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Abstract 

The f o r m o f t r a c e m e t a l s , so c a l l e d " s p e c i a t i o n " , i s o f v i t a l 
i m p o r t a n c e i n many f i e l d s , e.g., t o x i c o l o g y and e n v i r o n m e n t a l 
monitoring. A promising a n a l y t i c a l approach t o s p e c i a t i o n s t u d i e s i s 
the c o u p l i n g o f chromatography, f o r s p e c i e s s e p a r a t i o n , t o t h e 
s e l e c t i v i t y and s e n s i t i v i t y o f atomic spectroscopy f o r d e t e c t i o n - The 
s u i t a b i l i t y o f such c o u p l i n g s are d i s c u s s e d and t h e a p p l i c a t i o n s o f 
both gas and l i q u i d chromatography reviewed. 

The success o f co u p l e d gas chromatography (GO - 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 (FAAS) i s d e m o n s t r a t e d f o r the u n e q u i v o c a l 
i d e n t i f i c a t i o n o f p e t r o l r e s i d u e s i n f o r e n s i c a p p l i c a t i o n s . The 
advantages and di s a d v a n t a g e s o f t h i s t e c h n i q u e are d i s c u s s e d w i t h 
reference t o both s u f f i c i e n t l y v o l a t i l e and n o n - v o l a t i l e compounds. 

The advantages o f h i g h p e r f o r m a n c e l i q u i d chromatography (HPLC) f o r 
many st u d i e s are discussed. As coupled HPLC-ETA-AAS ( e l e c t r o t h e r m a l 
a t o m i s a t i o n - a t o m i c a b s o r p t i o n s p e c t r o s c o p y ) s u f f e r s f r o m non-
c o n t i n u o u s d e t e c t i o n , c o u p l i n g i s d i f f i c u l t and chromatography 
constrained. I n c o n t r a s t , a simple HPLC-FAAS coupl i n g u t i l i s i n g pulse 
n e b u l i s a t i o n and a m o d i f i e d atom c e l l was developed which produced 
continuous chromatograms i n r e a l time. A p p l i c a t i o n of t h i s system t o 
d e t e r m i n i n g t r i b u t y l t i n (TBT"*") compounds i n seawater y i e l d e d a 
d e t e c t i o n l i m i t o f 200 ng m l " \ 

A d i r e c t l y coupled system u t i l i s i n g continuous f l o w hydride generation 
i s described, and f o r species w i t h n o n - v o l a t i l e hydrides, o n - l i n e UV 
p h o t o l y s i s was i n c o r p o r a t e d . The e f f e c t s o f v a r i o u s p a r a m e t e r s on 
a n a l y t i c a l performance are discussed, and a p p l i c a t i o n s t o r e a l samples 
given. Detection l i m i t s f o r TBT"*" were improved 100 f o l d . 

A n o v e l sample t r a n s p o r t i n t e r f a c e u s i n g r o t a t i n g p l a t i n u m w i r e 
s p i r a l s c o n t r o l l e d by a m i c r o p r o c e s s o r , u t i l i s e d the a t t r a c t i v e 
f e a t u r e s o f flame atomisers but sample i n t r o d u c t i o n v i a the n e b u l i s e r 
was avoided. A p p l i c a t i o n s are rep o r t e d using both minibore HPLC f o r 
a l k y l l e a d s p e c i a t i o n and f a s t p r o t e i n l i q u i d chromatography f o r 
s p e c i a t i n g zinc i n human serum. 

A p p l i c a t i o n s o f the above t e c h n i q u e s f o r d e t e r m i n i n g o r g a n o m e t a l l i c 
species of Pb, As, Sn, Cu, Zn and Cd are described and possi b l e f u t u r e 
work discussed. 
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1•1 The need f o r t r a c e metal s p e c i a t i o n 

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

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

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

e n v i r o n m e n t a l r e s e a r c h on t r a c e m e t a l s was based on an assessment o f 

t o t a l m e t a l c o n c e n t r a t i o n s . However i t has become i n c r e a s i n g l y 

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

be more i m p o r t a n t i n such s t u d i e s . The m o l e c u l a r c h a r a c t e r i s a t i o n , o r 

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

media have t h u s r e c e i v e d i n c r e a s i n g a t t e n t i o n ( 1 - 2 ) , p e u r t i c u l a r l y i n 

v i e w o f d e m o n s t r a t i o n s o f t h e i r b i o g e n i c f o r m a t i o n ( 2 - 4 ) a n d 

w i d e s p r e a d c o m m e r c i a l use (1,5,6). 

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

p a t h w a y s , t o x i c i t y and f a t e o f o r g a n o m e t a l l i c s i n t h e enviro.n^ment t o 

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

f o r e n s i c a p p l i c a t i o n s - W i t h t h i s g r o w i n g a w a r e n e s s h o w e v e r , new 

t e c h n i q u e s have had t o be d e v e l o p e d w h i c h c o u l d n o t o n l y d i s t i n g u i s h 

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

l e v e l s ( t y i c a l l y pg o r ng p e r m i l l i l i t r e ) , i n h i g h l y p o l a r s o l v e n t s , 

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

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

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

t r i m e t h y l a r s i n e , Me3As a n d i n c o n t r a s t , i n v o l a t i l e s o l v a t e d s p e c i e s 

s u c h as A 1 ( 0 H ) 4 - ( 7 ) - I n a d d i t i o n , t h e v a r i o u s s p e c i e s p r e s e n t i n a 
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sample a r e n o t n e c e s s a r i l y i n e q u i l i b r i u m w i t h each o t h e r , and even i f 

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

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

c h a n g e s a r e s l o w and t h e s e p a r a t i o n r a p i d , t h e d i s t u r b a n c e may be 

m i n i m a l . The a c t o f f i l t e r i n g samples may a l s o a f f e c t t h e e q u i l i b r i a 

by c h a n g i n g t h e c o n c e n t r a t i o n s o f d i s s o l v e d O2 and CO2 and by r e m o v i n g 

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

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

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

m e t a l c o n t a i n i n g compounds w h i c h overcome many o f t h e above p r o b l e m s , 

and have s u c c e s s f u l l y p r o v i d e d t h e methodology f o r many t r a c e m e t a l 

s p e c i a t i o n s t u d i e s . 

1.2 Bi o a c c a i m i l a t l o n t t o x i c o l o g y and t r a n s p o r t mechanisms 

A l t h o u g h t h e r e i s now e v i d e n c e t h a t o r g a n o m e t a l l i c compounds a r e 

f o r m e d i n t h e e n v i r o n m e n t , f o r example mercury m e t h y l a t i o n ( 8 ) , some 

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

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

e n v i r o n m e n t i n d i r e c t l y s u c h as l e a c h i n g f r o m o r g a n o t i n - b a s e d PVC 

s t a b i l i z e r s . The n e c e s s i t y o f c o n s i d e r i n g t h e d i r e c t t o x i c i t y o f 

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

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

be c o n s i d e r e d , s i n c e . o f t e n o r g a n i c d e r i v a t i v e s a r e o f g r e a t e r t o x i c i t y 

t h a n t h e i r p a r e n t i n o r g a n i c m e t a l s o r i o n s . The need f o r s p e c i a t i o n 

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

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

s t u d i e s o f t o x i c i t y o f m e t a l s on a q u a t i c o r g a n i s m s . The c o n t i n u o u s 

f o r m a t i o n o f c e r t a i n o r g a n o m e t a l l i c c o m pounds, v i a e n v i r o n m e n t a l 

m e t h y l a t i o n ( b i o m e t h y l a t i o n ) , even a t l o w l e v e l s , may r e s u l t i n f o o d 



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

man- P r o b a b l y t h e b e s t k n o w n i n c i d e n t o f t h i s n a t u r e o c c u r r e d a t 

Minamata Bay i n Japan. O r i g i n a l l y i n o r g a n i c mercury was r e l e a s e d i n 

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

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

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

t o m e t h y l m e r c u r y . As a r e s u l t o f t h i s 115 p e o p l e w e r e k i l l e d a n d 

many more l e f t p a r a l y s e d f o r l i f e . 

A l t h o u g h many e l e m e n t s a r e e s s e n t i a l t o l i f e , o f t e n t h e r e e x i s t s a 

f a i r l y n a r r o w " c o n c e n t r a t i o n window" between t h e e s s e n t i a l and t o x i c 

l e v e l s ( 9 ) . V a r i a t i o n i n t h e s p e c i a t i o n o f t r a c e m e t a l s however can 

d r a m a t i c a l l y a f f e c t t h e i r b i o a v a i l a b i l i t y o r t o x i c i t y . C h r o m i u m 

c l e a r l y d e m o n s t r a t e s t h i s e f f e c t - Chromium ( I I I ) b e i n g e s s e n t i a l f o r 

l i f e , w h e r e a s c h r o m i u m ( V I ) i s h i g h l y t o x i c - M o s t o f t h e u s a b l e 

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

a c i d complexes, sometimes known as t h e g l u c o s e t o l e r a n c e f a c t o r ( 9 , 

1 0 ) , a n d t h e o n l y a s s i m i l a b l e f o r m o f c o b a l t i s c o b a l a m i n ( V i t a m i n 

Bj^2^* O t h e r e l e m e n t s s h o w i n g t h i s t o x i c o l o g i c a l e f f e c t a r e a r s e n i c , 

a r s e n i c ( I I I ) b e i n g much more t o x i c t h a n As (V) o r i t s m e t h y l 

d e r i v a t i v e s , and i n c o n t r a s t t h e a l k y l compounds o f mercury and l e a d 

w h i c h a r e more t o x i c t h a n t h e i n o r g a n i c f o r m s and e s p e c i a l l y dangerous 

due t o t h e i r l i p i d s o l u b i l i t y ( 1 1 ) . 

The t o x i c i t y o f a p a r t i c u l a r d i s s o l v e d m e t a l s p e c i e s t o w a r d s a q u a t i c 

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

b i o l o g i c a l membrane ( 1 2 ) . The a b i l i t y o f a m e t a l i o n t o c r o s s t h e 

membrane and r e a c t w i t h c e l l components depends on t h e d i r e c t l i p i d -

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



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

membrane t r a n s p o r t . M e t a l - p r o t e i n i n t e r a c t i o n s l e a d i n g t o c a r r i e r -

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

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

s i m p l e s t c h e m i c a l f o r m e.g Cu(H2 0 )42'*"/ CuCl"*" o r Cu(OH)+ (12). F o r 

t e r v a l e n t and t r i v a l e n t i o n s s u c h as Fe ( I I I ) , h o w e v e r , t h e m o s t 

b i o a v a i l a b l e f o r m may be an o r g a n i c complex, because h y d r o l y s i s and 

p o l y m e r i z a t i o n c o u l d r e n d e r t h e f r e e i o n i n a c t i v e ( 1 3 ) . I n some 

c a s e s , k i n e t i c s r a t h e r t h a n t h e r m o d y n a m i c s may d i c t a t e t h e 

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

a p p e a r s t o be A l ( 0 H ) 2 ^ ' w h i c h has b e e n shown t o be t h e k i n e t i c a l l y -

f a v o u r e d s p e c i e s i n t h e r e a c t i o n b e t w e e n a l u m i n i u m ( I I I ) a n d a 

h y d r o x y a z o compound (14). I n g e n e r a l , t h e r e a c t i o n o f m e t a l i o n s w i t h 

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

e x p l a i n e d by s i m p l e d i f f u s i o n models (15). 

M o s t f r e s h w a t e r s h a v e a pH w h i c h i s i n t h e c r i t i c a l r a n g e f o r t h e 

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

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

d e s o r p t i o n ( 1 6 ) . T h e r e i s l i t t l e d o u b t t h a t f o r many h e a v y m e t a l s a 

m a j o r f r a c t i o n o f t h e d i s s o l v e d m e t a l i n f r e s h w a t e r s e x i s t s as 

s p e c i e s adsorbed on c o l l o i d a l h u m i c a c i d and c o l l o i d a l p a r t i c l e s o f 

i r o n o x i d e c o a t e d w i t h h u m i c a c i d ( 1 7 ) . Even a t l o w pH i t has b e e n 

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

o v e r 5 0 % o f c o p p e r p r e s e n t was a s s o c i a t e d w i t h c o l l o i d a l o r g a n i c 

m a t t e r (18). I n f r e s h w a t e r w i t h a h i g h o r g a n i c c o n t e n t , m o l e c u l a r 

c o m p l e x e s o f h e a v y m e t a l s w i t h f u l v i c and t a n n i c a c i d s may a l s o be 

f o r m e d (19). I n t h e f r e s h w a t e r / s e a w a t e r m i x i n g zone o f e s t u a r i e s , 

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



h y d r o u s o x i d e s o f i r o n and manganese r e s u l t i n t h e t r a n s f e r o f much o f 

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

s e d i m e n t (20,21). The r i v e r w a t e r i s t h u s e f f e c t i v e l y a scavenger o f 

t r a c e heavy m e t a l s - A f r a c t i o n o f t h e most s t a b l e p r e c i p i t a t e d f o r m s 

w i l l s t a y i n s o l u t i o n as c o l l o i d a l p a r t i c l e s and be t r a n s p o r t e d t o t h e 

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

s t a b l e c o l l o i d s a r e l i k e l y t o be i r o n and manganese o x i d e s a n d c l a y 

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

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

c o pper, l e a d , cadmium and z i n c i n s e a w a t e r ( 2 2 ) . Most computer models 

o f s p e c i a t i o n i n sea w a t e r have used s i l i c a as a model a d s o r b e n t ( 2 3 ) . 

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

c o a t e d w i t h humic a c i d , nor does i t have t h e same a d s o r p t i o n c a p a c i t y 

( 2 4 ) . The f o r m a t i o n o f s i m p l e , m o l e c u l a r o r g a n i c c o m p l e x e s o f 

b i v a l e n t heavy m e t a l s i n sea w a t e r i s u n l i k e l y because o f c o m p e t i t i o n 

by c h l o r i d e , magnesium and i r o n ( I I I ) . 

1.3 A n a l y t i c a l approaches t o m e t a l s p e c i a t i o n 

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

s p e c i a t i o n o f t r a c e e l e m e n t s has been r e c o g n i s e d , advances have been 

s l o w due t o t h e l a c k o f s u i t a b l e s p e c i a t i o n t e c h n i q u e s . V a r i o u s 

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

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

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

s o l u t i o n . Ion-exchange and s o l v e n t e x t r a c t i o n have a l s o been employed 

p r i n c i p a l l y t o s e p a r a t e o r g a n i c a l l y bound f o r m s f r o m aqueous s o l u t i o n . 

More r e c e n t l y v a r i o u s b i o c h e m i c a l systems have a l s o been r e p o r t e d , f o r 

example enzyme s o l u b i l i z a t i o n w h i c h e x p l o i t s t h e s e l e c t i v e n a t u r e o f 

b i o l o g i c a l systems. 



I n many e a r l y a t t e m p t s a t m e t a l s p e c i a t i o n h o w e v e r t w o a n a l y t i c a l 

t e c h n i q u e s p r e d o m i n a t e d ; a n o d i c s t r i p p i n g v o l t a m e t r y (ASV) a n d 

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

t w o c a t e g o r i e s : e l e c t r o a c t i v e (aquo i o n s and " l a b i l e " complexes) and 

e l e c t r o i n a c t i v e ( o r g a n i c c o m p l e x e s a n d c o l l o i d a l s p e c i e s ) . 

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

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

s m a l l e s t pore s i z e a r e g e n e r a l l y t a k e n t o be f r e e m e t a l i o n s o r s m a l l 

c o m p l e x e s (25). 

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

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

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

merc u r y d r o p whereas o t h e r f o r m s a r e . By c h a n g i n g s o l u t i o n c o n d i t i o n s 

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

( t h e o r e t i c a l l y ) be a b l e t o make i n f e r e n c e s a b o u t m e t a l s p e c i a t i o n - i n 

a manner s i m i l a r t o t h e way one o b t a i n s i n f o r m a t i o n o n c o m p l e x 

f o r m a t i o n f r o m c o n v e n t i o n a l p o l a r o g r a p h y , e x c e p t a t much l o w e r 

c o n c e n t r a t i o n s . B r e z o n i k ( 2 6 ) g i v e s an e x a m p l e o f t h i s w h e r e 

c o m p l e x a t i o n o f m e t a l s w i t h weak o r g a n i c a c i d s such as EDTA and amino 

a c i d s i s pH dependent, and t h e s t r e n g t h o f c o m p l e x a t i o n i n c r e a s e s w i t h 

pH. S i n c e most known o r g a n i c complex f o r m e r s i n n a t u r a l w a t e r s a r e 

weak a c i d s a l t s , t h e i n f e r e n c e i s g e n e r a l l y made t h a t m e t a l - o r g a n i c 

i n t e r a c t i o n s o c c u r i n s i t u u n d e r n e u t r a l o r a l k a l i n e c o n d i t i o n s b u t 

u n d e r a c i d i c pH (pH < 3) c o n d i t i o n s t h e m e t a l s e x i s t as t h e f r e e 

h y d r a t e d s p e c i e s . Most m e t a l - o r g a n i c complexes a r e t h o u g h t t o be .non­

r e d u c i b l e a t t h e mercury e l e c t r o d e and hence n o t measureable by ASV. 

The d i f f e r e n c e i n peak c u r r e n t under a m b i e n t ( n e u t r a l ) c o n d i t i o n s and 

u n d e r a c i d i c (pH <3) c o n d i t i o n s h a s t h e n b e e n i n t e r p r e t e d ( 2 7 ) as 



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

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

l a b i l e " complexes o f some u n d e t e r m i n e d n a t u r e (27). 

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

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

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

c o n d i t i o n s t h a n a t n e u t r a l o r a l k a l i n e pH (e.g. c h e l a t i n g a c i d s a l t s 

such as amino a c i d s ) , o r f o r m s complexes i n d e p e n d e n t o f pH ( a t l e a s t 

w i t h i n a b r o a d pH r a n g e ) . Secondly i n t h e p r e s e n c e o f s u r f a c e a c t i v e 

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

m e t a l i o n d e p o s i t i o n o r m e t a l o x i d a t i o n . I f s o r p t i o n e f f e c t s a r e pH 

dependent, w h i c h seems l i k e l y f o r s u r f a c e a c t i v e s ubstances o c c u r i n g 

i n n a t u r a l w a t e r s , i n t e r p r e t a t i o n o f ASV r e s u l t s i n t e r m s o f m e t a l 

s p e c i a t i o n w i l l be i n e r r o r -

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

(CSV) has been r e p o r t e d ( 2 8 ) b a s e d on t h e a p p a r e n t a d s o r p t i v e 

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

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

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

a d s o r b e d on t o t h e HMDE- The s e n s i t i v i t y o f t h i s t e c h n i q u e i s 

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

monomolecular l a y e r on t h e e l e c t r o d e . A r e d u c t i o n e f f i c i e n c y o f 100% 

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

o f t h e o r d e r o f 1 0 ~ ^ ^ M a f t e r t w o m i n u t e s c o l l e c t i o n . A f u r t h e r 

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

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

can be d e t e r m i n e d v o l t a m m e t r i c a l l y , w i t h o u t t h e n e c e s s i t y ( f o r ASV) o f 



r e d u c t i o n t o t h e m e t a l l i c s t a t e . The m e t h o d has been c a l l e d CSV 

because o f t h e c a t h o d i c d i r e c t i o n o f t h e c u r r e n t , b u t i t has a l s o been 

c a l l e d a d s o r p t i o n v o l t a m m e t r y (29 ) . 

One o f t h e m a i n p r o b l e m s w i t h t e c h n i q u e s s u c h as ASV, s o l v e n t 

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

m e t a l t o d i s s o c i a t e f r o m m e t a l complexes o r c o l l o i d a l p a r t i c l e s as a 

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

i n t e r f a c e i n ASV ( 3 0 ) o r t h e c o n c e n t r a t i o n g r a d i e n t a c r o s s t h e 

m e m b r a n e - s o l u t i o n i n t e r f a c e i n u l t r a f i l t r a t i o n and d i a l y s i s (3 1 ) . 

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

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

t h e o r i g i n a l s o l u t i o n e q u l i b r i a w i l l be d i s t u r b e d by t h e p r o c e d u r e , 

w h a t e v e r t h e a n a l y t i c a l pH ( 3 2 ) . W i t h CSV t h i s r e s t r a i n t w o u l d n o t 

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

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

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

o f t h e complex. Thus no d i s s o c i a t i o n o f t h e n a t u r a l o r g a n i c complexes 

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

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

p r e s e n t t i m e . 

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

w h i c h overcomes t h e above p r o b l e m s and w h i c h i s e q u a l l y s u i t a b l e f o r 

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

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

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

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



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

1.4 The advantage o f c o i j ^ l e d s y s t ems 

The e s s e n t i a l s i m p l i c i t y o f 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 (AAS) has 

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

t r a c e - m e t a l m o n i t o r i n g . However, u n l e s s preceeded by t i m e consuming 

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

any i n f o r m a t i o n as t o t h e s p e c i e s i n w h i c h t h e m e t a l s a r e bound. 

C h r o m a t o g r a p h y , p a r t i c u l a r l y gas c h r o m a t o g r a p h y (GO a n d h i g h -

p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y (HPLC) on t h e o t h e r h a n d , o f f e r 

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

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

t o a c h i e v e una b i g u o u s l y when w o r k i n g w i t h complex samples. Hence, 

r e c e n t l y t h e r e has been a g r o w t h i n h y b r i d c h r o m a t o g r a p h i c - a t o m i c 

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

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

c l e a n - u p and a n a l y s i s . I f t w o s p e c i e s c o - e l u t e and o n l y one c o n t a i n s 

t h e m e t a l o f i n t e r e s t , t h e use o f m e t a l - s p e c i f i c d e t e c t i o n means t h a t 

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

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

s p e c i e s c o n t a i n i n g t h e m e t a l o f i n t e r e s t b e i n g necessary. 

The c h o i c e o f w h i c h a n a l y t i c a l t e c h n i q u e t o c o u p l e i s i n f l u e n c e d by a 

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

p r a c t i c a l c o n s i d e r a t i o n s s u c h as economy o f o p e r a t i o n . S e v e r a l 

s u c c e s s f u l c o u p l e d GC-FAAS (33) and c o u p l e d i n d u c t i v e l y c o u p l e d plasma 

(ICP) AES (34) systems have been d e v e l o p e d and a p p l i e d t o a v a r i e t y o f 

p r a c t i c a l a n a l y t i c a l p r o b l e m s . H o w e v e r , a l t h o u g h c o u p l e d G C - a t o m i c 



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

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

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

gas c h r o m a t o g r a p h y i s l i m i t e d t o v o l a t i l e s p e c i e s w h i l s t t h e m a j o r i t y 

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

s p e c i e s . 

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

w i d e r range o f s p e c i e s . The a i m o f t h i s work was t h e r e f o r e t o d e v e l o p 

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

s p e c i a t i o n i n a range o f samples by d i r e c t l y c o u p l e d h i g h - p e r f o r m a n c e 

l i q u i d c h r o m a t o g r a p h y - a n a l y t i c a l a t o m i c s p e c t r o s c o p y . Emphasis has 

been p l a c e d upon t h e use o f a c o n t i n u o u s d e t e c t o r , w h i c h p a r a l l e l s t h e 

work done w i t h GC-AAS (34) i n w h i c h a p p r o p r i a t e o p t i m i s a t i o n o f a f l a m e 

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

e l e c t r o t h e r m a l a t o m i s e r s . The p r a c t i c a l p r o b l e m s a s s o c i a t e d w i t h 

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

s e n s i t i v e c o n v e n t i o n a l f l a m e AAS c o u p l i n g , by c o l l e c t i n g t h e HPLC 

e f f l u e n t i n an a u t o - s a m p l e r , and t h e n making d i s c r e t e i n j e c t i o n s o f 

t h e sample i n t o an e l e c t r o t h e r m a l a t o m i s e r , have been overcome. 
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CHAPTER 2 

CODPLEP GAS CHROMATOGRAPHY-ATOMIC SPECTROSCOPY 

2 .1 S e p a r a t i o n by gas chromatography 

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

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

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

b e i n g b e t w e e n gas a n d l i q u i d o r gas and s o l i d . I f t h e s t a t i o n a r y 

p h a s e i s a s o l i d , we s p e a k o f g a s - s o l i d c h r o m a t o g r a p h y (GSC), a n d i f 

t h e s t a t i o n a r y p h a s e i s a l i q u i d , g a s - l i q u i d c h r o m a t o g r a p h y , (GLC). 

I n t h e l a t t e r o f t h e s e t w o t e c h n i q u e s t h e l i q u i d i s s p r e a d as a t h i n 

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

p a r t i t i o n i n g o f t h e sample i n and o u t o f t h i s l i q u i d f i l m . The w i d e 

range o f l i q u i d phases w i t h u s a b l e t e m p e r a t u r e s up t o a p p r o x i m a t e l y 

400 °C make GLC t h e m o s t v e r s a t i l e a n d s e l e c t i v e f o r m o f gas 

chr o m a t o g r a p h y , and c o n s e q u e n t l y t h e f o r m used i n t h i s work. 

The t h e o r y o f s e p a r a t i o n by gas c h r o m a t o g r a p h y has been e x t e n s i v e l y 

r e v i e w e d i n a number o f p u b l i c a t i o n s (35 - 3 7 ) . H o w e v e r , a b r i e f 

o v e r v i e w o f t h e main p r i n c i p l e s i n v o l v e d is g i v e n below. 

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

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

c o n c e r n e d w i t h p e a k b r o a d e n i n g o f an i n i t i a l l y c o m p a c t b a n d as i t 

p a s s e s t h r o u g h t h e c o l u m n . I t c a n be m e a s u r e d by t h e number o f 

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

chromatogram. N i s g i v e n by 16 ( x / y ) ^ , where "y" i s t h e l e n g t h o f t h e 

b a s e l i n e c u t by t h e t w o t a n g e n t s , a n d "x" i s t h e d i s t a n c e f r o m 
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i n j e c t i o n t o peak maximum ( i n c l u d i n g t h e dead-volume). 

Injection 

F i g u r e 1 C a l c u l a t i o n o f t h e o r e t i c a l p l a t e s 

Many f a c t o r s a f f e c t c o l u m n e f f i c i e n c y and m o s t o f t h e s e h a v e been 

e v a l u a t e d by t h e i r e f f e c t on N, o r t h e h e i g h t e q u i v a l e n t t o a 

t h e o r e t i c a l p l a t e , HETP. T h i s i s r e l a t e d t o N by: 

HEFT = L/N 

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

c e n t i m e t r e s . KEPT c a l c u l a t i o n a l l o w s c o m p a r i s o n s between columns o f 

d i f f e r e n t l e n g t h s and i s t h e p r e f e r r e d measure o f column e f f i c i e n c y . 

The Rate Theory o f Van Deemter (38) and i t s e x t e n s i o n by G l u e c k a u f ( 3 9 ) 

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

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

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

( b ) m o l e c u l a r d i f f u s i o n , a n d ( c ) r e s i s t a n c e t o mass t r a n s f e r . F r o m 

t h e s e a b a s i c e q u a t i o n c a n be d e r i v e d ( 3 8 ) f o r t h e h e i g h t e q u i v a l e n t 

t o a t h e o r e t i c a l p l a t e i n a g a s - l i q u i d column: 

KEPT = A + B/u + C . u 

w h e r e A, B and C a r e t h e t e r m s g i v e n a b o v e , and u t h e l i n e a r gas 

v e l o c i t y ( o r f l o w r a t e ) t h r o u g h t h e c h r o m a t o g r a p h i c column. 

S o l v e n t e f f i c i e n c y , o r r e l a t i v e r e t e n t i o n (a) r e s u l t s f r o m t h e s o l u t e -

s o l v e n t i n t e r a c t i o n a nd d e t e r m i n e s t h e r e l a t i v e p o s i t i o n o f s o l u t e 
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bands on a chromatogram. I t i s e x p r e s s e d as t h e r a t i o o f peak maxima 

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

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

t e m p e r a t u r e . 

S o l v e n t E f f i c i e n c y 

X r e t e n t i o n Volume ( U n c o r r e c t e d ) 

X^* A d j u f l t e d R e t e n t i o n volume 

A i r 

S e p a r a t i o n F a c t o r 

F i g u r e 2 C a l c u l a t i o n of s o l v e n t e f f i c i e n c y 

There a r e f o u r I n t e r a c t i o n f o r c e s w h i c h can a i d i n t h e GC s e p a r a t i o n : 

( i ) o r i e n t a t i o n o r Keesom f o r c e s , ( i i ) i n d u c e d d i p o l e , o r Debye 

f o r c e s , ( i i i ) d i s p e r s i o n , London o r n o n - p o l a r f o r c e s , and ( i v ) 

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

complex f o r m a t i o n between s o l u t e and s o l v e n t s ( 4 0 ) . These f o r c e s o f 

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

a c h i e v e d - T h e i r c o m b i n e d e f f e c t s a r e e x p r e s s e d by t h e p a r t i t i o n 

c o e f f i c i e n t k, where 

_ amount o f s o l u t e p e r u n i t volume o f l i q u i d phase 
amount o f s o l u t e u n i t volume o f gas phase 

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

l i q u i d p h a s e . T h i s means t h a t t h e s u b s t a n c e moves s l o w l y down t h e 

column because o n l y a s m a l l f r a c t i o n w i l l be i n t h e c a r r i e r gas a t any 

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

t h a t f r a c t i o n i n t h e gas p h a s e i s c a r r i e d t h r o u g h t h e c o l u m n . T h u s , 
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s e p a r a t i o n b e t w e e n t w o compounds i s p o s s i b l e , i f t h e i r p a r t i t i o n 

c o e f f i c i e n t s a r e d i s s i m i l a r . The g r e a t e r t h e d i f f e r e n c e i n t h e i r k 

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

r e q u i r e d t o a c h i e v e a s e p a r a t i o n . 

2.2 A v a i l a b l e d e t e c t o r s f o r m e t a l l i c s p e c i e s 

F o r t h e d e t e r m i n a t i o n o f m e t a l s p e c i e s by GC, t h e i d e a l d e t e c t o r 

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

a n a l y t e m e t a l - I n g e n e r a l , e l e c t r o n c a p t u r e , f l a m e i o n i z a t i o n a n d 

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

GC and mass s p e c t r o m e t r y p r o v i d e s h i g h s e n s i t i v i t y and s e l e c t i v i t y b u t 

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

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

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

b a s e d on m i c r o w a v e e x c i t a t i o n h a v e b e e n d e s c r i b e d ( 4 1 ) a n d a r e 

c o m m e r c i a l l y a v a i l a b l e - O v e r a l l , t h e r e q u i r e m e n t f o r s p e c i f i c i t y and 

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

s e l e c t i v e GC d e t e c t i o n . 

2.2.1 Choice o f s p e c t r o s c o p i c t e c h n i q u e as d e t e c t o r 

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

c o n j u n c t i o n w i t h gas c h r o m a t o g r a p h y . These i n c l u d e t h e a b i l i t y t o 

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

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

need be s e p a r a t e d , and i m p o r t a n t l y , i n c r e a s e d s e n s i t i v i t y t o m e t a l s 

c o m p a r e d w i t h c o n v e n t i o n a l GC d e t e c t o r s . Each o f t h e a t o m i c 

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

d i s a d v a n t a g e s , a l t h o u g h a l l have t h e a t t r i b u t e s l i s t e d above. 
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Flame atomic absorption sepctroscopy (FAAS) has the advantage of 

s i m p l i c i t y and well understood mode of operation. The instrumentation 

i s r e l a t i v e l y inexpensive and readily available in most laboratories. 

Flame atomic absorption i s also noted for i t s excellent s e l e c t i v i t y . 

Absorption techniques do however s u f f e r from s h o r t l i n e a r ranges, 

normally 1 - 2 orders of magnitude. The detection l i m i t s reported for 

flame systems are also i n f e r i o r to those achieved using electrothermal 

atomisation (ETA-AAS) although such instrumentation i s more expensive, 

and i s not designed to take a continuous sample stream. Atomic 

fluorescence spectroscopic detectors offer an improvement i n detection 

l i m i t s and an extended working range compared to AAS, although the 

detectors are not so read i l y available. 

The alternative to the above techniques i s the use of plasma emission. 

These techniques have extensive l i n e a r working ranges, although do not 

give such low detection l i m i t s p a r t i c u l a r l y when compared to ETA-AAS. 

Although the excitation c e l l s , being comprised of flowing gas streams, 

are w e l l s u i t e d for i n t e r f a c i n g with a GC, such i n s t r u m e n t a t i o n i s 

expensive both in c a p i t a l outlay and running costs. 

From the above c o n s i d e r a t i o n s , i t was decided to c e n t r e most 

development around interfaces for FAAS, both for GC couplings and HPLC 

couplings in l a t e r chapters. However, applications of a l l the various 

atomic s p e c t r o s c o p i c d e t e c t o r s are o u t l i n e d i n S e c t i o n 2.3 and 

p a r t i c u l a r d e t a i l to the theory and a p p l i c a t i o n s of coupled ETA-AAS 

systems given i n Chapter 4. 
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2 .3 Review of e x i s t i n g d i r e c t l y coupled gas chromatography'^tomic 

spectroscopy techniqttes» and t h e i r applications 

There are many applications in the l i t e r a t u r e for the various coupled 

gas chromatography - atomic spectroscopy techniques o u t l i n e d above. 

The review below d e t a i l s many of these with p a r t i c u l a r emphasis to the 

design of the interface used i n each case. 

2.3-1 Coupled gas chromatography - microwave induced plasma 

The microwave induced plasma, MIP, has two basic c h a r a c t e r i s t i c s which 

may be u t i l i s e d when coupling to GC. The low gas temperature of the 

MIP a l l o w s s m a l l amounts of sample, compatible with t h a t of gas 

chromatograph s o l u t e s , to be introduced without e x t i n g u i s h i n g the 

plasma. In addition, sample introduction i s e a s i l y f a c i l i t a t e d since 

the c a r r i e r gas and plasma gas are the same. These advantages have 

made coupled GC-MIP a popular technique and many a p p l i c a t i o n s have 

been reported - Table 1. 

The f i r s t use of the MIP as an element s e l e c t i v e detector for organic 

compounds was reported by McCormack et a l . i n 1965 (41). The effluent 

from a gas chromatograph was connected d i r e c t l y to the s i l i c a tube 

c o n t a i n i n g the plasma discharge. Both the more s e n s i t i v e tapered 

c a v i t y and c o a x i a l c a v i t y for l a r g e r samples were used. Two plasma 

types were u t i l i s e d : low pressure helium and atmospheric argon, the 

l a t t e r being favoured due to the complexity of the associated vacuum 

systems required with low pressure helium plasmas. Later Buche and 

L i s k used the atmospheric argon plasma to determine p e s t i c i d e s i n 

various samples by s e l e c t i v e detection of phosphorus (42) and iodine 

(43). Using a low pressure argon plasma the same authors lowered the 

d e t e c t i o n l i m i t by a f u r t h e r order of magnitude (44). The more 
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e n e r g e t i c reduced p r e s s u r e helium plasma has been used f o r the 

determination of halogens, phosphorus and sulphur using atomic l i n e s 

(45,47). Moye (46) found that using a tapered rectangular cavity with 

a mixed argon/helium c a r r i e r , a lower background emission f or 

chlorine, iodine and phosphorus detection i n pesticide residues could 

be obtained. Dagnall ejb a l . (48,49) used a quarter wave r a d i a l cavity 

with low p r e s s u r e argon or helium plasmas f o r the determ i n a t i o n of 

sulphur i n v a r i o u s compounds* I t was found t h a t the most s e n s i t i v e 

and s p e c i f i c e m ission wavelength was not the same for a l l the 

compounds examined. I n a d d i t i o n t h i o g l y c o l i c a c i d was found to be 

very d i f f i c u l t to fragment (48) although a platinum wire i n the base 

of the detector was found to catalyse the fragmentation process (49). 

Bache and L i s k (53) were the f i r s t to use the low p r e s s u r e helium 

plasma for detection of organomercury compounds after extracting the 

compounds from salmon usi n g the e s t a b l i s h e d procedures of WestdO 

(51,52). A p o t e n t i a l use of the MIP detec t o r f or o b t a i n i n g i n t e r -

element r a t i o has been reported by Dagnall et^ a l . (55), u s i n g two 

monochromators, one set at a carbon l i n e and the other set to monitor 

a heteroatom. Other workers (61,77,83) have a l s o used the MIP 

detector to determine inter-element r a t i o s i n an attempt to estimate 

e m p i r i c a l formulae. The com m e r c i a l l y a v a i l a b l e MPD850 (Applied 

Chromatography Systems) low p r e s s u r e helium plasma system has a l s o 

been used i n t h i s r o l e (76,77). However Dingjan and De Jong (100) 

found i t was necessary to use a reference compound i f accurate r a t i o 

formulae were to be obtained. An o s c i l l a t i n g s l i t mechanism for the 

determination of hydrogen isotope r a t i o s has been used by Schwarz et 

a l . (82), but the poor s i g n a l to noise r a t i o s obtained gave poor 

precisions. 
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The passage of organic compounds throuc^ the plasma however may r e s u l t 

i n the formation of carbon d e p o s i t s on the w a l l s of the quartz 

c a p i l l a r y , absorbing part of the radiation and increasing background 

emission ( 4 1 ) . This can be prevented by either i n i t i a t i n g the plasma 

a f t e r the s o l v e n t has passed through the detec t o r ( 4 2 ) , or by adding 

t r a c e s of a scavenging gas- The gas may be e i t h e r nitrogen ( 6 1 ) , 

oxygen ( 6 1 , 6 2 ) or a i r ( 4 1 ) added to the plasma gas; however as a 

r e s u l t the spectral background i s considerably increased. 

The MIP has proved popular as a de t e c t o r for v a r i o u s metal c h e l a t e s 

( 5 8 , 6 0 , 6 2 , 6 9 ) , and a l s o as a de t e c t o r f or v a r i o u s hydride forming 

e l e m e n t s ( 6 8 , 7 5 , 8 7 , 8 8 ) . T a l a m i and B o s t i c k ( 6 8 ) d e t e r m i n e d 

a l k y l a r s e n i c a l a c i d compounds i n p e s t i c i d e s by generating t h e i r 

hydrides p r i o r to GC-MIP a n a l y s i s - The s e p a r a t i o n and s e q u e n t i a l 

detection of As, Ge, Se, Sn and Sb hydrides has also been demonstrated 

usin g a mixed argon/helium plasma ( 7 8 , 8 7 , 8 8 ) - L i t t l e d i f f e r e n c e i n 

detection l e v e l s have been found using various c a v i t i e s for microwave 

plasmas by Mulligan et^ a l . ( 8 5 ) , althouc^i the Beenakker T M Q ^ Q cavity 

was found to be the e a s i e s t to operate. T h i s method was used to 

determine the above hydride forming elements i n whole blood and 

enriched flour ( 8 7 ) and NBS orchard leaves ( 8 7 , 8 8 ) -

Coupled GC-MIP has also been used for the detection of various metals 

in v o l a t i l e organometallic compounds. Lead has been determined as the 

t e t r a a l k y l s p e c i e s ( 7 9 , 8 0 ) , i n p e t r o l ( 1 0 4 , 1 0 6 ) , i n the atmosphere 

( 8 0 ) , and as t r i a l k y l l e a d c h l o r i d e i n water samples ( 1 0 1 ) - Mercury as 

the diphenyl ( 7 9 ) , dimethyl and d i e t h y l d e r i v a t i v e s ( 9 8 ) have been 

detected u s i n g the T M Q I O ' c a v i t y . Quimby e_t a l ^ ( 7 9 ) used the same 

cavity to determine manganese as the methylcyclopentadienyltricarbonyl 
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d e r i v a t i v e i n p e t r o l and as a s i l i c o n s p e c i f i c d e t e c t o r f o r 

t e t r a v i n y l s i l a n e . The coupling of c a p i l l a r y columns with the T M Q I Q 

c a v i t y has a l s o been demonstrated with great success f or metal 

s p e c i f i c d e t e c t i o n of v o l a t i l e o r g a n o m e t a l l i c s (90,101,104). I n a 

study of the pyrolysis of carborane s i l i c o n e polymers (102) the group 

at Amherst found that doping of the plasma gas with hydrogen inhibited 

oxide or s i l i c a t e formation by promoting borohydride formation, which 

i n c r e a s e d the populations of atomic boron r a t h e r than i o n i c s t a t e s . 

Hanie et^ a l . (94) have a l s o used c a p i l l a r y columns f o r the 

determination of h a l i d e s i n p e s t i c i d e s u s i n g a helium plasma and a 

surfatron c a v i t y (93). 

Recent developments of coupled GC-MIP systems have largely been based 

on the development of sof t w a r e for both systems c o n t r o l and data 

handling. One such system d e s c r i b e d by Eckhoff e t a l . ( 107) uses a 

polychromator/microcomputer system to s i m u l t a n e o u s l y monitor four 

atomic emission wavelengths throughout an entire chromatographic run. 

The same system has a l s o been used by Hass and Caruso (114) as an 

element s p e c i f i c d e t e c t o r for the gas chromatography of halogenated 

compounds. Delaney and Warren (109) have used a minicomputer to 

modify the i n t e r f a c e d e s c r i b e d by E s t e s e t a l . (10 1), so t h a t i n 

a d d i t i o n to c o n t r o l l i n g the s w i t c h i n g v a l v e s i t a l s o c o n t r o l s the 

monochromator wavelength set t i n g and acquires the a n a l y t i c a l data the 

MFD and FID monitor. 

F i n a l l y a number of authors (107,109,114) have postulated the use of 

GC-MIP for determining i n t e r e l e m e n t r a t i o s (and p o s s i b l y e m p i r i c a l 

formulas) by measuring the systems response to several elements. The 

need for c a r e f u l c o n t r o l over the experimental c o n d i t i o n s has been 
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stressed since i t i s necessary to quantify the response obtained for 

each element individually and to ensure the response i s independent of 

chemical form. The imprecision between i n j e c t i o n s i s also c i t e d as a 

major problem in determining interelement r a t i o s . However i t has been 

suggested (109) that the use of c a p i l l a r y gas chromatographic columns, 

computerised data acquisition and peak area measurements may improve 

the precision and accuracy attained. A recent publication by Hass and 

Caruso (114) has now reported the determination of C/Cl r a t i o s with 

<1% error i n the i r study of dioxins and other halogenated compounds. 

The above and other work i n coupled GC-MIP systems are summarized i n 

Table 1. 
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Tabl© I Coopl«d C u C h r e o a t o g r a p h y - Microwave In d u c e d P l a a u O p t i c a l EiU-soion S p e c t r o s c o p y 

Chrcna t o q r a pby n a t r U 
B l e w n t 

i U a v e l e o g t h / Reference 

Tapered and c o - a x i a l 

c a v i c i e s used, t h e 

f o r a e r aore a e n a i s i v e , 

Che l a t t e r a c c e p t e d 

l a r g e r s a s p l e a . 10 c=a. 

i . d . d i s c h a r g e t u b e a t 

l o v p r e s s u r e . 

S o l u t i o n s o f s t a p l e 

and h e t e r o a t o o 

c o n t a i n i n g o r g a n i c 

cocpounds. 

At low p r e s s u r e He uas 

th e p r e f e r r e d c a r r i e r 

gas. A t a t o o s . 

p r e s s u r e Kr vas used 

s i n c e i t gave a s t a b l e 

d i s c h a r g e . Dynaiaic 

range 4 o r d e r s o f 

a a g n l t u d e . D e t e c t i o n 

l i o i t s r a nged between 

2 X 10-'^ t o 2 X l o ' ^ 

g/sec 

C 
388.3 na 

516.6 run 
251.6 no 

CI 
278.8 na 

Br 
298.5 na 

206.2 na 

257.5 na 

A t o o s . p r e s s u r e Ar 

1 c=a i . d . q u a r t z 

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

t a p e r e d c a v i t y 

2' g l a s s 'U' c o l u n n . 

5 era i . d . 5% SZ 30 

on 80/100 Chrooo-

Borb w 

tf. - 160-200 

Ar - 20-115 B l / o l n 

used. 

Organophosphorus 

i n s e c t i c i d e r e s i d u e s 

i n p u r e f o r o . 

a g r i c u l t u r a l * f o o d 

s a a p l e s . 

O i a z i n o n O i n e t h o a t e , 

E c h i o n P a r a t h i o n and 

Ronnel d e c e m i n e d . 

D e t e c t i o n H a l t s 

ranged between 1.4 t o 

9.2 pg - I 

253.565 na 

42 

As i n r e f • 42 See r e f . 42 l o d l n a t e d h e r b i c i d e 

r e s i d u e s and n e t a -

b o l i t c s i n wheat, o a t s 

and s o i l . 

D e t e c t i o n o f l o n y n i l 

and D c t a b o l i t e s 

K c c o v o r i e s f r o n 66-

108% a c h i e v e d . 

D e t e c t i o n l i o l t 

4 X 10"^°g s'^ 

206.2 ns 
I , band 

As i n r e f . 42 ex c e p t 

reduced p r e s s u r e Ar 

p l a s o a . 

See r e f . 42 D i a z i n o n Ln grapes: 

see r e f . 42 

Sec r e f . ' 4 2 a c h i e v e d 

i n c r e a s e d s e n s i t i v i t y 

w i c h l o w p r e s s u r e 

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

l i m i t 6 X 10*'^ g s"' 

253.565 na 
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C h r c B a t o g r a p h y t u t r i x Cooen t s B l e a e n t R e f e r e n c e 

Reduced p r e s s u r e 

h e L i u a p l d s a a u s i n g 

capered c a v i t y . 5-10 

=3. Hg p r e s s u r e . 

6' g l a s s c o l u s n 10% 

DC-200 on 80/100 aesh 

Gas Chroo Q, 

I s o L h t i r o a l ac v a r i o u s 

T- - ISO^C t o 210<*C. 

O r g a n i c cocpounds and 

p e s t i c i d e s 

D e t e c t i o n U n i t ! 

ranged between 

9 X 10-'2 t o 

6 K 10 • 1 1 . 

Br 
478.55 na 

C I 
4 7 9 . 4 5 na 

533.82 na 

253.57 tin 

545.38 tU3 

Ar/He {15 * 95) a i x e d 4' x L/S" i . d . g l a a s , 

pLasoa, t a p e r e d c a v i t y 5% S£ 30 on Gas Chroa. 

as l o n g e r l i f e - t i a e s 

and l e s s background 

e a i s s i o n o b t a i n e d . 

0 

Tj. - 180°C, 

T j - 2 I 5 O C 

Flow r a t e - 27 o l 

P e s t i c i d e r e s i d u e s o f 

v a r i o u s P, C l and I 

c o n t a i n i n g ccxapounds. 

D e t e c t i o n l i a i t s 

r anged between 0.07 ng 

t o 11.5 ng 

253.57 na 

C l 
22 1 . 0 0 run 

206.20 ns 

Reduced p r e s s u r e 

h e l i u a p l a s a a 

6' X l / B " i . d . g l a s s , 

10* DC-200 on 100/120 

aesh Gas Chroo. Q, 

Phenol s u b s t i t u t e d 

i n s e c t i c i d e s i n 

a g r i c u l t u r a l s a a p l e s . 

M o n i t o r e d a t c a i c S and 

C l l i n o s . 

C l 
4 7 9 . 4 5 ma 

545.38 no 47 

1/4 \ r a d i a l l i n e 

c a v i t y , Ar o r He low 

p r e s s . <13-40 o b a r ) 

p l a s o a . 

2.7 a X 6.5 oa. I . d . 

Cu t u b i n g packed w i t h 

d i n o n y l p h t h a l a t e 

l.O u l i n j e c t i o n s . 

S cotnpounds CSj 

t n i o p h o n e , 

t h i o g l y c o l i c a c i d . 

DMSO, S02-

T h i o g l y c o l l i c and 

d i f f i c u l t t o f r a g a e n t . 

D e t e c t i o n l i a i t 0.2 ng 

f o r CS2 a t C - S 

bandhead. 

S - 190.0 na 

3 - 191.5 na 

C-S - 257.6 na 

Cj - 516 na 

cocaon t o 

a l l 

conpounds 48 

iee r e f . 48 0 . & B a x 6 c = a i . d . C u 

t u b i n g packed w i t h 

e i t h e r Porapack P o r 

S coQpounds C S 2 ' 

t h i o p h e n o , d i n e t h y l -

s u l p h i d e and 

t h i o g l y c o l i c a c i d . 

Used Pt w i r e i n base S 

of d e t e c t o r t o C 

c a t a l y s e f r a g a e n t a t i o n M o n i t o r e d 

p r o c e s s . D e t e c t i o n C«S bandhead 

l i n i t low ng range.' a t 257.6 nn 

and a t o o i c C 

l i n e a t 

247.9 na. 
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Chr oaatoqrapfay H a t r i x B l e a e n t R e f e r e n c e 

Low p r e s s u r e (5-10 T) See reC. 44. 

He plASsd. See 

r e f . 44. 

S. h a l o g e n and P 

c o n t a i n i n g p e s t i c i d e 

r e s i d u e s I n a wide 

range o f f o o d 

p r o d u c t s . 

Bt 
478.55 na 

C I 
479.45 na 

533.82 na 

253.S7 na 

545.38 na 50 

Reduced p r e s s u r e He 

p l a s o a i n a t a p e r e d 

c a v i t y c£. r e f . 45. 

2- X 5/32- i . d . g l a s s 

c o l u z u i , 60/80 oesh 

Chroaosorb 101 

T(. - lOQOc 

T j - 140°C 

He - 80 c o ^ / o l n . 

6' X 5/32- i . d . g l a s s 

coLuan, 20% QV17 and 

OVl ( 1 * 1 w/w) on 80/ 

100 nesh. Gas Chron Q 

T j - 208°C, 

MejHq 

H e t h y L a e r c u r y d i c y a n -

d l a m i d o , P h e n y l n e r c u r i c 

a c e t a t e < o e c h y l o e r c u r y 

d i t h i z o n a t e , MeHgCl i n 

s a l a o n . 

W e s t U e x t r a c t i o n 

p r o c e d u r e , ( 5 1 , 52) 

f o r KeHgCl i n 

salJK>n. L i n e a r range: 

0.1-100 ng f o r MgHgCl. 

Hg 
253.7 na 

53 

ACfflOspheric Ar p l a s o a , 30 and 70 c=3 x 6 cz3 

20 ca X 2 ca i . d . i . d . packed w i t h 

q u a r t z tube s u r r o u n d e d Porapak S. 

by 3/4 \ c a v i t y . 

Range o f C, O, N and 

halogen c o n t a i n i . n q 

coopounds. 

S e v e r a l c a v i t i e s C 

e x a o i n e d , 3/4 X M o n i t o r e d , 

p r e f e r r e d because i t a t o o i c C 

produced a l o n g ( c a . l i n e a t 

8 ca) s t a b l e d i s c h a r g e 247.9 no, C2 

w i t h l i t t l e l o c a l 

o v e r h e a t i n g . 

D e t e c t i o n l i a i t s 10 

20 pg. 3 - ^ 

bandhead a t 

516.5 no and 

Cj/CN 

bandhead a t 

385-9 na. 54 
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C h r o a a t o g r a p h y K a t x i x R e f e r e n c e 

See r e f . 54 0.7 o X 1/8' s t a i n l e s s Range o f C, S, and 

s t e e l , Chroaoaorb 101. h a l o g e n c o n t a i n i n g 

coapounds• 

Use o f 2 

B o n o c h r o o a t o r s - I sec 

t o a t c a i c C l i n e , 

o t h e r s e t t o h e t e r o -

a t c a l i n o . By 

s o n i t o r l n g e s i s s l o n 

f r o o b o t h o b t a i n 

L n t e r - e l e a e n t r a t i o s . 

D e t e c t i o n l i c d t s 

ranged between 

.04 ng B*' CO 

4.5 ng 8 " ^ 

C 
247.9 ns 

206.2 na 

182.0 na 

253.5 na 

C I 
259 na 
band 

o r 
292 na 
band 

55 

Jkr p l a s o a . E s s e n t i a l l y 10' x 1/4* i . d . MezHg 

th e sane as Ref. 4 1 . s t a i n l e s s s t e e l 

c o l u n n , 20% Carbowax 

20 M on ChroQOSorb P 

60/80 c e s h . 

Ar • 40 m-' min 

Found s e l e c t i v i t y f o r 

Hg over v a r i o i i s 

o r g a n i c coopounds, 

alwa y s > 10^. 

D e t e c t i o n l i o i t 0.3 ng 

Hg 
253.7 na 

56 

Low p r e s s u r e He p l a s o a 

u s i n g HPD 850 s y s t e n , 

Oj and H2 "5©** " 

scavengers t o p r e v e n t 

C b u i l d up. 

V a r i o u s o r g a n i c 

coopounds. 

D e t e c t i o n l i n i t s 

range between 

0.03 ng s'^ t o 

3.0 ng s"'. 

C 
247.8 na 

D 
656.2 nn 

O 
777.2 na 

N 
746.9 ma 

F 
685.6 no 

C I 
479.4 na 

Br 
470.5 ma 

S 
545.4 ma 57 
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ChroEu t o g r a phy M a t r i x B l c B o n t a e f e r e n c e 

l i n i l a r s y s t e a t o Ref. 2 colu=.n3, b o t h 0.6 o acac and t f a c h e l a t e s -HIP respo.ided b o t h 

54, e x c e p t 1/4 \ 

Evenson c a v i t y 70W 

f o r w a r d power Ar 

X 4.8 ca i . d . , o f A l , Cr. Cu, Ga, Te, n o n - s p e c i f i c a l l y t o C 

I . U n i v e r s a l S c o a t e d Sc. V. o r s p e c i f i c a l l y t o the 

w i t h 10* Ap i e z o n L. o c t a l o f i n t e r e s t . 

p l a s o a . I g n i t e d a f t e r 2. 0.5% Apiezon L on 

e l u t i o n o f s o l v e n t . g l a s s beads (0.2 c a 

d i a a . ) . Both 

c o n d i t i o n e d f o r 36 

h r s a t 20OOc. 

D e t e c t i o n l i n i t s i n 

th e range 2 x 10*^2 -o 

2 X 1 0 - " g 8-'. 

A l 
396.2 na 

Cr 
357.9 na 

Cu 
324.7 na 

Ga 
294.4 D 

Pe 
344. I na 

Sc 
361.4 na 

V 
318.4 na 58 

1/4 \ Evenson c a v i t y l a 3 o r 2 c a x l c a CO, COj, SO2, t l j 

used, reduced p r e s s u r e i . d . Cu t u b i n g packed a i r . 

(10 T ) . 

He p l a a o a g e n e r a t e d 

i n a 6 cffl )c 8 cam i . d . 

q i i a r t z t u b e . 

w i t h e i t h e r Poropak Q 

or 5A n o l e c u l a r s i e v e 

Tc - 1250c 

5 0 u l i n j e c t i o n s 

Gas a i x t u r e s were 

p r e p a r e d by i n j e c t i n g 

known a n o u n t s o f pure 

gas i n t o an a i r f i l l e d 

f l a s k f i t t e d w i t h a 

s e p t u o . 

D e t e c t i o n l i a i t s 

r anged f r o a 20 ppn t o 

50 ppo 

C 

247.9 na 

H 
337.1 na 

(N2 bandhead) 
S 

190.0 nn 

59 

Ar p l a s o a g e n e r a t e d I n S t a i n l e s s s t e e l t u b i n g M e t a l acac c h e l a t e s 

a q u a r t z c a p i l l l a r y 

1.6 DD i . d . X 25 oa 

p l a c e d i n a t a p e r e d 

r e c t a n g u l a r t y p o 

c a v i t y . 

72 ca X 4 CUB i . d . , 

0.5% SE-30 on g l a s s 

beads 60/80 mesh. 

T(. leo^c 

T j - 200-210**C 

Ar - 150 ca^ o i n " ' . 

d i s s o l v e d i n 

c h l o r o f o r a . 

A CN band was o b s e r v e d 

f o r a l l c o o p l e x e s 

p r o b a b l y due t o O2 

i n p u r i t y i n t h e A r . 

F a i l e d t o 

c h r o o a t o g r a p h acac 

c h e l a t e s o f Cu ( I D , 

Fe ( I I I ) and V ( 1 V ) . 2 

o r d e r s o f la a g n i t u d o 

f o r Ele and Cr. 1 o r d e r 

f o r A l . 

D e t e c t i o n l i a i t s 

r anged between 0.01 ng 

and 100 ng. 

A l 
396.2 na 

Be 
234.9 na 

Cr 
425.4 na 

60 
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D e t e c t o r Q i r o a a t o q r aphy H a t r L x B l c a e o t Reference 

Reduced p r e s s u r e He 

p l a s a a , 0.1 - l t . or Ap i e z o n L on 60/80 

N2 Added aB scavenger. Eiesh DQfS t r e a t e d 

C h r o aosorb W. E f f l u e n t 

s p l i t 1:1 t o FID and 

HIP. 

3 n X 2.5 c a i . d . , 10% Wide range o f o r g a n i c 

s o l u t i o n s . 

K u l t i - n o n a e t a l l i c 

e l e a e n t d e t e c t i o n used 

t o c a l c u l a t e 

e a p i r i c a l f o r a u l a o f 

o r g a n i c coopoiinds. 

L i n e a r r a n g e : 4 o r d e r s 

o f a a q n i t u d e f o r F. 

D e t e c t i o n l l n l t s i n 

th e range 0.03 ng s*^ 

t o 3.0 ng o"^. 

C 
247.8 na 

4 8 6 . 1 na 

D 
656.2 no 

F 
685.6 na 

C I 
479.4 na 

Br 
470.5 na 

5 1 6 . 1 na 

545.4 na 

746.9 na 

O 
777.2 na 

Reduced p r e s s u r e He 

p l a s a a doped w i t h l\ 

O j , 1 / 4 X Bveneon 

c a v i t y . 

•U* tube c o l u a n s C h e l a t e s C r ( t f a ) 3 < 

packed w i t h C h r oaosorb C r ( a c a c ) 3 , 

W-HP w i t h 3» OV-101 C r ( h f a ) 3 . 

l o a d i n g . 

Use o f HPD as a 

s p e c i f i c d e t e c t o r f o r 

C r i and as a non-

flpecific d e t e c t o r , by 

m o n i t o r i n g t h e a t o n i c 

C L i n e . D e t e c t i o n 

l i a i t s r a nged between 

1.5 X 10"'^ t o 

8.0 X 10-^0 gs-^ o f 

Cr. 

Cr 
357.87 na 

62 

Tapered c a v i t y s y s t e o 

e s s e n t i a l l y t h e saoe 

as Ref. 4 1 . Ar p l a s a a , 

35W f o r v a r d power 

4* X 0.5 oa i . d . g l a s s Se cpds i n 

c o l u a n packed w i t h 4% 

SE-30 on 30/60 mesh 

Chrocaosorb CHP. 

e n v l r o n o a n t a l s a a p l e a , 

l o o k e d a t v a r i o u s MBS 

a a t e r i a l s , w i t h good 

a g r e c n e n t . 

S e ( I V ) c o a p l o x e d w i t h 

PD t o f o r a t h e 

v o l a t i l e p i a s e l e n o l 

complex f o l l o w e d by 

t o l u e n e e x t r a c t i o n . 

D e t e c t i o n l i o i t 40 pg 

Sa 0.1 ugl"^ f o r 

wa t e r s a o p l e s and 15 

ppb f o r s o l i d samples. 

Se 
204. na 

63 
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Chromatography MatrlK B l o c n t R e f e r e n c e 

Ar p l a s a a (see Ref 

23) a t a o s p h e r i c 

p r e s s u r e . 

3" c o l u n n , 4% FFAP on HeHgX i n benzene X d e s i g n a t e s C l . Br. I 

80/100 aesh Gas Chroo 

"2. AT - 90 c a ^ n i n " ' 

Tc - 150°C 

T. - 200°C. 

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

s a a p l e s , and a i r . s i c u l t a n e o u s l y ; see 

64, 65 f o r e x p l a n a t i o n 

o f t h i s . 

D e t e c t i o n l i a i t s range 

between 0.5 pg t o 

I ng g-'. 

Hg 
253.7 na 

Reduced p r e s s u r e 1 

10 T, He p l a s a a . 

3* c o l u a n , 1% FFAP on CH3HgX i n w a t e r and 

80/100 nesh c a r b o n a i r . 

beads. 

Ar - 95 CB3 Q i n " ^ 

2* c o l u n n , C h roaosorb (CH3)2Hg i n w a t e r and 

101 a i r . 

He - 80 ca-* o i n ' 

T. - 135'^C. 

A t a o s p h e r i c p r e s s u r e 3* c o l u a n , 4* FFAP on As and Sb i n 

AT p l a s o a , 30W f o r w a r d 30/100 mesh. Gas 

power, see 63. Chroa Q. 

Ar - 110-120 c o ^ 

d i n " ' . 

T̂ . - 220-240°C 

TT - 245-260°C. 

e n v i r o n a e n t a l samples, 

A B ( I I Z ) and S b d I I ) 

c o n v e r t e d t o PhjAsH 

and P h j SbU, e x t r a c t e d 

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

by GC. D e t e c t i o n 

l i a i t s : 20 pg As, 50 pg 

Sb. 

AS 
228.8 no 

Sb 
259.8 na 

67 

See 63. 6' c o l u a n , 5% Carbowax A l k y I k a r s o n i c a c i d s i n As cpds c o n v e r t e d t o 

20 M on 80/100 nesh 

Chroaosorb 101 

Tj. - 175°C 

T j - lao '̂c 

Ar - 100 cn^ a i n " ' . 

p e s t i c i d e and h y d r i d e s . D e t a i l e d 

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

HMA and OHA. g e n e r a t i o n and 

t r a p p i n g s o f t h e 

e v o l v e d a r s i n e s . 

L i n e a r range 0.01 - 20 

ppa. D e t e c t i o n U n i t s 

20 pg as As i n w a t e r 

s a a p l e s . 

As 
228.8 na 

68 
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Detector Chroaatography Hatrl jc BleneDt R e f e r e s c e 

1/4 X Evenson c a v i t y . 0.9 o t e f l o n c o l u a n 3 Huaan b l o o d s e r u a . 

A t a o s p h e r i c p r e s s u r e . m i . d . 10% SE30 on 

Ar p l a s a a , 70W f o r w a r d 70/80 oesh Gas Chroa 

power. 2. 

200 

Ar • 30-150 a l o i n ' 

Low t e a p . a s h i n g 

f o l l o w e d by c h e l a t i o n 

w i t h H ( t f a ) t o f o r a 

C r ( t f a ) 3 w h i c h i s 

e x t r a c t e d i n t o 

benzene. L i n e a r range 

I - 10 pg Cr. 

D e t e c t i o n l i a i c 9 x 

lO-'3 g. 

Cr 
357.9 na 

69 

Low p r e s s u r e 

(ISO o b a r ) He p l a s a a 

c a v i t y t y p e 214L. 

I n t e r e l e a e n t 

s e l e c t i v i t y l a p r o v e d 

by use o f w a v e l e n g t h 

• o d u l a t i o n . 

O r g a n i c coopounds 

Hg(He)Cl. 

D e a o n s t r a t e d t h a t a t 

low p r e s s u r e s 

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

v i a c o l l i s i o n s w i t i i 

a t o a i c He whereas a t 

h i g h p r e s s u r e s t h e 

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

HCj. L i n e a r range 

0.02-0.5 ng. 

D e t e c t i o n l i a i t 5 x 

l O - l - l q. 

Hg 
253.65 na 

Atm o s p h e r i c p r e s s u r e 

Ar p l a s a a i n q u a r t z 

c a p i l l a r y 1.6 ED i . d . 

