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ABSTRACT 

I t i s g e n e r a l l y c o n s i d e r e d t h a t t h e d e t e c t i o n s t e p 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 by l i q u i d - c h r o m a t o g r a p h i c 
s ystems i s t h e w e a k e s t a r e a o f t h e a n a l y t i c a l p r o c e d u r e . 
V a r i o u s p o s t - c o l u m n r e a g e n t s y s t e m s , f o r t r a c e m e t a l 
a n a l y s i s , based on t h e h i g h l y s e n s i t i v e l u m i n o l - p e r o x i d e 
c h e m i l u m i n e s c e n c e (CL) r e a c t i o n h ave been d e v e l o p e d and 
a r e d e s c r i b e d * 

A s i m p l e c a t i o n - e x c h a n g e c h r o m a t o g r a p h i c s y s t e m was 
d e v e l o p e d and u s e d t o s e p a r a t e c o b a l t f r o m o t h e r m e t a l 
i o n s . These c o b a l t i o n s were d e t e c t e d u s i n g an o p t i m i s e d 
l u m i n o l - p e r o x i d e CL p o s t - c o l u m n r e a g e n t . A d e t e c t i o n 
l i m i t o f 0.5 ng 1 " ^ was a c h i e v e d w i t h o u t t h e need f o r 
p r e c o n c e n t r a t i o n , f o r a 200 ̂ 1 sample. The c o b a l t c o n t e n t 
o f a r i c e f l o u r 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 was d e t e r : 
m ined u s i n g t h i s s y s t e m and gave good a g r e e m e n t w i t h t h e 
c e r t i f i c a t e v a l u e . 

A s i m i l a r s y s t e m , b a s e d on i o n - e x c h a n g e c h r o m a t o g r a p h y 
w i t h CL d e t e c t i o n was d e v e l o p e d t o s i m u l t a n e o u s l y d e t e r ­
mine C r ( I I I ) and C r ( V I ) w i t h o u t any sample p r e t r e a t m e n t . 
The s e p a r a t i o n s y s t e m i n v o l v e d t h e e m p l o y m e n t o f b o t h 
a n i o n and c a t i o n exchange c o l u m n s c o n n e c t e d i n p a r a l l e l 
and used a 10 p o r t i n j e c t i o n v a l v e t o i n t r o d u c e t h e sam­
p l e . The d e t e r m i n a t i o n o f C r ( V I ) r e q u i r e d t h e i n v e s t i g a ­
t i o n o f v a r i o u s r e d u c i n g a g e n t s w h i c h a r e d i s c u s s e d . V e r y 
h i g h s e n s i t i v i t y d e t e c t i o n f o r C r ( I I I ) a n d _ C r ( V I ) was 
a c h i e v e d w i t h a d e t e c t i o n l i m i t o f 0.3 p g 1 ~ ^ f o r b o t h 
s p e c i e s . The chromium c o n t e n t o f a s i m u l a t e d f r e s h w a t e r 
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 was d e t e r m i n e d and t h e r e ­
s u l t s a r e d i s c u s s e d . 

F i n a l l y , an i o n - c h r o m a t o g r a p h i c s y s t e m was d e v e l o p e d f o r 
t r a c e , m u l t i - e l e m e n t a n a l y s i s w i t h CL d e t e c t i o n . The 
system i s h i g h l y s e n s i t i v e and n o n - s e l e c t i v e and i s based 
on t h e d i s p l a c e m e n t and d e t e r m i n a t i o n o f c o b a l t f r o m a Co-
EDTA p o s t - c o l u m n r e a g e n t by e l u t i n g m e t a l s p e c i e s . The 
a n a l y t e m e t a l s o r i g i n a t e f r o m a l l a r e a s o f t h e P e r i o d i c 
T a b l e and d e t e c t i o n l i m i t s r ange between 2 and* 100 1 
d e p e n d i n g on t h e a n a l y t e . Some o f t h e e x p e r i m e n t a l d a t a 
has been compared w i t h a t h e o r e t i c a l c o m p u t e r model and 
t h e r e s u l t s a r e d i s c u s s e d . U s i n g t h i s s y s t e m t h e z i n c and 
a l u m i n i u m c o n t e n t o f a c e r t i f i e d sample was d e t e r m i n e d and 
gave good agreement w i t h t h e c e r t i f i c a t e v a l u e . 
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CHAPTER 1 

INTRODUCTION 

1. 1 T h e R e q u i r e m e n t f o r T r a c e M e t a l A n a l y s i s 

I n r e c e n t d e c a d e s , t h e i m p o r t a n c e 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 has become r e c o g n i s e d . Nowadays, t h e t e r m 

• t r a c e a n a l y s i s * no l o n g e r c o n v e y s a n o v e l i d e a e v e n 

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

a b o u t 35 y e a r s ago w i t h t h e d e t e r m i n a t i o n s o f t r a c e 

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

p l a n t p h y s i o l o g y . 

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

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

q u a n t i t i e s can have a f a r r e a c h i n g i m p a c t r e g a r d i n g h e a l t h 

and d i s e a s e s . T r a c e m e t a l a n a l y s i s i s a l s o o f i n t e r e s t t o 

p u b l i c h e a l t h i n s t i t u t i o n s w h i c h a r e now a b l e t o e s t a b l i s h 

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

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

l a b o r a t o r y atmospheres. 

Some o f t h e most i m p o r t a n t f i e l d s i n w h i c h t r a c e m e t a l 

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

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

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

o f s e m i c o n d u c t o r s and f i b r e o p t i c s , where t h e p r e s e n c e o f 

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

o f t h e p r o d u c t . 
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A n o t h e r example i n w h i c h t r a c e m e t a l a n a l y s i s i s i m p o r t a n t 

i s i n p l a n t and a n i m a l systems where t h e t r a c e m e t a l i o n s 

p l a y a v i t a l r o l e i n a v a s t number o f w i d e l y d i f f e r i n g 

b i o l o g i c a l p r o c e s s e s . Some o f t h e s e p r o c e s s e s a r e q u i t e 

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

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

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

F o r example, t h e m e t a l i o n s magnesium, manganese, i r o n , 

c o b a l t , c o p p e r , molybdenum and z i n c a r e a l l i m p o r t a n t 

c a t a l y s t s i n a v a r i e t y o f enzyme r e a c t i o n s . S o d i u m , 

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

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

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

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

c e l l w a l l s . 

I n a d d i t i o n t o t h o s e e s s e n t i a l m e t a l i o n s a l r e a d y 

m e n t i o n e d , some m e t a l i o n s a r e o f e n v i r o n m e n t a l c o n c e r n 

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

e s s e n t i a l i o n s can, under c e r t a i n c o n d i t i o n s , r e a c h t o x i c 

l e v e l s . For example, an o v e r - e x p o s u r e t o i r o n c an c a u se 

t h e c o n d i t i o n s i d e r o s i s . 

Many n o n - e s s e n t i a l i o n s c a n a c t as t o x i n s and' t h e s e a r e 

u s u a l l y t h e s o f t , heavy m e t a l s and m e t a l l o i d s , w h i c h have 

m i n i m a l b i o l o g i c a l r o l e s , and c a u s e many p r o b l e m s when 

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

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

i n c l u d e compounds o f a r s e n i c , cadmium, m e r c u r y . a n d l e a d . 
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T h e r e i s a l s o m u c h c o n t r o v e r s i a l e v i d e n c e o f t h e 

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

compounds i n c l u d i n g chromium, n i c k e l , a r s e n i c , cadmium and 

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

humans ( 1 ) -

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

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

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

p r e s s u r e f o r i n d u s t r i e s t o d i s p o s e o f t h e i r w a s t e p r o d u c t * 

more r e s p o n s i b l y . The c o a l c o m b u s t i o n i n d u s t r y , amongst 

o t h e r s , a t p r e s e n t r e l e a s e s many m e t a l s as a i r p o l l u t a n t s . 

Some o f t h e s e m e t a l s i n c l u d e l e a d , v a n a d i u m , manganese, 

a r s e n i c , n i c k e l , cadmium, m e r c u r y and b e r y l l i u m . Water 

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

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

t r a c e q u a n t i t i e s o f a u b i q u i t o u s c o c k t a i l o f many m e t a l s 

i n one f o r m o r a n o t h e r . 

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

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

o f p r e s s u r i z e d w a t e r r e a c t o r s . A p r o b l e m o f r a d i o a c t i v e 

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

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

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

i o n s a r e r e l e a s e d i n t o t h e c o o l a n t by aqueous c o r r o s i o n 

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

s u b s e q u e n t l y d e p o s i t e d on o u t - o f - c o r e s u r f a c e s . N i c k e l 

and c o b a l t a r e t h e r e s p e c t i v e p r e c u r s o r s o f t h e h i g h 
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e n e r g y , l o n g l i v e d ^®Co a n d ^^Co r a d i o n u c l i d e s a n d 

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

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

w h e r e m a i n t e n a n c e and r e p a i r w o r k a r e n e c e s s a r y . An 

a c c u r a t e r e c o r d o f t h e e x p o s u r e dose o f r a d i o a c t i v i t y i s 

r e q u i r e d when a s s e s s i n g t h e p o s s i b l e h e a l t h r i s k t o 

w o r k e r s i n t h e s e p o t e n t i a l l y h a z a r d o u s a r e a s . 

One w o u l d assume, f r o m a l l t h e a b o v e e x a m p l e s o f t h e 

p r e s e n c e and consequences o f t r a c e m e t a l s i n i n d u s t r i a l 

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

t h e r e i s an o b v i o u s r e q u i r e m e n t t o m o n i t o r and d e t e r m i n e 

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

d i f f e r e n c e s i n m e t a l c o n c e n t r a t i o n can have a f a r r e a c h i n g 

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

b i o l o g i c a l o r e c o l o g i c a l , 

1.2 The I m p o r t a n c e o f T r a c e M e t a l S p e c i a t l o n 

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

i n f o r m a t i o n on s p e c i a t i o n , o r c h e m i c a l f o r m , o f a 

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

c o n s e q u e n c e a r i s e s f r o m t h e f a c t t h a t t h e f o r m o f t h e 

s p e c i e s w h i c h i s p r e s e n t can have a d r a m a t i c a f f e c t on i t s 

t o x i c i t y and a v a i l a b i l i t y t o b i o l o g i c a l s y s t e m s . 

P e r h a p s one o f t h e s i m p l e s t e x a m p l e s i s g i v e n b y t h e 

c h e m i s t r y o f c h r o m i u m >. C h r o m i u m e x i s t s i n t h e 

e n v i r o n m e n t p r e d o m i n a n t l y i n t w o o x i d a t i o n s t a t e s ; O r ( I I I ) 

and C r ( V I ) . The t r i v a l e n t s t a t e i s r e q u i r e d by a n i m a l s 



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

f a c t o r . The h e x a v a l e n t s t a t e , however, has been shown t o 

be much more t o x i c t h a n t h e t r i v a l e n t s t a t e i n a n i m a l 

e x p e r i m e n t s ( 2 , 3) and i s c o n s i d e r e d t o be p a r t i c u l a r l y 

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

a l l e r g i c r e a c t i o n and c a n c e r . As a c o n s e q u e n c e o f t h i s 

r i s k , t h e r e i s an o b v i o u s need f o r t h e a n a l y s t t o be a b l e 

t o d i s t i n g u i s h between t h e two o x i d a t i o n s t a t e s . 

A n o t h e r , more r e c e n t e x a m p l e , i s shown by t h e g r o w i n g 

c o n c e r n t o w a r d s a l u m i n i u m t o x i c i t y , i n i t i a t e d m a i n l y 

by t h e " a c i d r a i n " p r o b l e m . S t u d i e s h a v e l e d t o t h e 

g r o w i n g r e a l i s a t i o n t h a t t h e r e l e a s e o f Al"^"*" i o n s f r o m t h e 

s o i l has l e d t o t o x i c i t y p r o b l e m s t o f i s h ( 4 ) . A number 

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

n a t u r a l w a t e r s , and t h e s e a r e summarized i n T a b l e 1.1. 

The most t o x i c a l u m i n i u m s p e c i e s t o w a r d s o r g a n i s m s a r e t h e 

s o - c a l l e d l a b i l e m o n o m e r i c s p e c i e s . I n t h e o t h e r 

a l u m i n i u m f o r m s , t h e m e t a l i s c h e m i c a l l y bound w i t h i n an 

o r g a n i c complex o r p o l y m e r i c s y s t e m s and i s l e s s a b l e t o 

e x h i b i t i t s t o x i c e f f e c t . The l a b i l e monomeric s p e c i e s 

a r e c a u s i n g h e a l t h c o n c e r n , b u t a t p r e s e n t ^ t h e r e a r e few 

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

and n o n - t o x i c f o r m s . 

O r g a n o m e t a l l i c s p e c i e s can have many t i m e s t h e t o x i c i t y o f 

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

t h e a b s o r p t i o n , d i s t r i b u t i o n and t o x i c i t y o f a number o f 
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T a b l e l . l The a l u m i n i u m s p e c i e s p r e s e n t i n n a t u r a l w a t e r 

A l u m i n i u m Form 

L a b i l e monomeric 
s p e c i e s 

N o n - l a b i l e monomeric 
s p e c i e s 

P o l y m e r i c s p e c i e s 

Examples 

Al^"*", hl{OH)^^, A1(0H)2'^, Al(OH) 

A l - h u m a t e , A l - f u l v a t e e t c 

a l u m i n a s i l i c a t e s and a l u m i n i u m 
c o l l o i d a l s y s t e m s . 



m e t a l s a n d m e t a l l o i d s . B i o - m e t h y 1 a t i o n h a s b e e n 

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

chromium, s e l e n i u m , p l a t i n u m and p a l l a d i u m . 

A n a l y t i c a l d e t e r m i n a t i o n s must t a k e i n t o a c c o u n t t h e f o r m 

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

few m e a n i n g f u l r e s u l t s can be i n f e r r e d . 

1.3 Q u a n t i t a t i v e I n o r g a n i c A n a l y s i s 

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

a n a l y s i s a r e based upon (a) t h e q u a n t i t a t i v e p e r f o r m a n c e 

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

measurements, o r ( c ) t h e measurement o f o p t i c a l p r o p e r t i e s 

( a b s o r p t i o n and e m i s s i o n t e c h n i q u e s ) . 

The use o f c h e m i c a l r e a c t i o n s f o r q u a n t i t a t i v e i n o r g a n i c 

d e t e r m i n a t i o n s a r e t h e b a s i s o f t h e t r a d i t i o n a l o r 

c l a s s i c a l methods o f c h e m i c a l a n a l y s i s . T hese c l a s s i c a l 

methods i n c l u d e g r a v i m e t r y , t i t r i m e t r y and v o l u m e t r y . I n 

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

c o n v e r t e d i n t o an i n s o l u b l e p r e c i p i t a t e w h i c h i s c o l l e c t e d 

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

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

a p p r o p r i a t e r e a g e n t added as a s t a n d a r d s o l u t i o n , and t h e 

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

d e t e r m i n e d . V o l u m e t r y measures t h e volume o f gas e v o l v e d 

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

E l e c t r i c a l methods o f a n a l y s i s i n v o l v e t h e measurement o f 
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c u r r e n t , v o l t a g e o r r e s i s t a n c e i n r e l a t i o n t o t h e 

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

methods i n c l u d e ( i ) v o l t a m m e t r y (measurement o f c u r r e n t a t 

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

c u r r e n t a nd t i m e needed t o c o m p l e t e an e l e c t r o c h e m i c a l 

r e a c t i o n ) , ( i i i ) p o t e n t i o m e t r y ( m e a s u r e m e n t o f t h e 

p o t e n t i a l o f an e l e c t r o d e i n e q u i l i b r i u m w i t h an i o n t o be 

d e t e r m i n e d ) and ( i v ) c o n d u c t i m e t r y ( m e a s u r e m e n t o f t h e 

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

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

' a b s o r p t i o n o f r a d i a n t e n e r g y a t a p a r t i c u l a r w a v e l e n g t h o r 

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

w a v e l e n g t h . A b s o r p t i o n methods a r e c l a s s i f i e d a c c o r d i n g 

o t t h e w a v e l e n g t h i n v o l v e d a s ( a ) u l t r a v i o l e t 

s p e c t r o s c o p y , (b) v i s i b l e s p e c t r o s c o p y and ( c ) i n f r a r e d 

s p e c t r o s c o p y , 

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

a s o l u t i o n o f a sample i n t o a f l a m e and t h e n s t u d y i n g t h e 

a b s o r p t i o n o f r a d i a t i o n f r o m an e l e c t r i c lamp p r o d u c i n g 

t h e s p e c t r u m o f t h e e l e m e n t t o be d e t e r m i n e d . E m i s s i o n 

m e t h o d s i n v o l v e an e x c i t a t i o n s t e p t o r a i s e a t o m s t o 

e x c i t e d l e v e l s c a u s i n g them t o e m i t energy' on t h e i r r e t u r n 

t o t h e l o w e r e n e r g y g r o u n d s t a t e . Common' t e c h n i q u e s a r e : 

( i ) e m i s s i o n s p e c t r o s c o p y , where t h e s a m p l e i s s u b j e c t e d 

t o an e l e c t r i c a r c o r s p a r k and t h e l i g h t t h a t i s e m i t t e d 

e xamined, ( i i ) f l a m e p h o t o m e t r y , i n w h i c h a s o l u t i o n o f 

t h e sample i s i n j e c t e d i n t o a f l a m e and t h e l i g h t e m i t t e d 
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i s m e a s u r e d and ( i i i ) f l u o r i m e t r y , i n w h i c h a s u i t a b l e 

s u b s t a n c e i n s o l u t i o n i s e x c i t e d b y i r r a d i a t i o n w i t h 

v i s i b l e o r uv r a d i a t i o n , and t h e e m i t t e d r a d i a t i o n i s t h e n 

examined. 

I n a d d i t i o n t o t h e g e n e r a l methods m e n t i o n e d , t h e r e a r e 

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

i n o r g a n i c a n a l y s i s and t h e s e i n c l u d e X - r a y f l u o r e s c e n c e 

and methods based on r a d i o a c t i v i t y . 

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

' p r o p e r t i e s , and t h e e x t e n t t o w h i c h r a d i a t i o n i s a b s o r b e d 

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

I n s t r u m e n t a l methods a r e u s u a l l y much f a s t e r t h a n p u r e l y 

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

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

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

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

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

has n o t r e n d e r e d c l a s s i c a l t e c h n i q u e s o b s o l e t e a n d 

i n s t r u m e n t a l and c l a s s i c a l m e t h o d s m u s t be r e g a r d e d as 

s u p p l e m e n t i n g each o t h e r . 

T h e r e a r e many s o l u t i o n and s o l i d t e c h n i q u e s a v a i l a b l e f o r 

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

c o n s i d e r a t i o n and c h o i c e o f method i s de p e n d e n t on s e v e r a l 

c r i t e r i a . 



(a) The t y p e o f a n a l y s i s r e q u i r e d ; e l e m e n t a l o r 

m o l e c u l a r , r o u t i n e o r o c c a s i o n a l . 

(b) P o s s i b l e i n t e r f e r e n c e s w i t h i n t h e sample. 

( c ) The c o n c e n t r a t i o n r a n g e , a c c u r a c y and p r e c i s i o n 

r e q u i r e d . 

(d) T u r n o v e r t i m e f o r a n a l y s i s t o be c o m p l e t e d . 

(e) The c o s t o f t h e a n a l y s i s . 

( f ) Problems a r i s i n g f r o m t h e n a t u r e o f t h e m a t e r i a l t o 

be i n v e s t i g a t e d e.g. s u b s t a n c e s a f f e c t e d by w a t e r , 

c o r r o s i v e s u b s t a n c e s , r a d i o a c t i v e s u b s t a n c e s e t c . 

'Some o f t h e i n f o r m a t i o n t h a t i s r e q u i r e d i n o r d e r t o make 

t h e r e l e v a n t c h o i c e o f t h e a p p r o p r i a t e a n a l y t i c a l method 

i s g i v e n i n T a b l e 1.2. 

1.4 The use o f L i q u i d C h r o m a t o g r a p h y Systems f o r T r a c e 

M e t a l A n a l y s i s 

C h r o m a t o g r a p h i c methods and o r g a n i c a n a l y s i s have become 

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

may be d i f f i c u l t t o a c h i e v e w i t h o u t a p p l i c a t i o n o f a 

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

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

s p e c t r o s c o p i c methods ( e . g . a t o m i c a b s o r b t i o n , p h o t o m e t r y ) 

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

p o l a r o g r a p h y ) . N e v e r t h e l e s s , c h r o m a t o g r a p h i c methods a r e , 

nowadays, o f g r e a t i n t e r e s t t o t h e i n o r g a n i c a n a l y s t and 

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

sometimes s u p e r i o r t o more c o n v e n t i o n a l e l e m e n t a l a n a l y s i s 
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T a b l e 1,2 Some o f t h e d e t a i l s r e q u i r e d when c o n s i d e r i n g t h e 
r e l e v a n t c h o i c e o f i n s t r u m e n t a l a n a l y t i c a l method 

Method R e l a t i v e 
Cost 

A c c u r a c y Speed C o n c e n t r a t i o n 
Range/ g 

Cou l o m e t r y L - M H S - M 10-1 - 10-4 

V o l t a m m e t r y M M M - 10-10 

P o t e n t i o m e t r y L - M M M - F 10-1 - 10-7 

S p e c t r o p h o t o m e t r y L - M M M - F 10-3 - 10-6 
Ato m i c S p e c t r o s c o p y M - H M F 10-3 - 10-9 

Emission/Plasma 
S p e c t r o s c o p y 

H M F 10-5 - 10-9 

Chromatography (GLC, 
HPLC) 

M M F 10-3 - 10-9 

N e u t r o n A c t i v a t i o n H M S 10-5 - 10-12 

X-ray F l u o r e s c e n c e H H F 10-3 - 10-6 
ICP-MS H H F 10-10 - 10-11 

A b b r e v i a t i o n s F, F a s t ; H, H i g h ; L, Low; M, M o d e r a t e ; S, Slow 
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d e t e r m i n a t i o n s s u c h as a t o m i c a b s o r p t i o n s p e c t r o s c o p y o r 

v o l t a m m e t r y . 

T here a r e s e v e r a l r e a s o n s why c h r o m a t o g r a p h i c methods may 

be p a r t i c u l a r l y u s e f u l . T h e s e a r e w h e n : 

(a) S e v e r a l e l e m e n t s need t o be j o i n t l y i d e n t i f i e d and 

d e t e r m i n e d i n a s i n g l e p r o c e d u r e (so c a l l e d m u l t i ­

e l e m e n t a n a l y s i s ) . 

(b) D e t e r m i n a t i o n o f e l e m e n t a l s p e c i e s i s n e c e s s a r y t o 

g i v e i n f o r m a t i o n on t o x i c / n o n - t o x i c f r a c t i o n s (See 

S e c t i o n 1 . 2 ) . 

( c ) Systems a r e r e q u i r e d t h a t a r e a b l e t o l e n d t h e m s e l v e s 

t o , r o u t i n e a n a l y s i s because o f t h e i r ease o f 

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

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

o p e r a t i o n and c o s t e f f e c t i v e n e s s . 

(d) T h e r e i s a need f o r t r a c e e n r i c h m e n t o r 

p r e c o n c e n t r a t i o n s i n c e s e n s i t i v i t i e s o f o t h e r 

a v a i l a b l e methods may n o t be s u f f i c i e n t . 

(e) T h ere i s a r e q u i r e m e n t f o r m a t r i x e l i m i n a t i o n by use 

o f c h e l a t i o n exchange, f o r example, i n 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 s e a - w a t e r and c o n c e n t r a t e d b r i n e s . 

C o n s i d e r a b l e advances have been made i n a l l o f t h e above 

a r e a s i n t h e l a s t t e n o r t w e n t y y e a r s ; a l t h o u g h t h e y 

c a n n o t a l w a y s be g e n e r a l i s e d a n d o f t e n a p p l y o n l y t o 

h i g h l y s p e c i f i c p r o b l e m s . 

The r e v i e w o f t h e l i t e r a t u r e c o n c e r n i n g c h r o m a t o g r a p h i c 
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systems f o r i n o r g a n i c and o r g a n o m e t a l l i c s e p a r a t i o n s up t o 

1970 i s p r e s e n t e d i n a book by J . M i c h a l ( 5 ) w i t h w e l l 

o v e r 7 0 0 r e f e r e n c e s , b e g i n n i n g w i t h t h e f i r s t 

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

a n a l y s i s i n 1937 by Schwab and h i s c o - w o r k e r s , who s t u d i e d 

t h e s o r p t i o n o f a n i o n s a nd c a t i o n s on a l u m i n a c o l u m n s . 

N u m e r o u s p r a c t i c a l a p p l i c a t i o n s w e r e s u b s e q u e n t l y 

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

M i c h a l w i t h some 70 r e f e r e n c e s . A good p r o p o r t i o n o f h i s 

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

p a r t i c u l a r , t h e use o f paper c h r o m a t o g r a p h y f o r i n o r g a n i c 

s e p a r a t i o n s . W i t h i n t h i s p a r t i t i o n s e c t i o n t h e r e a r e w e l l 

o v e r 400 r e f e r e n c e s o f p a r t i c u l a r a p p l i c a t i o n s . The 

r e v i e w c o n t a i n s a s m a l l s e c t i o n o f some 50 r e f e r e n c e s on 

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

c o n c e r n s i t s e l f w i t h t h e u s e o f w e l l - k n o w n " c l a s s i c a l " 

i o n - e x c h a h g e r e s i n s s u c h as Dowex and A m b e r l i t e i n l a r g e 

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

w i t h t h o s e r e s i n s i m p r e g n a t e d w i t h i n p a p e r s . 

The l i t e r a t u r e b e t w e e n 1970 and 1979 f o r c h r o m a t o g r a p h i c 

i n o r g a n i c a n a l y s i s i s s u r v e y e d i n a book by G. Schwedt (6) 

who p r o v i d e s d e t a i l e d i n f o r m a t i o n and a l i t e r a t u r e r e v i e w 

i n a number o f a r e a s i n c l u d i n g : 

(1) A d s o r p t i o n c h r o m a t o g r a p h y o f m e t a l c h e l a t e s by t h i n -

l a y e r c h r o m a t o g r a p h y (TLC) (60 r e f e r e n c e s ) . 

(2) P a r t i t i o n c h r o m a t o g r a p h y o f i n o r g a n i c i o n s and o f 

m e t a l complexes by TLC (45 r e f e r e n c e s ) . 
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(3) Reversed phase c h r o m a t o g r a p h y o f i n o r g a n i c i o n s by 

TLC (60 r e f e r e n c e s ) . 

( 4 ) S e l e c t e d examples o f io n - e x c h a n g e c h r o m a t o g r a p h y f o r 

i n o r g a n i c i o n s by TLC (40 r e f e r e n c e s ) '» 

(5) A d s o r p t i o n c h r o m a t o g r a p h y o f m e t a l complexes by HPLC 

(20 r e f e r e n c e s ) . 

(6) P a r t i t i o n c h r o m a t o g r a p h y o f i n o r g a n i c s b y HPLC (8 

r e f e r e n c e s ) . 

(7) L i q u i d c h r o m a t o g r a p h y o f i n o r g a n i c s p e c i e s w i t h 

r e v e r s e d phases (16 r e f e r e n c e s ) . 

(8) S e p a r a t i o n o f a n i o n s and c a t i o n s , as w e l l as 

' i n o r g a n i c complexes by means o f i o n - e x c h a n g e 

m a t e r i a l s (32 r e f e r e n c e s ) . 

.. as w e l l as numerous examples o f p r a c t i c a l a p p l i c a t i o n s 

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

a n a l y t i c a l p r o b l e m s , 
/ 

Schwedt l a t e r r e v i e w e d t h e l i t e r a t u r e i n 1979 ( 7 ) i n w h i c h 

o n l y HPLC methods t h a t were used w i t h s e n s i t i v e d e t e c t i o n 

d e v i c e s were t a k e n i n t o a c c o u n t . The r e v i e w c o v e r s t h e 

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

t r a n s i t i o n m e t a l c o m p l e x e s by a d s o r p t i o n a n d r e v e r s e d 

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

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

exchange p r o c e d u r e s w i t h some 60 r e f e r e n c e s i n a l l . 

Two more r e c e n t r e v i e w s c o v e r i n g t h e same a r e a s as t h o s e 

by Schwedt have appeared i n 1985 (8) and 1986 ( 9 ) , b o t h o f 

w h i c h p r o v i d e an e x c e l l e n t s o u r c e o f r e f e r e n c e w i t h a 
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combined number of 160 r e l e v a n t p u b l i c a t i o n s . A n o t h e r 

review, worthy of note, was p u b l i s h e d i n 1985 by N i c k l e s s 

( 1 0 ) , i n w h i c h t h e a d v a n c e s and d e v e l o p m e n t s f o r 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 c h r o m a t o g r a p h y a r e d i s c u s s e d 

thoroughly w i t h many u s e f u l r e f e r e n c e s . 

1.4.1 The P r o c e s e s I n v o l v e d i n I n o r g a n i c A n a l y s i s bv 
r 

L i q u i d Chromatoqraphv 

From t h e p r e c e d i n g s e c t i o n , i t i s c l e a r t h a t t h e t h r e e 

main p r o c e s s e s i n v o l v e d i n i n o r g a n i c a n a l y s i s by 

chromatographic means a r e a d s o r p t i o n , p a r t i t i o n and i o n -

exchange chromatography, a l l of which s h a l l be d i s c u s s e d 

i n more d e t a i l . 

1.4.1.1 Adsorption Chromatography 

A d s o r p t i o n chromatography, i n t r o d u c e d by T s v e t t i n 1906, 

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

c h r o m a t o graphic method t o be i n v e s t i g a t e d . A m i x t u r e o f 

s u b s t a n c e s i n s o l u t i o n i s s e p a r a t e d by a c o l u m n o f 

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

d i f f e r i n g a d s o r p t i v e powers f o r the d i f f e r e n t components.^ 

P o l a r a d s o r b e n t s a r e more common than n o n - p o l a r ones and 

the most u s u a l m a t e r i a l s employed a r e p r i m a r i l y s i l i c a g e l 

and, t o a l e s s e r e x t e n t , a l u m i n a . Numerous o r g a n i c 

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

a d s o r b e n t and s o l v e n t w i l l a l l o w t h e r e q u i r e d s e p a r a t i o n 

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

alumina, e l a t i o n o c c u r s u s i n g normal phase s o l v e n t s s u c h 

as t h ose t h a t have a medium t o low p o l a r i t y compared w i t h 

t h e s t a t i o n a r y phase. The metal i o n s themselves, w i l l not 

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

t h e r e f o r e , be c o n v e r t e d t o more n o n - p o l a r o r g a n i c 

compounds by s i m p l e o r g a n i c e x t r a c t i o n p r o c e s s e s . These 

s o l v e n t e x t r a c t i o n p r o c e s s e s may be u n d e s i r a b l e i n terms 

of t h e t i m e r e q u i r e d f o r sample p r e t r e a t m e n t , but t h e 

p r o c e s s i t s e l f has the advantage of (a) m a t r i x e l i m i n a t i o n 

and (b) p r e c o n c e n t r a t i o n , which w i l l reduce i n t e r f e r e n c e s 

and i n c r e a s e s e n s i t i v i t y r e s p e c t i v e l y . Thorough r e v i e w s 

by O'Laughlin on the development and p r a c t i c a l a p p l i c a t i o n 

of a d s o r p t i o n chromatography a r e d e t a i l e d e l s e w h e r e (11, 

1 2 ) . The most p o p u l a r c h e l a t i n g a g e n t s a r e , by f a r , 

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

a g e n t s s u c h as x a n t h i c a c i d and m e r c a p t o q u i n o l i n e have 

a l s o been used ( 7 ) . 

A d s o r p t i o n chromatography has not r e a l l y been developed t o 

p e r h a p s i t s f u l l p o t e n t i a l and i s not u s e d a s much a s 

bonded-phase chromatography. T h i s i s presumably because 

of t h e u n c e r t a i n t y o f t h e b e h a v i o u r o f t h e s t a t i o n a r y 

phase which tends to v a r y , q u i t e c o n s i d e r a b l y from b a t c h 

to b a t c h . 

1.4.1.2 P a r t i t i o n Chromatography 

I n p a r t i t i o n chromatography, a d s o r p t i o n and d e s o r p t i o n 

o c c u r between two l i q u i d phases. P r a c t i c a l problems e x i s t 
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when u s i n g p a r t i t i o n chromatography i n HPLC d e t e r m i n a t i o n s 

due t o t h e m u t u a l m i s c i b i l i t y o f t h e two p h a s e s and 

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

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

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

a n a l y t i c a l purposes to any g r e a t e x t e n t . 

Bonded-phase m a t e r i a l s , where o r g a n i c f u n c t i o n a l groups 

a r e c h e m i c a l l y bonded to t h e backbone of t h e s t a t i o n a r y 

phase, a r e much more s t a b l e and a r e employed a g r e a t d e a l 

i n a l a r g e number of v a r y i n g chromatographic a p p l i c a t i o n s . 

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

chromatography, combines t he v e r s a t i l i t y of p a r t i t i o n w i t h 

the high e f f i c i e n c y of a d s o r p t i o n . The moist u s u a l o r g a n i c 

g r oups t o be bonded onto t h e s u r f a c e s i l a n o l ( S i - O H ) 

groups a r e non-polar a l i p h a t i c c h a i n s of v a r y i n g carbon 

l e n g t h from C 2 t o C-ĵ g a l t h o u g h p o l a r amino and c y a n o 

group.s can a l s o been used. 

A l i p h a t i c C-ĵ g o c t a d e c y l s i l a n e (ODS) groups a r e t h e most 

popular bonded phase used today and the mobile phase must 

be more p o l a r to e n a b l e t h e s e p a r a t i o n o f m e t a l - c h e l a t e s 

t o o c c u r . T h i s i s known a s r e v e r s e - p h a s e chromatography 

and s e p a r a t i o n of m e t a l s can o n l y be a c h i e v e d i f s t a b l e 

m e t a l - c h e l a t e systems a r e formed. S e v e r a l r e v i e w s on the 

HPLC s e p a r a t i o n o f m e t a l c h e l a t e s b y " r e v e r s e - p h a s e 

chromatography have been w r i t t e n and some o f t h e more 

s u c c e s s f u l c h e l a t e systems t h a t have been used a r e ; 

(a) t h e p-Diketones 
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(b) t he p-Ketoamines 

(c) the t h i o s e m i c a r b a z o n e s , hydrazones and d i t h i z o n e 

(d) t he d i t h i o c a r b a m a t e s 

(e) 8-hydroxyquinoline 

( f ) B i p y r i d i n e , 1,10-Phenanthroline 

(g) Crown e t h e r s 

(h) M a c r o c y c l i c amines 

( i ) P o r p h y r i n s 

a l l of which a r e d e s c r i b e d more f u l l y i n t h e r e v i e w s ( 7 -

1 2 ) . 

