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ABSTRACT. 

INVESTIGATION OF HIGH PERFORMANCE CHELATION ION 
CHROMATOGRAPHY FOR TRACE METAL DETERMINATIONS> 

b y Owen C h a l l e n g e r BSc ( H o n s ) , GRSC. 

A h i g h p e r f o r m a n c e c h e l a t i o n i o n c h r o m a t o g r a p h y s y s t e m u s i n g 
c h e l a t i n g d y e - c o a t e d c o l u m n s f o r t h e d e t e r m i n a t i o n o f t r a c e 
m e t a l s i n s e v e r a l h i g h i o n i c s t r e n g t h m a t r i c e s i s d e s c r i b e d . 
S p e c t r o p h o t o m e t r i c d e t e c t i o n u s i n g 4 - ( 2 - p y r i d y l a z o ) r e s o r c i n o l 
(PAR) / zinc-EDTA a nd P y r o c a t e c h o l V i o l e t p o s t - c o l u m n r e a g e n t s 
was e m p l o y e d f o r t h e d e t e c t i o n o f d i v a l e n t a nd t r i v a l e n t m e t a l 
i o n s r e s p e c t i v e l y . 

I n i t i a l i n v e s t i g a t i o n s u s i n g v a r i o u s l a r g e p a r t i c l e s i z e d y e -
c o a t e d c o l u m n s showed t h a t s e l e c t i v e a d s o r p t i o n o f m e t a l i o n s 
was p o s s i b l e , w i t h c h e l a t i n g a b i l i t y d e p e n d e n t on s u b s t r a t e 
t y p e a n d c h e l a t i n g d y e . To o b t a i n h i g h l y e f f i c i e n t c o l u m n s 
c a p a b l e o f s e p a r a t i n g g r o u p s o f m e t a l i o n s , X y l e n o l O r a n g e a n d 
Chrome A z u r o l S w e r e c o a t e d o n t o a h i g h p e r f o r m a n c e ( 8 ^ ^ ) 
s u b s t r a t e . These t w o c o l u m n s w e r e d i s t i n c t l y d i f f e r e n t , w i t h 
X y l e n o l Orange s h o w i n g much s t r o n g e r r e t e n t i o n p r o p e r t i e s t h a n 
Chrome A z u r o l S. I s o c r a t i c s e p a r a t i o n s o f a l k a l i n e e a r t h , 
t r a n s i t i o n , h e a v y m e t a l s a n d t r i v a l e n t m e t a l i o n s w e r e 
a c h i e v e d . The e f f i c i e n c y o f t h e s e d y e - c o a t e d c o l u m n s a p p r o a c h e d 
t h a t o f t h e c o m m e r c i a l TOSOH c h e l a t i n g c o l u m n a l s o s t u d i e d f o r 
c o m p a r i s o n . 

S e v e r a l g r a d i e n t a nd pH s t e p g r a d i e n t e l u t i o n programmes w e r e 
d e v e l o p e d t o e n a b l e t h e s e p a r a t i o n o f a l a r g e r number o f m e t a l 
i o n s , w h e r e up t o n i n e m e t a l s c o u l d be s e p a r a t e d i n a s i n g l e 
i n j e c t i o n . To d e t e r m i n e t r a c e m e t a l s a t l o w ppb l e v e l s , 
c o m b i n e d p r e c o n c e n t r a t i o n a nd s e p a r a t i o n was s u c c e s s f u l l y 
a c h i e v e d u s i n g a s i n g l e c o l u m n . H i g h l y e f f i c i e n t s e p a r a t i o n s 
w e r e o b t a i n e d . U s i n g t h e X y l e n o l Orange c o l u m n , q u a n t i t a t i v e 
s t u d i e s i n v o l v e d t h e a n a l y s i s o f s a t u r a t e d s o d i u m c h l o r i d e 
(5.1M) and p o t a s s i u m c h l o r i d e b r i n e s f o r a l k a l i n e e a r t h a n d 
t r a n s i t i o n m e t a l s . C a l i b r a t i o n s p r o v e d t o be l i n e a r a n d 
r e p r o d u c i b l e w i t h d e t e c t i o n down t o l o w ppb l e v e l s f o r lOcm^ 
p r e c o n c e n t r a t i o n v o l u m e . F u r t h e r w o r k i n v o l v i n g t h e a n a l y s i s o f 
b o t h s y n t h e t i c a n d a c t u a l s e a w a t e r s a m p l e s , t o g e t h e r w i t h some 
l a b o r a t o r y c h e m i c a l s , was a l s o c a r r i e d o u t a n d g a v e v e r y g o o d 
r e s u l t s f o r s e l e c t e d t r a n s i t i o n m e t a l s . 
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CHAPTER ONE. 

INTRODUCTION, 

1,1. TRACE METAL ANALYSIS. 

T h e r e i s an i n c r e a s i n g need t o a n a l y z e f o r t r a c e m e t a l s 

p r e s e n t i n a wide r a n g e o f s a m p l e s . T r a c e l e v e l s o f m e t a l s a r e 

n o r m a l l y c o n s i d e r e d t o be l e s s t h a n 0.01% i n c o n c e n t r a t i o n . I n 

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

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

c o n d u c t o r s e t c . , c a n g r e a t l y a f f e c t t h e c o s t o f p r o d u c t i o n and 

p u r i t y o f t h e f i n a l p r o d u c t . F o o d s t u f f s s u c h a s m i l k , w i n e and 

f r u i t j u i c e s c o n t a i n t r a c e m e t a l s , a s c a n b i o l o g i c a l f l u i d s 

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

m o n i t o r t h e s e t y p e s o f sample, p a r t i c u l a r l y f o r t o x i c m e t a l s . 

I n a d d i t i o n , t h e r e i s an e v e r i n c r e a s i n g a w a r e n e s s o f t h e 

e f f e c t s o f o f t e n l o n g term p o l l u t i o n o f t h e e n v i r o n m e n t . Many 

t r a c e m e t a l s a r e t o x i c and t h e i r e f f e c t c a n be d e v a s t a t i n g . One 

example i s t h e p o l l u t i o n o f n a t u r a l w a t e r s w h i c h c a n have a 

s e v e r e e f f e c t on a q u a t i c l i f e . T o x i c m e t a l s c a n u l t i m a t e l y 

e n t e r t h e food c h a i n . I n d u s t r i a l e f f l u e n t s a l s o need t o be 

m o n i t o r e d f o r t r a c e m e t a l s , a s w e l l a s d e t e r m i n i n g t r a c e m e t a l s 

i n e n v i r o n m e n t a l s a m p l e s s u c h a s n a t u r a l w a t e r s , r a i n , s o i l and 

r o c k s . 

The d e t e r m i n a t i o n o f m e t a l i o n s i n s o l u t i o n i s a common 

problem, and u n t i l f a i r l y r e c e n t l y t h e a n a l y s i s h a s p r i n c i p a l l y 

been c a r r i e d o u t u s i n g a t o m i c a b s o r p t i o n s p e c t r o m e t r y . T h i s h a s 

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

d e t e r m i n a t i o n s , and on i t s own c a n n o t be u s e d f o r s p e c i a t i o n 

s t u d i e s . More r e c e n t a d v a n c e s i n i n s t r u m e n t a t i o n s u c h a s 

i n d u c t i v e l y c o u p l e d plasma-mass s p e c t r o m e t r y (ICP-MS) c a n 

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

n o t s p e c i a t i o n i n f o r m a t i o n . 
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Chromatography, p a r t i c u l a r l y l i q u i d chromatography, i s v e r y 

v e r s a t i l e f o r t h e d e t e r m i n a t i o n , s e p a r a t i o n and s p e c i a t i o n o f 

m e t a l i o n s . High p e r f o r m a n c e l i q u i d chromatography (HPLC) i s an 

i n e x p e n s i v e and r e l a t i v e l y s i m p l e method o f a n a l y s i s , and l e n d s 

i t s e l f e a s i l y t o a u t o m a t i o n and c o n t i n u o u s o n - l i n e m o n i t o r i n g . 

A r e v i e w o f t h e d e t e r m i n a t i o n o f t r a c e m e t a l s by chromatography 

i s g i v e n by N i c k l e s s (1) , and a r e c e n t r e v i e w by Rob a r d s e t a l . 

( 2 ) , h i g h l i g h t s t h e a d v a n c e s i n m e t a l d e t e r m i n a t i o n and 

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

d ecade. T h e r e a r e s e v e r a l t y p e s o f HPLC a p p r o a c h i n c l u d i n g t h e 

r e v e r s e p h a se o f pref o r m e d c h e l a t e s o r i o n exchange, now c a l l e d 

i o n chromatography. 

1.2> CHROMATOGRAPHIC PARAMETERS. 

T h e r e a r e s e v e r a l fundamental p a r a m e t e r s and f a c t o r s w h i c h 

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

c h r o m a t o g r a p h i c columns and f o r c o m p a r i s o n p u r p o s e s . Some o f 

t h e s e a r e o u t l i n e d below, b u t a more d e t a i l e d d e s c r i p t i o n c a n 

be found i n chromatography books s u c h a s H a m i l t o n (3) and 

Simpson ( 4 ) . 

Chromatography i n v o l v e s t h e s e p a r a t i o n o f components i n a 

sample by t h e i r d i s t r i b u t i o n between two p h a s e s , a m o b i l e p h a s e 

and s t a t i o n a r y p h a s e . T h e r e a r e f o u r modes o f l i q u i d 

chromatography, t h e s e b e i n g a d s o r p t i o n , p a r t i t i o n , g e l 

p e r m e a t i o n and i o n - e x c h a n g e . I o n - e x c h a n g e i s p r i n c i p a l l y u s e d . 

A fundamental p a r a m e t e r i s t h e p a r t i t i o n c o e f f i c i e n t d e n o t e d 

by K, w h i c h g i v e s t h e r a t i o o f t h e c o n c e n t r a t i o n o f s o l u t e i n 

t h e s t a t i o n a r y and m o b i l e phase :-



where C 5 = c o n c e n t r a t i o n o f s o l u t e i n t h e s t a t i o n a r y p h a s e , and 

Cj, = c o n c e n t r a t i o n o f s o l u t e i n t h e m o b i l e p h a s e . D u r i n g a 

c h r o m a t o g r a p h i c s e p a r a t i o n , d i f f e r e n t components o f a m i x t u r e 

w i l l h ave d i f f e r e n t p a r t i t i o n c o e f f i c i e n t s , and a r e t h u s 

r e t a i n e d t o v a r y i n g d e g r e e s . The t i m e t a k e n f o r a component t o 

e l u t e t o i t s maximum c o n c e n t r a t i o n i s known a s t h e r e t e n t i o n 

t i m e , d e noted by tp. T h i s i s i l l u s t r a t e d i n F i g u r e 1, 

A c h r o m a t o g r a p h i c column may be c o n s i d e r e d t o compose o f a 

s e r i e s o f narrow h o r i z o n t a l l a y e r s known a s t h e o r e t i c a l p l a t e s . 

F o r a s o l u t e p a s s i n g t h r o u g h t h e column, t h e r e i s an 

e q u i l i b r i u m o f s o l u t e between t h e m o b i l e and s t a t i o n a r y p h a s e 

a t e a c h p l a t e . The number o f t h e o r e t i c a l p l a t e s i s r e l a t e d t o 

t h e column e f f i c i e n c y , where e f f i c i e n c y i n c r e a s e s w i t h an 

i n c r e a s i n g number o f t h e o r e t i c a l p l a t e s . O v e r a l l , a more 

e f f i c i e n t column w i l l have b e t t e r s e p a r a t i n g power. The number 

of t h e o r e t i c a l p l a t e s i s denoted by N, w h i c h i s a measure o f 

column e f f i c i e n c y :-

N = L_ 
H 

where L i = l e n g t h o f column p a c k i n g , and H=height e q u i l i v a l e n t o f 

t h e o r e t i c a l p l a t e . E x p e r i m e n t a l l y , 

N = 161 t, 

where W=peak w i d t h . 

Sometimes i t c a n be d i f f i c u l t t o r e s o l v e two components, and 

t h e r e s o l u t i o n i s a measure o f t h e a b i l i t y o f a column t o 

r e s o l v e two s o l u t e s . I t i s denoted by R^, and i s e x p e r i m e n t a l l y 

d e f i n e d a s t h e d i f f e r e n c e i n r e t e n t i o n t i m e s o f two p e a k s , 

d i v i d e d by t h e a v e r a g e peak w i d t h 

T h i s i s i l l u s t r a t e d i n F i g u r e 1. 



t, 

R E T E N T I O N T I M E 

1 R ( A ) t R ( B ) 

WA W B 

R E S O L U T I O N . 

F i g u r e 1. I l l u s t r a t i o n o f p a r a m e t e r s f o r r e t e n t i o n t i m e and 
r e s o l u t i o n . 



An i m p o r t a n t c o n s t a n t , w h i c h i s r e l a t e d t o t h e m i g r a t i o n r a t e 

o f t h e s o l u t e , i s t h e c a p a c i t y f a c t o r , d e n oted by k' . 

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

k' = t , - t . 

The s e l e c t i v i t y f a c t o r , d e n oted by a, i s t h e r e l a t i v e 

magnitude o f p a r t i t i o n c o e f f i c i e n t s f o r two s o l u t e s , f o r 

example, A and B, where. 

Kg i s t h e p a r t i t i o n c o e f f i c i e n t f o r t h e more s t r o n g l y r e t a i n e d 

s o l u t e , and t h e s o l u t e w h i c h i s l e s s s t r o n g l y h e l d , and t h u s 

moves more r a p i d l y t h r o u g h t h e column. E x p e r i m e n t a l l y , 

1,3, ION CHROMATOGRAPHY. 

I o n chromatography ( I C ) h a s become t h e most common HPLC 

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

exchange h a s been u s e d s i n c e t h e 1950's f o r t h e s e p a r a t i o n o f 

o r g a n i c and i n o r g a n i c s u b s t a n c e s and i n b i o l o g i c a l a n a l y s i s , 

f o r example, t h e s e p a r a t i o n o f amino a c i d s . The t e r m i o n 

chromatography was o r i g i n a l l y u s e d f o r a n i o n d e t e r m i n a t i o n s 

u s i n g HPLC t y p e equipment, b u t now t h i s t e r m r e f e r s t o t h e 

l i q u i d chromatography o f a l l t y p e s o f i o n s u s i n g h i g h 

p e r f o r m a n c e s u b s t r a t e s . I o n chromatography b a s i c a l l y i n v o l v e s 

an exchange o f i o n s between a s t a t i o n a r y and m o b i l e p h a s e . 

1,3,1, PR I N C I P L E S OF ION CHROMATOGRAPHY, 

I o n chromatography b a s i c a l l y i n v o l v e s an exchange o f i o n s on 

t h e s t a t i o n a r y p h a s e . I o n - e x c h a n g e c a n o c c u r n a t u r a l l y on 

m a t e r i a l s s u c h a s c l a y s and z e o l i t e s , b u t f o r HPLC t h e 

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



t o w h i c h v a r i o u s i o n i c f u n c t i o n a l g roups a r e a t t a c h e d by 

c o v a l e n t bonding. I n g e n e r a l , t h e r e a r e f o u r d i s t i n c t t y p e s o f 

io n - e x c h a n g e r e s i n s , s t r o n g and weak c a t i o n - e x c h a n g e , and 

s t r o n g and weak a n i o n - e x c h a n g e . C a t i o n - e x c h a n g e r e s i n s c o n t a i n 

a c i d i c f u n c t i o n a l groups, w h i c h c a n e i t h e r be s t r o n g o r weak. 

S t r o n g c a t i o n - e x c h a n g e r e s i n s c o n t a i n f u l l y i o n i z e d g r o u p s s u c h 

a s s u l p h o n i c a c i d , S0{, w h i l s t weak c a t i o n - e x c h a n g e r e s i n s 

c o n t a i n o n l y p a r t i a l l y i o n i z e d f u n c t i o n a l g roups s u c h a s 

c a r b o x y l i c a c i d , COO", and phosph a t e , PO^'*. The p r o t o n s i n t h e s e 

g r o u p s c a n exchange w i t h o t h e r c a t i o n s i n t h e m o b i l e p h a s e :-

nResSOj'H* + M'̂  ^ (ResS03)„M + nH* 

nResCOO'H* + M"* (ResCOO)^M + nH* 

where R e s = R e s i n , and n=charge o f t h e m e t a l c a t i o n , M. 

Anion-exchange r e s i n s c o n t a i n b a s i c f u n c t i o n a l g r o u p s , w h i c h 

c a n a l s o be s t r o n g o r weak. A s t r o n g a n i o n - e x c h a n g e r e s i n c a n 

c o n t a i n f o r example, q u a t e r n a r y ammonium f u n c t i o n a l g r o u p s , 

w h i l s t a weak a n i o n - e x c h a n g e r e s i n c a n c o n t a i n amine f u n c t i o n a l 

g r o u p s :-

nResNRj^OH' + A"' (ResNR3)^A + nOH' 

nResNH3*0H" + A"" ̂  (ResNHjj^A + nOH' 

where R e s = R e s i n , and n=charge o f t h e a n i o n , A. 

S t r o n g i o n - e x c h a n g e r s compared w i t h weak i o n - e x c h a n g e r s t e n d t o 

be l e s s i n f l u e n c e d by pH. 

When c o n s i d e r i n g c a t i o n - e x c h a n g e , monovalent c a t i o n s s u c h a s 

t h e a l k a l i m e t a l s a r e a t t r a c t e d t o i o n - e x c h a n g e s i t e s l e s s 

s t r o n g l y t h a n d i v a l e n t m e t a l c a t i o n s , w h i c h a r e h e l d l e s s 

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

t o t h e s i z e and c h a r g e o f t h e c a t i o n . I n aqueous s o l u t i o n 

c a t i o n s a r e h y d r a t e d , and s u r r o u n d e d by w a t e r m o l e c u l e s . The 

s t r e n g t h o f a t t r a c t i o n between t h e s e w a t e r m o l e c u l e s and t h e 

m e t a l c a t i o n i n c r e a s e s w i t h i n c r e a s i n g c h a r g e d e n s i t y , s o t h a t 
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s m a l l h i g h l y c h a r g e d c a t i o n s a r e more s t r o n g l y h y d r a t e d . W i t h i n 

a group o f m e t a l c a t i o n s w i t h t h e same c h a r g e , f o r example, t h e 

a l k a l i m e t a l s , t h e l a r g e r c a t i o n s have a l o w e r c h a r g e d e n s i t y , 

s o a r e l e s s h y d r a t e d i n s o l u t i o n . T h i s means t h a t t h e change i n 

h y d r a t e d r a d i i i s o p p o s i t e t o t h a t o f t h e b a r e i o n s . T h e s e a r e 

a t t r a c t e d more s t r o n g l y t o i o n - e x c h a n g e s i t e s on a r e s i n , s o 

t h e e l u t i o n o r d e r f o r a l k a l i m e t a l s i s L i * , Na*, K*, Rb*, w i t h 

Cs* e l u t i n g l a s t . 

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

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

s e l e c t i v i t y . T h e s e groups a c t a s competing l i g a n d s , by f o r m i n g 

c o m p l e x e s w i t h t h e m e t a l c a t i o n s . L a c t i c a c i d i s a good 

example, however, t h e p r o p o r t i o n o f t h e i o n i z e d form h a s t o be 

q u i t e h i g h t o complex w i t h a m e t a l i o n and t h i s o c c u r s between 

pH3 and pH4. Thus r e t e n t i o n c a n be c o n t r o l l e d by v a r y i n g t h e 

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

c o m p l e x i n g a c i d , f o r example, t a r t a r i c a c i d w h i c h forms 

s t r o n g e r complexes t h a n l a c t i c a c i d . 

1.3.2. ADVANCES I N ION CHROMATOGRAPHY. 

O r i g i n a l l y i o n - e x c h a n g e i n v o l v e d l a r g e p a r t i c l e s i z e r e s i n s 

p a c k e d i n t o g l a s s columns, and t h e m o b i l e phase f l o w e d t h r o u g h 

by g r a v i t y . D e t e c t i o n i n v o l v e d t h e manual c o l l e c t i o n o f v a r i o u s 

f r a c t i o n s . I n t h e l a t e 1960's and e a r l y 1970's t h e r e was a 

p e r i o d o f r a p i d development. The e l u e n t was f o r c e d t h r o u g h t h e 

column under p r e s s u r e and s m a l l p a r t i c l e s i z e s u b s t r a t e s o f 

u n i f o r m p a r t i c l e s i z e were d e v e l o p e d , e n a b l i n g a much more 

e f f i c i e n t column t o be produced. A u t o m a t i c d e t e c t o r s , 

p r i n c i p a l l y o n - l i n e c o n d u c t i v i t y d e t e c t o r s were a l s o 

i n t r o d u c e d . T h e s e developments e n a b l e d a c o n s t a n t e l u e n t f l o w 

r a t e u s i n g a s m a l l volume o f sample, l e a d i n g t o an o v e r a l l 

f a s t e r a n a l y s i s t i m e . S m a l l h a s r e c e n t l y p u b l i s h e d a r e v i e w (5) 
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c o n t a i n i n g an h i s t o r i c a l a c c o u n t o f t h e e a r l y d e v e l o p m e n t s o f 

i o n chromatography and c o n d u c t i m e t r i c d e t e c t i o n . E a r l y i o n 

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

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

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

method f o r d e t e c t i o n o f c a t i o n s and a n i o n s . 

I o n chromatography was f i r s t d e m o n s t r a t e d by S m a l l e t a l . (6) 

i n 1975, where a r a p i d s e p a r a t i o n o f c a t i o n s i n c l u d i n g a l k a l i 

m e t a l s , d i v a l e n t m e t a l s , o r g a n i c amines and q u a t e r n a r y ammonium 

compounds, was a c h i e v e d . Anion s e p a r a t i o n s i n c l u d i n g h a l i d e s 

and c h l o r o a c e t a t e s were a l s o a c h i e v e d . A l t h o u g h c o n d u c t i m e t r i c 

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

i n c l u d i n g p o s t - c o l u m n d e t e c t i o n u s i n g c o l o r i m e t r i c r e a g e n t s , 

and c o u l o m e t r i c d e t e c t i o n were d e v e l o p e d . I o n - e x c h a n g e 

s u b s t r a t e s were b a s e d on p o l y s t y r e n e - d i v i n y l b e n z e n e where f o r 

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

s t r o n g c a t i o n - e x c h a n g e r e s i n . F r i t z and S t o r y (7) d e m o n s t r a t e d 

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

s e p a r a t i o n o f z i r c o n i u m and lanthanum from t h o r i u m , u s i n g 

f o r c e d f l o w chromatography and c o l o r i m e t r i c d e t e c t i o n i n v o l v i n g 

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

was a low c a p a c i t y , p a r t i a l l y s u l p h o n a t e d macroporous c a t i o n -

exchange r e s i n . T a k a t a and F u j i t a (8) d e m o n s t r a t e d t h e h i g h 

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

d e t e c t o r , and found t h a t f o r a h i g h r e s o l u t i o n s e p a r a t i o n , a 

h i g h e r c o n c e n t r a t i o n o f e l u e n t and a l o n g e r column were 

r e q u i r e d . A r g u e l l o and F r i t z (9) s e p a r a t e d c a l c i u m and 

magnesium t o g e t h e r w i t h s e v e r a l o t h e r d i v a l e n t m e t a l i o n s , on 

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

( 7 ) . They i n v e s t i g a t e d s e v e r a l c o l o r i m e t r i c r e a g e n t s f o r 

a u t o m a t i c p o s t - c o l u m n d e t e c t i o n , w h i c h p r o v i d e d an e a s i e r and 
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s i m p l e r d e t e c t i o n method t h a n s u p p r e s s e d c o n d u c t i m e t r i c 

d e t e c t i o n . — 

F u r t h e r a d v a n c e s o c c u r r e d when E l c h u k and C a s s i d y (10) 

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

c o m m e r c i a l bonded phase p a c k i n g s (5 and lO^tm p a r t i c l e s i z e ) , 

w i t h p o s t - c o l u m n d e t e c t i o n . T h e s e s e p a r a t i o n s were a c h i e v e d i n 

l e s s t h a n t w e n t y m i n u t e s and o n - l i n e p r e c o n c e n t r a t i o n p r o v e d t o 

be s u c c e s s f u l w i t h some o f t h e colvimns. A c o m p a r i s o n was made 

w i t h c o n v e n t i o n a l p o l y s t y r e n e - d i v i n y l b e n z e n e i o n - e x c h a n g e 

r e s i n s , and g e n e r a l l y i o n - e x c h a n g e s i l i c a s u b s t r a t e s were 

a d v a n t a g e o u s , b u t t h e y had a low c a p a c i t y . S m a l l and M i l l e r 

(11) i n t r o d u c e d i n d i r e c t p h o t o m e t r i c chromatography, where t h e 

sample i o n s do not a b s o r b l i g h t , b u t t h e e l u e n t i o n s do a t t h e 

m o n i t o r i n g w a v e l e n g t h . S e v e r a l a n i o n s t o g e t h e r w i t h mono and 

d i v a l e n t m e t a l i o n s were s e p a r a t e d , and d e t e c t e d a s t r o u g h s i n 

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

Improvements i n d e t e c t i o n have l e d t o t h e more w i d e s p r e a d u s e 

o f i o n chromatography f o r t r a c e m e t a l a n a l y s i s , p a r t i c u l a r l y 

now more h i g h l y e f f i c i e n t p a c k i n g s have become c o m m e r c i a l l y 

a v a i l a b l e . S e v e r a l d i v a l e n t m e t a l s were s e p a r a t e d by J o n e s e t . 

a l . ( 1 2 , 1 3 ) , u s i n g i n v e r s e p h o t o m e t r i c d e t e c t i o n . The 

d e t e r m i n a t i o n o f t r a c e m e t a l s i n permanent m a g n e t i c a l l o y and 

monel a l l o y were s u c c e s s f u l l y a c h i e v e d (12) . Chromatography was 

improved by t h e u s e o f p o l y f u n c t i o n a l c a r b o x y l i c a c i d s , s u c h a s 

l a c t i c and t a r t a r i c a c i d s i n t h e e l u e n t . T h i s s h o r t e n e d t h e 

r e t e n t i o n t i m e s and improved r e s o l u t i o n . S e p a r a t i o n depended 

upon t h e s t a b i l i t y o f t h e v a r i o u s m e t a l c o m p l e x e s formed, and 

a l s o t h e c o n c e n t r a t i o n i n t h e e l u e n t . F i v e m e t a l c a t i o n s were 

s e p a r a t e d on a low c a p a c i t y column u s i n g a l a c t a t e e l u e n t , and 

a s e p a r a t i o n o f n i n e m e t a l i o n s u s i n g a t a r t r a t e e l u e n t on a 

h i g h c a p a c i t y column ( 1 3 ) . Here, t h e s e s y s t e m s were a p p l i e d t o 
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t h e d e t e r m i n a t i o n o f c o b a l t i n s i m u l a t e d p r e s s u r i s e d w a t e r 

r e a c t o r p r i m a r y c o o l a n t . An o n - l i n e p r e c o n c e n t r a t i o n column was 

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

sub-ppb l e v e l ( 1 4 ) . Yan and Schwedt (15) s u c c e s s f u l l y s e p a r a t e d 

t h i r t e e n m e t a l i o n s w i t h i n t h i r t y - f o u r m i n u t e s , u s i n g 

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

c i t r i c a c i d s a s e l u e n t s , and a p p l i e d t h i s t o t r a c e m e t a l 

d e t e r m i n a t i o n i n r e d wine and o a t m e a l . 

I o n chromatography h a s i n c r e a s i n g l y been u s e d f o r t h e 

d e t e r m i n a t i o n o f a wide range o f m e t a l i o n s i n a v a r i e t y o f 

s a m p l e s . M e t a l c a t i o n s and a n i o n s c a n be d e t e r m i n e d 

s i m u l t a n e o u s l y u s i n g i o n chromatography and some m e t a l s c a n be 

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

where t h e s i m p l e m e t a l c a t i o n i s n o t s t a b l e , and p r i n c i p a l l y 

forms an a n i o n i c o r complex s p e c i e s i n s o l u t i o n . Some ex a m p l e s 

o f t r a c e m e t a l d e t e r m i n a t i o n s by i o n chromatography a r e shown 

i n T a b l e 1. 

D e t e r m i n a t i o n o f t r a c e m e t a l s i n complex m a t r i c e s s u c h a s s e a 

w a t e r s and b r i n e s by i o n chromatography i s d i f f i c u l t due t o t h e 

h i g h s a l t c o n t e n t . Samples c a n be d i l u t e d b e f o r e a n a l y s i s b u t 

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

a r e d e n s e r t h a n w a t e r . Marr (16) h a s r e c e n t l y a n a l y z e d s e a 

w a t e r and o i l w e l l b r i n e s ( f o r m a t i o n w a t e r s ) , f o r t h e 

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

s y s t e m , and i n v o l v e d a h u n d r e d - f o l d d i l u t i o n o f t h e s a m p l e . 

C o n c e n t r a t e d b r i n e s from t h e c h l o r a l k a l i i n d u s t r y have been 

i n v e s t i g a t e d f o r a l k a l i n e e a r t h m e t a l s by Handley e t a l . ( 1 7 ) . 

Here, a c h e l a t i n g i o n exchange column was u s e d f o r 

p r e c o n c e n t r a t i o n and m a t r i x e l i m i n a t i o n b e f o r e s e p a r a t i o n o f 

t r a c e m e t a l s by c o n v e n t i o n a l i o n chromatography. T h i s p r o v e d t o 

be s u c c e s s f u l f o r o n - l i n e a n a l y s i s o f c o n c e n t r a t e d b r i n e s . T h i s 
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11 common heavy m e t a l s 
and a l k a l i n e e a r t h 
m e t a l s . 

T a r t a r i c a c i d e l u e n t . 
Pre-column 
c o n c e n t r a t i o n . 

Complete s e p a r a t i o n i n 
24 m i n u t e s . D e t e c t i o n 
l i m i t sub-ppt (ngl'^) . 
A p p l i e d t o 
d e m i n e r a l i s e d w a t e r . 

Yan and Schwedt ( 1 8 ) . 

A l k a l i n e e a r t h , d-
b l o c k , t r i v a l e n t and 
l a n t h a n i d e m e t a l s . 

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

D e t e r m i n a t i o n of 
c o b a l t i n s i m u l a t e d 
p r e s s u r i s e d w a t e r 
r e a c t a n t p r i m a r y 
c o o l a n t w i t h d e t e c t i o n 
l i m i t O.Sppt. 
D e t e c t i o n l i m i t s from 
2 t o lOOppb f o r o t h e r 
m e t a l i o n s . 

J o n e s e t a l . ( 1 9 , 2 0 ) . 

A l k a l i n e e a r t h and 
t r a n s i t i o n m e t a l s . 

E t h y l e n e d i a m i n e / 
t a r t a r i c a c i d o r a -
h y d r o x y i s o b u t y r i c a c i d 
e l u e n t ( H I B A ) . P o s t -
column d e t e c t i o n u s i n g 
E r i o c h r o m e B l a c k T -
MgEDTA. 

A n a l y s i s o f 
m u l t i v i t a m i n t a b l e t . 

Bowles e t a l . ( 2 1 ) . 

T r a n s i t i o n m e t a l s , 
l a n t h a n i d e s and 
a c t i n i d e s . 

M a n d e l i c a c i d e l u e n t . Dynamic ion-exchange 
p r o c e s s . Many m u l t i ­
e l e m e n t s e p a r a t i o n s . 

E l c h u k e t a l . (22) . 

T a b l e 1. Examples o f t r a c e m e t a l d e t e r m i n a t i o n s i n v a r i o u s s a mples by i o n chromatography. 
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R a r e e a r t h e l e m e n t s . C a t i o n - e x c h a n g e 
microcolumn. 
S p e c t r o p h o t o m e t r i c 
d e t e c t i o n . Micro-HPLC 
t e c h n i q u e . 

S e p a r a t i o n o f 15, r a r e 
e a r t h e l e m e n t s . 

H i r o s e e t a l . (23) . 

Thorium i n p l u t o n i u m . H y d r o x y i s o b u t y r i c a c i d 
(HIBA) e l u e n t . 

O t h e r a c t i n i d e 
i m p u r i t i e s i n e l u e n t 
and p o s s i b l e 
i n t e r f e r e n c e s 
s e p a r a t e d . 

H a m i l t o n e t a l . ( 2 4 ) . 

Major and minor 
c o n s t i t u e n t s o f 
s t e e l s . 

P o s t - c o l u m n d e t e c t i o n 
w i t h PAR o r A r s e n a z o 
I I I . 

Minor t r a c e 
c o n s t i t u e n t s of a low 
a l l o y s t e e l sample 
e.g. c e r i u m and 
z i r c o n i u m . Minor t r a c e 
c o n s t i t u e n t s of a 
s t a i n l e s s s t e e l sample 
e.g. t a n t a l u m and 
niobium. 

S a r a s w a t i e t a l . 
( 2 5 , 2 6 ) . 

T a b l e 1 c o n t i n u e d . 
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Many t r a c e m e t a l s . Post-column d e t e c t i o n . 
Dionex ion-exchange 
columns. 

A n a l y s i s of n a t u r a l 
l a k e w a t e r , b i o l o g i c a l 
f l u i d , l a n t h a n i d e s , 
l e a d i n beer , and t h e 
d e t e r m i n a t i o n o f 
chromium ( I I I ) , 
g a l l i u m ( I I I ) and 
mercury ( I I ) . 

H e b e r l i n g and R i v i e l l o 
(27) . 

T r a c e m e t a l s i n t h e 
en v i r o n m e n t . 

Dionex ion-exchange 
and c h e l a t i o n column. 

Chromium ( V I ) i n 
w a s t e w a t e r s . T r a c e 
m e t a l s i n s e a w a t e r s 
w i t h I C P d e t e c t i o n . 

J o y c e and S c h e i n ( 2 8 ) . 

U) 

T a b l e 1 c o n t i n u e d . 
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Cyanide, t r a n s i t i o n 
metals and 
la n t h a n i d e s . 

Two s l i g h t l y d i f f e r e n t 
s e p a r a t i o n systems. A 
complimentary 
technique. 

Separation of 9 
t r a n s i t i o n metals. 14 
lanthanides separated 
i n l e s s than 30 
minutes. 

Wang e t a l . (29). 

T r a n s i t i o n metals, 
c h l o r i d e , sulphate and 
n i t r a t e . 

Two columns and a 
suppressor column to 
remove t r a n s i t i o n 
metals a f t e r d e t e c t i o n 
and before anion 
determination. 

Multi-vitamin 
e x t r a c t s . 

Jones and T a r t a r (30). 

Ino r g a n i c and organic 
anions and a l k a l i n e 
e a r t h metals. 

S i n g l e anion-exchange 
column ( s i l i c a based). 

Mineral water, b r i n e 
and spinach j u i c e . 

Yan and Schwedt (31). 

Table 1 continued. 
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Chloro-complexes of 
noble metals, 

S i l i c a anion-exchange 
r e s i n . 

Separation of platinum 
( I V ) , i r i d i u m (IV) and 
osmium (IV) With ion-
i n t e r a c t i o n , only 
palladium (IV) and 
gold ( I I I ) gave s t a b l e 
chromatography. 
Rhenium ( I I I ) and 
ruthenium ( I I I ) were 
unstable. 

Jones and Schwedt 
(32) . 

Oxo-anions of a r s e n i c 
(V), germanium ( I V ) , 
phosphorus (V) and 
s i l i c o n ( I V ) . 

Anion-exchange 
columns. Molybdenum 
blue post-column 
d e t e c t o r . 

Rapid s e p a r a t i o n of 
germanium ( I V ) , 
phosphorus (V) and 
a r s e n i c ( V). 

Jones e t a l . (33). 

Table 1 continued 



two column system was f u r t h e r developed to determine o n - l i n e , 

aluminium and z i n c ( 3 4 ) , as w e l l as a l k a l i n e e a r t h metals i n 

concentrated b r i n e s . The use of a c h e l a t i n g exchange column 

avoided the need f or sample d i l u t i o n , and pr e c o n c e n t r a t i o n 

enabled lower d e t e c t i o n l i m i t s t o be obtained. C h e l a t i n g 

exchange has many advantages i n the a n a l y s i s of complex 

m a t r i c e s , and u l t i m a t e l y can be used f o r t r a c e metal s e p a r a t i o n 

and determination, which w i l l be d i s c u s s e d i n d e t a i l l a t e r 

( S e c t i o n 1.5.). 

1,3>2.1. SPECIRTION STUDIES BY ION CHROMATOGRAPHY. 

Ion chromatography can a l s o be used f o r metal s p e c i a t i o n 

s t u d i e s , which i n v o l v e s the s e p a r a t i o n of d i s t i n c t l y d i f f e r e n t 

chemical forms of a p a r t i c u l a r metal. Trace metal s p e c i a t i o n i s 

extremely important, p a r t i c u l a r l y i n environmental s t u d i e s , 

e.g. n a t u r a l and potable waters, s i n c e d i f f e r e n t metal s p e c i e s 

can vary g r e a t l y i n t o x i c i t y . Heberling and R i v i e l l o (27) have 

shown t h a t vanadium(IV) and (V), and t i n ( I I ) and (IV) can be 

separated using commercial ion-exchange columns. W i l l i a m s e t 

a l . (35) have separated and determined chromium(III) and (VI) 

a t u l t r a - t r a c e l e v e l s using a chemiluminescence d e t e c t i o n 

system. Chromium (VI) i s a much more t o x i c s p e c i e s than 

chromium(III) i n the environment. T h i s system proved to be 

simple, i n v o l v i n g no sample pretreatment. I t was h i g h l y 

s e n s i t i v e with d e t e c t i o n l i m i t s being O.lppb f o r chromium(III) 

and 0.3ppb f o r chromium(VI). 

An ion chromatography system to d e t e c t aluminium u s i n g 

f l u o r e s c e n c e d e t e c t i o n was i n v e s t i g a t e d by Jones e t a l . ( 3 6 ) , 

and enabled s e n s i t i v e d e t e c t i o n of aluminium i n monel a l l o y and 

tap water. The system was l a t e r developed to s p e c i a t e 

aluminium, and an i n t e n s i v e study of aluminium s p e c i e s i n 

n a t u r a l and potable waters was c a r r i e d out ( 3 7 ) . S e p a r a t i o n of 

16 



i n o r g a n i c (Al^*) and organic aluminium, together with v a r i o u s 

hydroxy and f l u o r o - s p e c i e s of aluminium were obtained. An 

important f i n d i n g i s t h a t t h e r e was a major change i n aluminium 

s p e c i a t i o n a f t e r passage through a potable water treatment 

p l a n t , which i n v o l v e s a d d i t i o n of aluminium sulphate, 

suggesting t h a t there was s u p e r s a t u r a t i o n of i n o r g a n i c 

aluminium i n d r i n k i n g water. The s e p a r a t i o n of f l u o r o - s p e c i e s 

provides u s e f u l information as d r i n k i n g waters are f l u o r i n a t e d 

i n some ar e a s of the UK. Fur t h e r study of aluminium s p e c i a t i o n 

i n potable waters from the south west of England by Jones and 

P a u l l ( 3 8 ) , concluded t h a t s o f t waters c o n t a i n higher 

c o n c e n t r a t i o n s of hydroxy, Al (OH) j^^^'*^ s p e c i e s compared to 

harder water. Untreated water contained mainly o r g a n i c a l l y 

bound aluminium. Fu r t h e r examples of metal s p e c i a t i o n s t u d i e s 

by ion chromatography i n a wide range of samples a r e presented 

i n a review by Robards e t a l . ( 2 ) . 

1.4. TYPES OF SUBSTRATE. 

The s u b s t r a t e or s t a t i o n a r y phase i s the most important p a r t 

of a chromatographic system, and determines the s e p a r a t i o n . The 

most common s u b s t r a t e f o r ion-exchange has been p o l y s t y r e n e or 

pol y s t y r e n e - d i v i n y l b e n z e n e r e s i n s , which have been used f o r 

s e v e r a l decades. S i l i c a i s not very s u i t a b l e as a base m a t e r i a l 

f o r ion-exchange as i t d i s s o l v e s above pH8. 

