n i c m a t t e r in the t e m p e r a t u r e r a n g e 350-525°C, and (III) The 

f o r m a t i o n of the oxide in the t e m p e r a t u r e r ange 700 -800°C . 

Only s e v e n of the r a r e e a r t h s a r e r e p r e s e n t e d in F i g . 21 , of c o u r s e , 

and it is n a t u r a l to expec t that the rennaining r a r e e a r t h s wil l behave in p r e t t y 
367 

m u c h the sanne m a n n e r as t hose shown. P o k r a s and B e r n a y s , h o w e v e r , 

r e p o r t tha t s c a n d i u m 8-hydroxyqu ino la te l o s e s m e a s u r a b l e amoun t s of weight 

when hea t ed at 110°C and v e r y l a r g e amoun t s when hea t ed for long p e r i o d s at 

165°C, so it m a y be w i se to igni te the heavy r a r e - e a r t h ox ina tes to oxides 

unt i l such t i m e as t h e i r d e c o m p o s i t i o n b e h a v i o r is d e t e r m i n e d . 

Wendlandt h a s a l s o s tud ied the t h e r m a l d e c o m p o s i t i o n of subs t i t u t ed 

•ear th 8 

F i g s . 22 -27 . 

r a r e - e a r t h 8 -hyd roxyqu ino l a t e s , ' the da ta for which a r e shown in 

31̂  
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Fig. 21. Thermolysis curves of the 8-quinolinol chelates of the r a r e - ea r th metals 
(518): 1. Lanthanum + copreeipitated oxine, 2. Lanthanunn, 3. Cerium (+3), 4. P r a 
seodymium, 5. Samarium, 6. Neodymium, 7, Yttriunn, 8. Gadolinium. 
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Fig. 23. Thermeil decomposition 
curves of the r a r e - e a r t h metal che
lates (523): A. Neodymium 5, 7-di-
chloro-8-quinolinol; B. Praseodym
ium 5, 7-diiodo-8-quinolinol; C. Pra
seodymium 5, 7-dibromo-8-quino-
linoL; D. Praseodymium 5, 7-dichlo-
ro-8-quinolinol; E, Cerium (±4) 5, 
7-diiodo-8-quinolinol. 
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Fig . 24. Thermal decomposition 
of the r a r e - e a r t h metal chelates (523): 
A. Samarium 5, 7-dibromo-8-quinolinol; 
B. Samarium 5, 7-diiodo-8-quinolinol; 
C, Samarium 5, 7-dichloro-8-quinolinol; 
D, Neodymium 5, 7-dibromo-8-quino-
linol; E. Neodymium 5, 7-diiodo-8-quin-
olinol. 
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Fig. 25. Thermal decomposition 
curves of yttrium chelates (523): A, Yt
tr ium 5, 7-dibromo-8-quinolinol; B. Yt
tr ium 5, 7-diiodo-8-quinolinol; C. Yttri
um 5, 7-dichloro-8-quinolinol. 
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Fig . 27. The thermal decomposition 
curves of the r a r e - e a r t h chelates (522): 
F . Lanthanum 2-methyl-8-quinolinol; 
G. Cerium 2-methyl-8-quinolinol; H. 
Praseodymiunn 2-methyl-8-quinolinol; 
I. Neodymium 2-methyl-8-quinolinol; 
J . Samarium 2-methyl-8-quinolinol; K. 
Gadolinium 2-methyl-8-quinolinol. 



IV. 3C-3. Cupferrate and Neocupfer rate 

Wendlandt ' ' has studied the thermal decomposition of the 

r a r e - e a r t h cupferrates and neocupfer ra tes , data for which are reproduced 

in F igs . 28 and 29. 
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Fig. 28. Pyrolysis curves of scandiimi, yttrium, and rare-earth cupfer
rates. 1. Lanthanum, 2. Cerium (HI), 3. Cerium (IV), 4. Praseodymium, 
5. Neodymium, 6. Samarium, 7. Gadolinium, 8. Yttrium, 9. Scandium, A. 
Ytterbium, B. Erbium, C. Dysprosium, D. Holmium, E, Terbium, F. 
Europium. 
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Fig, 29. Pyrolysis curves of yt tr ium and r a r e - e a r t h neocupferrates . 
1. Lanthanum, 2. Cerium (III), 3. Cerium (IV), 4. Praseodymium, 5. Neo
dymium, 6. Samarium, 7. Gadolinium, 8. Yttrium, A. Erbium, B. Ytterbium, 
C, Dysprosium, D. Holmium, E . Terbium, F . Europium. 
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IV. 3C-4. Other Anions 

Wendlandt has studied the thermal decomposition of the r a r e - ea r th 

chlorides ' and fluorides, and Chretien and Capestan have stud

ied the sulfamates, but since these salts are not used for gravimetr ic de ter 

minations their pyrolysis curves will not be reproduced here . 

IV. 4. SPECTROPHOTOMETRY, TITRATION. AND COLORIMETRY 

IV. 4A. SPECTROPHOTOMETRY OF SIMPLE IONS 

Thirteen of the fifteen lanthanide elements possess the interesting 

property of showing light absorption bands in solutions of their simple sa l t s . 

These bands are relatively narrow and are very useful for qualitative and 

quantitative estimation of individual r a re ear ths . Lanthanum, lutetium, 

and yttrium do not exhibit any usable absorption bands, and may not be de

termined by this method. 

A fairly large number of papers on the spectrophotometric measu re 

ment of the r a re earths have appeared in the l i te ra ture , perhaps the best of 

which have been published by Stewart and Kato, Moeller and Brantley, 

Rodden, ' Holleck and Hartinger, and Banks and Klingman. 

Figures 30-33 have been reproduced from the paper by Stewart and 
462 Kato and indicate the useful peaks for all of the r a r e earths in the visible, 

infrared, and ultraviolet regions. Wavelength positions and molecular ex

tinction coefficient values for "index peaks" which have been recommended 

by Stewart and Kato for determining the ra re earths are shown in Table 8. 

Where more than one peak is listed for a given element, the "pr imary, " or 

most highly recommended, peak is l isted f irst . It is apparent that there are 

interferences for each of the peaks listed in Table 8. For detailed informa

tion on the extent of each interference the original paper should be consulted. 

Additional data on the absorption spectra of the r a r e earths may be ob-
377 540 

tained from papers by Prandtl and Scheiner (all the r a re earths) , Wylie 

(Pr , Nd, Sm), Jorgensen (Dy, Ho, Er ) , and Onstott and Brown (Tb). 

Promethium, of course, is seldom encountered in sufficient amounts 
459 to measure spectrophotometrically. Stewart, however, has measured 

its absorption spectra and has shown it to be quite complicated. 
65 Butement has studied the absorption and fluorescence spectra of 

bivalent samarium, europium, and ytterbium. The spectra for each of these 

species are sinapler than the spectra for the corresponding trivalent ion, 

but no attempt to use the absorption peaks for analysis is reported. 

Although the simple salts of yttrium and lanthanum cannot be de ter 

mined by absorption spectra, other techniques have proven useful. Legrand 
267 and Lor ie r s have published a paper which indicates that x- ray fluorescence 

1*1 
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F i g . 30. Absorp t ion s p e c t r a of a l l r a r e e a r t h s in v i s ib l e r a n g e (462) 
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Fig. 31. Absorption spectra of all r a re earths in near- infrared (462) 
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Table 8. Index p e a k s , ex t inc t ion coef f ic ien ts , and i n t e r f e r i n g r a r e - e a r t h 

e l e m e n t s in the s p e c t r o p h o t o m e t r i c d e t e r m i n a t i o n of 

individual r a r e e a r t h s (462) 

Elennent K-nnax (m^) I n t e r f e r i n g E l e m e n t 

Ce 

P r 

Nd 

Sm 

E u 

Gd 

Tb 

Dy 

Ho 

E r 

T m 

Yb 

25 3 
296 

444 .0 
482. 5 
590 

575. 5 
742. 5 
868 
522. 3 

4 0 1 . 6 
1250 
1095 

394. 3 

272. 7 
275 .6 

219 

911 
1102 

5 3 6 . 5 
416. 1 
641 

5 2 3 . 5 
379. 3 
654 

6 8 2 . 5 
781 

973 
950 

755 
26 

10. 1 
4. 1 
1.95 

6. 34 
6. 22 
3. 10 
2. 74 

3. 30 
2. 19 
2 .00 

2 .90 

3.16 
1.90 

Most e l e m e n t s int' 
r e f s . 4 6 2 , 1 7 8 . ) 

Sm, Ho, E r 
Nd, Sm, Ho, E r 
Nd 

P r 
Dy 
Dy 
E r 

Eu , Dy 
Dy, T m 
Dy (See ref. 326.) 

Sm, Dy, Ho 

See ref. 462. 
M r> ri 

374 

2.40 
1. 80 

4. 55 
2. 52 
3 .04 

3 .55 
6 .66 
2 . 0 4 

2. 36 
1.00 

2. 10 
0. 77 

Eu , P r , Ce (See ref. 462 . ) 

Yb, Ho 
Sm 

E r 
Sm 
E r , T m 

Nd 
Nd 
Ho, T m , Nd 

Nd 
Nd, Dy 

E r , Dy 
Dy, Sm 

t echn iques m a y be used to m e a s u r e y t t r i u m quan t i t a t ive ly in the p r e s e n c e of 
546 o t h e r r a r e e a r t h s ; and M e n i s , R a i n s , and Dean r e p o r t tha t f l ame s p e c t r o 

p h o t o m e t r i c m e t h o d s m a y be used for quan t i t a t ive d e t e r m i n a t i o n of l a n t h a n u m . 

IV. 4 B . TITRATION AND COLORIMETRY 

T i t r a t i o n h a s p r o v e n to be a v e r y useful m e t h o d for quan t i t a t ive d e t e r 

m i n a t i o n of the r a r e - e a r t h e l e m e n t s . Mos t pub l i shed p r o c e d u r e s involve 

addi t ion of a s t a n d a r d so lu t ion of a s t r ong connplexing agent such as e t h y l e n e -

k6 



d i a m m e t e t r a a c e t i c ac id (EDTA) to a r a r e - e a r t h so lu t ion . The end point at 

which all of the r a r e e a r t h has been c o m p l e x e d is ident i f ied by a change of 

i n d i c a t o r co lo r m the so lu t ion . The change m co lo r is often followed s p e c t r o 

p h o t o m e t r i c a l l y for the b e s t r e s u l t s but th is is not a lways n e c e s s a r y . 

Typ ica l EDTA t i t r a t i o n p a p e r s have been pub l i shed by B r u n i s h o l z and 

Cahen , who used a m i x e d a l i z a r i n su l fona te -nne thy lene blue i n d i ca to r , by 
145 539 

F l a s c h k a , and Wunsch , who used e r i o c h r o m e b lack T, by F r i t z and 
158 

P i e t r z y k , who t i t r a t e d s c a n d i u m with coppe r as an i n d i c a t o r , by J en i ckova , 
219 

Suk, and Mala t , who u s e d b r o m p y r o g a l l o l r e d for the r a r e e a r t h s , by 
75 74 146 

Cheng, Cheng and W i l l i a m s , and F l a s c h k a and A b d m e , who u s e d 
1 - ( 2 - p y r i d y l - A Z O ) - 2 naphthol (PAN) as i n d i c a t o r for s c a n d i u m and the r a r e 

92 
e a r t h s , by C r o u c h and Swambank , who u s e d xy leno l o r a n g e a s an i nd i ca to r 

m an u l t r a - m i c r o me thod for the e s t i m a t i o n of the r a r e e a r t h s , by B r i l , Holze 
47 

and Rethy , who u s e d a l i z a r i n r e d S m a s i m u l t a n e o u s d e t e r m i n a t i o n of 

t h o r i u m and r a r e e a r t h s m t h e i r m i x t u r e s , and by F r u m , who u s e d m o n o 

c h r o m e B o r d e a u x C to d e t e c t L a m the p r e s e n c e of Ce and Ce . H a l l , 
186 

Gibson , Wilkinson, and P h i l i p s have pub l i shed a p r o c e d u r e which involves 

t i t r a t i o n with EDTA and c o n d u c t o m e t r i c d e t e r m i n a t i o n of the end point , whi le 
190 

H a r a and Wes t have used h i g h - f r e q u e n c y t i t r a t i o n s . 

P e r h a p s the b e s t v o l u m e t r i c m e t h o d for m e a s u r i n g the r a r e e a r t h s i n 

volves the use of a r s e n a z o (3 - (2 a r s o n o p h e n y l a z o ) - 4 , 5 d i h y d r o x y - 2 , 7 n a p h 

tha lene disulfonic acid, t r i s o d i u m sal t ) as an i n d i c a t o r , a p r o c e d u r e f i r s t 
253 

deve loped by Kuzne t sov . Th i s r e a g e n t m a y be used as c o m p l e x m g agent 
155 15 252 for d i r e c t c o l o r i m e t r i c d e t e r m i n a t i o n of the r a r e e a r t h s ' ' o r m 

156 conjunct ion with EDTA t i t r a t i o n . 

The r a r e e a r t h - a r s e n a z o co lo r in t ens i ty i n c r e a s e s as the t e m p e r a t u r e 
254 IS i n c r e a s e d , and Kuzne t sov and P e t r o v a have m e a s u r e d s m a l l amoun t s 

of r a r e e a r t h s at e l eva t ed t e m p e r a t u r e s m the p r e s e n c e of Th with g r e a t e r 

a c c u r a c y than is p o s s i b l e at o r d i n a r y t e m p e r a t u r e s . 

A c lo se r e l a t i v e of a r s e n a z o is 2 ( 0 - a r s o n o p h e n y l a z o ) - 1 , 8 - d i h y d r o x y - 3 , 

6 naph tha lene d i su l fu r ic ac id (neo thorone) , which has been used by Sh iba ta , 
437 

Takeuc h i , and M a t s u m a s to m e a s u r e l an thanum c o l o r i m e t r i c a l l y . 

T h e s e r e f e r e n c e s do not exhaus t a l l of the r e p o r t s which have been 

publ i shed on EDTA t i t r a t i o n of the r a r e e a r t h s . A m u c h m o r e thorough 

c o v e r a g e of the en t i r e subjec t of EDTA t i t r a t i o n has been w r i t t e n by B a r n a r d , 
18 

F l a s c h k a , and B r o a d and t h e i r s e r i e s of r e v i e w a r t i c l e s should be con
su l ted for addi t ional r e f e r e n c e s . 

P a p e r s on the d i r e c t c o l o r i m e t r i c d e t e r m i n a t i o n of the r a r e e a r t h s have 
204 a l s o been pub l i shed by Hol leck , E c k a r d t , and H a r t i n g e r who found su l fo -

s a l i c y l i c ac id and au r in t r i c a r b o x y l i c acid to be the be s t c o l o r - f o r m i n g r e a -
38 7 

gen t s for s p e c t r o p h o t o m e t r i c de t e rnnma t ion of the r a r e e a r t h s . R m e h a r t , 
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h o w e v e r , has found a l i z a r i n r e d S to be quite s a t i s f a c t o r y for the r a r e e a r t h s 
1 22 and y t t r i u m ; E b e r l e and L e r n e r have used the s a m e r e a g e n t for q u a n t i 

t a t ive d e t e r m i n a t i o n of s c a n d i u m ; B e r g s t r e s s e r has u sed 8 -hydroxyquino l ine 

for c o l o r i m e t r i c d e t e r m i n a t i o n of l an thanum in p lu ton ium with good r e s u l t s , 

and Al innar in , P r z h e v a l ' s k i i , P u z d r e n k o v a , and Golovina have u s e d the s a m e 

r e a g e n t for Ce and Ce 
49 3 

V a n o s s i h a s r e p o r t e d a c o l o r i m e t r i c p r o c e d u r e for s c a n d i u m which 

involves the use of c a r m i n i c ac id in ace t i c ac id so lu t ion and c l a i m s a s e n s i -
30 t iv i ty of 1 [xg Sc for the m e t h o d , while B i r y u k and N a z a r e n k o have u s e d 

d e r i v a t i v e s of 2:3:7 t r i h y d r o x y - 6 f luorone to de tec t 0. 04 to 2 jag of s c a n d i u m 
242 pe r m l , and K o r e n m a n , Gunina , and Tr i fonova have s tud ied the co lo r 

r e a c t i o n of s c a nd ium with h y d r o x y a n t h r a q u i n o n e and 1, 1 d ihyd roxyazo d y e s . 
370 P o p a , Negoiu, and B a i u l e s c u have deve loped a p r o c e d u r e for d e t e r -

+4 mining Ce in the p r e s e n c e of t r i v a l e n t l an than ide e l e m e n t s which u s e s 

0 -d i an i s id ine in 20% H2SO4 so lu t ion . 
176 

Goto and Kaki ta have e x t r a c t e d the c e r i u m - m e t h y l e n e blue complex 

into o r g a n i c so lven t s and d e t e r m i n e d the c e r i u m c o n c e n t r a t i o n c o l o r i m e t r i c a l l y 

The t i t r a t i o n p r o c e d u r e s d e s c r i b e d above m a y be u s e d for f a i r l y l a r g e 

s a m p l e s of r a r e e a r t h s , of c o u r s e , but p e r h a p s the m a i n advan tage of both 

the t i t r a t i o n and c o l o r i m e t r i c p r o c e d u r e s is tha t they m a y be u s e d to d e t e r 

m i n e v e r y s m a l l a m o u n t s of r a r e e a r t h s with good p r e c i s i o n . Many of the 

p r o c e d u r e s w e r e d e s i g n e d spec i f i ca l ly to m e a s u r e n n i c r o g r a m quan t i t i e s of 

t h e s e e l e inen t s and s e e m to do so v e r y n i c e l y . 

IV. 5. COMPLEX IONS AND C H E L A T E COMPOUNDS 

IV. 5A. INTRODUCTION 

Although the r a r e e a r t h s have been known for a g r e a t m a n y y e a r s , unt i l 

c o m p a r a t i v e l y r e c e n t l y m o s t pub l i shed a r t i c l e s have been c o n c e r n e d p r i m a r i l y 

with r e l a t i v e l y s i m p l e s a l t s of t h e s e e l e m e n t s . With the advent of i on -exchange 

r e s i n s and l iqu id - l iqu id e x t r a c t i o n p r o c e d u r e s , h o w e v e r , a c o n s i d e r a b l e l i t e r a 

t u r e on the f o r m a t i o n of complex s a l t s and che l a t e compounds of the r a r e -

e a r t h e l e m e n t s began to a p p e a r and at p r e s e n t t h e r e is i n f o r m a t i o n ava i l ab le 
477 on a v e r y l a r g e n u m b e r of t h e s e s p e c i e s . T e r e n t ' e v a has pub l i shed a 

m a s t e r f u l r e v i e w of th is a s p e c t of r a r e - e a r t h c h e m i s t r y and th i s s e c t i o n wi l l , 

to a g r e a t ex ten t , cons i s t of a t r a n s l a t i o n of that p a p e r , s u p p l e m e n t e d w h e r e 

n e c e s s a r y by addi t iona l o r naore r e c e n t l y pub l i shed d a t a . 

Many m e t h o d s a r e known for d i s c lo s ing complex compounds of r a r e -

e a r t h e l e m e n t s in so lu t ion . F o r e x a m p l e , the d i s t r i b u t i o n of ions of r a r e -

e a r t h e l e m e n t s be tween ion e x c h a n g e r s and aqueous so lu t ions containing dif

f e ren t complexing agen t s m a k e s it p o s s i b l e to d i s c e r n the c o m p a r a t i v e s t r u c 

t u r e s of complex c o m p o u n d s . C o m p a r i s o n of the r e s u l t s of p o l a r o g r a p h i c r e -
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duct ion of E u , m the p r e s e n c e and a b s e n c e of d i f ferent i ons , i nd i ca t e s f o r 

m a t i o n of connplex c o m p o u n d s . T r a n s f e r of the r a r e e a r t h s f r o m the aqueous 

to the o r g a n i c phase m the p r e s e n c e of |3-d iketones , t r i b u t y l phospha t e , and 

o the r a g e n t s , i nd i ca t e s f o r m a t i o n of connplexes . A change in the t r a n s p o r t 

n u m b e r , and in the e l e c t r o c o n d u c t i v i t y , c o n f i r m s the f o r m a t i o n of complex 

c o m p o u n d s . R a r e - e a r t h t r a n s f e r to the anode dur ing e l e c t r o l y s i s in the 

p r e s e n c e of o r g a n i c an ions i n d i c a t e s f o r m a t i o n of nega t ive ly c h a r g e d c o m 

plex ions , while the change m s p e c t r a l c h a r a c t e r i s t i c s of r a r e - e a r t h e l e 

m e n t s in the p r e s e n c e of complexing agen t s l i kewi se i nd i ca t e s complex f o r 

m a t i o n . The a b s e n c e of a c h a r a c t e r i s t i c r e a c t i o n unde r condi t ions w h e r e 

the r a r e e a r t h s nornnal ly a r e p r e c i p i t a t e d nnay be u s e d as a sinnple ind ica t ion 

of the p r e s e n c e of c o m p l e x e s , the s ens i t i v i t y of th is m e t h o d d e c r e a s e s with 

i n c r e a s i n g solubi l i ty of the r a r e - e a r t h sa l t in the o r d e r F > C^O^ > OH > 

F e ( C N ) ^ " * . 

Although a l a r g e nunnber of connplex compounds of the r a r e e a r t h s a r e 

known, t h e s e e l e m e n t s a r e notably m o r e r e l u c t a n t to fornn connplex s p e c i e s 
316 

than , for i n s t a n c e , a r e the t r a n s i t i o n e l e m e n t s . M o e l l e r a t t r i b u t e s th is 

r e l u c t a n c e to a combina t ion of (1) e l e c t r o n i c conf igura t ions un favorab le to 

the o r b i t a l h y b r i d i z a t i o n s n e c e s s a r y for covalent bond f o r m a t i o n and (2) conn-

p a r a t i v e l y l a r g e s i ze which p r e c l u d e s the developnnent of nnany v e r y s t r ong 

e l e c t r o s t a t i c or l on -d ipo le a t t r a c t i o n s The m a m d i f f e rences be tween i n 

dividual r a r e e a r t h s l ie in the nunnber of 4f o r b i t a l e l e c t r o n s and M o e l l e r 

a s s u m e s tha t , s ince the 4f e l e c t r o n s a r e sh i e lded by 5s and 5p o r b i t a l s , any 

covalent bonding m u s t involve h ighe r e n e r g y o r b i t a l s such a s 5d, 6 s , 6p, e t c . , 
477 

and not the 4f e l e c t r o n s . T e r e n t ' e v a d i s a g r e e s with th is assunnpt ion on 

the g rounds that the v e r y l a r g e nunnber of complex connpounds now known 

could not al l involve ionic bonding or cova len t bonding wi th h i g h - e n e r g y o r 

b i t a l s . The n a t u r e of t h e s e bonds h a s obvious ly not been d e t e r m i n e d to 

e v e r y o n e ' s s a t i s f ac t ion , and ^ c o n s i d e r a b l e amoun t of w o r k needs to be done 

in th is f ie ld . Meanwhi le , a p p a r e n t l y c o n t r a d i c t o r y ev idence cont inues to 
181 

a p p e a r . Gulyas c l a s s i f i e s the r a r e e a r t h - a c e t y l a c e t o n e complex bond 

as a cova len t type wi th h i g h e r d, s, and p o r b i t a l e l e c t r o n s b e c a u s e the 4f 
222 e l e c t r o n s a r e not involved, but J o n e s conc ludes that r a r e - e a r t h bonding 

with e t h y l e n e - d i a n n m e - t e t r a a c e t i c ac id (EDTA) is ionic in n a t u r e by analogy 

with the a lka l i and a l k a l i n e - e a r t h - e l e n n e n t connplexes . 

W h a t e v e r the f inal d i spos i t i on of th i s ques t ion , h o w e v e r , it is p la in 

f rom the following s u r v e y tha t the nunnber of complex r a r e - e a r t h connpounds 

IS r a t h e r h igh. In the f i r s t p a r t of the s u r v e y a r e p r e s e n t e d the complex 

compounds with s a l t s of i n o r g a n i c ac ids and a m m o n i a , whi le in the s econd 

(and c o n s i d e r a b l y b r o a d e r ) p a r t a r e the complex connpounds with o r g a n i c 

a d d i t i v e s . 
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IV. 5B. COMPOUNDS WITH INORGANIC ADDITIVES 

I V . 5 B - 1 . Sul fa tes 

The su l fa tes of a lka l ine m e t a l s can play a s igni f icant ro l e in s e p a r a t i n g 

a m i x t u r e of r a r e - e a r t h e l e m e n t s into s u b g r o u p s . In the i n t e r a c t i o n of the 

su l fa t e s of potass iunn and sod ium with the s a l t s of the r a r e - e a r t h nne ta l s , 

t h e r e a r e fornned s o m e w h a t inso lub le su l fa tes of the type Me2(S04)3* n H 2 0 , 

w h e r e n = 5, 8, 9. Upon addi t ion of an e x c e s s of r e a g e n t , the su l fa tes of 

the elennents of the y t t r i u m s u b g r o u p d i s s o l v e and su l fa tes of the e l e m e n t s 

of the c e r i u m s ubg roup r e m a i n in s u s p e n s i o n (the su l fa tes of the in te rnned ia te 

elennents p o s s e s s in te rnned ia te s o l u b i l i t i e s ) . 

The so lubi l i ty of the su l fa tes of the elennents of the y t t r i u m subgroup , 

in a so lu t ion of a lka l i m e t a l s u l f a t e s , m a y be exp la ined by the fornnation of 

complex compounds of the type Me^ [Me(S04) 3] o r Me [Me(S04)2] i w h e r e 

Me-"- = K, Na, NH4. Th i s hypo the s i s is s u p p o r t e d by the fact that a so lu t ion 

conta ining the ions Y and an e x c e s s of S 0 4 " ions does not show an yttr iunn 

r e a c t i o n with K4 [ F e ( C N ) ^ ] ; upon addi t ion of (NH4)2C204 , the y t t r i u m oxa la te 

does not p r e c i p i t a t e but c a u s e s only an o p a l e s c e n c e . 
228 

V a r i o u s a u t h o r s have noted a t endency t o w a r d fornnat ion of complex 

su l fa tes even by such a b a s i c e l e m e n t as l a n t h a n u m . It has been d i s c o v e r e d 

that when a nnixture of a c o n c e n t r a t e d so lu t ion of L a ( N 0 3 ) 3 s t ands with c o n 

c e n t r a t e d H ^ S O . , H , [La(S04) o] ^^ p r e c i p i t a t e d in the f o r m of f i n e - g r a i n e d 

s p i c u l e s . 
240 K o r e n m a n , in d e t e r m i n i n g the so lubi l i ty of oxa l a t e s of r a r e - e a r t h 

e l e m e n t s in a c i d s , found that t h e i r g r e a t e r so lubi l i ty in H ^ S O . than in HCl 

ind i ca t e s f o r m a t i o n of connplex s u l f a t e s . 

Fronn the pH va lue of s a t u r a t e d so lu t ions of oxa l a t e s in H^SO^, and the 

to t a l c o n c e n t r a t i o n of C2O4 (o r Me ) in t h e s e s o l u t i o n s , he ca l cu l a t ed the 
+ 249 

Constanta of in s t ab i l i t y for complex ions of type M e S 0 4 . Kuntz , s tudying 

the o x i d a t i o n - r e d u c t i o n po ten t i a l s of the Ce / C e s y s t e m s in su l fur ic acid 

solut ion, d i s c o v e r e d the a p p e a r a n c e of complex- fo rnna t ion be tween the ions 
2 - - 4+ 192 

S O , , HSO4, and Ce , whi le H a r d w i c k and R o b e r t s o n have shown tha t 

e e r i e ion a s s o c i a t e s with sulfate to fornn s u c c e s s i v e l y Ce(S04) , Ce(S04)2 , 

and C e ( S 0 4 ) 3 ^ . 

Newton and A r c a n d and F r o n a e u s have s tud ied the Ce - S O 4 

s y s t e m and F r o n a e u s has shown tha t the m o n o - , d i - , and t r i - s u l f a t o c o m 

p lexes of th is ion a l s o e x i s t . 
I V . 5 B - 2 . Sulf i tes 

Dur ing i n t e r a c t i o n of the s a l t s of elennents of the c e r i u m subgroup with 

K2SO0. p r e c i p i t a t e s of co l lo ida l c h a r a c t e r a r e f o r m e d which in the c o u r s e of 

50 



t i m e c o n v e r t to s p h e r o i d a l c r y s t a l s . The s a l t s of y t t r i u m and e r b i u m in i t i a l ly 

a l s o m a k e co l lo ida l s u s p e n s i o n s , with f u r t h e r addi t ion of K-,SO, the p r e c i p i t a t e 

IS d i s s o l v e d , which can be exp la ined by fornnat ion of the complex compounds 
3_ 

[Me(SO-,)^] . Upon s tanding out of so lu t ion for ex tended tinnes they b e c o m e 

v e r y c o a r s e c r y s t a l s , m the f o r m of p l a t e s , and d r u s e which s e e m s to be 

a s s o c i a t e d with the d e c o m p o s i t i o n of the complex compound . 
504 Connplex su l f i tes have been s tud ied by V i c k e r y . While s tudying the 

t i t r a t i o n of Me(OH) , with H , S O o , he d i s c o v e r e d that at the r a t i o of Me:SO^ = 1 : 3 

a compound is f o r m e d having the connposit ion H , [ M e ( S O , ) - ] . S p e c t r o p h o t o 

m e t r i c s tudy of the "b i su l f i t e " so lu t ion ind ica t ed that th is compound has a 

s t r u c t u r e c lose to the s t r u c t u r e s of so lu t ions of complex compounds of l a n -

than ides with " c o m p l e x o n s . " The m a x i m u m change in the spec t runn , m c o m 

p a r i s o n with the s p e c t r a of so lu t ions of sinnple s a l t s of r a r e - e a r t h e l e m e n t s , 

IS found at pH 5 .5 to 6. 1. Dur ing t i t r a t i o n of the " b i s u l f i t e " so lu t ion of a 

r a r e - e a r t h elennent at pH 3. 8 by NaOH, a sedinnent is p r e c i p i t a t e d whose 

m a k e u p is N a , [ M e ( S O , ) ^ ] . Upon f u r t h e r t i t r a t i o n the SO ~ ions a r e d i s 

p laced by OH" ions and b e c o m e f i r s t Na [Me(S0 2) ( O H ) ^ ] . then N a , [ M e ( S O , ) 

( O H ) . ] , and finally p r e c i p i t a t e Me(OH) , . The e x i s t e n c e of the complex anion 

[ M e ( S O , ) , ] is con f i rmed by exper innents with a n i o n - e x c h a n g e r e s i n s . T h r e e 
- 3-

Cl ions of the anion e x c h a n g e r (RCl) a r e d i s p l a c e d by the one ion [ M e ( S O , ) , ] : 

3RC1 + H 3 [Me(SO 3) 3] ^ 3HC1 + R 3 [Me(SO 3) 3] . 

Solut ions of the complex compound H , [Me(S0.3),] a r e e a s i l y ox id ized 

by oxygen to su l fa t e s : 

4H3 [Me(S03)3] + S O ^ - 2Me2(SO^)3 + 6 3 0 ^ + 6H2O. 

The oxidat ion p r o c e e d s without i n t e r m e d i a t e f o r m a t i o n of sinnple su l f i t e s . 

As V i c k e r y noted, m c o n t r a s t to o the r connplex connpounds of r a r e - e a r t h 

e l e m e n t s , the s tab i l i ty of the connplex su l f i tes d e c r e a s e s with i n c r e a s e of 

the a tomic nunnber of the r a r e - e a r t h e l e m e n t . A c c o r d i n g to speed of o x i 

dat ion , the yt tr iunn compound t akes an in te rnned ia te pos i t ion be tween the 

connpounds of neodynnium and s a m a r i u n n . The abi l i ty of connplex su l f i t es 

g r a d u a l l y to be oxidized by oxygen is u t i l i zed for s e p a r a t i n g m i x t u r e s of 

r a r e - e a r t h e l e m e n t s . 

M a y e r and S c h w a r t z have s tud ied the Ce - S O , " s y s t e m using 
~* Q 

c a t i o n - e x c h a n g e r e s i n s and give a d i s s o c i a t i o n cons t an t of 1. 1 X 10 for the 

r e a c t i o n 

Ce"^'^ + H S 0 3' = C e S 0 3''' + H"*". 

I V . 5 B - 3 . Th iosu l fa t e s 

When mix ing c o n c e n t r a t e d so lu t ions of the s a l t s of r a r e - e a r t h elennents 
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and the th iosu l fa te of sod ium, t h e r e a r e f o r m e d th iosu l f a t e s of the r a r e - e a r t h 

e l e m e n t s of c o m p o s i t i o n M e , ( 8 2 0 3 ) 3 . Be ing m o d e r a t e l y soluble in w a t e r , they 

a r e p r e c i p i t a t e d as w e l l - f o r m e d c r y s t a l s having the c o l o r s c h a r a c t e r i s t i c of 
394 

the ions of r a r e - e a r t h e l e m e n t s . Upon igni t ion they a r e changed into p r o d 

uc t s of c o m p o s i t i o n Me 2 0 ( 5 0 3 ) 2 ' The th iosu l fa te of cer iunn, upon igni t ion, 

f o r m s CeO_ which is not so luble in c o n c e n t r a t e d s a l t s o l u t i o n s . T h e s e c h a r a c 

t e r i s t i c s a r e u s e d for s e p a r a t i o n of c e r i u m f r o m r e s i d u a l r a r e - e a r t h e l e m e n t s . 

When d i s so lv ing th iosu l f a t e s of r a r e - e a r t h m e t a l s in e x c e s s th iosu l fa t e s of 

a lka l ine m e t a l s , the complex compounds N a . [Me(S20 3 ) . ] and K3 [Me(S20 3)3] 

r e s u l t , a fact which has been e s t a b l i s h e d by the e l e c t r o c o n d u c t i v i t y me thod .^ ^" 

I V . 5 B - 4 . Ha l ides 

S i m p l e f luo r ides s e e m to be one of the m o s t d i f f i c u l t - t o - d i s s o l v e s a l t s 
10 3 

of r a r e - e a r t h e l e m e n t s . H o w e v e r , De rgunov , by s tudying d i a g r a m s of the 

fus ibi l i ty of m i x t u r e s of r a r e - e a r t h f l uo r ides and a lka l ine m e t a l s , s u c c e e d e d 

in t r a c i n g the complex f luo r ides K [ L a F . ] and Na [ L a F . ] , and l i kewi se 
3 - 4 4 

M , [MeF/ ] ( w h e r e M = K, Rb, and Cs ) , which a r e so lub le in di lute a c i d s . 
36 3 

O the r r e s e a r c h e r s have a l s o noted that when d i s so lv ing P r F , in a 

m e l t of KHF , a connplex f luor ide of p r a s e o d y m i u m is f o r m e d which is so luble 

in d i lu te ac id s a l t s . 

Scandiunn is c o n s i d e r a b l y m o r e so luble in aqueous f luor ide so lu t ion 

than a r e the o the r r a r e e a r t h s . Kury , P a u l , H e p l e r , and Connick ' 

r e p o r t the e x i s t e n c e of S c F , SCF2 , S c F , (aq) , and S c F " s p e c i e s and give 

the e q u i l i b r i u m quot ien ts at 25°C for the r e a c t i o n s : 

S c + 3 , p -

ScF"*'^ + F ' 

ScF "̂*" + F ' 

= S c F + ^ 

= S c F j (aq) 

^ 1 

^ 2 

K 3 

K4 

= 1. 

= 6. 

= 3. 

= 7 

2 X l o ' ' 

4 X 10^ 

0 X lo"* 

X 10^ SCF3 (aq) + F = S c F 

T h e r e i s nothing conc lus ive in the l i t e r a t u r e on complex h a l i d e s of t r i -
3 - 32 3 

va len t r a r e - e a r t h e l e m e n t s of the type [MeCL ] ~. T h e r e is i n fo rma t ion 

on s e p a r a t i o n of h e x a c h l o r o c e r i u m ac id of t e t r a v a l e n t c e r i u m : H , [CeCL ] . 

A s u s p e n s i o n of p u r e d r y c e r i u m oxide in anhyd rous dioxane was t r e a t e d with 

d r y g a s e o u s HCl ove r the c o u r s e of s e v e r a l h o u r s . The so lu t ion c o l o r e d 

quickly to an o r a n g e - r e d hue and the t e m p e r a t u r e r o s e to 5 0 ° C . After s e p a 

r a t i on of the y e l l o w - c o l o r e d sedinnenta t ion it was m a i n t a i n e d for 24 h o u r s at 

2-3" 'C. S p i c u l e - s h a p e d c r y s t a l s of o r a n g e - r e d hue evolved . The c r y s t a l s 

w e r e rennoved, s c r u b b e d with d ioxane and t hen with a p e t r o l e u m e t h e r , and 

d r i e d in a s t r e a m of d r y a i r . Data of a n a l y s i s c o r r e s p o n d e d to the f o r m u l a 

H^ l C e C l ^ ] - 4 C ^ H g 0 2 . A double sa l t with py r id ine H [CeCl , ] • (C H.N) was 
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obta ined fronn a so lu t ion of t h e s e c r y s t a l s in nnethanol . 

F u r t h e r ev idence for the e x t r e m e r e l u c t a n c e of the r a r e e a r t h s to f o r m 
104 

ch lo r ide connplexes i s p rov ided by Diannond, S t r e e t , and Seabo rg and 
209 

Hule t , Gutnnacher , and Coops , who show tha t even in v e r y c o n c e n t r a t e d 

HCl o r L i C l the f o r m a t i o n of r a r e - e a r t h c h l o r i d e c o m p l e x e s is s l igh t . 

I V . 5 B - 5 . N i t r a t e s 

The n i t r a t e s of r a r e - e a r t h e l e m e n t s give (with a lka l ine n i t r a t e s , a l k a 

l ine e a r t h , and s o m e o the r e l e m e n t s ) w e l l - c r y s t a l l i z e d double s a l t s —for 

e x a m p l e , with magnes iunn , Mg(NO,)- ,* M e ( N O , ) , " 24H2O. D . I . Mende leyev 

in 1873 f i r s t u sed the c r y s t a l l i z a t i o n of double n i t r a t e s of a m m o n i a for s e p a 

r a t i on of L a fronn "Di . " T h e s e s a l t s a r e s t i l l u s e d today for p r e p a r a t o r y 

s e p a r a t i o n of elennents of the c e r i u m s u b g r o u p . Double n i t r a t e s , found in 

aqueous solu t ion , d i sp lay a connplex c h a r a c t e r . In the p r e s e n c e of a l a r g e 

s u r p l u s of N O , , the r a r e - e a r t h elennents of the y t t r i u m s u b g r o u p y ie ld , 

upon addi t ion of ( N H . ) , C 2 0 . , an oxa la te p r e c i p i t a t e only af ter s tanding for 

s o m e t i m e . One nnay suppose tha t the connplex ions [ M e ( N O , ) / ] ex i s t in 

the so lu t ion . 
343 

Accord ing to the da ta of Noyes and G a r n e r , in aqueous n i t r i c ac id 

so lu t ions of Ce(NO,) . t h e r e e x i s t s an e x c e s s of N O - i o n s , fornning the conn

plex ions [ C e ( N O , ) / ] . The e x i s t e n c e of the l a t t e r is d e m o n s t r a t e d by the 
4+ fact tha t , dur ing e l e c t r o l y s i s of a so lu t ion of Ce s a l t s in 6N H N O , , cer iunn 

a p p e a r s in the anode r e g i o n . The e x p r e s s e d h y p o t h e s i s was s u p p o r t e d by 

da ta pub l i shed l a t e r by o the r a u t h o r s . ' The capab i l i ty to give s i m i l a r 

connplex compounds is widely u s e d today for s e p a r a t i o n of c e r i u m f r o m o the r 

r a r e - e a r t h e lennents . C e r i u m is e x t r a c t e d by e thyl e t h e r f r o m n i t r i c ac id , 

in the f o r m of a c o m p l e x ac id H , [ C e ( N O , ) , ] , 

In 1956 an a r t i c l e was pub l i shed on e x t r a c t i o n of the double s a l t s of 

La , C e , P r , and Nd with the n i t r a t e of t r ipheny lbenzy lphosphoniunn . T h e s e 

s a l t s a r e c r y s t a l l i n e s u b s t a n c e s , e a s i l y so lub le in o r g a n i c s o l v e n t s . They 

a r e h y d r o l y z e d in aqueous s o l u t i o n s . On the b a s i s of a n a l y t i c a l da ta the 

au thor p r e s e n t e d t h e i r f o r m u l a in the fo rm: [ ( C / H . ) ^ ( C ^ H . C H , ) ? ] " [Me(NO,) ] j . 

(whe re Me = L a , Ce , P r , Nd) . 
551 Mis s L . O . Tuazon has shown tha t even in r e l a t i v e l y di lute n i t r a t e 

so lu t ion Ce( + 4) f o r m s a Ce(NO,)(OH) c o m p l e x and, to a l e s s e r ex ten t , 

Ce (N0 3)2^^. 

I V . 5 B - 6 . N i t r i t e s 

N i t r i t e s of the type Cs2Na [Me(NO, ) , ] ( w h e r e Me = L a , Ce , P r , Y) w e r e 
133 p r e p a r e d by F e r r a r i et a l . by s lowly diffusing an aqueous so lu t ion of C s N O , 

th rough a p a r c h m e n t m e m b r a n e into so lu t ion cons i s t i ng of Me(NO,) ,• 6H2O 
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and NaN02- The compound i s o l a t e d by the a u t h o r s , Cs Na [ L a ( N O , ) / ] , a p 

p e a r e d as faint ly g r e e n i s h , a l m o s t c o l o r l e s s c r y s t a l s . 

I V . 5 B - 7 . C a r b o n a t e s 

When C O , is p a s s e d into a s u s p e n s i o n of h y d r o x i d e s of r a r e - e a r t h e l e 

m e n t s , c r y s t a l l i n e c a r b o n a t e is ob ta ined . Under the ac t ion of a s a t u r a t e d 

so lu t ion of K p C O , on the solu t ion , the s a l t s of the ceriunn g r o u p of e l e m e n t s 

s e c r e t e a s l i m y r e s i d u e which, in the c o u r s e of f u r t h e r addi t ion of r e a g e n t , 

is d i s s o l v e d with f o r m a t i o n of a complex compound which i s not d e c o m p o s e d 

by the ac t ion of (NH . ) 2 C , 0 . . If a m o r e di lute c a r b o n a t e so lu t ion is added, 

a r e s i d u e is obta ined which is not so luble in an e x c e s s of r e a g e n t . The s o l u 

bi l i ty of c a r b o n a t e s in a s a t u r a t e d so lu t ion of K . C O , i n c r e a s e s with the i n 

c r e a s e in atonnic n u m b e r of the r a r e - e a r t h e lennents . The connposit ion of 
142 

the connplex c a r b o n a t e s so luble in w a t e r seenns to be K , [ M e ( C O , ) , ] . F i s c h e r 

u s e d c a r b o n a t e s for f r ac t iona l ly s e p a r a t i n g m i x t u r e s of r a r e - e a r t h e lennents . 

A x e l r o d h a s c o m p l e t e d a P h . I) , t h e s i s on "S tud ies of the R a r e - E a r t h C a r 

b o n a t e s " in which he p r e p a r e d v a r i o u s fornns of the r a r e - e a r t h c a r b o n a t e s 

by h y d r o l y s i s of t r i c h l o r o a c e t a t e o r u r e a so lu t ions conta in ing f a i r l y high con

c e n t r a t i o n s of the r a r e - e a r t h e l e m e n t s . 

I V . 5 B - 8 . C h r o m a t e s 

484 A s p e c t r o p h o t o m e t r i c s tudy was nnade of a IM so lu t ion of H C I O , 

containing Ce and C r (at 25°C) . It was found tha t a complex compound 

e x i s t s in the so lu t ion conta ining 1 Ce ion to 1 C r ion. 

I V . 5 B - 9 . P h o s p h a t e s 

432 
S e r e b r e n n i k o v r e p o r t s tha t , dur ing c o n d u c t o m e t r i c t i t r a t i o n of a 

0. IN solu t ion of ( N H ^ ) , [Ce(N03) , ] by a 0. IN so lu t ion of Na P O.,, he noted 
4+ 

in the so lu t ion a complex compound of Ce with the p y r o p h o s p h a t e ion: 

N a . Ce(P20. , )2 . The au thor exp la ined the c o m p o s i t i o n of th i s compound by 

the fact tha t , in i t , the p y r o p h o s p h a t e ion exhib i t s a coo rd ina t i on capac i ty 

of t h r e e (which a p p e a r s sonnewhat unexpec t ed ) . 

Addit ion of sod ium phospha te (and po lyphospha tes ) to an aqueous r a r e -

e a r t h so lu t ion ad jus ted to pH 4. 5 r e s u l t s in the p r e c i p i t a t i o n of n o r m a l p h o s 

pha tes (and po lyphospha tes ) c o r r e s p o n d i n g to the f o r m u l a e R ( P O . ) , R , ( P , 0 _ ) , , 

and R _ ( P , 0 , , ) , . At h ighe r c o n c e n t r a t i o n s of p y r o p h o s p h a t e s and t r i p h o s -
173 

p h a t e s , G i e s b r e c h t and A u d r i e t h have shown tha t so luble s p e c i e s ex i s t in 

which the r a t i o of r a r e - e a r t h m e t a l ion to t r i p h o s p h a t e is 1:2 ( they pos tu l a t e 
3_ 

an anionic complex with the f o r m u l a [Na . ( R E ) ( P , 0 , , ) , ] as one pos s ib i l i t y ) . 
169 4 :i iu ^ 

Genge and Salnnon, us ing e lu t ion of ca t ions f r o m ion -exchange r e s i n 

so lumns as a c r i t e r i o n , conclude that s c a n d i u m h a s a sonnewhat g r e a t e r t e n d 

ency to f o r m c o m p l e x e s with o r t h o p h o s p h o r i c acid than do the o the r r a r e e a r t h s . 



I V . 5 B - 1 0 . H e t e r o p o l y Compounds 

The known^^ compounds a r e Meg [Ce(Mo20.^)^] • 8H2O and Meg [Ce(W20_,)^] ' 

8 H . O , w h e r e Me = K, Na, NH . . The f i r s t of t h e s e was obta ined in the f o r m of 

ye l low c r y s t a l l i n e s e d i m e n t upon d r o p - b y - d r o p addi t ion of a nornnal so lu t ion of 

a m m o n i u m molybda t e into a boil ing nnixture of ( N H . ) , [ C e ( N O , ) / ] . A double 

sa l t of compos i t i on ( N H . ) , H , [ C e ( M o , 0 _ ) , ] was p r e c i p i t a t e d f r o m the su l fur ic 

ac id so lu t ion . Annnnonium ions , being l oca t ed on the e x t e r i o r s p h e r e of the 

p o l y c e r i u m m o l y b d a t e , a r e capable of i n t e r chang ing with o the r ca t ions — f r e 

quent ly for Ag and ions of t r i v a l e n t r a r e - e a r t h e l e m e n t s . The r e s u l t i n g conn-
432 

pounds a r e difficult to d i s s o l v e m m i n e r a l a c i d s . T h e i r complex c h a r a c t e r 
4+ 

IS e m p h a s i z e d by the fact that they do not p r o d u c e a r e a c t i o n m Ce with 

h y d r o g e n p e r o x i d e , oxa l ic acid changes th i s compound into c e r i u m oxa la te 

mconnple te ly and only af ter bo i l ing . 

239 K o m a r o v s k i i and K o r e n m a n p r o d u c e d a compound of the type ( N H . ) 3 

[MeMo.O . ] • l^H^O (whe re Me = L a or Ce) . 

I V . 5 B - 1 1 . Annnnoniates 

80 125 21 
Complex a m m o n i a t e s of r a r e - e a r t h e l e m e n t s can be p r o d u c e d 

m a m e d i u m of l iquid annmonia, o r by m e a n s of u n i n t e r r u p t e d h o u r s - l o n g 

p a s s a g e of a s t r e a m of a m m o n i a th rough a so lu t ion of M e ( N O , ) , with a s o m e 

what r a i s e d t e m p e r a t u r e ( ~ 4 0 ° ) . A c r y s t a l l i n e s u b s t a n c e of c o m p o s i t i o n 

Me [(NH3)^] N O 3 I S p r o d u c e d . 

371 In 1955 Popov and Wendlandt d i s c o v e r e d a b a r e l y s t ab le complex 

compound of d iva lent s a m a r i u m with annmonia . A ba tch of d e h y d r a t e d S m C l , 

was p l aced m a p o r o u s g l a s s f i l t e r , m a s p e c i a l c l o s e d systenn, and cooled 

by sol id C O , . The s u r f a c e of the ba tch was c o v e r e d with a so lu t ion of sodiunn 

and l iquid a m m o n i a , and for s e v e r a l m i n u t e s the so lu t ion was f i l t e r ed . The 

sodiunn r e s i d u e was r e m o v e d by r e p e a t e d sc rubb ing with a m m o n i a . The r e 

ac t ion p roduc t , a so l id s u b s t a n c e of a r e d - b r o w n co lo r , was h e a t e d to r o o m 

t e m p e r a t u r e m a t m o s p h e r i c n i t r o g e n . In a i r it r ap id ly l o s t the a m m o n i a , 

and th is g u a r a n t e e d , a p p a r e n t l y , tha t it was connec ted with the oxidat ion of 

Sm to Sm and the b r eakdown of the complex a m m o n i a . One m a y a s s u m e 

tha t the compound had a c o m p o s i t i o n of [Snn(NH,) . ] C l^ , h o w e v e r , b e c a u s e of 

insuff ic ient s t ab i l i ty it could not be ana lyzed . 

V i c k e r y ' h a s convincingly d e m o n s t r a t e d the e x i s t e n c e of a h e x -

a m m m o scandiunn ca t ion m aqueous so lu t ion . The s t ab i l i t y of the complex 

IS suff ic ient ly g r e a t so that the p r e c i p i t a t i o n of s c a n d i u m as oxa la te o r h y 

drox ide f r o m so lu t ions containing a m m o n i u m ion i s s e r i o u s l y i n t e r f e r e d wi th . 
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IV. 5C. COMPOUNDS WITH ORGANIC ADDITIVES 

I V . 5 C - 1 . Ca rboxy l i c Ac ids 

In the doma in of o r g a n i c s u b s t a n c e s , ac ids seenn to be one of the s t r o n g 

e s t c o m p l e x - f o r m i n g agen ts for r a r e - e a r t h e l e m e n t s . It is no tewor thy that 

the s t r u c t u r e of the r e s u l t a n t complex connpounds depends in a s ignif icant 

d e g r e e on the s t r u c t u r e of the acid; i . e. , on length of h y d r o c a r b o n cha in s , 

ba s i c i t y , and r e l a t i v e pos i t ion of funct ional g r o u p s . 

S i m p l e ca rboxy l i c ac ids do not p r e s e n t s p e c i a l i n t e r e s t . The f i r s t m e m 

b e r s of th i s s e r i e s , a l though they do f o r m complex c o m p o u n d s , exhibi t i n s i g 

nif icant s t ab i l i t y in so lu t ion; and ac ids with a h y d r o c a r b o n cha in of 10 to 15 

a t o m s p roduce only s a l t s difficult to d i s s o l v e in w a t e r . We wil l m e n t i o n only 

a few of t h e i r r e p r e s e n t a t i v e s . 

O 

II 

I V . 5 C - l ( a ) . A c e t i c Acid , C H , — C — O H . Annmonium a c e t a t e p r o d u c e s c o m 

plex c o m p o u n d s , but they a r e uns t ab l e and e x i s t only in a s igni f icant e x c e s s 

of r e a g e n t . In t h e s e c i r c u m s t a n c e s the connplex compounds a r e not b r o k e n 

down under the ac t ion of K . [ F e ( C N ) , ] . Weinlandt and H e n r i c h s o n found 

that upon addi t ion of n i t r i c ac id to c e r i u m a c e t a t e so lu t ion , a complex ca t ion ic 

s p e c i e s is f o r m e d conta ining t h r e e a t o m s of c e r i u m and t h r e e r a d i c a l s of 

a ce t i c acid: [Ce3(CH3COO) ^] (NO3) , - 13H O. T h e r e w e r e a l s o p r e c i p i t a t e d 

complex compounds in which the anion c o n s i s t e d of p e r c h l o r a t e , c h r o m a t e , 

o r p i c r a t e . 
69 C a n n e r i p r o d u c e d connplex c e r i u m a c e t a t e s in which t h r e e s u p p l e -

i n e n t a r y v a l e n c i e s in the i n n e r s p h e r e w e r e t aken by t h r e e m o l e c u l e s of u r e a : 

[Ce(CH3COO)3]- 3CO(NH2)2]-

In 1950, V i c k e r y ' * ' ' d i s c o v e r e d c o m p l e x compounds hav ing , in t h e i r 

i n n e r s p h e r e s , a c e t a t e ions and nnolecules of annmonia: [Me , (CH,COO) , • 

(NH J ^ ] ( S O . ) , - xH^O (whe re Me = P r , Nd, S m ) . He did not s u c c e e d in 
3+ 4+ 

fo rming s i m i l a r compounds for L a , Ce , and Ce . The c o m p l e x e s w e r e 

p r o d u c e d dur ing f r ac t i ona l c r y s t a l l i z a t i o n of the double su l fa t e s of r a r e - e a r t h 

elennents fronn an a m m o n i u m - a c e t a t e so lu t ion in the p r e s e n c e of H , S O . and 

HCl ; the e m e r g e n c e of s i m i l a r complex compounds i n t e r r u p t e d the n o r m a l 

c o u r s e of c r y s t a l l i z a t i o n . So lu t ions of th i s compound with neodymium, a c 

cord ing to the o b s e r v a t i o n s of the au thor , exhib i ted a blue f l u o r e s c e n c e 

unde r a m e r c u r y l a m p — a c h a r a c t e r i s t i c which m a y be u t i l i zed for qua l i t a t ive 

d e t e r m i n a t i o n of n e o d y m i u m . 
428 Sea ton h a s m a d e a v e r y tho rough inves t iga t ion of the behav io r of 

n e o d y m i u m and, to a l e s s e r ex ten t , y t t r i u m in ace t i c ac id so lu t ion; and 
444 

S o n e s s o n has d e t e r m i n e d the complex i ty c o n s t a n t s of the a c e t a t e conn-
. , , +3 _ +3 , , ,+ 3 , ^ ,+ 3 

p lexes of L a , Ce , Nd , and Gd 
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T h e s t u d y of t h e c h a r a c t e r i s t i c s of a c e t a t e c o m p l e x e s h a s p r a c t i c a l i n 

t e r e s t . F o r e x a m p l e , w h e n p r e c i p i t a t i n g v a r i o u s r a r e - e a r t h e l e m e n t s b y 

e l e c t r o l y t i c n n e t h o d s m a c e t i c a c i d , k n o w l e d g e of t h e c o m p o s i t i o n of t h e r e 

s u l t a n t c o n n p o u n d s , a n d t h e i r c o n n p o s i t i o n a s a f u n c t i o n of t h e p H of t h e s o l u -
398 

t i o n , a i d s i n t h e c o r r e c t c h o i c e of e l e c t r o l y t i c a l c o n d i t i o n s . 

O 
II 

I V . 5 C - l ( b ) . S t e a r i c A c i d , C H 3 ( C H ) , . - C - O H . R a r e - e a r t h e l e m e n t s w i t h 

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

I V . 5 C - l ( c ) . O x a l i c A c i d , H O O C - C O O H . T h e i n t r o d u c t i o n of a s e c o n d 

C O O H - g r o u p i n t o a m o l e c u l e of a r e s t r i c t e d a c i d , e s p e c i a l l y i n t h e a - p o s i t i o n , 

i n c r e a s e s s t a b i l i t y of t h e c o m p l e x c o n n p o u n d . W i t h i n c r e a s e of s p a c e b e 

t w e e n t h e C O O H g r o u p s , t h e t e n d e n c y t o w a r d c o m p l e x - f o r m a t i o n d i m i n i s h e s . 

F o r e x a m p l e , a t a d i s t a n c e of o n l y 7 t o 8 a t o m s of c a r b o n b e t w e e n c a r b o x y l 

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

y t t r i u m s u b g r o u p . 

T h e f i r s t m e m b e r of t h e s e r i e s of d i b a s i c c a r b o x y l i c a c i d s — o x a l i c 

a c i d — f o r n n s a s o m e w h a t s t a b l e c o n n p l e x c o n n p o u n d w i t h s u c c e e d i n g m e n n b e r s 

of t h e g r o u p of r a r e - e a r t h e l e n n e n t s . T h i s e x p l a i n s t h e i r l o s s w h e n p r e c i p i 

t a t i n g a m i x t u r e of t h e s e e l e n n e n t s w i t h a m m o n i u m o x a l a t e . C o m p l e x c o m 

p o u n d s a r e f o r m e d w h i c h a p p e a r t o h a v e t h e c o m p o s i t i o n (NH .) , [ M e ( C , 0 . ) , ] . 

348 <i 4 3 
O r l o v , s t u d y i n g o x a l a t e s of r a r e - e a r t h e l e m e n t s , f o u n d t h a t c e r i u m 

m h i g h e r v a l e n c i e s i s c a p a b l e of f o r m i n g c o m p l e x o x a l a t e s . T h i s c h a r a c -
399 t e r i s t i c h a s o f t e n b e e n u t i l i z e d f o r s e p a r a t i n g o u t c e r i u n n f ronn a n n i x t u r e 

w i t h o t h e r r a r e - e a r t h e l e m e n t s . T h e o x a l a t e m i x t u r e i s d i s s o l v e d m h o t 

H , S O . , d i l u t e d w i t h w a t e r , a n d p o u r e d i n t o a g r e a t a b u n d a n c e of a m i r o n i u m 

o x a l a t e . T h e s o l u t i o n t a k e s o n a d a r k o r a n g e c o l o r a s a r e s u l t of t h e f o r n n a 

t i o n of a c o m p l e x c e r i u m o x a l a t e , a n d a l l t h e r e n n a i n i n g e l e m e n t s of t h i s 

g r o u p a r e p r e c i p i t a t e d i n t h e r e s i d u e w h i c h c o n t a i n s a n i n s i g n i f i c a n t a d m i x -
4+ 

t u r e of t r i v a l e n t c e r i u m . T h i s r e s i d u e i s r a p i d l y f i l t e r e d o u t , C e r e m a i n s 

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

( N H ^ ) ^ [Ce(Cp^)^] o r ( N H ^ ) ^ [ C e ( C 2 0 ^ ) ^ ] . W h e n s t a n d i n g , t h e f i l t r a t e l o s e s 

c o l o r d u e t o r e d u c t i o n of t h e c e r i u m w h i c h i n t h e r e s i d u e h a s b e c o m e 

C e , ( C , 0 . ) , . T o s p e e d t h e p r o c e s s of r e d u c t i o n of t h e c e r i u m , N a , S O , i s 

a d d e d t o t h e s o l u t i o n a n d t h e m i x t u r e i s h e a t e d . 
9 6 , 97 

C r o u t h a m e l a n d M a r t i n ' h a v e p r o v e n t h e e x i s t e n c e of c o m p l e x e s 

of t h e f o r m R E ( C , 0 )"*" a n d R E ( C 2 0 . ) " f o r Y b a n d N d , a n d , i n a d d i t i o n t o t h e 

m o n o - a n d d i - o x a l a t e c o m p l e x e s , a s p e c i e s of t h e f o r m R E ( C , 0 . ) , f o r Y 
+ 3 2 4 3 

a n d C e 
4 5 

B r e z h n e v a a n d c o - w o r k e r s s t u d i e d t h e c a r r y i n g of c e r i u m a n d y t t r i u n n 

on c a l c i u m o x a l a t e . T h e y f o u n d t h a t a t h i g h o x a l a t e c o n c e n t r a t i o n s t h e ef-
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f ic iency of c a r r y i n g d e c r e a s e d with i n c r e a s i n g oxa la te c o n c e n t r a t i o n . Th i s 

effect they a s c r i b e to the f o r m a t i o n of complex o x a l a t e s . 
507 

V i c k e r y has r e p o r t e d the p r e p a r a t i o n of an anionic scandiunn oxala te 

complex that would not s t i ck to ca t ion exchange r e s i n s but he g ives no f o r m u l a , 
. 3 

p r e s u m a b l y it is S c ( C , 0 . ) , 

I V . 5 C - l ( d ) . Malonic Acid , HOOC - C H , - COOH. When mixing so lu t ions of 

a m m o n i u m m a l o n a t e and s a l t s of c e r i u m g r o u p e l e m e n t s (La , Ce , P r ) , a 

powdery r e s i d u e rap id ly p r e c i p i t a t e s which is so luble m an e x c e s s of r e a g e n t . 

H o w e v e r , af ter 20 to 30 m i n u t e s w e l l - f o r m e d s p i c u l e - s h a p e d c r y s t a l s a r e 

depos i t ed fronn the t r a n s p a r e n t so lu t ion and jo ined m a d r u s e r e m i n i s c e n t of 

n e e d l e s and s p h e r e s . The t r a n s p a r e n t so lu t ion (unti l p r e c i p i t a t i o n of the 

c r y s t a l l i n e r e s i d u e ) p r o d u c e s a nega t ive r e a c t i o n on an ion of the r a r e - e a r t h 

e l e m e n t with the so lu t ion K . [ F e ( C N ) , ] , which ind ica t e s the fornnation of a 

complex compound . 

Dur ing i n t e r a c t i o n of y t t r i u m and e r b i u m s a l t s with a m m o n i u m m a l o n a t e , 

no p r e c i p i t a t e is fornned. Addi t ion of so lu t ions of K . [ F e ( C N ) / ] o r NH .OH 

does not induce depos i t of a p r e c i p i t a t e , KOH p r e c i p i t a t e s E r ( O H ) , , but it 

does not p r e c i p i t a t e Y(OH) , . Addi t ion of ( N H . ) , C , 0 ^ i m m e d i a t e l y depos i t s 

the p r e c i p i t a t e of the oxa l a t e s of both e l e m e n t s . I n t roduc t i on into the s o l u 

t ion of a s igni f icant e x c e s s of amnnonium m a l o n a t e does not s t r e n g t h e n the 

c o m p l e x e s . It is i n t e r e s t i n g to note the fact that with the p a s s i n g of t i m e 

c r y s t a l s begin to depos i t f r o m the t r a n s p a r e n t s o l u t i o n s . C h e m i c a l a n a l y s i s 

shows t h e s e r e s i d u e s to be of the g e n e r a l f o r m u l a Me(C , H , 0 .) • n H , 0 , i . e . , 

a s i m p l e m a l o n a t e of r a r e - e a r t h e l e m e n t s . G e l l e s and NancoUas " ' have 

s tud ied so lu t ions of m a l o n a t e s of r a r e - e a r t h e l e m e n t s by e l e c t r o c h e m i c a l 

nnethods and have come to the conc lus ion that the subjec t e l e m e n t s def ini te ly 

f o r m connplex m a l o n a t e s . As one of the p o s s i b l e f o r m u l a s for t h e s e c o m 

pounds the a u t h o r s c o n s i d e r [ M A ] (whe re A " i s the anion of the m a l o n i c 

ac id ) . 

I V . 5 C - l ( e ) . Succ in ic Acid , HOOC - ( C H , ) , - COOH. When pour ing t o g e t h e r 

a so lu t ion of annmonium s u c c i n a t e and so lu t ions of the s a l t s La , Ce , and P r , 

an a m o r p h o u s r e s i d u e is depos i t ed which then d i s s o l v e s . With a l onge r pe r iod , 

c r y s t a l s begin to p r e c i p i t a t e m the fornn of s p i c u l e s . If an e x c e s s of a sa l t 

of a r a r e - e a r t h e l e m e n t is added to the a m m o n i u m succ in i c ac id so lu t ion , t h e r e 

IS an mnnnediate depos i t ion of a h a r d - t o - d i s s o l v e p r e c i p i t a t e . F o r e l e m e n t s of 

the y t t r i u m subgroups (Y, E r ) , a sonnewhat d i f ferent r e s u l t is ob ta ined . When 

flowing a solut ion of succ in i c ac id m e x c e s s i v e quant i ty into a so lu t ion c o n 

ta ining y t t r i u m or e r b i u m sa l t , in i t i a l ly no r e s i d u e is depos i t ed and the s o l u 

t ion r e m a i n s t r a n s p a r e n t . When e x p e r i m e n t i n g with th i s so lu t ion m NH .OH 

and ( N H . ) , C , 0 ., the c h a r a c t e r i s t i c r e s i d u e s of h y d r o x i d e s and oxa la t e s of 
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t h e s e elennents a r e r ap id ly depos i t ed , unde r the ac t ion of K . [ F e ( C N ) / ] , t he 

r e s i d u e is p r e c i p i t a t e d — not i m m e d i a t e l y , but af ter a few m i n u t e s . If the 

o r ig ina l t r a n s p a r e n t so lu t ion r e m a i n s s tand ing , then g r a d u a l l y ( m o r e r ap id ly 

for Y than for E r ) a c r y s t a l l i n e r e s i d u e of s i m p l e sa l t beg ins to p r e c i p i t a t e . 

I V . 5 C - l ( f ) . G l u t a r i c Acid , HOOC - ( C H ) - COOH. Dur ing i n t e r a c t i o n of 

a so lu t ion of the ammoniunn sa l t of g l u t a r i c ac id wi th a so lu t ion of Y ( N O , ) , , 

no r e s i d u e is f o r m e d . F r o m the c l e a r so lu t ion under ac t ion of NH .OH and 

( N H . ) , C , 0 . , a p r e c i p i t a t e is d e p o s i t e d . K . [ F e ( C N ) / ] does not c r e a t e a p r e 

c i p i t a t e . T h e s e qua l i t a t ive e x p e r i m e n t s exhibi t tha t h e r e a c o m p l e x compound 

IS f o r m e d which is s t ab le m so lu t ion . 

I V . 5 C - l ( g ) . Adipic Acid . HOOC - (CH, ) . - COOH. Upon i n t e r a c t i o n of a m 

m o n i u m a d i p m a t e with the s a l t s La , Ce , P r , Nd, and S m , c r y s t a l s of r e s i d u e 

a r e depos i t ed imnnedia te ly in the f o r m of long s p i c u l e s which a r e not so lub le 

in an abundance of r e a g e n t . With s a l t s of elennents m the y t t r i u m s u b g r o u p , 

the r e s i d u e is not ob ta ined imnnedia te ly , but af ter the so lu t ion has s tood for 

a t i m e , the c r y s t a l s a r e depos i t ed in the f o r m of rhonnbohedrons . Under the 

ac t ion of K . [Fe(CN) , ] on the c l e a r so lu t ion , the m i x t u r e d e p o s i t s i t s c h a r a c 

t e r i s t i c c r y s t a l l i n e r e s i d u e of f e r r o c y a n i d e r a r e - e a r t h e l e m e n t s af ter a few 

nnmutes . With NH .OH and ( N H . ) 2 C , 0 . , the p r e c i p i t a t e is f o r m e d i m m e d i a t e l y . 

It follows that the r e s u l t a n t c o m p l e x compounds p o s s e s s ins ign i f i can t s t ab i l i t y . 

I V . 5 C - l ( h ) . P i m e l i c Acid , HOOC - (CH ) . - COOH. Upon ac t ion of a m m o 

n ium p i m e l i c ac id on the so lu t ion L a ( N O , ) , , a f ine , c r y s t a l l i n e r e s i d u e is 

d e p o s i t e d which i s not so luble in abundant r e a g e n t . F o r Y ( N O , ) , t h e r e i s a 

d i f ferent behav io r : At f i r s t the r e s i d u e is not f o r m e d , but a f te r s e v e r a l m i n 

u tes c r y s t a l s s e p a r a t e whose f o r m di f fe rs f r o m c r y s t a l s of l an thanum s a l t . 