X 25 c n . 

Tapered r e c t a n g u l a r 

c a v i t y , 50W f o r w a r d 

power. 

Coluan - 45 C3 X 3 cm 

i . d . g l a s s , 0.5% SE30 

on 60/80 aesh g l a s s 

beads. 

1 

T j - lao^c. 

Ar - 80 ca^ min" 

Trace l e v e l s o f Cu and Cu and A l e x t r a c t e d as 

A l i n Zn o e t a l . t f a c h e l a t e s i n C C I 4 ' 

L i n e a r up t o 60 ng Cu, 

100 ng A l . D e t e c t i o n 

l i a i t s : 0.5 ng A l , 

1 ng Cu. 

Cu 
324.8 na 

A l 
396.2 no 

See 63, 66 Ar p l a s a a , 

5-lOT p r e s . 18W 

f o r w a r d power. 

3' X 5 csa. i . d . g l a s s , 

6« FFAP on eO/100 

aesh. 

Gas Chroa Q. 

T̂ . . iao-i9o°c 

T j • 200°C 

Ar - 130-150 ca^ ain'^ 

MeHgCl i n w a t e r 

s a a p l e s . 

MeHgCl e x t r a c t e d as 

q u a t e r n a r y a a i n e 

adductB. 

D e t e c t i o n l i a i t 1 -

2.5 ng 1 " ^ f o r w a t e r 

s a a p l e s . 

Hg 
253.7 na 
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Detector Oircaatography M a t r i x CoKaents S i R e f e r e n c e 

A t a o s p b e r i c p r e s s u r e . Used e x p o n e n t i a l 

He p l a B M u s i n g TMoio «3il"«r t o d e a o n s t r a t e 

Gas a i x t u r e s 

c a v i t y . t h e a p p l i c a b i l i t y o f 

MIP f o r CC d e t e c t i o n . 

D e a o n s t r a t e s 

advantages o f 

a t a o s p h c r i c p r e s s u r e 

He p l a s a a and 

d i s c u s s e s e x c i t a t i o n 

o e c h a n i a a . 3-4 o r d e r s 

o f a a g n i t u d e l i n e a r 

r anges. D e t e c t i o n 

l i a i t s ranged between 

2 X 10"^' t o 

2 X 10"^ o o l 1 *^ 

C 
193.1 na 
247.9 no 

CI 
479.5 nm 
481.0 no 

Br 
470-5 na 
478.5 na 

516.1 na 
206.2 na 

5 4 5 . 4 na 73 

Low p r e s s u r e ( 3 - 5 T ) , C l a s s column, 6* x 3.5 M i x t u r e o f n - p a r a f f l n s Dual FID/MPD ( 5 : 1 

Ar p l a a a a i see 63 and c=a, 4% OV-101 on and TMS- d e r i v a t i v e s s p l i t ) t o d e o o n s t r a t e 

66. Chrooosorb C (HP) o f c a r b o x y l i c a c i d s . s p e c i f i c i t y o f 

80/100 aesh. 

Ar - 80 a l n l n " ^ . 

response t o TMS 

d e r i v a t i v e s . L i n e a r 

range 0.5-150 ng. 

S i 
251.6 na 

Low p r e s s u r e ( 9 0 T ) He C o n s t a n t s a a p l e 

plasDA, o b e e r v a t i o n 8- I n t r o d u c t i o n f o r 

9 can downstreao f r c Q o p t i m i s a t i o n s t u d i e s . 

c e n t r e o f d i s c h a r g e , 

75W f o r w a r d power. 

0.25* v / v 02 «s 

scavenger o r 0-4% v/v 

N2. l / ' ^ X Evenson 

c a v i t y o o d e l 214L and 

1/4 X c o a x i a l c a v i t y 

QOdel 217L. 

V a r i o u s o r g a n i c 

coapounds. 

O p t i a i z c d p l a s a a 

c o n d i t i o n s f o r : gas 

f l o w r a t e s o b s e r v a t i o n 

p o s i t i o n , microwave 

power, and gas 

p r e s s u r e w i t h t h e 217L 

c a v i t y up t o lOV o f 

power r e f l e c t e d , w i t h 

217L o n l y l\ 

r e f l e c t e d . 3 - 4 

decades e x c e p t f o r H 

where a n o n - l i n e a r 

response i s f o u n d . 

D e t e c t i o n l i m i t 

0 . 0 1 ng e"' t o 

0 . 5 ng s " ^ 

Br 
470.47 na 

247.86 no 

CI 
479.45 na 

6 B 5 . 6 na 

486. 13 no 

516.12 no 
N 

746.88 no 

7 7 7 . 19 na 

545.39 na 

7 5 
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OirOMa tography Matr ix B l c a e n t R eference 

See r e f . 57. Reduced 

p r e s s u r e He p l a s a a . 

V a r i o u s o r g a n i c 

coopounds. 

S i g n a l s f o r f o u r 

e l e o e n t s a r e o o n i t o r e d 

s l c u l t a n e o u s l y added 

by a SYN'C s i g n a l , 

s t o r e d f o r l a t t e r 

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

r e s u l t i n g i n 

i n t e r e l e o e n t r a t i o s : 

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

d a t a a c q u i s i t i o n and 

p r o c e s s i n g . 

c 
247.8 na 

U 
486.1 na 

D 
656.2 na 

O 
777.2 na 

tl 
746.9 na 

685.6 na 

C I 
479.4 nn 

Br 
470.5 no 

545.4 na 76 

See r e f . 57. Reduced None g i v e n 

p r e s s u r e He p l a s n a . 

T r a c e S i n MeOH, 

y e l l o w p i n P C I 3 

s p e c i f i c d e t e c t i o n o f 

v i n y l i d e n e and PCS's. 

Us i n g MPD 850 t o 

o b t a i n a c c u r a t e 

e n p i r i c a l f o m u l a e , 

o b t a i n d e t e c t i o n 

l i o i t s coQparable t o 

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

C 
247.8 na 

H 
486.1 na 

D 
656.2 na 

O 
777.2 na 

F 
685.6 na 

C I 
479.4 na 

Br 
470.5 

516.1 na 

253.6 na 

5 4 5 . 4 na 

Mixed Ar/He p l a s a a , Polypenco n y l a f l o v 

now f o r w a r d power ow p r e s s u r e t u b i n g 4.7 

r e f l e c t e d . c=n i . d . , 1 ' , 3', and 

6' l e n g t h s . Packed 

w i t h C h r onosorb 102 

60/80 nesh. 

H y d r i d e s g e n e r a t e d 

f r o n s o l u t i o n s o f As, 

Ge, Sb, Sc and Sn. 

H y d r i d e t r a p p e d i n 

l i q . t h e n 

c h r o o a t o g r a p h e d . 

E l c n e n t s d e t e r a i n e d 

s e q u e n t i a l l y . L i n e a r 

o v e r 2 o r d e r s o f 

o a g n i t u d e . 

Ce 
303.9 na 

193.7 nn 

Se 
196.0 nn 

Sn 
317.5 nn 

Sb 
259.8 nn 

3 0 



ChrooLstography Bleaent Reference 

Ataospheric He plaaaa, 3' x l/B". 5% OV 17 on Diphenyl cercury. 

T U Q I O c a v i t y . 7 5 - 8 0 W , 1 0 0 / 1 2 0 oesh 

forward power, a x i a l Chrooosorb 7 5 0 He " 7 0 

viewing CO-' o i n - ' . 

3' X 1/8". 3\ OV-l on 

100/120 oesh. 

Varaport 30 He -

50 ca^ n i n - ' 

6' X 1/8', 6% Carbowax 

20H on 100/120 Besh 

Chronosorb Pi He -

50 cci3 a i n * ' 

6' x 1/8- 2.5% Dexsil 

300 on 100/120 meah 

Chrooosorb 750 He - 50 

cn^ a i n * ^ 

Tecravinylsilane 

TEL 2-5 d i n c t h y l c h i o -

phene. Halobenzoncs. 

A design f o r heacing 

Che i n t e r f a c e between 

CC and plasaa 

u t i l i s i n g nlchrooe 

resistance wire 

coupled to a variance 

given. Detection 

I L a i t s ranged between 

0.49 pg a"^ to 

63 pg 8-'. 

253-7 na 

P 
253.6 na 

S i 
251.6 na 

Kn 
257.6 na 

Pb 
2B3.3 na 

545.4 na 

CI 
481.0 na 

Br 
470.5 na 

79 

3/4 X c y l i n d r i c a l 1.8 • x 3.1 

ca v i t y , 125U forward I on 80/100 aesh 

power Ar plasaa, Chroaosorb W. 

background c o r r e c t i o n Ar * 22 ca^ a l n ~ ' 

by wavelength T - 80°C 

3» OV- Tet r a a l k y l l o a d 

coopounds i n the 

atoosphcro. 

Dodulation. 130°C. 

Samples cold trapped 

on SE50 on Chraaosorb 

P at -80°C. Reaoved 

by freeze drying and 

concentrated i n 

organic solvent. 

Detection l i a i t s range 

between 6 pg and 40 

pg. 

Pb 
4 0 5 . 7 8 n a 

80 

Low pressure (5T} He Stainless s t e e l , 3 • x H i n organic cpdi 

and Ar plasaaa tapered 3 c=3 i . d . , 3% w/w 

rectangular c a v i t y , Dexsil 300 on 80/100 

lOOW forward power. nesh Chrooooorb '-{AW) 

0.3% Oj added t o 6 a x 3 ca i . d . 

plasaa gas. Squalane on 80/100 

aesh ChroDosorb W(AW>. 

Ho pLasaa twice as 

sens i t i v e as Ar plasaa 

due to higher energy 

and therefore core 

coQplete 

fragaentation. 

Detection l i a i t 10' 11 

656.28 nn 

g 9 

3 1 



Chrtma togr a pby Matrix B l o e n t Reference 

See ref- 81 See r e f . 91 H Isotope r a t i o s i n 

organic cpds i n water 

soaples. 

OSH oeasures 

alc e r n a c i v e l y 'u and 

eaissions of 

hydrocarbons oajor 

disadvanca^e i s high 

S/N r a t i o s . 

656.28 na 

656.10 na 

Reduced pressure He 

plasoa. See r e f . 57, 

PCBs i n seal blubber, 

cleaning f l u i d s i n 

Applications of MPDS50 C, H. P. H, 

In analysis and also F, C l . Br, 

c s p i r l c a l fortsula t , P, Sa, 

deteroinations. AS, Hg, Pb< 

Detection H a l t i n the 

50 pg 8"^ range. 83 

See r e f . 57. Bi o l o g i c a l cissues, B r i e f resuoft of che 

coal t a r s , pesticides- possible uses of the 

MP0850 systea. 

C l , Br. I , 

s, P, Hg. 

BeenaUcer. 3/4 X 

Evenson, 1/4 X 

Brolda, 3/4 X 

2.5' X 4.7 CO. Packed Standard solutions 

with ChroQosorb 102, 

Served only to reduce 

c a v i t i e s were coopared race of sanple 

with He/Ar or Ar through-put to give 

plasmas lOOW forward stable plasoa. 

power. 

Seni-autoaated hydride 

generation froo stock 

solutloncontalning As, 

Ce, Sb, Sn. Beenakker 

c a v i t y proved easiesc 

t o operate. 

Detection l i m i t 1 ppb 

at 3 o l e v e l f o r a l l 

c a v i t i e s . 

AS 
234.984 ma 

Co 
303.906 na 

Sb 
259.806 na 

Sn 
317.502 na 

95 

BeenaWier TMoio c a v i t y 10' x 1/8" i - d . , 

viewed a x i a l l y He sta i n l e s s otoel Tonax 

pldsna. C C 

Halofortas i n d r i n k i n g Coeipared Mlp with 

HECD. Fund HIP was 

preferable since i t 

gave u n i f o r a oolar 

response and also gave 

se l e c t i v e decoction. 

Detection l i n i t I ppb. 

Cl 
481.0 na 

Br 
470.5 na 

86 
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Ou-OHtosxapby HatriJc Reference 

Hixed kr (400 aX 3* x 4.7 c=i i . d . 

siin'M and Be (300 (=3^ Polypenco Hylaflov 

oin-M plasaa, 110 W tubing packed with 

for forward power. Chrocosorb 102 60/BO 

Svenson 1/4 X c a v i t y . oeah 

Whole blood enriched 

f l o u r [IBS orchard 

leaves (SRM 1571). 

Hydrides trapped on 

l l q . M2 cooled 

condenBatlon cube 

packed with glass 

helices p r i o r to 

separation on CC 

colucn. 

Detection l l a l t s 

ranged between 3 ng 

and 40 ng. 

As 
193.7 na 

Ge 
303-9 na 

Se 
196.0 na 

Sb 
259.9 na 

Sn 
317.5 na 

87 

See r e f . 87. ;ee r e f . 87. NB5 orchard Icavesi 

hydride generation. 

Elcoents except Ce 

doterainud both 

sequentially and 

siDultaneously. The 

fonaer g i v i n g lower 

detection l i a i t s . 

Detection l i n i t s range 

between 20 ng and 

600 ng. 

stoultaneoua 
As 

235.0 na 

So 

196.0 na 

Sb 
259.8 na 

{2° order) 
Sn 

317.5 na 
(2° order) 

( f o r 
sequential 
sea r e f . 87) 

See r e f . 81. see r e f . 81. H caission f r o o 

organic compounds. 

Characterisation of 

eaissLon froo atoraic H 

i n MIP accounts f o r 

n o n - l i n e a r i t y 

observed. 

656.28 na 

He plasoa, THg,Q 12.5 a fused s i l i c a 

c a v i t y viewed a x i a l l y . WCOT, SP2100, 

c a p i l l a r y coltian 0.2 

(sn i . d . . 

n i n ' to 170" 0-1 y l 

i n j e c t i o n s . Column 

passed to w i t h i n 5 ca 

of plasaa. 

Toluene solutions of 

v o l a t i l e organo-

a e t a l l i c coopounds. 

(CpV(CO)^] , rwT. 

ICpjFe], ( C p j H i l , 

(CpCoiKOXCOjJ 

[(CH3)5CpCo(CO)2l. 

The .low voluse of CĈ  

colucn (approx. 60 u l ) 

i s i d e a l l y cocpatlble 

with HIP. S p e c i f i c i t y 

of detection aids 

i d e n t i f i c a t i o n of the 

unresolved (Cp2Ni) and 

{CpCr(N0](C0)2] 

cooplexes. 

247,9 na 

cr 
267.7 na 

Co 
240.7 ns 

N l 
231.6 no 

257.6 na 

90 
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Chroaatoqraphy Matrix BlesKnt Reference 

!e plasna T U Q I O c a v i t y OV-22S S C O T , 100 o x 

vleved a x l a l l y . 

Ha - 450 co^ n i n ' 

0.25 c=3 i . d . 

He - 4 cn^/nln. 

- 210°C 

T̂ . - 40°C thsn 

40 

Tin - 250«C 

FricdeL-CraCcs 35 r e d i s t r i b u t i o n 

catalysed a l k y l group products are forced, 

rediacrlbucion due t o requireaenc t o 

reaction of a e t h y l - vent the solvent the 

ethyl-n-propyl-n-butyl low KW products which 

s i l a n e . e l u t e with the solvent 

are not recorded. 

Si 
251.6 na 

91 

He atoospheric plasma, 

using TMoio c a v i t y . 

eS-90W forward power. 

Class, 1.5 ca X 4 C 3 

i . d . 2\ OV-101 on 

SO/100 oesh Chrooosorb 

WHP. 

- 238°C. 

Ha - 60 cn^ n i n " ^ . 

PBB and r e l a t e d 

c o Q p o u n d s • 

[lot as s e n s i t i v e as 

the ECD but o f f e r s 

eleoent s e l e c t i v i t y . 

Detection l i o i t 1 ng. 

Br 
47S.55 no 

92 

He plasna i n a 

Burfatron c a v i t y (see 

re f . 93) 

30 • c a p i l l a r y colmsn 

coated w i t h CJV-lOl 

oethyl s i l i c o n e 

He - 5.9 o l min-^ 

- 2750c. 

Tj. - 250 f o r 

pesticides. 

Pesticides, The s u r f a t r o n He 

plasoa gives s l i g h t l y 

higher detection 

l i c i i t s than those 

obtained with other 

c a v i t i e s . Detection 

l i m i t 0.5 to 20 ng. 

C 

247.8 nD 

CI 
479.5 na 
481.0 n a 

Br 
470.5 nin 

206.2 na 
94 

See r e f s . 79 and B6. See r e f s . 79 and 86. Aqueous c h l o r i n a t i o n 

products ot huoic and 

f u l v i c substances. 

In a d d i t i o n t o 

trihalooothanea 

s i g n i f i c a n t number of 

chl o r i n a t e d phenolic 

cpds wore found. 

Cl 
479.5 n a 

95 

See r e f . 96. lee r e f . 96. SeleniuD 

biomethylation 

(CHjJjSe. (CHjJjSej' 

and (CH3]2-Sc02 found. 

products froo s o i l and Detection l i m i t s 20 pg 

sewage. for (CH2}2-Se. 97 
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Detector Chrooa togr a i ^ y K a t r i x Bl Reference 

•^010 c a v i t y . He 

plasma, SOW forward 

15.2 o x 0.509 ca 

i . d . , SCOT colucn 

Hydrocarbons, 

(CHjjjHg, (C2H5)2Hg. 

power Oj as scavenger, packed with f i n e l y 

He - 40-70 oa-* aln" ground dlatooaceous 

earth on s i l i c a 

support coated with o-

bis (D-phenoxyphenoxy) 

benzene and Apiezon L, 

He «• 0.5-8 co^ n i n " . 

FID proved 50x oore 

s e n s i t i v e thaA HIP for 

C ( a t 193.1 oa) Both 

had the saae 

s e n s i t i v i t y for 

IC2Hs)-Hg. The KIP 

was 2X as s e n s i t i v e as 

FID f or (CH3)2Hg using 

Hg s p e c i f i c detection. 

Detection H a l t s 

3.8 X 10-^2 g 8-1 and 

9.1 X 10-'2 g 8 

C 
193.1 and 
247.9 na 

ag 
254.3 na 

98 

T M Q I O c a v i t y He plaana Organic compounds; 

eleaental analysis. 

Linear ranges of 3 

orders of magnitude 

for a l l elements. 

Detection l i m i t s range 

between 

2 X 10' n •1 r 

lO-^O m l 1-V 

c 
193.1 na 
247.9 na 

4B6.1 no 

Cl 
479.S na 
481.0 na 

Br 
470.5 na 
4B7.S na 

516.1 na 
206.2 na 

545.4 na 99 

1/4 X Evenson low 

pressure (40 T>. 

TMoto atmospheric 

pressure. Ar and He 

plasaas. The l a t t e r 

viewed a x i a l l y . 

n-hydrocarbons Ĉ -C7- With the a i d of a 

reference coapound I t 

is possible to 

determine r a t i o 

fomulae, however 

re s u l t s are Inadequate 

for unknown cropounds. 

Detection l l n i t s : 

™010 

He Ar 

C 0.67 0.2 

H 0.13 4.7 

1/4 X Evenson 

He Ar 

C 0.44 0.35 

H 0. 16 0.36 

247.86 na 

656.28 na 

576.52 na 

CH 
431.42 na 

in ng s 100 
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Chrcaa toqraphy Hatrix Conents Bleaent Beferenci 

Atmospheric pressure 

He plasma i n a TMoiO 

cav i t y . Back ground 

cor r e c t i o n by quartz 

r e f r a c t o r p l a t e . 

SP-2100 wear fused T r t a l l t y l l e a d chlorides 

s i l i c a column 12.5 m x i n spiked tap water 

200 urn i . d . , and 30 o samples. 

X 350 m I.d. OV-101 

SCOT glass column. 

Gas switches i n t e r f a c e 

i l l u s t r a t e d which 

prevents the solvent 

extinguishing the 

plasma l i n e a r froa 10 

ppb to 10 ppa. 

Detection l i m i t s 10 -

30 ppb. 

Pb 
405.8 na 

C 
247.9 na 

1«010 " v i t y . 

Atmospheric pressure^ 

He plasna, viewed 

a x i a l l y . 

12.5 n X 0.2 ca i . d . 

SP2 100 fused s i l i c a 

UCOT c a p i l l a r y coluan. 

T(. - 60°C - 104°C at 

4°C n i n - ^ 0.1 u l 

i n j e c t i o n s 100:1 

s p l i t . For boration 

studies. 

Detection of v o l a t i l e H 2 doping of the 

B cocpounds froa the plasma i n h i b i t s 

p y r o l y s i s of Dexsil f o r a a t i o n of oxides of 

series carborane s i l i c a t e s , promotes 

s i l i c o n e polymer, and boron hydride 

fora boration of d i o l s formation and the 

with n-butylboronic population of B 

acid. atooic. rather than 

i o n i c , states. 

247.77 na 

Atmospheric pressuret 

Glass 3 3 X 3 CD i . d . 

columns packed w i t h 

He plasma, 75W forward e i t h e r : 3* 0V17 on 

power I He • 80 c n ^ 30/100 nesh Shinarate 

w, 10* carbowax 6000 

on 30/60 mesh 

Shioarate TPA. or 

Poropak Q, 80/100 

nesh. 

Various organic 

coapounds. 

i n igo^c. 

Relative s e n s i t i v i t i e s 

f or C and H i n 

d i f f e r e n t coopounds 

were not the ssaae. 

A t t r i b u t e d t o 

incoaplete 

fragmentation i n low 

power plasma used. 

Detection l i m i t s 

1.8 pq s"' to 

39.0 pg s"^ 

656.279 na 

193.091 na 

685.602 na 

Cl 
479.454 na 

Br 
470.486 na 

206.238 na 

545.388 na 103 

Ataospncric pressure, 12.5 a SP2100 fused 

He plasma, T ^ J ^ Q s i l i c a c a p i l l a r y 

c a v i t y . See r e f . 101. column. 

100:1 s p l i t r a t i o . 

Tp - 40Oc-l00°C at 

S°C n i n " ^ 0.01 u l 

sample. 

Te t r a a l k y l l e a d 

cocipouiids i n p e t r o l . 

Demonstrates 

advantages of element 

s p e c i f i c detection by 

ccQparison of Pb and C 

responses. 

Pb 
283.3 na 

C 
247.86 
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Oirooa togr apb y Hatrlx Coccents Eleaont Reference 

AtDospheric pressure, 1 a x 3 oa i.d. glass P i n urine. 

He plasoa, TWgio coluan, 15» DC-200 on 

cavi t y . 75W forward 60/100 oesh Uniport B 

power, 12W r e f l e c t e d . and 3\ ov-17 on 80/100 

eesh Uniport Hp. 

He - 80 n l n i n - ' 

F extracted with TCHS 

and converted to TMFS 

i n toluene. Linear 

over 4 orders of 

aagnitude. Detection 

l i a i t 7.5 pg s'^ 

685.6 na 

105 

Atoospheric pressure, 12.5 a x 200 ua i.d., 

He pUsaa, TVQIQ SP2100 fused s i l i c a 

c a v i t y . Sea r e f . ) 0 I . WCOT. Terainated 

w i t h i n 1-5 oa of 

ca v i t y w a l l . 

R e d i s t r i b u t i o n 

reactions f o r Ge, Sn 

and Pb alkyla. Pb 

a l k y l s i n gasolines. 

H 2 doping of He 

enables plasaa to 

withstand 1-2 ng s"^ 

throughputs of Pb, Ce 

or Sn. Linear over 3 

orders of aagnitude. 

Detection L i a i t a 

ranged between 0.71 pg 

to 6.1 pg 

Ce 
265. 1 nn 

284.0 na 

Pb 
283.3 na 

'010 Beenakker TH( 

cav i t y , Uo as the 

support gas. 50 v 

forward and O-l W 

re f l e c t e d power. 

Modified J a r r e l l - A s h 

66000 polychrcoator. 

6* st a i n l e s s s t e e l 

coluon (1/8" o.d. x 

2 a i.d.) packed w i t h 

10% Apiezon L on 

80/100 aesh Chroaosorb 

PAW at 110 °c. 

3' s i l i n i s e d glass 

coluan ( I / 4 - o.d. x 

4 aa i.d.) packed w i t h 

2« OV 101 on 80/100 

Chroaosorb HP at 

270 "C. 

Chlorinated pesticides The polychroaatogr/ 

and broainatcd f l a o o 

retardants. 

oicrocoaputer syatera 

developed to 

slaultaneously oonitor 

four eaisaion 

wavelengths. 

Detection l i a i t s at 

nanograa l e v e l w i t h 

p r e c i s i o n i n order of 

5% RSD. 

C 
247.9 na 

Cl 
479.5 na 

470.5 nn 

Ataospheric pressure 

microwave sustained 

heliuB plasaa w i t h 

Beenakker T M Q ^ Q 

resonant c a v i t y . 

E f f l u e n t s p l i t by 3-

way valve with 20% 

going to FID. 

2' X 1/G- sta i n l e s s 

s t e e l coluan packed 

w i t h Porapak QS, 

80/100 aesh, using 1 

a l gas i n j e c t i o n s . 

Bentone 34/DC-5S0 

aixod phase on 

Chrooasorb w-HP. 

Application to a 

number of halooothano 

Notes on design, 

o p t i a l s a t i o n and 

and oonochlorobiphonyl u t i l i s a t i o n of 

separations. i n t e r f a c e . 

Detection l i a i t s : 

20 pg Cl 

8.8 pg P 

2.5 pg Fe 

10 pg Br 

14.0 pg S 

Cl 
481.0 na 
479.5 na 

P 

213.6 na 

Fe 

259.94 na 

Br 

478.6 na 

5 
213.6 nn 
545.5 na 10& 
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Chrooatography Matrix CocBonto Keferenco 

Copper Beenakker 

ca v i t y , 2450 MH3 

olcrowave generator 

and HcPherson oodel 

270 scanning UV/vis 

aonochroaator. 

Interface s i m i l a r to 

Ref. 101. 

6' X 0.125" column 

packed w i t h OV-17 on 

Chroaosorb ttHP. 

Carrier gas He at 

28 B l B i n - ^ . 

Coluan teop. 85 *C 

(140 «C for 

d e r i v a t i o n s ) . 

Technique used i n 

combination w i t h 

cheaical 

d e r i v i t i z a t i o n of 

selected compounds i n 

coaplex samples e.g. 

t r i c h l o r o a c e t y l 

d e r i v a t i v e s of 

a l i p h a t i c aaines. 

Hicroconputer used to 

switch valves, can 

also be used to 

c o n t r o l oonochronator 

wavelength s e t t i n g s 

and acquire a n a l y t i c a l 

data. 

C 
247.9 na 

Cl 
479,5 na 

Br 
470.5 na 

109 

System as described i n Details not given, 

ref. 92. Hinor m o d i f i ­

cation by i n s e r t i n g a 

stainless s t e e l tube 

froa the coluan i n t o 

the pLasaa containaent 

tube i n hope of 

reducing dead volume. 

Appl i c a t i o n to 

halogenated compounds 

e.g. Cilex BC-26. 

Mod i f i c a t i o n 

undesirable i n 

q u a n t i t a t i v e studies 

since r e s u l t s i n 

degradation of 

detection l i m i t s . 

Paper recommends 

in t e r f a c e i n ref. 86. 

Host of paper 

concerned w i t h 

hardware and software 

development for 

c o n t r o l , data 

a c q u i s i t i o n etc. 

Cl 
479.45 na 

Br 
478.55 na 

Acduced pressure He 

plasaa i n p a r a l l e l 

Two c a p i l l a r y columns Characterisation of 

of 30 D X 0.25 O B i.d. f l u o r i n e containing 

with e i t h e r an PID or and 1.0 u B f l l a 

ECD. 

Plasma viewed 

transversely by a 

multichannel spectro­

meter . 

thickness DB-5. 

Temp, prograaae 70 **C 

- 300 °C at 10 °C 

min"' w i t h a helium 

metabolites i n blood 

plasaa. 

I n l e t s p l i t t e r to 

divide e f f l u e n t between 

the two columns. 

I n t e r a c t i o n w i t h 

f l u o r i n e species w i t h 

quartz tubing gives 

r i s e to peak t a i l i n g . 

685.6 ma 

C 
495.7 no 

c a r r i e r at 1 a l a i n 
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Chraaatoqraphy H a t r l x Cocaents BlcsKnt Reference 

Spectroapan I I I B Gel f i l t r a t i o n - 2.6 x Speciation of proteln-

Multl-Sleaeot 100 cm coluan packed bound Cu, Fe, and Zn 

Analyser equipped w i t h with Sephacryl S-300. In serua and 

a three-electrode OOP- 5 ml saaple applied to Intravenous i n f u s i o n 

Spectro3et I I I and 

• u l t l e l e o e n t cassette. 

Wavelength scan 

achieved using 

Spectraaetrics DBC-33 

system. Scries UV 

e»nitor at 280 na. 

column. f l u i d s . 

Gel f i l t r a t i o n 

separation requires 

several hours, 

therefore spectrometer 

r e c a l i b r a t e d every 

hour. 

Detection l i m i t s : 

Cu 3.2 ug l " ^ 

Fe 3.9 ug I " ' 

Zn 9.3 ug l " ^ 

Cu 
324.7 na 

zn 
2 13.a no 

Fe 
373.4 na 

112 

Atoospherlc pressure 

plasoa u t i l i z i n g a 

Beenakker type T H Q I Q 

cavity. Low 

res o l u t i o n scanning 

aonochromator w i t h 

approximately O.l na 

r e s o l u t i o n . 

C a p i l l a r y column - 11 Pyrolysis products of 

a X 0.25 am I.d. SE30 novel l i n e a r 

fused s i l i c a . He at sllarylene-siloxanes. 

I ml min"\ Temp, 

prograaoe at 4 ^ 

oin"*^ a f t e r f i r s t 6 

mins. 

Pyrolysis using Model 

100 Pyroprobe Unit. 

The In t e r f a c e allowed 

venting of coluan 

e f f l u e n t containing 

large q u a n t i t i e s of 

solvents which would 

d i s r u p t helium 

discharge, while 

passing l a b i l e species 

without loss. 

C 
253.6 na 

P 
247.6 no 

System s i a l l a r to reC. 3* x 1/4" column Dioxlns and other The H l i n e wae 

107 with the 

i n t e r n a l l y tuned 

resonant c a v i t y 

mounted on the CC 

packed w i t h 2% OV 101. halogenated compounds. monitored w i t h a red 

Flow rate 25 a l / a l n . 

Coluan teap. 300 ̂'C. 

sen s i t i v e 

p h o t o a u l t i p l i e r . Data 

manipulation as ref. 

107, but modified to 

store chromatographic 

data. 

C 
247.9 na 

BR 
470.5 mn 

Cl 
479.5 nm 

656.3 na 
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2.3.2 Coupled gas chromatography - I n d a c t l v e l y coupled plasma 

The h i g h c a p i t a l c o s t o f I C P i n s t r u m e n t a t i o n t o g e t h e r w i t h t h e h i g h 

r u n n i n g c o s t s have r e s u l t e d i n i t s u s e m a i n l y a s a m u l t i - e l e m e n t 

e x c i t a t i o n source f o r r o u t i n e a n a l y s i s . Consequently use of the ICP 

a s a d e t e c t o r f o r GC has been l i m i t e d . However, i t does o f f e r t h e 

advantage of w i t h s t a n d i n g o r g a n i c s o l v e n t s more r e a d i l y than the MIP 

due t o t h e h i g h e r gas t e m p e r a t u r e ; and s o may p o s s i b l y be f u r t h e r 

u t i l i s e d i n t h i s r o l e i n the f u t u r e . 

The f i r s t c o u p l i n g s o f GC-ICP were made by Windsor and Denton ( 1 1 5 -

117) i n A r i z o n a , and Sommer and O h l s (118,119) i n Dortmund. The 

f o r m e r group showed t h e c a p a b i l i t y o f I C P OES f o r the e l e m e n t a l 

a n a l y s i s of o r g a n i c compounds (115) u s i n g an a l l - a r g o n plasma. T h i s 

c a p a b i l i t y was t h e n u t i l i s e d i n a G C - I C P c o u p l i n g ( 1 1 6 ) f o r 

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

compounds. A n a t u r a l e x t e n s i o n o f t h i s work was t h e d e r i v a t i o n o f 

e m p i r i c a l formula. Windsor and Denton (117) used carbon, hydrogen and 

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

compounds; however, w h i l e t h e t e c h n i q u e p r o v i d e d t h e a b i l i t y t o 

a n a l y s e f o r a l a r g e number of e l e m e n t a l c o n s t i t u e n t s , s u i t a b l e l i n e s 

f o r oxygen and n i t r o g e n were n o t found. Sommer and O h l s (118) u s e d 

both a l l - a r g o n and the n i t r o g e n cooled plasmas f o r the d e t e r m i n a t i o n 

of t e t r a a l k y l l e a d compounds i n v a r i o u s p e t r o l s by monitoring the l e a d 

e m i s s i o n - The same a u t h o r s (119) d e t e r m i n e d n i c k e l and z i n c a s 

d i e t h y l d i t h i o c a r b a m a t e s , u s i n g a n i t r o g e n cooled plasma. F r y et^ a l . 

(121) i n v e s t i g a t e d a l a r g e number of f l u o r i n e atom l i n e s f o r s e l e c t i v e 

d e t e c t i o n of v a r i o u s f l u o r i n e - c o n t a i n i n g o r g a n i c compounds, u s i n g o f f ­

l i n e c o r r e c t i o n t o remove i n t e r f e r e n c e from t h e s o l v e n t e m i s s i o n . 

Brown e t a l . (120) monitored near i n f r a - r e d oxygen e m i s s i o n s to enable 
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o x y g e n - s p e c i f i c d e t e c t i o n . The d e t e r m i n a t i o n of v o l a t i l e h y d r i d e s of 

a r s e n i c , germanium and antimony by GC-ICP, u s i n g a s e q u e n t i a l s l e w -

s c a n n i n g m o n o c h r o m a t o r ( 1 2 2 ) d e m o n s t r a t e s how t h e u s e o f 

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

monochromator. T a b l e 2 l i s t s a p p l i c a t i o n s o f GC-ICP w h i c h h ave 

appeared to date. 
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Table 2 Coopled Gas Chrooatography - I n d u c t i v e l y Coupled Plasaa Op t i c a l ^ a s i o n Spectroscopy 

Qiroaa togr a phy M atrU 
Klemcnt. 

(Uavaleogth/ Reference 

A l l Ar plasaa 

observations aade 9 sa 

above load c o i l . 

Cooputer c o n t r o l l e d 

data a c q u i s i t i o n 

systea. See r e f . 1 1 5 . 

6' X 1/8" packed - i t h Elcnental analysis of Used single and a u l t i -

8% Carbowax 1540 on 

80/100 cesh f i r e ­

b r i c k . 

various o r g a n i c 

c o Q p o u n d s . 

channel oono-

chroaators. Using the 

l a t t e r aonitored C and 

H channels for TtTT, 

toluene and p-xylene. 

Detection l i a i t s range 

between 0.8 ng - I ag 

depending on the 

elenent. 

Br 
700.57 na 

C 
247.86 na 

Cl 
725.67 nn 

634.67 na 

656.28 na 

2 0 6 . 1 6 n n 

Si 
2 5 1 . 6 1 nn 

Fe 
3 7 1 . 9 9 nn 

Pb 
2 1 7 . 0 0 na 

Sn 
2B4.00 nn 

A l l Ar plasaa. See 

refs 1 1 5 , 1 1 6 . 

Power - 0 - 8 kw 

Coolant - 12 I min"' 

Plasaa - 0 . 5 I o i n " ' 

Saaple - 0 . 9 1 a i n * ' 

Hakeup - 0 . 9 -

See r e f . 1 1 6 . Halogen containing 

hydrocarbons. 

Elenental r a t i o n 

deceminationa f or 

each peak t y p i c a l l y 

200 elenental r a t i o 

d eteminations were 

achieved to y i e l d an 

average f i g u r e . 

Uses both high power SPIOOO. 

Ar/N2 and low power T^ - 140°C ( S i ) 

Ar/Ar plasaas. T̂ . - 150°C (Pb) 

- 30 CB 3 ain-V 

Looked at lead m 

pet r o l s using standard 

a d d i t i o n also T^a/TGL 

r a t i o and C background 

at 220.35 na. 

Si 
212.4 na 
288.1 na 

Pb 
220.35 nn 

118 
119 

Ar/Ar plaaaa 1.75 KW 10% Carbowax 20M on 

forward power- Chroaosorb P 80/100 

Used elongated t o r c h , aesh. 

observation zone Ar - 25 ca-* nin" 

5.5 t=a above load T̂ . » lOO^C 

c o i l . Ti„ - 100°C, 

Monitored near I R 

oxygen eniasions for 

various gases and 

organic l i q u i d s . 

Studied e f f e c t of 

varying various plasaa 

gas flows on signal 

and background l e v e l s . 

Detection l i n i t 650 ng 

777, 194 na 
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Chrocaatography Eleaont Reference 

A l l AT plasaa 6' X 1/8' packed with 

Aaine 200 

Tc - 105«C 

Ar - 25 ca^ o i n " ^ 

sampling loop used. 

Separation of F/C s e l e c t i v i t y of l.O 

be n z e n e t r i f l u o r i d e and at 685.602 na without 

o-fluorotoluene. background co r r e c t i o n . 

By using ' o f f l i n e -

c o r r e c t i o n solvent 

peak disappears. 

Considered 

1 U9 56 

l i n e s i n 

the region 

350 t o 

895 na 

A l l Ar plasaa with 

slew scanning 

monochromator. I KW 

forward power. 

Observation 15 cn 

above load c o i l . 

3.5* X 3 ma i . d . 

Chrooosorb 102 at 

ambient temperature. 

Hydrides generated, 

cold trapped and 

passed through column 

in t o plasaa. 

Sequentially e l u t i n g 

hydrides aonitored. 

Linear over 2-3 orderi 

of magnitude. 

Detection L i o i t s 

4 ng Ge 

50 ng As and Sb 

Ge 
303.9 na 

As 
278.0 na 

Sn 
317,5 na 

Sb 
287.8 na 

122 
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2.3.3 Coupled gas chromatography - d i r e c t c u r r e n t plasma 

The DCP i s e s s e n t i a l l y a d i r e c t c u r r e n t a r c s t r u c k between two or more 

e l e c t r o d e s and s t a b i l i z e d by a f l o w o f i n e r t gas- T h e r e a r e few 

r e p o r t e d couplings of GC w i t h DCP OES, although the group a t Amherst 

have been p a r t i c u l a r l y a c t i v e (91,104/123/ 124). They found i t 

p o s s i b l e t o u s e argon, h e l i u m o r n i t r o g e n a s a c a r r i e r gas ( 1 2 4 ) , 

a l t h o u c ^ i n c e r t a i n s p e c t r a l r e g i o n s i n t e r f e r e n c e from cyanogen bands 

can o c c u r w i t h n i t r o g e n . The u s e o f a s h e a t h i n g gas, h e a t e d t o 

prevent sample condensation around the i n j e c t o r n o z z l e , was found to 

i n c r e a s e s e n s i t i v i t y (123,124). T h i s coupled technique has been used 

a s an e l e m e n t - s e l e c t i v e d e t e c t o r f o r : m a n g a n e s e a s t h e 

c y c l o p e n t a d i e n y l t r i c a r b o n y l d e r i v a t i v e ( 1 2 3 ) ; copper/ chromium, 

n i c k e l , p a l l a d i u m and z i n c c h e l a t e s ( 1 2 4 ) ; i r o n i n f e r r o c e n e ( 1 2 6 ) , 

and v a r i o u s group IV metals i n an i n t e r e s t i n g study of F r i e d e l - C r a f t s 

c a t a l y s e d a l k y l group r e d i s t r i b u t i o n r e a c t i o n s ( 9 1 ) . T r e y b i g and 

E l l e b r a c h t (127) u t i l i s e d a vacuum u l t r a - v i o l e t p l a s m a s p e c t r o m e t e r 

f o r s u l p h u r - s p e c i f i c d e t e c t i o n w h i c h compared f a v o u r a b l y w i t h MIP 

d e t e c t i o n and has the advantage t h a t s o l v e n t v e n t i n g i s not r e q u i r e d . 

A p p l i c a t i o n s of GC-DCP are summarised i n Table 3. 
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Table 3 Coupled Gas ChroMtography - Direct Current Plasaa O p t i c a l Baission Spectroscopy 

Chroaatograpfay Hatrix Cooenta 
Klment 

(Uavelength/ Reference 

Prototype spectraapan 6" x 1/8' i . d . 

I l l dc plasma ecbelle stainless s t e e l 2\ 

spectroaeter. Dexsil 300 GC on 

LOO/120 oesh 

Chroaosorb 750. 1:1 

s p l i t w ith FID. 

- 130«»C 

HKT i n gasoline, 

standards i n i s o -

octane. Eyoantrene 

i n t e r n a l standard. 

T. - 160°C 

Only sample 

a o d i f i c a t i o n required 

was a d d i t i o n of the 

i n t e r n a l standard. 

3 a i n analysis time. 

Upper l i a i t of line a r 

range was 340 ng. 

Detection l i a i t 3 ng 

He - 25 cm-* ai n ' 123 

See r e f . 123. Details 

of heated i n t e r f a c e 

design given. Dual 

detection with FID 

used sheathing gas 

heated to 230<̂ C t o 

prevent condensation 

of eluents. 

Tin - 230°C 

6' X l/B- I . d . , 3* 

Dexsil 300 on 100/120 

mesh Chroaosorb 750. 

- 170°C 

He • 60 co^ mln"' 

Tg - 220*'C 

6' X 1/8- i . d . 2.5* 

Dexsil 300 GC 

T^ - 2300C 

- 280Oc 

6- X 1/8- i . d . 3.2* 

Dexsil 300 GC on 

100/120 cesh 

Chroaosorb 750 

6' X 1/8- I.d 

10* SC-30 on 60/80 

mesh Gas Chroa. s. 

C r ( t f a ) 3 

Cu(en)(tfa)2 

Cu(pn(tfa)2> 

til pn(tfa)2 

Pd p n ( t f a ) 2 

Zn (dtc)2 

CpCr(K0)(CO)2 

benzenechrooium 

t r i c a r b o n y l . 

ClO' <=12' ^14' 
hydrocarbons. 

Sheathing gas around 

the Issuing g.c. 

e f f l u e n t prevented 

excessive d i f f u s i o n as 

the sample t r a v e l l e d 

i n t o the plasma f r o a 

the i n t e r f a c e tubing. 

Linear froa 2 - 150 ng 

for Cr. 

Detection l i m i t s 

ranged between 

0.28 pg s"^ to 

320 pg s 

Cu 
324.7 na 

341.7 na 

Pd 
340.4 na 

C 
247.8 na 

Cr 
267.7 nm 

c 
247.8 na 

124 
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Detector Chrooa togra phy Matrix B l a t t n t Refereoce 

Por spectrometer and 6" x 1/8" st a i n l e s s 

interface- see r e f . 125. s t e e l . 5 i OV-101 on 

Except used 3 

electrode j e t rather 

than a 2 electrode 

one. Ar flow rates: 

Sheathing -

1.42 - 1.65 I min-' 

Cathode - 2.0 1 a i n " 

Anoda - 1.3 I o i n ' ' 

Current - 7 A 

Voltage - 40 60 V 

100/120 mesh 

Chroaosorb 750. 

He - 40 ca^ B i n " ^ 

Tc - froa 80**C to 6 or 

Ŝ C B i n ' ^ 

T i - 210°C 

Tin - 220° 

Nickel tubing l a x 

1/8-, 3* OV-201 on 

100/120 aesh ultrabond 

20 H. 

He - 40 ca-* a i n 

T(. - froo 80°C at 8®C 

210**C 

Priedel-Crafts 

catalysed a l k y l group 

r e d i s t r i b u t i o n 

reactions. 

R e d i s t r i b u t i o n 

reactions of the 

fo l l o w i n g p a i r s : 

•''Pr^Sn.Et4pb 

Et4Sn*"BUflGe 

"pr^Sl-^Bu^Ce 

"Bu4Ce*Et4pb 

Vn4Sl*Et4Sn 

Vn^st+^Bu^Co studied. 

Formation of PbRjCl 

and SnB3Cl by 

reactions with AICI3 

studied. 

Si 
251,6 no 

Gc 
265.1 na 

Sn 
286.3 na 

Pb 
368.3 na 

Pb 
368-3 na 

Sn 
286.3 no 

220*'C 

See r e f s . 91 and 124. 100* x 0.03" i . d . 

sta i n l e s s s t e e l PLOT 

OV-lOl 

1700C. 

Ferrocene and halo-

d e r i v a t i v e s . 

paper contains aany 

other organooetallic 

separations, however 

the detector used i s 

the FID. 

Fe 
372.0 na 

126 

Vacuua tSV spectroaeter 122 ca x 2 co i . d . , CSj' Thlophene 3-

with spectrametrics dc Poropak super Q. oethyIthiophene. 

plasma. 183 cm x 2 co i . d . , 3* hexanethiol 

OV-101 on Chromosorb w bonzenethiol 

HP. 80-100 mesh. 

N, - 80 cm^ oin"V 

methylsulphoxido. 

Detection L i o i t 

0.3 ng S s' 

180.7 na 

127 
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2.3.4 Coupled gas chromatography - atomic f l u o r e s c e n c e s p e c t r o s c o p y 

Van Loon (205) was the f i r s t t o s u g g e s t the p o s s i b l e u s e o f non-

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

element c a p a b i l i t y , a b i l i t y f o r low l e v e l d e t e c t i o n and s i m p l i c i t y of 

usage. A l t h o u g h t h i s l a t t e r p o i n t i s d e b a t a b l e , t h e most l i k e l y 

reason f o r the dearth of p u b l i s h e d work u s i n g GC-AFS i s probably the 

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

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

a p p l i c a t i o n s . Van Loon's group i n T o r o n t o h a v i n g p u b l i s h e d t h e o n l y 

GC-AFS work (157). A n i t r o g e n s e p a r a t e d c i r c u l a r a i r / a c e t y l e n e flame 

was u s e d w i t h an i n e r t gas s h i e l d e d e l e c t r o t h e r m a l l y h e a t e d q u a r t z 

tube and a m o d i f i e d g r a p h i t e cup a t o m i s e r . I n t h e l e a d s p e c i f i c 

d e t e c t i o n of t e t r a a l k y H e a d compounds f l a m e AFS p r o v e d a f a c t o r o f 

t h r e e more s e n s i t i v e than FAAS; however, no i n c r e a s e i n d e t e c t a b i l i t y 

was found u s i n g AFS o v e r AAS when t h e g r a p h i t e cup o r q u a r t z tube 

a t o m i s e r s were used. The a v a i l a b i l i t y of a commerical AFS i n s t r u m e n t 

s h o u l d i n c r e a s e t h e usage o f t h e t e c h n i q u e s i n c e t he a d v a n t a g e s o f 

m u l t i - e l e m e n t a n a l y s i s and s e n s i t i v e d e t e c t i o n make AFS an e x c e l l e n t 

method f o r the d e t e r m i n a t i o n of metals. 
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Table 4 CoapLod Cao ChroMtography - Atocaic Fluoreacenco Spectroscopy 

Chrooa togra pby H d t r i x 
B l C K n t . 

( U a v e l e s g t h / Reference 

C i r c u l a r s h i e l d e d See Table 4 r e f . 109, 

c i r c u l a r kiT/C2»2 

f l a n a . 

E l e c c r o c h f l r a a l l y 

heated quartz tube 

furnace. 

T e t r a a l k y l l c a d 

coQpounds• 

FAFS 3 X nore 

s e n s i t i v e than FAAS, 

however, 

E l e c t r o t h e r a a l AF5 was 

no b e t t e r than 

e l e c t r o t h e m a l AAS. 

Pb 

Cra p h i c e cup furnace 

a t lOOOOc. 109 
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2.3.5 Coapled gas chromatography - atomic a b s o r p t i o n s p e c t r o s c o p y 

Coupled GC-AAS can be s p l i t i n t o flame (FAAS) and e l e c t r o t h e r m a l (ETA) 

a t o m i s a t i o n s y s t e m s - T a b l e 5. F l a m e a t o m i s a t i o n o f f e r s t h e 

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

i n s t r u m e n t a t i o n . Although i t would appear t h a t the low n e b u l i s a t i o n 

e f f i c i e n c y of a b o u t 10% f o r s o l u t i o n s , w o u l d be a d i s a d v a n t a g e 

compared w i t h ETA where t h e whole s a m p l e i s a t o m i s e d , t h i s i s 

u n i m p o r t a n t i n c o u p l e d GC-AAS s i n c e t h e a n a l y t e i s i n the gas p h a s e 

p r i o r t o e n t r y i n t o t h e atom c e l l . However FAAS does s u f f e r t h e 

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

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

s e n s i t i v i t y , i t i s a l s o c l a i m e d t h a t ETA i s s a f e r and lends i t s e l f to 

the p o s s i b i l i t y of unattended o p e r a t i o n . 

The s i m p l e s t way o f i n t e r f a c i n g a gas c h r o m a t o g r a p h w i t h an a t o m i c 

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

i n t e r f a c e tube i n t o the n e b u l i s a t i o n chamber, to be swept by o x i d a n t 

and f u e l gases i n t o the flame. The f i r s t r e p o r t e d GC-FAAS c o u p l i n g by 

K o l b e t a l . (128) u s e d t h i s method t o d e t e r m i n e t e t r a a l k y H e a d 

compounds i n p e t r o l w i t h an a i r / a c e t y l e n e f l a m e . T h i s i n t e r f a c i n g 

method has been u t i l i s e d by v a r i o u s authors (129,136,140). Morrow e t 

a l . (129) u s e d the n i t r o u s o x i d e / a c e t y l e n e f l a m e f o r t h e s i l i c o n 

s p e c i f i c d e t e c t i o n of s i l y l a t e d a l c o h o l s and an a i r / a c e t y l e n e f l a m e 

fo r atomic e m i s s i o n d e t e c t i o n of the same s p e c i e s . A s i m i l a r c o u p l i n g 

was u s e d to d e t e r m i n e l e a d i n p e t r o l ( 136,140,153), and i n t h e 

a t m o s p h e r e ( 1 4 0 ) . Hahn e t a l . (162) u s e d s u c h an a r r a n g e m e n t t o 

d e t e r m i n e As, Ge, Se and Sn, a f t e r h y d r i d e g e n e r a t i o n , u s i n g a 

hydrogen d i f f u s i o n flame. Coker (125) r e a l i s e d t h a t d i l u t i o n of the 

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

chromatographic e f f l u e n t i n t o a manifold j u s t below the burner s l o t , 

thus a c h i e v i n g lower d e t e c t i o n l i m i t s f o r t e t r a a l k y l l e a d compounds i n 

p e t r o l t h a n w i t h p r e v i o u s c o u p l i n g s . Wolf (146,152) u s e d a s i m i l a r 

c o u p l i n g to s p e c i f i c a l l y determine chromium i n standard o r c h a r d l e a v e s 

a f t e r c h e l a t i o n w i t h t r i f l u o r o a c e t y l a c e t o n e , a s d i d Chan (167) when 

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

The work o f Ward (34) has e m p h a s i s e d t h a t i n o r d e r t o e n a b l e t r u e 

t r a c e l e v e l d e t e r m i n a t i o n s by GC-FAAS, the r e s i d e n c e times of atoms i n 

the flame must be i n c r e a s e d . T h i s was a c h i e v e d u s i n g a c e r a m i c tube 

s u s p e n d e d o v e r a f l a m e i n v a r i o u s c o n f i g u r a t i o n s (33,206). I n t h e 

most s u c c e s s f u l a r r a n g e m e n t , d e s c r i b e d by Ebdon et^ a l . ( 3 3 ) , t h e 

e f f l u e n t from t h e gas c h r o m a t o g r a p h was t a k e n t o a 'T' p i e c e where a 

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

flame to burn a t the end of the i n t e r f a c e tube. The atoms produced i n 

the hydrogen f l a m e a r e then s w e p t i n t o the c e r a m i c tube. T h i s 

a p p r o a c h h a s g i v e n d e t e c t i o n l i m i t s o f 17 pg f o r l e a d i n 

t e t r a m e t h y l l e a d and t e t r a e t h y l l e a d , 80 and 95 pg f o r mercury as lie2^*3 

and Et2Hg r e s p e c t i v e l y , and 0.12 ng f o r s e l e n i u m i n o r g a n o s e l e n i u m 

compounds. The s y s t e m h a s now been a d o p t e d f o r r o u t i n e u s e i n a 

number of l a b o r a t o r i e s (33,175,177), p a r t i c u l a r l y f o r the s p e c i a t i o n 

of a l k y l l e a d compounds. 

The e l e c t r o t h e r m a l d e v i c e s u s e d i n c o u p l e d GC-AAS, f a l l i n t o t h r e e 

main c a t e g o r i e s : 

( i ) home made e l e c t r o t h e r m a l l y heated qu a r t z or ceramic tubes; 

( i i ) commercial g r a p h i t e f u r n a c e s ; 

( i i i ) commercial c o l d vapour mercury a n a l y s e r s . 
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T h i s l a t t e r atom c e l l has been used f o r mercury s p e c i f i c d e t e c t i o n of 

o r g a n o m e r c u r i a l s i n v a r i o u s s a m p l e s . Hey (130) p a s s e d the e f f l u e n t 

from the chroniatograph i n t o a continuous wet c h e m i c a l r e d u c t i o n c e l l , 

the reduced Hg(0) being swept i n t o the c o l d vapour a b s o r p t i o n c e l l o f 

a c o m m e r c i a l s y s t e m ( MAS 50, Coleman I n s t r u m e n t s ) . O t h e r a u t h o r s 

( 1 3 2 - 1 3 5 ) u s e d a f l a m e i o n i s a t i o n d e t e c t o r f l a m e t o a t o m i s e t h e 

o r g a n o m e r c u r y s p e c i e s w h i c h were t h e n p a s s e d i n t o t h e same c e l l . 

Dressman (132) used t h i s method to s p e c i a t e d i a l k y l m e r c u r y compounds 

i n s p i k e d r i v e r waters. B l a i r e t a l . (135) a l s o used t h i s method i n a 

s t u d y o f m e r c u r y t r a n s f o r m a t i o n s i n a q u a t i c environments- (Gonzalez 

and Ross (131) used a q u a r t z combustion furnace p r i o r to the d e t e c t o r 

to determine methyl- and e t h y l - merciiry c h l o r i d e s i n f i s h t i s s u e s , and 

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

e l e c t r o n capture d e t e c t o r s towards the organomercury c h l o r i d e . 

The use of an e l e c t r o t h e r m a l l y heated s i l i c a tube as an atom c e l l f o r 

c o u p l e d GC-AAS was p i o n e e r e d by Chau e t a l . ( 1 3 8 ) . The f u r n a c e , 

heated to around 1000 °C w i t h a through flow o f a i r and hydrogen, was 

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

d i m e t h y l d i s e l e n i u m and d i m e t h y l s e l e n i u m (138). Chan, wi t h a number of 

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

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 ( 138,139,142,168,169). T h i s group a l s o 

developed the technique f o r metal s p e c i f i c d e t e c t i o n of organolead i n 

the a t m o s p h e r e ( 1 4 0 , 1 4 1 ) , t h e a q u a t i c e n v i r o n m e n t (155,159) and f o r 

m e t h y l a t i o n s t u d i e s of l e a d (139,203), t i n (168) a r s e n i c , mercury and 

s e l e n i u m (169). Thompson (171) u t i l i s e d a s i m i l a r atom c e l l to study 

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

Caruso (172) used the same system f o r the d e t e r m i n a t i o n of i n o r g a n i c 

l e a d i n a q u a t i c s a m p l e s a f t e r m e t h y l a t i o n o f t h e e x t r a c t e d 
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d i t h i o c a r b a m a t e l e a d complex. Van Loon and R a d z i u k ( 1 4 3 - 1 4 5 ) 

d e v e l o p e d a s i l i c a 'T' tube f o r c o u p l e d GC-AAS. T h i s low c o s t 

arrangement had the chromatographic column contained i n the long arm 

of t h e 'T', the e f f l u e n t t h e n p a s s e d i n t o t h e c r o s s p i e c e a t o m i s e r 

purged w i t h f l o w s of hydrogen and nitr o g e n . The system was used as a 

metal s p e c i f i c d e t e c t o r f o r organoselenium compounds (143) and i n the 

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

(144,145). Bye and Paus (154) used an e l e c t r o t h e r m a l l y heated q u a r t z 

furnace to atomise o r g a n o m e r c u r i a l compounds p r i o r to t h e i r d e t e c t i o n 

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

t e t r a a l k y l , methyl- and e t h y l - t i n c h l o r i d e s (165) Bums e t a l . used an 

e l e c t r o t h e r m a l l y h e a t e d q u a r t z tube a s a t o m i s e r . They found t h a t 

d e t e c t i o n l i m i t s c o u l d be lowered s u b s t a n t i a l l y i f the hy d r i d e s were 

generated p r i o r to a t o m i s a t i o n . I n a comparison of v a r i o u s atom c e l l s 

f o r coupled GC-AAS by Radziuk e t a l . (157) the g r a p h i t e furnace proved 

the most s e n s i t i v e f o r l e a d , and gave a f a c t o r o f f i f t y i n c r e a s e i n 

response when compared to the e a r l y s i m p l e Kolb type flame coupling. 

The f i r s t gas chromatograph c o u p l i n g to a commercial g r a p h i t e f u r n a c e 

was r a t h e r c r u d e l y a c h i e v e d by S e g a r ( 1 3 7 ) . The end o f a t u n g s t e n 

t r a n s f e r l i n e was passed through an en l a r g e d h o l e i n the g r a p h i t e tiobe 

so t h a t t h e e f f l u e n t i m p i n g e d on t h e h o t tube w a l l . P a r r i s et^ a l . 

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

l i n e d and standard g r a p h i t e tubes a t v a r i o u s a t o m i s a t i o n temperatures 

w i t h and wit h o u t hydrogen (10%) added to the chromatographic e f f l u e n t . 

The b e s t d e t e c t i o n l e v e l s were a c h i e v e d f o r As, Se and Sn, u s i n g 

standard g r a p h i t e tubes w i t h hydrogen added to the e f f l u e n t flow and 

an a t o m i s a t i o n t e m p e r a t u r e o f 1800 *^C. R o b i n s o n e t a l . (151) p a s s e d 

the c h r o m a t o g r a p h i c e f f l u e n t t h r o u g h a g r a p h i t e e l e c t r o d e i n t o t h e 
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o p t i c a l p a t h o f a home made a t o m i s e r w h i c h was k e p t a t 2000 °C 

throughout the chromatographic run. T h i s a t o m i s e r was used f o r l e a d 

s p e c i f i c d e t e c t i o n of t e t r a a l k y l l e a d compounds i n p e t r o l (151) and i n 

a s t u d y o f the d e g r a d a t i o n o f T E L i n s e a w a t e r ( 1 5 8 ) . Bye and Paus 

(154^) found g r a p h i t e furnace a t o m i s a t i o n was 1 0 0 - f o l d more s e n s i t i v e 

t h a n f l a m e a t o m i s a t i o n f o r t h e d e t e r m i n a t i o n o f TML i n p e t r o l . The 

d e t e r m i n a t i o n o f t e t r a a l k y l l e a d compounds i n v a r i o u s m a t r i c e s has 

a g a i n been w e l l r e s e a r c h e d ; f o r e x a m p l e , C r u z e t a l . (204) i n f i s h , 

w a t e r , s e d i m e n t and v e g e t a t i o n s a m p l e s . The group i n A n t w e r p 

d e v e l o p e d t h e most s e n s i t i v e GC-GFAAS c o u p l i n g f o r t e t r a a l k y l l e a d 

compounds (163) and u s e d i t t o d e t e r m i n e t h e s e compounds i n p e t r o l 

( 163,166), t h e a t m o s p h e r e (164,166) and i n a p r e l i m i n a r y s t u d y o f 

t h e i r d e g r a d a t i o n i n r i v e r w a t e r ( 1 6 6 ) . D e t e r m i n a t i o n o f a n o t h e r 

" a n t i - k n o c k " p e t r o l a d d i t i v e , methy 1 - c y c l o p e n t a d i e n y Imfinganese 

t r i c a r b o n y l , i n the atmosphere, was a c h i e v e d by Coe e t a l . (160) down 

t o l e v e l s o f 0.05 ng m~^. W i n e f o r d n e r and c o - w o r k e r s (174) have 

d e m o n s t r a t e d a n o v e l method o f a v o i d i n g m a t r i x i n t e r f e r e n c e by 

s e l e c t i v e v o l a t i l i s a t i o n u s i n g coupled high temperature (ca. 2093 K) 

GC-AAS. They used a molybdenum column/atomiser f o r the s e p a r a t i o n o f 

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

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

s o l u t i o n . T h i s work opens a new a r e a of a p p l i c a t i o n f o r GC-AAS, s i n c e 

p r i o r to t h i s only elements which form v o l a t i l e h y d r i d e s or c h e l a t e s 

i n i n o r g a n i c m a t r i c e s c o u l d be separated. The technique thus o f f e r s a 

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

a n a l y t e p r i o r to atomic s p e c t r o s c o p i c a n a l y s i s . 
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Table S Coopled Gas Ou-coatography - A t o a i c Absorption Spectroscopy 

Chroaatoqraphy H a t r i x 
S l c M n t 

( U a v e l e s g t i i / Reference 

Plai=o AAS, GC e f f l u e n t 2 Q x 2 c a l . d . , 10% 

passed v i a a heated Apiezon M on " 

ttibe i n c o zhe 

n e b u l l s a t t o n chanber. M, » 40 a l a i n ' 

150^ 

Pb a l k y l s I n p e t r o l , 

TOL and TEL 

F i r s t paper to 

d e s c r i b e CC-AAS 

cou p l i n g for e l e s e n t 

s p e c i f i c d e t e c t i o n . 

L i n e a r range SO-700 

ppn. 

Pb 
217.0 na 

128 

Flaoe AAS. M2O/C2H2 

FAES a i r / C j H z f l a n e . 

Coupling was th.rough 

the n e b u l i s a t i o n 

chaober. 

6' X 0.25- i . d . s t e e l 

colunn, 20% SE30 on 

30/60 oesh chroaosorb 

W. He • 100 Q l o l i n " ^ 

• 130°C. 

SHylated p y r i d i n e 

s o l u t i o n s of n-

a l c o h o l s - C7. 

I n t e r f a c e tube, 

s t a i n l e s s s t e e l 

(0.03-lS- i . d . ) heated 

in e x c e s s of T<.' 

AAS 4-20 yg 

AES 3-100 ug 

L i n e a r range. 

D e t e c t i o n l i a i t s 

AAS 0.11 ug AES 0.72 ug 

S i 
251.6 na 

Using c o l d vapour 

a n a l y s e r . 

Organotnercury 

compounds. 

Passed CC e f f l u e n t 

i n t o a continuous wet 

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

v e s s e l i Hg then 

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

vapour c e l l . L i n e a r 

up to 10 ug* 

D e t e c t i o n l i n i t 50 ng 

Hg 
253.7 ma 

130 

As r e f . 130. G l a s s 6' X 0.25" 

coluian, 5% HIEFF-2AP 

on ChroQosorb WHP, 

80/100 nesh. 

T^ - 170"C 

Ti„ = 200°C. 

A l k y l a e r c u r y 

coapounds i n f i s h 

t i s s u e 

MeHgCl and EtHgCl. 