'The most p o p u l a r c h e l a t i n g a g e n t s t o be u s e d f o r m e t a l 

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

F o r example, 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 of Cd, Co, 

Cu, Hg, and Ni can be a c h i e v e d i n about 15 minutes w i t h 

l i m i t s of d e t e c t i o n i n t h e o r d e r of 5 ng (13) . A l s o Pb, 

Cd and B i have been determined a t low l e v e l s i n u r i n e w i t h 

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

c h e l a t e s ( 1 4 ) , I n 1985 M u e l l e r e t a l . d e t e r m i n e d t r a c e 

amounts o f Pd i n p l a t i n u m p o w der, a g a i n u s i n g t h e 

preformed d i t h i o c a r b a m a t e c h e l a t e s on a r e v e r s e p h a s e 

column ( 1 5 ) . O t h e r examples i n c l u d e t h e s i m u l t a n e o u s 

d e t e r m i n a t i o n of Cu, N i , Co, C r ( V l ) , and C r ( I I I ) w i t h 

e l e c t r o c h e m i c a l d e t e c t i o n ( 1 6 ) and t h 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 of the heavy me t a l s Pb, H g ( I ) , H g ( I I ) and Cd 

d i t h i o c a r b a m a t e complexes ( 1 7 ) . ' 

Dithiocarbamate complexes have a l s o been e x p l o i t e d because 

of t h e i r e a s e of t r a c e e n r i c h m e n t ( 1 8 ) , t h u s i n c r e a s i n g 
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t h e s e n s i t i v i t y o f s u c h r e v e r s e - p h a s e s y s t e m s . O t h e r 

c h e l a t i n g s y s t e m s t h a t h a v e b e e n c i t e d u s e 8-

h y d r o x y q u i n o l i n e f o r t h e r e v e r s e phase d e t e r m i n a t i o n of V, 

Mo, W, Co and Cr (19) and a l s o f o r t h e d e t e r m i n a t i o n o f 

A l , Cu, Fe and Mn i n b i o l o g i c a l and o t h e r samples ( 2 0 ) . 

M e t a l i o n s have a l s o been e x t r a c t e d and s e p a r a t e d by 

r e v e r s e p h a s e chromatography u s i n g e t h y l - x a n t h a t e and 

1 , 1 0 - p h e n a n t h r o l i n e a s c h e l a t i n g a g e n t s , a l t h o u g h 

d e t e c t i o n l i m i t s a r e not g i v e n ( 2 1 ) . Uranium h a s been 

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

' c o m p l e x f o r m a t i o n w i t h 2 , 6 , - d i a c e t y 1 - p y r i d i n e 

b i s ( b e n z o y l h y d r a z o n e ) w h i c h i s p a r t i c u l a r l y s t a b l e f o r 

c o m p l e x i n g t h e u r a n y l i o n ( 2 2 ) , g i v i n g a n a b s o l u t e 

d e t e c t i o n l i m i t of 5 ng. 

The examples g i v e n above a r e by no means e x h a u s t i v e and 

t h e r e a r e a g r e a t many o t h e r c h e l a t i n g s y s t e m s t h a t have 

been s t u d i e d . Most of t h e r e a g e n t s s t u d i e d form s t r o n g 

n e u t r a l complexes w i t h a l a r g e number of m e t a l s i o n s v The 

m a j o r i t y of the s e p a r a t i o n s r e p o r t e d have been c a r r i e d oiit 

on s i l i c a based s u p p o r t s , and t y p i c a l l y 3 - 8 complexes 

have been s e p a r a t e d . P r i m a r i l y , c h e l a t e s o f t r a n s i t i o n -

metal i o n s have been s e p a r a t e d although a few papers have 

been concerned w i t h chromatography of v a r i o u s l a n t h a n i d e s 

and a c t i n i d e s ( 2 3 ) . 

O r g a n o m e t a l l i c d e t e r m i n a t i o n s by r e v e r s e - p h a s e 

chromatography have i n c r e a s e d i n p o p u l a r i t y o v e r the l a s t 
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few y e a r s and t h i s i s borne out by t h e number of p a p e r s 

and r e v i e w s t h a t have appeared i n t h e l i t e r a t u r e (7, 24-

2 9 ) . Organomercury d e t e r m i n a t i o n s a r e t h e most p r o l i f i c 

a r e a o f s t u d y b u t a l s o o r g a n o l e a d , o r g a n o t i n a n d 

o r g a n o a r s e n i c s t u d i e s have been c a r r i e d out w i t h a good 

d e a l of s u c c e s s . 

A s i m i l a r method f o r t r a c e m e t a l a n a l y s i s i s b a s e d on 

r e v e r s e - p h a s e / i o n - p a i r chromatography i n which the charged 

m e t a l s p e c i e s form an i o n - p a i r t h a t h a s a h y d r o p h o b i c , 

l o n g c h a i n a l i p h a t i c e n d . The i o n - p a i r end o f t h e 

' m o l e c u l e i s u s u a l l y a s u l p h a t e or s u l p h o n a t e f u n c t i o n a l 

group w h i l s t t h e l o n g c h a i n a l i p h a t i c end i s s t r o n g l y 

a t t r a c t e d t o t h e n o n - p o l a r s t a t i o n a r y p h a s e of t h e ODS 

m a t e r i a l . E a r l y work by S k e l l y ( 3 0 ) , f o c u s s e d on t h e 

i o n - p a i r i n g of i n o r g a n i c i o n s w i t h long c h a i n a l i p h a t i c s . 

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

1 , 1 0 - p h e n a n t h r o l i n e complexes of F e ( I I ) , N i ( I I ) , R u ( I I ) , 

C o ( I I ) , Z n ( I I ) , C d ( I I ) and C u ( I I ) have been s e p a r a t e d and 

d e t e r m i n e d (31, 32) • A more r e c e n t example shows t h e 

d e t e r m i n a t i o n of t h o r i u m , chromium and t h e r a r e - e a r t h 

e l e m e n t s w i t h 2 - [ ( 2 - A r s e n o p h e n y 1 ) a z o ] - 1 , 8 - d i h y d r o x y 

[ ( 2 , 4 , 6 - t r i b r o m o p h e n y l ) a z o ] n a p h t h a l e n e - 3 , 6 - s u l p h o n i c a c i d 

w h i c h a c t e d a s b o t h t h e i o n - p a i r i n g r e a g e n t and t h e 

s p e c t r o p h o t o m e t r i c means of d e t e c t i o n ( 3 3 ) . 

1.4.1.3 Ion-Exchange Chromatography 

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

which c o n t a i n exchangeable c a t i o n s o r a n i o n s . There a r e 
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many t y p e s of exchanger on t h e market, some of which have 

a s i l i c a g e l backbone, w h i l s t o t h e r s a r e o r g a n i c i n n a t u r e 

( t h e so c a l l e d r e s i n s ) . E a r l y s t u d i e s on i o n - e x c h a n g e 

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

exchangers which a r e c r o s s - l i n k e d polymers c o n s i s t i n g o f a 

3-dimensional network of hydrocarbon c h a i n s c a r r y i n g i o n i c ' 

g r o u p s . A s t r o n g c a t i o n e x c h a n g e r e . g . Dowex 50, 

A m b e r l i t e I R l 30, would c a r r y a s u l p h o n a t e (SO3") i o n i c 

group, w h i l s t a weak c a t i o n exchanger e.g. A m b e r l i t e IRC 

50 would c a r r y a c a r b o x y l a t e (COO ~) f u n c t i o n a l group. 

C o n v e r s e l y a s t r o n g a n i o n e x c h a n g e r e . g . Dowex 1, 

'Amberlite IRA 400 has q u a t e r n a r y ammonium i o n s (C-NR3"*') 

p r e s e n t , and a weak a n i o n e x c h a n g e r e . g . Dowex 3, 

A m b e r l i t e IR45 would u s u a l l y have amine g r o u p s a s t h e 

f u n c t i o n a l s p e c i e s (C-NH^"*") , Many of t h e s e ion-exchange 

r e s i n s were d e v e l o p e d i n t h e 1940's and, a f t e r a s h o r t 

w h i l e , methods had been d e v e l o p e d f o r t h e s e p a r a t i o n of 

most of the elements ( 3 4 ) . 

T h e s e r e s i n s w e r e u s e d i n c l a s s i c a l i o n - e x c h a n g e 

chromatography and were g e n e r a l l y of l a r g e d i a m e t e r and 

not p a r t i c u l a r l y e f f i c i e n t . Often, s e p a r a t i o n s would t a k e 

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

was g r a v i t y . The development of ion-exchange m a t e r i a l s 

f o r h i g h p r e s s u r e work r e q u i r e d t h a t t h e r e s i n beads were 

produced much s m a l l e r t o i n c r e a s e e f f i c i e n c y . With t h e 

s m a l l e r beads came i n c r e a s e d back p r e s s u r e on t h e r e s i n , 

w h i ch o f t e n r e s u l t e d i n c o l l a p s e o f t h e r e s i n above a 

c r i t i c a l p r e s s u r e . Some o f t h e most s u c c e s s f u l r e s i n s 
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p r e s e n t l y on the market have been developed by the Dionex 

C o r p o r a t i o n , which produces a p e l l i c u l a r t y p e r e s i n t h a t 

has had o n l y t h e s u r f a c e o f t h e bead t r e a t e d . T h i s has 

s e v e r a l advantages and means t h a t t h e beads a r e much more 

r e s i l i e n t a n d c a n w i t h s t a n d more p r e s s u r e ' t h a n 

c o n v e n t i o n a l r e s i n s , the s u r f a c e exchange mechanisms a r e 

q u i c k e r and more e f f i c i e n t , and t h e m a t e r i a l s , t h emselves, 

a r e o f lower c a p a c i t y which may be an advantage i n terms 

of more s e n s i t i v e d e t e c t i o n s y s t e m s o r , may be a 

disad v a n t a g e i f the sample has a high i o n i c s t r e n g t h . 

' Bonded s i l i c a g e l can a l s o be used a s ion-exchangers u s i n g 

t h e same e x c h a n g e g r o u p s employed i n t h e r e s i n s e.g. 

P a r t i s i l 10 SCX ( S O 3 ' ) , P a r t i s i l 10 SAX (NRj"*") o r 

N e u c l e o s i l 5 (NH3"*") . These s t a t i o n a r y phases can be made 

much s m a l l e r t han t h e i r r e s i n c o u n t e r p a r t s and a r e much 

more r e s i s t a n t t o c o l l a p s e , t h u s improving t h e e f f i c i e n c y 

of s e p a r a t i o n . S i l i c a g e l m a t e r i a l s , however, can o n l y be 

o p e r a t e d a t a pH of between 2-7 b e c a u s e o f s o l u b i l i t y 

problems i n aqueous media compared t o t h e more v e r s a t i l e 

r e s i n s (pH 1-13). 

W i t h i n t h e f i e l d of ion-exchange chromatography t h e term 

•ion-chromatography• i s i n c r e a s i n g l y u s e d . T h i s term 

' ion-chrbmatography' was c o i n e d by S m a l l e t a l . (35) i n 

1975 and i t s d e v e l o p m e n t l e d t o a r a p i d e x p a n s i o n o f 

improvements and a p p l i c a t i o n s t o a number o f commercial 

systems. The use of the term 'ion-chromatography' f o r one 

p a r t i c u l a r system which was o r i g i n a l l y developed by Small 
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i s r a t h e r r e s t r i c t i v e and nowadays t h e terra i s u s u a l l y 

u s e d a s a g e n e r a l name f o r a p r o c e s s i n w h i c h i o n s a r e 

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

and which some form of automatic d e t e c t i o n method i s used. 

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

u s e s an i o n - e x c h a n g e column, a l t h o u g h i o n - p a i r i n g and 

i o n - e x c l u s i o n a r e a l s o used and i n c l u d e d i n t h i s term. 

The e l u t i o n of metal i o n s from c l a s s i c a l open column r e s i n 

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

s t r e n g t h m i n e r a l a c i d s ( 1 - 5 M), w h i l s t a f f i n i t y 

^ d i f f e r e n c e s o f s i m p l e a n i o n s f o r an anion-exchange r e s i n 

a r e o f t e n s u f f i c i e n t to permit chromatographic s e p a r a t i o n 

t h a t u s e s a competing anion t o move the sample ions along 

the column. The use of m i n e r a l a c i d s f o r HPLC s e p a r a t i o n , 

however, gave c o r r o s i o n problems from t h e s t a i n l e s s s t e e l 

components, a p a r t i c u l a r problem when d e a l i n g ' w i t h t r a c e 

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

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

s e p a r a t i o n s on b o t h a n i o n i c a n d c a t i o n i c e x c h a n g e 

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

a c i d s - T h i s f a c t , combined w i t h t h e u s e ' o f much s m a l l e r 

(3 - 50 um) d i a m e t e r m a t e r i a l s , b e t t e r I c h r o m a t o g r a p h i c 

c o m p o n e n t s , s m a l l e r s a m p l e s a n d a u t o m a t i c o n - 1 i n e 

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

s e p a r a t i o n s . The most common c o m p l e x i n g a c i d s u s e d a t 

p r e s e n t a r e 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 i n c l u d i n g such 

t y p e s a s o x a l i c , m a l o n i c , t a r t a r i c , l a c t i c , oc-

h y d r o x y i s o b u t y r i c and c i t r i c a c i d s . T h e s e c o m p l e x i n g 
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a g e n t s work by c h e l a t i n g w i t h t h e m e t a l s p e c i e s , t h u s 

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

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

v a r y i n g 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 . A s i m p l e example 

of t h i s can be g i v e n by t a r t a r i c a c i d . At pH 4.0 the l o g 

of t h e s t a b i l i t y c o n s t a n t s , l o g Kg^-^j^, f o r v a r i o u s c a t i o n s 

i s g i v e n i n T a b l e 1.3. From T a b l e 1.3 i t i s c l e a r t h a t 

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

a l l have d i f f e r e n t l o g Kg^^j^ and t h u s t h e e l u t i o n o r d e r 

would be: Cu, Zn, Pb, Cd, Mg. 

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

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

metal determinations.Examples i n c l u d e t h e use of c i t r a t e 

(36) and malonate (37) e l u e n t s f o r a l k a l i n e - e a r t h m e t a l 

s e p a r a t i o n s and t h e u s e o f a c e t a t e f o r c e r i u m ( I I I ) , 

lanthanum ( I I I ) , indium ( I I I ) and i n o r g a n i c mercury ( I I ) 

d e t e r m i n a t i o n s ( 3 8 ) . 

With t he development o f low c a p a c i t y p e l l i c u l a r and o t h e r 

ion-exchange m a t e r i a l s , t h e complexing agents which o f f e r 

the optimum s e p a r a t i o n s of metal i o n s a r e weak complexing 

o r g a n i c a c i d s . A c i d s s u c h a s l a c t i c , t a r t a r i c , c i t r i c , 

o x a l i c and p h t h a l i c have been used a s c h e l a t i n g agents i n 

io n exchange s e p a r a t i o n s . Jones e t a l . (39) have used t h e 

c h e l a t i n g t a r t a r i c and l a c t i c a c i d s 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 and Group ( i l l ) m etals u s i n g i n v e r s e photometry a s 

a means of d e t e c t i o n , w h i l s t Hwang e t a l . have managed t o 

s e p a r a t e 14 l a n t h a n i d e elements i n l e s s than 40 minutes by 
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T a b l e 1.3 Log K^^-^j^ of v a r i o u s d i v a l e n t c a t i o n s w i t h t a r t a r i c a c i d a t 

pH 4.0 

C a t i o n 

Cd 

Cu 

Mg 

Pb 

Zn 

Log ^stah 
3.8 

5.4 

1.4 

4.5 

4.9 

25 



e l u t i o n from a low c a p a c i t y c a t i o n exchange m a t e r i a l w i t h 

«-hydroxyisobutyric a c i d ( 4 0 ) . The per f o r m a n c e o f t h e s e 

weak o r g a n i c c h e l a t i n g e l u e n t s h a s b e e n f u r t h e r 

i n v e s t i g a t e d on a low c a p a c i t y s t r o n g c a t i o n exchange 

column, by comparing t he r e t e n t i o n t i m e s of t h e f o l l o w i n g 

metal i o n s : B i , Cd, Co, Cu, F e ( I I ) , F e ( I I I ) , Pb, Mn, Ni 

and Zn ( 4 1 ) . 

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

s e p a r a t e d ( a p a r t from t h e l a n t h a n i d e s e r i e s ) i n one 

i n j e c t i o n w a s 1 3 , t a k i n g 40 m i n u t e s f o r c o m p l e t e 

r e s o l u t i o n . The metal s p e c i e s s e p a r a t e d were Ba, Ca, Cd, 

Co, Cu, F e ( I I ) , F e ( I I I ) , Mg, Mn, Ni, Pb, Sn and Zn ( 4 2 ) . 

Although ion-chromatography was o r i g i n a l l y d e v e l o p e d t o 

s o l v e p r o c e s s monitoring and p r o c e s s c o n t r o l a p p l i c a t i o n s , 

t h e u n i q u e f e a t u r e s o f t h e t e c h n i q u e r e s u l t e d i n 

a p p l i c a t i o n s and technology being developed mainly i n the 

a n a l y t i c a l l a b o r a t o r y . lon-chromatography c a p a b i l i t i e s 

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

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

s p e c i e s p r e v i o u s l y d i f f i c u l t o r i m p o s s i b l e t o determine by 

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

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

d e v e l o p e d - Now', c a t i o n a n d a n i o n a n a l y s i s by i o n -

chromatography a r e r o u t i n e p r o c e d u r e s . The a n a l y s i s of 

i n o r g a n i c s p e c i e s by i o n - c h r o m a t o g r a p h y a n d t h e 

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

d i s c u s s e d f u l l y i n two r e c e n t r e v i e w s w h i c h o f f e r an 
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e x c e l l e n t s o u r c e of r e f e r e n c e (43, 4 4 ) . 

A new a r e a o f development i n i o n - c h r o m a t o g r a p h y i s t h e 

"dynamic" m o d i f i c a t i o n of cheap s i l i c a g e l CDS m a t e r i a l s 

to s t a t i o n a r y phases t h a t have ion-exchange c a p a b i l i t i e s . 

The ODS m a t e r i a l can be d y n a m i c a l l y c o a t e d w i t h long c h a i n 

a l i p h a t i c s u l p h o n a t e groups ( o r more r e c e n t l y c h e l a t i n g 

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

column i n t o an i o n - e x c h a n g e o r c h e l a t i n g - e x c h a n g e 

s t a t i o n a r y p h a s e . Good s e p a r a t i o n s have been a c h i e v e d 

u s i n g t h i s method ( 4 5 , 46) and t h e a d v a n t a g e o f t h i s 

cipproach i s t h a t r e l a t i v e l y cheap, e f f i c i e n t s t a t i o n a r y 

phases a r e wi d e l y a v a i l a b l e . 

1-4.1.4 C h e l a t i o n Exchange f o r T r a c e Metal A n a l y s i s 

Most p u b l i c a t i o n s d e a l i n g w i t h t h e d e t e r m i n a t i o n of t r a c e 

m e t a l s by l i q u i d c h r o m a tographic means have c o n c e n t r a t e d 

on ion-exchange t e c h n i q u e s a s a l r e a d y mentioned. 

However, s e v e r a l problems a r e a s s o c i a t e d w i t h ion-exchange 

s e p a r a t i o n s o f metal i o n s . High i o n i c s t r e n g t h samples 

and h i g h l y c o n c e n t r a t e d s o l u t i o n s ( e . g . wet d i g e s t i o n s 

u s i n g c o n c e n t r a t e d a c i d s ) c a n c a u s e d r a s t i c c h a n g e s i n 

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

C h e l a t i n g - e x c h a n g e c a n be u s e d a s an a l t e r n a t i v e t o i o n -

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

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

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 a r e r e l a t i v e l y u n a f f e c t e d 

by i o n i c s t r e n g t h w h i c h a l l o w s s e p a r a t i o n s t o p r o c e e d 
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unhindered. 

C h e l a t i n g - e x c h a n g e i s w e l l known i n c l a s s i c a l column 

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

m a t r i x e l i m i n a t i o n . An i n c r e a s i n g number of p u b l i c a t i o n s 

a r e a p p e a r i n g t h a t d e s c r i b e m e t a l s e p a r a t i o n s on HPLC 

g r a d e c h e l a t i n g s u b s t r a t e s . Most c h e l a t i n g - e x c h a n g e 

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

bonded c h e l a t i n g g r o u p s s y n t h e s i s e d by t h e w o r k e r s 

t h e m s e l v e s . For example Leyden e t a l . (47) i m m o b i l i z e d 

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

V a r i o u s s i l y l a t i n g r e a g e n t s . I n t h i s way i m m o b i l i z e d 

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

secondary' amines were prepared and used t o p r e c o n c e n t r a t e 

metal i o n s from v a r i o u s m a t r i c e s . The Dow A l c h e l a t i n g 

r e s i n ( C h e l e x 100) was t h e f i r s t c h e l a t i n g r e s i n o f 

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

i m i n o d i a c e t i c a c i d , r e a c t s w i t h many metal i o n s , although 

pH c a n be a d j u s t e d t o i m p a r t s e l e c t i v i t y . I t h a s been 

used t o c o n c e n t r a t e metal i o n s from aqueous s o l u t i o n and 

m a t r i x removal p r i o r to a n a l y s i s . The r e s i n s w e l l s and 

s h r i n k s c o n s i d e r a b l y when pH c o n d i t i o n s a r e c h a n g e d , 

making i t d i f f i c u l t t o use i n a moderate t o h i g h - p r e s s u r e 

column system. 

I n 1970, H i r s c h e t a l . (48) prepared an i m i n o d i a c e t i c ' a c i d 

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

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

o p e r a t i o n . Other workers i n c l u d i n g F r i t z e t a l . (49) and 
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M a y e r s and F r i t z ( 5 0 ) h a v e d e s c r i b e d a v a r i e t y o f 

c h e l a t i n g f u n c t i o n s on r e s i n s and s i l i c a g e l s t h t a c t a s 

s e p a r a t i n g s t a t i o n a r y p h a s e s . One way o f a c h i e v i n g 

c h e l a t i n g e x c h a n g e w i t h o u t r e s o r t i n g t o l e n g t h y and 

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

groups, i s t o c o a t n e u t r a l or i o n - e x c h a n g e r e s i n s w i t h 

d y e s t u f f s . S e v e r a l r e c e n t p u b l i c a t i o n s (51, 52, 53, 54) 

show t h e p o s s i b i l i t y o f t h i s permanent c o a t i n g p r o c e d u r e 

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 of both a n i o n s and 

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

d y e s t u f f s Bromothymol Blue and Chrome A z u r a l S were c o a t e d 

on t h e n e u t r a l p o l y s t y r e n e r e s i n Benson B P l - 1 0 . The 

c h e l a t i n g s t a t i o n a r y phases produced were a b l e t o s e p a r a t e 

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

S i m i l a r l y , t h e n e u t r a l r e s i n s PRP-1 and A m b e r l i t e XAD-1 

w ere c o a t e d w i t h X y l e n o l O r a n g e a n d w e r e u s e d t o 

p r e c o n c e n t r a t e and s e p a r a t e v a r i o u s d i v a l e n t and t r i v a l e n t 

c a t i o n s u s i n g pH c o n t r o l as a means of g r a d i e n t e l u t i o n . 

1,4.2 Chromatographic Parameters 

To a p p r e c i a t e t h e i n f l u e n c e t h a t c h r o m a t o g r a p h i c 

parameters have, i t i s important t o g a i n an u n d e r s t a n d i n g 

of the b a s i c t h e o r y of the l i q u i d chromatographic p r o c e s s . 

1.4.2.1 M i g r a t i o n r a t e s and band broadening 

F i g u r e 1.1 shows c o n c e n t r a t i o n p r o f i l e s of s o l u t e s A and B 

on t h e column, a t time t ^ and a t a l a t e r t i m e t ^ . B i s 

h e l d more s t r o n g l y t h a n A and i s r e t a i n e d l o n g e r on t h e 

column and the d i s t a n c e between the two i n c r e a s e s as they 
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Figure 1.1 Concentration profiles for solute bands A and B a t two different 
times i n th e i r migration dcwn a column. 

Figure 1.2 A theoretical chromatogram shewing tj^ , the retention time for a 
solute retained by the stationary fAiase and i s the retention 
time for one that i s not. 



both move down the column a t d i f f e r e n t r a t e s . A t the same 

time broadening of both bands t a k e s p l a c e which lowers t he 

e f f i c i e n c y of the column a s a s e p a r a t i n g d e v i c e . 

S e v e r a l c h e m i c a l and p h y s i c a l v a r i a b l e s i n f l u e n c e t h e 

r a t e s of band s e p a r a t i o n and band broadening and improved 

s e p a r a t i o n can o f t e n be r e a l i s e d by the p r e c i s e c o n t r o l of 

t h e v a r i a b l e s t h a t e i t h e r i n c r e a s e t h e r a t e o f p e a k 

s e p a r a t i o n or d e c r e a s e the r a t e of band s p r e a d i n g . 

1.4.2.2 P a r t i t i o n r a t i o s 

' A l l chromatographic s e p a r a t i o n s a r e based upon d i f f e r e n c e s 

i n t h e e x t e n t t o which s o l u t e s a r e p a r t i t i o n e d between t he 

mobile and s t a t i o n a r y phases. For a s o l u t e s p e c i e s A the 

e q u i l i b r i u m i n v o l v e d i s : 

M o b i l e ~ ^ s t a t i o n a r y 

The e q u i l i b r i u m c o n s t a n t K ( t h e p a r t i t i o n c o - e f f i c i e n t ) i s 

K = Cs 

w h e r e Cg i s t h e c o n c e n t r a t i o n o f t h e s o l u t e i n t h e 

s t a t i o n a r y phase and i s t h e c o n c e n t r a t i o n (M) of t h e 

s o l u t e i n the mobile phase. 

1.4.2.3 R e t e n t i o n times 

For t h e chromatogram shown i n F i g u r e 1.2, ze r o on the time 
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a x i s c o rresponds to the sample i n j e c t i o n t i m e s . 

The peak a t t j ^ i s known a s t h e s o l v e n t p u l s e and s p e c i e s 

t h a t a r e not r e t a i n e d by t h e column e l u t e h e r e . T h i s 

g i v e s an i d e a of t h e "dead volume" of t h e column. The 

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

r e q u i r e d f o r t h a t band to r e a c h t h e d e t e c t o r a t the end of 

the column. The average l i n e a r r a t e of s o l u t e m i g r a t i o n V 

i s 

V = L 

where L i s the l e n g t h of t h e column. The a v e r a g e l i n e a r 

r a t e of movement U of the m o l e c u l e s i n the mobile phase i s 

U = L 
t m 

1.4.2.4 The r a t e of m i g r a t i o n of s o l u t e s . The c a p a c i t y 

f a c t o r 

The c a p a c i t y f a c t o r k ' ^ i s an i m p o r t a n t p a r a m e t e r t h a t i s 

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

down a column. The k ''of an i o n A, i s t h e amount of A i n 

t h e r e s i n phase of a column, d i v i d e d by the amount i n the 

s o l u t i o n phase: 

k-= t ^ - t m 

t j . and a r e e a s i l y o b t a i n e d from a chromatogram. When 
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< u n i t y , e l u t i o n o c c u r s v e r y r a p i d l y and a c c u r a t e 

d e t e r m i n a t i o n of t j . i s d i f f i c u l t . C o n v e r s e l y , when'k^ i s 

> 2 0 , e l u t i o n t i m e s become v e r y l o n g . I d e a l l y , 

s e p a r a t i o n s a r e performed under c o n d i t i o n s i n which t h e 

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

range between 1 to 5. I n l i q u i d chromatography,the v a l u e 

of k^ c a n be m a n i p u l a t e d by v a r y i n g t h e c o m p e t i t i o n f o r 

the mobile and s t a t i o n a r y phase. 

1.4.2-5 The s e l e c t i v i t y f a c t o r 

The s e l e c t i v i t y f a c t o r , or e q u i l i b r i u m c o n s t a n t , ot, of a 

column f o r the 2 s p e c i e s A and B i s d e f i n e d a s 

k'.A 

where k^B and k-̂ A a r e t h e c a p a c i t y f a c t o r s f o r B and A 

r e s p e c t i v e l y . The v a l u e of a c a n be d e t e r m i n e d from an 

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

o< = ( t i ^ ) - trw 6 
( te.) - t ^ ^ 

1.4.2.6 Column e f f i c i e n c y 

Two r e l a t e d parameters a r e w i d e l y used as measures of the 

e f f i c i e n c y o f c h r o m a t o g r a p h i c c o l u m n s : ( 1 ) number o f 

t h e o r e t i c a l p l a t e s , N, and (2) p l a t e h e i g h t H. The two 

a r e r e l a t e d by the equation 

H 
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L = l e n g t h of column packing (cm) 

The e f f i c i e n c y o f a column i n c r e a s e s a s t h e number o f 

p l a t e s becomes g r e a t e r and a s t h e p l a t e h e i g h t becomes 

s m a l l e r . 

Column e f f i c i e n c y d e s c r i b e s t he r a t e of band broadening as 

the a n a l y t e t r a v e l s through the column. The q u a n t i t a t i v e 

measure o f e f f i c i e n c y , N, c a n be c a l c u l a t e d from t h e 

chromatogram by u s i n g . 

where tw = peak width (same u n i t s a s t h e r e t e n t i o n t i m e ) . 

The peak w i d t h i s o b t a i n e d from t h e i n t e r s e c t i o n of t h e 

b a s e l i n e w i t h t he t a n g e n t s drawn t h r o u g h t h e i n f l e c t i o n 

p o i n t s on t h e s i d e s of each peak ( s e e F i g , 1 . 2 ) . 

1.4.2.7 Column r e s o l u t i o n 

The r e s o l u t i o n Rg of a column p r o v i d e s a q u a n t i t a t i v e 

measure of i t s a b i l i t y t o s e p a r a t e two a n a l y t e s . A u s e f u l 

e q u a t i o n i s r e a d i l y d e r i v e d t h a t r e l a t e s t h e r e s o l u t i o n of 

a column t o t h e number of p l a t e s i t c o n t a i n s , a s w e l l a s 

t o t h e c a p a c i t y and s e l e c t i v i t y , f a c t o r s o f a p a i r o f 

s o l u t e s on t h e column i . e . 



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

and X i s the s e l e c t i v i t y f a c t o r . T h i s e q u a t i o n can be r e ­

a rranged t o g i v e the number of p l a t e s needed t o r e a l i s e a 

g i v e n r e s o l u t i o n : 

N = 16 

^ i . 5 The D e t e c t i o n of H e t a l a i n L i q u i d Chromatoqraphv 

C u r r e n t l y , t h e b e s t a n d m o s t r e l i a b l e l i q u i d 

c h r o m a t o g r a p h i c d e t e c t o r s a r e s p e c t r o p h o t o m e t r i c , 

f l u o r e s c e n c e and e l e c t r o - c h e m i c a l d e t e c t o r s . However, t h e 

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

chromatography do not always l e n d t h e m s e l v e s t o s e n s i t i v e 

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

weakest p a r t of the l i q u i d chromatography system. 

I n o r d e r t o improve t h e d e t e c t i o n s t e p , t h e r e have been 

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

d e t e c t o r s , sometimes r e f e r r e d t o a s c h e m i c a l r e a c t i o n 

d e t e c t o r s or post-column d e r i v a t i z a t i o n s . T h e s e methods 

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

s e n s i t i v i t y of such d e t e c t o r s . Three p u b l i c a t i o n s by some 

of t h e l e a d e r s i n t h i s a r e a of chromatography r e p o r t t h e 

advantages and d i s a d v a n t a g e s of such post-column systems, 

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



and g e n e r a l c o n s i d e r a t i o n when s e t t i n g up s u c h s y s t e m s , 

w i t h numerous r e f e r e n c e s f o r t h e i n t e r e s t e d r e s e a r c h e r 

(55, 56, 5 7 ) . 

The i n c r e a s e i n t h e c o m p l e x i t y of t h e i n s t r u m e n t a t i o n , 

w i t h t h e use of an e x t r a pump, and a l s o t h e i n c r e a s e i n 

peak width caused by i n c r e a s e d dead volume and d i l u t i o n of 

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

systems. These systems, however, a r e e x t r e m e l y v e r s a t i l e 

and, w i t h c o n t r o l of the huge range of r e a g e n t s a v a i l a b l e , 

can be used t o make d e t e c t o r s both s p e c i f i c o r u n i v e r s a l 

'depending on the requirements-

1.5.1 E l e c t r o c h e m i c a l D e t e c t o r s f o r T r a c e M e t a l 

Determinations 

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

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

conductometric d e t e c t o r s . Conductometric d e t e c t o r s d i f f e r 

from the o t h e r s because (a) they measure c e l l r e s i s t a n c e 

w i t h o u t i n c l u d i n g e l e c t r o l y s i s and (b) they respond t o a l l 

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

o t h e r d e t e c t o r s w i l l o nly respond t o c e r t a i n i o n s and a r e 

more s p e c i f i c i n n a t u r e . 
t 
t 

1.5.1.1 :Conductometric D e t e c t o r s 

These d e t e c t o r s can be e x tremely u s e f u l f o r a wide number 

of i o n s . The d e t e c t o r s do n o t r e s p o n d t o m o l e c u l a r 

s u b s t a n c e s such as water, e t h a n o l and n o n - d i s s o c i a t e d weak 

a c i d m olecules. Conductometric c e l l s have been used s i n c e 
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Small e t a l . (35) developed a t e c h n i q u e t h a t e x c l u d e d t he 

e l u e n t i o n i c b u f f e r by u s e o f a s u p p r e s s o r c o l u m n 

(1.4.1.3) to a l l o w an i n c r e a s e i n s e n s i t i v i t y . Suppressed 

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

d e t e r m i n a t i o n of anions, but i t s a p p l i c a t i o n t o m e t a l s has 

been l i m i t e d . Moreover, t h e r e a r e s e v e r a l d i s a d v a n t a g e s 

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

band d i s p e r s i o n and the need t o r e g e n e r a t e t h e s u p p r e s s o r 

c o l u m n when t h e e x c h a n g e c a p a c i t y i s e x h a u s t e d . 

A l t e r n a t i v e l y , an e l u e n t can be chosen t h a t h a s a lower 

conducting a b i l i t y , such a s e t h y l e n e ammonium t a r t r a t e or 

'EDTA, w h i c h have been u s e d t o d e t e r m i n e m e t a l c a t i o n s 

w i thout t he need f o r a s u p p r e s s o r column (58, 5 9 ) . 

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

been r e p o r t e d and r e v i e w s by Schwedt ( 6 ) , F r i t z (49) and 

N i c k l e s s (10) o u t l i n e the p r i n c i p l e s i n v o l v e d and p r o v i d e 

an e x c e l l e n t source of r e f e r e n c e . 

1.5.1.2 Voltammetric D e t e c t o r s 

These d e t e c t o r s may be s u b - d i v i d e d i n t o amperometric and 

c o u l o m e t r i c i n s t r u m e n t s . Both d e t e c t o r s a r e s e l e c t i v e 

b e cause t h e y o p e r a t e on t h e p r i n c i p l e s o f o x i d a t i o n and 

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

t h e s u b s t a n c e t o be o x i d i s e d o r reduced i s d i f f e r e n t f o r 

each s u b s t a n c e and i s measured by t h e p o t e n t i a l r e q u i r e d 

t o induce t he e l e c t r o l y s i s . 

C o u l o m e t r i c d e t e c t o r s a r e l e s s p o p u l a r t h a n amperometric 
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i n s t r u m e n t s b e c a u s e t h e y a r e l e s s s e n s i t i v e and more 

d i f f i c u l t t o o p e r a t e . D e s p i t e some o f t h e s e p r o b l e m s , 

T a k a t a and c o - w o r k e r s h a v e shown t h e s u i t a b i l i t y o f 

c o u l o m e t r y f o r a number o f m e t a l d e t e r m i n a t i o n s ( 6 0 ) . 

A l s o G i r a r d h a s u s e d c o u l o m e t r i c d e t e c t i o n f o r t h e 

a n a l y s i s of heavy m e t a l s , a l k a l i n e - e a r t h and r a r e e a r t h 

elements ( 6 1 ) . 