I V . 5 C - l ( i ) . A z e l a i c Acid , HOOC - ( C H ) - COOH, and Sebac i c Acid , 

HOOC — ( C H 2 ) Q —COOH. Ammoniunn s a l t s of the h ighes t homologous s e r i e s 

of d i b a s i c ac id ( a z e l a i c and s e b a c i c ) , du r ing i n t e r a c t i o n with the s a l t s of 

c e r i u m and y t t r i u m s u b g r o u p s , i m m e d i a t e l y p r o d u c e an abundant f m e l y -

c r y s t a l l m e p r e c i p i t a t e which is inso lub le m e x c e s s r e a g e n t . Th i s p r e c i p i 

ta te is c o m p o s e d of the s i m p l e a z e l a i c s and s e b a c i c s of r a r e - e a r t h e l e m e n t s . 

IV. 5 C - l ( j ) . Cannphoric Acid has the s t r u c t u r a l f o r m u l a 

T' 
CH^ 

-

H3C 

— 

CH3 

C 

- c -
c 
1 

H 

-
CH 

— 

COOH 

3 
COOH 
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The d - C a m p h o r a t e s of r a r e - e a r t h e l e m e n t s a r e p r e p a r e d by double d e 

c o m p o s i t i o n of aqueous so lu t ions of t h e i r c h l o r i d e s and sod ium cannphora te . 
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According to the degree of increase of the lat ter , the voluminous amorphous 

deposits which have become colored are precipitated characteris t ical ly for 

ions of r a r e -ea r th elements . They form a powder which does not melt when 

heated to 300"C. 

Chennical analysis data correspond to the general formula Me,(C, „H, .O . ) , , 

i . e . , the fornnula for simple cannphorates. At 20°C the camphorates are 

soluble in water; their solubility decreases in the ser ies Nd, P r , Ce, and La, 

and lessens with increase of tempera ture . Upon heating of an aqueous solution, 

hydrolysis occurs with the formation of subsal ts . In organic solvents cann

phorates are practically insoluble. 
477 Regrettably, the authors did not examine the capability of camphoric 

acid in the role of a complex-forming agent. In view of the fact that camphoric 

acid is able to produce inherent anhydrides, we might reasonably expect that 

it is capable of forming complex compounds (although perhaps not very stable 

ones): 

CH, 

^ 2 ^ 

H^C 

. ^ 

H3C CH. 

O 

O 

Me/3 

CH 

Complex compounds of r a r e - ea r th elements with dibasic organic 

acids possess one interesting peculiarity: they decompose in the course of 

t ime, producing a simple salt (of the appropriate acid) that is hard to d i s 

solve in water . This process of decomposition takes place more rapidly for 

elennents of the cerium subgroup which form less stable complex compounds, 

and takes place more slowly for elennents of the yttrium subgroup. This rule 

is observed for nnalonic, succinic, adipic, and pimelic acids. 

IV. 5C-l(k). Maleic and Fumaric Acids. The most important unsaturated 

dibasic acids are the p-dicarboxylic acids. The best studied are the first 

representat ives of this se r i e s , namely maleic and fumaric, which are s t e r -

eoisonners: 

H 

H 

y 
O 

H 

OH 
OH 

C — C 
V 

O 

OH 

V 
H 

O HO 

cis -form 
(nnaleic) 

trans -form 
(funnaric) 
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Under the action of various factors ( temperature , light, hydrogen ion, 

e tc . ) , the less stable nnaleic acid converts to the more stable fumaric acid. 

Upon interaction of La(NO,) , with ammoniunn maleate, no external 

changes occur; however, the experinnents indicated that, in the resultant 

solution. La is not detected by the action of K. [Fe(CN/)] andNH.OH. 

This indicates that a complex compound was fornned. If one runs a solution 

of ammonium funnaric acid into a solution of La (NO,) , , a crystalline deposit 

is laid down which is insoluble in excess reagent. This fact nnight be ex

plained in the following manner. Maleic acid (in the same way as dibasic 

saturated acids) produces, with r a r e - ea r th elennents, soluble connplex com

pounds of the type 

NH, 

HC — C 

O 

^O. 

;Me/3 

HC — C ̂ ' 

^ O 

( - ) 

Fumaric acid possesses no capability of forming complex compounds, 

and in its case the hard-to-dissolve sinnple salts are deposited rapidly. When 

it stands (or is heated) in the presence of HBr, there occurs a gradual con

version of the easily soluble complex nnaleinates of the r a r e - e a r t h elennents 

in the hard-to-dissolve salts of the fumaric acid. 

I V . 5 C - l ( i ) . Citraconic Acid, CH3-C(COOH) = C(COOH) - H, like maleic 

acid, has the cis-form. It is easily converted into the t rans- form which is 

mesaconic acid. In regard to the salts of r a r e - ea r th elennents, citraconic 

acid acts similarly to nnaleic — creating water-soluble complex compounds 

which do not decompose under the action of K. [Fe(CN,)] and NH.OH. One 

may assume that, under the action of known agents, the soluble complex com

pounds of citraconic acid will revert into hard- to-dissolve mesaconics of 

r a r e - ea r th elements. 

Tribasic carboxylic acids create significantly more stable complex 

compounds than do the dibasics. 

IV.5C- l (m) . Tricarballyl ic Acid, CH (COOH) - CH(COOH) - CH - COOH, 

with r a r e - ea r th elements forms a precipitate which is dissolved by further 

addition of the acid in large quantities. It is remarkable that salts of e le 

ments of the yttrium subgroup are eas ier to dissolve than salts of the cerium 
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s u b g r o u p . In the t r a n s p a r e n t so lu t ions p roduced , r a r e - e a r t h e l e m e n t s do 

not a p p e a r unde r the ac t ion of K . [ F e ( C N ) / ] and NH .OH, and with the addi t ion 

of ( N H . ) C , 0 , only a s l ight o p a l e s c e n c e is c r e a t e d . When acidifying th i s s o l u 

t ion the s t ab i l i t y of the complex d e c r e a s e s . 

IV. 5 C - l ( n ) . Aconi t i c Acid . H C 

HOOC - C H , — C 

COOH 

COOH 

Aconi t ic ac id is an u n s a t u r a t e d t r i b a s i c acid of the c i s - s e r i e s . P o u r i n g a 

so lu t ion of i ts a m r r o n i a s a l t s into a so lu t ion of r a r e - e a r t h - e l e m e n t s a l t s 

( L a , Y ) c a u s e s a r e s i d u e to be depos i t ed which is so luble in e x c e s s r e a g e n t . 

In the so lu t ion a complex connpound is c r e a t e d which is not d e c o m p o s e d under 

the ac t ion of K . [Fe(CN) , ] and NH.OH, ammoniunn oxala te c a u s e s only a 

s l ight o p a l e s c e n s e . This e x a m p l e aga in confirnns the fact that ac ids of the 

CIS-form p roduce complex connpounds soluble in w a t e r . 

325 
I V . 5 C - l ( o ) . Kojic Acid . Musante r e p o r t s that kojic ac id ( s ee s t r u c t u r a l 

f o r m u l a below) p r e c i p i t a t e s L a , P r , Nd, and Sm fronn so lu t ion e s s e n t i a l l y 

comple t e ly but does not ind ica te any complex fornnat ion. 

O 

H O -

\ . 
CH^OH 

1 34 IV. 5 C - l ( p ) . Sa l i cy l i c Acid ( s ee below) has been r e p o r t e d to f o r m c o m -
469 

pounds of the type La(Sal) , , and Suda r ikov , Z a y t s e v and Puchkov have 

s u c c e e d e d m ex t r ac t i ng s a l i c y l a t e c o m p l e x e s of s e v e r a l r a r e e a r t h s into 

i s o - a m y l a lcoho l . 

O H 

COOH 

In th is m e d i u m , scandiunn exhib i t s the i n t e r e s t i n g p r o p e r t y of being 

e s s e n t i a l l y comple t e ly e x t r a c t e d m the pH range 3. 5 to 6 but not e x t r a c t e d 

at a l l at pH ' s g r e a t e r than 7. 5. All the o the r r a r e e a r t h s a r e e x t r a c t e d c o m 

ple te ly at al l pH's above 6. 

F i a l k o v and E r m o l e n k o have r e c e n t l y publ i shed a p a p e r on the l a n 

thanum s a l i c y l a t e connplexes and t h e i r d i s s o c i a t i o n c o n s t a n t s . The " n o r m a l " 

lanthanunn s a l i c y l a t e sa l t 

•OH 
L a 

coo 
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is r e l a t i v e l y insoluble (the a u t h o r s r e p o r t tha t the L a c o n c e n t r a t i o n in 
-8 

0 .05M sod ium s a l i c y l a t e so lu t ion i s 3. 7 X 10 M) and lanthanunn s a l i c y l a t e 

does not d i s s o l v e in an e x c e s s of sod ium s a l i c y l a t e . When the pH is r a i s e d 

to the point w h e r e the phenol ic h y d r o g e n i s d i s s o c i a t e d , h o w e v e r , t h r e e 

d i s t inc t connplexes can be f o r m e d . Addi t ion of one m o l e of NaOH to one 

mole of 

^ . ^ ^ — O H \ 

g ives the product : 

N a L a 

L a 

\ ^ coo 

which is a l so quite inso lub le ( 3. 5 X 10" m o l e / 1 ) . Addi t ion of a second mole 

-, -2 of NaOH g ives the so luble connplex 

- O ' 

; COO 
L a 

o r the sonnewhat l e s s so luble 

L a 

IV. 5 C - 2 . H y d r o x y c a r b o x y l i c Ac ids 

The p r e s e n c e in ca rboxy l i c ac id of the OH g roup , e s p e c i a l l y in the a 

pos i t ion to the COOH g r o u p , no tab ly s t r e n g t h e n s i t s c h a r a c t e r a s a c o m p l e x -

forming agent . 

I V . 5 C - 2 ( a ) . Glycol ic Acid , H C — C O O H , which d i f fe rs f r o m ace t i c acid 
"^ I 
O 

H 

only by the p r e s e n c e of an O H - g r o u p , c o m b i n e s with elennents of the c e r i u m 

and y t t r i u m subgroups to f o r m complex compounds , m o r e s t ab le than a c e t a t e s , 

which do not d e c o m p o s e unde r the ac t ion of e i t h e r K . [Fe(CN) , ] o r N H . O H . 
445 446 4 b 4 

Son e s s on ' has m a d e a v e r y de t a i l ed s tudy of the g lyco la te r a r e - e a r t h 

complex s y s t e m , and has found that anionic r a r e - e a r t h g lyco la t e c o m p l e x e s 

e x i s t . Complex g lyco l a t e s can be u t i l i zed for s e p a r a t i o n of r a r e - e a r t h e l e -
458 m e n t s . It is noted that g lycol ic acid p e r m i t s , in spec i f ic condi t ions , the 

sanne d e g r e e of s e p a r a t i o n as c i t r i c ac id , and h a s s o m e advan tages ove r the 

l a t t e r ; I t s c o m p l e x e s a r e l e s s s e n s i t i v e to change of the pH of the so lu t ion . 
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it i s m o r e s t ab le in aqueous so lu t i ons , and it can be w e l l - p r e s e r v e d for w e e k s , 

not changing pH and not los ing i ts e luan t p r o p e r t y . 

I V . 5 C - 2 ( b ) . L a c t i c Acid , H-,C — C H — C O O H . In 191 3 Jan tsch^^® d e s c r i b e d 

O 

H 

compounds with l a c t i c ac id . The complex c h a r a c t e r of t h e s e compounds h a s 

been s u p p o r t e d by e l e c t r o c o n d u c t i v i t y m e a s u r e m e n t s of t h e i r aqueous s o l u 

t i o n s . Dur ing i n t e r a c t i o n of a so lu t ion of s a l t s of r a r e - e a r t h e l e m e n t s with 

a m m o n i u m l a c t a t e , in the sanae way as with amnnonium g lyco l a t e , no v i s ib l e 

change o c c u r s and the so lu t ion r e m a i n s t r a n s p a r e n t — al though in the r e s u l t a n t 

so lu t ion , unde r ac t ion of K , [Fe(CN) , ] and NH .OH, no Me ions a r e d e t ec t ed . 

If the t r a n s p a r e n t so lu t ion conta ining a m i x t u r e of a m m o n i u m l a c t a t e and r a r e -

e a r t h e l e m e n t sa l t is a l lowed to s tand , af ter 15 to 20 m i n u t e s a c r y s t a l l i n e 

r e s i d u e i s d e p o s i t e d . In t h i s c h a r a c t e r i s t i c , l a c t i c ac id i s r e m i n i s c e n t of 

ana logous compounds with d ibas i c ac ids — m a l o n i c , s u c c i n i c , and ad ip i c . 

Recen t ly , l a c t a t e s have begun to be u s e d succes s fu l l y for s e p a r a t i n g m i x t u r e s 
, -̂v, 1 * 334,536 

of r a r e - e a r t h e l e m e n t s . 

I V . 5 C - 2 { c ) . Amygda l i c Acid , C /H .(OHjCH^COOH, with r a r e - e a r t h e l e m e n t s 

f o r m s s i m p l e s a l t s of c o m p o s i t i o n Me(CQH_0, ) ,• n H , 0 (where n = 2, 3), which 

differ f rom each o the r s ign i f ican t ly in so lub i l i ty . Solubi l i ty of t h e s e s a l t s d e 

pends s t r ong ly on the pH of the so lu t ion and i t s t e m p e r a t u r e . Th i s fact was 
511 explo i ted by W e a v e r for s e p a r a t i o n of m i x t u r e s of r a r e - e a r t h e l e m e n t s 

and l i kewise for Y - r e m o v a l f r o m heavy e l e m e n t s of the r a r e - e a r t h g r o u p . 

In W e a v e r ' s work t h e r e is no m e n t i o n of the fact that s a l t s of amygda l i c ac id 

f o r m c o m p l e x compounds with r a r e - e a r t h e l e m e n t s ; h o w e v e r , it s e e m s to 

us tha t such pos s ib i l i t y is not exc luded . 

I V . 5 C - 2 ( d ) . O x a l a c e t i c Acid . R a r e - e a r t h e l e m e n t s f o r m c o m p l e x o x a l a c e -

t a t e s which a r e s o m e w h a t s t ab l e in so lu t i 

p r e s s e d that they can ex i s t in two f o r m s : 

1 A8 1? 7 
t a t e s which a r e s o m e w h a t s t ab l e in so lu t ion ' The h y p o t h e s i s is ex 

" 2 ^ 

«o 
Q 

^ M e / 3 

C = O ' 
I 

COOH 

H , C 
2 I 

O = C 

^ M e / 3 

IV. 5C-2(e ) . T a r t a r i c Acid ( s e e below) and i t s s a l t s a r e widely u s e d in a n a 

ly t i ca l c h e m i s t r y for complex ing ions of v a r i o u s heavy m e t a l s . Dur ing i n t e r -

64 



ac t ion of a lka l ine s a l t s of t a r t a r i c ac id with r a r e - e a r t h e l e m e n t s , t h e r e is 

COOH 
I 

HC OH 
I 

HC OH 
I 

COOH 

f o r m e d a complex compound of a s igni f icant s t ab i l i t y which does not decay 

unde r the ac t ion of K . [ F e ( C N ) - ] , NH^OH, and ( N H ^ ) 2 C 2 0 ^ . 

The p r o c e s s of fo rming t a r t a r i c - a c i d c o m p l e x compounds t a k e s p lace 

in two s t a g e s : 1) f o r m a t i o n of an i n t e r m e d i a t e s a l t tha t is h a r d to d i s s o l v e 

in w a t e r , and 2) d i s so lv ing of the i n t e r m e d i a t e s a l t in e x c e s s a lka l i t a r t r a t e . 

F o r erbiunn, in p a r t i c u l a r , the i n t e r m e d i a t e sa l t i s a powder of a r o s e c o l o r 

that is c h a r a c t e r i s t i c of a l l s i m p l e e r b i u m s a l t s . I t s c o m p o s i t i o n c o r r e s p o n d s 
to E r ^ ( C .H .O , ) ,• 8 H , 0 . The sa l t is difficult to d i s s o l v e in w a t e r , b u t d i s -2* 4 4 6 3 2 

so lves e a s i l y in e x c e s s a m m o n i u m t a r t r a t e and f o r m s a c o m p l e x compound . 

The l a t t e r can be depos i t ed f r o m the so lu t ion (af te r r e m o v a l of NH .CI) by the 

addi t ion of e thyl a l coho l . An oily l iquid is f o r m e d which , a f te r e v a p o r a t i o n 

of the a lcohol , h a r d e n s into a g l a s s y m a s s . Complex t a r t r a t e s , with p r o p 

e r t i e s v e r y c lose to t hose of c o m p l e x c i t r a t e s , a r e s o m e t i m e s used in the 

r o l e of an e luant when s e p a r a t i n g m i x t u r e s of r a r e - e a r t h e l e m e n t s on ion 
164 e x c h a n g e r s . As r e g a r d s the s t r u c t u r e of c o m p l e x t a r t r a t e s , one m a y 

a s s u m e that it will be ana logous to the s t r u c t u r e of the complex t a r t r a t e of 
91 ind ium p roduced by Cozz i and V i v a r e l l i : 

IV. 5C-2(f) . Mucic Acid , HOOC - ( C H O H ) ^ - COOH. Upon i n t e r a c t i o n of 

a m m o n i u m m u c i c ac id with s a l t s of r a r e - e a r t h e l e m e n t s , a s i m p l e sa l t is 

f o r m e d which , upon addi t ion of r e a g e n t , d i s s o l v e s due to fornnat ion of a c o m 

plex compound . The r e s u l t a n t so lu t ion , as in the c a s e of c o m p l e x t a r t r a t e s , 

does not r e a c t with known r e a g e n t s . H o w e v e r , if a m m o n i u m oxa la te is 

pou red into the solu t ion , in t i m e t h e r e wil l be spon taneous ly depos i t ed o x a 

la te of the r a r e - e a r t h e l e m e n t ; ac id i f i ca t ion of the so lu t ion s p e e d s decay of 

the complex compound and depos i t of the r e s i d u e . 

IV. 5C-2(g) . S a c c h a r i c Acid . It is i n t e r e s t i n g to note that s a c c h a r i c ac id , 

which is a s t e r e o i s o m e r of m u c i c , does not f o r m soluble complex compounds 

with r a r e - e a r t h e l e m e n t s . Dur ing i n t e r a c t i o n of sod ium s a c c h a r a t e with 
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l an thanum, neodymiunn, and y t t r i u m s a l t s , a copious powdery r e s i d u e is 

f o r m e d which i s not so lub le in e x c e s s p r e c i p i t a n t . 

I V . 5 C - 2 ( h ) . C i t r i c Acid is a t r i b a s i c oxy ac id of the s a t u r a t e d s e r i e s 

HOOCx COOH / C O O H 
\ I / 

H C C C H 

/ I \ 
H OH H 

In a m o l e c u l e of th is ac id , one h a s the v e r y fo r tuna te union of t h r e e ca rboxy l 
g r o u p s and one hydroxy l g r o u p . When c i t r i c ac id ac t s on a so lu t ion of s a l t s 

395 of r a r e - e a r t h e l e m e n t s , no v i s ib l e change o c c u r s ; but if one pou r s a s o l u 

t ion of c i t r a t e s a l t s into a so lu t ion of the s a l t s of the c e r i u m g r o u p , a p r e 

c ip i t a te is r ap id ly depos i t ed which is difficult to d i s s o l v e in w a t e r but e a s y 

to d i s s o l v e in abundant a lka l i c i t r a t e . In the c a s e of Sm and i t s succeed ing 

e l e m e n t s , no p r e c i p i t a t e i s o b s e r v e d . When t e s t ing the t r a n s p a r e n t so lu t ions 

p r o d u c e d in both m e n t i o n e d c a s e s by a s e r i e s of p r e c i p i t a n t s , one fa i ls to 

obta in p r e c i p i t a t e s of r a r e - e a r t h e l e m e n t s . In a lka l ine solu t ion , even u n d e r 

the ac t ion of N H . F , no f l uo r ides of r a r e - e a r t h e l e m e n t s a r e depos i t ed . 

T h e r e f o r e , only a v e r y s t ab l e complex compound is c r e a t e d in the so lu t ion . 

The p r o c e s s of c o m p l e x - c o m p o u n d f o r m a t i o n t a k e s p l ace in two s t a g e s : 

1) f o r m a t i o n of an i n t e r m e d i a t e sa l t difficult to d i s s o l v e in w a t e r , 

(C^HgO.^)"^ + Nd"*"̂  = NdC^HgO.^ ; 

2) d i s so lv ing of the i n t e r m e d i a t e ( p r e c i p i t a t e d ) sa l t in e x c e s s sod ium 

c i t r a t e , with f o r m a t i o n of the c o m p l e x compound 

NdC^H^O.^ + ( C ^ H ^ O ^ ) ' ^ = \ndKC^f>^)-^''^. 

The r e s u l t a n t HCl is d r i v e n off by e v a p o r a t i o n in a w a t e r ba th , and the r e s i d u e 

is d i lu ted with w a t e r . The r e s u l t a n t so lu t ion is ca re fu l ly n e u t r a l i z e d with a 

so lu t ion of KOH. Th i s n e u t r a l so lu t ion i s p r o c e s s e d wi th 4 to 5 t i m e s i t s 

vo lume of e thyl a l coho l . A heavy , oily fluid of a r o s y hue s e p a r a t e s . The 

uppe r l a y e r i s decan ted , the a lcohol is e v a p o r a t e d , and the s y r u p y m a s s of 

r e s i d u e is d r i e d in a d e s i c c a t o r . Af ter a few h o u r s , it is c o n v e r t e d into a 

t r a n s p a r e n t , f r ag i l e p r o d u c t . A n a l y t i c a l da ta con fo rm to the f o r m u l a 

K , [Nd(C/H_0_)- , ] ,• SH^O. Th i s s a m e sa l t can be p r o d u c e d by i n t e r a c t i o n 

of a d e t e r m i n e d quant i ty of N d C l , and c i t r i c ac id s a l t s , with f u r t h e r addi t ion 

of e thyl a l coho l . 

A m m o n i u m sa l t is p r o d u c e d by the n e u t r a l i z a t i o n of H , [Nd(C/H.O_) _] 

wi th a so lu t ion of a m m o n i a g a s , the r e s i d u e of which is d r i v e n off by h e a t i n g . 

C a l c i u m sa l t of c o m p o s i t i o n Ca^ [Nd(C/Hj.O.,) _] • 3HpO is f o r m e d upon a d 

di t ion of a C a C l , so lu t ion to the a b o v e - d e s c r i b e d c o m p l e x c o m p o u n d s . Dur ing 

p r o c e s s i n g of the r e a c t i o n m i x t u r e by a l coho l , c a l c i u m sa l t is depos i t ed in 
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the f o r m of a powdery r e s i d u e . It is wor thy of note that the C a ^ [La (C /H_0_) T] _ 

compound is s ignif icant ly l e s s so luble than a compound of o t h e r e l e m e n t s of the 

c e r i u m g r o u p . It is p r e c i p i t a t e d d i r e c t l y f rom an aqueous so lu t ion , without 

addi t ion of a l coho l . 

In the ou te r s p h e r e of complex c i t r a t e compounds one m a y p roduce a l l 

k inds of i n t e r c h a n g e s , m p a r t i c u l a r , a m m o n i u m and a lka l i m e t a l ions can ea s i l y 

be r e p l a c e d by ions of r a r e - e a r t h e l e m e n t s : Ce [Nd • ( C , H _ 0 _ ) ^ ] . Th i s sa l t 

IS a c r y s t a l l i n e s u b s t a n c e of a l ight r o s e c o l o r . It is difficult to d i s s o l v e in 

a lcohol , but m a r k e d l y so luble m so lu t ions of c i t r i c ac id and i ts a lka l ine s a l t s . 

In the l a t t e r c a s e , a m i x t u r e of complex c i t r a t e compounds of c e r i u m and 

neodymium is p roduced in so lu t ion . 

The existfence of a s t ab le c o m p l e x of (Me(C/H_0_)- , ] m the so lu t ion is 
b o i c 

dennons t ra t ed by a s e r i e s of m e t h o d s . T h u s , when p a s s i n g a f ixed c u r r e n t 

th rough a so lu t ion of the c i t r a t e connplex for a c e r t a i n t i m e , in the anode r e g i o n 

a f locculent r e s i d u e is f o r m e d as a s i m p l e c i t r a t e of a r a r e - e a r t h e l e m e n t . 

Th i s i nd i ca t e s that the r a r e e a r t h - c i t r a t e complex is nega t ive ly c h a r g e d . Under 

the ac t ion of an e l e c t r i c c u r r e n t it h e a d s for the anode , h e r e , the complex d e 

c o m p o s e s and f o r m s a s i m p l e c i t r a t e of the r a r e - e a r t h e l e m e n t . P o l a r o g r a p h i c 

inves t iga t ion of the so lu t ions of c o m p l e x c i t r a t e s e s t a b l i s h e d tha t the complex 

p o s s e s s e s s igni f icant s t ab i l i t y . In the p r e s e n c e of the c i t r a t e ion, the half-

wave c h a r a c t e r i s t i c for ions of r a r e - e a r t h e l e m e n t s was not d e t e c t e d . When 

n e u t r a l solution's of complex c i t r a t e s w e r e p a s s e d th rough a c o l u m n with a 

ca t ion e x c h a n g e r , the complex ion was not a b s o r b e d . 

All th is i nd i ca t e s that ions of r a r e - e a r t h e l e m e n t s f o r m a complex with 

c i t r a t e i o n s , c a r r y i n g a nega t ive c h a r g e and p o s s e s s i n g s igni f icant s t ab i l i ty 

in so lu t ion , unde r t h e s e cond i t ions , r a r e - e a r t h e l e m e n t s p o s s e s s a c o o r d i n a 

t ion n u m b e r equal to s ix . H e r e it is i n t e r e s t i n g to note the inf luence of ion 

r a d i u s on connplex- forming p r o p e r t i e s of r a r e - e a r t h e l e m e n t s . A c c o r d i n g 
? ? A 

to the f indings of Ke te l l e and Boyd, a spec i f ic s u c c e s s i o n m a b s o r p t i o n 
capab i l i ty (at a specif ic pH) o c c u r s in the p r e s e n c e of a c i t r a t e - i o n : 

L a > Ce > P r > > Dy > Y > Ho > L u . 

Th i s s e r i e s exac t ly co inc ides with the d e c r e a s i n g o r d e r of the s i z e of ionic 

r ad i i of t h e s e e l e m e n t s . It t h e r e f o r e follows tha t the s t ab i l i ty of complex 

c i t r a t e s i n c r e a s e s with d e c r e a s i n g ion r a d i i of r a r e - e a r t h e l e m e n t s . 
35 In 1955 Bob te l sky and G r a u s pub l i shed a s tudy of complex c i t r a t e s of 

t r i v a l e n t c e r i u m . The i nves t i ga t i ons w e r e m a d e by the h e t e r o m e t r i c m e t h o d . 

A so lu t ion of Ce(NO J ^ was t i t r a t e d by a so lu t ion of N a ^ C / H - O ^ ( a b b r e v i a t e d 

N a ^ C i t r ) . The m a x i m u m opt ica l dens i ty was found at the m o l a r r a t i o 

[Ce] . [C i t r ] = 1 : 1 , Upon a t ta in ing the r a t i o of [Ce] : [Ci t r ] = 2: 3, the p r e -

c ip i ta te d i s s o l v e d with f o r m a t i o n of [ C e , C i t r , ] . With f u r t h e r addi t ion of 
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N a ^ C i t r the complex changed into [CeCi t r ] •'", l i kewi se so luble in w a t e r . 

Upon addi t ion of a C e ( N O , ) , so lu t ion to the complex thus c r e a t e d , a p r e c i p i 

t a t e was d e p o s i t e d . The p r e c i p i t a t e d s u b s t a n c e was e i t h e r Ce (CeCi t r_ ) o r 

Ce [ C e ^ C i t r , ] ; it was i m p o s s i b l e to e s t a b l i s h which as they both have the 
0 c o m p o s i t i o n [CeCi t r ] . 

Da ta of the h e t e r o m e t r i c m e t h o d w e r e s u p p o r t e d by the c o n d u c t o m e t r i c 

m e t h o d of t i t r a t i o n and by m e a s u r e m e n t of the pH. The a u t h o r s p r o p o s e d a 

whole s e r i e s of s t r u c t u r a l f o r m u l a e for the c i t r a t e c o m p l e x e s d i s c o v e r e d , in 

p a r t i c u l a r for [CeCi t r ] : 

COÔ  - ooc 

- H O C 

~ — - - C H , 

COO 

In th i s s t r u c t u r a l f o r m u l a the coo rd ina t i on nunnber for t r i v a l e n t c e r i u m 

was t aken to equal fou r . 

C o m p l e x c i t r a t e s h a v e found a wide u s a g e for s e p a r a t i o n of m i x t u r e s 
( ^ , 1 ^ u • u 2 2 6 , 2 2 0 , 4 4 8 , 4 5 0 , 3 7 4 , 1 0 

of r a r e - e a r t h elennents by ion e x c h a n g e . 

I V . 5 C - 3 . Amino Ac ids 

When g lyc ine , CH2(NH2) - COOH, and a - a l a n i n e , CH^ - CH2(NH2) -
COOH, ac t on l an thanum and e r b i u m s a l t s in so lu t ion , no v i s i b l e change 

396 o c c u r s . H o w e v e r , a nega t ive r e a c t i o n on L a and E r with a m m o n i a i n d i 
c a t e s that a complex compound is f o r m e d . 

In the c a s e of a s p a r t i c ac id , HOOC — C H , - CH(NH2) - COOH, the fo l 

lowing phenomena a r e found: In the f i r s t m o m e n t a f te r mix ing the so lu t ion , 

i ts amnaonium sa l t and the so lu t ions of l an thanum and e r b i u m s a l t s f o r m a 

p r e c i p i t a t e which d i s a p p e a r s with fu r the r addi t ion of r e a g e n t . K . [ F e ( C N ) / ] 

and NH.OH do not induce p r e c i p i t a t i o n , and ( N H , ) - C , 0 . c r e a t e s o p a l e s c e n c e . 

It s e e m s that in th is c a s e a f a i r ly s t ab le complex compound is f o r m e d . 

When g - g l u t a m i c ac id , HOOC - CH(NH2) - (CH^)^ - COOH, r e a c t s wi th 

s a l t s of l an thanum and n e o d y m i u m , t h e r e is f o r m e d a f locculent p r e c i p i t a t e 

soluble in an e x c e s s of p r e c i p i t a n t . Upon i n t e r a c t i o n of the r e s u l t a n t t r a n s 

p a r e n t so lu t ions with K . [ F e ( C N ) / ] , r e s i d u e is not depos i t ed and under the 

ac t ion of a m m o n i a a s l ight p r e c i p i t a t e is f o r m e d . 

The f i r s t of the a m i n o ac ids of the a r o m a t i c S e r i e s is a n t h r a n i l i c ac id , 

( o - N H , ' C , H . ) —COOH, which f o r m s , with s a l t s of r a r e - e a r t h e l e m e n t s , an 

abundant c u r d l e d depos i t tha t is v e r y difficult to d i s s o l v e even in abundant 

p r e c i p i t a n t . When t h e s e r e s i d u e s a r e w a s h e d with w a t e r they b e c o m e c r y s t a l 

Af ter baking at 85 -90°C the c r y s t a l s t ake a r e d d i s h t o n e . 
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The a m m o n i u m sa l t of p h e n y l - a n t h r a n i l i c ac id f o r m s with the s a l t s of 

l an thanum, c e r i u m , and e r b i u m , a vo luminous r e s i d u e of g r e e n i s h hue which 

d a r k e n s when h e a t e d . The r e s i d u e i s not so lub le in an e x c e s s of r e a g e n t . 
498 501 In 1950 V i c k e r y ' s tud ied the p r o c e s s of i n t e r a c t i o n of s a l t s of 

r a r e - e a r t h e l e m e n t s with a m i n o ac ids and c a m e to the conc lus ion tha t , of a l l 

the amino a c i d s , only h i s t i d i n e , ^ C H \ 

N NH 

CH C CH^ CH(NH2) COOH 

and g lyc ine a r e capable of r e a c t i n g with h y d r o x i d e s of r a r e - e a r t h e l e m e n t s 

in n e u t r a l or a m m o n i u m so lu t ions to p roduce complex c o m p o u n d s . 

With c i s t i n e , S CH^ CH(NH2) COOH 

i — CH^ CH(NH2) COOH 

V i c k e r y m a d e the compound Me _ ( C , H , „ 0 - N ^ S ^) ^, which a p p e a r s as a m o n o -

cl in ic r o s e t t e ; with g l u t a m i c ac id , Me- (Cj .H_0-N) , , which f o r m s in p l a t e s of 

r h o m b i c shape ; and with a s p a r t i c ac id , Mep(C . H _ 0 .N) , , which f o r m s m o n o -

cl in ic p r i s m s . 

V i c k e r y w r i t e s tha t he d i s c o v e r e d two types of c o o r d i n a t i o n be tween 

r a r e - e a r t h e l e m e n t s and a m i n o a c i d s . If an e x c e s s quant i ty of hyd rox ide of 

a r a r e - e a r t h e l e m e n t is m i x e d in an aqueous so lu t ion of g lyc ine o r h i s t i d i n e , 

and the e x c e s s hydrox ide is f i l t e r e d out, then f r ac t iona t ing with the he lp of 

oxal ic ac id c a u s e s s e p a r a t i o n in n o r m a l s equence : i . e . , f i r s t , e lennents 

with the l a r g e r a tomic n u m b e r s , and then , t hose with the s m a l l e r n u m b e r s 

( t h e r e a r e s o m e dev ia t ions f rom th is s e q u e n c e , h o w e v e r , which a r e r e l a t e d 

to so lubi l i ty of the oxa l a t e s of the r a r e - e a r t h e l e m e n t s ) . If a m i n o ac ids a r e 

added in c o r r e s p o n d i n g e x c e s s to a fully d i s s o l v e d h y d r o x i d e , then , when 

f rac t iona t ing the p r e c i p i t a t e in the f o r m of o x a l a t e s , in the f i r s t s e r i e s to 

be depos i t ed wil l be l an thanum, and af ter it wil l c o m e e l e m e n t s in o r d e r of 

i n c r e a s i n g a tomic n u m b e r . Da ta on a n a l y s i s of the p r e c i p i t a t e d compounds 

a r e i n t roduced , and a r e the b a s i s of f o r m u l a e for the " c o m p l e x " compounds 
316 

with g lyc ine , Me(NH2-CH COO) , , and h i s t i d i n e , M e ( C . H g 0 2 N J 3. M o e l l e r , 

in r e f e r r i n g to the above -no ted w o r k of V i c k e r y , w r i t e s that the m e n t i o n e d 

compounds with a m i n o ac ids have the c h a r a c t e r of s a l t s r a t h e r than connplex 

compounds , with which one m a y fully a g r e e . Ev iden t ly the p r o c e s s of i n t e r 

ac t ion of t h e s e two componen t s t akes p lace in two s t a g e s . When d i s so lv ing 

the e x c e s s quant i ty of Me(OH) ^ in a m i n o ac id , a s i m p l e sa l t of a m i n o ac id with 

the r a r e - e a r t h e l e m e n t if f o r m e d . Th i s sa l t d i s s o l v e s wel l in w a t e r . N a t u r a l l y , 

with the in t roduc t ion of C-,0 . ions into the so lu t ion , oxa l a t e s of r a r e - e a r t h 
2 4 

e l e m e n t s begin to p r e c i p i t a t e in n o r m a l o r d e r ; i . e . , beginning with the v e r y 

" h e a v i e s t . " If the e x c e s s annino ac ids a r e now r e m o v e d , a compound of 

i n t e r i o r - c o m p l e x type is f o r m e d ( a l so e a s i l y so luble in w a t e r ) ; i t s so lu t ion 
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does not p roduce the c h a r a c t e r i s t i c r e a c t i o n s on Me with such p r e c i p i t a t o r s 

as K . [ F e ( C N ) , ] and NH .OH. With the i n t roduc t i on into the solut ion of C^O^ 

ions the r e v e r s e o r d e r of depos i t ing oxa l a t e s of r a r e - e a r t h e l e m e n t s is found. 

The depos i t ing beg ins with oxa la te of l an thanum — the e l e m e n t being the l e a s t 

weakly complex- fornn ing of the r a r e - e a r t h s e r i e s . 

I V . 5 C - 4 . A m i n o p o l y a c e t i c Ac ids 

The aminopoly ac ids in which m o r e than one CH,COOH g r o u p i s a t t ached 

to one n i t r ogen a tom ( i . e . , the a m i n o p o l y a c e t i c ac ids of the amino d i ace t i c 

type RN(CH2COOH)2, n i t r i l o t r i a c e t i c type N(CH^COOH)3, e t c . ) f o r m s ign i f i 

cant ly nnore s t ab le complex compounds than s i m p l e a m i n o a c i d s . ' 
143 F i t c h and R u s s e l l s tud ied complex compounds of r a r e - e a r t h e l e m e n t s with 

h y d r a z i n o d i a c e t i c , benzy l i m i n o d i a c e t i c and o - c a r b o x y ani l ine — N N - d i a c e t i c 

a c i d s . H y d r a z i n o - N N - d i a c e t i c ac id , CH-,COOH 

NH - - - N ( a b b r e v i a t e d HA) 

^ C H ^ C O O H 

144 was f i r s t u sed by the a u t h o r s in the ro le of an e luant when s e p a r a t i n g L a 
50 3 

f rom adjoining e lennents . V i c k e r y showed that s t ab le comf)lex compounds 

a r e p roduced at the r a t i o Me : HA = 1 : 3 . He found that t h e s e compounds a r e 

uns t ab le in ac id , but s t ab le in n e u t r a l and a lka l ine m e d i a . T h u s , when pH < 6, 

so lu t ions of t h e s e g ive a b s o r p t i o n s p e c t r a c h a r a c t e r i s t i c for ions of Me ; and 

when pH > 6, the s p e c t r a a r e ana logous to s p e c t r a of complex compounds with 

" c o m p l e x o n s . " 

I V . 5 C - 4 ( a ) . N i t r i l o t r i a c e t i c Acid (TRILO) . The f i r s t complexons w e r e p r o 

duced by S c h w a r z e n b a c h in 1945 and s ince that t ime they have found e v e r 
19-21 

w i d e r u sage in p r e p a r a t i v e and ana ly t i ca l c h e m i s t r y . B e c k d i s c o v e r e d 

tha t n i t r i l o t r i a c e t i c ac id f o r m s s t ab l e complex compounds with r a r e - e a r t h 

'3^2] 

-2 _ 

e l e m e n t s of type [Me { N ( C H _ C 0 0 ) , } , ] . He i so l a t ed a h a r d - t o - d i s s o l v e 

double compound 

tCo(NH3)^] [La{N(CH2COO)3}2] . 

In the p r e s e n c e of p r e c i p i t a t i n g agen t s such as oxa la te or f luo r ide , t h e s e 

c o m p l e x e s ex i s t only in m e d i a with pH h i g h e r than c e r t a i n nnin ima. The m o r e 

s t ab le the connplex, the l o w e r the pH at which it can e x i s t . Beck u s e d the 

following v a l u e s of pH in o r d e r to induce p r e c i p i t a t i o n of the o x a l a t e s : 

L a - 6. 0; P r , Nd - 5. 5; Sm - 5. 0; Gd - 4. 5; E r - 4 . 0. Th i s r e l a t i o n s h i p is 
397 272 

widely used when s e p a r a t i n g nnixtures of r a r e - e a r t h e l e m e n t s . ' 
43 B o u l a n g e r p r e p a r e d a s e r i e s of m i x t u r e s of P r , ( S O . ) , with sod ium 

n i t r i l o t r i a c e t a t e , and then added a m m o n i u m o x a l a t e . The p r e c i p i t a t e a p p e a r e d 

only dur ing the r a t i o P r : TA > 2, w h e r e TA is n i t r i l o t r i a c e t a t e . On th i s 

b a s i s B o u l a n g e r p r o p o s e d the t h e o r y that the c o m p o s i t i o n of th i s complex c o m -
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pound m u s t c o r r e s p o n d to the f o r m u l a [ P r ( T A ) , ] ~, i . e . , the f o r m u l a s u g 

ges t ed by Beck . Ev iden t ly the s t r u c t u r a l f o r m u l a of th i s compound can be 

dep ic t ed a s : 

( - ) 

As in all the a b o v e - d e s c r i b e d c o m p o u n d s , the r a r e - e a r t h e l e m e n t s have 

a coo rd ina t ion n u m b e r equal to s ix . 

I V . 5 C - 4 ( b ) . E t h y l e n e d i a m i n e t e t r a a c e t i c Acid (EDTA) 

HOOC C H ^ ^ / C H , COOH 

, N ( C H , ) , N 

HOOC CH-

( C H ^ ) ^ -

["H^(enta)"] X H . COOH 

and i t s a m m o n i u m sa l t have been widely u s e d in the s e p a r a t i o n of m i x t u r e s of 

r a r e - e a r t h e l e m e n t s . The r a r e e a r t h - E D T A connplexes a r e excep t iona l ly 
28 

s t ab l e ; and B e t t s and D a h l i n g e r , in a t h e r m o d y n a m i c s tudy of t h e s e c o m 
p l e x e s , a t t r i b u t e th i s s t ab i l i ty to a l a r g e pos i t i ve i n c r e a s e in en t ropy which 

o c c u r s when the complex is f o r m e d . 
54 B r u n i s h o l z et a l . got complex connpounds of type Na[La(en ta ) J • x H , 0 

by i n t e r a c t i o n of a so lu t ion of L a C l , wi th N a ^ ( e n t a ) . T r i - , h e x a - , o c t a - , 

and n o n a - h y d r a t e s w e r e i s o l a t e d . The f i r s t w e r e c r y s t a l l i z e d at 50°C in the 

f o r m of p r i s m s , the second w e r e in the f o r m of s p i c u l e s (condi t ions of t h e i r 

f o r m a t i o n w e r e not e s t a b l i s h e d ) , the t h i r d w e r e at 35°C in the f o r m of p y r a 

m i d s , and the l a s t w e r e at 25°C in the f o r m of p l a t e s . The complex c o m 

pounds Ce , P r , Nd, and Sm c r y s t a l l i z e only in the f o r m of o c t a h y d r a t e s . The 

c r y s t a l s have the f o r m of o r thorhonnbic p y r a m i d s and p o s s e s s p i e z o e l e c t r i c 

c h a r a c t e r i s t i c s . When h y d r a t e s a r e hea t ed , they e a s i l y l o s e w a t e r . Anhydrous 

connpounds a r e s t ab le up to 350°C. B r u n i s h o l z a l s o s e p a r a t e d connplex c o m 

pounds of the type NH . [Me(enta)] for L a , C e , P r , Nd, S m , Gd, and Dy, and 

s tud ied t h e i r v a r i o u s c r y s t a l l i n e f o r m s . 

Complex compounds of the type H [Me(enta)] • xH^O w e r e obta ined by 
319 289 M o e l l e r , M o s s , and M a r s h a l l ' f r o m i n t e r a c t i o n of H .(enta) with an 

aqueous s u s p e n s i o n of M e ^ O , . The r e a c t i o n t a k e s p lace at r o o m t e m p e r a t u r e 

when the m i x t u r e is shaken . If so lu t ions containing H [Me(enta)] (where 

Me = Nd, Sm) and o the r r a r e - e a r t h e l e m e n t s of the c e r i u m g r o u p a r e a l 

lowed to s tand at r o o m t e m p e r a t u r e for s e v e r a l d a y s , or a r e h e a t e d in a 

w a t e r bath for s e v e r a l h o u r s , a finely c r y s t a l l i n e r e s i d u e is p r e c i p i t a t e d . 
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In the Y case no precipitation of crystals is found. This difference in the 

character is t ics of compounds in the ceriunn and yttrium groups of elennents 

can be utilized for their separation. Data of the chemical analysis of the 

crystals indicate the formula Me [Me(enta),] , 'yH^O; the magnitude of the 

y coefficient was not determined. There was no success in producing anhy

drous compounds. Sodium salts are easily obtained by neutralization of 

H [Me(enta)] with alkali, and concentration by evaporation until crystal l iza

tion. Salts of type Na [Me(enta)] t zH^O were gotten for P r , Nd, Sm, Gd, 

and Y. 

Brucine, strychnine, quinine, and cinchoninic salts of the acids 

H [Nd(enta)] and H [Y(enta)] were gotten by a direct reaction of free alka

loids with acids, taking place in equimolecular quantities in aqueous solu

tions with subsequent crystall ization. The products of interaction of the Y 

salts with strychnine and brucine are crystall ine; those of neodymium with 

strychnine, quinine, and cinchona are glasslike substances. A compound 

of Y with quinine and cinchona was obtained in the form of a gelatinous r e s i 

due. The products were dried at 110-120°. Analysis of the compounds for 

brucine indicate the formula C , ,H , /N^"H [Me(enta)]. 

On the basis of his investigations Moeller drew the conclusion that 

there are two types of connplex compounds: one character ized by the re la 

tion Me : enta = 1 : 1 (type I), and the other by the relation Me : enta = 4 : 3 

(type II). Compounds of type I can be considered as H [Me(enta)] acids, 

and compounds of type II as salts of r a r e - e a r t h elements of the acid 

Me [Me(enta)] , . One may produce compounds where Me in external and 

internal spheres will be different. In this case, in the internal sphere ob

viously there must exist the stronger complex-forming agent; and in the ex

ter ior , the weaker. For example, one may get the salt La [Er(enta)] , , but 

it is impossible to get the salt Er [La(enta)] , . This rule was utilized by 
499 500 Vickery ' for a unique method of separating r a r e - e a r t h elements, 

based on the displacement of the more fundamental elements (Me . ) by the 
3+ less fundamental (Me ) B 

[Me. enta] + Me_ -» Me. + [Me enta] . 

124 Eckardt and HoUeck studied polarographically the capability of di

valent europium to create complex compounds with ethylenediaminetetraacetic 

acid. As disclosed, on the mercury electrode in the acid medium, in the 

presence of the above-mentioned additives, there occurs sinnultaneously r e 

duction of Eu to Eu and complex-formation. 

IV. 5C-4(c). N-hydroxyethyl-ethylene diamine tr iacet ic Acid (HEDTA), and 

IV.5C-4(d). 1, 2-diaminocyclohexanetetraacetic Acid (DCTA). Horwitz 
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has s tud ied the complex ing b e h a v i o r of the r a r e e a r t h s with s e v e r a l d i a m i n o -

po lyace t i c ac ids and h a s ob ta ined s t ab i l i t y cons t an t da t a for N - h y d r o x y e t h y l -

e thylene d i amine t r i a c e t i c ac id (HEDTA) and 1, 2 - d i a m i n o c y c l o h e x a n e t e t r a -

ace t i c ac id (DCTA), as wel l as E D T A . S tab le c o m p l e x e s with a 1: 1 r a t i o 

of r a r e - e a r t h m e t a l to HEDTA and DCTA w e r e p r e p a r e d for Nd, S m , E u , 

Gd, and Y. 

E t h y l e n e d i a m i n e t e t r a a c e t i c ac id and its s a l t s a r e v e r y widely u s e d for 

a n a l y s i s of m i x t u r e s of r a r e - e a r t h e l e m e n t s ' and s e p a r a t i o n of 
1 , 5 5 , 5 7 - 6 0 , 1 1 4 , 1 7 5 , 2 7 3 , 2 8 7 , 4 2 5 , 4 5 1 , 5 3 2 „ .̂i *u i, 

t h e m . R e c e n t l y t h e r e have a p -
, 10, 202, 455 , • , . - . , , f 1, 

p e a r e d m a n y r e p o r t s oi new a m i n o p o l y a c e t i c ac ids s u c c e s s t u i i y 

being used in the ro le of c o m p l e x - f o r m i n g agen ts for r a r e - e a r t h e l e m e n t s . 

It is a p p r o p r i a t e to note the unusua l s i m i l a r i t y be tween r a r e - e a r t h e l e m e n t s 
221 and c a l c i u m as c o m p l e x - p r o d u c e r s . J o h n s t o n t e s t e d a s e r i e s of o r g a n i c 

ac id s of v a r i o u s c l a s s e s in the ro le of c o m p l e x - f o r m i n g agen ts for c a l c i u m , 

e s p e c i a l l y H . (enta) , and d i s c o v e r e d the v e r y s a m e m e c h a n i s m s which have 

been d i s c l o s e d for r a r e - e a r t h e l e m e n t s . 
I V . 5 C - 4 ( e ) . D i e t h y l e n e t r i a m i n e p e n t a a c e t i c Acid ( D T P A ) . H a r d e r and 

191 C h a b a r e k have m a d e a v e r y tho rough s tudy of the che la t ing b e h a v i o r of 

the r a r e - e a r t h e l e m e n t s with d i e t h y l e n e t r i a m i n e p e n t a a c e t i c ac id ( D T P A ) . 

All of the r a r e e a r t h s f o r m s tab le c o m p l e x e s conta in ing one m o l e of r a r e 

e a r t h t o one m o l e D T P A . T h i s r e a g e n t i s qui te unusua l , h o w e v e r , in tha t 

the m o s t s t ab le r a r e e a r t h - D T P A complex is f o r m e d by d y s p r o s i u m . The 

c u r v e of complex s t ab i l i ty vs a t omic n u m b e r r i s e s s t ead i ly f r o m L a to Dy 

and d e c r e a s e s s lowly f r o m Dy to L u . The s t ab i l i ty cons t an t for y t t r i u m fa l l s 

be tween Nd and S m , so DTPA looks m o s t pronnis ing as an e luant for c a t i o n -

exchange s e p a r a t i o n of Y-Dy m i x t u r e s . 

IV. 5 C - 5 . Compounds with Sulfo Ac ids , 

To luenesu l fon ic ac id does not f o r m connplex connpounds wi th r a r e - e a r t h 

e l e m e n t s . When so lu t ions of i t s a m m o n i u m s a l t s a r e added to the l a t t e r , no 

change o c c u r s . Ions of r a r e - e a r t h elennents in the so lu t ion a r e i m m e d i a t e l y 

de t ec t ed with the u s e of K . [ F e ( C N ) / ] . Sulfani l ic ac id behaves s i m i l a r l y to 

to leunesu l fonic ac id . 

Sulfo ac ids of the naphtha lene s e r i e s a r e d ivided into two g ro u p s a c 

cord ing to t h e i r b e h a v i o r t o w a r d r a r e - e a r t h e l e m e n t s . T o the f i r s t g r o u p 

belong the ac id s caus ing r a p i d depos i t i on of h a r d - t o - d i s s o l v e p r e c i p i t a t e s : 

g -naph tha l ene sulfo acid; 1, 3, 6 - n a p h t h a l e n e t r i s u l f o acid; g - amino- |3 - su l fo ac id 

and p - a n t h r a q u i n o n e sulfonic ac id . 

M e m b e r s of the o t h e r g r o u p of a c i d s , to which belong |3-naphthalene 

sulfo ac id , l - a m i n o - 3 , 5-disul fo ac id , 2 - o x i - 3 , 6 -d i su l fo acid ( R - a c i d ) , and 
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1-5-naph tha lene disulfo ac id , do not c r e a t e p r e c i p i t a t e s , and a l s o do not fornn 

complex connpounds. Under the ac t ion of K . [Fe (CN) / ] and o the r known r e 

a g e n t s , abundant r e s i d u e i s p r e c i p i t a t e d . 

Sodium sa l t a r s e n a z o ( b e n z o l - 2 - a r s e n i c a c i d - 1 - a z o - 2 - 1 , 8 d iox inaph-

t h a l e n e - 3 , 6-d isu l fo acid) d i s s o l v e s in w a t e r , tak ing on a r o s e c o l o r ; it d e 

ve lops a r e d - v i o l e t c o l o r a t i o n in a n e u t r a l m e d i u m (pH 7. 2) with r a r e - e a r t h 
253 e l e m e n t s . The r e a g e n t p e r m i t s de t ec t ion of t h e s e e l e m e n t s at d i lu t ions 

of 1 : 3 ,000 , 000. The d e t e c t a b l e m i n i m u m is ~ 0 . 4 |j.g at the noted d i lu t ion . 

A r s e n a z o ac t s as a g r o u p r e a g e n t on r a r e - e a r t h e l e m e n t s . 

I V . 5 C - 6 . Compounds with Dipheny lv io lu r i c Acid 

Dur ing i n t e r a c t i o n of c o n c e n t r a t e d aqueous so lu t ions of Ce s a l t s wi th 
a s a t u r a t e d so lu t ion of annmoniunn sa l t of d ipheny lv io lu r i c ac id , t h e r e is p r o -

439 duced a c r y s t a l l i n e connpound of y e l l o w i s h - b r o w n c o l o r . I t s d e c o m p o s i t i o n 

t e m p e r a t u r e i s above 290° and a b s o r p t i o n maximunn in a c e t o n e is 450 mji . 

C h e m i c a l a n a l y s i s on m e t a l content and n i t r o g e n c o r r e s p o n d s to the f o r m u l a 

C e D , (D i s d ipheny lv io lu r i c ) . The compound be longs to the i n n e r - c o m p l e x 

g r o u p . 

A m o l e c u l e of d ipheny lv io lu r i c ac id e x i s t s in two i s o m e r i c f o r m s . In 

n i t r o s o e n o l f o r m it conta ins a f r ee a t o m of H which can be exchanged for 

m e t a l . On the o the r hand, the N a tom of the n i t r o g r o u p can uni te with a 

m e t a l whose coo rd ina t ion l ink c l o s e s a 5 - m e m b e r c y c l e . Thus the s t r u c t u r a l 

f o r m u l a of complex d ipheny lv io lu ra t e of c e r i u m c a n be shown in the f o r m 

, 0 C e / 3 

C(,H3-N a 

O = C ^C N = O 
I C^H3-N 

H y d r o x a m i c ac id , for e x a m p l e N - p h e n y l b e n z o h y d r o x a m i c ( s ee below), 

/ 'C6«5 

S"5 V ""̂ ^ 
OH ^ O 

i s a good c o m p l e x - f o r m i n g agent for r a r e - e a r t h e l e m e n t s , p a r t i c u l a r l y for 

l a n t h a n u m . 

IV. 5D. COMPOUNDS WITH ORGANIC AMINES 

IV. 5D - 1. An t ipy r ine 

H C = =C CH 
I 

3 
O C. /N CH3 

^6^5 

7k 
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The f i r s t compounds with an t ipy r ine w e r e p r o d u c e d in 1913 by Kolb: 

L a ( N 0 3)3- SC^^H^^ON^, Sm(NO 3) 3-C ^ ^H j ^ON^. 

Ce(NO 3) 3- C ^ ^H ^ 2°^^ 2' ^ ^ ^ ^ ° 3̂  3* '^^ 1 1 ^ 1 2"-"^ 2" 

39 3 L a t e r it was d i s c o v e r e d tha t ions of r a r e - e a r t h e l e m e n t s o r d i n a r i l y 

coo rd ina t e a round t h e m s e l v e s s ix m o l e c u l e s of a n t i p y r i n e . 

The compound [Nd(C, , H , , O N , ) , ] l , was p r o d u c e d by mixing c o n c e n 

t r a t e d so lu t ions of N d C l , , a n t i p y r i n e , and KI. In th is r e a c t i o n , t h e r e is 

abundant p r e c i p i t a t i o n of a l i gh t -ye l low c r y s t a l l i n e r e s i d u e which i s e a sy 

enough to d i s so lve m w a t e r and a l coho l . The me l t i ng t e m p e r a t u r e of t h i s 

compound is 232-238° (with d e c o m p o s i t i o n ) . 

When mix ing c o n c e n t r a t e d so lu t ions of N d C l , , a n t i p y r i n e , and KCIO ., 

an abundant c r y s t a l l i n e r e s i d u e of white co lo r is f o r m e d , which is somewha t 

difficult to d i s s o l v e m w a t e r and has the c o m p o s i t i o n [Nd(C, ,H , , O N , ) / ] • (CIO .) , . 

It was e s t a b l i s h e d that an i n t e r a c t i o n of s a l t s of r a r e - e a r t h e l e m e n t s with a n t i 

py r ine g e n e r a l l y t akes p lace acco rd ing to the equat ion 

M eX3 + 6C^^H^^ON^ = [Me(C ^ ^H ^ ^ O ^ ^ ^ ^ ^ ^ 3' 

w h e r e Me = L a , Ce , P r , Nd, and X is the anion . 

The compound [Nd(C, , H , ,ON_) , ] C 1 , was p r o d u c e d by blending c o n c e n 

t r a t e d aqueous so lu t ions of equiva len t quan t i t i e s of N d C l , and a n t i p y r i n e , wi th 

subsequen t c o n c e n t r a t i o n m a w a t e r ba th . T h e r e r e m a i n e d a r o s e - c o l o r e d 

oily l iquid which on cooling was t r a n s f o r m e d into a h a r d , g l a s s y , t r a n s p a r e n t 

m a s s . 

The r e a c t i o n with N d ( N O , ) , o c c u r s s i m i l a r l y , excep t tha t the r e a c t i o n 

p roduc t is m c r y s t a l l i n e f o r m . 

It is not pos s ib l e to p roduce analogous complex compounds wi th such 

anions as F , S O . , H , P O _ , and C , 0 . . Under the ac t ion of the e n u m e r a t e d 

anions on the complex c o m p o u n d s , t h e r e o c c u r d e s t r u c t i o n of the complex and 

p r e c i p i t a t i o n of s i m p l e sa l t s —f luo r ide s , s u l f a t e s , and so on — which ind ica te 

insuff ic ient s tab i l i ty of t h e s e c o m p o u n d s . Double c o m p l e x compounds of type 

[Me(C, , H , ON ) , ] [Cr (SCN) , ] w e r e a l s o ob ta ined . 

The ea s i l y soluble compounds of the type [Nd(C, , H , ON ) , ] ( N O , ) , , 

dur ing i n t e r a c t i o n with K , [Cr (SCN) / , depos i t a l o o s e , powdery , l i l a c - r o s e 

r e s i d u e . Under o r d i n a r y c i r c u m s t a n c e s the r e a c t i o n t akes p lace i n s t a n t l y . 

The p roduc t p o s s e s s e s ins ign i f ican t so lubi l i ty m w a t e r and t h e r e f o r e it is 

e a s i l y s e p a r a t e d and washed c lean of a d m i x t u r e s . In the s e r i e s of s i m i l a r 

complex compounds for dif ferent r a r e - e a r t h m e t a l s , the co lo r of the complex 

is a l m o s t unchanging . It has been d i s c o v e r e d that the e l e m e n t s of the y t t r i u m 
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g r o u p (Y, E r ) coo rd ina t e with only 3 m o l e c u l e s of a n t i p y r i n e , not 6 as h a s 

been the ca se for al l e l e m e n t s of the c e r i u m g r o u p . 

In 1953 a p a p e r a p p e a r e d by Dutt and G o s w a m i on t h e i r s e p a r a t i o n 

of compounds of c o m p o s i t i o n La - , (S .O , ) ,• 6C , , H , ^ON^ and P r ^ ( S .O , ) ,• 

6C , , H , ON^ or [La2(C, , H , ON ) / ] ( S . O / ) 3 . It is evident f r o m the f o r m u l a e 

tha t , in t h e s e connpounds, for one a t o m of r a r e - e a r t h e l e m e n t t h e r e have to 

be t h r e e m o l e c u l e s of a n t i p y r i n e . 
286 

Complex connpounds with an t ipy r ine a r e u s e d when f r ac t iona t ing e l e 

m e n t s of the y t t r i u m s u b g r o u p , f requent ly for c o n c e n t r a t i o n of l u t e t i u m . 

IV. 5 D - 2 . P y r a m i d o n e 

H3C~ 

H 3 C ' 

:N- -CH. 

-N- -CH. 

N'^ 

^ 6 « 5 

P y r a m i d o n e differs f rom an t ipy r ine by the p r e s e n c e of a d imethylannine g r o u p . 

The n i t r o g e n of th i s g r o u p exhib i t s an i n t ense ly e l e c t r o n e g a t i v e c h a r a c t e r and 
393 

is able to ex i s t combined with m e t a l s . As in the an t ipy r ine c a s e , a r e a c 

t ion with p y r a m i d o n e o c c u r s i n s t an t l y for r a r e - e a r t h e l e m e n t s in nnost c a s e s : 

M e X j + 3Cj3Hj.^ON3 = [Me(C j 3H ^.^ONj) 3]X 3 

(whe re Me = La , Ce , P r , Nd, E r , and Y; and X is the un iva len t an ion) . 

The coo rd ina t ion n u m b e r is s ix , c h a r a c t e r i s t i c for e l e m e n t s of the r a r e -

e a r t h g r o u p ; it i s s a t i s f i ed by t h r e e m o l e c u l e s of p y r a m i d o n e , each of which 

h a s a coo rd ina t ion capac i ty of two. 

In the s a m e way as for compounds with a n t i p y r i n e , i n t e r a c t i o n of c o m 

plex sa l t so lu t ions with so lu t ions of su l fu r i c ac id and oxal ic ac id s a l t s l e a d s 

to d e s t r u c t i o n of the complex , and f o r m a t i o n of s i m p l e , h a r d - t o - d i s s o l v e s u l 

fa t e s and oxa la t e s of r a r e - e a r t h m e t a l s . 

F o r connplex connpounds of r a r e - e a r t h e l e m e n t s with p y r a m i d o n e or 

with a n t i p y r i n e , t h e r e is a c h a r a c t e r i s t i c r e a c t i o n with the c h r o m o - t h i o c y a n a t e 

ion: 

[Me(Cj3H^.70N3)3]X3 + K 3 [Cr(SCN)^] = [Me(Cj 3H^.^ON3) 3] [Cr(SCN)^] + 3KX. 

As a r e s u l t of the r e a c t i o n , a v o l u m i n o u s , powdery , v i o l e t - r o s e p r e c i p i 

t a t e is f o r m e d . 

I V . 5 D - 3 . P y r i d i n e . ^ ^ ^ 

V-̂  
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F o r m a t i o n of the c o m p l e x anion Nd(C(.H_N) in so lu t ion i s e a s i l y d i s l o s e d 
39 3 

by a r e a c t i o n with K , [Cr(SCN), ] . As in the a n t i p y r i n e and pyrannidone c a s e s 

the r e a c t i o n r e s u l t s in a double sa l t of c o m p o s i t i o n [Me(C_H(.N) ] [ C r ( S C N ) / ] . 

The nunnber of adjoining py r id ine m o l e c u l e s is not as fixed a s in the p r e 

ceding c a s e s . P l a i n l y , m o l e c u l e s of py r id ine a r e l e s s s t ab ly jo ined wi th a 

c e n t r a l a tom and a r e e a s i l y s e p a r a t e d f r o m i t . 

When mix ing a lcoho l ic so lu t ions of C e ( N O , ) , , py r id ine , and K , [ C r ( S C N ) , ] , 

a heavy , oi ly, v io le t l iquid is s e p a r a t e d . Dur ing c o n c e n t r a t i o n in a w a t e r ba th 

the a lcohol is r e m o v e d and the r e s i d u e f o r m s a g l a s s y m a s s which in the c o u r s e 

of t i m e s t a r t s to c r y s t a l l i z e . C h e m i c a l a n a l y s i s r e s u l t s c o r r e s p o n d to the 

f o r m u l a [Ce(C3HgN)^] [ C r ( S C N ) - ] . 

IV. 5D-4 . U r o t r o p i n e ( H e x a m e t h y l e n e t e t r a m i n e ) 

Dutt and Goswanni p r o d u c e d 

complex compounds with u r o t r o p i n e , 

of c o m p o s i t i o n Me^(S-O ,) ,• 4 C / H , - N . 

(where Me = La , Ce , P r ) . 

IV. 5 D - 5 . Hydr oxy quinol ine 

R a r e - e a r t h e l e m e n t s f o r m c o m p l e x compounds with oxine ( 8 - h y d r oxy-

quinol ine) : 

O H 

+ 3Me "̂̂  -> M e 

i 
+ 3H 

T h e r e a r e da ta indica t ing that the r e a c t i o n of oxine with Me t a k e s 

p lace in two s t a g e s dur ing which (in 50% d ihydroxyquinone solut ion) one m a y 

find the compound [MeOx] (whe re Ox = C p H , O N ) . 

The connpound [Me(oxine) , ] can be e x t r a c t e d with o r g a n i c so lven t s 
1 1 6 1 1 8 1 ? 8 

such a s c h l o r o f o r m or hexone (me thy l i sobu ty l ke tone ) . ' ' 

A s igni f icant lower ing of the pH o c c u r s , dur ing which the complex o x i -

na t e s a r e w i thd rawn in a pH-dependen t s e q u e n c e . The c r i t i c a l pH r a n g e s 

f rom 9 . 4 for Nd to 8. 3 for E r . In o the r w o r d s , the complex ox ina tes of E r 

a r e m o r e s tab le than the complex oxina tes of Nd, and " e n d u r e " a m o r e ac id 

m e d i u m . Although th is pH d i f fe rence is not h igh , n e v e r t h e l e s s it can be 

u t i l i zed for s e p a r a t i n g m i x t u r e s of r a r e - e a r t h e l e m e n t s by e x t r a c t i o n m e t h o d s . 

C h l o r o f o r m so lu t ions of complex ox ina tes a r e ye l low and d i sp lay m a x i 

m u m a b s o r p t i o n at 4000 A. Some peaks of the c h l o r o f o r m so lu t ions of t h e s e 

c o m p l e x e s a r e s igni f icant ly m o r e c l e a r l y e x p r e s s e d than for s i m i l a r c o m -
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pounds in aqueous s o l u t i o n s . In p a r t i c u l a r , the peaks at 5818 A for Nd and 

5208 A for E r a r e u sed for p r e c i s e s p e c t r o p h o t o m e t r i c d e t e r m i n a t i o n s of 

t h e s e e l e m e n t s . 
519 3 + 4 + 

Wendlandt h a s p r o d u c e d the complex ox ina tes of Ce and Ce : 

Ce(Ox)3 and Ce(Ox) . 

A r e p o r t on p roduc ing oxinate of t e t r a v a l e n t p r a s e o d y m i u m is i n t e r -
248 4+ 

e s t i n g . (To da t e , no one h a s s e p a r a t e d any P r compound . ) A so lu t ion 

of 8 -hydroxyquino l ine sulfonic ac id in a m m o n i a is m i x e d with P r ( N O , ) , ; the 

r e s u l t a n t so lu t ion i s t r a n s f e r r e d to a g l a s s in which i s p l aced a s m a l l cup, 

half full of a so lu t ion of N H . N O , . Around the snnall cup in a so lu t ion of 

P r ( N O , ) , is p laced a c y l i n d r i c a l p l a t inum leaf which ac t s as an anode; and 

in the so lu t ion of N H . N O , is a p l a t inum w i r e which a c t s as the ca thode . 