Some of the e a r l i e r p o l y s t y r e n e - d i v i n y l b e n z e n e co-polymer 

beads had the disadvantage of s w e l l i n g when i n s o l u t i o n , which 

s e v e r e l y a f f e c t e d the e f f i c i e n c y of a column. These tended to 

be l i g h t l y c r o s s - l i n k e d , and c o l l a p s e d under high p r e s s u r e as 

they are e a s i l y compressed. I n ge n e r a l , f o r use i n HPLC, the 

degree of c r o s s - l i n k i n g i n the polymeric beads has to be 

g r e a t e r than 8%. A review of the e a r l i e r developments of 
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s t a t i o n a r y phases f o r ion chromatography i s given by Small ( 5 ) . 

There are t h r e e general types of polymeric s u b s t r a t e s . 

Microporous r e s i n p a r t i c l e s c o n t a i n s m a l l molecular s i z e pores 

and are c r o s s - l i n k e d . However, a major disadvantage i s t h a t a 

d r a s t i c change i n the e l u e n t w i l l reduce the chromatographic 

performance, as the bead diameter w i l l change s i g n i f i c a n t l y . 

The s h r i n k i n g and s w e l l i n g of the beads can be overcome by 

u s i n g a macroporous r e s i n , which i s h i g h l y c r o s s - l i n k e d . These 

c o n t a i n macropores (over 300A i n diameter), as w e l l as 

micropores, where the macropores are a c c e s s i b l e t o l a r g e 

molecules. Another type i s a p e l l i c u l a r r e s i n . T h i s c o n s i s t s of 

an i n e r t core surrounded by a s t a t i o n a r y phase f i l m . The core 

i s s p h e r i c a l , and t y p i c a l l y 10/xm i n diameter, composed of g l a s s 

or polymer. The s u r f a c e f i l m can be based on f o r example, of 

s i l i c a , alumina or ion-exchange c o a t i n g . 

P o l y s t y r e n e - d i v i n y l b e n z e n e r e s i n s are prepared by suspension 

p o l y m e r i z a t i o n of s t y r e n e to produce s m a l l s p h e r i c a l p a r t i c l e s 

of p o l y s t y r e n e . Varying c o n c e n t r a t i o n s of divinylbenzene, 

depending on the f i n a l requirement, are added to provide c r o s s -

l i n k i n g between the p o l y s t y r e n e c h a i n s . Macroporous r e s i n s are 

prepared i n a s i m i l a r way. A t y p i c a l r e a c t i o n mixture c o n t a i n s 

p o l y s t y r e n e monomers, c r o s s - l i n k i n g divinylbenzene monomer, a 

p o l y m e r i z a t i o n i n i t i a t o r and a s u i t a b l e porogen i n a water 

organic s o l u t i o n - The porogen, which i s a compound s o l u b l e i n 

monomer but i n s o l u b l e i n polymer, can be v a r i e d depending on 

the r e q u i r e d r e s i n s t r u c t u r e . The r e a c t i o n mixture i s s t i r r e d 

r a p i d l y with water, and g r a d u a l l y d r o p l e t s of the r e q u i r e d 

p a r t i c l e s i z e form i n the organic phase. P o l y m e r i z a t i o n occurs 

i n the organic phase, where polymer c h a i n s p r e c i p i t a t e out 

w i t h i n the d r o p l e t . U l t i m a t e l y , t h i s produces a r i g i d 3-D 

s t r u c t u r e with the c r o s s - l i n k i n g monomer, where the porogen 
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v o i d s produce the macropores. A f t e r drying, the r e s i n can be 

a c c u r a t e l y s o r t e d i n t o v a r i o u s p a r t i c l e s i z e s . 

A range of macroporous co-polymers are now commercially 

a v a i l a b l e , f o r example, a commercial UK company, Polymer 

L a b o r a t o r i e s have developed r i g i d macroporous co-polymers of 

styr e n e - d i v i n y l b e n z e n e i n a range of pore s i z e s . Lloyd (39) has 

r e c e n t l y produced a review of these s u b s t r a t e s . They show high 

mechanical s t a b i l i t y , high e f f i c i e n c y and can operate a t high 

p r e s s u r e s and flow r a t e s . The unmodified r e s i n i s produced i n 

pore s i z e s of lOOA, 300A, lOOOA and 4000A. These a r e important 

fo r b i o s e p a r a t i o n s f o r example, the sm a l l lOOA pore s i z e 

s u b s t r a t e can be used f o r f i n g e r p r i n t peptide mapping, and the 

very l a r g e 4000A pore s i z e s u b s t r a t e f o r b i o l o g i c a l 

macromolecule s e p a r a t i o n s . These s u b s t r a t e s tend to have a much 

higher s u r f a c e area than the e q u i v a l e n t s i l i c a packing 

m a t e r i a l s , and co n t a i n micropores of l e s s than 40A diameter, 

which i s suggested, are present i n the network of c r o s s - l i n k e d 

polymer c h a i n s surrounding the macropores ( 3 9 ) . S u r f a c e area 

d e c r e a s e s with i n c r e a s i n g pore s i z e , as can be seen i n Table 2. 

The PLRP-S lOOA s u b s t r a t e with a p a r t i c l e s i z e of Ŝ xm has been 

used as a base m a t e r i a l f o r t h i s study (see S e c t i o n 3 . ) . T h i s 

s u b s t r a t e can be modified i n a s i m i l a r way to s i l i c a , by 

d e r i v a t i z a t i o n or by c o a t i n g t o produce ion-exchange r e s i n s 

which prove to be as s t a b l e as the unmodified s u b s t r a t e . 

1.5. CHELATION ION CHROMATOGRAPHY. 

The development of ion chromatography f o r the a n a l y s i s of 

t r a c e metals as d e s c r i b e d above has enabled high performance 

s e p a r a t i o n s and determination of many groups of metal ions t o 

be achieved. Although ion chromatography has been a p p l i e d t o 

the a n a l y s i s of a wide range of samples, the technique i s 
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ADSORBENT. PORE SIZE. 
(A) 

SURFACE AREA, 
(m̂ g) 

PLRP-S 100 414 
PLRP-S 300 384 
PLRP-S 1000 267 
PLRP-S 4000 139 

Table 2. Pore s i z e and s u r f a c e area of Polymer L a b o r a t o r i e s 
r e v e r s e phase unmodified PS-DVB s u b s t r a t e , determined 
by nitrogen adsorption isotherms ( 3 9 ) . 
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g e n e r a l l y l i m i t e d to samples of low i o n i c s t r e n g t h . Many 

important environmental and i n d u s t r i a l samples such as sea 

waters and i n d u s t r i a l process streams a r e of high i o n i c 

s t r e n g t h and d i r e c t a n a l y s i s by conventional ion chromatography 

becomes very d i f f i c u l t , as the ion-exchange s i t e s become 

'swamped' with s a l t i o n s . T h i s can be overcome by u s i n g 

c h e l a t i n g exchange groups on the s t a t i o n a r y phase s u b s t r a t e , 

i n s t e a d of ion-exchange groups. Metal ion s e p a r a t i o n s are then 

much l e s s a f f e c t e d by i o n i c s t r e n g t h , and depend mainly on the 

c o n d i t i o n a l s t a b i l i t y constants of each metal c h e l a t e , as 

d i s c u s s e d i n the next s e c t i o n . 

1.5.1. THEORETICAL ASPECTS OF CHELATING ION EXCHANGE. 

Co-ordination chemistry i s the branch of chemistry i n v o l v i n g 

the formation of metal complexes. A metal complex i s formed by 

an a s s o c i a t i o n between a metal ion and another s p e c i e s , c a l l e d 

a l i g a n d , which can be an anion or a p o l a r molecule. A l i g a n d 

i s d e s c r i b e d by Lewis as an e l e c t r o n p a i r donor, and a metal 

ion as an e l e c t r o n p a i r acceptor. There i s a tendency f o r 

p o s i t i v e ions such as metal ions to seek a r e a s of high e l e c t r o n 

d e n s i t y , such as e l e c t r o n p a i r s . Metal ions t h e r e f o r e can be 

considered as Lewis a c i d s , and the l i g a n d as a Lewis base. 

I f a metal ion M̂ , approaches c l o s e enough to a l i g a n d L", 

then a co-ordinate bond i s e s t a b l i s h e d , and a metal complex i s 

formed. For a number of l i g a n d s nL* we have :-

M^ + nL- [ML̂ ]̂ ""'"̂ * 

Lewis Lewis Complex 
Acid Base 

There are e s s e n t i a l l y two extremes of acid/base behaviour, 

'hard' and ' s o f t ' . A 'hard' a c i d or base r e t a i n s v a l e n c e 

e l e c t r o n s very s t r o n g l y , w h i l s t ' s o f t ' a c i d s or bases are 

g e n e r a l l y l a r g e and e a s i l y p o l a r i s e d , with the e l e c t r o n s not 

21 



being held very s t r o n g l y . Examples of 'hard' a c i d s i n c l u d e H*, 

and hard bases NHj, H2O and SÔ '̂. S o f t a c i d s include copper and 

z i n c c a t i o n s , Ag*, Au*, Cd^*, Hĝ *, and l i g a n d s c o n t a i n i n g 

phosphorus and sulphur donor atoms are examples of s o f t bases. 

However, some metals i n c l u d i n g many of the t r a n s i t i o n and 

a l k a l i n e e a r t h metals show intermediate behaviour. I n g e n e r a l , 

the s t r o n g e s t complexes are formed between metals and l i g a n d s 

of s i m i l a r hardness or s o f t n e s s . However, there a r e a l a r g e 

number of a c i d s and bases of intermediate hardness and 

s o f t n e s s , such as some t r a n s i t i o n metal c a t i o n s , so p r e d i c t i o n 

of complex s t a b i l i t y i s not q u i t e so s t r a i g h t f o r w a r d . 

The number of l i g a n d s a s s o c i a t e d with a c e n t r a l metal ion i s 

c a l l e d the co- o r d i n a t i o n number. Common co - o r d i n a t i o n numbers 

are four, which g e n e r a l l y give t e t r a h e d r a l complexes, f o r 

example, [Zn(NHj)^]^*, and s i x which g e n e r a l l y give o c t a h e d r a l 

complexes, f o r example, [Co(NH3)^]^*. The number of e l e c t r o n 

p a i r s t h a t are donated c l a s s i f i e s the type of l i g a n d . Above, 

NHj donates one e l e c t r o n p a i r and i s c l a s s i f i e d as a 

monodentate l i g a n d , f u r t h e r examples being NOj', SO^^', HjO, ON* 

and OH". Ligands which donate two or t h r e e e l e c t r o n p a i r s are 

termed biden t a t e and t r i d e n t a t e r e s p e c t i v e l y . I n ge n e r a l , 

l i g a n d s which donate more than one e l e c t r o n p a i r are termed 

multidentate l i g a n d s . Multidentate l i g a n d s which donate more 

than one e l e c t r o n p a i r to the same c e n t r a l metal ion form a 

c y c l i c or r i n g s t r u c t u r e . These type of complexes a r e termed 

c h e l a t e s , and the process c a l l e d c h e l a t i o n . An example i s 

ethylenediamine which i s a bident a t e c h e l a t i n g l i g a n d and EDTA 

which i s hexadentate, and t h e i r s t r u c t u r e s are shown i n F i g u r e 

2. 

C h e l a t i n g compounds u s u a l l y c o n t a i n r e p l a c e a b l e hydrogens, 

where the hydrogen can be rep l a c e d with a metal ion under 
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F i g u r e 2. S t r u c t u r e s of ethylenediamine (bidentate l i g a n d ) and 
EDTA*' (hexadentate li g a n d ) showing e l e c t r o n p a i r s . 
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appropriate c o n d i t i o n s . T y p i c a l groups where t h i s can occur are 

-OH, -COOH, -NHj, =NOH, -SH and -POjHj. The metal ion i s co-

o r d i n a t e l y bonded to a f u n c t i o n a l group, which i s normally 

b a s i c , and co n t a i n s one or more e l e c t r o n p a i r s f o r bonding, to 

form the metal c h e l a t e . Common co - o r d i n a t i n g groups w i t h i n a 

c h e l a t i n g compound are =0 , -NHg, -NH-, =N- and =S. Some t y p i c a l 

examples a r e shown i n Fi g u r e 3 . C h e l a t e complexes a r e much more 

s t a b l e than non-chelate complexes. T h i s has been shown 

thermodynamically and i s termed the c h e l a t e e f f e c t . Although 

t h e r e i s l i t t l e change i n enthalpy, t h e r e i s a more p o s i t i v e 

change i n entropy. T h i s i s due to the i n c r e a s e i n the number of 

unbound l i g a n d s present i n the system. T h i s can be seen i n the 

example below f o r the formation of a complex with n i c k e l and 

ammonia, and the formation of a c h e l a t e with n i c k e l and 

ethylenediamine ( e n ) . I n aqueous s o l u t i o n the Ni^* ion i s 

hydrated :-

Ni [ (H20)^]2* + 6NH3 ^ Ni[(NH3)^]2* + 6H2O log 6^ = 8.6 

Ni [ (H20)^]2* + 3en ^ Ni [en3]2* + 6H2O log 63 = 18 . 3 

The c h e l a t e formed with ethylenediamine i s 10^° times more 

s t a b l e , as can be seen from the o v e r a l l s t a b i l i t y c o nstant 6. 

With the formation of the ammonia complex t h e r e i s no net 

change i n the number of molecules, however, i n the formation of 

the c h e l a t e , t h e r e i s an i n c r e a s e of t h r e e moles of i n d i v i d u a l 

molecules (from four to seven), which d r a m a t i c a l l y i n c r e a s e s 

the entropy. 

During the formation of metal complexes, v a r i o u s e q u i l i b r i a 

are e s t a b l i s h e d depending on the c o n c e n t r a t i o n of metal ion and 

l i g a n d . For a monodentate l i g a n d L, and metal M, i n s o l u t i o n :-

M + L ML , = [ML] 
[M][L] 

ML + L ̂  MLp , = [MLp] 
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SO,H 

OH 
O OH OH 

PYROCATECHOL VIOLET. 4-(2-PYRIDYLAZO)RESORCrNOL (PAR) 

CH3 

( H O O C C H 2)2NH2cU^v^ 

C H 

CH2N(CH2COOH)2 

SO3H 

X Y L E N O L ORANGE. 

OH R — O — C (as alkali metal salt) 

SH 

8-H YDROX YQUINOLINE. XANTHATES. 

5 6 

2V=N N=A 

s=c 
NH—NH—QH5 

N = N — Q H s 
(thione form) 

1,10-PHENANTHROLINE DITHIZONE. 

F i g u r e 3 . Some t y p i c a l examples of a range of c h e l a t i n g 
compounds. 
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MLj + L ^ MLj , Kj = [ML^]^^ 

ML,., + L 5 = ^ MI^ , K„ = [ML,] 

where N i s the maximum co - o r d i n a t i o n number of metal ion M f o r 

l i g a n d L. 

A l t e r n a t i v e l y f o r the formation of MI^, the equation can be 

w r i t t e n :-

M + L ^ ML , 1̂ = [ML] 
[M][L] 

M + 2L 5 = ^ ML;, , B? = [MLp] 

M + 3L ML, , ^3 = [ML^] 
[M][L]^ 

M + NL ML. , fiu = [ML.] mm' 
The c o n s t a n t s are c a l l e d stepwise formation or s t a b i l i t y 

c o n s t a n t s . 6̂^ constants are the o v e r a l l formation or s t a b i l i t y 

c o n s t a n t s . 

The v a l u e s of and B^^ are r e l a t e d , the o v e r a l l s t a b i l i t y 

c onstant, f o r example, 63 = K^KjKj. As the v a l u e s of stepwise 

s t a b i l i t y c o n s t a n t s are often given as log K v a l u e s , the 

o v e r a l l s t a b i l i t y constant f o r the formation of a p a r t i c u l a r 

s p e c i e s i s the sum of the i n d i v i d u a l l o g K v a l u e s . S t a b i l i t y 

c o n s t a n t s are a measure of a f f i n i t y of a l i g a n d f o r a metal ion 

i n s o l u t i o n . For example, f o r the formation of complexes 

between Co^* and ammonia, NH3 

Co^* + NH3 [Co(NH3)]2* , log Ki = 2. 0 

[Co(NH3)]2* + NH3 [Co(NH3)2]2* , log K2 = 1 . 5 

tC0(NH3)2]^* + NH3 [Co(NH3)3]2* , log K3 = 0. 9 

[Co(NH3)3]2* + NH3 [Co (NH3) j2* ^ log = 0. 6 

The o v e r a l l s t a b i l i t y constant f o r the formation of [Co(NH3)^] 
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complex, log = logK, + logKj + logKj + logK^ = 5.0. T h i s i s 
fo r the r e a c t i o n — 

Co^* + 4NH3 [Co(NH3)j2+ ^ 5̂  = 5,0 

The v a l u e s of s t a b i l i t y c onstants normally quoted are based 

on many assumptions. I n the above example, the v a l u e s given are 

fo r zero i o n i c s t r e n g t h and a temperature of 25'*C, and i t 

assumes t h a t the complex s p e c i e s formed i s the only s p e c i e s 

p r e s e n t . 

I n g e n e r a l , 

M + L ^ ML , K=K„L = [ML] 

[M][L] 

The metal and l i g a n d are assumed to be 100% i o n i z e d , and 

a c t i v i t y c o e f f i c i e n t s are not taken i n t o c o n s i d e r a t i o n . More 

importantly, many metal ions and l i g a n d s are pre s e n t as 

d i f f e r e n t s p e c i e s depending on the pH of the s o l u t i o n . 

Depending on the pH, the co n c e n t r a t i o n s of r e a c t i n g metal ion 

and/or l i g a n d could be d i f f e r e n t . I f t h i s happens the o v e r a l l 

v a l u e of K w i l l appear to change. These s t a b i l i t y c o n s t a n t s are 

known as c o n d i t i o n a l s t a b i l i t y c o n stants, and are the key to 

c h e l a t i n g exchange, as t h i s can be c o n t r o l l e d by pH, which 

a l t e r s the c o n d i t i o n a l s t a b i l i t y c o n s t a n t s of the metal 

c h e l a t e s . 

C o n d i t i o n a l s t a b i l i t y constants are often denoted by K , with 

the e q u i l i b r i u m f o r the formation of the complex ML becoming :-

M + L ̂  ML , K' = }^,^^. = fMLI 

[M ] [ L ] 

The v a l u e of [ML] g i v e s the co n c e n t r a t i o n of metal complex, 

w h i l s t [M'] and [L ] give the t o t a l c o n c e n t r a t i o n of uncomplexed 

metal ion and l i g a n d r e g a r d l e s s of the number of chemical forms 

pre s e n t . T h i s v a r i e s depending on the experimental c o n d i t i o n s , 

such as pH, g i v i n g r i s e to the c o n d i t i o n a l s t a b i l i t y c o nstant 
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A t y p i c a l i l l u s t r a t i o n of the change i n c o n d i t i o n a l s t a b i l i t y 

c o n s t a n t s with pH, i s the v a r i o u s metal-EDTA complexes, and 

t h i s i s shown i n F i g u r e 4 ( 4 0 ) . As the pH i n c r e a s e s from a c i d i c 

s o l u t i o n , the c o n d i t i o n a l s t a b i l i t y c o n s t a n t s i n c r e a s e , due to 

i n c r e a s e d d i s s o c i a t i o n of EDTA. However, many s t a r t to decrease 

again i n a l k a l i n e s o l u t i o n . T h i s i s mainly due to the formation 

of metal hydroxide s p e c i e s or even mixed EDTA/hydroxy s p e c i e s . 

EDTA i t s e l f i s present i n s o l u t i o n as d i f f e r e n t s p e c i e s 

depending on the pH. E s s e n t i a l l y t h e r e are f i v e s p e c i e s , 

H^EDTA, HjEDTA", H^EDTk^', HEDTA^' and EDTA^'. However, the 

absolute s t a b i l i t y constant only c o n s i d e r s the f r e e metal ion 

and the f u l l y i o n i z e d form of EDTA, as shown i n the example 

below f o r a d i v a l e n t metal ion :-

M̂* + EDTA^" ^ MEDTA^' 

Thus the proportion of EDTA*" i n the t o t a l EDTA c o n c e n t r a t i o n 

present w i l l depend on pH. H^EDTA predominates i n h i g h l y a c i d i c 

media, w h i l s t HjEDTA^' g e n e r a l l y predominates between pH3 and 

pH6. EDTA'^" predominates above pHlO. I n the c a l c u l a t i o n of the 

c o n d i t i o n a l s t a b i l i t y constant, the c o n c e n t r a t i o n of a l l these 

s p e c i e s a t the p a r t i c u l a r pH i s taken i n c o n s i d e r a t i o n , and 

[ L ] i n the equation would be the sum of a l l these 

c o n c e n t r a t i o n s . A s i m i l a r c a l c u l a t i o n i s c a r r i e d out f o r [M] 

which r e p r e s e n t s the t o t a l c o n c e n t r a t i o n of a l l the metal, M, 

s p e c i e s present a t t h a t p a r t i c u l a r pH. 

S t a b i l i t y c o n s t a n t s a l s o change with changing i o n i c s t r e n g t h . 

T h i s change although s m a l l , i s s i g n i f i c a n t , and i s r e l a t e d to 

the charge on the l i g a n d and metal ion. Table 3 shows the 

r e l a t i v e change i n s t a b i l i t y constant with i o n i c s t r e n g t h and 

charge, r e l a t i v e to O.IM i o n i c s t r e n g t h ( 4 1 ) . From t h i s t a b l e , 

i t can be seen t h a t t h i s v a r i a t i o n i n c r e a s e s with an i n c r e a s i n g 

charge on the metal c a t i o n , and i n c r e a s i n g charge on the 
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F i g u r e 4. C o n d i t i o n a l s t a b i l i t y c o n s t a n t s , log K^.y^ of 
v a r i o u s metal EDTA complexes as f u n c t i o n s of pH (40) 
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IONIC 
STRENGTH. 0.0 0.5 

ML 
1,0 2-0 3.0 

L' + 0.3 -0.1 0.0 + 0.3 + 0.6 
\}- + 0.6 -0.4 -0.4 -0.3 0.0 

+ 1.0 -0.5 -0.5 [-0.4] [-0.2] 

L' + 0.6 -0.4 -0.4 -0.3 0.0 
+ 1.2 -0.8 -0.8 [-0.7] [-0.5] 
+ 1.8 [-1.0] [-1.0] [-1.0] [-0.9] 

L" + 1.0 -0.5 -0.5 [-0.4] [-0.2] 
+ 1.8 [-1.0] [-1.0] [-1.0] [-0.9] 

t+2,6] [-1.5] [-1.5] [-1.6] [-1.5] 

[ ] - Based on t r e n d s 

T a b l e 3. V a r i a t i o n o f o v e r a l l s t a b i l i t y c o n s t a n t , l o g w i t h 
i o n i c s t r e n g t h and charge r e l a t i v e t o O.IM i o n i c 
s t r e n g t h ( 4 1 ) . 
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l i g a n d . The g r e a t e s t change o c c u r s between i o n i c s t r e n g t h o f 

zero and 0.5, b u t i n t e r e s t i n g l y , above t h i s t h e r e i s l i t t l e 

f u r t h e r change, and i f a n y t h i n g , t h e v a r i a t i o n i s l e s s when t h e 

i o n i c s t r e n g t h i s h i g h e r such as 2.0 and 3.0. T h i s i s i m p o r t a n t 

as samples such as c o n c e n t r a t e d b r i n e s a r e o f v e r y h i g h i o n i c 

s t r e n g t h , w i t h s a t u r a t e d sodium c h l o r i d e b r i n e b e i n g o v e r 5M. 

1.5>2. DEVELOPMENT OF CHELATING ION EXCHANGE I N ION 

CHROMATOGRAPHY. 

Erlenmeyer and Dahn (42) observed i n 1939, t h a t m i x t u r e s o f 

v a r i o u s c a t i o n s c o u l d be chromatographed on a column o f 

powdered 8 - h y d r o x y q u i n o l i n e . The m e t a l i o n s were d e t e c t e d 

f o l l o w i n g t h e f o r m a t i o n o f c o l o u r e d complexes w i t h 8-

h y d r o x y q u i n o l i n e , r e s u l t i n g i n bands a t v a r i o u s p o s i t i o n s a l o n g 

t h e column. L a t e r , Meinhard p u b l i s h e d a r e v i e w o f t h e 

development and advances i n chromatography ( 4 3 ) , and suggested 

t h a t t h e p o t e n t i a l problem o f t h e 8 - h y d r o x y q u i n o l i n e b e i n g 

d i s p l a c e d from t h e column used by Erlenmeyer and Dahn, c o u l d be 

overcome by ' f i x i n g ' t h e com p l e x i n g agent i r r e v e r s i b l y on 

an o t h e r s o l i d , such as s i l i c a . T h i s l e d t o t h e e v e n t u a l 

development o f c o v a l e n t l y bonded s u b s t r a t e s f o r c h e l a t i n g i o n 

exchange. 

C h e l a t i n g i o n exchange chromatography employs a 

ch r o m a t o g r a p h i c column where t h e c h e l a t i n g groups a r e a c t u a l l y 

a t t a c h e d t o t h e s u b s t r a t e , and t h u s t h e m e t a l i o n s i n t h e 

m o b i l e phase f o r m c h e l a t e s depending on t h e c o n d i t i o n s . Most 

c h e l a t i n g groups a r e c o v a l e n t l y bonded t o a s u b s t r a t e , such as 

s i l i c a o r p o l y s t y r e n e - d i v i n y l b e n z e n e , b u t r e l a t i v e l y few a r e 

co a t e d o n t o a s u b s t r a t e . These c h e l a t i n g columns have 

p r i n c i p a l l y been used f o r sample p r e c o n c e n t r a t i o n and c l e a n - u p 

o r m a t r i x e l i m i n a t i o n b e f o r e a n a l y s i s by a n o t h e r t e c h n i q u e . 

Very few have been used f o r t h e h i g h p e rformance s e p a r a t i o n o f 
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m e t a l i o n s . Since t h e development o f c h e l a t i n g exchange has 

i n v o l v e d b o t h c o v a l e n t l y bonded s u b s t r a t e s and c o a t e d 

s u b s t r a t e s , t h e s e two groups w i l l be examined s e p a r a t e l y . 

1.5.2.1. COVALENTLY BONDED SUBSTRATES. 

Many f u n c t i o n a l c h e l a t i n g groups have been c o v a l e n t l y o r 

c h e m i c a l l y bonded t o v a r i o u s s u b s t r a t e s where o f t e n t h e y have 

been s y n t h e s i z e d b e f o r e h a n d by r e s e a r c h w o r k e r s . There a r e a l s o 

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

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

a n a l y s i s has been f o r t h e p r e c o n c e n t r a t i o n o f m e t a l i o n s and 

n o t s e p a r a t i o n . 

One o f t h e e a r l i e s t c o m m e r c i a l l y a v a i l a b l e c h e l a t i n g r e s i n s 

was Chelex-100 ( o r Dowex A-1). T h i s c o n t a i n s c h e m i c a l l y bonded 

i m i n o d i a c e t i c a c i d c h e l a t i n g groups. However, i t has t h e 

di s a d v a n t a g e o f s w e l l i n g and c o n t r a c t i n g w i t h c h a n g i n g pH. 

C h r i s t e n e t a l . (44) i n 1961, d e m onstrated i t s use i n n u c l e a r 

c h e m i s t r y . The r e s i n was s a t u r a t e d w i t h c o p p e r ( I I ) , and t h e 

exchange o f i o n s w i t h l a n t h a n u m ( I I I ) w h ich forms a s t r o n g e r 

c h e l a t e was shown. Dowex A-1 was a l s o used by Imoto (45) t o 

r e t a i n manganese i n c o n c e n t r a t e d sodium c h l o r i d e and c a u s t i c 

soda. Above pH3, manganese was 100% r e t a i n e d on t h i s r e s i n . For 

t h e a n a l y s i s t h e sample was a d j u s t e d t o pH6-7, t o r e t a i n a l l 

t h e manganese which was t h e n e l u t e d o f f w i t h 1-2M s u l p h u r i c 

a c i d , a f t e r a g i t a t i o n and f i l t r a t i o n o f t h e sample. The 

manganese was d e t e r m i n e d p h o t o m e t r i c a l l y a f t e r o x i d a t i o n t o 

MnÔ ". A s i m i l a r r e s i n was used by Kuehn and H e r i n g (46) t o 

reduce t h e c o n c e n t r a t i o n s o f a wide range o f m e t a l i o n s i n 

sodium c h l o r i d e t o below t h e l i m i t s o f s p e c t r o g r a p h i c 

d e t e c t i o n . Van W i l l i g e n (47) i n v e s t i g a t e d and d e t e r m i n e d 

s t a b i l i t y c o n s t a n t s o f m e t a l - r e s i n complexes f o r Dowex A-1 

c h e l a t i n g r e s i n , and from t h e r e s u l t s o b t a i n e d he suggested 
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t h a t m e t a l i o n s e p a r a t i o n s u s i n g t h i s r e s i n would be v e r y 

d i f f i c u l t . The d i f f e r e n c e i n s t a b i l i t y c o n s t a n t s were n o t 

enough t o produce any e f f i c i e n t s e p a r a t i o n . Only a p a r t i a l 

s e p a r a t i o n o f c a l c i u m and copper was o b t a i n e d , however, t h i s 

was a t a h i g h t e m p e r a t u r e o f 70*C. 

R i l e y and T a y l o r (48) i n 1968, were one o f t h e f i r s t t o s t u d y 

t h e u p t a k e and r e c o v e r y o f a l a r g e range o f m e t a l i o n s i n sea 

wa t e r u s i n g Chelex-100. F i v e m e t a l i o n s i n sea w a t e r , z i n c , 

copper, n i c k e l , c o b a l t and cadmium were t h e n i n v e s t i g a t e d i n 

d e t a i l . The f i n a l d e t e r m i n a t i o n was by at o m i c a b s o r p t i o n 

s p e c t r o p h o t o m e t r y (AAS). Some m e t a l i o n s were n o t r e t a i n e d on 

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

i o n s t h a t were s t r o n g l y r e t a i n e d was around 100%, e x c e p t s i l v e r 

w h i c h was 90%. More r e c e n t work has a l s o used Chelex-100 f o r 

p r e c o n c e n t r a t i o n o f m e t a l i o n s . Muruganan e t a l . (49) removed 

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

were d e t e r m i n e d by ato m i c a b s o r p t i o n , u s i n g e i t h e r f l a m e o r 

g r a p h i t e f u r n a c e a t o m i z a t i o n t e c h n i q u e s . The Chelex-100 

c o n t a i n i n g i m i n o d i a c e t i c a c i d f u n c t i o n a l groups p r o v e d t o be 

more e f f i c i e n t a t removing i m p u r i t i e s t h a n a Dowex-50 r e s i n 

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

o f r a d i o n u c l i d e s i n n e a r l y s a t u r a t e d b r i n e s u s i n g Chelex-100 

was a c h i e v e d by St r a c h a n e t a l . ( 5 0 ) , E i g h t o f t h e t e n 

r a d i o n u c l i d e s s t u d i e d were e l u t e d o f f q u a n t i t a t i v e l y , and 

r e c o v e r i e s ranged from 98 t o 103%, u s i n g a Y"s p e c t r o m e t e r f o r 

d e t e c t i o n . Some o f t h e b r i n e s were d i l u t e d b e f o r e a n a l y s i s , b u t 

t h i s method proved t o be v e r y u s e f u l f o r t h e a n a l y s i s o f 

n u c l e a r wastes which a r e s t o r e d i n s a l t r e p o s i t o r i e s . 

C h e l a t i n g f u n c t i o n a l groups o t h e r t h a n i m i n o d i a c e t i c a c i d 

have been p r e p a r e d and c o v a l e n t l y bonded t o v a r i o u s s u b s t r a t e s 

f o r t h e p r e c o n c e n t r a t i o n o f m e t a l i o n s . 8 - h y d r o x y q u i n o l i n e has 
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been i m m o b i l i z e d o n t o s i l i c a g e l , and used f o r t h e 

p r e c o n c e n t r a t i o n o f e i g h t m e t a l s from sea w a t e r ( 5 1 ) . T h i s 

method enabled l a r g e e n r i c h m e n t f a c t o r s t o be a t t a i n e d , and 

q u a n t i t a t i v e r e c o v e r y , u s i n g e l e c t r o t h e r m a l a t o m i z a t i o n a t o m i c 

a b s o r p t i o n s p e c t r o p h o t o m e t r y (ETAAS) f o r d e t e r m i n a t i o n . Chambaz 

and H a e r d i (52) used an 8 - q u i n o l i n o l bonded c h e l a t i n g s i l i c a 

f o r t h e o n - l i n e p r e c o n c e n t r a t i o n o f t r a n s i t i o n m e t a l i o n s . 

These m e t a l s were t h e n d e t e r m i n e d by i o n - p a i r chromatography, 

a f t e r d e s o r p t i o n u s i n g p o t a s s i u m c y a n i d e . Problems were 

e n c o u n t e r e d as t h e d e t e c t i o n l i m i t was l i m i t e d t o 10'^ due t o 

h i g h background, and t h e method l i m i t e d t o t h e d e t e r m i n a t i o n o f 

copper and n i c k e l . The p r e p a r e d bonded s i l i c a a l s o t e n d e d t o 

decompose w i t h t i m e . An o n - l i n e p r e c o n c e n t r a t i o n system has 

r e c e n t l y been used by Mohammad e t a l . ( 5 3 ) , u t i l i z i n g 8-

h y d r o x y q u i n o l i n e i m m o b i l i z e d o n t o c o n t r o l l e d pore g l a s s f o r t h e 

p r e c o n c e n t r a t i o n o f aluminium. The optimum pH f o r 

p r e c o n c e n t r a t i o n i s 8, however, an a n i o n i c b u f f e r had t o be 

added t o a v o i d p r e c i p i t a t i o n o f Al(0H)3, o r f o r m a t i o n o f t h e 

a l u m i n a t e , [ A l ( O H ) ^ ] ' . The e f f e c t o f s e v e r a l b u f f e r s were 

i n v e s t i g a t e d , b u t a malonate b u f f e r f o r p r e c o n c e n t r a t i o n i n t h e 

range pH9.2 t o pHlO was found t o be optimum. The system was 

a p p l i e d t o r i v e r and sea w a t e r samples, where t h e d e t e c t i o n was 

by a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t r y . 

Gennaro e t a l . (54) p r e c o n c e n t r a t e d a range o f d i v a l e n t m e t a l 

i o n s u s i n g a c e l l u l o s e f i l t e r t o which m e t h y l i m i n o d i a c e t i c a c i d 

had been i m m o b i l i z e d . The per c e n t a g e u p t a k e w i t h c h a n g i n g pH 

was i n v e s t i g a t e d , and t h e r e t a i n e d m e t a l i o n s e l u t e d u s i n g IM 

h y d r o c h l o r i c a c i d . For a l l t h e m e t a l i o n s s t u d i e d , t h e maximum 

up t a k e was found t o be g r e a t e r t h a n 90% around pH3. However, 

mercury ( I I ) was p o o r l y r e t a i n e d , and t h e maximum u p t a k e 

a c h i e v e d was o n l y 50%. M e t h y l i m i n o d i a c e t i c a c i d forms more 
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s t a b l e m e t a l complexes t h a n i m i n o d i a c e t i c a c i d a l o n e , a l t h o u g h 

when bound t o t h e c e l l u l o s e , t h e up t a k e o f m e t a l i o n s i s 

e x t r e m e l y s i m i l a r , even f o r magnesium and c a l c i u m w h i c h f o r m 

l e s s s t a b l e c h e l a t e s . A t h i o g l y c o l a t e c h e l a t i n g r e s i n has been 

p r e p a r e d by Howard e t a l . ( 5 5 ) , and used f o r t h e 

p r e c o n c e n t r a t i o n o f cadmium, z i n c , l e a d and n i c k e l f r o m 

a r t i f i c i a l sea w a t e r s . The s u b s t r a t e used was t h e l a r g e 

p a r t i c l e s i z e A m b e r l i t e XAD-4. However, t h e r e c o v e r y o f n i c k e l 

and z i n c was poor, b u t f o r cadmium and l e a d t h e r e c o v e r y 

reached n e a r l y 100%, a l t h o u g h f o r an e q u i l i b r i u m t o be a c h i e v e d 

between t h e c h e l a t i n g r e s i n and t h e m e t a l i o n s t o o k up t o 

n i n e t y m i n u t e s . 

Glennon e t a l . (56) p r e p a r e d a b i o c h e l a t i o n c a r t r i d g e f o r t h e 

upt a k e o f m e t a l i o n s u t i l i s i n g hydroxamate c o m p l e x a t i o n . L a t e r 

t h i s t y p e o f c a r t r i d g e was s u c c e s s f u l l y used f o r o n - l i n e t r a c e 

m e t a l p r e c o n c e n t r a t i o n ( 5 7 ) , b e f o r e s e p a r a t i o n and d e t e c t i o n by 

i o n chromatography. A s e p a r a t i o n o f s i x m e t a l i o n s was 

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

o f t a p w a t e r demonstrated. R e c e n t l y , some b i o p o l y m e r s were 

p r e p a r e d and i n v e s t i g a t e d f o r t h e uptake o f l e a d and copper 

(58) . The b i o p o l y m e r s which were found t o be t h e most e f f i c i e n t 

a t removing t h e s e m e t a l s from v a r i o u s n a t u r a l and waste w a t e r s , 

were t h o s e c o n t a i n i n g hydroxamic a c i d d e r i v a t i v e s . I t was 

suggested t h a t c o n v e n t i o n a l ion-exchange c o u l d be used t o c l e a n 

up h i g h c o n c e n t r a t i o n s o f l e a d and copper f r o m p o l l u t e d w a t e r s , 

where t h e c h e l a t i o n ion-exchange s t e p c o u l d be used f o r 

removing l o w e r c o n c e n t r a t i o n s r e m a i n i n g . T h i s c o m p l i m e n t a r y 

t e c h n i q u e would remove heavy m e t a l i o n s t o sub-ppb 

c o n c e n t r a t i o n s . 

Aluminium and b e r y l l i u m were s e p a r a t e d f r o m o t h e r i o n s i n 

b e r y l and some s y n t h e t i c a l l o y s by Das and Pobi ( 5 9 ) , u s i n g a 
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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 c h e l a t i n g r e s i n . The f u n c t i o n a l 

groups were bonded o n t o s t y r e n e - d i v i n y l b e n z e n e polymer beads, 

and a b a t c h t e c h n i q u e used t o d e t e r m i n e t h e m e t a l u p t a k e . A 

g l a s s column c o n t a i n i n g t h i s c h e l a t i n g r e s i n was s u b s e q u e n t l y 

used f o r p r e c o n c e n t r a t i o n o f v a r i o u s m e t a l i o n s , w h i c h were 

s e l e c t i v e l y e l u t e d by u s i n g d i f f e r e n t e l u t i n g a g e n t s . D e t e c t i o n 

was by a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t r y . Chambaz e t a l . (60) 

used an e t h y l e n e d i a m i n e t r i a c e t a t e c h e m i c a l l y bonded s i l i c a f o r 

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

s e p a r a t i o n and d e t e c t i o n by s t a n d a r d i o n chromatography. T h i s 

method was a p p l i e d t o t h e a n a l y s i s o f t r a c e m e t a l s i n r i v e r 

w a t e r s -

S e v e r a l c h e l a t i n g columns have r e c e n t l y been c o m m e r c i a l l y 

a v a i l a b l e f o r t h e p r e c o n c e n t r a t i o n o f t r a c e m e t a l s from complex 

m a t r i c e s . S i r i r a k s e t a l . (61) used a c h e l a t i n g column w i t h 

i m i n o d i a c e t i c a c i d f u n c t i o n a l groups f o r t r a c e element a n a l y s i s 

i n complex e n v i r o n m e n t a l and b i o l o g i c a l samples. T h i s column, 

t h e MetPac CC-1 developed by Dionex, was o n l y used f o r 

p r e c o n c e n t r a t i o n . S e p a r a t i o n was by c o n v e n t i o n a l i o n 

chromatography, u t i l i z i n g a r a t h e r complex m u l t i - v a l v e system. 