CC e f f l u e n t passed 

i n t o a q u a r t z cube 

coobustion furnace 

(780°C) p r i o r to 

p a s s i n g i n t o the c o l d 

vapour c e l l . L i n e a r 

up to 45 ng. 

D e t e c t i o n l i n i t - 2.5 

X 10"^ ^ g of MeHgCl 

g i v e s 1% a b s o r p t i o n . 

Hg 
253.7 no 

131 
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Detector OircBUtography HAtrlx Reference 

See r o f . 130. 6' X 2 = 3 i . d . g l a s s D l a l k y l o e r c u r y 

c o l u s n . 5* DC-200 • 3* cccpounds I n s p i k e d 

Q?l on 30/100 aesh r i v e r v a t e r s . 

Chroaosorb Q. 

"^c - 70°C hold 2 Q i n 

then 20*>C a i n * ^ to 

The e f f l u e n t was 

passed through the PID 

to cocJmsc the oercury 

coopounds p r i o r to 

e n t r y i n t o the c o l d 

vapour a n a l y s e r . 

D e t e c t i o n l l a i t O.i ng 

Ug 
253.7 na 

see r e f . 130 See r e f . 132 D i a l k y l a e r c u r y 

conpounds, 

MejHg, Et2Hg. 

'VrjHg. "BujHg. 

See r e f . 84. L i n e a r 

f r o a O.OS ng to 

100 ng. 

D e t e c t i o n l i a i t 

0.02 ng for KejHg. 

Hg 
253.7 no 

133 

See r e f . 130. >ee r e f . 132. D i a l k y l a e r c u r y 

coapounds. 

See r e f . 84. L i n e a r 

froo 0.05 to 100 ng 

for MejHg and Et2K9-

D e t e c t i o n l i a i t 

0.02 ng for HCjHg. 

Hg 
253.7 na 

134 

See r e f . 130. 6' X 0.125" g l a s s Mercury coapounda 

colunn, 5% S?2100 > 3% i n v o l v e d i n 

SP2401 on 80/100 oesh 

Supelcon AW-DCns. 

Nj - 20 n i B i n " ^ 

" 60®C hold 2 n i n 

Chen 32°C n i n * ' to 

180°C. 

t r a n s f o r a a t i o n a of 

a i c r o o r g a n i s a s , i n 

s o i l s and s e d i a e n t s -

Study of n e t h y l a t i o n 

pathvays i n 

o i c r oo r gan i s DS. 

Hg 
253.7 na 

A i r / a c e t y l e n e f l a a e . 3 a X 3 eta T e f l o n 

tube. 

- 40 a l B i n ' 

Pb d l k y l s i n g a s o l i n e 

s a a p l e s . 

E f f l u e n t passed f r c o 

GC i n t o spray chaaber. 

S c a burner. L i n e a r 

f r o n 0.2 to 40 ug. 

Pb 
217.0 na 

G r a p h i t e furnace kept 6* x 5/16" i . d . on 

at 2700°C with g l a s s c o l u a n , 4t SE-JO 

background c o r r e c t i o n . * 6% OV210 on Gas 

Chroa Q. 

Ar - 50 a l a i n " ^ 

Tc - ISQOC 

2.0 >jl i n j e c t i o n s . 

Pb a l k y l s ,in g a s o l i n e . 10 CO w t r a n s f e r l i n e 

connected i n t o an 

enlarged hole i n 

g r a p h i t e tube. 

D e t e c t i o n l i o i t 10 ng 

Pb. 

Pb 
2 17.0 na 

137 
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C h r o u t o ^ r a p h y B l e a e n t Reference 

E l e c t r o t h e naal1y 

heated s i l i c a tube 

(60 C 3 K 7 c a i . d . . 

T - lOOO^C) Furnace 

gases: 

a i r - 120 a l o i n " ^ 

• 120 n l Din*'. 

1.8 n X 6 c s 9 l a s a 

c o l u s n , 3% OV-1 on 

OironoBorb w 80/100 

aesh. 

4( 

then 15°C niin-^ to 

120°C 

Tr - 225OC. 

MSjSe and He2Se2 i n 

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

A i r s a n p l e s trapped a t 

-80**C on J * OV-l on 

ChroQosorb w and 

desorbed i n t o the GC 

a t 80*C. The t r a p 

being heated i n a 

c o t a a e r c i a l ' t o a s t e r ' • 

L i n e a r up to SO ng. 

D e t e c t i o n l i a l t 0. t ng 

196.0 na 

138 

Air/C2H2 f l a a e . 3' X 3/16- t.d. s t e e l 

colunn, 10% Carbowax 

20H on 100/120 oesh 

P o r a s i l C. 

Hj • 120 n l n i n * ^ 

Hoiae oade colunn 

h e a t i n g a y s t e o . 

5 u l i n f e c t i o n s . 

Pb a l k y l s i n g a s o l i n e . The e f C l u e n c f r o a the 

CC passes i n t o a 

manifold } u s t below 

the burner s l o t which 

evenly d i s t r i b u t e s 

the e f f l u e n t along the 

f l a o a . L i n e a r up to 

200 ppffl for TKL and 

1000 ppm for T E l . 

D e t e c t i o n l i o i t 0.2 

ppo. 

Pb 
283.3 n o 

127 

AAS u s i n g an e l e c t r o -

c h e r a a l l y heated 

s i l i c a furnace. See 

r e f . 138. 

See r e f . 138. TML f r o a n e t h y l a t i o n 

of He3pb^ s a l t s . 

Reported t h a t He3Pb'*' 

s a l t s were r e a d i l y 

converted to TML by 

a i c r o o r g a n i s a s i n lake 

water or n u t r i e n t 

aedi.ua. 
139 

A i r / C j H j flaxae. A l l -

g l a s s l i n i n g for 

n e b u l i s a t i o n chanbor 

used to prevent 

a b s o r p t i o n of organo-

lead on chanber w a l l s . 

L .a a X 6 C33 g l a s s 

coluan, 3% OV-l on 

80/100 Chroctosorb U. 

Tj. » 40''C for 2 C l i n 

t h e n i ° C d i n ' ' to 

90°C. 

T e t r a a l k y l l o a d 

ccQpounds i n the 

atiaosphere and 

g a s o l i n e s . 

The a i r saople was 

crapped ( s e e r e f . 9 0 } ; 

passed through 

n e b u l i s a t i o n chaaber 

i n t o f l a o e . 

D e t e c t i o n l i m i t 80 ng. 

Pb 
217.0 n a 

140 
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CSirooatography S l a e n t Reference 

E i e c t r o t h e n a a l l y 

heated s i l i c a tube. 

See r e f . 13S. 

Coluan (see reC. 92> 

• 70 o l o i n " ^ 

- SO^C for 2 a i n 

then IS^C a i n " ^ to 

1S0°C 

T j - 150°C. 

T e t r a a U y l l e a d 

coapounds i n the 

atoosphere. 

For s a n p l e t r a p and 

chraaatogTaphic 

i n t e r f a c e see r e f . 138. 

L i n e a r up to 200 nq. 

D e t e c t i o n l i o i t 

0-1 ng. 

Pb 
217.0 na 

E l e c t r o t h e m a l l y 1.8 Q X 6 C 3 , 3» OV-1 

heated s i l i c a tube, on Chrocosorb w 80/100 

See r e f . 138. aesh. 

Lead sea 92. 

S e l e n i u o 

N, • 70 a l tain"^ 

40°C for 2 ( 

then 15°C o i n " ^ up to 

120«C . 

T i - 22S<»C 

A r s e n i c 10\ OV-1 on 

chrooosorb W. 

-1 ^2 - 30 Dl Din' 

- 25°C - T j 

T i n - 100°C 

Mercury 5* DECS on 

Chrooosorb W 

Nj - 80 lal a l n " * 

T j • ISO'-C 

- 150°C 

Cadaiun 

Hj a 70 o l o i n ' ^ 

- 70°C 

T, - T,_ » ao^^c 

O r g a n o o a t a l l i c 

coopounds i n l i q u i d or 

gaseous s a o p l e s - For 

gaseous saople 

t r a p p i n g oethod see 

r e f . 138. 

Cospounds d e t e m i n e d 

were: t e t r a a l k y i l e a d s 

o e t h y l s e l e n i u a s 

o e t h y l a r s i n e s , 

a l k y l n e r c u r y 

c h l o r i d e s , and 

d i n e t h y l c a d a i u n . 

D e t e c t i o n l i m i t s 

0.1 ng for each 

o l e n e n t . 

Hg 
253.6 ns 

Pb 
217.0 na 

Cd 
228.S na 

AS 
193.7 na 

196.0 na 

in 142 

'T' Furnace a t o a i s e r 

(900-1000®Cf 

d i o e n s i o n s , 100 c a x 

122 ca X 3 c a i . d . Al 

tube, 20% 

polynetaphenylether on 

20 csa i . d . I flows i n t o 60/80 nesh Chronosrob 

a t o n i s e r . w. 

1 1 a i n -1 «2 

- 6 1 a i n " ' . 

Quartz 'T' furnace, 

N2 - 23 a l Qin 

D i a l k y l s e l e n i u a 

coopounds 

The homenade 

chrcsaatographic s y s t e a 

vas c o n t a i n e d i n the 

qu a r t z 'T* 

arrangcQcnt. 

Se 
196.0 nn 

U 3 
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Chroaatography H a t r i x E l R eference 

see r e f . 143. See r e f . 143. Organoseleniuo 

coopounds t r a n s p i r e d 

by A s t r a g a l u s 

r a c e a o s u s . 

The t r a n s p i r e d 

cocapounds were trapped 

on DC-550 on 

Chroaosorb v i n a dry 

i c e bath and desorbed 

at 175®C i n t o the 

chrooatographic 

column. 

D e t e c t i o n L l n i t s 

MejSe - 10 ng 

MejSej - 20 ng 

E t j S o j • 20 ng 

5e 

1 9 6 - 0 na 

144, 145 

Plane, with 

chrooatographic 

e f f l u e n t being 

d e l i v e r o d d i r e c t l y to 

the burner c a v i t y . 

2' X 3 c=3 i . d . T e f l o n 

tubing, 10% SE30 on 

Chrofwsorb WHP 80/100 

oesh, 

Tc - ISO^C 

• 65 o l a i n " ^ 

20 u l i n j e c t i o n . 

I n o r g a n i c Cr i n MBS 

SRM 1571 o r c h a r d 

l e a v e s as Cr'.ttA}^ 

c h e l a t e s . 

A f t e r a H2SO42O2 

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

w i t h Htfa (0.1 a l ) 

e x t r a c t e d w i t h hexane 

(0.5 Q l ) p r i o r to 

i n j e c t i o n . L i n e a r 

froo 0.5 piw to 5 pps 

C r . 

D e t e c t i o n l i n i t 

I ng 

Cr 

146 

E l e c t r o t h e r m a l i y 

heated s i l i c a furnace, 

see r e f . 138. or 

d i r e c t l y coupled 

through the 

n e b u l i s a t i o n chanber 

to an a i r / C j H j f l a n e , 

see r e f . 140. 

see r e f . I 4 l . T e t r a a l k y l l e a d 

coopounds i n p e t r o l 

and a i r s a o p l e s . 

For atiaospheric 

s a a p l i n g see r e f . 138. 

L i n e a r up to 200 ng 

for f u r n a c e . 

D e t e c t i o n l i o i t O.l ng 

for furnace s y s t e a . 

Pb 
217.0 ma 

147 

<i i f f u s i o n f l a n e 

burning i n qu a r t z 

c u v e t t e . 

H2 - 250 al o i n - V 

A i r - 150 o l nin" 

6 a s t a i n l e s s s t e e l 

colunn, 1 6 . 5 % D C - 5 5 0 

on 8 0 / 1 0 0 nesh 

Chrooosorb w AW DMCSJ 

He = 80 n l nin* 

Reducible As s p e c i e s 

i n n a t u r a l w a t e r s . 

The hy d r i d e s of the As 

coctpounds i s o l a t e d by 

c o l d t r a p p i n g , passed 

down a c o l u s n and i n t o 

a f u r n a c e . L i n e a r up 

to 50 ng. 

De t e c t i o n l i o i t 0.05 

ng for AsH^. 

As 
193.7 na 

148 
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C h r o u togra pby Hatrijc Kl( R e f erence 

See r e f . I32. 30 ca X 6 c a i .d. 

g l a s s c o l u a n , 10% 

Carbowax 20H on 

Chroaosorb w AW. S to 

100 u l i n j e c t i o n s ) 

MCjHg, KeHgCl. D e t e c t i o n l i a i t 10 ppb 

Hg. 

Hq 
253.7 na 

fo r rtejHg/ 2000C f o r 

«eHgCl 

15 a l o l n " ' f o r 

- 200 o l B i n " ' f o r 

«eHgCl. 

Gra p h i t e furnace with 

p y r o l y t i c or a l u a i n a 

l i n i n g or standard 

g r a p h i t e tubes, a t 

va r i o u s t e n p e r a t u r e s 

with and without Ar/Hj 

(90 * 10) flow 

(20 a l ain-M. 

6' X 1/B- i . d . g l a s s 

c o l u a n , 5% SP2100 and 

3% 5P2401 on BO/lOO 

aesh Supelcon AVDHCS 

Tc - 40«C 

Ar - 30 a l B i n " ' 

T;_ - lOO^C. 

He3As. He^Sn and Ke2Se Bast d e t e c t i o n l e v e l s 

i n To s t i a u l a t e a c h ieved u s i n g 

an atoosphere over a 

lake s y s t e a . 

standard g r a p h i t e 

tubes w i t h an Ar/H2 

flow a t 1800^'C. 

L i n e a r up to 320 ng As, 

313 ng So, 363 ng Sn. 

D e t e c t i o n l i a i t a 

between 5 and 12 ng. 

As 

Se 

Sn 

150 

Gra p h i t e furnace 

2000°C. The furnace 

kept a t t h i s 

t e a p e r a t u r e throughout Ar - 30 •! a i n 

chroaatographic run. 

T j - 12 5*̂ 0 

T.„ - 100°C. 

T e f l o n colunn, 8* x 

1/8*, 20% TCP on 

Chroaosorb w, 

-1 

T e t r a a l k y H e a d TEL undetecteed in a l l 

coQpounds in gasoline 10 a i r s a n p l e a . 

and the ataosphere. D e t e c t i o n l i n i t 

O.I ng. 

Pb 
283.3 na 

A i r / C j H j f l a a e i see 

r e f . 146. 

18" X 3 c=a i . d . PTTE 

tubing, 5% SE-30 on 

ChrocDsorb P AVDHCS, 

80/100 aesh. 

T i - ISO^C. 

In o r g a n i c c r i n MBS 

SR« 1571 orchard 

l e a v e s and SRM 1569 

brewers y e a s t as 

The c h e l a t e s 

d e t e r n i n e d were: 

Co(fod)3 P e ( f o d } 3 

F e { t f a ) 3 C u ( o f h d ) 3 . 

c h e l a t e s , a l s o Co, Fe L i n e a r f r o a 0.5 to 

and Cu c h e l a t e s . 8.0 ug. D e t e c t i o n 

l i n i t s ranged between 

1.0 ng to 500 ng. 

Cr 

Co 

Fe 

Cu 

152 
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Chrcautography Matrix Coeaents B l e a e n t Reference 

Both a f l a a e , 20* SE-52 on 

air/C2H2' the e f f l u e n t Chroooaorb W, 

Introduced through the Ar - 90 a l o i n " ' 

n e b u l l s e r , and a "^c ' ' ^25°C 

gr a p h i t e furnace a t 

ISOO'^C. 

T e t r a a l i c y l l e a d 

coapoujids i n g a s o l i n e 

s a c p l e s . 

The furnace technique 

was lOOX and 7SX oore 

s e n s i t i v e than the 

f l a o a c o u p l i n g for THL 

and TEL r e s p e c t i v e l y . 

D e t e c t i o n l i a i t a 

Plane; 

TKL - 17 ng 

TEL - 81 ng 

Furnace; 

TKL - 0.12 ng 

TEL - I . I ng. 

Pb 
283.3 raa 

153 

Hg coapounds atomised 10* SP 2300 on 

i n e l e c t r i c a l l y heated Chrooosorb w. 

q u a r t z furnace a t Nj • 90 n l n i n " ^ 

620°c. Tc - 1-*5**C 

T, - 200°C 

Allcy l o e r c u r y coopounda A r a p i d aethod for 

i n f i s h . q u a n t i t a t i v e 

e x t r a c t i o n of 

organooercury 

coopoundfl f r o a f i s h 

g i ven. L i n e a r up to 

120 ng. D e t e c t i o n 

l i a i t 3.5 ng. 

Hg 
254.0 na 

154 

E l e c t r o t h e r n a l l y 

heated s i l i c a tube. 

See r e f s . 138 and 

141. 

See r e f . 138. T e t r a a l k y l l e a d 

cocpounds i n water, 

s e d i a e n t and f i s h . 

E x t r a c t i o n procedures 

for t h r e e sample types 

given. D e t e c t i o n 

H a l t s water (200 a l ) 

- 0-5 ug I " ' . 

s e d i a e n t (5 g) - 0.01 

Ug g • F i s h (2 g) 

0.025 Ug g' 

Pb 
217.0 na 

155 

G r a p h i t e furnace 150 en x 6 cai i . d . , 

a t o n i s a t i o n a t 1700°C. g l a s s c o l u a n , 3* OV-

101 on ChroDOSorb u, 

80/100 aesh. 

Ti„ - 80Oc 

Tc - 90°C then 40**C 

a i n - ^ to 200°C. 

Or i s o c h e r a a l a t 

I S Q O C . 

T e t r a a l k y l l c a d 

coQpound i n a i r . 

The Pb coopounds froo 

70 I a i r s a a p l e s were 

trapped a t -72°C on 

the c h r o a a t o g r a p h i c 

packing. 

D e t e c t i o n l i n i t 

40 pg Pb. 

Pb 
283-3 na 

156 
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Chrcaatograpliy H a t r l x Bit R eference 

V a r i o u s atoo c e l l s j 150 X 6 i . d . 

iir/C2H2 f l a i M i f l a a e g l a s s coluan, 3% OV-

and e l e c t r o t h e n a a l l y 

heated q u a r t z tubes, 

g r a p h i t e cup and 

f u r n a c e s . 

101 on Chroaosorb u, 

80/100 oaah 

Nj - 140 aZ o i n * ^ 

Tc - SOOc Chen iO°C 

a i n - ' up to 200<^. 

T e t r a a l k y l l e a d 

cocLpounds. 

I f > 300°C 

d e c o a p o s i t i o n of l e a d 

coopounds o c c u r r e d and 

i n t e r f e r e n c e froo 

r e a o b i l i i a t i o n by the 

s o l v e n t r e s u l t e d . 

D e t e c t i o n l i n i t 30 pg 

w i t h HGA2100 furna c e . 

Pb 
183.3 na 

157 

G r a p h i t e furnace 

a t o o i s a t i o n ( s e e r e f . 

151) a t ISOOOC. 

18- X l/e- i . d . T e f l o n TEL i n sea water, 

colunn, 204 Ucon Non-

P o l a r on Chroaosorb P. 

Ar - 60 a l a l n " ' . 

T̂ . . UO°C 

T i - 150«C 

- U O ° C . 

Soao TEL a i g r a t e s to 

s u r f a c e and 

e v a p o r a t e s . The 

a a ^ o r i t y f o n i L S the 

s o l u b l e E t j P b C l . 

evidence of f u r t h e r 

degradation was found. 

D e t e c t i o n l i a i t 

Pb 
283.3 na 

158 

E l e c t r o t h e r a a l l y 

heated s i l i c a f u r n a c e ; 

see r e f . 138. 

See r e f . 138. TML i n a o t h y l a t i o n of 

Pb ( I I ) s a l t s i n 

aqueous s o l u t i o n . 

Found a c h e a i c a l 

o e t h y l a t l o n pathway 

for c o n v e r t i n g P b ( I I ) 

s a l t s i n t o a o t h y l 

d e r i v a t i v e s . 203 

E l e c t r o t h e r o a l l y 

heated s i l i c a tube 

furnacer see r e f s . 155 

and 141. 

See r e f a . 155 and 141 T e t r a a l k y l l o a d 

compounds i n f i s h , 

e edioent v e g e t a t i o n 

and water samples. 

Samples were a n a l y s e d 

for t o t a l Pb, v o l a t i l e 

Pb t e t r a a l k y l l e a d and 

hexane e x t r a c t a b l e Pb. 

Pb 
283.3 nm 

159 

G r a p h i t e furnace 

a t o o i a e r . 

2.3 Q X 6 c s i . d . , 3% MMT i n a i r samples. 

OV-lOl on ChroQosorb 

-HP, 80/100 oeah, 

T^ - II5OC 

T j - 150°C 

T i n • ^50°C 

The a i r samples were 

c o l l e c t e d ( s e e r e f . 

108) a t 70 ml min"' 

for 8 hours. 

D e t e c t i o n l i o i t 

0.05 ng a"^. 

Kn 
279.5 na 

N, - 80 a l a i n ' 160 
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ChrcBA toqra phy Matrix B l e a c o t Roforence 

G r a p h i t e furnact 

atacLisatlon. 

Sa=e as r e f . L59. O e t e r s i n a t i o n of 

t o t a l , hexane 

extractabl« v o l a t i l e 

and t e t r a a U y l l e a d i n 

C i s h , water s e d i c o n t 

and v e g e t a t i o n 

s a a p l e s . See r e f . 

159. 

Coupling of 

chrooatograph t r a n s fer 

l i n e to the furn a c e 

was v i a f r i c t i o n 

f i t t e d Ta connector 

( 1 5 7 ) . 

D e t e c t i o n l i p i t a 2 ppb 

hexane e x t r a c t a b l o , 

0.5-1.5 ppb v o l a t i l e , 

and 0.5 ppb 

t e t r a a l k y l l e a d . 

Pb 
283.3 ns 

161 

d i f f u s i o n t l a o e , 

s a s p l e s introduced 

through n e b u l i s e r . 

3' X 4.7 tsn i . d . 

Polypenco Hylaflow 

tubing, Chro=Kiaorb 

102, 

Oeterraination of As, 

Ce, Se and sn a f t e r 

Chrooatographic 

s e p a r a t i o n allowed 

hydride g e n e r a t i o n and oanual l a c p change and 

c o l d t r a p p i n g o f 

h y d r i d e s . 

oonochrooator change 

between peaks. The 

o v e r l a p of SeH2 and S4 

r e q u i r e d t h o i r 

ooparate d e t e c t i o n . 

D e t e c t i o n l i a i t s 

ranged between 60 ng 

and 260 ng. 

As 
193.7 na 

Ge 
265.2 na 

Se 
196.0 na 

Sn 
224.6 na 

162 

Gra p h i t e furnace 

a t c m i s a t l o n a t 2000°C. 

E x t e r n a l gas flow of 

0.9 I l a i n * ^ 

G l a s s coluon 180 cn x 

2 as i . d . , 3* OV-lOl 

on Caschroo Q, 100/120 

•esh 

Ar - 30 n l n i n " ^ 

Tc • 50*'C the 20°C 

tain"' up to 150°C 

T i n - 200«C. 

THL and TEL i n p e t r o l . Coupling u i a 

1 o X 0.5 cim i . d . 

g l a e s tube. L i n e a r up 

to 50 ng. 

De t e c t i o n l i o i t s 

40 pg TWL 

90 pg TEL 

Pb 
283.3 na 

163 
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Chroaatography H a t r i s E l c a e n t Reference 

G r a p h i t e furnace 

a t o E i i s a t i o n ; see r e f . 

115. 

Sa=e as r e f . 163i T e t r a a L k y l l e d d 

s a a p l e s desorbed f r a o cocpounds i n a i r 

s h o r t g l a s s coluan of sanpied f or I hr a t 

chrooatographic 6 I a i n " ^ . 

o a t e r i a l a t 90^C i n t o 

chirooatograph. 

Pb cocpounds s a c p l e d 

onto g l a s s beads a t 

-l30Oc. Then 

t r a n s f e r r e d to a shori 

colunn of 

chrotaatographic 

packing a t • 1 9 6 ^ . 

D e t e c t i o n t l o i t s 

TKL - O.l ng a'^ 

TEL - 0.3 ng Q"^. 

Pb 
283.3 na 

164 

E l e c t r o t h e r a a l l y 

heated q u a r t z tube. 

2 D X 6 CS3 i . d . g l a s s 

c o l u a n , 3% SE30 on 

chroQosorb CAW DHCS. 

For R - He 

- 120®C 

• 16 Ql a i n - ' 

Por R - E t 

Tc • iao<^ 

N-> - 50 a l min"'. 

T e t r a a l k y l t i n and 

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

Owing to c o l u s n 

r e a r r a n g c o c n t e a l l 

Sn 
286.3 na 

(IlnSnCl4-n) R = !\e and four o e t h y l t i n 

E t . ccnpounds cannot be 

exaoined. passed 

c o l u c n e f f l u e n t 

d i r e c t l y to a t o o l a e r 

and a l s o generated 

h y d r i d e s p r i o r t o 

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

up to 400 ng. 

D e t e c t i o n l i n i t a 

l.O ng for He^Sn 

2.0 pg for He^Sn iff 

hydride i s a t o o i a e d . 165 

Gra p h i t e furnace 

a t o o i s a t i o n i see r e f . 

115. 

Sane as r e f . 163< T e t r a a l k y l l e a d 

coQpounds i n a i r 

( c f . 116). p e t r o l 

{ c f 115), r i v e r and 

r a i n water-

Degradation of TML and 

TEL i n r i v e r water 

i n v e s t i g a t e d . 

D e t e c t i o n l i m i t s 

TOL - 0.2 ug 1"* 

TEL - 0.5 ug l * ' -

Pb 
283.3 na 

166 

Alr/C2H2 f l a o o ; 

e f f l u e n t from 

chrooatograph 

introduced j u s t belov 

burner s l o t . 

10* X 1/8" s t e e l 

coluan, 20* Carbowax 

20H on Chrcoosorb p 

N- 120 a l B i n * 

T^ - 120*'C 

T i - 140*C 

T e t r a a l k y l l e a d 

compounds i n p e t r o l 

froo a v a r i e t y of 

I n t e r f a c e l i n e was 

4' X 0.02- i . d . 

s t a i n l e s s s t e e l -

L i n e a r up to 400 ng 

for TML up to 1400 ng 

for TEL. 

Pb 
217.0 na 

2 u l i n j e c t e d . 167 
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Chroaatoqraphy H a t r l x RIesent. Reference 

E l e c u o t h e r n d l l y 4* g l d s s c o l u s n 20% 

heated s i l i c a furnace OV-3 on Chroaosorb W, 

(see r e f s 138 And 

U l > a t 950°C 

^2 " ISO °^ - I 

BO/lOO neah. 

H2 - 80 o l nin-» 

Tc - 30°C for 3 a i n 

then 20**C a i n ' ^ up to 

I I Q O C . 

T j - as^c 

T i n - es'̂ c. 

H e t h y l t l n coapounda 

sampled froo the 

headspace above 

s e d i c e n t s a a p l e s i n a 

D e t h y l a t i n g 

envlronaent. 

Headspace s a n p l i n g 

(see r e f . 138). 

£xperioents i n d i c a t e d 

S n { I I } was o e t h y l a t e d 

by CH3I but S n ( I V ) was 

not. 

D e t e c t i o n l i n i t 

0.1 nq Sn. 

Sn 
224.6 r s 

16S 

B l e c t r o t h e m e l l y For chrooatographic 

heated s i l i c a f u r n a c s j c o n d i t i o n s see refs< 

see r e f s . 138 and 141). 140, 141 and 142. 

Methylated d e r i v a t i v e s 

of JU, Hg, Pb and So. 

Study of the e f f e c t of 

pH on o e t h y l a t i o n i n 

the a q u a t i c 

environment. 

D e t e c t i o n l i o i c s 

0.1 ng of each 

e l e o e n t . 

Alb 
193.7 no 

Hg 
2S3.6 na 

Pb 
217.0 na 

So 
196.0 na 

169 

G r a p h i t e furnace 

a t o t i i s a t i o n j see r e f s . 

163 and 164). 

See r e f s . 163 and 164. T e t r a a l k y l l e a d 

compounds i n the 

atoosphore. Sataplcs 

taken froo r u r a l , 

urban and g a s o l i n e 

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

S l e v a t e d l e v e l s of 

t e t r a a l k y l l e a d 

coopounds were found 

around g a s o l i n e 

s t a t i o n s and i n a r e a s 

with heavy t r a f f i c . 

L i n e a r up to 50 ng. 

D e t e c t i o n l i t a i t s 

40 pg TTtL 

90 pg TEL. 

Pb 
283.3 na 

170 

E l e c t r o t h e r a a l l y 

heated s i l i c a tube, 

see r e f . 138. 

180 c a X 6.4 £=n. 3\ 

OV-1 on Chrooosorb HP 

80/100 nesh. 

-1 

T̂ . - 70''C 

T e t r a a l k y l l e a d 

coopounds foroed i n 

study of methyldtion 

pathways i n c o a s t a l 

s e d i a e n c s . 

Reported t h a t 

b i o c o n v e r s i o n of 

P b ( I I ) to TML u n l i k e l y 

i n o a r i n e 

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

Pb 
217.3 na 

T j " ISO^C. 
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Chroaatography H B t r i z Slemant. Reference 

E l e c t r o c h e r o A H y 

heated quartx cube 

Id. 141) at 980«C. 

8 ca X 3.2 csa i . d . 

i C A i n l e s s s t e e l 

c o l u s n , Porapak Q 

80/100 aesh. TML was 

trapped on coLusn «nd 

fl u s h e d o f f with H2 

(150 o l n i n - ' ) by 

p l a c i n g the coLunn i n 

a c o a s t e r ( c f . U l > a t 

T - 23S«C. 

Oe t e n a i n a t l o n of 

i n o r g a n i c Pb i n 

aqueous sanpLea as 

H e t h y l a t i o n was 

a f f e c t e d by o e t h y l 

l i t h i u a and only a 50% 

Pb 
283.3 na 

c e t r a o e t h y l d e r i v a t i v e c o n v e r s i o n was 

foroed by n e t h y l a t i o n a c h i e v e d . L i n e a r up 

of the e x t r a c t e d to 200 ng. 

d i t h i o c a r b e c u t e D e t e c t i o n l i o i t 5 ng. 

co c p l e x . 

E l e c t r o the n u l l y 

heated q u a r t z tube 

(see r e f . U l ) . 

1.8 9 X 6 m g l a s s 

c o l u c n , 3% OV-1 on 

Chrooosorb w, 80/100 

oesh. 

- 65 Ql a i n " ' 

T i - leo^c 

Tj. - 90°C then 20°C 

n i n - ' up to 190<\: 

T i n - 165°C. 

Orqanotin cocpounds, 

MenSn-BU4_n ^ water. 

T i n coQpounds were 

e x t r a c t e d with a 0.1% 

tropolone i n benzene 

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

water s a o p l e s . L i n e a r 

up to 33 ng. 

D e t e c t i o n l i o i t 

0.1 ng. 

224.6 RS 

173 

Plaoe and a f l a n e 

heated ceramic tube. 

l . S • X 4 csi g l a s s 

c o l u o n , 5% Carbowax 

20H on ChroQosorb 750, 

80/100 oesh, 

- T i - - 159-

175°C. 

T e t r a a l k y l l e a d 

coci pounds. 

V a r i o u s atoo c e l l s 

developed, and siiaplex 

opt l i a i s e d . 

D e t e c t i o n l i o i t 17 pg 

Pb f o r most s e n s i t i v e 

atoo c e l l . 

Pb 
293.3 na 

Mo furnace surrounded 2«7 X 1.22 i=a i . d . 

by an a l u m n a s l e e v e . Ho colunn with a w a l l 

heated a t 2S0 K s " ^ to t h i c l t n e s s of 0.81 ca-

2473 K. C a r r i e r gas of e i t h e r : 

Ar a t 44.7 i 2 . 1 u l s " ' 

or kc * Hj a t 

35 1 ; 0.8 u l s'^ and 

13.S 1 0-4 u l a*' 

r e s p e c t i v e l y . 

Na, Cu, Mn, .Mg i n 

i n o r g a n i c s a l t s . 

Ar (3.8 1 Qln'M and 
Hj t l . 2 1 n i n * ' ) used 

CO p r o v i d e an s i r f r e e 

a t m s p h e r e around 

tube. 

Na 

Cu 

Mg 
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Chrcnatoqraphy Matrix B l e a e n t Reference 

Modified foro of f l a n e 1.5 o x 6 c a o.d. x 

AAS s y a t e a used i n i . d . coluan 

r e f . 33 to enable the packed with 10* OV-lOl 

use of P e r k i n E l o e r on Chroaosorb W 

burners r e q u i r i n g high (80/100 aesh>. Teap. 

gas flow r a t e s . prograaae 50-250 <'C a t 

10 °C a i n - ^ 

I o n i c a l k y l l e a d 

coapounds i n water. 

P r o b l e a of s a a p l e 

i n t r o d u c t i o n i n t o the 

atoQ c e l l overcooe 

u s i n g c a c = i e r c i a l l y 

a v a i l a b l e open s i l i c a 

c e l l n o n u l l y eaployed 

with the P-E. KHS-IO 

ne r c u r y / h y d r i d e 

s y s t e a . D e t e c t i o n 

l i a i t s nq 1*'. 

Pb 
283.3 na 

175 

S i l i c a furnace 

c o n s i s t i n g of an 

e l e c t r i c a l l y heated 

q u a r t z T-tube encased 

i n a shaped f i r e b r i c k . 

Kaopr.Hy oountedln an 

a l u a i n i u a c a r d i e 

p o s i t i o n e d w i t h i n the 

o p t i c a l beaa of the 

s p e c t r o a e t e r . 

1.8 D X 6 g l a s s A l k y l l e a d coapounds i n Furnace o p e r a t i n g Pb 

c o l u a n packed with LOt e n v i r o n a e n t a l s a a p l e s . 

OV-lOl on BO/100 aesh 

Supelcoport He flow 

r a t e 35 n l a i n 1~^. 

Teap. progracae up to 

2 50 »C. 

c o n d i t i o n s - 900 °C 

and hydrogen makeup 

gas a t 50 n l a i n ' 

D e t e c t i o n l i a i t e of 

about 30 pg, with 

c l a i n s of p o s s i b l e 

iaproveaent by 

i a p r o v i n g the 

chrooatographic 

e f f i c i e n c y . 176 

F l a i u AAS s y s t e a based I a x 6 c a o.d. x 2 czi T o t r a a l k y l l e a d 

on r e f . 33. i . d . g l a s s colunn 

c o n t a i n i n g 3% OV-101 

on GaachroQ g {100/120 

a e s h ) . 

coapounds i n a i r 

S a a p l e s c o l l e c t e d 

u s i n g c r y o g e n i c 

t r a p p i n g a t -196 °C 

then f l a s h - h e a t i n g . 
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2.3.6 Summary 

H i s t o r i c a l l y , the MIP has proved the most popular exc i t a t i o n source 

coupled with gas chromatography. This i s probably a r e f l e c t i o n of the 

MIP's a b i l i t y to monitor certain non-metallic elements i n addition to 

metals, and p a r t i c u l a r mention should be made of the a b i l i t y of the 

helium MIP to monitor halogens. The only commercially available GC-

MIP system unfortunately uses a low pressure plasma and thus has the 

attendant problems of vacuum lines and gas transfer from atmospheric 

pressure i n the chromatograph t o low pressure i n the detector- The 

a v a i l a b i l i t y o f the Beenakker TMQ^Q c a v i t y , which a l l o w s an 

atmospheric He plasma to be sustained may y i e l d a more satisf a c t o r y 

GC-MIP coupling. 

A l l the plasma emission detectors o f f e r a multi-element f a c i l i t y and 

long l i n e a r ranges which make them a t t r a c t i v e as GC dete c t o r s . 

Unfortunately the ICP, and t o a lesser extent the DCP, in v o l v e high 

c a p i t a l investment and high operating costs, so that coupling of these 

detectors to GC may not prove cost e f f e c t i v e for a l l but the largest 

laboratories-

Atomic absorption d e t e c t o r s , w h i l s t having r e l a t i v e l y short working 

ranges, o f f e r adequate s e n s i t i v i t y f o r trace metal s p e c i a t i o n work-

I t i s o f t e n quoted t h a t flame atomisers do not o f f e r such low 

de t e c t i o n l i m i t s as e l e c t r o t h e r m a l atomisation- however, flame 

atomisers have been shown t o give superior d e t e c t i o n l i m i t s i f the 

atom c e l l i s car e f u l l y optimised. In addition, flame systems o f f e r 

s i m p l i c i t y of design and have the advantage that the instrumentation 

i s readily available i n the majority of laboratories concerned with 

the analysis of metals. Dir e c t l y coupled GC-FAAS techniques are now 
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used routinely i n a number of laboratories. 
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CHaPTKR 3 

THE BVflLDftTIOM OF DIRBCTLg COOPLKD GAS CHROMATOGRAPHY-FLAME ATOMIC 
ABSORPTION SPECTROSCOPY 

I t can be seen from the review i n Chapter 2 that a number of d i f f e r e n t 

interface designs have been published for d i r e c t l y coupled GC-atomic 

spectroscopy. This chapter evaluates the most successful of these 

couplings, u t i l i s i n g flame atomic absorption spectroscopy, f o r two 

very d i f f e r e n t a p p l i c a t i o n s . The f i r s t case describes the use of 

d i r e c t l y coupled GC-FAAS for the determination of alkyllead compounds. 

Although t h i s p a r t i c u l a r a p p l i c a t i o n has been described i n the 

l i t e r a t u r e , i t has been extended here to form the basis of a forensic 

study l o o k i n g a t p e t r o l residues on hand swabs. The second case 

described i s the determination of t r i b u t y l t i n compounds i n seawater-

This a p p l i c a t i o n demonstrates the l i m i t a t i o n s of coupled GC-FAAS 

te c h n i q u e s f o r s p e c i a t i o n s t u d i e s i n v o l v i n g compounds w i t h 

unfavourable gas-solution p a r t i t i o n coefficients-

3.1 Dse of flame atomic absorption spectroscopy 

The use and characteristics of flames used f o r absorption spectroscopy 

have been widely reported (178-180). Premixed flames are i n the most 

common usage since they o f f e r high temperature w i t h r e l a t i v e l y low 

background emission, have well documented chemical composition and are 

e a s i l y reproduced (181). For many elements the air/acetylene flame 

produces s u f f i c i e n t a t o m i s a t i o n to enable good s e n s i t i v i t y w i t h 

freedom from inter-element interferences. I t i s not j u s t the enthalpy 

of the flame which decides the degree of a t o m i s a t i o n but also the 

flame chemistry. This i s demonstrated by the fact that the elements. 
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B i , Cu, Cr, Ga, Sn and Sr, are atomised s u b s t a n t i a l l y more i n the hot 

reducing nitrous oxide/acetylene flame and the cool hydrogen/air flame 

than i n e i t h e r the hot n i t r o u s oxide/hydrogen flame or the cooler 

air/acetylene flame (182). 

The theory of atomic absorption spectroscopy i s detailed widely i n the 

l i t e r a t u r e (183-185). B r i e f l y , a t o m i c a b s o r p t i o n f o l l o w s an 

exponential relationship between the i n t e n s i t y of transmitted l i g h t , 

I , and absorption path l e n g t h , 1 , s i m i l a r t o Lambert's law i n 

molecular spectroscopy 

I = IQ exp(-kv 1) 

where 1^ i s the i n t e n s i t y of the i n c i d e n t l i g h t and i s the 

absorption c o e f f i c i e n t a t the frequency Y. For q u a n t i t a t i v e 

spectrosocpy the absorbance. A, i s defined by: 

A = l o g d ^ / I ) 

thus we obtain the linear relationship: 

A = 1 log e 

= 0.4343 ky 1. 

I t i s possible to demonstrate (183) from c l a s s i c a l dispersion theory 

that i n p r a c t i c a l terms k^ i s proportional to the number of atoms per 

cubic metre i n the flame, i.e. absorbance i s proportional to analyte 

concentration. 

Atomic absorption corresponds to t r a n s i t i o n s from low to higher energy 

l e v e l s , hence the degree of absorption w i l l be dependent on the low 

l e v e l population. The proportion of excited to ground state atoms i n 

a population at a given temperature can be considered with the aid of 

the w e l l known Boltzraann r e l a t i o n : 
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S-2B exp - i f ^ ^ 

where N i s the number of atoms i n an energy s t a t e Ê^ or E^, g i s the 

s t a t i s t i c a l weight f o r a p a r t i c u l a r s t a t e and k i s the Boltzmann 

constant. The p o p u l a t i o n of the ground s t a t e i s g e n e r a l l y much 

greater than that of higher energy levels and as a r e s u l t absorption 

i s g r e a t e s t f o r t r a n s i t i o n s from the ground s t a t e . ( i . e . resonance 

lines) 

Since the w i d t h of atomic l i n e s i s t y p i c a l l y about 0.002 nm, the 

amount of radiation isolated by a conventional monochromator i s not 

s i g n i f i c a n t l y reduced by the narrow absorption signal i f a continuum 

source i s used. The considerable contribution made by Walsh (186) to 

atomic absorption spectroscopy was t o use a l i n e source. Since 

absorption cind emission lin e s have the same wavelength the narrowness 

of the absorption l i n e i s a p o s i t i v e advantage. Thus overlap of an 

absorption l i n e of one element w i t h an emission l i n e of another i s 

negligible and, hence, only resolution from other lines i n the lamp, 

e.g. f i l l e r gas l i n e s , i s required. This 'lock and key' mechanism i s 

responsible for the greater s e l e c t i v i t y of AAS over AES. 

3.1.1 The coupled gas chromatography - flame atomic absorption 

spectroscopy system 

The coupled GC-FAAS system used i n the fo l l o w i n g applications i s based 

on the technique described by Ebdon et a l . (33). I n essence the 

technique employs a conventional gas chromatograph which i s coupled to 

a conventional atomic absorption spectrometer by a readily demountable 

interface. Effluent from the chromatograph i s led via a heated glass-

l i n e d metal-tube t o a s m a l l 'T' piece. Here an a u x i l i a r y f l o w of 
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P l a t e 1 

I n t e r f a c e f o r d i r e c t l y c o u p l e d gas 
c hromatography - 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 



Figure 3 
Interface for Coupled Gaa Chromatography - Atonic Absorption 

Spectroscopy 

Heated Interface 

Pb 283.3 nm 

Gas chroiaa to graph 



hydrogen i s introduced to produce a miniature hydrogen d i f f u s i o n flame 

which burns a t the end of the i n t e r f a c e tube and atomises the 

e f f l u e n t . The atoms are immediately swept i n t o a ceramic tube 

suspended above and heated by a conventional air/acetylene flame see 

Plate 1 and Figure 3. Using t h i s arrangement the air/acetylene flame 

serves the dual purpose of keeping the ceramic tube hot and thus 

pre v e n t i n g condensation i n the tube, and keeping the hydrogen flame 

a l i g h t . I t does not however serve to atomise the sample. The axis of 

the tube i s a l i g n e d i n the l i g h t path of the spectrometer and the 

resultant atomic absorption signals monitored. 

Since organometallic species can be s e l e c t i v e l y and s p e c i f i c a l l y 

detected using t h i s technique, the system was evalauted for two very 

d i f f e r e n t a p p l i c a t i o n s - ( i ) the i d e n t i f i c a t i o n of lead a l k y l 

compounds e x t r a c t e d from hand swabs of i n d i v i d u a l s w i t h previous 

contact w i t h p e t r o l (Section 3.2) and ( i i ) the d e t e r m i n a t i o n of 

organotin species i n seawater (Section 3.3) 

3.2 Application to the determination of tetraalkyllead coiqpoiinds 

on hands after contact with petrol 

A d d i t i v e s t o p e t r o l can be c l a s s i f i e d i n t o two major categories-

Possibly the most important of these are the t e t r a a l k y l compounds of 

lead which are added t o p e t r o l t o improve i t s octane r a t i n g . The 

actual mixtures used vary widely depending on the individual batch of 

crude o i l and the requirements of the refined product. The t e t r a a l k y l 

leads are u s u a l l y adjusted t o give an even octane r a t i n g across the 

p e t r o l b o i l i n g range, although the maximum l e v e l p e r m i t t e d by 

l e g i s l a t i o n v a r i e s from c o u n t r y t o c o u n t r y . Of the f i v e 

t e t r a a l k y l l e a d compounds, tetramethyllead (TML), ethyltrimethyllead 
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(ETML), dimethyldiethyllead (DEDML), triethyldimethyllead (MTEL), and 

t e t r a e t h y l l e a d (TEL), only TML and TEL are u s u a l l y found i n B r i t i s h 

petrols. Since these compounds are v i r t u a l l y unique to p e t r o l , t h e i r 

presence ccin be u t i l i s e d for the unequivocal determination of p e t r o l 

residues. The application described here i s for the determination of 

p e t r o l r e s i d u e s c o l l e c t e d on hand swabs. O b v i o u s l y such an 

a p p l i c a t i o n has d i r e c t f o r e n s i c a p p l i c a t i o n s , although a s u i t a b l e 

a n a l y t i c a l technique capable of measuring the lead a l k y l d i s t r i b u t i o n 

i n p e t r o l i s also of value i n h e l p i n g t o i d e n t i f y s p i l l a g e s and 

leakages, p r e d i c t i n g p e t r o l p r o p e r t i e s by compositional a n a l y s i s , 

calculating t h e i r e f f e c t on s e n s i t i v i t y (difference between the motor 

and research octane r a t i n g s ) , and q u a l i t y c o n t r o l i n blending ( 125). 

The second group o f a d d i t i v e s , the s o - c a l l e d 'scavengers' -

organohalides which act as engine cleaners by preventing the b u i l d up 

of Pb02 deposits are not of i n t e r e s t i n t h i s investigation. 

U n t i l the introduction of coupled GC-AAS techniques the satisfactory 

d e t e r m i n a t i o n of i n d i v i d u a l lead a l k y l s was a lengthy process. The 

one standard method t h a t e x i s t s (IP 188/66) works on separating the 

sample i n t o two f r a c t i o n s by d i s t i l l a t i o n a f t e r d i l u t i o n w i t h a 

xylene-toluene mixture (187), The d i s t i l l a t e which d i s t i l s below 

133 °C, contains the t e t r a m e t h y l lead and the residue contains the 

t e t r a e t h y l lead. 

Coupled GC-AAS involves no lengthy preparation p r i o r to analysis, and 

has i n addition many other advantages, such as increased s e n s i t i v i t y , 

s p e c i f i c i t y f o r lead, complete r e s o l u t i o n of TML and TEL, speed of 

analysis and freedom from interferences. 
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3.2.1 Experimental 

Instrumentation 

Atomic absorption spectrometer (SP9, Pye Unicam, Cambridge) f i t t e d 

with background correction and lead hollow cathode lamp. The 283.3 nm 

lead l i n e was used. Gas chromatograph (series 104, Pye Unicam, 

Cambridge) f i t t e d with glass column packed with 5% carbowax 20 M on 

chromosorb 750 (80-100 mesh), column temperature 160°C. The interface 

0.76 mm i.d. glass l i n e d t u b i n g (Phase Separation, Queens Ferry, 

Clwyd), was resistance heated. 

Method 

Before beginning work on the detection of te t r a a l k y l l e a d compounds i n 

the hand swab extracts, a number of preliminary experiments were made 

to investigate a range of possible solvents and the efficiency of the 

extraction technique. 

Choice of solvent 

Four solvents were selected and used to extract standard solutions of 

1 and 2 ppm TML/TEL solutions (1 ml) from defatted cotton wool swabs. 

The solvents used were: i . isooctane; 3. hexane? 

2. pentane; 4. chloroform. 

E x t r a c t i o n s were made using 2 x 5 ml of solvent and then r o t a r y 

evaporated down to 0.5 ml before i n j e c t i o n i n t o the instrumentation. 

Each e x t r a c t i o n was repeated three times and the r e s u l t s obtained 

compared with those of standard injections. 

Extraction efficiency 

The solvent selected as o f f e r i n g the best recovery of TML/TEL was used 
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f o r a l l f u r t h e r work. However to determine the l e a s t amount of 

solvent required to extract the maximum amount of lead, f i v e d i f f e r e n t 

extraction methods were used. 

A. 5 ml + 5 ml extraction - 1 ppm TML/TEL spike 

B- 5 ml + 3 ml extraction - 1 ppm TML/TEL spike 

C. 3 ml + 2 ml + 2 ml extraction - 1 ppm TML/TEL spike 

D. 3 ml + 2 ml extraction - 1 ppm TML/TEL spike 

E. 2 ml + 2 ml + 2 ml extraction - 1 ppm TML/TEL spike 

Again each method was repeated three times and the efficiency of each 

extraction calculated by comparison with a 3 ppm standard i n j e c t i o n -

Hand swabs 

Before beginning the work on p e t r o l a s e r i e s of t e s t s were made t o 

invesigate the p o s s i b i l i t y of interference due to the solvent removing 

other compounds from the hands. The solvents used were: 

a. isooctane; b. pentane; c. acetone. 

Each swab was prepared by taking a wad of defatted cotton wool (1 cm^) 

moistened with solvent and extracting from the palm of the hand. 

The technique was further developed by spiking the hands with 1 ml of 

TML/TEL s o l u t i o n (10 ppm). I n i t i a l l y swabs were taken 10 minutes 

a f t e r a p p l i c a t i o n but t h i s p e r i o d was extended t o several hours i n 

la t e r analysis. 

F i n a l l y the hands were spiked with two star p e t r o l allowing periods of 

up to seven hours before e x t r a c t i o n . During these experiments 

investigations were also made to examine the effects of hand washing 

on the d e t e c t i o n l e v e l s . Q u a n t i f i c a t i o n of the r e s u l t s obtained i n 

these t e s t s were f a c i l i t a t e d by the use of CR50 (a c a t a l y t i c a l l y 
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r e a c t e d e q u i m o l a r m i x t u r e o f TML a n d TEL c o n t a i n i n g a l l 5 

t e t r a a l k y l l e a d compounds m e n t i o n e d above s u p p l i e d by A s s o c i a t e d O c t e l , 

B l e t c h l e y ) as an i n t e r n a l s t a n d a r d . 

S i n c e d e t e r i o r a t i o n o f t h e t e t r a a l k y l l e a d compounds a f t e r e x t r a c t i o n 

may a l s o be an i m p o r t a n t f a c t o r - b o t h (a) on t h e swabs b e f o r e s o l v e n t 

e x t r a c t i o n a n d ( b ) d u r i n g s t o r a g e i n t h e v i a l b e f o r e i n j e c t i o n i n t o 

t h e GC-AAS, t h e s e f a c t o r s w e r e e x a m i n e d . A s e r i e s o f swabs w e r e 

p r e p a r e d b y e x t r a c t i o n 3 h o u r s a f t e r s p i k i n g t h e h a n d s w i t h p e t r o l 

( 1 m l ) . These w e r e t h e n l e f t i n s e a l e d c o n t a i n e r s f o r 3 d a y s b e f o r e 

e x t r a c t i n g t h e TEL w i t h s o l v e n t f o r a n a l y s i s . The r e s u l t s o b t a i n e d 

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

s o l v e n t e x t r a c t i o n o f TEL was made i m m e d i a t e l y a f t e r p r e p a r i n g t h e 

swabs. To e x a m i n e t h e e f f e c t s o f s t o r a g e on t h e f i n a l e x t r a c t s , 

samples were k e p t f o r a number o f days a f t e r t h e i n i t i a l a n a l y s i s and 

t h e n r e i n j e c t e d so t h a t t h e r e s u l t s o b t a i n e d i n b o t h s e t s o f 

i n j e c t i o n s c o u l d be compared. 

3.2.2 R e s u l t s and d i s c u s s i o n 

I t was f o u n d f r o m t h e i n v e s t i g a t i o n s on v a r i o u s s o l v e n t s t h a t maximum 

e x t r a c t i o n o f t h e t e t r a a l k y l l e a d f r o m t h e swabs was a c h i e v e d u s i n g i s o 

o c t a n e . A l t h o u g h t h e e x t r a c t i o n e f f i c i e n c y o f e a c h s o l v e n t was n o t 

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

i n j e c t i o n s ( 1 p i ) o f e a c h s a m p l e was made w i t h t h a t o b t a i n e d w i t h a 

d i r e c t i n j e c t i o n o f TML/TEL s t a n d a r d s o l u t i o n ( 1 ppm). The r e s u l t s 

i n d i c a t e d a l m o s t 100% e x t r a c t i o n o f TEL w i t h i s o o c t a n e compared t o ^ 

60 % e x t r a c t i o n f o r h e x a n e a n d l e s s f o r p e n t a n e and c h l o r o f o r m . The 

e x t r a c t i o n o f TML was f o u n d t o be l o w e r i n a l l cases p o s s i b l y due t o 

i t s v o l a t i l i t y . The s e c o n d e x p e r i m e n t o n e x t r a c t i o n t e c h n i q u e 
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s u g g e s t e d t h a t by u s i n g a 3 ml + 2 ml + 2 ml e x t r a c t i o n i n s t e a d o f t h e 

i n i t i a l 5 ml + 5 ml e x t r a c t i o n , e v a p o r a t i o n t i m e c o u l d be r e d u c e d and 

l e s s s o l v e n t used, a l t h o u c ^ t h e e x t r a c t i o n e f f i c i e n c y was r e d u c e d by 

some 18%. A l t h o u g h e v a p o r a t i n g t h e s o l v e n t down t o 0.5 ml f r o m 7 ml 

s h o u l d i n c r e a s e t h e c o n c e n t r a t i o n t h i s i s t o some e x t e n t a f f e c t e d by 

e v a p o r a t i o n o f t h e a n a l y t e . U s i n g CR50 as an i n t e r n a l s t a n d a r d t h i s 

l a t t e r t e c h n i q u e i n d i c a t e d i n c r e a s e s i n c o n c e n t r a t i o n o f 79% f o r TEL 

and 19% f o r DMDEL- TML h o w e v e r s h o w e d a 39% d e c r e a s e i n d i c a t i n g t h e 

g r e a t e r v o l a t i l i t y o f t h e l o w e r m o l e c u l a r w e i g h t components. 

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

p r i o r t o t a k i n g t h e h a n d swabs. The f i r s t a t t e m p t s t o q u a n t i f y t h e 

TEL a f t e r i n t r o d u c i n g hand w a s h i n g however, r e s u l t e d i n poor r e s u l t s 

compared w i t h t h o s e o f unwashed samples. T h i s was overcome by f u r t h e r 

c o n c e n t r a t i n g t h e sample u s i n g n i t r o g e n blowdown. The t o t a l volume o f 

e x t r a c t b e i n g r e d u c e d f r o m 500 t o 100 U l . T h i s r e f i n e m e n t a l l o w e d 

e a s y d e f i n i t i o n o f t h e TEL p e a k ( r e t e n t i o n t i m e 0.53 m i n u t e s ) a n d 

r e d u c e d b a s e l i n e n o i s e - F i g s 4 a n d 5. CR50 was a g a i n u s e d t o 

q u a n t i f y t h e r e s u l t s and showed i n c r e a s e s i n c o n c e n t r a t i o n o f 4 1 % TML, 

57% DMDEL and 110% TEL, i . e . some e v a p o r a t i o n l o s s e s were o b t a i n e d b u t 

t h e r e was s t i l l a n e t g a i n i n c o n c e n t r a t i o n . Thus t h e c o m p l e t e 

e x t r a c t i o n p r o c e d u r e gave a c o n c e n t r a t i o n f a c t o r o f 18.5 f o r TEL 

a l l o w i n g i n c r e a s e d s e n s i t i v i t y - F i g . 6. 

I n v e s t i g a t i o n s o f hand e x t r a c t s u s i n g i s o - o c t a n e , pentane and a c e t o n e 

as s o l v e n t s showed l i t t l e e v i d e n c e o f i n t e r f e r e n c e on t h e AA s i g n a l a t 

283.3 nm. L a t e r t e s t s u s i n g 1 ml s p i k e s o f TEL/TML s o l u t i o n (10 ppm) 

gave good d e t e c t i o n f o r TEL i n a l l samples f o r up t o seven h o u r s ( t h e 

l o n g e s t p e r i o d e xamined), and so were f o l l o w e d by more q u a n t i t a t i v e 
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Gas ChroraatograiDs of S i x Hoar Sanple a f t e r E x t r a c t i o n 

F i g u r e 4 

Chromatograms a f t e r r o t a r y e v p o r a t i o n t o 0*5 ml 
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F i g u r e 6 

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

compounds i n CR50 d u r i n g the e x t r a c t i o n procedure 
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F i g u r e 7 

Gas chromatograms from swab e x t r a c t s taken a f t e r f i l l i n g a c a r p e t r o l 

tank 
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w o r k u s i n g t w o s t a r p e t r o l . H e r e a g a i n g o o d d e t e c t i o n was p o s s i b l e 

f o r p e r i o d s o f up t o s e v e n h o u r s , t h e r e s u l t s i n d i c a t i n g b e t w e e n 0.3 

and 1.8 ng o f TEL i n e i g h t s a m p l e s a f t e r s i x h o u r p e r i o d ( l i m i t o f 

d e t e c t i o n 17 p g ) . TML was n o t d e t e c t e d a l t h o u g h t h i s was e x p e c t e d 

f r o m e a r l i e r w o r k w h i c h h a d i n d i c a t e d TML i s l o s t r a p i d l y by 

v o l a t i s a t i o n o r even p o s s i b l y t h r o u g h t h e s k i n . 

The d e t e r i o r a t i o n o f s a m p l e s l e f t f o r a p e r i o d o f 2-3 d a y s b e f o r e 

e x t r a c t i o n was n o t f o u n d t o be a p r o b l e m ( l o n g e r p e r i o d s may a l s o be 

p o s s i b l e ) . Swabs t a k e n 3 days p r i o r t o e x t r a c t i o n gave s i m i l a r l e v e l s 

o f TEL t o t h o s e w i t h i m m e d i a t e e x t r a c t i o n . S a m p l e s once e x t r a c t e d 

a l s o k e p t w e l l o n s t o r a g e f o r up t o f i v e d a y s ( l o n g e r p e r i o d s may 

a g a i n be p o s s i b l e b u t were n o t i n v e s t i g a t e d ) . Amounts d e t e c t e d by GC-

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

e x t r a c t s . 

The f i n a l e x p e r i m e n t i n v e s t i g a t e d p o s s i b l e c o n t a m i n a t i o n o f t h e hands 

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

p e t r o l t a n k . Swabs t a k e n 2 h o u r s a f t e r c o n t a c t gave no d e t e c t i o n o f 

TEL - F i g . 7. 

T h i s s t u d y was l a t e r e x t e n d e d t o i n c l u d e a ' b l i n d t e s t * o f s w a b s -

( s p i k e d w i t h known amounts o f p e t r o l ) s u p p l i e d by t h e C e n t r a l Research 

E s t a b l i s h m e n t Home O f f i c e F o r e n s i c S c i e n c e S e r v i c e . A l l swabs s p i k e d 

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

60% o f t h e o r i g i n a l s p i k e v a l u e s w h i c h was c o n s i d e r e d s a t i s f a c t o r y 

c o n s i d e r i n g t h e l o s s e s due t o v o l a t i s a t i o n a n d e x t r a c t i o n . The 

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

a n a l y s i s w i t h f l a m e i o n i s a t i o n d e t e c t i o n w h i c h a l s o r e s p o n d s t o 
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v a r i o u s o t h e r h y d r o c a r b o n s on t h e hands when used f o r t h i s p a r t i c u l a r 

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

3.3 A p p l i c a t i o n t o the d e t e r m i n a t i o n o f o r g a n o t i n confounds 

D u r i n g t h e l a s t t e n y e a r s t h e r e has b e e n an i n c r e a s i n g demand f o r 

a n a l y t i c a l t e c h n i q u e s c a p a b l e o f s p e c i a t i n g o r g a n o t i n compounds- More 

i s now known ab o u t t h e marked d i f f e r e n c e s i n t o x i c i t y o f t h e v a r i o u s 

o r g a n o t i n compounds a c c o r d i n g t o t h e v a r i a t i o n o f t h e o r g a n i c m o i e t y 

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

s t u d i e s . The p r e s e n c e o f n - b u t y l t i n ( 1 8 8 , 189) and m e t h y l t i n ( 1 8 9 -

191) s p e c i e s a t c o n c e n t r a t i o n s i n t h e n g / 1 t o p g / 1 r a n g e h a v e b e e n 

r e p o r t e d i n a v a r i e t y o f n a t u r a l w a t e r s as w e l l as r a i n . T h i s i s 

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

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

p r e p a r a t i o n s . (192) I n a d d i t i o n t h e r e c e n t c o n t r o v e r s y c o n c e r n i n g t h e 

use o f t r i b u t y l t i n compounds i n a n t i f o u l i n g p a i n t s , w h i c h may l e a d t o 

l e g i s l a t i o n on i t s u s e , has s t i m u l a t e d i n t e r e s t i n d e v e l o p i n g new 

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

A more d e t a i l e d d i s c u s s i o n o f t h e c h e m i s t r y o f o r g a n o t i n compounds and 

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

i n C h a p t e r 5. T h i s s e c t i o n however e v a l u a t e s t h e use o f c o u p l e d GC-

AAS f o r t h e d i r e c t d e t e r m i n a t i o n o f o r g a n o t i n compounds, w i t h 

p a r t i c u l a r emphasis on t h e d e t e r m i n a t i o n o f t r i b u t y l t i n compounds i n 

sea w a t e r . 

S e v e r a l methods have been r e p o r t e d t o s e p a r a t e and d e t e c t m e t h y l t i n 

s p e c i e s . One t e c h n i q u e c o m m o n l y u s e d i s t h e c o n v e r s i o n o f s u c h 

s p e c i e s t o v o l a t i l e h y d r i d e s (see C h a p t e r 5) t h a t a r e t h e n s e p a r a t e d 

by t h e i r b o i l i n g p o i n t s (188,190,191). I n a n o t h e r method used by Chau 
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(193) t h e m e t h y l a t e d t i n s p e c i e s i s f i r s t e x t r a c t e d w i t h benzene u s i n g 

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

GC. I n f u r t h e r w o r k . B u r n s e t a l . . ( 1 9 4 ) r e p o r t e d t h a t mono- a n d 

d i m e t h y l t i n c h l o r i d e s c o u l d n o t be s e p a r a t e d by GC. They a l s o 

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

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

s h o u l d be a b s e n t i n o r d e r t o a v o i d r e d i s t r i b u t i o n . M a g u i r e e t a l . . 

( 1 8 9 ) d e t e r m i n e d n - b u t y l t i n s p e c i e s by GC o f t h e v o l a t i l e n - p e n t y l 

d e r i v a t i v e s (BUj^ Sn) w i t h d e t e c t i o n by a m o d i f i e d f l a m e 

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

100 p g w i t h g o o d r e p r o d u c i b i l i t y o f p e a k a r e a w i t h m u l t i p l e 

i n j e c t i o n s . H o w e v e r , i t has s i n c e b e e n shown t h a t t h e d e t e c t o r 

response i s s e v e r e l y d i m i n i s h e d by i n j e c t i o n s o f l a r g e amounts o f ( i ) 

o r g a n o t i n c ompounds, i . e . more t h a n 100 n g , ( i i ) t r o p o l o n e , w h i c h i s 

u s e d i n e x t r a c t i n g b u t y l t i n a n d Sn̂ "*" s p e c i e s f r o m w a t e r ( 1 9 5 ) , a n d 

( i i i ) o r g a n i c c o - e x t r a c t i v e s f r o m n a t u r a l w a t e r s and s e d i m e n t s . These 

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

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

s i l i c a g e l column t o remove t r o p o l o n e and o r g a n i c c o - e x t r a c t i v e s f r o m 

w a t e r and s e d i m e n t ; however t h e i n a d v e r t a n t " p o i s o n i n g " o f t h e f l a m e 

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

d e t e c t o r and r e m o v a l o f a w h i t e powder ( p r e s u m a b l y Sn02) by m e c h a n i c a l 

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

b y r e p e a t e d i n j e c t i o n s o f c h l o r o f l u o r o c a r b o n s ( 1 9 1 , 1 9 3 ) a t 250*^C t o 

r e s t o r e t h e s e n s i t i v i t y o f t h e d e t e c t o r . The whole p r o c e s s has t a k e n 

as l o n g as 3 weeks ( 1 9 6 ) . 