E l e c t r o l y s i s is s t a r t e d . Dur ing the e l e c t r o l y s i s the anode l iquid is s t i r r e d 

e n e r g e t i c a l l y and kept a l k a l i n e . Af te r the end of the p r o c e s s , the anode 

l iquid is m i x e d with oxine and the m i x t u r e is h e a t e d in a s e a l e d tube at 100° 

for two h o u r s . F i n e c r y s t a l s a r e depos i t ed , then f i l t e r e d out, w a s h e d with 

hot w a t e r containing a m m o n i a , a lcohol , and e t h e r , and d r i e d at r o o m t e m 

p e r a t u r e . Chennical a n a l y s i s g ives da ta c o r r e s p o n d i n g to the f o r m u l a 

P r ( C p H , N O ) .• 2H^O. The s u b s t a n c e t a k e s on a ye l l owi sh c o l o r . It is s t ab le 

in a m m o n i u m solut ion even in the p r e s e n c e of v a r i o u s r e d u c e r s , but it is 
4+ 3+ 

g radua l ly d e c o m p o s e d by a lka l i . In an ac id m e d i u m , P r is r e d u c e d to P r 

The s u b s t a n c e is inso luble in w a t e r and o rgan i c s o l v e n t s . The oxinate of 

t r i v a l e n t p r a s e o d y m i u m , Pr(CQH^NO) 3 ' H _ 0 , i s p roduced by i n t e r a c t i o n of 

an acidif ied ace t i c ac id of a di lute so lu t ion of P r ( N O , ) , , with an a l coho l -ox ine 

so lu t ion . The so lu t ion i s a l k a l i z e d by a m m o n i a and h e a t e d in a w a t e r ba th . 

A s u b s t a n c e is depos i t ed in the f o r m of ye l low powder . It is r e m o v e d and 

d r i e d in the s a m e way as d e s c r i b e d above . It is inso lub le in w a t e r and o r -
330 

ganic s o l v e n t s , but d e c a y s unde r the ac t ion of ac id and a l k a l i . A r e p o r t 
*!, * U T .• f T.Tj4+ , . . • - ,T • 3 8 4 . 4 2 3 

on the s t ab i l i z a t i on of Nd by oxine is ev ident ly m e r r o r . 
I s h i m o r i p roduced a complex oxinate of p r o m e t h i u m . A w a t e r s o l u -

147 t ion conta ining P m and sod ium t a r t r a t e was p r e p a r e d . The pH was r e g u 
l a t ed by addi t ion of NH .OH. A c h l o r o f o r m so lu t ion of oxine was added to the 

147 
w a t e r so lu t ion , containing P m , and the m i x t u r e was s t i r r e d v i g o r o u s l y . 
The c h l o r o f o r m s e p a r a t e d in a l a y e r and was e v a p o r a t e d ove r an i n f r a r e d 

l a m p . The r ad ioac t iv i t y of the r e s i d u e was m e a s u r e d by a coun te r and c o m 

p a r e d with the o r i g i n a l . The g r e a t e s t e x t r a c t i o n was noted at pH 9. 

One can assunne ( c o n s i d e r i n g tha t P m in the so lu t ion is t r i v a l e n t l ike 

i ts ne ighbor s ) that the complex oxina te of p r o m e t h i u m can be dep ic ted by the 

f o r m u l a Pm(Ox) , . 
324 

T h e r e has a l s o been p r o d u c e d a complex oxinate of y t t r i u m . A w a t e r 
90 so lu t ion containing Y and t a r t r a t e of p o t a s s i u m - s o d i u m was m i x e d with a 
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90 
c h l o r o f o r m solu t ion of oxme , and then the quant i ty of Y was d e t e r m i n e d 

f r o m oxme e x t r a c t e d at d i f ferent pH. P a r a l l e l t e s t s w e r e m a d e on e x t r a c t i o n s 

of y t t r i u m by pu re c h l o r o f o r m (at the s a m e pH va lues ) — but y t t r i u m was not 

e x t r a c t e d . It was found that a m o l e c u l e of y t t r i u m oxinate p o s s e s s e s 2 anions 

of Ox for e ach a tom of y t t r i u m Y(Ox) ,X, w h e r e X i s a un iva len t anion, dif

fer ing f rom (Ox) . 

It was p roposed to u t i l ize the r e a c t i o n fo rming complex ox ina tes for 

quan t i t a t ive d e t e r m i n a t i o n of r a r e - e a r t h e l e m e n t s . H o w e v e r , it was d i s -
119 c o v e r e d by D y r s s e n that r e a c t i o n p r o d u c t s with oxme p o s s e s s somewha t 

l e s s oxme than p r e d i c t e d by the t h e o r y . Th i s is connec ted , ev ident ly , with 

h y d r o l y t i c d e c o m p o s i t i o n of t h e s e compounds m so lu t ion . In view of t h i s , 

it is doubtful whe the r it is expedient to use oxme for quan t i t a t ive d e t e r m i n a 

t ion of r a r e - e a r t h e l e m e n t s . F o r th is goal it is b e t t e r to use di h a l i d e -
315 d e r i v a t i v e o x m e s for e x a m p l e , 5, 7 - d i c h l o r - 8 - h y d r o x y q u i n o l i n a t e s . 

They give a complex compound l e s s ea s i l y d i s s o l v e d m w a t e r , and they a r e 

m o r e convenient to h a n d l e . They a r e l i kewi se so luble m o rgan i c so lven t s 

and a r e e x t r a c t e d at d e t e r m i n e d pH v a l u e s f r o m the i n o r g a n i c p h a s e s to the 

o rgan ic for e x a m p l e , m c h l o r o f o r m . 

Complex oxina tes a r e used for exhibi t ing c h r o m a t o g r a m s on p a p e r 

when s e p a r a t i n g m i x t u r e s of r a r e - e a r t h e l e m e n t s . ' The c h r o m a t o -

g r a p h s a r e deve loped by a so lu t ion of hydroxyquino l ine and a r e i r r a d i a t e d 

by u l t r av io l e t l ight . Dur ing th is p r o c e s s , for e x a m p l e , a pa tch of L a g ives 

a g r e e n f l u o r e s c e n c e , and Dy g ives a b l a c k spo t . 
149 F r e a s i e r , O b e r g , and Wendlandt have p r e p a r e d the 8 - q u i n o l i n o l - 5 -

sulfonic acid c h e l a t e s of the r a r e e a r t h s and r e p o r t t h e s e c o m p l e x e s to be 

s o m e w h a t l e s s s tab le than the c o r r e s p o n d i n g 8-quinol inol and 2 - m e t h y l - 8 -

qumolmol c h e l a t e s . 

1 V . 5 D - 6 . Cupfe r ron 

C u p f e r r o n , C ,H .N(OH)NO, with r a r e - e a r t h e l e m e n t s f o r m s complex 

compounds which a r e difficultly soluble m w a t e r and o rgan i c s o l v e n t s , and 

(at pH 3-4) can be used for g roup s e p a r a t i o n of t h e s e e l e m e n t s . ' ' 
515 

Wendlandt s tud ied t h e r m a l d e c o m p o s i t i o n of c u p f e r r o n a t e s . He 

e s t a b l i s h e d that the p y r o l y s i s c u r v e s of the c u p f e r r o n a t e s L a , P r , Nd, and 

Sm have an iden t ica l c h a r a c t e r . Some i n t e r m e d i a t e p l a t eaus could be noted 

at 150-180° , 280 -290° . and 4 5 0 - 6 0 0 ° , which do not c o r r e s p o n d to any s o r t 

of s t o i c h i o m e t r i c compound and s e e m to be a m i x t u r e of d e c o m p o s i t i o n p roduc t 

S i m i l a r i t y is evident m the p y r o l y s i s c u r v e s for c u p f e r r o n a t e s Ce and Y. 

H e r e , i n t e r m e d i a t e p l a t eaus a r e not found. T h e s e compounds a r e rap id ly d e -
4+ +3 

c o m p o s e d to o x i d e s . The l e a s t s t ab le c u p f e r r o n a t e s a r e Ce and Gd . They 
begin to decay even at r o o m t e m p e r a t u r e . 
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I V . 5 D - 7 . N e o c u p f e r r o n 

516 N e o c u p f e r r o n f o r m s ana logous c o m p o u n d s . The t h e r m a l decay c u r v e s 

of the n e o c u p f e r r o n a t e s L a , P r , Nd, and S m a r e i d e n t i c a l . The c u r v e for Y is 
3+ 4+ 

iden t i ca l to the Gd c u r v e , and the Ce and Ce c u r v e s differ f r o m the f i r s t 

two t y p e s . F o r a l l t h r e e t y p e s , d e c a y beg ins at 8 0 ° . Th i s decay c o r r e s p o n d s 

to l e s s e n i n g of the m o l e c u l a r weight by 18 u n i t s , which c o r r e s p o n d s exac t ly 

to the l o s s of 1 m o l e c u l e of H^O. H o w e v e r , it was e s t a b l i s h e d by ana lys i s 

tha t the n e o c u p f e r r o n a t e s do not conta in w a t e r of c r y s t a l l i z a t i o n . E v i 

dent ly the o r ig in of t h e s e w a t e r nnolecules is connec ted with i n t e r m o l e c u l a r 

r e a r r a n g e m e n t s in the c o m p l e x compound . 
IV. 5 D - 8 . D i s a l i c y l i d a l Ethylenediannine 

As D y r s s e n showed, ' complex compounds with r a r e e a r t h s a r e not 

f o r m e d . 

I V . 5 D - 9 . Methyl A m i n e 

The s a l t s of r a r e - e a r t h e l e m e n t s with m e t h y l a m i n e f o r m complex c o m 

pounds of c o m p o s i t i o n M e C l , - n C H , N H - . A ba tch of anhydrous M e C l , was 
373 i i i. i 

p laced in a r e a c t i o n v e s s e l . In to th is v e s s e l , which was cooled by i c e , 

was in jec ted d r y m e t h y l a m i n e . It s lowly m e r g e d with the c h l o r i d e . The 

nnethyl annine in jec t ion was cont inued unti l e s t a b l i s h m e n t of e q u i l i b r i u m 

(4 -12 h o u r s ) . The c o m p o s i t i o n of the s t ab l e m a t e r i a l was ca l cu l a t ed f r o m 

the quant i ty of a b s o r b e d m e t h y l a m i n e . Af ter a c h i e v e m e n t of e q u i l i b r i u m 

the p roduced me thy lamnnon ia te was sub jec t ed to t h e r m a l d e c o m p o s i t i o n . An 

ice bath unde r the r e a c t i o n v e s s e l was con t ro l l ed by a t h e r m o s t a t to k e e p 

the t e m p e r a t u r e to an a c c u r a c y of ± 1° in the 25-300° i n t e r v a l . The t e m p e r a 

t u r e was g r a d u a l l y r a i s e d and af ter e v e r y 2 - 3 m i n u t e s the quant i ty of d e -

s o r b e d m e t h y l a mine was m e a s u r e d by b u r e t . The t r a n s i t i o n f r o m one c o m 

pound to the o the r o c c u r r e d in s t a g e s . T h e r e f o r e it was e s t a b l i s h e d that 

M e C l , f o r m s with m e t h y l amine a compound of the g e n e r a l f o r m u l a M e C l , * 

n C H , N H , ( w h e r e Me = L a , Ce^"*", P r , Nd, S m , and Gd; n = 1-5). 
517 An y t t r i u m compound of type Y C 1 , - C H , N H , was s tud ied f r o m the 

c u r v e s of i s o b a r i c - t h e r n n a l d e c o m p o s i t i o n . F o u r compounds w e r e d i s c o v e r e d , 

w h e r e n = 1-4. The t e m p e r a t u r e s of d e c a y of t h e s e compounds c o r r e s p o n d 

ingly equal 82, 180, 232, and 360° . Compounds w h e r e n = 5, found in c h l o 

r i d e s of o the r r a r e - e a r t h e lennents , w e r e not d i s c o v e r e d even at 0 ° . 
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I V . 5 D - 1 0 . E t h y l e n e d i a m m e 

440 4+ 

E t h y l e n e d i a m m e , NH^ - (CH ) , - N H , . f o r m s with Ce s a l t s the 

complex compounds : [Ce(NH2 - (CH^)^ - NH^)^] (SO^)^-2H2SO^-7H2O. 

E q u i m o l e c u l a r quan t i t i e s of Ce(SO.)p and e t h y l e n e d i a m m e h y d r a t e w e r e 

mixed r e s p e c t i v e l y in 2N and 4N H , S O . . Both so lu t ions w e r e b lended, and 

the m i x t u r e s w e r e condensed by e v a p o r a t i o n and le t s t and ove r n ight . O r a n g e -

c o l o r e d c r y s t a l s w e r e f o r m e d . The c r y s t a l s w e r e f i l t e r e d out, w a s h e d with 

abso lu te a lcohol and d r i e d at 6 0 ° . Th i s compound is fully s t a b l e in a i r . I t s 

so lu t ions do not decay when bo i l ed . The r e a g e n t is u s e d in ana ly t i ca l c h e m 

i s t r y m the ro le of a good o x i d i z e r . 
IV. 5E. COMPOUNDS WITH p-DIKETONES 

R a r e - e a r t h - e l e m e n t s a l t s r e a c t with p - d i k e t o n e s a c c o r d i n g to the s y s -

Rv 
t e m : 

R, 

MeX3 + 3CH 

;c = O 

c = o 

c - o 
Me + 3HX 

R ' 

491 In 1886, Urba in p r o d u c e d the a c e t y l a c e t o n a t e s of L a , Ce , P r , Nd, and 

S m . They connbine with p y r i d i n e , a c e t o n i t r i l e and a m m o n i a , in the l a t t e r 

c a s e , the compounds obta ined a r e of the connposi t ion 2 M e A c , ' N H , and 

3MeAc, - 2NH , (whe re Ac is the a c e t y l a c e t o n e m o l e c u l e ) . 
126 

E r a m e t s a and H a m a l a have r e c e n t l y pub l i shed a r e v i e w of the s o l u 

bi l i ty of the r a r e - e a r t h a c e t y l a c e t o n a t e s in v a r i o u s o r g a n i c s o l v e n t s , including 

ace t one , c h l o r o f o r m , a c e t y l a c e t o n e , c a r b o n t e t r a c h l o r i d e , e thyl e t h e r , 

m e t h a n o l , e thanol , and bu tano l . 
321 289 M o e l l e r , G u l y a s , and M a r s h a l l , ' us ing an i n t e r e s t i n g t echn ique 

which involved adso rb ing y t t r i u m or gado l in ium a c e t y l a c e t o n a t e s on c o l u m n s 

of d - l a c t o s e h y d r a t e or d - l a c t o s e followed by e lu t ion with b e n z e n e - p e t r o l e u m 

e t h e r , r e p o r t p a r t i a l r e s o l u t i o n of t h e s e c h e l a t e s into opt ica l ly ac t ive i s o m e r s . 

A c e t y l a c e t o n a t e s a r e a s o u r c e of g r e a t i n t e r e s t for the r e s e a r c h e r 
181 studying r a r e - e a r t h e l e m e n t s — e s p e c i a l l y t h e i r s p e c t r a l c h a r a c t e r i s t i c s — 

b e c a u s e they c r y s t a l l i z e without w a t e r and a r e s o m e w h a t so luble in o rgan i c 

s o l v e n t s . In 1948 a new m e t h o d of p roduc ing a c e t y l a c e t o n a t e s , d i f fe ren t f r o m 
464 U r b a m ' s me thod , was w o r k e d out . It c o n s i s t s of the following: A solu t ion 

of a m m o n i u m a c e t y l a c e t o n a t e i s added s lowly with s t i r r i n g to a c h l o r i d e s o l u 

t ion of a r a r e - e a r t h e l e m e n t . The so lu t ion pH is m a i n t a i n e d b a r e l y l ower 

than that at which the h y d r o x i d e s of the r a r e - e a r t h e l e m e n t s began to p r e c i p i 

t a t e . After 12 h o u r s of mix ing , f o r m a t i o n of c r y s t a l l i n e a c e t y l a c e t o n a t e s is 

c o m p l e t e d . 
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402 
L a t e r the benzoyl ace tone and d ibenzoyl ace tone d e r i v a t i v e s of La , 

P r , and Nd w e r e i s o l a t e d . No s t ab le connpounds of Ce"*"^ w e r e s e p a r a t e d ; 
4+ only c o m p l e x e s for Ce w e r e ob ta ined . 

Dutt and Bandyopadhyay and Iza t t , F e r n e l i u s , H a a s , and Block 

have m e a s u r e d the e q u i l i b r i u m c o n s t a n t s for a c e t y l a c e t o n e and benzoyl ace tone 

for s e v e r a l of the r a r e - e a r t h e l e m e n t s . 

D e r i v a t i v e s of benzoyl ace tone and d ibenzoyl ace tone ex i s t as c r y s t a l 

l ine s u b s t a n c e s of a co lo r c l o s e to that of the ions of the r a r e - e a r t h e l e m e n t s . 

They a r e p roduced by adding an a lcohol so lu t ion of benzoyl ace tone to a w a t e r -

a lcohol so lu t ion of n i t r a t e of a r a r e - e a r t h e l e m e n t . Hea t ing of the r e a c t i o n 

m i x t u r e o c c u r s . The nnixture is d i lu ted with w a t e r , the a lcohol so lu t ion n e u 

t r a l i z e s the a m m o n i u m ion, and a p r e c i p i t a t e i s depos i t ed which is s c r u b b e d 

with a lcohol and w a t e r . 
3+ 4+ 

The t endency of Ce to oxid ize in to Ce in the p r o c e s s of c o m p l e x -

f o r m a t i o n is used for s e p a r a t i n g Ce f r o m a s s o c i a t e d e lennents . A m i x t u r e 

of a n i t r a t e a lcohol so lu t ion with benzoyl ace tone is n e u t r a l i z e d by a m m o n i a 

and hea ted , w h e r e u p o n C e ( C , „ H - 0 _ ) . is d e p o s i t e d . The d e r i v a t i v e s L a , Nd, 

P r , and S m , in c o n t r a s t to the Ce compound, a r e ea s i l y so luble in hot a l coho l . 

Under p ro longed hea t ing they s e p a r a t e and f o r m oily d r o p s . 

In 1954, connplex compounds with thenoyl t r if luo r a c e tone (TTA) w e r e 
produced, 224 When a solution of P r C l , is shaken with a benzene solution of 

TTA, praseodymium divides between the water and benzene phases. In the 

aqueous layer, praseodymium exists in the form of free ions of P r ; in the 

organic, in the form of the complex: 

™\c_o-
SH3C4 

; P r / 3 

290 It has been found that the substitution of a hydrogen ion by fluorine 

in the methyl group of acetylacetone lowers the melting point and increases 

both the solubility in organic solvents and the thermal stability of the r a r e -

earth complex compounds. 
295 

Mattern has used the La-TTA equilibrium to measure dissociation 

constants for a number of lanthanum complexes, including CI , NO, , SO. , 

CIO, , acetate, succinate, t a r t r a t e , phthalate, lactate, c i t rate , oxalate, 

thiosulfate, and peroxide, while Bronaugh and Suttle have made a very ex

tensive study of the chelation of the r a re earths as a function of pH using TTA. 
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IV. 5 F . COMPOUNDS WITH POLYPHENOLS 

Polypheno l s of the type of p y r o c a t e c h m , C , H . ( O H ) _ ( l , 2) and py roga l l o l , 

C / H , ( O H ) , ( l , 2, 3), containing hydrox ide g r o u p s m o r tho pos i t ion , f o r m c o m -
1 32, 435 

plex compounds with r a r e - e a r t h e l e m e n t s which ex i s t as n o n e l e c t r o l y t e s . 

The c e r i u m compound has a c h a r a c t e r i s t i c v io le t co lo r which is a p e c u l i a r i t y 

u t i l i zed for qua l i t a t ive de t ec t ion of c e r i u m . 
23 A p a p e r was publ i shed m 1954 on p roduc ing c o m p l e x compounds of 

r a r e - e a r t h e l e m e n t s with p y r o c a t e c h m , m the inne r s p h e r e of which a r e found 

m o l e c u l e s of e t h y l e n e d i a m m e : E n , [Me(C/H , 0 , ) , ] , , w h e r e E n s t ands for the 

e t h y l e n e d i a m m e . 

R a r e - e a r t h e l e m e n t s , in p a r t i c u l a r L a , P r , Nd, S m , and Gd, f o r m 

c o l o r e d connplex compounds with n a p h t h a z a r i n e , (5 , 8 - d i h y d r o x y - 1 , 4 n a p h 

thoquinone) 

H 

O O 
I II 

I II 

O o 
H 

When mix ing ch lo r ide so lu t ions of r a r e - e a r t h e l e m e n t s with n a p h t h a z a r i n e 

m e thanol so lu t i ons , complex compounds a r e p r o d u c e d . The co lo r of the 

r e a g e n t dur ing the r e a c t i o n changes f r o m r e d to r e d d i s h b lue . The change 

m c o l o r a t i o n is noted when concen t r a t i ng the r a r e - e a r t h e l e m e n t to 0. 31 m g -

e q u / l i t e r . In c o l o r e d complex compounds the m o l a r r a t i o of r e a g e n t to r a r e -

e a r t h e l e m e n t is 2 : 1. N a p h t h a z a r i n e can act as a g r o u p r e a g e n t for r a r e -

e a r t h e l e m e n t s . 

Hema toxy l in , C , / H , . O . - 3H_0, (acidif ied) f o r m s an i n t e n s e l y c o l o r e d 
l b 14 b 2 ^Qj 

l ake with l an thanum and y t t r i u m s a l t s , s t ab le at pH 6. 0 - 6 . 5. T h e s e 

l akes a r e complex compounds m which the r a t i o of m e t a l to r e a g e n t is 

1. 2. The r e s u l t a n t complex compounds a r e u s e d in c o l o r i m e t e r s . T h u s , 

with the he lp of th is r e a g e n t one can d e t e r m i n e Y and L a in quan t i t i e s of 0 . 5 

and 0. 2 m g / l i t e r ( computed as ox ides ) . 

IV. 5G. COMPOUNDS WITH ALIZARIN-S 

387 382 
A l i z a r i n - S f o r m s , ' with lanthanunn and y t t r i u m s a l t s , i n t ense ly 

c o l o r e d l akes which a p p e a r as complex c o m p o u n d s . F o r use as a so lven t , 

it IS r e c o m m e n d e d that a 60% w a t e r so lu t ion of ace tone be used (which g u a r 

an tees the m o s t i n t ense c o l o r a t i o n of the c o m p l e x ) . Aqueous so lu t ions 
- 3 

1 X 10 M of n i t r a t e s of L a and Y w e r e p r e p a r e d f r o m p u r e ox ides , as m 
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the solution of alizarin-S in acetone. For spectrophotometric study, the 

nitrate solutions of La and Y and the reagent were mixed in different re la 

tions and water (or acetone) was added to the resultant 60% acetone solution. 

It was found that at the reagents ' ratio of 1 : 1 the complex connpound of La 

has maximum absorption at 520 m^, and the compound of Y, at 510 mji. The 

color reaction of La and Y with alizarin-S is very sensitive, and it is used 

for disclosure of micro quantities of these elements . 

IV. 5H. COMPOUNDS WITH CYCLOPENTADIENAL SODIUM 

Rare -ea r th elements, particularly La, Ce, P r , Snn, Gd, E r , Yb, and 
535 29 Y, form ' compounds of type Me(C|-H,-), with cyclopentadiene. 

They are produced by shaking up anhydrous 

chlorides of metals with cyclopentadienal sodium 

in tetrahydrofuran. The solvent is recovered and 

the residue is heated in vacuum. The compounds 

Me(C_H^), are obtained in the form of a sublimate , , ^ 
o o i HC^sj. 

with a yield of 65%. They appear as a crystalline ^** /̂-'' 

H 

H C 
CH^ 

H substance, with thermal stability to 400°. At t em-
.4 

peratures above 220° and at 10 mm Hg they sub

l ime. The compounds of P r , La, and Nd are colored characteris t ical ly for 

trivalent ions of these elements; the compounds of Gd and Y are light yellow; 

of Ce and Snn, orange. 

In their chemical character is t ics they are very much alike. They de

compose in air , and Ce(C|-Hj.), darkens in the presence of t races of oxygen; 

under the action of water they decompose into cyclopentadienal and hydroxides 

of the metal which are easily soluble in tetrahydrofuran and dimethylglycol 

ether and dioxane. Under the action of CS, , CCl . , and CHCl, they decom

pose rapidly; they react slowly with CO,, maleic anhydride, and ketones. 

When interacting with F e C l , they form ferrocen. With liquid NH , they fornn 

the addition connpounds Me(C_H_) ,• NH , . The absorption spectrum in t e t r a 

hydrofuran resembles spectra of r a r e - e a r t h elements in aqueous solutions; 

this similari ty is also recorded in magnetic proper t ies . These data bear 

witness that the bonds in these compounds have an ionic character , although 
391 

in another paper it is indicated that bonds in cyclopentadienal complexes 
are typically covalent. 

IV. 51. METALO-ORGANIC COMPOUNDS OF RARE-EARTH ELEMENTS 

A whole ser ies of experiments designed to produce metalorganic com

pounds of r a r e -ea r th elements ended in failure. Alone among all the authors, 

Plets reported having produced a thermally stable es terate of t r ie thyl-

yttrium (C,Hj.) ,Y* (C,H.) , 0 . This was produced by interaction of ethylmag-

8k 



n e s i u m b r o m i d e with anhydrous Y C l , . It a p p e a r e d as an anhyd rous l iquid wi th 

a unique swee t i sh a r o m a , with boil ing point 222-225° (at 760 m m Hg), and 

d = 1. 132. 
5 89 

A f a n a s ' e v and T s i g a n o v a , and a l s o o t h e r a u t h o r s , p e r f o r m e d e x 

p e r i m e n t s r ep roduc ing P l e t s ' work ; h o w e v e r , they w e r e unable to a t t a in 

pos i t ive r e s u l t s . 
335 N e s m a y a n o v in 1945 wro t e : "Alkyl g r o u p s can s tab ly be bound with 

e l e m e n t s only at the expense of the s - , p - v a l e n t l e v e l s , w h e r e a s the p r e s e n c e 

n e a r the a tom — even if unused — of d- o r f -va len t e l e c t r o n s s h a r p l y inf luences 

the s tab i l i ty of the p r o d u c e d alkyl d e r i v a t i v e s or even wholly e l i m i n a t e s t h e i r 

capabi l i ty for e x i s t e n c e . " Ev iden t ly th i s b e h a v i o r , in the i n s t a n c e of r a r e -

e a r t h e l e m e n t s , is wholly c o n f i r m e d . 

IV. 5J . SUMMARY OF THE C O M P L E X - F O R M I N G CHARACTERISTICS 

O F THE R A R E - E A R T H E L E M E N T S 

F r o m t h e s e da ta , s e v e r a l g e n e r a l s t a t e m e n t s conce rn ing the c o m p l e x -

fo rming c h a r a c t e r i s t i c s of the r a r e - e a r t h e l e m e n t s m a y be m a d e . The c a p a 

bi l i ty of t h e s e e l e m e n t s for c o m p l e x - f o r m a t i o n , as a r u l e , i n c r e a s e s -with 

d e c r e a s e of t h e i r ion r a d i i . The coo rd ina t i on n u m b e r of r a r e - e a r t h e l e m e n t s 

o c c u r r i n g in t r i v a l e n t s t a t e s , in the o v e r w h e l m i n g m a j o r i t y of c a s e s , is s i x . 

T e t r a v a l e n t p r a s e o d y m i u m and e s p e c i a l l y cer iunn f o r m c o m p l e x c o m p o u n d s , 

and complex compounds of b iva len t e u r o p i u m and s amar iunn have a l s o been 

d i s c o v e r e d . R a r e - e a r t h e l e m e n t s , in c o n t r a s t to such ac t ive c o m p l e x - p r o 

d u c e r s as p l a t i num, p a l l a d i u m , i r o n , coba l t , e t c . , do not c r e a t e s t ab l e c o m 

plex compounds with CI , N H , , CN , and N O . 

The m o s t s t ab le complex compounds a r e f o r m e d by r a r e - e a r t h e l e m e n t s 

with o r g a n i c a d d i t i v e s . F o r t h e s e e l e m e n t s the c h a r a c t e r i s t i c bond is t h rough 

the oxygen a t o m of the c a r b o x y l , c a r b o n y l , and hyd roxy l g r o u p s . S tab i l i ty 

of the complex compounds with o rgan i c ac ids depends on b a s i c i t y of the ac id 

and i ts s t r u c t u r e . E s p e c i a l l y s t ab le a r e complex compounds with po lybas i c 

o rgan i c a c i d s , and l i k e w i s e with a m i n o p o l y a c e t i c a c i d s . D ibas i c unbound 

ac id s of the c is - s e r i e s f o r m w a t e r - s o l u b l e c o m p l e x compounds ; at the s a m e 

t i m e , ac ids of the t r a n s - s e r i e s f o r m difficult ly so lub le s a l t s . The phenyl , 

and l i kewi se the sulfo, g roups weaken the a c i d ' s p r o p e r t i e s as a c o m p l e x -

fo rming agen t . The a m i n o g r o u p h a s l i t t l e inf luence on s t ab i l i t y of c o m p l e x 

c o m p o u n d s . S tab i l i ty of al l the noted complex compounds s t r o n g l y depends 

on pH of the m e d i u m . 

L e s s c h a r a c t e r i s t i c for r a r e - e a r t h e l e m e n t s is the bond N . . . Me — O 

and comple t e ly u n c h a r a c t e r i s t i c is the bond R — Me — X ( w h e r e X i s a h a l i d e ) . 

In the l i t e r a t u r e t h e r e is s t i l l no l ight on the ques t ion of the inf luence 

of the s t e r i c f ac to r on the p r o p e r t i e s of complex compounds of r a r e - e a r t h 
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e l e m e n t s . F o r e x a m p l e , t h e r e is i n f o r m a t i o n on complex compounds with 

t a r t a r i c ac id , but t h e r e is no i n fo rma t ion on complex compounds with m e s o -

t a r t a r i c , t h e r e is i n f o r m a t i o n on compounds with m u c i c ac id , but no da ta on 

compounds with s a c c h a r i c ac id . T h e r e is nothing on c o m p l e x compounds with 

s u g a r s e i t h e r , a l though h e r e v e r y fine s t e r e o c h e m i c a l d i f fe rences can be 

deve loped . 

R e s e a r c h e s m the field of r a r e - e a r t h e l e m e n t s to date have m a d e only 

s m a l l u s e of o rgan i c c h e m i s t r y with i t s unique p o s s i b i l i t i e s . Th i s is a f e r 

t i l e field for the fu tu r e . 

IV. 6. EXTRACTION 

IV. 6A. INTRODUCTION 

Solvent e x t r a c t i o n p r o c e s s e s a r e of i n t e r e s t to appl ied r a r e - e a r t h c h e m 

i s t r y m two nnam f ie lds f i r s t , the s e p a r a t i o n of u r a n i u m , t h o r i u m , and o t h e r 

n u c l e a r fuels f r o m h i g h - c r o s s - s e c t i o n i m p u r i t i e s which inc lude s e v e r a l l a n -

t h a n i d e s , on an i n d u s t r i a l s c a l e , and second , the l a r g e - s c a l e s e p a r a t i o n of 

r a r e e a r t h s f r o m each o the r m high p u r i t y . F o r r e s e a r c h p u r p o s e s , so lvent 

e x t r a c t i o n s m a y be used to s e p a r a t e r a r e e a r t h s as a g r o u p f r o m o ther m a 

t e r i a l s (with the s o m e t i m e s i m p o r t a n t advantage tha t added c a r r i e r is u sua l ly , 

not n e c e s s a r y ) . Scandiunn and c e r i c c e r i u m m a y r e a d i l y be s e p a r a t e d f r o m 

o t h e r e l e m e n t s , including the t r i v a l e n t l a n t h a n i d e s , by so lvent e x t r a c t i o n 

p r o c e s s e s , the r ap id s e p a r a t i o n of the individual l an than ides f r o m the g r o u p 

on a l a b o r a t o r y s c a l e is a p p a r e n t l y not yet p r a c t i c a l , a l though m u c h work 

h a s been done on individual d i f f e rences m e x t r a c t i o n b e h a v i o r . 

IV 6B. SEPARATION OF A GROSS RARE-EARTH FRACTION FROM OTHER 

E L E M E N T S SOLVENT EXTRACTION OF THE R A R E - E A R T H GROUP 

R e a g e n t s used to e x t r a c t t r i v a l e n t r a r e e a r t h s f r o m aqueous so lu t ions 

unde r the a p p r o p r i a t e condi t ions inc lude t r i - ( n - b u t y l ) o r thophospha te [ T B P ] , 

s a l i cy l i c acid, thenoyl t r i f l u o r a c e t o n e [ T T A ] , d i (2 -e thy l hexyl) o r t h o p h o s p h o r i c 

acid, m o n o - and d i - (n -bu ty l ) o r t h o p h o s p h o r i c acid, 8 -hydroxy quinol ine and 

i ts ha logena t ed d e r i v a t i v e s , and c u p f e r r o n . 

IV. 6 B - 1. T r i b u t y l P h o s p h a t e | T B P ) 

510 
Warf m a d e a s tudy of the e x t r a c t i o n of c e r i c c e r i u m ( see s ec t ion 

IV. 6 E below) with w a t e r - s a t u r a t e d T B P f rom n i t r i c a c i d - a m m o n i u m n i t r a t e 

s o l u t i o n s . He noted poor s e p a r a t i o n f r o m the t r i v a l e n t l an than ides but did 
34 

not p u r s u e the phenomenon . B l a c k m o r e , B e a r s e , and Calk ins s tud ied the 

d i s t r i bu t ion of v a r i o u s r a r e e a r t h s and t h o r i u m be tween n i t r i c acid so lu t ions 

of v a r i o u s c o n c e n t r a t i o n s and T B P di lu ted with an i n e r t so lven t . They showed 

that l an than ide e x t r a c t i o n s w e r e e x t r e m e l y s e n s i t i v e to T B P c o n c e n t r a t i o n 

over the e n t i r e r ange s tud ied (20 to 50% T B P ) , tha t a flat m a x i m u m m e x -
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t r a c t a b i l i t y of the l i gh t e r r a r e e a r t h s e x i s t s at * 1. 5M H N O , , tha t the h e a v i e r 

r a r e e a r t h s e x t r a c t i n c r e a s i n g l y wel l at h i g h e r n i t r i c ac id c o n c e n t r a t i o n s , 

and f inal ly, tha t t h o r i u m was able to c o m p e t e s u c c e s s f u l l y with the t r i v a l e n t 

l an than ides for p o s s e s s i o n of the T B P , i . e . , tha t the p r e s e n c e of t h o r i u m m 

the o rgan ic phase r e d u c e d the e x t r a c t i o n of the l an than ides m a m a n n e r r e 

sembl ing r educ t ion of T B P c o n c e n t r a t i o n . On that b a s i s they s u g g e s t e d tha t 

T B P e x t r a c t i o n p r o c e e d e d v ia ac tua l compound f o r m a t i o n — a sugges t ion 

s t rong ly suppo r t ed by l a t e r w o r k . The e x t r a c t i o n s they ob ta ined for r a r e 

e a r t h s w e r e s m a l l — of the o r d e r of 5% of the t o t a l . 
354 P e p p a r d , F a n s , G r a y , and Mason conducted an e x t e n s i v e study of 

the e x t r a c t a b i l i t y of the l i g h t e r r a r e e a r t h s . T h e i r da ta wil l be d i s c u s s e d 

m g r e a t e r de ta i l m s e c t i o n IV. 6D be low. They c o n f i r m e d the s t rong d e 

pendence of e x t r a c t a b i l i t y on T B P c o n c e n t r a t i o n . V e r y good e x t r a c t i o n of 

a l l r a r e e a r t h s was noted f r o m 7. 2M A l ( N O , ) , — 0. 2M H N O , and f r o m 

lOM NH N O 3 - O . 2 M H N O , , us ing 100% T B P . A c c o r d i n g to Knapp, S m u t z , 
2 36 — 

and Speddmg only c e r t a i n ca t ion ic t r a n s i t i o n e l e m e n t s having two or l e s s 

e l e c t r o n s m the d - o r b i t a l s will e x t r a c t into T B P , we t h e r e f o r e expec t e x 

t r a c t i o n only of T i , Z r , Hf, Ce(IV) and the h i g h e r va len t a c t i n ide s in addi t ion 

to r a r e - e a r t h l i k e e l e m e n t s (Sc, Y, L a and l a n t h a n i d e s , Ac and t r i v a l e n t 

a c t m i d e s ) . In addi t ion, c e r t a i n anionic s p e c i e s show e x t r a c t i o n — Mo(VI), 

Cr (VI) , and of c o u r s e the e l e m e n t a l h a l o g e n s . We m a y t h e r e f o r e expec t e x 

t r a c t i o n of the r a r e e a r t h s f rom heav i ly s a l t ed , s l igh t ly ac id n i t r a t e s o l u 

t ions to s e p a r a t e wel l f r o m all but the l i s t e d i m p u r i t i e s . 
354 P e p p a r d , F a n s , G r a y , and Mason a l s o s t a t e d that the dependence 

of r a r e - e a r t h e x t r a c t a b i l i t y of T B P c o n c e n t r a t i o n was a p p r o x i m a t e l y t h i r d 

power , indica t ing an e x t r a c t e d s p e c i e s conta in ing t h r e e T B P m o l e c u l e s p e r 
193 

r a r e - e a r t h a t o m . Th i s h y p o t h e s i s a l s o h a s been c o n f i r m e d by l a t e r w o r k . 

Wendlandt and B r y a n t l i s t e d the so lub i l i t i e s of m a n y m e t a l n i t r a t e s 

m 100% T B P . So lub i l i t i e s a r e f a i r ly l a r g e for m a n y c o m p o u n d s . The s o l u 

bi l i ty of L a ( N 0 3)3-6H2O m T B P is about 20 g/lOO g so lven t . 
30 1 McKay and R e e s r e p o r t e d tha t the r a t e of t r a n s f e r of r a r e - e a r t h 

n i t r a t e s be tween aqueous and T B P p h a s e s was f a i r l y h igh , of the o r d e r of 

10 g / c m s e c p e r g/jf X 10 . 
3 38 

Niko laev and So rok ina have r e c e n t l y pub l i shed a p a p e r which i n d i 

c a t e s that the r a r e e a r t h s have a m u t u a l exc lus ion effect with r e g a r d to t h e i r 

T B P e x t r a c t a b i l i t y . F o r high c o n c e n t r a t i o n s of any r a r e e a r t h s m the aqueous 

p h a s e , the e x t r a c t i o n coeff ic ients of al l the r a r e e a r t h s a r e d e c r e a s e d . 
2 30 

Ki rby pub l i shed a p r o c e d u r e for r e m o v i n g t r a c e s of t h o r i u m f r o m 

c e r i u m by e x t r a c t i n g the i m p u r e c e r i u m into 50% T B P m benzene f r o m s a t u 

r a t e d C e ( N O , ) , m w a t e r , s t r ipp ing the Ce f r o m the o r g a n i c l a y e r with 8M 
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H N O , , and wash ing the s t r i p with 50% T B P and with b e n z e n e . He r e p o r t e d 

an 80% r e c o v e r y of c e r i u m , wi th a d e c o n t a m i n a t i o n f ac to r of about 50 f r o m 

t h o r i u m . The Ce ion a c t s as i t s own sa l t ing agen t . 

B e r n s t r o m and R y d b e r g r e p o r t e d a s tudy of the e x t r a c t i o n of s e v e r a l 

e l e m e n t s including L a f r o m HNO3 — C a ( N O , ) , so lu t ions us ing 100% T B P . 

They found tha t e x t r a c t i o n of L a was f a i r l y good (K » 10) f r o m heav i ly s a l t e d 

l o w - a c i d s y s t e m s , but b e c a m e r ap id ly w o r s e as the ac id i ty was r a i s e d . The 

s y s t e m a p p e a r s to offer no s p e c i a l a d v a n t a g e . 
197 H i l l e r and M a r t i n s e p a r a t e d a r a r e - e a r t h f r ac t i on f r o m t h o r i u m 

and t h o r i u m f i s s ion p r o d u c t s by e x t r a c t i n g the t h o r i u m with m e s i t y l oxide 

f r o m HCl s a t u r a t e d wi th A l ( N O , ) , ; the r a r e e a r t h s w e r e then p r e c i p i t a t e d 

as h y d r o x i d e s , d i s s o l v e d in IN H N O , s a t u r a t e d with A1(N0 3) , , e x t r a c t e d 

into T B P , and r e - e x t r a c t e d into w a t e r . F u r t h e r speci f ic c h e m i c a l s t ep s 

w e r e then per fornned to s e p a r a t e Ce f r o m the o the r l an than ides and a c c o m 

panying f i s s ion p r o d u c t s . 
356 P e p p a r d , Mason , and M a i e r have s tud ied the e x t r a c t i o n of h y d r o 

c h l o r i c ac id and of n i t r i c ac id by T B P . T h e i r r e s u l t s ( p r e s e n t e d in F i g s . 34 

and 35) c l e a r l y show the need for p r e - e q u i l i b r a t i o n of the so lvent with ac id 

of the d e s i r e d c o n c e n t r a t i o n . 

I V . 6 B - 2 . Sa l i cy l i c Acid and O the r Ca rboxy l i c Ac ids 

H o k - B e r n s t r o m r e p o r t e d on a s tudy of s a l i c y l i c ac id , c i n n a m i c ac id , 

and 3-5 d i n i t r o - b e n z o i c ac id as e x t r a c t a n t s for Th , L a and U O , into 
+ 4 +2 

c h l o r o f o r m or h e x o n e . In g e n e r a l . Th and U O , w e r e nnuch m o r e e x -

t r a c t a b l e than La ; t h o r i u m and u r a n y l ions w e r e e x t r a c t e d e s s e n t i a l l y c o m 

p le te ly at pH * 3, whi le the c o m p l e t e e x t r a c t i o n of l an thanum r e q u i r e d pH « 7. 

No s tud i e s w e r e m a d e of o the r t r i v a l e n t l a n t h a n i d e s . 
469 Suda r ikov , Z a y t s e v , and Puchkov r e p o r t e d that a so lu t ion of 100 

granns of s a l i cy l i c ac id p e r l i t e r of so lu t ion in i s o a m y l a lcohol was an ef-

fec t iveyext rac t ing agent for u r a n i u m , t h o r i u m , scandiunn, y t t r i u m , l a n t h a n u m , 

and c e r i u m . T h e i r da ta a r e r e p r o d u c e d in F i g . 36. Of p a r t i c u l a r i n t e r e s t 

i s the b e h a v i o r of s c a n d i u m , which b a c k - e x t r a c t s c o m p l e t e l y into the aqueous 

phase at high pH v a l u e s , and of u r a n i u m , which b a c k - e x t r a c t s p a r t i a l l y at 

high pH v a l u e s . 

I V . 6 B - 3 . T h e n o y l t r i f l u o r o a c e t o n e (TTA) 

A widely used r e a g e n t for so lvent e x t r a c t i o n is the p - d i k e t o n e , t henoy l 

t r i f l u o r o a c e t o n e ( T T A ) . The s t r u c t u r e of the compound i s : 

HC CH 

O O 
II J l HC. C C CH , C CF, 

\ / 
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M OF HN03,Aq.) 

Fig. 34. Partition of HNO3 between aqueous and 100% TBP phases at 
22 ± 2°C (356) 

4.0 6.0 
M OF HCl 

10.0 12.0 

(Aq.) 

Fig, 35. Partit ion of HCl between aqueous and 100% TBP phases at 
22 ± 2°C (356) 
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Fig. 36. Extraction of various elements into isoamyl 
alcohol with salicylic acid as a function of pH (469) 

O Q A C 

Reid gives the acid constant of the enol form of TTA as 5 X 10" 
(25*C) and the enol/keto ratio in water as 0. 016. The reagent acts as a 
monobasic acid, reacting with cations to make neutral chelate complexes, 
i . e . , an n-valent cation reacts with n molecules of TTA. The chelate 
complexes formed are soluble to some extent in organic solvents such as 
chloroform, carbon tetrachloride, and benzene, and also in many polar 
solvents. Benzene has been most often used, though toluene or xylene 
are sometimes preferred because of their lower volatility. 

Several compilations of extraction behavior with TTA have been 
183 184 436 

published, including those by Hagemann, ' Sheperd and Meinke, 
322 and Moore. Their combined data are given in Fig. 37. 49 Broido reported a purification of scandium and separation of 

Ca-Sc miLxtures by extraction of aqueous solutions with TTA in benzene. 
He reports 

K(Sc) = 

K(Ca) = 

[ScT-]org[H+]^aq 

[Sc+^]aq[HT]%rg 

[CaT2,]org[H+]^aq 

[Ca+'^]aq[HT]'^org 

= 0.9, 

10 -12 

As a result, calcium does not extract appreciably at pH values below 

even with 1. 0 molar TTA solutions, while the extraction of scandium is ap

preciable even at pH 1. 

He further noted that in unbuffered solutions, since H is liberated as 

scandium extracts , the Sc — ScT, mixture will act to buffer the final acidi 

close to pH 1.5, with an initial pH ranging between 3 and 11 and a scandium 

concentration of 1/2 mg/ml . 

He noted that, as in most solvent extraction procedures , addition of 

ca r r i e r was not necessary. 
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Fig . 37, Extraction of various elements with thenoyltrifluoroacetone (TTA) (436,184,322,49) 



W e r n e r and P e r l m a n used TTA e x t r a c t i o n to s e p a r a t e a m e r i c i u m 

f r o m l a r g e amoun t s of l a n t h a n u m . They r e p o r t 50% e x t r a c t i o n of a m e r i c i u m 

by 0. 2M TTA at pH 3 . 17, 50% e x t r a c t i o n of l an thanum at pH 3 . 95 . 
275 

Magnusson and A n d e r s o n noted that 0. 2M TTA would e x t r a c t Eu, 

Yb, Ac, Am, Cm, Bk, Cf, 99. and 100 f r o m aqueous so lu t ions of pH 3 . 4 . 

I V . 6 B - 4 . Subs t i tu ted P h o s p h o r i c Ac ids 

In the c o u r s e of an i nves t iga t ion into a so lven t e x t r a c t i o n s e p a r a t i o n of 
410 z i r c o n i u m and n iob ium f r o m f i s s ion p r o d u c t s , Scadden and Bal lou r e m a r k e d 

tha t m o n o - and d i - n - b u t y l p h o s p h o r i c ac id s e x t r a c t e d Ho, Y, La, and Ce to 

s o m e extent f r o m n i t r i c acid so lu t ions , with y t t r i u m and h o l m i u m m u c h m o r e 

r e a d i l y e x t r a c t e d than l an thanum o r c e r i u m . Since the p r i m a r y p u r p o s e of 

t he i r work was not r a r e - e a r t h s e p a r a t i o n , t h e i r da ta on l an than ides a r e not 

v e r y c o m p l e t e . 
12 1 

D y r s s e n r e m a r k e d that dibutyl p h o s p h o r i c acid e x t r a c t e d m e t a l ions 

a t l ower pH than TTA and was in m a n y i n s t a n c e s to be p r e f e r r e d for tha t 
90 90 

r e a s o n . He r e p o r t e d a p r o c e d u r e for mi lk ing Y f r o m Sr , us ing dibutyl 

p h o s p h o r i c ac id in c h l o r o f o r m as a so lven t . Since dibutyl p h o s p h o r i c ac id is 

h ighly d i m e r i z e d in c h l o r o f o r m solut ion , he p r e s u m e d the r e a c t i o n to be 
Y'''^aq + SH^A^org ^ YCHA^)^ o r g + 3H"''aq 

w h e r e HA r e p r e s e n t s dibutyl p h o s p h o r i c ac id . He m e a s u r e d the e x t r a c t i o n 

coeff icient us ing 0. IM n i t r i c ac id for the aqueous p h a s e and 0. 003 to 0. lOM 

dibutyl p h o s p h o r i c ac id in c h l o r o f o r m for the o rgan ic p h a s e ; a l s o 0. lOM d i 

butyl p h o s p h o r i c ac id and 0. 10 to 10. OM n i t r i c a c i d . The r e s u l t s w e r e 

cons is tent with the postulated react ion, with log K = 3 . 2 4 ± 0. 10. Some of 
90 his data are shown in F ig . 38. He obtained a decontamination from Sr of 

4 
more than 10 . 

357 Peppard, Mason and Moline used di(2-ethyl hexyl) phosphoric acid 

(HDEHP) to extract s e v e r a l lanthanide s p e c i e s . They showed that cer ium(lV) 

could be extracted into a 0. 75M or 0. 30M solution of HDEHP in heptane from 

ION nitric acid, with a ratio of extract ion constants K(IV)/K(ni) of more than 
6 140 140 90 90 

10 . They a l s o extracted La from Ba , Y from Sr , and success fu l ly 
90 140 

separated Y from La . The conditions of separat ion are given in Table 9. 
IV. 6 B - 5 . Acetylacetone 

Since TTA is such a s u c c e s s f u l reagent for extracting rare earths , it 

s e e m s reasonable to a s s u m e that the lanthanides would form chelate c o m 

pounds with other P-diketones . Acety lacetone , the s imple s t m e m b e r of the 
492 

c l a s s , has been examined in some detai l . Urbain had prepared crys ta l l ine 

acety lacetonates of the rare earths , genera l ly by adding ammonium or sodium 
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Fig . 38, Extraction of yttrium by dibutyl phosphoric acid in dibutyl 
ether. Curve I— from 0.1 molar nitric acid as a function of dibutyl 
phosphoric acid molarity. Curve II —with 0. 1 molar dibutyl phosphoric 
acid as a function of nitric acid molarity (121) 

284 
acetylacetonate to slightly acid r a re -ea r th -n i t r a t e solutions. Marsh p r o 
posed the formula R [CH(COCH-)2] , for these compounds, and his suggested 
formula was verified for the neodymium compound by Erametsa and Hamala, 
although Seehof"*^^ prepared Ce [CH(COCH2)2] 3- 2NH^ [CH(COCH3)2] • Erametsa 
and Hamala also measured the solubilities of the acetylacetonates of La, P r , 
Nd, Sm, Eu, Gd, Y, and Dy in many common solvents, and found that the 
solubilities were very low except in methanol. Rydberg reported failure 

in attempts to extract lanthanum and samarium into acetylacetone or acetyl-
247 acetone solutions. Krishen, however, reported that while lanthanum (111) 

and praseodymium(lll) did not extract, due apparently to the very low solubility 

of their acetylacetonates in the organic phase (acetylacetone), cerium(III) 

acetylacetonate extracted very efficiently, extraction being essentially com

plete at pH > 4 and appreciable at pH 1. He attributes the difference to the 

fact that cerous acetylacetonate formed from water solution has water of 

coordination, while lanthanum and praseodymium acetylacetonates do not, 
429 although the composition reported by Seehof seem to show that the com-
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Table 9. Distribution equil ibrium constants (K) for the e l ements Sr, Ba, 

Y, La, and Ce for extract ion with di(2-ethyl hexyl) phosphoric 

acid (HDEHP) under var ious exper imenta l conditions (357) 

Solvent composition 

1 5 M H D E H P (toluene) 

1 5 M H D E H P (toluene) 

1 5 M H D E H P (toluene) 

0 75 M H D E H P (toluene) 

0 75 M H D E H P (n heptane) 

0 30 M HDEHP (n-heptane) 

0 15 M H D E H P (n heptane) 

Aqueous composition 

0 05 M HCl 

0 1 M HCl 

0 5 M HCl 

5 0 M HCl 

10 M H N O , 

10 M H N O , 

10 M H N O , 

Element 

Sr 
Ba 
Y 
La 
Sr 
Ba 
Y 
La 
Y 
La 
Y 
La 
Ce(lV) 
Ce(lII) 
La 
Pr 
Ce(IV) 
Ce(IlI) 
La 
Pr 
Pm 
Eu 
Tm 
Ce(IV) 
Ce(III) 

K 

6 X 10 ' 
3 X 10 • 

> 10» 
50 

1 6 X 10 ' 
8 X 10 ' 

> 10" 
6 
1 7 X 10" 

1 X 10 • 
•-,7 X 10 • 
< 5 X 10-' 
> 8 X 10" 

7 X 10 ' 
4 X 10 • 
8 X 10 • 
4 X lO" 
1 X 10 • 
3 X 10-' 
5 X 10-« 
1 X 10 • 
5 X 10 ' 

0 12 
3 3 X 10" 

< 10 ' 

pound IS ac tua l ly a double sa l t wi thout w a t e r of h y d r a t i o n . The unique b e 

hav io r of Ce ( in ) i nd i ca t e s that the r e a g e n t should be t r i e d on each individual 

r a r e e a r t h . 

IV. 6 B - 6 . Oxme and Oxme D e r i v a t i v e s 

The r eagen t oxme (8-hydroxyquino l ine) is m u c h used m a n a l y t i c a l c h e m 

i s t r y , s ince it f o r m s w a t e r - i n s o l u b l e compounds with m a n y m e t a l l i c ions 

unde r the a p p r o p r i a t e cond i t i ons . By v a r y i n g the cond i t ions , c o n s i d e r a b l e 

spec i f i c i ty can often be ob ta ined . The compounds f o r m e d a r e m g e n e r a l 

c o l o r e d and u s u a l l y soluble m o rgan i c s o l v e n t s , c o l o r i m e t r i c a n a l y s e s a r e 

f r equen t ly p e r f o r m e d on c h l o r o f o r m e x t r a c t s of m e t a l o x m a t e s . The h a l o -

gena ted d e r i v a t i v e s of oxme have s i m i l a r p r o p e r t i e s . 

Moe l l e r and J a c k s o n and J a c k s o n s tud ied the p r e c i p i t a t i o n and 

so lven t e x t r a c t i o n behav io r of the o x m a t e s and 5, 7 -d ich lo roox ina te s of n e o 

dymium, a s a typ ica l l ight r a r e e a r t h , and e r b i u m , a s a typ ica l heavy r a r e 

e a r t h , us ing c h l o r o f o r m as the o rgan i c so lven t . T h e i r conc lus ion is tha t 

the ha logena ted o x m a t e s a r e m u c h m o r e s a t i s f a c t o r y compounds than the 

s i m p l e o x m a t e s for so lven t e x t r a c t i o n , a p p a r e n t l y b e c a u s e of the h ighe r s o l u 

bi l i ty of the c h l o r o - c o m p o u n d s m c h l o r o f o r m . E x t r a c t i o n b e c o m e s a p p r e c i a b l e 

at pH = 5, and is e s s e n t i a l l y c o m p l e t e a t pH » 8. 2 for both e l e m e n t s s tud ied . 
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in one a r t i c l e of an ex t ens ive D y r s s e n and Dah lbe rg , 

s e r i e s ' by D y r s s e n and c o - w o r k e r s on the s o l v e n t - e x t r a c t i o n 

p r o p e r t i e s of m e t a l c h e l a t e s , r e p o r t e d on a s tudy of the e x t r a c t i o n of the 

ox ina tes and c u p f e r r a t e s of La, Sm, Hf, Th, and U(V1) us ing both c h l o r o f o r m 

and hexone a s s o l v e n t s . They conc luded tha t t h e i r da ta could only be exp la ined 

by two a s s u m p t i o n s : 1) that the e x t r a c t a b l e c o m p l e x was p a r t i a l l y so luble in 

the aqueous p h a s e , r e n d e r i n g c o m p l e t e e x t r a c t i o n i m p o s s i b l e ; and 2) tha t 

e a c h of a c o n s e c u t i v e s e r i e s of add i t ion c o m p l e x e s was involved in the e q u i 

l i b r i u m be tween m e t a l ca t ion and r e a g e n t , the e x t r a c t a b l e f o r m being the u n 

c h a r g e d c o m p l e x conta in ing n m o l e c u l e s of che la t ing r e a g e n t p e r n - v a l e n t 

ca t ion . T h e i r da ta r e s e m b l e t hose of M o e l l e r and J a c k s o n and J a c k s o n 

on n e o d y m i u m and e r b i u m ; hexone s e e m s to be s u p e r i o r to c h l o r o f o r m a s a 

so lven t . The i n c o m p l e t e e x t r a c t i o n b e h a v i o r of the s i m p l e ox ina tes is c o n 

f i r m e d . 

The w o r k of D y r s s e n ' s g roup on the l a n t h a n i d e s and a c t i n i d e s was s u m -
118 m a r i z e d by D y r s s e n in a m o s t de t a i l ed a r t i c l e . His r e s u l t s p e r t a i n i n g to 

the t r i v a l e n t l an than ide s m a y be s u m m a r i z e d a s fo l lows: 

Oxine and 5, 7 -d i ch lo roox ine wi l l e x t r a c t r a r e e a r t h s into c h l o r o f o r m , 

the ha logena ted compounds being m o r e r e a d i l y and c o m p l e t e l y e x t r a c t e d ( see 

F i g . 39) . The r ange in pH for su i t ab le e x t r a c t i o n i s f r o m 4 to 6. 5 for oxine . 

100-<̂  

5 6 7 8 9 10 11 12 13 
-loqK] 

F i g , 39 . C o m p a r i s o n of oxine (dashed c u r v e s ) and 5 - 7 - d i c h l o r o - o x i n e (full 
c u r v e s ) a s che l a t i ng agen t s for the e x t r a c t i o n of La+3^ Sm+^, Th"'"'* and VO^^ 
into c h l o r o f o r m . The H2A"I" and A" c u r v e s show the e x t r a c t i o n of the ox ines 
into the aqueous p h a s e a s ox in ium and oxina te ions (118) 

f r o m 3 to 5 . 5 for d i c h l o r o o x i n e . This pH r a n g e is s o m e w h a t l ower than tha t 
3 15 7 16 

r e p o r t e d by o the r w o r k e r s . ' It i s a l s o noted tha t n -pheny l b e n z o -

h y d r o x a m i c ac id wi l l e x t r a c t r a r e e a r t h s v e r y eff ic ient ly into c h l o r o f o r m at 

a pH of 5 to 6 ( see F i g . 40) . 
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100 q 

9 8 7 6 5 4 3 2 1 -log [H*] 

+3 +4 +2 
Th , and U O , between chloroform F i g , 40 . The distribution of La 

and 0. IM perchlorate solutions as a function of the ^-phenylbenzohydroxamate 
ion concentration in the aqueous phase . The corresponding va lues of pH {-log 
[H"*"] ) are calculated for 0. 1 molar PBHA in chloroform (118) 

IV. 6 B - 7 . Other Chelating Reagents 

Cupferron i s in genera l not a v e r y sa t i s fac tory reagent for the extract ion 

of rare earths , s ince the che lates have a v e r y low solubi l i ty in chloroform. 

This leads to incomplete extract ion even at high pH values and l imi t s the useful 
_4 

meta l ion concentration to below 10 M. The chelate solubi l i ty in.hexone i s 

much higher, and better resu l t s are obtained with this so lvent . 
508 

Vickery reports that chloroform wi l l extract the oxine chelate of 

scandium (conditions not given) but again he pre fer s the thiocyanate extract ion. 
392 

Rudenko reports that extract ion of c a r r i e r - f r e e yttr ium with 0. 05 to 0 .2 

molar oxine in ch loroform is complete at pH 8, and that back-extract ion is 

c o m p l e t e at pH 3, but that the e x t r a c t i o n i s only useful at y t t r i u m c o n c e n t r a -
_4 

t ions below about 5 X 1 0 m o l a r . 
180 

G r u z e n s k y and Enge l have r e p o r t e d a p r o c e d u r e for obtaining r a r e 

e a r t h s f r o m euxeni te o r e which involves e x t r a c t i n g the r a r e e a r t h s f r o m n i t r i c 

ac id solut ion into an o rgan i c l a y e r which c o n s i s t s of t r i - n - b u t y l a m i n e in 

3 m e t h y l - 2 bu tanone . S e p a r a t i o n f a c t o r s be tween the r a r e e a r t h s w e r e not 

high but s o m e s e p a r a t i o n was a c h i e v e d . No m o r e than 60% of the r a r e e a r t h s 

w e r e t r a n s f e r r e d to the o rgan i c p h a s e , even u n d e r the b e s t of cond i t ions . 

IV. 6C. REMOVAL OF CONTAMINANTS FROM RARE EARTHS 

BY SOLVENT EXTRACTION 

Many s o l v e n t - e x t r a c t i o n s y s t e m s e x i s t which r e m o v e unwanted m a t e r i a l s 

f r o m aqueous so lu t ions of the r a r e e a r t h s without s e r i o u s l o s s e s of l a n t h a n i d e s . 

Such p r o c e s s e s m a y be v e r y useful in r a d i o c h e m i c a l s e p a r a t i o n s to r e m o v e 

l a r g e a m o u n t s of t a r g e t m a t e r i a l p r i o r to p r e c i p i t a t i o n of a r a r e - e a r t h f r ac t ion , 

o r to r e m o v e m a j o r ac t ive s p e c i e s to p e r m i t e a s i e r and s a f e r hand l ing . 
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, . . 1 2 , 3 7 , 1 0 6 , 3 0 2 , 4 0 1 , 4 7 5 , 5 0 2 , , ^u ^ *u 

Many w o r k e r s have shown tha t the e x t r a c 

t ion of s i m p l e s a l t s of the r a r e e a r t h s ( n i t r a t e s , c h l o r i d e s , t h i o c y a n a t e s ) into 

m a n y c l a s s e s of o rgan i c so lven t s such a s a l c o h o l s , e s t e r s , ke tones and e t h e r s 

is v e r y low, even f r o m highly s a l t ed s y s t e m s . This s u g g e s t s the r e m o v a l by 

e x t r a c t i o n of l a r g e quan t i t i e s of m a n y e l e m e n t s by so lven t e x t r a c t i o n — i r o n 

f r o m ch lo r ide so lu t ion or u r a n i u m f r o m sa l t ed n i t r a t e so lu t i ons , for e x a m p l e . 

The v e r y h igh s e n s i t i v i t y to r e a g e n t c o n c e n t r a t i o n of the e x t r a c t a b i l i t y 

of r a r e e a r t h s with t r i bu ty l phospha te m a y be u s e d to advan tage for r e m o v a l 

of c e r t a i n s p e c i e s f r o m the r a r e e a r t h s with d i lu ted T B P . B l a c k m o r e , B e a r s e , 
34 

and Calk ins showed tha t t h o r i u m could be r e a d i l y r e m o v e d f r o m the t r i 
va len t l an than ides by e x t r a c t i n g wi th di lute (« 20% ) T B P f r o m 6 m o l a r n i t r i c 
ac id . A p r o g r e s s r e p o r t f r o m the New B r u n s w i c k L a b o r a t o r y of the A tomic 

4 
E n e r g y C o m m i s s i o n d e s c r i b e s the so lven t e x t r a c t i o n r e m o v a l of t h o r i u m 

f r o m y t t r i u m and y t t e r b i u m by 22 . 5 vo lume p e r c e n t T B P m i n e r t d i luen t . 

B e r n s t r o m and R y d b e r g r e p o r t the r a t h e r low e x t r a c t i o n of l a n t h a n u m by 

di lu ted T B P even in highly s a l t e d s y s t e m s , and show tha t u r a n i u m , p lu ton ium, 
163 

t h o r i u m , and z i r c o n i u m m a y be effect ively r e m o v e d . Gal and R u v a r a c 

r e p o r t tha t 3 0% T B P m dibutyl e t h e r wi l l e x t r a c t Cd and V O , qui te we l l f r o m 

h y d r o c h l o r i c ac id , F e and Zr wi l l e x t r a c t v e r y wel l a t high HCl c o n c e n t r a 

t ions (7-8 m o l a r ) , and u ran ium(VI) wi l l e x t r a c t qui te we l l f r o m ~ 6 M HCl . 

E x t r a c t i o n of ce r ium(I I I ) is v e r y low. 

A s y s t e m a t i c s tudy of l o n g - c h a i n a l i pha t i c a m i n e s has been c a r r i e d out 
52 93 94 95 

a t Oak Ridge Nat iona l L a b o r a t o r y ove r the p a s t s e v e r a l y e a r s . ' ' ' 

T h e s e compounds m i n e r t so lven t s ( h y d r o c a r b o n s ) ac t l ike , and a r e s o m e 

t i m e s r e f e r r e d to a s , l iquid anion e x c h a n g e r s . P r i m a r y l o n g - c h a i n a m i n e s 

show s o m e v e r y s l ight e x t r a c t i o n of the r a r e e a r t h s f r o m l o w - a c i d sulfa te 

so lu t i ons , but s e c o n d a r y and t e r t i a r y a m i n e s show p r a c t i c a l l y none , whi le 

e x t r a c t i o n of u r a n i u m and t h o r i u m a r e e x t r e m e l y h igh . T h e s e r e a g e n t s would 

a p p a r e n t l y r e p a y s tudy a s d e c o n t a m i n a t i n g agen t s for the r a r e e a r t h s , s ince 

a n i o n - e x c h a n g e r e s i n s a r e i n h e r e n t l y l i m i t e d m t h e i r u t i l i ty when high speed 

IS n e c e s s a r y . 

R y d b e r g r e p o r t s tha t 0. 1 m o l a r a c e t y l a c e t o n e in hexone , benzene , 

o r c h l o r o f o r m wil l e x t r a c t t h o r i u m away f r o m s a m a r i u m and l a n t h a n u m in 
508 

s l igh t ly ac id s o l u t i o n s . A c c o r d i n g to V i c k e r y , s c a n d i u m wil l e x t r a c t into 

ethyl a c e t a t e conta in ing a c e t y l a c e t o n e at pH 4 . 5, but th i s b e h a v i o r i s p r o b a b l y 

spec i f ic for s c a n d i u m among the r a r e - e a r t h - l i k e i o n s . 
90 Cowan h a s obta ined a pa t en t on a p r o c e s s for s e p a r a t i n g t h o r i u m f r o m 

the r a r e e a r t h s m s a l i c y l a t e so lu t ion . Be tween pH 2 and 5 (buffered by a c e t a t e ) 

t h o r i u m is e x t r a c t e d by a m i x e d e t h e r - e s t e r so lven t while the r a r e e a r t h s r e 

m a i n m the aqueous l a y e r . 
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I V . 6 D . S E P A R A T I O N O F T H E I N D I V I D U A L R A R E - E A R T H E L E M E N T S 

F R O M T H E G R O U P B Y S O L V E N T E X T R A C T I O N 

I V . 6 D - 1 . S i m p l e S a l t s 

U n t i l t h e a d v e n t of t h e c a t i o n - e x c h a n g e t e c h n i q u e , t h e s e p a r a t i o n of i n d i 

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

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

t a l l i z a t i o n , b u t s o m e e a r l y w o r k w a s d o n e on f r a c t i o n a t i o n b y s o l v e n t e x t r a c -

t i o n . F i s c h e r , D i e t z , a n d J i i b e r m a n n m 1937 r e p o r t e d t h a t t h e s e p a r a t i o n 

f a c t o r ( 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 p a i r s of a d j a c e n t r a r e e a r t h s w a s 

of t h e o r d e r of 1. 5 f o r t h e e x t r a c t i o n of t h e c h l o r i d e s i n t o v a r i o u s a l c o h o l s , 

e t h e r s , a n d k e t o n e s . T h e a m o u n t e x t r a c t e d w a s v e r y s m a l l , h o w e v e r . 
4 7 5 

T e m p l e t o n a n d P e t e r s o n r e p o r t e d s o n n e s e p a r a t i o n b y e x t r a c t i n g n i t r a t e s 

of L a , C e ( I I I ) , a n d N d i n t o h i g h e r a l c o h o l s f r o m n e a r l y s a t u r a t e d w a t e r s o l u 

t i o n s of t h e s a l t s . T h e y r e p o r t e d t h a t t h e d e g r e e of e x t r a c t i o n w a s n o t l a r g e , 

a n d w a s v e r y s e n s i t i v e t o s a l t c o n c e n t r a t i o n . T h e y m e a s u r e d a s e p a r a t i o n 

f a c t o r of 1. 4 b e t w e e n n e o d y m i u m a n d l a n t h a n u m — a c o n s i d e r a b l y l o w e r v a l u e 
1 3A 

t h a n t h a t of F i s c h e r , D i e t z a n d J i i b e r m a n n . 
141 

F i s c h e r a n d h i s c o - w o r k e r s s t u d i e d t h e p o s s i b i l i t y of s e p a r a t i n g 

t h e r a r e e a r t h s by e x t r a c t i o n f r o m l i t h i u m n i t r a t e s o l u t i o n s w i t h e t h e r o r 

w i t h n - p e n t a n o n e - 2 . E x t r a c t i o n s w e r e v e r y s l i g h t ( c o e f f i c i e n t s of t h e o r d e r 
- 3 1 2 3 

of 10 ) b u t s o m e d e g r e e of s e p a r a t i o n w a s a t t a i n e d . E b e r l e a n d L e r n e r 

s t u d i e d t h e e x t r a c t i o n of g a d o l i n i u m , d y s p r o s i u m , s a m a r i u m , e u r o p i u m , a n d 

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

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

e f f e c t i v e s o l v e n t s f o r e x t r a c t i n g r a r e e a r t h s (K ~ 1) a n d t h a t t e r t - b u t y l a l c o h o l 

w a s s o r r e w h a t e f f e c t i v e (K ~ 0 . 3), b u t t h a t m a n y o t h e r s o l v e n t s , i n c l u d i n g 

g l y c o l s , k e t o n e s , e s t e r s , e t h e r s , a n d h a l o g e n a t e d s o l v e n t s , w e r e v e r y i n 

e f f e c t i v e . E v e n o t h e r a l c o h o l s w e r e v e r y p o o r . T h e y n o t e d t h a t g a d o l i n i u m , 

s a m a r i u m , d y s p r o s i u m a n d e u r o p i u m a l l b e h a v e d s i m i l a r l y , w h i l e y t t r i u m 

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

o t h e r l a n t h a n i d e s w i t h r e s p e c t t o y t t r i u m . 