The wide range o f samples t h a t can be a n a l y z e d i n c l u d e sea 

w a t e r s , b r i n e s , b i o l o g i c a l , b o t a n i c a l and g e o l o g i c a l m a t e r i a l s . 

T h i s s u b s t r a t e i s macroporous and d e s i g n e d t o form s t r o n g 

c h e l a t e s w i t h t r a n s i t i o n m e t a l s , w i t h a l k a l i n e e a r t h m e t a l s 

more weakly bound. The optimum pH f o r r e t e n t i o n o f t r a n s i t i o n 

m e t a l s and l a n t h a n i d e s i s pH5 t o 6. The f u l l d e t a i l s o f t h e 

method o f c h e l a t i o n i o n chromatography u s i n g t h i s column, 

t o g e t h e r w i t h examples o f s e p a r a t i o n s i s d e s c r i b e d by Dionex 

(62) . Joyce and Schein (28) have i l l u s t r a t e d f u r t h e r c h e l a t i o n 

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

samples such as sea w a t e r s u s i n g t h e MetPac column f o r 
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p r e c o n c e n t r a t i o n . T h i s column has been c o u p l e d t o i n d u c t i v e l y 

c o u p l e d p l a s m a - o p t i c a l e m i s s i o n s p e c t r o m e t r y (ICP-OES), and 

i n d u c t i v e l y c o u p l e d plasma-mass s p e c t r o m e t r y (ICP-MS), t o 

enhance t h e i r performance ( 6 3 ) . A range o f samples were 

a n a l y z e d i n c l u d i n g sea w a t e r s , b r i n e s and b i o l o g i c a l samples, 

where i n g e n e r a l , u s i n g t h e MetPac column f o r p r e c o n c e n t r a t i o n , 

d e t e c t i o n l i m i t s were i n t h e sub-ppb range. 

A c h e l a t i n g c a t i o n exchange r e s i n w i t h d i p h o s p h o n i c a c i d 

f u n c t i o n a l groups bonded o n t o a s t y r e n e based polymer m a t r i x 

has been used f o r t h e t r e a t m e n t o f i n d u s t r i a l w a s t e w a t e r s (64) , 

and i s c o m m e r c i a l l y a v a i l a b l e as D i p h o n i x . I t forms s t r o n g 

c h e l a t e s w i t h t r a n s i t i o n m e t a l s , p o s t - t r a n s i t i o n m e t a l s and 

r a d i o n u c l i d e s , and i s c l a i m e d t o reduce m e t a l i o n 

c o n c e n t r a t i o n s by f o u r o r d e r s o f magnitude f r o m h i g h l y s a l t e d 

s o l u t i o n s . I t can be used as a cl e a n - u p column f o r waste 

streams such as t h e removal o f a c t i n i d e s , o r as a 

p r e c o n c e n t r a t i o n column f o r t h e a n a l y s i s o f m e t a l i o n s . 

A r e v i e w by K a n t i p u l y e t a l . (65) h i g h l i g h t s many c h e l a t i n g 

p o l y m e r s , i n c l u d i n g c o m m e r c i a l l y a v a i l a b l e polymers, used f o r 

t h e p r e c o n c e n t r a t i o n and s e p a r a t i o n o f t r a c e m e t a l s from 

n a t u r a l w a t e r s . The m a j o r i t y o f t h e s e c h e l a t i n g p olymers a r e 

used f o r t h e p r e c o n c e n t r a t i o n o f a wide range o f m e t a l i o n s , 

and f u n c t i o n a l groups a r e a l l c h e m i c a l l y bonded o n t o t h e 

s u b s t r a t e . F i g u r e 5 shows some c o m m e r c i a l l y a v a i l a b l e 

c h e l a t i n g r e s i n s and t h e f u n c t i o n a l groups i n v o l v e d i n 

c h e l a t i o n . A r e c e n t r e v i e w by Terada (66) d e s c r i b e s 

p r e c o n c e n t r a t i o n o f t r a c e elements by s o r p t i o n , u s i n g a v a r i e t y 

o f s u p p o r t s . S i l i c a was p r i n c i p a l l y used and m o d i f i e d as a 

s u p p o r t i n g m a t e r i a l , b u t o t h e r s u p p o r t s such as a c t i v a t e d 

c a r b o n , porous polymers and n a t u r a l complex f o r m i n g p o l y m e r s , 

such as c h i t i n and c h i t o s a n , a r e d e s c r i b e d . 
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Some o f t h e f u n c t i o n a l groups were c o v a l e n t l y bonded o n t o t h e 

s u p p o r t , b u t many were load e d and absorbed o n t o t h e supportrr 

There a r e a l a r g e number o f c o v a l e n t l y bonded s u b s t r a t e s used 

f o r p r e c o n c e n t r a t i o n o f m e t a l i o n s , b u t r e l a t i v e l y few have 

been employed f o r t h e s e p a r a t i o n o f m e t a l i o n s . F r i t z (67) has 

pr e p a r e d many c o v a l e n t l y bonded s u b s t r a t e s and de m o n s t r a t e d 

t h e i r p o t e n t i a l f o r t h e s e p a r a t i o n o f m e t a l i o n s , a l t h o u g h t h e 

e f f i c i e n c i e s were low. The m a j o r i t y o f c h e l a t i n g f u n c t i o n a l 

groups have been bonded o n t o a s i l i c a s u p p o r t , b u t a number 

have been bonded t o s t y r e n e - d i v i n y l b e n z e n e copolymer. F a l t y n s k i 

and J e z o r e k (68) p r e p a r e d s e v e r a l s i l i c a bound c h e l a t i n g 

s t a t i o n a r y phases f o r t h e s e p a r a t i o n o f some t r a n s i t i o n and 

heavy m e t a l s . These a r e i l l u s t r a t e d i n F i g u r e 6. A s e p a r a t i o n 

o f s i x m e t a l i o n s was a c h i e v e d u s i n g a d i t h i z o n e bonded phase 

(DTSG), however, as w i t h s e v e r a l o t h e r o f t h e s e p a r a t i o n s , t h e 

r e t e n t i o n o r d e r was t h e o p p o s i t e t o t h a t e x pected f o r c h e l a t i n g 

exchange. T h i s may be due t o t h e presence o f t a r t a r i c a c i d 

w h i c h i s com p l e x i n g , i n t h e m o b i l e phase. S e p a r a t i o n s 

i l l u s t r a t e d where t h e m e t a l i o n s e l u t e d i n t h e expected o r d e r 

f o r c h e l a t i n g exchange u t i l i s e d t h e MQSG and NEDSG bonded 

s i l i c a s ( F i g u r e 6) . Simonzadeh and S c h i l t (69) p r e p a r e d a 

s i l i c a i m m o b i l i z e d 2 - p y r i d i n e - c a r b o x y - a l dehyde-phenylhydrazone 

bonded phase and a p p l i e d i t t o t h e s e p a r a t i o n o f t r a n s i t i o n and 

heavy m e t a l s . A l t h o u g h m e t a l i o n s e p a r a t i o n s were a c h i e v e d , t h e 

peaks t e n d e d t o broaden b a d l y w i t h i n c r e a s i n g r e t e n t i o n t i m e . 

Some m e t a l s c o - e l u t e d , b u t v a r i o u s a n i o n s such as p e r c h l o r a t e 

and o x a l a t e , a c t i n g as a b u f f e r , were added t o t h e m o b i l e phase 

t o improve s e p a r a t i o n , and a l t e r s e l e c t i v i t y . The b r o a d peaks 

may be due t o t h e slow k i n e t i c s o f t h e c h e l a t i o n r e a c t i o n , as 

i s o c r a t i c c o n d i t i o n s were used. 

Bonn e t a l . (70) c o v a l e n t l y bound i m i n o d i a c e t i c a c i d t o a 
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F i g u r e 6. S i l i c a bound c h e l a t i n g s t a t i o n a r y phases used by 
F a l t y n s k i and Je z o r e k ( 6 8 ) . 



porous s i l i c a s u p p o r t t o s e p a r a t e t r a n s i t i o n m e t a l i o n s , 

p a r t i c u l a r l y from sea w a t e r s . V a r i o u s c a r b o x y l i c a c i d s and 

c o m p l e x i n g agents i n t h e e l u e n t were used t o s t u d y e l u t i o n 

mechanisms o f m e t a l i o n s . Using o r g a n i c a c i d e l u e n t s such as 

c i t r i c , t a r t a r i c and d i p i c o l i n i c a c i d , s e v e r a l m e t a l i o n 

s e p a r a t i o n s were a c h i e v e d , where t h e y e l u t e d i n t h e e x p e c t e d 

o r d e r f o r a c h e l a t i n g exchange p r o c e s s . D i p i c o l i n i c a c i d p r o v e d 

t o be p a r t i c u l a r l y u s e f u l , as i t i s s t r o n g l y c o m p l e x i n g i n 

a c i d i c s o l u t i o n s and has l i t t l e a f f i n i t y f o r a l k a l i n e e a r t h 

m e t a l i o n s . The r e t e n t i o n o f monovalent m e t a l i o n s and a l k a l i n e 

e a r t h m e t a l s showed a s t r o n g dependence on pH, however, f o r 

t r a n s i t i o n m e t a l i o n s a dependence on b o t h pH and d i p i c o l i n i c 

a c i d c o n c e n t r a t i o n was observed. By c o n t r o l l i n g t h e pH, t h e 

optimum c o n d i t i o n s where c o m p l e x a t i o n o f m e t a l i o n s by t h e 

i m i n o d i a c e t i c a c i d on t h e s t a t i o n a r y phase and d i p i c o l i n i c a c i d 

i n t h e e l u e n t are f a v o u r e d , can be chosen. A s e p a r a t i o n o f 

c o b a l t , z i n c and cadmium i n sea w a t e r was a c h i e v e d u s i n g a 

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

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

t r a n s i t i o n m e t a l s . 

C a t i o n s and a n i o n s can be s e p a r a t e d u s i n g bonded s i l i c a s . 

L a u t h and Gramain (71) used benzo-18-crown-6-modified s i l i c a t o 

s e p a r a t e a l k a l i and a l k a l i n e e a r t h m e t a l c h l o r i d e s and some 

a n i o n s u s i n g w a t e r as an e l u e n t . A bonded 8 - q u i n o l i n o l 

s t a t i o n a r y phase has been used by Thompson and J e z o r e k (72) t o 

s e p a r a t e t r a n s i t i o n m e t a l s , n e u t r a l o r g a n i c s ( p h e n o l s and 

a n i l i n e s ) , and i n o r g a n i c a n i o n s i n a s i n g l e i n j e c t i o n . 

F u n c t i o n a l c h e l a t i n g groups have been bonded o n t o 

p o l y s t y r e n e - d i v i n y l b e n z e n e s u b s t r a t e s . Jonas e t a l . (73) 

i m m o b i l i z e d 8 - h y d r o x y q u i n o l i n e o n t o t h i s t y p e o f s u b s t r a t e and 

r a p i d l y s e p a r a t e d copper and z i n c . By r e d u c i n g t h e f l o w r a t e , 
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z i n c , c o b a l t , n i c k e l and copper c o u l d be s e p a r a t e d , and e l u t e 

i n t h e c o r r e c t o r d e r f o r c h e l a t i n g exchange, b u t peaks broaden 

w i t h i n c r e a s i n g r e t e n t i o n t i m e . 

A r e c e n t r e v i e w by L i u (74) h i g h l i g h t s t h e s y n t h e s i s and 

c h a r a c t e r i s a t i o n o f c h e l a t i n g ion-exchange r e s i n s . A number o f 

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

and s e p a r a t i o n o f s e l e n i u m ( I V ) and ( V I ) u s i n g a N-

(h y d r o x y m e t h y l ) t h i o a m i d e r e s i n column, and t h e s e p a r a t i o n o f 

p l a t i n u m and g o l d from o t h e r t r a n s i t i o n m e t a l s . T h i s was 

ac h i e v e d u s i n g t h e same column, and a 6 - h y d r o x y d i t h i o c i n n a m a t e 

r e s i n column. T h i s r e v i e w a l s o d e s c r i b e s t h e use o f c h e l a t i n g 

r e s i n s i n i n o r g a n i c and o r g a n i c a n a l y s i s i n a n a l y t i c a l 

c h e m i s t r y . 

T o e i (75) i n v e s t i g a t e d t h e c o m m e r c i a l l y a v a i l a b l e TOSOH TSK-

GEL c h e l a t i n g column f o r t h e s e p a r a t i o n o f magnesium and 

c a l c i u m i n sea w a t e r s u s i n g a c o l o u r - f o r m i n g agent i n t h e 

e l u e n t ( o - c r e s o l p h t h a l e i n complexone). T h i s column c o n t a i n s 

c o v a l e n t l y bonded i m i n o d i a c e t i c a c i d groups a t t a c h e d t o a 

polymer based g e l . R e t e n t i o n t i m e s f o r magnesium, c a l c i u m and 

s t r o n t i u m decreased w i t h i n c r e a s i n g s a l t c o n c e n t r a t i o n and on 

i n c r e a s i n g pH and column t e m p e r a t u r e , r e t e n t i o n t i m e s 

i n c r e a s e d . A s e p a r a t i o n o f magnesium, s t r o n t i u m and c a l c i u m 

s t a n d a r d s , and magnesium and c a l c i u m i n sea w a t e r was a c h i e v e d , 

however, t h e r e i s some doubt whether t h e mechanism i s t o t a l l y 

c h e l a t i n g exchange. The c h e l a t i n g c o l o u r - f o r m i n g r e a g e n t i n t h e 

e l u e n t w i l l a l s o a f f e c t t h e s e p a r a t i o n , and r e t e n t i o n o r d e r . 

1.5.2.2. COATED SUBSTRATES. 

Many c h e m i c a l l y bonded s u b s t r a t e s have a l i m i t e d l i f e t i m e , as 

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

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

42 



f u n c t i o n a l groups t o a s u b s t r a t e can be a v e r y t i m e consuming 

and d i f f i c u l t p r o c e d u r e , where o f t e n t h e f u n c t i o n a l groups a r e 

s y n t h e s i z e d b e f o r e h a n d by a complex s e r i e s o f s t e p s . An 

a l t e r n a t i v e method i s t o c o a t o r impregnate t h e s u b s t r a t e , 

o f t e n u s i n g a c h e l a t i n g dye. S u b s t r a t e s can be c o a t e d i n s i t u 

by m i x i n g w i t h t h e dye, o r d y n a m i c a l l y c o a t e d by p a s s i n g o r 

pumping t h e c h e l a t i n g dye t h r o u g h a column c o n t a i n i n g t h e 

s u b s t r a t e . The dyes t e n d t o be impregnated i n t o t h e p o r e s o f 

t h e s u b s t r a t e . For good r e s u l t s , t h e l i g a n d s s h o u l d be 

c h e m i c a l l y s t a b l e , have a low s o l u b i l i t y i n aqueous s o l u t i o n , 

and s t r o n g l y adsorbed o n t o t h e s u b s t r a t e . 

As w i t h c h e m i c a l l y bonded s u b s t r a t e s , t h e s e c o a t e d s u b s t r a t e s 

have p r i n c i p a l l y been used f o r p r e c o n c e n t r a t i o n o f m e t a l i o n s , 

and l i t t l e work has been c a r r i e d o u t t o s e p a r a t e m e t a l i o n s . A 

r e v i e w by Marina e t a l . (76) d e s c r i b e s many c o a t e d r e s i n s which 

have been used f o r s e p a r a t i o n and p r e c o n c e n t r a t i o n o f m e t a l 

i o n s , b u t t h e m a j o r i t y have i n v o l v e d c o a t i n g s on anion-exchange 

r e s i n s and used f o r p r e c o n c e n t r a t i o n . More r e c e n t l y , Terada 

(66) r e v i e w e d some s i l i c a s u b s t r a t e s t h a t had been impr e g n a t e d 

o r l o a d e d w i t h a complexing r e a g e n t f o r t h e p r e c o n c e n t r a t i o n o f 

a range o f m e t a l i o n s . There a r e a wide range o f c h e l a t i n g dyes 

t h a t can be chosen t o c o a t s u b s t r a t e s , and aimed a t a 

p a r t i c u l a r group o f m e t a l i o n s , as can be seen i n a book on 

p h o t o m e t r i c r e a g e n t s by S a n d e l l and O n i s h i (77) . An e x t e n s i v e 

r e v i e w o f h e t e r o c y c l i c azo d y e s t u f f s by Anderson and N i c k l e s s 

(78) h i g h l i g h t s t h e i r use i n a n a l y t i c a l c h e m i s t r y , w i t h PAR ( 4 -

( 2 - p y r i d y l a z o ) r e s o r c i n o l ) and PAN ( l - ( 2 - p y r i d y l a z o ) - 2 - n a p h t h o l ) 

s t u d i e d i n d e t a i l . A t t h e t i m e o f t h i s r e v i e w i n 1967, t h e s e 

dyes were p r i n c i p a l l y used f o r s p e c t r o p h o t o m e t r i c d e t e c t i o n o f 

v a r i o u s m e t a l i o n s , b u t t h e i r p o t e n t i a l f o r o t h e r new uses i n 

a n a l y t i c a l c h e m i s t r y were r e c o g n i s e d . 
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Coated columns f o r t h e p r e c o n c e n t r a t i o n o f m e t a l i o n s have 

employed l a r g e p a r t i c l e s i z e s u b s t r a t e s . The A m b e r l i t e XAD t y p e 

c r o s s - l i n k e d p o l y s t y r e n e r e s i n s have been used e x t e n s i v e l y f o r 

t h i s purpose. Mackey (79) showed t h a t copper, i r o n and z i n c a r e 

r e a d i l y adsorbed o n t o A m b e r l i t e XAD-1 and XAD-2 r e s i n s , and 

sugges t s t h a t t h e y a r e u n s u i t a b l e f o r q u a n t i t a t i v e s t u d i e s o f 

m e t a l s p e c i a t i o n i n n a t u r a l w a t e r s . The a d s o r p t i o n o f copper 

and z i n c o n t o XAD-2 i s n o t s t r o n g l y dependent on pH, and 

methanol o r a c e t o n i t r i l e do n o t remove t h e s e i o n s . I n f a c t , 

XAD-2 can remove copper and z i n c f r o m a c e t o n i t r i l e . The columns 

become s a t u r a t e d w i t h copper and z i n c a t l e s s t h a n 5/ig, b u t by 

m e t h y l a t i o n o f t h e r e s i n , t h e a d s o r p t i o n can be reduced. 

The r e s u l t s o b t a i n e d by Mackey above, i n t e r e s t i n g l y a r e f o r 

uncoated and u n m o d i f i e d r e s i n . Lundgren and S c h i l t (80) c o a t e d 

XAD-2 w i t h f o u r d i f f e r e n t f e r r o i n t y p e chromogens, and found 

t h a t o f t h e s e f o u r , 3 - ( 2 - p y r i d y l ) - 5 , 6 - d i p h e n y l - l , 2 , 4 - t r i a z i n e 

(PDT) proved t o be most e f f e c t i v e l y adsorbed. I n i t i a l s t u d i e s 

i n v o l v i n g t h e a d s o r p t i o n o f t h e i r i r o n ( I I ) c h e l a t e s showed t h a t 

a d s o r p t i o n was 100% a f t e r e q u i l i b r i u m had been reached f o r PDT. 

R e t e n t i o n i n c r e a s e d w i t h i n c r e a s i n g pH, and was v e r y e f f i c i e n t 

f o r t h e r e t e n t i o n o f c o p p e r ( I ) . T h i s column was a p p l i e d t o t h e 

removal o f t r a c e m e t a l i o n s from r e a g e n t s and f o r 

p r e c o n c e n t r a t i o n f o r a n a l y s i s o f l a b o r a t o r y r e a g e n t s and sea 

w a t e r . The m e t a l i o n s s t u d i e d were i r o n ( I I ) , c o b a l t , n i c k e l , 

c o p p e r ( I ) and copper ( I I ) and q u a n t i t a t i v e l y removed even i n 

t h e presence o f l a r g e c o n c e n t r a t i o n s o f more weakly c h e l a t i n g 

m e t a l i o n s . The p o t e n t i a l o f t h e s e c o a t e d columns f o r use i n 

p u r i f i c a t i o n and p r e c o n c e n t r a t i o n f o r u l t r a - t r a c e 

d e t e r m i n a t i o n s was c l e a r l y r e c o g n i s e d . Howard and Arbab-Zavar 

(81) c o a t e d d i t h i z o n e o n t o XAD-2 and used f o r t h e 

p r e c o n c e n t r a t i o n o f mercury and me t h y l m e r c u r y f r o m n a t u r a l 
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w a t e r s . The uptake was 100% f o r h y d r o c h l o r i c a c i d 

c o n c e n t r a t i o n s up t o 3M, w i t h t h e mercury and me t h y l m e r c u r y 

e l u t e d w i t h 9M h y d r o c h l o r i c a c i d b e f o r e a n a l y s i s by c o l d vapour 

a t o m i c a b s o r p t i o n s p e c t r o p h o t o m e t r y . The optimum c o n d i t i o n s f o r 

p r e c o n c e n t r a t i o n were p H l t o 2, and a f l o w r a t e o f l e s s t h a n 

5ml min'\ P y r o c a t e c h o l V i o l e t has been c o a t e d o n t o XAD-2 by 

B r a j t e r e t a l . ( 8 2 ) , and used f o r t h e p r e c o n c e n t r a t i o n o f l e a d 

and i n d i u m . The optimum pH f o r s o r p t i o n o f t h e dye was pH2, and 

d i f f e r e n c e s i n r e t e n t i o n o f v a r i o u s m e t a l i o n s were f o u n d . 

Lead, i n d i u m , b i s m u t h and copper were r e t a i n e d a t pH2, w h i l s t 

n i c k e l , c o b a l t and i r o n ( I I I ) were o n l y p a r t i a l l y r e t a i n e d , 

where maximum r e t e n t i o n was pH4. The s e l e c t i v i t y o r d e r on t h i s 

c o a t e d r e s i n was found t o be B i > I n > Pb > Cu > Fe > Co > N i , 

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

w i t h t h e p o s s i b l e s e p a r a t i o n o f l e a d and b i s m u t h f r o m o t h e r 

m e t a l i o n s . High p r e c o n c e n t r a t i o n f a c t o r s c o u l d be o b t a i n e d , 

and a p p l i e d t o t h e a n a l y s i s o f l e a d i n t a p w a t e r . R e c e n t l y , 

Naghmush e t a l . (83) used a P y r o c a t e c h o l V i o l e t c o a t e d XAD-2 

column i n a f l o w - i n j e c t i o n system, f o r t h e p r e c o n c e n t r a t i o n o f 

copper from n a t u r a l w a t e r s b e f o r e d e t e r m i n a t i o n by AAS. 

D e t e c t i o n down t o t h e Ippb l e v e l was a c h i e v e d . 

A b o l l i n o e t a l . (84) i m m o b i l i z e d 8 - h y d r o x y g u i n o l i n e and 8-

h y d r o x y q u i n o l i n e - 5 - s u l p h o n i c a c i d o n t o XAD-2 and an a n i o n -

exchange r e s i n r e s p e c t i v e l y . A range o f d i v a l e n t m e t a l i o n s 

were used t o s t u d y t h e u p t a k e , and m e t a l e n r i c h m e n t f a c t o r s o f 

100 f r o m e n v i r o n m e n t a l samples were o b t a i n e d , a l t h o u g h t h e 

e l u t i o n p r o c e s s was n o t e n t i r e l y q u a n t i t a t i v e f o r some m e t a l s . 

A f t e r e l u t i o n , t h e m e t a l i o n s were d e t e c t e d by i n d u c t i v e l y 

c o u p l e d plasma-atomic e m i s s i o n s p e c t r o m e t r y (ICP-AES). An on­

l i n e c h e l a t i n g exchange microcolumn c o n t a i n i n g 1 - ( 2 -

t h i a z o y l a z o ) - 2 - n a p h t h o l (TAN) c o a t e d XAD-2 has been r e c e n t l y 
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used by P o r t a e t a l . (85) t o p r e c o n c e n t r a t e cadmium, copper, 

i r o n , manganese, n i c k e l and z i n c from r i v e r w a t e r and sea 

w a t e r . S e l e c t i v e r e t e n t i o n o f t r a n s i t i o n m e t a l s f r o m a l k a l i n e 

e a r t h m e t a l i o n s was o b t a i n e d , and a f t e r e l u t i o n , d e t e c t i o n was 

by ICP-AES. To a v o i d c o n t a m i n a t i o n from i m p u r i t i e s i n t h e 

b u f f e r s o l u t i o n , a column c o n t a i n i n g Chelex-100 was used. These 

c o a t e d columns prove t o be one o f t h e b e s t methods o f sample 

p r e t r e a t m e n t i n a t o m i c s p e c t r o m e t r y . 

A m b e r l i t e XAD-4 has a l s o been used as a s u b s t r a t e f o r c o a t i n g 

w i t h f u n c t i o n a l c h e l a t i n g groups. Chwastowska and Mozer (86) 

co a t e d XAD-4 w i t h PAN under s t a t i c and dynamic c o n d i t i o n s . The 

pr e p a r e d columns were v e r y s t a b l e , w i t h a h i g h t o t a l s o r p t i o n 

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

m e t a l i o n s was n o t reached u n t i l o v e r one hour, and o n l y 80-85% 

o f l e a d , n i c k e l , cadmium and z i n c were sorbed. D y n a m i c a l l y 

c o a t e d r e s i n gave a more e f f i c i e n t o v e r a l l s o r p t i o n , and t h i s 

was used t o s o r b m e t a l i o n s from s y n t h e t i c w a t e r , and r i v e r 

w a t e r , b e f o r e d e t e r m i n a t i o n by AAS. A t t h e optimum pH8.0, some 

magnesium and c a l c i u m was r e t a i n e d , however a t h i g h e r pH 

v a l u e s , t h e s e tended t o reduce t h e s o r p t i o n o f t r a n s i t i o n 

m e t a l s , as t h e y b e g i n t o compete f o r t h e c h e l a t i n g s i t e s . An N-

ben z o y l - N - p h e n y l h y d r o x y l a m i n e c o a t e d XAD-4 c h e l a t i n g r e s i n has 

been p r e p a r e d by Chwastowska and Przygoda ( 8 7 ) , and used t o 

so r b a range o f d i v a l e n t m e t a l i o n s from n a t u r a l w a t e r s . The 

r e s i n was c o a t e d under s t a t i c and dynamic c o n d i t i o n s , and a pH 

o f 9 was found t o be optimum f o r copper, l e a d , z i n c , cadmium 

and c o b a l t s o r p t i o n , w h ich was over 90%. Magnesium and c a l c i u m 

a r e n o t sorbed much u n t i l above p H l l , w h i c h i s an advantage 

when a n a l y z i n g n a t u r a l w a t e r s . I s s h i k i e t a l . (88) i m p r e g n a t e d 

XAD-4 r e s i n w i t h 7 - d o d e c e n y l - 8 - q u i n o l i n o l f o r t h e 

p r e c o n c e n t r a t i o n o f t r a c e m e t a l s from sea w a t e r . A wide 

46 



range o f m e t a l i o n s from monovalent t o t e t r a v a l e n t were 

i n v e s t i g a t e d f o r t h e i r u p t a k e . T i t a n i u m , g a l l i u m , i r o n , copeer 

and b i s m u t h were s t r o n g l y r e t a i n e d a t p H l t o 2, and good 

r e c o v e r i e s were o b t a i n e d . Other m e t a l i o n s such as s i l v e r , 

a l u m i n i u m , cadmium, manganese, n i c k e l and l e a d were r e c o v e r e d 

a t a h i g h e r pH, w h i l s t magnesium was v i r t u a l l y n o t r e t a i n e d a t 

a l l . M e t a l i o n s were e x t r a c t e d f r o m t h e c o a t e d r e s i n f o r 

a n a l y s i s , however, t h e r e was a s l i g h t b l e e d o f t h e c h e l a t e w i t h 

each r u n , b u t d i d n o t i n t e r f e r e . L i p o p h i l i c t e t r a a z a 

m a c r o c y c l e s have been impregnated i n t o XAD-4 and XAD-7 

macroporous r e s i n s by B l a i n e t a l . ( 8 9 ) , f o r t h e 

p r e c o n c e n t r a t i o n o f t r a c e m e t a l s f r o m sea w a t e r . S i x m e t a l i o n s 

were s t u d i e d , t h e s e b e i n g cadmium, copper, manganese, n i c k e l , 

l e a d and z i n c , and r e c o v e r i e s were around 98%. These t e t r a a z a 

m a c r o c y c l e s a r e v e r y s e l e c t i v e f o r t r a n s i t i o n m e t a l s compared 

w i t h a l k a l i and a l k a l i n e e a r t h m e t a l s , and a r e t h e r e f o r e i d e a l 

f o r sea w a t e r a n a l y s i s . The optimum pH f o r up t a k e was pH8, b u t 

t o t a l c o m p l e x a t i o n w i t h manganese was n o t ac h i e v e d even a f t e r 

s i x h o u r s . Copper formed t h e s t r o n g e s t c h e l a t e , b e i n g r e t a i n e d 

a t t h e l o w e s t pH o f around 4, w h i l s t o n l y a s m a l l q u a n t i t y o f 

c a l c i u m i s r e t a i n e d above pH7. Good r e s u l t s were o b t a i n e d f o r 

t h e p r e c o n c e n t r a t i o n o f manganese, cadmium, z i n c and l e a d i n 

sea w a t e r , b u t a l l o f t h e copper was n o t desorbed u s i n g d i l u t e 

n i t r i c a c i d , and t h e column had t o be r e g e n e r a t e d u s i n g 

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

r e m a i n i n g copper and any o t h e r c o n t a m i n a n t s . E l c i e t a l . (90) 

adsorbed 8 - h y d r o x y q u i n o l i n e and ammonium p y r r o l i d i n e 

d i t h i o c a r b a m i d a t e (APDC) o n t o XAD-4 r e s i n f o r t h e 

p r e c o n c e n t r a t i o n o f t r a c e m e t a l s from r i v e r w a t e r s . I n g e n e r a l , 

on i n c r e a s i n g pH, r e c o v e r i e s i n c r e a s e d , and APDC formed 

s t r o n g e r c h e l a t e s t h a n 8 - h y d r o x y q u i n o l i n e . The optimum pH f o r 
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r e t e n t i o n o f a range o f t r a n s i t i o n and heavy m e t a l s was pH6 f o r 

APDC and pH8 f o r 8 - h y d r o x y q u i n o l i n e . Low r e c o v e r i e s f o r c a l c i u m 

and magnesium were o b t a i n e d , showing t h a t t h e s e columns can be 

used f o r a n a l y s i s o f n a t u r a l w a t e r s . The m e t a l c h e l a t e s were 

formed b e f o r e t h e m i x t u r e i s passed t h r o u g h a column c o n t a i n i n g 

XAD-4, w i t h d e t e c t i o n by AAS a f t e r e l u t i o n u s i n g IM n i t r i c a c i d 

i n a c e t o n e . 

C h e l a t i n g agents have a l s o been c o a t e d o n t o anion-exchange 

r e s i n s . Chikuma e t a l . (91) m o d i f i e d A m b e r l i t e IRA-400 a n i o n -

exchange r e s i n ( c h l o r i d e form) w i t h s e v e r a l c h e l a t i n g r e a g e n t s . 

The r e s i n p r e p a r e d from t h e s u l p h o n i c a c i d d e r i v a t i v e o f 

d i t h i z o n e gave t h e b e s t r e s u l t s , and may be h e l d by p h y s i c a l 

a d s o r p t i o n and i o n - a t t r a c t i o n between -SOj" on t h e dye and -NRj* 

on t h e r e s i n . The r e l e a s e o f c h l o r i d e from t h e anion-exchange 

r e s i n s by t h e complexing agents was measured, t o g i v e an 

i n d i c a t i o n o f t h e number o f ion-exchange groups p r e s e n t , as 

w e l l as i n v e s t i g a t i n g t h e l o a d i n g . The s t a b i l i t y o f t h e s e 

r e s i n s i n IM sodium c h l o r i d e was shown, where t h e d i t h i z o n e 

d e r i v a t i v e and z i n c o n showed h i g h s t a b i l i t y , as t h e y a r e m a i n l y 

h e l d by p h y s i c a l a d s o r p t i o n . O t hers which p r o v e d t o be u n s t a b l e 

i n IM sodium c h l o r i d e were r e s i n s m o d i f i e d w i t h Sulphonazo I I I , 

Arsenazo I I I , t h i o s a l i c y l i c a c i d and p-mercaptobenzenesulphonic 

a c i d . U s ing t h e d i t h i z o n e d e r i v a t i v e i n e s t u a r i n e w a t e r , i t i s 

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

o f s e v e r a l o f t h e s e r e s i n s w i t h m e r c u r y ( I I ) and c o p p e r ( I I ) a r e 

shown. Hernandez e t a l , (92) l a t e r used t h i s p r o c e d u r e t o c o a t 

an anion-exchange r e s i n w i t h Chrome A z u r o l S, t o p r e c o n c e n t r a t e 

a l u m i n i u m from h a e m o d i a l y s i s f l u i d s and human serum. T h i s 

column was p a r t o f a f l o w i n j e c t i o n system, w i t h d e t e c t i o n by 

AAS. R e s u l t s were l i n e a r i n t h e range 25 t o 200ppb f o r a 1ml 

sample, w i t h a d e t e c t i o n l i m i t o f 14.8ppb, which i s comparable 
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w i t h ETAAS. Handley e t a l . (17) used X y l e n o l Orange w h i c h was 

d y n a m i c a l l y c o a t e d o n t o Dowex 1-X8(C1) r e s i n t o p r e c o n c e n t r a t e 

a l k a l i n e e a r t h m e t a l s from c o n c e n t r a t e d b r i n e s , as p a r t o f an 

automated HPLC system. T h i s system was t e s t e d o n - l i n e on a 

f u l l y automated c h l o r i n e p l a n t , and worked s u c c e s s f u l l y o v e r 

t h e t h i r t y - s i x hour p e r i o d s t u d i e d , w i t h d e t e c t i o n l i m i t s i n 

t h e low ppb l e v e l s . F u r t h e r work u s i n g t h i s d y e - c o a t e d column 

f o r p r e c o n c e n t r a t i o n o f a l u m i n i u m and z i n c as w e l l as a l k a l i n e 

e a r t h m e t a l s , was c a r r i e d o u t ( 3 4 ) . Q u a n t i t a t i v e r e s u l t s , and 

e l i m i n a t i o n o f t h e s a t u r a t e d sodium c h l o r i d e m a t r i x were 

a c h i e v e d , w i t h s e p a r a t i o n by c o n v e n t i o n a l i o n chromatography. 

T h i s system was a l s o developed f o r o n - l i n e a n a l y s i s o f 

c o n c e n t r a t e d b r i n e s , and capable o f a n a l y z i n g s i x samples per 

hour. X y l e n o l Orange and P y r o c a t e c h o l V i o l e t were l o a d e d o n t o 

Dowex-2 anion-exchange r e s i n by Singh and Dhingra ( 9 3 ) , t o 

i n v e s t i g a t e t h e p r e c o n c e n t r a t i o n o f copper and cadmium. W i t h 

t h e P y r o c a t e c h o l V i o l e t loaded r e s i n , copper was c o m p l e t e l y 

sorbed above pH5, and cadmium above pH9-5, and w i t h t h e X y l e n o l 

Orange load e d r e s i n , complete s o r p t i o n f o r copper o c c u r r e d 

above pH6, and f o r cadmium above pH8. For I g o f r e s i n , 23-26mg 

o f b o t h dyes were adsorbed o n t o t h e r e s i n a t pH7-8, however, 

below O.Olppm, s o r p t i o n o f copper and cadmium was n o t 

q u a n t i t a t i v e o r r e p r o d u c i b l e . These two dye-coated r e s i n s were 

used f o r t h e d e t e r m i n a t i o n o f copper and cadmium i n r i v e r 

w a t e r , where i t was found t h a t copper i s adsorbed more s t r o n g l y 

as e x p e c t e d , w i t h t h e X y l e n o l Orange c o a t e d r e s i n h a v i n g a 

g r e a t e r s o r b i n g c a p a c i t y t h a n t h e P y r o c a t e c h o l V i o l e t c o a t e d 

r e s i n . 

S i l i c a g e l has been m o d i f i e d w i t h c h e l a t i n g dyes. Kocjan (94) 

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

o f t r a c e amounts o f heavy m e t a l s from a l k a l i o r a l k a l i n e e a r t h 
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m e t a l s a l t s . Twelve m e t a l i o n s were i n v e s t i g a t e d , where i n 

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

c a l c i u m and magnesium were r e t a i n e d . T h i s i m p r e g n a t e d s i l i c a 

showed h i g h s e l e c t i v i t y t o w a r d s heavy m e t a l s , where c a l c i u m and 

magnesium were n o t r e t a i n e d u n l e s s t h e m i x t u r e was pH9 o r 

h i g h e r . Aluminium and chromium formed complexes v e r y s l o w l y ( 1 

hour) , however, t h e y were r e t a i n e d q u a n t i t a t i v e l y when t h e f l o w 

r a t e i s r e l a t i v e l y h i g h ( 4 m l / m i n ) . S e p a r a t i o n s were a c h i e v e d by 

e l u t i n g t h e v a r i o u s groups o f m e t a l i o n s o f f t h e column u s i n g 

s e v e r a l m i x t u r e s o f h y d r o c h l o r i c a c i d / p e r c h l o r i c a c i d . 

D e t e c t i o n was by AAS, s p e c t r o p h o t o m e t r y , o r v o l t a m m e t r i c 

d e t e r m i n a t i o n . The T i t a n Y e l l o w impregnated s i l i c a can be 

u t i l i z e d f o r t h e p u r i f i c a t i o n o f e l e c t r o l y t e s and f o r 

p r e c o n c e n t r a t i o n and m a t r i x e l i m i n a t i o n , f o r t h e d e t e r m i n a t i o n 

o f heavy m e t a l s by a t o m i c a b s o r p t i o n . 

B r a j t e r and Dabek-Zlotorzynska (95) m o d i f i e d porous a l u m i n i u m 

o x i d e w i t h seven c h e l a t i n g dyes. The dyes were i m m o b i l i z e d o n t o 

t h e s u r f a c e o f t h e alumina by s o r p t i o n , b u t t h e c a p a c i t y f o r 

s o r p t i o n decreased w i t h i n c r e a s i n g m o l e c u l a r s i z e . N i t r o s o - R -

s a l t (NRS) was chosen f o r f u r t h e r s t u d i e s , where t h e r e t e n t i o n 

o r d e r o f m e t a l i o n s w i t h i n c r e a s i n g pH agrees w i t h t h e e x p e c t e d 

o r d e r f o r c h e l a t i n g exchange. A t a low pH, a l u m i n a i t s e l f a c t s 

as a c a t i o n - e x c h a n g e r , b u t w i t h o u t any c o m p l e x i n g a g e n t , m e t a l 

h y d r o x i d e s would be p r e c i p i t a t e d . Below pH2, o n l y c o b a l t , 

copper and i r o n a r e r e t a i n e d , however, c o b a l t i s r e t a i n e d more 

s t r o n g l y t h a n copper p o s s i b l y due t o t h e f o r m a t i o n o f 

c o b a l t ( I I I ) , and t h e f a c t t h a t t h e cobalt-NRS complex i s v e r y 

s t a b l e i n a c i d i c media. R e t e n t i o n i n g e n e r a l decreased a g a i n i n 

a l k a l i n e media f o r t h e more s t r o n g l y c o m p l e x i n g m e t a l i o n s such 

as c o b a l t , copper, n i c k e l and chromium. R e t e n t i o n o f c o b a l t 

decreases d r a m a t i c a l l y , as i t forms as 3:1 complex w i t h NRS, 
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b u t t h e r e i s i n s u f f i c i e n t NRS sorbed on t h e alumina f o r i t s 

f o r m a t i o n . The NRS-alumina column has s e v e r a l a p p l i c a t i o n s . I n 

a c i d i c media below pH2, o n l y c o b a l t , copper and i r o n a r e 

r e t a i n e d , so under t h e s e c o n d i t i o n s , t h e y can be s e l e c t i v e l y 

p r e c o n c e n t r a t e d from o t h e r m e t a l i o n s . C o b a l t ( I I ) was 

p r e c o n c e n t r a t e d from a t a p w a t e r sample and d e t e r m i n e d by 

a t o m i c a b s o r p t i o n , w i t h 98% r e c o v e r y from s p i k e d samples 

a c h i e v e d . P a l l a d i u m was p r e c o n c e n t r a t e d and s e p a r a t e d from 

m i x t u r e s o f rhodium and p l a t i n u m , w i t h t h e p a l l a d i u m c o n t e n t o f 

two rhodium compounds d e t e r m i n e d . 