3-3.1 D e t e r m i n a t i o n o f t r i b u t y l t i n c h l o r i d e i n s e a w a t e r 

The t e c h n i q u e s d e s c r i b e d a bove a l l r e q u i r e some f o r m o f s a m p l e 
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p r e t r e a t m e n t p r i o r t o a n a l y s i s . H o w e v e r a more i d e a l s y s t e m w o u l d 

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

s t a g e s , and so t h e c o u p l e d GC-AAS s y s t e m p r e v i o u s l y d e s c r i b e d ( S e c t i o n 

3.1.1) f o r o r g a n o l e a d compounds was e v a l u a t e d f o r t h e d i r e c t a n a l y s i s 

o f t r i b u t y l t i n c h l o r i d e (TBTC). A number o f d i f f e r e n t GC p a c k i n g 

m a t e r i a l s were examined. T a b l e 6; however i t was f o u n d t h a t t h e use o f 

c o u p l e d GC-AAS was n o t r e a l l y c o m p a t i b l e w i t h s u c h compounds as 

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

r e t a i n e d b y t h e c o l u m n . T h i s t e n d e n c y t o ' p l a t e o u t ' i n t h e c o l u m n 

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

d e t e c t o r c o u p l e d t o a gas c h r o m a t o g r a p h ( A p p l i e d C h r o m a t o g r a p h y 

Systems Model 850 H e l i u m M i c r o w a v e P l a s m a D e t e c t o r , L u t o n E n g l a n d , 

c o u p l e d t o a Pye U n i c a m S e r i e s 104 gas c h r o m a t o g r a p h , C a m b r i d g e , 

E n g l a n d ) . H e r e i t was f o u n d t h a t when u s i n g D e x s i l 300 ( 3 % ) on 

C h r o m o s o r b W HP and m o n i t o r i n g t h e C l a n d Sn c h a n n e l s , d e t e c t i o n o f 

t h e TBTC was masked b y t h e s o l v e n t f r o n t when u s i n g c h l o r o f o r m t o 

p r e p a r e t h e s a m p l e s . Hexane p r o v e d more s u i t a b l e , a l t h o u g h t h e 

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

v a r i a t i o n s i n i n j e c t i o n s i z e . A d o u b l e peak was a l s o o b s e r v e d f o r t i n 

a t h i g h e r c o n c e n t r a t i o n s i n d i c a t i n g r e d i s t r i b u t i o n on t h e column. A t 

l o w t e m p e r a t u r e s t h e TBTC was t o t a l l y r e t a i n e d by t h e c o l u m n . The 

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

t h e i d e a o f c h a n g i n g t h e t e c h n i q u e t o c o u p l e d HPLC-AAS. 

The a b o v e w o r k was h o w e v e r u t i l i s e d f o r m i n g t h e b a s i s o f a 

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

(FID) t o d e t e c t TBTC i n l o c a l h a r b o u r w a t e r . The method used a g l a s s 

c o l u m n p a c k e d w i t h 3% SE30 on C h r o m o s o r b G (AW.DMCS) f o r t h e 

s e p a r a t i o n , a nd gave e v i d e n c e o f 0.75 y g 1 ~ ^ TBTC i n t h e s a m p l e s 
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Table 6 Gas chromatographic column packings examined f o r use I n the 

determination of t r i b u t y l t i n c o n ^ u n d s 

P a c k i n g m a t e r i a l Chromatographic c o n d i t i o n s Remarks 

3% OVIOI on 
Chromosorb 750 

I s o t h e r m a l r uns t r i e d between 
130-170°C C a r r i e r gas 
Flow r a t e v a r i e d between 30-60 
ml/min 1 | j l sample. 

Peaks v e r y b r o a d 
w i t h l o n g r e t e n t i o n 
t i m e s ( o v e r 1.5 
hours a t 170°C.) 

2. 2.5% XE60 on 
Chromosorb G 

Temperature programme 150-250 C 
a t lO°C/min. 
C a r r i e r gas N2 Flow r a t e 
30 ml/min 1 y l sample. 

Good s e p a r a t i o n f r o m 
s o l v e n t f r o n t i n 3-4 
mins a t 200°C. W i t h 
h i g h e r t e m p e r a t u r e s 
peaks merge w i t h 
s o l v e n t f r o n t . Severe 
peak t a i l i n g w i t h 
l o w e r temps. Column 
v e r y d i f f i c u l t t o 
c o n d i t i o n . 

3% D e x s i l 300 on 
Chromosorb G 

Temperature programme 150-300 C 
a t lO°C/min. 
C a r r i e r gas N2 
30ml/min 

Flow r a t e 
A l s o i s o t h e r m a l 

r u n a t 300"C 

O f f e r e d b e s t 
r e s o l u t i o n o f t h e 
columns t r i e d 
a l t h o u g h columns 
t e n d t o be 
d i f f i c u l t t o 
c o n d i t i o n l e a d i n g 
t o broad peaks and 
severe t a i l i n g 

3% SE-30 on 
Chromosorb G 

I s o t h e r m a l r uns a t 120 C 
C a r r i e r gas N2 
Flow r a t e 30 ml/min 
1 \il i n j e c t i o n s 

Good r e s o l u t i o n f r o m 
s o l v e n t f r o n t and 
good r e p r o d u c i b i l i t y 
S e l e c t e d f o r use 
w i t h t h e GC-FID 
a n a l y s i s o f TBTC 
i n seawater 

[ A l l columns g l a s s 1.5 m x 3 mm] 
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t a k e n , a l t h o u ^ p r o b l e m s were e n c o u n t e r e d due t o f o u l i n g o f t h e FID by 

t i n o x i d e as r e c e n t l y r e p o r t e d b y M a g u i r e a n d T k a c z ( 1 9 6 ) a r i d p o o r 

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

o b t a i n e d u s i n g t h i s m e t h o d i s s h o w n i n F i g . 8. Such a s y s t e m a l s o 

l a c k s t h e e l e m e n t s p e c i f i c d e t e c t i o n a n d s e n s i t i v y s hown t o be 

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

s p e c i e s o f o r g a n o t i n (193,194), a l t h o u g h i d e n t i f i c a t i o n o f t r i b u t y l t i n 

s p e c i e s have n o t been r e p o r t e d u s i n g t h e s e t e c h n i q u e s -

3.4 L i m i t a t i o n s o f c o u p l e d gas chromatography - atomic cibsorption 

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

A l t h o u c ^ t h e use o f GC c o u p l e d w i t h h i g h l y s e n s i t i v e e l e m e n t s p e c i f i c 

d e t e c t o r s has p r o v e d e f f e c t i v e where t h e r m a l s t a b i l i t y and f a v o r a b l e 

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

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

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

n or can t h e y be a d e q u a t e l y q u a n t i f i e d by GC-AAS, o w i n g t o t h e i r s t r o n g 

s o l v a t i o n i n a q u e o u s , l i p i d o r t i s s u e p h a s e s . S e v e r a l i s o l a t i o n 

p r o c e d u r e s have been d e v e l o p e d i n w h i c h , u s u a l l y e i t h e r by c h e l a t i o n 

( 1 9 7 ) , o r r e d u c t i v e c l e a v a g e ( 1 9 8 , 1 9 9 ) o f s m a l l o r g a n o m e t a l l i c 

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

s u f f i c i e n t v o l a t i l i t y a r e d e r i v e d f o r GC-AAS d e t e r m i n a t i o n . 

R e c o v e r i e s may be v a r i a b l e , b u t more i m p o r t a n t l y i n t h e m e t h o d s 

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

m e t a l s can be s i g n i f i c a n t l y a l t e r e d . Moreover, e v i d e n c e e x i s t s (2 , 

3^ 4) s u g g e s t i n g t h a t f o r some m e t a l s s p e c i f i c b i o t r a n s f o r m a t i o n , w i l l 

o c c u r s t e p w i s e t o produce i o n i c i n t e r m e d i a t e s . C o n s e q u e n t l y , f u t u r e 

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

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

most p o l a r ( i o n i c ) f o r m s as s o l v a t e s i n l i q u i d samples. Such a n a l y s i s 

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

c h r o m a t o g r a p h y - a t o m i c - e i b s o r p t i o n s p e c t r o m e t r y (HPLC-AAS). 

One o f t h e s i g n i f i c a n t advantages o f HPLC o v e r gas ch r o m a t o g r a p h y i s 

t h a t t h e columns a r e o p e r a t e d a t a m b i e n t t e m p e r a t u r e s , t h u s p e r m i t t i n g 

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

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

and m e t a l - o r g a n i c compounds. A n o t h e r i m p o r t a n t advantage o f HPLC i s 

t h e a v a i l a b i l i t y o f a v a r i e t y o f s e p a r a t i o n modes s u c h as l i q u i d -

l i q u i d p a r t i t i o n , l i q u i d - s o l i d a d s o r p t i o n , r e v e r s e d - p h a s e p a r t i t i o n , 

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

between t h e t w o t e c h n i q u e s i s t h a t i n gas c h r o m a t o g r a p h y t h e m o b i l e 

phase i s a l w a y s i n e r t whereas i n HPLC t h e e l u e n t may range f r o m b e i n g 

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

s e p a r a t i o n s . The i n t e r c h a n g e o f s o l v e n t s i n HPLC t h e r e f o r e o f t e n 

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

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

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

( t y i c a l l y i n t h e 5-10 pm d i a m e t e r r a n g e ) f o r a c h i e v i n g h i g h 

e f f i c i e n c i e s c omparable t o gas c h r o m a t o g r a p h i c columns. 
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CHAPTER 4 

CODPLED HIGH PERFORMANCE UQOID CHROMATOGRAPHY 

4.1 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 s by high performance l i q u i d 

chromatography 

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

c h r o m a t o g r a p h i c (HPLC) s e p a r a t i o n t e c h n i q u e s o v e r t h e p a s t decade has 

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

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

u s i n g t h i s t e c h n i q u e has been w e l l documented i n t h e l i t e r a t u r e (203, 

2 0 4 ) . The f o l l o w i n g summary h o w e v e r o u t l i n e s t h e key p r a c t i c a l 

c o n s i d e r a t i o n s t o be borne i n m i n d when u s i n g t h i s t e c h n i q u e . 

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

t e r m s o f volume ( o r t i m e ) , w i t h r e s p e c t t o a n o n - r e t a i n e d component. 

I f t h e e l u t i o n volume o f t h e n o n - r e t a i n e d component i s VQ ( o r t i m e TQ) 

and t h a t o f t h e s a m p l e c o m p o n e n t i s ( o r T^.), t h e n t h e c a p a c i t y 

f a c t o r ( k ' ) f may be e x p r e s s e d as 

A t c o n s t a n t f l o w , t h i s i s e q u i v a l e n t t o 

. _ - ̂ 0 

T h i s v a l u e , k*, r e p r e s e n t s t h e r a t i o o f t h e amount o f a c o n s t i t u e n t i n 

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

phase, t h e r e b y q u a n t i f y i n g r e t e n t i o n . C a p a c i t y f a c t o r (k*) f o r a g i v e n 

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

t h e s t a t i o n a r y and m o b i l e phases i n t h e column. C a p a c i t i e s may depend 

on a number o f c h a r a c t e r i s t i c s o f t h e column and t h e s t a t i o n a r y phase, 

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

phase and t h e s u r f a c e a r e a o f t h e s t a t i o n a r y phase. 

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

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

cuid n a t u r e o f b o t h t h e m o b i l e phase and t h e s t a t i o n a r y phase. 

k'2 a = — £ 

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

t i m e s , i n o r d e r t o be s e p a r a t e d . Perhaps t h e most i m p o r t a n t f a c t o r i n 

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

a b i l i t y o f a c h r o m a t o g r a p h i c s y s t e m t o m a i n t a i n s h a r p peaks. Sharp 

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

z o nes ( b a n d s ) as t h e y p a s s t h r o u g h t h e c o l u m n , r e l a t i v e t o t h e t i m e 

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

d i l u t i o n ( o r b a n d - b r o a d e n i n g ) and t h e r e f o r e , s h a r p peaks. Broad peaks 

r e s u l t i f t h e r e i s e x c e s s i v e d i l u t i o n o f sample c o n s t i t u e n t zones as 

t h e y pass t h r o u g h t h e column. A s y s t e m w h i c h produces b r o a d peaks has 

poor e f f i c i e n c y . E f f i c i e n c y i s measured as t h e number o f t h e o r e t i c a l 

p l a t e s (N) o f t h e s y s t e m (see S e c t i o n 2 . 1 ) . For a g i v e n column l e n g t h 

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

number o f t h e o r e t i c a l p l a t e s . A s y s t e m w h i c h produces b r o a d , d i f f u s e 

peaks (poor e f f i c i e n c y ) has a s m a l l number o f t h e o r e t i c a l p l a t e s . I n 

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

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

s m a l l f r a c t i o n o f t h e volume o f a c o n s t i t u e n t peak as measured by t h e 
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d e t e c t o r a f t e r p a s s i n g t h r o u g h t h e c o l u m n . I n p r a c t i c e , t h i s 

c o n d i t i o n i s u s u a l l y met. H o w e v e r , i t s h o u l d be r e m e m b e r e d t h a t 

i n j e c t i n g t o o l a r g e a somple volume w i l l r e s u l t i n b r o a d e r peaks t h a n 

p r e d i c t e d b y t h e number o f t h e o r e t i c a l p l a t e s . A l s o , i n e x p r e s s i n g 

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

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

column i t s e l f p r oduces b a n d - b r o a d e n i n g . I n f a c t , t h i s i s a l m o s t never 

t r u e . The i n j e c t o r , s y s t e m p l u m b i n g , and d e t e c t o r a l w a y s make f i n i t e 

c o n t r i b u t i o n s t o t h e w i d t h o f a c o n s t i t u e n t p eak. W i t h c a r e , t h e s e 

e x t r a c o l u m n e f f e c t s c a n be m i n i m i z e d so t h e m e a s u r e d e f f i c i e n c y 

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

measured number o f t h e o r e t i c a l p l a t e s w i l l a l w a y s be l o w e r t h a n t h e 

t r u e number o f t h e o r e t i c a l p l a t e s f o r t h e column. E x t r a c o l u m n e f f e c t s 

a l s o have a g r e a t e r e f f e c t on measured t h e o r e t i c a l p l a t e numbers f o r 

l o w k' p e a k s t h a n f o r h i g h k' p e a k s . 

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

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

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

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

r e t e n t i o n o f a subs t a n c e on a co l u m n o c c u r s by a s i n g l e mechanism, and 

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

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

have a s y m m e t r i c a l Gaussian shape. Peaks o b t a i n e d f r o m h i g h q u a l i t y 

HPU: columns w i l l n o r m a l l y a p p r o x i m a t e t h i s Gaussian shape, and f o r 

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

t h e e x p r e s s i o n 

5-54 t„2 
w 2 
1/2 
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where N = number o f t h e o r e t i c a l p l a t e s f o r the column 

t j ^ = r e t e n t i o n time 

"1/2 ~ wid t h of peak a t h a l f h e i g h t ( i n same u n i t s as time) 

Thus, when comparing columns o f the same length, N i s a measure o f the 

a b i l i t y o f the column t o make sharp peaks since, f o r any given value 

of t | ^ , a narrower peak w i l l have a sm a l l e r "^x/^ t h e r e f o r e a higher 

c a l c u l a t e d value f o r N, Fig. 9. E f f i c i e n c y i s sometimes expressed as 

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

d i v i d e d by the len g t h o f the column u s u a l l y expressed per centim e t r e . 

(However care should be taken t o express e f f i c i e n c i e s i n the same way 

when comparing d i f f e r e n t HPLC columns). When t h e o r e t i c a l p l a t e s per 

metre a r e g i v e n , t h i s v a l u e must be m u l t i p l i e d by t h e l e n g t h o f t h e 

column i n metres t o o b t a i n t h e number o f t h e o r e t i c a l p l a t e s f o r t h e 

column. 

The r e s o l u t i o n of a column Rg, i s the amount o f separation between two 

adjacent peaks. I t i s a f u n c t i o n o f column e f f i c i e n c y , s e l e c t i v i t y , 

and capacity f a c t o r s f o r the compounds. Expressed as 

Rg = ( l / 4 ) ( a - l ) ( N ) ^ / 2 
1 + k' 

where 

k* i s the average value f o r the two peaks. 

Peaks w i t h R̂  v a l u e s g r e a t e r t h a n 1.25 are g e n e r a l l y w e l l r e s o l v e d , 

w h i l e s m a l l e r values i n d i c a t e o verlapping peaks. Resolution r e q u i r e s 

d i f f e r e n c e s i n r e t e n t i o n , t h e r e f o r e , i f two components have the same 

r e t e n t i o n , they cannot be separated, no matter what the e f f i c i e n c y o f 

the column. A more e f f i c i e n t column w i l l s i m p l y give one very sharp 

peak c o n t a i n i n g two u n r e s o l v e d substances, whereas a less e f f i c i e n t 
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Figure 9 

Determination of the number of t h e o r e t i c a l plates for the colum 

N = 5.5*1 t 
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Determination of Asymmetry Factor 
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column would give one r a t h e r broad peak. However, i f two c o n s t i t u e n t s 

are o n l y p a r t i a l l y r e s o l v e d on a column w i t h l o w e r e f f i c i e n c y , t h e y 

may be c o m p l e t e l y r e s o l v e d on a column w i t h h i g h e r e f f i c i e n c y 

(assuming t h e r e i s no d i f f e r e n c e i n s e l e c t i v i t y between t h e two 

columns). Also, where a s h o r t column i s desired i n order t o increase 

t h e speed o f s e p a r a t i o n s , t h e h i g h e s t e f f i c i e n c y s h o r t column w i l l 

g i v e t h e b e s t chance o f r e s o l v i n g t h e c o n s t i t u e n t s o f i n t e r e s t . 

S e l e c t i v i t y i s also an i m p o r t a n t parameter i n determining r e s o l u t i o n , 

and may be e a s i l y a l t e r e d by c h a n g i n g m o b i l e phase c o n s t i t u e n t s o r 

column p a c k i n g s , s i n c e r e s o l u t i o n i n c r e a s e s l i n e a r l y w i t h a, b u t 

increases only as the square r o o t o f the e f f i c i e n c y . Thus, a s o l v e n t 

o r pH change may be the b e s t way t o im p r o v e t h e r e s o l u t i o n o f peaks 

t h a t are only p a r t i a l l y separated. 

The asymmetry f a c t o r , k^, i s a measure o f peak shape d e f i n e d i n 

Fig . 10. For a s y m m e t r i c a l peak, Ag = 1.0. A t a i l i n g peak w i l l have 

a v a l u e o f Ag g r e a t e r t h a n 1.0, w h i l e a f r o n t i n g peak w i l l have a 

value less than 1.0. Assy m e t r i c a l peaks i n d i c a t e t h a t the behaviour 

o f t h e column i s d e v i a t i n g f r o m a s e t o f l i n e a r s o r p t i o n i s o t h e r m s . 

The most f r e q u e n t cause o f t h i s i s mixed-mode b e h a v i o u r o f t h e 

adsorbent. Asymmetrical peak shape w i l l decrease the r e s o l v i n g power 

o f t h e column s i n c e t h e t a i l o f t h e peak may i n t e r f e r e and o v e r l a p 

w i t h other peaks. 

Although many p u b l i c a t i o n s have now appeared devoted t o the p a r t i c u l a r 

a p p l i c a t i o n o f HPLC t o the separation and a n a l y s i s o f o r g a n o m e t a l l i c 

compounds (205, 206), u n t i l t h e l a t e 1970's HPLC had been a p p l i e d 

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

a c t i v e compounds. However, since HPLC columns are u s u a l l y c o n s t r u c t e d 
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o f s t a i n l e s s s t e e l , (sometimes l i n e d w i t h PTFE i n t r a c e a n a l y s i s t o 

overcome problems f r o m l e a c h i n g ) , t h e compounds o f i n t e r e s t a r e 

i s o l a t e d f r o m t h e atmosphere and l i g h t , and can be s e p a r a t e d w i t h 

degassed, i n e r t m o b i l e phases a t am b i e n t t e m p e r a t u r e s . The use o f 

HPLC f o r d e t e r m i n i n g i n o r g a n i c m e t a l complexes which are o f t e n 

u n s t a b l e i s t h e r e f o r e o b v i o u s , and HPLC has now been shown t o be an 

e f f e c t i v e means f o r the separation and de t e r m i n a t i o n of many d i f f e r e n t 

types o f c o o r d i n a t i o n complexes and or g a n o m e t a l l i c compounds (207). 

4-2 The need for elempnt s p e c i f i c detectors 

I n general HPLC o f f e r s acceptable recoveries o f nanogram amounts o f 

elue n t s , provided an a p p r o p r i a t e l y s e n s i t i v e d e t e c t o r i s a v a i l a b l e . 

Many t y p e s o f d e t e c t o r s have been c o u p l e d t o HPLC which o f f e r s 

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

i n c l u d e UV a b s o r p t i o n (208), f l u o r e s c e n c e ( 2 0 9 ) , e l e c t r o c h e m i c a l 

(210), c h e m i l u n ^ s c e n c e (211) , mass s p e c t r o m e t r i c (212), f l a m e 

i o n i s a t i o n (213), e l e c t r o n c a p t u r e (214) and e l e c t r o n spin resonance 

(215) schemes. However, a l l s u f f e r somewhat i n a d e q u a t e l y m e e t i n g 

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

case above, and notably, a l l f a i l t o s a t i s f y the need f o r unambiguous 

element s e l e c t i v i t y . 

A number o f c r i t e r i a may be used f o r t h e c h a r a c t e r i s a t i o n o f a good 

HPLC detector. F i r s t l y , the noise l e v e l governs the d e t e c t i o n l i m i t 

a v a i l a b l e w i t h a p a r t i c u l a r d e t ector. A chromatographic peak can only 

be r e c o g n i s e d as such i f i t s h e i g h t i s a t l e a s t t w i c e t h a t o f t h e 

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

bubbles and i m p x i r i t i e s i n the eluent may al s o cause noise. A d r i f t 

i n the baseline i s also undesirable. The primary causes here are slow 
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changes i n the ambient temperature, the f l o w r a t e , or s t r i p p i n g o f the 

s t a t i o n a r y phase from the column. 

I n c o n s i d e r i n g the s e n s i t i v i t y , d i s t i n c t i o n must be made between the 

absolute and the r e l a t i v e s e n s i t i v i t y o f a detector- The former i s a 

f u n c t i o n o f the ins t r u m e n t design, the measuring technique employed, 

and t h e n o i s e l e v e l ; t h e l a t t e r depends on t h e amount o f a c e r t a i n 

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

chromatographic c o n d i t i o n s (216). The s e n s i t i v i t y i s one o f the most 

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

f a c t o r s t o c o n s i d e r , such as band s p r e a d i n g i n the d e t e c t o r , 

dependence of the response t o e x t e r n a l parameters, and the convenience 

o f s e r v i c i n g . For q u a n t i t a t i v e a n a l y s i s , t h e l i n e a r i t y o f t h e 

response plays an im p o r t a n t r o l e -

As w i t h the coupled GC-AAS system described i n Chapter 3, the use o f 

a t o m i c s p e c t r o s c o p y f o r d e t e c t i o n i n HPLC meets many o f t h e above 

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

c o n s t r a i n t s placed on the chromatography. However i n t e r f a c i n g the two 

techniques presents a number of problems o f sample i n t r o d u c t i o n since 

the e l u e n t i s not so r e a d i l y i n t r o d u c e d i n t o the atom c e l l . Various 

methods f o r overcoming these d i f f i c u l t i e s have been reported and these 

are reviewed i n the next s e c t i o n . 
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4.3 Review of e x i s t i n g techniques for d i r e c t l y coupled hig^ 

performance l i q u i d chromatography - atomic spectroscopy and t h e i r 

applications 

While gas chromatography has been c o u p l e d w i t h a n a l y t i c a l a t o m i c 

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

t h e r m a l l y s t a b l e o r g a n o m e t a l l i c species or metal chelates. The use o f 

l i q u i d chromatography considerably expands t h e t y p e o f c h e m i c a l and 

p h y s i c a l s p e c i e s w h i c h may be s t u d i e d . The s e p a r a t i o n o f i o n s , and 

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

v o l a t i l e s p e c i e s , i s p o s s i b l e u s i n g one o r o t h e r o f the p o p u l a r LC 

c o n f i g u r a t i o n s . Adsorption, ion-exchange, gel-permeation, normal and 

reverse phase chromatography have a l l been used i n co n j u n c t i o n w i t h 

atomic spectroscopy. 

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

number o f p u b l i c a t i o n s (217 - 2 1 9 ) , cind f r e q u e n t l y the c o m p l i c a t i o n of 

atomisi n g l a r g e volumes o f a l i q u i d mobile phase i s noted. Thus the 

atom c e l l s used, e.g. f l a m e , f u r n a c e o r plasma, must be capa b l e o f 

h a n d l i n g s o l v e n t f l o w s , t y p i c a l l y 0.1 - 4.0 ml m i n ~ \ which may be 

aqueous o r o r g a n i c i n n a t u r e . The f o l l o w i n g r e v i e w l o o k s a t t h e 

e x i s t i n g t e c h n i q u e s f o r d i r e c t l y coupled HPLC - atomic spectroscopy 

and the u t i l i s a t i o n o f these techniques f o r various a p p l i c a t i o n s . 

4.3.1 Review of coupled high performance l i q u i d chromatography -

flame atomic absorption spectroscopy techniques 

I n a d d i t i o n t o o f f e r i n g e x c e l l e n t i n t e r - m e t a l s e l e c t i v i t y , f l a m e 

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

samples. Coupled HPLC-FAAS systems a l s o o f f e r o n - l i n e , r e a l t i m e 

a n a l y s i s and produce a continuous chromatogram. The various LC-FAAS 
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couplings r e p o r t e d i n the l i t e r a t u r e are summarised i n Table 7. 

S e v e r a l w o r k e r s have u t i l i s e d FAAS i n c o n j u n c t i o n w i t h s i m p l e i o n 

chromatography. Manahan and Jones (220) noted the p o t e n t i a l o f FAAS 

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

( e t h y l e n e d i n i t r i l o ) t e t r a a c e t i c a c i d (EDTA) and n i t r i l o t r i a c e t i c a c i d 

(NTA) c h e l a t i n g agents separated as copper complexes by io n exchange 

chromatography. The column e l u e n t was passed i n t o the ne b u l i s e r o f 

the s p e c t r o m e t e r i n mixed s o l u t i o n s and a l s o i n s p i k e d sewage 

e f f l u e n t s (22 1 ) . The same group a l s o expanded t h e range o f amino-

c a r b o x y l i c a c i d - c o p p e r c h e l a t e s w h i c h c o u l d be m o n i t o r e d (222) t o 

i n c l u d e e t h y l e n e b i s ( o x y e t h y l e n e - n i t r i l o ) (EBTA) and ( 1 , 2 -

c y c l o h e x y l e n e d i n i t r i l o ) t e t r a a c e t i c a c i d (CDTA), and demonstrated t h a t 

o r g a n i c m o b i l e phases, t o l u e n e / p y r i d i n e , c o u l d be used f o r t h e 

s e p a r a t i o n o f v a r i o u s chromium c h e l a t e s (223). Pankow and Janauer 

(224) a l s o e m p l o y e d an i o n ex c h a n g e s y s t e m 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 chromate i n n a t u r a l w a t e r s and r e p o r t e d d e t e c t i o n 

l i m i t s as low as 0.1 ppb. 

The p o t e n t i a l o f FAAS as a de t e c t o r f o r g e l chromatography was f i r s t 

n o t e d by. Yoza and Ohashi (225). I n a s t u d y t o m o n i t o r Mg and K i n 

c h l o r i d e s o l u t i o n s a f t e r s e p a r a t i o n , t h e y used a 'T* p i e c e w i t h one 

end p l a c e d i n a w a t e r r e s e r v o i r t o b a l a n c e LC and a s p i r a t i o n f l o w 

r a t e s . L a t e r , Yoza e t a l . (226) c o u p l e d a g e l chromatography column 

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

phosphate anions (diphosphate, t r i p h o s p h a t e e t c ) measured as magnesium 

complexes. 

A number o f o t h e r groups (227, 228) have used t h e s e p a r a t i o n o f 
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t e t r a a l k y l l e a d compounds i n p e t r o l t o d e m o n s t r a t e LC-FAAS c o u p l i n g s 

u s i n g a HjO-methanol m o b i l e phase. Cassidy et^ a l . (229) used 

molecular-sieve and reversed-phase chromatography f o r the separat i o n 

o f v a r i o u s o r g a n o s i l i c o n compounds. The o r g a n o s i l i c o n s were f i r s t 

preconcentrated on porous polymer columns p r i o r t o HPLC s e p a r a t i o n . 

A f t e r e l u t i n g t h e adsorbed o r g a n o s i l i c o n s w i t h (MIBK), t h e HPLC 

e f f l u e n t was fed d i r e c t l y t o the ne b u l i s e r and i n t o a n i t r o u s o x i d e -

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

o r g a n o s i l i c o n s ranged from 0.5 t o 5 pg. 

Van Loon e t a l . (230) used d i r e c t c o u p l i n g of the column e l u e n t t o the 

ne b u l i s e r t o monitor copper aminoacid complexes, used i n the t r e a t m e n t 

o f metal poisoning, and also t o study zinc a r y l and a l k y l compounds i n 

l u b r i c a t i n g o i l s . Kahn and Van Loon (231) used a s i m i l a r c o u p l i n g t o 

p r e c o n c e n t r a t e and s p e c i a t e Au and Pt complexes f r o m aqueous 

s o l u t i o n s . 

S l a v i n and Schmidt (232) i n t h e i r LC-FAAS c o u p l i n g , o p e r a t e d t h e 

n e b u l i s e r i n a s t a r v e d mode by u s i n g an i n j e c t i o n cup (233) f o r t h e 

d e t e r m i n a t i o n o f am i n o - a c i d s a f t e r metal l a b e l l i n g . The concept o f 

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

s p e c t r o s c o p y has g r e a t p o t e n t i a l , however, t h e low s e n s i t i v i t y o f 

flame AAS would be problematic f o r the a n a l y s i s o f amino acids i n body 

f l u i d s a t the l e v e l they occur. A f l o w i n j e c t i o n sample manipulator 

(FISM) was used by Renoe e_t a l . (234) as an i n t e r f a c e between t h e 

chromatograph and s p e c t r o m e t e r . T h i s FISM a l l o w e d t h e a d d i t i o n o f 

ma t r i x m o d i f i e r s , i n t h i s case a c i d i f i e d lanthanum c h l o r i d e , t o the 

HPLC e l u e n t p r i o r t o i n t r o d u c t i o n t o t h e n e b u l i s e r o f t h e 

spectrometer. 
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I n a s t u d y o f t h e e f f e c t o f v a r i o u s m o b i l e phases on n e b u l i s a t i o n 

e f f i c i e n c y Jones e t a l . (235) f o u n d t h a t w i t h m e thanol, e t h a n o l , 

c h l o r o f o r m and benzene, 100% n e b u l i s a t i o n e f f i c i e n c i e s c o u l d be 

a c h i e v e d a t f l o w r a t e s o f 1 ml min*^, whereas f o r w a t e r a t t h e same 

f l o w r a t e o n l y 32% was n e b u l i s e d i n t o t h e f l a m e . The n e b u l i s e r i n 

t h i s case was "starved" o f l i q u i d , i.e. the column f l o w r a t e was less 

t h a n t h e n e b u l i s e r a s p i r a t i o n r a t e , w h i c h was a d j u s t e d t o maximize 

s e n s i t i v i t y f o r the a s p i r a t i o n o f standard s o l u t i o n s , as i s normal i n 

AAS. However, s t a r v i n g t h e b u r n e r r e s u l t s i n a reduced p r e s s u r e 

r e g i o n p o s t column; t h i s c o n d i t i o n can l e a d t o gas bubble f o r m a t i o n 

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

also operated post column. Yoza and Ohashi (225) p r e f e r r e d t o operate 

t h e i r n e b u l z i e r a t the same f l o w r a t e as the chromatographic pump, b u t 

found balancing o f the two f l o w r a t e s t o be d i f f i c u l t . Their s o l u t i o n 

was t o in c o r p o r a t e an a d d i t i o n a l s o l v e n t r e s e r v o i r a t the end o f the 

column f r o m which any a d d i t i o n a l s o l v e n t r e q u i r e d by the n e b u l i s e r 

could be drawn. This, however l e d t o f u r t h e r sample d i l u t i o n which i s 

obviously undesirable f o r t r a c e a n a l y s i s . 

An a l t e r n a t i v e t o t h e above approaches w o u l d be t o o p e r a t e t h e 

n e b u l i s e r a t a f l o w r a t e l e s s t h a n t h e column f l o w r a t e , i . e . f l o o d 

t h e b u r n e r . Since LC f l o w r a t e s a r e g e n e r a l l y between 0.5 and 3 ml 

m i n ~ \ a very s m a l l a s p i r a t i o n r a t e would be necessary t o encompass 

th e e n t i r e range w h i l e s t i l l m a i n t a i n i n g a s p i r a t i o n . Koropchak and 

Coleman (236) found t h a t o p e r a t i n g a n e b u l i s e r a t s l i g h t backpressure 

n o t o n l y negated t h e use o f a p o s t column d i l u t e r t o match LC f l o w 

r a t e s w i t h n e b u l i s e r u p t a k e r a t e , b u t a l s o gave improved s i g n a l t o 

noise r a t i o s w i t h a standard n e b u l i s e r arrangement. 
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S e v e r a l o f t h e more r e c e n t p u b l i c a t i o n s on c o u p l e d LC-FAAS have 

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

i n c r e a s e d s e n s i t i v i t y by a t t e n t i o n t o the atom c e l l . One such 

approach has been r e p o r t e d by H a s w e l l et^ a l . (237) i n a s t u d y o f 

arsenic s p e c i a t i o n i n s o i l pore waters. The arsenic species are f i r s t 

preconcentrated by c o n t r o l o f the mobile phase and then passed i n t o a 

continuous f l o w hydride generator, the a t o m i s a t i o n t a k i n g place i n a 

heat e d q u a r t z tube. I t i s t h i s approach o f p a y i n g p a r t i c u l a r 

a t t e n t i o n t o the d e s i g n and o p t i m i s a t i o n o f t h e atom c e l l t h a t has 

been paramount i n the work presented i n t h i s t h e s i s . 

4.3.2 Review of coupled high performance l i q u i d chromatography -

e l e c t r o t h e r m a l a t o m i s a t i o n - atomic absorption spectroscopy 

techniques 

E l e c t r o t h e r m a l a t o m i s a t i o n , mainly using g r a p h i t e furnaces, o f f e r s the 

advantage o f high s e n s i t i v i t y f o r a s m a l l a l i q u o t of sample, however, 

t h e n e c e s s i t y t o d r y and ash a sample p r i o r t o a t o m i s a t i o n makes i t 

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

chromatograph t o a furnace. Thus various i n d i r e c t couplings have been 

used t o overcome t h i s problem, see Table 7. 

Brinckman's group, a t the N a t i o n a l Bureau o f Standards, developed two 

such i n d i r e c t couplings (238). The f i r s t u t i l i s e d a PTFE f l o w through 

c e l l from which the e l u e n t was p e r i o d i c a l l y sampled and i n j e c t e d i n t o 

a g r a p h i t e furnace, so c a l l e d pulsed-mode oper a t i o n . I n the second, 

term e d survey-mode, t h e e l u e n t was c o l l e t e d by an a u t o - s a m p l e r and 

each c o l l e c t e d f r a c t i o n analysed by GF-AAS. These two sampling modes 

were d e m o n s t r a t e d f o r t h e s p e c i a t i o n o f v a r i o u s Sn, Hg, As and Pb 

compounds (238); the d e t e c t i o n l i m i t s quoted were not evaluated by any 
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c o n v e n t i o n a l method and s h o u l d t h e r e f o r e be t r e a t e d w i t h care. The 

survey-mode o f o p e r a t i o n was a l s o used f o r t h e s p e c i a t i o n o f 

org a n o m e t a l l i c polymers and or g a n o - t i n and s i l i c a t e s by the same group 

(239). 

K o i z u m i e t a l . (240) used HPLC-Zeeman GFAAS f o r t h e s p e c i a t i o n o f 

t e t r a a l k y l l e a d compounds i n g a s o l i n e . The e l u e n t was sampled eve r y 

250 u l w h i l s t the f l o w was stopped and the sample vaporised i n a hi g h 

temperature furnace. The i n t e r f e r e n c e caused by background absor p t i o n 

was avoided by using Zeeman e f f e c t background c o r r e c t i o n . Vickrey's 

group also used Zeeman e f f e c t background c o r r e c t i o n i n t h e i r couplings 

(241-243). They d e s c r i b e d an i n t e r f a c e d e v i c e w h i c h c o n s i s t e d o f a 

sampling valve, t i m i n g c i r c u i t and automatic coanalyte a d d i t i o n , i n 

t h i s case n i c k e l ions (241) f o r selenium s p e c i a t i o n . This i n t e r f a c e 

was l a t e r microprocessor c o n t r o l l e d (243) and 37 y 1 samples i n j e c t e d 

i n t o t h e f u r n a c e f r o m each 100 o r 220 p i o f e l u e n t . They a l s o used 

stream s p l i t t i n g o f chromatographic peaks (242) p r i o r t o a t o m i s a t i o n 

f o r t h e s p e c i a t i o n o f t e t r a p h e n y l l e a d and pulsed mode ope r a t i o n f o r 

the s p e c i a t i o n o f Cr ( I I I ) and Cr ( V I ) (242), where t h e e l u e n t was 

sampled eve r y 30 o r 120 seconds. The c o u p l i n g was a l s o used f o r 

t e t r a a l k y l l e a d (244) and o r g a n o - t i n s p e c i a t i o n (244). W i t h t h e 

f o r m e r , t h e a d d i t i o n o f i o d i n e p r i o r t o a t o m i s a t i o n was f o u n d t o 

enhance both the s i g n a l and p r e c i s i o n . A s i m i l a r e f f e c t was found by 

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

compounds (244). I r g o l i c ' s group a t t h e same i n s t i t u t i o n used a 

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

arsenocholine and i n o r g a n i c arsenic a t the micro-gram l e v e l (245). I n 

a j o i n t s t u d y , Brinckman's and I r g o l i c ' s groups (246) d e m o n s t r a t e d 

v a r i o u s 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 f o r t h e s p e c i a t i o n o f a r s e n i c 
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compounds i n s o i l and water samples. The extremely high background 

molecular absorption l e v e l s encountered when i o n p a i r reagents, such 

as THAN, were used, were r e p o r t e d t o r e q u i r e Zeeman e f f e c t background 

c o r r e c t i o n , since normal deuterium arc c o r r e c t i o n proved i n s u f f i c i e n t . 

Workers a t the U.S. Department o f A g r i c u l t u r e (247,248) u t i l i s e d a 

flow-t h r o u g h PTFE sampling cup as an i n t e r f a c e between a low-capacity 

a n i o n exchange column and g r a p h i t e furnace. They speciated organic 

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

gave f u l l d e t a i l s o f a.clean up p r o c e d u r e f o r use i n t h e a n a l y s i s o f 

s o i l a r s e n i c a l r e s i d u e s by t h e same p r o c e d u r e (248). T h i s f l o w 

througji PTFE sampling cup was made commercially a v a i l a b l e and a data 

sheet a v a i l a b l e on i t s a p p l i c a t i o n t o a r s e n i c s p e c i a t i o n s t u d i e s 

(249). 

Another i n d i r e c t form of coupl i n g was u t i l i s e d by Burns and co-workers 

(194) and R i c c i e t a l . (251), namely h y d r i d e g e n e r a t i o n p r i o r t o 

at o m i s a t i o n . I n t h e i r comprehensive study of o r g a n o t i n compounds, the 

former group (194) found a thousand-fold increase i n response t o t i n 

by using hydride generation f o l l o w e d by ETA as opposed t o c o u p l i n g the 

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

s p e c i a t i o n o f r e d u c i b l e forms o f arsenic was achieved by R i c c i e t a l . 

(251), u sing hydride generation p r i o r t o a t o m i s a t i o n by heated quartz 

tube. The use o f hydride generation circumvents the problems o f low 

n e b u l i s a t i o n e f f i c i e n c y normally encountered w i t h FAAS, thus enabling 

s e n s i t i v e d e t e c t i o n along w i t h " r e a l t i m e " d e t e c t i o n . 

Recent r e p o r t s o f c o u p l e d L C - g r a p h i t e f u r n a c e systems have e i t h e r 

r e p o r t e d d u a l d e t e c t o r systems o r emphasised t h e use o f m i c r o -
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p r o c e s s o r s . F i s h e t a l . (252, 253) have used GF-AAS i n c o n j u n c t i o n 

w i t h a r a p i d - s c a n U V - v i s i b l e d e t e c t o r t o i n v e s t i g a t e v a n a d y l and 

n i c k e l compounds i n heavy crude p e t r o l e u m and a s p h a l t e n e s , a l t h o u g h 

here the sample was loaded i n t o the furnace i n an auto-sampler. The 

coupled LC-graphite furnace system used i n our l a b o r a t o r i e s i s based 

on a p r e v i o u s d e s i g n (245) a l t h o u g h t h e i n j e c t o r sequence, v a l v e 

o p e r a t i o n , and a c t i v a t i o n o f pneumatic i n j e c t o r are a l l microprocessor 

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

w i t h o u t the need f o r conventional f r a c t i o n c o l l e c t i o n . Such a system 

emphasises t h e c o m p l e x i t y o f c o u p l i n g an LC t o a g r a p h i t e f u r n a c e 

which cannot c o n t i n u a l l y monitor the e l u e n t from the column d i r e c t l y , 

i n c o n t r a s t t o the s i m p l e r b u t l e s s s e n s i t i v e f l a m e AAS and h y d r i d e 

generation AAS and ICP couplings. 
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l U t r i z Ell Reference 

rieaa AAS, d i r e c c 

c o u p l i n g , c . f . r e f . 

223 A l r / C ^ U j tlaoa. 

5 C3 « 2.1 c=t l . d . 

Aainex A-14 r e s i n , 4% 

c r o s s Linked wirh 

SOVB, 20*3 uo. O.OSH 

(SH^}2S04 eluenc ec 

2.0 ca Qin*^ 

S e p a r a t i o n of 

CU2<EGTA), Cu)MTAO' 

Cu(ECrrA>^" and 

Cu(CDTA)^'. 

pH of s a c p l e a f f e c u 

f o r o a c i o n of CU2(EGTA) 

but not of oUier 

c o n p l e x e s . D e t e c t i o n 

L i a i t s / n g Cu of 

ECTA - 13.5 

NTA - 16.2 

EDTA - 29.4 

COTA - 450 In order of 

e l u t i o n . 222 

Plaae AAS, d i r e c t 

c o u p l i n g through 

rtebul i s e r see r e f . 

222. 

I d e n t i c a l to r e f . 222 Copper c h e l a t e s of 

aoi n o c a r b o x y l a t e ions 

in s p i k e d sewage 

e f f l u e n t s . 

Assunptions oade as to 

d e t e c t i o n l i a i t s and 

hence f e a s i b i l i t y of 

oethod. D e t e c t i o n 

l l a i t a / n g Cu 

HTA - 10.7 

EDTA - 23.6 

Cu 

22 1 

GFAAS, UPLC e l u e n t 

passed inco a sample 

w e l l then s a i ^ l e d , 10-

50 u l . i n t o a standard 

f u r n a c e . 

Prograo 

Dry - eO®C I 5 s 

Atomise - 2700°C 5s 

Dry - lO0°C 108 

Char - 100°C lOa 

Atomise - 2500°C I 5 s 

Dry - 80°C 25a 

Atoo i s e - ISO^C L2s 

250 X 4.6 coluans 

L i c h r o s o r b C^® RP on T r i p h e n y l a r s l n e . 

10 UQ s i l i c a , E l u e n c 

HeOU a t O.U a l o i n ' ^ 

L i c h r o s o r b C j RP 1.5 

n l d i n " ' of MeOH 

L i c h r o s o r b Cg RP 

E l u e n t ( a ) O.OlM 

SH^OAC (b) 25 ppn 

fflercaptoethanol i n 

McOH. 

Flow a * b (96 * 4) 

for 2S Clin then 

g r a d i e n t , 10% m i n " \ 

to 100* b a t 0.30 

ml ttin"'. 

Ph3SnCl, 

P r j S n C i , 

BUjSnCl. 

MeHgCl, 

EtHgCl, 

PhHgCl, 

"PrHgCl, 

i n I + I HjO/-

Coupling operated i n 

e i t h e r a pulsed node, 

where the e l u e n t was 

passed i n t o a PTFE 

flow through cup 

p e r i o d i c a l l y aaopled, 

or i n a survey mode 

where the el u o n t was 

c o l l e c t e d by an 

autosaoplor and each 

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

A s 

(193.3 na) 

Sn 

(253.7 na) 

Hg-

(253.7 nn) 
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O i r o M toqra phy Hatxix C c M o e n t a B l Reference 

Dry - 2S°c 20B 

Char - 80®C 10a 

A t o a l s e - 20Q0°C IQe 

L l c h r o s o r b Si-100 

10 ua s i l i c a , e l u e n c -

hexane/CUjClj (^^ * 5) 

0.33 Ql d i n " ' . 

Pb 

(283.3 .13) 

238 

r i a a e AAS, co l u s n 

coupled d l r e c c l y to 

n e b i i l l B e r . Air/C2H2 

f l a o e . 

P a r c i a i l - I O SCX 

c a t i o n exchange 

colucft Tc - 55°C 

in tiH^tiO^ a t 4.0 

a l o i i n ' ' as elu e n c 

25 Ul sample s i z e 

S e p a r a t i o n of Cu EDTA. Use of W / V i s 

C u - c r i e n , Cu-glycene. 

Cocplexes 

d e t e c t i o n enabled only 

C u - t r i e n to be 

• o n i t o r e d , w i t h 

reduced s e n s i t i v i t y 

coopered to AAS. 

25 cn ODS-SIUtl 

c o l u a n . E l u e n t i 50-

100% caethenol/vater 

g r a d i e n t i n 10 ciin. 

A l k y l and a r y l Zn 

a d d i t i v e s i n 

l u b r i c a t i n g o i l s 

s a c ^ l a s d i l u t e d i n 

C H 2 C I 2 . 

AA d e t e c t o r shown 

s u p e r i o r to UV/Vis 

d e t e c t i o n 

2n 

(213.9 nn) 

230 

Plane AAS. Use of 

column d l r e c U y 

coupled to n e b u l i s e r . 

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

c o n t r o l s flow of 

B a s i c anion exchange 

Oowex 2X-8 colu a n 

soaked o v e r n i g h t i n 3.4 

HCl followed by water 

r i n s i n g . 

e l u e n t through coluan. Pt and Au cooplexes 

e l u t o d w i t h NH4OH 

(75*> 

Pt and Au i n aqueous 

s o l u t i o n s . 

The P t and Au 

s o l u t i o n s (pH 6) 

passed through the 

colunm, the a e t d l s 

r e t a i n e d and then 

e l u t e d with SH^OH i n t o 

n e b u l i s e r . L i n e a r 

from 2 to 10 ug tor Au 

and f r o a 35-17S ug for 

P t . 

Au 

P t 

231 

GFAAS u s i n g Zeenan 10 cm Partiail-PXS-ODS Se s p e c i f i c d e t e c t i o n 

background c o r r e c t i o n , coluan. Eluent; 

Dry - lOO^C 2S8 

Aoh - 1000° I s 

AtooLise - 3000*^ f s 

us i n g HiSOj as co-

analyce and Ar s h i e l d 

gas (4 1 o i n - M 37 u l 

i n j e c t i o n s . 

MeOH/HjO (2 • I ) a t 

0.3 n l n i n * ^ 20 u l 

i n j e c t i o n . 

of He2:iC(Se)HH2 And 

Design and o p e r a t i o n of 

i n t e r f a c i n g d e v i c e 

c o n s i s t i n g of s a a p l i n g 

v a l v e , timing c i r c u i t 

and c o a n a l y t e a d d i t i o n 

d e s c r i b e d . L i n e a r 

f r o n 10 to 100 ppb for 

a s i n g l e a t o a i s a t i o n . 

Se 

(196 na) 

24 1 
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ChroMa tograptiy B i Reference 

r l a a a JUkSi see r e f s 

225, 226 for 

LnL e r f e c e . 

97.5 X 1.5 i . d . , 

Sephadex C2S coLtian 

Monitoring of K u r r o l ' s K u r r o l ' s s a l e used as 

S a l t . <IU»03)^, d l -

t x l - , and o r t h o -

phosphate as Hg 

c o c p l e x e s 

u s e f u l QATker for v o i d 

voluae of coLu=n. 

E s c i o a t l o n of 

s t a b i l i t y c o n s t a t s 

a l s o oade. 

Kg 

(285.2 na) 

254 

G7US, 

Dry - lOO^c 208 

Char - TOO^C 30e 

At o a i s e - 2500°C lOs 

8 c a Bio-Rex 70, weak 

a c i d i c c a t i o n exchange 

r e s i n . 

24 CO, s i l i c a g e l 

(100/120 oesh, « T H 

01314 - 61T, grade 

923) Flow r a t e - O.40 

a l min"' acetone/watar 

( 6 0 - 4 0 ) , pH 7-8. 

Cu-aaino a c i d 

conplexes i n huaan 

N a t u r a l l y o c c u r r i n g 

Cu-aaino a c i d s , Cu-

h i a t i d i n e and Cu-

g l u t a o l n e f r o a an 

aqueous a i x t u r e . 

The e l u e n t f r o a the 

c o l u a n c o l l t t c e e d by 

an a u t o s a o p l e r and 

then a u t o o a t i c a l l y 

i n j e c t e d into furnace. 

Cu 

(324.7 na) 

255 

GFAAS usi n g Zeeoan 

e f f e c t background 

c o r r e c t i o n . 

500 X 2.5 c a coluan, 

H i t a c h i Gel No. 3010. 

E l u e n t : MoOH a t 0.67 

Q l a i n " ' . 

T e t r a a l k y l l e a d 

coQpounds i n p e t r o l . 

10 ul- s a c p l e s f r o a Pb 

each 250 u l o f e l u e n t (283.3 no) 

i n j e c t e d i n t o f u r n a c e . 

CFAAS us i n g auco-

s a a p l e r as i n t e r f a c e , 

see r e f . 238 

300 X 7.8 B I c o l u a n . SEC used for organo-

SDVB copolymer (10 ua> m e t a l l i c polymers. 

Bluent: THF a t 1 o l -

tttin"' or THF/CHjCH (19 

• 1 ) . 

L i c h r o s o r b C^g (10 

ua) 250 X 3.2 ea 

c o l u s n . E l u e n t : 

e thanol a t 0.25 

0.'a»-l. OMP-2. 0.'(P-4. 

RPC used for organo-

t i n and s i l i c a t e s . 

k 50s I n t e r v a l e x i s t s Sn 

between i n j e c t i o n s . (286.3 nat 

thus a t 1 o l a i n ~ ' 

only 2.4% of e l u e n t 

s a o p l e d . 

I,inear up to 20 ng Sn S i 

or S i for a 20 u l (251.6 na) 

i n j e c t i o n 

239 
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ChroMbo^raphy KatxLx Keferaoce 

ritaa MS u s i n g 

SUttdATd f l A O e 

c o n d i t i o n s eluenc 

25 X 0.46 c a P a r t i s i l -

10 s a t colu=n. 

E l u e n t , S'H^K03 

Use of cofcsl U b e l L i n g N e b u l i s e r operated i n 

passed i n t o n e b u l i s e r v a r i o u s o o l a r i c y and 

pH, 1 to 2 al a i n ' ' . 

to detenaine aairto-

a c i d s . i n t h i s case 

h i s t i d i n e as copper 

cocpLex. 

s t a r v e d oode by use of 

i n j e c t i o n cup ( s e e 

r e f . 2331. 100 ul 

drops f r o a c o l u s n i n t o 

cup. D e t e c t i o n l i a i t 

of 48.5 nq. 232 

GFAAS u s i n g Zeeaan 

e f f e c t background 

u - BondapaK IC^Q) BPC S e p a r a t i o n of arseno-

coluan. E l u e n t : b e t a l n e , a r s e n o c h o l i n e 

c o r r f t c c l o n . Autoaated H 2 0 / A c e t o n i t r i l e / a c e t i c and I n o r g a n i c a r s e n i c . 

i n t e r f a c e which 

c o n t r o l s e l u e n t 

soBpIing, c o a n a l y t e 

a d d i t i o n . I n j e c t i o n 

and furnace o p e r a t i o n . 

a c i d and O.OOSM 

heptone-sulphonic a c i d 

{95/5/6 J . 

Chroaa tograns 

i l l u s t r a t i n g 

s e p a r a t i o n of a r s e n i c 

coapounds a t 1 u9 

l e v e l g i v e n . 

245 

CFAAS with 

cueroprocessor 

P a r t i s i l sex c a t i o n 

exchange colusm. 

c o n t r o l l e d i n t e r f a c e , E l u e n t : O.lM a c e t a t e 

d e t a i l s of i n t e r f a c e 

and cocputer c o n t r o l 

prograo given. 

b u f f e r (pH 4.3). 

S e p a r a t i o n of C r ( I I X ) 

and C r ( V I ) . 

P u l s e d oode o p e r o t i o n , 

e i u e n t sampled for 

GPAAS only every 30 to 

120s. 

Cr 

Dry - 60°C 208 

Ash - 2S0''c U s 

Atomise - 2400*^0 Ss 

GFAAS us i n g Zeenan 

e f f e c t background 

c o r r e c t i o n . 

Dry - 60°C 258 

Ash - S00°C 128 

A t o o i s a t i o n - 2400**C 

5s 

L i c h r o s o r b C^g (10 u^) T e t r a p h e n y l l e a d 

E l u e n t : MeOH/HjO 

(90/10) a t 0.5 

lal Qin*^ 20 u l 

i n j e c t i o n . 

25 cm L i c h r o s p h e r e TotraphenyHead. 

(10 tio) RPC column. 

Eluent1 tteOH/HjO 

(90/10) 

T o t a l consumption Pb 

node, peak c o n t a i n i n g (283.3 nm) 

e l u e n t Btreao i s 

s t o r e d p r i o r to CFAAS 

a n a l y s i s . 

E l u e n t Btroaa Pb 

c o n t a i n i n g lead (283.3 no) 

compound i s s c o r e d , 

a f t e r s e p a r a t i o n , i n 

tubing (10' x 0-05 c a ) 

p r i o r to i n j e c t i o n 

i n t o f u r n a c e . 

242 
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O i r o u t o g r a p b y H a t x U Reference 

H i c r o p r o c e s s o r 

c o n t r o l l e d i n t e r f a c e , 

see r e f . 242. 37 u l 

i n f e c t i o n f r o a each 

100 U l o r 220 u l 

s a ^ l e o f e l u e n t . 

D e t e c t i o n l i o i t of 4 8 0 

GPU£, 20 u I 

i n j e c t i o n s every 4S9. 

Dry - 150°C LSe 

end 200°C 5s 

At o a i s e - 2700" 10s 

So background 

c o r r e c t i o n . 

25 CO X 3.2 CX3 i . d . 

L i c h r o s o r b SAX (lOun) 

c o l u s n . 

E l u e n t : 0.05H MaH^ 'PO4 

a t 0.5 ml d i n * ' . 

S p e c i a t l o n o f DMA, MHA The HPLC s e p a r a t i o n 

and a r s e n l l i c a c i d . schenes were ecployed 

for As s p e c i a t i o n work 

wi t h s e v e r a l s o i l and 

d r i n k i n g water 

s a o p l e s . L i n e a r f r o n 

0.1 CO 10 ng As. 

AS 

(193.7 ma) 

Saoe c o l u c n but with 

0 . 0 3 M ac=aonlum 

a c e t a t e / 0 . 0 4 5 H a c e t i c 

a c i d 

S l u e n t a t 0 . 2 5 

o l n i n ' ^ 

S p e c i a t i o n of HHA, DMA 

and A s ( I I I ) . 

2 4 6 

Ho background 

c o r r e c t i o n . 

25 CO X 3.2 c a i . d . 

A l t e x sex column (10 

Un) w i t h 0.0375M 

amon i u n a c e t a t e / 

a c e t i c a c i d . 

S p e c i a t i o n of A s ( I t l ) 

and A B ( V ) 

2 4 6 

Zeei&an e f f e c t 

background c o r r e c t i o n , 

E l u e n t a t 0.15 

o l a i n " ^ 

30 c a X 4 aa i . d . , 

U-Bondapak C^g RPC < 10 

urn) c o l u s n , H20/-HeOH 

(95/5) 0.Q05M w.r.t. 

TBA, a t pH 7.3 

a d j u s t e d with 

phosphoric a c i d . 

S p e c i a t i o n of A o ( I I I ) 

and As(V} 

The use of the ton-

p a i r reegents THAN or 

TBAP r e q u r i e s the 

s u p e r i o r background 

c o r r e c t i o n a f f o r d e d by 

the Zeeaan e f f e c t . 

L i n e a r up to 500 ng 

As. 246 
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H A t r U B l e a e o t Reference 

Zeenui a f f e c t 25 x 4.6 c=a i . d . , S p e c l a t i o n of A s ( I I X ) . 

tMCkTTOund c o r r e c t i o n . A l c e x Chroaosorb SP-IB DMA, MMA and A s ( V ) . 

coluan (10 u a ) . HjO/* 

HaOH Sdcurated with 

THAN for 23 o l n then 

neOU, a t 1.0 o l a i n ' ' . 246 

GFAAS. ualng PTFK flow 25 c a x 3 c a l - d . , low S e p a r a t i o n of DMA, 

through s a c p l i n g cup c a p a c i t y anion 

da i n t e r f a c e 20 u l exchange coluan 

I n j e c t i o n s a t 43s 

i n t e r v a l s . 

Dry - I I Q O C 8S 

ChAT - 1200°C 7s 

Atoalae - 25Q0^C 8s 

20s furnace c o o l i n g 

p e r i o d . 

(Dionex) g r a d i e n t 

e l u c i o n froo HjO/MeOH 

(80 * 20) to 0.02M 

(tm4)2C03-HeOH (85 • 

15} a t 1.2 Q l a l n ~ ' . 

5-25 Ul i n j e c t i o n s . 

8-12 oin e q u i l i b r a t i o n 

U n e . 

KHA, A S ( I I I ) , and 

A s ( V ) . 

The colu»i packing 

prepared by p a s s i n g a 

suspension of a high 

c a p a c i t y s t r o n g anion 

exchange l a t e x over a 

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

L i n e a r f r o a 5 to 200 

ng As. 

AS 

(193.7 nn> 

247 

GFAAS, see r e f . 247 HPLC c o l u s n and 

c o n d i t i o n s saoe as 

r e f . 247. 

A r s e n i c a l r e s i d u e s , 

DMA, HMA, A s ( I I I ) and 

A8(V) i n s o i l s . 

E x t r a c t i o n and 

e x t e n s i v e c l e a n up 

procedure i s given. 

AS 

(193.7 no) 

248 

GFAAS u s i n g Zeenan 

e f f e c t background 

c o r r e c t i o n . 

Dry - ao°C 2OB 

Ash - 370*'C lOs 

Atonise - 2 300°C Ss 

25 c a L i c h r o s o r b 10 \ia T e t r a a l k y l l e a d 

C-18 OOS coluan E l u e n t cocpounds. 

0.5 d l BLin~^ 80:20 

MeOH/K20 for 28 o i n 

followed by a s t e p 

g r a d i e n t to 100* MeOH. 

Addi t i o n of Iodine 

found to enhance 

s i g n a l and p r e c i s i o n . 

244 

Dry - eo°C 20s 

Ash - 400°C lOs 

Atomise - 2300°C Ss 

Saoe col u a n , e l u e n t : Organotin conpounds. 

HeOH/HjO (97.5 • 2.5) 

i s o c r a t i c a t 0.1 

a l a i n " ' . 

I n c r e a s e d s i g n a l and 

p r e c i s i o n found when 

2r coated g r a p h i t e 

c u v e t t e s were used. 

5n 

(224.6 no) 

24-1 
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Chroaatography Matrix l l e a e n t Reference 

250 X 3.0 c=3 t.d., ODS Methyl and e t h y l t i n Plane AAS us i n g 

MjO/CjHj- D i r e c t l y S p h e r i s o r b S5w 

coupled through T̂ . • 23 : O.l^C, 

n e b u l l a e r or hydride E l u e n c : 

g e n e r a t i o n followed by acetone/pentane (3 * 

• l e c t r o t h e r o a l , q i i a r t * 2 ) a t l.O a l o i n " ^ 

f u r n a c e , AAS- for o e t h y l t i n 

cocpoundst 

ace tone/pentane (7 * 

3) a t 1.2 Q i o i n * ^ f or 

e t h y l t i n coopounds-

cocpounds both SnR^ 

and SnR^.^Cln. 

The d e s i g n of a 

o i n i a t u r e , continuous 

flow hydride 

g e n e r a t i o n a y s c e a 

give.i. L i n e a r up to 

50 ug u s i n g f l a a e end 

up to 100 ng for 

hydride g e n e r a t i o n . 

Sn 

(286.3 na) 

2 SO 

GFAAS, 10-100 u l 

i n j e c t i o n s . 

35 X L c a i . d . coluan 

9 cci AG50 W'-Xfi 

(100/12O oesh) c a t i o n 

exchange r e s i n , 26 c a 

ACl-xa (100/120 s e s h ) 

anion exchange r e s i n . 

A S ( I I I ) , AS(V), MHA, 

and DMA i n a r s e n i c 

The s e p a r a t e d As 

s p e c i e s were c o l l e c t e d 

contaminated, s e d i a e n t in f r a c t i o n s f r o a 

i n t e r s t i t i a l water, up which i n j e c t i o n s were 

to 2 a l i n j e c t e d . aade i n t o furnace, 

256 

Coluan c o n d i t i o n e d with 

50 ug of each a r s e n i c 

s p e c i e s . 

D e t e c t i o n l i m i t 10 ppb 

in o r i g i n a l s a c ^ l e . 

256 

AAS. u s i n g a i r / C j H j 300 taa x 3.9 i=a i . d . , T e t r a a l k y l l e a d 

f l a a e d i r e c t l y coupled u-Bondapak C^g colunn, coapounds In p e t r o l . 

through n e b u l i s e r . E l u e n t I a c e t o n i t r i l e / 

water (70 30) a t 3.0 

n l a l n * ^ 20 u l 

i n j e c t i o n s . ' 

The r e l a t i v e a e r l t a of 

UV and AAS d e t e c t i o n 

d i s c u s s e d with l a t t e r 

proving aore s u i t a b l e 

for t h i s a p p l i c a t i o n . 