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

c o u l o m e t r i c i n s t r u m e n t s a s t h e y a r e more s e n s i t i v e and 

have a w i d e r scope f o r a p p l i c a t i o n s . S e v e r a l p a p e r s by 

'Bond and W a l l a c e ( 6 2 , 63, 64) and by W h i t e ( 6 5 ) , a l l 

d e t a i l p r i n c i p l e s of o p e r a t i o n and a p p l i c a t i o n of t h i s 

type of d e t e c t o r , 

1.5.1,3 P o t e n t i o m e t r i c D e t e c t o r s 

T h i s d e t e c t o r h a s n o t b e e n u s e d f o r v e r y many m e t a l 

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

t h e d e t e c t o r performance, m a i n l y from i n c o m p a t i b i l i t y of; 

the e l u e n t w i t h the d e t e c t o r . However, Haddad e t a l . (66) 

h a v e d e v e l o p e d a c o p p e r e l e c t r o d e f o r i n d i r e c t 

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

dete r m i n e a range of metal s p e c i e s . The whole a r e a o f 

e l e c t r o c h e m i c a l d e t e c t i o n was reviewed by S t u l i k e t a l . i n 

1985, b u t p a r t i c u l a r a t t e n t i o n was p a i d t o d e t e c t o r 

c o n s t r u c t i o n ( 6 7 ) , 

1,5.2 S p e c t r o p h o t o m e t r i c D e t e c t o r s f o r T r a c e M e t a l 

Determinations 



M o l e c u l a r a b s o r p t i o n d e t e c t o r s a r e , by f a r , t h e most 

common d e t e c t o r s i n t h e f i e l d o f l i q u i d chromatography. 

There a r e s e v e r a l r e a s o n s why t h i s i s so; (a) t h e d e t e c t o r 

i s s e l e c t i v e , but s e l e c t i v i t y c a n e a s i l y be a l t e r e d by 

c h a n g i n g t h e w a v e l e n g t h m o n i t o r e d by t h e d e t e c t o r , (b) 

v e r s a t i l i t y o f the d e t e c t o r c a n be i n c r e a s e d by adding a 

c o l o u r - f o r m i n g r e a g e n t t o t h e e l u e n t or column e f f l u e n t , 

t h e s o - c a l l e d post-column r e a c t i o n and ( c ) c o n s i d e r a b l e 

development of t h e d e t e c t o r h a s a l r e a d y been c a r r i e d o u t 

by i n s t r u m e n t m a n u f a c t u r e r s t o make them a s s e n s i t i v e as 

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

' l i q u i d chromatography. 

S p e c t r o p h o t o m e t r i c d e t e c t o r s a r e a l s o e m p l o y e d f o r 

m o l e c u l a r e m i s s i o n ( l u m i n e s c e n c e ) t e c h n i q u e s w h i c h a r e 

g e n e r a l l y both more s e n s i t i v e and more s e l e c t i v e t h a n 

a b s o r p t i o n d e t e c t o r s . 

1,5.2.1 Molec u l a r A b s o r p t i o n D e t e c t o r s 

S i n c e most simpl e metal i o n s and compounds a r e not a b l e t o 

absorb r a d i a t i o n i n the U V - V i s i b l e r e g i o n , s e n s i t i v i t y i s 

i n c r e a s e d by t h e a d d i t i o n of an o r g a n i c c h e l a t i n g a g e n t 

e i t h e r p r e - or post-column. 

(a) Pre-Column R e a c t i o n s 

The commonly used 254 nm UV d e t e c t o r r e s p o n d s p o o r l y t o 

most i n o r g a n i c i o n s . However, many m e t a l i o n s a b s o r b 

l i g h t a t lower wavelengths. P r o v i d e d t h e r e i s an absence 

of i n t e r f e r i n g o r g a n i c m a t e r i a l i n t h e e l u e n t , t h e 
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absorbance of m e t a l c h l o r i d e complexes i n t h e UV r e g i o n 

has been used e x t e n s i v e l y t o d e t e c t m e t a l i o n s i n l i q u i d 

chromatography i . e . 66 metal i o n s i n a 6M HCl medium were 

d e t e c t e d u s i n g UV s p e c t r a ( 6 8 ) . 

Preformed metal c h e l a t e s a r e o f t e n produced t o f a c i l i t a t e 

t h e i r s e p a r a t i o n on r e v e r s e phase s u b s t r a t e s (1.4.1) and 

o f t e n , t h e me t a l c h e l a t e w i l l a b s o r b s t r o n g l y i n t h e UV 

range (245-275 nm) and t h i s can be used a s a good means o f 

d e t e c t i o n . D i t h i o c a r b a m a t e m e t a l c h e l a t e s have been t h e 

most s t u d i e d , but one problem a r i s e s from t h e f a c t t h a t 

' d i f f e r e n t m e t a l s produce metal c h e l a t e s of v a r y i n g maximum 

a b s o r p t i v i t y . As t h e optimum w a v e l e n g t h f o r d e t e c t i o n i s 

not monitored, compromise c o n d i t i o n s p r e v a i l ( 6 9 ) . 

(b) Post-Column R e a c t i o n s 

Post-column d e r i v a t i s a t i o n s of column f r a c t i o n s have been 

known f o r many y e a r s . The automatic a d d i t i o n of a c o l o u r 

forming reagent post-column, and a n a l y s i s by flow-through 

c e l l d e t e c t i o n i s a more r e c e n t development. 

The d e t e r m i n a t i o n o f m e t a l s by s p e c t r o p h o t o m e t r i c means 

has a l s o been known f o r a long time by c l a s s i c a l c h e m i s t s 

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

d e t e r m i n a t i o n of metal c h e l a t e s w i t h f a v o u r a b l e d e t e c t i o n 

c h a r a c t e r i s t i c s . Only a few c h e l a t i n g a g e n t s have t h e 

r i g h t combination of p r o p e r t i e s t h a t make them a t t r a c t i v e 

f o r post-column r e a c t i o n d e t e c t i o n o f me t a l i o n s . F o r 

f a v o u r a b l e r e a c t i o n d e t e c t i o n t h e me t a l c h e l a t e s s h o u l d 
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e x h i b i t s t r o n g absorbance i n the UV or v i s i b l e r e g i o n t h a t 

c a n be e a s i l y measured. The c h e l a t i n g a g e n t , however, 

should be s o l u b l e i n aqueous c o n d i t i o n s , and f o r m a t i o n of 

the m e t a l - c h e l a t e bonds sh o u l d be k i n e t i c a l l y r a p i d . The 

maximum a b s o r b a n c e o f t h e m e t a l - c h e l a t e s h o u l d be 

c o n s i d e r a b l y d i f f e r e n t from t h e c h e l a t e i t s e l f t o a v o i d 

wavelength o v e r l a p and t h u s a l l o w s e n s i t i v e d e t e c t i o n . 

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

should a l s o r e a c t w i t h a l a r g e number of m e t a l s , be s t a b l e 

over a long p e r i o d of time and r e s p o n s e s s h o u l d be l i n e a r 

and r e p r o d u c i b l e . 

I n one of the f i r s t a p p l i c a t i o n s of c h e l a t i n g r e a g e n t s to 

t h e d e t e c t i o n o f m e t a l i o n s , Kawazu and F r i t z ( 7 0 ) 

examined 4 - ( 2 - p y r i d y l a z o ) r e s o r c i n o l , ( P A R ) , f o r t h e 

d e t e c t i o n of C d ( I I ) , Z n ( I I ) , F e ( I I I ) , P b ( I I ) , C u ( I I ) , 

C o ( I I ) and M n ( I I ) e l u t e d from a low p r e s s u r e c a t i o n 

exchange column. I n a l a t e r s t u d y PAR, A r s e n a z o - I and 

A r s e n a z o - I I I w e r e s t u d i e d a s PCR r e a g e n t s f o r t h e 

d e t e c t i o n of a number o f m e t a l s p e c i e s ( 7 1 ) . PAR was 

found to be the most co n v e n i e n t and v e r s a t i l e reagent and 

g e n e r a l l y the most s e n s i t i v e , but A r s e n a z o - I was found t o 

be p r e f e r a b l e f o r C a ( I I ) and Mg(II) d e t e r m i n a t i o n s . 

C a s s i d y and E l c h u c k ( 7 2 , 73) c l e a r l y showed t h e good 

q u a n t i t a t i v e p e r f o r m a n c e and s e n s i t i v i t y o f PAR. The 

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

Co, Cu, F e , Mn, N i , Pb, Zn and t h e l a n t h a n i d e s , w i t h 

a b s o l u t e d e t e c t i o n l i m i t s ranging from 0.5 - 25 ng. 



A number o f c o l o u r - f o r m i n g r e a g e n t s h a v e a l s o b e e n 

examined f o r the post-column r e a c t i o n d e t e r m i n a t i o n of Ca 

and Mg ( 7 4 ) . The r e a g e n t s e x a m i n e d were A r s e n a z o - I , 

A r s e n a z o - I I I , S u l f o n a z o - ( I I I ) , Methylthymol b l u e , T i t a n 

y e l l o w , Murexide, sodium r h o d i z o a t e , E r i o c h r o m e B l a c k - T , 

C h l o r o p h o s p h o a z o , PAR, and PAR-Zn ( E D T A ) , The most 

s e n s i t i v e p o s t - c o l u m n r e a g e n t was f o u n d t o be PAR-Zn 

(EDTA). 

The use of a l e s s s e l e c t i v e system l i k e t h e PAR-Zn (EDTA) 

'overcomes the problem of wavelength s e l e c t i o n f o r m u l t i -

metal a n a l y s i s as the p r i n c i p l e r e l i e s on the d i s p l a c e m e n t 

of t h e Zn from t h e Zn-EDTA c o m p l e x by e l u t i n g m e t a l 

s p e c i e s . ; The Zn i s t h e n f r e e t o r e a c t w i t h PAR and the 

d e t e c t o r w a v e l e n g t h c a n be s e t t o m o n i t o r t h e Zn-PAR 

complex o n l y . The r e a c t i o n t a k i n g p l a c e i n t h e p o s t -

column r e a c t i o n c o i l on e l u t i o n of a m e t a l i o n , M ( I I ) i s 

as f o l l o w s : 

M ( I I ) + Zn-EDTA + PAR M(II)-EDTA + Zn-PAR "" 

(charges omitted f o r c l a r i t y ) 

T h i s system was s t u d i e d f u r t h e r (75) and i t was found t h a t 

both s e n s i t i v i t y and t h e r a n g e o f m e t a l s t h a t c o u l d be 

determined u s i n g Zn-EDTA were improved a s , f o r example, 

t h e a l k a l i n e e a r t h m e t a l s were d e t e c t e d ' w h i c h gave v e r y 

poor s e n s i t i v i t y w i t h PAR a l o n e . 
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X y l e n o l o r a n g e h a s been u s e d a s a p o s t - c o l u m n c o l o u r 

forming agent f o r t h e d e t e r m i n a t i o n o f a l l o f t h e r a r e -

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

h y d r o x y i s o b u t y r i c a c i d ( 7 6 ) . 

Another development t h a t a ttempts t o s o l v e t h e problem of 

optimum wavelength d e t e c t i o n i s the a p p l i c a t i o n of i n v e r s e 

photometry f o r metal d e t e c t i o n . The optimum absorbance of 

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

t h e measurement of t h e d e c r e a s e i n a b s o r b a n c e o f t h e 

c h e l a t i n g r e a g e n t g i v e s a q u a n t i t a t i v e measure o f t h e 

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

B l a c k - T was used as t h e p h o t o m e t r i c r e a g e n t . The m e t a l s 

d e t e c t e d by Eriochrome B l a c k - T a r e e s s e n t i a l l y t he same as 

f o r PAR but w i t h t h e a d d i t i o n of Ca and Mg. A b s o l u t e 

d e t e c t i o n l i m i t s range from 1 - 10 ng but p o o r e r r e s p o n s e s 

a r e found f o r Pb, Cd and Ca (77, 7 8 ) . The same a u t h o r 

used a s i m i l a r i n v e r s e photometric reagent, d i t h i z o n e , t o 

determine Cd, Co, Cu, Pb, Ni and Zn a t nanogram l e v e l s , 

a g a i n a v o i d i n g the wavelength s e l e c t i o n problem posed by 

o t h e r multi-element photometric d e t e c t i o n systems ( 7 9 ) . 

1.5.2.2 Molecular E m i s s i o n D e t e c t o r s 

E m i s s i o n t e c h n i q u e s a r e g e n e r a l l y more s e n s i t i v e (by a t 

l e a s t an o r d e r of magnitude) and more h i g h l y s e l e c t i v e 

t h a n a b s o r p t i o n methods, but a r e o f t e n prone t o quenching 

and o t h e r i n t e r f e r i n g e f f e c t s . 
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1.5,2.2 ( i ) F l u o r e s c e n c e D e t e c t o r s 

F l u o r e s c e n c e methods have been w i d e l y a p p l i e d i n o r g a n i c 

p o s t - c o l u m n r e a c t i o n s b u t t h e r e h ave o n l y been a few 

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

i s a s a r e s u l t of the f a c t t h a t many t r a n s i t i o n m e t a l s and 

heavy elements quench the f l u o r e s c e n c e s i g n a l . 

Selenium has been determined (80) some time ago, but on l y 

a few examples of f l u o r e s c e n c e d e t e c t i o n f o r m e t a l s u s i n g 

post-column r e a g e n t s have been p u b l i s h e d . 

One s u c h example d e s c r i b e s t h e s e p a r a t i o n of Zn, Cd, and 

Pb a n i l i n e EDTA c o m p l e x e s , f o l l o w e d by p o s t - c o l u m n 

d e r i v a t i z a t i o n w i t h f l u o r e s c a m i n e ( 8 1 ) , w i t h l i m i t s of 

d e t e c t i o n r e p o r t e d a t the low pg l e v e l s . 

The r e a c t i o n between t r i v a l e n t m e t a l c a t i o n s w i t h 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 (8HQS) h a s b e e n 

e x p l o i t e d by Jones e t a l . i n two r e c e n t p u b l i c a t i o n s (82, 

8 3 ) . T h e d e t e c t i o n l i m i t f o r g a l l i u m w as 0,1 ng 

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

g a l l i u m i n a pure aluminium sample ( 8 2 ) . The d e t e c t i o n 

l i m i t f o r aluminium was found t o be 0.2 ng a b s o l u t e and 

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

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 (Monel A l l o y ) and i n t a p 

water ( 8 3 ) . 

S o r o k a e t a 1 . ( 8 4 ) r e p o r t e d t h e u s e o f 8HQS a s a 

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

demonstrated i t s p o t e n t i a l a s a post-column r e a g e n t f o r 

ion-chromatography. 
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1.5.2.2 ( i i ) Chemiluminescence D e t e c t o r s 

C h e m i l u m i n e s c e n c e ( C L ) i s o b s e r v e d when a c h e m i c a l 

r e a c t i o n y i e l d s an e l e c t r o n i c a l l y e x c i t e d p r o d u c t which 

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

molecule which then luminesces i . e . 

A + B —^C* 

C* —$>C + hv-

where A and B a r e r e a c t a n t s and C* i s t h e e x c i t e d s t a t e 
product. 

Three c o n d i t i o n s a r e g e n e r a l l y r e q u i r e d f o r a r e a c t i o n t o 

produce CL- These a r e ; ( i ) s u f f i c i e n t energy t o produce 

an e x c i t e d s t a t e p r o d u c t , ( i i ) a f a v o u r a b l e r e a c t i o n 

pathway t o p r o d u c e t h i s p r o d u c t and ( i i i ) t h e e x c i t e d 

p r o d u c t must be a b l e t o l u m i n e s c e o r t r a n s f e r i t s energy 

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

The term b i o l u m i n e s c e n c e (BL) i s g e n e r a l l y used f o r l i g h t 

accompanying a r e a c t i o n d e r i v e d from n a t u r e ( f o r example; 

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

fireworms e t c . . - )-Bioluminescence may be c o n s i d e r e d a 

s p e c i a l c a s e of CL, a l t h o u g h t o t h e a n a l y t i c a l c h e m i s t , 

the two p r o c e s s e s may be c o n s i d e r e d t o be the same. 

CL methods ca n have s i g n i f i c a n t a d v a n t a g e s o v e r o t h e r 

a n a l y t i c a l methods. The l i m i t i n g f a c t o r i n t h e u l t i m a t e 

d e t e c t a b i l i t y of f l u o r e s c e n c e t e c h n i q u e s i s t h e background 



l i g h t t h a t r e a c h e s t h e p h o t o m u l t i p l i e r tube (PMT). T h i s 

background l i g h t i s a f u n c t i o n of R a y l e i g h s c a t t e r i n g , 

Raman s c a t t e r i n g , second o r d e r i n t e r f e r e n c e s and t h e s t r a y 

l i g h t c h a r a c t e r i s t i c s of the wavelength s e l e c t i o n d e v i c e s 

employed. With the e l i m i n a t i o n of t h e l i g h t s o u r c e , t h a t 

comes w i t h CL methods, a f a r r e a c h i n g i m p a c t ca n be made 

i n terms of the s e n s i t i v i t y f o r a n a l y t e d e t e c t i o n . 

The r e m o v a l o f any e x c i t a t i o n s o u r c e means t h a t t h e 

i n s t r u m e n t a t i o n r e q u i r e d f o r CL d e t e r m i n a t i o n s does not 

need any c o m p l i c a t e d o p t i c s and d e t e c t o r d e s i g n i s much 

s i m p l i f i e d and l e s s e x p e n s i v e . 

To use CL f o r c h e m i c a l a n a l y s i s , the r e a c t i o n i s performed 

under c o n d i t i o n s so t h a t the l i g h t i n t e n s i t y i s a f u n c t i o n 

of t h e l e v e l of a n a l y t e . T h i s i s f r e q u e n t l y a c h i e v e d by 

a d j u s t i n g the component c o n c e n t r a t i o n s so t h a t the a n a l y t e 

i s the l i m i t i n g r e a c t a n t . 

CL i n t e n s i t y w i l l v a r y w i t h t i m e a s t h e r e a c t a n t s a r e 

consumed. T h e r e f o r e , i t i s i m p o r t a n t t o i n i t i a t e t h e CL 

r e a c t i o n i n some s o r t o f c o n t r o l l e d manner t o a c h i e v e 

r e p r o d u c i b l e r e s u l t s . T h i s can e i t h e r be done by r a p i d f y 

m ixing the CL r e a c t a n t s and t h e n m e a s u r i n g t h e r e s u l t i n g 

CL i n t e n s i t y a s a f u n c t i o n of time, t h e s o - c a l l e d b a t c h 

method, or the CL r e a c t a n t s can be c o n t i n u o u s l y mixed t o 

measure a st e a d y s t a t e l i g h t output. T h i s i s known as t h e 

continuous method- Continuous methods a r e g e n e r a l l y more 

r e p r o d u c i b l e and l e n d t h e m s e l v e s t o automated a n a l y s i s , 
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w h i l s t b a t c h methods a r e more i n t e n s i v e b u t u s e l e s s 

r e a g e n t s , but a r e not so r e l i a b l e . 

F i g u r e 1.3 i l l u s t r a t e s a h y p o t h e t i c a l i n t e n s i t y / t i m e 

c u r v e . The shape of the c u r v e depends on the k i n e t i c s of 

t h e r e a c t i o n . The i n i t i a l p a r t of t h e i n t e n s i t y / t i m e 

c u r v e may a l s o be a f f e c t e d by the mixing p r o c e s s . 

T h i s i n t e n s i t y / t i m e c u r v e c a n be a n a l y s e d e i t h e r by 

m e a s u r i n g i n t e n s i t y a t a f i x e d t i m e a f t e r m i x i n g o r by 

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

r e a c t i o n . 

The c o n t i n u o u s method of a n a l y s i s overcomes problems of 

i n t e n s i t y - t i m e measurement a s t h e r e a c t a n t s a r e mixed 

u s i n g some s o r t o f f l o w c e l l . P r o v i d e d t h e means o f 

r e a g e n t d e l i v e r y i s r e p r o d u c i b l e , CL i n t e n s i t i e s w i l l be 

t h e same f o r a g i v e n s e t o f c o n d i t i o n s . I f t h e C L 

r e a c t i o n i s f a s t , r e l a t i v e t o r e s i d e n c e time i n t h e flow 

c e l l , i t i s p o s s i b l e t o observe a l l t h e l i g h t e m i t t e d . I f 

t h e r e a c t i o n i s slow, however, much of t h e l i g h t may be 

produced a f t e r t he sample has l e f t t h e c e l l and so c a r e f u l 

flow c e l l d e s i g n may be r e q u i r e d . 

The batch method i n CL s t u d i e s , has been by f a r , the most 

p o p u l a r way o f a p p l y i n g C L r e a c t i o n s t o a n a l y t i c a l 

c h e m i s t r y and t h e r e a r e many examples of t h e use of b a t c h 

methods t o determine a wide v a r i e t y of o r g a n i c , b i o m e d i c a l 

and p h a r m a c e u t i c a l a n a l y t e s . Two e x c e l l e n t r e v i e w s t h a t 
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Figure 1.3 The intensity / time curve for a typical CL reaction, 
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g i v e g r e a t d e t a i l t o some of t h e s e r e a c t i o n s i n c l u d e a 

p u b l i c a t i o n i n 1974 by I s a a c s o n and Wettermark (85) and a 

more r e c e n t example by S e i t z (86) i n 1981, w h i c h g i v e s 

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

a p p l i c a t i o n s of both CL and BL. The most r e c e n t r e v i e w by 

De Jong and Kwakman (87) d e t a i l s p e r o x y o x a l a t e , l u m i n o l 

and l u c i g e n i n CL, w i t h p a r t i c u l a r a t t e n t i o n b e i n g p a i d t o 

t h e d e t e c t i o n of b i o m e d i c a l samples. 

The use of CL d e t e c t i o n f o r c o n t i n u o u s post-column r e a g e n t 

work would seem a v e r y a t t r a c t i v e t e c h n i q u e i n terms of 

s e n s i t i v i t y and low c a p i t a l c o s t i n v e s t m e n t , a l t h o u g h i t 
s 
has y e t t o be f u l l y e x p l o i t e d . Two p u b l i c a t i o n s t h a t 

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

d e t e c t i o n by Imai (88) and Baeyens (89) both c o n c e n t r a t e 

m a i n l y on' the most common p e r o x y o x a l a t e t y p e s y s t e m s f o r 

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

p o p u lar i n o r g n i c d e t e r m i n a t i o n s . 

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

chromatography by Neary e t a l . (90) used t h e w e l l known 

l u m i n o l ( 5 - a m i n o - 2 , 3 - d i h y d r o - l , 4 - p h t h a l a z i n e d i o n e ) 

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

by ion-exchange chromatography. 

Luminol + ^2*^2 ^ ^ ^ P * aminophthalate i o n + hv 

The a m i n o p h t h a l a t e i o n has been shown t o be t h e e m i t t i n g 

s p e c i e s r e g a r d l e s s of the metal or oxidant: t h a t c a t a l y s e s 

t h e react i o n . ' The use of l u m i n o l f o r t h e d e t e r m i n a t i o n of 



m e t a l s w i l l be d i s c u s s e d i n g r e a t e r d e t a i l l a t e r . 

L uminol h a s a l s o been use d f o r o x i d a n t d e t e r m i n a t i o n s , 

p a r t i c u l a r l y h y d r o g e n p e r o x i d e ( 9 1 , 92) b u t a l s o t o 

measure o x i d a s e enzyme r e a c t i o n s ( 9 3 ) . 

L u c i g e n i n ( b i s - N - m e t h y l a c r i d i n i u m n i t r a t e ) can be used i n 

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

s e l e c t i v i t i e s t o t r a n s i t i o n m e t a l c a t a l y s t s . Veazy and 

Neiman ( 9 4 ) have u s e d l u c i g e n i n t o d e t e r m i n e o r g a n i c 

r e d u c t a n t s such as v i t a m i n C although i t can a l s o be used 

f o r hydrogen peroxide d e t e r m i n a t i o n s ( 9 5 ) . 

A n o t h e r t y p e o f CL u s e s e n e r g y t r a n s f e r t o e x c i t e 

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

e x c l u s i v e l y used i n t h i s type of CL and r e f e r s t o a l a r g e 

group o f r e a c t i o n s summarised below: 

o x a l a t e + H^O^ b a s i c c o n d i t i o n s ^ 
0 o 
n 
c - c 
1 I 
o - o 

o o -
I) If 
C - C + f i r • > f i r * + 2COo 
I I / 
0 - 0 

f i r * ^ f i r + h>> 

f i r = f l u o r e s c e n t acceptor. 
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The m e c h a n i s m i s t h o u g h t t o i n v o l v e t h e c y c l i c C2O4 

i n t e r m e d i a t e shown above, but i t h a s n e v e r been d i r e c t l y 

o b s e r v e d . P e r o x y o x a l a t e CL i s t h e most e f f i c i e n t non-

b i o l o g i c a l CL r e a c t i o n known. The p e r o x y o x a l a t e CL 

r e a c t i o n was f i r s t adapted f o r LC d e t e c t i o n by K o b a y a s h i 

and Imai i n 1980 ( 9 6 ) . For d a n s y l a t e d amino-acids 10 fmol 

l i m i t s of d e t e c t i o n were r e p o r t e d . The same a u t h o r has 

determined d a n s y l a t e d ©estrogens, e x t r a c t s o f s h a l e o i l 

and u r i n a r y p o r p h y r i n s u s i n g t h i s p e r o x y o x a l a t e 

/ o x i d a n t / f l u o r e s c e n t a c c e p t o r s y s t e m ( 9 7 ) , w i t h v e r y 

i m p r e s s i v e s e n s i t i v i t y and s e l e c t i v i t y f o r t h o s e examples 

mentioned. 

To f u n c t i o n a s a post-column r e a g e n t , an o x a l a t e e s t e r , 

u s u a l l y b i s - ( 2 , 4 , 6 - t r i c h l o r o p h e n y l ) o x a l a t e (TCPO) i s 

mixed w i t h hydrogen peroxi d e , f o l l o w e d by mixing w i t h the 

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

d e t e c t i o n of f l u o r o p h o r e s as p r e v i o u s l y mentioned, but has 

found p a r t i c u l a r use i n hydrogen p e r o x i d e d e t e r m i n a t i o n s . 

T h i s a p p l i c a t i o n i s c o n s i d e r e d i n a r e v i e w of CL d e t e c t i o n 

of p e r o x i d e ( 9 1 ) . The l o w e s t d e t e c t i o n l i m i t f o r ^2^2 

r e p o r t e d t o be 1 x 10"^ M. 

As a l r e a d y mentioned, f l u o r o p h o r e s c a n be d e t e r m i n e d by 

p e r o x y o x a l a t e r e a c t i o n s a l t h o u g h not a l l f l u o r p h o r e s can 

be e f f i c i e n t l y c h e m i e x c i t e d . E a s i l y o x i d i z e d s o l u t e s a r e 

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

a r o m a t i c hydrocarbons (PAH's) such as p e r y l e n e or rubrene 

and c e r t a i n long-wave e m i t t e r s s u c h a s t h e r h o d a m i n e s . 
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One area: o f post-column r e s e a r c h t h a t i s r a p i d l y growing 

i s t h e development and employment of s o l i d - s t a t e r e a c t o r s 

as a cheaper and more e f f i c i e n t a l t e r n a t i v e t o homogenous 

systems and CL s o l i d s t a t e r e a c t o r s have r e c e i v e d a keen 

i n t e r s e t . 

One group headed by Neiman, have i m m o b i l i z e d , l u m i n o l on 

s i l i c a o r c o n t r o l l e d p o r e g l a s s by a d s o r p t i o n o r by 

forming a g l u t a r a l d e h y d e l i n k a g e ( 9 8 ) . Once immobilized, 

the m a t e r i a l can be packed w i t h i n a flow c e l l which can be 

housed i n f r o n t of a PMT. T h i s method ha s been used f o r 

'the s e n s i t i v e d e t e r m i n a t i o n o f p e r o x i d e a t t h e 10"^ M 

l e v e l and t h e i m m o b i l i z e d l u m i n o l was found t o l a s t f o r 

over 500 peroxide a s s a y s (99, 100). 

Other i m m o b i l i z a t i o n systems have been used, a l s o f o r the 

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

range, by the i m m o b i l i s a t i o n of TCPO on g l a s s beads (101, 

102, 103), but no o t h e r a p p l i c a t i o n s have been r e p o r t e d . 

The p e r f o r m a n c e of t h e i m m o b i l i z e d s y s t e m was compared 

w i t h a c o n v e n t i o n a l homogenous post-column r e a c t i o n ah'd 

was found t o be g r e a t l y s i m p l i f i e d and produced l e s s band 

broadening. The system proved s u c c e s s f u l enough f o r i t t o 

be made i n t o a f i e l d m o n i t o r w i t h w e l l o v e r 40 sample 

i n j e c t i o n s p e r hour b e i n g made f o r s e n s i t i v e p e r o x i d e 

d e t e r m i n a t i o n s . 

The use of CL f o r i n o r g a n i c a n a l y s i s has r e a l l y not been 

e x p l o i t e d t o any g r e a t e x t e n t . F o r m o s t i n o r g a n i c 
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d e t e r m i n a t i o n s the u s u a l method i n v o l v e s t h e u s e of some 

s o r t of f l o w i n g stream, e i t h e r F I A o r a c h r o m a t o g r a p h i c 

t e c h n i q u e . 

Luminol, once ag a i n , has been the main CL c h e m i c a l t h a t i s 

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

although other, l e s s s u c c e s s f u l r e a g e n t s have been t r i e d . 

I n 1986 Cooper e t a l . (104) used a F I A system coupled w i t h 

the l u m i n o l / p e r o x i d e r e a c t i o n t o determine s e v e r a l a n i o n s 

a t low l e v e l s i n c l u d i n g c h l o r i d e (LOD 1.2 x 10"^ M) , 

' n i t r i t e (LOD 1.5 x 10"^ M), n i t r a t e (LOD 1.2 x 10"^ M) , 

bromide (LOD 1.5 x 10"^ M) and s u l p h a t e (LOD 1.0 x 10"^ 

M) , w i t h RSD's r a n g i n g from 1.9 t o 5.0% f o r t h o s e a n i o n s 

mentioned. I n t h i s p u b l i c a t i o n t h e a u t h o r mentions t h e 

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

s u p p r e s s i o n t e c h n i q u e although no such systems were t r i e d . 

F I A was once a g a i n used t o d e t e r m i n e n i t r i t e a t a lower 

LOD of 1 X 10"^ M (105) b u t t h e s y s t e m u s e d was r a t h e r 

complex. 

Chromium ( V I ) , Molybdenum ( V I ) , and Vanadium (V) have a l l 

been d e t e r m i n e d by CL u s i n g a TCPO/H2O2 a c c e p t o r t y p e 

system ( 1 0 6 ) . The a n i o n s were found t o a c t a s c a t a l y s t s 

by f a c i l i t a t i n g the oxygen t r a n s f e r from t h e H2O2 t o TCPO. 

The LCD's f o r t h e 3 a n i o n s were found t o be between 5 and 

10 ;ig. 
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The r e a c t i o n o f l u m i n o l w i t h an o x i d i s i n g a g e n t i s 

summarized below 

NH 
I o x i d i a i n g v 
NH system \r 

O 
T h e r e a r e a number of o x i d i s i n g s y s t e m s t h a t r e a c t w i t h 

l u m i n o l t o y i e l d l i g h t . O x i d i s i n g s y s t e m s t h a t i n v o l v e 

hydrogen p e r o x i d e r e q u i r e a t h i r d component which s e r v e s 

as a c a t a l y s t and/or a c o - o x i d a n t . 

S e l e c t e d t r a n s i t i o n m e t a l s ca n a c t a s c a t a l y s t s f o r t h e 

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

a n a l y t e i f the l u m i n o l and p e r o x i d e a r e k e p t i n e x c e s s . 

As e a r l y as 1972, Rudolf S e i t z (107) used a luminol/oxygen 

s y s t e m f o r t h e d e t e r m i n a t i o n of F e ( I I ) w i t h a l i m i t o f 

d e t e c t i o n of 0.005 pg. The system was a p p l i e d t o n a t u r a l 

w a t e r and o r c h a r d l e a f r e f e r e n c e m a t e r i a l s and gave good 

agreement w i t h the c e r t i f i c a t e v a l u e s . 

As has a l r e a d y been r e p o r t e d , t h e d e t e r m i n a t i o n of t h e s e 

t r a n s i t i o n m e t a l c a t a l y s t s by p o s t - c o l u m n r e a c t i o n was 

a c h i e v e d i n 1974 when Neary e t a l . s u c c e s s f u l l y determined 

c o b a l t and copper u s i n g t h e l u m i n o l / p e r o x i d e d e t e c t i o n . 

U n f o r t u n a t e l y , h i g h - e f ' f i c i e n c y columns were not a v a i l a b l e 

a t t h a t time and so t h e c h r o m a t o g r a p h i c ^performance was 

r e l a t i v e l y p o o r . I n t h e same "year a p u b l i c a t i o n by 

Hartkopf e t a l . (108)' r e v e a l e d t h a t many m e t a l s , i n c l u d i n g 

A l , Zn and B i c a t a l y s e d t h e l u m i n o l / p e r o x i d e r e a c t i o n 



although a l l t h e r e s u l t s were based on an F I A system which 

can o f t e n g i v e m i s l e a d i n g r e s u l t s . 

Other examples of metal d e t e r m i n a t i o n s almost i n v a r i a b l y 

i n v o l v e some s o r t of f l o w i n g s t r e a m i n an a t t e m p t t o 

e n s u r e r e p r o d u c i b l e r e s u l t s . Many w o r k e r s have opted t o 

use F I A systems a l t h o u g h i n t e r f e r e n c e s may be a problem 

and o t h e r s have used s i m p l e ion-exchange chromatography 

w h i c h o f f e r s f r e e d o m f r o m i n t e r f e r e n c e s a n d t h e 

p o s s i b i l i t y of r a p i d , s e q u e n t i a l m u l t i - e l e m e n t a n a l y s i s . 

"From t h e l i t e r a t u r e s u r v e y , t h e 2 m e t a l s t h a t g i v e t h e 

most s e n s i t i v e l i m i t s of d e t e c t i o n a r e c o b a l t ( I I ) and 

chromium ( I I I ) ' and c o n s e q u e n t l y much work h a s been done 

l o o k i n g at t h e s e 2 m e t a l s . Two r e c e n t p u b l i c a t i o n s 

i n v o l v i n g the use of the l u m i n o l / p e r o x i d e CL system f o r Co 

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

element. Boyle e t a l . (109) r e p o r t s a C o ( I I ) LOD o f 20 

pmol. 1"^ whereas J a l k i a n e t a l (110) r e p o r t s an a b s o l u t e 

d e t e c t i o n l i m i t of 1.2 fmoles. 

C r ( I I I ) has been determined a t low l e v e l s from b i o l o g i c a l 

s a m p l e s ( 1 11) u s i n g t h e l u m i n o l s y s t e m b u t d e t e c t i o n 

l i m i t s f o r C r ( I I I ) t e n d t o be a t l e a s t 3 o r d e r s o f 

magnitude l e s s s e n s i t i v e t h a n f o r Co a n a l y s i s . Many 

workers e.g. S e i t z e t a l . (112) have used EDTA t o quench 

any i n t e r f e r i n g c o - e l u t i n g CL s p e c i e s a s the f o r m a t i o n of 

C r ( I I I ) - E D T A i s e x t r e m e l y slow compared w i t h most o t h e r 

m e t a l s . With t h i s method he was a b l e t o determine C r ( I I I ) 
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down t o 25 p i c o g r a m s , S e i t z ' s s y s t e m was e x p l o i t e d by 

Chang e t a l • (113) i n 1980 who a l s o u s e d EDTA t o mask 

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

s u c c e s s f u l l y determine C r ( I I I ) i n s e a w a t e r samples. 

O t h e r m e t a l s t h a t h a v e b e e n d e t e r m i n e d by t h e 

l u m i n o l / p e r o x i d e r e a c t i o n i n c l u d e s i l v e r ( I ) ( 1 1 4 ) , i r o n 

( I I ) and t i t a n i u m ( I I I ) (115) and copper ( 1 0 9 ) , a l t h o u g h 

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

i m p r e s s i v e a s f o r C o ( I I ) o r C r ( I I I ) d e t e r m i n a t i o n s . 

