
Razvoj metod za analizo redkih zemelj v zlitinah s 
posebnimi lastnostmi 

The Development of Analytical Methods for Determination of Rare 
Earth Elements in Permanent Magnet Alloys 

M. Renko, A. Osojnik, Inštitut za kovinske materiale in tehnologije, Lepi pot 11, Ljubljana 

Delo obravnava študij optimalnih pogojev ločenja in določanja elementov redkih zemelj v trajno 
magnetni zlitini NdFeB z ionsko kromatografijo in ICP-AES detekcijo. Preiskovali smo vpliv 
spektralnih interferenc in ozadja na črte posameznih elementov ter njihovo prekrivanje. 
Članek prikazuje praktične analizne parametre in optimalne pogoje ločenja za posamezne elemente 
(vrsto ionskega izmenjalca, koncentracijo in hitrost eluenta ter koncentracije elementov). 

The optimal conditions for separation and determination of rare earth elements and ion 
chromatography by sequential ICP atomic emission spectrometry were studied. An analytical 
method for analysing of NdFeB permanent magnet alloy was developed. 
The spectral interferences of ali the elements present arising from overlapping and background 
disturbances were investigated. 
The paper presents practical analysis parameters and optimal separation conditions (column 
packing, eluent concentration, eluent flow rate) for each element and separation efficiency was 
established. 

C i l j p r e d s t a v l j e n e g a d e l a j e r a z v o j a n a l i z n i h m e t o d z a 
d o l o č a n j e e l e m e n t o v r e d k i h z e m e l j S r n , N d , P r , C e in L a 
v r a z l i č n i h k o n c e n t r a c i j s k i h n i v o j i h v z l i t i n a h s p o s e b n -
i m i l a s t n o s t m i . P r e i s k o v a n a j e b i l a t r a j n o - m a g n e t n a z l i t i n a 
F e N d B . 

G l a v n i d e l j e b i l n a m e n j e n š t u d i j u o s n o v n i h in a p l i k a t i v -
n i h r a z i s k a v n a p o d r o č j u a t o m s k e e m i s i j s k e s p e k t r o m e t r i j e 
z i n d u k t i v n o s k l o p l j e n o p l a z m o ( I C P - A E S ) 1 ' - ' 3 ' 4 ' 5 ' 6 ' 7 ' 8 ' . 
K l a s i č n i s p e k t r o f o t o m e t r i č n i , g r a v i m e t r i č n i in k o m p l e k -
s o m e t r i č n i p o s t o p k i s o n a m r e č d o l g o t r a j n i , h k r a t i p a t u d i 
n e s e l e k t i v n i z a r a d i p o d o b n i h k e m i j s k i h l a s t n o s t i e l e m e n t o v 
r e d k i h z e m e l j . 

A t o m s k a e m i s i j s k a s p e k t r o m e t r i j a z i n d u k t i v n o s k l o -
p l j e n o p l a z m o s e o d o s t a l i h t e h n i k a t o m s k e e m i s i j e r a z l i k u j e 
l e p o i z v o r u . P l a z m a j e i o n i z i r a n a r g o n , k j e r s o p r i s o t n i 
i o n i , e l e k t r o n i in n e v t r a l n e m o l e k u l e . T v o r i s e v k v a r č n i 
c e v i , k i j e o b d a n a z i n d u k c i j s k i m n a v i t j e m , p o v e z a n i m z 
v i s o k o f r e k v e n č n i m g e n e r a t o r j e m z m o č j o 2 k W . H k r a t i z 
a r g o n o m p r i t e k a t u d i r a z t o p i n a v z o r c a . A r g o n p o v z r o č i v 
p l a m e n u p l a z m e k a n a l s t e m p e r a t u r o 6 0 0 0 - 1 0 0 0 0 K , k j e r 
p o t e k a j o p r o c e s i o d p a r e v a n j a , d i s o c i a c i j e , a t o m i z a c i j e in 
v z b u j a n j a . P r e d n o s t i i n d u k t i v n o s k l o p l j e n e p l a z m e s o p r e d -
v s e m m o ž n o s t m u l t i e l e m e n t n e a n a l i z e , d o b r a o b č u t l j i v o s t 
in m e j e d e t e k c i j e , š i r o k o l i n e a r n o k o n c e n t r a c i j s k o o b m o č j e 
t e r m a l o k e m i j s k i h in i o n i z a c i j s k i h m o t e n j . 

O s t a n e j o p a š e s p e k t r a l n e i n t e r f e r e n c e , k i s o p r i 
d o l o č a n j u s l e d o v e l e m e n t o v n a j b o l j k r i t i č n e . R e d k e z e m l j e 
i m a j o z e l o b o g a t e e m i s i j s k e s p e k t r e , z a t o j e p o t r e b n o i z b r a t i 
t i s t o s p e k t r a l n o č r t o , k i i m a č i m v e č j o o b č u t l j i v o s t , č i m 
m a n j š e p r e k r i v a n j e s č r t a m i d r u g i h e l e m e n t o v in n i z k o k o n -
s t a n t n o o z a d j e . 