L i n e a r f r o a 1.1 - 11 

ug. 

Pb 

{283.3 nm) 

228 

Flaao AAS us i n g flow 

i n j e c t i o n s a a p l e 

a a n i p u l a t o r (FISM) 

i n t e r f a c e with f u e l 

r i c h a i r / C ^ U j ^^aise. 

100 c a X 7.5 B 3 i . d . 

Spheregel TSK 2000SW 

(10 uta). E l u e n t ) 130 

c a o l NaCl, 6.8 csaol ' 

SaOH, 3 c a o l HaN,, 4 

Bssol KCl and 10 c a o l 

TES a t 0.4 a l a i n ' . - 1 

Study of a e c d l l i g a n d 

binding in c l i n i c a l 

s a a p l e s . 

PISM i n t e r f a c e 

d e c r i b e d enabled 

La/HCl to be a i x e d 

with e l u c n t p r i o r to 

I n t r o d u c t i o n through 

n e b u l i s e r . L i n e a r up 

to 3.75 c a o l Ca. 

Ca 

(422.7 na) 

Hg 

(285.2 no) 

pH 7,43 a t 37"C. 248 
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O i r o H t o g r a p h y Matrix Reference 

AAS u s i n g hydride 

generation and 

e l e c t r o - t h e r o a l , 

q i i A T t z tube. 

3 X 500 c a standard 

Dionex anion c o l u s n , 

E l u e n t : 2.6 a l a i n ' ^ 

0.0024M SeHCOj/ 

a t o a l s a t l o n T - 800°C. O.0019M Na^COj/ 

O.QOlH Na2B407. 

O.OOSM Ha2a407. 

S p e c i a t l o n of As(V) 

MMA. p-AP\. 

S p e c i a t i o n of A s ( X I I ) 

and DMA. 

Miniature hydride 

generation s y s t e a , 

see r e f . 257. 

1 hour r e e q u i l i b r a t i o n 

t l a e between c l u e n t 

s y s t e a s . D e t e c t i o n 

l i m i t of 10 ng a l " ^ . 

As 

(193.7 na) 

251 

GPAAS usi n g a f r a c t i o n 25 c a x 2.6 c a , OOS-HC 

c o l l e c t o r as i n t e r f a c e S i l - X - 1 . 

Dry - 100°C 308 

Char - 1300®C 308 

At o a l s e - 2 700<'C lOs 

20 u 1 i n j e c t i o n s . 

E l u e n t : e i t h e r 

g r a d i e n t f r o a 50* MeOH 

to 100% HeOM I n 2 5 

a i n or 20% MeOH f o r 10 

a i n then g r a d i e n t to 

100% i n 30 OLin. 

Organophosphorus 

cocpounds i n 

l u b r i c a t i n g o i l . 

The chroaACographic 

a n a l y a l a t i o e - 25 to 

40 a i n , whereas GFAAS 

a n a l y s i s t i a e - 100-

U O a i n . 

D e t e c t i o n H a l t o f 0.3 

ag 1-'. -

(213.6 na) 

GFAAS, see r e f s . 238, 

245. 246. 

See r e f . 247. In o r g a n i c and organo-

a r s e n i c coapounds i n 

o i l s h a l e r e t o r t and 

process waters. 

Conpounds found were: 

a r s e n i t e . a r s e n a t e , 

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

p h e n y l a r s o n i c a c i d , 

along with one 

u n i d e n t i f i e d coapound. 

AS 

(193.7 na) 

258 

GFAAS u s i n g f r a c t i o n Anion exchange r e s i n S e p a r a t i o n of DMA. HMA E x t r a c t i o n procedure 

c o l l e c t o r as i n t e r f a c e Dowex 1-X4. 200/400 

with aanual 

i n j e c t i o n s . 

nesh i n a c e t a t e form, 

115 i=a X 10 c=a, 

E l u e n t : 0.1% a c e t i c 

a c i d 65 a i n , 5% a c e t i c 

a c i d 130 mln then L i 

HCl for 65 a i n . Plow 

r a t e - 20 drops min*'. 

and A s ( I I I ) / A s ( V ) 

A s ( l I I ) l e v e l s found 

s e p a r a t e l y i n s o i l 

p o l l u t e d with As. 

given for s o i l s . The 

chrooatograph1c 

s e p a r a t i o n does not 

s p e c l a t e A s ( I I I ) and 

AS(V). 

AS 

(193.7 na) 

259 
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Chroaa tography Matrix Cocaents B l e a e n t B e f e r e a c e 

AAS u s i n g f r a c t i o n 

c o l l e c t o r as 

i n t e r f a c e . 

33 X l.O ( = 1 Sephadex 

CIS c o l u c n . E l u e n t : 

0.2M HaClO^ (pH 2) a t 

40 aX h r " ^ . 46 x 

10 c a Sephadex C-IO, 

e l u e n t O.lM HCIO^ a t 

19 a l h r " ^ 

S e p a r a t i o n of 

s u c c e s s i v e C r ( I I I ) 

i s o t h i o c y a n a t o 

coaplexes w i t h SCH/Cr 

r a t i o o f 1 - 6. 

ChroaiuB 

GFAAS rapid-scon uv- Reverse-phase 

v i s d e t e c t o r connected HPLC/GFAA ODS C-18 

to furnace v i a auto- colvs=n ( A l t e x 6 c a 

saccpler i . d . x 250 csa length ) 

with guard c o l u s n 

(Waters 3.2 cm i . d . x 

40 csa l e n g t h ) . 

S i z e e x c l u s i o n 

chroaatography u s i n g a 

s e r i e s c o o b l n a t i o n of 

50/100/1000 A 

U-spherogel coluan 

( A l t e x , 8.0 cm i . d . x 

300 D i length) with 

s w e l l e d d i v i n y l b e n z e n e 

as the packing. 

GFAAS w i t h a i c r o -

p r o c e s s o r c o n t r o l l e d 

i n t e r f a c e based on 

E i t h e r s i n g l e colunn, 

H y p e r s i l 5 uo ODS, 

(250 CO X 5 c n i . d . ) 

previous d e s i g n - see or 5 \ia ODS and one 

r e f . 245. Haollt o n 10 uo PW I 

(250 c a X 5 c a i . d . ) 

in s e r i e s i n a 

c o n s t a n t temperature 

(2a.5°C) e n c l o s u r e . 

Vanadyl and N i c k e l 

coapounds i n heavy 

crude p e t r o l e u a s and 

a s p h a l t e n e s 

S p e c t r a froo the 

ra p i d - s c a n n i n g 

d e t e c t o r were s t o r e d 

by a i c r o cooputer. 

GFAAS h i s t o g r a c m i c 

data were recorded by 

both s t r i p c h a r t 

r e c o r d e r and d i g i t a l 

i n t e g r a t o r 

D e t e r a i n a t i o n of I n j e c t o r c o n s i s t s of a 

organo-copper s p e c i e s pneuaatic s l i d e r 

i n s o i l pore waters. i n j e c t i o n v a l v e and a 

s o l e n o i d - c o n t r o l l e d 

s t a i n l e s s s t e e l 

s y r i n g e needle. tJ^ 

used to d e l i v e r the 

s a a p l e v i a s a a p l e 

loop, through s y r i n g e 

needle i n t o the 

c u v e t t e . I n j e c t i o n 

sequence v a l u e 

o p e r a t i o n , and 

a c t i v a t i o n of 

s o l e n o i d c o n t r o l l e d by 

a i c r o cooputer. 

Vanadiuo 

(318.4 na) 

N i c k e l 

(232.0 no) 

252, 
253 

Copper 

2 6 1 
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Oiroaatography K a t r i x Kl< Bfiference 

AA5 u s i n g continuous Zlpax lon-exchonge 

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

gen e r a t i o n and heated s e r i e s to strong-base 

q u a r t ! tube 

a t o a i s a t i o n . 

anion exchange BAX 10 

r e s i n (5 un, 250 x 5 

B3 c o l u a n ) . E l u e n t 

10-** s u l p h u r i c a c i d 

( f l o w re te 4.0 

a l n i n ̂  switched to 

O.OlH acaoniua 

carbonate ( f l o w r a t e 

4.0 a l n i n ' ^ ) . 

A r s e n i c s p e c i a t i o n i n 

s o i l - p o r e w a t e r s . 

P r e c o l u s n a c t e d as a 

guard c o l u a n and 

enabled 

preconcentra t i o n s t e p 

to be i n c o r p o r a t e d i n 

the a n a l y s i s . 

A r s e n a t e , a r s e n l t e and 

oonone t h y l a r s o n l c a c i d 

c h a r a c t e r i z e d i n s o i l -

pore water. 

A r s e n i c 

(193.6 na) 

237 

UV d e t e c t o r or a t o a i c - Colunn, HS-3 C - I S (10 

ab s o r p t i o n c a x 0.46 cn i . d . } ; 

spttctrophotooeter s o l v e n t A, HeOH; 

connected d i r e c t l y v i a s o l v e n t B, O.OlH 

the n e b u l i s e r . 

V a r i o u s types of 

tubing used for the 

i n t e r f a c e . 

HajPO^ i n waterj 

g r a d i e n t , l i n e a r froo 

0\ HeOH CO 70* MoOH 

for 10 a i m and flow 

r a t e , 2 a l a i n " ^ . 

O e t e r o i n a t i o n of i r o n 

in blood. 

Main a i B of paper l a 

an i n v e s t i g a t i o n o f 

peak d i s p e r s i o n i n a 

coupled LC-AAS system. 

Three types of tubing 

examined:-

( i ) s e r p e n t i n e tube 

of 0.25. oa i . d . 

( i i ) s t r a i g h t tube 

1.27 am i . d . 

( i i i ) p o l y e t h y l e n e 

tube 0.55 c a 

I. d . 

A i l tubes 49 c n long. 

i r o n 

(248.3 no) 

262 

P.e. 3 x 3 coluan (0.3 

CO x 4.6 c a i . d . ) 

packed with o c t a d e c y l -

bonded s i l i c a g e l (3 

u a ) . Hobile phase 

MeoH flow r a t e 2 ml 

min"'. S o l u t e 

MgCJOjij. 

System used f or peak 

d i s p e r s i o n 

a e a s u r e o e n t s . 

Mg 

262 
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d r o o a t o g r a p h y K a t r i x Reference 

GFAAS u s i n g Zeeaan 

e f f e c t background 

c o r r e c t i o n . 

C o n d u c t i v i t y d e t e c t o r 

in s e r i e s with 

autoaated i n t e r f a c e 

based on Ref. 245. 

Dionex s y s t e o D i s t i l l e d water, Dionex nodel 16 ion 

c o n s i s t i n g o f 50 x 3 s y n t h e t i c r i v e r water chrooatography used. 

=a anion precoluan and Texas r i v e r water D e t e c t i o n H a l t 20 ng 

(Dionex 30008), 150 x spi k e d with s e l e n i t e Se for each s e l e n i u a 

3 e a anion s e p a r a t o r and s e l e n a t e . cocpound. 

coluan (Dionex 30589) P r e c o n c e n t r a t i o n f r o a 

and a 250 x 3 c a anion a aax. of 4 a l of an 

suppressor coluan a n i o n - r l c h water 

(Dionex 30066), i n s a a p l e extends 

s e r i e s . d e t e c t i o n l i a i t to 5 

Mobile phase 0.0080M 

NajCO] A t 0.46 a l a i n ' 

ng Se. 

263 

D i r e c t l y coupled f l a a e P a r t i s i l - l O - S C X (250 x T r i b u t y l t l n 

a t o a l c a b s o r p t i o n 4.6 aa i . d . ) column. d e t e r a i n a t i o n i n 

u t i l i s i n g p ulse M b i l e phase of 80:20 c o a s t a l waters, 

n e b u l l a a t i o n and a Bathanol:water i n O.lM 

s l o t t e d cube a t o a KM^ OAC> 

t r a p . 

Organotin coopounds 

q u a n t i t a t i v e l y 

e x t r a c t e d from 

seawater i n t o 

c h l o r o f o r a and then 

I n t o oethanol to 

f a c i l i t a t e i n j e c t i o n 

onto the HPLC c o l u a n . 

T o t a l a n a l y s i s w i t h i n 

8 n i n u t e s . 

Sn 

(224.6 na) 

264 
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4.3.3 Review of coupled h i ^ performance l i q u i d chromatography -

atomic fluorescence spectroscopy techniques 

The advantages of AFS as a chromatogrnphic detector have been extolled 

by Van Loon (265) as a simultaneous multi-element d e t e c t o r w i t h 

g r e a t e r s e n s i t i v i t y than AAS. Such d e t e c t o r s have been u t i l i s e d a 

l i t t l e more with LC, Table 8, than with GC. Van Loon's own group have 

used non-dispersive simultaneous multi-element FAFS for the speciation 

of C r ( I I I ) , A g ( I ) , Mn(II) and Mn(VII) i n s y n t h e t i c sea water (266). 

Excellent resolution was demonstrated for a mixed solution (10 mg 1"^ 

of each species, 10 ml i n j e c t i o n ) ; however, - the high s e n s i t i v i t y of 

AFS was not tested. This group also demonstrated the multi-element 

c a p a b i l i t y of coupled LC-FAFS for the s p e c i a t i o n of Cu, Ni and Zn 

amino-acid and amino-carboxylic acids (267). Unfortunately no mention 

of the metal concentrations was made. 

Siemer and co-workers (268) reported the use of continuum source FAFS 

i n the study of the a c e t y l a t i o n r e a c t i o n of ferrocene by a c e t i c 

anhydride. They found i t much e a s i e r to f o l l o w the r e a c t i o n by Fe 

s p e c i f i c detection than by conventional UV detection. Mackey (269) in 

a study of the i n t e r a c t i o n s of s i m p l e c a t i o n s , Cu, Fe and Zn, with 

m a c r o r e t i c u l a r r e s i n s used m u l t i c hannel FAFS but q u a n t i f i e d the 

r e s u l t s by batch measurements using graphite furnace AAS. The LC-FAFS 

system was found to be l i n e a r up to 1.0, 1.6 and 0.6 mg 1~^ for Cu, Fe 

and Zn respectively, deviation from l i n e a r i t y was said to occur at 20 

times the detection l i m i t as defined by Larkins (270). 

1 1 9 



Table 8 Coupled L i q u i d Chromatography - F l a o e Atomic F l u o r e s c e n c e Spectroscopy 

Oirooa togr «ph y H a t r l x 
B l e i K n t 

(Uaveleogtb/ Reference 

FAi'S u s i n g a 

s n i e l d e d c i r c u l a r 

10 c a X 1 c a coluan, 

80 oesh O i e l e x 100 

a t r / C j H j f l a a e , e l u e n t washed with HCl (40 

passed d i r e c t l y i n t o 

n e b u l l s e r . 

a l ] and water (40 a l ) 

a t I a l a i n * ^ 

E l u e n t : HjO (pH 6) for 

4 o i n then 2« HNO,. 

S p e c i a t l o n of C r ( I I I ) , 

C r ( v i ) , A g ( I ) , M n ( I I ) 

and H n ( V l l ) i n 

standards and 

s y n t h e t i c sea water. 

In the sea water a Cr 

s c a t t e r i n g peak, due Hn 

to NaCl, appears w e l l Ag 

before C r ( I I I ) , M n ( I I ) 

or A g ( I ) e l u t e s . 

266 

As above P a r t l s i l - l O sex coluan S e p a r a t i o n of Cu, Hi, The g l y c i n e and EDTA 

a t 5S°C. E l u e n t : and Zn EDTA, T r i e n and cooplexes have a l o o s t 

water u n t i l f i r s t peak g l y c i n e coaplexes. 

e l u t e d then a S o i n 

convex g r a d i e n t to 

100\ IM NH^HOj a t 4.0 

a l a i n " ^ 

i d e n t i c a l r e t e n t i o n 

t i a e s , however 

a u l t i e l e m e n t AFS g i v e s 

e x c e l l e n t r e s o l u t i o n . 

Cu 

Hi 

Zn 

267 

FAFS u s i n g air/C2H2 

c a p i l l a r y tube burner, 

AT s h i e l d e d , Xe 

continuuo lamp 

s o u r c e s , d i r e c t 

c o u p l i n g to n e b u l i s e r . 

50 c a X 2 CO chroaosep 

S coluan packed with 

p e l l i c u l a r 10 uo 

s i l i c a g e l . E l u e n t : 

d i e t h y l e t h e r / o e t h a n o l 

(40/1) a t 0.5-2.0 

o l o i n " ' 

I n v e s t i g a t i o n of 

a c e t y l a t i o n r e a c t i o n 

of ferrocene by a c e t i c 

anhydride. 

Progress of r e a c t i o n Fe 

ooro s p e c i f i c a l l y (283.3 

followed u s i n g AFS and 

than noroal UV 2S2.2 

d e t e c t i o n . na) 

268 

PAPSi see r e f . 266. 6 c a coluan of XAD-2 

r e s i n . V a r i o u s 

e l u t i o n s y s t e a s used. 

Study of a b s o r p t i o n of H e t a l s are not 

t r a c e o e t a l s on 

A a b e r l i t o r e s i n s 

desorbed by HeOH but 

by o e t h a n o l i c HCl, 

oothanolic 

NajHjEDTA. 

L i n e a r up to: 

I og 1"' Cu, 1.6 

ag 1"^ Fe and 0.6 

ag I * ' 2n. 

Cu 

Fe 

Mg 

2n 

269 
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4.3.4 Review of coupled plasma techniques 

The r e l a t i v e l y low e x c i t a t i o n temperature of the va r i o u s atomic 

spectroscopic flames l i m i t s t h e i r usefulness as atom c e l l s for coupled 

LC-AES applications. Flames have been used in various configurations 

as molecular emission d e t e c t o r s ; for example, McGuffin and Novotny 

(271) monitored HPO bands for phosphorus s e l e c t i v e d e t e c t i o n of 

various compounds eluting from a microbore LC column. S i m i l a r l y Cope 

and Townshend (272) have used a phosphorus s e n s i t i v e MECA detector as 

a detector for HPLC. 

The low neutral gas temperature of the MIP makes i t very s e n s i t i v e to 

la r g e s o l v e n t f l o w - r a t e s . Although s e v e r a l workers have d e v i s e d 

continuous n e b u l i s a t i o n systems (273-275) for the plasma, i t has 

proved singularly unpopular in LC applications* In contrast, both the 

di r e c t current and inductively coupled plasmas with their a b i l i t y to 

withstand both organic and aqueous solvent flows have found various 

applications as LC detectors (276). 

Direct Current Plasma 

The group a t Amherst, Massachusetts, have been one of the main 

exponents of coupled LC-DCP OES, Table 9, usi n g both two and three 

e l e c t r o d e plasmas (276-279). They found (278) t h a t the standard 

n e b u l i s a t i o n arrangement was s u f f i c i e n t f or e l u e n t s used i n ion 

exchange and reverse phase chromatography but when used i n conjunction 

with the organic solvents used for adsorption chromatography a rapid 

build-up of carbon r e s u l t e d . Thus they designed a novel n e b u l i s e r 

which had an e f f i c i e n c y of 20 - 25% and could be run continuously for 

up to ten hours with no carbon deposits forming. The couplings were 

used in the speciation of diethyldithiocarbamate complexes of Co, Cu, 
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Ni (277), Hg and Cr (278). The study of mixed ligand complexes of the 

type Cr(HFA)n-(TFA)3.n' n = 0, 1, 2, 3 (279), was aided by the 

metal s p e c i f i c detection afforded by the coupled system. 

Koropchak and Coleman (280) used a conventional cross-flow nebuliser 

i n t h e i r LC-DCP coupling. They s t u d i e d n e b u l i s a t i o n parameters to 

optimise the plasma detection c a p a b i l i t i e s when interfaced to a l i q u i d 

chromatograph. They demonstrated i t s c a p a b i l i t y i n the speciation of 

three cadmium s a l t s ; however, the hope that the DCP could also provide 

s e n s i t i v e s p e c i f i c detection for the halogens was not real i s e d . 

The group at the University of Massachusetts (281) have also studied 

the c h a r a c t e r i s t i c s of the n e b u l i s e r / s p r a y chamber interface. They 

again used a cross-flow nebuliser but f i t t e d a modified spray chamber 

and located the entire interface d i r e c t l y below the excitation region 

with the s o l v e n t - a n a l y t e spray i n the same v e r t i c a l plane as the 

plasma- The performance of t h i s arrangement was investigated using a 

range of aqueous and organic s o l v e n t s and copper h e x a f l u o r a c e t y 1 

acetonate. 

Other recent workers using coupled LC-DCP have paid more attention to 

the chromatography usin g d i r e c t connection of the column to the 

nebuliser. K r u l l et a l . (282) have studied the speciation of chromium 

in various water, b i o l o g i c a l and tannery samples, reporting detection 

l i m i t s of 5 - 10 ppb with at l e a s t 3 - 4 orders of magnitude l i n e a r i t y 

i n the c a l i b r a t i o n plots. Chromatographic d e t a i l s were given for a 

number of columns used i n the investigations-
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T a b l e 9 Cooplod U-quid QirwMtography - D i r e c t C u r r e n t P l o s a a O p t i c a l B a i s s l o n Spectroscopy 

Chrooatogzaphy Hatrix 
Bleaent 

(Uavclength/ Eoference 

DCP, u s i n g Spectraspon 250 x 4 1=3 I . d . , 8 uo 

I I I i a s t r u a e n t S p h e r l s o r b SEP. 

E l u e n t : 5:15:80 

a c e t o n i t r i l e , 

d i e t h y l e t h e r and 

a k e l l y B ac 2.2 

n l a t n ' ' . Coluan 

washed p r i o r to use 

wit h 0.5* p y r i d i n e i n 

s k e l l y B. 

Se p a r a t i o n o f n e t a l DCP d e t e c t o r i n s e r i e s 

d i e t h y l d i t h i o c a r b a o a t e s . w i t h UV d e t e c t o r used 

to c o n f i r m a e t a l 

c o n t e n t o f e l u t e d 

peaks. L i n e a r f r o a 5 

to 500 ng Co and f r o a 

10 to 500 ng Cu. 

Co 

Ki 

Cu 

277 

DCP (Spectraspon I I I ) 

For r e v e r s e phase and 

ion exchange 

passed d i r e c t l y i n t o 

standard n e b u l i s e r 

system. 

S p e c i a t i o n o f: 

Cu(enAAj). Cu(enTFA2) 

2 50 ma P a r t i s I I ODS 

coluan. E l u o n t : 

H j O / a c e t r a n i t r l l e and the Hi analogues, 

chrooatogrpahy, e l u e n t (60:40) a t 0.65 Cr(HFA)3 and v a r i o u s 

o l a l n " ' . Dixed l i g a n d c h e l a t e s 

250 am, 10 ua P a r t i s i l formed by r e a c t i o n of 

10 s i l i c a . E l u e n t : 8* Cr wi t h TFA and HPA-

C U j C l j In s k e l l y - s o l v e 

2 50 cn, a ua 

Sp h e r i s o r b , e l u e n t : 

5:20:75 

a c e t o n i t r i l e / d i e t h y l -

e t h e r / s k e l l y s o l v e B. 

Hg(DEDTC)2. 

Cr(DEDTC)-

t l e b u l i s a t i o n of 

e l u e n t s used for 

a d s o r p t i o n 

chroaatography caused . 

r a p i d c b u i l d up and 

thus r e q u i r e d a new 

design of n e b u l i s e r . 

E l u e n t was d i r e c t e d a t 

chaober w a l l i n a f i n e 

j e t and r e s u l t i n g mist 

swept i n t o plasma. 

N e b u l i s a t i o n 

e f f i c i e n c y of 20-25* 

was a t t a i n e d with no C 

b u i l d up over 10 h r 

pe r i o d . L i n e a r f r o a 

30 to 4000 ng Cu and 

f r o a 60 ng to 2.5 U9 

Cr. 

Cu 

(324.7 na) 

Ni 

(341.5 nm) 

cr 

(267.7 na) 

Hg 

(253.7 na) 

c r 

(267.7 nm) 

278 

DCP plasma, sane 30O x 4 t=a i . d . , 10 S p e c i a t i o n o f : a er and D e t e c t i o n l i m i t o f 100 

i n t e r f a c e for P a r t i s i l s i l i c a , f a c isomers of ng f o r C r . 

hydrocarbon e l u e n t s as e l u e n t : 6* Co(BAA)3 and Co<PAH)3' 

r e f . 278. a c e t o n i t r i l e i n CH2CI2 

1.5 a l m i n " ^ 

Cr 

(267.7 na) 
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Detector Oiroaa togra phy Reference 

B\ C H j C l j In hexane Mixed l i g a n d cooplexes 

of Cr(HFA)j^-(TFA)3.„ 

and the a e r / f a c 

i s o a e r s of Cr-(TFA).,. 

Concave g r a d i e n t of 3-

20% CH2CI2 i n hexane. 

As for above only b e t t e r 

peak shape and s h o r t e r 

a n a l y s i s t i a e a c h i e v e d . 279 

DCP u s i n g c r o s s f l o w 500 X 5 

• a b u l i s e r with d i r e c t Sephadox 10 coluan. 

i n t r o d u c t i o n of 

e l u e n t . 

Bluent: HjO ^ t 2.0 

a l a i n ' 

S e p a r a t i o n of Cdi E x a a i n a t i o n of 

s u l p h a t e , broaide and n e b u l i s a t i o n 

a c e t a t e . p a r o a e t e r s concerned 

w i t h c o u p l i n g 

r e p o r t e d . 

Cd 

(228.8 na) 

280 

DCP (Spectraspon 

I l X b ) . The end of the 

a n a l y t i c a l coluan was 

a t t a c h e d to the OCP 

v i a a s h o r t length of 

s t a i n l e s s - s t e e l tubing 

connected to a s e c t i o n 

of f l e x i b l e p l a s t i c 

i n l e t tubing. 

The HPLC s e p a r a t i o n s 

of the two Cr ions was 

achieved u s i n g p a i r e d 

i o n , reversed-phase 

c o n d i t i o n s , with 

e i t h e r a 

t e t r o b u t y l a c a o n i u B 

c o u n t e r - I o n or a 

caaphor sulphonate 

c o u n t e r - i o n i n 

s o l u t i o n . 

S p e c i a t i o n of C r ( V I ) The order of e l u t i o n 

and C r d l l ) i n v a r i o u s of the two Cr ions i s 

water s a a p l e s . c o c q i l e t e l y r e v e r s e d 

b i o l o g i c a l s a a p l e s and going f r o a one counter 

tannery oaaplos. Ion to the other i n 

the a o b i l e phase. 

Det. l l a i t s for both 

Cr s p e c i e s i n the 

range 5-10 ppb with a t 

l e a s t 2-^ o r d e r s o f 

Qognitude l i n e a r i t y i n 

the c a l i b r a t i o n p l o t s . 

C h r o a i u a 

(425.4 na) 

The a n a l y t i c a l coluans 

used were as f o l l o w s : 

I . S un, 15 ca X 4.6 

coluan ( w a t e r s ) . 

2. 5 uo. 1^ CB X 4.6 

CO i . d . . C,g A l t e x 

c o l u a n 

( A l t o x / B e c k a a n ) . 

3. 10 u a , 25 CO X 4.6 

c a I . d . , C,Q 

coluan ( A l t e x ) . 282 
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Ouwatography Matrix Reference 

4. 10 UB, 25 c a X 4.6 

c a i . d . Cg col u a n 

( A l t e x ) 

O n - l i n e d e t e c t i o n with S e p a r a t i o n by gr a d i e n t Polyphosphate 

SpectraSpan I I I B DCP. 

O u t l e t of coluan 

connected d i r e c t l y to 

the c r o s s - f l o w 

n e b u l i s e r . 

e l u t i o n HPLC. u s i n g 

e i t h e r a Du Pont 

Zorbax COS (4.6 cn x 

2 50 n=a) coluan or a 

H a a i l t o n PRP-1 (4.1 m 

X 150 cxa) col u a n 

p r e v i o u s l y 

e q u i l i b r a t e d with the 

t e t r a a l k y l a m o n i u a ion 

s e l e c t e d f o r use. 

o l i g o a e r s . 

L i n e a r o l i g o a e r s 

ranging f r o a P ̂  

(orthophosphate) to 

P|2 can be observed in 

n e u t r a l i s e d poly­

phosphate s a a p l e s . A 

d e t e c t i o n l i a i t of 0-2 

ug of P i s observed 

with the 214.9 na 

e a i s s i o n l i n e . 

P r e c i s i o n for each of 

each of the a a j o r 

o l i g o a e r s l P , - P i o ' i s 

i n the 1-5* BSD range. 

Phosphorus 

(214.9 

213.6 na) 

SpectraSpan IV three 

e l e c t r o d e d i r e c t 

c u r r e n t argon plasma 

equipped with an 

e c h e l l e g r a t i n g 

s p e c t r o a e t e r , and 

c e r a a i c c r o s s - f l o w 

n e b u l i s e r f i t t e d with 

a PTFE c o l l a r to a 

a o d i f i e d 10 a l pyrex 

round bottom f l a s k 

spray chaaber. 

S i l i c a 5.0 u a coluan V a r i o u s aqueous and 

(250 aa x 4.5 c a i.d . ) o r g a n i c s o l v e n t 

Mobile phase 100% 

C H j C l j a t 1.0 a l o i n 

s y e t e a a . 

Copper hexa-

f l u o r o a c e t y l -

a c e t o n a t e . 

Paper based on the 

design and 

c h a r a c t e r i s a t i o n of a 

n e b u l i s e r / s p r a y 

chaaber i n t e r f a c o . 

The e n t i r e i n t e r f a c e 

was s i t u a t e d i n the 

SpectraSpan IV so t h a t 

the chianey t i p was 

15 c a below the 

plasma e x c i t a t i o n 

r e g i o n , p l a c i n g the 

B o l v e n t - a n a l y t e s p r a y 

i n the saoe v e r t i c a l 

plane as the p l a s a a . 

Copper 

(324.7 na) 
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Inductively Coupled Plasma 

The c o u p l i n g o f LC w i t h ICP-OES (Table 10) i s n o r m a l l y d i r e c t l y 

through standard n e b u l i s e r arrangements- Browner and co-workers (284) 

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

M einhard (285) and f i x e d c r o s s - f l o w (286) n e b u l i s e r s f o r LC-ICP 

c o u p l i n g s - A l t h o u g h t h e y o n l y s t u d i e d aqueous e l u e n t s , t h e y f o u n d 

peak broadening and d i s t o r t i o n occurred when the chamber was placed 

i n s i d e t h e ICP gas box, due t o extended l i q u i d t r a n s p o r t - I f , 

however, t h e chamber i s s i t e d o u t s i d e t h e gas box, then a l o s s i n 

s i g n a l commensurate w i t h aerosol t r a n s p o r t over an eq u i v a l e n t distance 

occurred-

F r a l e y e t a l . (287, 288) b u i l t on t h e i r e x p e r i e n c e w i t h h y b r i d 

t e c h n i q u e s and compared FAAS and ICP-OES as HPLC d e t e c t o r s f o r t h e 

s p e c i a t i o n o f copper a m i n o - c a r b o x y l i c a c i d c h e l a t e s (287). Both 

techniques were found t o y i e l d a s i m i l a r response; however, the m u l t i ­

element f a c i l i t y o f ICP-OES was demonstrated using a dummy column t o 

si m u l a t e chromatographic c o n d i t i o n s . The s i m u l t a n e o u s d e t e c t i o n o f 

Ca, Cu, Mg and Zn amino-carboxylic a c i d chelates w i t h l i n e a r i t y up t o 

1 ug (288) i l l u s t r a t e s a n o t h e r advantage o f OES over AAS, i . e . l o n g 

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

Cast e t a l - (289) d e m o n s t r a t e d a c o u p l i n g u s i n g a f i x e d c r o s s - f l o w 

n e b u l i s e r f o r t h e s p e c i a t i o n o f c a r b o n y l complexes o f Fe and Mo, 

v a r i o u s f o r m s o f As, d i a l k y 1 - m e r c u r y compounds, t e t r a a l k y H e a d 

compounds and various ferrocene d e r i v a t i v e s . The ICP-OES de t e c t o r was 

evaluated by i n j e c t i n g s m a l l samples i n t o the nebuliser- They s t u d i e d 

the e f f e c t o f s o l v e n t composition and determined both l i n e a r ranges 

and d e t e c t i o n l i m i t s by t h i s method. M o r i t a e t a l . (290) used d i r e c t 
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s a m p l i n g o f e l u e n t t o the n e b u l i s e r f o r t h e e s t i m a t i o n o f Co/P/C 

r a t i o s i n v i t a m i n and a l s o i n t h e s i m u l t a n e o u s m u l t i - e l e m e n t 

d e t e c t i o n o f v a r i o u s p r o t e i n s . Kurosawa e t a l . (291) used t h e same 

c o u p l i n g t o u n e q u i v o c a l l y i d e n t i f y t h e presence o f arsenobetaine i n 

shark l i v e r and muscle. 

Hausler and T a y l o r (292, 293) used ICP-OES i n c o n j u n c t i o n w i t h s i z e 

e x c l u s i o n chromatography and e v a l u a t e d a number o f spray chamber 

designs. Using toluene as e l u e n t (292) i t was found t h a t c o o l i n g the 

chamber t o 0°C r e s u l t e d i n b e t t e r s e n s i t i v i t y b e i n g o b t a i n e d . T h i s 

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

performed i n the absence o f the chromatographic column. When p y r i d i n e 

was used as e l u e n t (293), b e s t s e n s i t i v i t y was a c h i e v e d w i t h t h e 

chamber t h e r m o s t a t e d a t 20°C. D e t e c t i o n l i m i t s , f o u n d by t h e same 

pr o c e d u r e as above, were s l i g h t l y worse t h a n those o b t a i n e d w i t h 

t o l u e n e . Gardner et^ a l . (294) used ICP-OES i n s e r i e s w i t h UV 

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

f i l t r a t e s . I f both d e t e c t o r s gave a response, the tenuous i m p l i c a t i o n 

t h a t t h e m e t a l was o r g a n i c a l l y bound was made. T h i s example 

i l l u s t r a t e s one o f t h e main advantage o f h y b r i d c h r o m a t o g r a p h i c 

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

The most d e f i n i t e conclusion from the chromatographic data obtained 

(294) was t h a t a s p e c i e s c o n t a i n e d Ca, Mg, o r n e i t h e r , the n a t u r e o f 

the organic moiety remained s p e c u l a t i o n . 

Recent papers on coupled LC-ICP have shown a tendency t o move towards 

t h e use o f microbore-HPLC. The group a t Toyohashi U n i v e r s i t y o f 

Technology have used m i c r o columns i n t h e i r s t u d i e s on v a r i o u s 

i n t e r f a c e c o u p l i n g s (295-297) 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 o f Cu, 
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Zn, Fe and Co i n o r g a n o m e t a l l i c compounds and the a n a l y s i s o f carbon 

c o n t a i n i n g m a t e r i a l s such as s a c c h a r i d e s . Passel's group (298) have 

also used microbore columns although they have i n a d d i t i o n r e p o r t e d 

the f i r s t departure from using conventional c r o s s - f l o w , c o n c e n t r i c or 

B a b i n g t o n - t y p e p n e u m a t i c n e b u l i s e r s and have d e v e l o p e d a 

microconcentric n e b u l i s e r which i s i n s e r t e d d i r e c t l y i n t o the t i p o f a 

conventional sample i n t r o d u c t i o n tube of an ICP torch- However a t the 

present t i m e problems w i t h low residence times o f the analyte species 

i n t h e plasma and p o s s i b l e s o l v e n t i n t e r a c t i o n i n t h e e x c i t a t i o n 

process have been re p o r t e d t o i m p a i r d e t e c t i o n l i m i t s . 
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T a b l e 10 Cc»opled L i q u i d Oirciwtography - Z a d t i c t l v e l y Coupled Plasma O p t i c a l a a i s s i o n Spectxowopy 

Chrooato^raphy Matrix 
B i e a e n t 

( U a v e l e o ^ t l i / Raferextce 
na) 

Anlnex A-14 c o l u s n i ICPf a l u e n c f r o a 

coluBn passed d i r e c c l y see r e f . 222 

i n t o n e b u l i s e r . Kll 

AT pLasaa. For FAAS 

work air/C2a2 tlioe 

used. 

S e p a r a t i o n of CDTA and Coapared with FAAS 

tfTA c h e l a t e s . d e t e c t i o n f or Cu 

c h e l a t e s and found 

both gave s i o i l a r 

response. A l s o used 

du=ay column to 

s i c u l a t e 

chrooatography f o r 

v a r i o u s o e t a l s . 

Cu 

<324.7 nnl 

287 

ICP a l l - A r p l a s a a , 

o u t l e t of c o l u a n 

250 X 4.6 c a L.d. 

Zorbax-ca c o l u a n . 

connected by c a p i l l a r y e l u e n t : 70% ( v / v ) 

PTFC tubinq to 

n e b u l i s e r of c r o s s -

flow d e s i g n . 

E l u e n t : 5 a i n . l i n e a r 

g r a d i e n t of 50-55% 

ethanol then 5 o i n . 

l i n e a r g r a d i e n t up to 

90% EtOH, 1 Ql Qin"^ 

20 u l i n j e c t i o n . 

S e p a r a t i o n o f i r o n 

c a r b o n y l complexes. 

S e p a r a t i o n of v a r i o u s 

oolybdenua c a r b o n y l 

c o s p l e x e s . 

ICP was t e s t e d a s a 

HPLC d e t e c t o r by 

i n j e c t i n g s o a l l 

aaoples through an 

I n j e c t o r i n t o the 

n e b u l i s e r . to e v a l u a t e 

e f f e c t o f v a r i o u s 

s o l v e n t s I s e n s i t i v i t y ] 

l i n e a r i t y and 

d e t e c t i o n H a l t s . 

Fe 

{259.94 na» 

na 

MO 

(281.615 ma) 

2B9 

U y p e r s i l (6 u a ) , 100 x S e p a r a t i o n o f D.MA, M.HA, 

4.6 cm i . d . , e l u e n t : p-APA, A s ( V ) , 

30% HeOH, 1% (w/w) n-

h e x a d e c y l t r i m e t h y l -

oaaoniuB broaide, 

O.OSH, pH S, a t 1.2 

ml tain*'. 

p h e n y l a r s o n i c a c i d . 

AS 

<278.022 na) 

E l u e n t : EtOH - O.05M 

NaSr (1:2) pH 3, 1.2 

q I min' 

Se p a r a t i o n of H g ( I I ) 

a e t h y l a o r c u r y , e t h y l -

taercury and p r o p y l -

nercury. 

(253.652 no) 

E l u e n t : 75* EtoH 1.4 

n l Q i n " \ 30 u l 

i n j e c t i o n 

T e t r a a l l t y l l o a d 

coapounds i n p e t r o l . 

Pb 

(283.306 no] 

289 
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Matrix S l e a e n t Reference 

250 X 3 ( = i . d . , s i l i c a S e p a r a t i o n of v a r i o u s 

Gel Si60 (8 u o ) . 

e l u e n c : toluene 1.4 

ferrocene coopounds. 

Fe 

(259.94 nni 

A l l - X r ICP, eLuent 

passed d i r e c t l y i n t o 

n e b x i l i s e r . 

600 X 2 CO, TSK GEL 

3000 SW e i u e n t : 0.9% 

NaCl, l.O a l o i n " ' . 

S e p a r a t i o n of v i t a a i n 

S e p a r a t i o n of v a r i o u s 

p r o t e i n s I f e r r i t i n , 

c a t a l a s e , a l d o l a s e , 

albumin, cytochrooe C, 

chysotrypainogen A . 

H u l t i - e l e n e n c 

d e t e c t i o n used to 

c a l c u l a t e Co/P/C 

r a t i o . S i r a j l t a n e o u s 

B u l t i - e l e o e n t 

d e t e c t i o n of Cu, Pe, 

Kn, P, Zn. 

(246.7 no) 

Co 
(22B.6 no) 

Cu 
(324.9 run) 

Fe 
(259.9 wa) 

Mn 
(257.6 nn) 

(241.9 ma) 

zn 
(2 13.8 ma) 

290 

A l l - A r ICP, e l u e n t 

passed d i r e c t l y i n t o 

n e b u l i s e r . 

E l U i e r : Naqel-

K u c l e o a i l 10-SA c a t i o n 

or 10-SB anion 

exchange r e s i n . 

E l u e n t : 0.25M 

phosphate b u f f e r , pH 

7.4. 

I d e n t i f i c a t i o n of Arsenobetaine matched. 

ars e n o b e t a i n e i n shark on both r e s i n s , the 

muscle and l i v e r by 

co a p a r i s o n with 

standard chromacograo 

of a r s e n o b e t a i n e , DHA, 

tWi. A a ( I I I ) and 

A s ( V ) . 

o a i n As compound found 

in tlie shark t i s s u e s . 

As 

(193.7 ma) 

ICP, a l l - A T p l a s o a . lOO-A ' S t y r a g e l waters S e p a r a t i o n of v a r i u o s 

e l u e n t passed d i r e c t l y column a t a flow r a t e 

to n e b u l i s e r j v a r i u s of 1.0 or 0.5 a l min - I 

S i , Pb, Sn and Ce 

o r g a n o m e t a l l i c 

spray chamber designs of toluene. Bio-Seads compounds. 

ev a l u a t e d with and 

without c o o l i n g to 

0°C. 

SX-2 s i z e e x c l u s i o n 

column; E l u e n t ; 

toluene a c same flow 

r a t e s . 200 y l 

i n j e c t e d . 

S e p a r a t i o n of a 21-

element standard, 

o e t d l s a l t s of 

d i a l k y l b e n z e n e 

sulphonates, i n an 

o r g a n i c m a t r i x . 

The v a r i o u s spray A l , Ag, Ba, 

chambers, and Cd, Cu, Fe, 

d e t e c t i o n l i m i t s were Mq. Hn, Hi.. 

e v a l u a t e d without the Pb, S i , Sn, 

chromatographic column T i , V, Zn. 

being used. 

D e t e c t i o n l e v e l s a r e 

comparable to those 

found for aqueous 

s o l u t i o n s . 292 
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Detector Chrasatography H a t r l x Cocaenu S l e a e n t Reference 

kr ECP, see r e f . 292. 

Spray chaober 

cherooscated to ZO^C. 

lOO-A U - S t y r a g e l S e p a r a t i o n of a 2 1-

wacers column, e l u e n t : e l e a e n t s u i n d a r d ( s e e 

p y r i d i n e a t 0.5 or l.O r e f . 2 9 2 ) , f e r r o c e n e 

a l o i n " ' or toluene and d e r i v a t i v e s . 

a t saae flow r a t e . copper and c o b a l t 

complexes, and 

o r g a n i c a l l y bound 

o e c a l s i n s o l v e n t 

r e f i n e d c o a l . 

D e t e c t i o n 1 l a i c s i n 

p y r i d i n e , d e t e m l n e d 

by saae oethod as 292, 

and ore g e n e r a l l y 

s l i g h t l y v o r s a tiian 

chose found u s i n g 

toluene. 

See r e f . 

292 

293 

Ar ICP, eluenc taken 

f r o n OV d e t e c t o r 

d l r e c d y to c r o s s f l o w exchange r e a t n 

n e b u l i s e r . 32-eleoent E l u e n t : 0.05M {UH^)2 

polychrooator used for 504* 

fliflmlcaneoua 

d e c e c c i o n , or 

Qonochroaator Cor 

s i n g l e channel 

o p e r a c i o n . 

250 X 1.6 CD i . d . , ACI Soparaclon of MTA and 

X 4 (< 400 oeah) anion roTA c h e l a c e s of Cu, 

Zn, Ca and Mg. 

The data a c q u i s i t i o n Cu 

sto r a g e and output i s Ca 

a i c r o p r o c e s s o r Kg 

c o n t r o l l e d . L i n e a r up Zn 

CO 1 U9 f c r a l l 

e l e n e n t a . 

288 

Ar p l a s n a i see r e f . 

287. 

600 X 7.5 i . d . . TSK S p e c i a t i o n of By u s i n g UV d e t e c t i o n 

3000 SW size e x c l u s i o n d i s s o l v e d Ca and Kg i n as w e l l as ICPOES, 

c o l u s n , or a 500 x 7.5 

(=3 I . d . , TSK 2000 SW 

c o l u s n . E l u e n t : HjO 

a t 1.0 or 1.5 al a i n ' ^ 

n a t u r a l water 

f i l c r a c e s . 

I n f e r e n c e a s to Che 

or g a n i c b i n d i n g oade. 

Ca 

Hg 

294 

ICP, Che eluenc froo 

the column being fed 

to a c r o s s - f l o w 

n e b u l i s e r v i a P T F E 

tubin g . (0.5 esa I . d . 

X 300 B s long) 

Strong c a t i o n exchange Amino a c i d s . 

r e s i n (UIPX-210 SC 

from Toyo Soda Co. 

J a p a n ) . Step g r a d i e n t 

e l u t i o n CroQ 0.2H 

NaH2P04, pH 0,2 to 

0.2M HaH2P04. pU 4.3 

coluan tenp. cO**C. 

In Che d e t e c t i o n of 

su l p h u r , a a i o p l e Ar 

purge s y s c e o was used 

to reduce l i g h t 

a b s o r p t i o n by oxygen. 

D e t e c t i o n l i o i t s o f 

30-SO ug/ial and 1-3 

ug/ol a s aaino a c i d s 

were obtained for 

carbon and su l p h u r 

r e s p e c t i v e l y . 

Carbon 

(193.09 nn) 

Sulphur 

(180.73 no) 

299 
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Qixooa u>gr a ph y HatrLx Bl4 RaCerence 

ICP. the HFLC colunn 

beinq connected to a 

Heiohard concencxic 

o e b u l i s e r raced a t 3 

al Qin"' by 2* of 

1/I6th- O.D., 3/64-

I.D. PTFE tubi n g . 

H a a i l t o n PRP-1 r e s i n -

based, r e v e r s e phase 

coluan. 

V a r i o u s a r s e n i c , 

s e l e n i u B , and 

phosphorus coopounds. 

The standard s o f t v a r e 

was D o d l f i e d to allow 

the chronatograo to be 

d i s p l a y e d g r a p h i c a l l y 

o n - l i n e . Oet. U n i t 

for As UO us I * ' a t 

100 u l I n j e c t i o n 

v o l u s e s . 

X r s e n l c 

(1B9.0 na) 

Carbon 

(247.B no) 

Phosphorus 

(214.9 na) 

Sulphur 

(180.7 ma) 

S e l e n i u n 

(203.9 nn) 

300 

ICP, the e l u e n t f r o a 

the micro HPLC i s 

c a r r i e d i n t o the 

n e b u l i s e r u s i n g e i t h e r 

water or 

o e t h y l i s o b u t y I k e tone 

as c a r r i e r , v i a a 

simple or modified 

s t a i n l e s s T-type 

connector. 

S e r i e s UV d e t e c t i o n 

a l s o used. 

Micro-HPLC. The 

colusms were T e f l o n 

tubing of 0.5 cm i . d . 

by 12 c a length packed 

with J a s c o SC-Ol (ODS-

s l l i c a , S \ja) for 

r e v e r s e d phase mode 

and T e f l o n tubing 0.5 

033 L . d . by 15 c a 

leng t h packed with 

J a s c o Fine S i l - 5 

( s i l i c a , 5 uQ) for 

normal phase mode. 

Mobile phases were 

HeOH or HeOH-HjO 

mixture f or r e v e r s e d 

phase mode and toluene 

for normal phase mode. 

Cu, Zn, Fe and Co 

or g a n o m e t a l l i c 

compounds. 

A p p l i c a t i o n of micro 

HPLC with Simple 

i n t e r f a c e for LC-ICP 

p r e v i o u s l y reported -

Ref. 296. 

Copper 

(324.7 nn) 

Z i n c 

(213.8 na) 

c o b a l t 

(22B.6 nm) 

I r o n 

(259.9 na) 

295 
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Chroaa togr a pby H a t r l x BlecMsnt Reference 

ICP, e l u e n t f r o a the Strong c a t i o n exchange Bare e a r t h e l e a e n t a i n S i o i l a r i n t e r f a c e to 

coluan fed to a c r o s s - r e s i n (IEX-210 SC -

flow n e b u l i s e r u s i n g 

d i r e c t l y coupled 

Toyo Soda Co. Japan) 

250 c a X 4 a l . d . a t 

PTFE tubing (0.5 na SO^C. Mobile phase 

l . d . X 300 na long). 0.4 - l.O.M atsaoniua 

l a c t a t e (pU 4.22). 

g e o l o g i c a l samples. Rof. 299. 

Det. l i a i t s f o r s y s t e a 

0.001-0.3 ug/tal " i t h 

100 u l saople 

i n j e c t i o n . 

Y, L a , Ce, 

Pr, Hd, SD, 

Eu, Cd, Tb, 

Dy, HO, E r , 

TO, Yb, Lu. 

ICP u s i n g a 

o i c r o c o n c e n t r i c 

n e b u l i s e r which i s 

i c n - p a i r i n g , r e v e r s e d 

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

Microbore 1 bed i . d . x 

i n s e r t e d d i r e c t l y i n t o SO ca C^g coluan 

the t i p of a 

co n v e n t i o n a l s a a p l e 

i n t r o d u c t i o n tube of 

an ICP t o r c h . 

(HRSH-50-C,Q, C-M 

L a b o r a t o r i e s , K u t l e y , 

K J ) . 

Mobile phase. 

Cr - 5 OH s o d i u a 

pentane-

sulphonate i n 

MeOH/HjO (20/80), 

pH 3 a t 120 u l / 

I n o r g a n i c and 

o r g a n o o e t a l l i c 

coBpounds i n v a r i o u s 

s o l v e n t s . 

F i r s t d eparture froo 

u s i n g c o n v e n t i o n a l 

c r o s s - f l o w , c o n c e n t r i c 

or Babington-type 

pneuaatlc n e b u l l s e r s . 

At p r e s e n t sooe 

probleas with low 

re s i d e n c e t l a e s of 

a n a l y t e s p e c i e s I n the 

p l a s o a and p o s s i b l e 

s o l v e n t i n t e r a c t i o n s 

i n the e x c i t a t i o n 

process thus i m p a i r i n g 

d e t e c t i o n l i a i t s . 

C h r o a i u a 

(205.6 no) 

A r s e n i c 

(193.7 na) 

As - 5 CM t e t r a b u t y l -

acsaoniua 

phosphate In MeOH 

/H^O ( S / 9 5 ) , pH 

7.2 a t 140 u l / a i n 298 

ICP, with c r o s s flow 

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

d i r e c t l y to the 

a i c r o c o l u a n by PTFE 

tubing. The s a a p l e 

Microcolumn g e l 

permeation 

c h roaa togra ph y. 

Colusn aade of PTFE 

tubing 1 c a i . d . x 20 

gas c a r r i e s the e l u e n t co packed with Fine 

as a fog i n t o the 

plasma t o r c h . 

GEL SC-220 ( 11.7 im, 

J a s c o , J a p a n ) . Mobile 

p h a s e - d i s t i l l e d water. 

A n a l y s i s of carbon 

c o n t a i n i n g m a t e r i a l s • 

example of s a c h a r i d e s . 

Coaparison aade with 

p r e v i o u s l y reported 

system u s i n g v a r i o u s 

T-type connectors i n 

the I n t e r f a c e - Ref. 

302 . 

297 
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4.3.5 Conclusions 

Atomic absorption, w h i l s t being the most i n h e r e n t l y metal s p e c i f i c o f 

the atomic spectroscopic t e c h n i q u e s , i n t r o d u c e s r e s t r i c t i o n s t o t h e 

p o t e n t i a l couplings availeible w i t h l i q u i d chromatography. I n LC-FAAS 

u s i n g r e v e r s e phase systems, i . e . m a i n l y aqueous e l u e n t s , low 

n e b u l i s a t i o n e f f i c i e n c y may l i m i t t h e s e n s i t i v i t y o f the technique. 

However, o p e r a t i o n o f the n e b u l i s e r i n a starved mode, f o r example by 

using m o d i f i e d i n j e c t i o n cup devices, has been shown t o a l l e v i a t e much 

o f t h i s problem. When n o r m a l phase, i . e . o r g a n i c , e l u e n t s are used, 

then higher n e b u l i s a t i o n e f f i c i e n c i e s are p o s s i b l e ; however, t r a n s p o r t 

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

e f f e c t s on i t s p r o p e r t i e s , e.g. i n c r e a s e d background l e v e l s f r o m 

carbon p a r t i c l e s and band spectra. Therefore sample t r a n s p o r t systems 

a r e b e i n g developed i n our l a b o r a t o r y which do n o t use c o n v e n t i o n a l 

n e b u l i s a t i o n . Since such systems a l l o w the sample t o be desolvated 

p r i o r t o reaching the flame f o r a t o m i s a t i o n , they o f f e r much promise 

f o r t h e f u t u r e . The advantages o f d i r e c t l y c o u p l e d LC-FAAS systems 

which o f f e r o n - l i n e , r e a l - t i m e a n a l y s i s w i t h simple, cheap, r e a d i l y 

demountable i n t e r f a c e systems l a r g e l y o f f s e t t h e l o w e r d e t e c t i o n 

l i m i t s obtained compared w i t h e l e c t r o t h e r m a l a t o m i s a t i o n . 

The use o f e l e c t r o t h e r m a l a t o m i s a t i o n should circumvent the problem o f 

low n e b u l i s a t i o n e f f i c i e n c y ; however, the tim e r e q u i r e d t o run through 

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

samples being analysed o u t o f the f l o w i n g chromatographic stream. To 

minimize the p o s s i b i l i t y o f missing a species/ very low f l o w - r a t e s are 

normally used a l t h o u ^ much o f the e l u e n t i s s t i l l not monitored. To 

overcome t h i s problem i n d i r e c t i n t e r f a c e s such as autosampler systems 

are o f t e n r e q u i r e d and " r e a l t i m e " chromatographic i n t e r p r e t a t i o n i s 
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n o t p o s s i b l e . Thus the advantage o f h i g h s e n s i t i v i t y d e t e c t i o n 

obtained when using e l e c t r o t h e r m a l a t o m i s a t i o n i s only achieved a t the 

expense o f r e a l t i m e a n a l y s i s , and o f t e n i n v o l v e s expensive and 

c o m p l i c a t e d i n t e r f a c e systems. The advent o f m i c r o b o r e HPLC may 

provide some s o l u t i o n t o problems o f i n t e r f a c i n g w i t h e l e c t r o t h e r m a l 

atomisers. The low f l o w - r a t e s , m i c r o l i t r e s per minute, encountered i n 

microbore HPLC mean t h a t the volume c o n t a i n i n g a species i s very s m a l l 

and p r o v i d i n g the pealc r e s o l u t i o n i s good, i n j e c t i o n i n t o the furnace 

o f t h e whole c h r o m a t o g r a p h i c peak may be f e a s i b l e . Other p o s s i b l e , 

though e x p e n s i v e , ways o f making c o u p l e d HPLC-ETA-AAS a r e a l t i m e 

method would be the use o f a d u a l f u r n a c e , o r t h e development o f a 

continuous furnace system. 

The same problems b e s e t c o u p l e d LC-AFS as a f f l i c t any AFS method, 

namely: l a c k o f s u i t a b l y s t a b l e and i n t e n s e l i n e sources. However, 

the advent o f atomic fluorescence instruments using an ICP as the atom 

c e l l w i l l perhaps s i g n a l a renewed i n t e r e s t i n t h i s t e c h n i q u e and 

enable the advantages o f multi-element low l e v e l d e t e c t i o n a f f o r d e d by 

AFS t o be u t i l i s e d . 

The plasma emission techniques o f f e r the p o s s i b i l i t y o f mul t i - e l e m e n t 

d e t e c t i o n and l o n g l i n e a r ranges. W i t h r e v e r s e phase e l u e n t s , b o t h 

DCP- and ICP-OES, l i k e FAAS, s u f f e r from low n e b u l i s a t i o n e f f i c i e n c i e s 

and t o increase d e t e c t a b i l i t y , then t h i s e f f i c i e n c y must be increased. 

The use of normal phase eluents a f f o r d s high n e b u l i s a t i o n e f f i c i e n c i e s 

b u t , as a r e s u l t , a h i g h e r background e m i s s i o n l e v e l , and hence an 

i n c r e a s e i n d e t e c t i o n l i m i t s . T h i s may be o f f s e t by t h e i n c r e a s e d 

analyte f l o w i n t o the plasma. The a b i l i t y o f plasmas t o monitor not 

o n l y m e t a l e m i s s i o n l i n e s , b u t a l s o carbon l i n e s , c o u l d , so l o n g as 

135 



non-carbon c o n t a i n i n g eluents are used, o f f e r a u n i v e r s a l LC detector. 

Although emphasis has been placed on the advantages of s p e c i f i c or a t 

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

not be underestimated, as the wide usage of FID i n GC shows. By using 

a simultaneous m u l t i - e l e m e n t f a c i l i t y , DCP- o r ICP-OES c o u l d o f f e r 

such u n i v e r s a l i t y . 

Recent emphasis on s t u d i e s i n t o c h a r a c t e r i s i n g t h e processes w h i c h 

t a k e p l a c e w i t h i n an i n t e r f a c e i . e . w i t h i n t h e n e b u l i s e r / s p r a y 

chanODer, connectors or even connecting t u b i n g i t s e l f , should lead t o a 

b e t t e r understanding o f the i d e a l sample t r a n s p o r t system and hence 

the development o f i n t e r f a c e t e c h n i q u e s w h i c h f u l l y r e a l i s e t h e 

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

columns, thus decreasing the el u e n t f l o w , also a l l o w s experimentation 

w i t h low f l o w b u t h i g h e f f i c i e n c y n e b u l i s e r s such as t h e f r i t 

n e b u l i s e r . 

The a r r i v a l o f c o m m e r c i a l ICP-MS systems w h i c h p r o v i d e d e t e c t i o n 

l i m i t s s i g n i f i c a n t l y l o w e r t h a n ICP-OES, and a p p r o a c h i n g t h o s e 

obtained by GF-AAS, o f f e r s an e x c i t i n g new d e t e c t i o n mode f o r coupled 

HPLC systems. I n d u c t i v e l y c o u p l e d plasma-MS systems o p e r a t e i n a 

r e a l - t i m e mode op e r a t i n g on f l o w s o f l i q u i d s i m i l a r t o e l u t i o n r a t e s 

f r o m m i n i - b o r e HPLC systems. Thus s e v e r a l groups o f w o r k e r s a r e 

a l r e a d y e x p e r i m e n t i n g w i t h c o u p l e d HPLC-ICP-MS which may o f f e r the 

s e n s i t i v i t y i n a m u l t i - e l e m e n t mode necessary f o r t r a c e m e t a l 

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

necessary t o enable o p t i m i s a t i o n o f the s e p a r a t i o n and r o u t i n e 

o p e r a t i o n . 

136 



CHaPTKR 5 

THB BVaLOATICM OF COUPLH) HIGH PERFORMANCE LIQDID CHROM&TOGRAPHy-
ELBCTROTHKRMAL flTOMISATIOH - ATOMIC ABSORPTIOH SPECTROSCOPY 

5-1 An autoinati.c interface for coupled high performance l i g o i d 

chromatography - electrothermal atomisataon - atomic absorption 

spectroscopy 

Although the coupled HPLC-ETA-AAS systems described i n Chapter 4 have 

found many a p p l i c a t i o n s , they a l l have c e r t a i n disadvantages i n t r i n s i c 

to t h e i r design. The need t o t r a n s f e r a sample from the HPLC e f f l u e n t 

t o t h e f u r n a c e , o f t e n r e q u i r i n g t h e f l o w t o be stopped, and t h e 

necessity t o use very low HPLC f l o w r a t e s thus severely l i m i t i n g the 

chromatography, means t h a t such techniques are o f t e n slow, give poor 

r e s o l u t i o n and do n o t produce continuous chromatograms. However t o 

i n v e s t i g a t e the p r a c t i c a b i l i t y o f such a system, an i n t e r f a c e based on 

the d e s i g n o f Brinckman and I r g o l i c (246) and m o d i f i e d by H a s w e l l 

(303) was evaluated f o r the s p e c i a t i o n of arsenic. 

5.2 Application to the apeciatlon of arsenic 

C u r r e n t i n t e r e s t i n the s p e c i a t i o n o f a r s e n i c compounds can be 

a t t r i b u t e d t o two main areas. F i r s t l y , the use of arsenic compounds 

as p e s t i c i d e s and h e r b i c i d e s , both as i n o r g a n i c arsenic s a l t s and as 

o r g a n o a r s e n i c a l s s u ch as m o n o m e t h y l a r s o n i c a c i d (MMA) and 

d i m e t h y l a r s i n i c a c i d (DMA). As w i t h many other metals the t o x i c i t y , 

b i o l o g i c a l a c t i v i t y and e n v i r o n m e n t a l f a t e depends on the molecular 

f o r m o f t h e a r s e n i c s p e c i e s . Secondly, i t has been shown t h a t 

d i f f e r e n t a r s e n i c compounds i n t e r c o n v e r t i n the environment by both 

c h e m i c a l and b i o l o g i c a l pathways. The a s s i m i l a t i o n o f a r s e n a t e by 
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marine p h y t o p l a n k t o n w h i c h i s f i n a l l y r e l e a s e d i n t o s o l u t i o n a f t e r 

r e d u c t i o n and m e t h y l a t i o n i s one such example. As t h e m e t h y l a t e d 

forms o f arsenic are apparently much less t o x i c than t h e i r i n o r g a n i c 

parent compounds, s p e c i a t i o n o f arsenic compounds y i e l d s more u s e f u l 

i n f o r m a t i o n than t o t a l arsenic l e v e l s . 

Various HPLC-ETA-AA couplings have been developed f o r the s p e c i a t i o n 

of a r s e n i c , o f t e n based on the two couplings developed by Brinckman's 

group a t t h e N a t i o n a l Bureau o f Standards (238). The f i r s t o f these 

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

p e r i o d i c a l l y sampled and i n j e c t e d i n t o a g r a p h i t e furnace, so c a l l e d 

pulsed mode operation. I n the second, termed survey mode, the e l u e n t 

was c o l l e c t e d by an autosampler and each f r a c t i o n c o l l e c t e d analysed 

by ETA-AAS. Using these two techniques the s p e c i a t i o n o f As, Sn, Hg, 

and Pb compounds was demonstrated (238), the survey mode l a t e r being 

extended t o the s p e c i a t i o n o f o r g a n o m e t a l l i c s , polymers and or g a n o t i n 

s i l i c a t e s by the same group (239). The flow- t h r o u g h PTFE sampling cup 

has a l s o been used as an i n t e r f a c e between a low c a p a c i t y a n i o n 

exchange column and g r a p h i t e f u r n a c e by w o r k e r s i n the U.S. Dept. o f 

A g r i c u l t u r e (247, 248) when s p e c i a t i n g organic and inorga n i c r e d u c i b l e 

forms o f arsenic i n p e s t i c i d e residues. 

I r g o l i c and co-w o r k e r s used a s i m i l a r automated system f o r t h e 

s p e c i a t i o n of arsenobetain, arsenocholine and i n o r g a n i c arsenic a t the 

micro-gram l e v e l (245). I n a j o i n t study w i t h Brinckman's group (246) 

t h e y d e m o n s t r a t e d v a r i o u s 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 f o r the 

s p e c i a t i o n o f a r s e n i c compounds i n s o i l and w a t e r samples. The 

extremely high background molecular absorption l e v e l s encountered w i t h 

io n p a i r reagents, such as tetraheptylammonium n i t r a t e (THAN), were 
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r e p o r t e d t o r e q u i r e Zeeman e f f e c t background c o r r e c t i o n , since normal 

deuterium arc c o r r e c t i o n proved i n s u f f i c i e n t . 