I V . 6 D - 2 . T r i b u t y l P h o s p h a t e ( T B P ) 

C o n s i d e r a b l y g r e a t e r s u c c e s s h a s b e e n a t t a i n e d by t h e u s e of t r i b u t y l 

p h o s p h a t e a s a n e x t r a c t i n g a g e n t . A g r e a t d e a l of p u b l i s h e d w o r k e x i s t s , 

m u c h of i t of v e r y h i g h q u a l i t y , o n t h e i n d i v i d u a l d i f f e r e n c e s of e x t r a c t i o n 
34 

b e h a v i o r m t h e r a r e e a r t h - T B P s y s t e m . B l a c k m o r e , B e a r s e , a n d C a l k i n s 

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

t h e i r s t u d y o n r a r e e a r t h - t h o r i u m s e p a r a t i o n s . P e p p a r d , F a n s , G r a y , a n d 
354 

M a s o n , m t h e i r d e t a i l e d s t u d y p r e v i o u s l y r e f e r r e d t o , c o n c l u d e d t h a t t h e 
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l o g a r i t h m of the e x t r a c t i o n coefficient K was an i n c r e a s i n g l i n e a r function 

of a tomic n u m b e r Z for the l i g h t e r r a r e e a r t h s , us ing 100% T B P and 15. 6 

m o l a r n i t r i c ac id . They a s s i g n e d an a r t i f i c i a l Z of 66. 5 to y t t r i u m m o r d e r 

to inc lude that e l e m e n t m the s c h e m e . The s e p a r a t i o n fac to r be tween ad jacen t 
177 

l an than ide s was r e p o r t e d a s 1. 9. G r a y and T h o m p s o n s u p p l e m e n t e d the 
354 

data of P e p p a r d , F a n s , G r a y , and Mason and c o m p a r e d the da ta on l a n 

than ides with t h e i r m . e a s u r e m e n t s on s e v e r a l t r i v a l e n t a c t i n i d e s . They v e r i 

fied the l o g a r i t h m i c dependence of K on Z, but o b s e r v e d ev idence for a n o m 

a lous behav io r m the ne ighborhood of Z = 67. T h e i r da ta and those of Peppard 
355 

et a l . a r e shown m F i g s . 41 and 4 2 . P e p p a r d , G r a y , and M a r k u s u s e d 

the c o m p a r a t i v e e x t r a c t i o n data to d e m o n s t r a t e the ana logy be tween the 
485 ac t in ide s e r i e s and the l an than ide s e r i e s . Topp and Weave r a l s o s tudied 

100% T B P —ni t r i c ac id s y s t e m s , us ing gado l in ium and s a m a r i u m . T h e i r 
354 

s e p a r a t i o n fac to r is in rough a g r e e m e n t wi th that of P e p p a r d et a l . 
411 

S c a r g i l l , Alcock, F l e t c h e r , Hes fo rd , and McKay a l s o s tudied the 

l i g h t e r r a r e e a r t h s m T B P - n i t r a t e - n i t r i c ac id s y s t e m s . T h e i r da ta a g r e e 

m g e n e r a l with those of p r e v i o u s w o r k e r s . They ex tended t h e i r i nves t iga t ion 

to v e r y low T B P c o n c e n t r a t i o n s and showed that the l imi t ing dependence on 

T B P c o n c e n t r a t i o n was v e r y c lo se to t h i r d p o w e r . They t h e r e f o r e p r o p o s e d 

a so lva ted e x t r a c t a b l e f o r m conta in ing t h r e e T B P m o l e c u l e s . T h e i r da ta a r e 

p r e s e n t e d a s Table 10 and F i g s . 43 and 44 . They e m p h a s i z e that f ree T B P 

a lone is effect ive a s an e x t r a c t i n g agen t , e x c e s s n i t r i c ac id t ends to r e d u c e 

e x t r a c t i o n eff ic iency by combin ing with T B P . The i n c r e a s e d e x t r a c t i o n ef

f ic iency a t low a c i d i t i e s and high n i t r a t e c o n c e n t r a t i o n i s t h e r e f o r e exp la ined . 
358 P e p p a r d , D r i s c o l l , S i ronen , and M c C a r t y ex tended the s tudy of the 

T B P - n i t r i c ac id s y s t e m to the h e a v i e r l an than ides and a m e r i c i u m . They 

ve r i f i ed the l i n e a r r e l a t i o n s h i p be tween log K and Z for the l i g h t e r l a n t h a 

n i d e s , but o b s e r v e d an a b r u p t change m b e h a v i o r a t Z = 64. The h e a v i e r 

l an than ide s a l s o give a rough ly l i n e a r r e l a t i o n s h i p be tween log K and Z, but 

of d i f ferent s lope — s o m e w h a t l ower s lope a t v e r y c o n c e n t r a t e d (18. 5 m o l a r ) 

n i t r i c ac id , becoming s t i l l l ower a s the n i t r i c ac id c o n c e n t r a t i o n is r e d u c e d , 

and ac tua l l y becoming nega t ive at low a c i d i t i e s (see F i g . 45) . They p o s t u l a t e 

that the e x t r a c t i n g s p e c i e s is [M(TBP)A(H, 0 ) x - A ] (NO, ) , , w h e r e A is a func-
195 

t ion of n i t r i c ac id c o n c e n t r a t i o n and of Z. Hes fo rd , J ackson , and McKay 

a l s o inves t iga t ed the h e a v i e r l an than ides with r e s u l t s m good a g r e e m e n t wi th 
358 P e p p a r d et a l . , but aga in ex tended t h e i r work to m u c h l ower T B P c o n 

c e n t r a t i o n s . They d i s a g r e e with the i n t e r p r e t a t i o n s of P e p p a r d ' s g roup , 

ascribing the behavior of the s y s t e m at high T B P concentrat ions to deviat ions 

from ideal i ty . They c la im the s p e c i e s extracted are in all c a s e s M(TBP)., 

( N O , ) , . Their data are presented in F i g s . 46, 47, 48, and 49 with the data of 
358 

Peppard et a l . included for compar i son . 
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Table 10. Parti t ion coefficients of various r a r e earths between organic 

phases containing TBP and aqueous ni t r ic acid (411) 

Rare 
earth 

Yttrium 

Yttrium 

Yttrium 

Lanthanum 

Lanthanum 

Europium 

TBP cone 
(kerosene 
diluent) 

19»„ v/v 

48" . 

100". 

48" 

100", 

100% 

HNO, cone 
(aq) 

0 48 M 
0 90 
2 26 
3 68 
4 62 
6 13 
7 72 
9 65 

12 1 
135 

0 42 
0 50 
1 29 
1 95 
3 23 
3 70 
5 78 
7 07 
9 32 

11 2 

( 125 

1 

0 71 
1 52 
3 23 
4 84 
6 55 
7 14 
7 83 
9 10 

104 
109 
11 9 
122 
13 1 
n 8 
146 
M 0 

•> 22 
6 88 

108 
127 

0 61 
1 21 
2 15 
3 17 
4 27 
6 10 
8 05 

10 2 
12 1 

0 6 4 M 
1 67 
2 38 
3 76 
5 38 
611 
6 30 
7 27 
7 22 
8 46 

Partition 
coefficient 
(org/aq) 

0 0024 
0 0044 
00141 
0 0196 
0 020 
0 0162 
00185 
0 035 
0 22 
1 05 

0 0088 
0013 
0 033 
0 048 
0 082 
0 101 
0 120 
0 148 
0 40 
1 40 
4 7* 
4 6* 
4 8 ' 

0 044 
0 100 
0 27 
064 
1 10 
1 38 
2 2 
36 
9 0 

118 
25 
32 
62 

m 
198 
220 

00189 
0 0109 
0 008S 
00135 

0 074 
0 108 
0 123 
0 124 
0 102 
0 076 
0 057 
0 060 
0 088 

0 105 
0 30 
0 39 
0 49 
0 53 
0 54 
0 54 
0 59 
0 5 8 C ) 
0 73 

Rare 
earth 

Lanthanum 

Cerium(lll) 

CeriumdUl 

Promethium 

europium 

Europium 

TBP cone 
(kerosene 
diluent) 

100% 

48% 

100% 

48% 

48% 

100% 

HNO, cone 
(aq) 

13 8 M 
150 

0 40 
1 12 
1 50 
2 70 
3 98 
5 28 
7 06 
9 30 

11 2 
130 

0 27 
0 72 
0 98 
1 82 
2 38 
364 
5 20 
600 
6 85 
8 15 
8 95 
9 88 

11 3 
120 
129 
139 
14 5 
150 

0 47 
0 83 
I 62 
2 57 
3 53 
5 85 
6 94 
7 46 
9 51 

11 2 
128 

OO'i 
1 00 
200 
300 
400 
500 
700 
8 00 
900 

100 
120 

8 54 M 
8 92 
9 35 

10 1 
10 4 
112 
11 6 
12 5 
14 6 
16 0 
18 7 

Partition 
coefficient 
(org/aq) 

0 142 
0 22 

00186 
0 050 
0 057 
0 056 
0 040 
0 025 
00155 
0 0160 
0 023 
0 039 

0 028 
0 099 
0 123 
0 168 
0 172 
0 169 
0 133 
0 110 
0 098 
0090 
0 096 
0 108 
0 133 
0 137 
0 195 
0 28 
0 36 
0 42 

0 027 
0 051 
0 094 
0 116 
0 108 
0 068 
0 062 
0 046 
0 077 
0 146 
0 29 

0 0027 
0 074 
0 136 
0 160 
0 164 
0 156 
0 118 
0 144 
0 146 
0 191 
0 47 

0 72 
0 76 
0 89 
124 
1 26 
1 80 
2 2 
3 4 
9 7 

19 9 
64 

•Repeat expenmenls 

102 



F i g , 4 5 . E x t r a c t i o n of l a n t h a n i d e s 

into T B P f r o m aqueous n i t r i c acid 

p h a s e s of s e l e c t e d m o l a r i t y a s 

a funct ion of Z (358) 

F i g . 4 6 . E x t r a c t i o n of the l ower '0 
l an than ides by 100% T B P (195) 

"5 15 15 S) 
N i t r i c ac id c o n c e n t r a t i o n . A q u e o u s , M 

F i g . 4 7 . E x t r a c t i o n of the e v e n - Z 
h i g h e r l an than ide s by 100% T B P (195) 

5 S its '^ 55 
N i t r i c ac id c o n c e n t r a t i o n . Aqueous , M 
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u 

ft Fig. 48. Extraction of yttr ium 
and the odd-Z higher lanthanides 
by 100% TBP (195) 

Nitric acid concentration, Aqueous, M 
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Fig. 49. Apparent atomic nuinber of yttr ium regarded as an odd-Z pseudo-
leinthanide (195) 

Many engineering-scale applications have been made of solvent-extraction 

separations of the r a r e earths from each other. Bochinski, Smutz, and 

Spedding, Foos and Wilhelm, Knapp, Smutz and Spedding, Topp and 
485 S 3 

Weaver, and Brown, Coleman, Grouse, and Ryan all have reported en

couraging results on la rge-sca le multistage extraction separations using TBP 

sys tems . The only reported attempt to develop a smal l -scale laboratory sepa-
98 ration, by Cuninghame, Scargil l , and Willis, was based on extraction from 

nitr ic acid-ammonium nitrate with TBP-kerosene containing TTA. Their ob

served separation factors per stage were never better than 3 for the L a - P r pa i r . 

They concluded that the system was unlikely to represent any improvement over 

ion exchange. (See, however, page 172, this repor t . ) 
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45 Brezhneva, Levin, Korpusov, Manko, and Bogochova used a 20-stage 

mixer -se t t l e r solvent extraction system to separate multicurie amounts of 

radioactive europium and promethium from aged fission-product solutions. 

They used 14-15 molar nitric acid for their aqueous phase and pre-equil ibrated, 

undiluted TBP for their organic phase. Separation of yttr ium from promethium 

was good, but separation of europium from yttr ium was poor. This defect was 

not ser ious, since yttr ium was separated only from relatively young fission-

product solutions in which europium was not a major activity, while separation 

of europium activity was done from quite old (2 .5 -3 years) solutions in which 

yttr ium was no longer present to any great degree . Their data are presented 

in F ig . 50. The advantage claimed for solvent extraction over ion exchange in 

this case i s , f irst , that of simplicity and ease of handling by remote control; 

and second, that for the very high levels of radiation at which they were working, 

there were far fewer difficulties due to radiation effects, such as bubble for

mation and radiation damage. 

100 ̂ 00 300 400 SOO 600 700 800 900 1000 1100 1200 1300 1400 

Volume, m l 

Fig. 50. Distribution of the concentrations of radioisotopes. The voliime 
of tributyl phosphate which has passed through the apparatus is shown along 
the abscissa axis, and the concentrations of the radioelement as a percentage 
of the initial concentration along the ordinate eixis. Solid lines denote theoret
ically computed distribution: 1 — yttrium; 2 — europium; 3 — promethium (45) 

IV.6D-3. Chelating Organophosphorous Compounds 

410 The data of Scadden and Ballou indicated that dibutyl phosphoric 

acid or s imilar compounds might show differences in extracting power for 

different r a re earths; this was confirmed by the very careful and complete 
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359 work of Peppard, Mason, Maier, and Driscoll , using di-(2 ethyl hexyl) 

orthophosphoric acid (symbolized HDEHP) in an organic diluent as an ex

tracting medium for the lanthanides. They found a direct third-power de

pendence on HDEHP concentration and an inverse third-power dependence 

on hydrogen ion, indicating that the reaction was 

M"*"̂  + 3HDEHP i^ M(DEHP)2 + 3H"^ . 

analogous to the dibutyl phosphoric acid reaction proposed by Dyrssen. 

They report a linear relationship between Z and log K over the entire 

r a r e -ea r th region, with a separation factor between adjacent lanthanides of 

approximately 2. 5. The "apparent Z" of yttrium in a system 0. 75M HDEHP/ 

toluene/O. 5M HCl is 67 .5 . Small amounts of the monoester , however, pe r 

turb the relationships seriously by increasing the extraction of the lighter 

r a re earths markedly. Their data are presented in Fig . 51. They consider 

the analogy of HDEHP to TTA as valid, the extractable species being 

M 

O. - R 

\ ^ Q R 

and M 
O — 

o = 

.R 

— C ^ 
^ C H 

\ R 1 
-•3 

respectively. HDEHP has the marked advantage that it is useful at much 

higher acidities than TTA, thus avoiding many difficulties with hydrolysis. 

Again, however, there is no obvious application to a simple laboratory-scale 

separation of the individual members of the r a r e - ea r th group. 

IV.6D-4. Thenoyltrifluoroacetone (TTA) 

Much work has been done on the individual differences in extraction be

havior of the ra re earths with TTA. Bronaugh and Suttle published a com

plete ser ies of TTA equilibrium constants for the r a re earths including 

scandium and yttrium, reproduced in Table 11. They were unable to obtain 

a supply of erbium for their research , but the behavior of erbium may be 

assumed to be intermediate between that of holmium and that of thulium. 

They reported complete equilibrium was attained in less than five minutes. 
84 -8 

Cornish reported an equilibrium constant of 3. 6 X 10 for dys-
50 prosium, which does not agree with that of Bronaugh and Suttle; Keenan 

224 -9 
and Suttle report K = 3. 3 X 10 for praseodymium, in good agreement 

50 with Bronaugh and Suttle. Again, there seems to be no simple way of ap
plying the relatively slight differences in extraction behavior to a simple 

laboratory-scale separation. 
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57 59 61 63 65 67 69 71 
Z 

Fig. 51. Variation of the logarithm of the partition coefficient K with 
Z in the 0. 75M HDEHP— 0. 5M HCl system, yttrium and americium shown 
on the curve, feroken curve sTiows the effect of mono(2-ethyl hexyl) ortho 
phosphoric acid contaminant (359) 

IV. 6E. SOLVENT EXTRACTION SEPARATIONS OF CERIUM(IV) 

I V . 6 E - 1 . Nitrates 

The first reported solvent extraction separation of eerie cerium is that 

of Imre who extracted eerie nitrate into diethyl ether. Bock and Bock 

studied the extraction of Ce(IV) into various solvents from nitric acid. They 

found that ceriunn extracts well into diethyl ether from nitric acid more con

centrated than 4. SM. Di isopropyl ether, di-n-butyl ether, methyl n-propyl 

ketone and nitromethane were less effective as solvents. Scandium was found 

to extract fairly well (K * 5) from 1 molar nitric acid saturated at elevated 

temperature {~ 35°C) with lithium ni trate . Lanthanum did not extract under 

these conditions. They also reported that thorium would extract into ether 
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Table 11. Average K values for the reaction M (aqueous) + 3 TTA ^ eq . 
(organic).,. M(TTA)2 (organic) + 3 H (aqueous) (50) 

Element 

La 

Ce 

Pr 

Nd 

Pm 

an 
Eu 

Gd 

Tb 

Y 

Ho 

Dy 
Tm 

Yb 

Lu 

Sc 

3.06 

1.98 

10.2 

1.76 

5.27 

12.2 

12.6 z 

1.42 

2.22 

4.S0 

0.546 

0.5 M TTA 

i: 0.25 

± 0.26 

± 1.34 

± 0.17 

± 0.95 

± 1.0 

10-8 

± 0.22 

± 0.19 

1 0.44 

± 0.095 

X 

z 

X 

X 

z 

X 

X 

X 

z 

10-^" 

io-» 

10"» 

10-8 

10-8 

10-8 

10-' 

10"'' 

lo-'' 

1.27 

1.53 

5.91 

1.10 

3.60 

8.80 

9.19 

1.11 

1.29 

1.68 

2.28 

3.79 

4.58 

7.71 

6.82 

0.687 

0.2 M TTA 

± 0.17 

± 0.22 

± 0.75 

± 0.17 

± 0.60 

i 1.06 

* 1.18 

± 0.17 

zlO"*' 

± 0.40 

± 0.26 

i 0.37 

* 0.40 

i: 0.79 

± 0.14 

± 0.045 

10"^" 

10"' 

10"* 

10"8 

10"8 

10*8 

10"8 

10"' 

lO"' 

10"' 

10"' 

10"' 

10"' 

10"' 

1.66 

1.09 

0.] 

± 

± 

I M TTA 

0.36 

0.28 

z 

z 

10' 

10" 

TO 
•9 

0.05 M TTA 

1.45 ± 0.14 z 10"*° 

0.897 ± 0.207 z 10-* 

2.45 ± 0.30 z 10-* 

2.00 ± 0.22 z 10-8 

0.406 i 0.06 z 10-' 

1 I • 



from 1 molar nitric acid salted with ni trates of zinc, calcium, or lithium, 

but hardly at all when salted with nitrates of sodium, potassium, ammonium, 

strontium, or barium. No explanation is given this cation effect. 

They also note the necessity for removing peroxides from diethyl ether 

prior to use in order to avoid the possibility of explosion. 

Wylie confirmed the results of Bock and Bock and also reported 
that the reduction of cerium(IV) during extraction was photocatalyzed. He 
examined butyl, amyl, and benzyl ethers and various ketones and reported 

that diethyl ether was superior to all solvents examined. He verified the 
510 results of Warf on the extraction of Ce(IV) by TBP; he also reported con

tamination of the TBP phase by trivalent lanthanides. He reports that Ce(IV) 

does not extract into ether from amnnonium nitrate solutions. 

Liang and Yeh report good extraction of Ce(IV) into butyl acetate 

from 7-10 molar nitric acid. 
174 Glendenin, Flynn, Buchanan, and Steinberg give the distribution 

coefficient for Ce(IV) between nitric acid and hexone (rnethyl isobutyl ketone) 

as a function of nitric acid nnolarity. Their data show maximum distr ibu

tion coefficient of 3. 0 between 8 and 10 molar nitric acid. This solvent is 

obviously inferior to diethyl ether. 
234 502 

Klinaev and Senyavin, and Vickery have both reported separa

tions of Ce(IV) from trivalent lanthanides by diethyl ether extraction from 

nitric acid. 
45 Brezhneva and co-workers used nitromethane as a solvent to extract 

fission-product cerium on a large scale away from the other lanthanides and 

strontium. The aqueous phase was 3-5 molar in nitric acid and 3-4 molar in 

calcium ni t ra te . They used ozone for an oxidant. Nitromethane has the ad

vantage of being extremely resis tant to ozone oxidation. 
1V.6E-2. Tributyl Phosphate (TBP) 

According to Knapp, Smutz, and Spedding, ionic size affects the 

ease of extraction with TBP very markedly. One would therefore expect the 

eerie ion to be much more extractable than any trivalent lanthanide ion. This 
337 expectation is fulfilled, as shown by Nikolaev, Sorokina, and Maslennikova 

510 541 
and by the previously cited work of Warf and Wylie. The Russian 

group extracts cerium from 6-8 nnolar nitric acid containing bromate ion, 

using pure TBP. They report 95% extraction. 

As seen from the data on the trivalent lanthanides, however, TBP ex

traction is probably inferior to ether extraction as a purification process for 
550 cerium. Douglass and Bauer, however, have written an excellent ar t icle 

on the liquid-liquid extraction of ceriunn from bastnasite ore concentrate; a 
process in which they preferred TBP to ether as the extracting medium. 
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I V . 6 E - 3 . Amine E x t r a c t a n t s 

Brown , Co leman , C r o u s e , D e n i s , and Moore r e p o r t e d the e x t r a c t i o n 

of e e r i e c e r i u m with a d i s t r i b u t i o n coeff ic ient g r e a t e r than 50, using a l ong -

chain p r i m a r y amine ( C a r b o n and C a r b i d e C h e m i c a l Company amine #21F81) 

in 0. 1 m o l a r so lu t ion in a h y d r o c a r b o n d i luent . The aqueous p h a s e was 1.0 

m o l a r in sulfa te ion, ad jus ted to pH be tween 0. 3 and 1.8. T h e i r r e s u l t s with 

s e c o n d a r y and t e r t i a r y a m i n e s w e r e i n c o n c l u s i v e . T r i v a l e n t l an than ides did 

not e x t r a c t a p p r e c i a b l y . 

I V . 6 E - 4 . D i (2 -e thy l hexyl) P h o s p h o r i c Acid (HDEHP) 

357 P e p p a r d , Mason , and Mol ine showed tha t e e r i e ion could be e x t r a c t e d 

f rom 10 m o l a r n i t r i c ac id by 0. 75 m o l a r o r 0. 30 m o l a r H D E H P in h e p t a n e . 

The r a t i o of d i s t r i b u t i o n coeff ic ients for Ce(IV)/Ce(IIl) was g r e a t e r than 10 . 

They used the e x t r a c t i o n to p r e p a r e a h ighly pur i f ied c e r i u m s a m p l e , e s s e n 

t i a l ly f ree of l an than ide c o n t a m i n a n t s , and to s e p a r a t e c e r i u m t a r g e t m a t e r i a l 
143 144 7 

f r o m P r and P r d a u g h t e r a c t i v i t i e s (by a f ac to r of 10 ) in l e s s than ten 
m i n u t e s . Th i s r e a g e n t a p p e a r s to be po ten t ia l ly v e r y usefu l . 

I V . 6 E - 5 . T h e n o y l t r i f l u o r o a c e t o n e (TTA) 

443 
S m i t h and M o o r e r e p o r t e d a r a p i d s e p a r a t i o n f r o m f i s s i o n p r o d u c t s 

b a s e d on the v e r y high e x t r a c t a b i l i t y of the Ce(IV) ion by T T A . They e x t r a c t 

f r o m 1 m o l a r su l fur ic ac id conta in ing p o t a s s i u m d i c h r o m a t e and sod ium 

b r o m a t e , us ing 0. 5 m o l a r TTA in xy l ene , and b a c k - e x t r a c t the c e r i u m with 

10 m o l a r n i t r i c ac id . They r e p o r t s e v e r e i n t e r f e r e n c e f r o m ch lo r ide ion, 

which effect ively p r e v e n t s the ox ida t ion . 

IV. 6 F . SOLVENT EXTRACTION SEPARATIONS O F SCANDIUM 

1 V . 6 F - 1 . N i t r a t e 

37 
Bock and Bock r e m a r k e d that " u n d e r c e r t a i n cond i t i ons" s can d iu m 

n i t r a t e was e x t r a c t a b l e in to d ie thyl e t h e r , but condi t ions w e r e not g iven . 

I V . 6 F - 2 . Th iocyana t e 

The m o s t spec i f ic s e p a r a t i o n for s c a n d i u m f r o m t r i v a l e n t l an than ides 

m a k e s u s e of the so lvent e x t r a c t i o n of the t h iocyana t e into e t h e r . F i s c h e r 
137 

and Bock, in t h e i r c l a s s i c a r t i c l e on the c h e m i s t r y of s c a n d i u m , r e c o m 

m e n d the following condi t ions : 0 . 5 - 1 . 0 m o l a r h y d r o c h l o r i c acid, 53 g of 

a m m o n i u m th iocyana te p e r h u n d r e d m l of so lu t ion . Scand ium wil l e x t r a c t 

~ 95% into an equal vo lume of d ie thyl e t h e r . Sul fa te , and e s p e c i a l l y p h o s 

pha te , i n t e r f e r e m a r k e d l y . B e r y l l i u m , a l u m i n u m , ind ium, and f e r r i c i r o n 
. 39 

c--tract qui te wel l ; o the r l an thanons e x t r a c t l e s s than 0. 1%. Bock con-
1 37 f i r m e d the r e s u l t s of F i s c h e r and Bock and r e p o r t e d da ta on m a n y o the r 
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elements. He reported very slight extraction of Li, NH., Cd, Ni, and Pd; 

slight extraction (* 2%) of Cu(I) and Sb(III); moderate extraction of Fe(III), 

Al, In, UO^ ; and excellent extraction of Be, Zn, Sc, Ga, Sn(lV), Mo(V), 

and Co. Some results confirming some of the above information have been 
.. , , ... ,531 , , „ . , 508 „• 1 502 , , ,, 

reported by West and by Vickery. Vickery also regards the 

thiocyanate extraction as the best single separation technique from the lan

thanides. 
IV. 6F -3 . Tributyl Phosphate (TBP) 

Scandium is markedly more extractable into TBP than the other t r i -
356 valent lanthanides. Peppard, Mason, and Maier studied the extraction 

of scandium, thorium, and zirconium by TBP from nitric acid and from hy

drochloric acid. Their data are presented in F igs . 52 and 53. It can be 

seen that scandium can be well separated from thorium by extraction with 

100% TBP from 8. 1 molar hydrochloric acid where for scandium K « 100, 

for thorium K « 0. 5; or by extraction with 100% TBP from 2 molar nitric 

acid, where for scandium K * 0. 5, for thorium K " 20. In the TBP-HCl 

system, the behavior of zirconium is nearly identical to that of scandium; 

in the TBP-HNO, system, the data are not very complete, but a separation 

from zirconium would seem to be difficult with 100% TBP. With 25% TBP 

the authors report that approximate measurements on zirconium (not shown 

in the figure) show zirconium to be more extractable than thorium from both 

4 molar and 6 molar nitric acid. Under these conditions scandium extracts 

poorly; a separation is therefore possible. 

Eberle and Lerner also used the hydrochloric acid — TBP extraction 

system to separate a pure sample of scandium for analysis. They present 

data which is in essential agreement with that of Peppard, Mason, and 
356 Maier. Their data have been included in Fig . 52 for comparison, but 

since they did not pre-equil ibrate their solvent with acid, perfect agreement 

is not to be expected. They report good separation from yttrium, using 

equal volumes of concentrated hydrochloric acid and "as received" TBP. 
16 3 

According to Gal and Ruvarac, 30% TBP in dibutyl ether will ex

t ract Cd, VO,, Fe(III), Zr and UO. ions from hydrochloric acid; these 

species and others may be expected to accompany scandium in a TBP-HCl 

extraction separation. 

Peppard and Nachtman have obtained a patent on a separation of 

scandium from the lanthanides and yttrium by solvent extraction with TBP 

from 6 molar hydrochloric acid. 
IV .6F-4 . Thenoyltrifluoroacetone (TTA) 

Because of its very small ionic size, scandium is very efficiently ex-
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t racted by TTA. Reference to the section on TTA extraction of the r a r e -

earth group, especially to Table 11 and Fig. 37, will give conditions for 

separation of scandium from most elements with TTA. 

1V.6F-5. Acetylacetone 

Vickery reports that scandium acetylacetonate will extract into 

ethyl acetate from solutions of pH 4. 5, but he regards the thiocyanate ex

traction as superior . 

IV .6F-6 . Cupferron 

Miller and Eberle and Lerner have removed impurities from 

scandium by extracting cupferrates into chloroform from mineral acid solu

tions. Scandium does not extract . 

IV .6F-7 . Salicylate 

The interesting behavior of scandium on extraction with salicylic acid 

in isoamyl alcohol has already been referred to (see section IV. 6B above). 

IV. 6G. SZILARD-CHALMERS REACTION FOR THE RARE EARTHS 

An application of solvent extraction to permit a Szi lard-Chalmers r eac -
194 tion on the r a r e earths was reported by He r r . He condensed excess 

phthalodinitrile with r a r e - ea r th chlorides at 320°C to make blue-green com

pounds, soluble in concentrated sulfuric acid and in certain organic solvents. 

Excess reagent was removed by subliming it off at 100°C. 

The compounds so prepared could be purified by precipitating them 

from sulfuric acid by adding water, or from solvents such as quinoline or 

benzonitrile by adding diethyl ether. They were apparently connpletely non-

exchangeable; after neutron irradiation, 80% of the activity could be removed 

from quinoline solution with 5% sulfuric acid containing sodium ci t ra te . The 
-4 

aqueous phase contains only about 10 of the r a re earth. This technique 

appears to offer great promise as a means of preparing high-specific-activity 

lanthanide t r a c e r s . 

IV. 7. ION EXCHANGE 

IV. 7A. INTRODUCTION 

IV.7A-1 . Review 

During the past fifteen years the ion exchange process has developed 

into the most powerful single method for separating the r a r e - ea r th elements 

from each other. An extraordinary number of ar t icles have appeared in the 

l i terature describing techniques which involve a wide variety of ion exchange 

media and a bewildering assortment of experimental conditions. In this sec -
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t ion an a t t e m p t wil l be m a d e to p r e s e n t a r e a s o n a b l y b a l a n c e d p i c t u r e of t h e s e 

t echn iques in t h e i r m o s t m o d e r n r e f i n e m e n t s . It m u s t be r e a l i z e d at the 

ou t se t , h o w e v e r , t ha t the ion exchange s e p a r a t i o n p r o c e s s h a s i n h e r e n t in it 

such a t r e m e n d o u s f lex ib i l i ty that it is alnnost a lways pos s ib l e to e s t a b l i s h 

e x p e r i m e n t a l condi t ions which wil l be d i s t i nc t ive to a g iven s e p a r a t i o n p r o b 

l e m . T h e s e condi t ions wi l l u sua l ly be chosen in such a way as to give the 

b e s t p o s s i b l e s e p a r a t i o n in the s h o r t e s t pos s ib l e t i m e with the l e a s t p o s s i b l e 

effor t . With t h e s e condi t ions in mind , da ta in th i s s ec t ion wil l be p r e s e n t e d 

in such a way tha t the r e a d e r should be able to m a k e a r e a s o n a b l e choice of 

the op t imum condi t ions for any r a d i o c h e m i c a l s e p a r a t i o n p r o b l e m . 

Ion exchange m a t e r i a l s have r e c e i v e d such g e n e r a l a c c e p t a n c e as a 

useful tool in the a n a l y s i s o r s e p a r a t i o n of the whole p e r i o d i c t ab le of e l e 

m e n t s tha t it s e e m s r e a s o n a b l e to a s s u m e tha t a l l p r a c t i c i n g c h e m i s t s a r e 

f a m i l i a r with t h e i r h i s t o r y and b a s i c p r o p e r t i e s . T h o s e in whom th i s a s s u m p -
231 t ion i s not wel l founded we r e f e r to an exce l l en t l i t t l e book by K i t c h e n e r 

o r the s o m e w h a t o lde r book by S a m u e l s o n . Nachod, ' O s b o r n , 
232 79 

K i t c h e n e r , and the F a r a d a y Soc ie ty have pub l i shed s e v e r a l books which 

inc lude backg round m a t e r i a l on the t h e o r y , s t r u c t u r e , and p r o p e r t i e s of ion 

exchange m a t e r i a l s . A s e r i e s of p a p e r s pub l i shed in the J o u r n a l of the 
277 

A m e r i c a n C h e m i c a l Soc ie ty , whi le not a book, m a y p r o p e r l y be c o n s i d e r e d 
a s p r i m e s o u r c e m a t e r i a l on the fundamenta l p r o p e r t i e s of ion exchange r e s i n s 

N u m e r o u s a r t i c l e s have a p p e a r e d in the l i t e r a t u r e s r ev iewing the f ield of ion 
478 48 ^ 18 S 

exchange as a who le . T h o m a s and F r y s i n g e r , T o m p k i n s , Ha l e , 
207 

and Hudgens have been a u t h o r s of exce l l en t a r t i c l e s in th i s c a t e g o r y . 

A l s o , m a n y a r t i c l e s have a p p e a r e d which r e v i e w the u s e of ion exchange in 

the s e p a r a t i o n of the r a r e - e a r t h e l e m e n t s . S ince it is in tended that th i s 

p a p e r wi l l s u p e r s e d e e a r l i e r r e v i e w s , t h e i r da ta , w h e r e p e r t i n e n t , wi l l be 

inc luded in l a t e r s e c t i o n s on spec i f ic t e c h n i q u e s . 

I V . 7 A - 2 . Effect of V a r i a b l e s in Ion Exchange 

T h e r e a r e l i t e r a l l y an infini te n u m b e r of e x p e r i m e n t a l condi t ions under 

which the r a r e e a r t h s m a y be s e p a r a t e d by ion exchange m e t h o d s . When a 

c h e m i s t a p p r o a c h e s the p r o b l e m of choos ing a se t of condi t ions which wil l 

give h i m a d e s i r e d r e s u l t he should know qua l i t a t i ve ly how h i s r e s u l t s m a y 

be affected by m a j o r e x p e r i m e n t a l v a r i a b l e s such as kind and b r a n d of r e s i n , 

m e s h s i z e and c r o s s l i nkage , e luan t , flow r a t e , t e m p e r a t u r e , m a s s of the 

s a m p l e to be s e p a r a t e d , e t c . 

Choice of an ion exchange m e d i u m is obvious ly an i m p o r t a n t f i r s t s t e p 

in any ion exchange p r o c e d u r e . When iop exchange nna te r i a l s w e r e f i r s t being 

u s e d for r a r e - e a r t h s e p a r a t i o n s t h e r e w e r e v e r y s e r i o u s f luc tua t ions in the 

qual i ty and p e r f o r m a n c e of the p r o d u c t s which w e r e c o m m e r c i a l l y a v a i l a b l e . 
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It was accepted as more or less standard practice that an experimenter had 

to purchase a single large batch of ion exchange resin, for instance, and use 

it exclusively if he wished to get consistent resu l t s . Variation in the pe r 

formance of different batches of the same resin produced by the same manu

facturer were often great enough to make one batch quite satisfactory and 

another completely worthless for a given separation. Happily, this situation 

has been corrected, at least for the synthetic ion-exchange res ins , to such 

a point that the chemist may expect reasonably consistent performance from 

any given brand of res in . It is still wise, however, to check each new batch 

to be sure that it will perform as expected. 

For separations involving elements as closely s imilar as the r a re 

earths the ideal ion-exchange medium should have a large nunnber of ex

change sites per unit volume (high capacity), it should be chemically inert , 

thermally stable, adaptable to a wide variety of experimental conditions, 

reasonably inexpensive, and available. 

The sulphonated styrene-divinylbenzene cation-exchange resins 

(Dowex-50, Nalcite HCR, Amberlite IR-120, KU-2, etc.) meet these r e 

quirements admirably and have been used most extensively in the ion ex

change separation of the r a r e ear ths . The quaternary-amine s tyrene-

divinylbenzene anion-exchange resins (Dowex-1, Dowex-2, Amberlite IRA-

400, etc. ) are equally satisfactory in those systems where anionic species 

are being separated. 

Other types of exchangers such as cellulose or the inorganic zeolites 

have found some special applications but they have not proven to be as ve r 

satile as the exchange res ins . The usual drawback is that their low capacity 

requires either separations on a ca r r i e r - f r ee scale or equipment that is too 

bulky to be handled easily. 

In the overwhelming majority of experiments which involve the ion ex

change separation of radiochemical mixtures of r a re earths the main goal is 

isolation of pure individual r a r e -ea r th elements in as short a time as possible. 

Important factors which affect the purity of product and the column operating 

time for a given separation problem are: 

a. Column size. The area and length of an ion exchange column 

will usually be determined by the mass of the sample to be sep

arated. Modern cation-exchange resins such as Dowex-50 have 

an exchange capacity of approximately 5 meq/g (dry) or 1.9 meq /ml 

(wet). As the weight of c a r r i e r is increased, the volume of res in 

needed to retain the initial loading of r a r e earths before elution in-
482 creases proportionately. Tompkins, Ha r r i s , and Khym, in

vestigating the effect of a number of column variables , concluded 
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that the width of an individual r a r e - e a r t h elution peak (expressed 

in column volumes) var ies as the logarithm of the column area, 

while the logarithm of peak width var ies inversely as the square 

root of the column length. Thus the column should be as long and 

narrow as possible, consistent with other requirements of the sep

aration. The authors have found it a useful rule of thumb to make 

the column length at least fifty t imes its diameter and to have the 

initial r a r e - e a r t h loading occupy no more than five percent of the 

column length. This will certainly not apply to all separation 

problems but it will indicate the general range of dimensions that 

are required. For ca r r i e r - f r ee separations of radioactive species 

the minimum column width is limited more by resin particle size 

and channeling effects than anything else , and a column of 2 mm 

diameter is usually quite adequate. 

Resin particle s ize. Ketelle and Boyd have investigated the 

effect of res in particle size on the shape of the r a r e - ea r th elution 

peak. Their curve is reproduced in Fig. 54. With all other factors 

constant, the la rger the particle size, the grea te r the "tailing" of 

the elution peak, and, for elements which elute close together, the 

worse the separation. Thus it is advisable to use as small a resin 

particle as possible, consistent with getting liquid to flow through 

the column. 

Cross- l inkage. One of the factors which determine the porosity 

of a resin part icle, and thus the accessibility of its exchange sites 

to migrating ions, is its degree of cross- l inking. The lower the 

cross-l inking, the more porous the s t ructure . Thus Dowex-50 with 

1% divinylbenzene cross-l inking is an almost colorless bead which 

looks very much like a gel in aqueous solution, while 16% c r o s s -

linked Dowex-50 is a very hard, almost black mater ia l . The lower 

cross-l inked res ins , however, have the undesirable property of 

changing volume markedly as the acidity of the solution is changed. 

Thus it is usually expedient to compromise between low c r o s s -

linking and low swelling by using a resin with about 8% c r o s s -

linking. 

Flow ra te . In their art icle on column variables, Tompkins, 
48 2 H a r r i s , and Khym show that for a column containing Amberlite 

IR-1 cation-exchange res in operating at room temperature , with 

5% citrate as the eluting agent, the width of the elution curve is a 

discontinuous function of the flow ra te . Their data are shown in 

Fig. 55, and indicate that the width of an elution peak is independent 
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of flow rate at very low ra tes . Above a certain ra te , however, the 

peak width increases as a linear function of the flo'w rate, while 

there is a second zone of independence at very high ra tes . For 

their experimental arrangement, the point at which the peak width 

ceased to be independent of flow rate was approximately 0. 5 m l / 

cm /min . It seems reasonable to assunne that this value can be 

increased significantly by using high column temperatures or lower 

cross-l inked res ins , both of which will increase the equilibration 

rate , but the qualitative conclusions drawn from the data in Fig. 55 

should be applicable to any ion-exchange-resin sys tem. 

Tempera ture . Ketelle and Boyd have measured the effect of 

elevated temperature on the degree of separation of a mixture of 

r a r e ear ths . Their data are reproduced in F ig . 56 and indicate 

that for a given elution t ime, columns operated at 100°C give nar 

rower elution peaks, and better separation of r a r e - e a r t h mixtures , 

than those at 20°C. Columns running at close to boiling tempera

tures are liable to prove troublesome, however, because of for

mation of bubbles which disrupt flow of the eluant through the resin 

bed. For most applications, therefore, it is expedient to operate 

at a lower tempera ture , 80-90°C usually being quite satisfactory. 
246 Kraus and Raridon have studied the temperature dependence 

of the cation-exchange equilibria of several elements in the t em

perature range from 0 to 200°C. La and Eu are included in the 

study, and the authors show that there is an inversion in the ab

sorption of these ions by Dowex-50 in the neighborhood of 45-50°C. 

At lower temperatures La is more strongly adsorbed than Eu, 

while at higher temperatures the reverse is t rue . It should be 

noted that these effects were observed for sinnple salt solutions 

of La and Eu in contact with the resin and did not include the effect 

of complexing agents on the adsorbability of these elements. 

Mass of the sample. A great many radiochemical problems in

volve not only the separation of a mixture of r a r e - ea r th activities 

but the separation of a mixture of r a r e - e a r t h c a r r i e r s i The choice 

of experimental conditions which will give an effective separation 

depends on the atomic number as well as the mass of each of the 
334 elements in the mixture . Nervik has published an elution curve 

which i l lustrates the effect of unequal amounts of c a r r i e r on the 

shape of the eluted peaks. The curve is shown in Fig . 57 and r ep 

resents the elution curve that was obtained from the elution of a 

mixture of r a r e - ea r th activities plus 8 mg of yt tr ium, 10 mg of 

europium, 8 mg of neodymium and 2 mg of praseodymium c a r r i e r s . 
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This part icular column was operated with the "gradient elution" 

technique but the conclusions which may be drawn from it apply 

equally well to more conventional methods. In Fig . 57 the c a r r i e r -

free elements Lu, Yb, .and Tm, which have not been perturbed by 

the presence of c a r r i e r s , have been eluted in fairly narrow sym

metr ical peaks with good separation between adjacent elements. 

The Y, Eu, and Nd peaks, however, contain the largest amount of 

c a r r i e r and are considerably wider than those for the ca r r i e r - f r ee 

elennents. In addition, they affect the elution of following elements 

to a degree which is dependent on the amount of c a r r i e r . Thus the 

Sm activity is hidden by the trailing edge of the Eu peak, while the 

Tb and P r activities can be seen as sharp spikes on the trailing 

edges of the Y and Nd peaks because their activities were relatively 

high. If the amount of c a r r i e r s had been different, i . e . , if 30 nng 

of yttrium were present, one would expect to see more than one 

element (Tb, Gd, and perhaps Eu) hidden under the trailing edge 

of the yttrium peak and not separated at all from one another. 

This type of elution curve (Fig. 57) suggests several general rules for 

operating an ion exchange column with any given mixture of r a r e - ea r th activ

ities and ca r r i e r s : 

1. Any mixture of ca r r i e r - f r ee r a r e - e a r t h activities may be separated 

completely and quickly without difficulty. 

2. Any essentially ca r r i e r - f r ee r a re earth may be easily separated 

from massive amounts of a r a re earth of lower atomic niomber so 

long as there are no excessive massive amounts of a r a r e earth 

of heavier atomic number present . In Fig . 57, for example, Lu, 

Yb, Tm, Eu and Ho were separated from relatively large amounts 

of yt tr ium. Gadolinium was separated from europium but would 

not have been pure if l a rger amounts of yttrium ca r r i e r had been 

present . 

3. If a small amount of one ra re earth is to be separated from massive 

amounts of a r a re earth of higher atomic number, the nnost effective 

method seems to be one in which the column is run under saturation 

conditions, e . g . , the yt t r ium-terbium separation of Fig . 57. The 

terbium fraction was not completely free of yttrium after the first 

run, but the amount of yttrium ca r r i e r had been greatly reduced. 

A second column run on the terbium fraction should then give com

plete separation of the yttrium and terbium peaks without any s ig

nificant loss in the total terbium activity. 

4. When massive amounts of adjacent r a r e - ea r th elements are present 
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the chemist has two choices if well-defined peaks are desired. He 

may either use a wider and longer column to give an "unsaturated" 

ra re earth ca r r i e r load per unit area of resin or he may operate a 

"saturated" column in such a way as to give a "square wave" type 

of elution curve, i. e. , one element following directly behind another 

as in rule 3 above. This type of operation requires a second column 

separation if significant amounts of c a r r i e r are not to be lost. 

F rom this brief discussion of ion-exchange-column variables it should 

be apparent that, while the ion exchange resins make possible separations 

which were out of the question twenty years ago, the separation of the r a re 

earths with ion exchange resins still requires a certain amount of judgment, 

experience, and experimental skill fronn the chemist. 

A "black ar t" some call it, but with the present techniques it is usually 

possible to separate most radiochemical mixtures of ra re earths in just a 

few hours . The main problem is sinnply one of choosing the proper experi

mental conditions for a given separation, and in the following sections the 

more significant techniques will be discussed in greater detail. 

IV. 7B. CATION-EXCHANGE RESINS 

IV. 7B - 1 . Introduction 

Almost all applications of cation-exchange resins to the separation of 

the r a re -ea r th elements involve two major steps: a) adsorption of the r a r e -

earth mixture by the resin from a solution, and b) selective desorption of 

individual elements by an appropriate eluting solution. 

For the adsorption of a r a r e - ea r th ion by a cation-exchange resin the 

reaction may be written as 

M"""-̂  + 3NaR = MR 2 + 3Na"'' , (1) 

where M is the r a r e -ea r th ion and R the resin anion. Boyd, Schubert, 
44 and Adamson have shown that the equilibriunn constant for this reaction 

may be written 

(MR3)(MR3 + NaR)^ (^^+) 3 

(NaR) (M ) 

where NaR and MRo are expressed in mole fractions for ideal solid solutions 

and (M ) and (Na ) are the activities of the ions in solution. For low con

centrations of r a r e -ea r th ions (MR, + NaR) = NaR and Eq. (2) becomes 

MR, ,-, +.3 
1 NaR ,- .+ 3. • '̂̂ ' 

(M ) 
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In adsorption processes the value of pr imary interest is the distribution 

of the r a r e - ea r th ions between the aqueous and resin phases: i . e . , 

K 
M R , / m a s s of resin 

d M./volume of soln 
M R , vol soln 

mass resin (4) 

in which K, is the "distribution coefficient" and MR_ and M. are the amounts d 3 i . 
of the cation in the resin and liquid phases . For the r a r e ear ths , if MR,, M , 

and the nnass of the resin are expressed in moles and the volume of solution 

in l i t e r s , Eq. (4) may be written 

K , 
MR 3 

NaR" 

MR. 

•ST NaR (M^h 
(5) 

where ( M j i s the concentration of the r a r e - ea r th ion. Substitution oi(M. j 

from Eq. (3) in Eq. (5) gives 

K, = c a (Na+)^ 
(6) 

where c is a proportionality constant. Since the distribution coefficient de

creases as the third power of the (Na) concentration, and since all cations in 

the aqueous phase compete with the r a r e - e a r t h ions for the resin exchange 

si tes , t ransfer of the r a r e - ea r th mater ia l to the resin is best done in a solu

tion of very low ionic strength. 

In addition to varying with ionic strength, the distribution coefficient 

for a given ra re earth can very markedly with r a r e - e a r t h concentration. 

7 0 0 

6 0 0 

5 0 0 

4 0 0 

3 0 0 

2 0 0 

8 7 6 5 4 3 2 
LOG OF MOLARITY OF YTTRIUM 

Fig . 58. Variation of the K^ with concentration of r a r e earth, 0. 5M NH .CIO. 
solution, Dowex-50 resin, 40-60 mesh, NH+ form (481) 
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481 Tompkins and Mayer, whose data are reproduced in Fig . 58, show that 

in 0.5M NH.CIO. solutions at room temperature the K, for yttr ium on 

Dowex-50 remains constant until the yttr ium concentration increases to ap-

proximately 3X10 M̂ , at which point the K, begins to decrease very rapidly. 

With Amberlite IR-1 resin the K, begins to decrease at an yttrium concen

tration of 4 X 1-0" M. A similar type of behavior was noted for Ce"'' and Pr"^ 

by the same authors, and presumably occurs with all the ra re ear ths . It is 

well to keep this phenomenon in mind when adsorption must be done out of 

solutions of high ionic strength, where a K , that has been depressed by the 

salt concentration may be depressed still further by too high a r a re earth con

centration. 

For a given res in in a solution of given composition each of the r a re 

earths will have a distribution coefficient that differs slightly from the others . 
5.0x10^ 

4.0 X10 5 _ 

• o 

3 .0x105-

2 .0x105-

1.6 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 
Z 

F i g . 59. Log K , vs a t o m i c n u m b e r , Dowex-50 , 0 . 5 - 1 c m / m i n se t t l ing r a t e . 
4% c r o s s - l i n k e d , in 0. IM HCIO 

470 

. . Inse t — t e m p e r a t u r e dependence of K , (470) 

S u r l s and Choppin^"" have m e a s u r e d the a d s o r p t i o n of v a r i o u s r a r e e a r t h s on 

Dowex-50 r e s i n in 0. IM H C I O . s o l u t i o n s . T h e i r da t a h a v e b e e n p lo t t ed in 

F i g . 59 and ind ica te tha t t h e r e i s a p p r o x i m a t e l y a f ac to r of two d i f fe rence b e 

tween the d i s t r i b u t i o n coef f ic ien ts of the l i g h t e s t and the h e a v i e s t r a r e e a r t h s , 

with the l ower Z r a r e e a r t h s being m o » t s t r o n g l y h e l d by the r e s i n . The 

c u r v e of K , vs a t o m i c n u m b e r i s not l i n e a r , a l though t h e r e i s a g r a d u a l d e 

c r e a s e in K , f r o m L a to Dy. B e t w e e n Dy and Lu , h o w e v e r , the d i s t r i b u t i o n 

coeff ic ient r e m a i n s p r a c t i c a l l y c o n s t a n t . 
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The d i s t r i b u t i o n coeff ic ient does not s e e m to v a r y too m u c h with t e m 

p e r a t u r e , i n c r e a s i n g a p p r o x i m a t e l y 10% for each 20* r i s e in t e m p e r a t u r e , 

and ind ica t ions a r e tha t t h i s b e h a v i o r i s r e a s o n a b l y u n i f o r m for a l l the r a r e 

e a r t h s . 

In m o s t r a d i o c h e m i c a l app l i c a t i ons of c a t i o n - e x c h a n g e r e s i n s t o the s e p a 

r a t i o n of the r a r e e a r t h s the in i t i a l s t e p invo lves t r a n s f e r of a l l of the r a r e - e a r t h 

m a t e r i a l t o the r e s i n . E q u i l i b r a t i o n i s c a r r i e d out, a t e l e v a t e d t e m p e r a t u r e s if 

p o s s i b l e , in so lu t ions whose ionic s t r e n g t h i s a s low a s i s p r a c t i c a b l e . I n 

s t e a d of achieving a s e p a r a t i o n in the a d s o r p t i o n s t e p e v e r y a t t emp t is m a d e 

to have a s m a l l , un i fo rm band of ac t iv i ty depos i t ed at the top of the ion e x 

change c o l u m n . 

The ac tua l s e p a r a t i o n of the r a r e - e a r t h m i x t u r e is then c a r r i e d out by 

the s e l e c t i v e d e s o r p t i o n of indiv idual e l e m e n t s by an a p p r o p r i a t e elut ing agen t . 

The s i m p l e s t type of d e s o r p t i o n p r o c e s s i s one in which an a p p r o p r i a t e l y high 

c o n c e n t r a t i o n of a ca t ion such as H is u s e d to d i s p l a c e the r a r e - e a r t h e l e 

m e n t s f rom the ion exchange s i t e s and advan tage is t a k e n of the s m a l l dif

f e r e n c e s in K , shown in F i g . 59 to effect the s e p a r a t i o n . 
479 104 466 S e v e r a l a u t h o r s ' have pub l i shed da ta on the u s e of h y d r o 

c h l o r i c ac id as an e lut ing agent in s e p a r a t i o n s of th i s s o r t . The c u r v e s of 
104 Diamond, S t r e e t , and Seabo rg a r e r e p r o d u c e d in F i g . 60 and ind ica te 

that s e p a r a t i o n of c e r t a i n m i x t u r e s of r a r e e a r t h s m a y be ach i eved by th i s 

m e t h o d . The s m a l l K , d i f f e r ences be tween ad jacen t r a r e e a r t h s , h o w e v e r , 

p r e c l u d e t h e i r s e p a r a t i o n by such a s i m p l e e lu t ion t echn ique and r e c o u r s e 

m u s t be t a k e n to e lut ing so lu t ions which con ta in complex ing a g e n t s . 

I V . 7 B - 2 . C i t r i c Acid 

The complex ing agent which r e c e i v e d the e a r l i e s t and m o s t i n t ens ive 

s tudy as an e lut ing agent for the s e p a r a t i o n of the r a r e e a r t h s was c i t r i c a c i d . 

When c i t r i c ac id is added to a so lu t ion of a r a r e e a r t h in e q u i l i b r i u m with 

r e s i n the d i s t r i b u t i o n of r a r e e a r t h be tween the so lu t ion and r e s i n is changed 

b e c a u s e of the f o r m a t i o n of the r a r e e a r t h - c i t r a t e c o m p l e x . S ince c i t r i c ac id 

h a s t h r e e ion ized f o r m s , 

lH"^][H Ci t^ ] 
H , C i t = H + H , C i t " K Q = ; = , (7) 

3 " " "" " ''2^"- " 8 

,+ 

lH3Cit ] 

H^Ci t = H + HCit Kg = [H c i t - ] • ^'> 
lH+] jHCi t^ ] 

'2^ 

H C i t " = H'^ + C i t - K , „ = ^" ] [C^ t - ] _ 
^" lHCit = ] 
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Fig. 60. Elution of lanthanides and actinides from Dowex-50 
cation-exchange res in with HCl. Columns 10 cm X 1-1,5 mm; 
Dowex-50, H"*" form, 250-500 mesh, wet graded settling rate 
approximately 0.5 cm/min; room temperature ; ca r r i e r - f r ee 
t racer act ivi t ies. Typical elution curves in: A, 3M HCl B, 
6M HCl; C, 9M HCl; D, 12M HCl (104) 

the exact nature of the complex is dependent on pH, but the equilibrium can 
be expressed by 

M ̂ ^ + n(H Cit) ' ' -3 = M(H Cit)3+^<''-3) (10) 

and 

K 
[M+3][H^(Cit)' '-2]" 

2 " lM(H Cit)3+"(''-3)] 
(11) 
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If the pH is such that only Eq. (7) is involved in the ra re ear th-c i t ra te com

plex equilibrium, Eq. (11) may be written 

K, 
[M+^JKH^Cit)-]^ 

[M(H2Cit)3] 
(12) 

Combining E q s . (5), (7), and (12) and r e a r r a n g i n g g ives 

MR ^ d ^ 2 11^(112^11)3] [H ] 
+ i 3 

NaR K; i H j C i t ] -
(13) 

Thus the amount of r a r e e a r t h in the r e s i n p h a s e , to a f i r s t a p p r o x i m a t i o n , 

is s e e n to d e c r e a s e with the t h i r d power of the H c o n c e n t r a t i o n as the pH 

i s i n c r e a s e d , and with the t h i r d power of the H , C i t c o n c e n t r a t i o n as the 

to ta l c i t r i c ac id is i n c r e a s e d . Sinnilar s t r ong dependence on the pH and 

c i t r a t e c o n c e n t r a t i o n s is found as the pH is i n c r e a s e d to the point w h e r e the 

second and t h i r d ion iza t ion cons t an t s b e c o m e i m p o r t a n t . 
481 

Tompk ins and M a y e r (us ing 10 m l 0. 23M c i t r a t e , 0. 5M N H . C I O , 
+ 3 6 

Tb < 10" M, 0. 3657 g Dowex-50 r e s i n , 40-60 m e s h ) show tha t the f o r m u l a 
for the r a r e e a r t h - c i t r a t e complex at pH ' s below 3. 2 is M ( H _ C i t ) , . Spedding 

450 and Powe l l , on the o the r hand, ind ica te that on Na lc i t e HCR co lumns 

e lu ted with 0. 1% t i t r a t e in the pH r a n g e 5 . 4 - 8 . 2 the p r e d o m i n a n t r a r e - e a r t h 

complex i s M(Ci t ) r . W h a t e v e r the pH and w h a t e v e r the n a t u r e of the c i t r a t e 

complex , h o w e v e r , the p r i m a r y f igure of m e r i t is the d i s t r i b u t i o n coeff icient 

of one r a r e e a r t h r e l a t i v e to tha t of i t s i m m e d i a t e n e i g h b o r s ; th i s wi l l d e t e r 

m i n e how effect ively a p a i r of adjacent r a r e e a r t h s m a y be s e p a r a t e d unde r 
481 a g iven s e t of e x p e r i m e n t a l cond i t i ons . T o m p k i n s and M a y e r have m e a s 

u r e d the r a t i o K,,— . / K , . „ . a s a funct ion of pH. T h e i r da ta , p lo t ted in 

F i g . 6 1 , i nd i ca t e s that in c i t r a t e so lu t ions the r a t i o of d i s t r i b u t i o n coeff ic ients 
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Fig, 61 . K,(Pm)/K,(Eu) vs pH, ci trate solutions, Dowex-50 res in (481) 
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decreases markedly as the pH is increased, approaching that to be expected 

from the resin alone above a pH of about 4, and they conclude that with citric 

acid the most effective r a r e - e a r t h separations are obtained at pH's below 3. 2. 

While it is true that the lower the pH the better the separation factor for 

adjacent r a r e ear ths , it is equally true that the lower the pH the longer the time 

required for elution of a given element. Here again, if time is a factor in the 

separation, a compromise must be made in choosing an adequate set of experi

mental conditions. 

Representative of the type of radiochemical r a r e - e a r t h separations which 

may be made with ci trate as the eluting agent are those reported by Ketelle and 

Boyd ' (Fig. 62) in which they separated less - than-mi l l igram amounts of 

each of a large number of r a re earths on 97 cm X 0. 26 cm^ columns of 270/325 

mesh Dowex-50 operating at lOO'C. Five percent citrate buffered in the pH 

range 3. 20-3.40 was used and, while the column running times to individual peaks 

varied between 6 and 110 hours, separation of adjacent r a re earths was quite 

good, so that these early curves represented a major step forward in the 

chemistry of the r a r e - ea r th elements. 
5 34 Wilkinson and Hicks (Fig. 63) have separated 10- to 20-mg mixed 

samples, predominantly of the heavy ra re ear ths , on 50 cm X 0.4 cm Dowex-50 

columns by using 5% citric acid, pH 3. 05, at room tempera ture . 
8 A ^^ 

Cornish (Fig. 64) and Brooksbank and Leddicotte have used citrate 

columns to separate mixtures of r a r e - ea r th activities in the neutron activation 

analysis method for detecting t race r a r e - ea r th impuri t ies . 

In Fig . 64 it may be noted that solutions with five different pH's were 

used during a single column run. One of the most distinctive character is t ics 

of these elution curves becomes apparent when an eluant at a single pH is used 

to separate a mixture of all the r a r e ea r ths . If the pH is such that the first 

elements eluted (Lu-Yb) are adequately separated, column running times be

tween the peaks of each of the succeeding elennents increase in a more or less 

regular manner. Thus in Fig. 64, where the time between the Lu and Tm 

peaks is approximately 4 hours, if a pH of 3. 20 had been used continuously 

the time between the P r and Ce peaks may well have been 20 hours . In order 

to cut down on the time required to complete the separation without affecting 

the purity of any of the elements Cornish elected to change the eluting solu

tion pH in discrete steps. A more complete discussion of this phenomenon, 

and of more effective ways of dealing with it, will be presented in the section 

on lactate columns. 

Heretofore no nnention has been made of the behavior of scandium and 

actinium on ion exchange res ins . In most radiochemical separations involving 

these elements other types of separation steps are found to be nnore practical 
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Fig, 62. Demonstrations of rare-earth separations effected with a 
270/325 mesh Dowex-50 column at 100'; bed dimensions, 97 cm by 
0. 26 cm2; flow rate, 1. 0 ml/cTor/mixi except in A where 2, 0 ml /cm / 
min was used: (A) fractionation of activities produced by neutron irra
diation, 0.8 mg spectrographic grade Er203 (Hilger)(pH 3.20); (B) 
fractionation of heavy rare-earth mixture consisting of 0. 1 mg each of 
LU2O3, Yb203, Ho,03 and Tb203 [Tm, (Er), Y and Dy present as 
impurities] (pH 3.20); (C) fractionation of intermediate rare-earth 
mixture consisting of 0. 1 mg H02O3 and 1.0 mg each of Dy203, 
GdpO,, EupO, and Sm^O, (CI, Lu, Yb, Tm, Er and Na present as 
impurities, pH 3, 25 for 4550 minutes, then pH 3, 33); (D) fractiona
tion of light rare-earth mixture consisting of 0. 1 mg each of 810203 
and N d , 0 plus 0. 01 mg each of Pr203 Ce203 and L a , 0 , (Eu present 
as impurity, 61 produced by 1. 7 h Ndl49 - 47l i 6 l l49 , pfi 3 . 33 for 
1610 minutes, then pH 3,40) (226, 227) 

than ion exchange. The ion exchange res ins may be used, however, and 

several authors have published papers involving the use of citrate as an eluting 

agent. 
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Fig. 63. Stajidard r a r e - e a r t h elution. 50 X 0.4 cm Dowex-50 column. 
Flow rate 0.08 m l / c m /min . Sampling time 15 minutes; eluate volume in 
mil l i l i ters is 0.282 X sample nuinber. Y ' l was measured by its radio
activity, other r a r e earths spectroscopically. Terbium is estimated since 
the cyanogen bands obscure the terbium l ines . Eluting agent is c i t r ic acid 
adjusted to pH 3. 05 with ammonium hydroxide (534) 

In general, scandium will elute faster than the fastest of the r a r e - ea r th 

elements (Lu) and actinium will elute slower than the slowest (La). 
38 3 Radhakrishna, using 80-120 mesh Amberlite IR-IOO-H resin, at room 

temperature , in columns 36. 3 cm long and 0. 7 cm in diameter, has eluted 
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Fig. 64. Separation of rare earths using column of ZEO-KARB 225 (300-330 mesh, 115 cm 
X 0.20 cm^, free col. vol. 11 ml), 5% ammonium citrate solution initially at pH 3.20, tem
perature SO'C. Flow rates: column A, 0. 114 ml/min; column B, 0, 109 ml/min (86) 



a 1. 0 mg Sc-3 . 7 mg La mixture with 5% citrate at a pH of 2 .8 . When all of 
214 the Sc was eluted, he raised the pH to 3. 2 for elution of the La . lya has 

separated fairly large samples of scandium from the r a r e earths by this method. 

Figure 65 shows the elution curve he obtained for a 6. 3-g sample of scandium 

with 5% citrate at a pH of 3. 0. While the column is much la rger , and the Sc 

peak much wider, than would be the case in most radiochemical separations, it 

can be seen that most of the scandium is eluted before any of the r a re earths 

appear. 
490 Tsong used 5% ci trate at a pH of 5. 5 on Amberli te IR-100 res in to 

227 separate 3. 12 mc of Ac from 160 mg of La. His curve in Fig. 66 indicates 

that the column was run under saturated conditions but another run could have 

been made for a more complete separation. 

In addition to being used to separate the r a r e earths from one another, 

ci trate may be used to separate the r a r e earths from other e lements . An ex-
90 90 ample of this type of application is the Y -Sr separation done by Lepscky 

268 and Restelli , who used 5% citr ic acid at a pH of 5. 2 to milk ca r r i e r - f r ee 
90 90 42 

Y from its Sr parent on a Dowex-50 column, and Bonnin, who used a 
pH of 3. 2 to do the same thing. 

4000 

S 3000 

3 2000 

5 1000 

o 
U 

o 
U 

pHeleve a 4,0 

2000 

Fig. 65, Elution of a mixture of Sc and r a r e ear ths : 6 .3g Sc, 115 cm X 3 cm 
column, Dowex-50 (60-90 mesh) , 5% ci t ra te , p H 3 . 0 , flow rate 300 m l / h r (214) 

Concurrently with the development of the elution techniques we have been 

discussing here , Spedding and his co-workers at Iowa State College, shortly 

after World War II, developed a technique for large scale production of pure 

r a r e ear ths . Although they used very large amounts of r a r e earths and their 

ear l ie r techniques have been discarded for more efficient procedures , perhaps 

a short discussion of their method is in order h e r e . 
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227 Fig. 66. Elution of 160 mg La, 3, 12 mC Ac from Amberlite IR-100 resin 
with 5% citrate, pH 5.5 . Curve A, mg La eluted, curve B, mC Ac elated (490) 

In the early work on rare-earth ion-exchange columns everyone was using 
5% citrate as the eluant, Spedding et al. included. In 1947 they began publication 

447 of a series of papers describing their progress in separating macro amounts 
of the rare-earth elements. At first they used 5% citrate at a pH of 2. 5-3. 0 for 
an eluting agent but as they gained experience and had the opportunity to investi
gate other conditions, their attention shifted to more dilute solutions at higher 
pH's, culminating in a pair of papers ' describing their operations with 
0. 1% citrate in the pH range 5 .0 -8 .0 . 

An example of the type of elution curve that they obtained under these con
ditions is shown in Fig. 67, when 5-g samples of impure N d , 0 - were separated 
with 0.1% citrate, pH 6. 15, in columns of various lengths. The most obvious 
feature of these curves, of course, is that all of the r a re earths are eluted 

in one "total r a r e - ea r th" peak; there are no widely separated peaks for in

dividual elements. For large scale operations this is not a drawback. Indeed, 

it is the condition for which one s t r ives , for if the experimental conditions 

are chosen properly all of the r a re earths will come off the column "head to 

tail, " with one ra re earth immediately behind another, and each one pure 

except for a small region of overlap between adjacent elements. 