'other CL systems f o r the d e t e r m i n a t i o n o f s e l e c t e d m e t a l s , 

not i n c l u d i n g l u m i n o l , have not been s t u d i e d t o any g r e a t 

e x t e n t , presumably because d e t e c t i o n performance i s not so 

i m p r e s s i v e . G a l l i c a c i d , however, has r e c e n t l y been used 

f o r t h e CL d e t e r m i n a t i o n o f p i c o m o l a r l e v e l s of C o ( I I ) 

from seawater samples u s i n g FIA (116) and C o ( I I ) a g a i n was 

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

from t h e a l k a l i n e - e a r t h m e t a l s w i t h l o p h i n e CL d e t e c t i o n 

(117) . Lophine was p r e v i o u s l y used by MacDonald e t a l . 

(118) i n c o n j u n c t i o n w i t h h y d r o g e n p e r o x i d e f o r the? 

d e t e r m i n a t i o n of t r a c e m e t a l c o n c e n t r a t i o n s and o t h e r 

i n o r g a n i c s p e c i e s . D e t e c t i o n l i m i t s were found t o be: 

OCl", 1 X 10""^ M; C o ( I I ) 8 x lO'"^; C r ( I I I ) 5 x 10"^ M. 

A l l measurements were made w i t h a s t o p p e d f l o w r e a t e n t 

d e l i v e r y system. 

The u s e o f CL d e t e c t i o n s y s t e m s c o u p l e d w i t h 

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 y s t e m s f o r m u l t i - e l e m e n t 
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a n a l y s i s have been a c h i e v e d (90, 109) but o n l y f o r 2 or 3 

t r a n s i t i o n m e t a l s p e c i e s . S e n s i t i v i t y o f d e t e c t i o n i s 

a f f e c t e d when l o o k i n g a t 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 

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

d e t e c t i o n c o n d i t i o n s which v a r y c o n s i d e r a b l y from metal t o 

metal. Consequently, the 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 t h a t 

have been a c h i e v e d so f a r , have used compromise d e t e c t i o n 

c o n d i t i o n s w i t h an accompanying w o r s e n i n g o f d e t e c t i o n 

l i m i t s . T h i s s p e c i f i c n a t u r e o f CL r e a c t i o n s may be an 

adva n t a g e o r d i s a d v a n t a g e d e p e n d i n g on t h e a n a l y t i c a l 

problem. 

A s e r i o u s o b s t a c l e to f u r t h e r a p p l i c a t i o n o f t h e l u m i n o l 

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

knowledge as t o how t h e s e m e t a l i o n s f u n c t i o n t o in d u c e 

CL. T h i s knowledge i s n e c e s s a r y t o p r e d i c t which m e t a l 

i o n s w i l l c a t a l y s e luminol CL. E l u c i d a t i n g t h e r o l e of t h e 

meta l c a t a l y s t would be an i m p o r t a n t s t e p towards a more 

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

s t i l l not f u l l y e x p l a i n e d . P o s s i b l e e x p l a n a t i o n s f o r t h e 

l u m i n o l CL r e a c t i o n a r e d e s c r i b e d by Burdo and S e i t z 

( 1 1 9 ) . They c l a i m t h a t H2O2 and l u m i n o l w i l l not r e a c t 

i n b a s i c s o l u t i o n i n the absence of a c a t a l y s t , and so i t 

can be assumed t h t the c a t a l y s t i n t e r a c t s w i t h one of the 

r e a c t a n t s t o produce a s p e c i e s t h a t can t h e n r e a c t w i t h 

t h e o t h e r r e a c t a n t . The m e t a l i o n c a n e i t h e r form a 

complex w i t h t h e l u m i n o l , or i t can i n t e r a c t w i t h the H2O2 

by complexing w i t h t h e p e r o x i d e o r by b e i n g o x i d i s e d t o 

C o ( I I I ) w i t h t h e p r o d u c t i o n o f an OH r a d i c a l w h i c h c a n 
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then r e a c t w i t h the l u m i n o l . 

The m e t a l - l u m i n o l c o m p l e x i s n o t l i k e l y t o f o r m a s 

experiments show t h a t the CL produced i s not p r o p o r t i o n a l 

t o t h e [ l u m i n o l ] , b u t i s dependant on b o t h [Co^*^] and 

[ H j O j ] . I t i s t h o u g h t t h a t t h e f o r m a t i o n o f a c o b a l t -

p e r o x i d e complex i s an i m p o r t a n t i n t e r m e d i a t e l e a d i n g t o 

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

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

r a d i c a l . T h i s l u m i n o l r a d i c a l can t h e n r e a c t w i t h H2O2 

and e m i t l i g h t . T h i s p r o p o s e d mechanism i s summarised 

'below: 

Co2+ + H02~ > Co2+ - HO2 

H2O + Co^"^ - HO2 + l u m i n o l " ^ Co*'''" - 30H" + luminol*" 

Luminol*" + HO2" ^ h>h 

The c o b a l t - p e r o x i d e complex i s the l i m i t i n g r e a g e n t i n t h e 

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

c o n c e n t r a t i o n w i l l a l s o reduce t h e i n t e n s i t y o f CL. The 

c o b a l t - p e r o x i d e c o n c e n t r a t i o n i s a f f e c t e d by complexation, 

pH, p e r o x i d e c o n c e n t r a t i o n and l u m i n o l c o n c e n t r a t i o n and 

e x p e r i m e n t a l e v i d e n c e ( 1 1 9 ) s u p p o r t s t h i s p r o p o s e d 

mechanism. 
j 

I t i s known t h a t some o f t h e o t h e r m e t a l i o n s t h a t c a n 

c a t a l y s e the CL r e a c t i o n , which i n c l u d e C u ( I I ) , N i ( I I ) , 
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C r ( I I I ) , V ( I V ) , M n ( I I ) and F e ( I I ) a r e a l l o x i d i z a b l e by 

one e l e c t r o n fom the M""̂  t o M̂ ""*"̂ ) s t a t e . T h i s s u g g e s t s 

t h a t t h i s o n e - e l e c t r o n o x i d a t i o n s t e p may be t h e 

requirement f o r the m e t a l - i o n c a t a l y s i s of l u m i n o l CL. 

1.6 Res e a r c h O b j e c t i v e s 

The d e t e c t i o n s t e p i n l i q u i d chromatography i s g e n e r a l l y 

c o n s i d e r e d t o be the weakest p a r t of a n a l y t i c a l procedure. 

I n an e f f o r t t o s t r i v e towards lower and l o w e r l i m i t s of 

d e t e c t i o n , t h e r e i s an o b v i o u s r e q u i r e m e n t f o r n o v e l 

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

'chemistry. w i t h t h i s i n mind, the r e s e a r c h . o b j e c t i v e s a r e 

to e x p l o i t new, s e n s i t i v e d e t e c t i o n p r o c e d u r e s , based on 

post-column d e r i v a t i s a t i o n s , i n p a r t i c u l a r w i t h r e g a r d t o 

CL r e a c t i o n s . 

From t h e i n t r o d u c t o r y c h a p t e r ' i t i s c l e a r t h a t CL 

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

d e t e c t i o n o f c e r t a i n m e t a l s , p a r t i c u l a r l y C o ( I I ) and 

C r ( I I l j and t h e s e m e t a l s w i l l be looked a t i n more d e t a i l 

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

p o t e n t i a l of s e l e b t e d CL d e t e r m i n a t i o n s . 

A l t h o u g h i t i s known t h a t c e r t a i n m e t a l s , p a r t i c u l a r l y 

members of t h e f i r s t row of t h e 'd* b l o c k e l e m e n t s , can 

a c t a s c a t a l y s t s i n t h e l u m i n o l CL r e a c t i o n , i t i s hoped 

t h a t a d e t e c t i o n system can be designed t o determine o t h e r 

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

p r e s e n t , e x h i b i t l i t t l e or no CL w h a t s o e v e r . I n e f f e c t 

=59-



t h e r e w i l l be an attempt t o change the e x t r e m l y s e l e c t i v e 

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

c r e a t e an a l m o s t u n i v e r s a l d e t e c t o r t o encompass a much 

wider range of a n a l y t e s . 
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CHAPTER 2 

INSTRUMENTATION AMD EXPERIMENTAL 
2.1 I n t r o d u c t i o n 

The i n s j i r u m e n t a t i o n t h a t was employed t h r o u g h o u t t h i s 

study v a r i e d , t o some e x t e n t , but i n g e n e r a l was the same 

c o n v e n t i o n a l • s e t up' used f o r normal post-column r e a c t i o n 

t e c h n i q u e s as shown i n F i g . 2.1. I n i t i a l work, r e q u i r i n g 

one h i g h p r e s s u r e post column pump was c a r r i e d out, but as 

t h e p o s t - c o l u m n s y s t e m s became more complex, a g r e a t e r 

number of pumps was r e q u i r e d . 

Wherever p o s s i b l e , a l l c o n n e c t i o n s were a c h i e v e d w i t h 

l / 1 6 t h " O.D. PTFE t u b i n g which had an i n s i d e d i a m e t e r of 

between 0.020" and 0.043". PTFE unions and T - p i e c e s were 

a l s o used e x t e n s i v e l y . These measures combined w i t h t h e 

use of p l a s t i c c o n t a i n e r s a s r e s e r v o i r s f o r both e l u e n t 

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

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

i n s t r u m e n t a t i o n a l background n o i s e . 

The chromatography s y s t e m c o n s i s t e d of a h i g h p r e s s u r e 

pump, an i n j ' e c t o r Valve, an a n a l y t i c a l column or columns, 

a d e t e c t o r arid a c h a r t r e c o r d e r , l a t e r t o be r e p l a c e d by a 

chromatographic data h a n d l i n g s t a t i o n . 

I t i s d i f f i c u l t t o be s p e c i f i c about t h e c h r o m a t o g r a p h i c 

system used throughout the p e r i o d of s t u d y a s d i f f e r e n t 

c o m b i n a t i o n s o f pumps, c o l u m n s , i n j e c t o r v a l v e s and 
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Figure 2\l The instrumentaion required for post-column reagent studies 



r e a c t i o n and d e t e c t i o n systems were c o n s t a n t l y being used. 

C o n s e q u e n t l y , a more d e t a i l e d a c c o u n t o f t h e 

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

c h a p t e r . 

2.2 The Development of the Chemiluminescence D e t e c t o r 

Perhaps, b e c a u s e of i t s r e l a t i v e l y r e c e n t development, 

t h e r e a r e no commercial CL d e t e c t o r s t h a t a r e s u i t a b l e f o r 

t r a c e metal d e t e c t i o n p r e s e n t l y on t h e market. I t s u r e l y 

cannot be long before t h i s f a c t i s changed because of the 

extreme s i m p l i c i t y of both d e s i g n and o p e r a t i o n of s u c h 

d e t e c t o r s . U n t i l such a product i s marketed, however, the 

r e s e a r c h e r h a s t o a t t e m p t t o u s e o t h e r , p e r h a p s l e s s 

s u i t a b l e systems t o a c t as CL d e t e c t o r s . The most obvious 

way around t h i s problem i s t o use a m o d i f i e d f l u o r e s c e n c e 

d e t e c t o r w i t h the e x c i t a t i o n f u n c t i o n made o b s o l e t e . 

F o r t h e d e t e r m i n a t i o n o f c o b a l t , ( C h a p t e r 3) t h e 

f l u o r e s c e n c e d e t e c t o r employed was a 950 Fluoromat from 

K r a t o s I n s t r u m e n t s (Westwood, NJ, USA) which was operated 

w i t h the e x c i t a t i o n s h u t t e r c l o s e d and t h e e m i s s i o n f i l t e r 

removed. The post-column r e a g e n t and e l u e n t were mixed 

d i r e c t l y b e f o r e e n t e r i n g the q u a r t z flow c e l l (30_^1) and 

a l l the o t h e r o p t i c s remained u n a l t e r e d . 

With f u r t h e r developments, the flow c e l l was r e p l a c e d w i t h 

a PTFE c o i l e d tube (volume 350 u l , l e n g t h 70 cm, I.D. 0.8 

mm) a s d e m o n s t r a t e d by Townshend ( 1 2 0 ) a l t h o u g h t h e 

d e t e c t o r e l e c t r o n i c s w e r e l e f t u n a l t e r e d . T h e 
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i n t r o d u c t i o n of t h i s new f l o w c e l l now made t h e d e t e c t o r 

more v e r s a t i l e , e a s i e r t o h a n d l e and i mproved d e t e c t o r 

performance. The p h o t o m u l i t p l i e r tube (PMT) was removed 

from i t s h o u s i n g and t h e c o i l e d f l o w c e l l was mounted 

d i r e c t l y i n f r o n t of t h e PMT q u a r t z window w i t h the whole 

assembly maintained i n a " b l a c k box" as shown i n F i g . 2,2. 

T h i s m o d i f i e d a s s e m b l y was u s e d f o r a l l c h r o m i u m 

d e t e r m i n a t i o n s (Chapter 4 ) . With t h e breakdown and demise 

of t h e i n s t r u m e n t , a n o t h e r f l u o r i m e t e r was u s e d and 

s i m i l a r l y m o d i f i e d (FDlOO S p e c t r o v i s i o n I n c , C h e l m s f o r d , 

MA, USA). T h i s new d e t e c t o r was used s u c c e s s f u l l y u n t i l 

t h e end of the r e s e a r c h programme. Looking back over the 

r e s e a r c h ; i t may w e l l have proved f r u i t f u l t o d e s i g n and 

b u i l d a d e d i c a t e d CL d e t e c t o r from s c r a t c h a l t h o u g h t h i s 

was not attempted. 

2.3 Reagents and s t a n d a r d s 

A n a l y t i c a l grade c h e m i c a l s (BDH, Poole, D o r s e t , E n g l a n d ) , 

e x c e p t l u m i n o l were u s e d t h r o u g h o u t . S o l u t i o n s w e r e 

p r e p a r e d w i t h h i g h ' q u a l i t y w a t e r ifrom a M i l l i - Q s y s t e m 

( M i l l i p o r e , Bedford', MA, USA). 

The p r e p a r a t i o n of both post-coium'n r e a g e n t and e l u e n t was 

c a r r i e d out d a i l y a s and when Required. 

The p r e p a r a t i o n of t h e Co-EDTA s o l u t i o n ( C h a p t e r 5) was 

c a r r i e d out by t i t r a t i o n means and a more d e t a i l e d account 

of t h e method used i s g i v e n l a t e r . 
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Metal s t a n d a r d s were p r e p a r e d by s e q u e n t i a l d i l u t i o n o f 

1000 pg ml"^ S p e c t r o s o l s t o c k s o l u t i o n s (BDH) e x c e p t f o r 

i r o n ( I I ) which was prepared from ammonium f e r r o u s s u l p h a t e 

made up i n helium degassed 0.1 M h y d r o c h l o r i c a c i d . Lower 

c o n c e n t r a t i o n s o f t h e s e s t o c k s o l u t i o n s were s t o r e d i n 

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

contamination. 
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CHAPTER 3 

THE DETERMINATION OF COBALT(II) 

3.1 I n t r o d u c t i o n 

The d e t e r m i n a t i o n of c o b a l t (11) a t u l t r a t r a c e l e v e l s i s 

d e s i r a b l e f o r a number o f r e a s o n s . F i r s t l y , i n 

environmental s t u d i e s , the r a p i d and a c c u r a t e a n a l y s i s of 

many t r a c e m e t a l s i n n a t u r a l w a t e r s i s e s s e n t i a l f o r t h e 

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

Very l i t t l e i n f o r m a t i o n i s a v a i l a b l e on t h e d i s t r i b u t i o n 

of Co which i s an e s s e n t i a l element f o r e v e r y s p e c i e s i n 

. n a t u r a l w a t e r s and t h i s may be due t o t h e r a r i t y of the 

element (10*-^^ - 10~^ mol kg"^) , The low c o n c e n t r a t i o n 

l e v e l s a t w h i c h Co o c c u r s i n n a t u r a l w a t e r s l e a d s t o 

s i g n i f i c a n t problems w i t h i t s a n a l y s i s , and v e r y l i t t l e 

r e l i a b l e d a t a i s a v a i l a b l e on Co be h a v i o u r i n f r e s h water 

systems. 

Perhap s, a s b r i e f l y mentioned i n t h e i n t r o d u c t i o n , i n 

i n d u s t r i a l p r o c e s s e s , a more p r e s s i n g a r e a of need f o r Co 

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

water r e a c t o r s (PWRs). The o p e r a t o r s ' r a d i a t i o n exposure 

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

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

r e a c t o r p i p e s . To reduce t he amount of c o r r o s i o n p r o d u c t s 

c a r r i e d t o the r e a c t o r , adequate a n t i - c o r r o s i o n procedures 

a r e n e c e s s a r y which a r e based on t h e m o n i t o r i n g of p l a n t -

water q u a l i t y . The most important element t o be monitored 

f o r r a d i o a c t i v i t y r e a s o n s i s Co, w h i c h u n d e r g o e s 
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c o n v e r s i o n t o ^^Co. T h i s s p e c i e s i s a gamma e m i t t e r and 

has a h a l f l i f e of 1924 days. 

The main source of t h i s ^^Co comes from t h e a l l o y s t e l l i t e 

(50 - 60% C o ) , u s e d i n heavy wear components, s u c h a s 

v a l v e s , c o n t r o l r o d d r i v e m e c h a n i s m s e t c . When new 

components a r e f i t t e d , c o r r o s i o n and t r a n s p o r t a t i o n o f 

s p e c i e s i s of concern and r e q u i r e s i n t e n s i v e m onitoring. 

S i n c e the c o n c e n t r a t i o n l e v e l of Co i n t h e primary c o o l a n t 

r a n g e s from p a r t s p e r t r i l l i o n t o p a r t s p e r b i l l i o n , 

q u a n t i t a t i v e a n a l y s i s w i l l r e q u i r e a h i g h l y s e n s i t i v e 

means o f d e t e r m i n a t i o n . F l a m e a t o m i c a b s o r p t i o n 

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

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

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

anywhere s e n s i t i v e enough f o r d i r e c t measurement. However 

even i f they were, i t would be u n d e s i r a b l e t o c r e a t e an 

atomic vapour of r a d i o a c t i v e i s o t o p e s i n t h e l a b o r a t o r y 

and a s a f e r , c l o s e d system, would be a b e t t e r and s a f e r 

c h o i c e . 

The use of l i q u i d chromatography would seem to le n d i t s e l f 

t o t h e monitoring of hazardous r a d i o a c t i v e m a t e r i a l s w i t h 

t h e added p o t e n t i a l f o r complete a u t o m a t i o n and o n - l i n e 

a n a l y s i s . T h e p r o b l e m , h o w e v e r , o f u s i n g l i q u i d 

chromatographic t e c h n i q u e s , i s t h a t t h e d e t e c t i o n s t e p i s 

not u s u a l l y s e n s i t i v e enough f o r d i r e c t a n a l y s i s and so a 

p r e - c o n c e n t r a t i o n s t e p may b e r e q u i r e d . 
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A p r e - c o n c e n t r a t i o n method was, i n f a c t , d e v e l o p e d and 

used by Jones e t a l . . (121) f o r the d e t e r m i n a t i o n of t r a c e 

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 z 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 . T y p i c a l l y 200 ml of sample was p r e - c o n c e n t r a t e d 

u s i n g a s h o r t Aminex A9 p r e - c o n c e n t r a t o r column and t h e n 

e l u t e d onto t h e a n a l y t i c a l column by t a r t a r i c a c i d . The 

Co was s e p a r a t e d from o t h e r s p e c i e s p r e s e n t and d e t e c t i o n 

was a c h i e v e d u s i n g i n v e r s e photometry (Eriochrome Black-T 

m o n i t o r e d a t 610 nm) . U s i n g t h i s method d e s c r i b e d by 

J o n e s , t h e l i m i t o f d e t e c t i o n f o r Co a f t e r p r e -

c o n c e n t r a t i o n was 0.01 yiq ml"^ and t h e d e t e c t o r gave a 

l i n e a r respose from 2.5 t o 100 ng of Co a b s o l u t e weight. 

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

employed f o r PWR monitoring i s based on t h e more f a m i l i a r 

Dionex system. Here, the l i t h i u m b o r a t e c o o l a n t i s p r e -

c o n c e n t r a t e d ( t y p i c a l l y 50 ml) on a s h o r t low c a p a c i t y 

c a t i o n e x c h a n g e column ( H P I C CG2) a n d e l u t e d w i t h a 

s t r o n g e r complexing agent, 2 , 6 - p y r i d i n e d i c a r b o x y l i c a c i d 

(PDCA) onto the a n a l y t i c a l column (HPIC CS2) and d e t e c t i o n 

i s a c h i e v e d u s i n g p y r i d y l - a z o r e s o r c i n o l (PAR) monitored 

a t 550 nm: 

I n order t o reduce a n a l y s i s time and so make each a n a l y s i s 

more r a p i d and c o s t - e f f e c t i v e , i t would be d e s i r a b l e t o 

negate the p r e - c o n c e n t r a t i o n s t e p a l t o g e t h e r , but i n o r d e r 

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

t e r m s o f s e n s i t i v i t y i s r e q u i r e d . 
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A s i g n i f i c a n t l y more s e n s i t i v e d e t e c t i o n s y s t e m c a n be 

o b t a i n e d u s i n g chemiluminescence systems, and t h i s Chapter 

d e s c r i b e s the development of such a system. 

3 - 2 E x p e r i m e n t a l 

3.2.1 I n s t r u m e n t a t i o n 

The l i q u i d chromatographic system used was e s s e n t i a l l y the 

same as the one used by Jones e t a l . , (121) but w i t h some 

minor m o d i f i c a t i o n s as shown i n F i g . 3.1- A h i g h - p r e s s u r e 

pump w i t h t i t a n i u m heads (Model 2150, LKB, Bromma, Sweden) 

was u s e d t o d e l i v e r t h e e l u e n t a n d a h i g h p r e s s u r e 

s t a i n l e s s - s t e e l pump (Knauer, Bad Homburg, FRG) was used 

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

a c h i e v e d w i t h e i t h e r t i t a n i u m (pre-column) or PTFE t u b i n g . 

A 200 u l sample was i n t r o d u c e d u s i n g a s i x - p o r t t i t a n i u m 

s w i t c h i n g v a l v e ( V a l c o , S c henkon, S w i t z e r l a n d ) . The 

s e p a r a t i o n s were c a r r i e d o u t u s i n g a D i o n e x HPIC CS2 

c a t i o n - e x c h a n g e column (250 mm x 4.6 mm i . d . ) , u s e d i n 

c o n j u n c t i o n w i t h a Dionex HPIC CG2 guard column (50 mm x 

4.6 mm i . d . ) . 

The e l u e n t and post-column r e a g e n t (PCR) were mixed w i t h 

t h e a i d of a PTFE T - p i e c e and t h e r e s u l t i n g s o l u t i o n was 

p a s s e d through a s h o r t flow c e l l (30 ) i l ) . 

I n i t i a l s p e c t r o p h o t o m e t r i c d e t e r m i n a t i o n s were c a r r i e d out 

w i t h a UV-Vis d e t e c t o r (SF 770 S p e c t r o f l o w monitor, K r a t o s 
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Figure 3.1 A schematic diagram of the apparatus required for Co 
determinations. 



I n c . , S c h o e f f e l I n s t r u m e n t D i v i s i o n , Westwood, NJ, USA) 

but f o r CL m e a s u r e m e n t s a f l u o r e s c e n c e d e t e c t o r was 

employed (950 Fluoromat, K r a t o s , Westwood, NJ, USA) which, 

when i n o p e r a t i o n , had t h e lamp s h u t t e r i n t h e c l o s e d 

p o s i t i o n . 

3.3 R e s u l t s and D i s c u s s i o n 

3.3.1 I n i t i a l r e s u l t s 

3.3.1.1 The S e p a r a t i o n System 

Although f o r t h i s p a r t i c u l a r p a r t o f r e s e a r c h Co was t h e 

only metal under i n v e s t i g a t i o n , i t was important t o ensure 

t h a t Co was i s o l a t e d f r o m a n y o t h e r m e t a l t h a t may 

i n t e r f e r e w i t h t h e a n a l y s i s . As h a s a l r e a d y b e e n 

mentioned, one way to a c h i e v e t h i s i s t o use i o n exchange 

chromatography c o u p l e d t o a l e s s s e l e c t i v e d e t e c t o r t o 

ensure t h a t no o v e r l a p of metal i o n s o c c u r s . 

Low c a p a c i t y c a t i o n exchange Dionex columns were a v a i l a b l e 

f o r u se (HPIC CG2, CS2) and t h e m a n u f a c t u r e r s recommend 

t h a t t h e y be u s e d i n c o n j u n c t i o n w i t h p y r i d i n e 

d i c a r b o x y l i c a c i d (PDCA) as t h e e l u e n t f o r t h e s e p a r a t i o n 

of s e l e c t e d members of the f i r s t row t r a n s i t i o n m e t a l s . 

I t was, however, d e c i d e d t o u s e a d i f f e r e n t e l u e n t from 

PDCA. T h i s d e c i s i o n was t a k e n b e c a u s e PDCA f o r m s a 

r e l a t i v e l y s t r o n g complex w i t h many t r a n s i t i o n m e t a l s and 

i t was c o n s i d e r e d s t r o n g enough t o a d v e r s e l y a f f e c t and 

p o s s i b l y s u p p r e s s any CL produced. I t i s w e l l known t h a t 

c h e l a t i n g m a t e r i a l s such a s EDTA c a n c o m p l e t e l y s u p p r e s s 
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CL s i g n a l s and i n d e e d t h i s f a c t h a s been e x p l o i t e d by 

s e v e r a l workers f o r t h e CL d e t e r m i n a t i o n of C r ( I I I ) i n t h e 

p r e s e n c e of o t h e r m e t a l s by F I A ( 1 1 2 ) . The EDTA r e a c t s 

k i n e t i c a l l y q u i c k l y w i t h t h e m a j o r i t y o f m e t a l s , t h u s 

masking them, and p r e v e n t i n g them from p r o d u c i n g any CL 

s p e c i e s . The slow formation of t h e [ C r ( I I I ) - E D T A ] complex 

r e s u i t s i n t h e C r ( I I I ) b e i n g a v a i l a b l e t o a c t a s a 

c a t a l y s t i n t h e l u m i n o l / p e r o x i d e C L r e a c t i o n . A n o t h e r 

reason why o t h e r e l u t i o n r e a g e n t s were chosen was because 

l a c t i c a c i d and t a r t a r i c a c i d , both r e l a t i v e l y much weaker 

than PDCA, have a l r e a d y been s u c c e s s f u l l y employed f o r the 

s e p a r a t i o n of c e r t a i n t r a n s i t i o n m e t a l s (77, 7 8 ) . 

F i g u r e s 3.2 and 3.3 show t y p i c a l m e t a l s e p a r a t i o n s f o r 

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

d e t e c t i o n b e i n g a c h i e v e d by i n v e r s e photometry, w i t h a 

Calmagite post-column reagent. From F i g s . - 3 . 2 and 3.3 the 

f o l l o w i n g e l u t i o n o r d e r i s produced w i t h both l a c t a t e and 

t a r t r a t e e l u e n t s : F e ( r i l ) , Cu, Zn, Ni, Co, F e ( I I ) , Mn and 

Cd. From s t u d i e s a t AEE W i n f r i t h , t h i s g roup c o n t a i n s 

most of the m e t a l s l i k e l y to be p r e s e n t w i t h Co i n the PWR 

c o o l a n t system. 

The s e p a r a t i o n c o n d i t i o n s f o r F i g u r e s 3.2 and 3.3 a r e 

d e s c r i b e d i n T a b l e 3.1 

The d e t e c t i o n s y s t e m used a C a l m a g i t e s o l u t i o n i n b o t h 

c a s e s . A s t o c k s o l u t i o n of C a l m a g i t e r e a g e n t (4 g 1 ~ ^ ) , 

i n 2M ammonia was prepared from which the f o l l o w i n g d a i l y 

-73 



C/5 

o 
Q -

Mn 

Mg 

20 10 

T IME/MIN 

0 

Figure 3.2 A typical transistion metal s^jaration using l a c t i c acid as the 
mobile phase and a low capacity strong cation exchanger as the 
stationary phase. (2 ppn for each metal analyte). 
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Figure 3.3 A typical transition metal separation using tcirtaric acid as the 
mc^ile phase and high capacity (Aminex A9) strong cation exchanger 
as the stationary phase. (5 fpm for each metal ansdyte). 
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Table 3.1 The s e p a r a t i o n parameters r e q u i r e d to produce the 

chromatograms i n F i g u r e s 3.2 and 3.3 

I 

Mobile Phase •-' Co n c e n t r a t i o n (M) pH Flow Rate (ml min"^) S t a t i o n a r y Phase 

L a c t i c a c i d 

T a r t a r i c a c i d 

0.13 

0.12 

Dionex HPLC CS2 
(25 cm X 4.6 cm id) 

Aminex A9 
(10 cm X 4.6 cm id) 



w o r k i n g s o l u t i o n was made up; C a l m a g i t e : w a t e r : 2M 

ammonia (4:296:200). 

As c a n be s e e n f r o m F i g u r e s 3.2 a n d 3.3 s e p a r a t i o n 

c o n d i t i o n s have been chosen so as t o g i v e c l e a n , b a s e - l i n e 

r e s o l u t i o n f o r most peaks and e s p e c i a l l y w i t h r e g a r d t o 

Co. T a b l e 3.2 shows t h e r e t e n t i o n t i m e s o f v a r i o u s 

t r a n s i t i o n metals u s i n g t h e c o n d i t i o n s s t a t e d i n T a b l e 3.1 

f o r both l a c t a t e and t a r t r a t e systems. 

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

^Calmagite, shows t h a t the Co i s not c o - e l u t i n g w i t h any of 

t h e m e t a l s p e c i e s under s t u d y . P r o v i d e d t h e s e p a r a t i o n 

c o n d i t i o n s remain u n a l t e r e d , t h e r e t e n t i o n t i m e s o f the 

m e t a l s w i l l r e m a i n v i r t u a l l y i d e n t i c a l . T h i s i s an 

important p o i n t when i n v e s t i g a t i n g a new d e t e c t i o n system 

w i t h unknown q u a l i t i e s . 

3.3.1.2 The CL D e t e c t i o n System 

P r e v i o u s work c a r r i e d out a t t h i s P o l y t e c h n i c l o o k i n g a t 

t r a n s i t i o n m e t a l c a t a l y s i s o f C L r e a c t i o n s a n d t h e 

l i t e r a t u r e s u r v e y , have r e v e a l e d t h a t by f a r t h e most 

s e n s i t i v e CL r e a c t i o n f o r the d e t e r m i n a t i o n of Co i n v o l v e s 

t h e c a t a l y t i c o x i d a t i o n o f b a s i c l u m i n o l w i t h hydrogen 

pero x i d e (82, 83, 9 4 ) . 
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Table 3-2 L a c t a t e and T a r t r a t e e l u t i o n times f o r s e l e c t e d t r a n s i t i o n 

metals (see Table 3.1 f o r e l u t i o n c o n d i t i o n s ) . 

L a c t a t e 

Metal Retention time 
/ min 

T a r t r a t e 

Metal 

S o l v e n t f r o n t 

F e ( I I I ) 

Cu 

Zn 

Ni 

Co 

F e ( I I ) 

Mn 

3.8 

3.9 

3.9 

6.8 

9.1 

10.2 

13-3 

14.1 

R e t e n t i o n time 
/ min 

S o l v e n t f r o n t 

F e ( I I I ) 

Cu 

Zn 

Ni 

Co 

F e ( I I ) 

Mn 

2.3 

2.4 

2.6 

4.3 

6.2 

16.0 

18.0 

36.2 



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

r e q u i r e d t o g i v e t h e most s e n s i t i v e Co d e t e c t i o n v a r y 

c o n s i d e r a b l y depending on which p u b l i c a t i o n you read, and 

i t seemed t h a t to get the c o r r e c t d e t e c t i o n parameters was 

r a t h e r a " h i t and m i s s " a f f a i r . I n i t i a l l y , s e n s i t i v i t y 

was not of the utmost importance, and d e t e c t i o n c o n d i t i o n s 

were c h o s e n t h a t were known t o g i v e a r e a s o n a b l e CL 

s i g n a l . These c o n d i t i o n s a r e d e s c r i b e d i n T a b l e 3.3. 

U s i n g t h e l a c t a t e s e p a r a t i o n and d e t e c t i o n p a r a m e t e r s 

d e s c r i b e d a 20 ppb Co s t a n d a r d was i n j e c t e d and e l u t e d 

a f t e r a p p r o x i m a t e l y 10 m i n u t e s and d e t e r m i n e d u s i n g CL 

d e t e c t i o n as shown i n F i g . 3.4. I n t e r e s t i n g l y , when u s i n g 

the t a r t r a t e e l u t i o n system, although the b a s e - l i n e n o i s e 

r e m a i n e d s i m i l a r t o t h a t in* F i g . 3.4, no CL s i g n a l was 

o b t a i n e d f o r Co even a t 100 ppb l e v e l s , a l t h o u g h h i g h e r 

c o n c e n t r a t i o n s were not t r i e d . 

F i g , 3,4 a l s o d e m o n s t r a t e s t h e r a t h e r j a g g e d and uneven 

b a s e l i n e w h i c h i s r a t h e r s u r p r i s i n g a s CL methods a r e 

r e p o r t e d t o produce l i t t l e o r no background s i g n a l . T r a c e 

metal i m p u r i t i e s i n t h e a n a l y t i c a l grade r e a g e n t s a r e an 

o b v i o u s s o u r c e of such background i n t e r f e r e n c e , a l t h o u g h 

t h e background n o i s e would not be so j a g g e d i f t h i s were 

t h e o n l y s o u r c e of c o n t a m i n a t i o n . L e a c h i n g o f c a t i o n s 

e.g. chromium from t h e m e t a l s u r f a c e s of t h e s t a i n l e s s 

s t e e l pump may also* c o n t r i b u t e t o the e l e v a t e d background 

s i g n a l , although, again, a much smoother b a s e l i n e would be 
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T a b l e 3.3 The I n i t i a l D e t e c t i o n Parameters u s e d i n t h e CL 

d e t e r m i n a t i o n of Cô '*' 

[Lximinol] [30% H j O j ] [ B o r i c A c i d ] PH 

wt g ml 1 -1 
Flow r a t e 

-1 wt 1 g a d j u s t e d w i t h KOH ml min 

0.044 0.60 6 . 20 13.0 1.0 

Figure 3.4 The CL response from an injection of a 20 ppb Co standard. 
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CO 
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e x p e c t e d . E v e n t u a l l y i t was d e c i d e d t h a t most of t h e 

n o i s e was due t o " m i c r o " b u b b l e s r e s u l t i n g f r o m t h e 

decomposition of HjOj-

Improvement i n t h e background c o n d i t i o n was a c h i e v e d by 

c o n t i n u a l d e g a s s i n g of t h e l u m i n o l / p e r o x i d e PGR w i t h a 

slow, s t e a d y s t r e a m of h e l i u m . T h i s r e s u l t e d i n a f a r 

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

d e c o m p o s i t i o n of H 2 O 2 i n t h e pump heads and c o n n e c t i n g 

t u b i n g . 

3.3.1.3 D i s c u s s i o n of I n i t i a l R e s u l t s 

The i n i t i a l r e s u l t s showed t h a t t h e u s e o f CL f o r t h e 

d e t e r m i n a t i o n of Co, even u s i n g a c o m p l e t e l y u n o p t i m i z e d 

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

s e n s i t i v e d e t e c t i o n . 

