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ABSTRACT 

C o n s t r u c t i o n and V a l i d a t i o n of a GC-ICP-MS I n s t r u m e n t f o r the 
A n a l y s i s of Organometals and o t h e r T r a c e Element S p e c i e s . 

by 

Alexander H a l t e r Kim 

A c a p i l l a r y gas chro m a t o g r a p h y - i n d u c t i v e l y c o u p l e d plasma -
mass s p e c t r o m e t r y (GC-ICP-MS) method has been s u c c e s s f u l l y 
d e v e l o p e d f o r t h e s e p a r a t i o n and d e t e r m i n a t i o n f o r a r a n g e o f 
e n v i r o n m e n t a 1 l y i m p o r t a n t o r g a n o m e t a 1 1 i c s p e c i e s and m e t a l 
complexes. The c o u p l e d t e c h n i q u e gave r e l i a b l e q u a n t i t a t i v e and 
q u a l i t a t i v e c h e m i c a l s p e c i a t i o n i n f o r m a t i o n , p r o v i d i n g 
d e t e c t i o n l i m i t s i n t h e low pg s' r a n g e , G a u s s i a n peak shapes, 
good l i n e a r r e s p o n s e , h i g h 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 , h i g h 
s i g n a l t o n o i s e r a t i o and few p o l y a t o m i c i n t e r f e r e n c e s . 

The s t u d y i n v o l v e d t h e c o n s t r u c t i o n o f p r o g r e s s i v e l y i m p r o v e d 
t r a n s f e r l i n e s and ICP t o r c h d e s i g n s . The f i n a l t r a n s f e r l i n e 
d e s i g n w h i c h e n a b l e d a d i r e c t i n t e r f a c e o f t h e GC t o t h e ICP-MS 
was o f s i m p l e c o n s t r u c t i o n , s t r o n g , i n e x p e n s i v e , r e q u i r e d a 
r e l a t i v e l y s h o r t i n s t a l l a t i o n t i m e (2 h o u r s ) and was c a p a b l e 
o f o p e r a t i o n o v e r a l a r g e t e m p e r a t u r e r a n g e ( a m b i e n t t o 550**C) . 
To e n a b l e ease o f i n s t a l l a t i o n t h e ICP-MS was m o d i f i e d by 
rem o v i n g a p a n e l f r o m t h e hood and t o r c h box, t h r o u g h w h i c h t h e 
t r a n s f e r l i n e c o u l d pass. The ICP-MS was t u n e d u s i n g a c o l d 
m e r c u r y vapour g e n e r a t o r . 

A n a l y s i s o f compounds w i t h a r e l a t i v e l y h i g h r e t e n t i o n i n d e x 
( R I ) o f up t o 3422 was a c h i e v e d u s i n g h i g h t e m p e r a t u r e (HT) GC-
ICP-MS. The t r a n s f e r l i n e was c a p a b l e o f e l u t i n g 
m e t a l l o p o r h y r i n s ( R I > 6000). However due t o c o n d e n s a t i o n e f f e c t s 
w i t h i n t h e ICP t o r c h t h e a n a l y s i s o f m e t a l l o p o r p h y r i n s u s i n g 
HTGC-ICP-MS was n o t a c h i e v e d . 

F o l l o w i n g t h e development o f t h e GC-ICP-MS s y s t e m F i g u r e s o f 
M e r i t were e s t a b l i s h e d f o r t e t r a e t h y l l e a d , f i v e o r g a n o t i n 
compounds, d i e t h y l m e r c u r y and m e t a l c o n t a i n i n g complexes 
( f e r r o c e n e and n i c k e l d i e t h y I d i t h i o c a r b a m a t e ) . 

The c o u p l e d t e c h n i q u e was s u c c e s s f u l l y a p p l i e d 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 m e t a l l i c s p e c i e s i n s t a n d a r d r e f e r e n c e 
m a t e r i a l s . These i n c l u d e d t e t r a e t h y l l e a d ( i n f u e l ) and 
o r g a n o t i n compounds ( i n two h a r b o u r s e d i m e n t s ) . C a l i b r a t i o n 
t e c h n i q u e s used were e x t e r n a l c a l i b r a t i o n , s t a n d a r d a d d i t i o n s 
and i n t e r n a l s t a n d a r d s . The v a l u e s o b t a i n e d were i n agreement 
w i t h t h e c e r t i f i c a t e v a l u e s w i t h i n t h e c o n f i d e n c e l i m i t s o f t h e 
measurements. 

W i t h t h e e v e n t u a l o b j e c t i v e o f e x t e n d i n g t h i s 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 g e o l o g i c a l l y i m p o r t a n t m e t a l l o p o r p h y r i n 
s p e c i e s , a HTGC method was d e v e l o p e d . R e t e n t i o n i n d i c e s f o r a 
range o f a u t h e n t i c p o r p h y r i n s s t a n d a r d s were measured and t h e 
a n a l y s i s o f a p o r p h y r i n - c o n t a i n i n g s h a l e i s a l s o d e s c r i b e d . 
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CHAPTER ONE 

INTRODUCTION 



1.0 I N T R O D U C T I O N 

1.1 T r a c e Element S p e c i a t i o n 

Many t r a c e e l e m e n t s can e x i s t i n o r g a n i c , as w e l l as i n o r g a n i c , 
f o r m s . These i n o r g a n i c f o r m s have been l o o s e l y t e r m e d " t r a c e 
e l e m e n t s p e c i e s " . N o t a b l e examples o f e l e m e n t s w h i c h e x h i b i t 
" s p e c i a t i o n " c h a r a c t e r i s t i c s i n c l u d e s e v e r a l m e t a l s ( e . g . Hg, 
Pb, Sn) . Numerous d e f i n i t i o n s o f t h e t e r m " t r a c e m e t a l 
s p e c i a t i o n " have been p r o p o s e d [ 1 ] . I n t h i s s t u d y t h e t e r m 
" t r a c e e l e m e n t s p e c i e s " i n c l u d e s t h e o r g a n i c f o r m o f t h e 
e l e m e n t , c o m p l e x a t i o n w i t h b o t h i n o r g a n i c and o r g a n i c l i g a n d s 
and t h e f o r m a t i o n o f d i s t i n c t o r g a n o m e t a l l i c compounds where 
t h e e l e m e n t i s f i x e d i n t o an o r g a n i c m o l e c u l e p r i m a r i l y by 
c a r b o n - m e t a l b o n d i n g . " S p e c i a t i o n " r e f e r s t o t h e 
c h a r a c t e r i s a t i o n and q u a n t i f i c a t i o n o f t h e s e d i f f e r e n t p h y s i c o -
c h e m i c a l forms o f t h e e l e m e n t . 

S i n c e d i f f e r e n t t r a c e e l e m e n t s p e c i e s may have q u i t e d i f f e r e n t 
c h e m i c a l (and b i o c h e m i c a l ) r e a c t i v i t i e s , c h e m i c a l s p e c i a t i o n 
has become p a r t i c u l a r l y i m p o r t a n t i n such a r e a s such as 
e n v i r o n m e n t a l c h e m i s t r y and t o x i c o l o g y where t h e p h y s i c o -
c h e m i c a l f o r m o f an element may be a p r i m a r y f a c t o r c o n t r o l l i n g 
b i o a v a i l a b i l i t y , b i o a c c u m u l a t i o n , t o x i c i t y , d i s t r i b u t i o n o r 
t r a n s p o r t mechanisms [ 1 , 2 ] . 

S i n c e t h e d e t e r m i n a t i o n o f t o t a l e l e m e n t c o n c e n t r a t i o n s i s n o t 
a l w a y s s u f f i c i e n t l y s p e c i f i c t o a ssess t h e s p e c i e s p r e s e n t , t h e 
i m p o r t a n c e o f t r a c e element s p e c i a t i o n i s now w i d e l y r e c o g n i s e d 
and as a r e s u l t has l e d a t r e n d t o w a r d s t h e d e v e l o p m e n t o f 
e l e m e n t a l s p e c i a t i o n s t u d i e s . T h i s was a p a r t i c u l a r d r i v i n g 
f o r c e f o r t h e p r e s e n t r e s e a r c h . 

Some examples o f t r a c e e l e m e n t s p e c i e s dependent phenomena a r e 
i l l u s t r a t e d i n t h e f o l l o w i n g examples: 



T e t r a e t h y l l e a d (one o f f i v e t e t r a a l k y l l e a d compounds used as 
an a n t i k n o c k a d d i t i v e i n f u e l [ 3 ] ) has been f o u n d t o be more 
t o x i c t o humans t h a n t e t r a m e t h y l l e a d [ 4 ] and t h e t o x i c i t y 
d e c r e a s e s w i t h t h e degree o f a l k y l a t i o n i n t h e sequence R4Pb > 
RjPb"*̂  > Pb̂ "*" [ 5 , 6 ] . However t h e i o n i c f o r m s a r e more p e r s i s t e n t 
i n t h e e n v i r o n m e n t [ 7 ] . 

S i m i l a r l y , m e t h y l mercury i s more e a s i l y a b s o r b e d f r o m t h e 
human i n t e s t i n e t h a n i n o r g a n i c m e r c u r y ( I I ) c h l o r i d e . Whereas 
Hg° i s n o t absorbed a t a l l [ 8 ] . A l k y l m e r c u r y compounds a r e 
h i g h l y t o x i c and a f f e c t t h e c e n t r a l n e r v o u s s y s t e m , i n h i b i t i n g 
enzyme a c t i v i t y and c e l l w a l l t r a n s p o r t mechanisms [ 8 ) . The 
t o x i c i t y o f a l k y l m e r c u r y compounds became e v i d e n t d u r i n g t h e 
1950's i n Minamata, Japan [ 9 , 1 0 ] , where i n o r g a n i c m e r c u r y 
d i s c h a r g e d i n t o sea w a t e r f r o m a c h e m i c a l p l a n t was m e t h y l a t e d 
by s e d i m e n t a r y b a c t e r i a ( 1 1 , 1 2 ] , Once i n t h e w a t e r column t h e 
m e t h y l m e r c u r y (produced by b a c t e r i a l a c t i o n ) b i o a c c u m u l a t e d i n 
f i s h w h i c h was e a t e n by t h e l o c a l p o p u l a t i o n r e s u l t i n g i n a 
m a j o r p o i s o n i n g i n c i d e n t . T h i s example i l l u s t r a t e s g r a p h i c a l l y 
t h e i m p o r t a n c e o f t r a c e e l e m e n t s p e c i a t i o n i n u n d e r s t a n d i n g 
e n v i r o n m e n t a l f a t e . 

As a f u r t h e r example, a r s e n i t e ( A S O 2 ' ) and a r s e n a t e (As04^) 
s p e c i e s used i n h e r b i c i d e s and p e s t i c i d e s a r e t o x i c t o man 
whereas an o r g a n i c f o r m o f a r s e n i c , n a t u r a l l y o c c u r r i n g 
a r s e n o b e t a i n e [(CH,), As"*̂  CHjCOO ] , w h i c h i s f o u n d i n some f i s h , 
i s n o t [ 1 3 ] . 

These t h r e e c u r s o r y examples s e r v e t o i l l u s t r a t e t h a t t h e 
i d e n t i f i c a t i o n and q u a n t i f i c a t i o n o f c h e m i c a l s p e c i e s i s 
i m p o r t a n t f o r an u n d e r s t a n d i n g o f many e n v i r o n m e n t a l p r o c e s s e s . 
I n d e e d t h e c o m p l e t e e n v i r o n m e n t a l c y c l e s o f many e l e m e n t s a r e 
u n l i k e l y t o be f u l l y e l u c i d a t e d u n l e s s c h e m i c a l s p e c i a t i o n i s 
t a k e n i n t o a c c o u n t . S e v e r a l o t h e r s p e c i e s o f e l e m e n t s have been 
shown t o be t r a n s f o r m e d i n t h e e n v i r o n m e n t d u r i n g w e a t h e r i n g , 
u p t a k e by b i o t a , e l i m i n a t i o n f r o m b i o t a , f i x a t i o n i n s e d i m e n t s 



and r e m o b i l i s a t i o n [ 1 4 ] , A more d e t a i l e d d e s c r i p t i o n i s g i v e n 
i n C h a p t e r 3. 

T o t a l e l e m e n t a l a n a l y s e s g i v e i n s u f f i c i e n t i n f o r m a t i o n a b o u t 
s p e c i f i c r e a c t i v i t i e s and f u n c t i o n s o f t h e e l e m e n t s and t h e 
need f o r more s e n s i t i v e and more s p e c i f i c a n a l y t i c a l methods 
i s d r i v e n by t h e s e r e q u i r e m e n t s f o r more m o l e c u l a r - based 
i n f o r m a t i o n . 

1.2 Methods f o r t h e D e t e r m i n a t i o n o f C h e m i c a l S p e c i e s 

S e v e r a l approaches t o t h e d e t e r m i n a t i o n o f t r a c e e l e m e n t 
s p e c i e s have been d e v e l o p e d [ 1 5 - 1 7 ] and t h e s e can be b r o a d l y 
c l a s s i f i e d i n t o two g r o u p s ; e x p e r i m e n t a l and t h e o r e t i c a l 
( F i g u r e 1.1). 

1.2.1 T h e o r e t i c a l Approaches t o T r a c e Element S p e c i a t i o n 

T h e o r e t i c a l approaches t y p i c a l l y i n v o l v e c o m p u t e r and 
m a t h e m a t i c a l m o d e l l i n g w h i c h i s sometimes an a t t r a c t i v e 
a l t e r n a t i v e t o e x p e r i m e n t a l methods. C a l c u l a t i o n o f t r a c e 
e l e m e n t s p e c i a t i o n u s i n g t h i s a p p r o a ch i s based on 
f u n d a m e n t a l thermodynamic (an d , i n some ca s e s , k i n e t i c ) 
c o n c e p t s w h i c h may be used t o v e r i f y a n a l y t i c a l d a t a o r 
p r o v i d e i n s i g h t i n t o t h e l i k e l y c o n c e n t r a t i o n s o f s p e c i e s 
t h a t c a n n o t be q u a n t i f i e d because o f s e n s i t i v i t y 
c o n s t r a i n t s o r o t h e r e x p e r i m e n t a l d i f f i c u l t i e s ( e . g . h i g h 
t e m p e r a t u r e o r p r e s s u r e ) , 

The a p p l i c a t i o n o f m a t h e m a t i c a l models [18] t o t h e 
e l u c i d a t i o n o f t r a c e e l e m e n t s r e q u i r e s known 
thermodynamic and k i n e t i c p a r a m e t e r s . However t h e 
a p p l i c a t i o n t o complex e n v i r o n m e n t a l systems has a number 
o f d i f f i c u l t i e s such as t h e p r e s e n c e o f i l l - d e f i n e d 
s o l u b l e and p a r t i c u l a t e o r g a n i c compounds (humic 
s u b s t a n c e s ) and i n o r g a n i c c o l l o i d a l m a t e r i a l s o f 



u n c e r t a i n m i n e r a l o g y and s u r f a c e p r o p e r t i e s t h a t may 
i n f l u e n c e t r a c e m e t a l s p e c i a t i o n , u s u a l l y i n a t i m e 
dependent way [ 1 9 ] . 

1.2.2 E x p e r i m e n t a l Approaches t o T r a c e Element S p e c i a t i o n 

The e x p e r i m e n t a l methods used f o r t h e d e t e c t i o n o f t r a c e 
e l e m e n t s p e c i e s can be c l a s s i f i e d i n t o two b r o a d 
c a t e g o r i e s , t e r m e d , "in s i t u " and " i n v i t r o " methods. 
Both o f t h e s e methods i n v o l v e sample c o l l e c t i o n , s t o r a g e 
and p r e p a r a t i o n t h a t may change t h e e n v i r o n m e n t and 
p o t e n t i a l l y t h e s p e c i e s o r i g i n a l l y p r e s e n t i n t h e sample. 

"In s i t u " methods ( T a b l e 1.1) a v o i d t h e need f o r 
e x t r a c t i o n , c o n c e n t r a t i o n and s e p a r a t i o n p r o c e d u r e s . 
However most o f t h e s e t e c h n i q u e s u s u a l l y s u f f e r f r o m low 
s e n s i t i v i t y and a r e t h e r e f o r e seldom t h e most a p p r o p r i a t e 
methods f o r e n v i r o n m e n t a l samples. 

"Jn v i t r o " methods a r e more f r e q u e n t l y used, b u t r e q u i r e 
t h e e x t r a c t i o n , c o n c e n t r a t i o n and s e p a r a t i o n o f t h e 
a n a l y t e p r i o r t o d e t e c t i o n . T h i s a p p r o a c h i s t h e most 
w i d e l y i n v e s t i g a t e d area o f t r a c e e l e m e n t s p e c i a t i o n and 
has s t i m u l a t e d much r e s e a r c h i n t o e l e c t r o a n a l y t i c a l , 
p h y s i c o c h e m i c a l and 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 i g u r e 
1.1) . 

E l e c t r o a n a l y t i c a l methods i n c l u d e e l e c t r o c h e m i c a l 
t e c h n i q u e s such as anode s t r i p p i n g v o l t a m e t r y (ASV) w h i c h 
i s most commonly used t o d e t e r m i n e heavy m e t a l s ( e g , Cd, 
Cu, Pb and Zn) i n w a t e r . T h i s i t can do s i m u l t a n e o u s l y , 
s e l e c t i v e l y and w i t h h i g h s e n s i t i v i t y ( a b o u t 10**°M) [ 2 0 ] . 
However t h e presence o f n a t u r a l o r g a n i c m a t t e r and 
d i s s o l v e d oxygen can a f f e c t ASV measurements [ 1 6 ] . 
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F i g u r e l . l Techniques used f o r t r a c e element s p e c i a t i o n s t u d i e s . Element s e l e c t i v e d e t e c t o r s 
f o r gas chromatography are g i v e n i n F i g u r e 1.2. D e t e c t i o n systems f o r p h y s i c o c h e m i c a l 
and l i q u i d phase 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 e c h n i q u e s are d e t a i l e d i n t h e r e f e r e n c e s 
c i t e d . 



The v a r i o u s i n o r g a n i c i o n i c s p e c i e s p r e s e n t i n a w a t e r 
sample may n o t be i n e q u i l i b r i u m w i t h one a n o t h e r , b u t 
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 sample may 
a l t e r t h e e q u i l i b r i a and hence t h e s p e c i a t i o n . I n t h i s 
case a p o t e n t i o m e t r i c method ( e . g . i o n s e l e c t i v e 
e l e c t r o d e ) i s used w i t h o u t a f f e c t i n g t h e e q u i l i b r i a . 
However i t i s an i n s e n s i t i v e t e c h n i q u e (measurements 
l e s s t h a n 10"^ a r e u n r e l i a b l e ) . 

2. P h y s i c o c h e m i c a l s e p a r a t i o n s a r e based on d i f f e r e n c e s 
i n i o n i c c h a r g e ( e . g . d i a l y s i s ) o r m o l e c u l a r s i z e 
f r a c t i o n a t i o n such as f i l t r a t i o n , u l t r a f i l t r a t i o n , 
c e n t r i f u g a t i o n and g e l f i l t r a t i o n c h r o m a t o g r a p h y 
(GFC). These t e c h n i q u e s have been w i d e l y r e v i e w e d 
e l s e w h e r e [ 1 6 , 2 1 , 2 2 ] . 