There a r e v e r y few c o a t e d columns t h a t have been used f o r t h e 

a c t u a l s e p a r a t i o n o f m e t a l i o n s . L i t t l e work has been c a r r i e d 

o u t u s i n g c o a t e d h i g h performance grade s u b s t r a t e s f o r t h e 

s e p a r a t i o n o f v a r i o u s m e t a l i o n s . Some s e p a r a t i o n s o f a n i o n s 

and m e t a l i o n s have been a c h i e v e d u s i n g dye-coated columns, b u t 

t h e mechanism was i o n - i n t e r a c t i o n o r i o n - p a i r chromatography. 

DiNunzio and P r e i s e r (96) c o a t e d s i l i c a and c o n t r o l l e d p ore 

g l a s s w i t h B r i l l i a n t Green and a s e p a r a t i o n o f o c t a n o i c , 

p e n t a n o i c and b u t a n o i c a c i d was a c h i e v e d . Golombek and Schwedt 

(97) c o a t e d a p o l y s t y r e n e - d i v i n y l b e n z e n e column w i t h M e t h y l 

Green t o s e p a r a t e a range o f a n i o n s . I n a s i m i l a r way, M i i l l e r 

and Meisch (98) c o a t e d s i l i c a g e l w i t h m e t h y l g r e e n , methylene 

b l u e and c r y s t a l v i o l e t t o s e p a r a t e f l u o r i d e , c h l o r i d e , 

bromide, n i t r i t e , n i t r a t e , s u l p h a t e and phosphate. Walker (99) 

c o a t e d e t h y l v i o l e t o n t o b o t h s i l i c a and p o l y s t y r e n e -

d i v i n y l b e n z e n e s u b s t r a t e (PLRP-S), f o r t h e s e p a r a t i o n o f 

i n o r g a n i c a n i o n s . R e c e n t l y , Walker (100) c o a t e d t h e same two 

s u b s t r a t e s w i t h Thymol Blue f o r t h e s e p a r a t i o n o f i n o r g a n i c and 

o r g a n i c c a t i o n s . 

T o e i (75,101,102) has i n v e s t i g a t e d s e v e r a l c o l o u r f o r m i n g 

r e a g e n t s i n t h e m o b i l e phase f o r t r a c e m e t a l s e p a r a t i o n s . The 
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mechanism appears t o be a c o m b i n a t i o n o f i o n exchange and 

c h e l a t i n g i o n exchange. X y l e n o l Orange has been used f o r t h e 

s e p a r a t i o n and d e t e r m i n a t i o n o f n i c k e l and z i n c ( 1 0 1 ) . A TOSOH 

TSK-GEL anion-exchange column was u t i l i z e d f o r t h e s e p a r a t i o n . 

The e f f e c t o f i o n i c s t r e n g t h , column t e m p e r a t u r e , X y l e n o l 

Orange and o r g a n i c s o l v e n t c o n c e n t r a t i o n , and pH on t h e 

r e t e n t i o n t i m e were s t u d i e d . N i c k e l and z i n c were s u c c e s s f u l l y 

s e p a r a t e d , and t h e e l u t i o n o r d e r s u g g e s t s t h a t t h e mechanism 

may p r i n c i p a l l y be ion-exchange, as t h e s a l t c o n c e n t r a t i o n was 

o n l y 0.05M p o t a s s i u m c h l o r i d e . A ma j o r problem w i t h t h e a c t u a l 

s t a b i l i t y o f t h e column o c c u r r e d , as t h e s e p a r a t i o n c a p a c i t y 

decreased d u r i n g t h e s t u d i e s , and needed t o be c o m p l e t e l y 

r e p l a c e d w i t h i n a week o f use. Only one pump i s r e q u i r e d 

however, as t h e X y l e n o l Orange complexes can be d i r e c t l y 

d e t e c t e d . A l k a l i n e e a r t h m e t a l s were s e p a r a t e d u s i n g a TOSOH 

non-porous g e l column i n v o l v i n g Arsenazo I I I i n t h e m o b i l e 

phase ( 1 0 2 ) . A s i m i l a r s e t o f e x p e r i m e n t s t o f i n d t h e optimum 

c o n d i t i o n s were c a r r i e d o u t . Magnesium and c a l c i u m c o u l d be 

r a p i d l y s e p a r a t e d i n l e s s t h a n one m i n u t e , however, magnesium 

was much l e s s s e n s i t i v e . S t r o n t i u m and bari u m were a l s o 

i n c l u d e d , b u t because t h e s e m e t a l s r e a c t w i t h Arsenazo I I I , t h e 

ch r o m a t o g r a p h i c c o n d i t i o n s had t o be changed by l o w e r i n g t h e 

i o n i c s t r e n g t h . A l l f o u r m e t a l s were s e p a r a t e d , b u t t h e 

s e n s i t i v i t y f o r magnesium, s t r o n t i u m and ba r i u m , compared t o 

c a l c i u m , was poor. The e l u t i o n o r d e r s u g g e s t s t h a t t h e 

mechanism i s a g a i n p r i n c i p a l l y ion-exchange. T h i s column was 

more s t a b l e h a v i n g n o t d e t e r i o r a t e d f o r over two hundred 

i n j e c t i o n s . 

D y n a m i c a l l y l o a d e d c h e l a t i n g exchange, where t h e c o m p l e x i n g 

groups a r e p r e s e n t i n t h e e l u e n t and can be adsorbed o n t o t h e 

column r e s i n , has been u t i l i s e d by Elchuk e t a l . (22) who used 
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m a n d e l i c a c i d as an e l u e n t f o r t h e s e p a r a t i o n o f t r a n s i t i o n 

m e t a l s , l a n t h a n i d e s and a c t i n i d e s . A number o f good s e p a r a t i o n s 

were a c h i e v e d , and f o r t h e t r a n s i t i o n m e t a l s t h e e l u t i o n o r d e r 

corresponded t o t h e o r d e r expected f o r c h e l a t i n g exchange. The 

r e t e n t i o n o f copper v a r i e d markedly w i t h change i n pH, and 

i n c r e a s i n g t h e mandelic a c i d c o n c e n t r a t i o n improved peak 

symmetry, w h i l s t c a l c i u m was n o t r e t a i n e d as s t r o n g l y as 

manganese, w h i c h forms weak c h e l a t e s . I n c r e a s i n g t h e 

c o n c e n t r a t i o n o f mandelic a c i d a l s o s i g n i f i c a n t l y decreased 

r e t e n t i o n t i m e s , b u t t h e o p p o s i t e e f f e c t t h a n would n o r m a l l y be 

expected o c c u r s when t h e pH i s i n c r e a s e d . R e t e n t i o n t i m e s 

i n c r e a s e d w i t h i n c r e a s i n g pH, which suggests t h a t t h e mechanism 

i s n o t due t o t h e f o r m a t i o n o f a n i o n i c m e t a l - l i g a n d complexes 

w i t h t h e a c t i n i d e s . 

Large p a r t i c l e s i z e r e s i n s have been c o a t e d w i t h c h e l a t i n g 

a g e n t s , and some s e p a r a t i o n s o f two o r t h r e e m e t a l i o n s can be 

ac h i e v e d . Cheng and Guh (103) i n v e s t i g a t e d l i g a n d s o r p t i o n and 

chr o m a t o g r a p h i c s e p a r a t i o n o f m e t a l i o n s on XAD-2 r e s i n . 

C h e l a t i n g agents were i m m o b i l i z e d o n t o t h e r e s i n . They 

de m o n s t r a t e d t h e i r use f o r t h e p r e c o n c e n t r a t i o n and s e p a r a t i o n 

o f m e t a l i o n s , and f o r p u r i f i c a t i o n . S e p a r a t i o n s were a c h i e v e d 

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

m i x t u r e s - D e t e c t i o n o f t h e f r a c t i o n s was o b t a i n e d u s i n g 

d i f f e r e n t c o l o r i m e t r i c r e a g e n t s . I t was found t h a t t h e 

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

a g ents were g r e a t l y i n f l u e n c e d by pH. R e t e n t i o n b e h a v i o u r a t 

pH6 w i t h d i f f e r e n t c o a t e d columns showed t h a t t h e i r s e l e c t i v i t y 

was v e r y d i f f e r e n t . 8 - h y d r o x y q u i n o l i n e adsorbed a range o f 

m e t a l i o n s and would be s u i t a b l e f o r s e p a r a t i o n o f m e t a l i o n s 

i n p o l l u t e d w a t e r s . 5 - c h l o r o b e n z o t r i a z o l e would be h i g h l y 

s e l e c t i v e f o r s i l v e r i n t h e presence o f EDTA, w h i l s t w i t h 8,8'-
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( e t h y l e n e d i i m i n o ) d i q u i n o l i n e , a t pH6, o n l y copper i s r e t a i n e d 

on t h e column. B r e a k t h r o u g h c u r v e s f o r 1 , 1 0 - p h e n a n t h r o l i n e 

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

m i x t u r e s . No s e l e c t i v i t y was observed w i t h t e t r a p h e n y l b o r o n , 

b u t i t t e n d s t o decompose i n a c i d i c media. These b r e a k t h r o u g h 

s t u d i e s e n a b l e d some s e p a r a t i o n s t o be a c h i e v e d . Magnesium was 

s e p a r a t e d from copper u s i n g t h e 8 - h y d r o x y q u i n o l i n e column, 

w h i l s t l e a d , copper and s i l v e r c o u l d be s e p a r a t e d u s i n g 5-

c h l o r o b e n z o t r i a z o l e r e s i n . Lead c o u l d be s e p a r a t e d f r o m copper 

u s i n g t h e 8,8' - ( e t h y l e n e d i i m i n o ) d i q u i n o l i n e r e s i n . These 

s e p a r a t i o n s were n o t i s o c r a t i c , and depended on t h e c o m p l e x i n g 

agents used f o r t h e s e l e c t i v e e l u t i o n . 

Chao and S u z u k i (104) s t u d i e d t h e a d s o r p t i o n b e h a v i o u r o f 

scandium, y t t r i u m , c e r i u m and uranium on a X y l e n o l Orange 

c o a t e d anion-exchange r e s i n . The maximum exchange c a p a c i t y was 

observed i n t h e pH range o f 2.7-3.1. The a d s o r p t i o n o f t h e 

m e t a l complexes was v e r y dependent on pH. L i t t l e a d s o r p t i o n 

o c c u r r e d a t pHl o r l e s s due t o t h e i n s t a b i l i t y o f t h e 

complexes, b u t on r e a c h i n g pH4-5, v i r t u a l l y a l l o f t h e m e t a l 

complexes a r e adsorbed. By r e d u c i n g t h e pH o f t h e e l u e n t d u r i n g 

a r u n , c e r i u m c o u l d be s e p a r a t e d from scandium, and y t t r i u m 

f r om scandium. Cerium and y t t r i u m c o u l d be s e p a r a t e d 

i s o c r a t i c a l l y a t pH2.75. X y l e n o l Orange was c o a t e d o n t o 

A m b e r l y s t A-26 m a c r o r e t i c u l a r anion-exchange r e s i n by B r a j t e r 

and O l b r y c h - S l e s z y r i s k a (105) and t h e u p t a k e o f a wide range o f 

m e t a l i o n s i n v e s t i g a t e d . There was a s t r o n g dependence o f 

r e t e n t i o n t i m e w i t h pH, where i t was p o s s i b l e t o s e p a r a t e some 

i o n s . S e p a r a t i o n s o f a l u m i n i u m and z i n c from i n d i u m were 

a c h i e v e d , t o g e t h e r w i t h a s e p a r a t i o n o f manganese and copper. 

The e l u e n t , however, was changed t o e l u t e each m e t a l i o n i n 

t u r n . Copper was r e t a i n e d v e r y s t r o n g l y on t h i s c o a t e d column, 
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w i t h IM h y d r o c h l o r i c a c i d necessary f o r e l u t i o n . 

Sharma and M i s r a (106) impregnated s i l i c a gel-G l a y e r s w i t h 

d i m e t h y l s u l p h o x i d e f o r s e p a r a t i n g cadmium, t u n g s t e n and 

z i r c o n i u m from t r a n s i t i o n m e t a l i o n s by t h i n l a y e r 

chromatography. Using v a r i o u s s o l v e n t systems, some o f t h e s e 

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

Very l i t t l e work has been c a r r i e d o u t t o i n v e s t i g a t e c o a t e d 

h i g h performance grade s u b s t r a t e s f o r t h e c h e l a t i n g exchange o f 

m e t a l i o n s . Yamazaki e t a l . (107) c o a t e d a r e v e r s e phase s i l i c a 

w i t h N - n - d o d e c y l i m i n o d i a c e t i c a c i d t o s e p a r a t e a l k a l i n e e a r t h 

m e t a l i o n s . Four a l k a l i n e e a r t h m e t a l s were s e p a r a t e d , and a l s o 

magnesium and c a l c i u m i n sea w a t e r , however, t h e e l u t i o n o r d e r 

suggested t h a t t h e process was ion-exchange and n o t c h e l a t i n g 

exchange. The e l u t i o n o r d e r was n o t c o n s i s t e n t w i t h t h e 

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

used as an e l u e n t may have an e f f e c t as i t i s a c o m p l e x i n g 

a c i d . One o f t h e f i r s t more d e t a i l e d s t u d i e s i n t o d y e - c o a t e d 

c h e l a t i o n columns u s i n g h i g h performance grade s u b s t r a t e s was 

c a r r i e d o u t by Jones and Schwedt ( 1 0 8 ) . A n e u t r a l Benson BPI-10 

10/im p a r t i c l e s i z e n e u t r a l p o l y s t y r e n e based r e s i n was c o a t e d 

w i t h Chrome A z u r o l S. T h i s dye gave t h e deepest c o a t i n g i n 

p r e l i m i n a r y c o a t i n g e x p e r i m e n t s u s i n g XAD-4 c o a t e d w i t h t e n 

d i f f e r e n t c h e l a t i n g dyes. S e p a r a t i o n s o f d i v a l e n t and t r i v a l e n t 

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

column, b u t t h e e f f i c i e n c y was r e l a t i v e l y low. The 

p r e c o n c e n t r a t i o n and s e p a r a t i o n o f s e v e r a l d i v a l e n t m e t a l i o n s 

was a l s o demonstrated u s i n g o n l y one column. To improve peak 

shapes, and s e p a r a t e a w i d e r range o f m e t a l i o n s , s t e p g r a d i e n t 

e l u t i o n was employed. Slower exchange k i n e t i c s were observed 

f o r t r i v a l e n t m e t a l i o n s , so t h e column t e m p e r a t u r e was 

i n c r e a s e d t o 60'C, where al u m i n i u m , i n d i u m and g a l l i u m were 
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c o m p l e t e l y s e p a r a t e d a t pH2.25. P r e c o n c e n t r a t i o n and 

d e t e r m i n a t i o n o f al u m i n i u m proved t o be q u a n t i t a t i v e . These 

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

s t u d y . 

1.6, DETECTION SYSTEMS, 

There i s a range o f d e t e c t i o n methods f o r d e t e c t i n g m e t a l 

i o n s a f t e r t h e y have been s e p a r a t e d by i o n chromatography. 

D e t e c t i o n i n t h e e a r l y days o f i o n chromatography i n v o l v e d t h e 

c o l l e c t i o n o f f r a c t i o n s as t h e y e l u t e d o f f t h e column. When 

commercial i n s t r u m e n t a t i o n began t o be developed f o r d e t e c t i o n , 

t h e o b v i o u s c h o i c e f o r i o n chromatography was c o n d u c t i m e t r i c 

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

and i s a f u n c t i o n o f c o n c e n t r a t i o n . Small e t a l . (6) deve l o p e d 

t h e method o f 'modern' i o n chromatography u t i l i z i n g suppressed 

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

background c o n d u c t i v i t y c o u l d be n e u t r a l i s e d , e n a b l i n g t h e 

c o n d u c t i v i t y d e t e c t o r t o become much more s e n s i t i v e , as e l u e n t 

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

o f o r g a n i c and i n o r g a n i c c a t i o n s and a n i o n s c o u l d be 

d e t e r m i n e d . An h i s t o r i c a l account o f t h e e v o l u t i o n o f 

c o n d u c t i m e t r i c d e t e c t i o n from i t s e a r l y days t o r e c e n t 

developments, has been produced by Small ( 5 ) . 

E l e c t r o c h e m i c a l methods such as amperometric o r c o u l o m e t r i c 

d e t e c t i o n have been used. Other d e t e c t i o n methods i n c l u d e i o n 

s e l e c t i v e e l e c t r o d e s , t o g e t h e r w i t h r e f r a c t i v e i n d e x d e t e c t o r s , 

however, t h e s e a r e r a r e l y used i n i o n chromatography. 

S p e c t r o p h o t o m e t r i c methods such as u l t r a - v i o l e t and v i s i b l e 

a b s o r p t i o n have been w i d e l y used. The absorbance i s d i r e c t l y 

r e l a t e d t o t h e c o n c e n t r a t i o n t h r o u g h t h e Beer-Lambert law, 

wh i c h S t a t e s t h a t :-
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Absorbance = log^p _ I ^ = e e l 

where I = i n t e n s i t y o f t r a n s m i t t e d l i g h t , l Q = i n t e n s i t y o f 

i n c i d e n t l i g h t , e=molar e x t i n c t i o n c o e f f i c i e n t , l = p a t h l e n g t h 

and c = c o n c e n t r a t i o n o f a b s o r b i n g s p e c i e s . D i r e c t UV i s used 

p r i n c i p a l l y f o r a r o m a t i c and h e t e r o c y c l i c a c i d s and amines, as 

t h e s e absorb i n t h e UV range. Jones and Schwedt (32) d e t e c t e d 

t h e c h l o r o complexes o f t h e p l a t i n u m group m e t a l s and g o l d 

u s i n g UV d e t e c t i o n . I n d i r e c t p h o t o m e t r i c d e t e c t i o n has been 

developed by Small and M i l l e r ( 1 1 ) , where a decrease i n 

absorbance o f e l u e n t i o n s d u r i n g e l u t i o n i s measured, however, 

a d i s a d v a n t a g e i s t h a t t h e r e i s a h i g h background l e v e l . 

A r e v i e w o f d e t e c t i o n methods i n i o n chromatography has been 

produced by R o c k l i n ( 1 0 9 ) . F u r t h e r examples o f t h e development 

o f d e t e c t i o n i n i o n chromatography, p a r t i c u l a r l y 

s p e c t r o p h o t o m e t r i c methods, can be seen i n r e v i e w s by N i c k l e s s 

(1) and Robards e t a l . ( 2 ) . 

D i f f e r e n t major a n a l y t i c a l t e c h n i q u e s can be connected v i a a 

s u i t a b l e i n t e r f a c e . These c o u p l e d t e c h n i q u e s have now been 

w i d e l y used. An i o n chromatography system can be c o u p l e d t o 

element s p e c i f i c d e t e c t o r s such as AAS, ICP-MS, and ICP-AES. 

R e c e n t l y , R i v i e l l o e t a l . (63) improved t h e performance o f ICP-

OES and ICP-MS by c o u p l i n g t o an i o n chromatography system. I o n 

chromatography a l s o was used t o m o d i f y t h e sample so i t was 

s u i t a b l e t o be i n t r o d u c e d i n t o t h e s p e c t r o m e t e r . D e t e c t i o n o f 

ov e r s i x t y elements, which can be q u a n t i f i e d s i m u l t a n e o u s l y , 

w i t h d e t e c t i o n l i m i t s i n t h e mid t o low ppb l e v e l s c o u l d be 

o b t a i n e d , however, i n t e r f e r e n c e s a r e common and have t o be 

overcome. I n many cases t h e s e c o u p l e d t e c h n i q u e s a r e used f o r 

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

c h e l a t i n g exchange column. P o r t a e t a l . (110) c o u p l e d an on-
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l i n e p r e c o n c e n t r a t i o n system t o ICP-AES f o r t h e d e t e c t i o n o f a 

range o f d i v a l e n t m e t a l i o n s i n A n t a r c t i c sea w a t e r . Atomic 

f l u o r e s c e n c e d e t e c t i o n has been used by Mackey (79) t o s t u d y 

i n t e r a c t i o n s o f t r a c e m e t a l s on XAD-1 and XAD-2. 

Co l o u r f o r m i n g c o mplexing agents can be added t o t h e e l u e n t 

t o enable on-column c h e l a t i o n w i t h m e t a l i o n s and v i s i b l e 

d e t e c t i o n o f t h e i r c h e l a t e s a f t e r s e p a r a t i o n . T h i s system o n l y 

r e q u i r e s a s i n g l e pump. Smith and Yankey (111) i n c o r p o r a t e d 

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

t r a n s i t i o n m e t a l s . DiNunzio e t a l . (112) s e p a r a t e d t h e PAR 

c h e l a t e s o f z i n c , i r o n , n i c k e l and c o b a l t by on-column 

c h e l a t i o n . T o e i (75,101,102) has used s e v e r a l c o l o u r f o r m i n g 

r e a g e n t s f o r t h e d e t e c t i o n o f t r a n s i t i o n and a l k a l i n e e a r t h 

m e t a l s . X y l e n o l Orange has been used f o r t h e d e t e c t i o n o f 

n i c k e l and z i n c ( 1 0 1 ) . A l k a l i n e e a r t h m e t a l s have been d e t e c t e d 

by t h e use o f Arsenazo I I I ( 1 0 2 ) , and o - c r e s o l p h t h a l e i n 

complexone (75) i n t h e e l u e n t . 

The most v e r s a t i l e approach f o r t h e d e t e c t i o n o f m e t a l s i s 

p r o b a b l y t h e use o f post-column r e a g e n t s as d i s c u s s e d i n t h e 

ne x t s e c t i o n . 

1.6>1> POST-COLDMN DETECTION. 

Post-column d e t e c t i o n i n v o l v e s t h e use o f a post - c o l u m n 

r e a g e n t , where a f t e r t h e e l u e n t has passed t h r o u g h t h e 

a n a l y t i c a l column, t h e s e two r e a g e n t streams a r e mixed. M e t a l 

i o n s e l u t i n g o f f t h e column a f t e r s e p a r a t i o n a r e d e t e c t e d by a 

change i n a p a r t i c u l a r p h y s i c a l o r c h e m i c a l p r o p e r t y when mixed 

w i t h t h e post-column r e a g e n t . Takata and F u j i t a (8) deve l o p e d 

a f l o w c o u l o m e t r i c d e t e c t o r f o r t h e d e t e c t i o n o f heavy m e t a l 

i o n s a f t e r s e p a r a t i o n . The response o f t h i s c o u l o m e t r i c 

d e t e c t o r was s u f f i c i e n t l y r a p i d f o r h i g h speed s e p a r a t i o n s . The 

most p o p u l a r post-column r e a g e n t i n v o l v e s t h e f o r m a t i o n and 
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absorbance o f h i g h l y c o l o u r e d complexes. These r e q u i r e a r a p i d 

r e a c t i o n and a c o n s t a n t low background l e v e l . The r e a g e n t 

i t s e l f s h o u l d be h i g h l y s t a b l e . There a r e many p h o t o m e t r i c 

r e a g e n t s t h a t can be used as seen i n a book by S a n d e l l and 

O n i s h i ( 7 7 ) . 

Post-column r e a g e n t s can be used f o r t h e d e t e c t i o n o f o r g a n i c 

m o l e c u l e s , f o r example, A l - N a j a f i e t a l . (113) d e t e r m i n e d s i x 

amino a c i d s u s i n g n i n h y d r i n as t h e c o l o u r f o r m i n g p o s t - c o l u m n 

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

s i x and seven e x p e r i m e n t a l v a r i a b l e s , p r o d u c i n g a s i g n i f i c a n t 

improvement i n s e p a r a t i o n , s e n s i t i v i t y and a n a l y s i s t i m e . 

However, post-column r e a g e n t s a r e a l s o used e x t e n s i v e l y f o r t h e 

d e t e c t i o n o f m e t a l i o n s as d e s c r i b e d i n d e t a i l below. 

One o f t h e f i r s t g e n e r a l post-column r e a g e n t s used f o r t h e 

d e t e c t i o n o f m e t a l i o n s was PAR. Anderson and N i c k l e s s (78) 

c a r r i e d o u t a complete i n v e s t i g a t i o n i n t o h e t e r o c y c l i c azo 

d y e s t u f f s , i n c l u d i n g PAR, and re v i e w e d t h e many uses o f PAR as 

a co m p l e x o m e t r i c and s p e c t r o p h o t o m e t r i c r e a g e n t . PAR r e a c t s 

w i t h a wide range o f m e t a l i o n s , b u t does n o t r e a c t w i t h t h e 

a l k a l i m e t a l s , c h r o m i u m ( V I ) , a n t i m o n y ( I I I ) , molybdenum(VI), 

t u n g s t e n ( V I ) and a r s e n i c ( I I I ) o r ( V ) . The f o r m a t i o n o f t h e 

v a r i o u s metal-PAR complexes i s dependent on pH. 

A f l o w system u s i n g PAR was used by F r i t z and S t o r y (7) i n 

t h e e a r l y s t u d i e s o f i o n chromatography s e p a r a t i o n s . PAR does 

n o t r e a c t v e r y much w i t h a l k a l i n e e a r t h m e t a l s , however, by 

ad d i n g ZnEDTA which i s a weak complex, a m e t a l d i s p l a c e m e n t 

r e a c t i o n o c c u r s , and t h e s i g n a l measured i s due t o ZnPAR :-

M"* + ZnEDTA ^ MEDTA + Zn^* 

t h e n Zn^* + PAR ZnPAR 

A r g u e l l o and F r i t z (9) s e p a r a t e d c a l c i u m and magnesium from 

s e v e r a l o t h e r m e t a l s , and found t h a t t h e PAR-ZnEDTA gave a much 
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s u p e r i o r s e n s i t i v i t y compared w i t h o t h e r post-column r e a g e n t s 

used. J e z o r e k and F r e i s e r (114) s t u d i e d t h e PAR-ZnEDTA system 

used i n a c o n t i n u o u s m e t a l i o n d e t e c t i o n system. T h i r t e e n m e t a l 

i o n s were i n v e s t i g a t e d and t h e i r responses w i t h PAR and PAR-

ZnEDTA measured and compared. Using PAR-ZnEDTA improved 

responses w i t h a l k a l i n e e a r t h m e t a l s , l e a d and manganese 

s i g n i f i c a n t l y , e s p e c i a l l y t h e a l k a l i n e e a r t h m e t a l s . Reduced 

response was o b t a i n e d however, w i t h z i n c , a l u m i n i u m and 

i r o n ( I I I ) and p a r t i c u l a r l y m e r c u r y ( I I ) . There was l i t t l e change 

f o r n i c k e l , copper and c o b a l t . I f s t o r e d i n t h e d a r k i n p l a s t i c 

c o n t a i n e r s , t h e PAR-ZnEDTA proved t o be v e r y s t a b l e , w i t h 

l i t t l e o r no change a f t e r f i v e weeks. T h i s r e a g e n t was a l s o 

used t o l o o k a t c o n t a m i n a t i o n i n t h e v a r i o u s e l u e n t s used, by 

measuring t h e a b s o r p t i o n a t 510nm. Yan and Schwedt (15,18) 

l a t e r used t h e PAR-ZnEDTA system f o r m u l t i - e l e m e n t a n a l y s i s by 

i o n chromatography o f t r a n s i t i o n , heavy and a l k a l i n e e a r t h 

m e t a l s , w i t h s e p a r a t i o n s o f up t o t h i r t e e n m e t a l i o n s a c h i e v e d . 

Wang e t a l . (29) o b t a i n e d s e v e r a l s e p a r a t i o n s o f t r a n s i t i o n 

m e t a l s u s i n g PAR and PAR-ZnEDTA post-column r e a g e n t s , w i t h a 

comparison f o r n i n e m e t a l i o n s made. S e n s i t i v i t y f o r l e a d and 

manganese was much improved w i t h PAR-ZnEDTA, w h i l s t f o r 

i r o n ( I I I ) , i r o n ( I I ) and cadmium a r e d u c t i o n i n s e n s i t i v i t y 

o c c u r r e d compared w i t h PAR a l o n e . Chambaz e t a l . (60) r e c e n t l y 

used PAR-ZnEDTA f o r t h e d e t e c t i o n o f t r a c e m e t a l s i n r i v e r 

w a t e r , however, t h e l i n e a r range f o r l e a d was low, due t o t h e 

low c o n c e n t r a t i o n o f ZnEDTA used t o m i n i m i z e t h e i n c r e a s e i n 

background s i g n a l . PAR and PAR-ZnEDTA pr o v e t o be v e r y 

s e n s i t i v e s p e c t r o p h o t o m e t r i c r e a g e n t s , w i t h low ppb l e v e l 

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

A wide range o f m e t a l i o n s e p a r a t i o n s w i t h s p e c i a t i o n has 

been a c h i e v e d by H e b e r l i n g and R i v i e l l o (27) u s i n g PAR. M e t a l s 
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a r e d e t e r m i n e d c o l o r i m e t r i c a l l y u s i n g PAR e i t h e r i n t h e pH 

range 3 t o 6, o r 9 t o 11, o r b o t h . O v e r a l l , f o r t y - e i g h t 

d i f f e r e n t m e t a l s can be d e t e r m i n e d , p r i n c i p a l l y t r a n s i t i o n , 

heavy and l a n t h a n i d e m e t a l s . PAR was used as a post-column 

r e a g e n t by S a r a s w a t i e t a l . (25,26) i n t h e a n a l y s i s o f low 

a l l o y s t a i n l e s s s t e e l samples. S t a b l e complex f o r m a t i o n w i t h 

PAR was o b t a i n e d w i t h vanadium(V), manganese, c o b a l t , n i c k e l , 

copper, z i r c o n i u m ( I V ) , t a n t a l u m ( V ) , n i o b i u m ( V ) , l e a d and 

c e r i u m ( I I I ) . Other examples o f t h e use o f PAR as a pos t - c o l u m n 

r e a g e n t f o r t r a n s i t i o n m e t a l d e t e c t i o n has been shown by 

F a l t y n s k i and Jezorek ( 6 8 ) , Simonzadeh and S c h i l t ( 6 9 ) , and 

Elchuk e t a l . ( 2 2 ) . 

R e c e n t l y , Gomez e t a l . (115) s i m u l t a n e o u s l y d e t e r m i n e d m e t a l -

PAR complexes u s i n g a d i o d e a r r a y s p e c t r o p h o t o m e t e r and a 

m u l t i p l e l i n e a r r e g r e s s i o n program t o a n a l y z e t h e s p e c t r a . No 

s e p a r a t i o n o f m e t a l i o n s was necessary, and t h e w a v e l e n g t h 

range was from 450-600nm. However, a compromise PAR 

c o n c e n t r a t i o n had t o be used t o a c h i e v e a good response f o r 

seven m e t a l i o n s . M e t a l i o n s w i t h low molar a b s o r p t i v i t i e s such 

as l e a d , c o u l d n o t be minor components o f m i x t u r e s , and t h e r e 

was a problem w i t h accuracy w i t h f i v e m e t a l m i x t u r e s . T h i s 

method was s u c c e s s f u l l y a p p l i e d t o a n a l y s i s o f b r a s s and c o i n 

a l l o y s . However, t h e r e s u l t s o b t a i n e d were o n l y a p p r o x i m a t e , 

though e s t i m a t e s c o u l d be made v e r y f a s t w i t h j u s t one 

measurement. 

Two o t h e r post-column r e a g e n t s which have been used f o r some 

t i m e a r e Arsenazo I and Arsenazo I I I . F r i t z and S t o r y (7) 

i n v e s t i g a t e d t h e s e i n t h e i r s t u d y o f e a r l y i o n chromatography, 

t o g e t h e r w i t h PAR. Arsenazo I i s a s e n s i t i v e r e a g e n t f o r t h e 

d e t e r m i n a t i o n o f magnesium and c a l c i u m , and does n o t r e a c t w i t h 

many o t h e r m e t a l i o n s . Arsenazo I I I r e a c t s w i t h a good range o f 
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metal ions, notably aluminium, c h r o m i u m ( I I I ) , calcium, 

strontium and barium, which do not r e a c t with PAR, as w e l l as 

some d i v a l e n t metal ions, l a n t h a n i d e s and t e t r a v a l e n t metal 

i o n s . 

Arsenazo I was used by Arg u e l l o and F r i t z (9) f o r the 

se p a r a t i o n and determination of calci u m and magnesium by ion 

chromatography, with good s e n s i t i v i t y . Much higher molar 

a b s o r p t i v i t i e s , and thus s e n s i t i v i t i e s were achieved u s i n g the 

PAR-ZnEDTA post-column reagent. Elchuk and Cassi d y (10) used 

Arsenazo I f o r the d e t e c t i o n of a l l the l a n t h a n i d e s a f t e r 

s e p a r a t i o n by ion chromatography. Using on-column 

pr e c o n c e n t r a t i o n of 100ml of sample, d e t e c t i o n of metal ions to 

lOppt could be p o s s i b l e . Wang e t a l . (29) a l s o used t h i s 

reagent f o r the d e t e c t i o n of l a n t h a n i d e s a f t e r t h e i r 

s e p a r a t i o n . 

Arsenazo I I I was employed as a post-column reagent by 

Hamilton e t a l . (24) f o r the q u a n t i t a t i v e a n a l y s i s of thorium 

i n Plutonium. I n t e r f e r e n c e s were st u d i e d , as a c t i n i d e s , UOĝ *, 

NpO/, Pu^*, Pu** and Am̂ * together with y t t r i u m ( I I I ) , i r o n ( I I I ) 

and l e a d r e a c t with Arsenazo I I I . A s e p a r a t i o n of some of these 

s p e c i e s was a l s o achieved, but most e l u t e d before the 

thorium(IV) peak and d i d not i n t e r f e r e , S a r a s w a t i e t a l . 

(25,26) used Arsenazo I I I f o r the d e t e c t i o n of zirconium, 

c h r o m i u m ( I I I ) , c e r i u m ( I I I ) , copper, aluminium and l e a d i n 

s t a i n l e s s s t e e l s . These metal ions gave b e t t e r r e s u l t s compared 

with PAR, although aluminium and chromium(III) do not r e a c t 

with PAR. Molybdenum could not be s t u d i e d i n s t a i n l e s s s t e e l s 

as i t does not r e a c t with PAR, Arsenazo I or I I I . Elchuk e t a l . 

(22) a l s o used Arsenazo I I I f o r the d e t e c t i o n of the 

la n t h a n i d e s , thorium, uranium and other a c t i n i d e s , a f t e r 

s e p a r a t i o n . 
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Eriochrome Black T, and i t s more s t a b l e analogue Calmagite 

has been developed by Jones e t a l . (12,13,14) for t r a c e metal 

d e t e c t i o n . A decrease i n absorbance i s measured ( i n v e r s e 

photometric d e t e c t i o n ) , so reagent background l e v e l s a re 

higher. However, these reagents proved to be good g e n e r a l metal 

d e t e c t i o n systems. Eriochrome Black T was used to d e t e c t a 

range of metal ions i n magnetic and monel a l l o y , w ith good 

q u a n t i t a t i v e performance ( 1 2 ) . L a t e r , the a n a l y s i s of t r a c e 

metals, p a r t i c u l a r l y c o b a l t i n simulated p r e s s u r i z e d water 

r e a c t o r primary coolant was demonstrated u s i n g p r e c o n c e n t r a t i o n 

and the Eriochrome Black T de t e c t o r , with d e t e c t i o n l i m i t s as 

low as lOppt for c o b a l t (14) . Ten metal ions could be separated 

by ion chromatography u t i l i z i n g o n - l i n e p r e c o n c e n t r a t i o n (14) . 

Calmagite (CAL) i s a more s t a b l e analogue of Eriochrome Black 

T. Eriochrome Black T does tend to be o x i d i s e d with time, and 

has to be made up f r e s h every day. Calmagite was used by Jones 

and Schwedt (108) to de t e c t some d i v a l e n t metals i n aqueous and 

IM potassium n i t r a t e media using dye-coated columns. Handley e t 

a l . (17,34), used a Calmagite-MgEDTA post-column reagent f o r 

the d e t e c t i o n of a l k a l i n e e a r t h metals together with aluminium 

and z i n c , i n concentrated b r i n e s . T h i s metal displacement 

r e a c t i o n works i n a s i m i l a r way to the PAR-ZnEDTA post-column 

system, where magnesium i s d i s p l a c e d :-

M'̂  + MgEDTA ^ MEDTA + Mĝ * 

then Mg2* + CAL ̂  MgCAL 

T h i s enabled strontium and barium to be detected, which do not 

r e a c t with Calmagite alone. Bowles e t a l . (21) employed a 

s i m i l a r d e t e c t i o n system using Eriochrome Black T and MgEDTA 

f o r the d e t e c t i o n of magnesium, calcium and strontium and 

s e v e r a l other t r a n s i t i o n metals. 

Other post-column reagents have been employed f o r t r a c e metal 
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d e t e c t i o n , many of which are more s e l e c t i v e and aimed a t a 

p a r t i c u l a r group of metal i o n s . Xylenol Orange has been used by 

Hirose e t a l . (23) i n a micro-HPLC technique f o r the s e p a r a t i o n 

and d e t e c t i o n of r a r e e a r t h metals. Dithizone was employed by 

Jones e t a l . (116) as a multi-element d e t e c t i o n system, 

measuring a decrease i n absorbance, with some t r a n s i t i o n and 

heavy metals. A problem occurred with p r e c i p i t a t i o n as 

d i t h i z o n e i s more s o l u b l e i n acetone than water. However, an 

80% acetone:water mixture was used as the e l u e n t i n which 

d i t h i z o n e r e a d i l y d i s s o l v e s . Yamazaki e t a l . (107) used o-

c r e s o l p h t h a l e i n complexone f o r the d e t e c t i o n of a l k a l i n e e a r t h 

metal ions, and i t proved to be more s u i t a b l e than PAR or 

Arsenazo I due to i t s low absorbance without metal ions 

p r e s e n t . I n the chelating-exchange s t u d i e s by Jones and Schwedt 

(108) using dye-coated columns, Pyrocatechol V i o l e t was 

employed to d e t e c t aluminium, gallium, indium, bismuth and 

i r o n , and Chrome Azurol S f o r the d e t e c t i o n of b e r y l l i u m . Jones 

e t a l . (33) a l s o developed a molybdenum blue post-column 

reagent f o r the d e t e c t i o n of a r s e n i c , germanium, phosphorus and 

s i l i c o n oxoanions. 