One prerequisi te for operating colunnns in this manner, however, is 

a large r a re -ea r th loading per unit area of resin bed. A character is t ic of 

elutions car r ied out under these conditions is that each element, whatever 

its mass on the column, will, if the column is long enough, develop into a 

band. The length of each band is dependent on the amount of each ra re earth 

present but once a band is formed it will not increase in length or separate 

from its adjacent elements no mat ter how long the column. Theoretically, 
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Fig. 67. The elution of 5-g samples of 76% Nd203, l l % S m 2 0 3 , 9% Pr^^Oji 
and 4% other R2O3 from — 4 0 + 5 0 Nalcite HCR resin beds, 22 mm in diameter 
and30,40, 50,60,70 and 80 cm long, with 0. 1% citrate solution at a pH of 6. 15 
and a flow rate of 0. 5 cm/min: O, heavy R2O3; ®. Sm203; ©, Nd203; » , 
Pr^jOjj; • , l-'a-2*-̂ 3 ^^^ Ce02; O, total mixed R2O3; vert ical dashed lines 
indicate Nd fractions 99. 9% pure (447, paper VI) 

the interface between bands should be infinitely sharp, with no contamination 

of one element by another, but in practice there is always some tilting of the 

interface or channeling effect which causes mixing of adjacent elements. Thus 

a developed band nnust be much longer than it is wide if the cross-contamination 

of one element by its neighbors is not to be significant. 

The application of this technique to radiochemical separations seems 

rather limited, but if the situation does ar i se where small amounts of one 

element must be separated from very large amounts of an element which elutes 

ahead of it on the column, this method may be the best one available. There 

will be an overlap of the elements, of course, but it should not be necessary 

to make more than two column runs to effect a complete separation of any 

mixture. 
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IV.7B-3. Lactic Acid 

Although citrate was used almost exclusively as an eluting agent in the 

early ion-exchange work with the ra re ear ths , its use entailed several diffi

culties which did not exactly endear it to the u s e r s . The most serious of these 

was the length of time required to make a separation. Even with ca r r i e r - f r ee 

samples, column runs took many hours, or even days, for most separations, 

and this was quite undesirable in cases where short-half-l ived activities were 

being investigated. Another difficulty was the fact that the nature of the ra re 

ear th- res in-c i t ra te complex equilibrium could not be deduced as a function of 

pH very easily because of the three ionizable hydrogens on the citric acid 

molecule. Thus many chemists were looking for complexing agents which 

would give better r a r e - ea r th separations in shorter t imes, and which would 

be more amenable to theoretical t reatment . 
29 7 Mayer and Freiling published a paper in 195 3 which indicated that 

lactic acid should be more effective than citr ic acid for separating the ra re 
150 ear ths , and Freil ing and Bunney followed it up with a second paper de

scribing a procedure for separating a mixture of fission-product r a r e - e a r t h 

activities containing 20 mg each of Ce, P r , Nd, and Sm c a r r i e r s . Their 

apparatus consisted of a 3-mm-diameter column of Dowex-50 res in (settling 

rate 6 in. in 5-9 min) operated at 87*C. The best resul t that they obtained 

in a se r ies of t r ials is shown in F ig . 68 and indicates that all of the activities 
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Fig . 68. lon-exchange-column separation of fission-product r a r e - e a r t h 
activities plus 20 mg Sm, 20 mg Nd. Dowex-50 (29-62|i.), 3-mm-diam 
colimnn, 87*C. Eluting agent: 10 ml 0. 85M lactic acid, 10 ml 0. 90M, r e 
mainder IM lactic acid, all at pH 3, Planchets collected 1-1.5 ml eluant 
each half-Eour (150) 
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were well separated in about forty hours , although four different concentra
tions of lactate had to be used. 

7 
Almasy has recently published the results of a search for a procedure 

which could be used for quantitative determination of individual elements in 

a mixture of rare ear ths . He used colunnns of Dowex-50, 10 nnnn in dianneter X 

200 cm long, at elevated temperatures to effect the separation of samples in 

the range 50-200 mg total r a r e - e a r t h weight. One molar lactic acid was used 

as the eluant and the pH was increased in discrete steps during the elution, 

with the number, timing, and size of each step dependent on the composition 

of the r a r e - ea r th mixture being separated. The author felt that this type of 

multiple-step elution procedure was nnore favorable for the purposes of quan

titative determination than the "gradient elution" nnethod (to be described later) 

since the relative quantities of r a r e - ea r th metals to be separated could more 

easily be taken into account. 

Others who have reported separations of r a r e earths in the weight range 

10 to 20 mg per element include Petrow, who separated Nd and P r on an 

11 mnn X 35 cnn column of colloidal Dowex-50 at roonn temperature with 4. 25% 
487 lactic acid at pH 3. 30, and Troianello and Sugihara, who used 1 cm X 80 cm 

coluinns of colloidal Dowex-50 at room temperature with 0. 70M lactic acid at 

pH 3. 30 to separate 8-15 mg each of Y, Sm, Eu, and Nd. 

While these results are significantly better than those to be expected 

from a ci t rate column with the same r a re -ea r th load, the colunnn running time 

is still excessive for some purposes. Using only 1 mg of Y, Eu, Snn, Nd, P r , 
99 and Ce as a c a r r i e r load, Cuninghame, Sizeland, Willis, Eakings, and Mercer 

have shown how a mixture of all of the r a re earths below europium may be sepa

rated in approximately 10 hours . Their data, reproduced in Fig . 69, were ob

tained with ZEO-KARB 225 resin, and indicate good separation for the Eu to 

La peaks, although the elennents above Eu are not separated too well. 

In an attempt to find conditions under which separation of r a r e -ea r th 
334 sannples could be made quickly on a routine basis , one of the authors nnade 

a systennatic study of the "gradient elution" technique using lactic acid as the 

eluant. As has been nnentioned previously in the ci trate section, one of the 

nnost distinctive character is t ics of a r a r e - ea r th elution curve obtained with a 

single pH of eluant is the increased spacing between peaks of successive e le 

ments as they are eluted. This is shown again in Fig . 70, where t racer 

activities were used and the pH was chosen to give a reasonably good sepa

ration between the Lu-Yb-Tnn peaks. As can be seen in Fig . 70, the running 

tinne between peaks increases fronn 22 nninutes for the Lu-Yb pair to 8 hours 

and 40 nninutes for Eu-Snn. Other chemists had t r ied to obtain more evenly 

spaced peaks by changing the eluting solution in discrete steps, either by in

creasing the pH (Fig. 64) or by increasing the concentration (Fig. 68). Both 
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Fig, 69. Separation of rare-earth activities plus 1 mg each of Y, Eu, 
Sm, Nd, Pr, and Ce. Column 3-4 mm X 20-30 cm, ZEO-KARB 225, 
settling rate 0 .5 -1 .0 cm/min, 87'C, Eluant IM lactic acid, pH 3,25 ± 
0.03, flow rate 10-12 ml A T (99) 

of these operations, however, require the presence of the chemist to change 
the eluting solution reservoirs, and, if very many columns are being operated 
at one time, could involve a great deal of work. 

With the gradient elution technique, however, the goal of nnore evenly 
spaced peaks is reached by changing the pH of the eluting solution continuously 
and automatically. A schematic diagram of apparatus which is currently in 

use in this laboratory is shown in Fig . 71. In normal operation the "high 

pH solution" is allowed to drip into the "low pH solution" at a rate which will 

give the desired increase in pH per unit t ime. The "low pH solution", thor

oughly mixed, is then forced through the column in the normal manner. The 

desired rate of change of pH will, of course, depend on the separation that 

is to be made, but Fig. 72 indicates the type of elution curve which may be 

expected when using this method. Here the initial conditions were the sanne 

as those in Fig. 70, but the pH of the IM lactic acid eluant was increased 

continuously at 0. 107 pH unit/hour. There is still an adequate separation 

between the Lu-Yb peaks but now the Eu-Sm peaks are only 19 minutes apart 

as compared to 8 hours and 40 nninutes for the constant pH run. In addition, 

the column running time to the Snn peak has been cut from 38 hours 25 minutes 

to 4 hours 58 minutes without affecting the purity of any of the r a r e - ea r th e le 

ments at all. 
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Fig. 70. Elution curve of ca r r i e r - f r ee r a r e - e a r t h t r ace r activities at a constant pH of 3. 19. 
Column 7 mm X 60 cm, Dowex-50, settling rate 1. 0 - 1 . 5 cm/min . Eluant IM lactic acid (334) 
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Fig . 71. A schematic diagram of an ion-exchange colvimn apparatus in 
which the pH of the eluting agent may be changed continuously (334) 

The gradient elution technique is obviously an improvement over previous 

methods for separating ca r r i e r - f r ee mixtures of the r a r e - e a r t h elements. It 

can be used just as effectively for rapid separation of weighable amounts of 

r a r e - ea r th ca r r i e r s but requires careful judgment to establish the proper 

operating conditions. As the mass of a given ra re earth is increased the 

column quickly becomes saturated with respect to that element and its elution 

peak broadens. As is shown in Fig . 57 and Fig. 73, the width of the peak is 

very sharply dependent on the amount of c a r r i e r . In these examples 2 mg of 

P r (5. 2 mg P r / c m resin bed) was enough to give a noticeable increase in the 

width of the P r peak and 8 mg of Y (20. 8 mg Y/cm ) was enough to nnake the 

trailing edge of the Y peak nnix with the Tb activity. It should be mentioned, 

however, that with IM lactic acid these highly loaded peaks have a distinctive 

shape, with a slowly rising leading edge and a very abrupt trailing edge. Only 

a small adjustment, either in dpH/dt or colunnn loading, would have been 

necessary, therefore, to give a complete separation of these mixtures . It 

has been the experience of the authors, based on the separation of thousands 
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Fig. 72. Elution curve of r a r e - e a r t h t r ace r activation plus 5 mg of lanthanum, initial pH 3, 19, 
pH changed continuously at 0. 107 pH unit/hour (334) 
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of r a r e - e a r t h s a m p l e s , tha t any m i x t u r e of r a r e - e a r t h e l e m e n t s in the 1 0 - m g -

p e r - e l e m e n t weight r a n g e m a y be s e p a r a t e d , one or two dozen s a m p l e s at a 

t i m e , on a rou t ine b a s i s without difficulty with the g r a d i e n t e lu t ion t e c h n i q u e . 

F o r m i x t u r e s of t r a c e r a c t i v i t i e s , the g r a d i e n t e lu t ion t echn ique m a y 

be used with f a i r ly s m a l l co lumns to give r ap id s e p a r a t i o n of the r a r e e a r t h s . 

F i g u r e 74 shows an e lu t ion c u r v e of a m i x t u r e of r a r e - e a r t h f i s s ion p r o d u c t s 

which was obta ined on a 1 m m X 10 c m co lumn. The s e p a r a t i o n be tween a d 

j a c e n t e l e m e n t s i s r e a s o n a b l y good and the co lumn running t i m e of l e s s than 

an hour for m o s t of the e l e m e n t s p e r m i t s s tudy of f a i r l y s h o r t - l i v e d a c t i v i t i e s . 

>-
> 

O < 

40 50 60 

DROP No. 

F i g . 74, Elution curve of r a r e - e a r t h t racer ac t iv i t i e s ; column 1 m m X 10 c m , 
Dowex-50 , sett l ing rate 1 -1 .5 c m / m i n , eluant IM^ lact ic acid, p H 3 . 0 0 , dpH/dt 
0, 2 pH Tuiit/iiour, temperature 87 "C (334) 

378 
P r e o b r a z h e n s k y , K a l y a m i n , and L i lova have a l s o used the g r a d i e n t 

e lu t ion t echn ique to effect v e r y r a p i d s e p a r a t i o n s of r a r e - e a r t h t r a c e r a c t i v i t i e s . 

They u s e d 2 m m X 18 c m co lumns of 6% c r o s s - l i n k e d K U - 2 r e s i n and, i n s t ead 

of changing the pH, u s e d n e u t r a l so lu t ions of a m m o n i u m l a c t a t e and g r a d u a l l y 

i n c r e a s e d the c o n c e n t r a t i o n . F i g u r e 75 shows the c u r v e that they obtained 

f r o m a m i x t u r e of r a r e - e a r t h t r a c e r a c t i v i t i e s when the a m m o n i u m l a c t a t e 

c o n c e n t r a t i o n was i n c r e a s e d f r o m 0. 19M to 0. 5M dur ing the r u n . The s e p a 

r a t i o n be tween e l e m e n t s is v e r y good, including the Y-Dy peak , and the 

co lumn running t i m e of about 3 h o u r s to the Nd peak is f a i r ly s h o r t . The 

a u t h o r s c l a i m , h o w e v e r , tha t the K U - 2 r e s i n r e a c h e s e q u i l i b r i u m at l e a s t 

5 t i m e s a s r ap id ly as Dowex-50 and tha t the co lumn in F i g , 75 could have 

been run at a f a s t e r flow r a t e without affecting the s e p a r a t i o n s ign i f ican t ly . 
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F i g . 75 . The separat ion of radioact ive r a r e - e a r t h e l ements on KU-2 r e s i n in 
a column 18 cm long X 2 m m diam; temperature 90"C, average r e s i n part ic le 
s i z e 15 m i c r o n s , flow rate approximately 1 drop/min ,e luant 0, 19M ammonium 
lactate , gradually increased to approximately 0, 5M during the run (378) 

Indeed , they have u s e d th is r e s i n to s e p a r a t e L u - Y b a c t i v i t i e s in 5 m i n u t e s 

( F i g . 76) at 90°C, and L u - Y b - T m m i x t u r e s in l e s s than 1-1/2 h o u r s ( F i g . 77) 

at r o o m t e m p e r a t u r e . 

E v e r s i nce the d i s c o v e r y of the g r a d i e n t e lu t ion techn ique the t h e o r e t i c a l 
107 de ta i l s of c h r o m a t o g r a p h y by th i s m e t h o d have r e c e i v e d a t t en t ion . D r a k e , 

F r e i l i n g , ' and P i e z have pub l i shed exce l l en t p a p e r s deal ing with 

the t h e o r y of v a r i o u s a s p e c t s of g r a d i e n t e lu t ion . It should be pointed out, 

h o w e v e r , tha t t h e o r i e s which p r e d i c t the pos i t ion , s h a p e , and pu r i t y of e luted 

e l e m e n t s have so fa r been r e s t r i c t e d to c a r r i e r - f r e e m i x t u r e s which give 

e s s e n t i a l l y g a u s s i a n - s h a p e d p e a k s . When weighab le amoun t s of c a r r i e r a r e 

u s e d and the peak shape b e c o m e s d i s t o r t e d , the t h e o r i e s b r e a k down. At the 

p r e s e n t s t a t e of the a r t , in any c a s e , e m p i r i c a l c a l i b r a t i o n s a r e n e c e s s a r y 

to i n s u r e that a g iven s e p a r a t i o n can be p e r f o r m e d p r o p e r l y . 

I V . 7 B - 4 . Glycol ic Acid 

A n o t h e r e luant which r e c e i v e d a t t en t ion at about the s a m e t i m e tha t the 

l a c t a t e s y s t e m s w e r e being deve loped was g lycol ic ac id . R e l a t i v e l y few p a p e r s 

c o n c e r n i n g the g lyco l a t e s y s t e m s have a p p e a r e d in the l i t e r a t u r e but S t e w a r t 

has u sed it on v e r y s h o r t co lumns for r ap id s e p a r a t i o n of the y t t r i u m g r o u p of 

r a r e e a r t h s and h a s d e s c r i b e d 
4 6 1 

the b e h a v i o r of c a r r i e r - f r e e r a r e e a r t h s on 
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Fig. 76, Separation of Lu and Yb 
in 5 minutes. Column 5 cm long, 
temperature 90 °C, eluant flow rate 
1 drop every 7 seconds (50 drops /ml) 
(378) 

F ig . 77. Separation of Lu, Yb, 
and Tm without heating, in a column 
10 cm long. Flow rate less than a 
drop per minute (378) 

columns at room temperature and at 87°C. No data is available on elution of 

weighable amounts of r a re earths with glycolate eluant but indications are that 

glycolate and lactate are quite comparable in their behavior. 

IV.7B-5 . g-Hydroxyisobutyric Acid 

An eluant which has effectively supplanted all others in the separation of 

the transplutonium elements, and which looks most promising for the r a re 

ear ths , is a-hydroxyisobutyric acid (a-but). Choppin, Harvey, and Thompson, 

early in 1956, showed how it could be used for the t r ans -Pu elements and in a 
76 subsequent paper Choppin and Silva showed a-hydroxyisobutyric (a-but) to 

be more effective than either lactate or citrate in separating ra re earths on a 

t r ace r scale . An elution curve that they obtained from a 5 cm X 2 mm column 

of Dowex-50 X 1 2 at 87°C is shown in F ig . 78. The separation of adjacent 

elements is excellent, but it is difficult to make a fair comparison between 

the various eluants just on the basis of the elution curves shown here . Addi

tional data will be presented in a la ter section on comparison of eluants. 

Choppin and Silva indicated that room-temperature operation of a-but 

columns does not decrease the separation factors by more than 10% and Smith 
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F i g . 78 . Elution of t racer rare -ear th -ac t in ide act iv i t i es with o-hydroxy-
Isobutyric ac id . Column 5 c m X 2 m m Dowex-50 X 12 (400 + m e s h ) , t e m 
perature 8 7 ' C , flow rate 1.0 m l / c m ^ / m i n , 0 . 2 - 0 . •̂ M solution, pH 4 . 0 - 4 . 6 
(76) 

442 and Hoffmann have shown tha t v e r y effective s e p a r a t i o n s can be m a d e under 

t h e s e cond i t i ons . 

H e r e aga in , no da ta a r e ava i l ab l e on e lu t ion of we ighab le amoun t s of r a r e 

e a r t h s with a - h y d r o x y i s o b u t y r i c ac id but the s e p a r a t i o n f a c t o r s a r e so m u c h 

b e t t e r than , and the s t r u c t u r e i s so s i m i l a r to , l a c t i c ac id tha t the a -bu t s y s 

t e m should be the m o s t efficient one for a l l but m a c r o - s c a l e s e p a r a t i o n s of 

the r a r e - e a r t h e l e m e n t s . 

One f ac to r which s e l d o m i n t r u d e s in d i s c u s s i o n s of t h i s s o r t , but a p p e a r s 

in p r a c t i c a l a p p l i c a t i o n s , i s c o s t . At the p r e s e n t t i m e a - h y d r o x y i s o b u t y r i c 

acid i s approximately seventy t i m e s as expensive as lact ic ac id ; and if v e r y 

l arge vo lumes of eluant are needed, c o s t might be an important factor in the 

choice of the eluant to be used . 

I V . 7 B - 6 . A m i n o - P o l y a c e t i c Ac ids 

It has long been known that the amino-poly acet ic acid group of compounds 

form very tight complexes with a large number of meta l l i c i ons . The m e m b e r 

of the group which has been invest igated m o s t thoroughly, and which h a s r e 

ce ived the grea te s t acceptance , in the separat ion of the rare earth e l e m e n t s i s 

e thylenediaminetetraacet ic acid (EDTA): 

HOOC-CH-

HOOC-CH' 

^ \ 
rN CH. CH. N. 

,CH2-COOH 

CH^-COOH 

Xk5 



297 Mayer and Frei l ing, in a 1953 article on the comparison of eluant 

efficiencies, showed that the r a r e - ea r th separation factors for EDTA are 

much larger than those for ci trate, lactate, glycolate, or malate . Duyckaerts 
114 and Fuger describe a procedure for separating small amounts of a mix

ture of Y, Eu, Pm, and Ce activities with a 2. 5 X 10 M EDTA solution at a 

pH of 3. 15-3.2, but Cornish, Phill ips, and Thomas, investigating the d i s 

tribution coefficient of r a re earths between 0.005M EDTA + 0. 14M acetate 

and ZEO-KARB 225, report that, while the separation factors between ra re 

earths are large, the actual separation is poorer than with citric acid. This 

may account for the fact that so few art icles have appeared in the l i terature 

concerning smal l -scale r a r e - ea r th separations with EDTA as the eluant. 

By far the major application of EDTA has been in the la rge-sca le p ro 

duction of pure r a r e -ea r th compounds. At high pH's, and under the proper 

conditions, EDTA is admirably suited to the elution of large amounts of r a re 

earths with the "head-to-tai l" type of elution curve described in the citrate 

section. The low solubility of EDTA requires that columns be used in other 

than the H form but this is not a serious restr ict ion on most operations. 

Excellent art icles on the separation of r a r e earths on EDTA-Cu columns 
453 have been published by Spedding, Powell, and Wheelwright and Powell 

and Spedding. ' Brunisholz has used an eluant of NH .-Mg -EDTA 

on Cu -NH . columns, and Fuger has used EDTA on Co''"''', Zn , and 

Ca columns for fairly la rge-sca le separat ions. 
456 In addition, Spedding, Powell, Daane, Hiller, and Adams have used 

EDTA-Cu columns, and lya and Lor ie r s have used EDTA-NH. acetate 

columns for the la rge-sca le separation of scandium from the r a re -ea r th e le

ments . 

An interesting application of EDTA complexing to ion exchange separa-
157 tions has been published by Fr i t z and Umbreit, in which they used short 

columns of Dowex-50 resin to filter cationic species out of solutions con

taining a mixture of eleipents plus EDTA. The retention of cations by the 

resin is a fairly sharp function of pH, as shown by their data in Fig. 79, but 

there is sufficient difference between certain nnixtures of elements to permit 

simple, rapid separations to be nnade. Thus, the authors suggest that it 

should be possible to separate any of the r a re earths from scandium, iron 

( + 3), bismuth, or copper; or, at pH 2, r a re earths through samarium could 

be separated from thorium, ytterbium, or lutetium; or a complete separation 

of thorium from iron or bismuth could be made; or a nearly complete sepa

ration of thorium fronn zirconium or scandium could be made by this method. 

Another interesting application, although somewhat less useful for 
46 radiochemical separations, has been reported by Bri l , Bril , and Krumholz, 

who use electrodialysis to separate cationic, anionic, and uncharged species 
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Fig, 79, Retention of different metal ions by Dowex-50 res in as a function of pH of solutions 
containing EDTA (157) 



in solutions containing EDTA. The solution between electrodes is compart-

mented by sheets of cation- and anion-exchange membranes which act as 

filters for the desired ions or complexes, and the authors report significant 

separations of Nd-La, N d - P r - L a , and Th-Nd mixtures , although the over-al l 

efficiency of the system was fairly low. 

A close relative of EDTA which has been used to a limited extent for 

separation of certain r a r e - e a r t h mixtures is n-hydroxyethyl-ethylene diamine 

tr iacet ic acid (HEDTA): 

HOOC-CH, ,CH,-COOH 

\ ^ 
^N CH, CH, N 

HO-CH^-CH^ ^CH^-COOH 

Spedding and his co-workers at Iowa State have published several 
376 5 3^ 

papers ' dealing with separation of r a re ear ths with HEDTA. The 

consensus, however, is that HEDTA is not as efficient in separating all of 

the r a re earths from each other as is EDTA. Its nnain usefulness seems 
456 9 

to lie in the separation of S c - r a r e earth mixtures , and Y-Dy mixtures , 
(yttrium elutes between Sm and Nd with HEDTA instead of between Dy-Tb). 

143 Fitch and Russell examined various imino-diacetic acids as pos

sible complexing agents in the ion exchange separation of the r a re earths and 

reported excellent separations with nitr i lotr iacetic acid (TRILO): 

HOOC-CH 

CH^-COOH 

CH^-COOH 

TRILO has received fairly wide acceptance as an eluting agent for 

r a r e - ea r th separations but, as with EDTA, its use has been confined mainly 

to production of large amounts of r a r e - e a r t h compounds. TRILO is anal

ogous to EDTA, too, in that most la rge-sca le production procedures use 
+ 272 

retaining ions other than NH ,. Thus, while Lor ie r s and Carminati , 
Holleck and Hartinger, and Topp have used NH , columns with TRILO, 
x/f 2 9 3 , 2 9 4 . 5 3 8 , .j v ++ ,,, j ^ , 340, 341 , j ^ ++ ^T- + + 

Massonne has used Zn , Noddack has used Cu , Ni 

or Na , and Weidmann and Liebold have used Cu , Ni , or Co columns 

for separating various mixtures of r a re ear ths . 

A fairly large number of amino-polyacetic acids, aside from those 

already discussed, have been mentioned in the l i terature in connection with 
143 the ra re ear ths . Fitch and Russell investigated O-carboxyaniline-N-N-

diacetic acid, benzyl imino-diacetic acid, and hydrazinodiacetic acid as well 
as TRILO. They found TRILO to be the best of this group but hydrazinodi-
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144 acetic acid was pronnising enough to warrant a second paper describing 

a procedure by which La could be kept on an IR-120 column while all of the 
537 other ra re earths were eluted. Wolf and Massonne have reported suc

cessful la rge-sca le separations of r a re earths with P-oxyethyl-imino-diacetic 
acid at 70°C using columns of Wofatit KPS-200 res in . 

20 2 Holleck and Hartinger investigated the ser ies of amino-tetraacetic 

acids: ethylenediaminetetraacetic acid, ortho-cyclohexanyl-diamino-tetra-

acetic acid, PP'-diaminoethyl-ether-tetraacetic acid, and ethylene glycol-

bis-P-aminoethyl-ether- te t raacet ic acid. They report that, at a given pH, 

the separation factor increases in the sequence given, with the best separa

tion shown by ethylene-glycol-bis-P-amino-ethyl-ether- tetraacet ic acid at 

pH 6.75. 
9 

The Iowa State group has reported successful Nd-Pr separations using 

salts of diamino-diethyl-ether-tetraacetic acid and diamino-cyclohexane-

tetraacetic acid, and state that the performance of diamino-diethyl-ether-

tetraacetate on hydrogen beds is excellent, but they do not give any elution 

curves for these complexing agents. 

Although there are relatively few art icles in the l i terature concerning 

radiochemical separations using amino-polyacetic acids, it is not to be con

cluded that these complexing agents have no value in this type of operation. 

Perhaps they have not received the attention which is their due; or they may 

have been used and the procedures not published. As an example of this , 
64 Bunney, Hutchin, and the authors have used diethylenetriamine-pentaacetic 

acid to separate 5-mg-per-e lement mixtures of Y-Dy (Hutchin's curve is 

shown in F ig . 80) but nothing about this technique has appeared in the l i t e r a 

ture . Whatever the reason for the paucity of data in the past, however, the 

use of this group of complexing agents in the radiochemical separation of 

r a r e - e a r t h elements warrants further study. 

IV. 7B-7. Other Eluants 

In addition to the systems that have already been discussed, a number 

of very interesting cation-exchange procedures dealing with r a r e - e a r t h sepa

rations have appeared in the l i te ra ture . 
543 Yoshimura, Takashima, and Waki have obtained effective separation 

of weighable amounts of Sc from Er on Dowex-50 resin with a solution 0. 5M 

in NH. acetate and 0. 5M in acetic acid. Scandium passes through the column 

and erbium sticks. 
467 Subbaraman, Rajan, and Gupta have reported prel iminary exper i 

ments which indicate that reasonably good r a r e - e a r t h separations may be 

made on Dowex-50 resin with 0. 3-0. 5% solutions of sodium tripolyphosphate 

(pH 3.6) as the eluant. 
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Fig. 80, Separation of 5 mg Dy-5 mg Y on 7 mm X 60 cm Dowex-50 
columns, temperature 90*C, eluant 0.008M diethylenetriamine-penta
acetic acid, pH 4. 25, flow rate approximately 0, 3 ml/min, 

471 Surls and Choppin have investigated the Dowex-50-NH.CNS system 

and report that the lanthanides elute in the usual sequence of decreasing 

atomic number with ammonium thiocyanate as the eluant, but the separation 

between adjacent elements does not seem to be great enough to permit easy 

purification of complex mixtures . 
217 James and Bryan have reported effective separation of small amounts 

of Y-Eu mixtures on Dowex-50 columns using solutions of thenoyltrifluoro-

acetone-dioxane-water (5 g TTA-45 ml dioxane-50 ml water, or 2 g TTA-38 

ml dioxane- 60 ml water) as an eluant. Excellent separations were obtained 

in the pH region 5. 8-6. 0, with Y eluting behind the Eu, but no data are avail

able for other ra re ea r ths . 
211 lonescu, Constantinescu, Topor, and Card have used acetone-water-

HCl mixtures as eluants to separate Ce and La on colunnns of KU-2 resin. An 

elution curve that they obtained with an eluant containing 65% acetone, 20% 

HCl (d = 1. 16), and 15% water is shown in F ig . 81. The most remarkable 

feature of this curve is the fact that La elutes before Ce. If this behavior is 
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systematic with all of the other r a r e earths this elution method could have 

important applications in certain types of separat ions. 
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IV. 7B-8. Comparison of Eluants 

It is extremely difficult to make a quantitative comparison of eluants 

based on data which have appeared in the l i te ra ture since so few experiments 

have been reported in which the eluant was the only variable . It is useful, 

nevertheless , to plot such data as are available for whatever qualitative con

clusions may be drawn from them. 
376 

Powell and Spedding, in their review art icle on separation of the 

r a r e earths with aminopolyacetic acids, have published curves of stability con

stant vs atomic number for various complexing agents in this group. Their 

curves are reproduced in Fig, 82 and have several very interesting features . 

To a f irs t approximation the stability constants determine the degree of sepa

ration of r a re earths with these eluants. Thus, in F ig . 82, the best separations 

should be obtained with that mater ia l whose curve has the highest slope. Ni 

t r i lot r iacet ic acid (TRILO) has a continuous upward slope and, as we have seen, 

may be used to separate all of the r a r e ear ths . Ethylenediaminetetraacetic 

acid (EDTA) and diaminocyclohexane-tetraacetic acid (DCTA) have considerably 

larger slopes and commensurately la rger separation factors. The curve for 

hydroxyethyl-ethylenediamine-triacetic acid (HEDTA), however, has an in

flection in the Sm-Er region, so that separation of this group of elements is 

poor. And with diethylene-triamine-pentaacetic acid (DTPA) the curve has 

a maximum at dysprosium, which makes the Pm-Lu group of elements dif

ficult to separate . 
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Ac Y La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Sc 
89 39 57 58 59 60 61 62 63 6465 66 67 68 69 70 71 21 

Fig. 82. Stability constants of various r a r e - e a r t h chelates. The numbers 
in parentheses are keys to the references from which the data was obtained ( 376) 
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The b e h a v i o r of y t t r i u m v a r i e s widely with t h e s e e l u a n t s . With EDTA 

it e lu t e s be tween D y - T b , with DCTA be tween T b - G d , with TRILO be tween 

S m - E u , wi th DTPA n e a r Nd, and with HEDTA n e a r P r . Thus it should be 

r e l a t i v e l y e a s y to s e p a r a t e y t t r i u m f r o m a b i n a r y m i x t u r e wi th any r a r e e a r t h 

by p r o p e r choice of an e luan t . 
198 H i l l e r has m e a s u r e d the s t ab i l i ty c o n s t a n t s for s c a n d i u m c o m p l e x e s 

with EDTA, HEDTA, DCTA, and D E T P A , but h i s da t a had not been r e c e i v e d 

at the t i m e t h i s m o n o g r a p h was c o m p l e t e d . 

While the c u r v e s of F i g . 82 do not r e p r e s e n t a l l of the a m i n o p o l y a c e t i c 

ac ids that have been i n v e s t i g a t e d they j u s t about exhaus t the ava i l ab l e s t a b i l i t y -

cons tan t da t a . As m o r e i n f o r m a t i o n of th i s type b e c o m e s ava i l ab l e addi t iona l 

c u r v e s m a y be d r a w n . 

Da ta for a n u m b e r of o the r e luan t s have been p lo t ted in F i g . 83 . H e r e 

the i n f o r m a t i o n h a s been ob ta ined e n t i r e l y f r o m elu t ion c u r v e s , and the l o g a 

r i t h m of the peak e lut ion pos i t ion is p lo t ted vs a t o m i c n u m b e r . Al l peak 

e lu t ion pos i t i ons a r e n o r m a l i z e d to a va lue of 1.00 for e u r o p i u m and the c u r v e s 

have been ad jus ted v e r t i c a l l y for c l a r i t y of p r e s e n t a t i o n . Mos t of the da ta have 
461 been ob ta ined f r o m S t e w a r t ' s r e v i e w of ion exchange m e t h o d s , a l though 

s o m e add i t iona l i n f o r m a t i o n h a s been ob ta ined f r o m a r t i c l e s which have a l r e a d y 
545 

been quoted in the s e c t i o n s on the v a r i o u s e l u a n t s . P r e o b r a z h e n s k i i h a s 

pub l i shed a r e v i e w of the ion exchange s e p a r a t i o n of the r a r e e a r t h s and a c t i -

n ide s in which he t a b u l a t e s the s e p a r a t i o n f a c t o r s for t h e s e e l e m e n t s in l a c t a t e , 

h y d r o x y i s o b u t y r a t e , and g lyco la te e l u a n t s . He ob ta ined h i s da ta f r o m e s s e n 

t i a l l y the s a m e s o u r c e s a s w e r e u s e d for F i g . 83 and, s i nce he inc ludes s e p a 

r a t i o n f a c t o r s for the ac t in ide e l e m e n t s , h i s t abu l a t i on i s r e p r o d u c e d in T a b l e 12 

Note that the peak e lu t ion pos i t i ons a r e n o r m a l i z e d to Gd = 1.00. F o r each 

e luan t . Co lumn A i s the s e p a r a t i o n f ac to r K J , „ , / K , , _ , , , whi le co lumn B 

i s the peak e lu t ion pos i t ion r e l a t i v e to Gd. 

In F i g . 83, the be s t e luant , so far as s e p a r a t i o n f a c t o r s a r e c o n c e r n e d , 

is the one whose c u r v e h a s the h ighes t s l o p e . In F i g . 83, a - h y d r o x y i s o b u t y r a t e 

(a -but ) (87°C) has the s t e e p e s t s lope , fol lowed by l a c t a t e (87°C) , g lyco la te 

(87°C) , and c i t r a t e (87° -100°C) in that o r d e r . The r o o m - t e m p e r a t u r e c i t r a t e 

and g lyco la te co lumns s e e m to be defini tely i n f e r i o r for s e p a r a t i o n of the 

midd l e r a r e e a r t h s , and, to a l e s s e r ex ten t , the heavy r a r e e a r t h s , a l though 

they s e e m to be quite s a t i s f a c t o r y for the l ight r a r e e a r t h s . 

In the h i g h - t e m p e r a t u r e co lumns y t t r i u m e lu te s n e a r d y s p r o s i u m , whi le 

in the r o o m - t e m p e r a t u r e c i t r a t e and g lyco la te c o l u m n s it e lu t e s n e a r E u . 
442 S m i t h and Hoffmann r e p o r t tha t with r o o m - t e m p e r a t u r e a -bu t co lumns 

y t t r i u m cont inues to e lu te n e a r Dy. 

V e r y few da ta a r e ava i l ab le for e i t h e r Sc o r Ac but if a g e n e r a l i z a t i o n 

m a y be m a d e f r o m the c u r v e s of F i g . 83, the Ac p e a k h a s a s e p a r a t i o n f ac to r 
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Fig. 8 3. Logarithm of peak elution position vs atomic number for 
various eluants. Peak elution positions are normalized to 1.00 for Eu 
and curves are adjusted vertically for clarity of presentation. 
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IZ, Elution cha rac t e r i s t i c s of r a r e - e a r t h and actinide e lements on Dowex-50 cat ion-exchange 

res in with seve ra l e luants . Column A, separa t ion factor between pa i r s of e l ement s , 

column B, elution position of each element re la t ive to gadolinium (545) 

Eluant 

Lactate 

90 "C 20 'C 

a-Hydroxyisobutyrate 

87 'C 20"C 

Glycolate 

87 'C 20 'C 

Element 

Dy 

Tb 

Gd 

Ce 

A B A B A B 
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1.31 1.4 1.36 1.32 
0.083 

0. 119 
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1.54 1.33 1.37 

0. 10 0. 10 
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0. 14 

0.21 

0.3 
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0.572 0 .67 
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1.6 
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2. 1 
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1.37 
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0.222 

.33 

0.295 

0 .405 

0 .566 

0.725 

1.04 

0 .89 

0.93 

1.00 

1.00 

1.08 

1.44 

2.63 

3 .60 

7 .93 
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1.00 
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1.37 
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Mv 
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of about 10 behind La, and the Sc peak has a separation factor of between 5 

and 10 ahead of Lu. 

In summary, then, the consensus of the l i te ra ture ar t ic les seems to be 

that a-hydroxyisobutyric acid is the best eluant for nnost smal l -scale cation-

exchange-resin separations of the r a r e - ea r th elements, followed by lactic 

acid, glycolic acid, and citr ic acid in that order . For la rge-sca le production 

of pure r a re earths EDTA is used most extensively, followed by nitr i lotriacetic 

acid. 

IV. 7C. ANION-EXCHANGE RESINS 

IV .7C-1 . Introduction 

The use of synthetic anion-exchange resins in the purification of the 

r a r e -ea r th elements has become a widely accepted part of many r a r e - ea r th 

radiochemical procedures . Under most conditions, however, the r a r e -ea r th 

elements do not form species which will stick to the resin, so the anion-

exchange resin columns are used as fil ters to remove undesired impurities 

from the r a r e earths as a group in one step of their purification. In this type 

of operation, therefore, it is desirable to know the anion-exchange-resin 

behavior of the whole periodic table of elements so that a single most efficient 

separation may be carr ied out. Unfortunately, information of this broad a 

scope is not easily come by and we must make do with what is available. 

Kraus, Moore, Nelson, and co-workers at Oak Ridge have been studying 

the anion-exchange-resin behavior of a large number of elements for many 

years and have written a superb ser ies of art icles on the subject. An excel

lent review art icle on metal separations by anion exchange has been published 
744 

in 1958 by Kraus and Nelson which discusses HCl, CI , HCl-HF, NO, , 
= 331 245 

SO . , and other anion systems, while subsequent papers ' deal with more 

recent developments in the field. 

IV. 7C-2. Chloride 

The HCl-Dowex-1 system has been studied more completely than any 
244 other. Kraus and Nelson's curves are reproduced in F ig . 84 and indicate 

that a r a r e -ea r th solution which is grea ter than 6M in HCl will, when it is 

passed through a short Dowex-1 colunnn, leave a large number of elements 

on the resin and pass the r a re ea r ths . This is the procedure used by the 

authors in routine r a r e - ea r th purification and has been found to be quite sa t i s 

factory. 

A s imilar application, although one with more sophisticated overtones, 

is the anion-exchange separation of the lanthanides from the actinide group of 

elennents. In most chemical steps, including cation-exchange column elution, 

the actinide elements will behave essentially the same as the r a r e earths and 
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Fig. 84. Adsorption of the elements from hydrochloric acid on Dowex-1 X 8 anion-
exchange resin. Legend: no ads. = no adsorption for 0. 1 < M HCl < 12; si . ads. = 
slight adsorption in 1 2M HCl (0. 3 < D < 1); s t r . ads. = strong adsorption (D » 1) (244) 



will not separate from them. Several years ago, however. Street , Diamond, 

and Seaborg ' noted that on Dowex-50 with strong HCl as eluant the 

actinides eluted ahead of their "normal" position with respect to their lantha-

nide homologues (see Fig . 60) and, conversely, Thompson, Harvey, Choppin, 
479 and Seaborg reported that on anion-exchange resins the lanthanides elute 

before the actinides with concentrated HCl. This effect has subsequently been 

found to be more pronounced in concentrated LiCl solutions, and Hulet, 
209 Gutmacher, and Coops have recently completed a systematic study of 

this system. They found that excellent lanthanide-actinide separations as 

well as separations of the transplutonium elements (either individual elements 

or two-member groups) were achieved at 87°C with Dowex-1-8% DVB (8-15 

mm/min settling rate in water) using lOM LiCl acidified to 0. IM HCl at flow 

rates of 0. 3-0. 6 m l / c m min. An elution curve which they obtained with a 

mixture of 14 ra re earths plus selected actinides is shown in Fig . 85. 

/ \ 

\ \ 

60 80 100 
ELUATE FRACTION NO. 

120 

Fig. 85. Elution of lanthanides and tripositive actinides from Dowex-1, 
8% DVB at 87°C using 9.92M LiCl-0.106M HCl at a flow rate of 0.27 ml/cm^ 
min. Resin bed = 1 cm diam X 12 cm (209) 

Under these conditions the lanthanides elute very quickly, and essentially as 

a group, while the actinides are retained by the resin. 
543 Yashimura, Takashima, and Waki have reported that scandium may 

be separated from erbium (and presumably from the other r a re earths) by 

adsorbing it on a column of Dowex-1 X 8 anion-exchange resin from 1 3M HCl 
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so lu t ion . The s c a n d i u m is then e lu ted with d i lu te HCl . Th i s s e p a r a t i o n m u s t 
165 be done ca re fu l ly , h o w e v e r , s i nce G a r d n e r r e p o r t s a c a r r i e r - f r e e s c a n 

d ium c h e m i s t r y which is b a s e d on the fact tha t Sc wi l l not s t i ck to D o w e x - 2 

r e s i n in 1 IM HCl , and D o w e x - 1 and D o w e x - 2 behave v e r y m u c h a l i k e . G. M. 

Iddings of L R L has been unable to dup l i ca t e the r e s u l t s in 1 3M HCl so lu t ion . 

I V . 7 C - 3 . N i t r a t e 

A nu inbe r of v e r y i n t e r e s t i n g p a p e r s have a p p e a r e d in the l i t e r a t u r e 

r e c e n t l y dea l ing with the a r i o n - e x c h a n g e r e s i n - n i t r a t e s y s t e m . Buchanan , 

F a r i s , O r l a n d i n i , and Hughes have r e p o r t e d the b e h a v i o r of a l a r g e n u m 

b e r of e l e m e n t s in the D o w e x - 1 - H N O , s y s t e m , and t h e i r da t a a r e r e p r o d u c e d 

in F i g . 86. A c c o r d i n g to t h i s f i g u r e , none of the r a r e e a r t h s , wi th the e x 

cept ion of a p p r o x i m a t e l y 25% of the Ce in the 4 - 8 M HNO^ c o n c e n t r a t i o n r a n g e , 

a r e a d s o r b e d by D o w e x - 1 in n i t r i c ac id so lu t ion . Th i s b e h a v i o r is v e r y u s e 

ful, t h e r e f o r e , in s e p a r a t i n g the r a r e e a r t h s as a g r o u p f r o m t h o s e e l e m e n t s 

which do s t i c k to the r e s i n unde r t h e s e cond i t i ons , and the a u t h o r s have found 

t h i s m e t h o d v e r y s a t i s f a c t o r y for s e p a r a t i n g the r a r e e a r t h s f r o m t h o r i u m . 

It should be pointed out, h o w e v e r , tha t the da ta of B u c h a n a n , et a l . , in F i g . 86 

do not a g r e e in a l l r e s p e c t s with da ta of o t h e r a u t h o r s who have i n v e s t i g a t e d 
6 3 

the s a m e s y s t e m . Bunney , Ba l lou , P a s c u a l , and F o t i , for i n s t a n c e , have 

pub l i shed c u r v e s of K , vs HNO , c o n c e n t r a t i o n for a n u m b e r of e l e m e n t s with 

D o w e x - 2 r e s i n ( F i g . 87) and t h e i r r e s u l t s for Ru, Mo, and Z r a r e s ign i f i can t ly 

d i f fe ren t f r o m the Buchanan d a t a . It would p e r h a p s be w i s e , t h e r e f o r e , to u s e 

the HNO , c u r v e s of F i g . 86 wi th cau t ion unt i l th i s a p p a r e n t d i s c r e p a n c y is 

r e s o l v e d . 

While the r a r e e a r t h s do not a d s o r b to any g r e a t ex ten t on a n i o n - e x c h a n g e 

r e s i n s f r o m n i t r i c ac id s o l u t i o n s , t h e i r b e h a v i o r v a r i e s wide ly in n i t r a t e s a l t 

s o l u t i o n s . Thus Danon r e p o r t s tha t the a d s o r p t i o n of p r a s e o d y m i u m on 

D o w e x - 1 i n c r e a s e s with the n a t u r e of the ca t ion of the suppor t i ng n i t r a t e so lu t ion 

in the o r d e r H < NH . < L i < Ca < Cu < F e < Al , and d e s c r i b e s a p r o c e d u r e 

for s e p a r a t i n g A c - L a m i x t u r e s us ing a 4 . 4M L i N O , so lu t ion a s e luan t ( F i g . 88) . 
278 

M a r c u s and N e l s o n have a l s o i n v e s t i g a t e d t h e D o w e x - 1 - L i N O , s y s 

t e m s and h a v e obta ined exce l l en t s e p a r a t i o n of c o m p l e x m i x t u r e s of r a r e - e a r t h 

t r a c e r s us ing a n i o n - e x c h a n g e r e s i n s . T h e i r da ta a r e r e p r o d u c e d in F i g s . 89 

and 90 and ind ica te that t h e r e a r e v e r y s igni f icant d i f f e r ences be tween the a d -

soi-ption coeff ic ients of v a r i o u s r a r e e a r t h s in s t r ong L i N O , so lu t ion . Above 

3-4M L i N O , t h e s e d i f f e rences b e c o m e l a r g e enough to p e r m i t s e p a r a t i o n of 

indiv idual e l e m e n t s and, as shown in F i g . 90, s e p a r a t i o n s m a y be c a r r i e d out 

v e r y n ice ly with the g r a d i e n t e lu t ion t e c h n i q u e . It should be e m p h a s i z e d , h o w 

e v e r , tha t the d i s t r i b u t i o n coeff ic ients can be inf luenced v e r y s t r ong ly by the 

p r e s e n c e of H ion. M a r c u s and N e l s o n s t a t e tha t the K , for L a in 4M L i N O , 
a — i 
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F i g . 86 . E lu t ion th rough Dowex-1 r e s i n co lumn with n i t r i c ac id (61) 

- 2 - 4 
r e m a i n s cons tan t be tween 10 and 10 M H N O , , but d e c r e a s e s r ap id ly at 

+ -2 

H c o n c e n t r a t i o n s g r e a t e r t han 10 M. 

The e lut ion c u r v e of F i g . 90 is of i n t e r e s t , too, m that it shows the 

r a r e e a r t h s to be e lu ted m o r d e r of d e c r e a s i n g a to mic n u m b e r , which is the 

s a m e sequence shown on c a t i o n - e x c h a n g e co lumn e lu t ions and d i r e c t l y oppo

s i t e to the L iCl an ion -exchange e lu t ion o r d e r ( F i g . 85). 

M a r c u s and Ne l son a l s o r e p o r t tha t the p a r e n t - d a u g h t e r nuc l ides Ba 
140 L a a r e e a s i l y s e p a r a t e d m a few m i n u t e s wi th 3-4M L i N O , and a 1-cm-

long co lumn . Lanthanunn is a d s o r b e d while Ba p a s s e s t h r o u g h . 

140 

I V . 7 C - 4 . Th iocyana te 

471 S u r l s and Choppin have s tudied the i o n - e x c h a n g e behav io r of the 

l an than ide and ac t in ide e l e m e n t s m th iocyana te so lu t ion . On Dowex-1 at 

r o o m t e m p e r a t u r e s the d i s t r i b u t i o n coeff ic ients a r e suff icient ly high m 2M 

NH.SCN to p e r m i t t r a n s f e r of the r a r e - e a r t h a c t i v i t i e s to the r e s m and co lumn 

elut ion s t eps to be c a r r i e d out . The K , d i f fe rences be tween individual r a r e 
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F i g . 87 . E q u i l i b r i u m a d s o r p t i o n on D o w e x - 2 a n i o n - e x c h a n g e r e s i n in H N O j (63) 

e a r t h s , howeve r , a r e not g r e a t enough to effect a s e p a r a t i o n of individual e l e 

m e n t s unde r t h e s e condi t ions ; but t h e r e is a l a r g e enough d i f fe rence in b e 

hav io r be tween the l an than ides and ac t i n ide s to al low r e l a t i v e l y e a s y g roup 

s e p a r a t i o n s to be c a r r i e d out on a m m o n i u m th iocyana te c o l u m n s . C o l e m a n , 
8 3 

P e n n e m a n , Keenan , L a M a r , A r m s t r o n g , and A s p r e y have t aken advantage 

of th is fact to s e p a r a t e g r a m amoun t s of a m e r i c i u m f r o m l a r g e quan t i t i e s of 

l ight r a r e e a r t h s in a s i m p l e o n e - s t e p p r o c e s s us ing D o w e x - 1 X 8 r e s i n and 

5M NH.SCN e luan t . — 4 

1 V . 7 C - 5 . Sulphate 

V e r y l i t t l e w o r k has been done with the r a r e e a r t h s in the anion- .exchange 
6 3 

r e s i n - s u l p h a t e s y s t e m . Bunney, Ba l lou , P a s c u a l , and F o t i r e p o r t tha t Y, 

Ce , and A m do not show any s ign i f ican t a d s o r p t i o n by D o w e x - 2 r e s i n a t any 

H p S O . ac id c o n c e n t r a t i o n , and p r e s u m a b l y none of the r a r e e a r t h s a r e a d 

s o r b e d in th is m e d i u m . Othe r e l e m e n t s do s t i ck , h o w e v e r , and r e l a t i v e l y 
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F i g . 88 . E lu t ion of t r a c e r Ac and 30 mg of L a ( N 0 3 ) 3 f^°n^ Dowex-1 with 
4 .4M L1NO3. Column 30 c m X 0. 24 c m ^ , Dowex-1 X 8% DVB, 50-100 m e s h , 
flow r a t e 0 . 4 cnn /min (101) 

s imp le pur i f i ca t ion of the r a r e - e a r t h g roup may be c a r r i e d out on sulfa te 

columnfa. F i g . 91 r e p r o d u c e s the da ta of Bunney et a l . , and ind ica te tha t the 

r a r e e a r t h s m a y be s e p a r a t e d v e r y e a s i l y f r o m Ru, Th, P a , Z r , U , Nb, 

and Mo m 0. IN H^SO . . Indeed, Nagle and Mur thy have u s e d A m b e r l i t e 

lRA-400 and pH 2 . 0 - 2 . 5 su lpha te so lu t ion to s e p a r a t e Ce and T h m m o n a z i t e 
431 

sand a n a l y s i s with v e r y good r e s u l t s , and S e k m e and Sa i to have used the 
Dowe x-1 -d i l u t e H , S O . s y s t e m to s e p a r a t e L a - T h m i x t u r e s . 

IV. 7 C - 6 . F l u o r i d e 

The use of an ion -exchange r e s m - f l u o r i d e s y s t e m s would s e e m to have 

v e r y l i t t l e app l ica t ion m r a r e - e a r t h r a d i o c h e m i s t r y b e c a u s e of the low s o l u 

bi l i ty of the r a r e - e a r t h f l u o r i d e s . Scand ium, h o w e v e r , f o r m s a we l l -known 

f luor ide complex which m a y be useful m an ion -exchange s e p a r a t i o n s . 
1 30 

F a n s has r e c e n t l y publ i shed an a r t i c l e m which the e lut ion c h a r a c 

t e r i s t i c s of s o m e 50 e l e m e n t s m a hyd ro f luo r i c acid m e d i u m w e r e s tudied on 

Dowex-1 r e s m ( F i g . 92) . In di lute H F so lu t ions Sc ap p a ren t l y can be a d s o r b e d 

on the r e s m without difficulty, a l though the K , d e c r e a s e s at h igher H F con

c e n t r a t i o n s . 
41 2 Schmdewolf and I r v i n e a l s o r e p o r t th i s type of behav io r for s c a n d i u m 

and have used it to s e p a r a t e c a r r i e r - f r e e s c a n d i u m ac t iv i ty f r o m t i t an ium 
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MOLARITY OF LI NO J 

i"ig, 89. Adsorption of r a r e earths on Dowex-1 anion-exchange res in from 
lithium nitrate solutions (2 X lO'^M HNO,, 78'C (278) 
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Fig . 90. Separation of Cs, Ba, and several r a r e earths in LiNO-, solutions 
(78''C, 0.25 cm2 X 10.5 cm Dowex-1-10% DVB columns) (278) 
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1000 

100 

Fig. 91. Equilibrium adsorption in H_SO. on Dowex-2 anion-exchange 
resin at room temperature (63) 

ta rgets . Scandium is adsorbed on a Dowex-1 column from 0. 5M-2. 5M HF 

solution and eluted with 15M HF. 
331 Nelson, Rush, and Kraus have recently published an article on the 

anion-exchange behavior of 19 elements with mixed HCl-HF eluants. 

IV. 7C-7. Oxalate 

Here again the low solubility of the r a r e - ea r th oxalates precludes their 
very widespread use with anion-exchange resin sys tems, but scandium forms 

509 a soluble complex with oxalate which may be used to advantage. Walter 

has investigated the behavior of scandium in dilute sodium salts of oxalate 
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10̂  1—r 

.OXALATE + Scm 

MOLARITY o r SODIUM S ALT OF CCtvPLEXING ANION 

Fig. 9 3. Distribution coefficients of scandium(IH) and vanadium(IV) on 
Dowex-1 anion-exchange r e sm as a function of chelating reagent concentra
tion for several reagents . Light lines —scandium; heavy lines—vanadium (509) 

and citrate (Fig. 9 3) and shows that at low oxalate concentrations scandium 

IS very strongly adsorbed. He used a Dowex-1-dilute oxalic acid medium to 

separate ca r r i e r - f ree scandium and vanadium from 5 mg of titanium but 

found that better Sc-V separations were obtained with an eluate which consisted 

of 0. IM H^C^O^ + 0. IM HCl. 

IV.7C-8. Phosphate 

153 
Frei lmg, Pascual, and Delucchi have investigated the behavior of 

a number of elements m the Dowex-2-H ,PO . system (Fig. 94). If we may 
+ 3 infer the behavior of all of the lanthanides from the data on Ce m Fig. 94, 

the ra re earths are adsorbed by the r e sm at low H , P O . concentrations but 

are eluted by 6-7N acid. This is significantly different from the behavior of 

166 



I0-' 

IT \—1 ' n 11iI \—Mil \'\] 

I M i n i 
10 

N H3PO4 

Fig. 94. Equilibrium distribution coefficients of various fission products 
and actinide elements between H , P O . solution and Dowex-2 at room temper
ature (153) ^ ^ 
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I V . 7 C - 9 . C a r b o n a t e 

V e r y l i t t l e w o r k h a s been done with the r a r e e a r t h s in the an ion -exchange 
509 

r e s i n - c a r b o n a t e s y s t e m . W a l t e r r e p o r t s f a i r ly high d i s t r i b u t i o n coefficients 

for s c a n d i u m in d i lu te sod ium c a r b o n a t e so lu t ions on Dowex-1 r e s i n but s t a t e s 

that the r e s u l t s w e r e e r r a t i c . The s c a n d i u m s a m p l e s fa i led to a p p r o a c h e q u i 

l i b r i u m smooth ly with i n c r e a s e d shaking t i m e and often depos i t ed a l a r g e f r a c 

t ion (up to half) of the to ta l ac t iv i ty on the wa l l s of the ce l lu lose ace t a t e v ia l s 

in which they w e r e shaken , which m a y be ind ica t ive of r ad ioco l lo id f o r m a t i o n . 
40 3 

Sa i to and Sekine r e p o r t tha t in D o w e x - 1 - s o d i u m c a r b o n a t e s y s t e m s 

the d i s t r i bu t i on coefficient for y t t r i u m t r a c e r has a m a x i m u m value of a p p r o x i 

m a t e l y 3000 in 0. IM N a ^ C O , solu t ion , d e c r e a s i n g to « 104 in O.OIM N a ^ C O , , 

and « 6 in IM Na C O , . 

IV. 7C-10 . Hydrox ide 

The r a r e - e a r t h h y d r o x i d e s would s e e m to be ana logous to the f luo r ides 

and oxa la t e s in that t h e i r low so lubi l i ty p roh ib i t s t h e i r u s e with an ion -exchange 

r e s i n s . In spec i a l c a s e s , h o w e v e r , the low solubi l i ty of the hyd rox ides can 

be a d i s t inc t advan t age . 
D 1,- 362 , ^ , J f .• o 140 , 140 
P e r k i n s has r e p o r t e d a p r o c e d u r e for s e p a r a t i n g Ba - L a m i x -

140 
t u r e s which involves adso rb ing the L a on the hydrox ide f o r m of Dowex-1 

r e s i n while B a p a s s e s t h r o u g h . E x c e l l e n t s e p a r a t i o n s can ap p a ren t l y be done 

v e r y r ap id ly th i s way and the au tho r r e p o r t s that s i m i l a r r e s u l t s m a y be o b -
90 90 t a i n e d w i t h S r -Y m i x t u r e s . 

IV. 7 C - 1 1 . O r g a n i c C o m p l e x e s 

It s e e m s r e a s o n a b l e to a s s u m e that o r g a n i c complex ing agen ts which 

a r e capable of r emov ing r a r e - e a r t h ions f r o m c a t i o n - e x c h a n g e r e s i n s m a y 

f o r m nega t ive ly c h a r g e d r a r e - e a r t h connplex ions which migh t be of i n t e r e s t 
20 8 

on an ion -exchange r e s i n c o l u m n s . Huffman and Oswal t have r e p o r t e d 

s u c c e s s f u l s e p a r a t i o n of a m i x t u r e of P m and E u t r a c e r s on Dowex-1 r e s i n 

with 0 .0125M c i t r i c ac id at a pH of 2. 1, while Higgins and Baldwin r e p o r t 

good s e p a r a t i o n of Y - E u t r a c e r s on Dowex-1 co lumns with 0 . 16M EDTA at 

pH 1 1 . 7 . (With D o w e x - 1 - c i t r a t e , P m e lu tes be fore Eu , which is to be e x 

pec ted ; but with D o w e x - 1 - E D T A , Y e lu te s be fore E u a l s o , which is qui te u n 

e x p e c t e d . ) Higgins and Ba ldwin s t a t e that Y - E u s e p a r a t i o n on a D o w e x - 1 -

EDTA co lumn is c o m p a r a b l e to the s e p a r a t i o n on the D o w e x - 5 0 - c i t r a t e s y s 

t e m (pH 3, r o o m t e m p e r a t u r e ) but s l ight ly i n f e r i o r to the sanne s y s t e m at 
41 3 

e l eva ted t e m p e r a t u r e s . Schonfeld, Wald, and B r u n d have shown that 
90 80 S r -Y m i x t u r e s m a y be s e p a r a t e d on Dowex-1 co lumns by us ing a sod ium 

n i t r a t e — (8 h y d r o x y q u i n o l i n e - 5 sulfonic acid) so lu t ion as an e luan t . 

No da ta a r e ava i l ab l e on the a n i o n - e x c h a n g e s e p a r a t i o n of m o r e c o m 

plex r a r e - e a r t h m i x t u r e s with any of the o r g a n i c complex ing a g e n t s . 
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Mo(+6), U( + 6), Nb( + 5), and Zr( + 4) and may be of some advantage m effecting 

separations from those elements. 
4.Aft 

Subbaraman, Rajan, and Gupta report that the triphosphate complexes 

of the light r a re earths may be adsorbed by Amberlite lRA-400 resm almost 

quantitatively from N a , P , 0 , „ solution over the pH range 1-9, and may be 

eluted with dilute HCl or H,SO .. This procedure gave good separation and 

recovery of Sm, Nd, and P r while La was retained by the column. 

IV.7C-12. Other Anions 

278 Marcus and Nelson have reported very briefly that the r a re earths 

are adsorbed on Dowex-1 r e sm from dilute sulfite, ni tr i te , and thiosulfate 

solutions, with adsorbability decreasing with increasing electrolyte concen

trat ions, but no further data are available on any of these sys tems. 

IV. 7D. CELLULOSE AND PAPER CHROMATOGRAPHY 

Considering the success that has been achieved in separating complex 

mixtures by this method, it is probably not surprising that a considerable 

amount of work has been done on the cellulose colunnn and paper chromato

graphic behavior of the r a r e - e a r t h elements . Fo r one reason or another, 

however, the consensus of the published art icles in this field seems to be 

that, for most applications, these techniques are not as good as the synthetic 

ion-exchange resins for separating complex mixtures of the r a re ear ths . 

In paper s t r ip chromatography, for instance, separations are res t r ic ted 
229 almost entirely to ca r r i e r - f r ee samples . Kiba, Ohashi, and Tada, sepa-

90 90 rating Y -Sr mixtures on paper strips with an ethyl alcohol-10% NH.SCN 

solvent, show that the presence of as much as 0.8 rng of yttrium ca r r i e r is 

enough to distort the shape of the yttrium spot very markedly (Fig. 95). 
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Fig. 95. Effect of yttr ium c a r r i e r on paper s t r ip chromatography. Solvent, 
EtOH-10% NH4SCN aq (5 : 2); solvent front, 1 7. 5-18. 5 cm; A, Y c a r r i e r 5 X 
10-5 ng, B, 6 X 10-4 ^g. c , 7 X 10-3 ^g; D, 7 X 10-2 ^g; E, 8 X IQ-l |jLg (229) 

In paper str ip chromatography, too, the separation factor between in

dividual ra re earths is usually not great enough to permit separation of ad

jacent elements. This general behavior is i l lustrated by Fig. 96, which was 

obtained by Lederer with an ethanol-10% 2N HCl eluant. It is obvious 
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o o O 
m 

La Ce Pr Nd Sm Sm fu Od Tb 0 / Ho Cr Tm Yb Lu 

Fig. 96. Paper s t r ip chromatograph of r a r e - ea r th chlorides developed for 
one week with ethanol-10% 2N HCl, placed in order of atomic numbers (262) 

that, with this eluant, the paper s t r ip chromatographic method can separate 

only selected mixtures of r a re earths, such as La-Lu, Pr -Eu-Dy, e t c . , 

mixtures which are not easily come by in normal radiochemical operations. 
2^ 3 As a further indication of the current state of the art , Lederer has pub

lished data on the movement of P r , Nd, Sm, Eu, Gd, and Tb with ethanol-

HCl-NH^CNS solvent (Fig. 97) and states that: "In the region of the gadolinium 

earths this is the best separation so far recorded (1956) by paper chromato

graphic and electrophoretic methods ." 

" " cm 
JOr 

0 
0 0 !5-

10 

00 

Pr Nd Sm Eu Od 

0 
oo 0 

Nd Sm f u Od Tt, 

Fig, 97. Paper strip chromatography. The movement of Pr, Nd, Sm, Eu, 
Gd, and Tb when developed for 48 hours with ethanol (90 ml), 2N HCl (10 ml), 
NH4CNS(1 g) (263) 

With these very serious limitations in mind, then, additional informa

tion on the ra re earths with other solvents may be obtained from an excellent 

review article by Lederer , or ar t icles by Sarma and Danon and Levi. 

All indications are that scandium moves more rapidly than any of the 

r a r e -ea r th elements on the paper s t r ip . Thus Lederer shows that very 

good S c - r a r e earth separations may be obtained with ethanol-10% 2N HCl 
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solvent , and Danon and Lev i ind ica te that a bu tano l -HNO , -LiNO-j so lven t 

should work j u s t as w e l l . P r e s u m a b l y th is is a g e n e r a l c h a r a c t e r i s t i c of 

s c a n d i u m , and c a r r i e r - f r e e S c - r a r e e a r t h m i x t u r e s m a y be s e p a r a t e d by a 

n u m b e r of o the r s o l v e n t s . 

V e r y l i t t le i n fo rma t ion is ava i l ab le r e l a t i v e to the b e h a v i o r of a c t i n ium 

in p a p e r s t r i p c h r o m a t o g r a p h y . One would expec t , h o w e v e r , tha t it would 

move m o r e s lowly than l an thanum, and Danon and Lev i have shown, with 

butanol -HNO , - L i N O , so lvent at l e a s t , tha t th is is indeed the way Ac b e h a v e s . 

S e v e r a l a u t h o r s have r e p o r t e d p r o c e d u r e s involving the use of ce l lu lose 
71 

co lumns in connec t ion with the r a r e e a r t h s . C e n t e r , H e n r y , and H o u s e h o l d e r 

have used co lumns of ac t iva ted ce l l u lo se to s e p a r a t e s m a l l amoun t s of the r a r e 

earths as a group from thorium with an ethyl e t h e r - H N O , solvent but give no 

indication of any separat ion of individual rare ear ths . 
369 Pol lard, McOmie, and Stevens , on the other hand, have succes s fu l ly 

separated m a c r o s c o p i c amounts of r a r e - e a r t h mix tures on ce l lu lo se columns 

with a butanol-acet ic acid-8-hydroxyquinoIine so lvent . It i s difficult to evaluate 

their method accurate ly , however , because of the way the data are reported, 

but their y ie lds of pure products s e e m to be s ignif icantly lower than one would 

expect from properly run cat ion-exchange r e s i n co lumns . 

IV. 7E. INORGANIC EXCHANGERS 

Inorganic ion exchangers , of c o u r s e , w e r e among the f irs t ion exchange 

media to be used for separating mix tures of e l e m e n t s . Very few ar t i c l e s have 

appeared in the l i t erature , however , to indicate that these m a t e r i a l s have s i g 

nificant advantages in separating the r a r e - e a r t h e l e m e n t s . 
270 Lindner has used columns of A I ~ 0 , to purify 4 - to 20-mg samples of 

the light rare earths , but the separat ions w e r e not c lean-cut and the procedure 

does not compare with present ion-exchange re s in techniques . 
332 N e m o d a has r e c e n t l y pub l i shed a v e r y fine a r t i c l e on the s e p a r a t i o n 

of f i s s ion p roduc t m i x t u r e s on A l - , 0 , c o l u m n s . The m i x t u r e of e l e m e n t s i s 

p laced on the co lumn in weakly ac id so lu t ion (pH > 2) and s u c c e s s i v e e lu t ions 

a r e then c a r r i e d out a s fol lows: C s ( 0 . 4 M N H . N O J ; S r , B a ( 1 . 6 M N H . N O j ) ; 

Mo, Ni , C o ( 1 . 6 M NH^NO^ + NH3); Al , U(0. 5M Na^CO^) ; Z r , Nb( IM (NH^)^ 

C O , ) ; F e , P b , C r , T e ( l N oxal ic acid) ; and the r a r e e a r t h s a r e e lu ted as a 

g roup with pH 1 H C l . 
496 V i c k e r y has r e p o r t e d the a d s o r p t i o n on a c t i v a t e d c h a r c o a l of the 

+ 4 
highly c o l o r e d Ce - £ - p h e n e t i d i n e complex and the s e p a r a t i o n of 10 mg of 

CeO^ f r o m 10 g of L a - , 0 - by th i s m e t h o d . 
414 . 

S c h u b e r t has obta ined a pa tent on a p r o c e s s which u s e s c o l u m n s of 

s i l i c a gel or f u l l e r ' s e a r t h to e x t r a c t r a r e - e a r t h a c t i v i t i e s f r o m u r a n i u m -

o rgan i c so lven t so lu t i ons . The so lu t ion is p o u r e d th rough the co lumn and 
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the r a r e - ea r th activities are retained, with fuller 's earth being the more 

efficient of the adsorbents (* 99% retention). 
87 

And finally, Cornish has attempted to use silica gel columns to sepa
rate individual r a re earths using a thenoyltrifluoroacetone (TTA)-organic 
solvent eluant. An elution curve which he obtained with an essentially c a r r i e r -
free Tb-Eu mixture and a TTA-benzene-methylethyl ketone solvent is shown 
in Fig . 98. The separation is fairly good but no further work has been done 
with more complex r a r e - e a r t h mix tures . 