3. The s e p a r a t o r y powers o f v a r i o u s 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 e x t e n s i v e l y r e v i e w e d [ 2 3 - 2 7 ] . 
These use i n s t r u m e n t a l methods such as 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) [ 2 8 - 3 0 ] and 
gas chromatography (GC) [ 3 1 - 3 3 ] e m p l o y i n g e l e m e n t 
s e l e c t i v e d e t e c t i o n . 

The c h r o m a t o g r a p h i c s t e p r e q u i r e d i s g o v e r n e d m a i n l y by t h e 
v o l a t i l i t y o f t h e a n a l y t e . Thus v o l a t i l e s p e c i e s ( e . g . 
m e t h y l s e l e n i d e , m e t h y l a r s i n e s ) a r e u s u a l l y gaseous and a r e 
e a s i l y s e p a r a t e d f r o m t h e sample m a t r i x by methods such as 
c o l d t r a p p i n g o r head space a n a l y s i s . These compounds a r e 
a l s o e a s i l y l o s t f r o m t h e sample and may be d i f f i c u l t t o 
c o l l e c t . Once c o l l e c t e d t h e y can be d e t e r m i n e d by gas 
chromatography (GC), mass s p e c t r o m e t r y (MS) o r GC-MS 
w i t h o u t f u r t h e r t r e a t m e n t . 

S p e c i e s t h a t can be c o n v e r t e d i n t o v o l a t i l e d e r i v a t i v e s 
( e . g . a r s e n i t e , a r s e n a t e [ 3 4 ] , o r g a n o t i n c h l o r i d e s ] i n a 
c o n t r o l l e d manner, r e q u i r e r a t h e r more p r e t r e a t m e n t ( e . g . 



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

N o n v o l a t i l e s p e c i e s (eg. Cr^"^, Cr"* and o r g a n o - i o n i c 
s p e c i e s ) w h i c h a r e n e i t h e r v o l a t i l e n o r c o n v e r t i b l e t o 
v o l a t i l e d e r i v a t i v e s , i n most cases must be s e p a r a t e d f r o m 
t h e m a t r i x , c o n c e n t r a t e d and s e p a r a t e d by l i q u i d 
c h r o m a t o g r a p h y p r i o r t o e l e m e n t s e l e c t i v e d e t e c t i o n 
[ 2 8 , 2 9 ] . 

1.3 C o n v e n t i o n a l Gas Chromatography D e t e c t i o n Systems 

GC i s a f i r m l y e s t a b l i s h e d t e c h n i q u e w h i c h i s r e g u l a r l y used f o r 
t h e s e p a r a t i o n o f t h e r m a l l y s t a b l e y e t v o l a t i l e o r g a n i c and 
i n o r g a n i c compounds [ 3 5 , 3 6 ] . 

Most c o n v e n t i o n a l GC d e t e c t o r s such as f l a m e i o n i s a t i o n d e t e c t o r s 
(FID) and 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 (TCD) a r e n o t e l e m e n t 
s e l e c t i v e ( T a b l e 1 . 2 ) , a l t h o u g h s e l e c t i v i t y enhancement o f a 
m e t a l - s e n s i t i v e FID f o r c a p i l l a r y GC has been d e s c r i b e d [ 3 7 ] . 

However some element s e l e c t i v e d e t e c t i o n methods a r e commonly 
used i n GC. For example: 

The e l e c t r o n c a p t u r e d e t e c t o r (ECD) r e s p o n d s t o 
e l e c t r o p h i l i c s p e c i e s (eg. h a l o g e n s , p o l a r f u n c t i o n a l 
g r o u p s , e t c . ) [ 3 8 , 3 9 ] ( T a b l e 1.2) and has been w i d e l y used 
i n s p e c i a t i o n s t u d i e s o f o r g a n o m e t a l l i c compounds o f As 
[ 4 0 ] , Se [ 4 1 ] , Pb [ 4 2 ] , Hg [ 4 3 ] and Sn [ 4 4 ] . The main 
l i m i t a t i o n s o f ECD a r e t h e l a c k o f s p e c i f i c i t y , s e n s i t i v i t y 
t o c o n t a m i n a t i o n and changes i n o p e r a t i n g c o n d i t i o n s . A l s o 
t h e response may be a f f e c t e d by t h e t y p e and amount o f 
s o l u t e , gas f l o w , c o n c e n t r a t i o n and t e m p e r a t u r e . T h e r e f o r e 
t h e c o n d i t i o n s used must be v e r i f i e d f o r each a n a l y t i c a l 
a p p l i c a t i o n . 



T a b l e 1.1 T e c h n i q u e s u s e f u l 
a n a l y s e s . 
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Luminescence ( f l u o r e s c e n c e ) 
s p e c t r o m e t r y 

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

N u c l e a r m a g n e t i c resonance 
s p e c t r o m e t r y 

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

E l e c t r o n s p i n resonance 
s p e c t r o m e t r y 

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

Resonance Raman s p e c t r o m e t r y D e t e r m i n a t i o n o f o r g a n i c 
compounds, m e t a l c o m p l e x e s , 
c e r t a i n f u n c t i o n a l g r o u p s i n 
o r g a n i c m o l e c u l e s 

X-ray a b s o r p t i o n s p e c t r o m e t r y S t r u c t u r e o f m e t a l c o m p l exes, 
e l e c t r o n i c and c h e m i c a l 
e n v i r o n m e n t o f c e n t r a l atom. 

E l e c t r o n i c a b s o r p t i o n 
s p e c t r o m e t r y ( c i r c u l a r and 
m a g n e t i c c i r c u l a r ) 

C h a r a c t e r i s a t i o n o f c h i r a l 
chromophores 



A l k a l i f l a m e i o n i s a t i o n d e t e c t i o n (AFID) o f t e n known as 
n i t r o g e n phosphorus d e t e c t i o n (NPD) g i v e s s e l e c t i v e 
r e s p o n s e s f o r t h e s e e l e m e n t s . Flame p h o t o m e t r i c d e t e c t i o n 
(FPD) i s s e l e c t i v e f o r s u l p h u r and p h o s p h o r u s . 

More e x p e n s i v e approaches such as gas c h r o m a t o g r a p h y - mass 
s p e c t r o m e t r y (GC-MS) may a l s o be used [ 4 5 ] . GC-MS o f t e n 
p r o v i d e s unambiguous i d e n t i f i c a t i o n o f t h e m e t a l s p e c i e s 
s e p a r a t e d and i t i s a p o w e r f u l t o o l f o r t r a c e e l e m e n t 
s p e c i a t i o n , b u t t h e c o m p l e x i t y o f t h e s p e c t r a and h i g h 
c a p i t a l c o s t o f t h e i n s t r u m e n t a t i o n a r e d i s a d v a n t a g e s . Most 
t r a c e m e t a l s p e c i a t i o n work w i t h GC-MS has been a p p l i e d t o 
t h e a n a l y s i s o f o r g a n o t i n compounds [ 2 , 4 6 - 4 8 ] . 

Mass s p e c t r o m e t r i c d e t e c t i o n has a l s o been r o u t i n e l y used 
f o r t r a c e e l e m e n t s p e c i a t i o n w i t h HPLC [ 4 4 , 4 9 , 5 0 ] o r w i t h 
d i r e c t i n s e r t i o n p r o b e s [ 5 1 ] . 



T a b l e 1.2 Comparison o f t h e c h a r a c t e r i s t i c s o f c o n v e n t i o n a l 
GC d e t e c t o r s . 

D e t e c t o r P r i n c i p l e S e l e c t i v i t y S e n s i t i v i t y L i n e a r 
Type (g sec.**) Range 

(ng) 
Thermal Measures U n i v e r s a l l y 10-'° 0.1 -
c o n d u c t i v i t y d i f f e r e n c e s r e s p onds t o I x l O ^ 
d e t e c t o r i n t h e r m a l a l l 
(TCD) c o n d u c t i v i t y compounds 

o f gases 
Flame Burns Responds t o 10-'̂  0.01 -
i o n i s a t i o n compounds i n a l l IXlO^ 
d e t e c t o r H 2 / O 2 f l a m e o x i d i z a b l e 
(FID) a t 200*'C and ca r b o n 

measures t h e compounds 
i o n s c r e a t e d 

E l e c t r o n Measures Responds t o 10-'̂  0. 001 
c a p t u r e changes i n a l l - 0.01 
d e t e c t o r e l e c t r o n e l e c t r o n ( i n dc 
(ECD) c u r r e n t r e a c t i n g mode) 

caused by compounds 
mode) 

r e a c t i o n o f 0.001 
o r g a n i c - 5.0 
compounds ( i n 
w i t h p u l s e d 
e l e c t r o n s mode) 
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1.4 Coupled Chromatography - A t o m i c S p e c t r o m e t r y 

1-4.1 Advantages o f Coupled Chromatoaraphv - A t o m i c 
S p e c t r o m e t r y 

Gas o r l i q u 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 c o u p l e d t o e l e m e n t 
s e l e c t i v e d e t e c t i o n systems a r e a u s e f u l means o f 
d e t e r m i n i n g t r a c e e l e m e n t s p e c i e s [ 5 2 ] , ( F i g u r e 1.2). 

A t o m i c s p e c t r o m e t r i c d e t e c t o r s o f f e r b o t h s e l e c t i v i t y and 
h i g h s e n s i t i v i t y f o r d e t e c t i n g a w i d e r a n g e o f m e t a l s and 
n o n - m e t a l s b u t t h e y c a n n o t by t h e m s e l v e s be used t o 
i d e n t i f y d i f f e r e n t m o l e c u l a r s p e c i e s . However c o u p l e d t o 
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 w i t h t h e use o f a p p r o p r i a t e 
a u t h e n t i c o r g a n o m e t a l s t h e y can y i e l d 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 a t t h e l e v e l s o f i n t e r e s t , and o f f e r o n - l i n e 
a n a l y s i s i n r e a l t i m e by t h e use o f s i m p l e i n t e r f a c e s 
between r e a d i l y a v a i l a b l e i n s t r u m e n t a t i o n ( F i g u r e 1.2). 

The use o f d e t e c t o r s r e s p o n s i v e o n l y t o s e l e c t e d e l e m e n t s 
i n a m u l t i - c o m p o n e n t m i x t u r e d r a s t i c a l l y r e d u c e s t h e 
c o n s t r a i n t s p l a c e d on t h e c h r o m a t o g r a p h y s t e p , as o n l y 
t h o s e components i n t h e m i x t u r e w h i c h c o n t a i n t h e e l e m e n t 
o f i n t e r e s t w i l l be d e t e c t e d and enhanced a n a l y t i c a l 
r e s o l u t i o n a c h i e v e d . The o b j e c t i v e s o f s e l e c t i v e 
c h r o m a t o g r a p h i c d e t e c t i o n a r e q u a l i t a t i v e and q u a n t i t a t i v e 
measurement and i d e n t i f i c a t i o n o f e l u e n t s based upon 
e l e m e n t a l c o n t e n t ; 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 may 
a l s o e n a b l e e m p i r i c a l f o r m u l a e o f e l u e n t s t o be d e t e r m i n e d 
[ 5 3 ] , 

The g r o w i n g i n t e r e s t i n t r a c e e l e m e n t a l s p e c i a t i o n has 
p r o v o k e d s t u d i e s o f t h e c o u p l i n g o f t h e s e p a r a t o r y power o f 
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 w i t h v a r i o u s a t o m i c 
s p e c t r o m e t r i c d e t e c t o r s . 
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GAS CHROMATOGRAPHY 

Mass Spectrometry 

C o n v e n t i o n a l 
G C - M S 

In f ra red 

F o u r i e r 
t r a n s f o r m 

( F T I R ) 

Spectroscopic detect ion 

Atomic 
e m i s s i o n 

s p e c t r o s c o p y 
( A E S ) 

Atomic 
a b s o r p t i o n 

s p e c t r o s c o p y 
( A A S ) 

I I 
P l a s m a 
s o u r c e 

F l a m e 
s o u r c e 

I i 

E l e c t r o ­
t h e r m a l 

F l a m e 
s o u r c e 

C o n v e n t i o n a l 
f lame F l u o r e s c e n c e 

Microwave i n d u c e d 
p l a s m a ( M I P - A E S ) 

! I n d u c t i v e l y c o u p l e d 
p l a s m a ( I C P - A E S ) 

D i rec t c u r r e n t 
p l a s m a ( D C P - A E S ) 

T a n d e m 
( M S - M S ) 

Microwave i n d u c e d 
p l a s m a ( M I P - M S ) 

I n d u c t i v e l y c o u p l e d 
p l a s m a ( I C P - M S ) 

F i g u r e 1,2 Gas chromatography - element s e l e c t i v e d e t e c t i o n t e c h n i q u e s 
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1.4.2 T h e o r e t i c a l A s p e c t s o f Gas Chromatography 
I n t e r f a c e D esign. 

A number o f c o n s i d e r a t i o n s must be t a k e n i n t o a c c o u n t i n t o 
t h e d e s i g n o f a c h r o m a t o g r a p h y - e l e m e n t s e l e c t i v e 
d e t e c t i o n i n t e r f a c e d system. 

1. The sample must be t r a n s f e r r e d f r o m t h e 
c h r o m a t o g r a p h i c column t o t h e d e t e c t o r w i t h m i n i m a l 
sample l o s s , w i t h m i n i m a l peak b r o a d e n i n g ( o r t a i l i n g ) 
and w i t h no i n t e r f e r i n g c h e m i c a l r e a c t i o n s o c c u r r i n g . 

2. The sample must be i n t r o d u c e d i n t o t h e d e t e c t o r atom 
c e l l w i t h o u t l o s s . 

3- The atom c e l l s h o u l d have h i g h s e n s i t i v i t y and low 
l i m i t s o f d e t e c t i o n f o r t h e a n a l y t e o f i n t e r e s t . 

1*5 Gas Chromatography - A t o m i c A b s o r p t i o n S p e c t r o m e t r y 

A t o m i c a b s o r p t i o n s p e c t r o m e t r y (AAS) i s a w i d e l y used e l e m e n t a l 
s e l e c t i v e a n a l y t i c a l t e c h n i q u e w h i c h has been w e l l documented 
[ 5 4 , 5 5 ] . The two most commonly used methods f o r a t o m i z a t i o n a r e 
f l a m e (FAAS) and e l e c t r o t h e r m a l (ETA) s o u r c e s ( e . g . g r a p h i t e 
f u r n a c e (GFAAS))- The m e r i t s and d i s a d v a n t a g e s o f g r a p h i t e 
f u r n a c e AAS a r e compared w i t h t h o s e o f f l a m e AAS i n T a b l e 1.3. 

GC-AAS t e c h n i q u e s have been e x t e n s i v e l y r e v i e w e d 
[ 3 1 , 3 3 , 5 2 , 5 6 , 5 7 ] . Some a p p l i c a t i o n s w h i c h u t i l i s e FAAS o r ETA 
d e t e c t i o n systems a r e summarised i n T a b l e 1.4. 

S e n s i t i v i t y i s g e n e r a l l y low (^g d e t e c t i o n ) w i t h FAAS because o f 
t h e d i l u t i o n o f a n a l y t e s by t h e l a r g e volume o f f u e l gases, 
r e s u l t i n g i n a r e l a t i v e l y s h o r t r e s i d e n c e t i m e o f t h e a n a l y t e 
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atoms i n t h e f l a m e . FAAS d e t e c t i o n has t h e a d v a n t a g e 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 i n e x p e n s i v e i n s t r u m e n t a t i o n . 

The f i r s t GC-FAAS c o u p l i n g was r e p o r t e d by K o l b a t a l [ 5 8 , 5 9 ] f o r 
t h e a n a l y s i s o f t e t r a m e t h y H e a d and t e t r a e t h y l l e a d i n f u e l . T h i s 
c o u p l i n g i n v o l v e d p a s s i n g t h e column e f f l u e n t v i a a h e a t e d t u b e 
i n t o t h e n e b u l i s e r , b u t p r o l o n g e d memory e f f e c t s (due t o 
a d s o r p t i o n o f t h e a n a l y t e on t h e w a l l s o f t h e n e b u l i s e r ) , 
e x c e s s i v e peak b r o a d e n i n g and sample d i l u t i o n were o b s e r v e d , 

A more e f f i c i e n t method o f sample i n t r o d u c t i o n passes t h e column 
e l u e n t d i r e c t l y i n t o t h e atom c e l l , r e s u l t i n g i n i m p r o v e d 
d e t e c t i o n . Three t y p e s o f atom c e l l have been used, s t a n d a r d FAAS 
[ 6 0 ] , a s i l i c a ( o r c e r a m i c ) t u b e h e a t e d by a f l a m e [ 6 1 , 6 2 ] o r 
e l e c t r i c a l l y [ 4 8 , 6 3 - 6 8 ] , and t h o s e u s i n g GFAAS [ 6 9 - 7 1 ] . Less 
commonly h i g h t e m p e r a t u r e GC has been used e m p l o y i n g a molybdenum 
t u b e [ 7 2 ] . 

Flame and 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 f u r n a c e s have been f o u n d 
t o be 15 t i m e s more s e n s i t i v e t h a n a c o n v e n t i o n a l f l a m e [ 7 3 ] . 
However a p r o b l e m a s s o c i a t e d w i t h s i l i c a atom c e l l s i s c a r b o n 
d e p o s i t i o n on t h e c e l l w a l l [ 7 4 ] , GFAAS has been f o u n d t o be t h e 
most s e n s i t i v e , however a d i s a d v a n t a g e w i t h t h i s i s g r a p h i t e t u b e 
d e t e r i o r a t i o n . 
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T a b l e 1.3 Comparison o f fl a m e AAS (FAAS) w i t h g r a p h i t e 
f u r n a c e AAS (GFAAS). 