T o d a k l j u b t e m u p r i h a j a z l a s t i v n i ž j e m k o n c e n -
t r a c i j s k e m o b m o č j u š e v e d n o d o m o t e n j , p r e d v s e m z a r a d i 
i z r e d n o n e u g o d n e g a r a z m e r j a e l e m e n t o v v v z o r c u ( 3 0 % N d 

in 0 . 0 0 3 % - S n i ) . S n i in N d s t a n a m r e č z a s t o p a n a v r a z m e r j u 
1 : 1 0 0 0 0 . 

Z a t o j e p o t r e b n o p r e d h o d n o l o č i t i e l e m e n t e r e d k i h 
z e m e l j o d o s n o v e o z i r o m a p o s a m e z n e e l e m e n t e m e d s e -
b o j . R a z i s k a v e s m o u s m e r i l i p r e d v s e m v s e p a r a c i j o z i o n -
s k o k r o m a t o g r a f i j o 1 0 , 1 1 1 2 ' 1 3 ' ' 4 ' 1 5 1 6 ' 1 7 . T o j e o b l i k a v i -
s o k o l o č l j i v e t e k o č i n s k e k r o m a t o g r a f i j e , k i z a s v o j e d e l o -
v a n j e p o t r e b u j e v i s o k e p r i t i s k e ( o d n e k a j s t o d o n e k a j t i s o č 
p o n d o v n a k v a d r a t n i c m ) . S p o j i n e , k i j i h a n a l i z i r a m o , s o 
n e h l a p n c in p o s v o j i n a r a v i i o n s k e . E l u e n t i , k i j i h u p o -
r a b l j a m o , s o n a v a d n o v o d n e p u f e r s k e r a z t o p i n e , s e p a r a c i j a 
p a s e i z v r š i s p o m o č j o i o n s k o - i z m e n j a l n i h s m o l , s k a t e r i m i 
s o n a p o l n j e n e i z m e n j a l n e k o l o n e . S k o z i k o l o n e s p o m o č j o 
v i s o k o - t l a č n e č r p a l k e p o t i s k a m o i z b r a n i e l u e n t , k i s p r e -
h o d o m s k o z i i n j e k t o r s k o z a n k o s s e b o j n o s i a n a l i z n o r a z -
t o p i n o . I z b i r a i z m e n j a l n e s m o l e j e o d v i s n a o d v r s t e i o n a . 
k i g a ž e l i m o i z m e n j a t i ( s i . 1) . 

K e r s o t u d i i o n s k e l a s t n o s t i e l e m e n t o v r e d k i h z e m e l j 
s l i č n e , s e ti t e ž k o l o č i j o n a k a t i o n s k i h i m e n j a l c i h k o t t r i v a -
l e n t n i i o n i . N j i h o v a s e l e k t i v n o s t s e p o v e č a z d o d a t k o m 
p r i m e r n e g a k e l a t n e g a e l u e n t a , o d k a t e r i h j e n a j b o l j š i o -
h i d r o k s i - i z o - m a s l e n a k i s l i n a ( H I B A ) . 

N a j p r e j s m o d o l o č i l i v r s t o i o n s k e g a i z m e n j a l c a , s k a -
t e r i m i s o n a p o l n j e n e k o l o n e . V t a n a m e n s m o p r e i z k u s i l i 
tri k o l o n e : H P I C - C S 3 (s i . 2 ) , N U C L E O S I L S A 1 0 (s i . 3) 
in S U L F O P R O P Y L S I - 1 0 0 ( s i . 4 ) . K o n c e n t r a c i j a e l u e n t a , 
p r e t o k e l u e n t a s k o z i k o l o n o t e r v o l u m e n in k o n c e n t r a c i j a 
i n j i c i r a n e r a z t o p i n e s o b i l i z a v s e tr i k o l o n e e n a k i ( t a b . 2) . 

Iz d o b l j e n i h p o d a t k o v s m o z a n a d a l j n j e d e l o i z b r a l i 
k o l o n o S U L F O P R O P Y L S I - 1 0 0 ( s i . 5 ) . D a b i d o s e g l i č i m 
b o l j š e l o č e n j e p o s a m e z n i h e l e m e n t o v , s m o s p r e m i n j a l i k o n -
c e n t r a c i j o e l u e n t a H I B A o d 5 0 m M d o 3 0 0 m M . O s t a l i 
p o g o j i s o o s t a j a l i n e s p r e m e n j e n i . U g o t o v i l i s m o , d a se e l e -
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Tabela 1. Izbira spektralnih interferenc (navidezna koncentracija) . 