A CL s i g n a l was o n l y o b t a i n e d u s i n g l a c t i c a c i d a s t h e 

mobile phase and the s t r o n g e r the c h e l a t i n g a b i l i t y of the 

mobile phase, the g r e a t e r the l i k e l i h o o d t h a t s i g n i f i c a n t 

CL s u p p r e s s i o n may p r e v a i l . The l o g a r i t h m i c v a l u e s of t h e 

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 l o g Kg^^j-,^ f o r Co w i t h 

l a c t i c a c i d a n d t a r t a r i c a c i d a r e 1.9 a n d 4.5 

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

s t a b l e m e t a l - t a r t r a t e complex w h i c h compared w i t h t h e 

m e t a l - l a c t a t e complex, may e x p l a i n why CL s u p p r e s s i o n 

o c c u r s . 
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3.3.2 D e t e c t i o n P e r f o r m a n c e O p t i m i s a t i o n o f t h e CL 

' D e t e c t i o n System 

I n o r d e r t o f u l l y e x p l o r e and e x p l o i t t h e u l t r a s e n s i t i v e 

d e t e c t i o n p o s s i b i l i t i e s o f such a CL system t h e , d e t e c t i o n 

p a r a m e t e r s r e q u i r e f u l l o p t i m i s a t i o n . U s i n g t h e 

e s t a b l i s h e d l a c t i c a c i d mobile phase a s the e l a t i o n system 

t h e f o l l o w i n g p a r a m e t e r s were o p t i m i s e d : ( a ) l u m i n o l 

c o n c e n t r a t i o n , (b) hydrogen p e r o x i d e c o n c e n t r a t i o n and ( c ) 

the pH. 

The o p t i m i s a t i o n procedure would seem i d e a l l y s u i t e d t o 

u s i n g the simplex o p t i m i s a t i o n a l g o r i t h m , which o p t i m i s e s 

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

s i m p l e x o p t i m i s a t i o n was attempted but proved d i f f i c u l t t o 

implement and was u n s u c c e s s f u l f o r a number o f r e a s o n s . 

P e r h a p s t h e main s t u m b l i n g b l o c k was t h e u s e o f t h e 

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

a l g o r i t h m . I t o f t e n p r o v e d i m p o s s i b l e t o o b t a i n a 

r e a s o n a b l e n o i s e l e v e l even a t h i g h i n s t r u m e n t s e n s i t i v i t y 

and t h u s t h e s i g n a l - t o - n o i s e r a t i o was u n o b t a i n a b l e . 

A n o t h e r p r o b l e m e n c o u n t e r e d was t h e l e n g t h y t i m e o f 

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

r e q u i r e d and the subsequent l e n g t h y i n s t r u m e n t s e t t l i n g 

down p e r i o d a f t e r t h e i n t r o d u c t i o n o f t h e s e new 

parameters. 

I n c o n s i d e r a t i o n of some of t h e s e problems, i t was decided 

to c a r r y out u n i v a r i a t e s e a r c h e s f o r t h e t h r e e d e t e c t i o n 

p a r a m e t e r s . T h i s p r o v e d much e a s i e r t o p e r f o r m . The 
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p a r a m e t e r s which were o p t i m i s e d a r e l i s t e d i n T a b l e 3.4 

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

experiments c o u l d be conducted. 

A u n i v a r i a t e o p t i m i s a t i o n was performed f o r each parameter 

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

optimum e s t a b l i s h e d by t h e i r r e s p e c t i v e u n i v a r i a t e s e a r c h . 

The o p t i m i s a t i o n p r o f i l e s f o r l u m i n o l . c o n c e n t r a t i o n , 

h y d r o g e n p e r o x i d e c o n c e n t r a t i o n and pH a r e shown i n 

F i g u r e s 3.5, 3.6 and 3.7 r s p e c t i v e l y , and t h e o p t i m i s e d 

parameters a r e summarized i n T a b l e 3.5. 

3.3.3 Q u a n t i t a t i v e D e t e c t o r Performance 

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

th e b e s t Co s i g n a l i n terms o f s e n s i t i v i t y (3.2.3)', t h e 

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

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

L i n e a r c a l i b r a t i o n c u r v e s were o b t a i n e d c o v e r i n g 

a p p r o x i m a t e l y f o u r o r d e r s o f magnitude from 5 ng 1"^ t o 

10 pg 1"^ w i t h e x c e l l e n t l i n e a r i t y 

shown i n F i g . 3.8. A l t h o u g h a w i d e d y n a m i c r a n g e i s 

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

e x c e l l e n t c o n s i d e r i n g t h a t d e t e c t i o n was a c h i e v e d by means 

of a complex and s t i l l i n c o m p l e t e l y u n d e r s t o o d c a t a l y t i c 

r e a c t i o n . F i g . 3.9 shows t h e chromatograms o b t a i n e d f o r 

Co c o n c e n t r a t i o n s n e a r t h e l o w e r end of t h e c a l i b r a t o n 

r a n g e (5 - 40 ng 1"-^) . A r e p r o d u c i b i l i t y t r i a l was 

c a r r i e d o u t t o a s c e r t a i n ( a ) t h e s t a b i l i t y o f t h e Co 
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T a b l e 3,4 Boundary l i m i t s of p a r a m e t e r s s t u d i e d 
d u r i n g t he u n i v a r i a t e o p t i m i s a t i o n . 

Parameter 

Luminol c o n c e n t r a t i o n 

H2O2 (30%) volume 

PH 

Range 

0.05 t o 0.5 g 1"^ 

0.5 t o 20.0 ml 1"^ 

8.0 t o 13.0 

Ta b l e 3.5 The o p t i m i s e d p a r a m e t e r s f o r 
s e n s i t i v e C o ( I I ) d e t e c t i o n 

Parameter O p t i m i s e d c o n d i t i o n 

l u m i n o l c o n c e n t r a t i o n 

hydrogen p e r o x i d e (30%) volume 

pH 

0.20 g 1 -1 

10.0 ml 1"^ 

12.5 

-8^ 



FIGURE 3.5 THE OPTIMISATION PROFILE OF [ LUMINOL ] FOR Co CL 
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FIGURE 3.6 THE OPTIMISATION PROFILE OF [ Ĥ Ô̂  ] FOR Co CL 
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FIGURE 3.7 THE OPTIMISATION PROFILE OF pH FOR Co CL 
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FIGURE 3.8 CALIBRATION CURVE FOR Co CL 
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Figure 3.9 Chrcsnatogram showing Oo conoentirations near to the detection 
l i m i t ; A. 40 ng 1~^ (Scale x 0.5), B. 20 ng 1"^, C. 5 ng 
1"^, D. blank. 
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s t a n d a r d s and (b) the s t a b i l i t y of t h e d e t e c t i o n systems. 

Over a 2 hour p e r i o d , 9 r e p l i c a t e i n j e c t i o n s were made 

onto t h e column from a 40 ng 1"^ Co s t a n d a r d and t h e 

r e l a t i v e s t a n d a r d d e v i a t i o n w a s f o u n d t o be 3.4% 

i n d i c a t i n g t h a t t h e low c o n c e n t r a t i o n s t a n d a r d s , and t h e 

d e t e c t i o n system, a s a whole, were r e a s o n a b l y s t a b l e f o r 

a t l e a s t 2 hours. 

The d e t e c t i o n l i m i t , d e f i n e d here a s t h r e e t i m e s the peak 

t o peak v a r i a t i o n of the background n o i s e , was 0.5 ng 1"^. 

T h i s corresponds t o 0.1 pg of Co a b s o l u t e . 

3.3.3.1 I n t e r f e r e n c e S t u d i e s 

Of t h e s u i t e of metals s t u d i e d , t h e o n l y metal, o t h e r than 

Co, t h a t was f o u n d t o g i v e a C L r e s p o n s e u n d e r t h e 

c o n d i t i o n s employed was copper ( I I ) . The response due t o 

Cu, however, was much lower t h a n f o r Co and t h i s p o i n t 

i l l u s t r a t e s t h e s e l e c t i v e n a t u r e o f c e r t a i n CL r e a c t i o n s 

as o n l y weak r e s p o n s e s were o b s e r v e d even f o r h i g h Cu 

c o n c e n t r a t i o n s . U s i n g t h e l a c t a t e system, Cu i o n s e l u t e 

v e r y q u i c k l y , j u s t a f t e r the s o l v e n t f r o n t , and so do not 

cause any i n t e r f e r e n c e t o t h e Co s i g n a l . N e v e r t h e l e s s , 

although no response was observed from t he o t h e r elements 

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

the Co peak c o u l d cause quenching. T h i s i s e s p e c i a l l y t h e 

c a s e f o r n i c k e l w h i c h e l u t e s j u s t b e f o r e c o b a l t , and 

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

o v e r l a p p i n g t a i l . F o r i n t e r f e r e n c e t e s t i n g , 10 )iq ml"^ 

s o l u t i o n s o f Cu, Zn, Ni and F e ( I I ) were i n j e c t e d t o g e t h e r 
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w i t h a 0.1 ng ml""-*- Co s o l u t i o n . The r e s u l t s o f t h e 

i n t e r f e r e n c e study a r e p r e s e n t e d i n T a b l e 3.6. No change 

i n t h e Co p e a k h e i g h t was o b s e r v e d f o r t h e m i x e d 

st a n d a r d s , compared w i t h t h a t produced by t h e pure 0.1 ng 

ml"^ Co s t a n d a r d . 

3.3.3.2 Sample A n a l y s i s 

To e v a l u a t e t h e s e n s i t i v i t y o f t h e l u m i n o l CL d e t e c t o r , i t 

was i m p o r t a n t t o f i n d a c e r t i f i e d s a m p l e w i t h a low Co 

c o n c e n t r a t i o n . A r i c e f l o u r 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 

(NBS SRM 1568) w i t h a c e r t i f i e d Co c o n c e n t r a t i o n of 0.02 + 

0.01 )ig g~^ had t h e l o w e s t c o b a l t c o n t e n t a v a i l a b l e . 

Although t h i s i s w e l l w i t h i n t h e s e n s i t i v i t y range of t h e 

d e t e c t o r , the Co c o n c e n t r a t i o n , a f t e r sample p r e p a r a t i o n , 

was much lower. 

Wet d i g e s t i o n t e c h n i q u e s a r e i n a p p r o p r i a t e f o r sample 

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

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

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

u n s a t i s f a c t o r y . D r y a s h i n g was s a t i s f a c t o r y a s Co 

compounds a r e r e l a t i v e l y i n v o l a t i l e . 

Dry samples of 0.500 g of r i c e f l o u r (SRM 1568, N a t i o n a l 

Bureau of Standards, Washington D.C. ) were dry -ashed i n a 

platinum c r u c i b l e over a Meker burner. When c o o l , 1 ml o f 

a r i s t a r h y d r o c h l o r i c a c i d was added t o t h e m i x t u r e and 

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

H y d r o c h l o r i c a c i d (8.0 mis of 0.1 M) was added, then t h e 
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Table 3.6 The peak h e i g h t s o f 0.1 ng ml"-^ Co s t a n d a r d s c o - i n j e c t e d 

w i t h 10 >ig ml"^ of p o s s i b l e i n t e r f e r i n g c a t i o n s 

Standard X Peak ht mm noirmalised peak ht 
3 t r i a l s 

I 

I 

0.1 ng ml-1 Co 96 1.00 

0.1 ng ml-1 Co + 10 pg m i - i Cu 97 1.01 

0.1 ng ml-1 Co + 10 m l - l Zn 98 1.02 

0.1 ng ml-1 Co + 10 pg ml-1- Ni 95 0.99 

0,1 ng ml-1 Co + 10 pg ml-1 F e ( I I ) 96 1.00 



s o l u t i o n was warmed, c o o l e d and t r a n s f e r r e d i n t o a 10 ml 

v o l u m e t r i c f l a s k w i t h s m a l l volumes of w a t e r w a s h i n g s , 

f i n a l l y d i l u t i n g t o the mark w i t h water. The s o l u t i o n was 

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

a n a l y s i s . B l a n k s were p r e p a r e d i n e x a c t l y t h e same 

manner, minus the r i c e sample, u s i n g t h e same c o n t a i n e r s . 

The d e t e r m i n a t i o n o f t h e Co f r o m t h e r i c e f l o u r was 

c a r r i e d o u t by both d i r e c t c a l i b r a t i o n methods and by 

s t a n d a r d a d d i t i o n i n j e c t i o n and the r e s u l t s a r e p r e s e n t e d 

i n T a b l e 3.7. 

The r e s u l t s show a c c e p t a b l e agreement w i t h t h e c e r t i f i e d 

v a l u e o f 0.02 + 0.01 }xq g "^. F i g u r e 3.10 s h o w s 

chromatograms f o r one sample d e t e r m i n a t i o n compared w i t h 

d e i o n i z e d w a t e r s t a n d a r d s a n d a s t a n d a r d a d d i t i o n 

i n j e c t i o n . 

The e x c e l l e n t s e n s i t i v i t y of t h e CL d e t e c t o r i s c l e a r l y 

s e e n i n F i g . 3.10 s h o w i n g t h e n o i s e f r e e b a s e l i n e 

s u g g e s t i n g t h a t the d e t e c t o r was being operated w e l l above 

t h e d e t e c t i o n l i m i t . The s m a l l s t e p i n t h e b a s e l i n e may 

be due t o a s l i g h t d i s t u r b a n c e c a u s e d by t h e s a m p l e 

' p l u g ' , w i t h t h e r e l a t i v e l y h i g h s a l t c o n t e n t , 

d i s e q u i l i b r i a t i n g the column f o r a s h o r t time. 

3.4 Concluding d i s c u s s i o n 

The d e t e c t o r performance i n terms of s e n s i t i v i t y , l i n e a r 

working ranges, r e p r o d u c i b i l i t y and l a c k of i n t e r f e r e n c e s 

-93-



T a b l e 3.7 The Determination of Co from a c e r t i f i e d 
r i c e f l o u r sample (NBS SRM 1568). 

Method Co c o n t e n t }ig q -1 

C e r t i f i c a t e v a l u e 0.02 + 0.01 

D i r e c t c a l i b r a t i o n 

S tandard a d d i t i o n 

0.0162 
0.0160 
0.0158 

0.0208 
0.0214 
0.0216 

0.016 

0.021 

9'i 



IG] 

I E ] 

F i g . 3.10 D e t e r m i n a t i o n o f c o b a l t i n a r i c e f l o u r s a m p l e . 
(A) S o l v e n t b l a n k ; ( B I p r o c e d u r a l b l a n k ; ( C ) , (D) a n d (E) 
0.5, 1.0 and 2.0 ng ml ^ c o b a l t s t a n d a r d s , r e s p e c t i v e l y ; (F) 
s a m p l e ; (G) s a m p l e + 1.0 ng m l ^ o f c o b a l t ( s t a n d a r d 
a d d i t i o n ) • 
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i s e x c e l l e n t , and t h e l i m i t s o f d e t e c t i o n b e t t e r t h a n any 

c u r r e n t a n a l y t i c a l t e c h n i q u e , i n c l u d i n g g r a p h i t e f u r n a c e 

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

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

c o o l a n t was m a n u f a c t u r e d b y AEEW a n d was t e s t e d a t 

Plymouth t o see i f s i m i l a r s e n s i t i v i t i e s c o u l d be o b t a i n e d 

f o r Co d e t e r m i n a t i o n s . Co s t n d a r d s w e r e made up i n t h e 

l i t h u m b o r a t e ( 1 2 0 0 ppm b o r o n , 3 ppm L i , pH 6.5) a n d 

i n j e c t e d i n t o t h e s y s t e m . No l o s s i n CL s i g n a l o r 

s e n s i t i v i t y was f o u n d . T h i s s y s t e m has p r o v e d s u c c e s s f u l 

enough t o be em p l o y e d a t t h e A t o m i c E n e r g y E s t a b l i s h m e n t 

W i n f r i t h (AEEW) f o r i n i t i a l t e s t i n g t o a s c e r t a i n t h e 

s u i t a b i l i t y o f such a CL system f o r l i t h i u m b o r a t e c o o l a n t 

a n a l y s i s . 

The f l u o r e s c e n c e d e t e c t o r used was o b v i o u s l y n o t o p t i m i s e d 

f o r CL d e t e r m i n a t i o n s and even b e t t e r s e n s i t i v i t i e s a r e 

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

a r e c o n s t r u c t e d . The s e n s i t i v i t i e s a v a i l a b l e , h o wever, 

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

a d e q u a t e f o r m o s t s a m p l e s . I f , h o w e v e r , b e t t e r 

s e n s i t i v i t i e s a r e r e q u i r e d , one way t o a c h i e v e t h i s w o u l d 

be t o remove t h e l a c t a t e f r o m t h e m o b i l e phase so as t o 

r e d u c e any p o s s i b l e s u p p r e s s i o n e f f e c t s . I f t h e l a c t a t e 

i s removed f r o m t h e m o b i l e phase t h e a n a l y t e s e p a r a t i o n 

w o u l d have t o be a c h i e v e d by means o t h e r t h a n i o n - e x c h a n g e 

c h r o m a t o g r a p h y . Such a p r o c e d u r e may i n v o l v e c h e l a t i o n -

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

i n t h e m o b i l e phase b u t r e l i e s on pH v a r i a t i o n t o c o n t r o l 
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s e p a r a t i o n mechanisms. No HPLC g r a d e c h e l a t i o n - e x c h a n g e 

s t a t i o n a r y phases were c o m m e r c i a l l y a v a i l a b l e a t t h e t i m e 

o f t h i s w o r k a n d h a v e o n l y a p p e a r e d i n t h e l a s t f e w 

m o n t h s . I t was f o u n d , h o w e v e r , t h a t t h e s e n s i t i v i t y 

o b t a i n e d w i t h t h e l a c t a t e system was c o n s i d e r e d by t h e AEE 

W i n f r i t h r e s e a r c h team t o be p e r f e c t l y a d e q u a t e f o r t h e i r 

use. 

The d e t e r m i n a t i o n o f Co f r o m r i c e f l o u r s h o w s t h e 

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

t r a c e m e t a l a n a l y s i s f o r r e a l e n v i r o n m e n t a l samples w h i c h 

c o n t a i n r e l a t i v e l y h i g h i o n i c s t r e n g t h s - The d i r e c t 

c a l i b r a t i o n d a t a ( F i g . 3.10) shows a r e t e n t i o n t i m e f o r 

t h e Co peak t o be a p p r o x i m a t e l y 8 m i n u t e s , whereas, under 

t h e same e l u t i o n c o n d i t i o n s , t h e s t a n d a r d a d d i t i o n d a t a 

( F i g . 3.10) shows a s l i g h t d e c r e a s e i n r e t e n t i o n t i m e f o r 

t h e s p i k e d r i c e f l o u r sample t o a p p r o x i m a t e l y 7 m i n u t e s . 

The s t a n d a r d a d d i t i o n r e s u l t s show an a p p a r e n t s m a l l b i a s 

compared w i t h t h e p u r e s t a n d a r d and t h e p o s s i b l e cause may 

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

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

i n t e g r a t o r t o measure peak a r e a s may s o l v e t h i s p r o b l e m . 

H a v i n g o b t a i n e d such i m p r e s s i v e r e s u l t s f o r one e l e m e n t by 

t h e CL t e c h n i q u e , i t w o u l d be d e s i r a b l e t o d e v e l o p a CL 

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

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

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

r e q u i r e a n o v e l a p p r o ach t o b o t h t h e e l u t i o n and d e t e c t i o n 
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s y s t e m s . B e f o r e t h e g e n e r a l d e t e c t i o n p r o b l e m was 

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

h i g h CL s e n s i t i v i t y namely, chromium, w h i c h u n l i k e c o b a l t , 

has t h e a d d e d i n t e r e s t o f b e i n g p r e s e n t a s t w o m a j o r 

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

m e d i c a l i n t e r e s t , as w e l l as a r e q u e s t f r o m t h e A t o m i c 

E n e r g y E s t a b l i s h m e n t p r o m p t e d t h e d e V e l o p m e n t o f an 

HPLC/CL s y s t e m f o r C r ( I I I ) a n d C r ( V I ) d e t e r m i n a t i o n s 

d e s c r i b e d i n t h e n e x t c h a p t e r . 
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CHAPTER 4 

THE DETERMINATION OF CHROMIUM 

4.1 I n t r o d u c t i o n 

O c c u p a t i o n a l e x p o s u r e t o ch r o m i u m ( C r ) o r i t s compounds 

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

h a n d l i n g chromium a l l o y s o r c h r o m i u m compounds, s u c h as 

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

p l a t i n g , t a n n i n g , wood p r e s e r v i n g , p a i n t i n g and p i g m e n t 

p r o d u c t i o n . The h e x a v a l e n t s t a t e , C r ( V I ) , has been shown 

t o be more t o x i c t h a n t h e t r i v a l e n t s t a t e , C r ( I I I ) i n 

a n i m a l e x p e r i m e n t s ( 2 , 3 ) , a n d i s c o n s i d e r e d t o be 

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

a l l e r g i c r e a c t i o n and c a n c e r . The t r i v a l e n t s t a t e o f Gr 

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

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

q u i t e e l e v a t e d l e v e l s . T h e r e i s an o b y i o u s r e q u i r e m e n t 

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

v e r y few a n a l y t i c a l methods d e v o t e d t o t h i s t a s k . 

A t o m i c a b s o r p t i o n , o r pl a s m a a t o m i c e m i s s i o n t e c h n i q u e s 

o n l y p r o v i d e i n f o r m a t i o n on t h e t o t a l amount o f Cr i n t h e 

t e s t s o l u t i o n . S p e c i a t i o n measurement i s p o s s i b l e w i t h 

t h e s e m e t h o d s , b u t t h e C r ( I I i ) a n d C r ( V I ) m u s t b e 

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

i n s t r u m e n t . 
V.' • 

F o r t h e d e t e r m i n a t i o n o f w a t e r s o l u b l e C r ( V l ) , a 

p h o t o m e t r i c method based on 1 , 5 - d i p h e n y l c a r b a z i d e (DPC) i s 
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t h e m o s t p r e v a l e n t t e c h n i q u e , a l t h o u g h more r e c e n t l y a 

s y s t e m b a s e d on l a n t h a n i d e l u m i n e s c e n c e q u e n c h i n g b y 

chro m a t e has been d e v e l o p e d ( 1 2 2 ) . Measurements, however, 

a r e o f t e n u n r e l i a b l e because o f s i g n i f i c a n t i n t e r f e r e n c e 

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

There a r e a l s o no r e l i a b l e methods f o r d i r e c t a n a l y s i s o f 

C r ( I I I ) . The c a l c u l a t i o n o f t h e c o n c e n t r a t i o n o f C r ( I I I ) 

f r o m t h e d i f f e r e n c e b e t w e e n t o t a l Cr and C r ( V I ) , as p u t 

f o r w a r d b y some w o r k e r s , may i n v o l v e some r i s k o f 

u n c e r t a i n t y and one way t o d e c r e a s e s u c h a r i s k w o u l d 

i n v o l v e t h e s i m u l t a n e o u s d e t e r m i n a t i o n o f b o t h chromium 

s p e c i e s . 

The use o f c h r o m a t o g r a p h y w o u l d seem t h e most o b v i o u s way 

t o s e p a r a t e t h e s e t w o chromium s p e c i e s and t h i s has been 

a c h i e v e d by s e v e r a l w o r k e r s i n c l u d i n g E i j f l r v i e t a l . ( 3 ) 

who u s e d r e v e r s e d p h a s e HPLC t o s e p a r a t e C r ( I I I ) a n d 

C r ( V I ) c h e l a t e s o f 8 - h y d r o x y q u i n o l i n e , 

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

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

w a t e r m o b i l e phases w i t h UV d e t e c t i o n . S e p a r a t i o n c o u l d 

n o t be a c h i e v e d u s i n g 8 - h y d r o x y q u i n o l i n e as t h e C r ( V I ) was 

r e d u c e d t o C r ( I I I ) i n t h e c h e l a t i n g p r o c e d u r e s . The o t h e r 

c h e l a t o r s u s ed were s u c c e s s f u l f o r s e p a r a t i o n s and a v e r a g e 

d e t e c t i o n l i m i t s o f 100 pg f o r b o t h Cr s p e c i e s was f o u n d 

i n an i n j e c t i o n v o l u m e o f 5 p i , A me t h o d t h a t has been 

d e v e l o p e d f o r t h e d e t e r m i n a t i o n o f C r ( I I I ) i s based on t h e 

s e p a r a t i o n o f a [ C r ( I I I ) - P A R ] complex u s i n g r e v e r s e - p h a s e 

c h r o m a t o g r a p h y w i t h an i m p r e s s i v e p h o t o m e t r i c d e t e c t i o n 
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l i m i t o f 0.5 ng ml ^ ( 1 2 3 ) . 

P e r h a p s a more s u i t a b l e c h r o m a t o g r a p h i c m e t h o d f o r Cr 

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

c h r o m a t o g r a p h y . T h i s method was d e m o n s t r a t e d by S u z u k i e t 

a l . ( 1 2 4 ) i n 1985, who u s e d an a n i o n e x c h a n g e s t a t i o n a r y 

p h a s e t o s e p a r a t e C r ( V I ) a n d C r ( I I l ) - EDTA a n i o n i c 

complexes and t h e s p e c i e s were d e t e c t e d by a UV m o n i t o r o r 

an 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 e r . W i t h t h i s method, 

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

l i m i t f o r b o t h C r ( I I I ) and Cr ( V I ) o f 5 ng a b s o l u t e . 

I n a l l o f t h e c i t e d cases, a s u b s t a n t i a l amount o f sample 

h a n d l i n g a n d p r e t r e a t m e n t was r e q u i r e d , w h i c h i s 

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

c o n s i d e r a b l y l e n g t h e n s t h e a n a l y s i s t i m e . F o r t h e 

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

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

t h e s e p a r a t i o n and t h e d e t e c t i o n s y s t e m i s r e q u i r e d . " 

One p r o m i s i n g n o v e l d e t e c t i o n s y s t e m t h a t shows tremendous 

p o t e n t i a l i s t h e c o u p l i n g o f a CL p o s t - c o l u m n r e a g e n t t o 

an i o n - e x c h a n g e s e p a r a t i o n s y s t e m . As c a n be seen f r o m 

C h a p t e r 3, t r e m e n d o u s s e n s i t i v i t i e s a r e p o s s i b l e f o r t h e 

d e t e c t i o n o f C o ( I I ) u s i n g CL and C r ( I X I ) i s known t o a c t 

i n a s i m i l a r c a t a l y t i c f a s h i o n t o C o ( I I ) , a l t h o u g h C r ( V I ) 

e x h i b i t s no c a t a l y t i c a f f e c t on t h e CL s y s t e m . T h i s f a c t 

has b e e n e x p l o i t e d b y a n u m b e r o f w o r k e r s f o r t h e 

s e l e c t i v e d e t e r m i n a t i o n o f C r ( I I I ) f r o m a s a m p l e w h i c h 
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c o n t a i n s b o t h C r ( I I I ) and C r ( V I ) . T r a c e C r ( I I I ) c a n be 

d e t e r m i n e d by m e a s u r i n g C r ( I I I ) - c a t a l y s e d l i g h t e m i s s i o n 

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

e m i s s i o n caused by o t h e r m e t a l s can be c o m p l e t e l y quenched 

by t h e a d d i t i o n o f EDTA t o f o r m c o m p l e x e s t h a t a r e n o t 

a c t i v e a s c a t a l y s t s . [ C r ( I I I ) - E D T A ] c o m p l e x e s a r e 

k i n e t i c a l l y e x t r e m e l y s l o w t o f o r m a nd so t h e EDTA does 

n o t i n t e r f e r e w i t h C r ( I I I ) c a t a l y s i s . U s i n g t h i s method, 

S e i t z e t a l . (112) was a b l e t o d e t e r m i n e 25 pg o f C r ( I I I ) 

as e a r l y as 1972. T h i s m e t h o d h a s a l s o b e e n u s e d f o r 

C r ( I I I ) d e t e r m i n a t i o n s i n sea w a t e r s a m p l e s 1 1 3 ) . EDTA 

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

o t h e r i n t e r f e r i n g m e t a l s p r e s e n t . P r o b l e m s , however, were 

e x p e r i e n c e d w i t h q u e n c h i n g e f f e c t s c aused by t h e p r e s e n c e 

o f h i g h l e v e l s o f c a l c i u m and magnesium. L i e t a l . ( I l l ) , 

have used a v e r y s i m i l a r t e c h n i q u e f o r t h e d e t e r m i n a t i o n 

o f C r ( I I I ) f r o m a v a r i e t y o f b i o l o g i c a l m a t e r i a l s , 

i n c l u d i n g o r c h a r d l e a v e s a nd b o v i n e l i v e r . A l l t h e s ^ 

methods i n v o l v i n g t h e CL d e t e r m i n a t i o n o f C r ( I I I ) do n o t 

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

used, n e g a t e t h e r e q u i r e m e n t f o r EDTA a d d i t i o n . However, 

no s u c h s y s t e m h a s b e e n r e p o r t e d i n t h e l i t e r a t u r e , 

p r e s u m a b l y because o f t h e d i f f i c u l t y i n p e r f o r m i n g C r ( I I I ) 

e l u t i o n 'and s e p a r a t i o n f r o m c a t i o n - e x c h a n g e c o l u m n s and 

h y d r o l y s i s p r o b l e m s . T h e c h o i c e o f m o b i l e p h a s e i s 

i m p o r t a n t because t h e C r ( I I I ) has a v e r y s t r o n g a t t r a c t i o n 

f o r c a t i o n e x c h a n g e r e s i n s a nd e l u t i o n may p r o v e t o be 

d i f f i c u l t u s i n g c o n v e n t i o n a l c h e l a t i n g m o b i l e phases as 

c o m p l e x f o r m a t i o n i s k i n e t i c a l l y v e r y s l o w , e v e n a t 
- I 
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e l e v a t e d t e m p e r a t u r e s . The s e p a r a t i o n o f C r ( I I I ) f r o m 

C r ( V I ) by i o n - e x c h a n g e c h r o m a t o g r a p h y w o u l d seem t h e most 

o b v i o u s and e a s i e s t method f o r s t u d y , as C r ( I I I ) e x i s t s i n 

a c i d s o l u t i o n as c a t i o n i c Cr^"*" a n d C r ( V I ) e x i s t s as 

a n i o n i c CrO^^" o r t h e d i c h r o m a t e f o r m C r j O ^ ^ " , d e p e n d i n g 

on pH. The p r e s e n c e o f t h e s e a n i o n i c and c a t i o n i c f o r m s 

makes s e p a r a t i o n e a s y , e i t h e r by t h e u s e o f m i x e d bed 

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

p l a c e d i n s e r i e s o r i n p a r a l l e l . 

CL methods have n o t been a b l e t o d e t e r m i n e b o t h C r ( I I I ) 

and C r ( V I ) s i m u l t a n e o u s l y , a l t h o u g h t h i s i s o b v i o u s l y ' a 

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

d e v e l o p m e n t o f an HPLC s y s t e m w i t h CL d e t e c t i o n f o r each 

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

o f C r ( I I I ) and C r ( V l ) . 

4.2 E x p e r i m e n t a l f o r C r ( I I I ) D e t e r m i n a t i o n s 

4.2.1 I n s t r u m e n t a t i o n f o r C r f l l l ) D e t e r m i n a t i o n s 

The i n s t r u m e n t a t i o n r e q u i r e d f o r t h e d e t e r m i n a t i o n o f 

C r ( I I I ) o n l y , was e s s e n t i a l l y t h e same as t h a t u s e d f o r 

C o ( I I ) d e t e r m i n a t i o n s , b u t w i t h some m i n o r m o d i f i c a t i o n s 

as shown i n F i g u r e 4 . 1 . A h i g h - p r e s s u r e p l a s t i c pump 

( D i o n e x 4000 g r a d i e n t pump, D i o n e x , S u n n y v a l e , CA, USA) 

was u s e d t o d e l i v e r t h e e l i i e n t w h i l s t a h i g h - p r e s s u r e 

s t a i n l e s s s t e e l pump ( K n a u e r , Bad Homburg, FRG) was used 

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

c o n n e c t i o n s were a c h i e v e d w i t h e i t h e r t i t a n i u m o r PTFE 

t u b i n g . The s a m p l e was l o a d e d i n t o a 200 ; i l t i t a n i u m 
i 
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s a m p l e l o o p u s i n g a 6 p o r t t i t a n i u m v a l v e ( V a l c o , 

Schenkon, S w i t z e r l a n d ) and i n j e c t e d o n t o a D i o n e x HPIC CG2 

c a t i o n - e x c h a n g e column (50 mm x 4.6 mm i . d . ) . The e l u e n t 

and p o s t - c o l u m n r e a g e n t w e r e m i x e d w i t h a PTFE T - p i e c e 

w h i c h was c o n n e c t e d t o a 350 yil ( 7 0 cm x 0.8 mm i . d . ) 

c o i l e d PTFE f l o w c e l l w h i c h was mounted d i r e c t l y i n f r o n t 

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

(950 F l u o r o m a t , K r a t o s , Westwood, NJ, USA) w h i c h had t h e 

lamp s h u t t e r c l o s e d . 

4.3 R e s u l t s and D i s c u s s i o n f o r C r ( I I I ) 

4.3.1 P r e l i m i n a r y R e s u l t s f o r C r ( I I I ) 

The i n i t i a l m o b i l e p h a s e t h a t was c h o s e n f o r C r ( I I I ) 

e l u t i o n was l a c t i c a c i d w h i c h p r o v e d s u c c e s s f u l f o r C o ( I I ) 

d e t e r m i n a t i o n s and d e t e c t i o n was a c h i e v e d w i t h t h e same Co 

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

h i g h l a c t a t e c o n c e n t r a t i o n , pH and f l o w r a t e , and w i t h t h e 

use o f a s h o r t c o l u m n , t h e C r ( I I I ) s p e c i e s t o o k a r a t h e r 

l o n g t i m e t o e l u t e . F i g u r e 4.2 shows a t y p i c a l peak o f a 

5 ppm C r ( I I I ) i n j e c t i o n u s i n g 0.18M l a c t a t e , pH 3.8 and a 

f l o w r a t e o f 1.8 n i l min""^. The r e t e n t i o n t i m e was o f t h e 

o r d e r o f some 20 m i n u t e s . The p e a k shape was r e a s o n a b l y 

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

I n o r d e r t o d e c r e a s e t h e r e t e n t i o n t i m e o f t h e C r ( I I I ) 

e l u t i o n , i t was e n v i s a g e d t o c o n s t r u c t a column b a c k f l u s h 

f a c i l i t y . I n t h i s way, t h e C r ( I I I ) s t a n d a r d c o u l d be 

i n j e c t e d i n t h e u s u a l manner, b u t a f t e r a r e l a t i v e l y ' s h o r t 

t i m e t h e d i r e c t i o n o f e l u e n t f l o w c o u l d be r e v e r s e d . "fhe 
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Figure 4.2 The e l u t i o n o f Cr ( I I I ) using a l a c t i c a c i d eluent w i t h CL 
detection. (5 ppm metal a n a l y t e ) . 

Crdl l 

5 MIN 

106-



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

f a s t e r e l u t i o n t i m e s w i t h t h e c o n s e q u e n t i n c r e a s e i n 

s i g n a l h e i g h t and i m p r o v e d symmetry ( a l t h o u g h peak a r e a 

s h o u l d r e m a i n t h e same) . T h i s i m p r o v e m e n t i n peak shape 

and s i g n a l a r i s e s because t h e i o n s do n o t h ave t o t r a v e l 

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

l o n g enough t i m e a l l o w e d f o r any o t h e r m e t a l s p r e s e n t t o 

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

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

The b a c k f l u s h i n g mechanism i s a c h i e v e d b y u s i n g a more 

complex s w i t c h i n g v a l v e s ystem. I d e a l l y , a 10 p o r t v a l v e 

w o u l d be e m p l o y e d , a l t h o u g h , i n i t i a l l y t h i s was 

u n a v a i l a b l e and so t w o 6 p o r t v a l v e s w e r e c o n n e c t e d i n 

s e r i e s as shown i n F i g u r e 4.3. The c o n d i t i o n s u s ed f o r 

b o t h t h e s e p a r a t i o n and d e t e c t i o n c o n d i t i o n s f o r t h e 

column b a c k f l u s h i n g a r e summarised i n T a b l e 4 . 1 . 