Parameter Flame AAS (FAAS) G r a p h i t e F u r n a c e 
AAS (GFAAS) 

D e t e c t i o n l i m i t s 
[ 7 5 ] 

ml"' range ( p o o r 
t r a n s p o r t 
e f f i c i e n c y , 2-5 % 
o f t h e sample 
reaches t h e f l a m e ) 

ng m l ' r a n g e 
(atoms 
c o n c e n t r a t e d i n a 
sma 1 l e r volume and 
so have a l o n g e r 
r e s i d e n c e t i m e i n 
t h e o p t i c a l p a t h ) 

A n a l y s i s t i m e ( s ) 15 120 

Sample volume 5 ml 5-20 / i l 

R e l a t i v e p r e c i s i o n l e s s t h a n 5 % 
5-10 % ( a s s o c i a t e d 
w i t h manual 
p i p e t t i n g ) 

I n t e r f e r e n c e s R e l a t i v e l y f e w e r 
c f . GFAAS 

More s u s c e p t i b l e 
c f . FAAS (memory 
e f f e c t s , l o s s o f 
v o l a t i l e a n a l y t e s , 
c a r b i d e f o r m a t i o n , 
v a r i a t i o n i n 
sample p o s i t i o n ) 

R e l a t i v e c o s t Low H i g h 
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Table 1.4 Gas Chromatography - Atomic A b s o r p t i o n S p e c t r o m e t r y (GC-AAS) 

Chromatography Sample D e t e c t i o n Reference 
2 m X 2 mm i . d . , 10% 
Apiezon M on Chromosorb 
R. Nj = 40 ml min.'', T, 
= 150°C 

A l k y l l e a d compounds i n 
f u e l , MejPb and EtPb4 

F i r s t paper t o d e s c r i b e GC-
FAAS c o u p l i n g f o r element 
s e l e c t i v e d e t e c t i o n , l i n e a r 
range: 50 - 700 /ig ml-', X = 
217.0 nm 

[5 8 ] 

6' X 0.25" i . d . s t e e l 
column, 20% SE-30 on 
30-60 mesh Chromosorb 
W. He = 100 ml min.'', T, 
= ISO'̂ C ( i s o . ) , Tj = < T, 

S i l y l a t e d p y r i d i n e 
s o l u t i o n s o f n - a l c o h o l s 
C.-C, 

C o u p l i n g as i n [ 5 8 ] , l i n e a r 
range = 4-20 , LOD = 0.11 
fig, \ = 2 51.6 nm 

[6 0 ] 

1 . 8 m x 6 m m o . d . x 2 
mm i . d . , 3% OV-101 on 
100-120 mesh Chromosorb 
WHP. Ar = 32 ml min.-', 
Ti„j = leO^'C, T, = 130 t o 
245**C a t lÔ 'C min.-', Tj = 
170**C 

O r g a n o t i n c h l o r i d e 
compounds i n water 
( p e n t l y a t e d 
d e r i v a t i v e s ) 

Quartz f u r n a c e , H2 = 470 ml 
min.'', a i r = 9 ml min."', 
a c e t y l e n e / a i r f o r b u r n e r = 
31/24 1 min.', A b s o l u t e LOD: 
0.16 - 0.40 ng (as Sn), wa t e r 
= 4-10 ng 1', X = 286.4 nm 

[ 6 1 ] 

Glass, 1.5 m X 4 mm 
i . d , 2% OV-101 on 80-
100 mesh Chromosorb W-
HP. = 70 ml min.-', T, 
= 50°C (2 min. i s o . ) t o 
ISO'̂ C a t 15°C min.-' 

T e t r a a l k y l e a d compounds 
(Me^Pb, MejEtPb, 
MejEtjPb, MeEtjPb, Et^Pb) 
i n w a t e r , sediment and 
f i s h 

E l e c t r o t h e r m a l l y heated s i l i c a 
t u b e (60 X 7 mm i . d . , T = 
lOOÔ 'C) . Furnace gases: a i r = 
120 ml min.-'; Hj = 120 ml min.-
'. LOD: water = 0.5 ng ml-', 
sediment = 0.01 /ig g"' and f i s h 
= 0.025 ^g g-', X = 217.0 nm 

[6 5 ] 
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Table 1.4 ( c o n t i n u e d • • • • 

Chromatography Sample D e t e c t i o n Reference 

Glass, 1.8 m X 6 mm 
i . d . 10% OV-i on 80-
100 mesh Chromosorb W. 

= 65 ml, T.^. = 150«C, 
min.-', T, = 80°C t o 
2 00°C a t 5̂ C min.-', T; = 
160°C 

See r e f . [ 6 5 ] . 
A l k y H e a d s i n sediment 
and b i o l o g i c a l samples. 

See r e f . [ 6 5 ] , Furnace temp. = 
900°Cf f u r n a c e gases: Hj = 85 ml 
min.''. LOD: sediment 7.5 ng g'' 
and b i o t a = 15 ng g"'. 

[66 ] 

l m x 4 m m i . d . 3% OV-
101 on 80-100 mesh 
Chromosorb W-HP. Nj = 
60 ml min.'', T, = 
v a r i o u s , T; = 180*'C 

O r g a n o t i n c h l o r i d e 
compounds, e t h y l a t i o n 
by sodium 
t e t r a e t h y l b o r a t e (NaBHJ 

See r e f . [ 6 5 ] . Furnace temp. = 
950^C, f u r n a c e gases: Hj = 300 ml 
min.-', a i r = 13 ml min.-' A b s o l u t e 
LOD: 1.2-1.8 ng, X = 224.6 nm 

[48 ] 

Pyrex U-tube 0.3 m x 5 
mm i . d . 10% OV-lOl on 
80-100 mesh Chromosorb 
GAW-HP. Cold t r a p i n 
l i q u i d N2, He f l u x 

T r i b u l y l t i n i n marine 
sediment, h y d r i d e 
g e n e r a t i o n 

See r e f . [ 4 8 ] . Cold t r a p ( t h e r m a l 
d e s o r p t i o n GC), LOD: sediment = 
1,4-8 ng g'', X = 286.5 nm. 
Comparative s t u d y o f methods, 
o t h e r methods = HPLC-GFAAS 

[64 ] 

G lass, 1.8 m X 6 mm 
i . d . 3% OV-1 on 80-100 
mesh Chromosorb W. N2 = 
65 ml min.-', Ti^. = 
180*'C, min.-', T, = 90°C 
t o 190°C a t 20°C min.-', 
Tj = 165^C 

B u t y l a t e d m e t h y l t i n 
(I V ) and t i n ( IV) 
s p e c i e s i n w a t e r , a l s o 
m e t h y l t i n h y d r i d e s 

E l e c t r o t h e r m a l l y heated s i l i c a 
t u b e T = 850-900**C) . Furnace 
gases: a i r = 20 ml min.''; H2 = 85 
ml min.-'. A b s o l u t e LOD (as Sn) = 
0.1 ng, X = 224.6 nm 

[6 7 ] 
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Table 1.4 ( c o n t i n u e d 

Chromatography Sample D e t e c t i o n Reference 

Fused s i l i c a c a p i l l a r y 
column OV-lOl, 50 m x 
0.3 mm i . d . = 5 ml 
min."', T, = 80°C i s o . , 
Tj = 70°C 

T e t r a m e t h y l l e a d i n 
bl o o d 

GFAAS, a t o m i s a t i o n temp. = 
1100°C. D e t e c t i o n l i m i t s = 0.01 
/xg ml'' (as Me^Pb i n volume o f 
b l o o d ) , X = 217 nm 

[69] 

Fused s i l i c a c a p i l l a r y 
column OV-lOl (50 m x 
0.3 2 mm i . d . , H e w l e t t 
Packard) . Hj = 2.5 ml 
min.-', T, = 30"C ( 1 
min. i s o . ) t o 220*'C (5 
min. i s o . ) a t 16*'C 
min.'', Tj = 70°C 

M e t h y l l e a d i n f u e l and 
bl o o d 

See r e f . [ 6 9 ] . A b s o l u t e d e t e c t i o n 
l i m i t s : MejPb = 8 pg, BuMe3Pb = 16 
pg and MejPb"^ i n bl o o d = 3 pg ml" 
' , X = 217 nm 

[70,71] 

High t e m p e r a t u r e 
molybdenum column 247 
mm X 1.22 mm i . d . Ar = 
2.7 ml min.-', T̂  = 
2093**K 

I n o r g a n i c copper, 
sodium, manganese, and 
magnesium 

E l e c t r o t h e r m a l l y heated Mo t u b e , 
2093 t o 2473°K a t 250*^ s e C ' 

[72] 

PTFE t u b i n g 0.6 m x 2 
mm i . d . 10% SE-30 on 
Chromosorb W HP 80-100 
mesh. N2 = 65 ml min.'', 
T, = 180°C 

I n o r g a n i c Cr i n NBS SRM 
1571 o r c h a r d leaves as 
C r ( t f a ) 3 

Flame, w i t h c h r omatographic 
e l u e n t d e l i v e r e d d i r e c t l y t o t h e 
burner c a v i t y . L i n e a r range = 0 , 5 
- 5 fig ml*', a b s o l u t e LCD = 1 ng 

[60] 
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T a b l e 1.4 ( c o n t i n u e d 

Chromatography Sample D e t e c t i o n Reference 

Glass column 1.5 m x 4 
mm i . d . , 5% Carbowax 
20M on 80-100 mesh 
Chromosorb 750. T̂  = Tj 
= Tj„j = 159-175"C 

T e t r a a l k y l l e a d 
compounds 

Flame and flame heated ceramic 
t u b e , v a r i o u s atom c e l l s 
developed. A b s o l u t e LOD = 17pg, X 
= 283.3 nm 

[ 6 2 ] 

Glass column 1.8 m x 6 
mm o.d., 10% OV-101 on 
80-100 mesh 
S u p e l c o p o r t . He = 35 
ml min.'', T, = 50^C ( 1 
min. i s o . ) t o 250*'C ( 1 
min. i s o . ) a t Q°C min."' 
T-^- = 200°C. C a p i l l a r y 
column i n t e r f a c e , Tj = 
2 50''C 

A D c y l l e a d compounds E l e c t r o t h e m a l l y heated q u a r t z 
f u r n a c e , t e m p e r a t u r e = 900**C, Hj = 
50 ml min."'. X = 217 and 283 nm. 
Connection o f c a p i l l a r y column 
t r a n s f e r l i n e d e s c r i b e d . 

[ 6 8 ] 

Glass column 3 m x 4 
mm i . d . , 3% OV-101 on 
80-100 mesh Chromosorb 
W HP. N2 = 100 ml min.-
'. T, = lOÔ 'C ( i s o . ) , T.^-
= 140°C, Tj = 180**C 

Methylmercury compounds 
i n aqueous samples. 
E t h y l a t i o n by sodium 
t e t r a e t h y l b o r a t e (NaBHj) 

E l e c t r o t h e r m a l l y heated s i l i c a 
t u b e T = 750-800°C) . A b s o l u t e LOD 
( f o r CH3 HgCjH^) = 167 pg, X = 
253.7 nm 

[ 6 3 ] 
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1 • 6 Gas Chromatography - Plasma E m i s s i o n S p e c t r o m e t r y 

1.6.1 C a p a b i l i t i e s o f Plasma A t o m i c E m i s s i o n 
Element S e l e c t i v e D e t e c t i o n 

Plasma s o u r c e a t o m i c e m i s s i o n s p e c t r o m e t r y (AES) i s one 
o f t h e b e s t e s t a b l i s h e d and w i d e l y used o f a l l modern 
a n a l y t i c a l t e c h n i q u e s . 

The use o f non-combustion s o u r c e s has a number o f 
advantages o v e r f l a m e methods, i n c l u d i n g i n c r e a s e d 
a c c u r a c y , s e n s i t i v i t y and p r e c i s i o n o v e r a w i d e r e l e m e n t 
range. The h i g h e r t e m p e r a t u r e s and c l e a n e r c h e m i c a l 
e n v i r o n m e n t o f plasmas overcome t h e p r o b l e m s o f l o w e r 
t e m p e r a t u r e s and r e a c t i v e c h e m i c a l e n v i r o n m e n t 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 The l i n e a r dynamic 
c o n c e n t r a t i o n range o f plasma e m i s s i o n s o u r c e s i s f o u r o r 
more o r d e r s o f magnitude (compared t o f l a m e AES) due t o 
t h e narrow e m i s s i o n p r o f i l e o f t h e plasma w h i c h r e d u c e s 
s e l f a b s o r p t i o n . S p e c t r a r i c h i n atom and i o n l i n e s a r e 
a l s o produced by non-combustion plasma f l a m e s o u r c e s . 

The 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 AES makes GC-AES a 
v a l u a b l e t o o l f o r t h e d e t e r m i n a t i o n o f GC v o l a t i l e 
s p e c i e s i n a wide v a r i e t y o f samples- Complex 
e n v i r o n m e n t a l samples c o n t a i n many c o n s t i t u e n t s w h i c h 
c o m p l i c a t e t h e i n t e r p r e t a t i o n o f chromatograms. 
I n t e r f e r e n c e s f r o m u n r e s o l v e d peaks, sometimes make 
a n a l y t e i d e n t i f i c a t i o n d i f f i c u l t and e l e m e n t s e l e c t i v e 
d e t e c t i o n can o f t e n reduce o r even e l i m i n a t e such 
i n t e r f e r e n c e s . 

S e l e c t i v i t y ( d e f i n e d as peak a r e a r e s p o n s e p e r mole o f 
el e m e n t s d i v i d e d by t h e peak a r e a o f t h e 'background' 
element p e r mole o f t h e elem e n t [ 5 6 ] ) , o f AES d e t e c t i o n 
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i s dependent on t h e e m i s s i o n p r o p e r t i e s o f t h e e l e m e n t 
and t h e s p e c t r a l r e s o l u t i o n o f t h e i n s t r u m e n t . 
S e n s i t i v i t y f o r a p a r t i c u l a r e l e m e n t i s d e p e n d e n t on 
w hether ICP, DCP o r MIP i s used and on w h e t h e r He o r Ar 
plasmas a r e used. 

L i m i t s o f d e t e c t i o n may be e x p r e s s e d as a b s o l u t e v a l u e s 
o f e lement mass ( i n a r e s o l v e d peak) o r i n mass f l o w r a t e 
u n i t s (eg. pg sec*') . The l a t t e r i s t h e more u s e f u l s i n c e 
i t a f f o r d s d i r e c t c o m p a r i s o n w i t h o t h e r m a s s - f l o w 
d e t e c t o r s (eg. F I D ) . 

The l i n e a r dynamic r a n g e o f r e s p o n s e f o r d i f f e r e n t 
e l e m e n t s t y p i c a l l y e x t e n d s f r o m t h e upper l o a d c a p a c i t y 
o f t h e f u s e d s i l i c a columns ( c a . 50 ng) down t h e 
d e t e c t i o n l i m i t (1-100 p g ) , 

By e m p l o y i n g m u l t i e l e m e n t d e t e c t i o n i t i s p o s s i b l e t o 
d e t e r m i n e e m p i r i c a l f o r m u l a e o f compounds e l u t e d [ 5 3 , 
1 0 7 1 ] . M u l t i e l e m e n t m o n i t o r i n g can be a c c o m p l i s h e d u s i n g 
r a p i d s e q u e n t i a l w a v e l e n g t h - s w i t c h i n g , a p o l y c h r o m a t o r 
w i t h a m u l t i c h a n n e l o u t p u t o r d i o d e - a r r a y d e t e c t i o n . 

1-6.2 Gas Chromatography - Microwave I n d u c e d Plasma -
A t o m i c E m i s s i o n S p e c t r o m e t r y 

The c a p a b i l i t i e s o f microwave i n d u c e d plasma (MIP) as an 
e x c i t a t i o n s o u r c e have been w e l l documented [ 7 7 - 7 9 ] , 
R e c e n t l y t h e t r a n s v e r s e e l e c t r o m a g n e t i c mode (TEM) 
c o n f i g u r a t i o n ( e . g . TMino Beenakker c a v i t y ) [ 8 0 , 8 1 ] has 
become p o p u l a r because o f i t s a b i l i t y t o s u s t a i n a h e l i u m 
plasma a t a t m o s p h e r i c p r e s s u r e . However t h e MIP can a l s o 
o p e r a t e a t r e d u c e d p r e s s u r e s (2 kPa) . 
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The MIP i s a h i g h l y e f f e c t i v e e x c i t a t i o n s o u r c e due t o 
t h e p r e s e n c e o f h i g h e n e r g y e l e c t r o n s and m e t a s t a b l e 
e x c i t e d i n e r t gas s p e c i e s . So where h e l i u m i s used, l i n e 
s p e c t r a f o r l i g h t e l e m e n t s such as C I , F, N and O a r e 
pr o d u c e d . The MIP has f o u n d p a r t i c u l a r use i n t h e 
d e t e r m i n a t i o n o f n o n - m e t a l l i c e l e m e n t s [ 8 2 ] . 

MIP-AES has two b a s i c c h a r a c t e r i s t i c s t h a t can be 
u t i l i s e d f o r c o u p l i n g t o a gas c h r o m a t o g r a p h . The low 
gas t e m p e r a t u r e o f t h e MIP a l l o w s s m a l l amounts o f 
sample, c o m p a t i b l e w i t h t h o s e o f GC s o l u t e s , t o be 
i n t r o d u c e d w i t h o u t e x t i n g u i s h i n g t h e plasma. I n 
a d d i t i o n , sample i n t r o d u c t i o n i s e a s i l y f a c i l i t a t e d as 
t h e c a r r i e r and plasma gases a r e t h e same. These 
advantages have made GC-MIP-AES a p o p u l a r t e c h n i q u e . I t s 
use has been e x t e n s i v e l y r e v i e w e d [ 3 2 , 3 3 , 8 2 - 8 4 ] and many 
a p p l i c a t i o n s have been r e p o r t e d ( T a b l e 1 . 5 ) . 

Use o f a l o w - p r e s s u r e a r g o n plasma was f o u n d t o l o w e r 
d e t e c t i o n l i m i t s ( f o r phosphorous and i o d i n e ) by an o r d e r 
o f m agnitude compared t o o p e r a t i o n a t a t m o s p h e r i c 
p r e s s u r e [ 8 5 ] , The more e n e r g e t i c r e d u c e d p r e s s u r e 
h e l i u m plasma has been used f o r t h e d e t e r m i n a t i o n o f 
h a l o g e n s , phosphorus and s u l p h u r [ 8 6 , 8 7 ] . 

Oxygen d e t e c t i o n r e q u i r e d t h e development o f an an a l o g o u s 
r e d u c e d p r e s s u r e system u t i l i s i n g h i g h p u r i t y plasma 
gases and t h e e x c l u s i o n o f a i r [ 8 8 ] , T h i s r e s u l t e d i n 
improv e d d e t e c t i o n l i m i t s (0.03 ng sec') and l i n e a r 
dynamic range o f t h r e e o r d e r s o f m a g n i t u d e . 

A number o f w o r k e r s have a l s o used t h e MIP d e t e c t o r t o 
d e t e r m i n e i n t e r e l e m e n t r a t i o s i n an a t t e m p t t o e s t a b l i s h 
e m p i r i c a l f o r m u l a e [ 5 3 , 8 9 , 9 0 ] . However i t was f o u n d 
n e c e s s a r y t o use a r e f e r e n c e compound i f a c c u r a t e r a t i o 
f o r m u l a e were t o be o b t a i n e d [ 9 1 ] s i n c e m o l e c u l a r 
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s t r u c t u r e o f t h e a n a l y t e i n f l u e n c e s e l e m e n t r e s p o n s e 
[ 9 2 ] . 

Few d i f f e r e n c e s i n d e t e c t i o n l e v e l s have been f o u n d w i t h 
t h e v a r i o u s forms o f MIP t o r c h e s [ 9 3 ] a l t h o u g h t h e 
Beenakker TM(,io c a v i t y was f o u n d t o be t h e e a s i e s t t o 
o p e r a t e f o r Ar and He plasmas. However, r e c e n t 
d evelopments have shown t h a t t h e s e n s i t i v i t y and l i m i t o f 
d e t e c t i o n o f a w a t e r c o o l e d c a p i l l a r y t o r c h was s u p e r i o r 
t o t h a t o f a t a n g e n t i a l f l o w t o r c h [ 9 4 ] . 

The r e d u ced power o f t h e MIP has a number o f 
d i s a d v a n t a g e s . The passage o f an o r g a n i c compound t h r o u g h 
a plasma may r e s u l t i n t h e f o r m a t i o n o f c a r b o n d e p o s i t s 
on t h e w a l l s o f t h e q u a r t z c a p i l l a r y , r e s u l t i n g i n 
a b s o r b t i o n o f p a r t o f t h e r a d i a t i o n , i n c r e a s e d b a c k g r o u n d 
e m i s s i o n [ 9 5 ] and plasma i n s t a b i l i t y . T h i s can be 
p r e v e n t e d by i n i t i a t i n g t h e plasma a f t e r t h e s o l v e n t has 
passed t h r o u g h t h e d e t e c t o r [ 9 6 ] , s o l v e n t v e n t i n g [ 9 7 ] o r 
a d d i n g t r a c e s o f a s c a v e n g i n g gas ( e . g . Nj, O2, H2 o r a i r ) 
t o t h e plasma gas [ 9 8 ] w h i c h r e s u l t s i n an i n c r e a s e d 
s p e c t r a l background. I n a d d i t i o n , t h e a n a l y t e i s 
i n c o m p l e t e l y v a p o r i s e d and s m a l l v a r i a t i o n i n e a s i l y 
i o n i s a b l e e l e m e n t s ( e . g . Na) cause l a r g e changes i n 
e m i s s i o n i n t e n s i t y , r e s u l t i n g i n c h e m i c a l i n t e r f e r e n c e s . 