1.6.1.1. FLUORESCENCE AND CHEMILUMINESCENCE DETECTION, 

For lower d e t e c t i o n l i m i t s to be achieved with d i r e c t 

i n j e c t i o n of the sample, more h i g h l y s e n s i t i v e d e t e c t i o n 

methods can be used. Fluorescence d e t e c t i o n , u s i n g a 

fluorophor-forming post-column reagent i s more s e n s i t i v e than 

U V - v i s i b l e d e t e c t i o n . For the d e t e c t i o n of a l k a l i n e e a r t h 

metals, Yamazaki e t a l . (107) used ethanolamine c o n t a i n i n g 8-

hydroxyquinoline-5-sulphonic a c i d and a l s o MgEDTA i n the 

mixture, f o r the d e t e c t i o n of calcium. Jones e t a l . (13) showed 

t h a t 8-hydroxyquinoline-5-sulphonate gave good f l u o r e s c e n c e 

with aluminium, gallium, indium, magnesium, cadmium and 
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t i n ( I I ) , with s e n s i t i v i t i e s up to ten times g r e a t e r than with 

conventional U V - v i s i b l e d e t e c t i o n . L a t e r , t h i s post-column 

r e a c t i o n system was used f o r the determination of t r a c e amounts 

of aluminium (36), and a p p l i e d to the a n a l y s i s of aluminium i n 

monel a l l o y and tap water. The l i n e a r range was over n e a r l y 

four orders of magnitude from 5 to lOOOOppb, and the d e t e c t i o n 

l i m i t was Ippb aluminium. T h i s system was developed f u r t h e r by 

Jones (37) f o r the d e t e c t i o n of s e v e r a l aluminium s p e c i e s , 

i n c l u d i n g aluminium f l u o r o s p e c i e s , i n n a t u r a l and potable 

waters. T h i s reagent was a l s o used r e c e n t l y by Jones and P a u l l 

( 3 8 ) , f o r the study of aluminium s p e c i a t i o n of potable waters 

i n the South West of England. 

An even more s e n s i t i v e d e t e c t i o n method with d e t e c t i o n l i m i t s 

i n the sub-ppb range i s chemiluminescence. Williams e t a l . (35) 

determined chromium(III) and chromium(VI) a t u l t r a - t r a c e l e v e l s 

u s i n g a post-column r e a c t i o n with luminol, with d e t e c t i o n 

l i m i t s O.lppb and 0.3ppb r e s p e c t i v e l y . The l i n e a r range was 

over t h r e e orders of magnitude from Ippb to Ippm. Detection 

l i m i t s could be improved with purer reagents. Jones e t a l , (19) 

used t h i s luminol chemiluminescence r e a c t i o n f o r the 

determination of c o b a l t a t picogram l e v e l s , with good agreement 

with a c e r t i f i e d r e f e r e n c e m a t e r i a l . The s e n s i t i v i t y of t h i s 

chemiluminescence d e t e c t i o n system f o r c o b a l t was b e t t e r than 

g r a p h i t e furnace atomic absorbance spectrometry and ICP-MS. 

Jones e t a l . (20) developed t h i s d e t e c t i o n f u r t h e r to enable 

multi-element determinations a f t e r s e p a r a t i o n by ion 

chromatography. T h i s was achieved by modifying the l u m i n o l -

peroxide post-column reagent with the a d d i t i o n of CoEDTA, so 

t h a t the c o b a l t i s d i s p l a c e d by other metal ions e l u t i n g o f f 

the column, before r e a c t i n g with the luminol. The general metal 

displacement r e a c t i o n t h a t t a kes p l a c e i s shown below :-
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(CoEDTA)^" + M"* 5=^ Co^* + (MEDTA) 

T h i s d e t e c t i o n system was n o n - s e l e c t i v e and detected a l a r g e 

range of metal ions i n c l u d i n g a l k a l i n e e a r t h , t r a n s i t i o n and 

lanthanide metals. Some c a l i b r a t i o n s were however n o n - l i n e a r , 

producing a negative curvature, but t h i s i s probably due to 

k i n e t i c and thermodynamic f a c t o r s of the metal displacement 

r e a c t i o n . Many s e p a r a t i o n s could be achieved with t h i s system, 

with d e t e c t i o n l i m i t s ranging from 2 to lOOppb, depending on 

the metal ion, and even the c a l i b r a t i o n s which showed some non­

l i n e a r nature could s t i l l be u s e f u l f o r q u a n t i t a t i v e a n a l y s i s . 

1.7, AIMS J^D OBJECTIVES. 

As can be seen i n the l i t e r a t u r e review ( S e c t i o n 1.5.2.2.), 

l i t t l e work has been c a r r i e d out to i n v e s t i g a t e high 

performance s e p a r a t i o n s of metal ions i n high i o n i c s t r e n g t h 

m a t r i c e s using c h e l a t i n g dye coated s u b s t r a t e s . The encouraging 

r e s u l t s from the work by Jones and Schwedt (108) formed the 

b a s i s f o r t h i s r e s e a r c h . More d e t a i l e d s t u d i e s on the e f f e c t of 

dye type and s u b s t r a t e c h a r a c t e r i s t i c s needed to be c a r r i e d 

out, and t h i s w i l l form the i n i t i a l i n v e s t i g a t i o n s of t h i s 

work. T h i s involved studying the r e t e n t i o n p r o p e r t i e s of metal 

ions with v a r i o u s dye coated columns, and the e f f e c t of 

parameters such as pH and i o n i c s t r e n g t h . Three c h e l a t i n g dyes 

w i l l be chosen with a range of c h e l a t i n g a b i l i t y , namely, 

Calmagite, Chrome Azurol S, and Xylenol Orange, and t h e i r 

s t r u c t u r e s are shown i n Figure 7. 

A f t e r these i n i t i a l s t u d i e s , i t was c l e a r t h a t p a r t i c u l a r 

emphasis needed to be placed on s e p a r a t i o n s i n high i o n i c 

s t r e n g t h media using high performance dye coated s u b s t r a t e s . 

D e t a i l e d i n v e s t i g a t i o n s of the e f f e c t of mobile phase 

c o n d i t i o n s on s e p a r a t i o n w i l l be c a r r i e d out and optimized f o r 
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s e l e c t e d groups of metal ions. The main aim of t h i s r e s e a r c h i s 

to combine the preconcentration and high performance s e p a r a t i o n 

of t r a c e metals i n v a r i o u s high i o n i c s t r e n g t h m a t r i c e s u s i n g 

a s i n g l e dye-coated HPLC grade c h e l a t i o n exchange column. 

F i n a l l y , the most promising columns w i l l be a p p l i e d to the 

q u a n t i t a t i v e a n a l y s i s of samples such as concentrated b r i n e s 

and sea waters. 

The post-column d e t e c t i o n systems reported p r e v i o u s l y a l s o 

needed to be improved, and t h i s study was c a r r i e d out i n 

c o n j u n c t i o n with the above i n v e s t i g a t i o n s . T h i s was considered 

important s i n c e lower d e t e c t i o n l i m i t s would be achieved, and 

the d e t e c t i o n of a wider range of metal ions f a c i l i t e d . 
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Figure 7. S t r u c t u r e s of Calmagite, Chrome Azurol S and Xylenol 

Orange. 
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CHAPTER TWO. 

EXPERIMENTAL. 

2,1. INSTRUMENTATION. 

The instrumentation involved f o r the determination of t r a c e 

metals employed a HPLC post-column r e a c t i o n system. I n the 

i n i t i a l s t u d i e s i n v o l v i n g s e p a r a t i o n and d e t e c t i o n of metal 

ion s by d i r e c t i n j e c t i o n , a b a s i c HPLC system was used. L a t e r 

t h i s was modified by the a d d i t i o n of a pr e c o n c e n t r a t i o n c y c l e 

to determine t r a c e metals i n the low ppb range. 

2.1.1. BASIC CHELATION ION CHROMATOGRAPHY POST-COLUMN REACTION 

SYSTEM. 

A b a s i c HPLC post-column r e a c t i o n system was employed f o r 

d i r e c t i n j e c t i o n of samples onto the column. T h i s system i s 

shown i n Fig u r e 8. I t c o n s i s t s of two pumps, the mobile phase 

(eluent) pump and the post-column reagent pump. The e l u e n t i s 

pumped through a s i x port s w i t c h i n g v a l v e and through the 

a n a l y t i c a l column to mix with the post-column reagent stream a t 

a zero dead volume T-piece. When the s w i t c h i n g v a l v e i s i n the 

load p o s i t i o n , the sample can be drawn through the sample loop. 

On i n j e c t i o n , the sample i n the sample loop passes onto the 

a n a l y t i c a l column. Metal ions e l u t i n g o f f the column mix with 

the post-column reagent a t the T-piece, then the mixture passes 

through a r e a c t i o n c o i l before reaching the U V - V i s i b l e 

d e t e c t o r . Detection i s achieved due to a change i n absorbance, 

and t h i s measurement i s i n the form of an e l e c t r i c a l s i g n a l 

which can be passed to a c h a r t r e c o r d e r or i n t e g r a t o r t o obta i n 

a chromatogram. 

The instrumentation c o n s i s t e d of two ConstaMetric Model I I I 

pumps (Laboratory Data Control, R i v i e r a Beach, FL, USA.) f o r 

the e l u e n t and post-column reagent. A s t e e l i n j e c t o r w i t h lOO/il 

sample loop (Rheodyne, C o t a t i , CA, USA.) was used f o r d i r e c t 
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i n j e c t i o n s , and the U V - V i s i b l e d e t e c t o r was a Spectroflow 

Monitor SF770 ( S c h o e f f e l Instrument Corporation, Westwood, NJ, 

USA.). Some of the l a t e r i s o c r a t i c s e p a r a t i o n s and g r a d i e n t 

e l u t i o n work employed a S p e c t r a l Array Detector (Dionex, 

Sunnyvale, CA, USA.). 

2,1.2. CHELATION ION CHROMATOGRAPHY POST-COLUMN REACTION SYSTEM 

FOR PRECONCENTRATION TOJD SEPARATION OF METAL IONS. 

The b a s i c c h e l a t i o n ion chromatography system was modified to 

i n c l u d e a preconcentration c y c l e to enable low ppb l e v e l s of 

t r a c e metals to be detected. T h i s system i s shown i n F i g u r e 9. 

Two i n j e c t i o n v a l v e s were used to enable e i t h e r 

p r e c o n c e n t r a t i o n or a d i r e c t i n j e c t i o n onto the column. When 

the p r e c o n c e n t r a t i o n v a l v e i s i n the load p o s i t i o n , the sample 

can be pumped through the column and the r e q u i r e d volume 

preconcentrated before i n j e c t i o n . 

The p r e c o n c e n t r a t i o n system was composed of e n t i r e l y i n e r t 

m a t e r i a l s which comprised an Eldex L a b o r a t o r i e s Model AA pump 

with PTFE l i n e d pump heads and check v a l v e s (Eldex 

L a b o r a t o r i e s , Menlo Park, CA, USA.), and a t i t a n i u m i n j e c t o r 

(Valco, Schenkon, S w i t z e r l a n d ) . A l l connecting tubing and 

j u n c t i o n s were composed of PTFE. 

2.2. CHELATING EXCHANGE COLUMNS. 

For the i n i t i a l i n v e s t i g a t i o n s i n t o c h e l a t i n g dye-coated 

columns, t h r e e c h e l a t i n g dyes coated onto thre e l a r g e p a r t i c l e 

s i z e s u b s t r a t e s were s t u d i e d . The c h e l a t i n g dyes were X y l e n o l 

Orange (BDH, Poole, Dorset, UK.) and Calmagite and Chrome 

Azurol S (Sigma Chemicals, S t L o u i s , MO, USA.). Large p a r t i c l e 

s i z e r e s i n s i n v e s t i g a t e d were Dowex 1-X8(C1) anion exchange 

r e s i n , and Amberlite n e u t r a l XAD-2 and XAD-4 r e s i n s (BDH.). 

The Dowex anion exchange r e s i n contained quaternary ammonium 
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groups bonded to c r o s s - l i n k e d p o l y s t y r e n e - d i v i n y l b e n z e n e , with 

p a r t i c l e s i z e s ranging from 0.075 to 0.150mm i n diameter. The 

n e u t r a l XAD-2 and XAD-4 r e s i n s were c r o s s e d - l i n k e d p o l y s t y r e n e 

absorbent beads with no i o n i c groups attached and with p a r t i c l e 

s i z e s of between 0.3 and 0.78mm. These dye-coated r e s i n s were 

packed i n t o 10cm x 4.6mm i . d . s t a i n l e s s s t e e l columns. 

The m a j o r i t y of the work involved high e f f i c i e n c y s t u d i e s . 

X y lenol Orange and Chrome Azurol S were coated onto sma l l 

p a r t i c l e s i z e HPLC grade r e s i n . T h i s was a PLRP-S n e u t r a l 8/im, 

lOOA macroporous po l y s t y r e n e - d i v i n y l b e n z e n e s u b s t r a t e (Polymer 

L a b o r a t o r i e s , Church S t r e t t o n , Shropshire, UK.). T h i s was 

packed i n t o a lOcm x 4.6mm i . d . i n e r t metal f r e e PEEK 

(polyether ether ketone) column ( A l l t e c h Chromatography, 

Carnforth, L a n c a s h i r e , UK.). 

Two commercially a v a i l a b l e c h e l a t i n g columns were a l s o 

s t u d i e d . A TOSOH TSK-GEL Chelate-5PW column (7.5cm x 7.5mm 

i.d.)(TOSOH, Tokyo, Japan.), was i n v e s t i g a t e d f o r r e t e n t i o n and 

se p a r a t i o n of t r a c e metal i o n s . Also, a Dionex MetPac CC-1 

column (5cm)(Dionex, Sunnyvale, CA, USA.) was i n v e s t i g a t e d f o r 

the r e t e n t i o n of metal ions. 

2.2,1. COATING AND PACKING OF LARGE PARTICLE SIZE DYE-COATED 

COLUMNS. 

The dye-coated r e s i n s i n each case were prepared by 

d i s s o l v i n g O.lg of dye i n 50cm^ of 20% methanol:water mixture, 

to g i v e a 0.2% dye s o l u t i o n . Enough r e s i n was added t o pack a 

10cm column, and the mixture s t i r r e d overnight on a magnetic 

s t i r r e r , to enable an even c o a t i n g t o be obtained. 

Before packing the column, the end f i t t i n g s , f r i t s and the 

column i t s e l f were cleaned i n 10% methanol:water mixture i n an 

u l t r a - s o n i c bath f o r around an hour. The dye coated r e s i n was 

then packed i n t o the column by using a micro-spatula, soaking 
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up excess l i q u i d . When the column appeared f u l l y packed, i t was 

connected up to a HPLC pump, and DDW pumped through a t 3cmVniin 

t o compress the packing m a t e r i a l , before opening up and f i l l i n g 

any v o i d with more dye-coated r e s i n . T h i s process was repeated 

u n t i l t h e r e were no v o i d s . A l l these l a r g e p a r t i c l e s i z e coated 

columns were conditioned before use, by e l u t i n g through (a) 

d i s t i l l e d d eionized water (DDW), (b) d i l u t e ammonia, u n t i l 

e l u e n t i s c o l o u r l e s s , (c) d i l u t e n i t r i c a c i d , t o wash any metal 

i m p u r i t i e s o f f the column, (d) d i l u t e a c e t i c a c i d , and (e) 

DDW. 

2.2.2. PACKIKG AND COATING OF SMALL PARTICLE SIZE DYE-COATED 

COLUMNS. 

The r e s i n chosen f o r high e f f i c i e n c y s t u d i e s was Polymer 

L a b o r a t o r i e s 8/iin, lOOA po l y s t y r e n e - d i v i n y l b e n z e n e r e s i n (PLRP-

S ) . Before coating, a 10cm PEEK column, which i s completely 

metal f r e e and i n e r t , was packed with t h i s r e s i n u s i n g the 

column packer. Column, end f i t t i n g s , and f r i t s were cleaned i n 

10% methanol:water i n the u l t r a - s o n i c bath f o r around an hour. 

I g of r e s i n was weighed out i n t o a g l a s s v i a l , and a s l u r r y 

made with approximately 30cm^ of methanol:water mixture 

(10:20); the methanol r e q u i r e d t o thoroughly wet the r e s i n . To 

obtain an evenly d i s p e r s e d mixture of p a r t i c l e s i z e s , the 

s l u r r i e d r e s i n was placed i n the u l t r a - s o n i c bath f o r around 

f i v e minutes. Using the packing adapter f o r the PEEK column, 

the column was packed on the column packer (Shandon), a t a 

p r e s s u r e of 2000psi. T h i s r e s i n may c o l l a p s e a t p r e s s u r e s above 

3000psi, although i t has high mechanical s t a b i l i t y . 80cm' of 

the IM potassium n i t r a t e r e s e r v o i r was passed through the 

column, before t u r n i n g the column around and c o l l e c t i n g another 

80cm' of potassium n i t r a t e . The compressed a i r c y l i n d e r was 

turned o f f to allow the p r e s s u r e to slowly drop to atmospheric 
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p r e s s u r e when packing was complete, or e l s e a sudden p r e s s u r e 

drop would cause a i r bubbles to form i n the column. Any v o i d s 

were f i l l e d , and the end of the column made s l i g h t l y concave 

with a microspatula, before p l a c i n g the f r i t on top and s e a l i n g 

the column. 

The packed PLRP-S column was coated by r e c y c l i n g 100cm' of a 

0.2% s o l u t i o n of the dye, d i s s o l v e d i n 10% methanol. Before 

c o a t i n g began, a 1cm' sample of the dye s o l u t i o n was taken and 

d i l u t e d to 100cm' with DDW i n a v o l u m e t r i c f l a s k . An absorption 

spectrum, u s i n g a Perkin-Elmer Lambda 7 U V - V i s i b l e 

spectrophotometer, was obtained of t h i s s o l u t i o n . The dye 

s o l u t i o n was pumped through the column a t Icm'/min, and l e f t 

f o r around twenty hours to obtain a good even c o a t i n g . An 

absorption spectrum of the remaining dye s o l u t i o n was then 

obtained, using the same procedure as above. The d i f f e r e n c e i n 

absorption a t the wavelength of maximum absorption, enables the 

q u a n t i t y of dye coated onto the r e s i n to be c a l c u l a t e d . The pH 

of these s o l u t i o n s had to be the same, and a s l i g h t adjustment 

was made i f necessary. 

The dye-coated column was conditioned with (a) DDW, (b) 

d i l u t e ammonia, u n t i l t h e r e was no f u r t h e r bleed, (c) d i l u t e 

n i t r i c a c i d , to e l u t e any metal i m p u r i t i e s , (d) d i l u t e a c e t i c 

a c i d and (e) DDW, and any bleed c o l l e c t e d . Another absorption 

spectrum of the bleed was obtained, a f t e r d i l u t i o n t o the 

appropriate volume, and any adjustment i n pH made, so t h a t i t 

was the same as the dye-coating s o l u t i o n , before measurement. 

T h i s enabled the amount of dye which remained coated on the 

r e s i n to be c a l c u l a t e d . 

2.2.3. CLEAN-UP COLUMNS. 

There was a need f o r a clean-up column when using g r a d i e n t 

e l u t i o n , as metal i m p u r i t i e s i n the e l u e n t tend t o be 
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preconcentrated a t the s t a r t i n g pH. An o n l i n e system was 

i n v e s t i g a t e d by using the Xylenol Orange coated XAD-2 dye-

coated column, which was placed before the i n j e c t i o n v a l v e . 

During the a n a l y t i c a l s e p a r a t i o n t h i s was switched o f f l i n e . 

S e v e r a l o f f l i n e c l e a n up systems were a l s o i n v e s t i g a t e d . 

Chelex 100 (Sigma Chemicals) and Du o l i t e ES467 (obtained from 

I C I Chemicals & Polymers, Runcorn, UK.) r e s i n s were s l u r r y 

packed i n t o 25cm' b u r e t t e s . These columns were g r a v i t y fed, 

with an a d j u s t a b l e tap to c o n t r o l the flow r a t e on the i n l e t 

tube. Before the elu e n t could be cleaned up, O.IM borate 

b u f f e r , a d j u s t e d to pHlO was passed through the column, u n t i l 

the o u t l e t pH was 10. Around 50cm' of e l u e n t a d j u s t e d t o pHlO, 

was then passed through the column, before c o l l e c t i o n of the 

cleaned e l u e n t began. The r e t a i n e d metal i m p u r i t i e s were l a t e r 

e l u t e d o f f the column by passing through 0.2M n i t r i c a c i d . I t 

was often necessary to ba c k f l u s h the column with water, as 

these r e s i n s , e s p e c i a l l y Chelex-100 c o n t r a c t and s w e l l with 

changing pH. These columns were pro t e c t e d with b l a c k c a r d to 

avoid any decay due to u l t r a - v i o l e t l i g h t . 

The Xylenol Orange coated XAD-2 column was used i n an o f f l i n e 

clean-up system. T h i s column was connected to an Eldex model AA 

pump. Before c l e a n i n g , around 20cm' of pHlO, O.IM borate b u f f e r 

were pumped through. T h i s was followed by around 20cm' of 

el u e n t or b u f f e r , before c o l l e c t i n g . The flow r a t e was 

approximately Icm'/min, and the metal i m p u r i t i e s l a t e r e l u t e d 

o f f the column with 0.2M n i t r i c a c i d . When c l e a n i n g l a r g e 

volumes, the metal i m p u r i t i e s on the column had to be e l u t e d 

o f f a f t e r c l e a n i n g around 300cm', or the column may become 

s a t u r a t e d with i m p u r i t i e s . 

2.2.4. PRECONCENTRATION PROCEDURE. 

The sample was adjusted to an appropriate pH u s i n g d i l u t e 
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n i t r i c a c i d or d i l u t e ammonia, depending on the metals of 

i n t e r e s t . Before preconcentration i t was n e c e s s a r y -^o 

e q u i l i b r a t e the column to the same pH as the sample by pumping 

10cm' of the appropriate b u f f e r (O.IM borate f o r pHlO or p H l l , 

and O.IM hexamine f o r pH6). T h i s was followed by lOcm' of the 

sample, and f i n a l l y 3cm' of d i s t i l l e d d e i o n i z e d water. T h i s was 

a l l c a r r i e d out with the potassium n i t r a t e e l u e n t bypassing the 

column as shown i n Figure 9. The g r a d i e n t program was i n i t i a t e d 

by s w i t c h i n g the t i t a n i u m i n j e c t o r to a l l o w the potassium 

n i t r a t e e l u e n t to pass through the p r e c o n c e n t r a t i o n column. The 

pH of the IM potassium n i t r a t e e l u e n t was then changed i n a 

s e r i e s of s t e p s a t s p e c i f i e d times as d e s c r i b e d i n Chapter 3. 

2.3. REAGENTS. 

A l l reagents i n general were obtained from BDH. PAR, ZnEDTA 

and sodium sulphate were obtained from Fluka (Fluka, Buchs, 

S w i t z e r l a n d . ) , and Calmagite and CAS from Sigma Chemicals. A l l 

reagents and working standards were prepared using d i s t i l l e d 

d eionized water obtained from a M i l l i Q system ( M i l l i p o r e , 

Bedford, MA, USA.), and were degassed using helium before use, 

to remove any a i r bubbles. The e l u e n t and post-column reagent 

were pumped a t a flow r a t e of Icm'/niin. 

2.3.1. ELUENTS. 

The e l u e n t used throughout t h i s work was potassium n i t r a t e . 

T h i s was e i t h e r 0.2M or IM i n c o n c e n t r a t i o n f o r i n i t i a l 

s t u d i e s , but g e n e r a l l y IM potassium n i t r a t e was used, 

c o n t a i n i n g 0.05M l a c t i c a c i d f o r d i v a l e n t metal ion s t u d i e s . 

For t r i v a l e n t metal ions, IM potassium n i t r a t e alone was used 

as the e l u e n t . When using step g r a d i e n t e l u t i o n , s e v e r a l 

e l u e n t s a t a d i f f e r e n t pH were prepared, and switched a t the 

appropriate time i n the g r a d i e n t or step g r a d i e n t program. The 
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e l u e n t s were ad j u s t e d to the appropriate pH usi n g e i t h e r d i l u t e 

n i t r i c a c i d or d i l u t e ammonia. 

2.3.2. POST-COLUMN REAGENTS. 

S e v e r a l post-column reagents were employed f o r the d e t e c t i o n 

of t r a c e metal i o n s . Calmagite with a f i n a l c o n c e n t r a t i o n of 

2.5 X 10*'̂ M was prepared by d i l u t i o n of a 4gl'^ stock s o l u t i o n , 

and made up i n IM ammonia. A decrease i n absorbance was 

measured a t 610nm. L a t e r , 1.2 x lO'̂ M PAR / 2 x lO'̂ M ZnEDTA 

post-column reagent was used f o r the d e t e c t i o n of d i v a l e n t 

metal ions, p a r t i c u l a r l y f o r a l k a l i n e e a r t h metals. These were 

prepared by d i l u t i o n of 4 x lO'̂ M stock s o l u t i o n s and made up 

i n 2M ammonia. An i n c r e a s e i n absorbance was measured a t 490nm. 

For the d e t e c t i o n of t r i v a l e n t metal* ions, two post-column 

reagents were i n v e s t i g a t e d . A 0.008% s o l u t i o n of CAS i n 0.5M 

hexamine a t pH5.6 was used, and an i n c r e a s e i n absorbance a t 

546.5nm measured. Also, a 0.004% of Pyrocatechol V i o l e t (PCV) 

i n 0.5M hexamine a t pH6, was used f o r the d e t e c t i o n of 

t r i v a l e n t metal i o n s . An i n c r e a s e i n absorbance was measured a t 

580nm. 

2.3.3. SAMPLES. 

A l l metal standards were prepared by appropriate d i l u t i o n 

from lOOOppm a n a l y t i c a l grade standards, using d i s t i l l e d 

d e i o n i z e d water. Sodium c h l o r i d e and potassium c h l o r i d e b r i n e s 

were obtained from I C I Chemicals & Polymers Ltd., Runcorn, UK. 

S y n t h e t i c sea water was prepared by d i s s o l v i n g the app r o p r i a t e 

q u a n t i t y of magnesium and calcium n i t r a t e i n approximately 0.5M 

sodium c h l o r i d e (ten f o l d d i l u t i o n of I C I sodium c h l o r i d e 

b r i n e ) , to give 1270ppm Mĝ * and 400ppm Ca^*. A r e a l sea water 

sample was obtained from Plymouth Sound. Laboratory chemical 

samples were IM i n con c e n t r a t i o n . 

For i n j e c t i o n s , the samples were a d j u s t e d t o the same pH as 
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the e l u e n t , or i n the case of gr a d i e n t e l u t i o n , a d j u s t e d to the 

s t a r t i n g pH. To avoid any p o s s i b l e p r e c i p i t a t i o n when preparing 

spiked samples i n concentrated b r i n e s and sea waters, the 

sample i t s e l f was adjusted to the appropriate pH, before the 

metal ions were added. 

2.4, PURIFICATION OF CHROME AZUROL S, 

I n g e n e r a l , commercially a v a i l a b l e d y e s t u f f s can be very 

impure, and impurity l e v e l s vary g r e a t l y depending on the 

manufacturer. Commercially a v a i l a b l e CAS i s often only up to 

65% pure. One of the two columns coated with CAS was coated 

w i t h p u r i f i e d CAS. 

A batch of CAS was p u r i f i e d by d i s s o l v i n g I g of impure CAS i n 

lOOcm^ of O.IM sodium hydroxide, to convert i t i n t o the sodium 

form. To p r e c i p i t a t e purer CAS, 50cm^ of concentrated 

h y d r o c h l o r i c a c i d producing around 5M HCl i n s o l u t i o n , was 

added. The mixture was then c e n t r i f u g e d f o r one hour to 

completely separate the p r e c i p i t a t e from s o l u t i o n and l e f t t o 

s e t t l e , before decanting the l i q u i d l a y e r . C leaning the 

p r e c i p i t a t e was done by adding a l i t t l e IM HCl, and 

c e n t r i f u g i n g f o r about twenty minutes. The s o l i d was then d r i e d 

on a watchglass i n an oven a t 40''C. 

2.5. DETERMINATION OF THE CONCENTRATION OF CONCENTRATED SODIUM 

AND POTASSIUM CHLORIDE BRINE SAMPLES. 

T h i s was c a r r i e d out using Mohr's method f o r the 

determination of c h l o r i d e by t i t r a t i o n . A O.IM s o l u t i o n of 

s i l v e r n i t r a t e was a c c u r a t e l y prepared. The sodium and 

potassium c h l o r i d e b r i n e s were d i l u t e d by a f a c t o r of 50 usi n g 

graduated f l a s k s , to be i n the c o n c e n t r a t i o n range f o r the 

t i t r a t i o n . 
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25cin^ p o r t i o n s of these d i l u t e d b r i n e s were p i p e t t e d i n t o 

c o n i c a l f l a s k s , and a l i t t l e s o l i d sodium hydrogen carbonate 

added u n t i l e f f e r v e s c e n c e ceased, as the optimum pH f o r 

t i t r a t i o n i s n e u t r a l to s l i g h t l y a l k a l i n e . Then 2cm' of 5% 

potassium chromate i n d i c a t o r (K^CrO^) was added, and the mixture 

t i t r a t e d a g a i n s t O.IM s i l v e r n i t r a t e u n t i l the f i r s t s i g n s of 

a b r i c k red/buff p r e c i p i t a t e occurred. 

S i l v e r c h l o r i d e i s l e s s s o l u b l e than s i l v e r chromate (hq^CrO^) 

so s i l v e r chromate p r e c i p i t a t i o n i s i n h i b i t e d i n these 

c o n d i t i o n s , u n t i l no more s i l v e r c h l o r i d e can p r e c i p i t a t e out 

i . e . when a l l c h l o r i d e ions have been used up, a t the end po i n t 

(117). 
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CHAPTER THREE. 

RESULTS AND DISCUSSION. 

PART A. 

3.1. INITIAL INVESTIGATIONS USING LARGE PARTICLE SIZE DYE-

COATED COLUMNS. 

Pr e l i m i n a r y s t u d i e s involved l a r g e p a r t i c l e s i z e dye-coated 

s u b s t r a t e s packed i n t o g l a s s columns. These showed t h a t metal 

ions were being r e t a i n e d and were e l u t e d by a r e d u c t i o n i n 

e l u e n t pH. As an i n i t i a l i n v e s t i g a t i o n i n t o d y e - s t u f f coated 

columns, three c h e l a t i n g dyes were coated onto thre e d i f f e r e n t 

s u b s t r a t e s i n turn, and used i n a HPLC system with post-column 

r e a c t i o n d e t e c t i o n ( F i g u r e 8 ) . The c h e l a t i n g dyes were 

Calmagite, Chrome Azurol S and Xylenol Orange, and the 

s u b s t r a t e s chosen were Dowex 1-X8(C1) anion-exchange r e s i n , 

used i n the p r e l i m i n a r y i n v e s t i g a t i o n s work, and two n e u t r a l 

r e s i n s , Amberlite XAD-2 and XAD-4. These XAD r e s i n s are 

crossed-1inked polystyrene absorbent beads. XAD-2 has an 

average pore diameter of 90A, with a s u r f a c e area of 330mVg/ 

w h i l s t XAD-4 has a s m a l l e r pore s i z e averaging 40A, but a much 

higher s u r f a c e area of 725mVg-

T h e i r c h e l a t i n g performance was compared by determining the 

pH a t which a p a r t i c u l a r metal ion was completely r e t a i n e d on 

the column. Four metal ions were chosen, namely magnesium, 

manganese, c o b a l t and z i n c , so as to cover a wide range of 

complexing a b i l i t y . Calmagite was used as the post-column 

reagent. 

R e s u l t s obtained f o r a l l these dye-coated columns a r e shown 

i n Tables 4 to 6. The r e l a t i v e c h e l a t i n g a b i l i t y of each dye 

f o r the four metal ions can be seen, where Xylenol Orange forms 

the s t r o n g e s t c h e l a t e s , and CAS forming weaker c h e l a t e s . As 

expected, the degree of r e t e n t i o n i s i n the order Zn^* > Co^* > 
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STANDARD. CALMAGITE. CHROME XYLENOL 
AZUROL S. ORANGE. 

Mg2* >9 >11 >10 
Mn̂ * 9 9 8 
Co2* 9 9 7 
Zn2* 8 8 5 

Table 4. pH re q u i r e d f o r complete r e t e n t i o n of lOppm metal 
standard i n IM KNÔ , using dye coated Dowex 1-X8(C1) 
anion-exchange r e s i n columns. 

STANDARD. CALMAGITE. CHROME 
AZUROL S. 

XYLENOL 
ORANGE. 

Mg2* 10 >9 9 
Mn̂ * 9 9 7 
Co'* 6 9 4 
Zn2* 6 8 4 

Table 5. pH requ i r e d f o r complete r e t e n t i o n of lOppm metal 
standard i n IM KNO3, using dye coated Amberlite 
XAD-2 n e u t r a l r e s i n columns. 

STANDARD. CALMAGITE. CHROME 
AZUROL S. 

XYLENOL 
ORANGE. 

Mg2* >10 >10 10 
Mn̂ * 10 >10 8 
Co'* 10 >10 6 

8 9 6 

Table 6. pH re q u i r e d f o r complete r e t e n t i o n of lOppm metal 
standard i n IM KNO3, using dye coated Amberlite 
XAD-4 n e u t r a l r e s i n columns. 
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Mn̂ * > Mĝ *. T h i s order was found f o r a l l the c h e l a t i n g dye-

coated columns t r i e d . 

With the XAD-2 dye-coated columns, the column bled badly f o r 

Calmagite and CAS coated columns when conditioned with d i l u t e 

ammonia. However, when the bleeding stopped t h i s s u b s t r a t e 

showed the s t r o n g e s t r e t e n t i o n of metal i o n s . The XAD-2 dye-

coated column r e s u l t s , e s p e c i a l l y f o r Xylenol Orange show good 

r e t e n t i o n p r o p e r t i e s . With the Xylenol Orange coated column, 

a l l t r a n s i t i o n metals would be adsorbed onto the coated r e s i n 

a t pH8. 

With the XAD-4 dye-coated columns, t h e r e was no bleeding of 

the dye with the Calmagite coated column, but there was with 

the CAS coated column when cleaned with d i l u t e ammonia. From 

Table 6 i t can be seen t h a t l i t t l e c h e l a t i o n occurred with the 

CAS coated column, with only the Xylenol Orange c o a t i n g showing 

s i g n i f i c a n t metal c h e l a t i o n . 

These d i f f e r e n c e s i n r e t e n t i o n p r o p e r t i e s between XAD-2 and 

XAD-4 coated columns could be due to stereochemical e f f e c t s as 

XAD-2 and XAD-4 vary i n pore s i z e . XAD-2 has a l a r g e r pore s i z e 

of 90A, compared with 40A f o r XAD-4. I t i s p o s s i b l e t h a t with 

l a r g e r pores t h e r e i s l e s s s t e r i c hindrance f o r s u r f a c e 

c h e l a t i o n . I n p r e l i m i n a r y experiments, XAD-4 gave a l i g h t e r 

c o a t i n g with Calmagite than XAD-2, although the c o a t i n g 

appeared more even with XAD-4. There may be a v a r i a t i o n i n the 

t o t a l c h e l a t i o n c a p a c i t y due to the small pore s i z e and l a r g e 

s u r f a c e area, which may account f o r the poorer c h e l a t i o n 

p r o p e r t i e s of XAD-4 dye-coated columns. 

3.2. SMALL PARTICLE SIZE DYE-COATED COLUMNS. 

The work on l a r g e p a r t i c l e s i z e dye-coated columns c l e a r l y 

showed t h a t the s e l e c t i v e adsorption of metal ions was 
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p o s s i b l e . However, they are l i m i t e d i n s e p a r a t i n g power due to 

t h e i r l a r g e p a r t i c l e s i z e . I n order to produce a much more 

e f f i c i e n t column, capable of s e p a r a t i n g groups of metal ions, 

s m a l l p a r t i c l e s i z e HPLC grade s u b s t r a t e s were coated and 

i n v e s t i g a t e d . The s u b s t r a t e chosen f o r c o a t i n g was obtained 

from Polymer L a b o r a t o r i e s and was 8/im diameter, lOOA pore 

s i z e , HPLC grade macroporous p o l y s t y r e n e - d i v i n y l b e n z e n e r e s i n 

(PLRP-S) . Xylenol Orange and CAS were chosen to coat t h i s 

s u b s t r a t e as they showed a s i g n i f i c a n t d i f f e r e n c e i n c h e l a t i n g 

s t r e n g t h . 

I n i t i a l i n v e s t i g a t i o n s were c a r r i e d out i n a s i m i l a r way t o 

the l a r g e p a r t i c l e s i z e dye-coated columns, but a l a r g e r number 

of metal ions was s t u d i e d , and the e f f e c t of i o n i c s t r e n g t h 

i n v e s t i g a t e d . A f t e r t h i s the s e p a r a t i n g power of th e s e columns 

were s t u d i e d i n d e t a i l . 

3.2.1. PRELIMINARY INVESTIGATIONS. 

A small quantity (5-7mg) of the r e s i n was added t o 0.2% 

s o l u t i o n s i n 20% methanol of Calmagite, CAS and Xylenol Orange 

r e s p e c t i v e l y , and l e f t to s t i r overnight. T h i s d i d not prove 

very s u c c e s s f u l , as the r e s i n i s f a i r l y hydrophobic and 

remained on the s u r f a c e of the s o l u t i o n . The adsorption of the 

dyes was poor and uneven and only Calmagite was w e l l adsorbed 

onto the s u b s t r a t e s u r f a c e . Around 30% of the p a r t i c l e s were 

coated with CAS, with l i t t l e adsorption a t a l l with X y l e n o l 

Orange. I t was then decided to coat the s u b s t r a t e u s i n g vacuum 

f i l t r a t i o n . Around lOmg of s u b s t r a t e was coated by f i l t r a t i o n 

of a 0.2% dye s o l u t i o n i n 5-10% methanol through a NuFlow 

0.45Min membrane f i l t e r . The dye s o l u t i o n was r e c y c l e d s e v e r a l 

times to obtain a good co a t i n g on the s u b s t r a t e , and then 

cleaned/conditioned with d i l u t e ammonia, d i l u t e n i t r i c a c i d and 

d e i o n i z e d d i s t i l l e d water (DOW). When d r i e d , the v a r i o u s coated 
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PLRP-S r e s i n s were examined under a microscope. The PLRP-S 

r e s i n i t s e l f was i n the form of s p h e r i c a l p a r t i c l e s , however 

these appeared to have a range of p a r t i c l e s i z e s . Coatings 

obtained by vacuum f i l t r a t i o n were much b e t t e r as observed 

under the microscope. With CAS the s u r f a c e l a y e r appeared deep 

green, w h i l s t underneath p a r t i c l e s were deep orange. The 

v a r i a t i o n i n colour may be due to i m p u r i t i e s i n the CAS. 

Xylenol Orange a l s o produced a stronger c o a t i n g , though some 

p a r t i c l e s adsorbed more dye than o t h e r s . 

From these r e s u l t s , i t i s c l e a r the bes t c o a t i n g was obtained 

when some fo r c e was appli e d , such as vacuum f i l t r a t i o n , or 

pr e s s u r e , t o enable the dyes t o impregnate the pores of the 

r e s i n . I t was decided to coat a column of PLRP-S r e s i n u s i n g 

moderate p r e s s u r e . T h i s was achieved by r e c y c l i n g a 0.2% dye 

s o l u t i o n i n 10% methanol through a column, pumping a t IcmVmin 

f o r around twenty hours to achieve an even, s t a b l e c o a t i n g . 

3.2.2. INITIAL INVESTIGATIONS. 

Two small p a r t i c l e s i z e columns were prepared by c o a t i n g the 

8/im PLRP-S r e s i n with Xylenol Orange and p u r i f i e d CAS obtained 

by r e c r y s t a l l i s i n g the commercial product- A s i m i l a r s e t of 

experiments to those d e s c r i b e d f o r l a r g e p a r t i c l e s i z e dye-

coated columns were performed, but using a l a r g e r number of 

metal i o n s . 

3.2.2.1. XYLENOL ORANGE DYE-COATED COLUMN. 

0,87g of r e s i n was used to pack the column, and from 

absorbance measurement of the dye s o l u t i o n before and a f t e r 

c o a t i n g , 52mg of the t o t a l 200mg of Xylenol Orange had been 

adsorbed onto the PLRP-S r e s i n . However, during c o n d i t i o n i n g 

4.5mg bled o f f , l e a v i n g 47.5mg of Xylenol Orange coated onto 

the r e s i n . 

T h i s Xylenol Orange coated column gave much sharper peaks 
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than with l a r g e p a r t i c l e s i z e dye-coated columns, with l i t t l e 

t a i l i n g , showing t h a t the e f f i c i e n c y was much higher. A 

comparison of the peak shapes obtained f o r manganese w i t h l a r g e 

and s m a l l p a r t i c l e s i z e s u b s t r a t e s coated with Xylenol Orange 

i s shown i n F i g u r e 10. I t can be seen t h a t p a r t i c l e s i z e has a 

l a r g e e f f e c t on peak shape. 