A t y p i c a l c h r o m a t o g r a m u s i n g t h i s s y s t e m i s shown i n 

F i g u r e 4.4. 

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

f u r t h e r i n v e s t i g a t i o n s . P r o b l e m s s o o n a r o s e , h o w e v e r , 

a f t e r a few w o r k i n g weeks o f c o n t i n u o u s c o l u m n use. The 

b a s e l i n e became V e r y u n s t a b l e and t h e b a c k g r o u n d s i g n a l 

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

e x p e r i e n c e d . The peak shape, due t o C r ( l i l ) i o n s was v e r y 

u n c h a r a c t e r i s t i c as c a n be s e e n f r o m F i g u r e 4.5. The 

e x p l a n a t i o n f o r t h e s e p r o b l e m s e n c o u n t e r e d i s n o t c l e a r , 
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T a b l e 4.1 S e p a r a t i o n and d e t e c t i o n p a r a m e t e r s used f o r C r ( I I I ) 
d e t e r m i n a t i o n s u s i n g a column b a c k f l u s h i n g s ystem. 

S e p a r a t i o n Parameter 

l a c t i c a c i d c o n c e n t r a t i o n 

pH ( a d j u s t e d cone. KOH) 

f l o w r a t e 

b a c k f l u s h t i m e a f t e r i n j e c t i o n 

r e t e n t i o n t i m e C r ( I I I ) 

D e t e c t i o n Parameter 

l u m i n o l c o n c e n t r a t i o n 

H2O2 (30%) c o n c e n t r a t i o n 

pH ( a d j u s t e d cone. KOH) 

b o r i c a c i d c o n c e n t r a t i o n 

f l o w r a t e 

o u t l e t pH ( a f t e r m i x i n g w i t h l a c t a t e ) 

0,18 M 

3.8 

1.2 ml m i n " ^ 

2.0 m i n 

4.5 m i n 

0.2 g 1 - 1 

10.0 ml 1 - 1 

12.0 
.-1 6.0 g 1 

1.0 ml m i n " ^ 

10.8 
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A. NORMAL FLOW 

SAMPLE 
INJECTION 
VALVE 

TO 
DETECTOR 

ANALYTICAL 
COLUMN 

6-PORT VALVE 

B. BACKFLUSH 
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INJECTION 
VALVE 
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DETECTOR 

ANALYTICAL 
COLUMN 

6-PORT VALVE 

Figure 4.3 The use o f 2, 6-port i n j e c t i o n Vcdves connected i n series t o 
produce; A. a normal flow and B. a backflush f a c i l i t y f o r Cr ( I I I ) 
e l u t i o n . 
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Crdll) 

10 MIN 

Figure 4.4 A t y p i c a l Cr ( I I I ) peak cArtained using the backflush f a c i l i t y w i t h 
the l a c t i c a cid eluent. (3 ppm matal a n a l y t e ) . 
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Crdl l 

10 MIN 

Figure 4.5 Ihe uncharacteristic peak shape obtained for Cr ( I I I ) elutions 
cifter a few working weeks of continuous column use- (5 ppn metal 
anedyte). 
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b u t i t i s p r e s u m e d t h a t w i t h e v e r y i n j e c t i o n o f t h e 

C r ( I I I ) s t a n d a r d , a s m a l l amount o f i t w o u l d n o t be 

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

s t a t i o n a r y phase, and slow, u n f a v o u r a b l e complex formation 

w i t h t h e mobile phase. Thus, o v e r a p e r i o d o f time, t h e 

column would soon become s a t u r a t e d w i t h C r ( I I I ) i o n s and 

slow l e a c h i n g of t h e s e C r ( I I I ) i o n s from t h e column may 

w e l l l e a d t o t h e high background and an unsteady b a s e l i n e 

o b s e r v e d . T h i s presumption i s f u r t h e r c o n f i r m e d by t h e 

f a c t t h a t when the column was c l e a n e d w i t h 1.0 M potassium 

n i t r a t e , a huge CL e m i s s i o n was noted f o r some 8 minutes 

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

l e v e l s t h a t were e x p e r i e n c e d i n the i n i t i a l s t a g e s of t h e 

C r ( I I I ) study. 

P r e v i o u s w o r k , l o o k i n g a t a l u m i n i u m ( A l ( I I I ) ) 

d e t e r m i n a t i o n s ( 8 2 , 83) h a s r e q u i r e d t h e u s e o f a 

p o t a s s i u m s u l p h a t e e l u e n t , which was used i n p l a c e of a 

m e t a l - c h e l a t e e l u t i o n system. With t h e .use o f p o t a s s i u m 

s u l p h a t e as the e l u e n t , t h e e l u t i o n mechanism i s based on 

i o n i c c o m p e t i t i o n between t h e p o t a s s i u m i o n s and t h e 

a n a l y t e +2, +3 c a t i o n s . T h i s i s one of t h e s i m p l e s t t y p e s 

of e l u t i o n s y s t e m , a l t h o u g h n o t w i d e l y a d o p t e d , a's 

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

approach i s d i f f i c u l t t o a c h i e v e . I n g e n e r a l a l l t h e +1 

c a t i o n s w i l l e l u t e t o g e t h e r , f o l l o w e d by t h e +2 met a l s and 

f i n a l l y t h e +3's. I t i s r e l a t i v e l y e a s y t o s e p a r a t e t h e 

+2 f r o m t h e +3 c a t i o n s a l t h o u g h more d i f f i c u l t t o 

c o m p l e t e l y s e p a r a t e a s u i t e o f +2 o r +3 i r i e t a l s from each 
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o t h e r . T h i s i s because s e p a r a t i o n i s governed p r i n c i p a l l y 

by i o n i c r a d i u s , w h i c h c a n be v e r y s i m i l a r when t h e 

h y d r a t i o n s h e l l s a r e taken i n t o account, f o r metal s p e c i e s 

of t h e same charge. The potassium s u l p h a t e i o n i c s t r e n g t h 

can be c h o s e n so t h a t t h e +1 and +2 m e t a l s e l u t e w e l l 

b e f o r e t h e A l ( I I I ) i o n s and do not, t h e r e f o r e , i n t e r f e r e . 

S i n c e C r ( I I I ) has a s i m i l a r c h e m i s t r y t o A l ( I I I ) , i t was 

d e c i d e d t o use t h i s same e l u e n t a s t h e m o b i l e phase f o r 

C r ( I I I ) e l u t i o n . With t h e u s e of t h e p o t a s s i u m s u l p h a t e 

m o b i l e phase, t h e r e i s now no b a c k f l u s h s t e p r e q u i r e d , 

making the i n s t r u m e n t a t i o n a l i t t l e s i m p l e r . 

The new mobile phase c o n d i t i o n s a r e d e s c r i b e d i n T a b l e 4.2 

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

those d e s c r i b e d i n Ta b l e 4.1. 

U s i n g t h e c o n d i t i o n s d e s c r i b e d i n T a b l e 4.2, i t i s 

p o s s i b l e to o b t a i n C r ( I I I ) r e s p o n s e s such a s t h e one shown 

i n F i g u r e 4.6. 

4.3.2 De t e c t o r Performance f o r C r f l l l ^ D e t e r m i n a t i o n s 

4.3.2.1 U n i v a r i a t e O p t i m i s a t i o n f o r CL D e t e c t i o n . 

U n t i l now, the c o n d i t i o n s used f o r CL d e t e c t i o n have * been 

t h e same a s t h o s e t h a t w e r e o p t i m i s e d f o r 0 0 ( 1 1 ) ' 

d e t e r m i n a t i o n s ( S e c . 3 . 3 ) . T h e r e w i l l o b v i o u s l y be some 

v a r i a t i o n i n o p t i m i s e d c o n d i t i o n s b e t w e e n C o ( I I ) and 

C r ( I I I ) and now t h a t a s u i t a b l e s t a b l e m o b i l e p h a s e i s 

employed, u n i v a r i a t e o p t i m i s a t i o n c a n be a t t e m p t e d . The 

p a r a m e t e r s which were o p t i m i s e d a r e l i s t e d i n T a b l e 4.3 
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Table 4 . 2 S e p a r a t i o n c o n d i t i o n s used f o r s u c c e s s f u l C r ( I I I ) 
e l u t i o n s . 

Parameter 

K 2 S O 4 c o n c e n t r a t i o n 

pH 

flow r a t e 

e l u t i o n time C r ( I I I ) 

s t a t i o n a r y phase 

0.20 M 

3.0 

1.2 ml min"^ 

4.0 min 

Dionex HPIC CG2 (50 mm x 4.6 mm) 

11'I 



Figure 4.6 TypiccLL Cr ( I I I ) peaJ^s obtained v^ien using a potassium sulphate 
eluent. (200 pt±» metal analyte). 

10 MIN 
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Table 4 . 3 Boundary l i m i t s of parameters s t u d i e d f o r u n i v a r i a t e 
o p t i m i s a t i o n f o r C r ( I I I ) d e t e r m i n a t i o n s . 

Parameter 

Luminol c o n c e n t r a t i o n 

^2*^2 (30%) volume 

pH 

Range 

0.05 t o 0.5 g 1"^ 

0.5 t o 5.0 ml 1"^ 

8.0 t o 13.0 
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w i t h t h e p o s s i b l e r a n g e s o v e r w h i c h o p t i m i s a t i o n 

experiments c o u l d be conducted. 

Each parameter was o p t i m i s e d i n t u r n w h i l s t h o l d i n g t h e 

o t h e r two v a r i a t e s a t t h e optimum e s t a b l i s h e d f o r t h e i r 

r e s p e c t i v e s e a r c h e s . F i g u r e s 4.7, 4.8 and 4.9 show t h e 

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

p a r a m e t e r and t h e u n i v a r i a t e o p t i m i s e d p a r a m e t e r s a r e 

summarised i n T a b l e 4.4. 

4.3.2.2 Q u a n t i t a t i v e D e t e c t o r Performance f o r C r ( I I I ) 

D e terminations 

H a v i n g o p t i m i s e d t h e l u m i n o l C L s y s t e m f o r C r ( I I I ) 

d e t e c t i o n , an i n t e r f e r e n c e s t u d y was c a r r i e d o u t t o 

a s c e r t a i n whether t h e r e was o v e r l a p on t h e C r ( I I I ) s i g n a l 

from the presence of o t h e r m e t a l s . As expected, u s i n g t h e 

potassium s u l p h a t e e l u e n t none of the +2 m e t a l s , t h a t were 

t e s t e d , Fe^"*", Cu^^, Cô "*", Mn̂ "*", Ni^-^ and Zn̂ "*", were found 

to i n t e r f e r e even a t r e l a t i v e l y h i g h l e v e l s (10 ^g ml~^ 

metal^"*" c o - i n j e c t e d w i t h 0.1 >ig ml"^ C r ( I I I ) ) . Fe^"^ and 

Al-''*" were a l s b t e s t e d f o r i n t e r f e r e n c e p r o p e r t i e s and were 

found only to have an i n t e r f e r e n c e e f f e c t a t h i g h l e v e l s . 

T a b l e 4.5 s u m m a r i s e s t h e a f f e c t o f d i f f e r e n t 

c o n c e n t r a t i o n s of M̂ "̂  on a 0.1 >ig ml"^ C r ( I I I ) s i g n a l . 

As can be seen from T a b l e 4.5 the C r ( I I I ) s i g n a l i s almost 

c o m p l e t e l y negated i n the p r e s e n c e of 40 >xg ml~^ A l ( I I I ) . 

A s i m i l a r r e s u l t i s obtained when l o o k i n g a t i n j e c t i o n s of 

F e ( I I I ) on the C r ( I I I ) s i g n a l and t h i s f a c t may l i m i t the 
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FIGURE 4.8 THE OPTIMISATION PROFILE OF [ H2O2] FOR Cr ( I I I ) CL 
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T a b l e 4.4 The o p t i m i s e d parameters f o r C r ( I I I ) d e t e c t i o n 

Parameter 

Luminol c o n c e n t r a t i o n 

H 2 O 2 (30%) volume 

PH 

Optimised c o n d i t i o n s 

0.06 g 1"^ 

I . 0 ml 1"^ 

I I . 5 

T a b l e 4 . 5 I n t e r f e r e n c e e f f e c t of A l ( I I I ) on a 0.1 ^g ml 
C r ( I I I ) s i g n a l 

0.1 ml~^ Cr^"*" + x >ig ml~^ Al^"^ 

X = 0 

X = 0.1 

X = 1 

X = 5 

X = 10 

X = 40 

Peak h e i g h t mm 

95 

98 

97 

94 

73 

0 
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u s e f u l n e s s of the a n a l y t i c a l s y s t e m when l o o k i n g a t low 

c o n c e n t r a t i o n s o f C r ( I I I ) i n t h e p r e s e n c e o f h i g h 

c o n c e n t r a t i o n s of A l ( I I I ) and F e ( I I I ) , both o f which a r e 

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

L i n e a r c a l i b r a t i o n s were o b t a i n e d c o v e r i n g a p p r o x i m a t e l y 

t h r e e o r d e r s of magnitude from 0.5 ^ g 1"^ t o 1.0 mg 1"^. 

F i g u r e 4.10 shows a c a l i b r a t i o n p l o t w i t h e x c e l l e n t 

l i n e a r i t y ( r = 0 . 9 9 9 9 ) . T h e r e p r o d u c i b i l i t y was 

r e a s o n a b l y good a t t h e 100 ug 1"^ l e v e l where an RSD of 

3.3% was f o u n d f o r 12 r e p l i c a t e i n j e c t i o n s and t h e 

d e t e c t i o n l i m i t , d e f i n e d a s t h r e e t i m e s t h e peak t o peak 

v a r i a t i o n o f t h e b a s e - l i n e n o i s e was 0.1 ng C r ( I I I ) 

a b s o l u t e . 

4.4 E x p e r i m e n t a l f o r C r ( V I ) D e t e r m i n a t i o n s 

4.4.1 I n s t r u m e n t a t i o n f o r C r ( V I ) D e t e r m i n a t i o n s 

Once a g a i n , t h e i n s t r u m e n t a t i o n r e q u i r e d f o r C r ( V I ) 

d e t e r m i n a t i o n s was e s s s e n t i a l l y t h e same a s had been 

p r e v i o u s l y used i n C o ( I I ) and C r ( I I I ) d e t e r m i n a t i o n s ! One 

major d i f f e r e n c e , however, was t h a t b e c a u s e C r ( V I ) i s 

known n o t t o c a t a l y s e t h e l u m i n o l r e a c t i o n , i t must be 

c h e m i c a l l y reduced post-column, t o C r ( I I I ) , i n o r d e r t o 

p r o d u c e any CL. T h i s r e d u c t i o n s t e p c a n be a c h i e v e d 

e i t h e r by u s i n g a s o l i d phase r e d u c t o r , s u c h as a g r a n u l a r 

Cd, Zn o r Sn m e t a l p a c k e d column e t c . , o r by u s i n g an 

homogenous reducing stream, both of which a r e d i s c u s s e d i n 

more d e t a i l l a t e r on. A s c h e m a t i c d i a g r a m o f t h e 

a p p a r a t u s used i s shown i n F i g u r e 4.11. A h i g h p r e s s u r e 
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FIGURE 4.10 CALIBRATION CURVE FOR Cr ( I I I ) CL 

cn 
z 
LU cn z o a cn 
LU 
cr 
-I 
u 

400 I -

350 \-

300 h 

250 h 

200 \-

150 h 

100 \-

50 

1000 1200 
Cr ( I I I ) CONCENTRATION ug 1 



PUMP 

ELUENT 

AQUEOUS 
REDUCING 
SOLUTION 

PUMP 

6 -PORT 
INJECTION 
VALVE 

ANALYTICAL 
COLUMN 

SOLID-STATE 
REDUCTOR 

PUMP 

LUMINOL 
SOLUTION 

DETECTOR 

WASTE 

Figure 4.11 A schematic ciiagram of the apparatus required for sensitive 
Cr (VI) cietentiimtions. 



p l a s t i c pump ( D i o n e x 4 0 0 0 g r a d i e n t pump, D i o n e x , 

Su n n y v a l e , CA, USA) was used t o d e l i v e r t h e e l u e n t and a 

hi g h p r e s s u r e s t a i n l e s s t e e l pump (Knauer, Bad Homburg, 

FRG) was used t o d e l i v e r t h e l u m i n o l post-column re a g e n t . 

The C r ( V I ) sample was loaded i n t o a 200 ̂ 1 t i t a n i u m sample 

l o o p and i n j e c t e d o nto a s h o r t (50 mm x 4.6 mm i . d . ) 

Dionex AG4 column. A f t e r e l u t i o n w i t h aqueous p o t a s s i u m 

s u l p h a t e t h e s a m p l e was r e d u c e d by means o f e i t h e r a 

r e d u c t i o n column s e t up o n - l i n e , o r by m i x i n g w i t h an 

aqueous r e d u c i n g s t r e a m . When u s i n g t h e homogenous 

r e d u c i n g s t r e a m , an e x t r a pump was r e q u i r e d (Model 600A, 

Waters Assoc., MA, USA). A PTFE o p e n - c o i l e d r e a c t i o n tube 

was p r o v i d e d (750 j j l l . 5 m x 0 . 8 m m i . d . ) t o ensure enough 

t i m e f o r c o m p l e t e C r ( V I ) r e d u c t i o n . T h e d e t e c t i o n 

i n s t r u m e n t a t i o n was the same a s f o r C r ( I I I ) s t u d i e s . 

4.5 

4.5.1 P r e l i m i n a r y R e s u l t s f o r C r f V I ) 

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

p a r a m e t e r s f o r t h e CL d e t e r m i n a t i o n o f C r ( I I I ) i o n s , t h e 

main t a s k f a c e d was t o d e v e l o p an e f f i c i e n t means o f 

r e d u c i n g t h e C r ( V I ) o n - l i n e t o C r ( I I I ) , w h i c h c o u l d be 

e a s i l y and s e n s i t i v e l y d e t e r m i n e d by t h e method a l r e a d y 

d e s c r i b e d ( S e c . 4.2.3) i . e . ' 

Cr20y^~ + 14H"*" + fee" 2Cr^"*' + 7H26 

I t was thought t h a t a s o l i d s t a t e r e d u c t o r , s u c h a s t h e 

one c o n t a i n i n g g r a n u l a r cadmium and used t o reduce n i t r a t e 

t o n i t r i t e , would be u s e f u l f o r C r ( V I ) r e d u c t i o n ( 1 2 5 ) . 
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Three s e p a r a t e s t a i n l e s s s t e e l columns (10.0 cm x 4.6 mm 

i . d . ) were s l u r r y packed w i t h g r a n u l a r z i n c , cadmium and 

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

between the a n a l y t i c a l column and t h e d e t e c t o r . A l l t h r e e 

m e t a l s s u c c e s s f u l l y reduced the C r ( V I ) t o C r ( I I I ) and a CL 

r e s p o n s e was p i c k e d up by t h e d e t e c t o r . A t y p i c a l 

response i s shown i n F i g u r e 4.12, t h i s p a r t i c u l a r example 

u s i n g g r a n u l a r t i n metal a s the r e d u c i n g agent. The peak 

doublet shown i n F i g u r e 4.12 was e x p e r i e n c e d f o r a l l t h r e e 

columns t e s t e d and i s p r e s u m a b l y due t o u n s a t i s f a c t o r y 

n a t u r e of t h e metal p a c k i n g m a t e r i a l s . The dead volume 

produced by t h e s e r e d u c t i o n columns was r e l a t i v e l y h i g h 

(0.5 - 0.8 ml) and t h i s was a d i r e c t r e s u l t o f the l a r g e 

m e t a l p a r t i c l e s p r e s e n t , t y p i c a l l y 0-3 - 1.5 mm i n 

d i a m e t e r . The b a s e - l i n e n o i s e was a l s o r a t h e r h i g h and 

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

i n c r e a s e d c o n t a m i n a t i o n i n t r o d u c e d by both t h e column 

p a c k i n g m a t e r i a l and t h e s t a i n l e s s s t e e l c o l u m n s and 

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

columns were abandoned i n favour of an homogenous aqueous 

r e d u c t i o n system which showed more promise. 

A f t e r C r ( v r ) e l u t i o n from t h e a n a l y t i c a l column, t h e 

e f f l u e n t was mixed, w i t h the a i d of a PTFE T - p i e c e w i t h a 

v a r i e t y of d i f f e r e n t homogenous r e d u c i n g systems. I n i t i a l 

work w i t h homogenous re d u c i n g s o l u t i o n s was c a r r i e d out i n 

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

a g e n t . The r e d u c i n g a g e n t s w e r e m i x e d w i t h a 0.1 M 

^2^^2^7 s o l u t i o n and any c o l o u r change was noted ( i . e . f o r 
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1 10 MIN 

Figure 4.12 A typical peak for Cr (VI) ciDtained when using a s o l i d state 
reducing column. (10 ppn ancilyte concentration). 
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s u c c e s f u l r e d u c t i o n t he orange C r ( V I ) s o l u t i o n w i l l change 

c o l o u r t o a green C r ( I I I ) s o l u t i o n . 

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

g i v e n i n T a b l e 4.6. T h i s potassium s u l p h i t e s o l u t i o n was 

al l o w e d t o mix i n a r e a c t i o n c o i l w i t h t h e C r ( V l ) a n a l y t e 

where r e d u c t i o n o c c u r r e d . H a v i n g been c o n v e r t e d from 

C r ( V I ) t o C r ( I I I ) , t h e C r ( I I I ) was a b l e t o c a t a l y s e t h e 

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

( s e c . 4.2.3). 

4.5.2 D e t e c t o r Performance f o r C r ( V I ) D e t e r m i n a t i o n s 

F i g u r e 4.13 shows a t y p i c a l response f o r t h e i n j e c t i o n of 

100 ppb C r ( V I ) s t a n d a r d . The optimal c o n d i t i o n s f o r both 

s e p a r a t i o n and d e t e c t i o n f o r C r ( V I ) , a r e d e s c r i b e d i n 

T a b l e 4.7. 

The most s u c c e s s f u l r e d u c i n g a g e n t s , on t h e t e s t - t u b e 

s c a l e , were the a r s e n i t e and the s u l p h i t e s o l u t i o n s . The 

o r g a n i c r e a g e n t s were t r i e d b ecause v e r y pure compounds 

co u l d be obtained, thus d e c r e a s i n g c o n t a m i n a t i o n problems. 

T h e s e o r g a n i c r e a g e n t s , h o w e v e r , w e r e f o u n d t o be 

u n s u i t a b l e . T h e p o t a s s i u m s u l p h i t e s o l u t i o n was 

e v e n t u a l l y chosen a s the homogenous r e d u c i n g agent because 

(a) r e d u c t i o n of C r ( v r ) t o C r { I I I ) t a k e s p l a c e r a p i d l y (b) 

i t a v o i d s the use of t o x i c a r s e n i t e s o l u t i o n s and (c) the 

r e d u c i n g s o l u t i o n i s v e r y c o m p a t i b l e wi'th t h e p o t a s s i u m 

s u l p h a t e mobile phase. 
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T a b l e 4*6 The r e d u c i n g agent used t o reduce C r ( V l ) i o n s 
t o C r ( I I I ) i o n s . 

Reducing agent S u c c e s s f u l R eduction 
(orange t o green) 

Comments 

1) 0.1 M e t h a n o l 
s o l u t i o n 

2) 0.1 M hydroxylamine 

3) 0,1 M acetaldehyde 

4) 0.1 M potassium 
i o d i d e 

5) 0.1 M potassium 
a r s e n i t e 

6) 0.1 M potassium 
s u l p h i t e 

The c o l o u r change 
was not immediate 
and took s e v e r a l 
minutes t o be 
complete 

N2 gas e v o l v e d but 
v e r y l i t t l e colour 
change 

No r e d u c t i o n 
observed 

The i o d i d e reduce 
t h e C r ( V I ) i o n s 
although was 
produced which 
r e s u l t e d i n a 
cloudy, dark 
s o l u t i o n 

R e d u c t i o n took 
p l a c e r a p i d l y . 
Only GPR grade 
a v a i l a b l e 

R e d u c t i o n took 
p l a c e r a p i d l y . 
Only GPR grade 
a v a i l a b l e 
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Figure 4.13 Typical responses for the repeat injection of 100 pgSb Cr (VI) 
standards. 

CHVO 

10 MIN 
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Table 4.7 The c o n d i t i o n s r e q u i r e d f o r C r ( V I ) d e t e r m i n a t i o n s 

S e p a r a t i o n 

S t a t i o n a r y phase 

Mobile phase 

PH 

Flow r a t e 

R e t e n t i o n time 

Reduction of Cr(VX) 

Reducing agent 

pH 

Flow r a t e 

D e t e c t i o n 

Luminol c o n c e n t r a t i o n 

H2O2 (30%) volume 

B o r i c a c i d c o n c e n t r a t i o n 

pH 
Flow r a t e 

Dionex HPIC AG4 (50 mm x 4.6 mm i . d . ) 

potassium s u l p h a t e 0-085 M 

3.0 

0.8 ml min"^ 

8.0 min 

potassium s u l p h i t e 0.015 M 

3.0 

0.8 ml min -1 

0.06 g 1"^ 

I . 0 ml 1"^ 

6.0 g 1"^ 

I I . 5 

0.8 ml min -1 

N.B. O u t l e t pH of the mixture of potassium s u l p h a t e , potassium 
s u l p h i t e and luminol s o l u t i o n was 10.3 
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An i n t e r f e r e n c e t r i a l was c a r r i e d out on t h e C r ( V I ) s i g n a l 

to s e e i f t h e r e was any o v e r l a p from t h e p r e s e n c e of o t h e r 

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

e n h ancement o f t h e s i g n a l . P h o s p h a t e , v a n a d a t e and 

molybdate were a l l t e s t e d and found not t o i n t e r f e r e even 

a t r e l a t i v e l y h i g h c o n c e n t r a t i o n s (10 }iq ml~^ a n i o n c o -

i n j e c t e d w i t h 0.1 ^g ml~^ chromate). 

4.6 The Simultaneous D e t e r m i n a t i o n of c r ( I I I ) and 

C r ( V I ) 

Two s e p a r a t e c h r o m a t o g r a p h i c s y s t e m s h a v e now b e e n 

d e v e l o p e d . One s y s t e m i s i n v o l v e d i n C r ( I I I ) 

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

C r ( V I ) d e t e r m i n a t i o n s o n l y . The o b v i o u s aim now, i s t o 

couple t h e s e two systems i n an attempt t o produce a s i n g l e 

a n a l y t i c a l p r o c e d u r e t h a t w o u l d be c a p a b l e o f t h e 

simultaneous d e t e r m i n a t i o n of both C r ( I I I ) and C r ( V I ) . 

4.6.1 The I n s t r u m e n t a t i o n R e q u i r e d f o r S i m u l t a n e o u s 

C r f l l l ) and C r f V l ) D e t e r m i n a t i o n s 

Due t o m o b i l e phase i n c o m p a t i b i l i t i e s a n i o n and c a t i o n 

exchange columns c o u l d not be ' s e t up i n s e r i e s and s o 

i n s t e a d a system was d e s i g n e d so t h a t t h e columns r a n i n 

p a r a l l e l a s shown i n Figure'4.14, 

The s y s t e m now r e q u i r e d t h e u s e o f f o u r h i g h - p r e s s u r e 

pumps, although l a t e r s t u d i e s i n d i c a t e d t h a t the potassium 

s u l p h i t e r e d u c i n g s o l u t i o n and t h e l u m i n o i / p e r o x i d e p o s t -

column reagent c o u l d both be d e l i v e r e d u s i n g a s i n g l e d u a l 
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c h a n n e l p e r i s t a l t i c pump, t h u s s i m p l i f y i n g t h e 

i n s t r u m e n t a t i o n q u i t e c o n s i d e r a b l y . ( A l t h o u g h w o r s e n i n g 

of l i m i t s o f d e t e c t i o n by an a p p r o x i m a t e f a c t o r o f 2 ) . 

A l l o p e r a t i n g parameters remained t he same, and a 10 p o r t 

z i r c o n i u m i n j e c t i o n v a l v e ( V a l c o , Sweden) w i t h two sample 

l o o p s i n t h e system was s e t up t o l o a d two samples from 

t h e same s t a n d a r d s o l u t i o n . F i g u r e 4.15 shows t h e 

c o n f i g u r a t i o n of t h e 10 p o r t i n j e c t i o n v a l v e i n (a) t h e 

l o a d and (b) t h e i n j e c t p o s i t i o n s . When s w i t c h e d t o 

i n j e c t , one sample was i n j e c t e d onto t h e c a t i o n - e x c h a n g e 

column w h i l s t t h e o t h e r was i n j e c t e d o n t o t h e a n i o n -

exchange column. F i g u r e 4.16 shows a t y p i c a l t r a c e f o r 

t h i s s i m u l t a n e o u s d e t e r m i n a t i o n , both a n a l y t e s b eing 150 

ug 1~^ i n t h e s t a n d a r d . Sample i n j e c t i o n volume on t h e 

ca t i o n - e x c h a n g e was 200 ̂ 1 w h i l s t f o r t h e a n i o n exchange 

i t was 100 ̂ 1 . F o r t h e sample t h a t i s i n j e c t e d onto t h e 

ca t i o n - e x c h a n g e column any C r ( V I ) t h a t i s p r e s e n t would 

have no a t t r a c t i o n f o r t h e column and would c o n s e q u e n t l y 

e l u t e on t h e s o l v e n t f r o n t . S i m i l a r l y , any C r ( I I I ) t h a t 

i s p r e s e n t i n t h e s a m p l e t h a t was i n j e c t e d o n t o t h e 

anion- e x c h a n g e column would a l s o e l u t e on t h e s o l v e n t 

f r o n t . I t can be s e e n from F i g u r e 4.16 t h a t t h e s e two 

s o l v e n t f r o n t s combine t o produce a l a r g e r e s p o n s e a t the 

beginning of the chromatogram. 

The c o n d i t i o n s were o p t i m i s e d so t h a t C r ( V I ) e l u t e d from 

t h e c a t i o n - e x c h a n g e column a f t e r 5 m i n u t e s w h i l s t t h e 

C r ( I I I ) was r e t a i n i a d on t h e c a t i o n e x c h a n g e column f o r 

over 10 minutes e n s u r i n g complete s e p a r a t i o n o f t h e two 
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s p e c i e s . S e p a r a t i o n c o n d i t i o n s can e a s i l y be changed, i f 

d e s i r e d , f o r the C r ( I I I ) i o n s t o e l u t e f i r s t , w i t h C r ( V I ) 

b e i n g t h e s p e c i e s r e t a i n e d l o n g e r on the.column. F i g u r e 

4.17 shows a simultaneous c a l i b r a t i o n of t h e 2 s p e c i e s a t 

t h e l o w e r e n d o f t h e l i n e a r r a n g e a n d t h e s l i g h t 

d i f f e r e n c e i n t h e a n g l e o f t h e s l o p e may be due t o t h e 

measurement of peak h e i g h t r a t h e r than a r e a . 

A l i n e a r range of a t l e a s t t h r e e o r d e r s of magnitude was 

e s t a b l i s h e d (1 ;ig 1"^ to 1 mg 1 although t h e a b s o l u t e 

upper l i m i t was not determined. The c a l i b r a t i o n p l o t f o r 

t h i s d a t a showed good l i n e a r i t y ( r = 0 . 9 9 9 ) . T h e 

r e p r o d u c i b i l i t y was good a t t h e 150 }ig 1"^ l e v e l where a 

r e l a t i v e s t a n d a r d d e v i a t i o n of 2.1% was o b t a i n e d f o r seven 

r e p l i c a t e t r i a l s . 

The d e t e c t i o n l i m i t ( t h r e e times the peak t o peak variaitoK* 

of the b a s e l i n e n o i s e ) was found t o be 0.3 ng a b s o l u t e f o r 

both chromium s p e c i e s . 

4.6.2 Sample A n a l y s i s 

To e v a l u a t e t h e q u a l i t a t i v e performance and a c c u r a c y of 

the system, a sample of low C r ( H I ) c o n t e n t was chosenV 

U n f o r t u n a t e l y no 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 w i t h both 

C r ( H I ) a n d C r ( V I ) c o u l d be f o u n d , w h i c h p e r h a p s 

i l l u s t r a t e s t h e d i f f i c u l t y e x p e r i e n c e d i n C r ( I I I ) / C r ( V I ) 

a n a l y s i s . A s i m u l a t e d f r e s h w a t e r s a m p l e was chosen 

(IAEA/W4) w i t h a C r ( I I I ) c o n t e n t o f 9.9 ng ml~^. The 

r e s u l t s o f t h e a n a l y s i s a r e d e s c r i b e d i n T a b l e 4.8 and 

F i g . 4,18. 
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T a b l e 4.8 The d e t e r m i n a t i o n of C r ( I I I ) from a c e r t i f i e d s i m u l a t e d 

f r e s h water IAEA/W4 

C e r t i f i c a t e v a l u e C r ( I I I ) 

Confidence l e v e l 

Found v a l u e (x on 7 t r i a l s ) 

RSD on 7 t r i a l s (%) 

See F i g u r e 4.18 

9.9 ng 1"^ 

9-0 - 10.5 ng 1 

9.9 ng 1"^ 

3.3 
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Figure 4.17 The similtaneous Ccilibration of the 2 chrcmium species at the 
Icwer end of the linear range. 
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4.7 O v e r a l l D i s c u s s i o n and C o n c l u s i o n s 

The s e n s i t i v e , s i multaneous d e t e r m i n a t i o n of t h e two most 

abundant chromium s p e c i e s without any sample p r e t r e a t m e n t 

has been a c h i e v e d and o u t l i n e d i n t h i s c h a p t e r . Once 

a g a i n , CL has been used a s t h e means of d e t e c t i o n which 

shows t h a t v e r y s e n s i t i v e d e t e c t i o n c a n be o b t a i n e d f o r 

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

Chapter 3 f o r C o ( I I ) a n a l y s i s . 

The d e t e c t i o n l i m i t s f o r C r ( I I I ) a n d C r ( V I ) a r e 

a p p r o x i m a t e l y t h e same a s t h o s e a c h i e v e d by g r a p h i t e -

f u r n a c e a t o m i c e m i s s i o n s p e c t r o s c o p y and e v e n b e t t e r 

s e n s i t i v i t y would be e x p e r i e n c e d i f an improved r e d u c t i o n 

s t e p was developed. • 

The near absence of most i n t e r f e r e n c e s and t h e s u c c e s s f u l 

d e t e r m i n a t i o n of C r ( I I I ) i n 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 

combined, w i t h the e x c e l l e n t s e n s i t i v i t y and l i n e a r i t y of 

t h e system may p o s s i b l y make i t an a t t r a c t i v e method f o r 

chromium a n a l y s i s i n r e a l samples, although, a s p r e v i o u s l y 

mentioned, h i g h l e v e l s of i r o n ( I I I ) and aluminium ( I I I ) 

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

samples. 