W h i l e many systems have been d e s c r i b e d i n t h e l i t e r a t u r e 
h e l i u m MIPs appear t o have s e v e r a l a d v a n t a g e s . Most 
i m p o r t a n t i s t h a t t h e e n e r g y o f a h e l i u m plasma i s 
s u f f i c i e n t t o e x c i t e a l l e l e m e n t s and consume 
a p p r o x i m a t e l y 100 ml min ' compared t o ICPs w h i c h t y p i c a l l y 
r e q u i r e many l i t r e s o f a r g o n o r h e l i u m p e r m i n u t e . 

P u b l i c a t i o n s i n t h e mid 1980s s u g g e s t e d t h a t t h e use o f 
c a p i l l a r y GC, a t m o s p h e r i c p r e s s u r e He plasmas, TMo,o 
c a v i t i e s , c o m p u t e r i s e d d a t a a c q u i s i t i o n and peak-area 
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measurements may improve t h e p r e c i s i o n and a c c u r a c y 
a t t a i n e d . T h i s l e d t o t h e dev e l o p m e n t o f a c a p i l l a r y GC-
MIP-AES and more r e c e n t l y t o a c o m m e r c i a l l y a v a i l a b l e 
i n s t r u m e n t , d e s c r i b e d by w o r k e r s a t H e w l e t t P a c k a r d [ 9 9 ] . 
The c o m m e r c i a l system has been a p p l i e d t o a w i d e r a n g e o f 
samples [ 1 0 0 - 1 0 5 ] , i n c l u d i n g m e t a l l o p o r p h y r i n s i n c r u d e 
o i l s [ 1 0 6 ] and has a l s o been a d a p t e d f o r p y r o l y s i s ( p y -
GC-MIP-AES) s t u d i e s [ 1 0 7 - 1 0 8 ] . 
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Table 1.5 Gas Chromatography 
AES) . 

Microwave Induced Plasma - Atomic Emission Spectrometry (GC-MIP-

Chromatography Sample D e t e c t i o n References 
0. 6 m g l a s s U column, 5 mm 
1. d., 5% SE 30 on 80-100 
Chromasorb W., Ar = 20-115 
ml min-', T, = 160-200«C 

Organophosphorus 
i n s e c t i c i d e r e s i d u e s , 
d i a z i n o n i n grapes 

Reduced p r e s s u r e Ar, 1 
mm 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 . Achieved 
i n c r e a s e d s e n s i t i v i t y 
w i t h low p r e s s u r e 
d i s c h a r g e . LOD = 0.6 pg 
S-' o f P. X = (P) 
253.565 nm 

[85 ] 

Glass column, 1.8 m, 10% 
DC-200 on 80-100 mesh Gas-
Chrom Q. T, = 130-210«*C 
( v a r i o u s i s o t h e r m a l 
s e t t i n g s ) 

Organic compounds and 
p e s t i c i d e s 

Reduced p r e s s u r e He 
plasma, t a p e r e d c a v i t y , 
5-10 mm Hg p r e s s u r e LOD 
= 9-60 pg s''. X (nm) : 
Br = 478.55. CI = 
478.45, I = 533.82, P = 
253.57, S = 542.38 

[86] 

Glass column 1.2 m x 3 mm 
i . d . , 5% SE-30 on Gas-
Chrom Q. Flow r a t e = 27 ml 
min-', T, = 180*»C, Tj = 215°C 

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, CI and I 
c o n t a i n i n g compounds 

Mixed Ar/He (15/85) 
plasma, t a p e r e d c a v i t y 
and l e s s background 
e m i s s i o n o b t a i n e d . LOD 
= 0.07-11.5 ng. X (nm): 
P = 253.57, CI = 221.00, 
I = 206.2 

[8 7 ] 
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Table 1.5 ( c o n t i n u e d . . . . ) 

Chromatography Sample D e t e c t i o n References 
Fused s i l i c a c a p i l l a r y 
column 12 m x 0.25 mm 
i . d . , SE-30. I n t e r f a c e = 
nichrome r e s i s t a n c e w i r e 
t o v a r i a b l e v o l t a g e s u p p l y 

C h l o r i n a t e d and non-
c h l o r i n a t e d o r g a n i c s 

Atmospheric He plasma, 
TMQIO c a v i t y . M u l t i ­
element d e t e c t i o n and 
e m p i r i c a l f o r m u l a 
d e t e r m i n a t i o n . 
X (nm): Se = 203.99, As 
= 228.81, Br = 470.49, 
Cl = 479.45, C = 
247.86, P = 253.57, I = 
516.12, S = 545,59, Pb = 
283.31, S i = 288,16, H = 
656,28, F = 685,60 

[8 9 ] 

Fused s i l i c a c a p i l l a r y 
column 30 m X 0.3 mm i . d , 
X 0.25 f i l m t h i c k n e s s , SE-
52 

n-alkanes; 
mononuclear, 
p o l y n u c l e a r , a r o m a t i c 
hydrocarbons and 
ha l o g e n a t e d 
hydrocarbons 

See Ref: [ 8 9 ] [5 3 ] 

Fused s i l i c a c a p i l l a r y 
columns 15 m x 0.25 mm 
i . d . , DB-5, J & W 
S c i e n t i f i c 

Small molecules o f 
u n r e l a t e d s t r u c t u r e 

Reduced p r e s s u r e (5-10 
T o r r ^ - X Evanson 
c a v i t y , f o r w a r d power = 
150 W (2450 MHz). See 
Ref. [ 8 9 ] , 

[90] 
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Table 1.5 ( c o n t i n u e d 

chromatography Sample D e t e c t i o n References 
Gas Chromatograph: C a r l o 
Erba, f r a c t o v a p 2101 

C 4 - C 7 n - hydrocarbons h X Evenson l o w - p r e s s u r e 
(40 T o r r ) . TMo.o 
atmosp h e r i c p r e s s u r e . 
Ar and He plasmas, t h e 
l a t t e r viewed a x i a l l y . 
R a t i o f o r m u l a e 
d e t e r m i n e d f o r known 
compounds ( i n a d e q u a t e 
f o r unknowns). LOD = 
low ng s'' range f o r b o t h 
systems. X (nm): C = 
247.86, H = 656.28, 
576.52, CH = 431.42 

[9 1 ] 

C2 = 

Fused s i l i c a c a p i l l a r y 
column 25 m X 0.22 mm i . d 
X 0.17 m̂ f i l m t h i c k n e s s , 
OV-l. He = 50 kPa 

n-alkanes, a r o m a t i c 
hydrocarbons and 
v a r i o u s oxygen and 
n i t r o g e n c o n t a i n i n g 
compounds 

He w l e t t - P a c k a r d HP 5921 
AED. M o l e c u l a r 
s t r u c t u r e i n f l u e n c e s 
response. Compatible 
i n t e r n a l s t a n d a r d must 
be used 

[9 2 ] 
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Table 1.5 ( c o n t i n u e d 

chromatography Sample D e t e c t i o n References 
Packed column 4.7 mm i . d . , 
Chromasorb 102 

Standard s o l u t i o n s Beenakker (3/4 X), 
Evenson X, and B r o i d a 
(3/4 X) c a v i t i e s 
compared w i t h He/Ar o r 
Ar plasmas, f o r w a r d 
power = 100 w. 
Beenakker c a v i t y e a s i e s t 
t o o p e r a t e . LOD (3a) = 
1 ng ml''. X (nm) : As = 
234.984, Ge = 303.906, 
Sb = 259.806, Sn = 
317.502 

[ 9 3 ] 

S t a i n l e s s s t e e l packed 
column 2.4 m x 3 mm i . d . , 
OV-1 on 100-200 mesh. T^-
= 75*>C, Ar = 350 ml min'' 

n-pentane Ar MIP (2.45 GHz). Two 
t o r c h e s used: T a n g e n t i a l 
f l o w t o r c h , and w a t e r 
c o o l e d c a p i l l a r y plasma 
t u b e . LOD f o r carbon = 
low ng s"' range. X 
(nm): C = 388.9 and 
247.8. Emission and 
r e f l e c t e d power 
measurements made 

[94] 
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Table 1.5 ( c o n t i n u e d ) 

Chromatography 
Gas chromatograph: F&M 
S c i e n t i f i c Co. Model 609, 
He and Ar c a r r i e r gas. 

Sample 
S o l u t i o n o f s i m p l e 
heteroatom c o n t a i n i n g 
o r g a n i c compounds 

D e t e c t i o n 
Tapered and c o - a x i a l 
c a v i t i e s used, t h e 
former more s e n s i t i v e , 
t h e l a t t e r accepted 
l a r g e r samples. 10 mm 
i . d . d i s c h a r g e t u b e a t 
low p r e s s u r e . He 
p r e f e r r e d c a r r i e r gas a t 
low p r e s s u r e ( s t a b l e 
d i s c h a r g e ) . L i n e a r 
dynamic range = 4 o r d e r s 
o f magnitude. LOD = 0 . 2 
f g s - 0.2 )ig s"'. X 
(nm): Co = 388.3, F = 
516.6, 251.6, CI = 
278.8, Br = 298.5, I = 
206.2, S = 257.5 

References 
[9 5 ] 

Glass U column 0.6 m x 5 
mm i . d . , 5% SE 30 on 80-
100 Chromasorb W., Ar = 
20-115 ml min'', T, = 160-
200«C 

Organophosphorus 
i n s e c t i c i d e r e s i d u e s 
i n pure form, 
a g r i c u l t u r a l and f o o d 
samples 

Atmospheric p r e s s u r e Ar, 
1 mm 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 . LOD = 
1.4-9.2 pg s"*. X = P = 
253.565 nm 

[ 9 6 ] 
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Table 1.5 ( c o n t i n u e d ) 

1 
1 Chromatography Sample D e t e c t i o n References 

1 

1 

C a p i l l a r y column 10 m x 
0. 375 mm o.d. x 0.05 mm 
1. d., SB-50, Lee 
S c i e n t i f i c . He = 1.5 ml 
min'', = 50*'C (5 min. 
i s o . ) t o lOO^C a t lO^'C min-

Arom a t i c hydrocarbons Atmospheric He MIP, TMoio 
c a v i t y , f o r w a r d power = 
2070W (2450 MHz). 
So l v e n t v e n t i n g 
d e s c r i b e d 

[ 9 7 ] 

1 Ti„i = 250«C 
Fused s i l i c a c a p i l l a r y 
column, 25 m X 0.32 
mm i . d . x 0.17 jum m e t h y l 
s i l i c o n e f i l m t h i c k n e s s . 
GC b l o c k t r a n s f e r l i n e , Tj 
= 250*»C, T, = 100**C i s o . , ' 
He = 1.1 ml min'' 

V a r i o u s v o l a t i l e 
compounds 

Atmospheric He plasma, 
TMQIO c a v i t y . Changes t o 
th e b a s i c MIP-AES d e s i g n 
i s d e s c r i b e d . LOD = 
0.1-75 pg s-'. X (nm) : N 
= 174.2, S= 180.7, Hg = 
184.9, 253.7, C = 193.1, 
247.9, 495.8, P = 177.5, 
S i = 251.6, Br = 478.6, 
Cl = 479.5, H = 486.1, 
656.3, F = 685.6, 0 = 
777.2 

[ 9 9 ] 

Three d i f f e r e n t f u s e d 
s i l i c a c a p i l l a r y columns 
used, He = 2 ml min"'. T, = 
v a r i o u s programs used 

Lead i n p e t r o l e u m , C 
and S i n gas o i l , 
p e s t i c i d e s 

Commercially a v a i l a b l e 
GC-MIP-AES LOD = 0.1-60 
pg s"'. X (nm): as r e f 
[ 9 9 ] , i n c l u d i n g Pb = 
405.7 

[109] 
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Table 1.5 ( c o n t i n u e d • • • • 

chromatography Sample D e t e c t i o n References 
Fused s i l i c a c a p i l l a r y 
column, 40 m, OVl bonded 
phase. He = 0.5 ml min"', 
s p l i t r a t i o = 1:100 

A l k y l l e a d and 
a l k y l m e r c u r y compounds 

Atmospheric p r e s s u r e He 
plasma, TMo,o c a v i t y , 
o p t i m i s a t i o n d e s c r i b e d , 
f o r w a r d power = lOOW, 
l i n e a r dynamic range = 3 
o r d e r s o f magnitude. 
LOD = a p p r o x i m a t e l y 1 pg 
(no background 
c o r r e c t i o n o r scavenger 
gase s ) . X (nm): Pb = 
405.78, Hg = 253.6 

[110] 

Fused s i l i c a column, 5 m x 
0.53 mm i . d . x 0.15 /xm 
f i l m t h i c k n e s s , J & W 
S c i e n t i f i c DB-1 ( m e t h y l 
s i l i c o n e ) . He = 12 ml min"', 
T, = 35*»C ( 1 min. i s o . ) t o 
430*'C (10 min. i s o . ) a t 
IS^C min"' T; = 400*»C 

M e t a l l o p o r p h y r i n s i n 
crude o i l 

See r e f . [ 1 0 9 ] , LOD = 
0.05-5 pg s*', l i n e a r 
dynamic range = one 
o r d e r o f magnitude, X 
(nm): N i = 301.2, 231.6, 
V = 292.4, 268.8, Fe = 
302.1, 259.9 

[106] 
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1.6-3 Gas Chromatography - I n d u c t i v e l y C o upled Plasma 
- Atomic E m i s s i o n S p e c t r o m e t r y 

I n d u c t i v e l y c o u p l e d plasma - a t o m i c e m i s s i o n s p e c t r o m e t r y 
(ICP-AES) i s a w e l l e s t a b l i s h e d a n a l y t i c a l t e c h n i q u e 
[ 5 4 , 8 2 , 1 1 1 - 1 1 3 ] . 

D e s p i t e i t s w i d e a d o p t i o n as a s p e c t r o - a n a l y t i c a l 
e m i s s i o n s o u r c e , and i n c o n t r a s t t o i t s use w i t h HPLC 
[29,114,115,106,117-121], t h e ICP has n o t been r o u t i n e l y 
used as a GC d e t e c t o r . However i t does o f f e r s e v e r a l 
a d v a n t a g e s o v e r t h e MIP. For example t h e plasma i s a b l e 
t o w i t h s t a n d o r g a n i c s o l v e n t s , owing t o t h e h i g h e r gas 
t e m p e r a t u r e ( i . e . ICP i s a more s t a b l e p l a s m a ) ; oxygen o r 
n i t r o g e n do n o t have t o be added t o t h e plasma t o r e d u c e 
d e p o s i t s ; and ICP has h i g h s e l e c t i v i t y , h i g h s e n s i t i v i t y 
and a w i d e l i n e a r dynamic range f o r v o l a t i l e 
o r g a n o m e t a l l i c s , r e g a r d l e s s o f m o l e c u l a r s t r u c t u r e . 

The f i r s t c o u p l i n g o f GC t o ICP-AES was made by Windsor 
and Denton [ 1 2 2 ] . A packed column was i n t e r f a c e d t o a 
demountable ICP t o r c h t h r o u g h a T - j u n c t i o n , t h r o u g h w h i c h 
an a r g o n make-up gas was i n t r o d u c e d e n a b l i n g t h e plasma 
t o be p u n c t u r e d . 

GC-ICP-AES has s i n c e been a p p l i e d t o a n a l y s i s o f a number 
o f compounds ( T a b l e 1.6). A d i s a d v a n t a g e o f t h i s c o u p l e d 
system i s t h a t p e r f o r m a n c e l e v e l s f o r n o n - m e t a l s a r e 
i n f e r i o r t o t h o s e w i t h t h e MIP and t h i s has r e d u c e d 
s u b s e q u e n t i n v e s t i g a t i o n s o f a r g o n ICP-AES. 
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Table 1.6 
lCP-AEs7^^°^^^^^^ " -^"^"^^^^^^y Coupled Plasma - Atomic Emission S p e c t r o m e t r y (GC 

Chromatography Sample D e t e c t i o n References 
Packed column, 1.8 m x 3 
mm i . d . , 8% Carbonax on 
80-100 mesh f i r e b r i c k 

E lemental a n a l y s i s o f 
v a r i o u s o r g a n i c 
compounds 

A l l Ar plasma, 
o b s e r v a t i o n s made 9 mm 
above l o a d c o i l , s i n g l e 
and m u l t i channel 
monochromator. LOD = 
0.8 ng-1 mg (depending 
on e l e m e n t ) . X (nm): Br 
= 700.57, C = 247.86, CI 
= 725.67, F = 634.67, H 
= 656.28, I = 206.16, S i 
= 251.61, Fe = 371.99, 
Pb = 217.00, Sn = 284.00 

[122] 

Packed n i c k e l column, 1.2 
m X 3 mm i . d . , 20% Amine 
220 on 80-100 mesh 
chromasorb WHP. Ar = 25 
ml min-', T, = 95»C i s o , T- = 
50-70OC 

N i t r o g e n c o n t a i n i n g 
compounds 

— 

See r e f [ 1 2 2 ] , o p e r a t i n g 
frequency = 27 MHz, 
i n c i d e n t power = 1.85 
kW, r e f l e c t e d power = 
<50W. I n j e c t o r gas = 
0.25 1 min' LOD = 1 fxq 
(as N). X = 8216.3A 

[123] 
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Table 1.6 ( c o n t i n u e d 

Chromatography Sample D e t e c t i o n References 
Fused s i l i c a c a p i l l a r y 
column, 30 m X 0.25 mm 
i . d . , DB-5. He = 35 cm s"' 
For c o a l g a s i f i c a t i o n = 
packed g l a s s column. 1.8 
m X 2 mm i . d . , 5% OV-101 
on Chrom W-HP 80-100 mesh 
Ar = 30 ml min"' 

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

See r e f . [ 1 2 2 ] , f o r w a r d 
power 1.5 kW, o p e r a t i n g 
f r e quency 27.1 MHz, 
r e f l e c t e d power = <10 W, 
i n j e c t o r gas = 0.31 1 
min*' LOD = 6-100 pg, X 
(nm): Pb = 220.3, Sn = 
189.9, Fe = 238.2, Se = 
196.1, S i = 251.6, Cr = 
267.7, C = 193.1 

• [124] 

Fused s i l i c a c a p i l l a r y 
column, 3 m X 0.3 mm i . d . 
X 5 f i l m t h i c k n e s s 
( m e t h y l s i l i c o n e ) , He = 
7.5 ml min*', Tj„j = 140<»C, T, 
= 50*»C (0.5 min. i s o . ) t o 
150'^C a t 30*»C min-' 

Methylmercury s p e c i e s 
CHjHgX and CjHjHgX 

Ar plasma, f o r w a r d power 
= 0.5 kW, o p e r a t i n g 
f r e quency = 40 MHz, 
i n j e c t o r gas = 0.31 1 
min"', a x i a l l y viewed 
plasma. LOD = 3 pg (as 
Hg), X = 253.7 nm 

[125] 

S u p e r c r i t i c a l f l u i d 
chromatography. Fused 
s i l i c a c a p i l l a r y column, 
20 m x 0.2 mm i . d . , 0.05 
mm f i l m t h i c k n e s s , 
d i m e t h y l s i l o x a n e . = 
60*>C i s o . , T; = approx. 
SO^C, COj p r e s s u r e = 200 
atm. 