Using the PAR-ZnEDTA post-column reagent, and a 0.2M or IM 

potassium n i t r a t e e l u e n t ( c o n t a i n i n g 0.05M l a c t i c a c i d ) , t h e r e 

was much more of a v a r i a t i o n i n r e t e n t i o n time w i t h pH, 

compared with the l a r g e p a r t i c l e s i z e dye-coated columns. T h i s 

enabled s e p a r a t i o n s to be achieved. F i g u r e s 11 and 12 show 

graphs of the v a r i a t i o n of r e t e n t i o n time w i t h i n c r e a s i n g pH 

f o r i o n i c s t r e n g t h of 0.2M and IM potassium n i t r a t e 

r e s p e c t i v e l y . Both Xylenol Orange and Chrome Azurol S c o n t a i n 

SOj' groups which can a c t as ion-exchange s i t e s . At lower i o n i c 

s t r e n g t h , where the pH i s not too high, barium i s e l u t i n g a f t e r 

magnesium, showing t h a t some ion-exchange i s t a k i n g p l a c e on 

the column. T h i s has the most pronounced e f f e c t on barium as i t 

i s h eld s t r o n g l y by ion-exchange. For c h e l a t i n g exchange, the 

observed e l u t i o n order was Ba^*, Sr^*, Mĝ *, Ca^*. T h i s e l u t i o n 

order i s achieved with 0.2M i o n i c s t r e n g t h above pH7, where 

c h e l a t i n g exchange predominates over ion-exchange. However, 

from s t a b i l i t y constant data f o r Xylenol Orange (Table 8) 

magnesium should e l u t e a f t e r calcium. T h i s may be due to the 

l a r g e r hydration s h e l l of the Mĝ * ion. T h i s r e t e n t i o n order was 

not observed with the Xylenol Orange coated column. No 

r e t e n t i o n anomalies are shown with IM i o n i c s t r e n g t h e l u e n t , as 

no ion-exchange should take p l a c e and only c h e l a t i n g exchange 

should predominate. T h i s i s because any ion-exchange s i t e s a r e 

'swamped' with K* ions from the e l u e n t . F i g u r e 12 shows t h a t 

w ith IM i o n i c s t r e n g t h , a t a l l pH v a l u e s , the e l u t i o n order i s 
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F i g u r e 10. Comparison of peak shapes obtained f o r i n j e c t i o n of 
Sppm Mn̂ * onto Xylenol Orange coated XAD-2 ( l e f t ) , 
and PLRP-S s u b s t r a t e s a t pH3 i n IM KNOj. 
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X y l e n o l Orange c o a t e d PLRPS column a t 0.2M I o n i c s t r e n g t h 
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F i g u r e 11. V a r i a t i o n of r e t e n t i o n time with pH for the Xylenol 

Orange coated PLRP-S column a t 0.2M i o n i c s t r e n g t h . 



X y l e n o l Orange c o a t e d PLRPS column a t IM i o n i c s t r e n g t h 
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F i g u r e 12. V a r i a t i o n of r e t e n t i o n time with pH for the Xylenol 

Orange coated PLRP-S column a t IM i o n i c s t r e n g t h . 



the same and so can assume only c h e l a t i n g exchange i s 

opera t i n g . With ion-exchange the e l u t i o n order i s the opposite 

to the expected order f o r c h e l a t i n g exchange. For ion-exchange 

a l k a l i n e e a r t h metals e l u t e i n the order Mĝ *, Ca^*, Sr^*, Ba^*. 

Table 7 shows the pH re q u i r e d f o r complete r e t e n t i o n of a 

range of d i v a l e n t metal ions. The Xylenol Orange column shows 

p a r t i c u l a r l y strong c h e l a t i o n with metal i o n s , where a l l the 

a l k a l i n e e a r t h and t r a n s i t i o n metals s t u d i e d are completely 

r e t a i n e d a t pHlO. Even a t a low e l u e n t pH of 2, copper i s s t i l l 

completely r e t a i n e d on t h i s column. 

3.2.2.2. CHROME A2UR0L S DYE-COATED COLUMN. 

Before t h i s column could be packed and coated with CAS, i t 

was decided t o p u r i f y i t by r e c r y s t a l l i s a t i o n ( S e c t i o n 2 . 4 . ) . 

Paper chromatography of CAS (Sigma C h e m i c a l s ) , showed t h a t when 

a n e u t r a l spot of CAS dye was used, and d i l u t e n i t r i c a c i d used 

as the s o l v e n t , two d i s t i n c t components showed up, only one 

which was s e n s i t i v e t o metal i o n s . 

Using the p u r i f i e d CAS, a 10cm PEEK column was packed with 

PLRP-S r e s i n and coated using the same procedure as f o r X y l e n o l 

Orange. T h i s column showed a very high loading i n i t i a l l y , but 

unf o r t u n a t e l y , a l o t of the CAS bled o f f during c o n d i t i o n i n g 

with d i l u t e ammonia. The absorption measurements of the dye 

s o l u t i o n before and a f t e r c o a t i n g showed t h a t 82mg of CAS had 

been adsorbed onto the column. However, during c l e a n i n g 54mg 

ble d o f f l e a v i n g 28mg of CAS coated onto the r e s i n . 

Again very sharp peaks were obtained w i t h t h i s column, 

showing high e f f i c i e n c y . F i g u r e 13 shows a comparison of the 

peak shape with XAD-2 and PLRP-S s u b s t r a t e s coated w i t h CAS 

r e s p e c t i v e l y . There was a l s o a n o t i c e a b l e v a r i a t i o n of 

r e t e n t i o n times with pH, although t h i s was not as good as f o r 

the Xylenol Orange coated PLRP-S column. The v a r i a t i o n of 
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STANDARD. XYLENOL CHROME 
ORANGE AZUROL S 
COATED COATED 
PLRP-S. PLRP-S. 

Ba2* 10 >11 
Mg2* 9 11 
Sr^* 9 >11 
Ca2* 8 >11 
Mn̂ * 6 8 
Co^* 4 7 
Zn2* 4 7 
Cd2* 5 7 
Pb^* 4 6 
Ni2* 3 6 
Cu^* 2 5 

Table 7. pH re q u i r e d f o r complete r e t e n t i o n of 5ppm metal 
standards (lOppm f o r barium), on sm a l l p a r t i c l e 
s i z e dye-coated columns, u s i n g IM potassium n i t r a t e 
mobile phase. 
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F i g u r e 13. Comparison of peak shapes obtained f or i n j e c t i o n of 
Sppm Mn̂ * onto Chrome Azurol S coated XAD-2 ( l e f t ) , 
and PLRP-S s u b s t r a t e s a t pH3 i n IM KNOj. 
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r e t e n t i o n time with pH, a t i o n i c s t r e n g t h s of 0.2M and IM, are 

shown i n F i g u r e s 14 and 15 r e s p e c t i v e l y . At 0.2M i o n i c 

s t r e n g t h , the e f f e c t s of ion-exchange a t lower pH v a l u e s can 

again be seen, with barium e l u t i n g a f t e r magnesium and 

strontium. The c o r r e c t e l u t i o n order f o r c h e l a t i o n exchange i s 

not obtained a t 0.2M i o n i c s t r e n g t h , even a t pHlO, where 

magnesium e l u t e s c o r r e c t l y , but strontium i s cont i n u i n g t o 

e l u t e before barium. I t seems l i k e l y t h a t barium i s s t i l l h e l d 

on the column mainly by ion-exchange, as c h e l a t i n g exchange 

appears to be much weaker with t h i s CAS coated column. At IM 

i o n i c s t r e n g t h , the e l u t i o n order i s as expected as no i o n -

exchange should take p l a c e . 

The pH r e q u i r e d f o r the complete r e t e n t i o n of v a r i o u s metal 

ions i s shown i n Table 7. The a l k a l i n e e a r t h metals a r e not 

r e t a i n e d completely on t h i s column u n t i l p H l l or above, showing 

t h a t i t i s a much more weakly c h e l a t i n g dye i n comparison with 

Xylenol Orange. From Table 7, i t i s c l e a r t h a t we have prepared 

two d i s t i n c t l y d i f f e r e n t c h e l a t i n g type columns t h a t r e q u i r e 

very d i f f e r e n t pH v a l u e s f o r r e t e n t i o n . 

3.2,3. ISOCRATIC SEPARATIONS OF METAL IONS, 

The high e f f i c i e n c y coupled with the l a r g e v a r i a t i o n of 

r e t e n t i o n time with pH using s m a l l p a r t i c l e s i z e dye-coated 

columns shows the p o t e n t i a l f o r good s e p a r a t i o n s of d i v a l e n t 

metal i o n s . The s e p a r a t i o n p r o p e r t i e s of these columns were now 

i n v e s t i g a t e d i n more d e t a i l f o r v a r i o u s groups of metal i o n s . 

3.2,3,1. XYLENOL ORANGE DYE-COATED COLUMN, 

A complete s e p a r a t i o n of four a l k a l i n e e a r t h metals could be 

achieved. T h i s s e p a r a t i o n was p o s s i b l e i n both 0.2M and IM 

potassium n i t r a t e . A s e p a r a t i o n i n 0.2M potassium n i t r a t e was 

p o s s i b l e a t pH7.8, although the calcium peak i s q u i t e broad, as 

can be seen i n Figure 16. Magnesium, calcium, strontium and 
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Chrome A z u r o l S c o a t e d PLRPS column a t 0.2M i o n i c s t r e n g t h 

c 
01 

PH 
F i g u r e 14. V a r i a t i o n o f r e t e n t i o n t i m e w i t h pH f o r t h e Chrome 

A z u r o l S c o a t e d PLRP-S column a t 0.2M i o n i c 
s t r e n o t h . 
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A z u r o l S c o a t e d PLRP-S column a t IM i o n i c s t r e n g t h . 
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F i g u r e 16. Chromatogram showing t h e i s o c r a t i c s e p a r a t i o n o f 
lOppm Mĝ *, Ca^*, Sr^* and Ba^* i n 0.2M KNO3 a t pH7.8, 
u s i n g t h e X y l e n o l Orange c o a t e d column. 
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b a r i u m a r e c l e a r l y s e p a r a t e d i n IM po t a s s i u m n i t r a t e a t pH7.7, 

as shown i n F i g u r e 17. The e f f e c t o f i o n i c s t r e n g t h can a l s o be 

seen i n comparison, where t h e r e t e n t i o n t i m e s a r e much l o w e r a t 

t h e h i g h e r IM i o n i c s t r e n g t h , due t o t h e ion-exchange s i t e s 

p r e s e n t c o n t a i n i n g K* from t h e e l u e n t . I n g e n e r a l , peaks become 

br o a d e r , and t a i l i n g o c c u r s w i t h i n c r e a s i n g r e t e n t i o n t i m e . 

T h i s i s due t o t h e k i n e t i c s o f t h e d i s s o c i a t i o n o f t h e m e t a l 

c h e l a t e s . I n g e n e r a l , t h e f o r m a t i o n o f m e t a l c h e l a t e s a r e much 

f a s t e r t h a n t h e i r d i s s o c i a t i o n depending on t h e e q u i l i b r i u m 

c o n s t a n t s . Peaks broaden w i t h r e t e n t i o n t i m e w i t h i o n 

chromatography. However, t h i s e f f e c t i s much more pronounced 

w i t h c h e l a t i n g ion-exchange as r e a c t i o n k i n e t i c s a r e s l o w e r i n 

comparison. 

The X y l e n o l Orange dye-coated column p r o v e d t o be i d e a l f o r 

t h e s e p a r a t i o n o f a l k a l i n e e a r t h m e t a l s . From t h e l i t e r a t u r e so 

f a r , t h e s e p a r a t i o n i l l u s t r a t e d ( F i g u r e 17) i s t h e f i r s t 

p u b l i s h e d h i g h performance s e p a r a t i o n on a dy e - c o a t e d 

s u b s t r a t e . However, i t can a l s o be used t o s e p a r a t e more 

s t r o n g l y c h e l a t i n g m e t a l i o n s by l o w e r i n g t h e pH o f t h e e l u e n t . 

A complete s e p a r a t i o n o f cadmium and l e a d a t pH2.5 i s shown i n 

F i g u r e 18. The peaks a r e sharp showing t h a t t h e e f f i c i e n c y o f 

t h i s column remains h i g h . 

3.2.3.2. XYLENOL ORANGE DYE-COATED lOum. 4000A PLRP-S COLUMN, 

T h i s column was b r i e f l y i n v e s t i g a t e d t o see whether t h e p o r e 

s i z e has any g r e a t e f f e c t on t h e c h e l a t i n g and s e p a r a t i n g 

p e r f o r m a n c e . On c o a t i n g , t h e l o a d i n g was much l o w e r compared 

w i t h t h e S/iin, lOOA X y l e n o l Orange c o a t e d PLRP-S column. Between 

20 and 30mg were adsorbed o n t o t h e r e s i n , and 2 t o 3mg b l e d o f f 

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

W i t h t h e a l k a l i n e e a r t h m e t a l s , t h e b e s t s e p a r a t i o n t h a t 

c o u l d be a c h i e v e d was a t pH8.3, and i s shown i n F i g u r e 19. I t 
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F i g u r e 17. Chromatogram showing i s o c r a t i c s e p a r a t i o n o f lOppm 
Mg^\ and Ba^* i n IM KNOj a t pH7.7, u s i n g 
X y l e n o l Orange d y e - c o a t e d column. 
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F i g u r e 18. Chromatogram showing i s o c r a t i c s e p a r a t i o n o f 5ppm 
Cd^* and lOppm Pb^* i n IM KNOj a t pH2.5, u s i n g X y l e n o l 
Orange dye - c o a t e d column. 
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F i g u r e 19. Chromatogram showing t h e b e s t i s o c r a t i c s e p a r a t i o n 
o f f o u r a l k a l i n e e a r t h m e t a l s i n IM KNOj a t pH8.3 
u s i n g t h e X y l e n o l Orange c o a t e d 4 000A PLRP-S column. 
C o n c e n t r a t i o n s were a l l lOppm. 
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can be seen t h a t b a r i u m and s t r o n t i u m a r e v i r t u a l l y s e p a r a t e d , 

b u t magnesium and c a l c i u m c o u l d n o t be f u l l y r e s o l v e d , 

s u g g e s t i n g t h a t t h e e f f i c i e n c y o f t h i s column i s l o w e r . For 

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

cadmium and l e a d a t pH3 was a c h i e v e d , as shown i n F i g u r e 20. 

I n c r e a s i n g t h e e l u e n t pH s l i g h t l y t o pH3.2 e n a b l e d a s e p a r a t i o n 

o f cadmium, z i n c and l e a d t o be o b t a i n e d , as shown i n F i g u r e 

2 1 . 

T h i s column appears t o be more weakly c h e l a t i n g t h a n t h e lOOA 

column, as i n a l l cases t h e pH r e q u i r e d f o r a s e p a r a t i o n i s 

h i g h e r . T h i s c o u l d be due t o t h e much l a r g e r pore s i z e o f 

4000A. M e t a l i o n s may e a s i l y pass i n and o u t o f t h e s e p o r e s 

w i t h o u t r e a c t i n g w i t h c h e l a t i n g groups p r e s e n t on t h e pore 

s u r f a c e . T h i s c o u l d a l s o be due t o t h e l o w e r l o a d i n g , as w e l l 

as t h e s l i g h t l y l a r g e r p a r t i c l e s i z e . 

3.2.3.3. CHROME A2UR0L S DYE-COATED COLUMN. 

T h i s column was co a t e d w i t h r e c r y s t a l l i s e d CAS. The 

f u n c t i o n a l groups a r e more weakly c h e l a t i n g i n comparison w i t h 

X y l e n o l Orange. T h i s can be seen i n Ta b l e 8 which shows a 

s e l e c t i o n o f s t a b i l i t y c o n s t a n t s f o r complexes o f some m e t a l 

i o n s w i t h X y l e n o l Orange, Chrome A z u r o l S and C a l m a g i t e . 

L i t e r a t u r e v a l u e s a v a i l a b l e f o r comparison a r e l i m i t e d , 

however, i t can be seen t h a t X y l e n o l Orange forms a much 

s t r o n g e r c h e l a t e w i t h Fe^* t h a n Chrome A z u r o l S. Ca l m a g i t e forms 

a s t r o n g e r c h e l a t e w i t h Cu^* compared w i t h Chrome A z u r o l S, b u t 

a l k a l i n e e a r t h complexes a r e s l i g h t l y weaker compared w i t h 

X y l e n o l Orange. From t h e e x p e r i m e n t a l r e s u l t s ( T a b l e s 4 t o 7) 

i n v o l v i n g t h e r e q u i r e d pH f o r r e t e n t i o n i t i s c l e a r t h a t t h e 

c h e l a t i n g power f o l l o w s t h i s p a t t e r n . I t i s i n t e r e s t i n g t o n o t e 

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

r e t e n t i o n f o r a l k a l i n e e a r t h m e t a l s w i t h X y l e n o l Orange i s 
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F i g u r e 20. Chromatpgram showing t h e i s o c r a t i c s e p a r a t i o n o f 
5ppm Cd^* and lOppm Pb^* i n IM K N O 3 a t pH3 u s i n g t h e 
X y l e n o l Orange c o a t e d 4000A PLRP-S column. 
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F i g u r e 2 1 . Chromatogram showing t h e i s o c r a t i c s e p a r a t i o n o f 
Sppm Cd^* and Zn^* and 20ppin Pb^* i n IM KNOj a t pH3.2 
u s i n g t h e X y l e n o l Orange c o a t e d 4 000A PLRP-S column. 
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METAL ION. XYLENOL 
ORANGE. 
(L* ) , 

CHROME 
AZUROL S. 

( L * ) . 

CALMAGITE. 
( L ^ ) . 

Mg2*. 9.02^118) N.A. 8.l''5 
Ca2* 8.65^(118) N.A. 
Sr2* 7.71^118) N.A. N.A. 
Ba2* 6.67^(118) N.A. N.A. 
Cu2* N.A. 13.7^(120) 21.70^(121) 
Fe^* 39.80^(119) 20.2*(120) N.A. 
Zn^* N.A. N.A. 12.52^(121) 
Pb^* N.A. N.A. 12.90^(121) 
Ni^* N.A. N.A. 21.63^(121) 
Co2* N.A. N.A. 21.03'(121) 
Cd^* N.A. N.A. 12.59^(121) 

Notes 

^ - For t h e r e a c t i o n M̂ * + L*̂" ^ ML'** . 

2 - For t h e r e a c t i o n 2Fe^* + L*' 

^ - For t h e r e a c t i o n M̂ * + L̂ ' 

^ - For t h e r e a c t i o n 2Cu^* + L̂ " 

and 2Fe^* + L̂ " 

^ - Unknown source. 

N.A. - Not a v a i l a b l e . 

FejL . 
5 ^ ML" . 

— Cu^L 
=^ FejL^* . 

Tab l e 8. A s e l e c t i o n o f s t a b i l i t y c o n s t a n t s ( l o g K) f o r m e t a l 
complexes w i t h X y l e n o l Orange, Chrome A z u r o l S and 
Cal m a g i t e . 
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d i f f e r e n t t o t h o s e o b t a i n e d e x p e r i m e n t a l l y . Magnesium s h o u l d be 

r e t a i n e d more t h a n c a l c i u m , however t h i s d i d n o t o c c u r . T h i s 

c o u l d be due t o t h e f a c t t h a t t h e Mĝ * i o n i s l a r g e r i n s i z e due 

t o i t s l a r g e r h y d r a t i o n s h e l l . The v a l u e s f o r C a l m a g i t e show 

t h e g e n e r a l t r e n d , as m e t a l s such as n i c k e l and copper f o r m 

s t r o n g c h e l a t e s and a l k a l i n e e a r t h m e t a l s form weaker c h e l a t e s 

i n comparison. 

T h i s column proved t o be t o o weakly c h e l a t i n g f o r any 

s e p a r a t i o n o f f o u r a l k a l i n e e a r t h m e t a l s t o be a c h i e v e d . 

However, a t pHlO, c a l c i u m c o u l d be s e p a r a t e d from b a r i u m as 

shown i n F i g u r e 22. Magnesium and s t r o n t i u m would n o t be f u l l y 

r e s o l v e d f r o m c a l c i u m and b a r i u m a t t h i s pH. W i t h more s t r o n g l y 

c h e l a t i n g m e t a l s , a complete s e p a r a t i o n o f cadmium and l e a d a t 

pH4 c o u l d be ac h i e v e d , as shown i n F i g u r e 23. A h i g h e r pH i n 

comparison w i t h X y l e n o l Orange i s r e q u i r e d f o r t h i s s e p a r a t i o n 

as CAS c o n t a i n s a weaker c h e l a t i n g group. The peaks a r e v e r y 

s h a r p , showing t h a t t h e e f f i c i e n c y o f t h i s column i s h i g h . 

3,3. COMMERCIAL CHELATING COLUMNS. 

Two c o m m e r c i a l l y a v a i l a b l e columns were i n v e s t i g a t e d f o r 

t h e i r c h e l a t i n g and s e p a r a t i n g a b i l i t y t o w a r d s d i v a l e n t m e t a l 

i o n s . These columns were t h e TOSOH TSK-GEL C h e l a t e 5-PW, and 

t h e Dionex MetPac CC-1. Both o f t h e s e column s u b s t r a t e s a r e o f 

s m a l l p a r t i c l e s i z e and c o n t a i n c h e m i c a l l y bonded i m i n o d i a c e t i c 

a c i d f u n c t i o n a l g r oups, which a r e s t r o n g l y c h e l a t i n g . 

I n t e r e s t i n g l y t h e TOSOH column i s m a n u f a c t u r e r e d f o r h i g h 

performance a f f i n i t y chromatography o f b i o m o l e c u l e s . X y l e n o l 

Orange used as a c h e l a t i n g dye, c o n t a i n s t h e same i m i n o d i a c e t i c 

a c i d f u n c t i o n a l groups as t h e s e commercial columns. The 

s t r u c t u r e o f X y l e n o l Orange i s shown i n F i g u r e 7. 
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F i g u r e 22. Chromatogram showing t h e i s o c r a t i c s e p a r a t i o n o f 
2ppm Ca^* and Ba^* a t pHlO u s i n g t h e Chrome A z u r o l S 
co a t e d column. 
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F i g u r e 23. Chromatogram showing i s o c r a t i c s e p a r a t i o n o f Sppm 
Cd^* and lOppm Pb-̂ * i n IM KNOj a t pH4, u s i n g Chrome 
A z u r o l S d y e - c o a t e d column. 
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3.3.1. TOSOH COLUMN. 

The i n v e s t i g a t i o n i n v o l v e d an i n i t i a l s t u d y t o d e t e r m i n e t h e 

c h e l a t i n g power, f o l l o w e d by a more d e t a i l e d s t u d y i n t o t h e 

s e p a r a t i n g a b i l i t y , and f i n a l l y a comparison was made w i t h t h e 

c h e l a t i n g d ye-coated columns. 

3.3.1.1. I N I T I A L INVESTIGATIONS. 

A s i m i l a r s e t o f ex p e r i m e n t s t o t h o s e d e s c r i b e d f o r dye-

co a t e d columns was c a r r i e d o u t . T h i s i n v o l v e d d e t e r m i n i n g t h e 

pH r e q u i r e d t o c o m p l e t e l y r e t a i n a range o f m e t a l i o n s . The 

r e s u l t s o b t a i n e d a r e shown i n Table 9. I t can be s6en t h a t t h e 

TOSOH column and t h e X y l e n o l Orange dye- c o a t e d column, w h i c h 

c o n t a i n t h e same i m i n o d i a c e t i c a c i d f u n c t i o n a l c h e l a t i n g 

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

e n c o u r a g i n g r e s u l t demonstrated t h a t t h e m e t a l c h e l a t i o n was as 

s t r o n g f o r t h e dye-coated column as f o r t h e commercial column. 

3.3.1.2. ISOCRATIC SEPARATIONS. 

As e x p e c t e d , due t o t h e s m a l l p a r t i c l e s i z e (lO/xm) , peaks 

were much s h a r p e r , and e f f i c i e n c y h i g h e r t h a n l a r g e p a r t i c l e 

s i z e d y e - c o a t e d columns, e n a b l i n g some m e t a l i o n s e p a r a t i o n s t o 

be a c h i e v e d . U s i n g t h e Cal m a g i t e post-column r e a g e n t , and a 

0.2M p o t a s s i u m n i t r a t e e l u e n t , F i g u r e 24 shows a s e p a r a t i o n o f 

manganese, c o b a l t and z i n c a t pH2.5. I n c r e a s i n g t h e e l u e n t pH 

t o 4 ena b l e d a s e p a r a t i o n o f magnesium and manganese t o be 

o b t a i n e d and t h i s i s shown i n F i g u r e 25. The i m i n o d i a c e t i c a c i d 

c h e l a t i n g groups a r e v e r y s t r o n g l y c h e l a t i n g t o w a r d s m e t a l 

i o n s , as copper i s c o m p l e t e l y r e t a i n e d a t pH2. F i g u r e 26 shows 

a s e p a r a t i o n o f n i c k e l , i r o n ( I I I ) and copper a t a low pH o f 1. 

Here, even copper does n o t e l u t e o f f t h e column u n t i l n e a r l y 

t e n m i n u t e s a f t e r i n j e c t i o n . 

To ena b l e a l k a l i n e e a r t h m e t a l s t o be s t u d i e d , t h e PAR-ZnEDTA 

post - c o l u m n d e t e c t i o n system was used. The TOSOH column used 
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STANDARD. TOSOH 

COLUMN. 

XYLENOL 
ORANGE 
COATED 
PLRP-S. 

CHROME 
AZUROL S 
COATED 
PLRP-S. 

Ba2* 9 10 >11 
Mg2* 9 9 11 
Sr2* 8 9 >11 
Ca2* 7 8 >11 
Mn̂ * 6 6 8 
Co'* 4 4 7 
Zn'* 4 4 7 
Cd2* 4 5 7 
Pb^* 3 4 6 
Ni^* 3 3 6 
Cu2* 2 2 5 

Tab l e 9. pH r e q u i r e d f o r complete r e t e n t i o n o f 5ppm m e t a l 
s t a n d a r d s (lOppm f o r b a r i u m ) , w i t h s m a l l p a r t i c l e 
s i z e columns, u s i n g IM p o t a s s i u m n i t r a t e m o b i l e 
phase. 
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F i g u r e 24. Chromatogram showing the i s o c r a t i c s e p a r a t i o n of 
lOppm Mn̂ *, Co^* and 20ppin Zn^* i n 0.2M KNOj a t pH2.5, 
us i n g the o l d TOSOH column with Calmagite p o s t -
column reagent. 
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F i g u r e 25 Chromatoqrajn showing the i s o c r a t i c s e p a r a t i o n of 
lOppm Mg^ and Mn̂ * i n 0.2M KNOj a t pH4, u s i n g the o l d 
TOSOH column with Calmagite post-column reagent. 
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F i g u r e 26 Chromatoqram showing the i s o c r a t i c s e p a r a t i o n of 
lOppm N i ^ and Fe^* and 20ppin Cu^* i n 0.2M KNOj a t pHl, 
using the o l d TOSOH column with Calmagite p o s t -
column reagent. 
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here was new, as the o l d column had s e r i o u s l y d e t e r i o r a t e d from 

previous use with concentrated b r i n e s . T h i s could be due_^o 

h i g h l y a c i d i c or a l k a l i n e media s l o w l y causing d e t e r i o r a t i o n of 

the s u b s t r a t e . Figure 27 shows a s e p a r a t i o n of magnesium, 

strontium and barium i n IM potassium n i t r a t e a t pH7.3. However, 

due to the s l i g h t l y stronger c h e l a t i o n with t h i s column, 

compared to the Xylenol Orange coated column, c a l c i u m was 

completely r e t a i n e d a t t h i s pH. Also, the e l u t i o n order i s 

d i f f e r e n t , as strontium shows a longer r e t e n t i o n time than 

magnesium. T h i s i n d i c a t e s t h a t s u r f a c e c h e l a t i o n can produce 

unexpected r e t e n t i o n behaviour when compared with the order of 

c o n d i t i o n a l s t a b i l i t y c onstants i n s o l u t i o n . The Mĝ * i s a s m a l l 

ion i n comparison once i t has l o s t a l l or p a r t of i t s h y d r a t i o n 

s h e l l and may not be t o t a l l y adsorbed i n t o the l a r g e lOOOA 

pores. 

By reducing the eluent pH, f u r t h e r s e p a r a t i o n s of more 

s t r o n g l y c h e l a t i n g metals could be obtained. Figure 28 shows an 

e x c e l l e n t s e p a r a t i o n of manganese, z i n c , cadmium and l e a d i n IM 

potassium n i t r a t e a t pH2,2. Lead i s c l e a r l y separated from z i n c 

as i t forms a stronger c h e l a t e . On comparison with the 

s e p a r a t i o n s obtained with the Xylenol Orange column, i t i s 

p a r t i c u l a r l y encouraging to f i n d t h a t the e f f i c i e n c y of the 

coated column approaches t h a t of the commercial c h e l a t i n g 

column. 

3,3.2. DIONEX MetPac CC-1 COLUMN. 

Table 10 shows the pH r e q u i r e d f o r complete r e t e n t i o n of a 

range of metal ions on t h i s column using Calmagite as the p o s t -

column reagent. I t can be seen t h a t the a f f i n i t y of the column 

s u b s t r a t e towards metal ions i s s i m i l a r , and as strong i n most 

c a s e s as the TOSOH column. However, f o r magnesium, and some of 

the t r a n s i t i o n metals, the c h e l a t i o n appears t o be s t r o n g e r . 
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Figure 27. Chromatogram showing i s o c r a t i c s e p a r a t i o n of Sppm 
Mĝ *, and lOppm Sr^*, and Ba^* i n IM KNO3 a t pH7.3, 
using the TOSOH column with PAR-ZnEDTA post-column 
reagent. 
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F i q u r e 28. Chromatogram showing i s o c r a t i c s e p a r a t i o n of lOppm 
Mn2% Cd^*, Zn^\ and 20ppin Pb^* i n IM KNOj a t pH2.2, 
us i n g the TOSOH column with PAR-ZnEDTA post-column 
reagent. 
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STANDARD. TOSOH COLUMN. MetPac COLUMN. 
9 6 
6 4 

Co'* 4 3 
Zn^* 4 3 
Ni2* 3 3 
Cu^* 2 2 

2 2 

Table 10. pH re q u i r e d f o r complete r e t e n t i o n of lOppm standard 
on the commercial TOSOH and MetPac columns, u s i n g IM 
KNO, mobile phase. 
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T h i s column was i n v e s t i g a t e d f o r the s e p a r a t i o n of a l k a l i n e 

e a r t h metals using PAR-ZnEDTA post-column reagent, a t 0.2M Sffid 

IM i o n i c s t r e n g t h . At the higher IM i o n i c s t r e n g t h , peaks were 

sharper as expected. There was a s l i g h t d i f f e r e n c e i n r e t e n t i o n 

times, and thus the e l u t i o n order could be seen. By pH4, 

magnesium e l u t e s through very s l i g h t l y , and calcium, strontium, 

and barium are v i r t u a l l y r e t a i n e d on the column. An i n t e r e s t i n g 

f i n d i n g i s t h a t the e l u t i o n order changes with i o n i c s t r e n g t h . 

From 0.2M t o IM potassium n i t r a t e , the e l u t i o n order changes 

from Ba^* > Ca^* > Sr^* > Mĝ *, to ca^* > Sr^* > Ba^* > Mĝ * 

r e s p e c t i v e l y . I t i s considered t h a t a t a lower i o n i c s t r e n g t h 

barium i s held on the column mainly by ion-exchange and t h i s 

e f f e c t can be seen a t pH3.5. 

The MetPac column i s s p e c i f i c a l l y manufactured f o r the 

prec o n c e n t r a t i o n of metal ions, as i t has a very high c h e l a t i o n 

c a p a c i t y of 0.7 mequil ml'\ A n a l y t i c a l s e p a r a t i o n s could not 

be achieved here mainly because of the s h o r t column length of 

5cm, however, the a c t u a l p a r t i c l e s i z e i s unknown but i t may be 

r e l a t i v e l y l a r g e as i t i s only manufactured f o r 

prec o n c e n t r a t i o n and not f o r the s e p a r a t i o n of metal i o n s . 

3,4. POST-COLUMN DETECTION SYSTEMS. 

I n g e n e r a l , four post-column reagents were employed, 

depending on the group of metal ions t h a t had t o be det e c t e d . 

These reagents were prepared using previous r e c i p e s , except f o r 

the PAR-ZnEDTA post-column reagent system which was optimized. 

A l l these systems detected t r a c e metal ions by a change i n 

absorbance i n the v i s i b l e range, due to the formation of a 

complex with the metal ion being detected. 

3.4.1. CALMAGITE. 

Calmagite was used f o r the d e t e c t i o n of d i v a l e n t t r a n s i t i o n 
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metals and a l s o magnesium, however, i t does not r e a c t with 

calcium, strontium and barium. A decrease i n absorbance was 

monitored a t 610nm. T h i s tends to be a disadvantage as by 

measuring a decrease i n absorbance, the b a s e l i n e tends to be 

noisy, due to the high background l e v e l s . F i g u r e 29 shows the 

absorbance spectrum of Calmagite, together w i t h the absorbance 

spectrum of Calmagite-zinc complex. I n t h i s run the wavelength 

of maximum absorbance f o r Calmagite was 607nm, and when 

complexed with z i n c , changed to 550.5nm. 

3.4.2. PAR AND PAR-ZnEDTA. 

The d e t e c t i o n system using PAR or PAR-ZnEDTA i s more 

s e n s i t i v e than Calmagite, mainly because an i n c r e a s e i n 

absorbance i s being measured r a t h e r than a decrease, l e a d i n g to 

a lower background noise l e v e l . PAR alone does not r e a c t w e l l 

w i t h the a l k a l i n e e a r t h metals, however t h i s i s advantageous 

when determining t r a c e metals i n sea waters, which c o n t a i n high 

l e v e l s of magnesium and calcium. F i g u r e 30 shows the absorbance 

spectrum of PAR, together w i t h the absorbance spectrum of PAR-

z i n c complex. I n both c a s e s t h e r e i s a l a r g e absorbance a t 

around 415nm, but when complexed with z i n c the absorbance 

monitored a t 490nm, i n c r e a s e s . I n t h i s run the wavelength of 

maximum absorbance was 487nm. 

The PAR-ZnEDTA post-column r e a c t i o n system was i n v e s t i g a t e d , 

to enable the a l k a l i n e e a r t h metals t o be s t u d i e d . The a d d i t i o n 

of ZnEDTA to PAR enables a metal displacement r e a c t i o n t o occur 

as d e s c r i b e d i n S e c t i o n 1.6.1. Calmagite only r e a c t s with 

magnesium, and although a Calmagite-MgEDTA system would enable 

the d e t e c t i o n of a l l the a l k a l i n e e a r t h metals, i t would be 

l e s s s e n s i t i v e as a decrease i n absorbance i s being measured. 

I t was decided to optimize the PAR-ZnEDTA d e t e c t i o n system. 

Using equal c o n c e n t r a t i o n s of PAR and ZnEDTA (4 x lO'^M) gave 
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F i g u r e 29. Absorbance s p e c t r a of Calmagite and C a l m a g i t e - z i n c 
complex. 
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Fig u r e 30. Absorbance s p e c t r a of PAR and PAR-zinc complex 
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only a s l i g h t response for magnesium and calcium, and none f o r 

strontium and barium. On i n c r e a s i n g the co n c e n t r a t i o n s of PAR 

and ZnEDTA to 2 x lO'̂ M and ammonia to 2M, with 0.2M potassium 

n i t r a t e e l u e n t , a colour change occurred a t room temperature 

but the r e a c t i o n r a t e was very slow. On heating, the c o l o u r 

fades completely, but r e t u r n s on c o o l i n g . Various r a t i o s of 

PAR, ZnEDTA and ammonia were then t r i e d with a l l four metals. 

When a s i g n i f i c a n t excess of ZnEDTA was used a f a s t r e a c t i o n 

occurred a t room temperature f or magnesium and calcium, with 

strontium and barium t a k i n g around ten seconds to Complete. On 

heating, the mixture faded very l i t t l e . T h i s post-column 

reagent mixture subsequently used (see Experimental S e c t i o n 

2.3.2.) was prepared using the acquired component r a t i o . 

When t h i s PAR-ZnEDTA d e t e c t o r was t e s t e d on the ion 

chromatography system very good response and s e n s i t i v i t y was 

obtained f o r a l l four a l k a l i n e e a r t h metals a t room 

temperature. I n c r e a s i n g the column temperature to 30"C improved 

s e n s i t i v i t y s l i g h t l y , however on hea t i n g to 60*C, the response 

f o r strontium and barium was much poorer. The post-column 

reagent mixture i s complex, and i t seems t h a t e q u i l i b r i u m 

c o n s t a n t s are changing with temperature, as t h i s i s a f f e c t i n g 

the s e n s i t i v i t y , e s p e c i a l l y f o r strontium and barium. Colour 

changes were gradual, showing t h a t the k i n e t i c s of the metal 

displacement r e a c t i o n i s slow. However, adding an ex c e s s of 

ZnEDTA i n the post-column reagent, seems t o g r e a t l y reduce t h i s 

e f f e c t , as i t could be a c t i n g as a c a t a l y s t . T h i s has been 

found i n other s t u d i e s where some i m p u r i t i e s , e s p e c i a l l y 

copper, can a c t as a c a t a l y s t f o r the metal displacement 

r e a c t i o n (122) . 

The absorbance spectrum of PAR-ZnEDTA together with PAR-

ZnEDTA-Ca^* mixture i s shown i n Fig u r e 31. Again as with PAR, 
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Figure 31. Absorbance s p e c t r a of PAR-ZnEDTA and PAR-ZnEDTA-
calciu m mixture. 
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t h e r e i s a high absorbance around 415nm, but t h i s i s reduced 

when another metal ion i s introduced. The wavelength a t which 

maximum absorbance i s reached when calcium i s added i s 489nm. 

T h i s i n e f f e c t i s due to the formation of ZnPAR, v i a the metal 

displacement r e a c t i o n . T h i s i s explained i n S e c t i o n 1.6.1. 

Using the Dionex s p e c t r a l a r r a y d e t e c t o r , and the CAS coated 

PLRP-S column, a range of metal ions were i n j e c t e d u s i n g PAR 

and PAR-ZnEDTA post-column reagents. These metal ions were 

i n j e c t e d a t a pH where they e l u t e through the column, and u s i n g 

the s p e c t r a l a r r a y software, the absorbance s f j e c t r a were 

obtained f o r each metal ion. Table 11 shows the wavelength of 

maximum absorbance with a range of metal ions, with both PAR 

and PAR-ZnEDTA post-column reagents. I t can be seen t h a t c o b a l t 

and copper appear not to r e a c t v i a the metal displacement 

r e a c t i o n with PAR-ZnEDTA. With PAR alone, monitoring a t 490nm, 

the s e n s i t i v i t y f o r lead, and p a r t i c u l a r l y i r o n ( I I I ) would be 

reduced as they form a complex with PAR with maximum absorbance 

s i g n i f i c a n t l y higher than 490nm. 