IV. 7F. EXTRACTION-EXCHANGE 

An interesting variation of the ion-exchange column technique — so-called 

" reversed-phase partition chromatography" —has been applied to separation 
553 of the r a r e earths by Siekierski and Fidel is . Fundamentally, the method 

involves the saturation of a column of iner t absorbent — in this case the 

Kieselguhr "Hyflo Supercel" —with an organic solvent in which the r a r e earths 

are soluble. Siekierski and Fidelis use undiluted TBP. The column is p r e -

equilibrated by washing first with water , then with TBP-sa tura ted HNO , of 

the same concentration that is to be used in the elution, after which the ra re 

earths are introduced into the column and elution is car r ied out with concen

t ra ted HNO,. 

This technique obviously combines features of both extraction- and 

ion-exchange type operations, but it possesses certain advantages all its 

own. The most apparent of these is the fact that multistage extraction sepa

rations can be carr ied out automatically with relatively simple apparatus — 

Siekierski and Fidelis state that they got the equivalent of a 400-plate ex t rac

tion separation in a column 11 cm long. The eluant is plain nitric acid and 

does not contain organic complexing agents which sometimes complicate 

subsequent recovery of the r a r e ear ths . Presumably, the eluant could be 

evaporated to give satisfactory ca r r i e r - f r ee samples . Another feature of 

this method which might be advantageous in certain separations is the fact 

that the r a r e earths are eluted in reverse of their "normal" order . With the 

TBP-HNO, system, lanthanum is the first element off the column, followed 

by the other elements in order of increasing atomic numbers . Yttrium elutes 

after terbium, presumably in the Dy-Ho region. 

As an example of the kind of separations that may be car r ied out with 

this technique, Siekierski and Fidelis separated a ca r r i e r - f r ee mixture of 

Ce, Pm, Sm, Eu, Gd, and Tb activities on a 3 mm X 11 cm TBP column with 

a 15. IM HNO- eluant. Cerium was the first element off the column, followed 

by Pm, Sm, Eu, Gd, and Tb in that order , and all peaks were well separated 

from their neighbors. Column running time to the Tb peak was approximately 

200 minutes. 
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COUUMN-SILICA GE.U FOR 
CHROMATOGRAPHY-54.cms. X 0-75cm3. 
AOUeOUS PHASE-ALMOST SATURATED 

KH PHTHAUATE 
ORGANIC PHASE-507o 7v 

B E N Z E N E - MEK. 
FLOW H A T E - 0 - 3 S mL/min. 
RATIO OF PEAK DISTANCES FROM 

ORICINI* 1-3. 

BACKGROUND 

6 8 10 
TIME IN HOURS 

Fig. 98. Elution of carrier-free Tb-Eu activities on a silica gel column. 
Column dimensions, 54 cm X 0. 75 cm diam; "aqueous phase, " silica gel + 
40% by wt "almost saturated" potassium hydrogen phthalate; eluant, 50% 
V/V benzene-methyl ethyl ketone + 0.02M TTA; flow rate, 0. 35 ml/min (87) 

Another way of making up columns for the extraction-exchange type of 
554 operation was patented some time ago by Hale, who used styrene-divinyl-

benzene beads as absorbing mater ia l for the organic solvent. He made no 

mention of any application to r a r e - e a r t h separations, but presumably these 

beads should work as well as Kieselguhr, and it should be eas ier to make up 

the columns. 
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Li t t l e da ta is ava i l ab l e on spec i f ic e x t r a c t i o n - e x c h a n g e s e p a r a t i o n s , but 

the m e t h o d c e r t a i n l y looks i n t e r e s t i n g enough to w a r r a n t c o n s i d e r a b l e a t t e n 

t ion . 

IV. 8. E L E C T R I C AND MAGNETIC F I E L D SEPARATION 

IV. 8A. INTRODUCTION 

A v a r i e t y of e l e c t r i c a l and m a g n e t i c m e t h o d s have been appl ied to the 

s e p a r a t i o n of r a r e e a r t h s f r o m each o t h e r . With one i m p o r t a n t except ion , 

the m e t h o d s a r e i n f e r i o r in e v e r y way to ion exchange co lumns for g e n e r a l 

app l i ca t ion . They a r e e i t h e r s low, s e v e r e l y l i m i t e d in the amount of m a t e 

r i a l hand led , o r give poor s e p a r a t i o n s — usua l ly suffer ing f r o m at l e a s t two 

of t h e s e d e f e c t s . 

IV. 8B . E L E C T R O P H O R E S I S 

Some s e p a r a t i o n s b a s e d on v a r i a t i o n s in mob i l i t y in an e l e c t r i c f ield 

have been r e p o r t e d . Sa to , Diamond , N o r r i s , and S t r a i n announced s u c 

cessfu l s e p a r a t i o n by e l e c t r o p h o r e s i s on f i l t e r p a p e r m o i s t e n e d with l a c t i c 

acid o r t a r t r a t e - t a r t a r i c ac id buffer . They u s e d a m i x t u r e of Sc , Y, Ce , P r , 

Nd, and P m and obta ined ( in ~ 0. 1 m o l a r l a c t i c acid) s e p a r a t i o n into t h r e e 

g r o u p s . Sc was the m o s t mob i l e ion; next w e r e Y and Nd, which did not s e p a 

r a t e f r o m each o ther ; and l e a s t mob i l e was a g r o u p containing Ce , P r and P m . 

In the t a r t r a t e buffer s y s t e m (0 . 035 m o l a r t a r t a r i c a c i d - 0 . 015 m o l a r 

d i a m m o n i u m t a r t r a t e ) Eu and P m m i g r a t e d a s an ions , Ce as a ca t ion . Running 

t i m e s w e r e f r o m one to two d a y s . 

82 

C lus ius a n d R a m i r e z modi f i ed the e l e c t r o p h o r e s i s a p p a r a t u s to p r o 

vide a flow of so lvent coun te r to the d i r e c t i o n of m i g r a t i o n . They w e r e able 

to s e p a r a t e p u r e L a f r o m Nd and Sm, p u r e P r f r o m Sm, and L a and Sm fronn 

a L a - S m - E u - G d - T b - D y m i x t u r e , but w e r e unable to s e p a r a t e P r f r o m Nd 

or Eu f r o m Gd. T h e i r running t i m e s w e r e e x t r e m e l y long, on the o r d e r of 
w e e k s , 

27^ 
Maki s tudied d i f fe ren t ia l e l e c t r o m i g r a t i o n in c i t r a t e so lu t ions of 

va ry ing pH ' s containing sod ium c h l o r i d e . She showed that t h e r e w e r e two 

r e g i o n s w h e r e s e p a r a t i o n s w e r e o p t i m i z e d — one at pH 3 .05 , the ions m i g r a t i n g 

as an ions , and one at pH 2 . 6 , the ions m i g r a t i n g as c a t i o n s . She was able to 

get s e p a r a t i o n s be tween La , Ce , P r or Nd, and Y, but not be tween P r and Nd. 

H e r condi t ions w e r e : c i t r i c ac id 0 .0125 to 0 .050 m o l a r ; sod ium ch lo r ide 

0 .050 m o l a r ; running t i m e about s ix h o u r s . A m m o n i u m hydrox ide or h y d r o 

c h l o r i c ac id w e r e used to change pH as d e s i r e d . 

L e d e r e r ' h a s a l s o s tud ied the e l e c t r o m i g r a t i o n of r a r e -

e a r t h ions in c i t r i c ac id so lu t ion . He inc luded y t t r i u m and a c t i n i u m , but 

not s c a n d i u m . His running t i m e s w e r e t h r e e to four h o u r s . S e p a r a t i o n s 
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were fairly good for the lighter r a re earths and actinium, but poor for e le 

ments heavier than neodymium. By flowing his solvent continuously at right 
259 angles to the field, he was able to obtain a continuous electrophoretic sepa

ration of actinium from lanthanum, which was quite slow but had the advantage 

that since very low flow rates and fluid volumes were involved, the final a c 

tinium fraction contained much less eluant and hence less dissolved solids than 

that fronn an analogous column elution. His data are presented in Fig . 99. 

Kertes showed that in 25% thioglycolic acid the migration of gadolinium 

is much slower than that of many other lanthanides (La, Ce, P r , Nd, Pm, Sm, 

Eu, Tb, and Er) and that separation of gadolinium from the res t of the group is 

possible. He used a paper str ip, approximately 4 cm wide by 20 cm long, a 

voltage of 400 volts, and a running time of two or more hours . The current 

drawn under these conditions was 3-4 mi l l i amperes . The amount of mater ia l 

separated was of the order of 10-100 micrograms of mixed ra re ea r ths . 

57 59 61 63 65 67 69 
Atomic number 

Fig . 99. Relative electrophoretic mobilities plotted against atomic numbers 
in 1% citric acid) (265) 

IV. 8C. MAGNETOPHORESIS 
339 342 Noddack and co-workers ' attempted to use the very high magnetic 

susceptibilities of some r a r e earths to separate them from yttriuna (|j. = 0) in 

a strongly inhonnogeneous nnagnetic field. He flowed a solution containing Y, 

Tb, Dy, Ho, and Er perpendicular to the field gradient and permitted the solu

tion to divide into two channels. Some separation of yttr ium from the other 

r a re earths was achieved, but the nnethod was not very effective. 

IV. 8D. FOCUSING ION EXCHANGE 

415-421 Schumacher and co-workers have developed a technique called by 

them "focusing ion exchange. " This is the only method known to us of separating 
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individual r a r e earths (other than Ce, Eu, Sc) in t imes of the order of five min

utes . Although the method is limited to samples of a few micrograms or l e s s , 

this limitation is unimportant in ca r r i e r - f r ee radiochemistry. 

Schumacher ' has discussed the theory of the process in great detail . 

A rather elementary description follows: Fig . 100 is a schematic representation 

of the apparatus, which consists in essence of two rese rvo i r s connected by a 

.AQUEOUS 
SOLUTION 

AQUEOUS, 
SOLUTION 

Fig. 100. A schematic representat ion of the focusing-ion-exchange 
apparatus of Schumacher and co-workers . A and C are rese rvo i r s con
taining respectively an anionic complex-forming reagent and a cationic 
complex-destroying reagent. The central paper s t r ip forms the separa
tion zone (415-421) 

moist paper s t r ip . Platinium electrodes (segregated by glass frits) are in

serted in the rese rvo i r s and the s t r ip , for cooling, is immersed in a bath 

of carbon tetrachloride. The only function of the paper is to provide a l inear 

region of electrolyte in which convection and turbulence are minimized. 

The reservoir A contains a solution of a connplexing anion A capable 

of forming anionic complexes with the cations to be separated. The reservoi r 

C contains a solution of a cation C capable of combining with A to form 

a species which does not have complexing ability. The electrode in A is 

made the cathode of the system, that in C is made the anode. 

Under the influence of the applied field, the species A and C migrate 

toward each other along the paper s t r ip and react as they meet . The result 

is the establishment of a steady state (or a slowly changing state) in which a 

gradient of the concentration of A exists along the paper. 

At a fixed concentration of A", an added cationic species M will exist 

in equilibrium between the complexed, anionic form (MA) and the uncomplexed 

cationic form M (Note: the charge symbols are intended to indicate sign of 

charge only, and not its magnitude, in the discussion). The reaction M + 
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A ^ (MA) is assumed to be rapid in both direct ions. The net motion of the 

species M in the electric field then will be governed by the relative amounts 

of M and (MA) in solution and by their respective ionic mobili t ies. If con

ditions are properly chosen, the concentration of A at the positive end of 

the str ip will be low enough so that the cations to be separated will migrate 

as cations, i. e. , toward the center of the s t r ip , while at the negative end of 

the s tr ip they will migrate as anions. Obviously there exists for each species 

M a cri t ical concentration of A at which the net motion in the field is zero. 

This concentration of A will be found at some part icular location along the 

str ip; at positions on either side of the crit ical location the gradient in con

centration of A will alter conditions in a manner which will lead to net motion 

of the species M toward its cri t ical location. The position of the cri t ical 

point of the species M depends on the ionic mobility of the species M and 

(MA) and on the stability constant of the complex; these factors will in general 

be different for different species. One would expect, then, that a sample of 

solution containing a mixture of cations would migrate under the influence of 

the field into a ser ies of l ines, one to each element. 

7b Tm Y La Ba Sr 

1 cm 

Fig. 101. Autoradiograph and scanning counter results for a typical 
separation. Conditions: reservoi r C, 0. 5 molar HCl; reservoi r A, 0. 3 
molar diammonium nitr i lotr iacetate + sodium trichloroacetate mixture; 
500 volts; 8 minutes running time (419) 

As can be seen from the accompanying illustration (Fig. 101), the p r e 

dictions of the theory are verified experimentally. 

418 A detailed theoretical study of the process shows that two effects limit 
1 

the sharpness of the line obtained and hence the resolution obtainable by the 

method. One is the effect of diffusion, which tends to broaden the line; this 
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effect i s c o u n t e r b a l a n c e d by i n c r e a s i n g the e l e c t r i c f ield s t r e n g t h ( s e e F i g . 102). 

The o the r effect is due to the f ini te ve loc i ty of the c h e m i c a l r e a c t i o n s involved 

in the e q u i l i b r i u m be tween M and (MA) . The magn i tude of t h i s effect depends 

on the e l e c t r i c f ield in a s e n s e oppos i te to tha t of diffusion ( s ee F i g . 103), i n 

c r e a s i n g with i n c r e a s i n g field s t r e n g t h s . In any ac tua l c a s e , both effects m u s t 

be p r e s e n t to s o m e extent ; t h e r e e x i s t s , t h e r e f o r e , an op t ima l e l e c t r i c f ie ld at 

which the l i nes a r e the s h a r p e s t ob t a inab l e . In ac tua l p r a c t i c e , the op t ima l 

f ield i s often g r e a t e r than any field which can be u t i l i z e d . The m e t h o d depends 

on the p r e s e n c e of a v a s t e x c e s s of A" over M , so tha t the c o n c e n t r a t i o n 

g r a d i e n t on which the s e p a r a t i o n depends is not s e r i o u s l y p e r t u r b e d by the 

p r e s e n c e of the s p e c i e s being s e p a r a t e d . Due to the s m a l l c r o s s - s e c t i o n of 

the pape r s t r i p , th is fact l i m i t s the amoun t s of m a t e r i a l being s e p a r a t e d to 

a few m i c r o g r a m s or l e s s . E v e n so , the amount of power used is qui te a p 

p r e c i a b l e : In the e x a m p l e shown in F i g . 101, the vo l tage u s e d was 600 vo l t s ; 

the c u r r e n t was not s t a t ed , but f r o m s i m i l a r e x p e r i m e n t s was of the o r d e r of 

s e v e r a l m i l l i a m p e r e s . The combina t ion of sa l t so lu t ions and high vo l t ages 

r e q u i r e g r e a t c a r e in o r d e r to avoid d a n g e r o u s a c c i d e n t s , 
420 S c h u m a c h e r and F l u h l e r modi f ied the o r ig ina l s y s t e m by flowing the 

so lu t ion s lowly a c r o s s the e l e c t r i c f ield, in t roduc ing t h e i r t e s t m i x t u r e con 

t inuous ly at the u p s t r e a m s ide and r emov ing the s e p a r a t e d p r o d u c t s ( copper 

and cobalt) at the d o w n s t r e a m s i d e . 

The techn ique a p p e a r s to offer g r e a t p r o m i s e and should be thorough ly 

i n v e s t i g a t e d , 

V. DISSOLUTION AND EXCHANGE 

V. 1, DISSOLUTION 

The usua l c o m m e r c i a l p r o c e d u r e s for p r o c e s s i n g r a r e - e a r t h o r e s i n 

volve leach ing with s t r o n g m i n e r a l a c i d s . The r a r e e a r t h s a r e d i s s o l v e d and 

s e p a r a t e d f r o m inso lub le r e s i d u e s by cen t r i fuga t ion or f i l t r a t i o n . Spedd ing ' s 

g r o u p at Iowa S t a t e , for e x a m p l e , l e a c h p u l v e r i z e d x e n o t i m e sand with 

9 3 % H ^ S O . at 240-250°C for 6-8 h r to get the r a r e e a r t h s in so lu t ion . 

On a l a r g e s c a l e th is type of o p e r a t i o n m a y p r o v e to be u n d e s i r a b l e 

s i nce the handl ing of hot c o n c e n t r a t e d ac ids and s l i m y s ludges i s not a p l e a s a n t 
214 

t a s k , lya h a s deve loped a m e t h o d for opening t h o r t v e i t i t e which invo lves 

r o a s t i n g the o r e with an e x c e s s of c a r b o n for 35-45 m i n at 1800-2100°C and 
505 

l each ing the s c a n d i u m out of the r e s u l t i n g c a r b i d e s wi th H C l . V i c k e r y o b 

ta ined e s s e n t i a l l y the s a m e r e s u l t s by p a s s i n g a Streann of C I , ove r a t h o r t -

v e i t i t e - c a r b o n m i x t u r e at 800-850°C for about 3 to 4 - 1 / 2 h o u r s and d i s so lv ing 

the s c a n d i u m and r a r e - e a r t h c h l o r i d e s with 1% H C l , Spedding , P o w e l l , D a a n e , 
456 Hil lerp and A d a m s r o a s t e d a m i x t u r e of t h o r t v e i t i t e and a m m o n i u m b i -

178 



VO 

lec 

IK, 

Co 

oufftfnrgene 

\ 
. 

S,! 

Zont 

J 

^ 

'^f/cJ 

A 

^<?'%« 

'^'.^l^/c. [\ 

%^/ 

1 

/ 1 
' / 

/ 
1 

M l 
V 

1 W 
\ 

/I n 
1 
4\ *̂  

0 2 U 
Lange —»• 

«/» 10 

Fig . 102. Line shapes in focusing 
ion exchange at var ious e lec t r i c field 
s t rengths : effect of diffusion ( p a r a m 
e te r s a rb i t r a r i l y selected) (418) 

• 1 

IOC, 

ICo 

6Co 

#Ci 

ic. 

c. 

c 

. 

>6s\y/,^ 
/ • 

y 
i 

?Cil 

t1,6Vl,„ 

iiMm/ 

U y? 
/ 

,> 
J 

/ 

1 
j> 

i.2V/c„ 

n'lv/cJM 

^/cm 

^ 

/ 

i 
/ 
f 

K 
' \ 

\ 
\ 

H 
/ 

1 M 
1 

L-J-\ t 
A v^ 
^i^ 

i > J 

i \ i\\ 
'2 mm 14 

aufftfragen* Zone langt 

Fig . 10 3. Line shapes in focusing 
ion exchange at various e lect r ic field 
s t rengths: effect of finite react ion 
velocity (pa rame te r s a rb i t ra r i ly s e 
lected) (418) 



f luor ide overn igh t at 375 -400°C , r e d u c e d the S c F , to s c a n d i u m m e t a l wi th 

c a l c i u m , and d i s s o l v e d the m e t a l in H C l . 

Mos t r a r e - e a r t h compounds which a r e e n c o u n t e r e d in the l a b o r a t o r y 

m a y be d i s s o l v e d in s t r o n g m i n e r a l a c i d s , a l though hea t ing m a y be r e q u i r e d 

for s o m e of the m o r e r e c a l c i t r a n t s p e c i e s . O r g a n i c m a t e r i a l m a y be d e 

s t r o y e d by boil ing H N O ^ - H C I O . o r 30% H O ^ - H ^ S O , wi thout affecting the 

r a r e e a r t h s , 

V. 2, EXCHANGE 

In a l m o s t a l l c a s e s the r a r e e a r t h s ex i s t only in the t r i v a l e n t ox ida t ion 

s t a t e in so lu t ion . T h e s e t r i v a l e n t ions f o r m r e l a t i v e l y few s p e c i e s in aqueous 

so lu t ion and in m i n e r a l a c id s no s p e c i a l p r e c a u t i o n s need be t aken to e n s u r e 

exchange be tween inac t ive c a r r i e r and r a d i o a c t i v e i s o t o p e s . When s t rong 

complexing agen t s a r e p r e s e n t the p r o b l e m of exchange be tween the f r e e r a r e -

^ a r t h ion and the r a r e - e a r t h c o m p l e x can be of c o n c e r n to the chemis t c B e t t s , 
27 

D a h l i n g e r , and M u n r o have s tud ied the k i n e t i c s of the exchange r e a c t i o n b e 
tween r a r e e a r t h and r a r e e a r t h - E D T A c o m p l e x e s , and have found tha t the 
p r i n c i p a l path leading to exchange is the a c i d - c a t a l y z e d d i s s o c i a t i o n of the 
R E ( E D T A ) ' complex . The r a t e of exchange is g iven by the e x p r e s s i o n : 
R = k (H" ' ' ) ^ ' ° (RE(EDTA) ' )^"° ( R . "'""''"'") ' and for c o m p a r a b l e condi t ions 

Aq 
the r a t e cons t an t s for s e v e r a l r a r e e a r t h s a r e in the r a t i o k . :k-, , :k :kyi : : 
7 7 0 0 : 1 2 0 0 : 1 9 : 1 . At 25°C, k^ = 4. 2 X 10^ l i t e r s / m o l e m i n . V e r y l i t t l e 

L a 

is known about the k ine t i c s of the exchange r e a c t i o n with o the r s t rong c o m 

plexing a g e n t s . 
A spec i a l c a s e of nonexchangeab le +3 r a r e - e a r t h ions is found in the 

194 
S z i l a r d - C h a l m e r s r e a c t i o n r e p o r t e d by H e r r , in which r a r e e a r t h -
phtha locyanine is i r r a d i a t e d and the r e a c t i o n p r o d u c t s a r e e x t r a c t e d f r o m 

quinol ine so lu t ion by di lu te H^SO, without exchanging with the o r ig ina l r a r e -

e a r t h t a r g e t m a t e r i a l . 

When the r a r e e a r t h s ex i s t in m o r e than one oxidat ion s t a t e s o m e p r e 

caut ions m a y have to be t aken to e n s u r e exchange . Diva lent s p e c i e s of Eu , 

Sm, and Yb m a y be p r e p a r e d in aqueous so lu t ion . Of t h e s e , only E u is 

r e a s o n a b l y s t ab l e ; Sm and Yb oxidize quickly and p r e s e n t no exchange 

p r o b l e m . M e i e r and G a r n e r found tha t the r a t e of exchange be tween E u 

and E u in ch lo r ide so lu t ion was m e a s u r a b l e . They a l so found tha t the 

r e a c t i o n is ch lo r ide dependent and conclude that in nonch lo r ide s y s t e m s the 

r e a c t i o n migh t be s low. It would be w i s e , t h e r e f o r e , to oxidize all E u to 

Eu in any e x p e r i m e n t in which e u r o p i u m is to be s e p a r a t e d . 

C e r i u m is the only r a r e e a r t h which can ex i s t in so lu t ion in the +4 ox i 

dat ion s t a t e . The t e t r a v a l e n t c e r i u m ion is qui te s tab le and is u sed in a l m o s t 
+ 3 + 4 

all r a d i o c h e m i c a l c e r i u m s e p a r a t i o n s . The Ce -Ce exchange r e a c t i o n 
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h a s b e e n t h e s u b j e c t of a n u m b e r of i n v e s t i g a t i o n s , a g o o d e x a m p l e of w h i c h 
109 

i s t h e p a p e r b y D u k e a n d P a r c h e n . T h e e x c h a n g e r a t e i s m e a s u r a b l e , 

a n d , i n H C I O . a t l e a s t , d e c r e a s e s w i t h i n c r e a s i n g a c i d c o n c e n t r a t i o n . T h e r e 

s e e m s n o d o u b t b u t t h a t t h e e x a c t n a t u r e of e e r i e p e r c h l o r a t e s o l u t i o n i s c o m -
2 4 3 +4 

p l e x , a n d K r a u s , H o l m b e r g , a n d N e l s o n c o n c l u d e t h a t a t l e a s t s o m e C e 

i s p o l y m e r i z e d o r h y d r o l y z e d i n a l l c o n c e n t r a t i o n s of H C I O , . I t i s n o t c l e a r 

t h a t t h i s h o l d s t r u e f o r a l l o t h e r a c i d s , b u t t o b e on t h e s a f e s i d e c e r i u m 
+ 4 + 3 

c a r r i e r s h o u l d b e o x i d i z e d t o C e a n d r e d u c e d t o C e a s a f i r s t s t e p i n a n y 

r a d i o c h e m i c a l p r o c e d u r e . 

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

o n c o n t a i n e r w a l l s . A s t u d y of t h e a d s o r p t i o n o n v a r i o u s s u r f a c e s i n a c i d 
24 4 2 6 

s o l u t i o n h a s b e e n m a d e f o r c a r r i e r - f r e e P m a n d C e , f o r B a a n d L a , 
4 5 7 

a n d f o r P m a n d L a a n d i n n o c a s e w a s t h e a d s o r p t i o n s i g n i f i c a n t . 
A t h i g h e r p H ' s t h e c a r r i e r r a r e e a r t h s m a y fo rnn r a d i o c o l l o i d s w h i c h 

4 5 7 
a r e a d s o r b e d m o r e s t r o n g l y . S t a r i k a n d L a m b e r t f i n d t h e m a x i m u m a d 

s o r p t i o n of P m a n d L a on q u a r t z o c c u r s a t a pH of a p p r o x i m a t e l y 6 . 2, w h i l e 
24 

B e l l o n i , H a i s s i n s k y a n d S a l i m a f i n d t h e p e a k t o o c c u r a t pH 5 . 6 f o r P m . 

T h e " p e r c e n t r a r e e a r t h a d s o r b e d " t h a t t h e s e a u t h o r s r e p o r t i s q u i t e l o w 

e v e n a t t h e m a x i m a of t h e i r c u r v e s b u t p r o c e d u r e s h a v e b e e n r e p o r t e d i n 
, . , „ 90 ^ 9 0 . ^ 4 2 7 , „ 140 , 1 4 0 . ^ 4 2 6 ^ , 

w h i c h S r -Y m i x t u r e s a n d B a - L a m i x t u r e s a r e s e p a r a t e d 
b y a d s o r p t i o n of t h e r a r e - e a r t h a c t i v i t i e s o n g l a s s f r i t f i l t e r s . T h e a u t h o r s 

90 
r e p o r t t h a t a t pH 7 . 0 b e t w e e n 90 a n d 9 5 % of t h e Y i s a d s o r b e d , w h i l e i n 

s o l u t i o n s a b o v e pH 6 a l m o s t 1 0 0 % of t h e L a i s r e t a i n e d . D u v a l a n d 
1 1 3 

K u r b a t o v h a v e u s e d t h e s a m e p r i n c i p l e t o s e p a r a t e c a r r i e r - f r e e s c a n d i u m 

f r o m a c a l c i u m t a r g e t b y a d s o r b i n g t h e s c a n d i u m o n a f i l t e r p a p e r . M a x i 

m u m a d s o r p t i o n o c c u r s a t pH 8 . 5 a n d t h e a u t h o r s r e p o r t t h a t e i g h t y p e r c e n t 

of t h e S c p r e s e n t c a n b e r e c o v e r e d i n o n e h o u r . 

V I . C O U N T I N G T E C H N I Q U E S 

I n t h e g r e a t m a j o r i t y of c a s e s , s a m p l e s of r a r e - e a r t h a c t i v i t i e s m a y 

b e c o u n t e d b y u s i n g s t a n d a r d (3 a n d y c o u n t i n g t e c h n i q u e s . A s a g e n e r a l 

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

d u c i b l e r e s u l t s s a m p l e s s h o u l d b e y - c o u n t e d w h e n e v e r p o s s i b l e . C o r r e c t i o n s 

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

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

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

c o u n t i n g e f f i c i e n c y i s q u i t e c o m p a r a b l e t o t h e p c o u n t i n g e f f i c i e n c y f o r t h e 

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

P u r e (3" e m i t t e r s , of c o u r s e , w i l l u s u a l l y b e b e t a - c o u n t e d , a n d i n t h e s e 

c a s e s c o r r e c t i o n s f o r s e l f - s c a t t e r i n g a n d s e l f - a b s o r p t i o n w i l l h a v e t o b e 
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m a d e m o r d e r to get c o n s i s t e n t r e s u l t s be tween dupl ica te s a m p l e s of dif ferent 
, , 100, 182, 333 weight . 

In t hose c a s e s w h e r e abso lu te d i s i n t e g r a t i o n r a t e s m u s t be d e t e r m i n e d , 

counting m 4IT p r o p o r t i o n a l gas flow c o u n t e r s is often u s e d . A n u m b e r of 
179 291 292 

p a p e r s have been pub l i shed which dea l with de t a i l s of th is t echn ique ' ' 

and, s ince the r a r e - e a r t h c h e m i s t r i e s given m sec t ion VII a r e idea l ly su i ted 

to the p r e p a r a t i o n of w e i g h t l e s s s a m p l e s , the p r e p a r a t i o n of c a r r i e r - f r e e 

r a r e - e a r t h s a m p l e s for 4IT counting is not too f o r m i d a b l e a t a s k . P a s c u a l 
351 and F r e i l m g have publ i shed a s h o r t a r t i c l e giving de t a i l s of p r e p a r i n g 

r a r e - e a r t h s a m p l e s for 4ir counting and the t echn ique deve loped by B j o r n h o l m , 
32 

Nie l son , and She lme s e e m s idea l ly su i ted to th i s type of s a m p l e . Although 

the goal for al l 4ir counting is a s a m p l e of z e r o m a s s , th is idea l is s e ldom 

r e a l i z e d and s o m e c o r r e c t i o n m u s t often be m a d e for s e l f - a b s o r p t i o n m the 

s a m p l e . M e r r i t t , T a y l o r , and Campion and Le G a l l i c and T h e n a r d 

have publ i shed p a p e r s on th is subjec t which enable c o r r e c t i o n s to be m a d e 

with s o m e d e g r e e of r e l i a b i l i t y . 

In p counting it is d e s i r a b l e to have s a m p l e s of as un i fo rm t h i c k n e s s 

as IS p o s s i b l e . While it m a y not be d i r e c t l y app l i cab le to counting s a m p l e s , 

33 
B j o r n h o l m , Dam, Nordby , and P o u l s o n have deve loped a m e t h o d for p r e 
par ing cyc lo t ron t a r g e t s which involves the e l e c t r o p h o r e t i c depos i t ion of 
r a r e - e a r t h oxides on gold f i l m s ; they r e p o r t that un i fo rm l a y e r s in the 3 - to 
10-mg weight r a n g e m a y be p r e p a r e d by th i s t e c h n i q u e . 

The r e q u i r e m e n t s of P - s p e c t r o s c o p y p lace s t r i n g e n t r e s t r i c t i o n s on 

the n a t u r e of the ac t ive s a m p l e so that s p e c i a l t e chn iques a r e often needed 

to p r e p a r e s a t i s f a c t o r y s a m p l e s for th is type of count ing . T h e s e r e q u i r e 

m e n t s a r e usua l ly a w e i g h t l e s s s a m p l e on a z e r o a r e a and c h e m i c a l t echn iques 

which have been deve loped for 4ir s a m p l e s a r e often j u s t as s a t i s f a c t o r y for 
188 

P - s p e c t r o s c o p y . H a n s e n and S h e l m e , and B j o r n h o l m , N i e l s e n , and 
32 

S h e l m e , howeve r , have publ i shed s e v e r a l exce l l en t p a p e r s which dea l 
spec i f ica l ly with the p r e p a r a t i o n o r r a r e - e a r t h s a m p l e s for P - s p e c t r o s c o p i c 

73 
count ing. C h a r p a k and Suzor have used v a c u u m e v a p o r a t i o n t echn iques to 

obtain e r b i u m s a m p l e s of a p p r o x i m a t e l y 0. 5 j i g / cm for p - s p e c t r o s c o p i c 

a n a l y s i s . 

In m o s t rout ine r a r e - e a r t h r a d i o c h e m i c a l a n a l y s e s the r a r e e a r t h is 

f inally p r e p a r e d as a g r a v i m e t r i c compound, weighed, and counted e i t h e r on 

a m e t a l p la te o r on f i l t e r p a p e r . F o r y counting, r a r e - e a r t h s a m p l e s m a y 
3^ 1 

be counted in solut ion with s a t i s f a c t o r y r e s u l t s . P e r e y has d e s c r i b e d a 

p r o c e d u r e by which th i s s a m e t echn ique m a y be used for counting a c t i n i u m . 

F o r spec i a l r e q u i r e m e n t s , the r a r e e a r t h s m a y s o m e t i m e s be p r e p a r e d 
88 

ill thin s o u r c e s by e l e c t r o p l a t i n g . Cote l le and H a i s s m s k y have s u c c e e d e d 

m p r e p a r i n g ac t in ium s a m p l e s by e l ec t rop l a t i ng A c - L a m i x t u r e s out of 
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a c e t o n e - e t h y l a lcohol s o l u t i o n s . M o e l l e r and Z i n n m e r m a n ' have o b 

ta ined s a m p l e s of Y, La , and Nd by e l e c t r o l y s i s in anhydrous e t h y l e n e d i a m i n e , 

and Ga tes and E d w a r d s have used the s a m e t echn ique to obta in point s o u r c e s 
147 of P m . The depos i t which is ob ta ined i s not g r a v i m e t r i c , s ince M o e l l e r 

and Z i m m e r m a n r e p o r t tha t t h e i r s a m p l e s a s s a y e d at a p p r o x i m a t e l y 50% 

m e t a l and conta ined s igni f icant a m o u n t s of occ luded o r g a n i c m a t e r i a l ; and 

the depos i t s a r e not s t ab l e but a r e oxid ized by a i r , w a t e r , o r any o the r o x i 

dizing agen t . 
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VII. COLLECTION OF DETAILED RADIOCHEMICAL PROCEDURES 

R E - 1 . RARE EARTHS 

W. Nervik 

The isolation of individual r a r e - e a r t h activities from any mixture of 

activities may be considered in two steps: separation of the r a re earths as 

a group from all other elements, separation of the r a r e earths from one an

other. The procedure as outlined here has been used in this laboratory for 

some thousands of mixed r a r e - e a r t h samples, and gives good resul ts in a 

reasonable time without undue effort. Most samples consist of 10 mg per 

element for about five of the r a re ear ths . Initial chemistry on a typical 

batch of eight samples might be started one morning, the columns loaded in 

the afternoon, and separated ra re earths mounted and counted the following 

morning. 

SEPARATION OF THE RARE EARTHS AS A GROUP FROM ALL OTHER 

ELEMENTS 

The initial solution should consist of the mixed activities and r a r e - e a r t h 

c a r r i e r s in about 20 ml 3M_ acid (HCl, HNO , or HCIO ) Excessive amounts 

of Ca or Th (>200 mg) will interfere and should be removed before the initial 

chemistry is started. (Th may be extracted from TBP-4M HNO, solution, 

the r a r e earths may be separated from Ca by TTA extraction at pH 4 to 5, 

see extraction section for details. ) If t r ans -Pu elements are present which 

will interfere with the desired ra re earths they too should be removed (see 

the chloride-anion exchange column section). 

Procedure 

1. Add 3 drops Zr ca r r i e r (unless otherwise noted, all ca r r i e r solution 

concentrations a re a 10 mg/ml) . Adjust to a 20 ml 3M HCl. Add 5 drops 

cone. H.PO . Digest in a hot bath for a few minutes. Centrifuge Zr (PO ) . 

2. Using Lusteroid or polyethylene container, add 2 ml 1. 5M CrO = and 

1/2 ml cone. HF to supernatant of step (1). Digest in hot bath 5 min. Cen

trifuge (RE)F, . Wash one time with 20 ml 0. IM HF. 

3. Dissolve (RE)F in 3 ml saturated H BO + 2 ml cone. HNO . (Heat 

and stir well to be sure all the fluoride is dissolved. ) Add 5 drops Ba ca r -
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R E - 1 (Continued) 

r ier , 1 m l 6M H^SO , dilute to 20 ml, d igest in hot bath 5 m m Centrifuge 

BaSO^. 4 
4. Adjust the supernatant of step (3) to pH > 7 with cone NH OH, digest 

in hot bath for a few minutes , centrifuge RE(OH), . Wash one time with dilute 

NH^OH. 4 
5. D i s so lve RE(OH)- of step (4) in 4 m l cone . HCl and p a s s through a Dowex 

A-1 anion-exchange column (6 m m i . d x 10 cm, 50-100 m e s h res in , p r e v 

ious ly conditioned with 5 ml cone. HCl). The rare earths do not stick and 

all of the eluant and wash solution i s to be co l l ec ted . Rinse tube with 2 ml cone. 

HCl, and p a s s through column; wash r e s m with 2 ml cone . HCl. 

6. Adjust eluate (including r inse and wash solution) of step (5) to pH > 7 

with cone. NH OH. Centrifuge RE(OH) , . Wash one t ime with dilute NH OH. 

7. D i s s o l v e RE(OH) of step (6) in 6 drops cone. HNO or cone. HCl. 

Dilute to 30 ml with boiling H O . Add 1. 5 ml Dowex-50 r e s i n of the same 

batch that is to be used for the cation exchange separat ion. Diges t in hot 

bath 10 m m . Centrifuge r e s i n and transfer to the ion exchange column for 

separation of the individual rare ear ths . 

SEPARATION OF THE RARE EARTHS FROM ONE ANOTHER 

The res in from step (7) above i s t ransferred to the top of an i o n - e x 

change r e s i n column. 

For these samples (» 60 mg total r a r e - e a r t h carr i er ) , columns 7 m m 

i . d . X 60 c m long are used . A schemat ic d iagram of the apparatus has been 

reproduced from ref. 334 and is shown in F ig . 71. Under procedures c u r 

rently in use at this laboratory, the "low-pH solut ion" in v e s s e l A i s IM 

lact ic acid adjusted to pH 3 . 1 0 with cone . NH OH and containing 2 g pheno l / 

l i ter , and the high-pH solution in v e s s e l B is IM lact ic acid adjusted to pH 6-7 

with cone. NH OH and containing the same concentrat ion of phenol. The 

phenol IS p r e s e n t to inhibi t b a c t e r i a l g rowth and a r e s u l t i n g p H change m the 

so lu t ion . W. Hutchms of this l a b o r a t o r y has found that l a c t a t e so lu t ions 

s t o r e d m po lye thy lene c o n t a i n e r s do not have any b a c t e r i a l g rowth and do not 

r e q u i r e phenol , but we have not a s yet changed our g l a s s s t o r a g e tanks to 

this type of s y s t e m The a p p a r a t u s of F ig 71 has b e e n modif ied to the e x 

tent that we have d i s c a r d e d the e l e c t r i c a l hea t ing tapes and the w a t e r c o n 

d e n s e r With p ro longed u s a g e we found that s o m e l a c t a t e so lu t ion i n v a r i a b l y 

sp i l led on the t a p e s , w h e r e i t c a r b o n i z e d and d e s t r o y e d the fine w i r e s We 

now use i m m e r s i o n h e a t e r s i n s e r t e d a t an angle of about 20° f r o m the v e r t i c a l 

a t the bo t tom of the H O ba th which s u r r o u n d s the co lumn The f i r s t uni ts of 

th is des ign have been m cont inuous u s e for about nine mon ths without giving 
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R E - 1 (Continued) 

t roub le of any kind. Subst i tu t ion of a s h o r t a i r c o n d e n s e r for the w a t e r c o n 

d e n s e r m F i g . 71 has p r o v e n to give quite s a t i s f a c t o r y r e s u l t s . L o s s of 

w a t e r f rom the hea t ing ba th is negl ig ib le and c o l u m n s have been run a t 90° -95° 

for m a n y months without s igni f icant change m the w a t e r ba th l eve l . 

In our s y s t e m r e s e r v o i r A has a c apac i t y of 5 l i t e r s and r e s e r v o i r B 

2 l i t e r s . E igh t i o n - e x c h a n g e c o l u m n s a r e connec ted to e a c h A r e s e r v o i r and 

m a y be run s i m u l t a n e o u s l y . E a c h co lumn is 7 m m i . d . X 60 c m long and 

c o n s i s t s of BioRad AG SOW X 12 c a t i o n - e x c h a n g e r e s i n (Dowex SOW X 12 r e s m , 

c leaned , g raded , and packaged under t he i r own labe l by Bio Rad L a b o r a t o r i e s , 

Richmond, Calif. ), f l ow-g raded to a se t t l ing r a t e of 0. 8 - 2 . 4 c m / m m m w a t e r . 

Co lumns a r e condi t ioned by p a s s i n g pH 7, IM lac ta t e so lu t ion th rough them 

for a t l e a s t 8 h o u r s then p H 3 .10 , IM l a c t a t e for a n o t h e r 8 h o u r s . 

In a " n o r m a l " run (10 mg each of Y, Tb, Eu, Sm, Nd) the r a r e - e a r t h 

c a r r i e r + r e s m f r o m s tep (7) above is t r a n s f e r r e d to the top of the condi t ioned 

co lumn with boi l ing w a t e r . With e ight c o l u m n s running , r e s e r v o i r A should 

conta in 4 -S l i t e r s of pH 3. 10 IM l a c t a t e solut ion, and r e s e r v o i r B about 1. 5 

l i t e r s of pH 6-7 IM l a c t a t e . Co lumn t e m p e r a t u r e s a r e ma in t a ined a t 90 + S°C 

a t a l l t i m e s . With the s y s t e m c losed , the p r e s s u r e i s ad jus ted unt i l the flow 

r a t e out the co lumn i s about 15 s e c / d r o p (this ope ra t i ng p r e s s u r e is u s u a l l y 

about 3 p s i ) . Samples of e luan t a r e taken m the co l l ec t ing tubes over 10-

m m u t e i n t e r v a l s . When the c o l u m n s have b e e n running for about an hour , the 

m a g n e t i c s t i r r e r is s t a r t e d and the h i g h - p H solut ion i s fed into the l o w - p H 

solut ion a t a flow r a t e of about 6-7 s e c / d r o p , and m a i n t a i n e d a t th is r a t e for 

the r e m a i n d e r of the r u n . 

Under these condi t ions Y c o m e s off the co lumn m 4-S h o u r s , Nd i s off 

m about 15 h o u r s , and Tb, Dy, Eu, Sm, and P m a r e e lu ted m that o r d e r a t 

roughly equa l i n t e r v a l s be tween the Y and Nd. 

The co l lec t ing tubes a r e a s s a y e d for r a r e - e a r t h c a r r i e r s by adding a 

few d r o p s of s a t u r a t e d oxal ic ac id to e a c h tube . At the end of the run, the 

oxala te p r e c i p i t a t e s for e a c h e l e m e n t a r e combined , w a s h e d once with w a t e r , 

once with a c e tone , igni ted over a M e k e r b u r n e r for twenty m i n u t e s , and 

weighed a s the oxide . 

Note 

It cannot be e m p h a s i z e d too s t r o n g l y that t h e r e i s no such thing a s an 

"opt imum se t of c o n d i t i o n s " which wil l be s a t i s f a c t o r y for a l l r a r e - e a r t h 

s e p a r a t i o n s . This p a r t i c u l a r p r o c e d u r e has been des igned for s e p a r a t i n g 

s a m p l e s which c o n s i s t of 10 mg each of Y, Tb, Eu, Sm, and Nd and i s an 
334 

ou tgrowth of e x p l o r a t o r y work by the au tho r on s e p a r a t i o n s of th is type . 
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R E - 1 (Continued) 

F o r o the r m i x t u r e s of r a r e - e a r t h c a r r i e r s , e i t h e r in quant i ty o r in kind, or 

for s l ower or f a s t e r s e p a r a t i o n s , o the r condi t ions could undoubtedly be found 

which would give b e t t e r r e s u l t s . The point is tha t t h e r e a r e so m a n y v a r i a b l e s 

affect ing s e p a r a t i o n s of this s o r t that the c h e m i s t should t a i l o r h is c o l u m n 

ope ra t i ng p r o c e d u r e s to fit e a c h s e p a r a t i o n s p r o b l e m . An obvious d rawback , 

of c o u r s e , i s tha t i n f o r m a t i o n with which th is t a i l o r ing can be done in t e l l i gen t ly 
334 i s not too plent i ful or r e a d i l y a v a i l a b l e . The au tho r has shown how f a c t o r s 

such a s c a r r i e r m a s s and changing pH affect i o n - e x c h a n g e s e p a r a t i o n of the 

r a r e e a r t h s , and the s e c t i o n on Ion Exchange d i s c u s s e s a n u m b e r of o the r 

v a r i a b l e s a s wel l , while Cabe l l has pub l i shed a d i s c u s s i o n of the p a r a m e t e r s 

to be c o n s i d e r e d in ope ra t i ng ion exchange c o l u m n s . At the p r e s e n t s t a t e of 

the a r t , however , the b e s t i n f o r m a t i o n for se t t ing up "op t imum ope ra t ing con

d i t ions " for a g iven problenn i s d r a w n f r o m a l i t t le e x p e r i e n c e in p e r f o r m i n g 

t h e s e s e p a r a t i o n s . The i m p o r t a n t point to c o n s i d e r is that the c h e m i c a l 

s e p a r a t i o n of a l m o s t any m i x t u r e of r a r e - e a r t h a c t i v i t i e s i s not r e a l l y dif

ficult and if m o r e r a d i o c h e m i s t s w e r e a w a r e of this fact p e r h a p s they would 

be m o r e wil l ing to work with these e l e m e n t s . 

R E - 2 RARE EARTHS 

Bunney, F r e i l i n g , M c l s a a c , and Scadden 

P r e l i m i n a r y I so la t ion and P u r i f i c a t i o n 

147 
1. Add the v a r i o u s r a r e - e a r t h c a r r i e r s and. if d e s i r a b l e , P m t r a c e r 

to the ac id so lu t ion conta in ing the ac t i v i t y and s t i r we l l . 

Z. Add 5 mg Ba holdback c a r r i e r , m a k e b a s i c with NH OH. Cent r i fuge , 

d i s c a r d s u p e r n a t a n t , w a s h twice with 20 m l H^O. 

3. D i s so lve the hydrox ide in 5 m l cone . HCl and add 2 d r o p s c o n e . HNO . 

With s a m p l e in w a t e r ba th (no ice. ' ) s a t u r a t e with HCl g a s . 

4. P a s s t h rough a bed (6 m m X 10 cm) of Dowex-2 (100-200 m e s h ) that h a s 

b e e n w a s h e d wi th c o n e . HCl . P a s s 5 m l of cone . HCl th rough to w a s h out ttie 

r a r e e a r t h s . 

5. R e p e a t s t ep s (2), (3), and (4). 

6. Make b a s i c with cone . NaOH, cen t r i fuge , d i s c a r d s u p e r n a t a n t , w a s h 

with 20 m l H O . 

7. R e p e a t s t ep s (3), (4), (6). 

8. D i s so lve in a m i n i m u m a m o u n t of HCl o r HCIO^. 
4 
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Ion -Exchange Sepa ra t ion 

1. Load the boi l ing so lu t ion f r o m the p r e c e d i n g s t eps onto a bed (10 m m 

by 60 c m ) of Dowex-50 ( s e t t l e s t h rough H O at the r a t e of 0. 6-1 i n . / m m ) m 

the NH fornn held at 87°C by the boi l ing v a p o r s of t r i e h l o r o e t h y l e n e . 

(Ed Note : T h e s e a u t h o r s have s u b s e q u e n t l y shifted to e l e c t r i c a l l y hea t ed 

w a t e r ba th s for ma in t a in ing t he i r c o l u m n s a t e l e v a t e d t e m p e r a t u r e s . ) 

2. R i n s e twice with an equa l vo lume of boi l ing d i s t i l l ed w a t e r . 

3 . E lu te with d e g a s s e d 0. 87M lac t i c ac id a t p H 3 . 0 un t i l the Ho c o m e s 

off. (The r a r e e a r t h s e lu te in r e v e r s e o r d e r to t h e i r a t o m i c n u m b e r ; Y fa l l s 

be tween Ho and Dy. ) 

4. E lu te with 1. 2 5M lac t i c ae id a t pH 3. 0 un t i l the Nd c o m e s off. 

5. E lu te with 1.2 5M l ac t i c ac id a t pH 3. 3 un t i l the La c o m e s off. 

A flow r a t e of 10-25 m l / h r i s u sed and f r ac t i ons a r e taken e v e r y 5-15 

m i n . An a u t o m a t i c f r ac t ion c o l l e c t o r i s a g r e a t a id . Where g r e a t e r p u r i t y 

b e c o m e s n e c e s s a r y it is u s u a l l y l e s s t i m e - c o n s u m i n g to r e c y c l e f r ac t i ons 

r a t h e r than slow down the e lu t ion . Among the r a r e - e a r t h f i s s ion p r o d u c t s 
23 5 239 

of U and P u , it is u s u a l l y d e s i r a b l e to r e c y c l e Ho, Dy, and Tb, s ince 

they a r e a l l u sua l ly c o n t a m i n a t e d with Y ac t iv i ty b e c a u s e of the high f i s s ion 

yield of Y r e l a t i v e to the o t h e r s . This has been found to be t r ue with Tb even 

in c a s e s w h e r e the p e a k - t o - v a l l e y r a t i o of the Y is 10 or g r e a t e r . The 

e lut ion condi t ions u sed h e r e a r e 0. 95M lac t i c ac id a t pH 3 .10 for Ho and Dy 

With Dy it m a y be n e c e s s a r y to divide the f rac t ion into two p a r t s , a D y - r i c h 

and a Y - r i c h f rac t ion , and r e c y c l e each p a r t . (Ed. Note: A r e c y c l e d Dy-Y 

s e p a r a t i o n m a y be p e r f o r m e d m o r e eff ic ient ly by us ing d i e t h y l e n e - t r i a m i n e -

p e n t a a c e t i c ac id (DTPA) . See Ion Exchange Sect ion) . The c o l u m n s used a r e 

iden t i ca l to those p r e v i o u s l y d e s c r i b e d . Any r a r e e a r t h m a y be fu r the r p u 

r if ied by r e c y c l i n g under the e lu t ion condi t ions of i t s o r i g i n a l s e p a r a t i o n . The 

u s u a l e lut ion condi t ions used h e r e for r e c y c l i n g Tb f r ac t ions (and Gd, Eu, and 

Sm) a r e 1. 13M lac t i c ac id a t pH 3 . 10. 

G r a d i e n t e lut ion has been u s e d at th is l a b o r a t o r y with s u c c e s s . T h e r e 

a r e m a n y v a r i a t i o n s of m o l a r i t y , pH, and vo lumes of e luan t s that m a y be used 

in g r a d i e n t e l u t i o n s . The m o s t d e s i r a b l e se t of condi t ions v a r i e s with each 

app l i ca t ion . A s y s t e m that we have found s u c c e s s f u l with the f i s s i o n - p r o 

duct r a r e e a r t h s i s to connec t a r e s e r v o i r conta in ing 330 m l of 1. 1 OM lac t i c 

ac id a t pH 3 . 10 to a loaded Dowex-50 co lumn of the type d e s c r i b e d above and 

connec t a second r e s e r v o i r con ta in ing 1.2 5M l ac t i c ac id a t p H 3 .2 5 to the 

f i r s t m such a m a n n e r that a s a given vo lume i s r e m o v e d f r o m the f i r s t 

r e s e r v o i r half tha t vo lume is r e p l a c e d f r o m the second . This se t of cond i -
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t ions g ives good s e p a r a t i o n of the f i s s i o n - p r o d u c t r a r e e a r t h s in about 30 h r . 

Sample Mounting 

1. Select the a p p r o p r i a t e f r a c t i o n s and c o m b i n e . 

2. P r e c i p i t a t e the hydrox ide by adding cone . NaOH d r o p w i s e un t i l the pH 

e x c e e d s 9. Cent r i fuge , d i s c a r d s u p e r n a t a n t . Wash twice with 10 m l H O . 

(Add Nd c a r r i e r to P m . ) 

3 . D i s so lve in 2 d r o p s 6NHC1 (warming m a y be n e c e s s a r y ) , d i lute to 5 m l 

with H O , hea t to boi l ing, add s a t u r a t e d oxal ic ac id d r o p w i s e unt i l a p r e c i p i t a t e 

f o r m s . Continue d r o p w i s e addi t ion of oxal ic ac id un t i l 2 m l m o r e has b e e n 

added . Boil for 1 m i n . Let cool . 

4. Cent r i fuge , d i s c a r d s u p e r n a t a n t . If r a p i d a n a l y s i s i s r e q u i r e d , t r a n s 

fer to a t a r e d f i l te r p a p e r , w a s h with H-, O unt i l f i l t r a t e does not p r e c i p i t a t e 
+3 with La , w a s h twice with 3 m l of m e t h y l a l coho l . Dry a t 105°C for 30 min , 

cool in a i r 15 min , weigh, mount , and count . (Ed. No te : This d ry ing and 

cool ing p r o c e d u r e r e q u i r e s a m i n i m u m of 45 m i n u t e s . D i r e c t igni t ion to the 

oxide and cool ing to r o o m t e m p e r a t u r e can be done in 10 m i n u t e s if speed i s 

r e q u i r e d . ) 

R E - 3 . NEODYMIUM (RARE EARTHS) 

233 B . E . Gushing 

In t roduc t ion 

In the s e p a r a t i o n of neodymiun:i f r o m other f i s s ion a c t i v i t i e s , a c o m 

bina t ion of hydrox ide and f luor ide p r e c i p i t a t i o n s m the p r e s e n c e of n e o d y m i u m 

and y t t r i u m c a r r i e r s i s f i r s t c a r r i e d out . The r a r e e a r t h s and y t t r i u m a r e 

then p l aced on a D o w e x - 5 0 - X l 2 c a t i o n - e x c h a n g e co lumn in 2M h y d r o c h l o r i c 

ac id . The co lumn is subsequen t ly t r e a t e d with IM a m m o n i u m l ac t a t e 

(at pH 3. 1 4 - 3 . 17) and v a r i o u s f r ac t i ons a r e co l l ec t ed m s a t u r a t e d oxal ic a c i d . 

Y t t r ium e lu tes much e a r l i e r than n e o d y m i u m and is r e c o g n i z e d by the f o r -

nnation of the white p r e c i p i t a t e of the o x a l a t e . E lu t ion of n e o d y m i u m y ie lds a 

blue oxa la te , which is then c o n v e r t e d to the oxide, Nd O , on igni t ion . The 

n e o d y m i u m is weighed and counted in this f o r m . The c h e m i c a l yie ld is about 

80% and a p p r o x i m a t e l y 24 h o u r s a r e r e q u i r e d to ana lyze e ight a l iquo t s of a 

s a m p l e . 
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R e a g e n t s 

Nd c a r r i e r : 15 mg Nd O / m l (added a s Nd O m 3M HCl), s t a n d a r d i z e d 

Y c a r r i e r : 15 mg Y O / m l (added a s Y O in 3M_ HCl) 

Ba c a r r i e r : 10 mg B a / m l (added a s Ba(NO ) m H O ) 

Sr c a r r i e r : 10 mg S r / m l (added a s Sr(NO ) . 4 H O m H O ) 

HCl: 2M 

H C I O , : cone . 
4 

H F : cone . 

H , B O : s a t u r a t e d aqueous so lu t ion 

H-,C O : s a t u r a t e d aqueous so lu t ion 

NH : gas 

A m m o n i u m l a c t a t e : IM (note 1) 

E t h a n o l ; abso lu te 
E q u i p m e n t 

Centr i fuge 

Drying oven 

Sand ba th 

Muffle fu rnace 

Steam ba th 

Blocks for holding cent r i fuge tubes 

F o r c e p s 

Mounting p l a t e s 

P i p e t s : a s s o r t e d s i z e s 

S t i r r i ng r o d s 

Ground-off H i r s c h funne ls : C o o r s OOOA (one p e r a l iquot) 

F i l t e r c h i m n e y s (one p e r a l iquot) 

No. 42 Whatman f i l te r p a p e r : 9 c m 

No. 42 Whatman f i l te r c i r c l e s : 7 /8 in . d i a m e t e r , weighed 

2- ineh , 60° s h o r t - s t e m g l a s s funnels (one p e r a l iquot) 

Wash bot t le 

4 0 - m l con i ca l cen t r i fuge t u b e s : P y r e x 8320 (one p e r a l iquot ) 

4 0 - m l L u s t e r o i d cent r i fuge tubes (one p e r a l iquot ) 

5 -ml con ica l cen t r i fuge t u b e s : P y r e x LG 2578 

5 0 - m l P y r e x b e a k e r s (one p e r a l iquot) 

P o r c e l a i n c r u c i b l e s : C o o r s 00 (one p e r s t a n d a r d i z a t i o n ) 

Au toma t i c F r a c t i o n Co l l ec to r ( P a c k a r d I n s t r u m e n t Company) 

Ion exchange c o l u m n s : The c o n t a i n e r for the r e s i n bed is of the ' c o n d e n s e r ' 

type, 68 c m long, with the i n n e r b o r e about 1. 1 c m in d i a m e t e r and the ou te r 
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j acke t about 3 . 5 c m . The co lumn is hea t ed by m e a n s of the vapor of n - p r o p y l 

a l coho l . The Dowex-50-X12 ca t ion r e s i n (200-400 m e s h ) i s p l aced to a he ight 

of 60 c m in the inne r co lumn of the " c o n d e n s e r . " P r i o r to a c t u a l u s e , the 

r e s m is e q u i l i b r a t e d with about 30 m l of IM a m m o n i u m l ac t a t e (pH 3 . 1 4 - 3 . 17). 

P r e p a r a t i o n and S t anda rd i za t i on of C a r r i e r 

D i s so lve 15. 0 g of h ighes t p u r i t y Nd O (note 2) m 3M HCl and m a k e 

the so lu t ion up to a volume of 1 l i t e r with the a c i d . 

P i p e t 5. 0 m l of this so lu t ion into a 4 0 - m l con i ca l cen t r i fuge tube and 

add 15 m l of s a t u r a t e d H C O so lu t ion . Heat to coagu la te the p r e c i p i t a t e 

wich f o r m s and p e r m i t to s tand for 5 m i n . F i l t e r the p r e c i p i t a t e onto No. 42 

Whatman f i l t e r p a p e r (9 c m ) T r a n s f e r the p r e c i p i t a t e and p a p e r to a weighed 

p o r c e l a i n c r u c i b l e (Coors 00) and ignite a t 800° for 1 h r . Cool and weigh a s 

Nd^O^. 

F o u r s t a n d a r d i z a t i o n s a r e c a r r i e d out with r e s u l t s a g r e e i n g wi thm 0. 5%. 

P r o c e d u r e 

1. To an a l iquot of the s a m p l e m a 5 0 - m l b e a k e r , add 1. 0 m l of s t a n d a r d 

Nd c a r r i e r , 1 m l of Y c a r r i e r and 12 d r o p s of cone . HCIO . F u m e to d r y 

n e s s on a sand ba th and t r a n s f e r wi th 2M HCl to a 4 0 - m l c o n i c a l cen t r i fuge 

tube (note 3). 

2. P a s s m NH gas unt i l p r e c i p i t a t i o n of h y d r o x i d e s is c o m p l e t e . C e n t r i 

fuge, d i s c a r d the s u p e r n a t e , w a s h the p r e c i p i t a t e wi th H^O, and cen t r i fuge 

aga in . D i s c a r d the s u p e r n a t e . 

3 . D i s s o l v e the p r e c i p i t a t e in a m i n i m u m of 2M HCl and t r a n s f e r the so lu 

tion to a 4 0 - m l L u s t e r o i d cen t r i fuge tube . Add 10 d r o p s e a c h of Ba and Sr 

c a r r i e r s and 10-20 d r o p s of cone . H F Cent r i fuge the f luor ide p r e c i p i t a t e and 

d i s c a r d the s u p e r n a t e . 

4 . S l u r r y the p r e c i p i t a t e with 5 d r o p s of s a t u r a t e d H BO and add 10 d r o p s 

of 2M HCl to d i s so lve the p r e c i p i t a t e . Add 10 d r o p s each of Ba and Sr c a r r i e r s 

and aga in p r e c i p i t a t e the f luo r ides with cone H F . Cent r i fuge and d i s c a r d the 

s u p e r n a t e . 

5. S l u r r y the p r e c i p i t a t e with 5 d r o p s of s a t u r a t e d H . BO and add 10 d r o p s 

of 2M HCl to comple t e the so lu t ion p r o c e s s . P a s s m NH, gas unt i l p r e c i p 

i ta t ion of h y d r o x i d e s is c o m p l e t e Cent r i fuge and w a s h the p r e c i p i t a t e with 

H O , d i s c a r d i n g the s u p e r n a t e s . 

6 D i s so lve the p r e c i p i t a t e in a m i n i m u m of 2M HCl and add the so lu t ion 

onto the hea ted Dowex-50-X12 r e s m bed . R i n s e the tube with about 3 m l of 

2M HCl and add the r i n s i n g s to the c o l u m n . 
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7. Allow the l a s t of the HCl so lu t ion to r e a c h the top of the r e s i n bed , and 

then add 15 m l of boi led IM a m m o n i u m l a c t a t e . A t t ach to the ion exchange 

co lumn a 1- l i ter s e p a r a t o r y funnel conta in ing about 300 m l of IM a m m o n i u m 

l a c t a t e . Allow the l ac t a t e to flow under g r a v i t y th rough the r e s m bed . (The 

flow r a t e i s ad jus ted to about 3 m l p e r 10 m m . ) 

8. S ta r t the Au toma t i c F r a c t i o n Co l l ec to r so that l O - m m s a m p l e s a r e c o l 

l ec ted in 5 -ml cen t r i fuge tubes each conta in ing 1 m l of s a t u r a t e d H C O . 

The f i r s t p r e c i p i t a t e to a p p e a r is white Y (C O ) ; th is is d i s c a r d e d . The 

blue Nd (C O ) p r e c i p i t a t e a p p e a r s 12-16 h o u r s a f te r the s t a r t of e lu t ion . 

T h e r e wil l be 10-15 tubes conta in ing the N d . ( C ^ O ) , p r e c i p i t a t e . These a r e 

hea ted for 15 min on a s t e a m ba th and then f i l t e r ed th rough the s a m e No. 42 

Wha tman f i l t e r p a p e r (9 cm) , u s ing a 2 - i n . 60° funnel . The oxala te i s igni ted 

to the oxide a t 800° for 1 h r . 

9. S l u r r y the Nd O, with abso lu t e e thano l and t r a n s f e r to a weighed No. 42 

Whatman f i l t e r c i r c l e ( 7 /8 in . d i a m e t e r ) , us ing a ground-off H i r s c h funnel 

and a f i l t e r c h i m n e y . Wash the p r e c i p i t a t e with e thano l and d r y a t 110° for 

15 m i n . Cool for 30 m m and weigh. Mount and count . 

Notes 

1. The IM a m m o n i u m l a c t a t e so lu t ion is m a d e by mix ing 420 m l of 85% 

lac t i c ac id with 3 580 m l of H O and ad jus t ing the pH to 3 . 1 4 - 3 . 17 wi th NH 

g a s . The w a t e r i s pu r i f i ed p r i o r to use by d i s t i l l a t ion , fol lowed by p a s s a g e 

th rough a d e - i o n i z e r . 

2. The Nd O was suppl ied by R e s e a r c h C h e m i c a l s , I n c . , Burbank , Calif. 

Spec t ro scop i c e x a m i n a t i o n showed the oxide to be m a high s t a t e of p u r i t y . 

3 . If t h e u r a n i u m c o n t e n t of t h e s a m p l e i s h i g h (> 1 m g p e r m l ) , a p u r i 

f i c a t i o n s t e p IS n e c e s s a r y b e f o r e s t a r t i n g s t e p ( 2 ) . R e m o v a l of u r a n i u m i s 

a c c o m p l i s h e d b y s a t u r a t i n g t h e s o l u t i o n a t t h i s p o i n t w i t h H C l g a s a n d t h e n 

p a s s i n g I t t h r o u g h a D o w e x 1 - X 8 ( 1 0 0 - 2 0 0 m e s h ) , c l o r i d e f o r m , a n i o n e x 

c h a n g e c o l u m n ( 0 . 4 c m X 7 cnn ) . T h e c o l u m n i s r i n s e d w i t h t h r e e 2 - m l 

p o r t i o n s of c o n e . H C l . T h e u r a n i u m r e m a i n s o n t h e c o l u m n . 
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R E - 4 RARE E A R T H S (and C e r i u m ) 

544 
G r e e n and M e r c e r 

SEPARATION AND PURIFICATION OF INDIVIDUAL R A R E - E A R T H E L E M E N T S 

FROM FISSION PRODUCTS 

1 The e l e m e n t s to be c o n s i d e r e d a r e c e r i u m p r a s e o d y m i u m , n e o 

dymium, s a m a r i u m , e u r o p i u m gadol in ium, t e r b i u m and the i r ana logue 

y t t r i u m The i so top ic s p e c i e s c o n s i d e r e d a r e : 

Y-90 61 h (see s t r o n t i u m ) 

Y-91 57 d 

Ce-141 32 5 d 

Ce-143 33 h ̂  Pr-143 

Ce-144 282 d - Pr-144 

P r - 1 4 3 13 8 d , 
c a r r i e r - f r e e c e r i u m 

P r - 1 4 4 17 5 m 

Nd-147 11 9 d 

Sm-153 47 h 

E u - 1 5 6 15 4 d 

Gd-159 1 8 h 

Tb-161 7 d 

(Note : 2 7-y P m - 1 4 7 is not often d e t e r m i n e d If th i s i s needed a t r a c e r of 

50-h P m - 1 4 9 m a y be p r e p a r e d by i r r a d i a t i o n of n e o d y m i u m m a r e a c t o r with 

subsequen t i on -exchange pu r i f i c a t i on The p r e s e n c e of s o m e 27-h P m - 1 5 1 is 

i m m a t e r i a l , if a c o m p a r i s o n technique is u sed If 50-h P m - 1 4 9 is r e q u i r e d 

P m - 1 4 7 m a y be used a s t r a c e r m an amoun t suff icient to swamp that growing 

f r o m Nd-147 In these c a s e s s a m a r i u m c a r r i e r is a l s o needed to loca te 

p r o m e t h i u m m the ion exchange s e p a r a t i o n ) 

2 It IS convenient to divide the s e p a r a t i o n into two p a r t s : (a) y t t r i u m 

t e r b i u m , gadol in ium e u r o p i u m , s a m a r i u m , and (b) y t t r i u m n e o d y m i u m 

p r a s e o d y m i u m , c e r i u m T h e r e a r e t h r e e r e a s o n s for mak ing th is d iv i s ion : 

(i) the length of t ime involved m s e p a r a t i n g a l l eight e l e m e n t s in one 

e x p e r i m e n t , (ii) the l a r g e d i f f e r ences in f i s s ion yield, (iii) the d i f fe rence m 

h a l f - l i v e s Y t t r i u m is inc luded m p o r t i o n (a) a s a ' h n a k e r " e l e m e n t , and need 

only be d e t e r m i n e d m (b). P o r t i o n (b) i s left for 12 days a f t e r f i s s ion , to a l 

low c o m p l e t e decay of C e - 1 4 3 (see below) To the l a r g e r p o r t i o n the following 

c a r r i e r s a r e added : 0. 5 mg e a c h y t t r i u m , t e r b i u m , gadol in ium, p lus 1 0 m g 

e a c h e u r o p i u m and s a m a r i u m To the s m a l l e r p o r t i o n the following c a r r i e r s 

a r e added : 1 0 mg each y t t r i u m , neodyrnium, p r a s e o d y m i u m , c e r i u m , and 

p r o m e t h i u m t r a c e r and s a m a r i u m c a r r i e r if needed 
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3. It i s p o s s i b l e to s e p a r a t e a l l the r a r e e a r t h s f r o m y t t r i u m to p r a s e 

odymium by the u s e of "graded e lu t ion , " v iz . the s low i n c r e a s e in c o n c e n 

t r a t i o n of the e luant , a t a c o n s t a n t p H of 4. 00, f r o m 28 g / l i t e r i n i t i a l l y to 

52 g / l i t e r f inal ly . This p r o d u c e s a m o r e even spac ing of the p e a k s . 0. 5 -mg 

quan t i t i e s of e a c h c a r r i e r a r e u s e d . 