I t i s apparent t h a t the d e t e c t i o n c o n d i t i o n s r e q u i r e d f o r 

s e n s i t i v e C o ( I I ) d e t e c t i o n v a r y , q u i t e c o n s i d e r a b l y , from 

those r e q u i r e d f o r C r ( I I I ) s t u d i e s . T h i s h i g h l y s e l e c t i v e 

n a t u r e o f s u c h CL r e a c t i o n s may be a d v a n t a g e o u s f o r 

p a r t i c u l a r a p p l i c a t i o n s s u c h a s t h e m o n i t o r i n g of C o ( I I ) 



from t h e c o o l a n t of a PWR. F o r r o u t i n e m o n i t o r i n g of 

i n d u s t r i a l f e e d s , e f f l u e n t s and w a t e r s a m p l e s , however, 

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

s e v e r a l metal a n a l y t e s but s e n s i t i v e CL d e t e c t i o n would 

o n l y be p o s s i b l e f o r 1 o r 2 of t h e s e . Thus, t h e r e i s an 

o b v i o u s n e e d f o r f u r t h e r d e v e l o p m e n t s t u d i e s f o r 

m u l t i e l e m e n t CL d e t e c t i o n t e c h n i q u e s and t h e f o l l o w i n g 

c h a p t e r a d d r e s s e s t h e problem of m u l t i e l e m e n t a n a l y s i s 

u s i n g CL as a means of d e t e c t i o n 
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CHAPTER 5 

MULTIELEMENT DETERMINATIONS WITH CL DETECTION 
5.1 I n t r o d u c t i o n 

As h a s p r e v i o u s l y been mentioned, due t o t h e s e l e c t i v e 

n a t u r e of most CL r e a c t i o n s , 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 

a r e d i f f i c u l t t o a c h i e v e a s d e t e c t i o n parameters can v a r y 

q u i t e c o n s i d e r a b l y from element t o element. 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 have been a c h i e v e d u s i n g CL d e t e c t i o n , but 

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

a f f e c t i n g t h e l i m i t s of d e t e c t i o n (90, 1 0 9 ) . One way t o 

s o l v e t h i s s e l e c t i v i t y p r o b l e m i s t o u s e p o s t - c o l u m n 

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

amenable t o CL d e t e c t i o n . A s i m i l a r p r o b l e m i n v o l v i n g 

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

e x t e n t u s i n g EDTA d i s p l a c e m e n t r e a c t i o n i n t h e post-column 

system. A r g u e l l o and F r i t z (74) used a PAR-2n(II)/(EDTA) 

c o l o r i m e t r i c r e a g e n t f o r d e t e r m i n i n g m e t a l s t h a t do not 

d i r e c t l y r e a c t w i t h the PAR reagent, such a s t h e a l k a l i n e -

e a r t h s . E q u a l molar c o n c e n t r a t i o n s o f PAR and Zn-EDTA 

were mixed t o g e t h e r and b u f f e r e d a t pH 9.0. The r e a c t i o n 

t a k i n g p l a c e i n t h e post-column r e a g e n t ' on e l u t i o n o f a 

metal i o n M ( I I ) i s as f o l l o w s : 

M ( I I ) + Zn(EDTA) + PAR -> M{II)EDTA + Zn-PAR 

The Zn-PAR complex absorbs s t r o n g l y i n t h e v i s i b l e r e g i o n 

a t 495 nm and the d e t e c t o r does not have t o be s e t a t a 

compromise wavelength to d e t e c t a number of metal s p e c i e s . 
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Improvements i n s e n s i t i v i t y (2 - 10 f o l d ) were o b t a i n e d 

compared w i t h o t h e r c o l o r i m e t r i c t e c h n i q u e s . 

A s i m i l a r p o s t - c o l u m n r e a g e n t s y s t e m was d e s c r i b e d a s 

e a r l y a s 1973 by T a k a t a and A r i k a w a ( 1 2 6 ) . T h i s p a p e r 

d e s c r i b e d a system f o r e l e c t r o c h e m i c a l d e t e c t i o n t h a t was 

a l s o based on a diplacement type r e a c t i o n , but t h i s time, 

w i t h c o u l o m b i c d e t e c t i o n , a f t e r t h e f o l l o w i n g exchange 

r e a c t i o n ; 

HgDTPA + M""*" MDTPA + H g ( I I ) 

DTPA = d i e t h y l e n e t r i a m i n e p e n t a a c e t a t e 

The l i b e r a t e d H g ( I I ) i o n s were measured by t h e i r r e d u c t i o n 

i n a coulombic d e t e c t o r . T h i s s y s t e m was a p p l i e d t o t h e 

f o l l o w i n g m e t a l i o n s : A g ( I ) , A u ( I I I ) , B i ( I I I ) , C d ( I I ) , 

C o ( I I ) , F e ( I I ) , F e ( I I I ) , H g ( I I ) , M n ( I I ) , N i ( I l ) , P b^H) , 

Z n ( I I ) and i o n s of a l k a l i n e - e a r t h m e t a l s and r a r e e a r t h 

m e t a l s , making i t an almost u n i v e r s a l type metal d e t e c t i o n 

system. 

I t was d e c i d e d t o use a s i m i l a r d i s p l a c e m e n t a p p r o a c h t o 

t r y and dev e l o p a u n i v e r s a l d e t e c t i o n system b a s e d on CL 

as a means o f s e n s i t i v e d e t e r m i n a t i o n f o r a v a r i e t y o f 

metal s p e c i e s i n c l u d i n g t h o s e t h a t a r e c o m p l e t e l y non CL 

a c t i v e . 

5.1.2 The Displacement R e a c t i o n 

Two main c o n s i d e r a t i o n s i n v o l v e d i n the d e c i s i o n t o choose 

a s u i t a b l e displacement r e a c t i o n system a r e : -r, 



(a) t h e c o r r e c t c h o i c e of complexing agent. 

(b) t h e c o r r e c t c h o i c e o f m e t a l s u i t a b l e f o r 

dis p l a c e m e n t . 

Both (a) and (b) a r e i n t e r d e p e n d e n t and t h e c h o i c e . i s 

v i t a l i f t h e r e i s t o be a s u c c e s s f u l development o f t h e 

di s p l a c e m e n t system. The most obvious c h e l a t i n g agent t o 

use was EDTA a s i t forms s i m p l e 1:1 complexes w i t h most 

m e t a l s . I t has has been used i n t h e p a s t f o r d i s p l a c e m e n t 

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

metal-EDTA 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 r e p o r t e d i n the 

l i t e r a t u r e . The c h o i c e o f m e t a l , however, was n o t so 

obvious. 

The m e t a l i n v o l v e d i n t h e c o m p l e x s h o u l d h a v e t h e 

f o l l o w i n g p r o p e r t i e s ; 

(1) s h o u l d be a b l e t o a c t a s a c a t a l y s t i n t h e 

lum i n o l / p e r o x i d e CL r e a c t i o n . 

(2) s h o u l d h a v e a f a v o u r a b l e 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 t o a l l o w s u f f i c i e n t e x c h a n g e t o p r o d u c e 

enough f r e e metal t o g i v e a CL s i g n a l . 

(3) s hould not be e a s i l y o x i d i s a b i e e.g. p r e s e n c e o f a i r 

should hot o x i d i s e a M̂"*" t o a M*̂"*" complex which would 

be 'much more s t a b l e . 

(4) s h o u l d be e a s i l y t i t r a t a b l e a g a i n s t t h e EDTA t o 

produce a c c u r a t e 1:1 molar r a t i o s . 

(5) should be a b l e to r a p i d l y exchange w i t h another metal 

( i . e . not be c o n s t r a i n e d by k i n e t i c f a c t o r s ) . 



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

l u m i n o l / p e r o x i d e r e a c t i o n a r e A g ( I ) , M n ( I I ) , C u ( I I ) , 

F e ( I I ) a n d C o ( I I ) . A g ( I ) a n d F e ( I I ) , h o w e v e r , a r e 

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

A g ( I ) i o n s a r e not e a s i l y t i t r a t e d a g a i n s t EDTA and F e ( I I ) 

i o n s w i l l e a s i l y o x i d i s e to t h e F e ( I I I ) s p e c i e s , which i s 

e x t r e m e l y s t a b l e and i t s e l f i s non CL and, i n any c a s e , 

d i s p l a c e m e n t by most o t h e r metal s p e c i e s , a f t e r formation 

of F e ( I I I ) - E D T A , would be u n l i k e l y t o o c c u r . 

Of those m e t a l s mentioned i n T a b l e 5.1, C u ( I I ) , M n ( I I ) and 

C o ( I I ) would seem the most a p p r o p r i a t e m e t a l s f o r use i n a 

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

n e c e s s a r y requirements. 

P r e l i m i n a r y b e n c h w o r k e x p e r i m e n t s w e r e d e s i g n e d t o 

determine t h e v i a b i l i t y of e i t h e r C u ( I I ) , M n ( I I ) or C o ( I I ) 

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

showed p r o m i s i n g p o t e n t i a l , a s soon a s l a c t i c a c i d was 

in t r o d u c e d t o the mixture, ( a s would be the c a s e w i t h t h e 

ion-chromatographic system) s e v e r e quenching r e s u l t e d f o r 

the C u ( I I ) and M n ( I I ) CL. I t i s a l s o t r u e t o s a y t h a t t h e 

CL s i g n a l produced by C o ( I I ) , even i n t h e p r e s e n c e o f 

l a c t i c a c i d , was v e r y pronounced even t b t h e naked eye. 

I f t h e M n ( I I ) i o n s were not so s u p p r e s s e d by t h e p r e s e n c e 

of l a c t a t e , t h e n t h e y p e r h a p s would have been t h e b e s t 

c h o i c e t o a c t i n the metal-complex d i s p l a c e m e n t r e a c t i o n . 

T h i s i s because Mn-EDTA has a r e l a t i v e l y low l o g s t a b i l i t y 

c o n s t a n t , l o g Kg^-^j^ , t h a n many o t h e r m e t a l EDTA 

-1*16-



Table 5.1 Logarithmic c o n d i t i o n a l s t a b i l i t y constants of Eaetal-EDTA complexas. 

PH 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Metal 

Ag(I) 0.7 1.7 2.3 3.9 4.5 5.9 6.3 7.1 6.8 5.2 2.5 
A l ( I I I ) 0.2 3.0 5.4 7.5 9.6 10.4 8.5 6.6 4.5 2.4 
B a { I I ) " 1.3 •• 3.0 4.4 5.5 6.4 7.3 7.1 7.3 7.6 7.0 
C a ( I I ) 0.3 2.2 4.1 5.9 7.3 8.4 9.3 10.2 10.6 10.6 10.2 9.4 
C d ( I I ) b . i 3.3 6.0 7.9 9.9 11.7 13.1 14.1 15.1 15.5 14.5 11.9 3.4 4.5 
C o ( I I ) - 0.1 3.7 5.9 7.3 9.7 11.5 12.9 13.9 14.6 14.7 14.1 12.1 
C u d I ) 0.4- 3.4 6.1 8.3 10.2 12.2 14.0 15.4 16.2 16.4 16.3 15.8 15.4 15.3 15.3 
F e ( I I ) 1.5 3.7 5.7 7.7 9.5 10.9 12.0 12.9 13.8 14.2 14.2 13.7 12.8 
F e ( I I I ) ' 5.1 8.2 11.5 13.9 14.7 14.3 14.6 14.1 13.7 13.7 14.0 
H g ( I I ) •3.5 6.5 9.2 11.1 11.5 11.5 11.3 10.7 9.3 9.0 8.6 7.2 7.0 6.0 5.0 
La ( I I I ) - • 0.8 3.5 5.7 7.7 9.4 10.3 11.3 12.8 13.6 13.3 13.9 13.9 13.9 
Mg(II) • 0.4 2.1 3.9 5.3 6.4 7.3 8.2 8.5 8.0 7.1 
Mn(II) 1.4 3.6 5.5 7.4 9.2 10.6 11.7 12.6 13.4 13.4 12.6 11.6 10.6 
H i ( I I ) 0.4 3.4 6.1 8.2 10.1 12.0 13.8 15.2 16.2 17.1 17.4 16.9 
P b ( I I ) 2.4 5.2 7.4 9.4 11.4 13.2 14.5 15.2 15.4 14.9 13.3 10.7 7.7. 4.7 
S r ( I I ) 0.3 2.0 3.8 5.2 6.3 7.2 8.1' 8.5 8.6 8.4 7.7 
Z n { I I ) 0.8 3.5 5.7 7.7 9.4 10.3 11.8 12.8 13.6 13.8 13.9 13.9 13.9 



complexes. F o r example, a s can be seen from T a b l e 5.1, a t 

a g i v e n pH e.g. 7.0, the c o n d i t i o n a l log. Kg^^j^^ order f o r 

metal-EDTA i s Ag < Ba < S r , Mg < Ca < La, Mn, Hg, F e ( I I ) < 

Cd, Co, Zn < Pb < Cu, Ni. 

From t h e above log.Kg^^j^g o r d e r , Co forms r a t h e r s t r o n g 

complexes w i t h EDTA and t h e r e f o r e e x c h a n g e w i t h o t h e r 

m e t a l s o f l o w e r l o g . ^ s t a b v o u l d a p p e a r t o be 

u n f a v o u r a b l e . N e v e r t h e l e s s , b e c a u s e o f t h e e x t r e m e 

s e n s i t i v i t y of the Co CL r e a c t i o n i t was c o n s i d e r e d worth 

a more d e t a i l e d i n v e s t i g a t i o n . 

5.2.1 I n s t r u m e n t a t i o n 

A t h r e e pump system was now r e q u i r e d t o d e l i v e r (a) t h e 

e l u e n t , (b) t h e metal-complex d i s p l a c e m e n t s o l u t i o n and 

f i n a l l y (c) t h e lum i n o l post-column r e a g e n t . Throughout 

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

i n t r o d u c e d i n a n a t t e m p t t o i m p r o v e t h e d e t e c t o r 

performance and t h e s e w i l l be d e s c r i b e d a s and when t h e y 

occur. The i n s t r u m e n t a t i o n used was e s s e n t i a l l y t h e same 

as t h a t used f o r C r ( V l ) d e t e r m i n a t i o n s and i s shown i n a 

s c h e m a t i c d i a g r a m i n F i g u r e 5 . 1 , F o r t h e pump 

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

t o S e c t i o n 4.2.8. One m o d i f i c a t i o n t h a t i s worthy of note 

i s t h a t t h e flow c e l l used was t a k e n from an absorbance 

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

q u a l i t a t i v e s t u d i e s , l i n e a r i t y problems were found w i t h 

q u a n t i t a t i v e r e s u l t s . The flow c e l l t h a t was i n i t i a l l y 

used had a v e r y s m a l l i n t e r n a l volume o f 20 ^ 1 ) and i s 
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Figure 5.1 A schematic diagram of the apparatus required for multi-element 
analysis with CL detection. 



shown i n F i g u r e 5.2. 

5.2.2 The Co-EDTA s o l u t i o n 

The concept of the d i s p l a c e m e n t r e a c t i o n i s a s i m p l e one: 

M""*" + [ C o ( I I ) - E D T A ] 2 " — > [ (M-EDTA) ] ~ + Cô "*" 

H2O2 

Co2+ + luminol b a s i c c o n d i t i o n s ^ aminophthalate i o n + hv-

I t s hould be apparent t h a t an a c c u r a t e 1:1 molar r a t i o of 

Co:EDTA i s r e q u i r e d i f the d i s p l a c e m e n t system i s t o work 

s u c c e s s f u l l y . I f , f o r example, an e x c e s s of EDTA were t o 

p r e v a i l , then t h e r e may not be any Co d i s p l a c e m e n t i . e . 

M""*" + (Co-EDTA) ̂ " + EDTA^"(XS) ^ (Co-EDTA) 2'*" 

+ (M-EDTA)(4-n)-

I f , on the ot h e r hand, an e x c e s s of Cô "** was p r e s e n t then 

t h i s would l e a d t o e x t r e m e l y h i g h background l e v e l s and 

o v e r l o a d i n g o f t h e d e t e c t o r . ( T h e r e o n l y n e e d s t o be 

approximately 10 ppb f r e e Co i n the system f o r o v e r l o a d t o 

o c c u r ) . T h e r e i s an o b v i o u s n e ed, t h e r e f o r e , f o r an 

a c c u r a t e method t o prod u c e t h i s 1:1 m o l a r r a t i o , and a 

t i t r a t i o n method would seem t h e most a p p r o p r i a t e , 

A s t o c k s o l u t i o n o f 2 x 10"''M c o b a l t was made up by 

d i s s o l v i n g 0.56 g of An a l a R c o b a l t ( 1 1 ) s u l p h a t e i n a 

l i t r e of d i s t i l l e d water. A s i m i l a r s t r e n g t h s o l u t i o n 2 x 

10~^M, of EDTA was a l s o made up by d i s s o l v i n g 0.744 g of 

t h e d i s o d i u m s a l t a l s o i n a l i t r e o f w a t e r . When 

r e q u i r e d , a p p r o x i m a t e l y 25 ml of 2 x 10"*'M EDTA s o l u t i o n 
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Figure 5.2 A schematic diagram of the original reaction c o i l and flow c e l l 
that was errployed for preliminary studies, (intemcil volume 20 
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was taken, a s m a l l amount of Murexide dye was added a l o n g 

w i t h t h e minimum amount o f d i l u t e ammonium s o l u t i o n 

r e q u i r e d t o r a i s e t h e pH t o 9.0. T h i s s o l u t i o n was t h e n 

t i t r a t e d a g a i n s t t h e s t a n d a r d 2 x 10~-'M C O S O ^ u n t i l t h e 

end-point was r e a c h e d . ( v i o l e t - o r a n g e / y e l l o w ) . When 

the end p o i n t was reached, t he a d d i t i o n of e i t h e r one drop 

of EDTA, o r one drop o f CoSO^ would l e a d t o a s l i g h t 

e x c e s s of EDTA, or C o ( I I ) r e s p e c t i v e l y . Approximately 50 

ml o f 1 X 10"^M Co-EDTA was t h e n s t o r e d i n a t i g h t l y 

stoppered p l a s t i c b o t t l e u n t i l i t was ready f o r use. 

5.3 R e s u l t s and D i s c u s s i o n 

5,3.1 I n i t i a l R e s u l t s 

The i n s t r u m e n t a t i o n was s e t up a s shown i n F i g u r e 5.1, but 

i n i t i a l l y w ithout the pres e n c e of an a n a l y t i c a l column and 

so was i n a s o - c a l l e d flow i n j e c t i o n a n a l y s i s (FIA) mode. 

The c o n d i t i o n s used f o r some of t h e s e i n i t i a l experiments 

ar e d e s c r i b e d i n T a b l e 5.2. 

With t h e F I A s y s t e m i n o p e r a t i o n , u s i n g t h e c o n d i t i o n 

d e s c r i b e d i n T a b l e 5.2 s e v e r a l d i f f e r e n t m e t a l s were 

i n j e c t e d (200 >ii) i n t o t h e f l o w s y s t e m . T h e s e m e t a l s 

i n c l u d e d Co, Cu, Pb, Cd, Ni, Mn, A I ( I I I ) and Mg, and were 

a l l i n j e c t e d a t t h e 10 ppm l e v e l . A I L t h e m e t a l s t h a t 

were i n j e c t e d gave a r e s p o n s e t y p i c a l l y shown i n F i g u r e 

5.3. When t h e Co-EDTA f l o w i n g s t r e a m was r e p l a c e d by 

d i s t i l l e d w a t e r , t h e o n l y m e t a l t o r e s p o n d w a s , a s 

e x p e c t e d , Co. F I A s y s t e m s , h o w e v e r , c a n be r a t h e r 

m i s l e a d i n g a s l a r g e CL r e s p o n s e s were a l s o o b s e r v e d when 



10 MtN 

Figure 5.3 Typical responses cteerved for 10 ppm analyte metals injected into 
the Co-EDEA system using Flow-Injection Analysis. 
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a c i d i c b l a n k s were i n j e c t e d i n t o t h e wa^er : Co-EDTA : 

lurainol system. These r e s p o n s e s p r e s u m a b l y j r e s u l t from t h e 

d e s t a b l i z i n g a f f e c t o f a c i d i c pH on t h e m e t a l - c o m p l e x 

s y s t e m . I n o r d e r t o be more c e r t a i n t h a t t h e r e s p o n s e 

observed i s a d i r e c t r e s u l t of the p r e s e n c e of t h e a n a l y t e 

of i n t e r e s t , a s e p a r a t i o n technique must be used i n o r d e r 

t o s e p a r a t e and remove the a n a l y t e from t h e s o l v e n t f r o n t . 

5.3.2 A Thorough Study of the Co-EDTA Displacement 

R e a c t i o n 

The l a c t a t e e l u e n t (0.15M, pH 3.5) was used i n c o n j u n c t i o n 

w i t h the low c a p a c i t y c a t i o n exchange Dionex columns (HPIC 

CG2 and CS2) t o p e r f o r m m e t a l s e p a r a t i o n s and e n s u r i n g 

t h a t t h e a n a l y t e s were removed from t h e f s o l v e n t f r o n t . 

The o t h e r c o n d i t i o n s t h a t were used a r e d e s c r i b e d i n T a b l e 

5.2. Many of the Co-EDTA parameters su c h a s c o n c e n t r a t i o n 

and pH were not o p t i m i s e d but f o r t h e i n i t i a l r e s u l t s a 1 

x 10"^M Co-EDTA s o l u t i o n was used a t a pH of 9.0. At t h i s 

c o n c e n t r a t i o n t h e r e s h o u l d be p l e n t y of Co-EDTA p r e s e n t 

f o r p o t e n t i a l d i s p l a c e m e n t and a pH v a l u e o f 9.0 was 

chosen to ensure t h a t t h e r e a c t i o n : 

Cô "*" + EDTA'*~^=Z^ [Co-EDTA] 2" 

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

because a t lower pH's t h e r e i s a g r e a t e r s h i f t t o the l e f t 

hand s i d e w i t h a subsequent i n c r e a s e i n t h e c o n c e n t r a t i o n 

of f r e e Co^"^ i o n s r e s u l t i n g i n a h i g h e r background n o i s e . 

At pH 9.0, assuming t h e r e e x i s t s an a c c u r a t e 1:1 r a t i o of 

C o : E D T A t h e amount o f f r e e Cô "*" c a n be a p p r o x i m a t e l y 

c a l c u l a t e d i . e . 



T a b l e 5.2 I n i t i a l e x p e r i m e n t a l parameters used f o r the Co-EDTA 

disp l a c e m e n t r e a c t i o n 

Mobile phase 

Flow r a t e 

Co-EDTA c o n c e n t r a t i o n 

B o r i c a c i d c o n c e n t r a t i o n 

pH 

Flow r a t e 

Luminol c o n c e n t r a t i o n 

Hydrogen peroxide c o n c e n t r a t i o n 

B o r i c a c i d c o n c e n t r a t i o n 

pH 

Flow r a t e 

R e a c t i o n c o i l volume 

R e a c t i o n c o i l temperature 

Double d i s t i l l e d w a t e r (no column) 

0.8 ml min~^ 

1 X 10"^ M \ 

6 g 1 

9.0 

-1 

0.8 ml min 

0.2 g 1"^ 

10.0 ml 1"^ 

12 g 1~1 

12.5 

0.8 ml min"^ 

50 pi 

20°C 

-155-



l o g ^ ( c o n d i t i o n a l s t a b . ) = [ ( C o - E D T A ) ^ ] 
[Co^+j[EDTA^"] 

10^"* = 0,001 
[ x ] [ x ] 

x^ = 0.001 = 1 X 10"^® 
10^4 

X = 1 X 10"^ molar 

1 X 10 ^ moles of Co = 0.06 ppb f r e e Cô "*" p r e s e n t . 

On mixing w i t h the l a c t i c a c i d e l u e n t , however, the pH of 

t h e l a c t a t e / C o - E D T A s o l u t i o n dropped from pH 9.0 t o pH 

4.0. The amount o f f r e e Cô "*" i o n s w i l l now i n c r e a s e 

c o n s i d e r a b l y , i . e . . 

^ ( c o n d i t i o n a l s t a b . ) = [(Co-EDTA)2"] 
[Co^+j [EDTA'*"] 

10® = 0.001 
[ x ] [ x ] 

X^ = 1 X 10"^ = 1 X 10"^^ 
107 

X = 1 X 10"^ molar 

1 X 10"^ moles of Co =0.6 ppm f r e e Cô "*" p r e s e n t . 

Although t h e background was c o n s i d e r a b l e , t h e n a t u r e of 

t h e flow c e l l d e s i g n ( F i g . 5.2) d e s e n s i t i z e d t h e d e t e c t i o n 

system and enabled the f i r s t d i s p l a c e m e n t r e a c t i o n s t o be 
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Table 5.3 The o r i g i n a l c o n d i t i o n s used f o r p r e l i m i n a r y multi-element 

d e t e r m i n a t i o n s . 

Mobile phase 

C o n c e n t r a t i o n 

pH 

Flow r a t e 

Column 

L a c t i c a c i d 

0.15 M 

3.5 

0.8 ml min -1 

Dionex HPIC CSS (25 cm x 4.6 mm i . d . ) 

[Co-EDTA] 

PH 

Flow r a t e 

Mixing pH 

( l a c t a t e and Co-EDTA) 

1 X 10 ^ M 
-1 9.0 ( B o r i c acxd 6 g 1 KOH) 

0.8 ml min"^ 

4.0 

[Luminol] 

H2O2/30% 

[ B o r i c a c i d ] 

pH 

Flow r a t e 

Mixing pH 

( l a c t a t e , Co-EDTA, luminol) 

0.2 g 1"^ 

10 ml 1 

12 g 1"^ 

12.5 

0.8 ml min"^ 

10.1 
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monitored. F i g u r e 5.4 shows t h e f i r s t r e s u l t s o b t a i n e d 

f o r t h e time r e s o l v e d s i m u l t a n e o u s d e t e r m i n a t i o n of Cd and 

Zn, ne^\)SA€r o f w h i c h do n o t a c t a s c a t a l y s t s i n t h e 

l u m i n o l / p e r o x i d e CL r e a c t i o n . T h i s was i n d e e d a v e r y 

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

c o n s i d e r a b l y more work was r e q u i r e d t o make t h e s y s t e m 

much more s e n s i t i v e a n d u s e f u l f o r a n a l y t i c a l 

d e t e r m i n a t i o n s . 

The c o n d i t i o n s employed f o r t h i s Cd and Zn d e t e r m i n a t i o n 

ar e d e s c r i b e d i n Ta b l e 5.3. 

With f u r t h e r o p t i m i z a t i o n o f t h e Co-EDTA s y s t e m t h e 

optimum parameters were e s t a b l i s h e d f o r t h e d e t e r m i n a t i o n 

of Cd u s i n g t h e b e s t s i g n a l t o background r a t i o a s t h e 

f i g u r e of m e r i t and a r e d e s c r i b e d i n Ta b l e 5.4. 

Ta b l e 5.4 The i n i t i a l o p t i m i s e d parameters f o r t h e Co-EDTA 

s o l u t i o n . 

Parameter 

[Co-EDTA] 

[ B o r i c a c i d ] 

pH ( a d j u s t e d 
w i t h kOH) 

Optimal Range 

lxl0~'^M t o lxlO"^M 

3.0 g 1"^ t o 10.0 g 1"^ 

6.0 to 10.0 

Optimum 
C o n d i t i o n 
E s t a b l i s h e d 

5x10 

6.0 g 

9.0 

NB. The m i x i n g pH of t h e l a c t a t e and Co-EDTA s o l u t i o n 

ranged from 4,3 to 5.5 depending on the c o n c e n t r a t i o n and 

pH of t h e Co-EDTA s o l u t i o n . I n o r d e r t o m a i n t a i n t h e pH 
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10 MIN 

Figure 5.4 The time resolved determination of Cd and Zn (2 ppm both species) 
using the Oo-EDIA displacement systems. 
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o f t h e lactate/Co-EDTA/luminol m i x t u r e a t 10.5, 18 g 1 " ^ 
o f b o r i c a c i d was r e q u i r e d i n t h e l u m i n o l p o s t - c o l u m n 
r e a g e n t , and a d j u s t e d t o pH 12.0 w i t h c o n c e n t r a t e d 
aqueous KOH. 

The optimum pH o f t h e lactate/Co-EDTA s o l u t i o n was found 
t o be b e t w e e n 4.5 and 5.5. T h i s r e s u l t i s r a t h e r 
s u r p r i s i n g because i t was presumed t h a t a h i g h e r pH would 
be advantageous i n o r d e r t o reduce t h e background n o i s e . 
T h i s was t r u e t o some e x t e n t , as a t h i g h e r pH l e v e l s t h e 
b a c k g r o u n d was i n d e e d r e d u c e d . The a n a l y t e s i g n a l , 
however, was s e v e r e l y a f f e c t e d as can be seen from F i g u r e 
5.5. 

At m i x i n g pH's o f 6.0 and above t h e q u a l i t y o f t h e peak 
shape d e t e r i o r a t e d . The peak shape has changed by what 
a p p e a r s t o be a c h r o m a t o g r a p h i c a f f e c t b u t t h i s i s 
o b v i o u s l y i m p o s s i b l e as t h e c h r o m a t o g r a p h i c p a r a m e t e r s 
r e m a i n unchanged. One p o s s i b l e e x p l a n a t i o n f o r t h i s 
o b s e r v a t i o n i s t h a t t h e Murexide dye, t h a t i s p r e s e n t i n 
t h e Co-EDTA s o l u t i o n , i s d e p o s i t e d on t h e i n s i d e o f t h e 
PTFE p o s t - c o l u m n t u b i n g . Thxs phenomenon has been 
observed f o r o t h e r systems, e.g. when u s i n g Calmagite o r 
X y l e n o l orange as post-column r e a g e n t s . Due t o t h e low 
c o n c e n t r a t i o n o f t h e Murexide dye t h a t i s p r e s e n t i t i s 
d i f f i c u l t t o o b s e r v e t h i s p r o p o s e d c o a t i n g e f f e c t . 
Assuming t h a t t h e r e i s a t h i n d e p o s i t e d l a y e r o f dye 
pr e s e n t t h e n t h i s c o u l d , p r o v i d e d t h e pH was favourable'^ 
c h e l a t e t h e metal i o n s p a s s i n g over i t . A t h i g h e r pH^s 
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10 MIN 

Figure 5.5 Ihe affect of a r i s e i n pH (frcm 3.5 t o 6.5) on the analyte signed 
(both analytes 1 ppm). 
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t h e m urexide dye w i l l become i o n i s e d and be a b l e t o 
c h e l a t e t h e metal ions from s o l u t i o n causing t h e d i s t o r t e d 
peak shapes observed. T h i s p r o b l e m can n o t e a s i l y be 
overcome as t h e murexide dye must be p r e s e n t t o e s t a b l i s h 
an accurate 1:1 Co:EDTA r a t i o . Repeat t i t r a t i o n s w i t h t h e 
absence o f t h e i n d i c a t o r dye were t r i e d b u t pro v e d v e r y 
u n r e l i a b l e as a c c u r a t e 1:1 r a t i o s were v e r y d i f f i c u l t t o 
achieve. The system w i l l improve g r e a t l y i f t h i s problem 
can be o v e r c o m e as h i g h e r pH l e v e l s f o r t h e Co-
EDTA/lactate mix are d e s i r a b l e t o reduce t h e s i g n i f i c a n t 
background n o i s e l e v e l s and u l t i m a t e l y improve d e t e c t i o n 
l i m i t s and l i n e a r i t y o f the system. 

5.3.3 Detector Performance 
To s u m m a r i s e , t h e o p t i m i s e d c h r o m a t o g r a p h i c s y s t e m 
parameters are des c r i b e d i n Table 5.5. 

W i t h t h i s system s e t up, v a r i o u s a n a l y t e m e t a l s were 
i n j e c t e d a t the r e l a t i v e l y h i g h c o n c e n t r a t i o n o f 1 ppm and 
th e e x t e n t a t which t h e y produced any CL was measured. 
The r e s u l t s are des c r i b e d i n Table 5.6. 

To o b t a i n more q u a n t i t a t i v e i n f o r m a t i o n Cd was i n i t i a l l y 
chosen t o d i s c o v e r more about t h i s novel d e t e c t i o n system, 
because (a) i t i s a c o m p l e t e l y n o n - a c t i v e CL s p e c i e s and 
(b) i t gave a medium response t o t h e Co-EDTA displacement 
system. 
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Table 5.5 The o p e r a t i n g parameters used f o r t h e multi-element 
d e t e r m i n a t i o n of s e l e c t e d metals by CL 

[ L a c t i c a c i d ] 
pH 
Flow r a t e 
Column 

0.15 M 
3.5 
0.8 ml min"^ 
Dionex HPIC GS2 (250 mm x 0.46 mm i . d ) 

[Co-EDTA] 
[ B o r i c a c i d ] 
pH 
Flow r a t e 
Mixing pH 
( l a c t a t e w i t h Co-EDTA) 

5 X 10"^ M 
6,0 g 1"-^ 
9.0 
0,8 ml min"^ 
5.0 

[Luminol] 
H 2 O 2 (30%) 

[ B o r i c a c i d ] 
Flow r a t e 
O u t l e t pH 

0.2 g 1 " ^ 
10 ml 1 " ^ 
18 g 1 " ^ 
0.8 ml min"^ 
10.5 
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Table 5.6 Various metal i n j e c t i o n s (1 ppm) i n t o t h e Co-EDTA 
displacement CL system. 

Metal ( 1 ppm) CL y X Normalized response 

C o ( I I ) 
B e ( I I ) 

/ M g ( I I ) 
C a ( I I ) 
S r ( I I ) 
B a ( I I ) 
T i ( I I I ) 
V(IV) 
M n ( I I ) 
F e ( I I ) 
F e ( I I I ) 
N i ( I I ) 
C u ( I I ) 
Z n ( I I ) 
C d ( I I ) 
L a ( I I I ) 
Other 
Lanthanides 
Th 
U 

X 

v/ 

/ 

/ 

X 

X 

X 

• 

/ 

v/ 

• 

y/ 
>/ 

v/ 

X 

100 

20 
40 
20 
5 

50 
80 
20 
80 
85 
55 
40 

40 
30 
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5.3.3.1 The C a l i b r a t i o n Curve f o r Cd 
A c a l i b r a t i o n curve was c o n s t r u c t e d f o r Cd from 0.1 t o 1.3 
^g ml''and i s shown i n F i g u r e 5.6, As can be seen, t h e r e 
i s marlced n o n - l i n e a r i t y f o r t h e Cd c a l i b r a t i o n and i s 
l i k e l y t o be due t o k i n e t i c r e s t r a i n t s i n b o t h t h e 
breakdown o f t h e Co-EDTA complex and t h e f o r m a t i o n o f t h e 
new Cd-EDTA s p e c i e s . I f t h i s were t h e case, one would 
expect t o see a s i g n i f i c a n t improvement i n s i g n a l response 
and l i n e a r i t y i f (a) t h e t i m e f o r t h e M""*" and Co-EDTA 
r e a c t i o n was i n c r e a s e d by employment o f a r e a c t i o n c o i l 
and (b) i f t h e temperature f o r t h e M""^ + Co-EDTA r e a c t i o n 
was increased. 

F i g u r e s 5.7 and 5.8 show t h e r e s u l t s o f i n c r e a s i n g t h e 
r e a c t i o n c o i l volume and i n c r e a s i n g t h e r e a c t i o n c o i l 
t e m p e r a t u r e . I t i s c l e a r t h a t t h e r e i s a much improved 
l i n e a r i t y a t h i g h e r temperatures f o r Cd, a l t h o u g h t h e r e i s 
s t i l l some d e g r e e o f p> c?iiVivtf. c u r v a t u r e e v e n a t t h e 
h i g h e s t temperatures a v a i l a b l e (95°C). T h i s phenomenon 
was ex p e r i e n c e d when o t h e r m e t a l s were t r i e d i n c l u d i n g : 
Zn, N i , Pb, I n arid Ga. S t r a n g e l y enough, Co gave a 
p r o n o u n c e d n e g a t i v e c u r v a t u r e e v e n a t e l e v a t e d 
temperatures; Figure 5.9 shows t h i s pot^Vvv^t-, c u r v a t u r e f o r 
Co a n a l y s i s b u t i t s p r o f i l e i s not e a s i l y e x p l a i n e d . 