3.4.3. PYROCATECHOL VIOLET. 

T h i s post-column reagent was used f o r the d e t e c t i o n of 

t r i v a l e n t metal ions, and i t i s a very s e n s i t i v e reagent f o r 

the d e t e c t i o n of aluminium. An i n c r e a s e i n absorbance was 

monitored a t 580nm, as the wavelength of maximum absorbance f o r 

aluminium, g a l l i u m and indium were c l o s e to 580nm. Table 12 

shows the wavelength of maximum absorbance with F>yrocatechol 

V i o l e t post-column reagent f o r a range of t r i v a l e n t metal i o n s , 

which were experimentally determined. F i g u r e 32 shows the 

absorbance spectrum of Pyrocatechol V i o l e t , together with 

Pyrocatechol Violet-aluminium complex. The wavelength of 

maximum absorbance f o r the Pyrocatechol Violet-aluminium 

complex was 582nm. 
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METAL ION. PAR. PAR-ZnEDTA. 
Mg2* - 492 
Ca^* - 492 
Sr^* - 492 
Ba2* - 492 
Mn2* 498 495 
Co2* 505 504 
Zn^* 492 491 
Ni2* 488 488 
Cu2* 505 503 
Cd2* 493 492 
Pb2* 510 490 
Fe^* 530 -

Table 11. Wavelength (nm) where maximum absorbance occurs f o r 
metal complexes with PAR and PAR-ZnEDTA post-column 
reagents. 
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METAL ION. WAVELENGTH. 
Al^* 582 
Ga'* 581 
in^* 576 
Fe^* 606 
Bi^* 614 

Table 12. Wavelength (nm) where maximum absorbance occurs f o r 
metal complexes with Pyrocatechol V i o l e t post-column 
reagent. 
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F i g u r e 32. Absorbance s p e c t r a of Pyrocatechol V i o l e t and 
Pyrocatechol Violet-aluminium complex. 
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3 . 4 . 4 . CHROME AZUROL S. 
T h i s post-column reagent was i n v e s t i g a t e d f o r i t s p o t e n t i a l 

i n the d e t e c t i o n of t r i v a l e n t metal i o n s . The post-column 

reagent mixture does not r e a c t much with copper, w h i l s t copper 

does r e a c t s i g n i f i c a n t l y with Pyrocatechol V i o l e t , l e a d i n g to 

i n t e r f e r e n c e with t r i v a l e n t metal ions, as copper forms strong 

c h e l a t e s . A problem however, was t h a t CAS tends to form a 

c o l l o i d a l l a k e with some t r i v a l e n t metals, and the tubing can 

become coated with CAS le a d i n g to contamination. An i n c r e a s e i n 

absorbance was monitored a t 546.5nm. F i g u r e 33" shows the 

absorbance spectrum of CAS together with CAS-aluminium complex. 

The wavelength a t which maximum absorbance occurred f o r the 

CAS-aluminium complex was 546.Onm. 

3.5, GRADIENT AND STEP GRADIENT ELUTION. 

Since pH i s a major c o n t r o l l i n g f a c t o r on the s t a b i l i t y of 

metal c h e l a t e s , g r a d i e n t e l u t i o n should enable a l a r g e r range 

of metal ions to be separated i n a s i n g l e i n j e c t i o n . With 

i s o c r a t i c and gr a d i e n t e l u t i o n , the metal ions are e l u t e d i n 

the order of i n c r e a s i n g c h e l a t e s t r e n g t h but r e t e n t i o n times 

become very long a f t e r about four metals. By reducing the pH 

however, the c o n d i t i o n a l s t a b i l i t y c o n s t a n t s of the metal 

c h e l a t e s w i l l change. T h i s w i l l allow more s t r o n g l y c h e l a t i n g 

metal ions such as copper to be separated and e l u t e d much more 

q u i c k l y . Gradient e l u t i o n a l s o has the advantage t h a t l a t e r 

e l u t i n g peaks become much sharper due to peak compression. 

However, a problem arose when usi n g a descending pH g r a d i e n t 

with c h e l a t i n g columns as metal i m p u r i t i e s tended t o be 

preconcentrated a t the s t a r t i n g pH. As the pH drops, t h e s e 

i m p u r i t i e s e l u t e d o f f the column causing l a r g e peaks f o r a 

blank run. T h i s was l a r g e l y overcome by usi n g a clean-up 
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Figure 33- Absorbance s p e c t r a of Chrome Azurol S and Chrome 
Azurol S-aluminium complex. 
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column, e i t h e r o n - l i n e or o f f - l i n e . Metal ion s e p a r a t i o n s u s i n g 

g r a d i e n t or step gradient e l u t i o n were i n v e s t i g a t e d on both the 

dye-coated and commercial c h e l a t i n g column. 

3.5.1. CLEAN-UP COLUMNS, 

S e v e r a l clean-up columns were i n v e s t i g a t e d f o r removing metal 

i m p u r i t i e s from e l u e n t s and b u f f e r s . An o n - l i n e clean-up 

column, which could be switched' o f f - l i n e during the a n a l y t i c a l 

s e p a r a t i o n was s t u d i e d . T h i s was the Xylenol Orange coated XAD-

2 column employed i n the i n i t i a l s t u d i e s , and placed before the 

i n j e c t i o n v a l v e . T h i s o n - l i n e system was p a r t i a l l y s u c c e s s f u l 

i n removing metal i m p u r i t i e s i n the e l u e n t . Some problems arose 

i n t h a t during the a n a l y t i c a l s e p a r a t i o n the column had t o be 

switched o f f l i n e , and from t h i s time some metal i m p u r i t i e s , 

p a r t i c u l a r l y s t r o n g l y c h e l a t i n g metals such as copper, can 

b u i l d up on the column. Both the clean-up column and the 

a n a l y t i c a l column a c t as a pH b u f f e r . T h i s i s p a r t i c u l a r l y 

pronounced when the pH i s i n c r e a s e d before another i n j e c t i o n . 

T h i s b u f f e r i n g e f f e c t i s due to the SO3* groups to some exte n t , 

but mostly due to the carboxyl, COO', groups which a r e weakly 

a c i d i c . To completely e q u i l i b r a t e both columns to the r e q u i r e d 

pH could take a long period of time, e s p e c i a l l y i f the e l u e n t 

i s c l o s e to pH7. 

An o f f - l i n e clean-up system was then i n v e s t i g a t e d . Two 

b u r e t t e s were packed with Chelex-100 c h e l a t i n g r e s i n which 

c o n t a i n s i m i n o d i a c e t i c a c i d c h e l a t i n g groups, and D u o l i t e ES467 

ion-exchange r e s i n which c o n t a i n s aminophosphonic a c i d 

complexing groups, and fed by g r a v i t y . These columns 

s u c c e s s f u l l y removed v i r t u a l l y a l l common metal i m p u r i t i e s from 

the e l u e n t , found by blank runs and by i n j e c t i n g the e l u e n t as 

the sample on the c h e l a t i o n ion chromatography system. However 

when the cleaned e l u e n t s were used, d r a s t i c changes i n b a s e l i n e 
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l e v e l occurred with d i f f e r e n t pH e l u e n t s . Some form of 

contamination had occurred, as the PAR-ZnEDTA post-column 

reagent became s a t u r a t e d , producing an extremely high 

absorbance a t 490nm. I t seems l i k e l y t h a t some of the c h e l a t i n g 

groups attached to the s u b s t r a t e have become detached and 

entered the cleaned eluent, as a l l the contamination could not 

j u s t be due to high l e v e l s of metal i o n s . C h e l a t i n g groups i n 

the cleaned e l u e n t would s i g n i f i c a n t l y a f f e c t the PAR-ZnEDTA 

post-column reagent, as t h i s i s a complex system, c o n t a i n i n g 

many d i f f e r e n t e q u i l i b r i a . 

The most s u c c e s s f u l clean-up system involved pumping the 

el u e n t through a Xylenol Orange coated XAD-2 column o f f l i n e . 

V i r t u a l l y a l l the metal i m p u r i t i e s were removed from the 

el u e n t , and a l s o the b a s e l i n e proved t o be very s t a b l e . There 

was however, a s l i g h t bleeding of the dye, which was n o t i c e a b l e 

due t o the purple t i n g e i n a l k a l i n e c o n d i t i o n s , although t h i s 

d i d not seem to i n t e r f e r e with the a n a l y s i s . T h i s clean-up 

system was used to remove metal i m p u r i t i e s from e l u e n t s and 

b u f f e r s . The clean-up column was rec o n d i t i o n e d by e l u t i n g with 

0.2M n i t r i c a c i d a f t e r around 300cm' had been processed, t o 

ensure the column does not become s a t u r a t e d with adsorbed metal 

i o n s . 

3.5,2, GRADIENT ELUTION. 

Using a Dionex gr a d i e n t pump and the CAS coated PLRP-S 

column, the p o t e n t i a l of gr a d i e n t e l u t i o n t o se p a r a t e t r a c e 

metal ions was i n v e s t i g a t e d . A s e p a r a t i o n of cadmium, l e a d and 

copper i n IM potassium n i t r a t e was achieved and i s shown i n 

Figu r e 34. T h i s s e p a r a t i o n u t i l i z e d a g r a d i e n t from pH7 t o pH4 

over ten minutes to e l u t e cadmium, then a g r a d i e n t t o pHl.5 

over a f u r t h e r ten minutes to e l u t e and separate l e a d and 

copper. Using g r a d i e n t e l u t i o n , copper, which forms stron g 
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F i g u r e 34. Chromatogram showing s e p a r a t i o n of Sppm Cd^*, Cu^* and 
lOppm Pb^* i n IM KNOj using the Chrome Azurol S 
coated column and g r a d i e n t e l u t i o n . 
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c h e l a t e s can be separated from metals such as cadmium which 

form weaker c h e l a t e s i n comparison. Fi g u r e 35 shows the same 

se p a r a t i o n , but i n a s o l u t i o n a l s o c o n t a i n i n g lOOOppm magnesium 

i n the sample. These metals were completely separated from high 

c o n c e n t r a t i o n s of a l k a l i n e e a r t h metals, which form the weakest 

c h e l a t e s and e l u t e a t or near the s o l v e n t f r o n t . T h i s i s of 

p a r t i c u l a r i n t e r e s t for samples such as sea water which c o n t a i n 

high c o n c e n t r a t i o n s of magnesium and calcium. 

3.5.3. STEP GRADIENT ELUTION. 

Step g r a d i e n t e l u t i o n was i n v e s t i g a t e d i n more d e t a i l f o r the 

s e p a r a t i o n of v a r i o u s groups of metal i o n s . E l u e n t s of 

d i f f e r i n g pH were prepared, and switched a t the a p p r o p r i a t e 

time i n the a n a l y t i c a l run. A step g r a d i e n t produces a sharper 

drop i n pH than gradual g r a d i e n t s and i s more e f f e c t i v e a t 

overcoming the b u f f e r i n g a c t i o n of the column. Step g r a d i e n t 

e l u t i o n was i n v e s t i g a t e d with both of the c h e l a t i n g dye-coated 

columns and the commercial TOSOH column. 

3.5,3,1. CHROME AZUROL S DYE-COATED COLUMN. 

Figur e 36 shows a s e p a r a t i o n of cadmium, copper and l e a d i n 

IM potassium n i t r a t e using two step g r a d i e n t s . The sample was 

i n j e c t e d i n t o pH7 e l uen t , and immediately a f t e r i n j e c t i o n , 

stepped to pH4.5 el u e n t to e l u t e cadmium and l e a d . A f t e r ten 

minutes a f u r t h e r step to pHl.5 enabled copper t o be e l u t e d o f f 

the column. However, a l a r g e blank peak occurred a t f i f t e e n 

minutes, which could be due to z i n c i m p u r i t i e s , or n i c k e l 

coming from the s t a i n l e s s s t e e l pump tubing. A s u c c e s s f u l 

s e p a r a t i o n of these t h r e e metal ions i n a sample a l s o 

c o n t a i n i n g lOOOppm magnesium and 400ppm calcium i s shown i n 

F i g u r e 37. T h i s s e p a r a t i o n c l e a r l y shows the p o t e n t i a l of t h i s 

column f o r sea water a n a l y s i s . 
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F i g u r e 35. Chromatogram showing s e p a r a t i o n of Sppm Cd^*, Cu^*, 
and lOppm Pb^* i n IM KNO,, and lOOOppm Mĝ * w i t h 
Chrome Azurol S dye-coated column, u s i n g g r a d i e n t 
e l u t i o n . 
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F i g u r e 36. Chromatogram showing the s e p a r a t i o n of Sppm Cd* and 
Cu^* and lOppm Pb^* i n IM KNOj using the Chrome Azurol 
S coated column and step g r a d i e n t e l u t i o n . 
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F i g u r e 37. Chromatogram showing the s e p a r a t i o n of Sppm Cd^* and 
Cu^* and lOppm Pb^* i n IM KNOj a l s o c o n t a i n i n g lOOOppm 
Mĝ * and 400ppm Ca^* usi n g the Chrome Azurol S coated 
column and st e p g r a d i e n t e l u t i o n . 
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3.5.3.2. XYLENOL ORANGE DYE-COATED COLUMN. 

T h i s proved to be extremely s u c c e s s f u l f o r the complete 

s e p a r a t i o n of a range of metal ions using step g r a d i e n t 

e l u t i o n , as i t appears to be more e f f i c i e n t than the CAS coated 

column. A s e p a r a t i o n of manganese, cadmium, z i n c , n i c k e l and 

copper i n IM potassium n i t r a t e u s i n g two s t e p g r a d i e n t s i s 

shown i n Fig u r e 38. The f i r s t s t e p from pH6 t o pH3 a t i n j e c t i o n 

e l u t e d manganese, cadmium and z i n c , w h i l s t a f u r t h e r s t e p a f t e r 

t e n minutes e l u t e d n i c k e l and copper. As Xy l e n o l Orange forms 

st r o n g e r c h e l a t e s than CAS, i t can be used to separate a l k a l i n e 

e a r t h metals as w e l l . The complete s e p a r a t i o n of nine metals 

with t h i s Xylenol Orange coated column using t h r e e s t e p 

g r a d i e n t s was achieved, and t h i s i s shown i n Fig u r e 39. The 

metal mixture was i n j e c t e d a t pHlO where every metal would be 

r e t a i n e d on the column. By stepping to pH6.5 the a l k a l i n e e a r t h 

metals were e l u t e d , then pH3 a f t e r f i f t e e n minutes e l u t e d 

manganese, cadmium and z i n c , and a f i n a l s t e p to pHO.5 a f t e r 

t h i r t y minutes to e l u t e n i c k e l and copper which form the 

s t r o n g e s t c h e l a t e s . 

3.5.3.3. TOSOH COLUMN. 

T h i s commercial column proved to be as s t r o n g l y c h e l a t i n g as 

the X y l e n o l Orange coated column and capable of i s o c r a t i c 

s e p a r a t i o n s of both a l k a l i n e e a r t h and other d i v a l e n t metal 

i o n s . F i g u r e s 4 0 and 41 show the s e p a r a t i o n of s i x metal ions 

with PAR-ZnEDTA and PAR post-column d e t e c t i o n r e s p e c t i v e l y . The 

mixture was i n j e c t e d a t pH6, and elu e n t pH stepped to pH2.1 a t 

i n j e c t i o n . A f t e r f i f t e e n minutes t h e r e was a f u r t h e r s t e p t o 

pHO.5 to e l u t e n i c k e l and copper. The run u s i n g PAR ( F i g u r e 41) 

used a f i n a l s t e p a t twenty minutes a f t e r i n j e c t i o n t o se p a r a t e 

l e a d b e t t e r from n i c k e l . Using PAR-ZnEDTA post-column reagent 

( F i g u r e 40), a l a r g e peak due to a l k a l i n e e a r t h metal 
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F i g u r e 38. Chromatogram showing the s e p a r a t i o n of f i v e metal 
ions i n IM KNO3 u s i n g the Xylenol Orange coated 
column and st e p g r a d i e n t e l u t i o n . The c o n c e n t r a t i o n s 
were 5ppm Mn̂ *, lOppm Cd i2* Cu^* and 30ppm Ni­
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F i g u r e 39. Chromatogram showing s e p a r a t i o n of nine metals i n I M 
KNOJ with Xylenol Orange dye-coated column, us i n g 
t h r e e step g r a d i e n t s . The c o n c e n t r a t i o n s were Sppm 

lOppm Cd^* and Zn^*, and Mg2% Ca 2* Mn 2+ 
20ppm Ba^* and Sr^*. 
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138 



Mn 

0002 

5 10 15 20 25 BOMin 

F i g u r e 40. Chromatogram showing the s e p a r a t i o n of s i x metal 
ions i n IM KNO3 u s i n g the TOSOH column and PAR-
ZnEDTA post-column reagent with step g r a d i e n t 
e l u t i o n 
Mn 2* Cd' 

The c o n c e n t r a t i o n s were 5ppm Cu 
, Zn 

2* 
Ni^* and 20ppm Pb^* 
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F i g u r e 41. Chromatogram showing the s e p a r a t i o n of s i x metal 
ions i n IM KNOj using the TOSOH column and PAR post 
column reagent with s t e p g r a d i e n t e l u t i o n . The 
co n c e n t r a t i o n s were Sppm Cu^*, lOppm Mn *, Cd 12* Z n 2 % 
Ni^* and 20ppm Pb^* 
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i m p u r i t i e s occurs before manganese, and the b a s e l i n e d r i f t i s 

g r e a t e r than when PAR alone i s used. When PAR was used i n s t e a d , 

the s e n s i t i v i t y f o r cadmium and l e a d i s reduced. Using a s t e p 

from pHlO to pH6.5, a s e p a r a t i o n of the four a l k a l i n e e a r t h 

metals could not be obtained, as barium and magnesium co-

e l u t e d . By stepping to a pH of 7.4, the peaks merged t o form 

two l a r g e peaks. 

3.6> SUMMARY. 

I n i t i a l i n v e s t i g a t i o n s i n v o l v i n g l a r g e p a r t i c l e s i z e dye-

coated columns showed t h a t the r e t e n t i o n of metal ions i s 

dependent on the e l u e n t pH. An i n c r e a s e i n r e t e n t i o n occurs 

with an i n c r e a s e i n pH. The c h e l a t i n g a b i l i t y changes markedly 

wi t h d i f f e r e n t s u b s t r a t e s and c h e l a t i n g dyes. Xylenol Orange 

coated columns showed the s t r o n g e s t r e t e n t i o n of metal i o n s , 

and Chrome Azurol S the weakest r e t e n t i o n . T h i s i s due to the 

f a c t t h a t Xylenol Orange co n t a i n s more s t r o n g l y c h e l a t i n g 

groups i n comparison with Chrome Azurol S. 

Coating Xylenol Orange and Chrome Azurol S onto s m a l l 

p a r t i c l e s i z e (8^m) HPLC grade s u b s t r a t e s produced much more 

e f f i c i e n t columns capable of s e p a r a t i n g groups of metal i o n s . 

A f t e r c o n d i t i o n i n g , 47.5mg of Xylenol Orange remained coated 

onto the s u b s t r a t e , with a lower loading of 28mg for the Chrome 

Azurol S dye-coated column. The e f f e c t of i o n i c s t r e n g t h was 

important as a t 0.2M some ion-exchange was s t i l l t a k i n g p l a c e 

f o r a l k a l i n e e a r t h metals, however, l i t t l e or no ion-exchange 

occurred a t IM i o n i c s t r e n g t h . With the Xylenol Orange coated 

column a l l a l k a l i n e e a r t h and t r a n s i t i o n metals are r e t a i n e d a t 

pHlO, with a l l t r a n s i t i o n metals r e t a i n e d a t pH6. The Chrome 

Azurol S dye-coated column shows weaker r e t e n t i o n 

c h a r a c t e r i s t i c s and does not r e t a i n a l l a l k a l i n e e a r t h metals, 
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but a t pH8 a l l t r a n s i t i o n metals are completely r e t a i n e d . 

An i s o c r a t i c s e p a r a t i o n of barium, strontium, magnesium and 

calcium was achieved using the Xylenol Orange coated column, 

together with a s e p a r a t i o n of cadmium and lea d . The Chrome 

Azurol S coated column proved to be more weakly c h e l a t i n g , 

however, some i s o c r a t i c s e p a r a t i o n s of t r a n s i t i o n and heavy 

metals were achieved. The dye-coated columns, compared w e l l 

with the commercial TOSOH c h e l a t i n g column showing s i m i l a r 

e f f i c i e n c i e s . T h i s TOSOH column and the Xylenol Orange coated 

column c o n t a i n the same i m i n o d i a c e t i c a c i d f u n c t i o n a l c h e l a t i n g 

groups and show s i m i l a r r e t e n t i o n and s e p a r a t i n g p r o p e r t i e s . 

S e p a r a t i o n s of both a l k a l i n e e a r t h and t r a n s i t i o n metals were 

obtained using the TOSOH column. 

A l a r g e r number of metal ions can be separated by employing 

g r a d i e n t and step g r a d i e n t e l u t i o n . Strongly c h e l a t i n g metals 

such as copper can then be separated from metals such as 

manganese and z i n c which form much weaker c h e l a t e s . T h i s 

e x p l o i t s the f a c t t h a t the c o n d i t i o n a l s t a b i l i t y c o n s t a n t s 

change with changing pH. However, metal i m p u r i t i e s i n the 

el u e n t tend t o be preconcentrated a t the s t a r t i n g pH c a u s i n g a 

contamination problem. T h i s was overcome by c l e a n i n g up the 

el u e n t before use by pumping through a Xylenol Orange coated 

XAD-2 column used i n the i n i t i a l i n v e s t i g a t i o n s . 

The use of gr a d i e n t and step g r a d i e n t e l u t i o n produced some 

very encouraging r e s u l t s . T r a n s i t i o n metals could be 

s e l e c t i v e l y e l u t e d and separated from a l k a l i n e e a r t h metals 

with both the Xylenol Orange and Chrome Azurol S coated 

columns. Using a s e r i e s of st e p g r a d i e n t s , a complete 

s e p a r a t i o n of nine metal ions i n IM potassium n i t r a t e was a l s o 

achieved u s i n g the Xylenol Orange coated column. 

The PAR-ZnEDTA post-column reagent system gave good 
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s e n s i t i v i t y f o r the d e t e c t i o n of a l k a l i n e e a r t h and t r a n s i t i o n 

metals. I t was s u p e r i o r to the Calmagite post-column reagent 

used i n i t i a l l y , as an i n c r e a s e i n absorbance was being measured 

r e s u l t i n g i n a lower background noise l e v e l . Also, Calmagite 

only r e a c t s with magnesium out of the a l k a l i n e e a r t h metals. 

Some degree of o p t i m i z a t i o n of PAR and ZnEDTA c o n c e n t r a t i o n s 

had to be c a r r i e d out as the k i n e t i c s of the metal displacement 

r e a c t i o n p a r t i c u l a r l y with the a l k a l i n e e a r t h metals can be 

very slow. 
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PART B. 

4.1. PRECONCENTRATION AND SEPARATION SYSTEM FOR THE 

DETERMINATION OF TRACE METALS IN CONCENTRATED BRINES. 

The i n i t i a l s t u d i e s , even using l a r g e p a r t i c l e s i z e dye-

coated columns showed t h a t metal ions could be completely 

r e t a i n e d i f the pH was s u f f i c i e n t l y high. Using high 

performance grade dye-coated s u b s t r a t e s , which showed a higher 

e f f i c i e n c y , metal ion s e p a r a t i o n s could be achieved. I n the 

i n v e s t i g a t i o n s with g r a d i e n t and s t e p g r a d i e n t e l u t i o n u s i n g 

d i r e c t i n j e c t i o n , metal i m p u r i t i e s i n the e l u e n t were being 

e f f e c t i v e l y preconcentrated on the column. T h i s problem was 

overcome by c l e a n i n g up the e l u e n t . However, t h i s shows the 

p o t e n t i a l f o r these columns to r e t a i n metal ions from a high 

i o n i c s t r e n g t h matrix. Step g r a d i e n t e l u t i o n was s u c c e s s f u l i n 

the s e p a r a t i o n of a l a r g e r range of metal ions, producing high 

performance s e p a r a t i o n s . I f the dye-coated column was used i n 

p l a c e of the sample loop, the sample could be pumped through a t 

a pH where the p a r t i c u l a r metal ions of i n t e r e s t would be 

r e t a i n e d . Separation could then be achieved using a s e r i e s of 

s t e p pH g r a d i e n t s . T h i s modified system i s shown i n F i g u r e 9. 

Metal ions would be preconcentrated near the top of the column 

and then, a f t e r a drop i n pH, they would be separated f u r t h e r 

down the column, before e l u t i o n . T h i s s i n g l e column technique 

f o r p r e c o n c e n t r a t i o n and s e p a r a t i o n of metal ions would allow 

v e r y low d e t e c t i o n l i m i t s down to sub-ppb, depending on the 

volume of sample preconcentrated. 

The Xylenol Orange dye-coated column c l e a r l y shows the 

p o t e n t i a l f o r the s e p a r a t i o n of a l a r g e number of metal ions i n 

a s i n g l e i n j e c t i o n using pH step g r a d i e n t s . These s e p a r a t i o n s 

were i n a IM potassium n i t r a t e matrix, but to f u l l y e v a l u a t e 

t h i s column f o r the s e p a r a t i o n of t r a c e metals as w e l l as 
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q u a n t i t a t i v e performance, t r a c e metals i n concentrated b r i n e s 

were i n v e s t i g a t e d i n d e t a i l -

As explained above i n order to i n v e s t i g a t e samples c o n t a i n i n g 

metals a t low ppb l e v e l s , a p r e c o n c e n t r a t i o n step was used, 

p r i o r to the a n a l y t i c a l s e p a r a t i o n . T h i s was a l l achieved u s i n g 

a s i n g l e column. Ac t u a l i n d u s t r i a l samples of concentrated 

sodium and potassium c h l o r i d e b r i n e s used i n the c h l o r a l k a l i 

i n d u s t r y , obtained from I C I , were analyzed f o r t r a c e metal 

content using the Xylenol Orange coated column. I n a l l c a s e s 

blank runs were c a r r i e d out u s i n g the same st e p g r a d i e n t 

program but omitting the sample. A l l q u a n t i t a t i v e data was 

blank c o r r e c t e d i f necessary. 

4.1.1. TRACE METALS IN SATURATED SODIUM CHLORIDE BRINE. 

The a c t u a l c o n c e n t r a t i o n of t h i s b r i n e determined by 

t i t r a t i o n was 5.1M. T h i s b r i n e was analyzed f o r a l k a l i n e e a r t h 

metals by employing a s i n g l e step g r a d i e n t from p H l l to pH6. 

F i g u r e 42 shows a t y p i c a l s e p a r a t i o n of four a l k a l i n e e a r t h 

metals i n s a t u r a t e d sodium c h l o r i d e b r i n e . A sample and spiked 

sample are shown. Using t h i s s t e p g r a d i e n t a c a l i b r a t i o n s e r i e s 

f o r a l k a l i n e e a r t h metals i n sodium c h l o r i d e b r i n e was obtained 

by the method of standard a d d i t i o n s . F i g u r e 43 shows the 

c a l i b r a t i o n f o r barium, and Figure 44 shows the c a l i b r a t i o n 

r e s u l t s f o r magnesium, calcium and strontium. Good l i n e a r 

r e s u l t s were obtained with c o r r e l a t i o n c o e f f i c i e n t , r , f o r 

magnesium, calcium, strontium, and barium being 0.994, 0.994, 

0.990 and 0.996 r e s p e c t i v e l y . The a c t u a l c o n c e n t r a t i o n s of 

a l k a l i n e e a r t h metals determined from thes e c a l i b r a t i o n s a r e 

shown i n Table 13. I t can be seen t h a t t h e r e i s a high l e v e l of 

strontium, but t h i s i s expected due to i t s n a t u r a l occurrence 

i n the source of rock s a l t . 

145 



OOOC 

Sr 

Ca 

0 00 .̂ 

5 10 Min 

(a) 
5 10 IS Min 

(b) 

F i g u r e 42. Chromatograms showing p r e c o n c e n t r a t i o n and 
s e p a r a t i o n of a l k a l i n e e a r t h metals i n s a t u r a t e d 
(5-lM) NaCl b r i n e u s i n g the Xylenol Orange coated 
column, (a) NaCl b r i n e sample, (b) NaCl b r i n e spiked 
with 25ppb Mg2% 75ppb Ca*̂ *, Sr*^* and 0.75ppm Ba 2* .2* 2* 
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Standard addition of barium to NaCl brine. 

0.00 0.15 0.30 0.45 0.60 0.75 

concentrat ion added (ppm) 

F i g u r e 43. C a l i b r a t i o n of barium i n sodium c h l o r i d e b r i n e using 
the method of standard a d d i t i o n . 



Standard addition to NaCl brine. 
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F i g u r e 44. C a l i b r a t i o n of magnesium, calcium and strontium i n 
sodium c h l o r i d e b r i n e using the method of standard 
a d d i t i o n . 



METAL ION. CONCENTRATION, 
Mg2* 3 
Ca2* 6 
Sr^* 95 
Ba^* 9 

Table 13. Concentration of a l k a l i n e e a r t h metals i n NaCl b r i n e 
i n ppb. 
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4.1.2. TRACE METALS IN POTASSIUM CHLORIDE BRINE. 

The a c t u a l c o n c e n t r a t i o n of t h i s b r i n e determined by 

t i t r a t i o n was 2.4M. T h i s b r i n e was i n v e s t i g a t e d f o r a l k a l i n e 

e a r t h metals, and some t r a n s i t i o n metals. By combining the step 

g r a d i e n t programs f o r these two groups of metal i o n s , a 

s e p a r a t i o n of a l a r g e number of metal ions i n a s i n g l e 

i n j e c t i o n could be achieved. 

4.1.2.1. ALKALINE EARTH METALS IN POTASSIUM CHLORIDE BRINE. 

Using the same step g r a d i e n t from p H l l to pH6, as used f o r 

the sodium c h l o r i d e b r i n e , a l k a l i n e e a r t h metals could be 

separated. Figure 45 shows a t y p i c a l s e p a r a t i o n of four 

a l k a l i n e e a r t h metals i n potassium c h l o r i d e b r i n e . A sample and 

spiked sample are shown, together with a blank which shows only 

very low l e v e l s of e l u e n t i m p u r i t i e s are present. Using the 

method of standard a d d i t i o n , a c a l i b r a t i o n s e r i e s f o r t h e s e 

a l k a l i n e e a r t h metals i n potassium c h l o r i d e b r i n e was obtained 

as shown i n Figure 46, Good l i n e a r r e s u l t s were again obtained 

with c o r r e l a t i o n c o e f f i c i e n t , r , f o r magnesium, calcium, 

strontium and barium being 0.998, 0.991, 0.992 and 0.991 

r e s p e c t i v e l y . A s e r i e s of r e p r o d u c i b i l i t y t r i a l s f o r the 

sample, and a spiked sample, y i e l d e d a r e l a t i v e standard 

d e v i a t i o n f o r each peak of between 3 and 5%, f o r s i x 

c o n s e c u t i v e runs. The a c t u a l c o n c e n t r a t i o n s of a l k a l i n e e a r t h 

metals i n potassium c h l o r i d e b r i n e determined from the 

c a l i b r a t i o n s are shown i n Table 14. On comparison with sodium 

c h l o r i d e b r i n e (Table 13), i t can be seen t h a t the potassium 

c h l o r i d e b r i n e c o n t a i n s higher l e v e l s of calcium, but much 

lower l e v e l s of strontium. 

4.1.2.2. TRANSITION METALS IN POTASSIUM CHLORIDE BRINE. 

Some degree of s e l e c t i v i t y i s p o s s i b l e by changing the 

s t a r t i n g pH of the g r a d i e n t . By employing a s t e p g r a d i e n t from 
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F i g u r e 45. Chromatograms showing p r e c o n c e n t r a t i o n and 

s e p a r a t i o n of a l k a l i n e e a r t h metals i n KCl b r i n e 
u s i n g the Xylenol Orange coated column, (a) KCl 
b r i n e sample, (b) KCl b r i n e s p i k e d w i t h 25ppb Mĝ * 
50ppb Ca^*, Sr^*, and Ba^*, (c) blank run. 
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Standard addition to KCI brine 

120 H 

^ 100 H 

concentrat ion added (ppb) 
Figure 46. C a l i b r a t i o n of a l k a l i n e e a r t h metals i n potassium 

c h l o r i d e b r i n e using the method of standard 
a d d i t i o n . 



METAL ION. CONCENTRATION. 
Mg2* 1 
Ca^* 18 
Sr2* 28 
Ba^* 3 
Mn2* 8 
Zn2* 17 
Ni2* 4 
Cu^* <1 

Table 14. Concentration of t r a c e metals i n KCl br i n e i n ppb 
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pH6 to pH3, then to pHO.7 a f t e r f i v e minutes enabled a 

s e p a r a t i o n of some t r a n s i t i o n metals i n potassium c h l o r i d e 

b r i n e to be achieved. A s e p a r a t i o n of manganese, z i n c , n i c k e l 

and copper i n potassium c h l o r i d e b r i n e i s i l l u s t r a t e d i n F i g u r e 

47. Again a sample and spiked sample are shown. The change i n 

b a s e l i n e l e v e l when copper e l u t e s i s due to a d i s t u r b a n c e of 

the post-column reagent mixture. The more a c i d i c e l u e n t when 

mixed with the post-column reagent causes a s l i g h t change i n 

o v e r a l l pH (up to 0.4 pH u n i t s ) , which changes the background 

absorbance s l i g h t l y . A c a l i b r a t i o n s e r i e s f o r these four metal 

ions, obtained by using the method of standard a d d i t i o n i s 

shown i n F i g u r e 48. Again, good l i n e a r r e s u l t s were achieved 

with the c o r r e l a t i o n c o e f f i c i e n t , r , f o r manganese, z i n c , 

n i c k e l and copper being 0.998, 0.999, 0.999 and 0.998 

r e s p e c t i v e l y . A s e r i e s of r e p r o d u c i b i l i t y t r i a l s u s i n g s i x 

c o n s e c u t i v e runs of the sample and a spiked sample y i e l d e d a 

r e l a t i v e standard d e v i a t i o n for each peak of between 2 and 5%. 

Table 14 shows the a c t u a l c o n c e n t r a t i o n s of these four metals 

i n potassium c h l o r i d e b r i n e , determined from the c a l i b r a t i o n s . 

I t can be seen t h a t there i s a s i g n i f i c a n t l e v e l of z i n c , 

however the b r i n e i s v i r t u a l l y f r e e of any copper. 

4.1.2.3. SEPARATIONS OF A RANGE OF DIVALENT METAL IONS IN 

POTASSIUM CHLORIDE BRINE. 

I f a g r e a t e r range of metal ions needed t o be s t u d i e d and 

determined i n one operation, then a t h r e e s t e p g r a d i e n t system 

i s p o s s i b l e , f o r the s e p a r a t i o n of both a l k a l i n e e a r t h metals 

and t r a n s i t i o n metals i n a s i n g l e i n j e c t i o n . Figure 49 shows a 

complete s e p a r a t i o n of nine metal ions i n potassium c h l o r i d e 

b r i n e . A step g r a d i e n t from pHlO to pH6 e l u t e d the a l k a l i n e 

e a r t h metals, followed by a step to pH3 a f t e r seven minutes to 

e l u t e manganese, cadmium and z i n c , then to e l u t e n i c k e l and 
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F i g u r e 47. Chromatograms showing p r e c o n c e n t r a t i o n and 
s e p a r a t i o n of some t r a n s i t i o n metals i n KCl b r i n e 
u s i n g the Xylenol Orange coated column, (a) KCl 
b r i n e sample, (b) KCl b r i n e s p i k e d w i t h lOppb Mn 
4 0ppb ZT?\ Ni^* and Cu^*. 

2* 
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S t a n d a r d addition to K C l brine 
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F i g u r e 48. C a l i b r a t i o n of some t r a n s i t i o n metals i n potassium 

c h l o r i d e b r i n e using the method of standard 
a d d i t i o n . 
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F i g u r e 49. Chromatogram showing p r e c o n c e n t r a t i o n and s e p a r a t i o n 
of nine metal ions i n KCl b r i n e u s i n g the Xylenol 
Orange coated column, with t h r e e s t e p g r a d i e n t s . 
Spiked metal c o n c e n t r a t i o n s were 50ppb Mĝ *, Ca^*, 
Zn 2* Ni 2* Cu^* and O.lppm Sr^*, Ba^*, Mn̂ * and Cd^* 
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copper, a f i n a l s t e p t o pHO.7 a f t e r f i f t e e n m i n u t e s . 

A n o t her s e p a r a t i o n o f d i v a l e n t m e t a l s employed t h r e e s t e p 

g r a d i e n t s . A s t e p g r a d i e n t from pH6 t o pH3.7 e l u t e d manganese 

and cadmium, t h e n a s t e p t o pH2 a f t e r one mi n u t e e l u t e d z i n c 

and l e a d , f o l l o w e d by a f i n a l s t e p t o pHO.5 a f t e r s i x m i n u t e s 

t o e l u t e n i c k e l , copper and i r o n ( I I ) . T h i s s e p a r a t i o n o f seven 

m e t a l i o n s i s shown i n F i g u r e 50. As i r o n ( I I ) e l u t e d a f t e r 

copper, i t i s l i k e l y t h a t i t may have been o x i d i s e d t o 

i r o n ( I I I ) d u r i n g t h e a n a l y t i c a l s e p a r a t i o n by a t m o s p h e r i c 

oxygen. 

These s t u d i e s show t h a t s e l e c t i v i t y can be c o n t r o l l e d by 

s t a r t i n g a t a d i f f e r e n t pH. By s t a r t i n g a t pHlO o r p H l l , 

a l k a l i n e e a r t h and t r a n s i t i o n m e t a l s would be r e t a i n e d . A f t e r 

w h i c h , u s i n g a s i n g l e s t e p g r a d i e n t , a complete s e p a r a t i o n o f 

f o u r a l k a l i n e e a r t h m e t a l s c o u l d be a c h i e v e d w i t h o u t any 

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

be c o n t i n u e d f u r t h e r t o s e p a r a t e t r a n s i t i o n m e t a l s as w e l l . 

However, by s t a r t i n g a t pH6, t h e t r a n s i t i o n m e t a l s can be 

s e p a r a t e d , w h i l s t t h e a l k a l i n e e a r t h m e t a l s e l u t e on o r near 

t h e s o l v e n t f r o n t , and do n o t i n t e r f e r e w i t h t h e s e p a r a t i o n . 

E s s e n t i a l l y , t h r e e d i f f e r e n t g r a d i e n t programs have been 

de v e l o p e d , t o s e l e c t i v e l y s e p a r a t e groups o f m e t a l i o n s o r a 

complete s e t o f m e t a l i o n s . 

4.2, FDRTHER APPLICATIONS OF CHELATION ION CHROMATOGRAPHY. 

The s u c c e s s f u l use o f c h e l a t i n g d y e - c o a t e d columns i n t h e 

s e p a r a t i o n and d e t e r m i n a t i o n o f t r a c e m e t a l s i n IM p o t a s s i u m 

n i t r a t e and c o n c e n t r a t e d b r i n e s encouraged f u r t h e r work w i t h 

o t h e r m a t r i c e s . I m p u r i t i e s i n some l a b o r a t o r y c h e m i c a l s were 

i n v e s t i g a t e d , as i t has a l r e a d y been shown t h a t i m p u r i t i e s i n 

our e l u e n t can be d e t e c t e d and s e p a r a t e d . The Chrome A z u r o l S 
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F i g u r e 50. Chromatogram showing t h e p r e c o n c e n t r a t i o n and 
s e p a r a t i o n o f seven m e t a l i o n s i n KCl b r i n e u s i n g 
t h e X y l e n o l Orange c o a t e d column and t h r e e s t e p 
g r a d i e n t s . The s p i k e d m e t a l c o n c e n t r a t i o n s were 
SOppb Mn̂ *, Zn^\ Ni^*, Cu^*, O.lppm Cd^*, Pb^* and 
O.Sppm Fe^\ 
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c o a t e d column was chosen f o r t h e s t u d y o f some t r i v a l e n t m e t a l 

i o n s . 

4.2.x. IMPURITIES I N LABORATORY CHEMICALS. 

Three l a b o r a t o r y c h e m i c a l s were s e l e c t e d f o r t h e 

d e t e r m i n a t i o n o f some d i v a l e n t m e t a l i o n i m p u r i t i e s . These were 

p o t a s s i u m n i t r a t e , sodium s u l p h a t e and caesium i o d i d e , made up 

as IM s o l u t i o n s f o r a n a l y s i s . U s ing a s t e p g r a d i e n t f r o m pH6 t o 

pH3.7, t h e n pH2 a f t e r one m i n u t e , and pHO.7 a f t e r s i x m i n u t e s , 

s i x m e t a l i m p u r i t i e s c o u l d be se p a r a t e d - F i g u r e s 5 1 , 52 and 53 

show a complete s e p a r a t i o n o f manganese, cadmium, z i n c , l e a d , 

n i c k e l and copper i n t h e s e l a b o r a t o r y c h e m i c a l s . Approximate 

i m p u r i t y l e v e l s i n a l l t h r e e c h e m i c a l s a r e shown i n T a b l e 15. 