4. Outline of P u r i f i c a t i o n Scheme 

Two f l u o r i d e - h y d r o x i d e c y c l e s . 

RE p a s s e d th rough A m b e r l i t e CG400 in c o n c e n t r a t e d h y d r o c h l o r i c a c i d . 

R E p a s s e d th rough A m b e r l i t e CG400 in 4M h y d r o c h l o r i c a c i d . 

R e m o v a l of c e r i u m by p r e c i p i t a t i o n a s c e r i c l o d a t e . 

RE s e p a r a t e d by e lu t ion f r o m Z E O - K A R B 22 5 c a t i o n - e x c h a n g e 

r e s i n with a - h y d r o x y - i s o b u t y r i c ac id so lu t ion . 

5. P r o c e d u r e 

1. Add to the s a m p l e 0. 5 mg e a c h of r e q u i r e d r a r e - e a r t h c a r r i e r s and of 

c e r i u m c a r r i e r if not a l r e a d y p r e s e n t ; fume down with 0. 2 m l p e r c h l o r i c ac id 

and 0. 1 m l c o n c e n t r a t e d n i t r i c ac id . 

2 D i s s o l v e the r e s i d u e in 1 m l IM n i t r i c ac id , add 0. 5 nag z i r c o n i u m c a r 

r i e r and 0. 5 m l 2M a m m o n i u m f luor ide so lu t ion . Allow the p r e c i p i t a t e to 

s tand for 5 m i n u t e s and c e n t r i f u g e . 

3 . D i s s o l v e the R E f luor ide p r e c i p i t a t e in 1 d rop s a t u r a t e d b o r i c ac id + 

0. 4 rnl c o n c e n t r a t e d n i t r i c ac id , add 1 m g b a r i u m c a r r i e r , d i lu te to 2 m l , and 

p a s s a m m o n i a g a s . Cent r i fuge p r e c i p i t a t e and w a s h once with 2 m l of w a t e r . 

4 . R e p e a t s t ep s (2) and (3). 

5. D i s so lve the hydroxide in c o n c e n t r a t e d h y d r o c h l o r i c ac id and e v a p o r a t e 

to d r y n e s s . Take up the r e s i d u e m 0. 5 ml c o n c e n t r a t e d h y d r o c h l o r i c ac id 

and t r a n s f e r to an A m b e r l i t e CG400 an ion co lumn (4 c m X 5 m m ) . Wash the 

co lumn s u c c e s s i v e l y with 4 X 0. 5 m l c o n c e n t r a t e d h y d r o c h l o r i c ac id 

6. E v a p o r a t e the effluent to d r y n e s s , take up m 0. 5 m l 5M h y d r o c h l o r i c 

ac id and t r a n s f e r to an A m b e r l i t e CG400 co lumn (4 c m X 4 m m ) . Wash the 

co lumn s u c c e s s i v e l y with 4 X 0 . 5 ml 4M h y d r o c h l o r i c a c i d . 

7. E v a p o r a t e the effluent to d r y n e s s and d i s s o l v e m 0 . 4 m l c o n c e n t r a t e d 

n i t r i c a c i d . Add 1 m l 0 .35M iodic ac id and a p p r o x i m a t e l y 10 mg sod ium 

b r o m a t e p o w d e r . W a r m solut ion and s t i r wel l unt i l c e r i c lodate c o a g u l a t e s . 

Note t ime of f i r s t s e p a r a t i o n . Cent r i fuge c e r i c lodate and wash with 2 x 1 m l 

w a t e r . R e s e r v e c e r i c lodate if n e c e s s a r y for f u r t h e r c e r i u m p u r i f i c a t i o n 

Isample (b) only] 

8. E v a p o r a t e the s u p e r n a t e and w a s h e s to d r y n e s s . Add 1 m l c o n c e n t r a t e d 

h y d r o c h l o r i c ac id and r e - e v a p o r a t e . D i s so lve the r e s i d u e m w a t e r and p r e -
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R E - 4 (Continued) 

c ip i t a te RE with a m m o n i a . Cent r i fuge and w a s h with 2 m l w a t e r . Sepa ra t e by 

the i o n - e x c h a n g e method be low. 

TO CONDENSER 

PREHEATER 

ELUANT 

(^GRADED ELUTION) 

ELUANT 

(NOT GRADED 

I , ELUTION) 

it 
CAPILLARY TUBING 

ZEOCARB 
2 2 S 

TRICHLORETHYLENE 
VAPOUR FROM 

BOILER 

MAGNETIC 
STIRRER 

F i g . 104. I o n - e x c h a n g e c o l u m n a p p a r a t u s . 

6. Sepa ra t i on Method 

6. 1. A p p a r a t u s . The ion -exchange co lumn a p p a r a t u s i s shown in F i g . 104. 

The m a i n co lumn of a tube 22 c m long X 6 m m d i a m e t e r s u r r o u n d e d by a 

hea t ing j a cke t . P . V. C. tubing c o n n e c t s the p r e h e a t e r to a g r a v i t y feed r e s 

e r v o i r . A p r e s s u r e head of e luan t i s ad jus ted to give the c o r r e c t flow r a t e . 

The r e s e r v o i r is a 4 0 - m l f lask with connec t ions a s shown. 

6. 2. R e s i n . This is Z E O - K A R B 225 (20-30 ^) p r e p a r e d and p r e t r e a t e d a s in 

Sect ion 3C (see ref. 544). 

6 . 3 . Co lumn p a c k i n g . The c o l u m n i s f i l led with d i s t i l l ed w a t e r and th is i s 

a l lowed to a t t a in e q u i l i b r i u m t e m p e r a t u r e . The condi t ioned r e s i n i s hea t ed 

on a s t e a m ba th , s l u r r i e d into the co lumn, and a l lowed to se t t l e with no flow 

197 
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of w a t e r . The r e s m bed is e q u i l i b r a t e d with about 10 m l of e luan t followed 

by 10 m l w a t e r , and is then r e a d y for u s e . When not m u s e the bed is kept 

unde r d i s t i l l ed w a t e r . (N B . , the co lumn m u s t be f ree f r o m b u b b l e s . ) 

6 . 4 . E luan t 

1. F o r the y t t r i u m , t e r b i u m , gado l in ium, e u r o p i u m , s a m a r i u m g r o u p the 

eluant is a - h y d r o x y - i s obu ty r i c acid ( 3 . 1 g / l i t e r ) ad jus ted to a pH of 4 . 0 0 wi th 

c o n c e n t r a t e d a m m o n i a . 

2. F o r the y t t r i u m , n e o d y m i u m , p r a s e o d y m i u m g r o u p the e luant is a -

h y d r o x y - i s o b u t y r i c ac id (42 g / l i t e r ) ad jus ted to a pH of 4 . 0 0 wi th c o n c e n t r a t e d 

a m m o n i a . 

3. F o r g r a d e d e lu t ion, p r e h e a t e r and r e s e r v o i r a r e f i l led with 2 8 - g / l i t e r 

a - h y d r o x y - i s o b u t y r i c acid- a vo lume of about 30 m l is r e q u i r e d for the p r e 

h e a t e r and a fu r the r 40 m l is u sed m the r e s e r v o i r . The feed to the r e s e r v o i r 

IS 5 2 g / l i t e r a - h y d r o x y - i s o b u t y r i c ac id . The pH is 4 . 0 0 for both s o l u t i o n s . 

D i s s o l v e each oxa la te p r e c i p i t a t e m 0 .5 m l n i t r i c acid + 0 . 5 m l p e r 

c h l o r i c ac id and e v a p o r a t e to d r y n e s s m a 5 - m l b e a k e r . Add a f u r t h e r 0. 5 ml 

n i t r i c ac id + 0 . 5 m l p e r c h l o r i c acid and r e - e v a p o r a t e to d r y n e s s on a hot 

p l a t e . ( T r a c e s of oxal ic acid i n t e r f e r e with c h e m i c a l - y i e l d d e t e r m i n a t i o n . ) 

D i s so lve r e s i d u e m 1 ml w a t e r and p r e c i p i t a t e hydrox ide with a m m o n i a . C e n 

t r i fuge p r e c i p i t a t e and w a s h wel l with w a t e r . 

D i s so lve m 0. 1 ml of IM h y d r o c h l o r i c ac id , di lute su i tab ly and take 

a l iquots for counting and c h e m i c a l y i e ld . 

7. C e r i u m P u r i f i c a t i o n 

7. 1. Outl ine of pur i f i ca t ion s c h e m e . (As m Sec t ion 4, plus two p r e c i p i t a t i o n s 

of c e r i c l o d a t e . ) 

1. D i s s o l v e the c e r i c lodate f r o m Sec t ion 5, s t e p (7) by adding 1 d r o p IM 

h y d r o c h l o r i c acid + 1 d r o p 10 vo lume % h y d r o g e n p e r o x i d e + 0 , 4 m l c o n c e n 

t r a t e d n i t r i c ac id . Add 1 m l 0. 35M iodic acid so lu t ion followed by 10-20 mg 

sod ium b r o m a t e . Heat m w a t e r bath unti l p r e c i p i t a t e c o a g u l a t e s . Cent r i fuge 

p r e c i p i t a t e and wash twice with w a t e r . 

2. Repea t s t ep (1) noting t i m e of the l a s t c e r i c lodate p r e c i p i t a t i o n , if 

C e - 1 4 3 IS to be ca l cu la t ed f rom the c e r i u m s o u r c e . 

3. D i s s o l v e as m s t ep (1), p a s s sufficient sulfur dioxide to d e c o l o r i z e 

l odme , and p r e c i p i t a t e c e r i u m as hydrox ide with a m m o n i a . Wash once with 

w a t e r . 

4 . D i s so lve in 1 d rop IM h y d r o c h l o r i c ac id and m a k e up to conven ien t 

\ o lume Weigh out p o r t i o n s for c h e m i c a l y ie ld and count ing . 
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8. Source Preparat ion 

Evaporate a weighed portion to dryness on distrene foil in the usual way. 

Dissolve in 1 to Z drops of water and precipitate RE in situ either as fluoride 

or hydroxide. To do this place 1 drop of concentrated hydrofluoric acid or 

concentrated ammonia solution alongside the main drop and re-evapora te . 

The method gives a more uniform nondeliquescent source. 

6. 5. Separation procedure. Almost fill the preheater with eluant, so that it 

reaches equilibrium temperature . Dissolve the r a r e - e a r t h hydroxide in 0. 1 

ml of IM hydrochloric acid. 

Remove excess water plus about 1 cm res in (for use as a tamper) from 

the top of the bed and place in a test tube on the steam bath. The top of the 

bed should now be horizontal . 

With the first sample tube in position, place the RE solution on the res in 

bed and allow to percolate under gravity until the meniscus is just above the 

res in . Wash the test tube which has contained the r a r e earths with two sep

arate 0. 1-ml portions of hot water, and transfer this to the res in in a similar 

manner. Replace the tamper, allow it to settle and remove any excess water. 

Introduce the eluant above the surface of fhe column carefully via the preheater 

and adjust the height of the reservoi r to give a flow rate of 12 m l / h r . 

6. 6. Elution. Collect the solution in 1-nnl fractions using an automatic f rac

tion collector. The break-through volumes for a typical batch of res in a r e : 

a-hydroxy-isobutyric acid a-hydroxy-isobutyric acid 

(3. 12 g/ l i ter , pH 4. 00) (41. 6 g/ l i ter , pH 4. 00) 

Sc 

Y 

Tb 

Gd 

E u 

Sm 

6 ± 1 ml 

13 ± 1 ml 

18 ± 1 ml 

30 ± 2 ml 

43 ± 2 ml 

65 ± 2 ml 

Y 

Nd 

P r 

5 ± 1 ml 

38 ± 2 ml 

57 ± 2 ml 

After collection of these fractions, flush out and reject the res in . 

6. 7. Treatment of fractions. Add 0. 3 ml of saturated oxalic acid to each tube. 

Each element will then precipitate in one or more tubes. Combine the tubes 

containing the sanne element, centrifuge, and wash once with dilute oxalic 

acid solution. If promethium is being determined, there will be an obvious 

gap between the precipitates of neodymium and of the samarium used as a 

marker . Combine the center tubes and add 0. 1 mg of neodymium to col

lect the promethium. 
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Sc - 1 . SCANDIUM (p"*" Emitte r s) 

Threshold Detector Group 

Radiochemistry 

UCRL, Livermore 

May, 1958; Revised 10/28/58 

This procedure is for troehoidal analyzer samples (B emit ters) , not p 

pure . 

1 5 Purification; From a 5-day-old solution containing 1.1 X 10 fissions only, 
4 

a sample was obtained which had a beta activity of 2.2 X 10 cpm. 

Chemical Yield: About 75%. 

Procedure 

1. To a 25-ml solution of mixed activities in 6M HCl in a 40-ml glass 

centrifuge cone, add 10 mg of scandium ca r r i e r and a 10 mg of Ce , ~ 5 mg 

of Te"*"̂  and a 2 mg of Zr. Add cone. NH.OH in excess . Centrifuge the Sc(OH) 

and discard the supernatant. Wash the precipitate twice with a 15 ml of water 

to remove salts and especially any Na ions. Centrifuge and discard the wash 

solutions. 

2. Dissolve the precipitate by adding 1-2 ml of 6M HNO-. Transfer the 

solution to a 50-ml Lusteroid tube with a 4 ml of water. Add an equal volume 

of Na-free 6M NH F, making the final solution a 3M in NH F and pH 4-5 . 

Heat in a hot bath for a 3 minutes. Cool and centrifuge. Pour the super

natant into a new 50-ml Lusteroid tube. Add 10 ml of 3M NH.F to the p r e -
— 4 

cipitate. Heat for 3 minutes. Cool and centrifuge, combining this super

natant with the previous one. Wash the CeF , with a 5 ml of water. Centrifuge 

and combine supernatants. Discard the C e F , . 

3. To the Sc solution, add 1 ml of sat. KBrO, soln. and heat in a hot bath 

for a 5 min. Then add a 10 ml cone. HNO . The pH should be a 0. 3 (or less) . 

Heat in a hot bath for a 5 min more . Cool to room tempera ture . Centrifuge 

and discard the supernatant. Wash the precipitate with a 5 ml of water . 

Centrifuge and discard supernatant. Dissolve the ScF, by adding » 1 ml of 

5% H BO . Mix thoroughly. Heat in hot bath for a 3 minutes. Add 2 ml cone. 

HNO . Transfer the solution to a 40-ml glass cone using 2 ml 6M HCIO . 

Heat carefully to strong fumes of HCIO.. Dilute to a 20 ml with water. P r e 

cipitate Sc(OH), by adding an excess of cone. NH OH. Centrifuge and discard 

the supernatant. Wash the ppt. once with a 30 ml of water. 

4. Dissolve the Sc(OH), in a 20 ml of 0. IM HCl (pH is 1.5-2.0). Transfer 

the solution to a 60-ml cylindrical separatory funnel. Add a 30 ml of 0. 40M 

TTA in benzene and stir vigorously for a 3 minutes. Drain aqueous layer 
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Se-1 (Continued) 

and wash organic layer four times with a 20 ml of 0. 05M HCl for a 3 minutes 

each t ime. 

Back-extract the scandium with a 20 ml of 2M HCl, s t i r r ing for 2 

minutes. Allow layers to settle a few nninutes before draining aqueous layer . 

5. Precipitate Sc{OH), with an excess of NH OH. Centrifuge and discard 

the supernatant. Wash the precipitate with a 30 ml of water . 

6. Dissolve the precipitate with 0. 5 ml of cone. HCl. Add a 30 ml of IM 

ammonium tar t ra te and add cone. NH OH dropwise until pH 7-8 (bromothymol 

blue turns from yellow to blue), then add 4 drops more . Heat in a boiling 

water bath for a 20 minutes. Cool to room temperature . Centrifuge and 

discard the supernatant. Wash the scandiunn amnnonium tar t ra te with 20 ml 

of water and centrifuge, discarding the supernatant. 

7. Dissolve the precipitate in 5 ml of IM HCl and filter through 9-em No. 

40 Whatman paper . Then add 20 ml IM HCl and add a 2 ml of 30% H PO 

(hypophosphorous acid) to the fi l trate. Heat on a hot (a 95°C) bath for 90 minutes. 

Cool and filter through a tared, 2. 5-em-diameter, No. 542 Whatman filter paper 

using a filter-chimney setup. Wash with water and methanol. Suck dry for » 

2 minutes before removing chimney. Dry in oven at a 110°C for a 10 minutes. 

Weigh, nnount and count p ' s on troehoidal analyzer. 

Sc-2. SCANDIUM (p" Pure) 

Threshold Detector Group 

Radiochemistry 

LRI^, Livermore 

1-9-59 

This procedure is for p pure samples. 

Purification: From a two-week-old solution containing 1.1 X 10 fissions, 

a sample was obtained which had a beta activity of about 50 cpm (with a 3 5% 

geometry). 

Chemical Yield; a 65% 

Separation Time; a 6 hours 

Procedure 

1. To a 25-ml solution of mixed activities in 6M HCl in a 40-ml glass 

centrifuge cone, add 10 mg of scandium ca r r i e r , a 10 mg of Y, a 5 mg of 
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Te"*"^ and a 2 mg of Z r . Add 2 m l of 6% H SO and 1 m l of IM H P O . Stir 

and hea t on a hot ba th for 5 m i n u t e s . Cool to r o o m t e m p e r a t u r e . Cent r i fuge 
+4 and d i s c a r d the p r e c i p i t a t e . To the s u p e r n a t a n t add a 2 mg Z r and 2 mg Te 

and heat , r e p e a t i n g the Z r p h o s p h a t e - T e m e t a l s c a v e n g e . D i s c a r d the p r e 

c i p i t a t e . P o u r the s u p e r n a t a n t into a 5 0 - m l L u s t e r o i d tube . Add cone . NH OH 

in e x c e s s . Cent r i fuge the Se(OH), and d i s c a r d the s u p e r n a t a n t . Wash the p r e -
-' + 

c ip i ta te twice with a 15 m l of w a t e r to r e m o v e sa l t s and e s p e c i a l l y any Na i o n s . 

Centr i fuge and d i s c a r d the wash so lu t i ons . 

2. D i s so lve the p r e c i p i t a t e by adding a few d r o p s of 6M HNO_. Add 5 m l of 

w a t e r . Add an equa l vo lume of N a - f r e e 6M NH F, mak ing the f inal so lu t ion 

a 3M in NH F and pH 4 - 5 . Heat in a hot ba th for a 3 m i n u t e s . Cool and 

cen t r i fuge . P o u r the s u p e r n a t a n t into a new 5 0 - m l L u s t e r o i d tube . Add 10 m l 

of N a - f r e e 2M N H . F to the p r e c i p i t a t e . Heat for 3 m i n u t e s . Cool and c e n -

t r iguge , combin ing this s u p e r n a t a n t with the p r e v i o u s one . Wash the YF 

with a 5 m l of w a t e r . Cent r i fuge and combine s u p e r n a t a n t s . D i s c a r d the Y F , 

3 . To the Sc solut ion add 1 m l of s a t . K B r O , so ln . and hea t in a hot ba th 

for a 5 m m . Then add a 10 m l cone . HNO . The pH should be a 0 .3 (or l e s s ) . 

Heat in a hot ba th for a 5 m i n u t e s m o r e . Cool to r o o m t e m p e r a t u r e . C e n 

tr i fuge and d i s c a r d the s u p e r n a t a n t . Wash the p r e c i p i t a t e with a 5 m l of 

w a t e r . Centr i fuge and d i s c a r d s u p e r n a t a n t . Disso lve the S c F by adding 1 m l 

of 5% H , B O . Mix thoroughly . Heat in hot ba th for a 3 m i n u t e s . Add 2 m l 

cone . H N O , . T r a n s f e r the so lu t ion to a 4 0 - m l g l a s s cone us ing 2 m l 6M 

HCIO Heat ca re fu l ly to s t r ong fumes of HCIO . Dilute to a 20 m l with 

w a t e r . P r e c i p i t a t e Sc(OH) by adding an e x c e s s of cone . NH OH. Cent r i fuge 

and d i s c a r d the s u p e r n a t a n t . Wash the p r e c i p i t a t e once with a 30 m l of w a t e r . 

4 Di s so lve the S c ( O H ) i n a 20 m l of 0. IM HCl (pH IS 1. 5 - 2 . 0 ) . T r a n s f e r 

the so lu t ion to a 6 0 - m l c y l i n d r i c a l s e p a r a t o r y funnel . Add a 30 m l of 0. 40M 

TTA in benzene and s t i r v igo rous ly for a 3 m i n u t e s . D r a i n aqueous l a y e r and 

wash o rgan ic l a y e r four t i m e s with a 20 m l of 0. 0 5M HCl for a 3 m i n u t e s 

each t i m e . 

B a c k - e x t r a c t the s c a n d i u m with a 20 m l of 2M HCl, s t i r r i n g for 2 

m i n u t e s . Allow l a y e r s to se t t l e a few m i n u t e s be fore d ra in ing aqueous l a y e r . 

5. P r e c i p i t a t e Sc(OH), with an e x c e s s of NH.OH. Centr i fuge and d i s c a r d 

the s u p e r n a t a n t . Wash the p r e c i p i t a t e with a 30 m l of w a t e r . 

6. D i s so lve the Sc(OH) with a 8 ml of cone . HCl . P a s s the solut ion ( a 10 

m l to ta l volume) th rough a Dowex-1 an ion -exchange r e s i n co lumn (7 c m in 

length X 6 m m 1. d. , 50-100 m e s h ) . Wash the co lumn with a 4 m l of 1 2M HCl. 

Col lec t and combine both so lu t i ons . 

7 P r e c i p i t a t e Sc(OH), with an e x c e s s of cone . NH OH Cool, cen t r i fuge 

202 



Se-2 (Continued) 

and discard supernatant. Wash the precipitate with a 30 ml of water . 

8. Dissolve the Se(OH) with 3 drops of cone. HCL. Add a 1 5 ml of sat

urated NH SCN solution. Final solution should not be more aeid than a pH 
4 

0. 8. Transfer the solution to a 60-ml cylindrical separatory funnel. Add a 

25 ml of ethyl n-butyl ketone (3-heptanone), (Note 1) Stir the layers vigorously 

for 2 minutes using a motor-driven glass s t i r r ing-rod paddle. Drain and 

discard the aqueous layer. Wash the organic layer three times with a 15 nnl 

of saturated NH SCN solution for a 1 minute per wash. Discard the aqueous 

layers . 

Back-extract the Sc from the ketone using two 7-ml portions of 6M HCl 

for 1 minute. Discard the organic layer . 

9. Precipitate Sc(OH) by adding an excess of NH OH. Dilute to a 40 ml 

with water. Cool to room temperature, centrifuge and discard the supernatant. 

Wash the Sc{OH), with a 30 ml of water. 

10. Dissolve the precipitate with 0. 5 ml of cone. HCl. Add a 30 ml of IM 

ammonium tar t ra te and add cone. NH.OH dropwise until pH 7-8 (bromothymol 

blue turns fronn yellow to blue), then add 4 drops more . Centrifuge and discard 

any precipitate, broken glass, etc. Heat in a boiling water bath for a 20 min

utes . Cool to room temperature . Centrifuge and discard the supernatant. 

Wash the scandium ammonium tar t ra te with a 20 ml of water and filter through 

7-em No. 42 Whatman paper . Ignite to Se O, in a furnace for a 20 minutes 

at 800°C in a No. 00 Coors porcelain crucible. Weigh, mount and count in a 

scintillation counter or beta counter. 

Note 1; Ethyl n-butyl ketone is more specific for Se than is hexone (methyl 

isobutyl ketone) which might have been used. Therefore this extraction with 

the washes gives a better separation from thorium and the r a r e ear ths . 
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S e - 3 . SCANDIUM ( C a r r i e r - F r e e ) 

307 
P r o c e d u r e by ; A n d e r s T i m e for s e p a r a t i o n ; 4 h o u r s 

T a r g e t M a t e r i a l ; Ti E q u i p m e n t R e q u i r e d ; 

Type of Bbdt ; 7. 8-Mev D e u t e r o n s 4 P y r e x b e a k e r s (50 -ml ) ; cen t r i fuge ; 

•ir- i j ,-/Mi7 cent r i fuge tubes , 4 0 - m l , 1 5 - m l ; 
Yield; a50% & . . > 

p l a t i n u m w i r e , 6- inch; E r l e n m e y e r 
Degree of P u r i f i c a t i o n : a 10 n i T m i j - • j 

2 f lask, 2 5 0 - m l ; m e d i c i n e d r o p p e r s ; 
g l a s s f t i t f i l t e r funnel, c o a r s e ; 

Whatman 42 f i l t e r p a p e r ; m i c r o p i p e t , 

50 \ ; s m a l l i o n - e x c h a n g e co lumn, 

Dowex-2 r e s i n (200-400 m e s h ) ; con 

duct iv i ty w a t e r ; c o n e . H,SO^, HNO, . 

•' 2 4 3 

HCl, NH^OH; 30% H^O^; NaOH (solid 

p e l l e t s ) ; N a H C O , ( s a t u r a t e d solut ion) KCIO ( c r y s t a l s ) ; H C l - g a s tank . 

P r o c e d u r e 

1. P l a c e t r a c e r s cand ium in s m a l l b e a k e r , add Myla r s u b s t r a t e . Add 2 

nnl cone . H SO p lus a few d r o p s of 3 0% H O . Add b o m b a r d e d t i t an ium foil, 

hea t unt i l d i s s o l v e d . Oxidize p u r p l e so lu t ion with few d r o p s of HNO, ( some 

TiO p r e c i p i t a t e s a t th is point , if so lu t ion i s too hot, but th is does not i n t e r 

f e r e ) . (Note 1) 

2. T r a n s f e r to 5 0 - m l cen t r i fuge cone and p r e c i p i t a t e TiO . aq . with s e v e r 

a l p e l l e t s of NaOH. Wash tw ice . 

3 . D i s so lve with cone . HCl . (If so lu t ion is not connplete, t r y adding w a t e r 

and hea t gent ly) . Centr i fuge and t r a n s f e r s u p e r n a t e to a n o t h e r cen t r i fuge 

cone . 

4. Add s lowly a s a t u r a t e d solut ion of NaHCO unt i l in i t i a l p r e c i p i t a t e s t i l l 

d i s s o l v e s on s t i r r i n g . (Note 2) 

5. Heat gent ly to effect homogeneous p r e c i p i t a t i o n of T iO . aq . Do not 

p e r m i t the pH to r i s e above about 5. 5. 

6. R e p e a t s t eps (3), (4), and (5) and combine the s u p e r n a t e with that of 

s tep (5). 

7. Sa tura te combined s u p e r n a t e s with HCl gas (cool.' ). Centr i fuge off the 

NaCl . 

8. E v a p o r a t e to 5 m l and r e p e a t s tep (7). 

9. Add a c r y s t a l of KCIO , shake and t r a n s f e r to a s m a l l a n i o n - e x c h a n g e 

co lumn c h a r g e d with 1 m l Dowex-2 r e s i n which has been s a t u r a t e d with cone . 

HCl conta in ing a few mg KCIO, p e r 100 m l . 

10. P e r m i t to a b s o r b . When l iquid l eve l r e a c h e s the r e s i n bed add 5 d r o p s 
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S e - 3 (Continued) 

of cone . HCl with K C I O , and p e r m i t aga in to r e a c h the bed l e v e l . E lu te the 

s c a n d i u m ac t iv i ty with a p p r o x i m a t e l y 12 m l c o n e . H C I - K C I O , . 

1 1 . P o u r the e lua te r a p i d l y into a 2 5 0 - m l E r l e n m e y e r f lask conta in ing 30 

m l of a so ln . m a d e of 11 p a r t s 8N NH OH and 1 p a r t 30% H O Shake v i g 

o r o u s l y . (Note 3) 

12. After fumes subs ide , cool the c l e a r so lu t ion and p a s s it twice th rough 

a double l a y e r of Whatnnan 42 f i l t e r p a p e r pos i t i oned over a g l a s s f r i t funnel . 

(The s c a n d i u m ac t iv i t y r e m a i n s on the f i l t e r in r a d i o - c o l l o i d a l f o r m . ) 

13 . Wash f i l t e r p a p e r wi th 10 m l of the m i x t u r e of s tep (11) to which about 

3 nnl cone . HCl has b e e n added . 

14. Wash wi th 5 m l a lka l ine d i s t i l l ed w a t e r followed by a w a s h with 5 m l 

conduct iv i ty w a t e r . 

15. E lu te the s cand ium ac t iv i t y f r o m the f i l t e r p a p e r b y p a s s i n g 5 m l of 

4M HCl twice th rough the f i l t e r p a p e r ( some of the ac t i v i t y wi l l s t i l l r e m a i n 

on the p a p e r , but m o s t of i t wi l l be e lu t ed ) . 

16. E v a p o r a t e to n e a r d r y n e s s and p l a t e for count ing . 

Note 

1. The Myla r i s d i s s o l v e d f i r s t , s ince t i t a n i u m f o r m s a p r e c i p i t a t e in hot 

cone . H , S O so lu t ion conta in ing p e r o x i d e . 

2. Ti(OH) i s p r e c i p i t a t e d honnogeneously f r o m a so lu t ion of pH 2, while 

the Sc(OH), p r e c i p i t a t e s only when pH r e a c h e s 7. 

3 . A sudden i n c r e a s e of the pH in a s t r o n g l y oxidiz ing m e d i u m t r a n s f o r m s 

any t i t an ium p r e s e n t into the t i t ana te ion whose a m m o n i u m s a l t i s so lub le , 

while the t r a c e a m o u n t of s cand ium, be ing inso luble in the m e d i u m , " p r e c i 

p i t a t e s " in the f o r m of a r a d i o - c o l l o i d . 

S c - 4 . SCANDIUM 

e ..• u 233 Sa t t i zahn 

1. In t roduc t ion 

The p r o c e d u r e d e s c r i b e d h e r e i n for the d e t e r m i n a t i o n of r a d i o - s c a n d i 

um in the p r e s e n c e of f i s s i o n - p r o d u c t m a t e r i a l i s an a l t e r n a t i v e to that given 

in LA-1566 , pp . 4 3 - 4 9 . 

E x c e l l e n t d e c o n t a m i n a t i o n of r a d i o - s c a n d i u m is ach i eved by s ix s u c 

c e s s i v e app l i c a t i ons of the following c y c l e ; 
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Sc-4 (Continued) 

1. Lanthanum fluoride scavenging is done in a medium which is slightly 

acidic and contains a large excess of fluoride ion. This step gives separation 

from r a r e - e a r t h activities; the fluoride ion keeps scandium in solution, p r e 

sumably as the strongly complexed ScF ion. 

2. Iron hydroxide scavenging is car r ied out. 

3. The destruction of the S c F ' complex is accomplished by means of eon-
4 

centrated perchloric acid. This resul ts in the precipitation of ScF which is 
then dissolved in ammonium hydrogen fluoride solution. 

At the end of the final cycle, ScF is dissolved in boric acid solution 

and is converted to the hydroxide. Scandium is finally precipitated as K ScF, 

in which form it is weighed and counted. The chemical yield is about 50%. 

2. Reagents 

Sc c a r r i e r ; 15 mg Sc-ml (added as ScCl, in dilute HCl), standardized 

Fe c a r r i e r ; 10 mg Fe -mi (added as FeCl . 6H O in very dilute HCl) 

La c a r r i e r ; 10 mg La-ml (added as La(NO,), . 6H^O in very dilute HNO,) 

HCl; 6M 

HNO : cone. 

HCIO^: cone. 4 
NH.OH: cone. 4 
H BO : saturated aqueous solution 

NH.HF, ; mixture of 2 volumes of 6M NH OH and 1 volume of 27M HF 4 2 — 4 — 
NH NO : 2% aqueous solution 

KF; saturated aqueous solution 

Methyl red indicator soln; 0. 5% in 90% ethanol 

Aerosol: 0. 1% aqueous solution 

Zapon solution: 6. 0 mg Zapon in 2 5 drops of Zapon-ethanol solution 

Methanol; absolute 

3. Equipment 

Drying oven 

Muffle furnace 

Centrifuge 

Block for holding centrifuge tubes 

Mounting plates 

Forceps 

Pipets ; assor ted sizes 

100-ml beakers (one per standardization) 

Ground-off Hirsch funnels: Coors OOOA (one per sample) 
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Se-4 (Continued) 

Fil ter chimneys (one per sample) 

Porcelain crucibles: Coors 00 (one per standardization) 

No. 42 Whatman filter c i rc les : 7-8 in. diameter 

No. 42 Whatman filter paper: 9-cm 

2-in. 60° funnels (one per standardization) 

40-ml conical centrifuge tubes; Pyrex 8320 (two per sample) 

40-ml Lusteroid centrifuge tubes (13 per sample) 

Steam bath 

Stirring rods 

Wash bottle 

4. Preparat ion and Standardization of Car r i e r 

Dissolve 15.33 g of S c , 0 in a minimum of cone. HCl, add an ad

ditional 5 ml of HCl, and make the solution up to a volume of 1 liter with 

H^O. 

Pipet exactly 5 ml of the above ca r r i e r solution into a 100-ml beaker 

and dilute to 20 ml with H O . Add 5 ml of cone. NH OH to precipitate Sc(OH) . 

Fi l ter the solution through No. 42 Whatman filter paper (9-em), using a 2-in. 

60° funnel. Rinse the beaker with 5 ml of 0. IM NH CI and filter the washings 

through the paper containing Sc(OH) . Transfer the precipitate to a weighed 

Coors 00 porcelain crucible and igmte at 900° for 1 hour. Cool and weigh. 

Two standardizations gave resul ts agreeing within 0.3%. 

5. Procedure 

1. To an aliquot of the sample in a 40-nnl conical, glass centrifuge tube add 

exactly 1 ml of Sc ca r r i e r and 4 drops of La ca r r i e r and dilute to 20 ml . Add 

cone. NH OH to precipitate Sc(OH),. Centrifuge and discard the supernate. 

Wash the precipitate with 30 ml of 2% NH.NO and discard the washings. 

2 Dissolve the precipitate in 6M HC10„. Add 3 ml of NH HF, solution, '̂  — 4 4 2 
1 drop of methyl red indicator solution, and cone. NH OH until the solution is 

just acidic to the indicator. Make the volume up to 10-12 ml, centrifuge, t rans

fer the supernate to a 40-ml Lusteroid tube, and discard the precipi tate . 

3. To the solution add 4 drops of La car ier , 5 drops of Fe ca r r i e r , and 
1. 5 ml of cone. NH.OH. Dilute to 20 ml and heat on a steam bath for 2 min 4 
to coagulate the Fe(OH) precipitate. Centrifuge, transfer the supernate to 

a clean 40-nnl Lusteroid tube, and discard the precipi tate . 

4. Add 6 ml of cone. HCIO to the supernate and heat for 5 min on a steam 

bath. Allow to cool for 10 mm, centrifuge, and discard the supernate. (The 

soluble fluoscandate complex is converted to insoluble ScF . ) 
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Sc-4 (Continued) 

5. To the precipitate, add 2 ml of NH HF solution, 1 drop of methyl red 

indicator solution, and cone. NH OH until the solution is just acidic to the 

indicator. Add 4 drops of La ca r r i e r , make the volume up to 10-12 ml, centr i 

fuge, transfer the supernate to a clean 40-ml Lusteroid tube, and discard the 

precipitate. 

6. Repeat steps (3), (4), and (5) four additional times and then repeat steps 

(3) and (4). 

7. Dissolve the ScF, precipitate in 2 ml of saturated H BO, solution and 

3 ml of cone. HNO,. Dilute to 20 ml and centrifuge. Transfer the supernate 

to a clean Lusteroid tube. Add 10 ml of cone. NH.OH to precipitate Sc(OH),. 

and discard the washings. 

8. Dissolve the Sc(OH), in a mininnum of 6M HCl, add 5 ml of saturated 

KF solution and heat on a steam bath for 20 min. Allow to cool for 30 min. 

Swirl the nnixture and transfer to a 40-ml conical, glass centrifuge tube. 

Wash the Lusteroid tube with 5 ml of saturated KF solution and add the wash

ings to the glass centrifuge tube. Centrifuge and discard the supernate. 

9. To the precipitate add 10 ml of absolute methanol, stir , and transfer 

onto a weighed No. 42 Whatman filter circle, 7-8 in. diameter, coptained in 

a ground-off Hirsch funnel-filter chimney setup. Rinse the centrifuge tube 

with two 10-ml portions of methanol and pour the washings through the filter. 

Dry the precipitate in an oven for 10 min at 110°. Cool for 20 min, weigh 

(Note 1), and mount on two-sided Scotch tape on an Al plate. Add 4 drops of 

Zapon solution, allow to dry, and cover with Nylon (Note 2). 

Notes 

1. The scandium is weighed as K . S c F , . This formula was established in 

the following manner. Standard Sc"*^ t racer was added to a known amount of 

c a r r i e r and the scandium was then precipitated by means of a saturated so

lution of KF. Then step (9) of the procedure was car r ied out. The sample 

was counted on a scintillation counter and the chemical yield determined. The 

weight of precipitate was then corrected for chennical yield. This permitted 

the deternnination of the empirical formula of the connpound, on the assumption 

that it contained potassium, scandium, and fluoride. This was found to cor 

respond to K S c F . . Repeated washing of the precipitate with methanol did 

not change the specific activity of the nnaterial. 

2. For a discussion of the counting of Sc isotopes, see LA-1566, pp. 48-49. 
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Sc-5. SCANDIUM 

Element separated; Scandium 

Target mater ia l : Copper 

Type of bbt: All 60 in. and 184 in. 

Yield: 60% 

Procedure by: Batzel 

Time for sep ' n: 1 l /2 hr 

Equipment required: Standard 

Degree of purification; Factor of 100 from other activities present . 

Procedure 

1. Dissolve copper in minimum amount of HNO,. Boil to remove excess . 

Add 5 mg of Sc and other c a r r i e r s . Adjust to IN in HCl and treat with H^S 

(CuS out). 

2. Boil to remove H^S, add NH.OH and NH CI till ammoniaeal. Centrifuge 

and wash ppt. with hot NH.Cl solution. 

3. Dissolve ppt. in HCl and make 6N in HCl. Extract Fe three times with 

equal volume ethyl acetate. Add a 3 mg of Fe ca r r i e r and again extract Fe . 

4. Make the pH of the solution 2. 0 and extract with equal volume TTA (5 

ml of 0. 5M in benzene). Shake for 10 minutes. Wash TTA layer with three 

4-ml portions of water. 

5. Extract into IN HCl with two 3-ml port ions. 

6. Ppt. the Sc as hydroxide with NaOH. Wash with H^O. Repeat the ex

traction with fresh TTA. 

7. The scandium can be weighed as Sc O after precipitation as Sc(OH) 

and ignition. 

Sc-6. SCANDIUM (Car r i e r -F ree ) 

Element separated: Scandium 

Target Material; Titanium 

Type of bbdt; 7. 8-Mev deuterons 

Yield: a 10% 

Degree of purification; a 10 

Advantages: ca r r ie r - f ree separations 

for 4iT p-counting 

Procedure 

Procedure by; Hall 

Time for sep ' n: a 5 hours 

Equipment required: 

2 50-ml Phillips beaker micro bell 

jar, No. 00 Hirsch funnels, Whatman 

No. 50 filter paper, pHydrion (short 

range) pH paper 

1. Place 1 ml cone. H,SO, in 250-ml Phillips beaker and add t racer Sc 
2 4 

46 
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Sc-6 (Continued) 

(See Rennark 2). Introduce the Ti target ( a 130 mg) and the Mylar substra te . 

Heat strongly to decompose the Mylar. 

2. Cool, add several drops of 30% H^O , and reheat . Repeat until a clear 

solution is obtained above the unattacked Ti. 

3. Add 10 ml 18N H SO containing 5% 16N HNO . Heat, keeping the HNO 

replenished until the Ti is all dissolved. 

4. Dilute to 100 ml and neutralize to pH 8. 5 (use pHydrion paper) with a 

1:15 mixture of 30% H O and 8N NH OH. Add enough excess H O to keep the 

Ti in solution. 

5. Fi l ter twice through the same Whatman No. 50 filter paper, using suction. 

Wash three times with 3N NH CI at pH 8. 5. 

6. Remove Sc with several portions of hot 3N HCl. 

7. Repeat steps (4), (5), and (6) twice, except in final cycle use conductivity 

water at pH 8. 5 to wash the Sc '{ireeipitate. " 

8. Evaporate to dryness . Destroy organic matter with aqua regia. Take 

up with water and transfer to 4Tr plates . 

Rem'arks 

1. General reference: J. D. Gile et al . , J. Chem. Phys. 18, 1685 (1950). 

2. The t racer is added for the purpose of determining the chemical yield. 

3. Use conductivity water to make up solutions, etc. 

Sc-7. SCANDIUM (Car r i e r -F ree ) 

K. Lynn Hall and W. W. Meinke 

Departnnent of Chemistry 

University of Michigan 

Ann Arbor, Michigan 

Element; Sc-No. 1. (Carr ier- f ree) 

Separated from; d-bombarded Ti 

Decontamination Factor; a 10 

Procedure 

1. The Ti target (a 130 mg) plus the Mylar substrate were placed in a 
46 2 50-ml beaker, containing 1 ml cone. H SO. and Sc t racer (Note 1) and the 

Mylar deconnposed upon vigorous heating. 
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Sc-7 (Continued) 

2. After cooling, several drops of 30% H^O^ were added and the solution 

reheated. The treatnnent was repeated until a clear solution above the unat

tacked Ti was obtained. 

3. The Ti target was dissolved in 10 ml 18N H,SO containing 5% HNO , 

with heating; additional HNO, was necessary for complete dissolution. 

4. The solution was diluted to 100 ml and adjusted to a pH of 8. 5 (pH paper 

with a 1:15 mixture of 30% H O, and 8N NH OH. Excess H , 0 , was added to 
2 2 — 4 2 2 

keep the Ti in solution. 

5. The solution was filtered twice through the same Whatman No. 50 filter 

paper with suction, and the filter paper washed three times with 3N NH CI 

which had previously been adjusted to pH 8. 5. 

6. Sc was removed from the paper by washing with several portions of hot 

3N HCl. 

7. Steps (4), (5), and (6) were repeated twice, and the final "precipitate" 

washed with conductivity water adjusted to pH 8. 5. 

8. The final solution was evaporated to dryness, any organic matter de

stroyed with aqua regia, and the residue dissolved in water and mounted for 

4Tr counting. 
Notes 

46 
1. Sc was used to determine the chemical yield (a 10%). 

2. All solutions were made up with conductivity water. 

3. The tinne required was about 5 hours . 
References 

Gile, J. D. , Garrison, W. M., and Hannilton, J . G . , J. Chem, Phys. 18, 

1685 (1950). 

Haskins, J. R. , Duval, J. E. , Cheng, L. S. , and Kurbatov, J. D., Phys. 
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Y-1. YTTRIUM 

Threshold Detector Group 

Radiocheinistry 

LRL, Livermore 

1-26-59 

Purification; From a two-week-old solution containing 1.1 X 10 fissions, 

a sample was obtpined which had a gamma activity of about 27 y cpm between 

1 700 kev and 2000 kev through a l l O O m g C u c m absorber on a 2-in.- thick 

X l -3 /4 - in . -diameter Nal crys ta l . For other purification see footnotes. 

Chemical Yield; a 65% 

Separation Tinne: a 5 hours 

Procedure 

1 . To a 25-ml solution of mixed activities in 6M HCl in a 40-ml glass 

centrifuge cone, add 20 mg of yttrium ca r r i e r and add a 2 nng each of Sc, Zr, 

Te"*" , and Ce"*" . Add cone. NH OH in excess . Centrifuge the Y(OH) and 

discard the supernatant. Wash the precipitate twice with a 20 ml of water 

to remove salts and especially any Na ions. Centrifuge and discard the 

wash solutions. 

2. Dissolve the precipitate by adding a few drops of 6M HNO.^. Transfer 

the solution to a 50-ml Lusteroid tube with a 5 rnl of water. Add an equal 

volume of Na-free 6M NH F solution, making the final solution a 3M in 

NH F and pH 4-5. Cheek the pH with narrow-range pH paper . Heat in a 

hot bath for a 3 minutes. Cool and centrifuge. Discard the supernatant (Sc). 

Add a 10 ml of 3M NH F to the precipitate. Heat for 3 minutes. Cool and 

centrifuge, discarding the supernatant (Sc). Wash the YF with a 5 ml of 

water. Centrifuge and discard the supernatant, Sc (see Note 1). 

3 Dissolve the YF by adding a 3 ml of saturated H BO a 10 ml of 

water and an equal volume of 12M HNO , making the final solution a 6M in 

HNO'. Add a 3 ml of 5M HIO . Transfer the solution to a 40 ml glass 

centrifuge cone. Add a 1 ml of saturated NaBrO solution. Stir well and heat 

in hot bath for a 25 minutes. Cool to room temperature and centrifuge. Dis

card the Ce( IO) precipitate. To the supernatant, add a 2 mg of Zr ca r r i e r 

while st irr ing the solution. Centrifuge well and discard the Zr(IO,) p r e 

cipitate. Repeat the Zr lodate scavenge. After centrifugation, pour the 

supernatant into a 50-ml Lusteroid tube (see Note 2). 

4. Add 12-15 ml of 6M NH F (solution is now a 3M in H"*"). Heat on hot 

bath for 5 minutes. Cool to room temperature in a cold water bath for 5 

min Centrifuge and discard the supernatant (Np ). Wash the YF, with a 
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Y-1 (Continued) 

5 ml of water and discard the wash solution. Dissolve the YF, with 2 ml of 

saturated H BO . Mix thoroughly and add 3 ml of cone. HCl. Heat on hot 

bath for a 3 min. Dilute to a 30 ml volume with water and precipitate Y(OH), 

with an excess of cone. NH.OH. Cool, centrifuge, and discard the supernatant. 

Wash the Y(OH), with a 20 ml of water . Centrifuge and discard wash. 

5. Dissolve the precipitate with a 20 ml of a p H 1. 0 buffer solution which 

is 0. 5M in Na SO and 0. 5M NaHSO and transfer it to a 40-ml glass cone. 

Add 5 ml of toluene. Add a 10 ml of CrCl solution (Oxsorbent). Add a 10 mg 

Ba (1 ml of solution as the chloride) dropwise while s t i r r ing slowly. Heat in 

hot bath ( a95°C) for 5 minutes. Cool in a cold water bath for 5 minutes. Add 

a 10 mg Ba dropwise while s t i r r ing slowly. Centrifuge at > 3500 gravities and 

pour supernatant into a cone containing a 10 mg of Ba. Heat for a 2 minutes in 

hot bath. Cool in cold bath for a 3 minutes. Add a 10 mg Ba dropwise while 

st irr ing slowly, then centrifuge (see Note 3). Pour supernatant into a 50-ml 

Lusteroid tube containing a 2 ml of cone. HF. Stir, centrifuge, and discard 

supernatant. Wash the YF, with a 20 ml of water and discard the wash solution. 

6. Dissolve the YF by adding 1 ml of 5% H BO . Mix thoroughly. Heat in 

hot bath for a 3 minutes. Add a 2 ml cone. HNO . Transfer the solution to 

a 40-ml glass cone using 2 ml of 6M HCIO . Heat carefully to strong funnes 

of HCIO.. Cool and dilute to a 20 ml with water. Add an excess of cone. 4 
NH.OH. Centrifuge the Y(OH), and discard the supernatant. Wash the p r e 

cipitate with 30 ml of water. 

7. Dissolve the Y(OH), in « 1 5 ml of buffer solution— 0. IM formic acid 

and IM Na formate (pH a 4. 6). Transfer the solution to a 60-ml cylindrical 

separatory funnel and extract the Y into a 30 ml of 0. 40M TTA in benzene for 

3 minutes st irr ing with a motor-driven glass paddle. Wash the organic layer 

3 times with a 1 5 ml of buffer solution— 0. 4M formic acid and IM Na formate 

(pH a 4. 0 ) - for 3 minutes (see Note 4). Back-extract the Y into a 20 ml of 

0. 05M HCl for 3 minutes. Let layers settle for several minutes and then 

drain the aqueous layer into a 40-ml glass cone. Centrifuge and discard any 

precipitate, broken glass, etc. 

8. Add a 5 rnl of saturated oxalic acid and stir vigorously. Let stand for 

5 minutes then centrifuge and discard the supernatant. Wash the yttrium 

oxalate with a few ml of 0. 2M oxalic acid and filter through 7-cm No. 42 

Whatman paper. Ignite at ~ 900°C for a 2O minutes in a Coors No. 00 por 

celain crucible. Weigh, mount on aluminum hat, and count 1. 85-Mev gamma 

ray on 2-in. Nal scintillation counter (slit width 1. 7-2. 0 Mev) with 1186 mg 

Cu cm as absorber to stop betas . 
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Y-1 (Continued) 

Notes 
5 

1. Steps (2), (7), and (8) have an over-al l separation factor of « 4 X 10 

of Sc from Y. 

2. Steps (3) and (7) have an over-al l separation factor of > 10 of Ce from 

Y. 
4 

3. Step (5) has a separation factor of « 10 of Eu t racer from Y. Nd, Pr 

and other cer ium earths, if ca r r i e r - f r ee , will separate from Y in step (5) 

also. 

4. Three washes in step (7) will separate La away from Y by a factor of 

~ 100. More washes will give a greater separation factor but there is about 

a 5% loss of Y per wash. 

Y-2. YTTRIUM (Y^^) 

Threshold Detector Group 

Radiochemistry 

LRL Livermore 

August 1958 

Procedure by: W.H. Hutchin 

Purification: See Note 1 

Chemical yield: « 80% 

Procedure 

1. To a solution of the activity in 20 ml of 6M HNO ^ in a 40-ml glass cone 
+ 3 add !* 1 mg Ce , ~ 2 mg Zr and 10 mg Y, all as the ni t ra te . Add 1 ml of a 

saturated solution of NaBrO, . Stir and heat in a hot water bath for » 5 min. 

Add 3 ml of 5M HIO,, and s t i r . Centrifuge and discard ppt. , pouring super

natant into a 50-ml Lusteroid cone. 

2. To the supernatant add = 20 ml 6M NH.F . Stir , centrifuge, and d is 

card supernatant. Wash one with » 20 ml water . 

3. Dissolve in 5 ml of a saturated solution of H^BO^ and 5 ml HNO-,. 

Dilute to * 20 ml and add NH .OH until basic. Centrifuge and discard super

natant. Wash once with 20 ml water. 

4. Dissolve in 2 or 3 ml cone. HCl and pass through anion column (Dowex-
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Y-2 (Continued) 

X 8, 50-100 m e s h ) that h a s been e q u i l i b r a t e d with cone . HCl , ca tch ing e lua te 

in a 4 0 - m l g l a s s c o n e . Wash co l . with ~ 4 m l c o n e . H C l . 

5. Di lute e lua te with w a t e r and m a k e b a s i c with NaOH. Cent r i fuge and 

d i s c a r d s u p e r n a t a n t . Wash ppt . once wi th ~ 20 m l w a t e r . 

6. D i s s o l v e ppt . in 25 m l of 0. 5M H^SO . - 0 . 5M Na^SO^ so lu t ion . Add 

» 5 m l to luene and « 8 m l of a f r e s h so lu t ion of C r C l , by in t roduc ing it unde r 

the o rgan i c l a y e r . While s t i r r i n g add = 10 mg Ba (as C l " ) . S t i r ca re fu l ly , 

avoid mix ing any a i r with the aqueous p h a s e o r fo rming a v o r t e x in the so lu t ion . 

Heat in a hot w a t e r ba th (100°C) for 10 m i n u t e s . After hea t ing p e r i o d , t r a n s f e r 

to a r o o m t e m p e r a t u r e ba th and cool to r o o m t e m p e r a t u r e . After cooling add 

ano the r 10 mg Ba while ca re fu l ly s t i r r i n g . Cent r i fuge s t r ong ly and pour s u p e r 

na tan t into a cone conta ining a 10 mg Ba . Heat in a hot w a t e r ba th for 10 

m i n u t e s . Cool to r o o m t e m p e r a t u r e in a r o o m - t e m p e r a t u r e w a t e r ba th and 

add « 10 mg Ba while ca re fu l ly s t i r r i n g . Cent r i fuge s t r ong ly and pour s u p e r 

na tan t into a 5 0 - m l L u s t e r o i d t ube . Add a 2 m l c o n e . H F . St ir , cool , and 

cen t r i fuge , d i s c a r d i n g s u p e r n a t a n t . Wash once with a 20 m l w a t e r ( see Notes 

2 and 3). 

7. R e p e a t s tep (3). 

8. D i s so lve Y(OH)" in 6M HNO- and t r a n s f e r to a 4 0 - m l g l a s s cone . Make 

volume up to 20 m l with 6M HNO . Add « 2 mg Zr and 1 m l of a s a t u r a t e d 

Koln. of N a B r O and s t i r . Heat for 5 min in a hot w a t e r ba th . Add 3 m l of 

5M HIO- and s t i r . Cent r i fuge and p o u r s u p e r n a t a n t into a new g l a s s cone 

conta ining a 2 mg Z r . Stir , cen t r i fuge , and d i s c a r d ppt . , pou r ing s u p e r 

na tan t into a 5 0 - m l L u s t e r o i d cone (see Note 4). 

9. R e p e a t s t eps (2) and (3). 

10. D i s so lve pp t . in HCl, di lute to a 20 m l volume and m a k e b a s i c with 

NH OH. F i l t e r th rough a No. 42 f i l t e r p a p e r . Ignite a t agOO'C for a one 

h o u r . Count 1 .85-Mev g a m m a r a y on 2 - in . Nal s c in t i l l a t i on coun te r us ing 1186 

mg Cm Cu a s a b s o r b e r to s top b e t a s . (Lower d i s c r i m i n a t o r is s e t a t 1. 7 Mev 

and upper at 2. 0 Mev. ) 

Notes 

46 

1. This p r o c e d u r e does not s e p a r a t e f r o m Sc Quan t i t a t ive ly . If Sc is 

p r e s e n t a s one of the a c t i v i t i e s , it wi l l i n t e r f e r e in the counting of the s a m p l e . 

2. When opening a new bot t le of C r C L , i t i s b e s t to put a benzene l a y e r 

over the C r C l , a s soon a s i t is opened and to add to the benzene l a y e r a s C r C l 
^ 2 

i s u s e d . 
5 

3 . This s tep g ives a s e p a r a t i o n fac to r f r o m Eu of a 2 X 10 . 
4 

4. This s tep g ives a s e p a r a t i o n f r o m Ce of a 4 X 10 . 

215 



Y - 3 . YTTRIUM ( C a r r i e r - F r e e ) 

P r o c e d u r e by : A n d e r s 

T a r g e t m a t e r i a l : Z r T i m e s e p a r a t i o n : 3 h o u r s 

Type of bbdt ; a 7. 8-Mev d e u t e r o n s Equipnnent r e q u i r e d ; 4 p y r e x 

Yield: 
^ n_« b e a k e r s ( 5 0 - m l ) ; cen t r i fuge ; c e n t r i -

, 5 fuge tubes , 4 0 - m l , 1 5 - m l ( P y r e x ) ; 
D e g r e e of pu r i f i c a t i on : a 10 T .. j .. u nn n 

2 ^ L u s t e r o i d tube ( 1 0 - m l ) ; m i c r o p i 

pe t t e 50; p l a t i n u m w i r e ; s m a l l a n i o n -

exchange co lumn; m e d i c i n e d r o p 

p e r s ; c a l c i u m c a r r i e r (10 nng-ml) ; 

z i r c o n i u m c a r r i e r (10 m g - m l ) ; Dowex 

2 (200-400 m e s h ) ; conduc t iv i ty w a t e r ; 

c o n e . H , S O , , NH.OH, HCl, 30% 
2 4 4 

H O^; H C I - g a s t ank . 

P r o c e d u r e 

1. Cut the t r a c e r y t t r i u m , depos i t ed on Zapon fi lm, f r o m a l u m i n u m s a m p l e 

p la t e and p l a c e in s m a l l b e a k e r ; add b o m b a r d e d z i r c o n i u m foil p lus Myla r 

s u b s t r a t e . Add 1. 5 m l c o n e . H SO and a few d r o p s 30% H O . Heat to fumes 

un t i l d i s s o l v e d (cool and add m o r e H^O at i n t e r v a l s ) . (Note 1) 

2 . T r a n s f e r c l e a r so lu t ion to a 4 0 - m l cen t r i fuge tube, add 30 m l H^O and 

p r e c i p i t a t e z i r c o n i u m hydrox ide with cone . N H . O H . Stir wi th p l a t i n u m w i r e ; 

cen t r i fuge and w a s h t w i c e . 

3 . D i s so lve p r e c i p i t a t e with a m i n i m u m a m o u n t of c o n e . HCl, add 3 mg 
3 

c a l c i u m c a r r i e r and one d r o p NbCl c a r r i e r (10 m g - c m ). T r a n s f e r to 10-
m l L u s t e r o i d tube . 

4 . P r e c i p i t a t e C a F (and Y F ) with 3 m l cone . H F . Cent r i fuge (water in 

cen t r i fuge cups. ' ) and w a s h tw ice . 

5. T r a n s f e r p r e c i p i t a t e to a 15 -mI cen t r i fuge cone , cen t r i fuge , decan t , 

add 0. 5 m . c o n e . H^SO . 
2 4 

6. Heat to fumes to d r i v e off H F . Cool . Add 3 mg Zr c a r r i e r and d i s so lve 

r e s i d u e in 10 m l w a r m w a t e r . 

7. P r e c i p i t a t e z i r c o n i u m hydrox ide wi th c o n e . NH OH. Wash t h r e e t i m e s 

with conduct iv i ty w a t e r . (Note 2) 

8. D i s so lve p r e c i p i t a t e with a few d r o p s cone . HCl and s a t u r a t e with HCl 

g a s . 

9. T r a n s f e r so lu t ion to a s m a l l a n i o n - e x e h a n g e co lumn c h a r g e d wi th 1 m l 

Dowex-2 r e s i n s a t u r a t e d with c o n e . HCl . 

10. A d s o r b z i r c o n i u m onto the r e s i n s lowly . After l iquid l eve l r e a c h e s r e 

s in bed add 5 d r o p s of c o n e . HCl and p e r m i t to soak in . (Note 3) 
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Y-3 (Continued) 

11. Elute ca r r i e r - f r ee yttrium reaction product with 5 ml cone. HCl at a 

rate of 1 drop in 7 seconds. (Note 4) 

12. Collect eluate when activity s tar t s coming through. Evaporate to near 

dryness and plate for counting. 

Note 

1. A homogeneous solution is obtained under rather severe conditions. 
88 

Complete isotopic interchange between the Y t racer and the reaction prod
uct is thus accomplished. 

2. This washing removes the calcium ca r r i e r and must be done thoroughly, 

if ca r r i e r - f r ee yttrium is to be obtained. 

3. Try to wash the walls of the column free of activity with these 5 drops. 

4. The yttrium is not absorbed by the res in in hydrochloric acid but is 

easily eluted, while zirconium and niobium are strongly absorbed from a cone. 

HCl medium. 

Y-4. YTTRIUM 

C. W. Stanley^'^^ 

Introduction 

The separation of radioyttrium from r a r e - e a r t h fission products is a c 

complished by extraction of the nitrate from concentrated nitric acid solution 

with tributyl phosphate (TBP) dilute with Gulf Solvent BT. The yttrium is back-

extracted into water. Two extractions give excellent separation from europium 

and samarium. The method, therefore, is superior to other procedures in 

current use. 

Reagents 

Y c a r r i e r : 10 mg Y-ml (see Preparat ion and Standardization of Car r ie r ) 

Zr c a r r i e r : 10 mg Zr -ml (added as ZrO(NO ) . 2H O in IM HNO ) 

HCl: 6M 

HNO : cone. 

HF: cone. 

H_BO : saturated solution 

NH^OH: cone. 4 
(NH.)-C-,0^: saturated solution 4 2 2 4 
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Tributyl phosphate 

(TBP) reagent: 60% by volume TBP, 40% Gulf BT; freshly equilibrated 

with cone. HNO 

CH OH: anhydrous 

Equipment 

Centrifuge 

Block for holding centrifuge tubes 

Forceps 

Mounting plates 

Porcelain crucibles; Coors 000 (one per sample) 

Porcelain crucibles: Coors 00 (one per standardization) 

Ground-off Hirsch funnels: Coors OOOA (one per samplg) 

Fil ter chimneys: (one per sample) 

Fil ter flasks 

No. 42 Whatman filter c i r c l e s : 7-8 in. diameter 

Pipets; assorted sizes 

50-ml Lusteroid tubes: (one per sample) 

40-ml conical centrifuge tubes: (three per sample, one per standardization) 

125-ml separatory funnels: (two per sample) 

2-in. , 60° funnels: (one per standardization) 

Steam bath 

Ice bath 

Stirring rods 

Muffle furnace 

Preparat ion and Standardization of Car r i e r 

Dissolve 43 g of Y(NO ) . (>H^O in H^O, add 5 ml of 6M HNO , and 

dilute to 1 l i ter . To 5.00 ml of the ca r r i e r solution in a 40-ml centrifuge tube 

add 20 ml of H ,0 , heat to boiling, and add 20 ml of saturated ( N H J , C ^ O , 2 ' " * 4 2 2 4 
solution with s t i r r ing. Heat for 10 min on a steam bath and then cool in an 

ice bath for 4 min. Centrifuge the Y (C O ) and decant the supernate. Take 

up the precipitate in 10 ml of H O and filter through a 2-in. , 60° funnel. Wash 

the precipitate with H^O, transfer to a porcelain crucible, burn off the paper, 

and ignite at 800° for 1 hour. Cool and weigh as Y-O . 

Four standardizations a re car r ied out with resul ts agreeing within 1%. 

Procedure 

1. To the sample in a 50-ml Lusteroid tube, add 2. 0 ml of standard Y ca r 

r ie r and make the solution 2M in HNO . Add 2 ml of Zr holdback ca r r i e r and 
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Y-4 (Continued) 

m a k e the so lu t ion 4M in H F . Cent r i fuge the Y F p r e c i p i t a t e and d i s c a r d the 

s u p e r n a t e . Wash the p r e c i p i t a t e with 10 m l of 5M H F . 

2. D i s so lve the YF_ in 2 m l of s a t u r a t e d H . B O , so lu t ion and 2 m l of c o n e . 

HNO. , and di lute 10 m l . Add 2 m l of Z r c a r r i e r and enough cone . H F to 

m a k e the so lu t ion 4M with r e s p e c t to th is a c i d . Cent r i fuge the YF , decan t 

the s u p e r n a t e , and w a s h the p r e c i p i t a t e with 10 m l of 5M H F . 

3 . D i s so lve the p r e c i p i t a t e in 2 m l of s a t u r a t e d H BO solu t ion and 2 m l 

of c o n e . HNO . Dilute the so lu t ion to 10 m l and p r e c i p i t a t e Y(OH) by the 

addi t ion of cone . NH.OH. Cent r i fuge and d i s c a r d the s u p e r n a t e . 

4 . D i s so lve the Y(OH) in 50 m l of cone . HNO and t r a n s f e r the so lu t ion 

to a 1 2 5 - m l s e p a r a t o r y funnel . Add 10 m l of T B P r e a g e n t and shake the s o l u 

tion for 5 m i n . D i s c a r d the aqueous l a y e r and w a s h the T B P p h a s e twice by 

shaking for 2 - m i n i n t e r v a l s with 50 m l of cone . HNO_. Remove the Y f r o m 

the T B P by shaking for 1 m i n e a c h with t h r e e 1 0 - m l p o r t i o n s of H . O . C o m 

bine the w a t e r e x t r a c t s in a 40-nnl cen t r i fuge tube and p r e c i p i t a t e Y(OH) 

with cone . NH OH. Cent r i fuge and d i s c a r d the s u p e r n a t e . 

5. R e p e a t s tep (4). 

6. D i s s o l v e the Y(OH) p r e c i p i t a t e in 2 m l of 6M HCl and di lute the s o l u 

tion to 10 m l with H O . T r a n s f e r the so lu t ion to a c l e a n 4 0 - m l cen t r i fuge 

tube and r e p r e e i p i t a t e Y(OH)- wi th c o n e . NH OH. Cent r i fuge and d i s c a r d 

the s u p e r n a t e . D i s so lve the p r e c i p i t a t e in 2 m l of 6M HCl and di lu te to 1 5 

m l wi th H^O. Heat the so lu t ion on a s t e a m ba th and add 2 0 m l of s a t u r a t e d 

(NH ) C O so lu t ion . Continue hea t ing for 10 min and then cool in an ice 

ba th for 4 m i n . Cent r i fuge the Y (C O ) and d i s c a r d the s u p e r n a t e . Take 

up the p r e c i p i t a t e in 10 m l of H O and p o u r onto a 7 / 8 - i n . - d i a m No. 42 

Wha tman f i l t e r c i r c l e in a s t a n d a r d c h i m n e y a r r a n g e m e n t with the suc t ion 

off. Allow the p r e c i p i t a t e to se t t l e for a minu te or two and then apply suc t ion . 

Wash the p r e c i p i t a t e with a n h y d r o u s CH-,OH and t r a n s f e r to a p o r c e l a i n 

c r u c i b l e . Ignite a t 800° for l / 2 h o u r . Cool, weigh, and mount on an Al p la t e 

in a c e n t e r e d d e p r e s s i o n 5 / l 6 in . in d i a m e t e r and l / 3 2 in . d e e p . B e t a - c o u n t 

(Note 1). 

Notes 

90 91 
1. The i s o t o p e s counted a r e 65-h Y and 61-d Y . 
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C e - 1 . CERIUM 

271 Procedure by: H. G. Hicks 

Decontamination: 5 X 10 Atoms of Ce isolated from a 1-day-old solu

tion containing 10 fissions showed no drace of a foreign radioactivity when 

followed through three half-lives. 

Yield; About 60%. 

Separation t ime; About eight hours for four samples . 

Procedure 

1. To an acid solution of the activities, add 10 mg cerium ca r r i e r , about 
IV 3 mg Zr , and about 1 mg lanthanum c a r r i e r . Make the solution ammonia-

cal. Centrifuge the precipitate and wash once with water . 

2. Dissolve in 8 ml cone. HNO . Add one drop 30% H O (to reduce Ce 
III to Ce ) and 20 ml 0.35M HIO . Let stand two to three minutes, cool in ice. 

Centrifuge and discard the precipi tate . 

3. To supernatant add 2 ml IM NaBrO, , digest at room temperature five 

to ten minutes and cool in an ice bath. Centrifuge and discard supernatant. 

Wash with 20 ml of a solution of two par ts 0. 3 5M HIO and one par t cone. 

HNO ; then once with 20 ml water. 

4. Dissolve the precipitate in 2 ml cold cone. HCl and pass through Dowex 

A-1 column. Wash column with an additional 2 ml cone. HCl. 
IV 

5. Add 3 mg Zr to eluate (no La) and repeat steps (1) through (4). 

6. Dilute eluate and adjust to pH 2-3 . Precipitate cer ium oxalate with 

saturated H^C O , wash twice with H^O, once with acetone, dry, ignite at 

red heat for 20 minutes, weigh as CeO . 

Ce-2. CERIUM 

LRL Livermore 

G. M. Id dings 

Procedure 

+3 
1. To the active solution add 10 mg of Ce and a 1 nng of Y and a 1 mg of 

Zr. Add cone. NH.OH to precipitate Ce(OH)-. Centrifuge and discard the 

supernatant. Wash the Ce(OH)- once with water. 