5.2.1 Bxperimental 

The HPLC system used i n t h i s i n v e s t i g a t i o n c o n s i s t e d o f a Waters 6000A 

so l v e n t d e l i v e r y system (Waters Associates Inc., Massachusetts, USA), 

Rheodyne 7125 i n j e c t i o n v a l v e f i t t e d w i t h a 1000 y 1 sample l o o p and 

Whatman Zipax and SAX HPLC columns i n s e r i e s . F u l l d e t a i l s o f t h e 

chromatography are g i v e n below and summarised i n Table 12. An 

I n s t r u m e n t a t i o n L a b o r a t o r i e s I L 555 f u r n a c e ( I n s t r u m e n t a t i o n 

L a b o r a t o r i e s Inc., M a s s a c h u s e t t s , USA) was m o d i f i e d so t h a t an 

i n j e c t o r could be f i x e d t o the face p l a t e and a l i g n e d w i t h the cuvette 

sample i n j e c t i o n opening - Figure 11. (The m o d i f i e d furnace was al s o 

used i n c o n j u n c t i o n w i t h an I L Video 12 S p e c t r o m e t e r ) . I n a d d i t i o n 

t h e v e r t i c a l access p o r t was r e p l a c e d by a b o r o s i l i c a t e g l a s s t u b e 

w h i c h a l l o w e d n i t r o g e n t o be blow n i n t o t h e chamber v i a a s t a i n l e s s 

s t e e l lance t o accelerate c o o l i n g . The increased gas f l o w reduced the 

c o o l i n g time t o about 2 0 seconds. 

The i n t e r f a c e c o n s i s t e d o f two A l t e x (4 way) s l i d e i n j e c t i o n v a l v e s 

w i t h pneumatic actuators. The sample (76.6 y l ) and co-analyte (5 y l ) 

lo o p s were o f 0,8 mm I.D. PTFE c u t t o a p p r o p r i a t e l e n g t h s . A l l o t h e r 

i n t e r - c o n n e c t i n g t u b i n g was of 0.33 mm I.D. PTFE. D e l i v e r y o f the co-

analyte and sample was by n i t r o g e n pressure through a l / 1 6 t h inch OD 

316 s t a i n l e s s s t e e l tube a c t i v a t e d by a s o l e n o i d . The c o - a n a l y t e 

f o l l o w e d the sample through the system i n t o the cuv e t t e , thus reducing 

the p o s s i b i l i t y of inter-sample contamination. 

The a n a l y s i s sequence o f the e n t i r e system was c o n t r o l l e d by a 
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C o o l i n o 
Nitrogen U n c e 

S t a i n l e s s s t e e l i n j e c t o r 

Low torque micro s w i t c h 

A n a l y t e from sample loop 

S o l e n o i d 

Figure I I 

I L 555 f l a a e l e s a atomiser with auto-injector 

Return s p r i n g 

adjusUDcnC b o l t s 



Table 11 

Graphite furnace atomic a b s o r p t i o n spectrometer conditions for the 

determination of arsenic 

Spectrometer 

Wavelength 

Bandpass 

Lamp c u r r e n t 

I L 151 or I L Video 12 

193-6 nm 

1 nm 

6.0 mA 

Temperature programme 

Temperature "c 

Time seconds 

175 

10 

270 

5 

1900 

5 

I n j e c t i o n temperature; 

125 + 10°C 

I n j e c t i o n : 

Sample volume 

N 2 i n j e c t i o n 
pressure 

76.6 p i + 5 y l 0.5% n i c k e l n i t r a t e 

16 p s i 
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T a b l e 12 

Chromatographic c o n d i t i o n s f o r the s p e c i a t i o n o f a r s e n i c 

Columns Z i p a x i o n - e x c h a n g e p r e c o l u m n (100 mm x 5 mm i . d . ) 

i n s e r i e s w i t h a SAX-10 s t r o n g a n i o n - e x c h a n g e 

column (200 mm x 5 mm i.d.) 

E l u e n t S u l p h u r i c a c i d ( 0 . 1 M) s w i t c h e d t o a m m o n i u m 

c a r b o n a t e (O.lM) a f t e r t h e f i r s t peak has appeared. 

Flow r a t e 1.0 ml 

Saii5)le i n j e c t i o n : 20 y l - 1 ml 
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m i c r o p r o c e s s o r c o n t r o l system. The use o f A/D c o n v e r t o r s a l l o w e d t h e 

d e t e r m i n a t i o n o f peak are a f r o m t h e a t o m i c a b s o r p t i o n s i g n a l and t h e 

d e t e r m i n a t i o n o f f u r n a c e t e m p e r a t u r e . S t a t u s l i n e s were a l s o used t o 

i n f o r m t h e c omputer o f a) w h e t h e r t h e f u r n a c e door i s open and ready-

f o r t h e n e x t i n j e c t i o n c y c l e , and b ) when t h e a t o m i s a t i o n o f t h e 

s a m p l e i s a b o u t t o o c c u r so t h a t d a t a a c q u i s i t i o n may b e g i n . The 

r e s u l t s o b t a i n e d were r e c o r d e d on a s t a n d a j r d c h a r t r e c o r d e r and peak 

h e i g h t measurements t a k e n . 

B l o w i n g t h e sample i n t o t h e h o t c u v e t t e has a number o f advantages: 

( a ) a l a r g e r volume o f sample can be accommodated by t h e c u v e t t e as 

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

i n c r e a s i n g t h e e f f e c t i v e s e n s i t i v i t y ? 

( b ) t h e a n a l y s i s sequence t i m e f o r any one d e t e r m i n a t i o n i s r e d u c e d 

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

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

by i n t r o d u c t i o n o f e x t r a n i t r o g e n c o o l a n t gas reduces t h e t o t a l 

c y c l e t i m e f r o m o v e r t h r e e m i n u t e s t o a p p r o x i m a t e l y 50 seconds. 

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

d e t e r m i n a t i o n o f a r s e n i c i s shown i n F i g u r e 12. 

A l l c h e m i c a l s a n d s o l v e n t s u s e d i n t h i s w o r k w e r e s u p p l i e d by BDH 

C h e m i c a l s L t d . , P o o l e , E n g l a n d . The o r g a n o a r s e n i c s t a n d a r d s w e r e 

p r o v i d e d by Dr. K.J. I r g o l i c , T e x a s A a n d M U n i v e r s i t y , USA. The 

u r i n e samples were s u p p l i e d as p a r t o f a j o i n t s t u d y w i t h t h e M i n i s t r y 

o f A g r i c u l t u r e F i s h e r i e s and Food. These samples were c o l l e c t e d f r o m 

i n d i v i d u a l s o v e r a f i v e day p e r i o d f o l l o w i n g i n g e s t i o n o f a f i s h meal 
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F i g u r e 12 

S c h e m a t i c d i a g r a m o f HPLC-GPAAS i n t e r f a c e f o r the d e t e r m i n a t i o n o f 

a r s e n i c 

ELUENT 

HPLC 
PUMP 

SAMPLE 
LOOP ^ 
BY PASS 

WASTE <-

\ 

HPLC 
INJECTOR 

HPLC 
COLUMN 

UV 
DETECTOR 

VALVE 

SAMPLE 
LOOP 

SAMPLE LOOP 
1 ml 

VALVE 

CO-ANALYTE 
LOOP 

VALVE 

VE WASTE 

INJECTOR 

VALVE 
CFAAS 

VALVE 
CO-ANALYTE 

CO-ANALYTE 
BY PASS 

N2 
COOLING CAS 

144 



s p i k e d w i t h i n o r g a n i c a r s e n i c . The o b j e c t o f t h i s w o r k was t o 

s p e c i a t e t h e a r s e n i c e x c r e t e d f r o m t h e body. 

T h i s c o m p l e t e s t u d y r e q u i r e d t h e use o f c o u p l e d HPLC-hydride AAS (see 

C h a p t e r 7) f o r t h e s p e c i a t i o n o f r e d u c i b l e s p e c i e s - As^"*", As^"*", 

m o n o m e t h y l a r s o n i c a c i d (MMA) and d i m e t h y l a r s i n i c a c i d (DMA), and t h e 

use o f c o u p l e d HPLC-ETA-AAS f o r t h e s p e c i a t i o n o f any n o n - r e d u c i b l e 

f o r m s p r e s e n t s u c h as a r s e n o b e t a i n e [ ( 0 1 1 3 ) 3 A S C H 2 COOH]''' a n d 

a r s e n o c h o l i n e [ ( C H 3 ) 3 As CH2 C H 2 0 H ] " ^ w h i c h i s p r o b a b l y t h e p r e c u r s o r 

f r o m w h i c h a r s e n o b e t a i n e i s formed. 

I n many s t u d i e s , t h e presence o f n o n - r e d u c i b l e compounds i s c a l c u l a t e d 

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

t o t a l As l e v e l as d e t e r m i n e d by 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 . 

T h i s e v a l u a t i o n was made h e r e as a f i r s t s t e p i n i d e n t i f y i n g t h e 

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

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

f a c i l i t a t e s u p p l y i n g t h e s a m p l e . The 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 m e t e r c o n d i t i o n s a r e g i v e n i n T a b l e 11. 

Once t h e t o t a l As l e v e l s h a d b e e n d e t e r m i n e d t h e HPLC s y s t e m was 

connected. To s e p a r a t e t h e a r s e n i c s p e c i e s , a t w i n column s y s t e m was 

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

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

s y s t e m i n v o l v e d s w i t c h i n g f r o m s u l p h u r i c a c i d (1.8 x 1 0 " ^ M) t o 

a m m o n i u m c a r b o n a t e (0.1 M) w h i c h e n a b l e s a p r e c o n c e n t r a t i o n o n t h e 

Zip a x column. The success o f t h i s - s y s t e m f o r a r s e n i c s p e c i a t i o n has 

bee n r e p o r t e d b y Tye e t a l . ( 3 0 4 ) , a n d i s d e t a i l e d f u r t h e r i n C h a p t e r 

7. However, i n t h i s i n s t a n c e t h e o p t i m u m f l o w r a t e o f 3 ml rnin"^ was 
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r e d u c e d t o 1 ml min"^ t o meet t h e r e q u i r e m e n t s o f t h e i n t e r f a c e . The 

c h r o m a t o g r a p h i c c o n d i t i o n s used h e r e a r e summarised i n Ta b l e 12. 

5.2.2 R e s u l t s and D i s c u s s i o n 

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

(sodium a r s e n a t e ) u s i n g t h e i n t e r f a c e and a p e r i s t a l t i c pump t o f i l l 

t h e s a m p l e l o o p i s shown i n F i g u r e 13.- A l i n e a r w o r k i n g r a n g e o f 

10 ng w i t h a d e t e c t i o n l i m i t o f 0.5 y g 1 " ^ was o b t a i n e d . 

When t h e HPLC was c o n n e c t e d d i f f i c u l t y was e x p e r i e n c e d i n o b t a i n i n g 

any r e s p o n s e f r o m a m i x e d s t a n d a r d c o n t a i n i n g 50 n g o f As^"*", As^"*"/ 

MMA, and DMA, even when l e a v i n g t h e s y s t e m r u n n i n g f o r o v e r an hour. 

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

a d v e r s e l y a f f e c t t h e c h r o m a t o g r p a h y , b u t w h i c h was nec e s s a r y t o a v o i d 

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

i n t e r f a c e b e t w e e n i n j e c t i o n s i n t o t h e g r a p h i t e f u r n a c e and t h u s n o t 

b e i n g d e t e c t e d . The c h r o m a t o g r a p h i c s y s t e m was t h e r e f o r e changed, t h e 

Zi p a x / S A X s y s t e m b e i n g r e p l a c e d w i t h a H y p e r s i l ODS c o l u m n ( 3 - 5 ]im 

250 mm x 4 mm) a n d a s u l p h u r i c a c i d i s o c r a t i c e l u t i o n s y s t e m (1.8 x 

10 " ^ M) as u s e d by H a s w e l l ( 3 0 3 ) . U s i n g t h i s s y s t e m and a s i n g l e 

s t a n d a r d s o l u t i o n o f sodium a r s e n a t e , i t was f o u n d p o s s i b l e t o o b t a i n 

a s i m p l e chromatogram v i a t h e i n t e r f a c e a l t h o u g h t h e peak had s e v e r e 

t a i l i n g a n d t o o k some t w e l v e m i n u t e s t o e l u t e - F i g u r e 14. I t was 

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

s p e c i a t i o n s t u d i e s and so an a t t e m p t was made t o r e p r o d u c e t h e work o f 

S t o c k t o n a n d I r g o l i c ( 2 4 5 ) f o r t h e s e p a r a t i o n o f a r s e n o b e t a i n e , 

a r s e n o c h o l i n e and a r s e n i t e / a r s e n a t e . S i n c e e x t r e m e l y h i g h b a c k g r o u n d 

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

t o t h e use o f i o n p a i r r e a g e n t s such as t e t r a h e p t y l a m m o n i u m n i t r a t e . 

146 



F i g u r e 13 

C a l i b r a t i o n curve of peak h e i g h t a g a i n s t w e i ^ t of a r s e n i c w i t h 0.5% 

n i c k e l n i t r a t e c o - a n a l y t e 

Hexght 

A r s e n i c (ng) 

Blank 0-76 3-8 7-6 n-A ng 
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F i g u r e 14 

Chromatogram ob t a i n e d xising the HPLC-GPAAS i n t e r f a c e 

50 ng sodium a r s e n a t e 

J L L 

S 10 15 20 2S 30 35 ^0 (mins) 
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(- overcome by t h e use o f Zeeman e f f e c t b a c kground c o r r e c t i o n i n t h e 

work by B r i n c k m a n e t a l . ( 2 4 6 ) , t h e m o d i f i e d f u r n a c e was f i t t e d t o an 

I L V i d e o 12 i n s t r u m e n t f i t t e d w i t h S m i t h - H e i f t j e b a c k g r o u n d 

c o r r e c t i o n . However, once a g a i n p r o b l e m s were e n c o u n t e r e d due t o t h e 

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

w i t h o u t m a l f u n c t i o n / a n d so t h i s w o r k was s t o p p e d i n f a v o u r o f 

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

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

5.3 L i m i t a t i o n s o f coupled h i ^ performance l i g o x d chromatography 

e l e c t r o t h e r m a l atomi n a t i o n - atomic a b s o r p t i o n spectjroscopy 

A l t h o u g h c o l l e c t i o n o f t h e HPLC e f f l u e n t i n some f o r m o f a u t o - s a m p l e r 

f o l l o w e d by subsequent d i s c r e t e i n j e c t i o n o f t h e c o l l e c t e d f r a c t i o n 

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

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

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

a s s o c i a t e d w i t h t h i s a p p r o a c h . I n a d d i t i o n t h e r e s u l t s a r e n o t 

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

b o t h t e d i o u s a n d l i k e l y t o l e a d t o pe a k b r o a d e n i n g . Hence i n t h e 

f o l l o w i n g work emphasis i s p l a c e d on t h e d e s i g n and c o n s t r u c t i o n o f a 

c o n t i n u o u s d e t e c t o r w h i c h p a r a l l e l s t h e f o r m e r work w i t h c o u p l e d G.C.-

AAS, i n w h i c h a p p r o p r i a t e o p t i m i s a t i o n o f a f l a m e atom c e l l has l e d t o 

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

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

s i m p l e , r e l i a b l e , and g i v i n g r e a l - t i m e a n a l y s i s . 
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CHRPTER 6 

THE EVftLDATIOH OF DIBECTLY CODPLED HIGH PERFORMANCE LIQUID 
CHROMATOGRAPHY - FLAME ATOMIC ABSORPTION SPECTROSCOPY 

I n a d d i t i o n t o o f f e r i n g e x c e l l e n t i n t e r - m e t a l s e l e c t i v i t y , f l a m e 

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

samples. Coupled HPLC-FAAS systems a l s o overcome many o f t h e p r o b l e m s 

a s s o c i a t e d w i t h c o u p l e d HPLC-ETA-AAS s i n c e t h e y o f f e r o n - l i n e , r e a l 

t i m e a n a l y s i s and produce a c o n t i n u o u s chromatogram. The v a r i o u s LC-

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

C h a p t e r 4. 

6.1 Development: o f a s i n g l e d i r e c t l y coupled hggfa performance l i q u i d 

chromatxtqraphy - flame atomic absorptj.on s p e c t r o s c o p y system f o r 

the s p e c i a t i o n o f o r g a n o t i n coiqpounds 

S e v e r a l o f t h e mos t r e c e n t p u b l i c a t i o n s on c o u p l e d LC-FAAS h a v e 

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

i n c r e a s e d s e n s i t i v i t y by a t t e n t i o n t o t h e a t o m c e l l . The s y s t e m 

r e p o r t e d b e l o w c o n s i s t s o f a m o d i f i e d v e r s i o n o f S l a v i n and Schmidt's 

d i r e c t c o u p l i n g ( 2 3 2 ) u t i l i s i n g p u l s e n e b u l i s a t i o n v i a a d i r e c t l y 

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

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

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

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

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

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

A t o m i c a b s o r p t i o n s p e c t r o m e t e r (SP9, Pye U n i c a m , C a m b r i d g e ) f i t t e d 

w i t h background c o r r e c t i o n and t i n h o l l o w c a t h o d e lamp. The 224-3 nm 

t i n l i n e was used. A Pye S l o t t e d Txibe Atom T r a p (STAT) was f i t t e d t o 

t h e 5 cm b u r n e r head. W a t e r s 6000A s o l v e n t d e l i v e r y s y s t e m ( W a t e r s 

A s s o c i a t e d I n c . , M a s s a c h u s e t t s ) e q u i p p e d w i t h a Waters U6K i n j e c t o r 

w i t h 1 m l s a m p l e l o o p a n d P a r t i s i l - l O S C X a n a l y t i c a l c o l u m n ( l O y m 

p a r t i c l e s i z e , 25 cm x 4.6 mm i . d . ) (Whatman, New J e r s e y ) . 10 y l a n d 

100 \il HPLC s y r i n g e s ( S c i e n t i f i c G l a s s E n g i n e e r i n g , M e l b o u r n e ) . 

P e r k i n - E l m e r 023 c h a r t r e c o r d e r ( N o r w a l k , C o n n e c t i c u t ) . 

6.1.2 Reagents 

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

A l d r i c h C h e m i c a l Co. L t d . , G i l l i n g h a m . A l l o t h e r a n a l y t i c a l r e a g e n t s 

used were o b t a i n e d f r o m BDH C h e m i c a l s L t d . , P o o l e , D o r s e t . 

The t i n ( I V ) s t o c k s o l u t i o n was p r e p a r e d by d i s s o l v i n g O.lOOO g o f 

a n a l y t i c a l r e a g e n t g r a d e g r a n u l a t e d t i n i n 20 m l o f h o t c o n e H 2 S O 4 . 

T h i s was c o o l e d a n d a d d e d c a u t i o u s l y t o a b o u t 200 m l o f w a t e r 

c o n t a i n e d i n a 1 1 c a l i b r a t e d f l a s k . The s o l u t i o n was t h e n c o o l e d and 

a f u r t h e r 60 m l o f cone. H 2 S O 4 added. The- s o l u t i o n was a l l o w e d t o 

c o o l a n d t h e m i x t u r e d i l u t e d t o 1 1 w i t h w a t e r . Any g l o b u l e s o f 

s u l p h u r f o r m e d were i g n o r e d . 

6.1.3 R e s u l t s and d i s c u s s i o n 

The i d e a l s y s t e m e n v i s a g e d ' a t t h i s s t a g e was one e n a b l i n g d i r e c t 

i n j e c t i o n o f aqueo u s s a m p l e s o n t o t h e HPLC c o l u m n f o r s e p a r a t i o n o f 

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

by FAAS k e e p i n g t h e i n t e r f a c e as s i m p l e as p o s s i b l e . P a r t i c u l a r 
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emphasis was p l a c e d on t h e s e p a r a t i o n o f t r i b u t y l t i n s p e c i e s a l t h o u g h 

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

a b s e n c e o f a s u i t a b l e d e t e c t o r ; c o n v e n t i o n a l u.v. a n d f l u o r e s c e n c e 

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

chromophore o r f l u o r o p h o r e f o r t h e b u t y l t i n s p e c i e s . ( T h i s l a s t f a c t 

i s common f o r a l l n o n a r o m a t i c d e r i v a t i v e s o f o r g a n o t i n (238), t h e r e b y 

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

t r a c e a l k y l m e t a l s o r a l k y l m e t a l l o i d s ) . E m p h a s i s was t h e r e f o r e 

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

s p e c t r o m e t e r w h i c h was t o be used as t h e d e t e c t o r . 

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

d i s c r e t e v o l u m e n e b u l i s a t i o n ( a l s o k nown as ' d i r e c t i n j e c t i o n ' , 

' a l i q u o t ' , o r ' p u l s e n e b u l i s a t i o n ' ) . T h i s t e c h n i q u e o v e r c o m e s t h e 

p r o b l e m o f s m a l l sample u p t a k e , e.g. l e s s t h a n 0.5 - 1.0 m l , w h i c h may 

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

produce a s t e a d y r e a d i n g on t h e meter o r d i g i t a l d i s p l a y . U s i n g t h e 

d i s c r e t e v o l u m e t e c h n i q u e s e n s i b l e r e a d i n g s may be o b t a i n e d u s i n g 

volumes o f s o l u t i o n as s m a l l as 10 - 100 y l (305). 

The sample u p t a k e c a p i l l a r y f r o m t h e n e b u l i s e r was c o n s t r u c t e d so t h a t 

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

i n F i g u r e 15. A s t a n d a r d m i c r o p i p e t t e t i p i s i d e a l f o r t h i s p u r p o s e 

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

i n a b o u t 0.5 mm t o a v o i d f o r m i n g a l i q u i d t r a p w h i c h w o u l d c a u s e 

c r o s s - c o n t a m i n a t i o n ( 1 8 3 ) . 

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

i n s t r u m e n t was s e t up i n t h e n o r m a l way f o r f l a m e a n a l y s i s e x c e p t t h a t 
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F i g u r e 15 

A c c e s s o r y f o r d i s c r e t e volume n e b u l i s a t i o n 

U P L C 

C o l u m n 

M i c r o - p i p e t t e t i p 

C a p i l l a r y t u b 

0.5 min 

n c b u l i s c r 
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F i g u r e 16 

Comparison of d i s c r e t e volume n e b u l i e a t i o n v i t h d i r e c t uptake 

A - D i r e c t uptake t o n e b u l i s e r 

B - D i s c r e t e volume n e b u l i s a t i o n 

C 2 H 2 at 2-2lmin-' 

Air at SO Imin*^ 

C2H2 ot 2*0 Imin 

Air at 5*0 I min"^ 

200 300 
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F i g u r e 17 

E f f e c t o f s a m p l e s i z e on t h e r e s p o n s e o b t a i n e d w i t h d i s c r e t e volume 

n e b u l i a a t i o n 

120 

|lOO-

0^80 
"cu 
SI. 

- 6 0 -
CU 

20^ 

Air 
H2 2-8lmin'1 

2 5 50 

Cont inuous nebulisat ion 

Continuous nebulisat ion 

Air AO I min' ' 
HT 2-21 min 

75 100 

In ject ion size (ul) 
125 150 



F i g u r e 18 

Modified arrangement f o r d i s c r e t e volume n e b u l i a a t i o n 

HPLC 
Column 

c a p i l l a r y t ubing 

Nebulizer 

F i g u r e 19 

STAT a c c e s s o r y mounted on a burner 

O u c r u lube 

Spring 

Holder 
a r m 

D o w n 

S c r e w B 

Handle 

Holder 

Screw A 

B u r n e r 
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t h e s p r a y c h a m b e r a n d b u r n e r w e r e a l l o w e d t o r u n d r y when no s a m p l e 

was b e i n g passed. 

U s u a l l y a n a l y s i s w o u l d be c a r r i e d o u t by t r a n s f e r r i n g 50 o r 100 y l 

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

m i c r o p i p e t t e . The s e n s i t i v i t y o b t a i n e d u s i n g t h i s method was f o u n d t o 

be o n l y m a r g i n a l l y l o w e r t h a n f o r c o n t i n u o u s a s p i r a t i o n . F i g u r e 16. 

I n t h e a n a l y s i s o f s e a w a t e r f o r TBTC, h o w e v e r , t h e s a m p l e i n p u t was 

f a c i l i t a t e d by a l l o w i n g t h e HPLC column e l u e n t t o d r i p d i r e c t l y i n t o 

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

'cup' w i t h an open ended txibe - F i g u r e 18. 

An e x a m i n a t i o n o f t h e e f f e c t o f e l u e n t d r o p s i z e on t h e response was 

a l s o u n d e r t a k e n xinder o p t i m a l c o n d i t i o n s i n l a t e r work. F i g u r e 17, and 

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

u s i n g ' g u l p ' n e b u l i s a t i o n , i . e . a l l o w i n g s e v e r a l d r i p s t o f a l l i n t o 

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

sample s i z e . 

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

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

Sn u s i n g c o n v e n t i o n a l FAAS w i t h an A i r / H 2 f l a m e was i n t h e o r d e r o f 

0.06 mg 1 ~ ^ . A means o f i n c r e a s i n g t h e s e n s i t i v i t y y e t k e e p i n g t h e 

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

t r a p (STAT) was u s e d . F i g u r e 19. The u s e o f s u c h a d o u b l e s l o t t e d 

q u a r t z t u b e as an a t o m t r a p was f i r s t d e s c r i b e d by W a t l i n g ( 3 0 6 ) . 

The t u b e was s u p p o r t e d above t h e f l a m e f r o m a c o n v e n t i o n a l b u r n e r w i t h 

one o f t h e s l o t s a l i g n e d d i r e c t l y a b o v e t h e f l a m e . I n t h e o r i g i n a l 

d e s i g n t h e s l o t s were machined l a t e r a l l y ' s o t h a t t h e y were p a r a l l e l t o 
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each other a t 120°. I n the commercial tube however the s l o t s are a t 

180*^ s i n c e t h i s a n g l e was fou n d t o g i v e s i g n i f i c a n t l y i m p r o v e d 

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

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

residence time i n the tube i s probably reduced r e s u l t i n g i n a l o s s i n 

s e n s i t i v i t y . The improvement i n d e t e c t i o n l i m i t s can p r o b a b l y be 

a t t r i b u t e d t o the decreased t u r b u l e n c e o f t h e h o t gases i n t h e 180*^ 

s l o t c o n f i g u r a t i o n -

The improvement i n s e n s i t i v i t y when u s i n g t h e STAT i s g e n e r a l l y 

confined t o those elements r e a d i l y d i s s o c i a t e d t o t h e i r ground s t a t e 

atoms i n t h e f l a m e . T h i s i m p l i e s r e l a t i v e l y low M-0 d i s s o c i a t i o n 

e n e r g i e s . Elements w i t h r e l a t i v e l y h i g h M-0 d i s s o c i a t i o n e n e r g i e s 

such as higher molecular weight t r a n s i t i o n metals and the r e f r a c t o r y 

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

oxide/acetylene flame are precluded because o f the excessive t h e r m a l 

shock t h i s h o t t e r f l a m e would impose on t h e q u a r t z tube- The 

de t e r m i n a t i o n o f t i n using the STAT i s however e a s i l y f a c i l i a t e d u s i n g 

the cooler air/H2 flame g i v i n g a d e t e c t i o n l i m i t o f 0.015 mg 1~^ i.e. 

a four f o l d increase on the conventional H j / a i r flame mode. 

Be f o r e u s i n g the STAT i n c o n j u n c t i o n w i t h t h e s i m p l e HPLC i n t e r f a c e 

above, i t s p e r f o r m a n c e was o p t i m i s e d and comparison made w i t h 

o p e r a t i o n i n t h e c o n v e n t i o n a l f l a m e mode. O b v i o u s l y t o do t h i s t h e 

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

determined so t h a t the changes i n response obtained when using other 

parameters can be d i r e c t l y compared w i t h those obtained using the STAT 

which i s f i x e d such t h a t t h e b u r n e r h e i g h t , r o t a t i o n , and l a t e r a l 

a l i g n m e n t ensure maximum r a d i a t i o n passes t h r o u g h t h e tube. The 
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r e s u l t s o b t a i n e d are shown i n F i g u r e 20. I n a l l f u r t h e r work u s i n g 

conventional flame mode a burner h e i g h t o f lO mm was selected. 

The next parameters t o be o p t i m i s e d were the gas f l o w s t o the burner. 

U s ing t h e STAT the hydrogen f l o w r a t e was v a r i e d w h i l s t k e e p i n g t h e 

a i r f l o w constant and a s p i r a t i n g s o l u t i o n s of both Sn'*"*' and TBTC. The 

r e s u l t s obtained are shown i n Figure 2 1. Changing the a i r f l o w r a t e 

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

severe noise problems was observed. To overcome t h i s problem the a i r 

was p r e s e t a t 4 1 min ̂  so t h a t t h e i n t e r f e r e n c e was e l i m i n a t e d . The 

f i n a l spectrometer c o n d i t i o n s s e l e c t e d are summarised i n Table 13, and 

the i n s t r u m e n t arrangement i s shown i n P l a t e 2. 

Having o p t i m i s e d t h e d e t e c t o r i t was now p o s s i b l e t o o p t i m i s e t h e 

chromatography. The column s e l e c t e d was a P a r t i s i l r e v e r s e bonded 

phase (RBP) sex column, which may be considered as having a mixture o f 

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

w h ich i s d i c t a t e d by t h e s u l p h o n a t e group, RBP c h a r a c t e r due t o t h e 

hyd r o c a r b o n p a r t o f t h e s t a t i o n a r y phase, and a d s o r p t i o n c h a r a c t e r 

a r i s i n g f r o m i n c o m p l e t e coverage o f Si-OH s i t e s . I n most cases, 

cation-exchange e q u i l i b r i a dominate the chromatographic process. For 

an i d e a l RBP-SCX, e x e m p l i f i e d by t h e P a r t i s i l SCX s i l o x a n e - b o n d e d 

benzenesulphonic a c i d f u n c t i o n , t h e i n d i v i d u a l o r g a n o t i n i o n can be 

regarded as a c l a s s i c a l c a t i o n . The comparable r e l a t i o n between the 

b a s i c ( a n i o n i c ) s p e c i e s , a major c o m p l e x i n g i o n ( o r b u f f e r ) f o r m i n g 

the supporting e l e c t r o l y t e , and a c t i v e RBP ani o n i c exchange s i t e s have 

been t r e a t e d f u l l y i n p r i n c i p l e by Horvath e t a l . (307). A v a r i a n t o f 

t h a t approach which appears s u i t e d t o q u a l i t a t i v e l y a s s e s s i n g 

or g a n o t i n species and column p r o p e r t i e s found i n the present work has 
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Figure 20 

Optimisation of burner height 
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Figure 2 1 

E f f e c t of changing the Hj flowrate when using the STAT 
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Table 13 

Spectrometer conditions used for the speciation of t i n 

A i r 

Hydrogen 

Burner Height 

Lamp Current 

Wavelength 

S l i t Width 

With STAT 

4.0 1 min ̂  

2-6 1 min ̂  

16 mm ( f i x e d ) 

6.0 mA 

224.3 nm 

0.1 mm 

Without STAT 

4.0 1 min ̂  

2.2 1 min"^ 

10 mm 

6.0 mA 

224.3 nm 

0.1 mm 
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Table 14 

High p r e s s u r e l i q u i d chroma to graph conditions for the speciation of 

t i n 

Column: 

Mobile phase: 

B u f f e r : 

Flow r a t e : 

I n j e c t i o n s i z e 

Whatman P a r t i s i l - 1 0 SCX 

(10 Um p a r t i c l e s i z e , 25 cm x 4.6 mm i . d . ) 

80:20 Methanol:Water 

0.1 M ammonium acetate s o l u t i o n 

3 ml min ̂  

Up t o 2 ml f a c i l i t a t e d 
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P l a t e 2 

I n t e r f a c e f o r d i r e c t l y c o u p l e d h i g h 
p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y - 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 



been published by Jewett et^ a l . (308) - Figxire 22. 

The s i m p l e s t example conceptualized i n Figure 22 i n v o l v e s a monoacid, 

R3Sn'*"/ and a s i n g l y charged a n i o n , L~, i n t e r a c t i n g m u t u a l l y o r 

c o m p e t i t i v e l y w i t h t h e s u b s t r a t e . Whereas i s a measure o f t h e 

exchange process normally associated w i t h cation-exchange r e s i n s , k̂ ^ 

and k2 ^^re measures of the less i m p o r t a n t processes o f p a r t i t i o n w i t h 

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

a d s o r p t i o n w i t h u n r e a c t e d s i l a n o l s i t e s . O r g a n o t i n s a l t s are 

c o n s i d e r a b l y more (10^) s o l u b l e i n l o w e r a l c o h o l s t h a n w a t e r (309, 

3 10). T h e r e f o r e , under t h e e x p e r i m e n t a l c o n s t r a i n t s imposed by 

o p t i m i s i n g t h e i r s o l u b i l i t y i n m e t h a n o l / w a t e r m o b i l e phases, i n 

concert w i t h improved column e f f i c i e n c i e s or c a p a c i t i e s and necessary 

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

s e n s i t i v i t i e s , the i n d i v i d u a l e f f e c t s o f pH or l i g a n d L~ s e l e c t i v i t y 

were n o t measured. N o n e t h e l e s s , i t w i l l be seen t h a t these f a c t o r s 

a l s o v a r i a b l y a f f e c t kQ, k^, or k2 t o some extent. 

With an SCX column, p a r t i a l n o n i o n i c s e p a r a t i o n can t h e r e f o r e be 

q u a l i t a t i v e l y e v a l u a t e d by v a r y i n g s o l v e n t p r o p e r t i e s . Thus, t h e 

i n v o l v e m e n t o f a " f r e e " t r i b u t y l t i n c a t i o n s e p a r a t i o n on t h e SCX 

column (308) i n d i c a t e s t h a t by v a r y i n g the m o b i l e phase c o m p o s i t i o n 

and i o n i c s t r e n g t h , o p t i m i s e d c o n d i t i o n s f o r s p e c i a t i o n o f mixtures of 

organotins can be a t t a i n e d . The e f f e c t o f changing the percentage of 

methanol i n the m o b i l e phase and t h e r e d u c t i o n i n r e t e n t i o n t i m e o f 

TBTC w i t h i n c r e a s i n g b u f f e r s t r e n g t h a r e shown i n F i g u r e s 23 and 24 

r e s p e c t i v e l y . I n a d d i t i o n t o reducing the r e t e n t i o n t i m e , an increase 

i n t he p e r c e n t a g e o f methanol i n the e l u e n t i m p r o v e s t h e r e s o l u t i o n 

and hence i n c r e a s e s the s e n s i t i v i t y . The e f f e c t can be seen i n 
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Figure 22 

Proposed interaction of organotin ion with column substrate 
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Figure 23 

Ef f e c t of eluent coaposltion (MeOH : HjO) on response for TBTC 
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F i g u r e 24 

E f f e c t o f NH4O Ac c o n c e n t r a t i o n on t h e r e t e n t i o n t i n e o f TBTC 
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F i g u r e 25 

E f f e c t o f NH^OAc c o n c e n t r a t i o n on a n a l y t i c a l s i g n a l f o r TBTC 
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Figure 26 

Effe c t of elute strength (MeOHtHjO) on resolution and retention time 

of TBTC 
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Figure 27 

Calibration curve for TBTC using coupled HPLC-FAAS 
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F i g u r e s 25 and 26. The o p t i m a l c h r o m a t o g r a p h i c c o n d i t i o n s f o r TBTC 

are summarised i n Table 14. 

Using t h e c o n d i t i o n s i n Tables 13 and 14 a d e t e c t i o n l i m i t o f 200 ng 

TBTC can be o b t a i n e d . The c a l i b r a t i o n c u r v e o b t a i n e d i s shown i n 

F i g u r e 27. 

6.2 Determination of t r i b u t y l t i n compounds i n seawater 

D i s t u r b a n c e s i n c a l c i f i c a t i o n mechanisms i n s h e l l f i s h have been 

r e p o r t e d by s e v e r a l groups o f s h e l l f i s h g r o w e r s (3 11). O r g a n o t i n 

compounds used i n t h e f o r m u l a t i o n o f a n t i f o u l i n g p a i n t s (e.g. b i s 

( t r i b u t y l t i n ) oxide and t r i b u t y l t i n f l u o r i d e and c h l o r i d e (312)) have 

been i m p l i c a t e d i n c a u s i n g t h e extreme s h e l l t h i c k e n i n g and t h e 

fo r m a t i o n o f an i n t r a l a m i n a g e l i n c e r t a i n species (311). As a r e s u l t 

o f t h i s , a s e r i e s o f bans on the use o f o r g a n o t i n a n t i f o u l i n g s on 

v e s s e l s o f l e s s t h a n 25 m have been i n s t i g a t e d by t h e French 

government. However, i n t h e p a s t a n a l y s i s o f TBTC i n seawater has 

u t i l i s e d gas chromatography/mass s p e c t r o s c o p y (GC/MS) (313). The 

t e c h n i q u e developed above u s i n g c o u p l e d HPLC-FAAS was t h e r e f o r e 

e v a l u a t e d as a s i m p l e y e t f a s t and s e n s i t i v e means o f d e t e r m i n i n g 

organotins i n sea water c o l l e c t e d a t various s i t e s around Plymouth. 

Although o p t i m a l c o n d i t i o n s f o r TBTC were determined i n s e c t i o n 4.2.1, 

these were not employed here since i t was hoped t h a t by i n c r e a s i n g the 

r e t e n t i o n time o f TBTC other species c o u l d be i d e n t i f i e d by reducing 

t h e chance o f c o - e l u t i o n . The c o n d i t i o n s s e l e c t e d f o r t h e anol.ysis 

c o n s i s t e d o f a m o b i l e phase o f 0.03 M ammonium a c e t a t e i n 

methano l : w a t e r (70:30) and i s o c r a t i c f l o w a t 3 ml min"^. The 

separation o f Sn̂ "*", Sn̂ "*", and TBTC under these c o n d i t i o n s i s shown i n 
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F i g u r e 28. T r i b u t y l t i n c h l o r i d e and f l u o r i d e can n o t be s e p a r a t e d 

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

separation mechanism o u t l i n e d i n s e c t i o n 6.1.3. Both compounds have a 

r e t e n t i o n t i m e o f s i x minutes i . e . t h e r e t e n t i o n t i m e o f t h e 

t r i b u t y l t i n c a t i o n . 

The o r g a n o t i n compounds were p r e c o n c e n t r a t e d p r i o r t o a n a l y s i s by 

coupled HPLC-FAAS using q u a n t i t a t i v e e x t r a c t i o n i n t o chloroform. Each 

spiked sample was placed on a mechanical shaker p r i o r t o e x t r a c t i o n 

i n t o two 5 ml a l i q u o t s o f chloroform- The e x t r a c t i o n e f f i c i e n c y u s i ng 

t h i s technique was found t o be 92% w i t h a standard d e v i a t i o n of 6.2%. 

To f a c i l i t a t e i n j e c t i o n onto the HPLC column the chlorof o r m was then 

e v a p o r a t e d and t h e sample r e d i s s o l v e d i n methanol. The e x t r a c t i o n 

e f f i c i e n c y o f t h i s second stage was 90% w i t h a standard d e v i a t i o n o f 

5.1%. 

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

v a r i o u s s i t e s b o t h on t h e s u r f a c e and a t depth a t S u t t o n Harbour, 

B a r b i c a n Steps and t h e Naval Dockyard a r e shown i n F i g u r e 29. A 

second sample from the Barbican Steps was also used i n a q u a n t i t a t i v e 

a n a l y s i s o f t h e t r i b u t y l t i n , i d e n t i f i c a t i o n b e i n g c o n f i r m e d by co-

i n j e c t i o n - F i g u r e 30. The l e v e l o f t r i b u t y l t i n i n the o r i g i n a l 

sample was 0.47 y g 1 " \ 

6.3 Conclusions 

The technique described above shows t h a t by c a r e f u l a t t e n t i o n t o the 

atom c e l l , an increase i n s e n s i t i v i t y may be obtained, even when using 

an e x t r e m e l y s i m p l e i n t e r f a c e . The use o f t h e STAT tube above t h e 

flame can be used f o r a l l elements r e a d i l y d i s s o c i a t e d t o t h e i r ground 
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F i g u r e 28 

S e p a r a t i o n o f t i n s p e c i e s by c o u p l e d UPLC-FAAS 

Sn 2-f-

2 U mins 

TBT"^ 

2 A 6 8 10 mins 

TBT + 

2 4 6 8 10 12 mins 
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F i g u r e 29 

I d e n t i f i c a t i o n o f t i n s p e c i e s i n l o c a l c o a s t a l w a t e r s 

1 col o f sample f r o m 

SUTTON HARBOUR 
( b o t t o m w a t e r a p p r o x . 4.5 a) 

l.S mX o f sample f r o m 

BARBICAN STEPS. 
( b o t t o m w a t e r a p p r o x . 6 B) 

E l u t i o n system: 

MeOHilljO 

70:30 

0-lM NH^O Ac 

P r e c o n c e n t r a t i o n 800X 

2 ^ 6 6 lOmms 

1.5 ml o f sample f r o m 

NAVAL DOCKYARD 
( s u r f a c e w a t e r ) 

2 4 6 8 lOmins 
8 10 mins 

174 



F i g u r e 30 

C o - i n j e c t i o n o f TBTC w i t h eamples c o l l e c t e d a t t h e B a r b i c a n S t e p s 

1 ml o f sample 

(800X p r e c o n c e n t r a t i o n ) 

^ 6 8 10 mins. 

1 ml o f s a n ^ l e 

500 ng TBTC 

(20 ; i l o f 25 ppm) 

2 A 6 8 lOmins 
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s t a t e atoms. 

The use o f p u l s e n e b u l i s a t i o n has been w e l l documented as a means o f 

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

a b s o r p t i o n s p e c t r o m e t e r v i a t h e n e b u l i s e r . However/ t h e m e t h o d 

d e s c r i b e d above p r o v i d e s an e l e g a n t means f o r s p e c i a t i o n s t u d i e s a t 

l o w e r l e v e l s t h a n p r e v i o u s l y p o s s i b l e u s i n g t h i s t e c h n i q u e . F u r t h e r , 

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

compounds, such as t r i b u t y l t i n , has p r o v i d e d a s i m p l e a l t e r n a t i v e t o 

GC-MS f o r t h e r o u t i n e d e t e r m i n a t i o n o f s u c h c o mpounds, s i n c e 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 i s r e a d i l y a v a i l a b l e i n most l a b o r a t o r i e s . 
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CHAyrim 7 

COOPLED HPIiC-HYPRIDE-ATOMIC ABSORPTION SPECTROSCOPY 

7.1 I n t r o d u c t i o n 

The c o v a l e n t h y d r i d e s a r e a s e r i e s o f compounds whose e l e m e n t s a r e o f 

t h e C, N and 0 groups, where t h e number o f v a l e n c y e l e c t r o n s i s e q u a l 

t o , o r g r e a t e r t h a n , t h e number o f o r b i t a l s . Of t h e t h i r t e e n e l e m e n t s 

w h i c h come i n t o t h i s c a t e g o r y , e i g h t h a v e been i n d u c e d t o f o r m 

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

u s e ; t h e s e a r e As, B i , Ge, Pb, Se, Sb, Sn a n d Te ( 3 1 4 ) . 

A l t h o u g h h y d r i d e g e n e r a t i o n has been u t i l i z e d f o r o v e r 100 y e a r s f o r 

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

p r o c e d u r e s ( t h e Marsh r e a c t i o n and t h e G u t z e i t t e s t , r e s p e c t i v e l y ) i t 

was n o t u n t i l t h e 1970*s t h a t t e c h n i q u e s w e r e d e v e l o p e d t o o v e r c o m e 

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

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

t e c h n i q u e s has been r e p o r t e d by Godden and T h o m e r s o n ( 3 1 4 ) . T o d a y , 

h y d r i d e g e n e r a t i o n has be e n i n t e r f a c e d w i t h a v a r i e t y o f d e t e c t i o n 

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

t h e above m e t a l s a n d m e t a l l o i d s . The t e c h n i q u e o f f e r s s e v e r a l 

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

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

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

a n a l y t e as a d e s o l v a t e d m o i e t y t o t h e a t o m i s a t i o n s o u r c e (162). These 

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

d e t e c t i o n l i m i t s (315). 
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I n e s s e n c e , h y d r i d e g e n e r a t i o n i s b a s e d on t h e f o r m a t i o n o f t h e 

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

a c u r r e n t o f i n e r t gas a n d l e d i n t o t h e o b s e r v a t i o n zone. H e r e i t i s 

decomposed by h e a t t o f o r m t h e a t o m i c vapour. A number o f d i f f e r e n t 

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

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

p e r f o r m e d . The e x t e n s i v e r e v i e w , by Godden and Thomerson (314) c o v e r s 

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

and a p p l i c a t i o n s i n some d e t a i l . C o n f l i c t i n g o p i n i o n s ( 3 1 6 , 3 1 7 ) 

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

Some a u t h o r s ( 3 1 6 , 318) h a v e p r e f e r r e d s o d i u m t e t r a h y d r o b o r a t e ( I V ) 

s o l u t i o n . O t h e r s h a v e u s e d a m i x t u r e o f t i t a n i u m ( I I I ) 

c h l o r i d e / m a g n e s i u m p o w d e r ( 3 1 9 ) a n d p o t a s s i u m i o d i d e / z i n c 

p o w d e r / t i n d l ) c h l o r i d e (317, 320). A l t h o u g h NaBH4 r e d u c t i o n was n o t 

u s e d i n a t o m i c s p e c t r o s c o p i c a n a l y s i s u n t i l 1972 (32 1) i t has now 

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

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

c o n v e r s i o n e f f i c i e n c y , l o w e r b l a n k l e v e l s , a nd t h e c o - e v o l u t i o n o f 

hydrogen w h i c h h e l p s t o pur g e t h e h y d r i d e . The NaBH^/acid r e a c t i o n i s 

shown below, where E i s t h e element o f i n t e r e s t . 

BH^" + 3H2O + H"*" > « 3 B 0 3 + 8H" 

+ 
Em 

>^^n^ ^2 (excess) 

(m may o r may n o t e q u a l n ) 

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

t o t h e a t o m c e l l h a v e been u s e d a l t h o u g h more r e c e n t s y s t e m s ( 3 2 2 , 

323) have e x c l u d e d such d e v i c e s by swe e p i n g t h e h y d r i d e d i r e c t l y i n t o 
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t h e a t o m c e l l . These s y s t e m s g i v e s p e e d i e r a n a l y s i s , i m p r o v e d 

p r e c i s i o n and g r e a t e r f r e e d o m f r o m i n t e r f e r e n c e s ( 3 2 4 ) c o m p a r e d t o 

manual i n j e c t i o n . 

Flames and t u b e s , e i t h e r f l a m e (322, 323) o r e l e c t r i c a l l y h e a t e d (325, 

326) have been used t o g e n e r a t e f r e e atoms f r o m t h e gaseous h y d r i d e s . 

The h i g h a b s o r b a n c e o f t h e a i r / a c e t y l e n e f l a m e ( 3 2 7 ) a t t h e a r s e n i c 

and s e l e n i u m r e s o n a n c e l i n e s (193.7 a n d 196.0 nm, r e s p e c t i v e l y ) 

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

n i t r o g e n / h y d r o g e n / e n t r a i n e d a i r d i f f u s i o n f l a m e s a r e m a r k e d l y more 

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

(3 16, 317, 327, 3 2 8 ) . The i n t e r f e r e n c e s a r i s i n g f r o m compound 

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

f l a m e s a r e l a r g e l y overcome when gaseous samples o f c o v a l e n t h y d r i d e s 

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

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

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

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

a p p a r e n t l y more pronounced (324). 

7.2 Coupled HPLC-hydride g e n e r a t i o n 

The use o f h y d r i d e g e n e r a t i o n a f t e r s e p a r a t i o n by HPLC has a l s o been 

r e p o r t e d by s e v e r a l groups o f w o r k e r s . I n a comprehensive s t u d y o f 

o r g a n o t i n compounds, T h o r n b u r n B u r n s e t a l . ( 1 6 5 ) f o u n d t h a t t h e i r 

c o u p l e d hydride-ETA-AAS s y s t e m r e a d i l y e n a b l e d t h e d e t e r m i n a t i o n o f 

t i n i n o r g a n o t i n compounds a f t e r m i n e r a l i s a t i o n , and had t h e advantage 

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

r e d i s t r i b u t i o n r e a c t i o n s d i d n o t t a k e p l a c e (330). For t e t r a m e t h y l -

and t e t r a e t h y l t i n t h e response was s i m i l a r t o , b u t n o t i d e n t i c a l w i t h . 
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t h a t o f i n o r g a n i c t i n , b u t f o r o t h e r compounds t h e response, a l t h o u ^ 

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

a l k y l t i n h y d r i d e s p r o d u c e d , n a m e l y R3 sn H, R2 Sn H2 and R Sn H3 - see 

s e c t i o n 7.4.2. 

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

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

s p e c i e s . R i c c i e t a l . (33 1) u s e d i o n c h r o m a t o g r a p h y i n c o n j u n c t i o n 

w i t h h y d r i d e g e n e r a t i o n i n t o an e l e c t r o t h e r m a l l y h e a t e d q u a r t z t u b e 

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

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

r e s t a b i l i z a t i o n f o r one hour between d e t e r m i n a t i o n s , o r t w o s e p a r a t e 

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

r e q u i r e d r e - e q u i l i b r a t i o n f o r one h o u r a f t e r e v e r y 10-15 s a m p l e s . 

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

a n a l y s i s t i m e o f f e r e d no i m p r o v e m e n t on e x i s t i n g LC-ETA AAS s y s t e m s 

( s e e s e c t i o n 4.3.2), i n d e e d t h e r e p e a t e d c o l u m n e q u i l i b r a t i o n ma)ces 

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

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

p e r i s t a l t i c pumps has b e e n d e v e l o p e d by Ebdon e t a l . ( 3 3 2 ) . T h i s 

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

a l . ( 3 3 3 ) f o r use w i t h an i n d u c t i v e l y - c o u p l e d p l a s m a . A s m a l l 

n i t r o g e n / h y d r o g e n / e n t r a i n e d a i r f l a m e was used as t h e atom c e l l and 

s o d i u m t e t r a h y d r o b o r a t e ( I I I ) as t h e r e d u c t a n t f o r t h e r e a s o n s 

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

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

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

d e f i n e d - Such a s y s t e m i s t h u s w e l l s u i t e d f o r use w i t h c o u p l e d HPLC 
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systems and was employed i n t h e work d e s c r i b e d below. 

7.3 A p p l i c a t i o n t o a r s e n i c s p e c i a t i o n 

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

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

r a t i o s . A c o n v e n t i o n a l a i r / a c e t y l e n e f l a m e a b s o r b s 6 2 % o f t h e 

i n c i d e n t r a d i a t i o n a t 193.7 nm, whereas t h e argon-hydrogen d i f f u s i o n 

f l a m e absorbs o n l y a b o u t 15%. The hydrogen d i f f u s i o n f l a m e i s c o o l e r 

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

a b s o r p t i o n a n d i n c o m p l e t e s a l t d i s s o c i a t i o n a r e common. Thus by 

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

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

h y d r i d e g e n e r a t i o n i s , however, i n t h e i n c r e a s e d e f f i c i e n c y i n sample 

t r a n s p o r t . 

As s t a t e d above, by c a r e f u l d e s i g n t h e use o f f l a m e s f o r a t o m i s a t i o n 

g i v e s d e t e c t i o n l i m i t s c omparable t o t h o s e o b t a i n e d w i t h more complex 

systems. The s y s t e m d e s c r i b e d and o p t i m i s e d by Ebdon e t a l . (332) and 

m o d i f i e d by Ward ( 3 4 ) was t h e r e f o r e u s e d h e r e i n a d i r e c t l y c o u p l e d 

HPLC-AAS sy s t e m f o r t h e d e t e r m i n a t i o n o f a r s e n i c . 

7.3.1 E x p e r i m e n t a l 

The b a s i c s y s tem c o n s i s t e d o f t w o p e r i s t a l t i c pumps w h i c h d e l i v e r e d 

t h e a c i d i f i e d s a m p l e (5M H C l ) a t 7.0 m l m i n " \ a n d s o d i u m 

t e t r a h y d r o b o r a t e s o l u t i o n , a t 2.5 ml min"^, t o a m i x i n g c o i l , and t h e n 

i n t o a c o n v e n t i o n a l g a s - l i q u i d s e p a r a t o r . F i g u r e 31. Argon p u r g e gas 

(120 m l min~ b t h e n c a r r i e d t h e v o l a t i l e h y d r i d e s i n t o a s m a l l 

hydrogen d i f f u s i o n f l a m e b u r n t on an i n v e r t e d "Y" g l a s s b u r n e r (8.5 mm 

i . d . , 100 mm h i g h ) . The s i d e a r m s o f t h e b u r n e r a c t i n g as t h e gas 
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F i g u r e 31 

Continuous flow system f o r the generation of gaseous hydrides 

hydrogen 

sodium 
tetrahydroborate (Hi) 

— > — 

sample or 
standard 

hydrogen / entrained air 
flame a tom cell 

mixing coil 

nitrogen 
carr ier gas 

drain, 
to w a s t e 
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i n l e t s , a f u e l gas f l o w o f 180 ml min"^ was used. The b u r n e r was t h e n 

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

b u r n e r / n e b u l i s e r assembly, and a t t h e f o c a l p o i n t o f t h e e n t r a n c e s l i t 

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

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

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

shown s c h e m a t i c a l l y i n F i g . 31. 

V a r i o u s s e p a r a t i o n s y s t e m s h a v e 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 f o r 

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

P o l y t e c h n i c a n d r e p o r t e d b y Tye e t a l . ( 3 0 4 ) . A r e s i n b a s e d s t r o n g 

a n i o n exchange (SAX) BAX 10 column was used w i t h an ammonium c a r b o n a t e 

( 0 . 1 M) e l u t i o n . T h i s i s a p o l y s t y r e n e - b a s e d m a t e r i a l (mean p a r t i c l e 

d i a m e t e r 3 jjm) w i t h q u a t e r n a r y ammonium groups. A l t h o u g h t h e s y s t e m 

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

Z i p a x , a s i l i c a b a s e d a n i o n e x c h a n g e m a t e r i a l (40 ym) a n d a s t e p 

e l u t i o n s y s t e m o f s u l p h u r i c a c i d (10~'*%)/ammonium c a r b o n a t e (0.1 M), 

r e s u l t s i n a p r e c o n c e n t r a t i o n s t e p on t h e Z i p a x , w h i c h i n a d d i t i o n 

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

The c o n d i t i o n s used f o r b o t h h y d r i d e g e n e r a t i o n a'nd s e p a r a t i o n o f t h e 

a r s e n i c s p e c i e s a r e summarised i n T a b l e 15. 

7.3.2 R e s u l t s and D i s c u s s i o n 

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

a r s e n i t e , a r s e n a t e , d i m e t h y l a r s i n i c a c i d (DMA) and m o n o m e t h y l a r s o n i c 

a c i d (MMA) a r e shown i n F i g u r e 33. The c o m p l e t e s e p a r a t i o n i s 

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

n a t u r e o f s w i t c h i n g o v e r e l u e n t s , t h e r e t e n t i o n t i m e s f o r t h e l a s t 
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T a b l e 15 

I n s t r u m e n t a l p a r a m e t e r s f o r t h e H P L C - h y d r i d e g e n e r a t i o n a t o m i c 

a b s o r p t i o n s p e c t r o m e t r i c a n a l y s i s o f a l X y l c i r s e n l c coiq>ounds 

SPECTROMETER CXDNDITIONS 

Lamp: 

Wavelength: 

Background c o r r e c t i o n 

Bandpass: 

A i r f l o w : 

A c e t y l e n e f l o w : 

H o l l o w c a t h o d e lamp 7.0 mA 

193.7 nm 

OFF 

1.0 nm 

4.5 1 min-1 

1.0 1 min -1 

ELUTION SYSTEM 

S o l v e n t t i m e 

S u l p h u r i c A c i d ( 1 0 " ^ % ) 0-2 mins 

Ammonium Carbonate (O.lM) 2-12 mins 

F l o w r a t e 

3.5 ml min~^ 

3.5 ml min*^ 

PERISTALTIC PUMP RATES 

Sodium t e t r a h y d r o b o r a t e ( I I I ) ( 4 % ) , 1.6 ml min"'' 

H y d r o c h l o r i c a c i d (5M), 1.6 ml min"^ 

A u x i l i a r y f l o w s 

1̂ 2 purge f l o w : 0.2 1 rnin"^ 

COLUMNS 

Z i p a x i o n - e x c h a n g e r e s i n 40 ym (100 mm x 5 mm i . d . ) i n s e r i e s w i t h 

s t r o n g anion-exchange r e s i n BAXIO 5 y.m (250 mm x 5 mm i . d . ) 
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F i g u r e 32 

Schematic d i a g r a n o f HPLC-Hydride-FAAS/FAFS c o u p l i n g 

HPLC Column 

NaBH 

M i x i n g C o i l 

G a s - L i q u i d Separator 

Glass Burner 

•1 

u \ 

Purge Gas 
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F i g u r e 33 

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

a o n o n e t h y l a r s o n i c a c i d by d i r e c t l y coupled HPLC-Hydride-FAAS 

( m i n s ) 

Peak 

1 a r s e n i t e 

2 d i o e t h y l a r s l n l c a c i d 

3 nonoiaethy L a r s o n i c a c i d 

4 a r s e n a t e 

10 ng of each epoclos I n j e c t o d 
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t h r e e peaks a r e b e s t measured w i t h r e s p e c t t o t h e l a s t peak. A r s e n i t e 

has b e e n shown t o p a s s t h r o u g h b o t h c o l u m n s w i t h o u t r e t e n t i o n , e v e n 

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

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

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

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

s e n s i t i v e d e t e c t i o n a l o n g w i t h " r e a l - t i m e " d e t e c t i o n . However such a 

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

v o l a t i l e h y d r i d e s . I n many i n s t a n c e s t h i s may n o t be t h e case, even 

t h o u g h t h e a s s o c i a t e d m e t a l may be r e a d i l y r e d u c e d . One e x a m p l e o f 

such s p e c i e s i s t r i b u t y l t i n compounds. W h i l s t Sn̂ "*" w i l l r e a d i l y f o r m 

a v o l a t i l e h y d r i d e , t h e t r i b u t y l t i n s p e c i e s w i l l n o t (b.p. o f BU3SnH 

80°C a t 0.4 mm), and so i s n o t d e t e c t e d by t h e a bove s y s t e m . Thus i t 

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

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

means o f d o i n g t h i s i s d e s c r i b e d b e low. 

7.4 Determination o f t r i b u t y l t i n confounds 

The r a t i o n a l e e m p l o y e d h e r e was t h e same as i n s e c t i o n 6.2 i . e . t o 

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

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

and t h e n d e t e c t i o n by FAAS k e e p i n g t h e i n t e r f a c e as s i m p l e as 

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

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

d e s c r i b e d above d i r e c t l y c o u p l e d t o t h e HPLC column. 
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P l a t e 3 

Complete i n t e r f a c e . s y s t e m f o r d i r e c t l y 
c o u p l e d h i g h perCormance l i q u i d 
chromatography - .hydride - 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 



F i g u r e 34 

S c h e m a t i c d i a g r a m o f c o m p l e t e i n t e r f a c e i n c o r p o r a t i n g t h e UV 

p h o t o l y s i s c o i l 

H2 Atom 
Cell 

NoBH^ Hydride 
Generator N2 Carrier gas 

UV Coil 

HCI 

Air 
HPLC 

Column 

Injector 

Solvent Solvent HPLC 
Pump 

HPLC 
Pump 

Cooling 
Water 
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7.4.1 A p p a r a t u s 

The b a s i c c o n t i n u o u s f l o w s y s t e m and atom c e l l d e s c r i b e d i n S e c t i o n 

7.3-1 ( F i g u r e 31) was u s e d , a l t h o u g h t h e p a r a m e t e r s w e r e c h a n g e d t o 

f a c i l i t a t e t h e g e n e r a t i o n o f t h e t i n h y d r i d e s . A t i n h o l l o w - c a t h o d e 

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

measurements, t h e l i g h t beam i r r a d i a t i n g an a r e a a b o u t 10 mm above t h e 

b u r n e r . The 286.3 nm t i n l i n e was used. 

I n l a t e r work ( S e c t i o n 7.5) t h e i n t e r f a c e was m o d i f i e d t o i n c o r p o r a t e 

an o n - l i n e UV p h o t o l y s i s system. T h i s c o n s i s t e d o f a c o i l o f q u a r t z 

t u b i n g (1.5 mm i . d . ) m o u n t e d on a g l a s s f o r m e r . A l a r g e UV l a m p 

( E n g l e h a r d H a n o v i a Lamps, S l o u g h ) was p l a c e d a t t h e c e n t r e o f t h e 

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

g e n e r a t i o n u n i t . To r e t a i n s a m p l e i n t e g r i t y i n t h e c o i l , a i r 

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

t o r e a c h i n g t h e p h o t o l y s i s c o i l A p e r i s t a l t i c pump (LBK, P r o d u k t e r 

AB, Bromma, Sweden) was used f o r t h i s purpose. The c o m p l e t e i n t e r f a c e 

i s shown i n F i g u r e 34, and i n more d e t a i l i n P l a t e 3. 

7.4.2 Reagents 

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

grade. 

Sodium t e t r a h y d r o b o r a t e ( I I I ) s o l u t i o n 

D i s s o l v e s o d i u m t e t r a h y d r o b o r a t e ( I I I ) ( I g ; G.P.R.; F i s o n s 

S c i e n t i f i c ) i n s o d i u m h y d r o x i d e s o l u t i o n ( 0 . 1 M, 100 m l ) . T h i s 

s o l u t i o n r e m a i n s u s a b l e f o r 2-3 days-
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H y d r o c h l o r i c a c i d 

D i l u t e d t o 0.2 M s o l u t i o n . (BDH C h e m i c a l L t d . , Poole, D o r s e t ) . 

T r i b u t y l t i n c h l o r i d e ( A l d r i c h C h e m i c a l Co. L t d . , G i l l i n g h a m ) 

T i n ( I V ) Stock s o l u t i o n p r e p a r e d as i n S e c t i o n 6.2 

P r e s e r v a t i o n o f s t a n d a r d s 

I t has been shown (309) t h a t t i n ( I V ) i o n s a d s o r b on t o g l a s s s u r f a c e s 

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

appeared t o be s t a b l e . The r e v e r s e i s t r u e f o r o r g a n o t i n compounds, 

e s p e c i a l l y t h e R3 Sn X compounds, w h e r e i t has been shown ( 3 0 8 ) t h a t 

s o l u t i o n s o f t h e s e compounds were s t a b l e when s t o r e d i n b o r o s i l i c a t e 
> 

g l a s s f o r 1 y e a r . 

7.4.3 G e n e r a t i o n o f t r i h u t y l t l n h y d r i d e 

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

i n o r g a n i c t i n (Sn"*"*") u s i n g t h e p a r a m e t e r s s t a t e d i n t h e l i t e r a t u r e 

(322 ) - T a b l e 16. 