O r g a n o s i l i c o n 
compounds 

Ar plasma, f o r w a r d power 
= 0.85 kW, o p e r a t i n g 
f r e q u e n c y = 40.7 MHz, 
i n j e c t o r gas = 0 . 6 1 
min'', l i n e a r dynamic 
range = 7.24-145 ng o f 
S i , LOD = 6 ng (as S i ) , 
X = 2 51.6 nm 

[126] 

34 



1.6.4 Gas Chromatography - D i r e c t Coupled Plasma -
A t o m i c E m i s s i o n S p e c t r o m e t r y 

The d i r e c t c u r r e n t plasma (DCP) has been d e s c r i b e d 
e x t e n s i v e l y [ 5 4 , 1 1 2 , 1 2 7 , 1 2 8 ] . A m a j o r l i m i t a t i o n o f DCP 
i s t h a t t h e plasma s u p p o r t i n g e l e c t r o d e s a r e consumed by 
t h e a r c and r e q u i r e r e s h a p i n g a f t e r 2 a b o u t h o u r s o f 
c o n t i n u o u s o p e r a t i o n . 

There a r e r e l a t i v e l y few r e p o r t e d c o u p l i n g s o f GC w i t h 
d i r e c t c u r r e n t p l a s m a - a t o m i c e m i s s i o n s p e c t r o m e t r y (GC-
DCP-AES). 

E a r l y v e r s i o n s w i t h packed GC columns used h e a t e d 
s t a i n l e s s s t e e l t r a n s f e r l i n e s . However t h e use o f f u s e d 
s i l i c a h e a t e d i n t e r f a c e s w i t h z e r o dead volume 
c o n n e c t i o n s has pro v e d t h e b e s t method f o r c a p i l l a r y 
columns. 

I n c o m p a r i s o n w i t h GC-MIP-AES, t h e a b s o l u t e d e t e c t i o n 
l i m i t s f o r l e a d and mercury a r e 1-2 o r d e r s o f mag n i t u d e 
p o o r e r . Some f u r t h e r a p p l i c a t i o n s a r e g i v e n i n T a b l e 
1.7. 

1-7 I n d u c t i v e l y Coupled Plasma - Mass S p e c t r o m e t r y 

1.7.1 O r i g i n s and Development 

By t h e 1970s i t was n o t e d t h a t t h e a n a l y t i c a l 
s p e c t r o m e t r i c t e c h n i q u e s a v a i l a b l e s u f f e r e d f r o m t h e 
pro b l e m s a s s o c i a t e d w i t h r e l a t i v e l y h i g h m a t r i x 
c o n c e n t r a t i o n s . The weak s p e c t r a l l i n e s f r o m m a t r i x 
e l e m e n t s i n t e r f e r e d s i g n i f i c a n t l y (due t o h i g h 
c o n c e n t r a t i o n s ) w i t h t h e s p e c t r a o f t h e a n a l y t e . I n 
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Table 1.7 Gas Chromatography - D i r e c t C u r r e n t Plasma - Atomic Emission Spectrometry (GC-DCP-AES) 

chromatography Sample D e t e c t i o n Reference 
S t a i n l e s s s t e e l column 1.8 m 
X 0.3 mm i . d . , 2% D e x s i l 300 
GC on 100-120 mesh 
Chromasorb 750. He = 25 ml 
min-', T, = 130«C ( i s o . ) , T;„. = 
160*0, T; = 170'='C 

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

P r o t o t y p e Spectrospan I I I 
d.c. plasma e c h e l l e 
s p e c t r o m e t e r . L i n e a r 
range = up t o 380 ng, LOD 
= 3ng. X = 279.8 nm 

[129] 

See Ref [ 1 2 9 ] , He = 60 ml 
min"', T, = v a r i o u s (190-230*>C 
i s o . ) , T; = 230'»C 

V a r i o u s complexes 
o f Cu, N i , Pd, Zn, 
Cr and 
hydrocarbons 

See Ref. [ 1 2 9 ] . Used 
s h e a t h i n g gas (230°C) t o 
p r e v e n t c o n d e n s a t i o n , 
l i n e a r range = 2-150 ng 
f o r Cr, LOD = 0.28-320 pg 
s', X (nm) = Cu (324 . 7 ) , 
N i ( 3 4 1 . 7 ) , Pd ( 3 4 0 ) , C 
(267. 7 ) , Cr (267.7) 

[130] 

Glass column, 5% DEGS-PS on 
100-120 mesh s u p e l c o p o r t . 
Ar = 100 ml min"', T, = 155'»C 
( i s o . ) , T,,. = 175*>C, T; = 
190^0 

Methylmercury i n 
f i s h NBS-RM50 

See Ref. [ 1 2 9 ] . L i n e a r 
range = 25-2500 /ig ml'', 
LOD = 37.5 ng ml"' (as Me 
Hg). X = 253. 6 nm 

[131] 
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e m i s s i o n s p e c t r o m e t r y t h e i n t e n s e l y - l i n e r i c h s p e c t r a o f 
m a t r i x e l e m e n t s ( e . g . Ca, A l and Fe) made t h e c h o i c e o f 
i n t e r f e r e n c e - f r e e s p e c t r a l l i n e s f o r t r a c e e l e m e n t s 
v e r y d i f f i c u l t . 

T h i s r e s u l t e d i n t h e c o u p l i n g o f t h e ICP t o a q u a d r u p o l e 
mass s p e c t r o m e t e r (ICP-MS). T h i s o f f e r e d ease o f sample 
i n t r o d u c t i o n , s i m u l t a n e o u s m u l t i - e l e m e n t a n a l y s i s , s i m p l e 
s p e c t r a , a dequate r e s o l u t i o n and low d e t e c t i o n l i m i t s . 
The d e t a i l e d h i s t o r y and c o m m e r c i a l r e a l i s a t i o n o f ICP-MS 
has been d e s c r i b e d [13,132] and t h e c u r r e n t s t a t e o f 
achievement r e v i e w e d i n some d e t a i l [ 1 3 4 - 1 3 6 ] . 

1.7.2 ICP-MS I n s t r u m e n t a t i o n 

C o m m e r c i a l l y a v a i l a b l e ICP-MS i n s t r u m e n t s a r e made up o f 
t h e f o l l o w i n g components: 

1. ICP i o n s o u r c e -
2. i o n s a m p l i n g i n t e r f a c e ( F i g u r e 1.3) 
3. mass s p e c t r o m e t e r . 
4. computer i n s t r u m e n t a l c o n t r o l and d a t a c o l l e c t i o n 

system. 

A p a r t f r o m t h e o r i e n t a t i o n and c o i l g r o u n d i n g 
arrangements t h e ICP i o n s o u r c e i n ICP-MS i n s t r u m e n t s a r e 
e s s e n t i a l l y t h e same as t h e ICP-AES systems. L i k e w i s e t h e 
mass a n a l y s e r s , i o n d e t e c t o r s and d a t a c o l l e c t i o n systems 
used a r e s i m i l a r t o t h o s e used i n c o n v e n t i o n a l q u a d r u p o l e 
GC-MS i n s t r u m e n t s [ 4 5 ] . 

The major a d v a n t a g e s o f ICP-MS a r e : 

1. High s e n s i t i v i t y (2.25 x l o ' c o u n t s s*' f o r 1 ^iq ml*' 
o f i n d i u m (m/z 115) w i t h a ba c k g r o u n d o f 10 c o u n t s 
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s"' g i v i n g a d e t e c t i o n l i m i t o f a b o u t 0.4 pg ml-' 
[ 1 3 7 ] ) . 

2. R a p i d s i m u l t a n e o u s m u l t i - e l e m e n t a n a l y s i s . 

3. C a p a b i l i t y f o r i s o t o p e s t u d i e s ( i s o t o p e d i l u t i o n 
a n a l y s i s ) [ 1 3 8 , 1 3 9 ] . 

4. L a r g e l i n e a r dynamic r a n g e o f 6-8 o r d e r s o f 
ma g n i t u d e , dependent on t h e mode o f o p e r a t i o n . When 
p u l s e c o u n t i n g i s used 6 o r d e r s ( 0 - 0 1 ng m l ' t o 10 
Aig ml ') i s o b t a i n e d , by r e d u c i n g s e n s i t i v i t y 
( o p e r a t i n g i n t h e a n a l o g u e mode) l i n e a r c a l i b r a t i o n 
up t o a b o u t 500 j L t g m l ' i s a c h i e v e d [ 1 4 0 ] . 

The p r i n c i p a l d i s a d v a n t a g e s o f t h e ICP-MS i s t h e h i g h 
c a p i t a l c o s t o f t h e i n s t r u m e n t ( a p p r o x i m a t e l y £300,000); 
t h e d i f f i c u l t y i n t h e a n a l y s i s o f e l e c t r o n e g a t i v e 
e l e m e n t s ( e . g . I , Be, O, C l ) and o f c o u r s e o n l y t o t a l 
e l e m e n t c o n c e n t r a t i o n s a r e o b t a i n e d when ICP-MS used 
w i t h o u t a c h r o m a t o g r a p h i c system ( i . e . no s p e c i a t i o n 
i n f o r m a t i o n i s o b t a i n e d ) . 

The c o n t i n u i n g i n t e r e s t i n ICP-MS as an a n a l y t i c a l t o o l 
has p r o v i d e d v a r i o u s methods o f sample i n t r o d u c t i o n . The 
most f r e q u e n t l y used method i s t o i n t r o d u c e t h e a n a l y t e 
i n t o t h e plasma as an a e r o s o l i n an aqueous o r o r g a n i c 
s o l v e n t . T h i s employs d i r e c t p n e u m a t i c ( o r u l t r a s o n i c ) 
sample n e b u l i s a t i o n used i n c o n j u n c t i o n w i t h a s p r a y 
chamber [ 1 4 1 - 1 4 4 ] . O t h e r methods e m p l o y i n g t h i s system 
i n c l u d e s l u r r y a t o m i z a t i o n [145,146] and f l o w i n j e c t i o n 
a n a l y s i s [ 1 4 7 , 1 4 8 ] . The main d i s a d v a n t a g e o f t h i s s y s t e m 
i s t h e low t r a n s p o r t e f f i c i e n c y ; o n l y a b o u t 1-3 % o f t h e 
a c t u a l sample reaches t h e plasma [ 1 4 9 , 1 5 0 ] . A l t e r n a t i v e s 
t o t h i s a r e e l e c t r o t h e r m a l v a p o r i s a t i o n 
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Extraction 
electrode 

Stage 2 
P2 = 2 x 10"^ torr 

Expansion 
Stage 
Pi = 0.9 torr 

Torch box 

Quartz bonnet 

O O O 

Water-cooled 
front plate 

Sk immer 

Sampl ing 
cone 

Po= 1 atm 1 cm 

F i g u r e 1.3 Plasma s a m p l i n g i n t e r f a c e : continuum sampling mode [151] 
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[ 1 5 2 , 1 5 3 ] , l a s e r a b l a t i o n [ 1 5 4 ] , h y d r i d e g e n e r a t i o n [ 1 5 5 , 1 5 6 ] and 
c h e m i c a l vapour g e n e r a t i o n (Hg** a n a l y s i s ) . 

1.7.3 I n t e r f e r e n c e s i n ICP-MS 

There i s e v i d e n c e t h a t gas r e a c t i o n s o c c u r i n t h e zone 
between t h e cones ( F i g . 1.3) g i v i n g r i s e t o p o l y a t o m i c and 
o x i d e s p e c i e s , w h i c h a r e t h u s two o f t h e m a j o r s o u r c e s o f 
i n t e r f e r e n c e s i n ICP-MS. 

The q u a d r u p o l e mass s p e c t r o m e t e r has i n s u f f i c i e n t 
r e s o l u t i o n t o s e p a r a t e c h e m i c a l l y d i f f e r e n t i o n s o f t h e 
same n o m i n a l mass. S p e c t r o m e t r i c i n t e r f e r e n c e s [ 1 5 7 , 1 5 8 ] 
w h i c h f a l l i n t o s i x c a t e g o r i e s : 

1. P o l y a t o m i c i o n s r e s u l t i n g f r o m i o n - m o l e c u l e 
r e a c t i o n s between m a j o r s p e c i e s i n t h e plasma w h i c h 
o c c u r d u r i n g t h e e x t r a c t i o n p r o c e s s o r i n t h e 
e x p a n s i o n s t a g e . The i o n s p r o d u c e d may o c c u r a t t h e 
same n o m i n a l mass i n t h e s p e c t r u m as t h e t r a c e 
a n a l y t e . Some examples o f p o l y a t o m i c i n t e r f e r e n c e s a r e 
shown i n T a b l e 1.8. 

2. A n a l y t e o x i d e i o n s r e s u l t i n g f r o m i n c o m p l e t e 
d i s s o c i a t i o n i n t h e plasma, r e c o m b i n a t i o n i n t h e 
boundary l a y e r o r i o n - m o l e c u l e r e a c t i o n s d u r i n g 
e x t r a c t i o n [ 1 5 9 ] , 

3. Doubly charged i o n s o f a n a l y t e (M̂ "*") appear i n t h e 
s p e c t r u m a t h a l f t h e mass o f t h e p a r e n t s i n g l y c h a r g e d 
i o n , because i o n s a r e f i l t e r e d i n t h e a n a l y z e r on t h e 
b a s i s o f mass-to-charge r a t i o (m/z) [ 1 5 9 ] . 

4. I s o b a r i c o v e r l a p s between c o i n c i d e n t i s o t o p e s o f 
n e i g h b o u r i n g elements ( e . g . '*"ca and ''^Ar) . 
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5. M a t r i x s u p p r e s s i o n causes a s h i f t i n plasma e q u i l i b r i a 
by t h e a d d i t i o n o f h i g h c o n c e n t r a t i o n s o f e a s i l y 
i o n i s a b l e e l e m e n t s ( e . g . Na, K, Ca) w h i c h a r e l a r g e 
enough t o p r o d u c e a s i g n i f i c a n t i n c r e a s e i n e l e c t r o n 
p o p u l a t i o n f r o m t h e i r i o n i s a t i o n . 

6. P h y s i c a l o r memory e f f e c t s caused by c o n d e n s a t i o n o f 
v a p o r i s e d a n a l y t e on t h e sam p l e r cone a p e r t u r e -

The c o n t i n u u m background s p e c t r a i n ICP-MS a l s o p r o d u c e 
s e v e r a l abundant i o n s d e r i v e d f r o m a r g o n and w a t e r v a p o u r 
( e . g . Ar^, ArH, Q-", OH"' and OHj-") [ 1 6 0 ] . 

1.8 Gas Chromatography - Plasma Source - Mass S p e c t r o m e t r y 

The use o f plasma source-mass s p e c t r o m e t r y f o r GC d e t e c t i o n has 
a number o f advantages o v e r GC-ICP-AES: d e t e c t i o n l i m i t s a r e an 
o r d e r o f magnitude b e t t e r , i s o t o p e r a t i o measurements ( i s o t o p e 
d i l u t i o n a n a l y s i s ) can be made and s i m p l e mass s p e c t r a a r e 
o b t a i n e d r a t h e r t h a n c o m p l i c a t e d e m i s s i o n s p e c t r a p r o n e t o 
i n t e r f e r e n c e s . The mass s p e c t r a w h i c h a r e r e s p o n s e i n d e p e n d e n t 
and n o t i n f l u e n c e d by t h e t y p e o f a n a l y t e . 

1.8.1 Gas Chromatography - Microwave I n d u c e d Plasma -
Mass S p e c t r o m e t r y 

There have been r e l a t i v e l y few s t u d i e s o f c o u p l e d GC-MIP-
MS. A l t h o u g h t h e use o f a h e l i u m plasma as an i o n s o u r c e 
f o r MS has been l i m i t e d , i t has t h e ad v a n t a g e t h a t 
m o n o p o s i t i v e i o n s a r e produced f r o m h a l o g e n s and t h e r e a r e 
re d u c e d low mass i n t e r f e r e n c e s (m/z <40) compared t o a r g o n 
plasmas. 
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Table 1.8 Some m a j o r p o l y a t o m i c i o n l e v e l s p r o d u c e d f r o m 
1 % s o l u t i o n s o f t h r e e m i n e r a l a c i d s . 
P o l y a t o m i c peak r e s p o n s e s i n ng m l ' a r e t h e 
a f f e c t e d a n a l y t e c o n c e n t r a t i o n s e q u i v a l e n t t o 
t h e i n t e r f e r i n g b a c k g r o u n d when t h a t i s o t o p e i s 
used f o r d e t e r m i n a t i o n . ( G r a y , 1992, [ 1 5 7 ] ) . 

Mass P r o b a b l e 
i o n 

A c i d 
A n a l y t e ' Mass P r o b a b l e 

i o n HNO3 HCl H 2 S O 4 

A n a l y t e ' 

51 ^̂ Cl'̂ Q-̂  0.12 12 , 0 0.84 V 
(99.8%) 

52 0. 53 1.2 0.71 Cr 
(83.8%) 

53 37^3^ I 6 Q + 0.79 43 . 8 1.75 Cr 
(9.6%) 

54 90.9 108 85.9 Fe 
(5.8%) 

55 ''"Ar"»N'H 0.71 0. 56 0.84 Mn 
(100%) 

56 18 . 0 15.8 15. 1 Fe 
(91.7%) 

57 "'̂ Ar'̂ D̂'H-̂  29 . 3 28.4 30.6 Fe 
(2.2%) 

64 1. 26 1.21 480 Zn 
(48.6%) 

66 ^s'^Oj-' 0. 74 0.52 41.6 Zn 
(27.9%) 

67 ^S"*02'H 2 . 35 2 . 06 12.9 Zn 
(4.1%) 

75 40^^.35^1 + 0. 19 2 . 1 0.46 As 
(100%) 

80 '^"Ar/ 1221 1257 1319 Se 
(49.7%) 

^Footnote: The p e r c e n t a g e v a l u e s g i v e n i n t h e p a r e n t h e s e s 
a r e t h e n a t u r a l o c c u r i n g i s o t o p i c abandances o f t h e e l e m e n t . 
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Low p r e s s u r e h e l i u m MIP has c e r t a i n a t t r a c t i v e f e a t u r e s 
as an i o n s o u r c e f o r plasma-MS i n c l u d i n g t h e i s o l a t i o n o f 
t h e plasma f r o m c o n t a m i n a t i o n due t o a t m o s p h e r i c 
e n t r a i n m e n t and l o w e r f l o w - r a t e s making gas p u r i f i c a t i o n 
much e a s i e r . These advantages m i n i m i s e t h e i s o l a t i o n o f 
plasma gas i m p u r i t i e s and/or t h e f o r m a t i o n o f p o l y a t o m i c 
i o n s w hich can i n t e r f e r e w i t h t h e d e t e r m i n a t i o n o f 
c e r t a i n low-mass e l e m e n t s . 

B o t h a t m o s p h e r i c and low p r e s s u r e h e l i u m GC-MIP-MS 
systems have been u t i l i s e d f o r t h e s p e c i a t i o n o f 
h a l o g e n a t e d h y d r o c a r b o n s [ 1 6 1 ] and o r g a n o t i n compounds 
[ 1 6 2 ] (Table 1.9). R e c e n t l y an SFC-MIP-MS has been 
d e s c r i b e d f o r h a l o g e n a t e d h y d r o c a r b o n s p e c i a t i o n [ 163 ] 
(Table 1.9). 