2. Dissolve the hydroxides in a 25 ml of 6M HNO . Add 1 drop of 30% 

H O (to keep Ce in the +3 state). Add 3 ml of 5M HIO to precipitate 
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Ce-2 (Continued) 

Zr(IO ) . Centrifuge and discard the precipi tate . While vigorously s t i rr ing 

the supernatant, add 1 mg of Zr c a r r i e r . Centrifuge and discard the p r e 

cipitate. 

3. To the supernatant add 1 ml of saturated NaBrO. solution and heat in 

hot bath for a 3 minutes. Cool to room temperature and centrifuge the Ce(IO_) .. 

Discard the supernatant. 

4. Dissolve the Ce(IO ). in 25 ml of 6M HNO . Add 1 mg of Y holdback 

ca r r i e r , 1 ml saturated NaBrO_ solution and 3 ml of 5M HIO . Heat in hot 

bath for a 3 minutes. Cool to room temperature and centrifuge. Discard the 

supernatant. 

5. Repeat step (4). 

6. Dissolve the Ce(IO ) in a i O ml of cone. HCl and pour it through a 

Dowex-1 anion-exehange column (7 cm long and 6 mm i . d . , 50-100 mesh). 

Wash the column with a 3 ml cone. HCl. Discard the res in column. 

7. Part ia l ly neutralize the HCl solution of Ce with cone. NH OH. Cool 

and add 1 ml 6% H SO solution. Make basic with NH OH. Centrifuge and 

discard the supernatant. Wash the precipitate once with water . 

8. Dissolve the Ce(OH) with a 1 5 ml of a p H 4. 5 buffer solution (0. IM 

formic acid - IM Na formate). Transfer the solution to a 60-ml cylindrical 

separatory funnel containing 30 ml of 0.4M TTA in benzene. Extract by 

st irr ing for a 3 minutes. Discard the aqueous layer . Wash the organic layer 

twice with a 15 ml of pH 4. 5 buffer solution for a 3 minutes. Discard aqueous 

solutions. 

9. Back-extract the Ce"*" with a 15 ml of pH a 4.0 buffer solution (0.4M 

formic acid - IM Na formate) for 3 minutes. Repeat the back-extraction and 

combine the aqueous layers in a 40-ml centrifuge cone. 

10. Add 3 ml of cone. HCl. The pH is now a 0.4. Add 5 ml of saturated 

oxalic acid. Stir vigorously to precipitate cerium oxalate. Heat on hot bath 

for a 3 minutes, then cool to room temperature . Centrifuge and discard the 

supernatant. Wash the precipitate with a few ml of 0.2M oxalic acid. Fil ter 

through 7-cm No. 42 Whatman paper. Ignite. Weigh, mount, and count. 
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Ce-3 . CERIUM 

The procedure for the determination of cerium in fission-product ma

terial was developed by D. P . Ames and is based on a method described by 

N. E. Ballou, CN-2815 (June 30, 1945).^'^^ 

Introduction 

In the analysis for radioeeriunn, exchange between ca r r i e r and fission-

product cerium is effected by a Ce (Ill)-Ce (IV) oxidation-reduction cycle. 

Cerium (III) and other r a re earths are separated from other fission product 

by precipitation as fluorides with hydrofluoric acid. Cerium is then oxidized 

to the +4 state and separated from other r a re earths by precipitation as the 

lodate, Ce(IO, ) . Cerium is converted to the +3 state and zirconium, plutonium 

(IV), and thorium activities are removed by zirconium lodate scavenging. P r e 

cipitation of Ce(OH), separates cer ium from alkaline ear th activit ies. Cerium 

IS finally precipitated as the oxalate and ignited to the oxide CeO , m which form 

it IS weighed and counted. The chemical yield approximates 75%. Quadruplicate 

analyses can be performed in about 7 hours. 

Reagents 

Ce c a r r i e r : 10 mg Ce/ml (added as Ce(NO ) . 6H_0 in H O ) , standardized 

La c a r r i e r : 10 mg La /ml (added as La(NO ) . 6H2O m H O ) 

Zr c a r r i e r : 10 mg Z r / m l (added as ZrO(NO ) . ZH^O m IM HNO ) 

HCl; 6M 

HCl: cone. 

HNO : cone. 

HF: cone. 

H_BO ; saturated aqueous solution 

HIO : 0. 3 5M 

NH OH; cone. 4 
NaBrO_: saturated aqueous solution 

(NH ) C O : saturated aqueous solution 

"2°2= 30% 

Equipment 

Muffle furnace 

Centrifuge 

Block for holding centrifuge tubes 

Forceps 

Mounting plates 

Pipets: assor ted sizes 

Hirsch funnels: Coors 0000 (one per sample) 



C e - 3 (Continued) 

F i l t e r f l a sks (one each p e r s t a n d a r d i z a t i o n and s a m p l e ) 

No. 42 Whatman f i l t e r p a p e r ; 1 1 - c m 

No 42 Whatman f i l t e r c i r l c e s ; l / 2 - i n . d i a m e t e r 

2 - i n . , 60° f i l t e r funnels (one p e r s t a n d a r d i z a t i o n ) 

1 0 0 - m l b e a k e r s (one p e r s t a n d a r d i z a t i o n ) 

P o r c e l a i n c r u c i b l e s : C o o r s 00 (one p e r s t a n d a r d i z a t i o n ) 

P o r c e l a i n c r u c i b l e s ; C o o r s 000 or 0000 (one p e r s a m p l e ) 

5 0 - m l L u s t e r o i d tubes (two p e r s a m p l e ) 

40-nnl con ica l cen t r i fuge t u b e s ; P y r e x 8320 ( th ree p e r s a m p l e ) 

Ice ba th 

S team ba th 

S t i r r ing r o d s . 

P r e p a r a t i o n and S tandard iza t ion of C a r r i e r 

D i s so lve 3 1 . 0 g of Ce(NO ) . 6H O in H O and di lu te to 1 l i t e r . To 

obta in c e r i u m f r ee f rom o ther r a r e e a r t h s it m a y be n e c e s s a r y to pur i fy by 

two Ce(IO-) p r e c i p i t a t i o n s (see s t e p s 4 and 5 of P r o c e d u r e ) . 

P i p e t 5 m l of the c e r i u m c a r r i e r so lu t ion into a 1 0 0 - m l b e a k e r and d i 

lute to about 20 m l with H^O. W a r m on a s t e a m ba th and add about 50 m l of 

s a t u r a t e d (NH )-, C O so lu t ion . Continue hea t ing on the s t e a m ba th un t i l the 

p r e c i p i t a t e h a s coagu la t ed . Cool m an ice ba th for 15 m m and f i l t e r t h rough 

a f i l t e r funnel, us ing a No. 42 Whatman f i l t e r p a p e r ( 1 1 - c m ) . Ignite m a 

p o r c e l a i n c r u c i b l e a t 800° for 30 min , cool , and weigh a s CeO-,. 

Four s t a n d a r d i z a t i o n s , with r e s u l t s a g r e e i n g within 0. 5%, a r e c a r r i e d 

out. 

P r o c e d u r e 

1. To a 4 0 - m l cent r i fuge tube, add 2 m l of Ce c a r r i e r and 5 m l of cx>nc. 

HNO , and p ipe t m the s a m p l e for a n a l y s i s . Add 1 nnl of s a t u r a t e d N a B r O 

solut ion and hea t on a s t e a m ba th for 10 m i n (Note 1). 

2. Remove the tube f r o m the s t e a m ba th and add 3 0% H O d r o p w i s e with 

v igo rous s t i r r i n g (Note 2) unt i l the so lu t ion has a l ight r e d d i s h - b r o w n c o l o r . 

Heat on the s t e a m ba th un t i l the Br co lo r d i s a p p e a r s , adding a d rop or two 

of H . O if n e c e s s a r y . 

3 . Add 2 m l of La c a r r i e r and 2 . 5 m l of Zr holdback e a r n e r and t r a n s f e r 

the so lu t ion to a 5 0 - m l L u s t e r o i d tube . Add 3 m l of cone . H F to p r e c i p i t a t e 

C e F and L a F . . Centr i fuge and d i s c a r d the s u p e r n a t e . Wash the p r e c i p i t a t e 

with IT) m l of 5M HF, cen t r i fuge , and d i s c a r d the s u p e r n a t e . 

4. To the p r e c i p i t a t e add 1 to 2 m l of s a t u r a t e d H BO solu t ion and suspend 

the p r e c i p i t a t e by s t i r r i n g . Then add 4 m l of cone . HNO. and s t i r v i g o r o u s l y 
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until a clear solution is formed. Transfer to 40-ml glass centrifuge tube and 

add 4 ml of cone. HNO and 1 ml of saturated NaBrO solution. Heat on a 

steam bath for about 10 min. 

5. Add 20 ml of 0. 3 5M HIO and stir vigorously. Cool for 5 to 10 min in 

an ice bath. Centrifuge and discard the supernate, retaining the Ce(IO.) . 

precipitate (Note 3). 

6. Suspend the precipitate in a solution made up by the addition of 8 ml of 

H O , 3 ml of cone. HNO and 3 ml of 0.35M_ HIO . Centrifuge and discard 

the supernate. Repeat this washing step twice, suspending the precipitate 

each t ime. 

7. Add 1 ml of La ca r r i e r to the precipi tate . Add 4 ml of cone. HNO_ 

and a drop or two of cone. HCl and s lur ry the Ce(IO-) . by st irr ing vigorously. 

Add 0. 2 ml of 30% H O and stir until dissolution of Ce(IO ) is complete. 

Add 1 ml of saturated NaBrO- and 4 ml of cone. HNO,. Reoxidize Ce (III) 

to Ce (IV) as in step (4). 

8. Repeat step (5). 

9. Repeat step (6), washing the precipitate three t imes . (All other r a r e 

earths have now been removed from the cer ium. ) 

10. Add 1 ml of Zr ca r r i e r to the precipitate from step (9) and dissolve the 

precipitate as in step (7), using 8 ml of cone. HNO-, 0.2 ml of cone. HCl, and 

0. 2 to 0. 3 ml of 30% H O Add 20 ml of 0. 35M HIO to clear solution to p r e 

cipitate Zr(IO,) (Note 4). Centrifuge and ftransfer the supernate to a 50-ml 

Lusteroid tube, discarding the Zr(IO-) . precipi tate . 

11. Add 5 ml of cone. HF to precipitate C e F - . Centrifuge and discard the 

supernate. Wash the precipitate with 10 ml of 5M HF. Centrifuge and discard 

the supernate. 

12. Dissolve the CeF , by making a s lurry in 1 ml of saturated H,BO and 

adding 2 ml of cone. HNO . Transfer to a 40-ml centrifuge tube. Heat on a 

steam bath for 5 min to insure complete dissolution. 

13. Dilute to 10 ml with H^O and make strongly basic with cone. NH .OH to 

precipitate Ce(OH)-. Centrifuge and discard the supernate. Wash the p r e 

cipitate with 10 ml of H^O. Centrifuge and discard the supernate. 

14. Dissolve the Ce(OH)- in 1 to 2 ml of 6 M HCl. Heat on the steam bath 

to insure complete dissolution. 

15. Add 25 ml of saturated (NH.) C O to precipitate Ce (C O ) . Allow 
^ ^ ^ 4 til Ct ^ O 

the precipitate to coagulate before removing the tube from the steam bath ( 3 

to 5 min). 

16. Cool the precipitate for 15 min in an ice bath. Fil ter on a No. 42 

Whatman filter circle, 1/2 in. diameter, using a Hirsch funnel. 
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17. Transfer the precipitate to a porcelain crucible and ignite at 800° for 

30 min. Cool for 30 min and weigh as CeO^ (Note 5). 

18. Mount on an Al plate in a centered depression 5/16 in. in diameter and 

1/32 in deep, and count (Note 6). 

Notes 

1. In strongly acid (HNO,) medium, BrO ~ ion oxidizes Ce (III) to Ce (IV). 

2. Ce (IV) is reduced by H.O in acid medium. The oxidation-reduction 

cycle performed in steps (1) and (2) promotes exchange between radiocerium 

and c a r r i e r . 

3. If the concentration of HNO, is low, La(IO ) will a lso precipitate at 

this stage. 

4. The Zr(IO ) scavenging step removes any Th and Pu isotopes which may 

be present, as well as active Zr. 

5. CeO should be white. If it is not white at this stage,, decontamination 

from other r a r e earths is not complete. 

6. If it is desired to obtain the mass 144 chain, count the samples immediate-
/ 2 141 144 

ly through 217 mg Al /cm to cut out the 32. 5d Ce and the 290d Ce betas . 
144 143 

This gives only the activity from the 17. 5m Pr . To eliminate 33h Ce , 
one should allow 20 days from the end of bombardment before beginning the 

141 analysis . If it is desired to determine Ce , it is best to count with no ad-
141 144 

ded absorber and use a leas t -squares separation of the Ce and Ce 
activit ies. 

Ce-4. CERIUM 
174 Glendenin, Flynn, Buchanan, and Steinberg 

Procedure 

1. To the aliquot (1-5 ml) taken for analysis add 1 ml (10 mg) of stand

ardized Ce ca r r i e r , 2 ml of 2M NaBrO,, and sufficient cone. HNO, to make 

the solution 8-1OM in HNO,. 

2. Transfer to a separatory funnel containing 50 ml of methyl isobutyl ke 

tone (which has just been equilibrated with 50 ml of 9M nitric acid containing 

2 ml of 2M NaBrO.) and shake for 15-30 seconds. Withdraw the aqueous phase 
3 

and wash the methyl isobutyl ketone phase twice with 1 ml of 9M HNO con
taining a few drops of 2M NaBrO, . (Caution: Combine the aqueous phase and 
washings, and neutralize with NH.OH before discarding. ) 
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3. Back-extract the cer ium by shaking the methyl isobutyl ketone phase 

with 5 ml H O containing 2 drops of 3 0% H O (Caution: Wash the methyl 

isobutyl ketone three times with 50 ml of H.O before discarding). 

4. Neutralize the aqueous phase by adding concentrated NH.OH (3-5 ml) 

until a precipitate just appears , and acidify with 1. 5 ml of 6M HNO,. Dilute 

the solution to 1 5 ml with H O , heat just to boiling, and add 15 ml saturated 

H-C^O . Cool for 2-3 minutes in running water or ice bath, centrifuge, and 

wash the precipitate with water . 

5. Dissolve the precipitate in 1 ml 6M HNO, (warming if necessary) and 

dilute to 1 5 ml with H O . Repeat the oxalate precipitation, centrifuge, and 

filter with suction on a weighed fi l ter-paper disc in a sinall funnel, t r ans 

ferring and washing with three 5-ml portions of H,O. Wash three times with 

5 ml of ethyl alcohol, three times with 5 ml of ether, and place in a vacuum 

desiccator . Evacuate for 2 min, re lease and evacuate again for 5 min. 

Weigh the cerium oxalate, mount, and count. 

The yield of cerium through the above procedure is usually about 80%, 

and the time required is approximately 1 hour. 

E u - 1 . EUROPIUM 

The procedure described below for the analysis of radioeuropium in 

fission-product mater ia l is essentially that developed by R. N. Keller at the 
233 Argonne National Laboratory. 

Introduction 

The separation of europium from the other ra re earths present in fission 

product solutions is based upon its reduction from the +3 to the +2 state by zinc 

dust, followed by precipitation of the unreduced r a r e earths as hydroxides. 

Samarium, the other r a re earth in fission products which is capable of ex

istence in the +2 state, is not reduced by zinc dust. Barium and strontium 

activities are removed as sulfates pr ior to the reduction p rocess . Separation 

of the r a re earths from other activities is effected by fluoride precipitations 

in the presence of zirconium holdback ca r r i e r ; this separation is also ca r 

ried out pr ior to the reduction by zinc. After reduction of europium and 

precipitation of the +3 r a r e ear ths as hydroxides, the europium is oxidized 

to the tripositive state and precipitated as the oxalate, in which form it is 
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weighed and counted. The chemical yield is 55 to 65%. A set of eight samples 

can be analyzed in about 8 hours. 

Reagents 

Eu Ca r r i e r : 10 mg Eu /ml (added as EuCl in dilute HCl solution), stand

ardized 

Ba c a r r i e r : 10 mg Ba/ml (added as Ba(NO,) in H O ) 

Sr c a r r i e r : 10 mg Sr /ml (added as Sr(NO ) . 4H O in H O ) 

Zr ca r r i e r ; 10 mg Z r / m l (added as ZrO(NO ) . 2H O in IM HNO ) 

Ce c a r r i e r ; 10 mg Ce/ml (added as Ce(NO ) . 6H O in H O ) 

HCl; 6M 

HNO ; cone. 

H,SO : 6M 
2 4 — 

HF: cone. 
H BO : saturated aqueous solution 
H , C , 0 , ; saturated aqueous solution 2 2 4 ^ 
NH.OH: cone. 

4 
NH OH; cone. (Free From O and CO ) 

NaOCl: 6% solution 

Zn dust 

Aerosol: 1% in H O 

Methanol: anhydrous 

N , : tank 

Equipment 

Bunsen burner 

Drying oven 

Centrifuge 

Block for holding centrifuge tubes 

Forceps 

Mounting plates 

Pipets : assor ted sizes 

Ground-off Hirsch funnels; Coors OOOA (one per sample) 

Fil ter chimneys (one per sample) 

Fil ter flasks 

60-ml sintered glass crucibles: fine porosity (one per standardization) 

No. 42 Whatman filter c i rc les : 7/8-in. diameter, wie'ghed 

40-ml conical centrifuge tubes; Pyrex 8320 (four per sample) 

40-ml narrow neck, round bottom centrifuge tubes: Pyrex 8420 (four per 

sample) 
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100-ml beaker (one per standardization) 

Ice bath 

Wash bottle 

Stirring rods. 

Preparat ion and Standardization of Car r i e r 

Dissolve 23. 1 g of Eu O in 50 ml cone. HCl and make the solution up 

to a volume of 1 liter with H,O. If the initial reaction of acid and oxide is too 

violent use an equivalent amount of dilute acid in place of the concentrated 

acid. 

Pipet 5 ml of the above ca r r i e r solution into a 100-ml beaker and add 

10 ml of H,O and 15 ml of saturated H , C , 0 , solution. Heat the solution on a 2 2 2 4 
steam bath for 15 to 20 min and then cool to room tempera ture . Fil ter on a 

weighed 60-ml sintered glass crucible (fine porosity). Wash the europium 

oxalate precipitate several times with small quantities of H^O and once with 

anhydrous CH OH. Dry at 100° for 1 hour and then permi t the crucible to 

cool for 20 to 30 min. Weigh. 

Two standardizations, with resul ts agreeing to within 0. 5%, are p e r 

formed. 

Procedure 

1. Mix 1 ml of Ba and Sr c a r r i e r s and exactly 2 ml of Eu ca r r i e r in a 40-ml 

short- taper conical centrifuge tube. Add an aliquot of the active sample. 

2. Heat the solution on a steam bath for 5 min and add 5 drops of 6M H.,SO. 
^ — 2 4 

and a few drops of aerosol solution. Centrifuge the BaSO precipi tates and 

decant the supernate to another 40-ml centrifuge tube. Discard the precipi tate . 

3. Add 1 ml each of Ba and Sr c a r r i e r s to the supernate and heat for 5 min 

on a steam bath. After precipitation is complete (SrSO forms somewhat slowly), 

centrifuge thoroughly. Transfer the supernate to another 40-ml tube and d is 

card the precipi tate . (It is frequently necessary to recentrifuge this super

nate and decant from the snnall amount of precipitate which has floated over. ) 

4. To the supernate add 3 ml of cone. HNO,, 4 ml of Zr ca r r i e r , and 3 ml 

of cone. HF to precipitate EuF and other r a r e - e a r t h fluorides. Centrifuge 

and wash the EuF , with 10 ml of 0. IM HF, discarding both supernate and 

washings. (If the analysis is being run on samples containing U or Pu, place 

the supernate and washings in the appropriate waste bottle. ) 

5. Dissolve the E u F , precipitate in 1 ml of saturated H BO and 1 ml of 

cone. HNO and dilute to 20 to 30 ml. Precipitate Eu(OH) with 2 ml of cone. 

NH.OH. Centrifuge and discard the supernate. 
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6. D i s s o l v e the p r e c i p i t a t e in 3 m l of c o n e . HNO and d i lu te to 20 m l with 

H^O. Add 4 m l of Z r c a r r i e r and r e p r e e i p i t a t e and w a s h E u F . a s in s tep (4). 

D i s so lve the p r e c i p i t a t e in 1 m l of H . B O and 1 m l of c o n e . HCl and di lu te to 

20 to 30 m l with H O . 

7. P r e c i p i t a t e Eu(OH) by the add i t ion of 2 m l of cone . NH OH. Cent r i fuge 

and d i s c a r d the s u p e r n a t e . 

8. D i s so lve the p r e c i p i t a t e in 2 m l of 6M HCl and t r a n s f e r the so lu t ion to a 

4 0 - m l n a r r o w - n e c k cent r i fuge tube . P r e c i p i t a t e Eu(OH) a s in s tep (7). c e n 

tr i fuge and d i s c a r d the s u p e r n a t e . 

9. D i s so lve the p r e c i p i t a t e in 2 m l of 6M HCl and di lu te to 20 to 30 m l with 
+3 H O . Add 2 m l of Ce c a r r i e r (Note 1) and aga in p r e c i p i t a t e Eu(OH) , with cone . 

NH OH (Note 2) . 

10. D i s so lve the p r e c i p i t a t e in 7 to 10 m l of 6M HCl, di lute with H O to 

15 to 20 ml , and add a p p r o x i m a t e l y 0. 5 g Zn d u s t . 

11 . Heat the tube in a s t e a m ba th for 10 m i n wi th s t i r r i n g , us ing a s a s t i r 

r ing dev ice a 4 - m m tube th rough which i s p a s s i n g a s t r e a m of C O - f r e e and 

O - f r ee N (Note 3). 

12. With the N , s t i l l bubbl ing th rough the solut ion, qu ickly plunge the c e n 

tr i fuge tube into an ice ba th and ch i l l for 2 to 3 m i n . Add an e x c e s s of 0 , - f r e e 

and C O ^ - f r e e NH OH f r o m a dropping bot t le to p r e c i p i t a t e Ce(OH)_ (Note 4) . 

I m m e d i a t e l y s t oppe r the tube, sw i r l , and c e n t r i f u g e . Decan t the s u p e r n a t e 

at once into ano the r n a r r o w - n e c k cen t r i fuge tube and add 0. 5 m l of 6% NaOCl 

to the d e c a n t a t e to oxid ize E u to the +3 s t a t e and thus p r e c i p i t a t e E u ( O H ) , . 

13 . Cent r i fuge and d i s c a r d the s u p e r n a t e . D i s so lve the p r e c i p i t a t e in 2 m l 

of 6M HCl and r e p r e e i p i t a t e Eu(OH) wi th 2 m l of c o n e . NH OH. 

14. R e p e a t s t ep s (9)-(13) . 

15. R e p e a t s t ep s ( 9 ) - ( l l ) and a l s o the p r e c i p i t a t i o n and cen t r i fuga t ion of 

Ce(OH) , and decan ta t i on of s u p e r n a t e (see s tep 12) a s b e f o r e . T r a n s f e r the 

decan t a t e into a c l ean 4 0 - m l n a r r o w - n e c k cen t r i fuge tube . (This i s to r e 

move any Ce(OH) which has f loated over in the o r i g i n a l d e c a n t a t i o n . ) Stopper 

i m m e d i a t e l y and cen t r i fuge . T r a n s f e r the s u p e r n a t e to a r e g u l a r 4 0 - m l c e n 

tr i fuge tube conta in ing 0. 5 m l of NaOCl so lu t ion . Cent r i fuge and d i s c a r d the 

s u p e r n a t e . 

16. D i s so lve the Eu(OH) in 2 m l of 6M H C l , d i lu te to 20 m l wi th H O , and 

cen t r i fuge . D i s c a r d any p r e c i p i t a t e which f o r m s . R e p r e e i p i t a t e Eu (OH) , by 

the add i t ion of 2 m l of cone . N H . O H . Centr i fuge and d i s c a r d the s u p e r n a t e . 

17. Wash the p r e c i p i t a t e once wi th H^O, d i s so lve i t in 1 m l of 6M HCl, and 

di lute to 1 5 m l wi th H , 0 . Add 15 m l of s a t u r a t e d H . , C , 0 , so lu t ion and p l a c e 
2 2 2 4 

the tube in a s t e a m ba th for 10 to 20 in in . Cool to r o o m t e m p e r a t u r e , c e n -
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t r i fuge, and d i s c a r d the s u p e r n a t e . T r a n s f e r the p r e c i p i t a t e by m e a n s of a 

s t r e a m of H O onto a No. 42 Whatnnan (preweighed) 7 / 8 - i n . - d i a m e t e r f i l t e r 

c i r c l e in a ground-off H i r s c h funnel mounted in a c h i m n e y . As soon a s the 

p r e c i p i t a t e has been t r a n s f e r r e d and has p a r t i a l l y se t t l ed , t u rn on the suc t ion . 

F i l t e r and w a s h the p r e c i p i t a t e and a l s o the outs ide of the c h i m n e y twice with 

s m a l l quan t i t i e s of H^O and once wi th C H , OH. D r y a t 110° for 15 m i n . Le t 

the p r e c i p i t a t e cool for 12 to 15 min, weigh, and mount (Note 5). 

Note 

+3 

1. The Ce c a r r i e r i s added to a c t a s a s c a v e n g e r for r a r e e a r t h s a f te r 

Eu has b e e n r e d u c e d to the +2 s t a t e . Ce(OH) is p r e c i p i t a t e d and c a r r i e s down 

u n r e d u c e d r a r e e a r t h s . 

2. A n u m b e r of Eu(OH)_ p r e c i p i t a t i o n s a r e c a r r i e d out for the p u r p o s e of 
+3 r e m o v i n g H . B O and HNO p r i o r to the r e d u c t i o n of E u wi th z inc dus t . 

3 . CO - f r e e and O , - f r e e N , is obta ined by p a s s a g e of the gas th rough a U-

tube conta in ing A s c a r i t e , then t h rough f r e s h C r C l , so lu t ion (Oxsorben t ) c o n 

ta ined in a w a s h bot t le with a s i n t e r e d g l a s s d i s p e r s i n g disk, and f inal ly th rough 

a s p r a y t r a p , such a s a Kjeldahl t r a p . 

4 . 0 , , -and C O , - f r e e N H . O H is obta ined by the t r a n s f e r of the b a s e f r o m a 
2 2 4 

f r e sh ly opened bot t le to a 500 -ml g r a d u a t e d d ropp ing funnel, m a d e with two 

ground joints a t the t o p - - o n e to l ead N . in and the o the r , which is f a s t ened to 

a g l a s s check va lve , to p e r m i t N to go th rough the funnel ove r the su r f ace of 

the N H . O H and p r e v e n t a i r f r o m back ing up into the funnel . 
156 156 

5. F o r the d e t e r m i n a t i o n of 15. 4d Eu , which has a lOh Sm p a r e n t , 

the c h e m i s t r y is p e r f o r m e d 4 days a f te r b o m b a r d m e n t t ime so that the Sm 

p a r e n t wil l have d e c a y e d . Counting i s done 6 days a f te r b o m b a r d m e n t to p e r -
1 57 mi t the decay of 1 5. 4h Eu 

E u - 2 . EUROPIUM 

E l e m e n t s e p a r a t e d : E u r o p i u m P r o c e d u r e by; Newton 

T a r g e t m a t e r i a l : T h o r i u m (meta l ) T i m e for s e p ' n; 4 h o u r s 

Type of bbdt ; 60 - in . a ' s E q u i p m e n t r e q u i r e d : Tank N 

Yield: 40% 

(O and CO f ree) 

Deg ree of pu r i f i ca t ion ; 10 except f r o m RE; a 10 f r o m R E . 
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P r o c e d u r e : The Th m e t a l i s d i s s o l v e d in cone . HCl + a few d r o p s of 0. 2M 

(NH ) S i F , solut ion to c l e a r up the b l ack r e s i d u e . The HCl i s d i lu ted to 2N 

and an a l iquot t aken . 

1. To a l iquo t add 10 mg Eu and 10 mg Ce c a r r i e r s . Add 8 m l cone . 

HNO and 20 m l 0 .35M HIO so ln . P p t . Th(IO ) . D i s c a r d pp t . 

2. To cen t r i fuga te add 19M NaOH, pp t . Ce(OH) and Eu(OH) . Cent r i fuge 

and w a s h pp t . once with H . O . 

3 . D i s s o l v e pp t . in 8 m l cone . HNO , add 2 m l Zr and 20 m l HIO , pp t . 

Z r ( I O , ) .. Cent r i fuge and d i s c a r d pp t . 

4 . Add 19M NaOH to pp t . Eu(OH) and Ce(OH) . D i s c a r d s u p e r n a t e . Wash 

pp t . once with H O . 

5. D i s so lve hyd rox ides in 1 m l 6N HCl . Add 10 mg each Ba and Sr c a r r i e r s . 

P a s s in CO - f r e e N H , , pp t . h y d r o x i d e s . 

6. Repea t (5). 

7. D i s so lve pp t . in 1 m l HCl . Add Cb and Zr c a r r i e r and 3 m l 27N H F . 

P p t . C e F + E u F . W a s h p p t s . o n c e . 

8. D i s so lve p p t . in 1 m l 6N HCl and 1 m l s a t . H . B O . Di lute , p a s s in 

NH^, pp t . RE(OH)2. 

9. D i s s o l v e RE(OH)2 in 1 m l 6NHC1. P a s s in NH^, pp t . RE(OH)2. 

10. D i s so lve RE(OH) in 1 m l 6N HCl . Add 0. 5 g Zn(Hg). Dilute to 5 ml , 

p a s s in p u r e N th rough s t i r r i n g r o d . Heat , s t i r r i n g with r o d th rough which 

gas is p a s s i n g . P l a c e in ice ba th and p a s s in N H , to pp t . Ce(OH) , . S topper 

tube and cen t r i fuge . P ipe t t e off s u p e r n a t e to a n o t h e r tube . 

11 . D i s so lve pp t . in 1 m l 6N HCl, d i lu te , and r e p e a t s tep (10). 

12. To combined s u p e r n a t e s of s t ep s (10) and (11) add 1 d r o p NaOCl (6%) 

o r p a s s in ozone . P p t . E u ( O H ) - . C e n t r i f u g e . D i s s o l v e in 6N HCl and r e p e a t 

s t e p s (10), (11), and (12). 

13. D i s so lve Eu(OH) , f r o m s tep (12) in 1 m l 6N HCl . Dilute to 10 m l . 

Hea t . Add 10 m l s a t u r a t e d H , C , 0 , and p l ace in ice ba th 10 m i n . F i l t e r on 
2 2 4 

weighed f i l t e r p a p e r and w a s h t h r e e t i m e s with 5 m l H O , t h r e e t i m e s with 

5 m l E tOH and t h r e e t i m e s with 5 m l E t O. E v a c u a t e d and weigh . 

R e m a r k s 
1. N gas m u s t be F r e e F r o m O and CO . 

2 . Save a l l E u r e s i d u e s , ac t ive or not . Eu is e x t r e m e l y r a r e and h a r d to 

e t . 

This me thod has b e e n d e s c r i b e d p r e v i o u s l y in P h y s . Rev . 7_5, 17 (1949). 

P r e p a r a t i o n of E u r o p i u m C a r r i e r 

About 1. 5 g of e u r o p i u m oxala te o r i g i n a l l y p r e p a r e d by McCoy was p u r i -
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fied. There are both a and p activities associated with this Eu and it is neces

sary to separate it in order to obtain a good ca r r i e r solution. The process is 

given below. 

1. Eu (C O ) ignited and dissolved in HCl. 

2. NH OH passed to ppt. Eu(OH) . 

3. Eu(OH) dissolved in 10 ml 16N HNOj, Zr"*"* c a r r i e r added. 

4. HIO, added ppt. Zr(IO ) carrying all Th impuri t ies . 

5. 19N NaOH added to ppt. Eu(OH) . 

6. Eu(OH) dissolved in 6N HCl. Ba"*""*" added and H SO added while hot 

to ppt. BaSO , carrying Ra and MsTh activit ies. 

7. Eu(OH) pptd. with NH OH, washed and dissolved in dilute HCl. 

8. Zn(Hg) added to reduce Eu with N bubbling through solution. Then NH 

passed into ppt. RE and Ac hydroxides. Ppt. redissolved in acid and recycled 

since some Eu not reduced. 

9. Eu oxidized with NaOCl and pptd. as hydroxide, washed and d i s 

solved in HCl as c a r r i e r . 

Standardization of Car r i e r 

Take 2 ml ca r r i e r solution, heat and ppt. oxalate with H C O . Cool 

10 min in ice bath, filter. Wash three times with 5 ml H O , three times with 

5 ml EtOH and three times with 5 ml Et O. Dry by evacuation. Weigh as the 

oxalate. Ignite to oxide and weigh as the oxide. 

Eu (C^O J^ . 10 H^O (24. 6 mg per 10 mg Eu). 
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Eu-3 . EUROPIUM 

O Q Z 

Element separated; Europium Procedure by: Goeckermann 

Target mater ia l ; a 1 g Bi metal Time for sep 'n ; few hours 

Type of bbdt; 184-in. , all par t ic les Equipment required: Centrifuge, 

tubes, Lusteroid cones, H S tank, 

NH, tank, ozone generator 

Yield; Eu approx. 15% 
4 

Degree of Purification; Eu decontamination factor > 10 from non-RE fission 

and spallation products . 

Advantages: Good for separating small amounts of Ce and Eu activity from 

large amts . of non-RE activi t ies. 

Procedure; Cerium and Europium were purified together and then separated 

from the other r a r e ear ths . 

1. To aliquot of HNO soln. of target add 20 mg Ce, Eu, and Y. Make 2N 

in HCl with Zr, Cb, and Sr present and precipitate RE fluorides. 

2. Dissolve and repreeipitate RE fluorides from 2N HNO with Zr and Cb 

present . 

3. Scavenge twice with Bi S and RuS from 0. 5N HCl. 
~ -2 

4. Precipitate RE hydroxides twice with NH,(CO, -free) and Sr present . 

5. Precipitate RE fluorides from 2N HCl twice with Zr and Cb present . 

6. Scavenge with Bi S and RuS from 0. 3N HCl. 

7. Precipitate RE Hydroxides with NH, three times with Sr present . 

8. Precipitate RE oxalates from dilute HCl. 

9. Precipitate RE fluorides from HNO,. 

10. Repeat step (7). 

11. Displace air with N that is free of O and CO , reduce with Zn amal 

gam, precipitate Y(OH) and Ce (OH) with NH . Dissolve and reduce again, 

repreeipitate hydroxides. 

12. Oxidize supernatants from hydroxide precipitations with ozone, p r e 

cipitate Eu(OH) with NH . Dissolve in HCl, add Ce, reduce to Eu and 

precipitate Ce(OH) . Repeat separation cycle three t imes . Precipitate 

Eu (C O ) like Y (C O ) and t reat s imilar ly. Weigh as Eu (C O ) . lOH O 
Cl LI ^ -^ Cl Cl ^ J Cl Ct ^ J C 

(24. 6 mg per 10 mg Eu). See (58-2) for cerium separation from the same 
o r) 2 -3 

target . In these bbdts . , the amount of Y activity produced was 10 times 
the RE activity. 1-2 mg of holdback c a r r i e r s or scavengers are used. 
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A c - 1 . ACTINIUM 

G. M. Iddmgs (LRL, Livermore) 

5-17-60 

Actinium can be mildly purified and mounted weightless by the follow

ing procedure; 

1. To the Ac t racer in mixed activities add a 5 mg of pure Lu c a r r i e r . 

Precipitate Lu(OH) with NaOH at pH > 13 (see Note 1). Wash the prec ip

itate once 'With water. 

2. Dissolve the Lu(Ac) in a 5 ml of buffer solution— 0 IM acetic acid and 

IM sodium acetate—which is a pH 5. 7. Transfer the solution to a 60-ml 

cylindrical separatory funnel and extract the Ac and Lu into a 30 ml of 0. 40M 

TTA in benzene for 3 minutes, s t i r r ing with a motor-dr iven glass paddle. 

Wash the organic layer twice with a 15 ml of pH 5 7 buffer solution. 

3. Back-extract the Ac (but not the Lu) into a 10 ml of pH 4. 5 buffer solu

tion made of 0. IM formic acid and IM sodium formate. Repeat the back-

extraction and combine the solutions (see Note 2). 

4. Adjust the pH of the solution to a 5. 7 with saturated sodium acetate 

solution. Extract the Ac into a new batch of 0.40M T PA in benzene. Wash 

the organic layer with pH 5. 7 buffer solution. Wash out the buffer solution 

with water without s t i r r ing. 

5. Back-extract the Ac into a few ml of 0. 05M HCl. Repeat the back-ex

traction with a new portion of 0. 05M HCl. 

6. Evaporate the combined solutions of Ac on a Pt plate under a heat lamp. 

Ignite gently and count. 

Notes 

1. Ac ca r r i e s much better on Lu at pH 13 or 14 with NaOH than at pH 8 or 

9 with NH OH. 

2. The pH 4. 5 back-extraction is a good separation of Ac from Y earths 

and the heavier Ce ear ths . There is only a par t ia l separation of Ac from La. 

Ac-2 ACTINIUM (From Its Daughters) 

Cabell^^ 

Chemical Purification of Irradiated Actinium 

Cation-and anion-exehange chromatography were used to purify the i r 

radiated actinium 
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Ac-2 (Continued) 

E a c h ca t ion co lumn c o n s i s t e d of 1. 00 g (dry weight) of 200-400 m e s h 

Dowex-50 (hydrogen fo rm) conta ined m a g l a s s tube 10 c m long and 6 m m m 

d i a m e t e r s e a l e d onto a r e s e r v o i r 10 c m long and 3 c m m d i a m e t e r . Both 

co lumn and r e s e r v o i r w e r e j acke ted a t 60° . Befo re they w e r e loaded, the 

c o l u m n s w e r e p r e p a r e d by wash ing with w a t e r . 

E a c h anion co lumn conta ined 0 . 2 5 g of 200-400 m e s h Dowex-1 (ch lo r ide 

f o r m ) m a tube 6 c m long and 6 m m m d i a m e t e r s ea l ed onto a r e s e r v o i r 5 c m 

long and 1. 5 c m m d i a m e t e r . The anion c o l u m n s , which w e r e o p e r a t e d a t 

r o o m t e m p e r a t u r e , w e r e washed with 5 m l of lOM h y d r o c h l o r i c ac id be fore 

loading . 

The i r r a d i a t e d a c t i n i u m s a m p l e was d i s s o l v e d in 5 m l of 2M h y d r o c h l o r i c 

ac id and the so lu t ion was w a r m e d to 80° be fo re it was fed to a ca t ion exchange 

co lumn without app l i ca t ion of p r e s s u r e . When the feed had p a s s e d , the co lumn 

was e lu ted s u c c e s s i v e l y with 5 m l of hot 2M h y d r o c h l o r i c ac id (to r e m o v e 

b i s m u t h , l ead , and f r a n c i u m ) and 20 nnl of hot 3M n i t r i c ac id (to r e m o v e 

r a d i u m ) . F ina l ly the co lumn was e lu ted with 25 m l of hot 6M n i t r i c ac id , the 

f i r s t 5 m l of e lua ted was r e j e c t e d and the r e m a i n d e r , which conta ined the 
227 

pur i f i ed ac t in ium, was co l l ec t ed in a cent r i fuge tube . The Th daugh te r of 

the a c t i n i u m was left on the co lumn. 

The p r o g r e s s of this s e p a r a t i o n is i l l u s t r a t e d in F i g . 105 (each peak 

was ident i f ied by s e p a r a t e e x p e r i m e n t s us ing only one of the five componen t s 

each t i m e ) . 

T h r e e d r o p s of a f e r r i c n i t r a t e so lu t ion (10 mg i r o n p e r m l ) w e r e added 

to the e lua te obta ined f r o m the ca t ion co lumn; the so lu t ion was n e u t r a l i z e d 

wi th a m m o n i a , cooled to r o o m t e m p e r a t u r e , and the f e r r i c hyd rox ide p r e 

c i p i t a t e , which c a r r i e s the ac t i n ium, was co l l ec t ed by cen t r i fug ing . The p r e 

c ip i t a t e was d i s s o l v e d in 2 d r o p s of c o n c e n t r a t e d h y d r o c h l o r i c ac id , d i lu ted 

to 20 ml , and the i r o n was p r e c i p i t a t e d aga in wi th a m m o n i a . This so lu t i on -

p r e c i p i t a t i o n cyc le was then r e p e a t e d . 

The p r e c i p i t a t e was next d i s s o l v e d in 1 m l of c o n c e n t r a t e d h y d r o c h l o r i c 

ac id and fed to an anion exchange c o l u m n a t the r a t e of 0 .2 m l / m i n to r e m o v e 

the i r o n c a r r i e r . After the feed had p a s s e d , the c o l u m n was e lu ted wi th 1 m l 

of lOM h y d r o c h l o r i c ac id and the to t a l e lua t e was c o l l e c t e d in a s m a l l p l a t i n u m 

c r u c i b l e and e v a p o r a t e d to d r y n e s s u n d e r a n i n f r a r e d l a m p . The c r u c i b l e was 

then hea t ed in a fu rnace a t 700° for 5 m i n u t e s and coo led ; 2 m l c o n c e n t r a t e d 

n i t r i c ac id was added and the so lu t ion was aga in e v a p o r a t e d to d r y n e s s u n d e r 

an i n f r a r e d l a m p . F i n a l l y the r e s i d u e , which was inv i s ib l e to the naked eye , 

was d i s s o l v e d in 1 m l c o n c e n t r a t e d n i t r i c ac id and the r e s u l t i n g so lu t ion was 

u s e d for mak ing s o u r c e s on thin f i lms for count ing . 

235 



ON 

lO 

FEEOfWASK 
-tN-t -BM-r— 

>̂ <=̂ f IP 

BMHNOa 6MHNO, 

^ ^ -5P- J ^ 

^ ACTIVITY 
O ACTIVITY 

INFLUENT 
VCXJLIME(ml) 

c EFFLUENT 
j * VOUJME (ml) 

138 6 0 TIME (min) 

> 
n 
I 

?̂  
O 
0 

5' 
(I 

a. 

227 Fig. 105. The separation of Ac from its daughters by cation-exchange 
chromatography (67) 



A c - 3 . ACTINIUM 

3 06 
E l e m e n t s e p a r a t e d : Ac t in ium ( p r o - P r o c e d u r e by; Hyde 

, • 1 ^ A 2 2 5 , , 2 2 6 , 
c e d u r e des igned for Ac and Ac ) 

T a r g e t m a t e r i a l ; T h o r i u m m e t a l about T i m e for s e p ' n; 24 h o u r s 

25 g (two 2 5 -mi l foils 1-1/2 in . s q u a r e 

b o m b a r d e d on edge) 

Type of bbdt ; P r o t o n s f r o m 184- in . E q u i p m e n t r e q u i r e d : b e a k e r s , c en -

c y c l o t r o n t r i fuge cones , 2 5 0 - m l s e p a r a t o r y 

funnel, r e s i n co lumn, a u t o m a t i c 

s a m p l e r , pH m e t e r 

Yie ld : Not known, e s t i m a t e d 75% 

D e g r e e of pu r i f i c a t i on ; Comple t e s e p a r a t i o n f r o m a l l o the r e l e m e n t s by 

fac to r of a t 

P r o c e d u r e 

4 
fac to r of a t l e a s t 10 . 

1. D i s so lve t h o r i u m in hot c o n e . H N O , . Add 1 d rop IN H F o c c a s i o n a l l y to 

ca t a lyze d i s s o l u t i o n . 

2 . E v a p o r a t e solut ion n e a r l y to c r y s t a l l i z a t i o n . Cool . T r a n s f e r to 2 5 0 - m l 

p e a r - s h a p e d s e p a r a t o r y funnel . One which h a s been modif ied to p r o v i d e a 

s ide funnel a s shown in F i g . 1 is r e c o m m e n d e d . 

3 . Add 1-2 vo lumes p e n t a e t h e r (d ibu toxy te t r ae thy lene g lyco l ) . S t i r . Le t 

s e t t l e . D r a i n aqueous l a y e r into o r i g i n a l b e a k e r . D r a i n p e n t a e t h e r l a y e r i n -

to bot t le for s t o r a g e . 

4 . R e t u r n aqueous l a y e r to funnel . Add sol id a m m o n i u m n i t r a t e wi th s t i r 

r i ng un t i l so lu t ion i s s a t u r a t e d . Add 2-3 v o l u m e s p e n t a e t h e r . S t i r . D r a i n 

aqueous into 5 0 - m l cent r i fuge c o n e . D r a i n p e n t a e t h e r l a y e r into s t o r a g e b o t t l e . 

5. R e p e a t p e n t a e t h e r e x t r a c t i o n once aga in a f te r adding 0. 5 m l c o n e . HNO. 

to r e p l a c e tha t e x t r a c t e d by so lven t . 

6. Cent r i fuge aqueous l a y e r in 5 0 - m l cen t r i fuge cone to s e p a r a t e l a s t c e ' s 

of p e n t a e t h e r , which a r e p ipe t t ed off. 

7. Add NH^OH to pp t . l a s t a m o u n t s of t h o r i u m as Th(OH) . This s e r v e s to 

c a r r y the a c t i n i u m out of the s a l t ed so lu t ion . Wash twice wi th H O . 

It i s qui te i m p o r t a n t that the so lu t ion be cool be fore the so lven t is added a s 

p e n t a e t h e r is r a p i d l y d e c o m p o s e d by hot n i t r i c a c i d . 

P e n t a e t h e r i s u s e d to e x t r a c t the bulk of the t h o r i u m away . The t h o r i u m 

s e r v e s a s i t s own sa l t ing agen t in the f i r s t p a s s which e x t r a c t s the bulk of i t 

and r e d u c e s the aqueous vo lume g r e a t l y . Subsequent e x t r a c t i o n s m u s t be a ided 

by NH NO sa l t i ng . 
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A c - 3 (Continued) 

8. D i s so lve mixed hyd rox ides in m i n i m u m a m o u n t HCl. Dilute to 5 m l . 

Adjust pH to 1 . 5 - 2 . 5 , check with B e c k m a n pH m e t e r u s ing l - d r o p g l a s s 

e l e c t r o d e . Add 10 m l 0. 1 5M TTA in b e n z e n e . S t i r . R e c h e c k and if n e c e s s a r 

r e a d j u s t pH. St ir well" 10-20 m i n u t e s . 

9. Cen t r i fuge . P i p e t off benzene l a y e r conta in ing t h o r i u m . 

10 To aqueous add 10 m l f r e s h TTA. Stir , check pH. St ir 10-20 m i n u t e s . 

Cen t r i fuge . P ipe t off benzene l a y e r . 

11 . To aqueous l a y e r containing ac t i n ium, r a r e - e a r t h , and o the r a c t i v i t i e s 

add NH OH to ad jus t pH to 5. 5 -7 . 0. 

12. Add 10 m l T T A - b e n z e n e . S t i r . Recheck pH. Contac t 20 m i n u t e s . 

13. P i p e t benzene l a y e r conta in ing a c t i n i u m and r a r e e a r t h s into c l ean 

5 0 - m l cent r i fuge cone . R e - e x t r a c t a c t i v i t y into 2. 5 m l 0. IN HCl by 2 m i n 

u tes of s t i r r i n g . (At this point the only l ike ly i m p u r i t i e s a r e r a r e - e a r t h f i s 

s ion p r o d u c t s . If t hese do not i n t e r f e r e , th is so lu t ion m a y be c o n s i d e r e d the 

f inal so lu t ion . If s e p a r a t i o n f r o m r a r e e a r t h s is d e s i r e d the following r e s m 

s e p a r a t i o n i s r e c o m m e n d e d . ) 

14. Add a few m g of a m m o n i u m - f o r m , co l lo ida l Dowex-50 r e s m to the 

di lute HCl so lu t ion . W a r m to a 60°C m w a t e r ba th for 2 -3 m i n u t e s . C e n 

tr i fuge . 

15. If a s s a y of s u p e r n a t e i nd i ca t e s n e a r l y c o m p l e t e a d s o r p t i o n on r e s m , 

p ipe t the r e s m on to the top of a s h o r t r e s m co lumn. E lu te with 5% c i t r a t e 

so lu t ion of pH 3 . 8 - 4 . 0 . Use a m e c h a n i c a l s a m p l e r to take s a m p l e s e v e r y 

2 0 m i n u t e s . 

The r a r e - e a r t h and a c t i n i u m p e a k s cannot be p r e d i c t e d a c c u r a t e l y e -

nough to e l i m i n a t e the n e c e s s i t y of a lpha and be t a counts to d e t e r m i n e the i r 

loca t ion . The r a r e - e a r t h f r ac t i ons c o m e off m the f i r s t s a m p l e s a s ind ica ted 
225 by the be ta c o u n t s . The a c t i n i u m peak is loca ted by the a lpha counts of Ac 

The solut ion of Bi and i t s a s s o c i a t e d Po daugh te r a lpha ac t iv i ty m the 

e a r l y f r ac t ions o b s c u r e s the loca t ion of the a c t i n i u m peak u n l e s s s a m p l e s a r e 
21 3 

p u l s e - a n a l y z e d or u n l e s s the 4 7 - m m u t e Bi i s a l lowed to decay before 

count ing . 

My e x p e r i e n c e with a co lumn 6 c m X 2 m m of co l lo ida l r e s m e lu ted 

with pH 3. 9 c i t r a t e a t a r a t e of 1 d rop p e r 2. 5 m i n u t e s was that the r a r e -

An equa l volume of T T A - b e n z e n e wil l e x t r a c t t h o r i u m e s s e n t i a l l y com

p l e t e l y f r o m an aqueous so lu t ion of p H > 1 . A c t i n i u m e x t r a c t i o n i s 0 a t p H 

2. 5 or l e s s , i s 10% at pH 4, and r i s e s s h a r p l y to e s s e n t i a l l y c o m p l e t e e x 

t r a c t i o n a t pH 5. 5 or g r e a t e r . See Hagemann , A E C D - 1 9 3 3 . 
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A c - 3 ( C o n t i n u e d ) 

e a r t h f r a c t i o n c a m e off w i t h i n t w o h o u r s a n d t h e a c t i n i u m f r a c t i o n , w e l l s e p a r a t e d 

f r o m t h e r a r e e a r t h s , s t a r t e d to c o m e off a f t e r 5 h o u r s a n d w a s s p r e a d o v e r 2 - 3 

h o u r s . O t h e r s ( O r t h a n d S t r e e t ) r e p o r t m u c h n n o r e r a p i d e l u t i o n u n d e r e s s e n 

t i a l l y t h e s a m e c o n d i t i o n s . 

A c - 4 . A C T I N I U M 

3 0 A 
E l e m e n t s e p a r a t e d ; A c t i n i u m P r o c e d u r e b y ; M e i n k e 

230 
P a r e n t m a t e r i a l ; T r a c e r P a T i m e f o r s e p ' n ; 3 - 4 h o u r s 

M i l k i n g e x p e r i m e n t E q u i p m e n t r e q u i r e d ; S t a n d a r d , 

c e n t r i f u g e 

Y i e l d ; » 4 0 % 

•7 

D e g r e e of p u r i f i c a t i o n ; F a c t o r of a t l e a s t 10 f r o m P a , U, a n d T h . 

A d v a n t a g e s ; C a n s e p a r a t e v e r y s m a l l a m o u n t s of A c f r o m l a r g e a m o u n t s of 
22 6 

P a , U, a n d T h a c t i v i t y . In o n e e x p e r i m e n t s e p a r a t e d 500 d / m A c f r o m 

10 t o t a l d / m of P a a n d a b o u t e q u i v a l e n t a m o u n t s of U a n d 3 0 - m i n u t e T h 

P r o c e d u r e ; P a ^ ^ i n 6N H N O a f t e r D I P K e x t r a c t i o n s ( p r o c e d u r e 9 1 - 1 ) . 

1 . T a k e 10 c c of P a s o l n . a n d a d d l / 4 m g L a a n d 5 m g C e c a r r i e r s . 
2 . A d d 10 d r o p s of c o n e . H F t o p p t . t h e f l u o r i d e s . C e n t r i f u g e . 

3 . M e t a t h e s i z e p p t . t o L a a n d C e h y d r o x i d e s a n d w a s h o n c e w i t h 5 m l 

a l k a l i n e w a t e r . 

4 . D i s s o l v e p p t . i n f e w d r o p s 6N H C l a n d d i l u t e t o 5 c c . 

5 . A d d 1 /4 m g Zr"*" c a r r i e r a n d H P O to m a k e 3 N P O " . D i s c a r d p p t . 

S t e p s (2) t h r o u g h (5) a r e r e p e a t e d a l t e r n a t e l y o r c o n s e c u t i v e l y u n t i l t h e 

d e s i r e d d e g r e e of p u r i f i c a t i o n i s o b t a i n e d . F o r t h e p u r i f i c a t i o n s n o t e d a b o v e , 

10 f l u o r i d e p p t n s . a n d 9 p h o s p h a t e p p t n s . w e r e m a d e . A f t e r t h e 1 0 t h f l u o r i d e 

p p t . h a d b e e n m e t a t h e s i z e d t o t h e h y d r o x i d e , t h e f o l l o w i n g p r o c e d u r e w a s u s e d ; 
+ 3 

6. D i s s o l v e h y d r o x i d e p p t . i n 1OM H N O _ , m a k e . O l M F e a n d o x i d i z e 
+3 +4 . +4 

C e t o C e w i t h s o l i d s o d i u n n b i s n n u t h a t e ( w a r m to s p e e d u p r e a c t i o n ) . ( C e 

w i l l n o w c a r r y o n t h e Z r . ( P O ) p p t . ) 

7 . R e p e a t s t e p ( 5 ) . 

8. R e p e a t s t e p s (2) a n d ( 3 ) . 

9- D i s s o l v e p p t . i n f e w d r o p s 6N H C l , d i l u t e t o k n o w n v o l u m e a n d p l a t e 

a l i q u o t f o r c o u n t i n g . 
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A c - 4 ( C o n t i n u e d ) 

R e m a r k s ; 

T h e f l u o r i d e c y c l e s d e c o n t a m i n a t e p r i m a r i l y f r o m P a , t h e p h o s p h a t e 

f r o m T h . If f u r t h e r p u r i f i c a t i o n i s r e q u i r e d i n c l u d e m o r e c y c l e s m p r o c e d u r e . 

O n l y o n e m i l k i n g c a n b e m a d e f r o m a g i v e n b a t c h of P a b y t h i s p r o c e 

d u r e s i n c e i t IS d i f f i c u l t t o a g a i n g e t t h e P a i n t o a n e x t r a c t a b l e f o r m o n c e 

f l u o r i d e i o n h a s b e e n a d d e d . 

I t h a s b e e n f o u n d t h a t t h e L a C l , s o l u t i o n m a k e s a m o r e a d h e r e n t a n d 
+3 

t h i n n e r p l a t e t h a n t h e L a F p p t . T h e a m o u n t of L a c a r r i e r u s e d i n s t e p 

(1) s h o u l d b e d e t e r m i n e d b y the a m o u n t of b u l k t h a t c a n b e t o l e r a t e d o n t h e 

f i n a l p l a t e . 

A c - 5 . A C T I N I U M 

3 0 A 
E l e m e n t s e p a r a t e d ; A c t i n i u m ( p r o c e d u r e P r o c e d u r e b y ; H a l l 

d e s i g n e d f o r A c ) 

T a r g e t m a t e r i a l ; T h o r i u m m e t a l ( a 0 . 5 T i m e f o r s e p ' n ; a 2 4 h o u r s 

g 5 - m i l f o i l ) 

T y p e of b b d t ; 3 4 0 - M e v p r o t o n s E q u i p m e n t r e q u i r e d : B e a k e r s , 

r e s m c o l u m n , a u t o m a t i c s a m p l e r , 

p H m e t e r , s t i r r e r 

Y i e l d ; N o t k n o w n , p r o b a b l y a t l e a s t 7 5 % . 

4 
D e g r e e of p u r i f i c a t i o n : F a c t o r of a t l e a s t 10 f r o m o t h e r e l e m e n t s . 

A d v a n t a g e s ; T T A s e p a r a t i o n of T h t a r g e t m a t e r i a l f a s t e r a n d c l e a n e r t h a n 

p e n t a e t h e r e x t r a c t i o n . 

P r o c e d u r e 

1. D i s so lve t h o r i u m m hot c o n c e n t r a t e d HCl in 5 0 - m l b e a k e r . Add 1 d rop 

only of 0 .2M (NH ) S i F , ( m o r e c a u s e s Si to p r e c i p i t a t e ) . 

2 . E v a p o r a t e to d r y n e s s to expe l m o s t of the HCl . 

3 . Take up r e s i d u e with w a t e r and ad jus t the p H m e t e r and g l a s s and c a l o m e l 

e l e c t r o d e s , Nos . 1170 and 1190. 

4. E x t r a c t the t h o r i u m away with an e x c e s s of IM TTA in benzene , p r e 

v ious ly washed f i r s t with ac id then with w a t e r . 

(a) Add a 25 m l TTA. 

(b) Adjus t pH throughout e x t r a c t i o n p e r i o d to 1. 0 - 2 . 0. 

(c) Stir 20 m i n u t e s . 
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A c - 5 (Continued) 

(d) P i p e t off the aqueous l a y e r and t r a n s f e r to a c l e a n b e a k e r . 

5. R e p e a t the t h o r i u m e x t r a c t i o n t h r e e t i m e s us ing c l e a n s t i r r e r s , b e a k e r s , 

e t c . , e a c h t i m e . S m a l l e r p o r t i o n s of TTA m a y be u s e d . 

6. S imi l a r l y , e x t r a c t the a c t i n i u m and r a r e e a r t h s into the benzene p h a s e a t 

pH of 6. 0 -7 . 0, us ing « 5 -ml p o r t i o n s of TTA. R e p e a t if n e c e s s a r y . 

7. F ina l ly , e x t r a c t the a c t i n i u m and r a r e e a r t h s into the aqueous p h a s e 

us ing a 3 m l 0. IM HCl. Repea t if n e c e s s a r y . 

8. T r a n s f e r the ac t iv i ty to a r e s i n co lumn and c o m p l e t e the a c t i n i u m s e p 

a r a t i o n a s ind ica ted in s t eps (14)-(15) of Hyde ' s p r o c e d u r e . 

S p - 1 . SCANDIUM 

D e t e r m i n a t i o n of C h e m i c a l Yield of Scandium 

This i s a s p e c t r o p h o t o m e t r i c me thod depending on the co lo r of the 8-
544 

hydroxyquinol ine c o m p l e x in a m y l a c e t a t e so lu t ion . 

R e a g e n t s 

C a r r i e r solut ion, 10 mg s c a n d i u m / g : Weigh out 0. 768 g Johnson Mat they 

Specpure s c a n d i u m oxide (Sc_0 ) into a p l a t i n u m d i sh and add 5 m l of 16M n i 

t r i c ac id and a few d r o p s of IM hydro f luo r i c a c i d . Hea t unde r the l a m p unt i l 

d i s s o l v e d and then e v a p o r a t e off m o s t of the a c i d . Add m o r e n i t r i c ac id and 

aga in e v a p o r a t e n e a r l y to d r y n e s s . Dilute to 50 g. 

Dilute s c a n d i u m s t a n d a r d ; About 200 fig/g p r e p a r e d by a c c u r a t e d i lu t ion 

of the c a r r i e r so lu t ion . 

8 -hydroxyquino l ine (oxine): 1 g d i s s o l v e d in 100 m l 95% a l c o h o l . 

P r o c e d u r e 

T r a n s f e r the s a m p l e conta in ing 20-60 |j.g of s c a n d i u m in d i lu te ac id s o l u -

tion to a 4 0 - m l cent r i fuge tube and b r i n g the f inal vo lume to about 5 m l wi th 

w a t e r . Add 2 . 0 m l of the oxine r e a g e n t , and 0. 5 m l of 6M a m m o n i u m h y 

d r o x i d e . Add 10 .0 m l of A n a l a r - g r a d e a m y l a c e t a t e and s t i r the l a y e r s t o 

ge the r m e c h a n i c a l l y for 5 m i n . Cent r i fuge and t r a n s f e r s o m e of the top 

(amyl a c e t a t e ) l a y e r to a 1-cm c e l l . M e a s u r e the a b s o r b a n c y a g a i n s t a b lank 

solut ion, s i m i l a r l y p r e p a r e d , a t 380 m ^ . (This is not the p e a k wavelength^ 

The s a m p l e t aken nnust conta in l e s s than 1 m i l l i e q u i v a l e n t of f ree a c i d . 

2i+l 



S P - 1 (Continued) 

which IS below the r a n g e of the SP600 but the a b s o r b a n c y is changing quite 

s lowly with wave length over the r a n g e 395-375 m|j. and t h e r e is adequa te 

s ens i t i v i t y for the p u r p o s e s of this a n a l y s i s . ) 

C a r r y out s i m i l a r d e t e r m i n a t i o n s on a c c u r a t e l y m e a s u r e d p o r t i o n s of 

the di lute s c a n d i u m s t a n d a r d so lu t ion . 

The B e e r - L a m b e r t law is obeyed. 

Under the above condi t ions 50 (j,g of s c a n d i u m give an a b s o r b a n c y of a-

bout 0 . 6 . 

544 R e f e r e n c e : The method was developed by J. H e r r i n g t o n a t A W R E . 

Sp-2 . RARE EARTHS 

D e t e r m i n a t i o n of C h e m i c a l Yield of C e r i u m , P r a s e o d y m i u m , Neodymium, 

S a m a r i u m , E u r o p i u m , Gadoliniunn, T e r b i u m , and Y t t r i u m 

This IS a s p e c t r o p h o t o m e t r i c me thod depending on the blue c o l o r s of the 
544 c o m p l e x e s with b r o m o p y r o g a l l o l r e d . 

Reagen t s 

C a r r i e r so lu t i ons : 5 mg e l e m e n t / g in 0. IM n i t r i c a c i d . 

C e r i u m : Disso lve 1.96 g A n a l a r - q u a l i t y c e r i c amnnonium n i t r a t e m 5 

m l 0. 5M n i t r i c ac id and add suff icient 100-vo lume hydrogen p e r o x i d e to d e 

c o l o r i z e the so lu t ion . Dilute to 5 g. 

P r a s e o d y m i u m : 1. 54 g p r a s e o d y m i u m n i t r a t e P r ( N O ) . 6H^ O in 100 g s o l u 

t ion. S tandard ize g r a v i m e t r i c a l l y , us ing dupl ica te 10-g p o r t i o n s , by e v a p 

o ra t ing n e a r l y to d r y n e s s in a t a r e d s i l i c a c r u c i b l e , adding a l i t t le c e l l u lo se 

powder to a b s o r b the solut ion, igni t ing ca re fu l ly at 800-900°C, and weighing 

a s P r , 0 , , . 
D i i 

Solutions of the o ther e l e m e n t s a r e p r e p a r e d by d i s so lv ing weighed a -

moun t s of Johnson Mat they " S p e c p u r e " oxides m 5 m l of 6M n i t r i c ac id , 

e v a p o r a t i n g to about 0 5 ml , and then di lut ing quan t i t a t ive ly to 50 g. The fo l 

lowing weights of oxides a r e n e e d e d . 

Neodymium 0 291 g N d O , Gadol in ium 0 . 2 8 8 g G d O 

S a m a r i u m 0 .290 g S m O T e r b i u m 0 . 2 8 8 g T b O 

Y t t r i u m 0 . 3 1 8 g Y O 

Dilute s t a n d a r d s ; About 200 î g /g p r e p a r e d by a c c u r a t e d i lu t ion of the 

c a r r i e d so lu t i ons . 
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B r o m o p y r o g a l l o l r e d ; 0. 05% w / v so lu t ion in 50% ethyl a l coho l . 

Sodium a c e t a t e ; 54 g CH COONa 3H O p e r 100 aqueous so lu t ion . 

Sodium b i c a r b o n a t e : 5 g p e r 100 nnl aqueous so lu t ion 

H y d r o c h l o r i c ac id : 0 2M. 

A s c o r b i c ac id : 1 g p e r 100 m l aqueous solut ion, f r e s h l y p r e p a r e d . 

P r o c e d u r e 

Y t t r i u m and r a r e e a r t h s . T r a n s f e r the s a m p l e conta in ing 15-3 5 |j.g y t t r i u m or 

20-50 |j.g of r a r e e a r t h , in ac id solut ion, to a 2 5 - m l m e a s u r i n g f lask . Dilute 

to 15-16 nnl with w a t e r . Add 2. 0 m l of the b r o m o p y r o g a l l o l r e d r e a g e n t and 

then sod ium b i c a r b o n a t e so lu t ion d r o p w i s e , unt i l one d rop p r o d u c e s a p e r 

m a n e n t blue c o l o r . Wash down the neck of the f lask with w a t e r and then add 

0 .2M h y d r o c h l o r i c ac id d r o p w i s e , unt i l the blue co lo r is d i s c h a r g e d , leaving 

a c l e a r r e d so lu t ion . Add 0. 5 m l of the sod ium a c e t a t e solut ion, and s tand the 

f lask m a boi l ing w a t e r ba th for 10 m i n . Cool and di lu te to the m a r k with w a t e r . 

M e a s u r e the a b s o r b a n c y of the solut ion a g a i n s t wa t e r , in 1-cm c e l l s a t 660 m|a. 

The co lo r is quite s tab le and obeys the B e e r - L a m b e r t l aw. C a r r y out 

s i m i l a r d e t e r m i n a t i o n s on a c c u r a t e l y m e a s u r e d p o r t i o n s of the d i lu ted c a r 

r i e r so lu t ion P l o t a c a l i b r a t i o n c u r v e of a b s o r b a n c y a g a i n s t c o n c e n t r a t i o n 

of r a r e e a r t h . Obtain the blank f r o m the value of the i n t e r c e p t of the c a l 

i b r a t i o n line with the a b s o r b a n c y ax is (about 0 . 005 ) . 

Under the above cond i t ions , 40 (xg of r a r e e a r t h s give an a b s o r b a n c y of 

about 0. 56, 30 ^g of y t t r i u m give an a b s o r b a n c y of about 0. 66. 

C e r i u m . As for y t t r i u m and r a r e e a r t h s (above) excep t that 0 .2 ml of 1% 

a s c o r b i c ac id is added before the b r o m o p y r o g a l l o l r ed , and the f inal so lu t ion i s 

m e a s u r e d i s m e a s u r e d a t 680 m(j.. Under the above condi t ions , 40 |j.g of c e r i u m 

give an a b s o r b a n c y of about 0. 64. 

I n t e r f e r i n g Ions 

4+ The nnost s e r i o u s i n t e r f e r e n c e is o c c a s i o n e d by the p r e s e n c e of Z r , 

F e , and F e . The f i r s t two i n c r e a s e the a b s o r b a n c y and Fe d e c o l o r i z e s 

the so lu t ion . P e r o x i d e i n t e r f e r e s and m u s t be e l i m i n a t e d f r o m s a m p l e s by 

ca re fu l e v a p o r a t i o n to d r y n e s s before adding any r e a g e n t s . 

R e f e r e n c e 

Both of t h e s e p r o c e d u r e s w e r e deve loped a t AWRE by J . H e r r i n g t o n 
544 and K. C. Steed. The u s e of b r o m o p y r o g a l l o l r ed a s a c h r o m o g e n i c r e 

agent was sugges ted by i t s u s e as an i nd i ca to r for r a r e - e a r t h t i t r a t i o n s with 

EDTA (see A. J en i ckova , V. Suk, and M. Mala t : C h e m . l i s ty 50, 760 (1956) 
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