T a b l e 16 

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

C o n c e n t r a t i o n 
o f NaBH-

C o n c e n t r a t i o n 
o f HCl (M) 

N i t r o g e n f l o w - r a t e 

1 min"^ 

1% m/v i n 0.1 M NaOH 0.2 1.2 

U s i n g t h e c o n d i t i o n s g i v e n above a d e t r i t i o n l i m i t o f 0.OO5 ] i g m l ~ ^ was 

o b t a i n e d . 
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The i n p u t o f t r i b u t y l t i n c h l o r i d e (TBTC) i n t o t h e h y d r i d e g e n e r a t o r 

was f a c i l i t a t e d by u s i n g b o t h d i s c r e t e i n j e c t i o n s o f s a m p l e and 

c o n t i n u o u s f l o w v i a a p e r i s t a l t i c pump. However i n b o t h c a s e s no 

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

f o r m e d , even when samples c o n t a i n i n g 100 ppm TBTC were used. I n d e e d , 

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

t h e g a s / l i q u i d s e p a r a t o r as an o i l y l a y e r . 

7.4.4 Chemical d e g r a d a t i o n o f o r g a n o t l n coii^>oundls 

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

l i q u i d a method was so u g h t t o degrade t h e TBTC by r e m o v a l o f t h e b u t y l 

groups t o y i e l d Sn"*"*", and hence a l l o w t h e h y d r i d e g e n e r a t i o n t e c h n i q u e 

t o be used s u c c e s s f u l l y . S e v e r a l c h e m i c a l methods were c o n s i d e r e d b u t 

f i n a l l y r e j e c t e d due t o t h e r e a c t i o n t i m e i n v o l v e d and t h e d e s i r e t o 

k e e p a c o n t i n u o u s - f l o w o n - l i n e s y s t e m . A b r i e f summary o f t h e 

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

C a r b o n - t i n bonds a r e t h e r m a l l y s t a b l e b e l o w 200°C, b u t a r e c a p a b l e o f 

p o l a r i z a t i o n by a t t a c k i n g s p e c i e s " i n e i t h e r d i r e c t i o n . O r g a n o t i n 

compounds a r e t h u s s u s c e p t i b l e t o a t t a c k a t t h e c a r b o n - t i n b o n d by 

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

s o l v o l y s i s , a c i d i c a n d b a s i c r e a c t i o n s , h a l o g e h a t i o n , e t c . ( 3 35 -

337). The r e s u l t s o f k i n e t i c s t u d i e s s c a t t e r e d i n t h e l i t e r a t u r e on 

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

h y d r o g e n c h l o r i d e a nd m e t a l h a l i d e s , C r 0 3 i n g l a c i a l a c e t i c a c i d , 

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

r e v i e w e d b y Z u c k e r m a n e t a l . ( 1 9 2 ) . H e m o l y t i c r e a c t i o n s i n v o l v i n g 

o r g a n o t i n compounds w i t h f r e e r a d i c a l s have a l s o been r e v i e w e d (339). 

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

o r d e r i n each r e a c t a n t . I n p o l a r s o l v e n t s t h e r e i s p r o b a b l y i n i t i a l 

s o l v a t i o n o f t h e t i n compound, f o l l o w e d by e l e c t r o p h i l i c a t t a c k (SgZ) 

on a c a r b o n a t o m a d j a c e n t t o t i n . W i t h a l k a l i t h e r e c a n b e 

n u c l e o p h i l i c a t t a c k ( % 2 ) on t h e t i n atom w i t h e x p u l s i o n o f a c a r b o n 

i o n . A l t h o u g h some o r g a n o t i n compounds w i l l u n d e r g o u n i m o l e c u l a r 

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

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

r a d i c a l . The a t t a c k c a n be a t t h e t i n - c a r b o n b o n d , o r e l s e w h e r e i n 

t h e m o l e c u l e ( 3 3 9 ) . F rom t h e s e a n d o t h e r s t u d i e s (340 - 341) i t c a n 

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

t i n i s d e p e n d e n t u p o n t h e t y p e o f o r g a n o t i n compound, t h e number o f 

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

ease o f r e m o v a l o f a l i p h a t i c groups decreases w i t h i n c r e a s i n g s i z e o f 

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

r a p i d l y . For t h e s e r i e s : 

k4 k3 k2 k i 
R^Sn ^ R3 Sn X > R2 Sn X2 > R Sn X3 > Sn X4 

t h e r e a c t i o n r a t e s a r e k^ >> k3 >> k2 " k^. L a b o r a t o r y s o l v o l y t i c 

r e a c t i o n s g e n e r a l l y r e p r e s e n t e x t r e m e pH c o n d i t i o n s (pH < 1 o r > 14). 

H a l f - l i v e s r a n g e f r o m one m i n u t e t o 115 d a y s , d e p e n d i n g u p o n t h e 

c o n d i t i o n s and s p e c i f i c o r g a n o t i n compounds s t u d i e d . The s o l v o l y s i s 

o f t e t r a a l k y l t i n s c a r r i e d o u t under l e s s s e v e r e c o n d i t i o n s (pH = 4 t o 

1 0 ) , may be s e v e r a l o r d e r s o f m a g n i t u d e s l o w e r ( 1 0 ~ ^ t o l O " ^ ) , a n d 

t h e s e t e t r a a l k y l t i n s w i l l r e a c t 10 t o 100 t i m e s f a s t e r t h a n 

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

t h o s e o f t h e t e t r a a l k y l t i n s -

The i n o r g a n i c a n i o n i c g r o u p s i n t h e o r g a n o t i n compounds r e a c t w i t h 
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F i g u r e 35 

S c h e a a t i c d i a g r a m o f c o n t i n u o a s f l o w TBTC d e t e c t i o n s y s tem 

HPLC 
In jector Pump 

Column 

Hydride 
Unit 

Quartz 
Photolysis 
System 

Atomic 
Absorption 
Spectrometer 



F i g u r e 36 

I n i t i a l r e s u l t s f o r the d e t e n i n a t i o n o f TBTC f o l l o w i n g DV p h o t o l y s i s 
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m o i s t u r e and a i r t o c l e a v e f r o m t i n i n an h y d r o l y s i s o x i d a t i o n t o g i v e 

s t a n n o l s and o x i d e s . I n t h i s way s u c c e s s i v e r e a c t i o n o f b o t h p a r t s o f 

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

o x i d e s . 

7.5 Development o f u l t r a - v i o l e t p h o t o l y s i s system 

S i n c e d e g r a d a t i o n o f t h e TBTC by c h e m i c a l means p r o v e d t o be 

d i f f i c u l t , t h e use o f u l t r a - v i o l e t i r r a d i a t i o n was i n v e s t i g a t e d . 

I n i t i a l s t u d i e s u s e d a q u a r t z c o i l wound o n t o a g l a s s f o r m e r , t h e 

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

i n s e r t e d down t h e c e n t r e . I t was e n v i s a g e d a t t h i s s t a g e t h a t i f t h e 

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

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

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

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

c o n t i n u o u s f l o w o p e r a t i o n - F i g u r e 35. 

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

t e c h n i q u e was a v i a b l e method o f d e g r a d i n g TBTC t o g i v e t i n i n a f o r m 

s u i t a b l e f o r p r o d u c i n g a v o l a t i l e h y d r i d e . F i g u r e 36, t h e s y s t e m 

needed v a r i o u s " m o d i f i c a t i o n s . One o f t h e main p r o b l e m s r e s u l t e d f r o m 

t h e w i d e b o r e (^ 1.5 mm) o f t h e q u a r t z c o i l w h i c h a l l o w e d bac)c 

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

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

s e g m e n t a t i o n s y s t e m o f Skeggs. I t was f o u n d , however, t h a t t h e s i z e 

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

bre a k - u p , and i f t o o s m a l l w i l l l e a v e p o c k e t s o f s o l u t i o n b e h i n d . The 

i d e a l s i z e appears t o be 2-3 t i m e s t h e b o r e o f t h e t u b i n g . 
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No a t t e m p t was made t o p r e c i s e l y c o n t r o l t e m p e r a t u r e i n t h e UV 

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

a f l o w o f c o o l i n g a i r a r o u n d t h e s i l i c a c o i l - T h i s was done by 

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

th e h o u s i n g b e i n g v e n t e d t o a l l o w t h e warm a i r and ozone f r o m t h e UV 

r e a c t o r t o e s c a p e a n d be d r a w n away v i a t h e l a b o r a t o r y e x t r a c t i o n 

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

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

been d e s c r i b e d b y M a n t o u r a a n d Woodward ( 3 2 9 ) who u s e d a s i m i l a r UV 

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

a n a l y s e r -

To o p t i m i s e t h e s y s t e m t h e HPLC i n s t r u m e n t a t i o n was d i s c o n n e c t e d and 

t h e s a m p l e s u p p l i e d by means o f a p e r i s t a l t i c pump- The r e s u l t s 

o b t a i n e d f r o m t h e o p t i m i s a t i o n o f a c i d and so d i u m t e t r a h y d r o b o r a t e I V 

s o l u t i o n f l o w r a t e s t o t h e h y d r i d e g e n e r a t o r , f l o w r a t e s o f N2 c a r r i e r 

g a s , a nd pH o f s a m p l e f o r maximum d e g r a d a t i o n o f TBTC i n t h e q u a r t z 

c o i l a r e shown i n F i g u r e s 37, 38, 39 and 40 r e s p e c t i v e l y - The o p t i m a l 

c o n d i t i o n s a r e summarised i n T a b l e 17. 

7-5.1 R e s u l t s and d i s c u s s i o n 

I t can be seen f r o m t h e o p t i m i s a t i o n s t u d i e s above t h a t t h e o p t i m u m pH 

f o r t h e sample, t o a c h i e v e maximum d e g r a d a t i o n by t h e UV i r r a d i a t i o n , 

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

g e n e r a t i o n e f f i c i e n c y - However, i t was f o u n d f r o m t h e k i n e t i c c u r v e s 

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

F i g u r e 4 1 , t h a t u s i n g 1 M a c i d s o l u t i o n t o i m p r o v e t h e d e g r a d a t i o n 

e f f i c i e n c y s t i l l gave 86% c o n v e r s i o n i n t o t h e h y d r i d e . These c u r v e s 

w e r e o b t a i n e d by f i l l i n g t h e c o i l w i t h a 10 ppb s o l u t i o n o f TBTC a n d 
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F i g u r e 39 

U n i v a r i a t e s e a r c h f o r c a r r i e r gas f l o w r a t e 
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T a b l e 17 

Optimum c o n d i t i o n s f o r the h y d r i d e g e n e r a t i o n d e t e r m i n a t i o n o f TBTC 

a f t e r degradation by u.v. p h o t o l y s i s 

H y d r i d e g e n e r a t o r 

A c i d • 

F l o w - r a t e 

0.2 M HCl 

1.5 ml min"^ 

Reductan t 

F l o w - r a t e 

1 % s o l u t i o n o f NaBH^ i n 0.1 M NaOH 

1.8 ml min~^ 

C a r r i e r gas f l o w r a t e 120 ml min""" 

Sample d e g r a d a t i o n 

pH < 1 f o r maximum u.v. d e g r a d a t i o n 

D e t e c t o r 

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

s e c t i o n 7.4.1 
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F i g u r e 41 

D e g r a d a t i o n e f f i c i e n c y o f UV i r r a d i a t i o n on TBTC 
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t h e n t u r n i n g t h e UV lamp and c h a r t r e c o r d e r on s i m u l t a n e o u s l y so t h a t 

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

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

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

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

p o s s i b l e i m p r o v e m e n t on t h e 86% c o n v e r s i o n r a t e a l r e a d y o b t a i n e d . 

H o w e v e r , a l t h o u g h i t c a n a l s o be s e e n f r o m F i g u r e 4 1 , t h a t maximum 

d e g r a d a t i o n o f t h e TBTC, i s a c h i e v e d w i t h i n 16 m i n u t e s , l a t e r s t u d i e s 

r e v e a l e d t h a t t h e d e g r a d a t i o n e f f i c i e n c y was s e v e r e l y degraded w i t h 

e x t e n d e d use. T h i s was t h e r e s u l t o f i n e f f i c i e n t c l e a n i n g o f t h e 

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

q u a r t z c o i l when t h o r o u g h l y c l e a n e d w i t h c h r o m i c a c i d once a g a i n gave 

maximum d e g r a d a t i o n o f t h e s a m p l e i n j u s t u n d e r 20 m i n u t e s . I n a l l 

l a t e r work t h e c o i l was r o u t i n e l y c l e a n e d w i t h c h r o m i c a c i d t o a v o i d 

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

i r r a d i a t i o n . 

The r e s u l t s o b t a i n e d f r o m s t u d i e s on t h e o p t i m u m pH f o r t h e sample i n 

t h e UV c o i l t o a c h i e v e maximum d e g r a d a t i o n - F i g u r e 40, a r e a l s o 

i n t e r e s t i n g . As t h e pH c h a n g e s , so w i l l t h e f o r m o f t h e t i n i n 

s o l u t i o n . Thus t h e c u r v e o b t a i n e d i n F i g u r e 40 may w e l l r e f l e c t t h e 

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

w o u l d be e x p e c t e d a t l o w pH, w h i l s t a t h i g h pH v a l u e s t h e s o l u b l e 

s t a n n a t e f o r m w i l l e x i s t . As t h e s o l u t i o n t e n d s t o w a r d s pH 7, l e s s 

s o l u b l e t i n s p e c i e s such as Sn(0H)4 w i l l e x i s t . Thus t h e e f f i c i e n c y 

o f t h e p h o t o l y s i s s y s t e m may w e l l depend on t h e s o l u b i l i t y o f t h e t i n 

s p e c i e s p r e s e n t . I n a l l l a t e r work a c i d c o n d i t i o n s were used. 

Once t h e above p a r a m e t e r s had been o p t i m i s e d , t h e c h r o m a t o g r a p h was 
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r e c o n n e c t e d . I d e a l l y a c o m p l e t e l y a q u e o u s e l u t i o n s y s t e m w o u l d be 

employed t o m i n i m i s e u.v. absorbance by t h e o r g a n i c s o l v e n t . However, 

t h e e x i s t i n g HPLC system o p t i m i s e d i n s e c t i o n 5.2 was used and f o u n d 

t o g i v e a c c e p t a b l e r e s u l t s , a d e t e c t i o n l i m i t o f 2.0 ng TBTC b e i n g 

o b t a i n e d * The c h r o m a t o g r a m s o b t a i n e d a l s o h a d w e l l d e f i n e d p e a k s 

i n d i c a t i n g t h a t s a m p l e i n t e g r i t y h a d been m a i n t a i n e d w i t h i n t h e 

system. F i g u r e 42 shows t h e c a l i b r a t i o n c u r v e o b t a i n e d f o r TBTC u s i n g 

t h e c o m p l e t e s y s t e m as d e s c r i b e d e a r l i e r i n Fi g x i r e 34. I t s h o u l d be 

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

lOOx b e t t e r t h a n t h a t o b t a i n e d u s i n g t h e HPLC-STAT system d e s c r i b e d i n 

s e c t i o n 6.2. 

F i n a l l y a number o f r e a l s a m p l e s w e r e i n v e s t i g a t e d . N a t u r a l w a t e r 

samples were c o l l e c t e d f r o m a range o f c o a s t a l s i t e s i n t h e P l y m o u t h 

a r e a a n d e x t r a c t e d u s i n g t h e p r o c e d u r e d e s c r i b e d i n S e c t i o n 5.2. I n 

most cases o n l y i n o r g a n i c t i n s p e c i e s were d e t e c t e d , a l t h o u g h , i n one 

harboxir w a t e r sample a number o f s p e c i e s were d e t e c t e d - see F i g u r e 

43. From t h e use o f s t a n d a r d s , t w o o f t h e s e p e a k s h a v e b e e n 

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

i d e n t i t y o f t h e t h i r d s p e c i e s i s unknown. 

The use o f UV p h o t o l y s i s has t h u s b e e n shown t o e x t e n d t h e r a n g e o f 

s p e c i e s w h i c h may be d e t e r m i n e d u s i n g c o u p l e d HPLC-hydride g e n e r a t i o n 

a t o m i c a b s o r p t i o n s p e c t r o m e t r i c a n a l y s i s . However, a l t h o u g h such a 

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

l i s t e d i n S e c t i o n 7.1. The n e x t s e c t i o n d e s c r i b e s a n o v e l s a m p l e 

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

sample i n t r o d u c t i o n v i a t h e n e b u l i s e r , b u t w h i c h may be ex t e n d e d t o a 

much w i d e r range o f s p e c i e s , and a p p l i e d t o s e v e r a l i n t e r e s t i n g t r a c e 
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Figure 43 
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2 4 6 8 10 12 U 16 18 20 22 2^ 26 28 mms 
I I I I I 1 I 

205 



metal s p e c i a t i o n studies. 
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CHAPTER 8 

HOVEL SAMPLE TRANSPORT SYSTEMS 

8.1 Introdaetion 

Transport detectors represent an independent category o f detectors i n 

l i q u i d chromatography. The most w i d e l y r e p o r t e d use of such detectors 

i s where t h e sample i s conveyed, e.g. by a moving w i r e , t o a f l a m e 

ionisotion detector FID (342-348). The s u b s t a n t i a l d i f f e r e n c e between 

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

enter the sensing element o f the det e c t o r d i r e c t l y from the column but 

i s t r a n s p o r t e d through a thermal zone which removes the mobile phase 

and t h r o u g h a zone where e i t h e r v a p o r i z a t i o n or p y r o l y s i s o f t h e 

sample t a k e s p l a c e . Vapours o f t h e substance under a n a l y s i s o r i t s 

p y r o l y s i s products are then detected by sensing elements commonly used 

i n gas chromatography. A w i r e t r a n s p o r t e r (343-345) has been used i n 

most d e s i g n s , (and a l s o used i n t h e o n l y c o m m e r c i a l l y a v a i l a b l e 

d e t e c t o r o f t h i s n a t u r e - now d i s c o n t i n u e d ) , a l t h o u g h c h a i n s ( 3 4 6 ) , 

b e l t s ( 3 4 7 ) , d i s c s (348) and w i r e h e l i x (349) have a l s o been used. 

The n o n - s e l e c t i v e f l a m e i o n i s a t i o n d e t e c t o r (343-348) has been t h e 

most w i d e l y used sensing element. 

More r e c e n t l y moving-belt i n t e r f a c e s have been used f o r coupled l i q u i d 

chromatography - mass spectrometry. I n e a r l y systems p l a s t i c b e l t s 

were used a l t h o u g h t h e r m a l d e s o r p t i o n was fou n d t o be a p r o b l e m . 

Since the e a r l y 1980's however improvements have been made using spray 

d e p o s i t i o n and micro-HPLC equipment. I n a d d i t i o n , new i o n i s a t i o n 

methods are now a p p l i e d d i r e c t l y t o n o n - v o l a t i l e samples on the b e l t . 

These are l a s e r d e s o r p t i o n (355), f a s t atom bombardment (FAB) o f a 
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g l y c e r o l m a t r i x (356), or secondary i o n mass spectrometry (SIMS) from 

a m e t a l l i c ribbon (357). 

Many o f t h e moving w i r e d e t e c t o r s o u t l i n e d above however p r o v e d 

u n s u c c e s s f u l p r i n c i p a l l y f o r two main reasons - t h e i n e f f e c t i v e 

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

c a r r i e r w i t h e f f l u e n t . The problems w i t h the p y r o l y s i s step were t o 

some e x t e n t overcome (e.g. f o r h i g h l y oxygenated compounds) by t h e 

method of Scott and Lawrence (350), i n which the s o l u t e was b u r n t i n a 

stream of oxygen t o carbon d i o x i d e and water, f o l l o w e d by r e d u c t i o n o f 

th e carbon d i o x i d e t o methane, w h i c h can be d e t e c t e d by t h e f l a m e . 

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

s m a l l p a r t o f the e f f l u e n t being coated on the moving c a r r i e r . This 

s e r i o u s l y diminished the s e n s i t i v i t y o f the FID since i t i s mass and 

not c o n c e n t r a t i o n s e n s i t i v e . Although other forms o f t r a n s p o r t device 

e.g. a moving chain (351) can handle l a r g e r q u a n t i t i e s o f e l u a t e , they 

are a l s o n o i s i e r , and l i t t l e , i f any, s e n s i t i v i t y i s gained. A 

f u r t h e r s h o r t c o m i n g o f t h e moving w i r e i s t h e f a c t t h a t aqueous 

s o l u t i o n s are p o o r l y c o a t e d on t h e s t a i n l e s s s t e e l w i r e s commonly 

employed (352). 

Two o t h e r p r o b l e m s w i t h t h e m o v i n g w i r e t e c h n i q u e a r e a l s o 

encountered. F i r s t l y , t h e amount o f c o a t e d e f f l u e n t on t h e w i r e 

remains the same, i r r e s p e c t i v e of e f f l u e n t f l o w r a t e , i n other words, 

the s p l i t r a t i o ( p a r t o f t h e s o l u t e d e p o s i t e d on the w i r e ) w i l l v a r y 

w i t h t h e f l o w r a t e . Secondly, t h e r e i s a tendency f o r the s o l u t e t o 

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

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

c a r r i e r . T h i s e f f e c t i s seen i n t h e chromatogram as sharp " s p i k e s " 
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1 
superimposed on the s o l u t e peaks. 

A number of methods have been d e v i s e d to overcome the above problems, 

s u c h a s s p r a y i n g the column e f f l u e n t on the w i r e i n s t e a d of c o a t i n g 

from a block (353), c o a t i n g the w i r e w i t h a l a y e r of porous absorbent 

( 3 5 4 ) , and f e e d i n g the w i r e d i r e c t l y i n t o a c o m b u s t i o n chamber, the 

t o t a l combustion products being swept by a stream of a i r i n t o the FID 

( 3 4 3 ) . However the t e c h n i q u e r e m a i n e d u n r e l i a b l e and i s now l i t t l e 

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

d uring the mid 1970's. 

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

t r a n s p o r t a continuous stream of e f f l u e n t . However, i f the e f f l u e n t 

i s r e g a r d e d as a s e r i e s of d i s c r e t e a l i q u o t s , the n a t u r e of the 

i n t e r f a c e may be m o d i f i e d to t a k e a d v a n t a g e of the s u c c e s s f u l 

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

Such techniques have the advantage t h a t sample i n t r o d u c t i o n avoids the 

use of a n e b u l i s e r w i t h i t s i n h e r e n t l y low e f f i c i e n c y , so t h a t t h e 

d e t e c t i o n l i m i t s are one to two o r d e r s of magnitude b e t t e r than those 

of c o n v e n t i o n a l f l a m e AAS ( 3 5 8 ) . I n r e c e n t y e a r s v a r i o u s d i r e c t 

sample i n s e r t i o n d e v i c e s have been reported, employing platinum loops 

( 3 5 9 ) , n i c k e l cups (360) and t a n t a l u m b o a t s ( 3 6 1 ) . The b e s t known o f 

t h e s e i s p r o b a b l y the use of a n i c k e l m i c r o - c r u c i b l e , the so c a l l e d 

•Delves cup' (360 ), f o r the d e t e r m i n a t i o n of l e a d i n b i o l o g i c a l and 

environmental s o l u t i o n s . O t h e r d e v i c e s have a l s o been r e p o r t e d f o r 

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

f i l a m e n t and tantalum s t r i p a t o m i s e r s (362). 

T h i s chapter d e s c r i b e s the development of an HPLC-FAAS i n t e r f a c e which 
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u t i l i s e s the b e n e f i t s o f microsample i n s e r t i o n devices by c o l l e c t i n g 

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

t r a n s p o r t e d v i a a s e r i e s o f r o t a t i n g s p i r a l s i n t o the flame. A l t h o u ^ 

based on a s i m i l a r p r i n c i p a l , most o f the d i s a d v a n t a g e s d e s c r i b e d 

above f o r t h e moving w i r e t e c h n i q u e are overcome, a l t h o u g h c e r t a i n 

f e a t u r e s have been r e t a i n e d , such as a d e s o l v a t i o n stage p r i o r t o 

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

s e n s i t i v e and y e t v e r s a t i l e HPLC-FAAS i n t e r f a c e , described here f o r 

use w i t h c o n v e n t i o n a l , and m i n i b o r e HPLC systems. A p p l i c a t i o n s t o 

more s p e c i a l i s t systems such as Fa s t P r o t e i n L i q u i d Chromatography 

(FPLC) are also described-

8.2 Development: of rotating s p i r a l i n t e r f a c e 

8.2.1 Apparatus 

Atomic absorption spectrometer (SP192, Pye Unicam, Cambridge) w i t h a 

r a p i d response i n t e r f a c e (SP198). The i n s t r u m e n t was f i t t e d w i t h 

background c o r r e c t i o n and one of fou r h o l l o w cathode lamps - Zn, Cd, 

Cu and Pb. 

The s o l v e n t d e l i v e r y system (PU4010, Pye Unicam, Cambridge) was 

equipped w i t h an i n j e c t o r (U6K Waters Associated Inc., Massachusetts) 

w i t h a 200 y l sample loop. A n a l y t i c a l columns were self-pac)ced w i t h 

S p h e r i s o r b ODS 2 (Phase S e p a r a t i o n s L t d . , Queens F e r r y , Clwyd). 

Samples were i n j e c t e d d i r e c t l y i n t o the column using a 100 p 1 syri n g e 

( S c i e n t i f i c Glass Engineering, Melbourne, A u s t r a l i a ) . 

A G i l s o n M i n i p u l s 2 ( V i l l i e r s , Le B e l , France) p e r i s t a l t i c pump was 

used f o r some of the development work. 
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Output f r o m the a t o m i c - a b s o r p t i o n s p e c t r o m e t e r was d i s p l a y e d on a 

c h a r t recorder (AR25, Pye Unicam). 

The i n t e r f a c e was c o n s t r u c t e d i n house, a l l e l e c t r o n i c components 

b e i n g o b t a i n e d f r o m R.S. Components (Corby, England). The computer 

used t o c o n t r o l the second i n t e r f a c e was a BBC microcomputer system 

(Acorn Computers Ltd., Cambridge). 

The p l a t i n u m w i r e and a l l reagents used were s u p p l i e d by BDH Chemicals 

L t d . ( P oole, D o r s e t ) . 

8.2.2 Design of the basic system 

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

i n t e r f a c e system capable of c o l l e c t i n g the HPLC e f f l u e n t as i t leaves 

the column and t r a n s p o r t i n g i t i n t o the flame of an atomic a b s o r p t i o n 

spectrometer on some form of r o t a t i n g c o l l e c t i o n device. 

The i n i t i a l system constructed was crudely based on the moving w i r e 

d e t e c t o r d e s c r i b e d i n S e c t i o n 8.1, a l t h o u g h two p a r a l l e l w i r e s were 

used i n place o f the s i n g l e strand. The idea here was t o c o l l e c t and 

h o l d the e f f l u e n t by s u r f a c e t e n s i o n e f f e c t s between the two w i r e s 

which would then r o t a t e the sample i n t o the flame. The wire supports 

h o l d i n g t h e r o t a t i n g s p i n d l e s e r v e d t o segment the sample and hence 

stop the sample spreading as w e l l as give the complete device a degree 

of r i g i d i t y - see F i g u r e 44a- T h i s system p r o v e d u n s a t i s f a c t o r y 

however s i n c e the w i r e s tended t o d i s t o r t and b u c k l e i n t h e f l a m e 

r e s u l t i n g i n loss of sample. The second c o n s t r u c t i o n was s i m i l a r i n 

concept t o the f i r s t i n t h a t t h e sample was a g a i n h e l d between two 

p a r a l l e l edges. I n t h i s d e s i g n however a hexagonal s t a i n l e s s s t e e l 
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Figure 44 

Plan view of p a r a l l e l w i r e and loop sc h e a e s evaluated f o r the 

continuous f l o v interface 

Burner 

P a r a l l e l w i r e s s l o t s cut in 
1/8" etainloss s t e e l plato 

Biirner 

(d) 

loops located in holes 
d r i l l e d into the side of 
the aluminium di s c and held 
by screw 

loops held under washer 
on top of main arm 
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p l a t e was used w i t h p a r a l l e l s l o t s c u t c a r e f u l l y along each edge. The 

l e n g t h o f each s i d e o f t h e hexagon (6 cm) was s e l e c t e d so t h a t once 

r o t a t e d each s l o t l a y d i r e c t l y above t h e s l o t i n t h e b u r n e r . T h i s 

d e s i g n had t h e advantage t h a t each s e c t i o n was c o m p l e t e l y i n s e r t e d 

i n t o t h e f l a m e , as opposed t o the e a r l i e r d e s i g n where o n l y a s m a l l 

s e c t i o n o f the sector was lo c a t e d over the burner s l o t a t any one tim e 

- see Figure 44b. Once again however when heated, the sample was l o s t 

as t he p l a t e b u c k l e d . Reducing t he mass o f the p l a t e d i d n o t 

a l l e v i a t e t h i s problem. 

A t t h i s s t a g e i t was d e c i d e d t o c o m p l e t e l y change t h e d e s i g n o f t h e 

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

boats were evaluated. Althouc^ such devices are w e l l documented i n 

the l i t e r a t u r e f o r s i n g l e d i s c r e t e samples, i t q u i c k l y became apparent 

t h a t such designs were i l l s u i t e d t o the requirement o f the HPLC-FAAS 

i n t e r f a c e sought here w i t h o u t extensive m o d i f i c a t i o n . I n s p i t e o f the 

use of deuterium background c o r r e c t i o n , samples were found t o generate 

t h r e e absorbance peaks. The f i r s t and l a s t peaks were s p u r i o u s and 

coincided w i t h the i n t r o d u c t i o n and w i t h d r a w a l o f the c r u c i b l e from 

the flame. These e f f e c t s have been r e p o r t e d by Bahreyni-Toosi e t a l . 

(363) and a t t r i b u t e d t o changes i n flame temperature a r i s i n g from the 

l a r g e mass o f t h e c r u c i b l e and i t s h o l d e r . A t t e m p t s were made t o 

reduce t h e mass o f the d e v i c e a l t h o u g h t h e s p u r i o u s peaks were n o t 

completely e l i m i n a t e d . 

The basic p r i n c i p l e behind using the sample boats above was t o atomise 

the sample as completely and q u i c k l y as p o s s i b l e i n order t o reco r d a 

h i g h narrow a b s o r p t i o n peak. Since t h i s i s based on r e d u c i n g t h e 

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

213 



e v a l u a t e d f o r h o l d i n g t h e sample. A s e t o f f o u r s i n g l e l o o p s were 

mounted a t 90^ i n t e r v a l s around an a l u m i n i u m d i s c (11 cm d i a . , 3 mm 

t h i c k ) . At t h i s stage the loops were c o n s t r u c t e d from nichrome w i r e 

s i n c e the o b j e c t i v e o f t h i s s e t o f e x p e r i m e n t s was t o d e t e r m i n e t h e 

f e a s i b i l i t y of such an i n t e r f a c e . The loops were found to h o l d up t o 

60 u l o f sample and r e p r o d u c i b l e peaks ( w i t h i n 8% rsd) were obtained 

by d e s o l v a t i n g the sample over a g e n t l e Bunsen burner flame p r i o r t o 

manually r o t a t i n g the loop i n t o the a t o m i s i n g flame - Figure 44c. 

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

use o f a h e a t s h i e l d above the f l a m e t o p r o t e c t t he s p e c t r o m e t e r . 

Other methods t o desolvate the sample were considered, such as the use 

of an i n f r a r e d lamp, although these were r e j e c t e d due t o the p r a c t i c a l 

problems of arranging such a system i n the confined space between the 

spray chamber and t o p o f t h e i n s t r u m e n t . The h e a t s h i e l d w h i c h was 

f i n a l l y c onstructed c o n s i s t e d o f a s t a i n l e s s s t e e l p l a t e w i t h a water 

c o o l e d copper w i n d i n g . At f i r s t f u r t h e r p r oblems were e n c o u n t e r e d 

since the system tended t o d i s t u r b the laminar f l o w o f the a t o m i s i n g 

flame. Gas b a r r i e r s were considered t o help prevent t h i s , although i t 

was f o u n d t h a t t h e p r o b l e m c o u l d be r e c t i f i e d by a n g l i n g t h e h e a t 

s h i e l d towards the chimney above the burner. 

U n t i l t h i s s t a g e , t h e sample had been l o a d e d o n t o the loops u s i n g a 

p r e c i s i o n p i p e t t e . Consequently a v a r i a b l e speed p e r i s t a l t i c pump was 

i n c o r p o r a t e d i n t o f u t u r e work t o r e p r e s e n t t h e HPLC and s u p p l y a 

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

m o d i f i c a t i o n s t o the basic system were necessary. F i r s t l y the number 

o f l o o p s mounted on the r o t a t i n g d i s c was i n c r e a s e d f r o m f o u r t o 

e i g h t . T h i s enabled t h e l o o p s t o be r o t a t e d f a s t e r and hence ensure 
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t h a t a l l the sample was being c o l l e c t e d . Radiation heating from the 

a t o m i s a t l o n flame helped f u r t h e r desolvate the sample i n the p o s i t i o n 

p r i o r t o r e a c h i n g the b u r n e r and t h u s r e d u c i n g t h e t i m e r e q u i r e d t o 

atomise the sample. 

The f i n a l m o d i f i c a t i o n a t t h i s stage was t o the main body of the disc 

h o l d i n g t h e l o o p s . With t h e s o l i d d i s c d e s c r i b e d above, each o f t h e 

l o o p s were l o c a t e d i n a s m a l l h o l e d r i l l e d i n the edge o f t h e d i s c , 

and h e l d i n p o s i t i o n by a s m a l l grub screw f r o m above - see F i g u r e 

44c. To f a c i l i t a t e ease i n p o s i t i o n i n g t h e l o o p , and r e n e w a l when 

necessary, the mountings were changed so t h a t the arm from each loop 

was secured under a washer h e l d by a s m a l l b o l t . I n a d d i t i o n a 

t h i n n e r sheet of aluminium (1 mm) was used t o f a b r i c a t e the d i s c and 

xinwanted sections c u t away t o reduce the weight of the support. This 

proved p a r t i c u l a r l y i m p o r t a n t i n l a t e r work when the p o s i t i o n o f the 

disc was c o n t r o l l e d by a stepper motor - see Section 8.2.5. The f i n a l 

c o n s t r u c t i o n i s shown i n Figure 44d. 

8.2.3 Construction of loops and s p i r a l s 

Having determined t h a t the basic system worked i n p r i n c i p l e , a v a r i e t y 

of d i f f e r e n t shaped loops and s p i r a l s were evaluated. This was done 

i n o r d e r t o f i n d t h e most e f f e c t i v e d e s i g n f o r h o l d i n g t h e sample 

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

peak. The various designs and the r e s u l t i n g absorption peaks obtained 

are shown i n Figure 45. 

Each o f the d e v i c e s i l l u s t r a t e d was l o a d e d w i t h 25 y l o f 1 ppm z i n c 

s o l u t i o n and then manually r o t a t e d i n t o the flame. The 213.9 nm zinc 

l i n e was used w i t h background c o r r e c t i o n . V a r i o u s responses were 
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Figure 45 

Design of the v a r i o u s loops and s p i r a l s evaluated, and r e s u l t i n g ] 

atoialc absorption signals 

0 

<a) 

M 

(e) 

( f ) 

216 

(g) 



Figure 46 

Construction of platinum s p i r a l s 

One piece construction 

nichrome wire support / 

platinum s p i r a l 

mall spot welds 
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cm 

Also see Plate 4 

217 



o b t a i n e d r e f l e c t i n g t h e degree o f a t o m i s a t i o n o f t h e sample f r o m 

various areas of the loop or p l a t f o r m . The s p i r a l devices i n Figures 

45c and 45g, n o t o n l y g i v e a l a r g e , s i n g l e peak, b u t a l s o a l l o w a 

g r e a t e r sample l o a d i n g t h a n t h e o t h e r d e s i g n s and so were used i n 

f u r t h e r work. 

Once the s p i r a l had been adopted, c o n s i d e r a t i o n was given t o various 

m a t e r i a l s f o r i t s c o n s t r u c t i o n . A range o f m a t e r i a l s have been 

rep o r t e d i n the l i t e r a t u r e , a l t h o u ^ no s i n g l e m a t e r i a l would appear 

i d e a l . T h i n t u n g s t e n w i r e has been t r i e d (363) a l t h o u g h f o u n d t o 

o x i d i s e r a p i d l y and thus has a s h o r t working l i f e . Tantalum has al s o 

been examined (363), but although more r e s i s t a n t t o flame o x i d a t i o n , 

i t i s v e r y b r i t t l e and i n c o n v e n i e n t t o work w i t h . The use o f loo p s 

constructed w i t h i r i d i u m have been re p o r t e d (364), although once again 

i t i s b r i t t l e and hard t o shape i n t o a loop or s p i r a l . 

The m a t e r i a l e v e n t u a l l y s e l e c t e d f o r t h i s work was p l a t i n u m (SWG26 -

0.46 mm) due t o i t s c h e m i c a l r e s i s t a n c e and e x c e l l e n t t h e r m a l 

c o n d u c t i v i t y . S p i r a l s made o f pu r e p l a t i n u m however, are e a s i l y 

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

maintenance. During e a r l y i n v e s t i g a t i o n s the s p i r a l s were made w i t h a 

s i n g l e s u p p o r t i n g arm. I n use however, the p l a t i n u m softened i n the 

f l a m e r e s u l t i n g i n a t w i s t i n g o f t h e s p i r a l . T h i s was overcome by 

f u s i n g t h e p l a t i n u m s p i r a l t o a nichrome w i r e s u p p o r t a t b o t h ends 

u s i n g m i n i a t u r e s p o t welds - see F i g u r e 46. I n t h i s way the s p i r a l 

was f u l l y supported so t h a t once the optimum h e i g h t i n the a t o m i s i n g 

flame had been determined, the p o s i t i o n o f the s p i r a l s on r o t a t i o n was 

re p r o d u c i b l e . 

218 



V a r i o u s l e n g t h s o f s p i r a l were a l s o examined. I t was found t h a t t o 

f a c i l i t a t e c o l l e c t i o n o f an HPLC e f f l u e n t a t 1 ml min~^, t h r e e drops 

(a t o t a l o f 31.5 y l ) had t o be c o l l e c t e d on each s p i r a l i f s u f f i c i e n t 

t i m e was t o be a l l o w e d f o r t h e sample t o be c o m p l e t e l y a t o m i s e d . A 

number o f s p i r a l s were constructed a t d i f f e r e n t lengths and c o n s i s t i n g 

o f a v a r y i n g number of turns. I t was found t h a t by winding the s p i r a l 

on a t h r e a d e d s u p p o r t ( d i a . 2.5 mm), r e p r o d u c i b l e s p i r a l s c o u l d be 

made and e a s i l y removed. From t h i s s t u d y a s p i r a l 0.7 cm l o n g 

c o n s i s t i n g o f 6 t u r n s was found t o be a b l e t o s u p p o r t the < r e q u i r e d 

l o a d i n g . The l i f e t i m e o f the s p i r a l s i s i n excess o f 500- h o u r s , 

although s p i r a l s may o c c a s i o n a l l y need remounting due t o o x i d a t i o n o f 

the nichrome w i r e support. 

8.2 .4 OptJjnisa'tioii for ma^r-ifmim s e n s i t i v i t y 

The use o f the s l o t t e d tube atom t r a p and v a r i o u s m o d i f i e d forms o f 

'Delves Cup' have been shown i n p r e v i o u s c h a p t e r s t o g i v e a 

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

adopt a s i m i l a r system here, using a quartz txibe w i t h a s i n g l e hole i n 

the centre. The tube was mounted on two k n i f e edges so t h a t the hole 

was d i r e c t l y above the s p i r a l as i t came t o r e s t i n the flame. 

Three d i f f e r e n t s i z e tubes were evaluated w i t h diameters 8, 10 and 13 

mm. The 13 mm d i a m e t e r tube was c e r a m i c , t h e two s m a l l tubes b e i n g 

made o f quartz. Each tube was a l i g n e d c a r e f u l l y on the burner so t h a t 

the l i g h t beam passed d i r e c t l y along the centre w i t h o u t touching the 

w a l l s . The d e t e c t i o n l i m i t s obtained w i t h each arrangement was then 

d e t e r m i n e d f o r f i v e e l e m e n t s , Zn, Cu, Pb, Sn and Cd, u s i n g 50 y l 

samples loaded onto the s p i r a l u s i n g a p r e c i s i o n p i p e t t e . The r e s u l t s 

obtained are shown i n Table 18. 
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Table 18 

The e f f e c t s of various tube diameters on s e n s i t i v i t y 

Detection 
L i m i t 
using 
pulse 

n e b u l i s a t i o n 
60 y l / n g 

S p i r a l 
w i t h o u t 
Tube/ng 

Fold 
Improvement 

13 mm 
Tube/ng 

Fold 
Improvement 

10 mm 
Tube/ng 

Fold 
Improvement 

8 mm 
Tube 

Fold 
Improvement 

Zn 7.0 2.8 2.5 0.175 36 0.0785 89 

Cu 5.3 2.4 2.2 0.56 9.5 

Pb 28 10 2.8 0.430 65 0.404 69 

Sn 
Air/C2H2 

2200 395 5.7 55.5 40.5 50 45 

Cd 5.8 454 12.7 0.098 59 0.060 96 78 pg 74 



Figure 47 

Cal i b r a t i o n graphs for zinc using the rotating s p i r a l (a) without the 

flame adaptor (b) with tube flame adaptor 

200-̂  

8̂0̂  

Pk Ut 
(mm) 

with atom trap 
(10 mm dia.) 

Det. l i m i t 
78.5 pg 

(a) 

without atom trap 
Det. l i m i t 
2.87 ng 

05 
25 

0-75 
37'S 

Concentration 

10 ppm 
50 ng 
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Figure 48 

C a l i b r a t i o n graphs f o r l e a d u s i n g t h e r o t a t i n g s p i r a l - (a) w i t h o u t 

tube flame adaptor (b) v i t h tube f l a s e adaptor 

Pk Ht 
(mm) 70\ 

w i t h atom t r a p 

(13 mm tube) 

Det. l i m i t 0.43 ng 

w i t h o u t atom t r a p 

Det. l i m i t 10 ng 

ai2S 025 
6-25 12-5 

05 
25 

075 
375 

Concentration 

10 ppm 
50 ng 
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I t can be seen f r o m Table 18 t h a t a s i g n i f i c a n t improvement i n 

s e n s i t i v i t y was o b t a i n e d u s i n g t h e tubes. The c a l i b r a t i o n c u r v e s 

o b t a i n e d f o r Zn and Pb ( w i t h and w i t h o u t t h e t u b e s ) are shown i n 

Figures 47 and 48 r e s p e c t i v e l y . Of the three sizes evaluated, the 10 

mm tube o f f e r e d the gr e a t e s t enhancement and so was sel e c t e d f o r use 

i n f u t u r e work. The d i s a p p o i n t i n g improvement i n s e n s i t i v i t y obtained 

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

which r e q u i r e h i g h e r v a p o r i s a t i o n t e m p e r a t u r e s / e.g. Ag, Ca, Co, Cu, 

Mg, Mn, and N i . (However i t s h o u l d be n o t e d t h a t i t i s p o s s i b l e t o 

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

approaches based on 'Delves Cup*.) By s u b s t i t u t i n g i r i d i u m f o r t h e 

p l a t i n u m as the s p i r a l m a t e r i a l and using ceramic tubes, i n a manner 

s i m i l a r t o B e r n t and Mes s e r s c h m i d t (364 ) , t h i s p r o b l e m may be 

a l l e v i a t e d . 

S t u d i e s were a l s o made on t h e optimum p o s i t i o n o f the s p i r a l i n t h e 

f l a m e below t he tube. I t was f o u n d t h a t i f t h e s p i r a l was p l a c e d 

d i r e c t l y o ver the b u r n e r s l i t and as c l o s e t o t h e tube as p o s s i b l e , 

the l a r g e s t s i g n a l was obtained, Figure 49. An attempt was also made 

t o m o d i f y t h e tubes i n o r d e r t o i n c r e a s e t h e s e n s i t i v i t y . Dawson's 

group (363) have r e p o r t e d t h a t by r e d u c i n g t h e speed o f the gas f l o w 

t h r o u g h t h e t u b e , by e n c o u r a g i n g a c o u n t e r f l o w o f f l a m e gases, 

g r e a t e r s e n s i t i v i t y may be o b t a i n e d . T h i s was a c h i e v e d by c r e a t i n g 

a d d i t o n a l apertures i n the underside of the tube. However attempts t o 

r e p e a t t h i s success u s i n g t h e s p i r a l system were u n s u c c e s s f u l , no 

s i g n i f i c a n t d i f f e r e n c e between tubes w i t h or w i t h o u t the a d d i t i o n a l 

hole being observed. 

I n l a t e r work on o p t i m i s i n g the spectrometer c o n d i t i o n s f o r various 
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Figure 49 

O p t l m i s a ^ o n of h e i g h t o f s p i r a l above burner 

100 

90 

Pk Ht 
(mm) 

80^ 

70^ 

60̂  

Ed 

/,0\ 

30^ 

20 

C2H2 0.9 1 min' 

A i r 4.0 1 min' 

Zn 0.5 ppm 

8 10 12 U 
Height above burner (mm) 

224 



Figure 50 

E f f e c t of varying the flow r a t e o f a i r on the response f o r sine 

100 

90 

C2U2 0.9 1 min -1 

Zn 0.5 ppm 

Pk Ht 
(Bim)3o 

70 

60 

50 

40H 

3.8 3.9 4.0 4.1 4.2 4.3 4.4 
Klow r a t e a i r I mln 

120 

100-

Pk Ht 
(mmJsoi 

60 

40H 

20 

Figure 51 

E f f e c t of varying flow r a t e of C2H2 on the response obtained f o r r i n c 

A i r 4.0 1 min"^ 

Zn 0.5 ppm 

0.5 0.6 0.7 0.8 0.9 1.0 l . i 
Flow r a t e C2U2 1 min* 
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Figure 52 

C a l i b r a t i o n curves f o r Zn obtained a t v a r i o u s C2H2 f l o w r a t e s 

Pk Ht 

0-125 025 

Zn ppm 
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Figure 53 

Apparent menwry e f f e c t s observed w i t h high CjHj flow r a t e s 

A i r 4.1 1 min 

Zn 1 ppm 

-1 

Sample 

I i I 4 ^ 

Memory 

09 lO M 

Flow ra t e C2H2 

Figure 54 

Response obtained from a new platinum s p i r a l w i t h no sample 

0-8 
T-rr 

0^ 10 1-1 1-2 V3 
Flow r a t e C2H2 

1 niin 
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e l e m e n t s i t was n o t e d t h a t t he use o f t h e tube removed some o f t h e 

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

flame gases as the s p i r a l was r o t a t e d i n t o p o s i t i o n . However i t was 

a l s o noted t h a t when high acetylene f l o w r a t e s were used there was an 

a p p a r e n t memory e f f e c t f r o m the s p i r a l s - T h i s was most c l e a r l y 

o b s erved w i t h z i n c , t h e response f o r l e a d and cadmium b e i n g l e s s 

a f f e c t e d by flame conditions-

The e f f e c t s o f v a r y i n g the a i r and acetylene f l o w r a t e s to the burner 

are shown i n Figures 50 and 51 r e s p e c t i v e l y - Although an optimum a i r 

f l o w was o b t a i n e d , the r e s u l t s o b t a i n e d i n F i g u r e 51 would s u g g e s t 

t h a t a v e r y f u e l r i c h f l a m e i s r e q u i r e d - However, when c a l i b r a t i o n 

graphs are made a t i n c r e a s i n g a c e t y l e n e f l o w r a t e s , h i g h f l o w r a t e s 

are f o u n d t o g i v e h i g h b l a n k v a l u e s . F i g u r e 52. To i n v e s t i g a t e t h i s 

f u r t h e r t he s p i r a l was l o a d e d t h r e e t i m e s w i t h sample and t h e n t h e 

response o b t a i n e d f o r f o l l o w i n g b l a n k v a l u e s observed. A range o f 

f u e l f l o w r a t e s between 0.9 and 1.4 1 min"^ were used. As can be seen 

i n Figure 53 apparent memory e f f e c t s are seen a t f l o w rates above 1.1 

1 min"^. To i n v e s t i g a t e i f t h i s represented a t r u e memory e f f e c t , the 

same experiment was repeated w i t h a new p l a t i n u m s p i r a l . The s p i r a l 

was r o t a t e d i n t o the flame, again a t a range o f f l o w r a t e s , although 

no sample was loaded onto the loops. Once again a s i m i l a r e f f e c t was 

observed a t high f l o w r a t e s as shown i n Figxire 54. I t was concluded 

from t h i s t h a t incomplete a t o m i s a t i o n o f the sample from the loop was 

n o t r e s p o n s i b l e , and t h a t t h e a r t e f a c t peaks were produced by 

d i s t u r b a n c e o f the f l a m e by t h e s p i r a l . Since i t was found t h a t t h e 

response f o r lead and cadmium i n various flame c o n d i t i o n s was s i m i l a r 

t o t h a t f o r z i n c , a s e t o f standard flame c o n d i t i o n s were used. These 

and the other spectrometer c o n d i t i o n s are summarised i n Table 19. 
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Table 19 

Spectrometer c o n d i t i o n s f o r use w i t h the r o t a t i n g s p i r a l i n t e r f a c e 

Spectrometer: Pye Unicam SP192 w i t h SP198 r a p i d response i n t e r f a c e 

Zn 

A i r 

Acetylene 

Wavelength 

Lamp Current 

Bandpass 

Scale Exp. 

-1 4.1 1 min 

0.9 1 min""" 

213.9 nm 

3 mA 

0.8 nm 

1 

Pb 

4.1 1 min""" 

0.9 1 min""* 

283.3 nm 

5 mA 

0.8 nm 

1 - 2.5 

Cd 
-1 4 . 1 1 min 

0.9 1 min""* 

22 8.8 nm 

3 mA 

0.8 nm 

1 - 2.5 

Cu 

4,1 1 min 

0.9 1 min""* 

324.7 nm 

5 mA 

0.8 nm 

1 



Figure 55 

Plan v i m of rotating s p i r a l Interface 

Burner head 

Heat 
s h i e l d 
over 
micro-
burner 

Stepper motor 

Quartz tube 

Platinum 
s p i r a 1 

HPLC column 

Ribbon to 
c o n t r o l box 
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A p l a n view o f the coir5)leted i n t e r f a c e i s shown i n Figure 55. 

8.2.5 Automation and c o n t r o l o f r o t a t i o n 

The f i n a l stage i n the development o f t h e i n t e r f a c e was t o automate 

the r o t a t i o n o f the system. Four i m p o r t a n t f u n c t i o n s f o r t h e 

mechanism were i d e n t i f i e d : 

(a) t o r o t a t e the s p i r a l ; 

(b) t o stop a t e i g h t r e p r o d u c i b l e l o c a t i o n s ; 

(c) t o be a b l e t o v a r y t h e speed o f r o t a t i o n and t i m e spent a t any 

s i n g l e l o c a t i o n ; 

(d) t o give a smooth movement t o avoid loss of san5)le. 

V a r i o u s m e c h a n i c a l d e v i c e s were c o n s i d e r e d u s i n g e i t h e r a screw o r 

b e l t d r i v e , a l t h o u g h designs i n c o r p o r a t i n g t h e above r e q u i r e m e n t s 

proved complicated. The system f i n a l l y adopted was a microprocessor 

c o n t r o l l e d stepper motor u n i t . 

The block diagram of the f i r s t system developed i s shown i n Figure 56. 

A 7.5°, 12 V b i - d i r e c t i o n a l stepper motor w i t h permanent magnet r o t o r s 

and 4-phase u n i p o l a r c o n s t r u c t i o n was used. This was c o n t r o l l e d by a 

stepper c o n t r o l I.C (SAA 1027) which was programmed t o give steps i n 

one d i r e c t i o n . The speed o f r o t a t i o n was c o n t r o l l e d by v a r y i n g t h e 

number o f c l o c k p u l s e s f r o m t h e 556 I.C, u s i n g a p o t e n t i o m e t e r . A 

custom b u i l t l o g i c c o n t r o l b o a r d determined the stopping l o c a t i o n s , 

these b e i n g f i x e d a t the end o f each s i x p u l s e . The t i m e i n each 

l o c a t i o n could also be v a r i e d between 3.0 and 23.0 seconds (Table 20) 

by c o n t r o l l i n g the i n p u t o t the 556 I.C. using a second potentiometer. 

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

58. 
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Figure 56 

Block diagram o f microprocessor c o n t r o l l e d automation system 

Clock Logic 
Control 

SAA1027 
Control 
I . e . 

A phase 
Motor 

SAA1027 
Control 
I . e . 

A phase 
Motor 

SAA1027 
Control 
I . e . 

A phase 
Motor 

SAA1027 
Control 
I . e . 

A phase 
Motor 

SAA1027 
Control 
I . e . 

A phase 
Motor 

SAA1027 
Control 
I . e . 

A phase 
Motor 

Timer D i r e c t i o n 
Pulse 

Figure 57 

Block diagram o f computer c o n t r o l l e d automation system 

Computer 74L504 
Buf f e r 

Stepper 
Motor 
Control 
Board 

Stepper 
Motor 
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12V 

1.2 HU 

3 
4 . 7K 5. I V 

1000 UF 

T 

-^4 
240C A.C 

Figure 58 
C i r c u i t diagram f o r c o n t r o l box 



Table 20 

C a l i b r a t i o n o f c o n t r o l box 

P o s i t i o n Time f o r one r e v o l u t i o n / s Time i n each l o c a t i o n / s 

S e t t i n g 

1 2 

0 84 10.5 23.0 

1 84 10-5 23.0 

2 82 10.25 22.5 

3 81 10.00 22.5 

4 78 9.5 22.0 

5 65 8.0 20.5 

6 45 5.5 18.0 

7 30 4.0 16.0 

8 25 3.0 15.5 
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P l a t e 4 

R o t a t i n g s p i r a l i n t e r f a c e f o r d i r e c t l y 
c o u p l e d h i g h performcince l i q u i d 
c h r o m a t o g r a p h y - 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 



The above system was found t o work w e l l except t h a t the large stepping 

a n g l e o f t h e s t e p p e r motor r e s u l t e d i n a j e r k y movement. T h i s was 

reduced t o some e x t e n t by l o w e r i n g t h e mass o f t h e r o t a t i n g w i r e , 

however f u r t h e r damping was s t i l l r e q u i r e d . T h i s was a c h i e v e d by 

using a simple Terry c l i p around the d r i v e s p i n d l e (see P l a t e 4), the 

c l i p b e i n g a d j u s t e d so t h a t i t was as t i g h t as p o s s i b l e w i t h o u t 

p r e v e n t i n g t h e s p i n d l e f r o m r o t a t i n g . A l t h o u g h t h i s crude damping 

mechanism a l l o w e d t h e i n t e r f a c e t o be used s u c c e s s f u l l y , a second 

system was developed g i v i n g a much smoother r o t a t i o n by employing a 

b e t t e r stepper motor. 

I n the second system c o n s t r u c t e d . F i g u r e 57, a 1.8^, 5 V b i ­

d i r e c t i o n a l h y b r i d stepper motor w i t h 4-phase c o n s t r u c t i o n was used 

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

magnet types, w h i l e a t the same t i m e m a i n t a i n i n g very high r e s o l u t i o n 

due t o the s m a l l step angle. The motor was d r i v e n by a 332-098 motor 

d r i v e board, and the necessary clock pulses, d i r e c t i o n , and choice o f 

h a l f o r f u l l s t e p s e l e c t e d v i a a BBC m i c r o c o m p u t e r . T h i s system 

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

w i t h o u t t h e need f o r e x t e n s i v e hardware development s i n c e a l l 

parameters were c o n t r o l l e d v i a the computer program. Figure 59. 

8.3 A p p l i c a t i o n t o t h e d e t e r m i n a ^ o n o f organolead confounds 

Once the complete i n t e r f a c e system had been constructed i t was used 

f o r the d e t e r m i n a t i o n o f a range of organolead compounds, i n c l u d i n g 

d i e t h y l - and d i m e t h y l lead species which cannot be determined d i r e c t l y 

by o t h e r t e c h n i q u e s such as c o u p l e d GC-AAS. I n t h e f i r s t i n s t a n c e , 

chromatographic c o n d i t i o n s based on those r e p o r t e d by Vickrey et^ a l . 

(244) f o r the s e p a r a t i o n o f a l k y l l e a d s were used, Table 2 1. T h i s 
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Figure 59 

Con^uter progran f o r c o n t r o l u n i t 

LIST 
IREM 
lOREM 
30VDU 

PROGRAM BY A - P . H O P K I N S 
S T E P P E R 
23, 1 ,C5;0;0;0.; 

70CLS 
90??<FC61=0 
1 10?^.FC60=255 
130??-FC6l=4 
150??<FC63=0 
170?S<FC62=255 
190??<FC63=4 
210??'.FE62=255 
230*KEY 
250»KEY 
270«KEY 
290»KEY 
310»KEY 
330*KEY 
350»KEY 
370«KEY 
390*KEY 
410*K:EY 
430REfi 
450W=0: 
550A=0 
570H==0 
t590B=0 
610/J=0 
620 R=2::; 
625D=0 
6:-:BPRINT 

4 
5 
6 
7 
8 
9 

FE60= 
X=0: Y 

:0" 
! 1" 
!2" 
!3" 
14" 
!5" 
16" 
; 7.. 

!9" 
155 P UTS 1 ON P B 0 - 7 
0 : 2 = 0 :CL.S 

TAB(32, 10) ; X: PRINT TAB ( 3 8 , 1 2 ) ; I): PR I Nl TABC 14) ; 

6 3 0 P R I N T 
6 5 0 P R I N T 
6 7 0 P R I N T 
6 9 0 P R I N T 
7 1 0 P R I N T 
7 3 0 P R I N T 
7 3 5 P R I N T 
7 4 0 P R I N T 
7 4 5 P R I N T 
7 4 6 P R I N T 
7 4 8 P R I N T 

TAB(10,2) ; 
TAB(13,6) 
rAB(0,B);" 
TAB(0,10) 
TAB(0,12) 
TAB<0,14) 
TAB<0,16) 
TAB(0,18) 
TAB(0,20) 
rAB(0,22>, 
TAB(0,24) 

»*MENU*» 
P R E S S ^0 TO RElTURN TO MENU" 

S E T S T E P S P E E D " 
S E T DELAY BETWEEN S T E P S 
S E T NUMBER OF S T E P S " 
S E T F U L L / H A L F S T E P " 
MOVE S T E P P E R MOTOR" 

"PRESS 
"PRESS 
"PRESS 
"PRESS 
"PRESS 
"PRESS 
"PRESS 
:"PRESS 

-f 1 
+ 2 
•f 3 
^4 
f 5 
•f6 
-f 7 
f 0 

TO 
TO 
TO 
TO 
TO 
TO 
TO 
TO 

R E S E T 
RUN " 
STOP 

SYSTEM' 

•f9 TO S T A R T " 
7501 
760 I F 
J 
770IF 
790IF 
810IF 
820 I F 
830IF 
835 I F 

INKEY(1) 
1=32 THEN J=0 : P R I N T TAB(10,1) PRINT TAB(10,1 

1 = 176 
1 = 177 
1 = 178 
1 = 183 
1 = 179 
1 = 180 

THEN 
THEN 
THEN 
THEN 
THEN 
THEN 

450 
1525 
3000 
870 
4000 
6000 

838IF W=l THEN PRINT JAB(35,15) 
839IFW=0 THEN PRINT TAB(35,15>; 
840IF 1=181 THEN 1290 
850 GOTO 750 
870I=INKEY(10) 
890IF 1=185 THEN PRINT TAB(1,1) 

"HALF 
FULL 

START":GOTO 950 
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9 1 0 I F 1=176 6OTO750 
930GOTO B70 
950 H=0 
970REPEAT 
990H=H+1 
1010??<FE60=A+W 
1030 FOR C=0 TO X:NEX7C 
1050??<FE60=A+2+W 
1070FOR C=0 TO XrNEXTC 
1090IF W=0 THEN Q=l 
I 1 1 0 I F W=l THEN Q=2 
1130UNTIL H=R*Q 
1150L=INKEY(20) 
11 7 0 I F L = i a 4 THEN PRINT TAB(1,1);"STOP ":GOTO 5000 
1 190FTiriE=TIME 
1 1 9 5 I F TiriE=FTIME+(D*100) THEN 1210 
1196 L=INKEY(1) 
119 7 I F L=182 THEN 10 
I199G0T01195 
1210J=J+1 
1230PRINT TAB<10,1);J 
1250 GOTO 950 
1270PRINT TABi( 1 , I ) ; "STOP 
1290K--=INKEY ( 1 ) 
1350 I F K=136 THEN ?.'^<FE60= 1 : ?.'i<FE6W=3 
137 0 I F K=137 THEN ??-FE60=5: ??<FE60-=7 
1390 I F K=176 THEN 750 
1430GOTO127W 
14500=INKEY(10) 
1470PRINTD 
1490FOR T=0 TO 1000:NEXTT 
15106OTO1450 
1525 PRINT T A t i ( 5 , 8 ) ; " 
1530INPUT T A B ( 5 , 4 ) " S E r STEP SPEED "X :CLS 
1550GOTO 628 
3000 INPUT TAB(5,4)"SET DELAY TIME IN SEC "D :CLS 
3020 GOTO 628 
4000PRINT T A B ( 5 , 4 ) " 
4005INPUT TAB(5,4)"NUMBER OF STEPS "R :CLS 
4010GOTO 628 
5000K=1NKEY(1) 
5 0 1 0 I F K=185 THEN PRINT T A B ( 1 , 1 ) ; " CONT ":GOTO 1190 
5015 I F K=176 THEN 750 
5020 GOTO5000 
6000 INPUT TAB<5,4)"HALF OR FULL "Ŵ  :CLS 
6 0 1 0 I F W*="HALF" THEN W=l 
6020 I F W*="FULL" THEN W=0 
6050 GOTO 628 
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T a b l e 2 1 

C h r o m a t o g r a p h i c c o n d i t i o n s f o r t h e d e t e r m i n a t i o n o f a l k y l l e a d 
conqpoonds by d i r e c t l y c o u p l e d HPI£-PAAS 

Column; Whatman 10 \im C-18 ODS ( i ) (25 cm x 4.6 mm i . d . ) 

( i i ) (20 cm X 2.0 mm i . d . ) 

M o b i l e phase 80:20 Methanol:Water 

Flow r a t e ( i ) 0.5 ml min-"* 

( i i ) 0.3 ml min""* 

I n j e c t i o n s i z e : Up t o 1 ml f a c i l i t a t e d 
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s t u d y was made p r i m a r i l y t o e v a l u a t e t h e i n t e r f a c e i n t e r m s o f 

response, peak shape and r e p r o d u c i b i l i t y . 

The f i r s t c h r o m a t o g r a m p r o d u c e d f r o m t h e s y s t e m i s shown i n F i g u r e 60. 

As can be se e n f r o m t h e c h r o m a t o g r a m t h e s e p a r a t i o n t o o k o v e r 45 

m i n u t e s a n d gave t a i l i n g p e a k s . The f l o w r a t e was i n c r e a s e d up t o 

1 m l m i n " ^ , t o r e d u c e t h e r e t e n t i o n t i m e s a n d i m p r o v e p e a k s h a p e , 

a l t h o u g h i t was f o u n d t h a t a t t h i s f l o w r a t e , sample was l o s t due t o 

o v e r l o a d i n g t h e s p i r a l s . To overcome t h i s p r o b l e m and remove f l o w -

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

m i n i b o r e HPLC column was employed i n s t e a d o f t h e c o n v e n t i o n a l s t a n d a r d 

column. 