1.8.2 Gas Chromatography - I n d u c t i v e l y Coupled Plasma 
- Mass S p e c t r o m e t r y 

GC has been c o u p l e d t o ICP-MS l e s s r o u t i n e l y - GC-ICP-MS 
can be used t o m o n i t o r a wide r a n g e o f e l e m e n t s 
s i m u l t a n e o u s l y w i t h a h i g h d e g r e e o f s e l e c t i v i t y and 
s e n s i t i v i t y . The adva n t a g e s o f t h e system i n c l u d e good 
t r a n s p o r t e f f i c i e n c y ( 1 0 0 % ) , few s p e c t r a l i n t e r f e r e n c e s , 
i mproved plasma s t a b i l i t y and compared t o HPLC-ICP-MS, 
red u c e d sampler and skimmer cone wear. 

U n l i k e s t a t e - o f - t h e - a r t GC-MIP-AES, GC-ICP-MS does n o t 
r e q u i r e e x p e n s i v e r e a g e n t gases and s o l v e n t - v e n t i n g t o 
p r e v e n t plasma i n s t a b i l i t y and c a r b o n a c c u m u l a t i o n on t h e 
d i s c h a r g e t u b e r e s p e c t i v e l y ( s i m i l a r p r o b l e m s a r e 
e n c o u n t e r e d i n GC-MIP-MS, where t h e cones o f t h e mass 
s p e c t r o m e t e r may a l s o become b l o c k e d ) . 
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Table 1.9 Gas Chromatography - Microwave Induced Plasma - Mass Spe c t r o m e t r y (GC-MIP-MS) 

Chromatography Sample Detection References 
Fused s i l i c a c a p i l l a r y 
column, 4 0 m x 0 . 3 3 m m 
i . d . , SE-54 J & W 
S c i e n t i f i c 

Halogenated 
hydrocarbons 

Atmospheric p r e s s u r e He 
MIP = TMoio c a v i t y , 
t a n g e n t i a l p r e s s u r e He 
MIP = 9 X 10-2 mbar Mass 
spe c t r o m e t e r = Plasma 
Quad (VG E l e m e n t a l ) , 
s i n g l e i o n m o n i t o r i n g 
f o r "Br, •'^Cl, 
S e n s i t i v i t y = 

35, " C I , 
pg range 

[161] 

Fused s i l i c a c a p i l l a r y 
column, 30 m X 0.32 mm 
i . d . and 0.25 m̂ f i l m 
t h i c k n e s s , DB-1701, He = 
10 ml min" 
= 7B°C (2 
260«C a t 
280<='C 

O r g a n o t i n s p e c i a t i o n 

T.. = 
min. 
32*»C 

300°C, 
i s o . ) t o 
min Tj = 

Atmospheric p r e s s u r e He 
MIP = TMoio c a v i t y , 
t a n g e n t i a l t o r c h w i t h 
t a n t a l u m i n j e c t o r . 
Forward power = <100W 
(2450 MHz). Mass 
sp e c t r o m e t e r = see r e f . 
[ 1 6 1 ] , s i n g l e i o n 
m o n i t o r i n g '̂ **Sn, l i n e a r 
dynamic range = 3 o r d e r s 
o f decade, LCD (3a) = 
0.09-0.35 pg (as Sn) f o r 
t a n t a l u m t o r c h 

[162] 
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Table 1.9 (continued ) 

Chromatography Sample Detection References 
SFC-MIP-MS. C a p i l l a r y 
column, 2.5 X 4m X 50 /im 
i . d . X 0.25 txm f i l m 
t h i c k n e s s , SB-biphenyl-3 0 
(Lee S c i e n t i f i c ) 

1 - c h l o r o n a p t h a l e n e and 
l-bromo-2-
m e t h y l n a p t h a l e n e 

Atmospheric He MIP = 
TMQIO, f o r w a r d power = 
120 W (2450 MHz). Mass 
sp e c t r o m e t e r = VG Plasma 
Quad, scampling o r i f i c e 
= 0.4 mm ( A l cone). 
A b s o l u t e LOD = 15 pg 
(CI) and 0.75 pg ( B r ) , 
l i n e a r range = 50 pg -
50 ng ( 5 % RSD). 

[163] 
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Packed column GC-ICP-MS was f i r s t d e s c r i b e d by Van Loon 
e t a l , , [ 1 6 4 ] and l a t e r by Cheng and Houk [ 1 6 5 ] (Table 
1.10). However packed column GC o f t e n does n o t have 
s u f f i c i e n t r e s o l v i n g power f o r a d e q u a t e c h a r a c t e r i s a t i o n 
o f t h e complex m i x t u r e s f o u n d i n many e n v i r o n m e n t a l 
samples (eg. w a t e r , s e d i m e n t , b i o t a ) . SFC has a l s o been 
i n t e r f a c e d t o ICP-MS [ 1 6 6 ] ( T a b l e l . l O ) and a p p l i e d 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 b u t t h i s system 
s u f f e r e d f r o m poor 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 , d e c r e a s e 
i n s i g n a l w i t h i n c r e a s i n g CÔ  f l o w r a t e , a r c i n g between 
t h e sampler cone and plasma ( a t >1,5 kW) and s a m p l e r cone 
became c o a t e d i n c a r b o n (10 ml m i n ' COj, a f t e r 10 m i n . ) * 

R e c e n t l y an i n t e r f a c e was d e s c r i b e d w h i c h a l l o w s b o t h 
i n d e p e n d e n t packed column GC o r s o l u t i o n n e b u l i s a t i o n 
sample i n t r o d u c t i o n and was a p p l i e d t o v o l a t i l e 
o r g a n o c h l o r i n e [ 1 6 7 ] and o r g a n o t i n [ 1 6 8 ] compounds. 
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Table 1.10 Gas Chromatography - I n d u c t i v e l y Coupled Plasma - Mass Sp e c t r o m e t r y (GC-ICP-MS) 

Chromatography Sample Detection References 
Packed column, 3% OV-l on 
Chromasorb W (80-100 
mesh). Ar Oj = 8.2 ml min" 

Ti„j = 250«C, T, = 60»C 
i s o . t o f i r s t peak t h e n 
b a l l i s t i c h e a t i n g t o 
250°C. T; = 250OC 

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

Ar ICP, f o r w a r d power = 
1.25 o r 1.50 kW, 
r e f l e c t e d power = 
approx. z e r o , LOD (3a) = 
6-16 ng as Sn. Problems 
w i t h carbon d e p o s i t i o n . 

[164] 

Packed column, 10% d i d e c y l 
p h t h a l a t e : 10% Carbowax 
20M on Chromosorb W 80-100 
mesh, = d i d e c y l 
p h t h a l a t e (120''C i s o . ) and 
carbowax (200**C i s o . ) , Ar 
= 25 ml min*', T; = d i d e c y l 
p h t h a l a t e (150°C) and 
Carbowax (250*>C) , 

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

Ar ICP, no a u x i l i a r y 
f l o w , f o r w a r d power = 
1.35 kW, r e f l e c t e d power 
= 15 W, sampling o r i f i c e 
= 0.4 5 mm, i s o t o p e s = 
'̂ C/'̂ C, '•'N/'̂N, 3^C1/"C1, 
'^Br/«'Br, ^^S/^S/^S, '̂ B/"B 
and 2^Si/"Si/^**Si, LOD = 
0.001 t o 400 ng s '. 

[165] 

S u p e r c r i t i c a l f l u i d 
chromatography, column = 
2.5 m X 50 /im i . d . x 0.25 
m̂ f i l m t h i c k n e s s , c o a t e d 

w i t h SB O c t y l e - 5 0 , f l o w 
r a t e = 1.5 cm s"*, T, = 75**C 
i s o . , T; = 75*»C, r e s t r i c t o r 
t e m p e r a t u r e = 200**C 

T e t r a a l k y l t i n 
compounds 

VG Plasma Quad 
i n s t r u m e n t , Ar ICP, 
f o r w a r d power = 1.3 5 kW, 
r e f l e c t e d power = <5W, 
LOD = 0.035-0.043 pg 

[166] 
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Table 1.10 ( c o n t i n u e d 

Chromatography Sample D e t e c t i o n References 
Packed column, 2 mm i . d . x 
1.75m, 6% OV-101 on 
Chromosorb W, 80/100 mesh, 
f l o w r a t e = 10 ml min"' Ar, 
T, = 70*'C i s o . , T; = 140°C 
( f o r c h l o r i n a t e d 
compounds) and 220**C ( f o r 
o r g a n o t i n compounds) 

d i c h l o r o m e t h a n e , 
1,1,1 -
t r i c h l o r o e t h a n e , 
t r i c h l o r o e t h y l e n e , 
t e t r a m e t h y l t i n , 
t e t r a e t h y l t i n 

P e r k i n Elmer SCIEX Elan 
500 Ar ICP-MS, low 
f l o w t o r c h , c o o l i n g gas 
= 10 1 min"', a u x i l i a r y 
gas = 1 . 4 1 min''. LOD = 
2.5 ng (^^Cl) and 4.5-12 
pg ('2«Sn) 

[167,168] 

48 



1.9 Rims o f t h e P r e s e n t Study 

For l a b o r a t o r i e s where ICP-AES o r ICP-MS a r e a l r e a d y a v a i l a b l e , 
use o f c a p i l l a r y GC and c o n s t r u c t i o n o f a s i m p l e GC-ICP 
i n t e r f a c e w ould appear t o o f f e r an e c o n o m i c a l a l t e r n a t i v e t o 
GC-MIP-AES f o r t r a c e m e t a l s p e c i a t i o n a n a l y s i s . Y e t such a 
c o u p l i n g has n o t been d e s c r i b e d p r e v i o u s l y . S i n c e ICP-AES, ICP-
MS and GC a r e a l s o i n d e p e n d e n t a n a l y t i c a l methods, t h e 
c o n s t r u c t i o n o f an e a s i l y r e m o v a b l e i n t e r f a c e w o u l d mean t h a t 
i n d e p e n d e n t ICP and GC o p e r a t i o n w o u l d s t i l l be p o s s i b l e . T h i s 
i s an i m p o r t a n t p r a c t i c a l c o n s i d e r a t i o n i n many busy m u l t i - u s e r 
l a b o r a t o r i e s where e x p e n s i v e i n s t r u m e n t a t i o n may have t o f u l f i l 
a number o f d i f f e r e n t a n a l y t i c a l needs. 

T h e r e f o r e t h e aim o f t h e p r e s e n t work was t o d e v e l o p a 
c a p i l l a r y GC-ICP-MS system ( F i g - 1 . 4 ) f o r use i n t h e s e p a r a t i o n 
and d e t e r m i n a t i o n o f v o l a t i l e o r g a n o m e t a l s and o t h e r t r a c e 
e l e m e n t s p e c i e s . F u r t h e r m o r e i t was c o n s i d e r e d t h a t d e v e lopment 
o f a h i g h t e m p e r a t u r e ( H T ) c a p i l l a r y GC-ICP-MS system f o r 
r e l a t i v e l y i n v o l a t i l e o r g a n o m e t a l s ( e . g . m e t a l l o p o r p h y r i n s ) 
w o u l d e x t e n d t h e range o f a n a l y t e s w h i c h c o u l d be d e t e r m i n e d . 
The r e s e a r c h i s d e s c r i b e d i n t h r e e f u r t h e r c h a p t e r s . 

C h a p t e r 2 d e s c r i b e s t h e p r o g r e s s i v e d e v e l o p m e n t o f a 
h e a t e d i n t e r f a c e f o r t h e d i r e c t c o u p l i n g o f HT-GC t o ICP-
MS. Design a s p e c t s o f t h e t r a n s f e r l i n e , ICP t o r c h and 
m o d i f i c a t i o n s t o t h e ICP-MS i n s t r u m e n t a t i o n a r e 
d i s c u s s e d . 

C h a p t e r 3 d e s r i b e s t h e s e p a r a t i o n and d e t e r m i n a t i o n 
( i n c l u d i n g F i g u r e s o f M e r i t ) o f a s e r i e s o f 
e n v i r o n m e n t a l l y i m p o r t a n t o r g a n o m e t a l l i c s p e c i e s , 
i n c l u d i n g t e t r a a l k y l l e a d s i n f u e l , o r g a n o t i n s i n a 
s t a n d a r d r e f e r e n c e m a t e r i a l ( h a r b o u r s e d i m e n t ) . I n 
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F i g u r e 1.4 Schematic diagram o f a GC-ICP-MS system. Adapted from Date and Gray (1983) [151] 
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a d d i t i o n , t h e d e t e r m i n a t i o n o f a u t h e n t i c o r g a n o m e r c u r y 
compounds, f e r r o c e n e and m e t a l l o - d i t h i o c a r b a m a t e s a r e 
a l s o d e s c r i b e d -

C h a p t e r 4 d e s c r i b e s t h e d e v e l o p m e n t o f a HTGC t e c h n i q u e 
f o r t h e s e p a r a t i o n o f a u t h e n t i c and g e o l o g i c a l 
m e t a l l o p o r p h y r i n s u s i n g f l a m e i o n i s a t i o n d e t e c t i o n . A 
method f o r t h e e x t r a c t i o n , i s o l a t i o n and c h a r a c t e r i s a t i o n 
o f m e t a l l o p o r p h y r i n s i n s h a l e s i s a l s o d e s c r i b e d . I t i s 
s u g g e s t e d t h a t f u t u r e , more e f f i c i e n t , c o u p l i n g o f t h e 
HTGC system t o ICP-MS w i l l a l l o w d e t e r m i n a t i o n o f 
m e t a l l o p o r p h y r i n s by t h i s more e l e m e n t s p e c i f i c 
t e c h n i q u e , t h u s s i g n i f i c a n t l y e x t e n d i n g t h e v o l a t i l i t y 
r a n g e o f t r a c e e l e m e n t s p e c i e s m e a s u r a b l e by ICP-MS. 
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CHAPTER TWO 

GC-ICP-MS INSTRUMENTAL 
DEVELOPMENT 



2.0 GC-ICP-MS INSTRUMENTAL DEVELOPMENT 

2.1 INTRODUCTION 

A number o f c r i t e r i a may be used t o d e f i n e a good GO d e t e c t o r . 
F i r s t , t h e n o i s e l e v e l g o v e r n s t h e d e t e c t i o n l i m i t . A 
c h r o m a t o g r a p h i c peak can o n l y be r e c o g n i s e d i f t h e h e i g h t i s 
a t l e a s t t w i c e t h e h e i g h t o f t h e n o i s e peaks. I t s h o u l d be 
n o t e d t h a t u n l i k e GO, HPLC i n t e r f a c e t e c h n i q u e s a r e p r o n e t o 
u n d e s i r a b l e n o i s e caused by a i r b u b b l e s and i m p u r i t i e s , o r 
d r i f t i n t h e base l i n e r e s u l t i n g f r o m s l o w changes i n f l o w r a t e 
o r a m b i e n t t e m p e r a t u r e . I n c o n s i d e r a t i o n o f 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 t h e a b s o l u t e and t h e r e l a t i v e 
s e n s i t i v i t y o f a d e t e c t o r . The a b s o l u t e s e n s i t i v i t y i s a 
f u n c t i o n o f i n s t r u m e n t d e s i g n , and measurement o f and n o i s e 
l e v e l s , w h i l s t t h e r e l a t i v e s e n s i t i v i t y depends on t h e amount 
o f a n a l y t e t h a t i s j u s t d e t e c t a b l e under d e f i n e d c o n d i t i o n s . 

I n a l l r e p o r t e d c o u p l i n g s o f GC t o s p e c t r o m e t r i c d e t e c t o r s a 
h e a t e d i n t e r f a c e was used t o p r e v e n t c o n d e n s a t i o n and 
subsequent l o s s o f a n a l y t e . The sample must be t r a n s f e r r e d 
f r o m t h e c h r o m a t o g r a p h i c column w i t h m i n i m a l sample l o s s , 
m i n i m a l peak b r o a d e n i n g ( o r t a i l i n g ) w i t h no i n t e r f e r i n g 
c h e m i c a l r e a c t i o n o c c u r r i n g . S i n c e e l u a t e s f r o m GC columns a r e 
n o r m a l l y a t a t m o s p h e r i c p r e s s u r e , s i m p l i f i e d i n t e r f a c e 
c o n f i g u r a t i o n s a r e p o s s i b l e when c o u p l e d t o an a t m o s p h e r i c 
p r e s s u r e plasma ( i e . ICP) r a t h e r t h a n t o a r e d u c e d p r e s s u r e 
plasma. 

The f a c t o r s w h i c h were c o n s i d e r e d i m p o r t a n t f o r i n t e r f a c e 
d e s i g n i n t h e p r e s e n t s t u d y a r e g i v e n below: 

1. I n t r o d u c t i o n o f t h e t o t a l column e f f l u e n t i n t o t h e atom 
s o u r c e (100% t r a n s p o r t e f f i c i e n c y ) . D i r e c t c o u p l i n g o f 
t h e GC column t o t h e ICP t o r c h was d e s i r a b l e , r a t h e r t h a n 
p a s s i n g t h e e f f l u e n t i n t o t h e n e b u l i s e r / s p r a y chamber 
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w h i c h causes l o s s o f a n a l y t e c a u s i n g c h r o m a t o g r a p h i c band 
b r o a d e n i n g and unnecessary d i l u t i o n . 

2. S i m p l e , s t r o n g and r o b u s t c o n s t r u c t i o n f o r c o n v e n i e n t 
s e r v i c i n g . 

3. O n - l i n e f o r r e a l - t i m e a n a l y s i s . 

4. R e l a t i v e l y s h o r t i n s t a l l a t i o n t i m e and r e a d i l y 
d emountable. 

5. As l a r g e a t e m p e r a t u r e range as p o s s i b l e w i t h c u r r e n t GC 
column t e c h n o l o g y (eg. -40**C-450*'C) . 

6. No c o l d s p o t s . 

7. S t a b l e t e m p e r a t u r e . 

8. I n e x p e n s i v e . 

2.2 INSTRUMENTAL 

2.2.1 Gas-Chromatoqraphv: The i n s t r u m e n t s used were 
a C a r l o Erba HRGC 5300 (HT-SIMDIST) and Mega 
S e r i e s GC, 

They were e q u i p p e d w i t h a m u l t i f u n c t i o n c o n t r o l l e r (MFC 
500) , e l e c t r o m e t e r c o n t r o l module c o n t r o l module (EL-480) 
and FID (H2 = 50 KPa, a i r = 100 RPa, make-up = 50 RPa, 
t e m p e r a t u r e = 10-20**C g r e a t e r t h a n t h e f i n a l oven 
t e m p e r a t u r e ) . U n l e s s o t h e r w i s e s t a t e d t h e GC was f i t t e d 
w i t h a h i g h t e m p e r a t u r e a l u m i n i u m - c l a d f u s e d s i l i c a 
c a p i l l a r y column, 25 m x 0.32 mm i . d . x 0.1 /xm f i l m 
t h i c k n e s s s i l o x a n e - c a r b o r a n e c o p o l y m e r HT-5 phase 
( 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 i l t o n Keynes, UK). 
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The c a r r i e r gas was h i g h p u r i t y ( "Premier Grade", 
99.999%) h e l i u m ( A i r P r o d u c t s , S u r r e y , UK), w h i c h was 
p u r i f i e d f u r t h e r u s i n g an oxygen and w a t e r f i l t e r . Flow 
r a t e was 2-6 ml min' (on t h e HRGC 5300, measured a t t h e 
mid oven t e m p e r a t u r e r a n g e ) o r 2 ml m i n ' (on t h e HT-
SIMDIST, u s i n g a C a r l o Erba c o n s t a n t p r e s s u r e - c o n s t a n t 
f l o w module, CP-CF 5 1 6 ) . 