V a l o v n a M o t e č i e l e m e n t (v 1 0 0 0 / / g / m l ) 

E l e m e n t d o l ž i n a 

(v n m ) F e S m N d P r C e L a 

S m 3 3 0 . 6 3 6 1 5 . 4 7 . 3 1 2 . 4 3 . 0 -

S m 3 5 6 . 8 2 7 4 2 . 2 1 8 . 4 3 0 . 0 

S m 3 5 9 . 2 6 0 0 . 1 3 5 . 3 3 . 0 0 . 5 0 . 2 

S m 442.434 9 . 4 4 7 . 9 1 7 . 2 0 . 2 

S m 4 4 6 . 7 3 4 - 1 0 . 1 3 . 6 7 5 . 6 -

N d 3 8 6 . 3 3 7 - 4 7 . 4 3 6 . 7 1 5 . 3 4 . 1 

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

N d 415.608 7 1 . 8 2 2 . 2 1 4 . 4 

N d 4 3 0 . 3 5 8 - 1 6 . 9 1 2 3 . 8 2 . 3 -

P r 4 1 8 . 9 4 8 - 9 . 2 1 9 . 7 2 6 . 9 -

Pr 440.882 - 8 . 9 8 . 6 5 1 . 9 -

C e 4 4 6 . 0 2 0 - 4 . 9 1 6 . 4 8 . 0 -

C e 456.236 - 3 . 8 3 .1 9 . 9 3 . 0 

L a 333.749 - 0 . 7 0 . 5 1.5 0 . 4 

Tabela 2. Pogoji za ločenje z ionsko kromatografi jo. 

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

1 0 0 / / g / m l 

K o n c e n t r a c i j a e l u e n t a H I B A 1 5 0 m M 

P r e t o k č r p a l k e 1 m l / m i n 

V o l u m e n i n j i c i r a n e r a z t o p i n e 2 0 0 //1 

m e n t i n a j b o l j e l o č i j o p r i k o n c e n t r a c i j i e l u e n t a 1 0 0 m M (s i . 
6). 

V e n d a r t o v e l j a l e v p r i m e r u , k o s o k o n c e n t r a c i j e e l e -
m e n t o v e n a k e . P r i p o v e č a n i k o n c e n t r a c i j i n e o d i m a , k a k r š n a 
j e v v z o r c u , p a l o č e n j e š e v e d n o n i p o p o l n o . K l j u b t e m u p a 
n a t a n a č i n o d s t r a n i m o v e č i n o m o t e č e g a e l e m e n t a , s t e m p a 
s e z m a n j š a j o s p e k t r a l n e i n t e r f e r e n c e in m o t n j e o z a d j a , k a r 
o m o g o č a z n i ž a n j e m e j e d e t e k c i j e in v e č j o t o č n o s t r e z u l t a -
t ov . 

V n a d a l j e v a n j u r a z i s k a v e p r e d v i d e v a m o s s p r e m i n j a n -
j e m p o g o j e v š e i z b o l j š a t i l o č e n j e e l e m e n t o v r e d k i h z e m e l j z 
i o n s k o k r o m a t o g r a f i j o t u d i p r i n e u g o d n e m r a z m e r j u k o n c e n -
t r a c i j t e r š t u d i r a t i m o ž n o s t l o č e n j a k o v i n s k i h k e l a t o v r e d k i h 
z e m e l j z e k s t r a k c i j o z o r g a n s k i m i t o p i l i . 
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Slika 1. Shemalski prikaz ionsko-kromatografskega sistema. 

Figure 1. Ion chromalographie svstem. 
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Slika 2. Ločenje elementov redkih zemel j na koloni HPIC-CS3. 

Figure 2. Separation of rare earth elements on HPIC-CS3 column. 
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Sl ika 4. Ločenje elementov redkih zemel j na koloni S U L F O P R O P Y L 
SI-100. 

Figure 4. Separation of rare earth elements on S U L F O P R O P Y L 
SI-100 column. 
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Slika 3. Ločen je e lementov redkih zemel j na koloni N U C L E O S Y L 
SA10. 

Figure 3. Separation of rare earth elements on N U C L E O S Y L SA10 
column. 
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Kolona SULF0PR0PYL SI-100 

Slika 5. Ločen je e lementov redkih zemel j na koloni S U L F O P R O P Y L 
SI-100 (eluent: HX) m M a-hidroks i - izo-maslena kislina). 

Figure 5. Separation of rare earth elements on S U L F O P R O P Y L 
SI-100 column (eluent: 100 m M cv-hydroxyisobutyric acid). 

100 mM HIBA 0PT0N PM6. 655nm 
pretok : 1 ml/min 2 cm kiveta 
t = 2min proti vodi 
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Slika 6. Ločenje neodima in samari ja na koloni S U L F O P R O P Y L 
SI-100 (eluent: 100 m M a-h idroks i - izo-mas lena kislina). 

Figure 6. Separation of rare earth e lements on S U L F O P R O P Y L 
SI-100 column (eluent: 100 m M a-hydroxy i sobu ty r i c acid). 