One c o n s i d e r a t i o n i s t h a t t h e n a t u r e o f f l o w c e l l d e s i g n 
( F i g . 5.2) was i n a p p r o p r i a t e f o r e m i s s i o n d e t e c t i o n and, 
p a r t i c u l a r l y a t low a n a l y t e c o n c e n t r a t i o n s , a good d e a l o f 
s e l f - a b s o r p t i o n may occur g i v i n g m i s l e a d i n g i n f o r m a t i o n . 
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Figure 5.6 The ccaibration curve for Cd, 
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Figure 5.7 Ihe affect on the Cd signal by an increase i n the reaction c o i l 
volume. 
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Figure 5.8 ihe affect on the Cd signal by an increase i n the reaction c o i l 
tenperature. 
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Figure 5.9 CALIBRATION CURVE FOR COBALT 
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Another p o s s i b i l i t y i s t h a t t h e r e was i n e f f i c i e n t m i x i n g 
o f t h e lactate/[Co-EDTA) w i t h t h e l u m i n o l s o l u t i o n . For 
b o t h o f t h e s e reasons i t was d e c i d e d t o a l t e r t h e f l o w 
c e l l design t o a more f a m i l i a r one s i m i l a r t o t h e one used 
f o r chromium d e t e r m i n a t i o n s ( C h a p t e r 4 ) . The new f l o w 
c e l l i s d e s c r i b e d i n Figure 5.10. 

5.3-4 Q u a n t i t a t i v e Performance Using t h e New Design Flow 
C e l l 

W i t h t h e employment o f t h e new d e s i g n f l o w c e l l , t h e 
background emis s i o n , r e a c h i n g t h e p h o t o - m u l t i p l i e r t u b e 
was v e r y h i g h , c a u s i n g an o v e r l o a d and c u t - o u t o f t h e 
d e t e c t o r . I n order t o reduce t h i s l a r g e emission a l i g h t 
f i l t e r i n g d e v i c e was used. Dark, a c e t a t e s h e e t s were 
p l a c e d between t h e f l o w c e l l and p h o t o ^ m u l t i p l i e r t u b e . 
I n a l l , 5 a c e t a t e s h e e t s were r e q u i r e d t o r e d u c e t h e 
background e m i s s i o n t o a manageable l e v e l . NB. The 5 
a c e t a t e sheets had an absorbance v a l u e o f 3 u n i t s , t h u s 
f i l t e r i n g o ut 99.9% o f t h e background emission. 

I n an a t t e m p t t o reduce t h i s l a r g e background, a b u f f e r 
system was employed t h a t used much lower c o n c e n t r a t i o n s o f 
reagents, but m a i n t a i n i n g t h e p r e v i o u s l y e s t a b l i s h e d pH's. 
I n o r d e r t o keep the pH o f t h e lactate/Co-EDTA m i x t u r e a t 
a pH o f 5.5, t h e Co-EDTA s o l u t i o n was added t o a 0.1 M 
s o l u t i o n o f a c e t i c a c i d a d j u s t e d t o a pH o f 6.5 w i t h 
c o n c e n t r a t e d aqueous potassium h y d r o x i d e . 
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Figure 5.10 A schematic diagram of the new design flow c e l l 
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w i t h t h e i n c l u s i o n o f t h i s new b u f f e r system, l e s s - b o r i c 
a c i d was r e q u i r e d i n the l u m i n o l s o l u t i o n t o m a i n t a i n t h e 
pH a t 10.5. The new o p e r a t i n g parameters are summarised 
i n Table 5.7. 

Alth o u g h t h e parameters d e s c r i b e d a r e a t an optimum f o r 
most o f t h e a n a l y t e m e t a l s , i t was d i s c o v e r e d t h a t t h e 
a l k a l i n e - e a r t h metals and aluminium responded t o a g r e a t e r 
e x t e n t , i n terms o f s i g n a l t o background r a t i o , i f t h e 
Co-EDTA s o l u t i o n remained u n b u f f e r e d a t t h e pH o f t h e 
mobile phase, t y p i c a l l y pH 3.5. T h i s i s not what would be 
e x p e c t e d f r o m p u r e l y t h e r m o d y n a m i c d a t a as a l l t h e 
a l k a l i n e - e a r t h metals form very weak complexes w i t h EDTA. 

For example a t pH 3.5 t h e l o g K ^ o n d i t i o n a l s t a b i l i t y 
c o n stants f o r metal-EDTA complexes are f o r : 

Mg = < 2.1 
Ca = < 2.2 
Sr = < 2.0 
Ba = < 1.3 
Co = 6 . 9 

From t h e above f i g u r e s i t would seem t h a t t h e Co-EDTA 
complex i s a t l e a s t 100,000 times more s t a b l e t h a n any o f 
the a l k a l i n e - e a r t h metal : EDTA complexes. The Co i s a l s o 
o n l y weakly bound t o the EDTA a t t h i s pH. 'Therefore, some 
displacement would h o t , perhaps seem unreasonable. W i t h 
aluminium a n a l y s i s , t h e potassium s u l p h a t e m o b i l e phase 
e l u e n t ( 6 9 ) has no c h e l a t i n g a b i l i t y and i t i s n o t 
s u r p r i s i n g t h a t a t e l e v a t e d pH l e v e l s , t h e r e i s a p o o r e r 
reponse observed f o r A l , presumably because o f h y d r o x i d e 
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Table 5.7 Revised o p e r a t i n g parameters r e q u i r i n g l e s s b u f f e r i n 5 

reagents. 

Co-EDTA 
[ A c e t i c a c i d ) 
pH (KOH) 
M i x i n g pH lactate/Co-EDTA 

Luminol 
( B o r i c a c i d ] 
pH (KOH) 

M i x i n g pH lactate/Co-EDTA/luminol 

O.IM 
6.5 
5.5 

10.0 g 1 
12.0 
10. 5 

- 1 
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f o r m a t i o n and t h e A l p r e c i p i t a t i n g o ut o f s o l u t i o n . 

5.3.4.1 L i n e a r i t y and D e t e c t i o n L i m i t s 

C a l i b r a t i o n c u r v e s were c o n s t r u c t e d f o r each o f t h e 
f o l l o w i n g elements: Mg, Ca, Sr, F e ( I I I ) , Co, N i , Cu, Zn, 
Cd, Pb, I n , Ga, La, Ce, Pr and A l . The c o n c e n t r a t i o n 
range o f t h e elements v a r i e d b u t was g e n e r a l l y between 
10,0 ng ml"-^ t o 1.0 }ig m l " ^ . L i n e a r c a l i b r a t i o n s were 
o b t a i n e d f o r Mg ( r = 0.999), Ca ( r = 0.998), Sr (0. 9 9 8 ) , 
Zn ( r = 0.998), and A l ( I I I ) ( r = 0.998). 

However, f o r t h e o t h e r elements: Cd, Pb, Co, N i , I n , Ga, 
F e ( I I I ) , La, Ce and Pr, a po«»tw« c u r v a t u r e i s s t i l l 
observed, though s t i l l 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 
(Figure 5.11). 

I t i s n o t c l e a r why some e l e m e n t s p r o d u c e l i n e a r 
c a l i b r a t i o n s , w h i l s t o t h e r s do n o t . Thermodynamic and 
k i n e t i c f a c t o r s f o r t h e C o / m e t a l - 1 i g a n d d i s p l a c e m e n t 
r e a c t i o n may c o n t r i b u t e t o t h e non- l i n e a r i t y o f t h e 
system b u t t h i s by no means e x p l a i n s why t h e c a l i b r a t i o n 
c u r v e f o r Co i s n o n - l i n e a r . There a r e , presumably, a 
number o f f a c t o r s i n v o l v e d i n t h e p r o d u c t i o n o f t h e s e 
n o n - l i n e a r c a l i b r a t i o n curves. A v e r y i n t e r e s t i n g r e c e n t 
development i n t h e search f o r more i n f o r m a t i o n about t h e 
Co-EDTA d i s p l a c e m e n t r e a c t i o n h a s b e e n t o use a 
thermodynamic computer model. T h i s model ( 1 2 7 ) , g i v e n a 
s p e c i f i c s e t o f c o n d i t i o n s , i s a b l e t o p r e d i c t t h ^ 
d i f f e r e n t r e s p e c t i v e amounts o f t h e Co s p e c i e s t h a t a r e 
p r e s e n t i n a m i x t u r e o f m e t a l s a n d c h e l a t i n g 
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Figure 5.11 Ihe calibration curves for the following analytes; Co, Pb, Od, Ni, 
Fe ( I I I ) , Ga, In, La, Ce and Pr. 
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CALIBRATION CURVE FOR CADMIUM 
3200 I -

2800 

2400 h 

2000 h 

UJ 1600 h 

1200 

BOO h 

400 

0.0 6 .B 1.0 1.2 1.4 1.6 
CADMIUM CONCENTRATION mg T' 

l.B 2.0 2.2 

CALIBRATION CURVE FOR NICKEL 
2100 I -

1800 h 

1500 H 

1200 

900 h 

600 h 

300 

0.0 .1 
NICKEL CONCENTRATION mg 1 

176-



CALIBRATION CURVE FOR FERRIC IONS 
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CALIBRATION CURVE FOR LANTHANUM 
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agents. 

The species produced, t h a t are o f p a r t i c u l a r i n t e r e s t , are 
th e ones t h a t produce CL. A l l t h e Co-EDTA complexes a r e 
c o m p l e t e l y n on-chemiluminescent and so can be i g n o r e d . 
The f r e e Cô "*" i o n s and t h e two C o - l a c t a t e complexes do 
produce CL and are i n c l u d e d i n t h e t o t a l CL e m i t t e d l i g h t . 
For t h e model t o work s u c c e s s f u l l y a column d i l u t i o n 
f a c t o r must be a p p l i e d t o t h e [ a n a l y t e m e t a l ] and a l s o t h e 
i o n i c s t r e n g t h o f t h e m i x t u r e must be ta k e n i n t o account. 

The a n a l y t e d i l u t i o n f a c t o r can be d e f i n e d as: 

D i l u t i o n Factor = peak base width ml 
i n j e c t i o n volume 

and f o r t h e m a j o r i t y o f t h e a n a l y t e s t e s t e d , t h e d i l u t i o n 
f a c t o r was approximately 1 0 . 

The i o n i c s t r e n g t h f o r t h e e l u e n t can be c a l c u l a t e d : 
i o n i c s t r e n g t h I = 1/2 y ( M i Z i ^ + MuZn^. • • - ^ 

where M = c o n c e n t r a t i o n o f i 
and Z = charge on i 
f o r 0 . 1 M l a c t i c a c i d t h e i o n i c s t r e n g t h i s (assuming 
complete d i s s o c i a t i o n ) 

I = 1/2 ( 0 . 1 X 1^) + ( 0 . 1 x 1^) 

= 0 . 1 

f o r 0 . 1 M K2SO4 t h e i o n i c s t r e n g t h i s 
I = 1/2 . ( 0 . 2 X 1^) + ( 0 . 1 X 2^) 

0 . 3 . 
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Several c a l i b r a t i o n curves were c o n s t r u c t e d u s i n g t h e data 
produced by t h e thermodynamic model. C o n d i t i o n s and 
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 w e r e u s e d f o r t h e 
thermodynamic model t o p r e d i c t s p e c i a t i o n are d e s c r i b e d i n 
Table 5.8. 

The c a l i b r a t i o n curves c o n s t r u c t e d from t h e thermodynamic 
model f o r t h e e l e m e n t s Co, Zn, Cd, Pb, Ca and A l a r e 
describe d i n Figure 5.12. 

I t i s c l e a r from t h e s e t h e o r e t i c a l c a l i b r a t i o n c u r v e s , 
t h a t po4vV»^* c u r v a t u r e e x i s t s f o r Co, Zn, Cd and Pb a t 
the low ppb l e v e l s and t h i s i s a s i m i l a r r e s u l t t o what 
has been f o u n d e x p e r i m e n t a l l y ( F i g . 5 . 1 1 ) . T h i s 
c u r v a t u r e can be a t t r i b u t e d t o t h e f a c t t h a t t h e r e i s a 
v e r y s l i g h t e x c e s s o f EDTA p r e s e n t w h i c h i s a b l e t o 
c h e l a t e a s m a l l p r o p o r t i o n o f t h e a n a l y t e s p e c i e s . A 
l i n e a r w o r k i n g range i s d i f f i c u l t t o a c h i e v e a c h i e v e d 
w h i l s t t h e r e i s more uncomplexed EDTA p r e s e n t t h a n t h a t 
p roduced by d i s s o c i a t i o n o f an e x a c t 1:1 m o l a r r a t i o 
Co -EDTA complex 

The c a l i b r a t i o n c u r v e f o r Ca i s l i n e a r i n b o t h t h e 
e x p e r i m e n t a l r e s u l t ; and t h e t h e o r e t i c a l d a t a . T h i s i s 
presumably because, from thermodynamic c o n s i d e r a t i o n s , a 
l o t more o f t h e a n a l y t e i s r e q u i r e d b e f o r e t h e r e i s any 
s i g n i f i c a n t d i s p l a c e m e n t Co fro m t h e Co-EDTA s o l u t i o n . 
The low c o n c e n t r a t i o n end o f t h e Ca c a l i b r a t i o n curve i s 
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Table 5.8. The c o n d i t i o n s and data used i n t h e thermodynamic model t o 
p r e d i c t s p e c i a t i o n 

A n a l y t e M""*" [CO] moles [EDTA] moles K̂^ ( M - E D T A ) p j ; (M-lactate) 4-n 

Co 
Zn 
Cd 
Pb 
Ca 
A l 

5 X 10 

1 X 10 -5 

5 X 10 

5.02 X 10 -6 

1.04 X 10 
5.02 X 10 -6 

16.3 
16.5 
16.5 
18.0 
10.7 
16.1 

2.52 
3.2 
2.28 
3.50 
1.44 
NA. 

The c a l i b r a t i o n curve data f o r Co, Zn, Cd, Pb, Mg and A l are described 
i n Table 5.9 
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Table 5.^ The CL species produced by t h e a d d i t i o n o f metal analytc 
species t o t h e eluent/Co-EDTA s o l u t i o n (pH between 3.0 and 
4.5 depending on t h e a n a l y t e ) . 

Metal C o n c e n t r a t i o n Free Cô "*" % Co-Lac(pj^) % T o t a l % 

Co 2+ 0.0 ppb 
25.0 
50.0 

100.0 
250.0 
500.0 

62 
72 
84 
10 
10 
98 

2.0 
2-33 
2.70 
3.58 
6.78 

12.84 

2.62 
3.05 
3.54 
4.67 
8.88 

16.82 

Zn 2 + 0 
25 
50 

100 
250 
500 

ppb 71 
83 
95 
25 
29 
00 

1.77 
1.79 
2.07 
2.71 
4.96 
8.65 

2.48 
2.62 
3.02 
3.96 
7.25 

12.65 

Cd 2+ 0 
25 
50 

100 
250 
500 

ppb 68 
78 
85 
01 
61 
77 

1.57 
1.66 
1.83 
2.18 
3.48 
5.99 

2.25 
2.46 
2.68 
3.19 
5.09 
8.76 

Pb 2+ 0.0 
25.0 
50.0 

100.0 
250.0 
500.0 

ppb 75 
75 
78 
86 
14 
72 

61 
61 
69 
87 
48 
72 

2 .36 
2.36 
2.47 
2.73 
3.62 
5.44 

Ca 2+ 0 
50 

100 
250 
500 

ppm 

1000.0 

82 
82 
82 
83 
84 
86 

54 
55 
56 
58 
61 
68 

6.36 
6.37 
6.38 
6.41 
6.45 
6.54 

A l 3+ 0.0 
50.0 

100.0 
250.0 
500.0 

1000.0 

ppb 40.70 
41.33 
41.97 
43.83 
46.78 
50.07 

NA 
ITA 
NA* 
NA 
NA 
NA 

40.70 
41.33 
41.97 
43.83 
46.78 
50.07 
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Figure 5.12 The theoretical Ccaibration curves cfotaijied by the thermodynamic 
model for the following analytes; Co, Zn, Od, Fto, Ca and Al. 
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THE THEORETICAL CALIBRATION CURVE FOR CALCIUM 
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a l s o o bscured by t h e v e r y h i g h background n o i s e l e v e l s 
t h a t a r e p r o d u c e d . a n d t h u s , low d e t e c t i o n l i m i t s a r e 
i m p o s s i b l e t o a c h i e v e . The potxWt^ - c u r v a t u r e t h a t i s 
e x p e r i e n c e d f o r o t h e r a n a l y t e m e t a l s p o s s i b l y occurs f o r 
t h e a l k a l i n e - e a r t h s below t h i s n o i s e t h r e s h o l d and cannot 
be seen. 

The p r e s e n c e o f t h e l a c t i c a c i d i s t h o u g h t t o have a 
s i g n i f i c a n t a f f e c t on t h e l i n e a r i t y o f t h e system. The 
c a l i b r a t i o n c u r v e f o r A l goes a l o n g way t o s u p p o r t t h i s 
p r o p o s a l as, b o t h i n t h e o r y and i n p r a c t i c e , a l i n e a r 
c a l i b r a t i o n c u r v e f o r A l i s o b t a i n e d when u s i n g a 
p o t a s s i u m s u l p h a t e e l u e n t . The r e a s o n f o r t h i s may be 
t h a t t h e l a c t i c a c i d i s a c t i n g as a c o m p e t i t i v e c h e l a t i n g 
agent a g a i n s t t h e EDTA and c o m p l i c a t i n g t h e s i m p l i s t i c 
m e t a l / c o b a l t d isplacement r e a c t i o n . C a l i b r a t i o n c u rves 
f o r o t h e r m e tals u s i n g a potassium s u l p h a t e e l u e n t were 
t r i e d , b u t t h e s e n s i t i v i t y was b a d l y a f f e c t e d and t h e 
s e p a r a t i o n o f metals of s i m i l a r charge was d i f f i c u l t t o 
achieve. 

C h e l a t i n g e l i i t i n g a g e n t s o t h e r t h a n l a c t i c a c i d were 
t r i e d , i n c l u d i n g t a r t a r i c a c i d , m a l i c a c i d , s u c c i n i c 
a c i d and malonic a c i d . With t h e g e n e r a l i n c r e a s e i n t h e 
l o g v a l u e s f o r t h e m e t a l complexes, t h e background 
n o i s e l e v e l s were reduced b u t a n a l y t e s e n s i t i v i t y was 
a d v e r s e l y a f f e c t e d and no improvement i n 'the l i n e a r i t y o f 
t h e system was noted. The l o g v a l u e s f o r s u c c i n i c a c i d 
and malonic a c i d were s u f f i c i e n t l y h i g h t o suppress t h e CL 
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s i g n a l c o m p l e t e l y . 

With l i t t l e o r no improvement t o t h e o v e r a l l system when 
us i n g d i f f e r e n t mobile phases, i t was decided t o c o n t i n u e 
w i t h t h e l a c t i c a c i d e l u e n t f o r t h e r e m a i n d e r o f t h e 
study. 

Using l a c t i c a c i d as t h e e l u e n t , t h e d e t e c t i o n l i m i t ' s f o r 
t h e v a r i o u s metal species, d e f i n e d as t h r e e t i m e s t h e peak 
t o peak v a r i a t i o n o f t h e background n o i s e , a r e d e s c r i b e d 
i n Table 5.10 

5.3.4.2 M u l t i e l e m e n t and S p e c i a t i o n A n a l y s i s 
F i g u r e s 5.13, 5.14 and 5.15 show t h e s e p a r a t i o n and 
d e t e c t i o n o f v a r i o u s g r o u p s o f c a t i o n s i n c l u d i n g t h e 
a l k a l i n e - e a r t h s , members of t h e d b l o c k and a l s o members 
o f t h e p b l o c k . A l l t h e l a n t h a n i d e s respond and produce 
CL, a l t h o u g h b a s e - l i n e r e s o l u t i o n i s d i f f i c u l t t o achieve 
as shown i n Figure 5.16. 

S p e c i a t i o n s t u d i e s are a l s o p o s s i b l e t o achieve as can be 
seen from Figure 5.13 which c l e a r l y shows t h e s e p a r a t i o n 
and d e t e c t i o n o f F e ( I I ) and F e ( I I I ) . 

5.3.4.3 Sample A n a l y s i s 
To e v a l u a t e t h e q u a n t i t a t i v e performance and accuracy o f 
t h i s n o v e l d e t e c t o r , i t was d e c i d e d t o d e t e r m i n e c a t i o n s 
w h i c h have no d i r e c t c a t a l y t i c e f f e c t on t h e l u m i n o l 
system. A s i m u l a t e d f r e s h w a t e r sample, IAEA/W4, was 
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Table 5,lo D e t e c t i o n l i m i t s f o r v a r i o u s metal species u s i n g CL 
d e t e c t i o n u s i n g experimental c o n d i t i o n s d e s c r i b e d i n Table 
5. 

Cation L i m i t o f D e t e c t i o n )ig 1 - 1 

Mg 
Ca 
Sr 
F e ( I I ) 
F e ( I I I ) 
Co 
Ni 
Zn 
Cd 
Pb 
La 
Ce 
Pr 
Ga 
I n 
A l 

100 
50 

100 
25 
5 
2 
2 
2 
5 
4 
5 
5 
6 
3 

20 
5 
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Figure 5.13 The multielement determination of the alkali-earth metals, 
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Figure 5.14 The miltielement deteminaticai of selected members of the d-block 
metals. 
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Figure 5.15 Uie imiltielement d e t e n f l ^ t i o n of selected members of the p-block 
metals. -192-
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Figiire 5,16 The nailtielement detemimtion of selected mambers of the 
lanthanide series . 
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chosen w i t h a z i n c c o n t e n t of 48 ng ml"^, and an alurainium 

c o n t e n t of 48 ng ml"^ a l s o 

The a n a l y s i s was performed by s i m p l y i n j e c t i n g a 200 u l 

a l i q u o t of the sample f o l l o w e d by t h e s t a n d a r d s and b l a n k 

s o l u t i o n s . F i g u r e s 5.17 and 5.18 shows t h e s t a n d a r d 

c a l i b r a t i o n c u r v e s f o r z i n c and aluminium r e s p e c t i v e l y and 

T a b l e 5.11 d e s c r i b e s t h e c e r t i f i c a t e v a l u e s and e x p e c t e d 

r e s u l t s . 

5.4 Concluding D i s c u s s i o n 

The f l e x i b i l i t y o f r a p i d , s e q u e n t i a l , 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 of s e l e c t e d m e t a l s u s i n g ion-chromatography 

coupled t o a novel CL d e t e c t o r has been demonstrated. The 

employment of a d i s p l a c e m e n t s y s t e m t h a t can d e t e c t weak 

or c o m p l e t e l y non-CL c a t i o n s (e.g. Zn, Al, Cd, Pb, Ca, La 

e t c ) shows the u n i v e r s a l and n o n - s e l e c t i v e n a t u r e of such 

a d e t e c t o r and overcomes t h e r e s t r i c t i o n s imposed by t h e 

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

C h a p t e r s 3 and 4. 

The n o n - l i n e a r i t y of some c a l i b r a t i o n c u r v e s i s a l i t t l e 

d i s a p p o i n t i n g and t h e r e i s o b v i o u s l y q u i t e a l a r g e scope 

f o r improvement of the d e t e c t i o n system. One encouraging 

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

thermodynamic model a l s o p r e d i c t s t h i s n o n - l i n e a r a s p e c t 

of t h e system. Perhaps one way around t h i s problem i s t o 

have t h e Cô "*" i o n s i n s l i g h t e x c e s s i n s t e a d o f t h e EDTA 

al t h o u g h , w i t h the p r e s e n t system, an u n a c c e p t a b l y h i g h 
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Figure 5.17 The detenrtmation of zinc from a c e r t i f i e d reference material 
IAEA / W4. 

[Z INC] PPB 

Figure 5.18 Ihe detentiination of aluminium frctn a c e r t i f i e d reference material 
IAEA / W4. 

50 
[ALUMWIUM] PPB 
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T a b l e 5.11 The d e t e r m i n a t i o n of z i n c and aluminium from 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 IAEA/W4 

Zi n c 

C e r t i f i c a t e v a l u e 

Confidence i n t e r v a l ( s i g n i f . l e v e l 0.05) 

Found v a l u e x on 3 t r i a l s ( t h i s method) 

RSP on 3 t r i a l s 

48 pg 1"^ 

43-54 pq 1 

48 pg 1"^ 

3.1% 

-1 

48 >ig 1 -1 
Aluminium 

C e r t i f i c a t e v a l u e 

Confidence i n t e r v a l ( s i g n i f . l e v e l 0.05) 

Found v a l u e x on 5 t r i a l s ( t h i s method) 

RSP on 5 t r i a l s 

40-53 pg 1 

44 >ig 1"^ 

3.0% 

-1 
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background n o i s e p r e v a i l s . T h e r e i s enormous p o t e n t i a l 

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

e m i s s i o n can be a c h i e v e d because, a t p r e s e n t , d e t e c t i o n i s 

based on t h e d e t e r m i n a t i o n of a s m a l l s i g n a l on top o f a 

l a r g e background l e v e l and t h i s i s o b v i o u s l y u n d e s i r a b l e . 

Even w i t h t h e p r e s e n t drawbacks t h e l i m i t s o f d e t e c t i o n 

u s i n g t h i s novel system a r e comparable w i t h o r b e t t e r than 

most c o l o r i m e t r i c post-column r e a g e n t s , a l t h o u g h ag a i n , i t 

must be s t r e s s e d t h a t much b e t t e r d e t e c t i o n l i m i t s a r e 

p o s s i b l e w i t h the e l i m i n a t i o n of t h e background e m i s s i o n . 

T h i s d e t e c t i o n approach shows p a r t i c u l a r p o t e n t i a l f o r 

the m o n i t o r i n g of n a t u r a l and waste w a t e r s f o r e l e v a t e d 

l e v e l s of t r a c e m e t a l s . The d e t e c t o r c a n be made s m a l l 

and compact and t h e c o m p l e x i t y o f t h e pump system c a n be 

reduced by r e p l a c i n g t h e Co-EDTA and l u m i n o l post-column 

r e a g e n t w i t h a d u a l c h a n n e l p e r i s t a l t i c pump. S t u d i e s , 

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

ap p r o x i m a t e l y a f a c t o r of two, due t o i n c r e a s e d b a s e l i n e 

n o i s e . i 
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CHAPTER 6 

CONCLUSIONB AND BUGGEBTIONS FOR FURTHER WORK 

The r e s e a r c h p r o j e c t was s u c c e s s f u l i n m e e t i n g i t s 

o r i g i n a l o b j e c t i v e s and u s e f u l l i q u i d c h r o m a t o g r a p h i c 

d e t e c t i o n systems, based on CL, have been developed. 

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

i n d i c a t e how s e n s i t i v e CL systems c a n be and t h e u l t r a ­

s e n s i t i v e n a t u r e o f s u c h s y s t e m s a r e o f t h e u t m o s t 

importance f o r p a r t i c u l a r a p p l i c a t i o n s . The us e of the CL 

system d e s c r i b e d f o r u l t r a - t r a c e Co d e t e r m i n a t i o n s i s 

p r e s e n t l y b e i n g adopted and developed by A.E.E. W i n f r i t h 

i n an a t t e m p t t o s i g n i f i c a n t l y improve t h e a n a l y s i s o f 

t h e i r P.W.R. c o o l a n t . 

The simultaneous d e t e r m i n a t i o n of t r a c e l e v e l s of C r ( I I I ) 

and C r ( V I ) u s i n g CL d e t e c t i o n , h a s be e n s u c c e s s f u l l y 

a c h i e v e d . No o t h e r s y s t e m , f o r C r d e t e r m i n a t i o n s , 

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

determine both C r ( I I I ) and C r ( V I ) w i t h o u t any sample p r e -

t r e a t m e n t . The method d e v e l o p e d and d e s c r i b e d i n t h i s 

r e s e a r c h programme does not r e q u i r e sample p r e t r e a t m e n t 

and, consequently, i s l e s s time consuming, not s u b j e c t t o 

p r e t r e a t m e n t e r r o r s and i s more amenable t o automated 

a n a l y s i s . F o r s u c c e s s f u l Cr d e t e r m i n a t i o n s , many o f t h e 

problems of both s e p a r a t i o n and d e t e c t i o n have been s o l v e d 

w i t h the consequent development of a r e a s o n a b l y cheap and 

r e l i a b l e Cr d e t e c t o r showing, p a r t i c u l a r p o t e n t i a l f o r t h e 
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c o n t i n u a l m o n i t o r i n g o f C r i n s u r f a c e w a t e r s . 

Improvements can be made t o t h i s s y s t e m w i t h p a r t i c u l a r 

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

homogenous t o a s o l i d - s t a t e one. With t h i s a l t e r a t i o n t h e 

i n s t r u m e n t a t i o n would become s i m p l e r t o u s e and l e s s 

e x p e n s i v e t o o p e r a t e . With a f u r t h e r v i e w t o s i m p l e r 

i n s t r u m e n t a t i o n , the s e p a r a t i o n system c o u l d be a l t e r e d t o 

use mixed bed a n i o n and c a t i o n - e x c h a n g e columns or i o n -

exchange columns i n s e r i e s . With t h i s a l t e r a t i o n , a more 

c o n v e n t i o n a l 6 - p o r t i n j e c t i o n v a l u e c o u l d be employed 

a g a i n making the i n s t r u m e n t a t i o n a l d e s i g n more a t t r a c t i v e . 

The s p e c i f i c n a t u r e o f CL r e a c t i o n s c a n l i m i t t h e i r 

u s e f u l n e s s i n terms of mu l t i e l e m e n t a n a l y s i s . One of the 

main r e s e a r c h o b j e c t i v e s was t o c r e a t e a more n o n - s p e c i f i c 

t y p e post-column r e a g e n t system t h a t was a b l e t o respond 

t o a number o f m e t a l s p e c i e s . T h i s p r o b l e m o f h i g h 

s p e c i f i c i t y was s u c c e s s f u l l y t a c k l e d u s i n g a d i s p l a c e m e n t 

type system although t h e r e a r e s t i l l problems t h a t need t o 

be overcome. With t h e d i s p l a c e m e n t s y s t e m d e s c r i b e d i n 

Chapter 5, metals from the s, p and d b l o c k s were d e t e c t e d 

a t l e v e l s a p p r o a c h i n g , o r i n some c a s e s , b e t t e r t h a n 

c u r r e n t c o l o r i m e t r i c I C d e t e c t i o n t e c h n i q u e s . F o r CL 

t e c h n i q u e s t o be a d o p t e d f o r r o u t i n e t r a c e - m ' e t a l 

d e t e r m i n a t i o n s , s i g n i f i c a n t improvements i n s e n s i t i v i t y , 

l i n e a r i t y and l i n e a r working ranges must be made. 

The major problem t h a t was found, when u s i n g t h e sys t e m 

d e s c r i b e d f o r m u l t i - e l e m e n t a n a l y s i s , was t h e h i g h 
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b a c k g r o u n d n o i s e l e v e l s t h a t were e x p e r i e n c e d . T h i s 

background n o i s e i s a d i r e c t r e s u l t of t h e r e l a t i v e l y low 

pH l e v e l used f o r the Co-EDTA s o l u t i o n . At h i g h e r pH's i t 

i s known t h a t t h e n o i s e l e v e l , a s e x p e c t e d , d r o p s 

c o n s i d e r a b l y t h u s e n a b l i n g t h e p o s s i b i l i t y of much lower 

d e t e c t i o n l i m i t s . I n p r a c t i c e , however, h i g h e r pH's c o u l d 

not be used because of the problems e x p e r i e n c e d w i t h peak 

d i s t o r t i o n . I t i s thought t h a t t h i s d i s t o r t i o n may be due 

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

t u b i n g . I n or d e r t o e l i m i n a t e t h i s dye, a new method of 

p r o d u c i n g t h e a c c u r a t e 1:1 CorEDTA m o l a r r a t i o i s 

r e q u i r e d . I t i s not e a s y t o s e e how a 1:1 r a t i o can be 

a c h i e v e d , a l t h o u g h c a r e f u l w e i g h i n g of pure Co and EDTA 

s a l t s may prove to be a c c u r a t e enough. 

The l i n e a r i t y problem of t h e Co-EDTA s y s t e m i s t h o u g h t 

a l s o t o be mainly due to t h e low pH l e v e l of t h e Co-EDTA 

s o l u t i o n . A t t h i s l o w pH l e v e l , t h e Co-EDTA i s 

s i g n i f i c a n t l y uncomplexed g i v i n g r i s e t o a l o t of f r e e 

Co^"^ i o n s and c o n s e q u e n t l y a h i g h b a c k g r o u n d . T h e 

background n o i s e i s so h i g h , t h e r e n e e d s t o be a v e r y 

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

l e v e l s a t manageable l e v e l s (even w i t h t h e u s e of l i g h t 

f i l t e r s ) . At the low end of t h e c a l i b r a t i o n c u r v e s , f o r 

most o f t h e e l e m e n t s s t u d i e d , t h e r e was a n o t a b l e non­

l i n e a r c u r v e p r o d u c e d . One p l e a s i n g a s p e c t about t h i s 

r e s u l t i s t h a t t h e t h e o r e t i c a l thermodynamic computer 

model p r e d i c t s t h e n o n - l i n e a r i t y o b s e r v e d . The non-

l i n e a r i t y i s presumably due t o the ex c e s s " EDTA mopping up 
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a s m a l l amount o f t h e a n a l y t e s p e c i e s . Some d e g r e e o f 

l i n e a r i t y i s seen as a n a l y t e c o n c e n t r a t i o n : i n c r e a s e s which 

supports t h i s i d e a , as the c a l i b r a t i o n l i n e a r i t y can only 

o c c u r when t h e e x c e s s EDTA i s e x h a u s t e d . T h i s problem 

needs t o be l o o k e d a t i n more d e t a i l , and t h e computer 

model c o u l d prove t o be extremely u s e f u l i n t h e d e s i g n of 

new experiments. 

A n o t h e r f a c t o r t h a t h a s b e e n shown t o i n f l u e n c e t h e 

l i n e a r i t y o f t h e Co-EDTA s y s t e m i s t h e p r e s e n c e o f a 

c o m p e t i n g c o m p l e x i n g a g e n t i n t h e form o f t h e m o b i l e 

p h a s e . One way t o r e d u c e t h i s p r o blem i s t o move away 

from i o n - e x c h a n g e chromatography and t o u s e c h e l a t i o n -

exchange which r e q u i r e s no complexing agent p r e s e n t , a s 

s e p a r a t i o n i s a c h i e v e d m e r e l y by pH c o n t r o l . As t h e 

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

exchange, even lower d e t e c t i o n l i m i t s s h o u l d be p o s s i b l e 

and t h e p u r s u i t o f t h i s t y p e o f s y s t e m may p r o v e t o be 

f r u i t f u l i n t h e f u t u r e . 

F i n a l l y , t h e employment of the Co-EDTA d i s p l a c e m e n t system 

has been shown t o work r e a s o n a b l y w e l l . O t h e r s y s t e m s , 

based on s o l i d - s t a t e r e a c t o r s , " may prove t o be e x t r e m e l y 

u s e f u l , not o n l y i n terms o f b e t t e r d e t e c t o r performance 

but a l s o would produce s i m p l e r i n s t r u m e n t a t i o n . C o b a l t 

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

onto c h e l a t i n g e x c h a n g e m a t e r i a l s . The p r e s e n c e o f 

a n a l y t e i o n s would d i s p l a c e t h e CL a c t i v e s p e c i e s and 

produce an a n a l y t e s i g n a l . T h i s t y p e o f d i s p l a c e m e n t 
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system, be i t homogenous or s o l i d - s t a t e , o f f e r s a t t r a c t i v e 

p o s s i b i l i t i e s a s a g r e a t number of v a r i o u s CL s p e c i e s 

c o u l d be e x p l o i t e d i n c l u d i n g ; t h e c a t a l y s t , t h e o x i d a n t , 

t h e c o - o x i d a n t o r t h e l u m i n o l i t s e l f , i n an a t t e m p t t o 

produce b e t t e r l i q u i d chromatographic d e t e c t i o n systems. 
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