I n j e c t i o n was on-column (0.5 o r 1.0 ju l ) • FID respon s e 
was a c q u i r e d and s t o r e d u s i n g a Shimadzu "Chromatopac" 
(C-R3A) i n t e g r a t o r . 

2.2.2 ICP-MS: The i n s t r u m e n t used was a VG Plasma 
Quad 2, (VG E l e m e n t a l , W i n s f o r d , C h e s h i r e , UK). 

C o m m e r c i a l l y a v a i l a b l e computer s o f t w a r e (VG E l e m e n t a l , 
PQPROG v e r s i o n 3.1A) was used f o r i n s t r u m e n t a l c o n t r o l , 
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 . G e n e r a l o p e r a t i n g 
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 2-1. 

C a r r i e r Gas: Helium was s e l e c t e d as t h e c a r r i e r gas 
r a t h e r t h a n argon s i n c e i t was r e a d i l y a v a i l a b l e i n h i g h 
p u r i t y ; and g i v e s b e t t e r column e f f i c i e n c i e s t h a n more 
dense and v i s c o u s gases [ 1 6 9 ] . T h i s i s an i m p o r t a n t 
f a c t o r when t h e c o u p l e d system i s t o be a p p l i e d t o HTGC. 
He l i u m has a lower d e n s i t y and v i s c o s i t y (0.17 g L"' a t 1 
atm and 343.6 m i c r o p o i s e s a t 407**C) compared t o ar g o n 
(1.66 g L"' a t 1 atm. and 368.5 m i c r o p o i s e s a t 404**C) 
[ 1 7 0 ] . A l s o t h e a d d i t i o n o f He t o Ar p r o d u c e s a plasma 
c a p a b l e o f i o n i s i n g e l e m e n t s w i t h h i g h i o n i s a t i o n 
p o t e n t i a l s more e f f i c i e n t l y t h a n a pu r e Ar plasma [ 1 7 1 ] . 

54 



Table 2.1 G e n e r a l ICP-MS o p e r a t i n g c o n d i t i o n s 

C o o l i n g ( o u t e r ) gas 14 - 16 1 min* 
A u x i l i a r y ( i n t e r m e d i a t e ) gas 0.5 - 0.8 1 min* 
I n j e c t o r gas 1.0 - 1.8 1 min* 
Forward power 1500 W 
R e f l e c t e d power <5 W 
P l a t e c u r r e n t 0.6 - 0.8 A 
G r i d c u r r e n t 0.12 - 0.20 mA 
Expansion p r e s s u r e 2.4-3.7 T o r r 
I n t e r m e d i a t e p r e s s u r e 0.0 X 10^ T o r r 
A n a l y s e r p r e s s u r e 7.0 - 8.0 X 10*' T o r r 
Sampler cone N i c k e l (1.0 mm o r i f i c e ) 
Skimmer cone N i c k e l (0.8 mm o r i f i c e ) 
Mode S i n g l e i o n m o n i t o r i n g 
D w e l l 163840 o r 327680 /iS 
Number o f c h a n n e l s 4094 
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2 .3 I n i t i a l C o u p l i n g 

The p r e l i m i n a r y s t u d y was t o c o n f i r m t h a t t h e a n a l y t e s e l u t e d 
f r o m a c a p i l l a r y GC column c o u l d be d e t e c t e d by ICP-MS. 

2.3.1 ICP-MS Plasma T o r c h 

The d e s i g n o f t h e ICP t o r c h used i n t h i s s t u d y was based 
on t h a t d e s c r i b e d by Chong and Houk [ 1 6 5 ] . A custom-made 
demountable F a s s e l t o r c h ( F i g u r e 2.1) was s u p p l i e d by H. 
Baumbach and Co. L t d . ( I p s w i c h , UK). T h i s c o n s i s t e d o f 
a T-shaped b a s a l q u a r t z j o i n t a t t h e b o t t o m o f t h e 
i n j e c t o r t u b e . The s i d e i n l e t t u b e p r o v i d e d t h e a d d i t i o n 
o f make-up a r g o n gas w h i c h h e l p e d t o p u n c t u r e t h e a x i a l 
c h a n n e l t h r o u g h t h e c e n t r e o f t h e ICP. The use o f a 
t o r c h w i t h a demountable i n j e c t o r has t w o d i s t i n c t 
a d v a n t a g e s ; f i r s t l y , i t a l l o w s a r a n g e o f v a r i o u s 
i n j e c t o r d e s i g n s t o be used w i t h o u t t h e need t o p u r c h a s e 
a whole new t o r c h , and s e c o n d l y , i t f a c i l i t a t e s t h e ease 
o f i n t e r f a c e assembly. 

The m o d i f i e d demountable t o r c h w i t h a 3mm ICP i n j e c t o r 
( F i g u r e 2.1) was used. A s t a i n l e s s s t e e l t u b e (HPLC 
t y p e , 82 mm X 1 mm i . d . x 2 mm o.d.) was passed t h r o u g h 
t h e i n j e c t o r ( e n d i n g 80 mm b e f o r e i t s t i p ) and h e l d 
c o n c e n t r i c a l l y by a r e d u c i n g u n i o n (h i n c h t o 2 mm, SGE, 
M i l t o n Keynes, UK) and g r a p h i t e t a p e . 

As a s a f e t y p r e c a u t i o n , t h e l a r g e d i s t a n c e between t h e 
end o f t h e t u b e and t h e t i p o f t h e i n j e c t o r was 
c o n s i d e r e d p r u d e n t because i t has been r e p o r t e d t h a t 
e l e c t r i c a l c o n d u c t i v i t y o f s t a i n l e s s s t e e l t u b i n g causes 
plasmas t o a r c i f p o s i t i o n e d t o o c l o s e t o t h e l o a d c o i l 
[ 1 7 2 ] . 

The c a p i l l a r y GC column ( T a b l e 2.2) p r o t r u d e d 2 mm f r o m 
t h e t i p o f t h e s t a i n l e s s s t e e l t u b e . 
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Gas Gas 

F i g u r e 2.1 M o d i f i e d demountable plasma t o r c h used f o r t h e i n i t i a l c o u p l i n g ( a c t u a l s i z e ) 
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2.3.2 T r a n s f e r L i n e (Mark I ) 

The t r a n s f e r l i n e c o n s i s t e d o f a l e n g t h o f c o p p e r t u b i n g 
(0.95 m X ^s" o.d. X 4.3 mm i . d . ) w h i c h was wound w i t h 2.4 
m o f HT9 h e a t i n g t a p e ( E l e c t r o t h e r m a l Essex, UK) . The 
t a p e was wound as f a r as t h e r e d u c i n g u n i o n a t t h e base 
o f t h e i n j e c t o r . 

To p r e v e n t t h e p o s s i b i l i t y o f t h e h e a t i n g t a p e and c o p p e r 
t u b e a c t i n g as an r . f . a e r i a l (due t o t h e i r c l o s e 
p r o x i m i t y t o t h e l o a d c o i l ) t h e y were c o n n e c t e d t o t h e 
mains e a r t h and t o r c h box e a r t h , r e s p e c t i v e l y . 

The h e a t i n g t a p e was s u p p l i e d w i t h a v a r i a b l e v o l t a g e 
( V a r i a c ) and t h e t e m p e r a t u r e o f t h e t r a n s f e r l i n e (Table 
2.2) was m o n i t o r e d by a t y p e K - t h e r m o c o u p l e (RS 
Components, N o r t h a m p t o n s h i r e , UK) p o s i t i o n e d h a l f way 
a l o n g i t s l e n g t h . 

The t r a n s f e r l i n e was h e l d i n p o s i t i o n u s i n g a number o f 
l a b o r a t o r y clamps s e c u r e d t o t h e t o r c h box. 

To a v o i d t h e p o s s i b i l i t y o f l e a k s t h e c a p i l l a r y column 
was passed t h r o u g h t h e t r a n s f e r l i n e i n t o t h e t o r c h w i t h 
no j o i n t s o r dead-volume c o n n e c t i o n s . 

2-3.3 ICP-MS O p t i m i s a t i o n and T u n i n g 

A c o n t i n u o u s s i g n a l o f a n a l y t e was needed i n o r d e r t o 
o p t i m i s e and t u n e t h e i n s t r u m e n t . 

So as n o t t o o b s t r u c t t h e t r a n s f e r l i n e and t o r c h , t h e 
n e b u l i s e r s p r a y chamber assembly was removed f r o m t h e 
t o r c h box and p o s i t i o n e d o u t s i d e t h e hood o f t h e ICP-
MS. I t was n o t p o s s i b l e t o i n t r o d u c e a m u l t i - e l e m e n t 
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s o l u t i o n (100 nq ml', Be, Mg, Co, I n , Pb, U i n 2% HNO3) 
i n t o t h e plasma u s i n g t h e n e b u l i s e r / s p r a y chamber 
assembly ( c o n n e c t e d o n - l i n e t o t h e s i d e arm o f t h e t o r c h 
i n j e c t o r u s i n g " t y g o n " t u b i n g , 0.4 m x h" o.d.) due t o 
t h e a c c u m u l a t i o n o f a e r o s o l i n t h e i n j e c t o r o f t h e t o r c h 
w h i c h r e s u l t e d i n an absence o f d e t e c t a b l e s i g n a l . 

I n s t e a d , t h e ICP-MS was s u c c e s s f u l l y t u n e d u s i n g a 
c o n t i n u o u s s i g n a l o f c o l d m e r c u r y v a p o u r (̂ "̂ Hg, 29.8%) 
g e n e r a t e d by t h e r e d u c t i o n o f a s o l u t i o n o f Hĝ "*̂  (100 ̂ g 
1*) w i t h t i n ( I I ) c h l o r i d e d i h y d r a t e ( 2 % m/v i n 2.2% 
h y d r o c h l o r i c a c i d ) . A c o n v e n t i o n a l U-tube g a s - l i q u i d 
s e p a r a t o r was used and t h e m e r c u r y v a p o u r i n t r o d u c e d on­
l i n e v i a t h e i n j e c t o r gas i n l e t ( F i g u r e 2 . 2 ) . The 
optimum i n s t r u m e n t a l c o n d i t i o n s f o r maximum ^^Hg° r e s p o n s e 
i s g i v e n (Table 2 - 2 ) . A " s u r v e y - s c a n " (mass ra n g e m/z 
20-240) o f t h e background s p e c t r u m was o b t a i n e d ( F i g u r e 
2 . 3 ) , and t h e r e s o l u t i o n o f i s o t o p e s and i s o t o p e r a t i o s 
f o r m e r c u r y f o u n d t o be ade q u a t e . P o s s i b l e i d e n t i t i e s o f 
i o n s a r e g i v e n i n Table 2.3. 

2.3.4 Orqanolead D e t e c t i o n u s i n g t h e I n i t i a l C o u p l i n g 

I t was d e c i d e d t o t e s t t h e c o u p l e d system w i t h a m i x t u r e 
o f r e l a t i v e l y n o n - p o l a r , v o l a t i l e t e t r a a l k y l l e a d 
compounds w h i c h have been w i d e l y used i n a number o f 
p r e v i o u s s p e c i a t i o n s t u d i e s [ 8 3 , 1 0 1 , 1 1 0 ] . 

A sample c o n t a i n i n g f i v e t e t r a a l k y l e a d compounds i n 
naphtha was d i l u t e d t o 45 jug ml"' u s i n g hexane. The 
m i x t u r e was i n j e c t e d on-column (0.5 fil) and an i o n 
s e l e c t i v e chromatogram (m/z 208) o b t a i n e d ( F i g u r e 2 . 4 a ) . 
F i v e l e a d s p e c i e s were f o u n d . No t e t r a a l k y l l e a d compounds 
were d e t e c t e d i n t h e hexane b l a n k ( F i g u r e 2.4b). The 
naphtha sample was a l s o examined u s i n g c o n v e n t i o n a l FID 
u s i n g t h e same GC c o n d i t i o n s ( F i g u r e 2 . 4 c ) , t h e 

60 



P T F E T-Joint 

Peristaltic 
Pump 
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Gas Liquid 
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To ICP 
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F i g u r e 2.2 Cold mercury v a p o u r g e n e r a t o r 
s e p a r a t o r used f o r ICP-MS t u n i n g . g a s - l i q u i d 
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F i g u r e 2.3 Background mass s p e c t r u m f r o m t h e c o l d mercury 
vapour g e n e r a t o r . 
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T a b l e 2,3 I o n s o b s e r v e d i n t h e b a c k g r o u n d s p e c t r u m f r o m c o l d 
m e r c u r y vapour g e n e r a t i o n . 

Nominal Mass Ion O r i g i n 
51 "Cl^'^0 c h l o r i n e f r o m HCl o r 

SnClj and oxygen f r o m 
w a t e r v a p o u r 

53 "ci»*o c h l o r i n e f r o m HCl o r 
SnCl2 and oxygen f r o m 
w a t e r v a p o u r 

54 ^"Ar'^N^ n i t r o g e n f r o m a i r o r 
Hg(N03)2 

56 oxygen f r o m w a t e r vapour 
57 ""Ar'̂ O'H OH f r o m w a t e r v a p o u r 
58 

60 

«̂Ni a b l a t i o n f r o m n i c k e l 
s a m p l e r and skimmer 
cones 

75 

77 

"̂Ar-'*'C1̂  

^«Ar"cr 

c h l o r i n e f r o m HCl o r 
SnClj 

80 A r / a r g o n d i m e r 
116 "•̂ Sn t i n f r o m SnCl2 
118 "**Sn 

120 '2"Sn 
127 ' " I i o d i n e memory f r o m 

p r e v i o u s o p e r a t o r 
198 

199 

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

200 

201 "̂'Hg 
202 ^̂ '̂ Hg 
204 2̂ Ĥg 
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F i g u r e 2.4 (A) I o n s e l e c t i v e chromatogram (m/z 208) 
showing t h e s e p a r a t i o n o f f i v e t c t r a a l k y l l e a d 
s p e c i e s i n naphtha. (B) I o n s e l e c t i v e 
chromatograin (m/z 208) o f a hexane b l a n k . (C) 
C o n v e n t i o n a l FID chromatograin o f t h e same 
naphtha sample. 
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c h r o m a t o g r a p h i c improvement when u s i n g GC-ICP-MS i s 
o b v i o u s . 

The f i r s t e l u t i n g component i n t h e s e l e c t i v e i o n 
chromatogram was t e n t a t i v e l y a s s i g n e d as t e t r a m e t h y l l e a d 
and t h e l a s t peak as t r a e t h y l l e a d . F u r t h e r d e t a i l s a r e 
p r e s e n t e d i n T a b l e 2.4. 

The i n f l u e n c e o f t h e s p e c t r o m e t e r d w e l l t i m e ( d a t a 
a c q u i s i t i o n p a r a m e t e r ) on c h r o m a t o g r a p h i c peak shape was 
i n v e s t i g a t e d . A t 327680 /is t h e t e t r a m e t h y l l e a d peak 
( r e t e n t i o n t i m e = 0.94 min.) was i r r e g u l a r ( F i g u r e 2.5a) 
c o n s i s t i n g o f a p p r o x i m a t e l y 5 d a t a s a m p l i n g p o i n t s ( 3 . 1 
s a m p l i n g p o i n t s s') . However, u s i n g a d w e l l t i m e o f 
163840 /is t h e same peak was much improved ( F i g u r e 2.5b) 
and a l m o s t Gaussian, c o n s i s t i n g o f about 10 d a t a s a m p l i n g 
p o i n t s (6.2 s a m p l i n g p o i n t s s*'). 

2.4 C r i t i c a l E v a l u a t i o n of the I n i t i a l C o u p l i n g 
C o n s i d e r a t i o n s f o r M o d i f i c a t i o n 

Due t o t h e i n f l e x i b i l i t y o f t h e h e a t i n g t a p e , d i f f i c u l t y was 
e n c o u n t e r e d w h i l s t w i n d i n g i t a r o u n d t h e n a r r o w d i a m e t e r (%") 
c o p p e r t u b e . M a n u f a c t u r e r s ( E l e c t r o t h e r m a l , Essex, UK) 
recommend t h a t t h e minimum d i a m e t e r o f h e a t i n g t a p e c u r v a t u r e 
i s 1 i n c h . The s h a r p t w i s t s caused t h e g l a s s f i b r e b r a i d i n g t o 
f r a y a f t e r i t had been h e a t e d , e x p o s i n g t h e l i v e h e a t e r w i r e s . 

C o n s t a n t h e a t i n g o f t h e copper t u b i n g caused t h e o u t e r s u r f a c e 
t o become o x i d i s e d , p r e v e n t i n g a good e a r t h c o n t a c t . I t a l s o 
r e s u l t e d i n t h e copper t u b e becoming b r i t t l e and t o b r e a k when 
i t was b e n t i n t o p o s i t i o n . A l u m i n i u m ( i n t h e f o r m o f a 1 i n c h 
d i a m e t e r r o d ) m i g h t be a more s u i t a b l e m a t e r i a l t o use because 
i t has a h i g h t h e r m a l c o n d u c t i v i t y (2.73 W cm' a t 300*»K) , 
s u i t a b l y h i g h m e l t i n g p o i n t (660°C), i s l i g h t - w e i g h t (2.7 g cm' 
^) and i s n o t s e v e r e l y a f f e c t e d by o x i d a t i o n . 
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T a b l e 2.4 P e r c e n t a g e r a t i o o f t e t r a a l k y l l e a d s p e c i e s p r e s e n t 
i n a naph t h a sample ( u s i n g t h e i n i t i a l c a p i l l a r y GC-
ICP-MS c o u p l i n g ) . 

Alkyllead Species 
Net peak area 
for Fij^ure 2.4 

Mean % peak 
urea (duplioites) 

Name Fonnulu 

Net peak area 
for Fij^ure 2.4 

Mean % peak 
urea (duplioites) 

Tetramethyllead (TML) (CH3),Pb 21206 9.8 

Trimethylethyllead (TMEL) (CH3)3C,H5Pb 9011 4.2 

Dimelhyldiethylleiid (DMDEL) (CH3),(C,Hj),Pb 26107 13.3 

Triethylmethyllead (TEML) CH3(C2Hj)3Pb 81149 42.5 

Tetraethyllead (TEL) (C,H5),Pb 61836 30.1 
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F i g u r e 2.5 (A.) I r r e g u l a r peak shape o f t e t r a m e t h y l l e a d 
u s i n g a d w e l l t i m e o f 327680 /is due t o an 
i n a d e q u a t e number o f s a m p l i n g p o i n t s and (B.) 
improvement i n peak shape u s i n g a d w e l l t i m e o f 
163840 MS. 
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C h r o m a t o g r a p h i c band ( o r zone) s p r e a d i n g s h o u l d be m i n i m i s e d 
by k e e p i n g t h e t r a n s f e r l i n e l e n g t h t o a minimum, s i n c e t h e 
s t a n d a r d d e v i a t i o n i s d i r e c t l y p r o p o r t i o n a l t o t h e l e n g t h 
[ 1 7 3 ] . The l e n g t h o f t h e t r a n s f e r l i n e c o u l d t h e r e f o r e be 
re d u c e d by i n t r o d u c i n g i t t h r o u g h t h e s i d e o f t h e ICP-MS hood. 
T h i s would a l s o a l l o w t h e hood t o be c l o s e d p r o p e r l y s i n c e i t 
p r e v i o u s l y had t o be k e p t open as much as 50 mm w h i c h meant 
t h e r e was a s t r o n g p o s s i b i l i t y o f t h e o p e r a t o r b e i n g exposed 
t o h a r m f u l U.V, r a d i a t i o n and s t r o n g r . f . 