8.3.1 Ose o f m i n i b o r e HPLC 

The t e r m m i n i b o r e h e r e r e f e r s t o columns w i t h an i n t e r n a l d i a m e t e r o f 

2 mm a n d t h u s f a l l s b e t w e e n c o n v e n t i o n a l c o l u m n s (4.6 mm i . d . ) a n d 

t r u e m i c r o b o r e ( 1 mm i . d . ) . I n r e c e n t y e a r s c o n s i d e r a b l e i n t e r e s t has 

been shown i n t h e u s e o f s m a l l b o r e a n d HPLC c o l u m n s a n d a w i d e 

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

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

( 3 6 5 - 3 6 6 ) . 

T h e r e a r e a number o f b e n e f i t s i n u s i n g m i n i b o r e c o l u m n s f o r HPLC. 

These i n c l u d e : ( a ) h i g h e r mass s e n s i t i v i t y a r i s i n g f r o m t h e s m a l l e r 

s a m p l e s i z e ; ( b ) l o w e r s o l v e n t c o n s u m p t i o n due t o t h e l o w e r e l u e n t 

f l o w r a t e s ; (c) b e t t e r s e p a r a t i o n o f complex m i x t u r e s because o f t h e 

ease o f i n c r e a s i n g column l e n g t h s i m p l y by c o n n e c t i n g s h o r t e r columns 

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

s h o r t columns a t h i ^ e r e l u e n t f l o w r a t e s ; and (e) i m p r o v e d a b i l i t y t o 
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F i g u r e 60 

C h r o u t o g r a A showing t h e s e p a r a t i o n o f a l k y H e a d compounds i n p e t r o l . 

TML 

TKL 

' 1 1 r T 1 1 1 1 r 
0 3 6 9 12 15 18 21 24 27 30 33 36 39 

( m i n s ) 
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i n t e r f a c e w i t h c o u p l e d t e c h n i q u e s , a g a i n due t o l o w e r e l u e n t f l o w 

r a t e s . S e v e r a l o f t h e s e f a c t o r s make t h e u s e o f m i n i b o r e c o l u m n s 

i d e a l f o r t h e HPLC-FJIAS i n t e r f a c e d e s c r i b e d above. 

The m i n i b o r e c o l u m n (2 mm i - d . ) u s e d f o r t h i s w o r k was p a c k e d i n t h e 

c o n v e n t i o n a l way w i t h Whatman 10 ym C-18 ODS. Ho w e v e r , b e f o r e 

c o m m e n c i n g t h e e x p e r i m e n t a l w o r k some c o n c e r n was f e l t o v e r t h e 

r e p r o d u c i b i l i t y o b t a i n a b l e f r o m c o n v e n t i o n a l HPLC pumps when used t o 

d e l i v e r s u c h l o w f l o w r a t e s . To c h e c k t h i s t h e pump was c a l i b r a t e d 

f r o m 0.1 - 0.6 ml min"^. The r e s u l t s a r e shown i n T a b l e 22- A l t h o u g h 

t h e a c t u a l f l o w r a t e s o b t a i n e d s h o w e d a b i a s o f up t o 3 2 % when 

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

o b t a i n e d was < 1%. The c o n v e n t i o n a l HPLC pump was t h e r e f o r e r e t a i n e d . 

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

o p t i m i s e d t o d e t e r m i n e t h e b e s t c h r o m a t o g r a p h i c c o n d i t i o n s 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 a l k y l l e a d compounds i n p e t r o l . The 

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

i n t e r f a c e were t h e n c r i t i c a l l y assessed. 

8.3.2 R e s u l t s and D i s c u s s i o n 

To o p t i m i s e t h e s e p a r a t i o n o f TML a n d TEL i n p e t r o l , t h e e f f e c t o f 

e l u e n t c o m p o s i t i o n a nd f l o w r a t e w e r e e v a l u a t e d . A r a n g e o f 

m e t h a n o l : w a t e r e l u e n t s w e r e u s e d , and t h e r e t e n t i o n t i m e s a n d pe a k 

shapes d e t e r m i n e d f o r 100 y l i n j e c t i o n s o f a 10 ppm TEL s t a n d a r d . The 

r e s u l t s o b t a i n e d a r e shown i n T a b l e 23. C l e a r l y , t h e e l u e n t 

c o m p o s i t i o n has a m a r k e d e f f e c t on b o t h p a r a m e t e r s . The e f f e c t o f 

e l u e n t f l o w r a t e s on t h e r e t e n t i o n t i m e i s shown i n T a b l e 24. I n 

o r d e r t o m a i n t a i n b a s e l i n e r e s o l u t i o n o f t h e t w o s p e c i e s a f l o w r a t e 
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T a b l e 22 

C a l i b r a t i o n o f HPLC puii5> 

Back 
p r e s s u r e 

p s i 

'Puusp S e t t i n g Time t o c o l l e c t 5 mis A c t u a l f l o w r a t e B i a s 

/ml min"^ /s /ml min"^ % 

500 

1400 

2100 

2600 

3000 

5000 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

4420 

1792 

1119 

815 

640 

527 

0.07 

0. 17 

0.27 

0.37 

0.47 

0.57 

- 32 

- 15 

- 10 

- 8 

- 6 

- 5 
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T a b l e 23 

E f f e c t o f e l u e n t c o m p o s i t i o n (MeOHtHjQ) on t h e r e t e n t i o n t i m e o f TEL 

R e t e n t i o n t i m e Peak H e i g h t Time t o e l u t e 
( m i n s ) (mm) ( m i n s ) 

80% 37.5 9 8.4 

85% 24.0 20 5.4 

90% 10.8 35 3.3 

95% 7.5 52 1.5 

100% 4.4 75 1.1 

I n j e c t i o n s i z e 100 \il 

Flow r a t e 0.3 ml min~^ 
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T a b l e 24 

B f e c t o f e l u e n t f l o w r a t e on t h e r e t e n t i o n t i m e s o f TML cind TEL 

ml min"^ TML TEL 

0.1 14.8 10.9 

0.2 7.1 5.0 

0.3 3.2 4.4 

0.4 2,6 3-6 

0.5 2.2 3.1 

0.6 1.6 2.2 
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o f 0.3 m l m i n " ^ was s e l e c t e d f o r f u r t h e r w o r k . The c h r o m a t o g r a p h i c 

c o n d i t i o n s s e l e c t e d f o r t h e s e p a r a t i o n a r e summarised i n T a b l e 2 1 . 

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

i n t e r f a c e . F i g u r e 61 shows how t h e a c t u a l chromatogram i s produced. 

By i n c r e a s i n g t h e c h a r t r e c o r d e r speed t h e response o b t a i n e d f r o m each 

s p i r a l c a n be se e n as a d i s c r e t e peak. A t n o r m a l c h a r t s p e e d s 

however, t h e i n d i v i d u a l peaks a r e n o t o b s e r v e d and a more c o n v e n t i o n a l 

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

i n j e c t i o n s was a l s o i n v e s t i g a t e d . F i g u r e 62 shows t h e r e s u l t s 

o b t a i n e d f r o m a s e r i e s o f s i x 100 \il i n j e c t i o n s o f a p e t r o l s a m p l e 

d i l u t e d 50 t i m e s w i t h m e t h a n o l . The pe a k h e i g h t s o b t a i n e d w e r e 

r e p r o d u c i b l e w i t h i n 5% RSD. F i n a l l y t h e r e s p o n s e o b t a i n e d f r o m a 

s t a n d a r d c a l i b r a t i o n s e r i e s o f TEL was d e t e r m i n e d . F i g u r e 63. Once 

a g a i n a c o n v e n t i o n a l l o o k i n g c u r v e was o b t a i n e d , t h e c a l i b r a t i o n f o r 

TEL b e i n g l i n e a r up t o 400 ng. 

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

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

s e r v e d by c o u p l e d GC-AAS, see S e c t i o n 3.2. To d e m o n s t r a t e one o f t h e 

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

e x t e n d e d t o d i e t h y l a nd t r i e t h y l l e a d compounds. These compounds 

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

s u f f i c i e n t l y v o l a t i l e t o be e l u t e d f r o m t h e column. 

I n i t i a l s t u d i e s gave a r e s p o n s e f o r E t 3 P b C l a f t e r 5.3 m i n u t e s . 

However Et2PbCl2 was n o t o b s e r v e d p r o b a b l y due t o a b s o r p t i o n o n t o t h e 

s t a i n l e s s s t e e l HPLC column and c o n n e c t i n g t u b i n g . The i n s i d e o f t h e 

HPLC s y s t e m was t h e r e f o r e f l u s h e d t h r o u g h w i t h a 5% s o l u t i o n o f 
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F i g u r e 61 

F o r w a t i o n of chronatograM u s i n g the r o t a t i n g s p i r a l i n t e r f a c e 

TEL 

TML 

2 4 6 8 10 2 4 6 8 10 1 

Time(nnins) 
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F i g u r e 62 
R e p r o d u c i b i l i t y o f i n j e c t i o n s 

T E L 

^ L J L -̂ LI. -JX 
+ _ 4 _ ^ I H . I f 

2 ^ 6 2 ^ 6 2 ^ 6 2 6 6 2 6 6 2 6 6 
Time {mins) 
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F i g u r e S3 

C a l i b r a t i o n r e s p o n s e f o r TKL* 

25 ng 



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

To do t h i s , t h i s s y s t e m was w a s h e d t h r o u g h w i t h a c e t o n e a n d t h e n 

hexcine, b e f o r e t h e 5% s o l u t i o n o f d i m e t h y l d i c h l o r o s i l a n e i n hexane was 

u s e d . A f t e r f l u s h i n g t h r o u g h f o r 10 m i n u t e s , t h e r e v e r s e p r o c e d u r e 

was f o l l o w e d i . e . w a s h i n g w i t h hexane and acet o n e b e f o r e r e c o n n e c t i n g 

t h e e l u t i o n s y s t e m above. 

A f t e r s i l a n i s i n g t h e s y s t e m a s h a r p peak was o b t a i n e d f o r Et2pbCl2 and 

a s u b s t a n t i a l i m p r o v e m e n t i n t h e o r i g i n a l r e s p o n s e f o r E t 2 P b C l 

o b t a i n e d , t h e d e t e c t i o n l i m i t b e i n g r e d u c e d f r o m 400 n g ( b e f o r e 

s i l a n i s a t i o n ) t o 10 ng. The d e t e c t i o n l i m i t s f o r e a c h s p e c i e s 

o b t a i n e d w i t h t h e s i l a n i s e d c olumn a r e shown i n T a b l e 25. 

The s e p a r a t i o n o f Pb^"*", TEL, E t 2 P b C l 2 / E t 2 P b C l a n d (CH3COO)3Pb on a 

s i n g l e c h r o m a t o g r a m i s shown i n F i g u r e 64. A f t e r a b o u t t w e n t y 

i n j e c t i o n s however, t h e s h a r p peak o b t a i n e d f o r Et2PbCl2 was f o u n d t o 

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

s t r i p p e d f r o m t h e column. T h i s e f f e c t can be seen i n F i g u r e 65. Re-

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

sh a r p peak a l t h o u g h once a g a i n t h e peak shape q u i c k l y d e t e r i o r a t e d . 

The s p e c i a t i o n o f d i e t h y l and t r i e t h y l l e a d compounds i s t h u s shown t o 

be p o s s i b l e u s i n g t h e d i r e c t l y c o u p l e d HPLC-FAAS s y s t e m d e v e l o p e d . 

However f u r t h e r work i s o b v i o u s l y r e q u i r e d i f t h i s s e p a r a t i o n i s t o be 

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

o f s t a i n l e s s s t e e l w i t h PTFE l i n e d columns and c o n n e c t i n g t u b e s . T h i s 

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

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

phases. 
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F i g u r e 64 

Sepaxation of l e a d s p e c i e s by d i r e c t l y coupled UPXiC-FAAS. 

( m m s ) 
TEL 

0 3 6 

Pb 2 + E t ^ P b C l 

0 3 6 9 12 15 18 

E t ^ P b C l ^ 

0 3 6 9 12 

(CH^COO^Pb 

-t 1 1 1 1 1 1 1 1 1— 

0 3 6 9 12 15 18 21 24 27 30 
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F i g u r e 65 

D e t e r i o r a t i o n o f s i l a n i s e d c o l a m n a f o r the d e t e r m i n a t i o n of d i e t h y l 

l e a d compounds. 

u 
Xi cu r 

CM 4J 

fM 
•IJ 

T 1 1 1 I I 1 I r 
0 3 6 9 12 15 18 21 24 27 30 33 

( m i n s ) 

0 3 
( m m s ) 
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T a b l e 25 

D e t e c t i o n l i m i t s f o r l e a d s p e c i e s by d i r e c t l y coupled HPLC-FAAS 

Pb̂ "*" 0.4 ng 

TEL 20 ng 

Et2PbCl2 20 ng 

Et3PbCl 10 ng 
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8.4 A p p T i c a t i o n t o t h e d e t e r m i n a t i o n o f p r o t e i n bound m e t a l s u s i n g 

F a s t P r o t e i n L i q u i d Chromatography 

Measurements o f t h e t o t a l c o n c e n t r a t i o n o f z i n c i n plasma o r serum a r e 

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

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

p r o t e i n s w i t h a p p r o x i m a t e l y 50-60% bound t o a l b u m i n and 30-40% t o 0 2 ~ 

m a c r o g l o b u l i n s . The r e m a i n d e r may be p r e s e n t as l o w r e l a t i v e 

m o l e c u l a r mass s p e c i e s (367). As t h e c o n c e n t r a t i o n s o f t h e s e c a r r i e r s 

a r e t h e m s e l v e s s u b j e c t t o change, t h e r e l e v a n c e o f an abn o r m a l t o t a l 

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

o f t h e i n d i v i d u a l z i n c - b i n d i n g s p e c i e s . V a r i o u s t e c h n i q u e s have been 

p r o p o s e d f o r t h e f r a c t i o n a t i o n o f z i n c - b i n d i n g p r o t e i n s , i n c l u d i n g 

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 ( 3 6 8 ) , a f f i n i t y c h r o m a t o g r a p h y ( 3 6 7 ) , 

g e l f i l t r a t i o n ( 3 6 8 , 3 6 9 ) , s u c r o s e d e n s i t y - g r a d i e n t c e n t r i f u g a t i o n 

( 3 7 0 ) , s a l t f r a c t i o n a t i o n ( 3 7 1 ) , a n d e l e c t r o p h o r e s i s ( 3 7 2 ) . Some o f 

t h e s e p r o c e d u r e s may d i s r u p t t h e b i n d i n g o f z i n c t o p r o t e i n w h e r e a s 

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

l a b o r a t o r i e s . 

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

f i e l d , M o r i t a e t a l . ( 2 9 0 ) e m p l o y e d g e l p e r m e a t i o n HPLC i n t e r f a c e d 

w i t h ICP. The s y s t e m used a 0.9% NaCl aqueous s o l u t i o n as t h e m o b i l e 

p h a s e , a t a f l o w r a t e o f 1 m l m i n " ^ a n d a m b i e n t t e m p e r a t u r e . Each 

chroma t o g r a m t o o k j u s t under an hour t o r u n , t h e r e s u l t s i n d i c a t i n g a 

range o f m e t a l s a s s o c i a t e d w i t h common p r o t e i n s . However, w i t h t h e 

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

(373-375)/ i t i s now p o s s i b l e t o a c h i e v e h i g h e r r e s o l u t i o n s e p a r a t i o n 

i n a m a t t e r o f m i n u t e s . T h e ^ s y s t e m d e s c r i b e d b e l o w u t i l i s e s one o f 

t h e new c o m m e r c i a l " f a s t p r o t e i n l i q u i d c h r o m a t o g r a p h y " (FPLC) i o n 
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e x c h a n g e c o l u m n s d i r e c t l y c o u p l e d t o a 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 m e t e r v i a t h e i n t e r f a c e d e s c r i b e d above. 

8.4.1 A p p a r a t u s 

The ion-exchange c h r o m a t o g r a p h y was p e r f o r m e d w i t h a Pharmacia FPLC 

sy s t e m (Pharmacia F i n e C h e m i c a l s AB, Uppsala, Sweden), c o n s i s t i n g o f a 

GP 250 g r a d i e n t programmer, t w o P-500 s o l v e n t pumps, a V-7 i n j e c t i o n 

v a l v e , a s o l v e n t m i x e r , a p r e f i l t e r , a sample l o o p o f 50 y l , a UV-1 UV 

m o n i t o r w i t h an HR l o w - d e a d - v o l u m e f l o w c e l l , a n d a Rec-1 r e c o r d e r . 

The Mono Q HR 5/5 u s e d i s a s t r o n g a n i o n e x c h a n g e r b a s e d on a b e a d e d 

h y d r o p h i l i c r e s i n (10 ym). The c h a r g e d g r o u p on t h e g e l i s -CH2-N + 

(CH3)3. 

The a t o m i c a b s o r p t i o n s p e c t r o m e t e r and i n t e r f a c e were as d e s c r i b e d i n 

S e c t i o n 8.2.1. 

A l l s o l v e n t s w e r e HPLC g r a d e (BDH C h e m i c a l s L t d . , P o o l e , D o r s e t ) . 

P r o t e i n s t a n d a r d s were s u p p l i e d by Sigma C h e m i c a l Company L t d ( P o o l e , 

D o r s e t ) . 

The p o o l e d human b l o o d serum was s u p p l i e d by Dr. T. H a r d w e l l , Torbay 

H o s p i t a l . 

8.4.2 S e p a r a t i o n o f p r o t e i n s by FPLC 

C o n v e n t i o n a l c h r o m a t o g r a p h i c t e c h n i q u e s have been used i n b i o m e d i c a l 

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

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

r e s o l u t i o n and s l o w s e p a r a t i o n s . FPLC however i s n o t o n l y f a s t e r t h a n 

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

subsequent a n a l y s i s . The a p p l i c a t i o n o f FPLC t o t h e s t u d y o f p r o t e i n s 

i n body f l u i d s i s s t i l l i n i t s i n f a n c y , a l t h o u g h a number o f methods 

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

( 3 7 6 ) , s e r u m ( 3 7 7 ) and u r i n e ( 3 7 8 ) . 

Two a p p r o a c h e s have b e e n u s e d t o r e s o l v e p r o t e i n s p r e s e n t i n human 

plasma/serum by FPLC: (a) f a s t c h r o m a t o f o c u s i n g ( s e p a r a t i o n a c c o r d i n g 

t o t h e i r i s o e l e c t r i c p o i n t s ) on columns o f Mono PHR 5/20 u s i n g b r o a d 

pH g r a d i e n t s 6.0 - 3.8 a n d 9.0 - 60 ( 3 7 6 ) a n d ( b ) a n i o n e x c h a n g e on 

c o l u m n s o f Mono Q HR 5/5 a t pH 8.6 w i t h a l i n e a r g r a d i e n t o f Na C l (OH 

0.5 M) ( 3 7 7 ) . The o p t i m u m c h r o m a t o g r a p h i c c o n d i t i o n s f o r p r o t e i n 

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

by Tomono e t a l . (377). The e f f e c t s o f s o l v e n t c o m p o s i t i o n , pH, f l o w -

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

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

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

t h i s work were u t i l i s e d i n t h e f o l l o w i n g s t u d y . 

8.4.3 E x p e r i m e n t a l 

B e f o r e u s i n g t h e i n t e r f a c e 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 t h e z i n c i n 

p o o l e d human b l o o d p l asma, t h e t e c h n i q u e was e v a l u a t e d u s i n g s t a n d a r d 

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

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

t h e i n j e c t i o n sequence, f l o w - r a t e , s o l v e n t , g r a d i e n t and d a t a h a n d l i n g 

f a c i l i t i e s o f t h e ch r o m a t o g r a p h . 

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

shown i n T a b l e 26. Th e s e w e r e i n c o r p o r a t e d i n t o t h e o p e r a t i n g 
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T a b l e 26 

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

Column: Mono Q HR 5/5 

Flow r a t e ; 0.8 ml min"^ 

B u f f e r A: B i s - T r i s (0,02 M, pH 6.0) 

B u f f e r B: B u f f e r A + NaCl (0.35 M) 

G r a d i e n t : 0 - 2 m i n s b u f f e r A; 2 - 1 5 m i n s l i n e a r g r a d i e n t t o 1 0 0 % 

B; 15 - 20 mins b u f f e r B. 

D e t e c t i o n ; 280 nm, 1.0 AUFS 

I n j e c t i o n : s i z e 100 y l 
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p r o g r a m m e ( F i g u r e 6 6) w h i c h a l s o i n c l u d e s f a c i l i t i e s t o t a k e t h e 

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

e a c h r u n . A l t h o u g h t h i s s e p a r a t i o n c a n be a c h i e v e d i n u n d e r e i g h t 

m i n u t e s u s i n g a f l o w - r a t e o f 2 m l m i n " ^ , a s l o w e r e l u t i o n t i m e was 

t o l e r a t e d h e r e i n o r d e r t o comply w i t h t h e f l o w - r a t e r e s t r i c t i o n s o f 

t h e i n t e r f a c e . 

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

t h e s t a n d a r d FPLC UV d e t e c t o r (280 nm), t h e s y s t e m was c o n n c e c t e d t o 

t h e a t o m i c a b s o r p t i o n i n t e r f a c e . T h i s was s i m p l y a c h i e v e d by 

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

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

d e t e c t i o n was f a c i l i t a t e d i n s e r i e s w i t h UV d e t e c t i o n . The use o f t h e 

t w o d e t e c t o r s i n s e r i e s was p a r t i c u l a r l y u s e f u l i n t h i s work s i n c e use 

o f t h e Mono Q c o l u m n p r o v e d p r o b l e m a t i c ( s e e S e c t i o n 8.4.4), t h e UV 

chromatograms o b t a i n e d a l l o w i n g a check o f t h e chro m a t o g r a p h y f o r each 

i n j e c t i o n . T h r e e c h r o m a t o g r a m s w e r e o b t a i n e d f r o m t h e s y s t e m t o 

i d e n t i f y z i n c , copper and cadmium a s s o c i a t e d w i t h t h e t w o p r o t e i n s . 

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

S e c t i o n 8.2.4. 

F i n a l l y a s t u d y o f z i n c a s s o c i a t e d w i t h a s a m p l e o f p o o l e d human 

p l a s m a was made. The o p t i m u m c o n d i t i o n s f o r t h e s e p a r a t i o n o f 

p r o t e i n s i n plasma as d e t e r m i n e d by Tamono e t a l . (see S e c t i o n 8.4.2) 

w e r e used. These c o n d i t i o n s a n d t h o s e f o r t h e s p e c t r o m e t e r a r e 

summ a r i s e d i n T a b l e 27. The sample was d e p o s i t e d o n t o t h e s p i r a l s as 

above, a l t h o u g h i t was n o t p o s s i b l e t o r e d u c e t h e e l u e n t f l o w - r a t e and 

r e t a i n r e s o l u t i o n . To o v e r c o m e t h i s p r o b l e m a s e c o n d b u r n e r was 

i n c o r p o r a t e d t o d e s o l v a t e t h e s a m p l e . A g e n t l e f l a m e was u s e d , a n d 
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F i g u r e 66 

FPLC c o n t r o l programme f o r t h e s e p a r a t i o n o f p r o t e i n s 

0.0 CONE % B 0.0 

0.0 ML/MIN 0.8 

0.0 CM/MIN 0.33 

0.0 LOOP TMS 1 

0.0 VALVE.POS 1.1 

0.0 ALARM 0.1 

0.0 HOLD 

0.0 CONC % B 0.0 

0.0 VALVE.POS 1.2 

0.0 CLEAR DATA 

0.0 MONITOR 1 

0.0 LEVEL % 4.0 

0.0 MIN/MARK 1.0 

0.0 INTEGRATE 1 

2.0 CONC % B 0.0 

15.0 CONC % B 100 

15.0 INTEGRATE 0 

18.0 CONC % B 100 

20.0 CONC % B 0.0 

20.0 END OF LOOP 
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T a b l e 27 

Summary of c o n d i t i o n s f o r the d e t e r m i n a t i o n o f z i n c i n pooled human 

plasma by d i r e c t l y coupled FPU:-FAAS 

S p e c t r o m e t e r c o n d i t i o n s : 

Wavelength 

A i r 

C2H2 

S c a l e Exp. 

Background c o r r e c t i o n 

213.9 nm 

4.0 1 min""* 

0.5 1 min""* 

2 

ON 

Ch r o m a t o g r a p h i c c o n d i t i o n s 

Column: 

Flow r a t e : 

B u f f e r A: 

B u f f e r B: 

G r a d i e n t : 

D e t e c t i o n : 

I n j e c t i o n s i z e 

Mono Q HR 5/5 

2 ml min"^ 

0.05 M T r i s HCl, pH 8.6 

B u f f e r A w i t h 0.5 M NaCl 

l i n e a r g r a d i e n t o f NaCl t o 0.5 M 

280 nm 

100 p i 

I n t e r f a c e 

L o c a t i o n t i m e 8.5 sees 

E x t r a b u r n e r used t o d e s o l u a t e sample 

Tube above b u r n e r removed 
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F i g u r e 67 

Separation of Albumin and F e r r i t i n on Mono Q 

Albumin 

3 6 9 12 15 18 21 
(mins) 

F e r r i t i n 

^ 

Gradient 
p r o f i l e 

3 6 9 12 15 18 21 
(mi n s ) 

Mono Q UR 5/5 

-1 

3 6 9 12 15 18 21 

Column: 

Flow r a t e : 0.8 ral a i n 

Bu f f e r A: B i s - T r i s (0.02M, pH 6.0) 

Buf f e r B: B u f f e r A + NaCl (0.35M) 

Gr a d i e n t : 0-2 mins b u f f e r A; 2-12 n i n s l i n e a r 
g r a d i e n t t o 100% B; 12-20 mins 
b u f f e r B 

Dete c t i o n UV-1, HR Flow C e l l , 280 nm, 1.0 AOFS 
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f o u n d t o be s u f f i c i e n t t o reduce t h e s o l v e n t l o a d i n g on t h e s p i r a l t o 

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

s a m p l e . Once a g a i n b o t h t h e UV a n d e l e m e n t s p e c i f i c d e t e c t o r s w e r e 

con n e c t e d i n s e r i e s . 

The use o f b a ckground c o r r e c t i o n was f o u n d t o be r e q u i r e d t o overcome 

t h e e f f e c t s o f h i c ^ l e v e l s o f NaCl (0.5 M) i n t h e b u f f e r s . The use o f 

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

a l t h o u g h s i n c e r e l a t i v e l y h i g h l e v e l s o f z i n c ( 1 y.g/ml) were e x p e c t e d 

i n t h e p l a s m a , t h e use o f t h e t u b e s was unnecessary. 

The s a m p l e o f p o o l e d human p l a s m a , was d i l u t e d t e n t i m e s w i t h t h e 

s t a r t b u f f e r , 100 y l b e i n g i n j e c t e d i n t o t h e c h r o m a t o g r a p h . A l l 

s a m p l e s w e r e f i l t e r e d t h r o u g h a 0.22 ym s t e r i l e f i l t e r b e f o r e use. 

The u s u a l p r e c a u t i o n s f o r d e a l i n g w i t h b i o l o g i c a l samples were t a k e n . 

8.4.4 R e s u l t s and D i s c u s s i o n 

The c h r o m a t o g r a p h i c c o n d i t i o n s i n T a b l e 26, s e p a r a t e d t h e a l b u m i n and 

f e r r i t i n i n u n d e r 18 m i n u t e s . F i g u r e 67. The g r a d i e n t p r o f i l e 

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

b a s e l i n e , i . e . 0% B u f f e r B, a f t e r 2 1 m i n u t e s . The r e s u l t s o b t a i n e d 
ore 

when m o n i t o r i n g z i n c , copper and cadmiumj^shown i n F i g u r e 68. A t i m e 

l a g i s o b s e r v e d f o r each peak r e p r e s e n t i n g t h e t i m e f o r t h e sample t o 

t r a v e l b e t w e e n t w o d e t e c t o r s . I t c a n be s e e n f r o m t h e r e s u l t s t h a t 

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

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

c hromatogram o b t a i n e d f o r copper l a c k s t h e r e s o l u t i o n o b t a i n e d w i t h 

z i n c , t h e l a c k o f s e n s i t i v i t y b e i n g e x p e c t e d f r o m e a r l i e r w o r k , see 

S e c t i o n 8.2.4. C l e a r l y however, t h e i n t e r f a c e has e n a b l e d t h e m e t a l s 
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Figure 68 

Ghromatogranis obtained from d i r e c t l y coupled FPLC - AAS system f o r Zn, 

Cu and Cd a s s o c i a t e d w i t h albumin and f e r r i t i n 

OV p r o f i l e a t 280 am j 

Chromatographic 
c o n d i t i o n s as 
i n F i g . 67 

/ Aibamin 

(mins) 

I Gradient 
p r o f i l e 

Zn 

Cu 

12 15 18 21 24 

9 12 15 18 21 24 

Cd 
3 6 
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(mins) 



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

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

Mono Q c o l u m n . Even t h o u g h c a r e was t a k e n t o f i l t e r a l l s a m p l e s 

b e f o r e u s e , and r e - e q u i l i b r i a t e t h e c o l u m n b e t w e e n i n j e c t i o n s , 

d i f f i c u l t y was e x p e r i e n c e d i n o b t a i n i n g r e p r o d u c i b l e chromatograms. 

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

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

1 m l i n j e c t i o n s o f 75% a c e t i c a c i d r e m o v e d m o s t o f t h e p r o b l e m , 

a l t h o u g h t h e c o l u m n was a l s o w a s h e d w i t h 8 0 % m e t h a n o l i m m e d i a t e l y 

a f t e r t h e a c i d wash. T h i s i s r e c o m m e n d e d by t h e m a n u f a c t u r e r s t o 

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

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

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

f o u n d t o be t i m e consuming and t e d i o u s . 

The f i n a l e x p e r i m e n t u s i n g p o o l e d human plasma gave t h e c h r o m a t o g r a m 

i n F i g u r e 69. A g a i n t h e s a l t g r a d i e n t i s shown. The c o m p l e t e 

c hromatogram was o b t a i n e d i n under 12 m i n u t e s . The work o f Tomono e t 

a l . ( 3 7 6 ) r e f e r r e d t o a b o v e , i n c l u d e d t h e u s e o f i m m u n o c h e m i c a l 

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

t o t a l o f 14 c o m p o n e n t s w e r e i d e n t i f i e d , t h e p e a k c o r r e s p o n d i n g t o 

a l b u m i n b e i n g shown i n F i g u r e 69. The r e s p o n s e o b t a i n e d u s i n g t h e 

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

a l b u m i n f r a c t i o n . No f u r t h e r w o r k was c a r r i e d o u t on t h e s a m p l e 

a l t h o u g h t h e s t u d y c o u l d have been e x t e n d e d t o q u a n t i f y t h e amount o f 

z i n c p r e s e n t ( u s i n g p e a k a r e a ) a n d f u r t h e r e x t e n d e d t o t h e 

d e t e r m i n a t i o n o f o t h e r m e t a l s . The i n t e r f a c e , however, was p r o v e d t o 

o p e r a t e r e l i a b l y , and shows much p r o m i s e f o r f u t u r e work i n t h e a r e a 
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Figure 69 

Chromatogram of pooled human plasma showing a s s o c i a t e d s i n e 

C o l u K i : Mono Q UR 5/5 

Flow r a t e : 2 ml mln~^ 

Buffer A : 0.05H T r i a HCl, pH 8.6 

Buffer A with 0.5M NaCl Buffer B 

Gradient: l i n e a r g r a d i e n t of HaCJ 
O.SM 

Detection: 280 nm 

Albumin 

G r a d i e n t 
p r o f i l e 

T- 0.5 

- I 1 - 1 1~ 

10 11 12 13 

t l K (mins) 

Zn 
213-9nm 
ik Ir fV^Mit i j i l 
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o f c l i n i c a l a n a l y s i s . 
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CHAPTER 9 

FOTPRE WORK AMD COHCLPSIONS 

9.1 Suggestions f o r f u t u r e work 

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

d e s c r i b e d i n t h i s w o r k g i v e some i n d i c a t i o n o f t h e v e r s a t i l i t y o f 

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

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

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

HPLC-FAAS. I n r e c e n t y e a r s , t h e s h e l l - f i s h i n d u s t r y i n c e r t a i n p a r t s 

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

q u a l i t y and r e d u c e d meat y i e l d o f s t o c k s . T h i s has been a t t r i b u t e d t o 

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

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

There a r e c u r r e n t l y moves t o f o l l o w t h e French example and ban t h e use 

o f c e r t a i n a n t i f o u l a n t s a n d i n t r o d u c e a 0.02 ppb q u a l i t y l i m i t f o r 

t r i b u t y l t i n t h r o u g h Government l e g i s l a t i o n . However, much work s t i l l 

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

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

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

o r g a n o t i n compounds by d i r e c t l y c o u p l e d HPLC-FAAS as d e v e l o p e d i n t h i s 

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

o f a n a l y s i s , w e l l s u i t e d t o t h e l a r g e number o f samples e n c o u n t e r e d i n 

s u r v e y work and d e g r a d a t i o n s t u d i e s . 

The d i f f e r e n t i a t i o n between more o r l e s s t o x i c s p e c i e s o f a r s e n i c has 

a l s o been shown t o be p o s s i b l e u s i n g d i r e c t l y c o u p l e d HPLC-FAAS. Two 

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

r e a d i l y r e d u c i b l e s p e c i e s . H o w e v e r , i n many s t u d i e s n o n - r e d u c i b l e 

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

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

r e d u c i b l e s p e c i e s ( d e t e r m i n e d by h y d r i d e g e n e r a t i o n ) . D i r e c t l y 

c o u p l e d HPLC-AAS however has t h e p o t e n t i a l t o p r o v i d e a d i r e c t means 

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

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

f o o d a n a l y s i s . L i t t l e w o r k has be e n c a r r i e d o u t t o d e t e r m i n e t h e 

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

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

c o n c e n t r a t i o n s u s i n g t r a d i t i o n a l t e c h n i q u e s . The methods d e s c r i b e d i n 

t h i s work, e i t h e r used d i r e c t l y o r f o l l o w i n g f u r t h e r d evelopment, f o r 

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

subsequent GC-AAS a n a l y s i s , may be o f g r e a t v a l u e i n d e t e r m i n i n g t h e 

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

d i e t a r y r i s k . 

The use o f c o u p l e d HPLC-AAS f o r t h e s p e c i a t i o n o f a r s e n i c a nd 

o r g a n o a r s e n i c compounds i n o i l s h a l e r e t o r t a n d p r o c e s s w a t e r s has 

a l r e a d y been r e p o r t e d (258). Such s t u d i e s may however be e x t e n d e d t o 

compounds o f v a n a d y l a n d n i c k e l t o p r o v i d e a f i n g e r p r i n t b a s e d on 

m e t a l s p e c i a t i o n (253). D e s p i t e numerous s t u d i e s d i r e c t e d t o w a r d s t h e 

i d e n t i f i c a t i o n o f v a n a d y l a n d n i c k e l n o n - p o r p h y r i n compounds ( 3 7 9 ) , 

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

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

u n l i k e m e t a l l o p o r p h y r i n compounds, do n o t have r e a d i l y d i s c e r n i b l e UV-

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

r e q u i r e s n o v e l s e p a r a t i o n and d e t e c t i o n t e c h n i q u e s . Some work on t h i s 
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has a l r e a d p been done b y F i s h e t a a j _ ( 2 5 2 , 253) u s i n g HPLC-ETA-AAS. 

However by u t i l i s i n g m i n i b o r e HPLC s e p a r a t i o n t e c h n i q u e s as d e s c r i b e d 

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

c o u p l i n g s c o u l d be overcome. 

One f u r t h e r f i e l d i n w h i c h t h e advantages o f c o u p l e d HPLC-AAS can be 

r e a d i l y i d e n t i f i e d i s t h a t o f c l i n i c a l a n a l y s i s . I t has been shown i n 

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

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

f o l l o w i n g s e p a r a t i o n by FPLC. The examples used i n t h e t e x t l o o k e d a 

c o p p e r , z i n c a nd c a d m i u m a f f i l i a t e d t o v a r i o u s common p r o t e i n s . 

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

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

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

human u r i n e . S i n c e t h e d i s c o v e r y t h a t s e l e n i u m i s an e s s e n t i a l 

e l e m e n t (380), t h e r e has been an i n c r e a s i n g i n t e r e s t i n t h e e l e m e n t . 

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

by c h e m i c a l a g e n t s s u c h as a m i n a z o c ompounds, p o l y c y c l i c a r o m a t i c 

h y d r o c a r b o n s a n d n i t r o s a m i n e s (338., 322 ) , a n d t h i s h a s b e e n 

e x t e n s i v e l y r e v i e w e d ( 2 5 0 ) . V a r i a t i o n s i n d i e t a r y s e l e n i u m i n t a k e 

have been s u g g e s t e d as an e x p l a n a t i o n f o r d i f f e r e n c e s i n t h e i n c i d e n c e 

o f c a n c e r s i n v a r i o u s human p o p u l a t i o n s (200). I n a d d i t i o n s e l e n i u m 

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

d i s e a s e s (201). The cibove l i t e r a t u r e i n d i c a t e s t h a t t h e r e i s a range 

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

range d e f i c i e n c y o r t o x i c i t y e f f e c t s can o c c u r . Since s e l e n i u m i s t h e 

e l e m e n t w i t h t h e n a r r o w e s t d i f f e r e n c e between d e f i c i e n c y and t o x i c i t y , 

r e l i a b l e methods a r e needed t o check t h e s e l e n i u m s t a t e s o f man and t o 
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m o n i t o r o c c u p a t i o n a l e x p o s u r e t o t h i s e l e m e n t by m e a s u r i n g i t s 

c o n c e n t r a t i o n s i n body f l u i d s . Serum, plasma, or whole blood may be 

taken for measurement, although i n c a s e s of i n t o x i c a t i o n or to provide 

i n f o r m a t i o n on the b a l a n c e b e t w e e n i n t a k e and o u t p u t , t h e s e l e n i u m 

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

important f e a t u r e i n body homeostasis (202). 

A s e c o n d c l i n i c a l a p p l i c a t i o n w h i c h w o uld b e n e f i t from t h e u s e of 

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

a n t i - n e o p l a s t i c drugs such as C i s - d i c h l o r o d i a m i n e - p l a t i n u m ( I I ) , ( C i s 

DDP). I n f o r m a t i o n concerning l e v e l s , d i s t r i b u t i o n and h a l f - l i f e of the 

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

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

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

a n a l y s i s s i n c e t h i s i s o f t e n important i n r e t a i n i n g the i n t e g r i t y of 

the s a m p l e ( 2 0 2 ) . The d i r e c t l y c o u p l e d t e c h n i q u e s d e s c r i b e d c a n 

r e a d i l y meet such requirements i n a d d i t i o n to p r o v i d i n g the s p e c i a t i o n 

data r e q u i r e d . 

The d i s c u s s i o n above o u t l i n e s a number of a p p l i c a t i o n s f o r the v a r i o u s 

i n t e r f a c e techniques d e s c r i b e d i n t h i s work. However, one of the most 

v e r s a t i l e of t h e s e , the r o t a t i n g s p i r a l i n t e r f a c e , may a l s o b e n e f i t 

from f u r t h e r r e f i n e m e n t s i f i t i s t o be u s e d i n r o u t i n e work. The 

c o m p u t e r i s e d o p e r a t i n g s y s t e m d e s c r i b e d has been d e v e l o p e d w i t h an 

e m p h a s i s on c o n t r o l l i n g t he movement o f the s p i r a l s . One s u c h 

r e f i n e m e n t would t h e r e f o r e be to use the computer f o r data h a n d l i n g 

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

c o u l d provide i n f o r m a t i o n on peak i d e n t i f i c a t i o n and give s i m u l t a n e o u s 

q u a n t i f i c a t i o n i n terms of both peak a r e a and peak height. Such data 
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i s o b v i o u s l y b e n e f i c i a l i n many a p p l i c a t i o n s , although the p o t e n t i a l 

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

f i l t e r i n g . The d e s o l v a t i o n system employed i n the above system c o u l d 

a l s o be improved by u s i n g e l e c t r i c a l l y heated s p i r a l s - T h i s c o u l d be 

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

arm. The a d v a n t a g e o f t h i s would be g r e a t e r c o n t r o l o v e r the 

d e s o l v a t i o n p r o c e s s , both i n terms of temperature, and d u r a t i o n of the 

h e a t i n g p e r i o d . An e l e c t r o t h e r m a l atom c e l l c o u l d a l s o be u s e d 

i n s t e a d of the f l a m e . T h i s would overcome t h e d i s a d v a n t a g e s 

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

r e a c t i v e s p e c i e s w i t h i n the atomic vapour, and h e l p i n s t u d i e s on how 

m i x t u r e s of e l e m e n t s r e s p o n d i n a b s o r p t i o n , or how n o n - a b s o r b i n g 

s p e c i e s may a f f e c t or i n t e r f e r e w i t h the elements to be measured. 

One f i n a l a r e a f o r f u t u r e work i s the development of chromatographic 

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

s p e c i f i c a l l y f o r use w i t h the coupled techniques described. Many of 

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

p u b l i s h e d work, although o f t e n such s e p a r a t i o n s use non-ideal s o l v e n t s 

or c o m p l i c a t e d s o l v e n t programs. The r e s u l t s o b t a i n e d f r o m t h e 

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

would use aqueous s o l v e n t s a t low flow r a t e s . T h i s has been a c h i e v e d 

i n t h i s work u s i n g minibore columns, as d e s c r i b e d f o r the s e p a r a t i o n 

of organolead compounds i n Chapter 8. However th e r e i s o b v i o u s l y much 

scope f o r development i n t h i s f i e l d . 
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9.2 C o n c l u s i o n s 

The work pr e s e n t e d i n t h i s t h e s i s demonstrates the advantages of metal 

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

chromatographic i n t e r p r e t a t i o n and the a b i l i t y t o w i t h s t a n d l e s s than 

o p t i m a l c h r o m a t o g r a p h i c r e s o l u t i o n - The use of f l a m e a t o m i c 

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

compared to e l e c t r o t h e r m a l a t o m i s i n g d e v i c e s . However by c a r e f u l 

c o n s i d e r a t i o n of the atom c e l l design, w i t h p a r t i c u l a r a t t e n t i o n t o 

i n c r e a s i n g atomic r e s i d e n c e times, i t has proved p o s s i b l e to d e v i s e 

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

a t o m i s e r s . I n a d d i t i o n the i n t e r f a c e s y s t e m s d e s c r i b e d a r e of 

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

demounted. 

E a c h o f t h e d i r e c t l y c o u p l e d t e c h n i q u e s d e s c r i b e d i n the t e x t l e n d s 

i t s e l f to p a r t i c u l a r a p p l i c a t i o n s . The c o u p l i n g of gas chromatography 

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

s o l u t i o n p a r t i t i o n c o e f f i c i e n t s such as t e t r a a l k y l l e a d compounds. I n 

t h i s e x a m p l e a d e t e c t i o n l i m i t of 17 pg f o r l e a d a s TML o r TEL i s 

o b t a i n e d . I n most s i t u a t i o n s however HPLC i s a b e t t e r s e p a r a t i o n 

technique, although d i r e c t c o u p l i n g s w i t h flame i n s t r u m e n t s have i n 

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

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

s u p e r i o r to o t h e r s r e p o r t e d i n the l i t e r a t u r e s i n c e a t t e n t i o n has a l s o 

been given to the atom c e l l . The complete system o f f e r s a s i m p l e way 

of determining t r i b u t y l t i n s p e c i e s which i n the p a s t were determined 

by techniques such as GC-MS. 
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The i m provement i n s e n s i t i v i t y w i t h the s u s p e n d e d tube may be 

a t t r i b u t e d to the i n c r e a s e d r e s i d e n c e time of the n e u t r a l atoms i n the 

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

o p t i c a l path along which the atoms pass, and reduced v e l o c i t y of the 

f l a m e g a s e s (not p o s s i b l e by l o w e r i n g the f l a m e g a s - f l o w r a t e s 

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

v e l o c i t i e s ) . The p a r t i a l e x c l u s i o n of e n t r a i n e d a i r may a l s o e f f e c t 

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

bxirning i n the tube probably c o n s i s t s l a r g e l y of i n t e r c o n a l gases and 

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

e n v i r o n m e n t and c o n s e q u e n t l y s t a b i l i s e t h e n e u t r a l atoms i n t h e 

o p t i c a l p a t h . 

A second advantage may a l s o be i d e n t i f i e d i n u s i n g such tubes f o r the 

a p p l i c a t i o n s d e s c r i b e d i n t h i s t h e s i s . S i n c e the flame i s a dynamic 

e n t i t y and the samples are passed through i t i n a quantized f a s h i o n , a 

s e r i e s of t r a n s i e n t s i g n a l s a r e produced.. Thus the r e c o r d e r response 

must be f a s t e r and c o n s i s t e n t w i t h the a m p l i f i e r time c o n s t a n t as i n 

systems u s i n g e l e c t r o t h e r m a l a t o m i s a t i o n (183). The response of the 

a m p l i f i e r / r e c o r d e r system used i n t h i s work has been improved u s i n g a 

r a p i d response i n t e r f a c e s u p p l i e d w i t h the spectrometer. However by 

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

demands made on the e l e c t r o n i c s a r e g r e a t l y reduced. C h a r t r e c o r d e r s 

r a t h e r than r e a d i n g s from a d i g i t a l d i s p l a y have a l s o been used s i n c e 

the pen measurements - i n c l u d i n g n o i s e and d r i f t from a l l s o u r c e s -

a r e r e c o r d e d , and a more a c c u r a t e e s t i m a t e o f an a v e r a g e p o s i t i o n 

p o s s i b l e . 

The l i m i t a t i o n s of low n e b u l i s a t i o n e f f i c i e n c y e n c o u n t e r e d when 
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i n t r o d u c i n g l i q u i d s t o a f l a m e c a n be overcome by g e n e r a t i n g a 

v o l a t i l e d e r i v a t i v e p r i o r t o i n t r o d u c t i o n t o t h e atom c e l l . One 

common way o f a c h i e v i n g t h i s i s h y d r i d e g e n e r a t i o n . The e l e m e n t s 

which form v o l a t i l e h y drides i n c l u d e many of i n t e r e s t i n s p e c i a t i o n 

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

However, not a l l s p e c i e s of the h y d r i d e forming element form v o l a t i l e 

hydrides. The system d e s c r i b e d i n Chapter 7 u t i l i s i n g UV p h o t o l y s i s 

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

e x p a n d i n g t h e use o f d i r e c t l y c o u p l e d HPLC - h y d r i d e - AAS s y s t e m s . 

The example of t r i b u t y l t i n not only demonstrates t h i s p o i n t , but a l s o 

shows the i n c r e a s e i n s e n s i t i v i t y o btained u s i n g hydride g e n e r a t i o n -

the d e t e c t i o n l i m i t of 2 ng being two o r d e r s of magnitude b e t t e r than 

t h a t obtained i n t r o d u c i n g the sample v i a the n e b u l i s e r . 

The most v e r s a t i l e i n t e r f a c e developed i n t h i s work i s probably t h a t 

u s i n g the novel sample t r a n s p o r t system. A number of a p p l i c a t i o n s a r e 

given i n the t e x t and f u r t h e r work u s i n g t h i s system a l s o suggested. 

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

a t o m i s e r , w h i l s t a v o i d i n g sample i n t r o d u c t i o n v i a the n e b u l i s e r . The 

technique can a l s o be used f o r a wider range of elements than h y d r i d e 

generation. The use of minibore HPLC to a c h i e v e the s e p a r a t i o n a t low 

e l u e n t f l o w r a t e s may a l s o be o f i n t e r e s t i n r e - e v a l u a t i n g c o u p l e d 

HPLC-ETA-AAS s y s t e m s , shown i n t h i s work t o be l i m i t e d by t h e 

i n a b i l i t y to handle a continuous flow of sample. 

The peak d i s p e r s i o n c h a r a c t e r i s t i c s o f c o u p l e d LC-AAS s y s t e m s have 

been d i s c u s s e d by K a t z and S c o t t ( 2 6 3 ) , who c o n c l u d e d t h a t t he 

important d i s p e r s i o n c h a r a c t e r i s t i c s of the system a r e not those t h a t 

occur i n the column, but those a s s o c i a t e d w i t h the i n t e r f a c e and the 
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a t o m i c a b s o r p t i o n s p e c t r o m e t e r . C l e a r l y any s u c h d i s p e r s i o n i s 

important s i n c e i t not only reduces element s e n s i t i v i t y but can a l s o 

d e s t r o y the s e p a r a t i o n o r i g i n a l l y a t t a i n e d i n the column- However, 

the work by K a t z and S c o t t i s b a s e d on u s i n g h i g h - s p e e d c o l u m n s 

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

a s p i r a t i o n when u s i n g d i r e c t c o n n e c t i o n s t o the AAS n e b u l i s e r . The 

work r e p o r t e d i n t h i s t h e s i s shows t h a t u t i l i s i n g minibore columns of 

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

p r o v i d e s a much b e t t e r i n t e r f a c e arrangement f o r many a p p l i c a t i o n s . 

I n t h i s c a s e the d i s p e r s i o n i n t h e i n t e r f a c e and s p e c t r o m e t e r i s 

minimal s i n c e the c o l l e c t i o n of sample i n d i s c r e t e a l i q u o t s removes 

any p o s s i b i l i t y of peak s p r e a d i n g p r i o r to a t o m i s a t i o n i n the flame. 

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

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

chromatography - atomic spectroscopy. The use of a flame atom c e l l as 

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

advantage of s i m p l i c i t y and w e l l understood operation. The i n t e r f a c e s 

d e s c r i b e d a r e s i m p l e , r e l i a b l e , enable r e a l - t i m e a n a l y s i s , and produce 

continuous chromatograms. Although only a l i m i t e d number of examples 

are given i n the t e x t , t h e r e a r e numerous a p p l i c a t i o n s i n many f i e l d s 

i n c l u d i n g c l i n i c a l , i n d u s t r i a l , f o r e n s i c and environmental a n a l y s i s . 
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Speciation of Tin in Natural Waters Using Coupled High-performance 
Liquid Chromatography - Flame Atomic-absorption Spectrometry 

Les Ebdon, Steve J . Hill and Philip Jones 
Department of Environmental Sciences, Plymouth Polytechnic, Drake Circus, Plymouth, Devon PL4 8AA, 
UK 

A simple yet effective high-performance liquid chromatography - flame atomic-absorption spectrometry 
coupling utilising pulse nebulisation and a slotted tube atom trap is described for the speciation of tin in 
natural waters. The effects of the various parameters on analytical performance are discussed. A detection 
limit of 200 ng for tin was obtained and the separation of Sn(ll), SnjlV) and tributyltin was possible within 8 
min. Tributyltin compounds have been quantified in local harbour waters, and in one harbour situation were 
observed at levels up to 0.47 ng | - \ 

Keywords: High-performance liquid chromatography; flame atomic-absorption spectrometry; trace metal 
speciation; organotin determination 

There has been a growing realisation that ihe form in which a 
trace metal occurs, so called "speciation," is of viial impor­
tance in a number of fields, e.g., toxicology and environmental 
monitoring. This has led to an increased interest in methods 
for trace metal speciation. A promising analytical approach to 
such speciation is to couple the capability of chromatography, 
for species separation, to the selectivity and sensitivity of 
atomic spectrometry for detection. The use of such specific 
detection allows less than optimum chromatographic separa­
tion to be tolerated with a consequent saving in time for 
sample clean-up and analysis. If two species co-elute and only 
one contains the metal of interest, the use of metal-specific 
detection means that only the metal-containing species is 
detected. Hence complete chromatographic separation is not 
required, only separation of the species containing the metal 
of interest being necessary, and complex samples can be 
analysed. 

Although the success of coupled gas chromatography -
flame atomic-absorption spectrometry (FAAS) has already 
been reported.' gas-chromatographic separation is only effec­
tive where thermal stability and favourable gas - solution 
partition coefficients exist, and often this is not the case. 
Therefore, for most interesting trace metal speciation studies, 
high-performance liquid chromatography (HPLC) is the 
separative technique of choice. Further impetus is also given 
to metal-specific HPLC detection systems where conventional 
y v or fluorescence detectors are not suitable, owing to the 
absence of an active chromophore or fluorophore, respec­
tively—a common properly of all non-aromatic derivatives of 
organoiin.2 

The demand for analytical techniques capable of speciating 
organotin compounds has increased markedly in recent years. 
The presence of butyltin^ and meihyliin'* species with concen­
trations from nanograms to micrograms per litre has been 
reported in a variety of natural waters, and is probably due to 
the increased use of organoiin compounds as stabilisers for 
poly(vinyl chloride), as catalysts and as pesticides.5 The use of 
organotin compounds in the formulation of antifouling paints 
[e.g., bis(tributyltin) oxide and iributyhin fluoride^), although 
economically attractive, has received particular attention with 
relation to effects on shellfish and a series of bans on organotin 
use have been instigated by the French Government. In 
addition, more is now known about the marked variation in 
toxicity of different species, thus stressing the importance of 
such studies. 

Slavin and Schmidt^ described a simple, directly coupled 
HPLC-FAAS system in which the column eluent is intro­
duced directly into an injection cup. Detection limits have 

been improved in this work by the additional use of a double 
slotted quartz tube as an atom trap. The use of such tubes was 
first described by Wailing,^ although the lubes used here have 
been modified in design so that the slots are at ISO" to each 
other.^ This modification has been found to give improved 
detection limits for some elements, although because the slots 
are superimposed and directly in-line w\\h the burner slot the 
atomic residence time in the lube is probably reduced, 
resulting in a decrease in sensitivity. The improvement in 
detection limits can probably be attributed to the decreased 
turbulence of the hot gases in the ISO" slot configuration. 

In this work tin ions, including organotin ions, have been 
separated by HPLC using a silica base cation-exchange 
column and ihen introduced direcily into an injection cup for 
aspiration into an air - hydrogen flame, beneath and surround­
ing ihe silica tube atom trap. Conventional instrumentation 
operating on-line in real-time has been used throughout. The 
method developed has been applied to a variety of local 
harbour waters. 

Experimental 

Apparatus 

An atomic-absorption spectrometer (Model SP9; Pye 
Unicam. Cambridge. UK), provided with a deuterium hollow-
cathode lamp background corrector, was fitted with a 5-cm 
slot-burner with a sloited-tube atom trap (STAT) accessory. 
The separation of the tin species was achieved using a 
solvent-delivery system (PU 4010; Pye Unicam) equipped 
with a Waters U6K injector with either a 200-nl or 2-ml sample 
loop, and connected to a Partisil 10 SCX analytical column 
(lO-nm particle size. 25 cm x 4.6 mm i.d.) (Whatman. 
Englewood Cliffs. NJ. USA). Samples were injected directly 
on to the column using a 100-̂ 1 syringe (Scientific Glass 
Engineering. Melbourne, Australia). The output from the 
atomic-absorption spectrometer was displayed on a chart 
recorder (AR25; Pye Unicam). The hollow-cathode lamp 
(Pye Unicam) current used was 6.0 mA and the 224.6-nm tin 
line was monitored with a slit width of 0.5 nm. The optimum 
operating parameters for the spectrometer and high-
performance liquid chromaiograph are shown in Tables 1 and 
2, respectively. 

Reagents 

Standards were prepared from stock solutions of both 
tributyhin chloride and tributyltin fluoride (Aldrich. Gilling-
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Table I . Spectrometer conditions 

Spectrometer PyeSP9 with 5-cm burner 
ond S T A T accessory 

Airflow-raic 4.01 min-' 
Hydrogen flow-rate 2.61 min-' 
Burner height 16mm(fi.xed) 
Lamp current 6.0 mA 
Wavelength 224.6 nm 
Slii width 0.5 nm 

Nebuliser 

Rg. 1. Schematic diagram of H P L C - nebuliser interface 

Table 2. High-performance liquid chromatograph conditions 

Column Whatman Panisil 10 sex 
(lO-nm particle size, 25 cm 

x4.6mmi.d.) 
Mobile phase Methanol - water (70 + 30) 
Buffer 0.1 M ammonium acetate 

solution 
Flow-rale 3 ml min-' 
Injection volume Up to 2 ml facilitated 

ham. Kent. UK) by solution with HPLC-grade methanol. All 
other chemicals used were of analylical-reagenl grade (BDH 
Chemicals, Poole. Dorset. UK). 

Construction of Intcrrace 
Sample introduction was facilitated using discrete volume 
nebulisation, i.e., allowing the nebuliser to draw air between 
aliquots of sample to balance the flow from the analytical 
column with that of the natural uptake to the nebuliser. To 
achieve this, the sample uptake capillary from the nebuliser 
was connected to a wider bore tube into the side of which was 
fitted a second tube left open to allow air to enter. The 
connection between the two pieces of tubing was made with 
care to avoid forming a liquid trap that would cause 
cross-contamination. The connecting tube was then attached 
to the analytical column and the arrangement mounted in 
front of the spectrometer (Fig. 1). The instrument was set up 
in the normal way for flame analysis except that the spray 
chamber and burner were allowed to run dry when no sample 
was being passed. The damping of the spectrometer was 
adjusted to 0.5 s, thus removing the pulsed response otherwise 
observed. 

Results and Discussion 

The use of discrete volume nebulisation overcomes the 
problems of incompatible uptake rates, e.g., natural uptake 
for the spectrometer of 5 ml min- ' and HPLC delivery of 1-3 
ml min- ' . and of small sample uptake, e.g.. less than 0.5-1.0 
ml, which may not give conventional systems time to attain 
equilibrium and produce a steady reading. In most such 
situaiionsj analysis would be performed by transferring 50- or 
100-̂ 1 aliquots of the sample into some form of small conical 
funnel mounted vertically in front of the spectrometer. The 
sensitivity obtained using this method was found to be only 
marginally lower than that for continuous aspiration (Fig. 2). 
In this system, however, the funnel was replaced with a vented 
tube and the sample supplied directly from the HPLC column, 
as this offered equivalent sensitivity without the practical 
problems caused by "gulping" of the sample. 

Although discrete volume nebulisation allows a simple yet 
effective way of getting the sample into the nebuliser, the 
detection limit for tin using conventional FAAS with an air -
hydrogen flame was only 0.06 mg 1"'. The use of the slotted 
tube atom trap lowered the detectioa limit by a factor of four, 
i.e.. to 0.015 mg 1-'. The tube was supported above the flame 
from a conventional burner with one of the slots aligned 
directly above the flame and adjusted so that the burner 

OJ 100 

50 100 200 300 
|Sn(IV|l/mg l-^ 

400 500 

Fig. 2. Comparison of discrete volume nebulisailon with direct 
uptake. A , Direct uptake to ncbuliser; B . discrete volume ncbulisa-
tion. Upper lines: acetylene at 2.2 I min~'. air at 5.0 I min-'; lower 
lines, acetylene 2.0 1 mm-' , air 5.0 I min- ' 

0.200 

^0.150 

0.100 

0.050 

1.5 2.0 2.5 
Hydrogen flow-rate/I mtn-' 

Fig. 3. Effect of changing the hydrogen flow-rate when using the 
slotted-iube atom trap ancfan air - hydrogen flame for (A) tin(lV) 

s i n 20% solutions and (B) iributyltin chloride ii methanol 

height, rotation and lateral alignment ensured that maximum 
radiation passed through the tube. The improvement in 
sensitivity obtained when using the STAT is generally 
confined to elements that are readily atomised in the flame, 
and is thus well suited to the determination of tin. 
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0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 
NH4OAC concenlration/M ^ ^ 

IE 

0.04 0.060.08 0.10 0.12 0.14 O.I6 0.18 0.20 
NH4OAC concentrBtlon/M 

50 60 70 
MeOH, % WV 

Fig. 4, Opiimisalion of chromaiographic conditions, (a) Effect of 
ammonium acetate conceniration on response for iribui).'liin ions; (6) 
effect of ammonium acetate concentration on retention time for 
tribuiyltin ions; and (c) effect of elueni composition on response for 
iribuiyltin ions 

Sn2-

|4 
TBT* 

2 4 min 2 4 6 8 10 min 

Sn-

TBT^ 

2 4 6 8 10 12 min 

Fig. 5. Separation of tin species by coupled H P L C - F A A S 

The gas flows to the burner STAT assembly were optimised 
for both Sn(I V) and tributyliin chloride (TBTC). The effect of 
changing the hydrogen flow-rate whilst keeping the air flow 
constant and aspirating solutions of both standards is shown in 

, Fig. 3. Changing the air flow did not greatly affect the 
. response, although at lower flow-rates excessive noise was 

obser\'ed. To overcome this problem, the air was pre-set at 4.0 
' 1 min- ' and background correction was used, which reduced 

the noise to negligible levels. 
The analytical column selected was a Partisil silica based 

cation-exchange column. The column properties and pro­
posed mechanism for separation involving a "free" tributyltin 
cation separation have been reported in detail by Jewett and 
Brinckman."* By varying the mobile phase composition and 
ionic strength, suitable conditions for speciation of a mixture 
of organotins were obtained, as demonstrated in Fig. 4. In 
addition, increasing the proportion of methanol in the eluent 
results in a decrease in retention time and a marked decrease 
in peak width. Using a mobile phase of 80 + 20 methanol -
water in 0.1 M ammonium acetate solution a detection limit of 
200 ng (2a) of TBT was obtained. However, the conditions 
shown in Table 2 were selected in order to permit a better 
separation of real samples, and speciation of Sn(II). Sn(lV) 
and TBT* in 6 min (see Fig. 5). 

Real samples were collected at a number of local coastal 
sites. The organotin compounds were quantitatively extracted 
from sea water into chloroform and pre-concentrated prior to 

(a) 

8 10 min 10 min 

Fig. 6. Analysis of water samples collected at a harbour site in 
Plymouth, with and without co-injection of tributyliin chloride, (a) 1 
m! of sample (800-fold pre-concentrated); (6) 1 ml of sample (800-fold 
pre-concent rated) + 500 ng of tributyitin chloride 

analysis using the coupled H P L C - F A A S system. T h e effi­
ciency o f this process was determined from the recovery of 
standards spiked into blank solution and found to be 92 ± 6%. 
T o facilitate injection on to the H P L C column, the chloroform 
was evaporated and the sample redissolved in methanol. T h e 
recovery from this second stage was 91 ± 5%. T h e results 
obtained from the analysis at one such site are shown in Fig . 6. 
T h e identification of tributyltin was supported by using 
co-injection, giving evidence of levels of up to 0.47 ng | - ' in 
the original samples. 

Conclusion 
T h e use of a flame atom cell as an atomic-absorption detector 
for liquid chromatography has the advantages of simplicity 
and a ^yell understood operation. T h e continuous mode of 
operation is ideal for dealing with continuous sample streams. 
T h e use of the slotted-tube atom trap above the flame 
increases atom residence times and thus increases sensitivity. 
T h e components of this simple system are commercially 
available and do not require modification of existing 
instrumentation. T h e system is also readily decoupled. T h e 
interface has been used here for the determination of 
tributyltin, a compound that has proved difficult to determine 
by other techniques, although obviously the system lends itself 
to many other applications. 

W e thank Pye U n i c a m L t d . for support of this work and 
particularly D r . A . A . Brown for many helpful suggestions 
and the S E R C for the provision of a Studentship (to S . J . H . ) . 
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