I t can be seen t h a t t h e po t a s s i u m n i t r a t e , used as o u r main 

e l u e n t , c o n t a i n s r e l a t i v e l y h i g h l e v e l s o f z i n c , and shows t h e 

n e c e s s i t y f o r cle a n - u p o f t h i s r e a g e n t as d e s c r i b e d i n t h e 

e x p e r i m e n t a l ( S e c t i o n 2.2.3.). The sodium s u l p h a t e c o n t a i n s 

s i g n i f i c a n t l y h i g h e r l e v e l s o f manganese, w h i l s t t h e r e were 

some problems i n q u a n t i f y i n g copper i n caesium i o d i d e , p r o b a b l y 

due t o i n t e r f e r e n c e o f i o d i d e w hich i s known t o reduce 

c o p p e r ( I I ) t o c o p p e r ( I ) . 

4.2.2. ANALYSIS OF TRACE METALS I N SEA WATERS. 

The c o n c e n t r a t i o n s o f major and minor m e t a l c o n s t i t u e n t s o f 

sea w a t e r a r e shown i n Table 16. The main c o n s t i t u e n t s a r e Na* 

and Mĝ *, however t h e t o t a l i o n i c s t r e n g t h o f sea w a t e r i s 

a p p r o x i m a t e l y 0.7M as Mĝ * and Ca^* have a pronounced e f f e c t . A t 

t h e n a t u r a l pH o f sea wa t e r many m e t a l s a r e n o t p r e s e n t as 

s i m p l e i o n i c s p e c i e s . They a r e i n t h e form o f a complex o r 

p r e c i p i t a t e . Most o f t h e Na*, K*, Mĝ * and Ca^* i s uncomplexed, 

however many o t h e r t r a n s i t i o n and heavy m e t a l s are p r e s e n t as 

c a r b o n a t e , c h l o r o o r hydroxo complexes as w e l l as o r g a n i c a l l y 

bound. The a n a l y s i s o f sea w a t e r s u s u a l l y o n l y t a k e s i n t o 
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F i g u r e 5 1 . Chromatograms showing p r e c o n c e n t r a t i o n and 
s e p a r a t i o n o f m e t a l i o n s i n IM KNO3 u s i n g t h e 
X y l e n o l Orange c o a t e d column, (a) IM KNO3 sample and 
(b) IM KNO, s p i k e d w i t h 25ppb Mn̂ *, Zn^* and O.lppm 
Cd^*, Pb^*, Ni^* and Cu^*. 
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F i g u r e 52. Chromatograms showing p r e c o n c e n t r a t i o n and 
s e p a r a t i o n o f m e t a l i o n s i n IM Na^SO^ u s i n g t h e 
X y l e n o l Orange c o a t e d column, (a) IM NagSO^ sample 
and (b) IM Na^SO^ s p i k e d w i t h lOppb Mn^*, 25ppb Zn^* 
and O.lppm Cd'*, Pb^*, Ni^* and Cu^*. 
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F i g u r e 53. Chromatograms showing p r e c o n c e n t r a t i o n and 
s e p a r a t i o n o f m e t a l i o n s i n IM C s l u s i n g t h ^ X y l e n o l 
Orange c o a t e d column, (a) IM C s l sample and (b) IM 
C s l s p i k e d w i t h 5ppb Mn̂ * 
Pb^*, Ni^* and Cu^*. 

lOppb Zn^* and 50ppb Cd^*, 
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IM KNO, IM Na^SO^ IM C s l 
Mn̂ * 5 28 4 
Cd^* — — — 

Zn2* 60 21 2 
Pb2* 10 10 15 
N i 2 * — 5 -
Cu2* 3 12 X 

X - Not q u a n t i f i e d (see t e x t ) 

T a b l e 15. Approximate i m p u r i t y l e v e l s i n t h r e e l a b o r a t o r y 
c h e m i c a l s i n ppb. 
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MAJOR ION. CONCENTRATION. TRACE ELEMENT. CONCENTRATION. 
Na* llOOOppm Mn 0.2ppb 
Mg2* 1325ppm Fe 0.4 5ppb 
Ca2* 4 21ppm Ni 0.3ppb 
K* 407ppm Cu 0.25ppb 

Zn 0.3ppb 
Cd l l p p t 
Hg 4ppt 
Pb lO p p t 
U 3ppb 

T a b l e 16. The major and some minor m e t a l c o n s t i t u e n t s o f sea wat e r (41) 
(ppm = mgl"\ ppb = ^gl'\ and p p t = ngl*^) . 



account t h e t o t a l d i s s o l v e d t r a c e m e t a l c o n t e n t . 

The CAS c o a t e d column has been shown t o be s u i t a b l e f o r sea 

w a t e r a n a l y s i s because o f i t s weak a f f i n i t y f o r c a l c i u m and 

magnesium. The f a c t t h a t a l l t r a n s i t i o n m e t a l s a r e r e t a i n e d a t 

pH8, makes t h i s column p a r t i c u l a r l y a t t r a c t i v e as t h e n a t u r a l 

pH o f sea w a t e r i s pHB.l. No a d j u s t m e n t o f sample pH w i l l be 

needed b e f o r e i n j e c t i o n . However, a f t e r s e v e r a l s t u d i e s i t was 

found n o t t o be as e f f i c i e n t as t h e X y l e n o l Orange c o a t e d 

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

The X y l e n o l Orange c o a t e d column was i n v e s t i g a t e d f o r i t s 

s u i t a b i l i t y . . I t s s t r o n g e r a f f i n i t y f o r magnesium and c a l c i u m 

was overcome by p r e c o n c e n t r a t i n g sea w a t e r a t pH6, r a t h e r t h a n 

t h e n a t u r a l pH o f 8.1, and t h u s most o f t h e magnesium and 

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

as t h e post-column r e a g e n t , w h ich does n o t r e a c t w e l l w i t h 

a l k a l i n e e a r t h m e t a l s , t h e magnesium/calcium peak a t t h e 

s o l v e n t f r o n t c o u l d be f u r t h e r reduced. S y n t h e t i c sea w a t e r 

samples, t o g e t h e r w i t h sea w a t e r samples were s t u d i e d f o r t h e i r 

t r a c e m e t a l c o n t e n t u s i n g t h e X y l e n o l Orange c o a t e d column, and 

a comparison made w i t h t h e commercial TOSOH column. 

4.2.2.1. SYNTHETIC SEA WATER. 

To i n v e s t i g a t e t h e s e p a r a t i n g p r o p e r t i e s o f t h e X y l e n o l 

Orange c o a t e d column f o r use i n sea w a t e r a n a l y s i s , s y n t h e t i c 

sea w a t e r was p r e p a r e d by t e n f o l d d i l u t i o n o f a s a t u r a t e d 

sodium c h l o r i d e b r i n e sample, w i t h t h e a d d i t i o n o f a p p r o p r i a t e 

c o n c e n t r a t i o n s o f magnesium and c a l c i u m . T h i s was t h e n s p i k e d 

w i t h v a r i o u s m e t a l i o n s f o r a n a l y s i s . PAR-ZnEDTA was however 

used f o r t h e post-column r e a g e n t . 

P r e c o n c e n t r a t i n g a t pH6, t h e n s t e p p i n g t o pH3.7 a f t e r t e n 

m i n u t e s , pH2 a f t e r f i f t e e n m i n u t e s , t h e n f i n a l l y pHO.7 a f t e r 

t w e n t y m i n u t e s , enabled a s e p a r a t i o n o f f i v e m e t a l s i n 
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s y n t h e t i c sea w a t e r . F i g u r e 54 shows a s e p a r a t i o n o f cadmium, 

z i n c , l e a d , n i c k e l and copper, w i t h v a r y i n g s e n s i t i v i t i e s f o r 

each m e t a l i o n . 

A s e p a r a t i o n o f cadmium, copper and l e a d from a s y n t h e t i c sea 

wa t e r sample a l s o c o n t a i n i n g 200ppm z i n c was a c h i e v e d u s i n g a 

s i m i l a r s t e p g r a d i e n t program, where each s t e p o c c u r s f i v e 

m i n u t e s e a r l i e r i n t h e r u n . F i g u r e 55 shows t h i s s e p a r a t i o n , 

and shows t h e p o t e n t i a l f o r t h e a n a l y s i s o f m i n i n g wastes 

d r a i n i n g i n t o e s t u a r i e s w h ich can c o n t a i n h i g h l e v e l s o f 

cadmium, z i n c , copper and l e a d . 

S i m i l a r e x p e r i m e n t s w i t h t h e commercial TOSOH column showed 

t h e m e t a l i o n s were more s t r o n g l y c h e l a t e d t o t h e s u b s t r a t e , as 

a s h a r p e r s t e p g r a d i e n t was r e q u i r e d f o r a s e p a r a t i o n o f a 

range o f m e t a l i o n s . Using a s t e p g r a d i e n t from pH6 t o pH2 

a f t e r f i v e m i n u t e s , f o l l o w e d by a f i n a l s t e p t o pHO.7 a f t e r 

t w e n t y - f i v e m i n u t e s , enabled a s e p a r a t i o n o f manganese, 

cadmium, z i n c , l e a d , n i c k e l and copper i n s y n t h e t i c sea w a t e r 

t o be a c h i e v e d . T h i s s e p a r a t i o n i s shown i n F i g u r e 56, where a 

l a r g e peak a l s o o c c u r s b e f o r e manganese which i s due t o 

a l k a l i n e e a r t h m e t a l s , I r o n ( I I I ) i s a l s o d e t e c t e d as a s m a l l 

peak between n i c k e l and copper. However, when used f o r t h e 

p r e c o n c e n t r a t i o n o f sea w a t e r s , t h i s column p r o v e d t o be t o o 

s t r o n g l y c h e l a t i n g f o r t h e a l k a l i n e e a r t h m e t a l s , s i n c e even 

t h i r t y m i n u t e s a f t e r i n j e c t i o n , magnesium and c a l c i u m were 

s t i l l e l u t i n g o f f t h e column. 

4.2.2.2. PLYMOUTH SOUND SEA WATER> 

Sea w a t e r from Plymouth Sound, which had been f i l t e r e d 

t h r o u g h a 0.45/im f i l t e r b e f o r e use t o remove p a r t i c u l a t e 

m a t t e r , was i n v e s t i g a t e d f o r t r a c e s o f cadmium, z i n c , l e a d , 

n i c k e l and copper. T h i s s e p a r a t i o n was a c h i e v e d w i t h a s t e p 

g r a d i e n t from pH6 t o pH3.7, t h e n t o pH2 a f t e r f i v e m i n u t e s , and 
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Chromatogram showing t h e p r e c o n c e n t r a t i o n and 
s e p a r a t i o n o f f i v e m e t a l i o n s i n a r t i f i c i a l sea 
w a t e r u s i n g t h e X y l e n o l Orange c o a t e d column. The 
s p i k e d m e t a l c o n c e n t r a t i o n s were 50ppb Cd *, Zn *, 
Pb^*, Ni^* and Cu" 2* 
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F i g u r e 55. Chromatogram showing s e p a r a t i o n o f 5ppm Cd^*, Pb^* and 
Cu^* i n a r t i f i c i a l sea w a t e r a l s o c o n t a i n i n g 200ppin 
Zn^* u s i n g t h e X y l e n o l Orange c o a t e d c o l 
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F i g u r e 56. Chromatogram showing t h e s e p a r a t i o n o f s i x m e t a l 
i o n s i n a r t i f i c i a l sea w a t e r u s i n g t h e TOSOH column. 
The s p i k e d m e t a l c o n c e n t r a t i o n s were 5ppm Mn̂ *, Zn^*, 
lOppm Cd^*, Ni^*, Cu^* and 20ppm Pb^*. 
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pHO.7 a f t e r t e n m i n u t e s . F i g u r e 57a shows t h e r e s u l t s from a 

sample o f Plymouth Sound sea w a t e r , w h i l s t F i g u r e 57b s h o w s a 

s i m i l a r s p i k e d sample. A l a r g e peak due t o magnesium and 

c a l c i u m s t i l l o c c u r s a t t h e s o l v e n t f r o n t as PAR does r e a c t 

s l i g h t l y w i t h t h e s e i o n s ( 1 1 4 ) . Z i n c and copper were f o u n d t o 

be p r e s e n t a t a p p r o x i m a t e l y Ippb and 3ppb r e s p e c t i v e l y , w i t h a 

s l i g h t h i n t t h a t l e a d may be p r e s e n t i n t h e sea w a t e r . H i g h e r 

p r e c o n c e n t r a t i o n volumes w i l l be needed t o q u a n t i f y t h i s . The 

l e v e l o f copper p r e s e n t i s s i g n i f i c a n t l y h i g h e r t h a n t h e 

n o r m a l l y expected c o n c e n t r a t i o n o f 0.25ppb (Tabl e 1 6 ) , T h i s i s 

because s e v e r a l r i v e r s f e e d i n g i n t o Plymouth Sound a r e e n r i c h e d 

w i t h copper due t o t h e l o c a l g e o l o g y . 

4.2.2.3. FORMATION WATER. 

A sample o f f o r m a t i o n w a t e r used as o i l - w e l l b r i n e s , w h i c h 

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

b r i n e media, was i n v e s t i g a t e d f o r t r a c e m e t a l s . A s e r i e s o f 

s t e p g r a d i e n t s from pH6 t o pH3.7 a f t e r t e n m i n u t e s , f o l l o w e d by 

a s t e p t o pH2 a f t e r f i f t e e n m i n u t e s and f i n a l l y pHO.7 a f t e r 

t w e n t y m i n u t e s , enabled f i v e m e t a l i o n s t o be s t u d i e d . F i g u r e 

58 shows a S t a t f j o r d b r i n e sample from t h e N o r t h Sea, where 

z i n c and l e a d were d e t e c t e d a t c o n c e n t r a t i o n s o f a p p r o x i m a t e l y 

13ppb and l l p p b r e s p e c t i v e l y . T h i s r e s u l t i s v e r y e n c o u r a g i n g 

as f o r m a t i o n w a t e r s can be d i f f i c u l t t o a n a l y z e d i r e c t l y , due 

t o b o t h t h e h i g h s a l t c o n t e n t and a l k a l i n e e a r t h m e t a l c o n t e n t . 

4.2.3. TRIVALENT METAL IONS. 

The work so f a r demonstrates t h e s u i t a b i l i t y o f t h e c h e l a t i o n 

chromatography approach f o r t h e d e t e r m i n a t i o n o f d i v a l e n t m e t a l 

i o n s . I t would be u s e f u l t o i n v e s t i g a t e t h e performance o f 

th e s e columns f o r t r i v a l e n t i o n s . However, t r i v a l e n t m e t a l i o n s 

i n g e n e r a l form much s t r o n g e r c h e l a t e s t h a n d i v a l e n t m e t a l 

i o n s . The X y l e n o l Orange c o a t e d column would r e q u i r e much l o w e r 
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F i g u r e 57. Chromatograms o f t r a c e m e t a l s i n Plymouth Sound sea 
w a t e r . P r e c o n c e n t r a t i o n and s e p a r a t i o n u s i n g t h e 
X y l e n o l Orange c o a t e d column, (a) Plymouth Sound sea 
w a t e r showing Zn^* and Cu^* p r e s e n t i n t h e sample, 
(b) Plymouth Sound sea w a t e r s p i k e d w i t h 5ppb Zn^*, 
20ppb Cu^* and 50ppb Cd^*, Pb^* and Ni^*. 
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F i g u r e 58. Chromatogram o f t r a c e m e t a l s i n S t a t f j o r d b r i n e 
f o r m a t i o n w a t e r showing Zn^* and Pb^* p r e s e n t i n t h e 
sample. P r e c o n c e n t r a t i o n and s e p a r a t i o n u s i n g t h e 
X y l e n o l Orange c o a t e d column. 
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pH e l u e n t s f o r desorption, t h e r e f o r e i t was decided to 

i n v e s t i g a t e t r i v a l e n t i o n s u s i n g the weaker c h e l a t i n g Chrome 

Azurol S column. Two Chrome Azurol S columns were prepared 

us i n g p u r i f i e d and u n p u r i f i e d CAS dye fo r c o a t i n g . The r e s u l t s 

were not i d e n t i c a l f o r the two columns. 

4.2.3.1> SEPARATIONS WITH THE CHROME AZUROL S COATED COLDMN. 

T h i s column was coated using p u r i f i e d CAS dye. I t proved to 

be s u c c e s s f u l f o r the i s o c r a t i c s e p a r a t i o n of aluminium, 

g a l l i u m and indium. Figure 59 shows an i s o c r a t i c s e p a r a t i o n of 

aluminium, g a l l i u m and indium i n IM potassium n i t r a t e , achieved 

a t pH2.2, however because of slow exchange k i n e t i c s , the column 

was s e t at an ele v a t e d temperature of 60"C. The s e p a r a t i o n 

p r o f i l e i s s i m i l a r to previous work (108), but the e l u t i o n 

order i s d i f f e r e n t , g a l l i u m e l u t i n g before indium. Many 

commercial sources of CAS are impure and t h i s might have 

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

4.2.3.2- SEPARATIONS WITH THE NEW CHROME AZUROL S COATED 

COLUMN. 

T h i s column was coated using u n p u r i f i e d CAS dye, however i t 

only had a s l i g h t l y lower loading a f t e r c l e a n i n g of 23mg 

compared with the o r i g i n a l column. A s e p a r a t i o n of aluminium, 

g a l l i u m and indium a t pH2.2 with the column temperature a t eo^C 

i n a water bath, was not as good as the o r i g i n a l column, as 

ga l l i u m and indium could not be f u l l y r e s o l v e d . T h i s i s shown 

i n F i g u r e 60. On decr e a s i n g the pH, peaks merge, w h i l s t on 

i n c r e a s i n g the pH, they r a p i d l y broaden. However, by i n c r e a s i n g 

the pH to 2.6, and the column kept a t room temperature, enabled 

a complete s e p a r a t i o n of a l l th r e e metals to be achieved. T h i s 

s e p a r a t i o n i s shown i n Figure 61. 

I r o n ( I I I ) and bismuth form stronger c h e l a t e s than aluminium, 

g a l l i u m and indium, and a lower pH i s r e q u i r e d f o r any 
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F i g u r e 59. Chromatogram showing i s o c r a t i c s e p a r a t i o n of 2ppm 
Al J* lOppm Ga^* and 2 0ppin In^* i n IM KNOj, a t pH2.2 
using the Chrome Azurol S coated column a t eO'C. 
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F i g u r e 60. Chromatogram showing the b e s t i s o c r a t i c s e p a r a t i o n 
of 2ppin Al^*, lOppm Ga^* and 20ppin In^* i n IM KNOj at 
pH2.2 using the new Chrome Azurol S coated column a t 
60'C. 
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F i g u r e 61. Chromatogram showing the i s o c r a t i c s e p a r a t i o n of 
2ppm Al^*, lOppm Ga'* and 20ppin In'* i n IM KNO, a t 
pH2.6 using the new Chrome Az u r o l S coated column at 
room temperature. 
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s e p a r a t i o n . To separate i r o n and bismuth, a s t e p g r a d i e n t from 

pH2.5 was used, however a complete s e p a r a t i o n could not be 

achieved, probably due to the poorer e f f i c i e n c y of the column-

Figure 62 shows a p a r t i a l s e p a r a t i o n of i r o n and bismuth u s i n g 

a step g r a d i e n t from pH2.5 to pHO.8, with a column temperature 

of 60*C. 

The k i n e t i c s of the complex formation and d i s s o c i a t i o n are 

much slower with t r i v a l e n t metal i o n s compared with d i v a l e n t 

metal i o n s . T h i s can be improved by i n c r e a s i n g the column 

temperature- T r i v a l e n t metal ions tend t o be e x t e n s i v e l y 

hydrolysed even i n weakly a c i d i c s o l u t i o n s and problems with 

p o s s i b l e p r e c i p i t a t i o n could occur. However, there i s c l e a r 

p o t e n t i a l f o r the use of dye-coated columns f o r the a n a l y s i s of 

t r i v a l e n t metal i o n s . I r o n ( I I I ) and bismuth are r e t a i n e d a t 

pH2.5 and so they could be preconcentrated before s e p a r a t i o n . 

Aluminium, g a l l i u m and indium are completely r e t a i n e d a t pH4. 

Using p r e c o n c e n t r a t i o n and a step g r a d i e n t , s e p a r a t i o n of low 

ppb l e v e l s of these metals i n v a r i o u s high i o n i c s t r e n g t h media 

could be achieved. 
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F i g u r e 62. Chromatogram showing the p a r t i a l s e p a r a t i o n of 5ppin 
Fe^' and SOppm Bi^* i n IM KNO3 u s i n g the new Chrome 
Azurol S coated column a t 60'C with a s i n g l e step 
g r a d i e n t . 
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4.3. SUMMARY, 

The use of s t e p g r a d i e n t e l u t i o n enabled high performance 
s e p a r a t i o n s of a l a r g e r number of metal ions i n v a r i o u s high 
i o n i c s t r e n g t h m a t r i c e s . By r e p l a c i n g the sample loop with a 
dye-coated column, metal ions can be preconcentrated p r i o r to 
the a n a l y t i c a l s e p a r a t i o n u s i n g the same column. T h i s w i l l 
a l low d e t e c t i o n down to low ppb or sub-ppb l e v e l s to be 
achieved. Using pH step g r a d i e n t programmes with 
p r e c o n c e n t r a t i o n , the s e l e c t i v i t y can be c o n t r o l l e d . With the 
Xylenol Orange coated column the t r a c e metal content of 
s a t u r a t e d sodium c h l o r i d e b r i n e (5.1M) and potassium c h l o r i d e 
b r i n e (2.4M) was determined. A l k a l i n e e a r t h metals were 
separated using a s i n g l e step from p H l l to pH6, with t r a n s i t i o n 
metals separated using two step g r a d i e n t s from pH6. I n order to 
separate both groups i n a s i n g l e i n j e c t i o n , a t h r e e step 
g r a d i e n t system preconcentrating a t pHlO was used. A complete 
s e p a r a t i o n of nine metals and seven t r a n s i t i o n and heavy metals 
i n potassium c h l o r i d e b r i n e was achieved u s i n g these systems. 
R e s u l t s were q u a n t i t a t i v e and r e p r o d u c i b l e with c a l i b r a t i o n s 
f o r e i g h t metal ions i n potassium c h l o r i d e b r i n e producing 
c o r r e l a t i o n c o e f f i c i e n t s , r , a l l between 0.990 and 0.999. 

R e s u l t s u s i n g c h e l a t i n g dye-coated columns f o r the 

p r e c o n c e n t r a t i o n and s e p a r a t i o n of t r a c e metals i n concentrated 

b r i n e s were very encouraging, so f u r t h e r work i n v o l v i n g other 

high i o n i c s t r e n g t h m a t r i c e s was i n v e s t i g a t e d . The Chrome 

Azurol S dye-coated column would be i d e a l f o r sea water 

a n a l y s i s as a l l t r a n s i t i o n metals would be r e t a i n e d a t pH8, but 

i t proved to be l e s s e f f i c i e n t than the Xylenol Orange coated 

column. However, because of i t s more weakly c h e l a t i n g 

f u n c t i o n a l groups, t h i s column proved to be s u c c e s s f u l f o r the 

i s o c r a t i c s e p a r a t i o n of some t r i v a l e n t metal i o n s , namely 
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aluminium, g a l l i u m and indium. Using the Xylenol Orange coated 

column with preconcentation a t pH6 with a s e r i e s of pH step 

g r a d i e n t s , allowed t r a n s i t i o n and heavy metals i n sea waters to 

be i n v e s t i g a t e d . M o d i f i c a t i o n of post-column reagent u s i n g PAR 

i n s t e a d of PAR-ZnEDTA s i g n i f i c a n t l y reduced the 

magnesium/calcium peak. Good s e p a r a t i o n s of f i v e metals i n 

s y n t h e t i c and a c t u a l sea water samples were achieved. A sample 

of Plymouth Sound sea water was found to c o n t a i n approximately 

Ippb z i n c and 3ppb copper. To determine other metals p r e s e n t a t 

sub-ppb l e v e l s , higher p r e c o n c e n t r a t i o n volumes would be 

r e q u i r e d . 

T h i s Xylenol Orange coated column was a l s o s u c c e s s f u l l y 

a p p l i e d to the a n a l y s i s of North Sea formation water u s i n g the 

same s t e p g r a d i e n t program as f o r sea waters. A s e p a r a t i o n of 

cadmium, lead and copper i n a s y n t h e t i c sea water s o l u t i o n 

c o n t a i n i n g high l e v e l s of z i n c was a l s o achieved, and t h i s 

shows the p o t e n t i a l f o r the a n a l y s i s of mining wastes f o r 

p o l l u t e d c o a s t a l / e s t u a r i n e waters e.g. o r i g i n a t i n g from a c i d 

mine waste. Another important a p p l i c a t i o n i n v o l v e d the a n a l y s i s 

of i m p u r i t i e s i n v a r i o u s l a b o r a t o r y chemicals, i n c l u d i n g the 

potassium n i t r a t e e l u e n t used. Again, using a s i m i l a r step 

g r a d i e n t program, d e t e c t i o n down to low ppb l e v e l s c o u l d e a s i l y 

be achieved. I t was found t h a t the potassium n i t r a t e e l u e n t 

contained r e l a t i v e l y high l e v e l s (60ppb) of z i n c . 
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CHAPTER FOUR, 

CONCLUSIONS AKD SUGGESTIONS FOR FUTURE WORK. 

T h i s work shows t h a t c h e l a t i o n ion chromatography us i n g dye-

coated columns demonstrates c l e a r p o t e n t i a l f o r the 

determination of t r a c e metals i n high i o n i c s t r e n g t h media. The 

l a r g e p a r t i c l e s i z e dye-coated s u b s t r a t e s used i n the i n i t i a l 

i n v e s t i g a t i o n s showed t h a t the c h e l a t i n g a b i l i t y changes 

markedly with d i f f e r e n t s u b s t r a t e s and c h e l a t i n g dyes. 

S e l e c t i v e adsorption of metal ions was p o s s i b l e a s the 

c o n t r o l l i n g f a c t o r for r e t e n t i o n and s e p a r a t i o n i s pH. T h i s i s 

because the c o n d i t i o n a l s t a b i l i t y c o n s t a n t s of each metal 

c h e l a t e a l t e r with changing pH. From these s t u d i e s , the column 

which gave the best performance was the Xylenol Orange coated 

XAD-2 column, which r e t a i n e d a l l t r a n s i t i o n metals s t u d i e d a t 

pH6. T h i s column subsequently proved s u c c e s s f u l as a clean-up 

column, to remove metal i m p u r i t i e s from e l u e n t s and b u f f e r s i n 

l a t e r work. 

I n v e s t i g a t i o n s i n v o l v i n g dye-coated S^xm HPLC grade PLRP-S 

s u b s t r a t e have been p a r t i c u l a r l y encouraging as they show high 

e f f i c i e n c i e s . The i o n i c s t r e n g t h has to be kept q u i t e high, t o 

make sure any ion-exchange s i t e s a re 'swamped' with s a l t i o n s . 

Some ion-exchange did occur a t 0.2M, p a r t i c u l a r l y with a l k a l i n e 

e a r t h metals which are held s t r o n g l y by ion-exchange, 

e s p e c i a l l y barium. The high e f f i c i e n c y enabled s e v e r a l 

i s o c r a t i c s e p a r a t i o n s t o be achieved. With the Xylenol Orange 

coated column, barium, strontium, magnesium and ca l c i u m i n IM 

potassium n i t r a t e could be separated a t pH7.7, and by reducing 

the pH to 2.5, cadmium and lead were separated. Chrome Azurol 

S was more weakly c h e l a t i n g than Xylenol Orange, as expected, 

and d i d not r e t a i n a l k a l i n e e a r t h metals, but cadmium and le a d 

were separated. T h i s column proved to be more i d e a l f o r 
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t r i v a l e n t metal ions, which form str o n g e r c h e l a t e s . A complete 

s e p a r a t i o n of aluminium, g a l l i u m and indium was p o s s i b l e , but 

much f u r t h e r work i s necessary t o f u l l y e v a l u a t e the p o t e n t i a l 

f o r the determination of t r i v a l e n t metal i o n s . 

The e f f i c i e n c y of the prepared dye-coated columns approached 

t h a t of the commercial TOSOH column s t u d i e d . T h i s column i n 

i n i t i a l s t u d i e s , showed t h a t i t s c h e l a t i o n a b i l i t y was as 

strong as the Xylenol Orange coated column, which c o n t a i n s the 

same i m i n o d i a c e t i c a c i d f u n c t i o n a l c h e l a t i n g groups. Good 

s e p a r a t i o n s of a l k a l i n e e a r t h and t r a n s i t i o n metals were 

achieved with the TOSOH column. The Dionex MetPac column 

although showing s i m i l a r c h e l a t i n g a b i l i t y , showed l i t t l e 

s e p a r a t i n g power, mainly due to i t s s h o r t length of 5cm and 

probable l a r g e r p a r t i c l e s i z e . 

Dye-coated c h e l a t i n g columns can be used to sep a r a t e 

s e l e c t i v e groups of metal ions, or a l a r g e r range us i n g 

g r a d i e n t e l u t i o n . With the use of g r a d i e n t e l u t i o n , the more 

s t r o n g l y c h e l a t i n g metal ions were separated from high 

c o n c e n t r a t i o n s (over lOOOppm) of a l k a l i n e e a r t h metals, u s i n g 

both the Chrome Azurol S and Xylenol Orange coated column. A 

complete s e p a r a t i o n of nine metals (barium, strontium, 

magnesium, calcium, manganese, cadmium, z i n c , n i c k e l and 

copper) i n IM potassium n i t r a t e was s u c c e s s f u l l y achieved u s i n g 

t h r e e step g r a d i e n t s . 

The main aim of combining p r e c o n c e n t r a t i o n and s e p a r a t i o n of 

t r a c e metals i n v a r i o u s high i o n i c s t r e n g t h media u s i n g a 

s i n g l e c h e l a t i n g column, has been achieved. A l k a l i n e e a r t h 

metals, t r a n s i t i o n metals, or both groups combined i n a s i n g l e 

run can be analyzed using step g r a d i e n t s . High i o n i c s t r e n g t h 

samples involved were concentrated potassium c h l o r i d e b r i n e and 

sodium c h l o r i d e b r i n e , which i s v i r t u a l l y s a t u r a t e d a t 5.1M, 
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together with sea waters and l a b o r a t o r y chemicals. Standard 

a d d i t i o n used f o r c a l i b r a t i o n gave good l i n e a r r e s u l t s , w ith 

d e t e c t i o n i n the low ppb range. S e p a r a t i o n s of a range of metal 

ions i n c l u d i n g a s e p a r a t i o n of nine metals ( a l k a l i n e e a r t h and 

t r a n s i t i o n metals) i n potassium c h l o r i d e b r i n e , and seven 

t r a n s i t i o n metals i n potassium c h l o r i d e b r i n e were s u c c e s s f u l l y 

obtained. 

Both the dye-coated columns were s u i t a b l e f o r sea water 

a n a l y s i s . With the Xylenol Orange coated column a l k a l i n e e a r t h 

metals are l i t t l e adsorbed a t pH6 where a l l t r a n s i t i o n metals 

were completely r e t a i n e d . T h i s s e l e c t i v i t y enabled f i v e metals 

namely cadmium, z i n c , lead, n i c k e l and copper to be separated 

from a r t i f i c i a l and a c t u a l sea water samples. The Chrome Azurol 

S coated column proved to be not as e f f i c i e n t as the X y l e n o l 

Orange coated column, as only a few metal ions could be 

separated. However, t h i s column i s more s u i t a b l e f o r sea water 

a n a l y s i s as a l l t r a n s i t i o n metals are completely r e t a i n e d a t 

pH8, which i s approximately the n a t u r a l pH of sea water. 

C h e l a t i n g dye-coated columns are much e a s i e r to prepare than 

c h e m i c a l l y bonded c h e l a t i n g columns. They can be used "for a 

wide range of a p p l i c a t i o n s , such as p r e c o n c e n t r a t i o n and 

s e p a r a t i o n of t r a c e metal ions i n complex m a t r i c e s , f o r 

example, concentrated b r i n e s and sea waters. They can a l s o be 

used f o r the p u r i f i c a t i o n of reagents, and f o r the a c t u a l 

a n a l y s i s of i m p u r i t i e s i n samples and l a b o r a t o r y reagents. The 

Xy l e n o l Orange coated column has proved t o be v e r y s t a b l e , 

having been used f o r over one and a h a l f y e a r s without any 

apparent l o s s i n e f f i c i e n c y . O v e r a l l t h i s column has been used 

f o r w e l l over 600 i n j e c t i o n s , many i n v o l v i n g p r e c o n c e n t r a t i o n 

of concentrated b r i n e s and sea waters. However, with the Chrome 

Azurol S coated column, a f t e r s e v e r a l months use, a n o t i c e a b l e 
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drop i n e f f i c i e n c y was seen, and on i n s p e c t i o n , the dye c o a t i n g 

had changed colour from orange to deep blue/green. T h i s may be 

due to the f a c t t h a t commercial sources of Chrome Azurol S can 

be very impure, although the p u r i f i e d Chrome Azurol S coated 

colximn d i d d e t e r i o r a t e i n a s i m i l a r way. The dye c o u l d be 

slow l y o x i d i s e d , or decompose i n some way over time. 

The PAR-ZnEDTA post-column d e t e c t i o n system, although not 

f u l l y optimized, proved s u c c e s s f u l f o r the d e t e c t i o n of 

a l k a l i n e e a r t h metals, with s e n s i t i v i t y f o r other metals 

i n c r e a s e d compared w i t h the Calmagite system. F u r t h e r 

o p t i m i z a t i o n i s needed to maximise s e n s i t i v i t y and achieve 

lower d e t e c t i o n l i m i t s . With the a n a l y s i s of sea waters, PAR 

alone can be used, which r e a c t s only s l i g h t l y with a l k a l i n e 

e a r t h metals. For the d e t e c t i o n of t r i v a l e n t metal i o n s , 

Pyrocatechol V i o l e t proved to be i d e a l , as i t i s very 

s e n s i t i v e , p a r t i c u l a r l y f o r aluminium. Problems were 

encountered with Chrome Azurol S, as i t tended to coat the 

tubing, l e a d i n g to contamination problems. 

The f u l l p o t e n t i a l of c h e l a t i o n ion chromatography us i n g 

c h e l a t i n g dye-coated columns has yet to be f u l l y e x p l o i t e d . 

Many improvements, together with f u r t h e r i n v e s t i g a t i o n s w i l l 

need to be c a r r i e d out. Some examples of these a r e d i s c u s s e d 

below. Other high i o n i c s t r e n g t h samples could be s t u d i e d , as 

the s e p a r a t i o n of t r a c e metals i n formation water u s i n g the 

Xylenol Orange coated column has a l r e a d y been shown t o be 

s u c c e s s f u l . Dye-coated columns have a l s o been used i n the 

a n a l y s i s of anions, with some s u c c e s s , and t h i s area could be 

developed f u r t h e r . For dye-coated columns to be more s u i t a b l e 

f o r commercial development, i t might be advantageous t o develop 

a method f o r both c a t i o n and anion a n a l y s i s . 

The instrumentation used i n t h i s r e s e a r c h has been w e l l used, 
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with some p a r t s over ten yea r s o l d . The pumps contained 

s t a i n l e s s s t e e l p a r t s , which can e a s i l y l e a d t o contamination 

problems, and higher background l e v e l s . The use of i n e r t pumps, 

with a constant flow r a t e would reduce these p o t e n t i a l 

problems. The step g r a d i e n t s and pr e c o n c e n t r a t i o n procedure, 

which was done manually, could be improved by using a g r a d i e n t 

pump. Step g r a d i e n t programs, once optimized could be 

programmed, and c a l l e d up, depending on the a n a l y s i s . Using an 

ac c u r a t e pump, the pre c o n c e n t r a t i o n volume could be p r e c i s e l y 

c o n t r o l l e d , l e a d i n g to b e t t e r q u a n t i t a t i v e r e s u l t s . U l t i m a t e l y , 

the e n t i r e process could e a s i l y be automated, f o r the batch 

a n a l y s i s of samples, o n - l i n e or o f f - l i n e . 

To improve d e t e c t i o n l i m i t s , the post-column reagent system 

needs to be optimized f u r t h e r , as w e l l as the i n v e s t i g a t i o n of 

other post-column reagents. Using the present system, d e t e c t i o n 

l i m i t s could e a s i l y be improved by pr e c o n c e n t r a t i n g a l a r g e r 

volume of sample. Blank l e v e l s due to any i m p u r i t i e s should not 

have any g r e a t e r e f f e c t . By packing a l a r g e p a r t i c l e s i z e dye-

coated r e s i n i n t o a micro-burette, f o r example, the Xylenol 

Orange coated XAD-2 used, may work as w e l l f o r an o f f - l i n e 

clean-up process as pumping through a packed HPLC column. 

The dyes used f o r coating were commercially a v a i l a b l e , and 

used without any f u r t h e r p u r i f i c a t i o n . Commercially a v a i l a b l e 

dyes can be very impure, with i m p u r i t i e s having a marked e f f e c t 

on the chromatography. Commercial Xylenol Orange i s known to be 

very impure, and i n f a c t c o n t a i n s semi-Xylenol Orange, which 

only has one i m i n o d i a c e t i c a c i d f u n c t i o n a l group i n s t e a d of 

two, together with some C r e s o l Red, which i s not c h e l a t i n g . 

The Xylenol Orange column prepared c o n t a i n s both X y l e n o l 

Orange and semi-Xylenol Orange, which a r e both c h e l a t i n g . I n 

order to understand b e t t e r the chelating-exchange p r o c e s s , 
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semi-Xylenol Orange and Xylenol Orange have to be i s o l a t e d and 

coated i n t u r n , to determine t h e i r c h e l a t i n g a b i l i t y . To 

i n c r e a s e the e f f i c i e n c y f u r t h e r and improve s e p a r a t i o n s , 

c h e l a t i n g d y e s t u f f s could be coated onto s m a l l e r p a r t i c l e s i z e 

s u b s t r a t e s , such as Sfim p a r t i c l e s i z e . T h i s should improve 

chromatographic performance f u r t h e r . The a c t u a l c o a t i n g 

procedure has not been optimized. E f f e c t s such as pH, dye 

c o n c e n t r a t i o n and coating time need t o be studied, i n order t o 

maximise the loading, and e f f i c i e n c y of the coated column. 

Other c h e l a t i n g d y e s t u f f s should be i n v e s t i g a t e d . Calmagite 

used i n i n i t i a l s t u d i e s , gave a good c o a t i n g with the 8;im PLRP-

S s u b s t r a t e , but was not s t u d i e d f u r t h e r . I t should produce a 

c h e l a t i n g column which i s more s t r o n g l y c h e l a t i n g than Chrome 

Azurol S, but more weakly c h e l a t i n g than Xylenol Orange. There 

are many other c h e l a t i n g dyes which could be coated onto high 

performance s u b s t r a t e s to study d i f f e r e n t groups of metal ions 

such as t r i v a l e n t and t e t r a v a l e n t metals- Dyes t h a t a r e very 

s e l e c t i v e , which do not r e a c t w ith magnesium and calcium, could 

prove u s e f u l f o r sea water a n a l y s i s . Highly s e l e c t i v e dyes 

could be used f o r the determination of a s i n g l e , or s m a l l group 

of metal i o n s . 

C h e l a t i o n ion chromatography should develop f u r t h e r i n the 

f u t u r e as a r e l a t i v e l y simple and inexpensive method of 

d i r e c t l y determining t r a c e metals i n v a r i o u s high i o n i c 

s t r e n g t h media. 
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