The t e m p e r a t u r e a l o n g t h e l e n g t h o f t h e t r a n s f e r l i n e c o u l d n o t 
be m o n i t o r e d s i n c e o n l y one t h e r m o c o u p l e was used. I d e a l l y 
t h r e e o r f o u r t h e r m o c o u p l e s s h o u l d be employed t o check f o r any 
c o l d s p o t s . The maximum t e m p e r a t u r e o b t a i n e d was 270°C w h i c h 
w o u l d be t o o low f o r HTGC where a minimum t e m p e r a t u r e o f 430**C 
wo u l d be r e q u i r e d t o be com p a t a b l e w i t h t h e maximuim o p e r a t i n g 
t e m p e r a t u r e o f p r e s e n t HTGC s t a t i o n a r y phases. The t r a n s f e r 
l i n e would p r o b a b l y need t o be l a g g e d w i t h t h e r m a l i n s u l a t i o n 
t o a c h i e v e u n i f o r m h e a t i n g and t h e d e s i r e d t e m p e r a t u r e . 

The j u n c t i o n between t h e end o f t h e t r a n s f e r l i n e and base o f 
t h e t o r c h p u t p h y s i c a l s t r e s s on t h e c a p i l l a r y column c a u s i n g 
i t t o break when m i n o r p o s i t i o n a l a d j u s t m e n t s t o t h e c o u p l i n g 
were made. T h i s j o i n t c o u l d be much s t r e n g t h e n e d . 

2.5 Coupling and T r a n s f e r L i n e fMark I I ) 

2.5.1. C o n s t r u c t i o n and ICP-MS M o d i f i c a t i o n s 

A n o t h e r more r o b u s t t r a n s f e r l i n e was made ( F i g u r e 2.6, 
2.7) w h i c h t o o k i n t o c o n s i d e r a t i o n t h e d e s i g n a s p e c t s 
d i s c u s s e d above ( s e c t i o n 2 . 4 ) . The c e n t r a l c o r e was made 
fr o m an a l u m i n i u m r o d (25.4 mm d i a m e t e r x 600 mm l e n g t h ) 
w i t h a l o n g i t u d i n a l s l o t ( 1 mm) t h r o u g h w h i c h t h e 
c a p i l l a r y column c o u l d pass. Around t h i s h e a t i n g t a p e was 
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wound ( E l e c t r o t h e r m a l , Essex, UK) c o n n e c t e d t o a v a r i a b l e 
v o l t a g e s u p p l y ( V a r i a c ) and s h e a t h e d w i t h i n d u s t r i a l p i p e 
l a g g i n g (Encon, C o r n w a l l , UK). The t r a n s f e r l i n e was 
e a r t h e d t o t h e t o r c h box v i a a s t e e l screw t o p r e v e n t t h e 
p o s s i b i l i t y o f t h e a l u m i n i u m b a r a c t i n g as an r . f . 
a e r i a l . The i n t e r f a c e t e m p e r a t u r e was m o n i t o r e d by f o u r 
" t y p e K" h i g h t e m p e r a t u r e t h e r m o c o u p l e s (RS Components, 
N o r t h a m p t o n s h i r e , UK) . The t r a n s f e r l i n e was p o t e n t i a l l y 
c a p a b l e o f p r o v i d i n g a l a r g e t e m p e r a t u r e r a n g e w i t h 
u n i f o r m h e a t i n g i n o r d e r t o e x t e n d t h e v o l a t i l i t y r ange 
o f t h e o r g a n o m e t a l l i c s t h a t c o u l d be examined by t h e 
t e c h n i q u e . 

M o d i f i c a t i o n s made t o t h e ICP-MS i n s t r u m e n t a t i o n t o 
m i n i m i s e t h e l e n g t h o f t h e t r a n s f e r l i n e i n c l u d e d 
r e p l a c i n g a p a n e l f r o m t h e r i g h t hand s i d e o f t h e hood 
w i t h a d e t a c h a b l e p l a t e w i t h a 80 mm d i a m e t e r h o l e 
( a l i g n e d c o n c e n t r i c a l l y w i t h t h e plasma t o r c h ) t h r o u g h 
w h i c h t h e t r a n s f e r l i n e c o u l d pass ( F i g u r e 2.8a), t h u s 
e n a b l i n g u n r e s t r i c t e d access t o t h e i n t e r f a c e w h i l s t t h e 
hood was open. The d e t a c h a b l e p l a t e was h e l d i n p o s i t i o n 
by means o f an a l u m i n i u m b r a c k e t a n c h o r e d t o t h e base o f 
t h e ICP-MS u s i n g two 13 mm n u t s ( F i g u r e 2.8b). A 
r e c t a n g u l a r s e c t i o n (90 x 150 mm) f r o m t h e r i g h t hand 
s i d e o f t h e t o r c h box and n e b u l i s e r - s p r a y chamber 
assembly was removed ( F i g u r e 2.8b). W h i l s t t h e t r a n s f e r 
l i n e was i n p o s i t i o n , access t o t h e v e r t i c a l t o r c h 
a d j u s t m e n t m i c r o m e t e r was r e s t r i c t e d . T h i s was overcome 
by t h e a t t a c h m e n t o f a s t e e l c o l l a r w i t h an A l l a n head 
n u t w h i c h a l l o w e d a d j u s t m e n t v i a a s m a l l h o l e (8 mm) 
d r i l l e d i n t h e t o p o f t h e t o r c h box ( F i g u r e 2.8b). The GC 
was p l a c e d on a p u r p o s e - b u i l t t r o l l e y w h i c h i n c o r p o r a t e d 
a j a c k t o a l l o w a d j u s t m e n t o f t h e GC t o t h e c o r r e c t 
h e i g h t . The c o n c e n t r i c a l i g n m e n t o f t h e ICP 
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F i g u r e 2.6 T r a n s f e r l i n e Mark I I and m o d i f i e d plasma t o r c h ( l o n g i t u d i n a l s e c t i o n ) : 1, 
demountable ICP t o r c h ; 2, c o o l i n g ; 3, a u x i l i a r y gas; 4, i n j e c t o r gas; 5, s t a i n l e s s 
s t e e l t u b e (1.59 mm o.d. x 0.51 mm i . d . ) ; 6, aluminium c o l l a r (37.9 mm o.d. x 25.4 
mm i . d . ) ; 7, g r a p h i t e t a p e ; 8, thermocouples; 9, s t a i n l e s s s t e e l r e d u c i n g u n i o n 
(h i n c h t o 1/16 i n c h ) ; 10, i n d u s t r i a l p i p e l a g g i n g ; 11, e a r t h i n g p o i n t ; 12, h e a t e r 
leads t o v a r i a b l e v o l t a g e 
c a p i l l a r y GC column. 

s u p p l y ; 13, aluminium bar (1 i n c h x 600 mm) and 14, 
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Heating Tape 
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F i g u r e 2.7 T r a n s f e r L i n e Mark I I ( t r a n s v e r s e s e c t i o n ) 
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& Bolts 
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215 mm 

Torch Box 
Position 

B 

F i g u r e 2.8 (A.) M o d i f i c a t i o n t o ICP-MS hood showing t h e 
d e t a c h a b l e p l a t e w i t h 80 mm h o l e c o n c e n t r i c a l l y 
a l i g n e d w i t h t h e plasma t o r c h . (B.) 
M o d i f i c a t i o n t o ICP-MS i n s t r u m e n t , s h o w i n g : (1) 
t h e a n c h o r i n g b r a c k e t f o r t h e d e t a c h a b l e p l a t e , 
(2) r e c t a n g u l a r s e c t i o n o f t h e t o r c h box 
removed and (3) t h e p o s i t i o n o f t h e h o l e (8mm) 
f o r access t o t h e v e r t i c a l t o r c h a d j u s t m e n t 
m i c r o m e t e r . 
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t o r c h w i t h b o t h t h e sampler cone and t r a n s f e r l i n e was 
i m p o r t a n t ; t h e main r e q u i r e m e n t b e i n g a l a c k o f movement 
o f t h e t r a n s f e r l i n e . A s i m p l e custom made l a b - j a c k 
s u p p o r t f o r t h e l i n e was f o u n d t o p r o v i d e s u f f i c i e n t 
s t a b i l i t y . I f t h e a l i g n m e n t was d i s t u r b e d a f t e r 
i n s t r u m e n t a l o p t i m i s a t i o n , a s i g n i f i c a n t r e d u c t i o n i n 
respons e r e s u l t e d . 

2.5.2 H e a t i n g C a p a b i l i t i e s o f t h e Mark I I T r a n s f e r 
L i n e 

The t r a n s f e r l i n e was h e a t e d and t h e t e m p e r a t u r e 
s y s t e m a t i c a l l y measured w i t h i n c r e a s i n g v o l t a g e ( F i g u r e 
2 . 9 ) . Each r e a d i n g was t a k e n 3 h o u r s a f t e r t h e v o l t a g e 
was changed t o a l l o w t h e t e m p e r a t u r e t o e q u i l i b r a t e - The 
t e m p e r a t u r e range o f t r a n s f e r l i n e was i d e a l f o r b o t h 
normal and h i g h t e m p e r a t u r e GC a p p l i c a t i o n s w i t h a 
s t a b i l i t y o f ±2**C. The l o w e r t e m p e r a t u r e o f T C l was due 
t o t h e absence o f h e a t i n g t a p e and t h i n n e r l a g g i n g . T h i s 
was n e c e s s a r y t o a l l o w t h e t r a n s f e r l i n e t o f i t i n t o t h e 
GC oven t h r o u g h an e n t r a n c e p o r t . 

I n o r d e r t o t e s t t h i s t r a n s f e r l i n e i t was used w i t h o u t 
t h e ICP t o r c h t o c o u p l e t o g e t h e r two gas c h r o m a t o g r a p h s 
( F i g u r e 2 . l O a ) . I n s t r u m e n t a l 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 2.5. A s t a n d a r d s o l u t i o n o f n-C^o and n-C^o a l k a n e s 
was c o - i n j e c t e d w i t h a s o l u t i o n c o n t a i n i n g a range o f 
p o r p h y r i n s . The h i g h t e m p e r a t u r e GC c a p a b i l i t y o f t h i s 
t r a n s f e r l i n e i s d e m o n s t r a t e d by t h e e l u t i o n o f t h e s e 
r e l a t i v e l y i n v o l a t i l e compounds a t 420°C ( F i g u r e 2.10b). 
T h i s e x p e r i m e n t p r o v e d t h a t t h e t r a n s f e r l i n e a l l o w e d 
adequate e l u t i o n o f t h e a n a l y t e s f r o m t h e GC. Thus any 
f u r t h e r p r o b l e m s o f d e t e c t i o n w i t h GC-ICP-MS c o u l d be 
a t t r i b u t e d t o t h e ICP t o r c h o r ICP-MS r a t h e r t h a n t h e 
t r a n s f e r l i n e . 
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F i g u r e 2.9 T r a n s f e r l i n e t e m p e r a t u r e w i t h i n c r e a s i n g 
v o l t a g e ; T C l , t h e r m o c o u p l e 100 mm f r o m t h e GC 
s i d e ; TC2 t h e r m o c o u p l e mid p o i n t o f t h e 
t r a n s f e r l i n e ; TC3, t h e r m o c o u p l e 100 mm f r o m 
t h e base o f t h e ICP t o r c h . 
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T a b l e 2.5 HT-GC c o u p l e d t o HT-GC u s i n g t h e Mark I I t r a n s f e r 
l i n e . I n s t r u m e n t a l p a r a m e t e r s . 

Gas Chromatograph l 

Column SGE HT-5, 2 5 m x 0 . 3 2 m m 
i . d . X 0.1 ̂ m f i l m 
t h i c k n e s s 

C a r r i e r Gas 2 ml min"' (85 kPa) He 
(measured a t 300°C) 

Oven Tem p e r a t u r e 
Programme 

60°C t o 300°C ( a t 8°C min' 
') t o 4 2 0 O C ( a t 4*>C min-'), 
10 min. i s o . 

Gas Chromatograph 2 

Oven Tem p e r a t u r e 
Programme 

420°C i s o . 

D e t e c t i o n FID ( a t 437<*C) 

T r a n s f e r L i n e Temperature 

Thermocouple No. Te m p e r a t u r e (°C) 
1 
2 
3 

363 
436 
443 
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Figure 2.10 (A.) A schematic diagram of HTGC coupled t o 
HTGC w i t h FID using the Mark I I t r a n s f e r l i n e . 
(B.) The chromatogram obtain e d shows e l u t i o n of 
r e l a t i v e l y i n v o l a t i l e h i g h molecular weight n-
alkanes (n-Cst, and n-Cfio/ 100 /xg ml', i n THF, 0.5 
/ i l ) c o - i n j e c t e d w i t h a range of p o r p h y r i n s (1 
X IQ-** mol, ml' Ni-OEP, 1 x 10"* mol. ml'' oth e r 
p o r p h y r i n s , i n CŜ ,̂ 0.5 Ml) • 
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2,5.3 I n f l u e n c e of t h e P o s i t i o n o f t h e C a p i l l a r y 
Column End 

The d i s t a n c e of the end o f t h e c a p i l l a r y GC column from 
the t i p of the ICP t o r c h i n j e c t o r was found t o be 
i m p o r t a n t . 

I n s t r u m e n t a t i o n : I n s t r u m e n t a l c o n d i t i o n s a r e g i v e n i n 
Table 2.6. The ICP-MS was tuned as b e f o r e u s i n g the c o l d 
mercury vapour generator ( s e c t i o n 2.3,3). 

I n i t i a l p r e c a u t i o n s i n v o l v e d p o s i t i o n i n g o f t h e end of 
t h e s t a i n l e s s s t e e l i n s e r t and c a p i l l a r y column 80 mm 
from the t i p of the i n j e c t o r t o prevent the p o s s i b i l i t y 
o f the plasma a r c i n g . A n a l y s i s o f a 1 0 - f o l d d i l u t e d ( i n 
n-hexane) s o l u t i o n of SRM 1 6 3 7 a ( I I ) by i o n - s e l e c t i v e 
m o n i t o r i n g f o r lead (m/z 208) produced a s i n g l e peak 
chromatogram (Figure 2.11a), i d e n t i f i e d as TEL. At a 
d i s t a n c e of 50 mm an i d e n t i c a l s i n g l e peak chromatogram 
r e s u l t e d . 

However a t a d i s t a n c e of 2 mm a s i g n i f i c a n t increase i n 
th e s i g n a l : n o i s e r a t i o meant t h a t a second minor 
component was detected ( F i g u r e 2.11b), These have been 
i d e n t i f i e d by previous workers as TML (1.5%) and TEL 
(98,5%) [ 1 7 4 ] , Even though the SRM was s t o r e d as 
recommended, the p o s s i b i l i t y e x i s t s t h a t t h e 
t e r a a l k y l l e a d was not o r i g i n a l l y added i n these r a t i o s 
but t h a t the m i x t u r e may be a r e s u l t from 
photodecomposition, v o l a t i l i s a t i o n or c o n v e r s i o n of TEL 
t o TML. 

77 



Table 2.6 I n f l u e n c e of the p o s i t i o n of t h e c a p i l l a r y column 
t i p u s ing the Mark I I t r a n s f e r l i n e . I n s t r u m e n t a l 
parameters, 

Gas Chromatography 

Column SGE HT-5 (25 m x 0.32 mm i . d . x 0.1 
Mm f i l m t h i c k n e s s ) 

C a r r i e r Gas 2 ml min'' (85 kPa) helium ( a t 110°C) 
Temperature 
Programme 

40*>C (1 min. i s o . ) t o 180°C a t 10*»C 
min' 

I n j e c t i o n 0.5 Ml on-column 

Transfer Line Temperature 

Thermocouple 
Column distance from t i p of the 

i n j e c t o r Thermocouple 
80mm 2 mm 

1 213*>C 228°C 
2 2710C 285«»C 
3 284°C 280*'C 
4 248°C 245<»C 

ICP-MS 
S i m i l a r c o n d i t i o n s t o those i n Table 2.2 

Dwell 163840 MS 
Data a c q u i s i t i o n 
time 

11.2 min. 
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Figure 2.11 I n f l u e n c e 
from the 
s e l e c t i v e 
1638a. (A. 
TEL. (B.) 
TEL (98.5% 

of the p o s i t i o n of the column end 
t i p o f t h e i n j e c t o r (mm)- Ion 
chromatograms (m/z 208) of NBS-SRM 
) SOmra (0.962 ng as Pb) o n l y showing 
2 mm (0.74 5 ng as Pb) showing both 
) and TML ( 1 . 5 % ) . 
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2.5.4 Attempted HT-GC-ICP-MS o f M e t a l l o p p o r p h v r i n s 
using the Mark I I T r a n s f e r Line 

The coupled system was s e t up as d e s c r i b e d i n s e c t i o n 
2.5.3 w i t h t h e c a p i l l a r y column 2 mm from t h e t i p o f t h e 
t o r c h i n j e c t o r . The ICP-MS was tuned f o r (m/z 58) us i n g 
th e s i g n a l a r i s i n g from t h e c o n s t a n t a b l a t i o n of n i c k e l 
from the sample skimmer cones. GC c o n d i t i o n s were 
s i m i l a r t o those used p r e v i o u s l y (Table 2.5). T r a n s f e r 
l i n e temperatures were: TCI, 415**C; TC2, 434**C; TC3, 
436°C and TC4, 420°C. Data a c q u i s i t i o n parameters were: 
SIM (m/z 58) , d w e l l time (327680 /iS) and data a c q u i s i t i o n 
time 2 x 22,3 min. s t a r t e d 47 min. a f t e r t h e p o i n t of 
i n j e c t i o n . 

A s o l u t i o n of Ni-OEP (0.39 mg ml"' as N i , i n CSj) was 
i n j e c t e d (0.5 / i l ) . No s i g n a l was observed over a 44.6 
minute p e r i o d . 

The c o u p l i n g was disassembled and the l a s t 135 mm of 
c a p i l l a r y column s t a t i o n a r y phase e x t r a c t e d / washed w i t h 
DCM (3 m l ) . The UV-VIS a b s o r p t i o n spectrum of the 
washings was recorded (Figure 2.12). The spectum was 
i d e n t i c a l t o t h a t Ni-OEP (Soret band, 390 nm; a-band, 550 
nm; B-band, 515 nm) c o n f i r m i n g t h e condensation o f 
i n v o l a t i l e p o r p h y r i n s i n t h e l e n g t h of column contained 
w i t h i n the t o r c h i n j e c t o r and not i n the t r a n s f e r l i n e . 

2.6 Coupling and Transfer Line-Mark I I I 

2.6.1 ICP-Torch Design 

The preceding experiments o b v i o u s l y demonstrate the need 
f o r adequate h e a t i n g of the p o r t i o n of column contained 
w i t h i n t h e t o r c h i n j e c t o r i n order t o prevent 
condensation of the m e t a l l o p o r p h y r i n s w i t h i n the column 
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Figure 2.12 UV-VIS a b s o r p t i o n spectrum o f Ni-OEP, 
c o n f i r m i n g the condensation o f p o r p h y r i n s i n 
the column contained w i t h i n t h e t o r c h i n j e c t o r . 
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( s e c t i o n 2.5.4). Therefore i t was decided t o adopt a 
h e a t i n g system used by Parry (1989) [175] which r e l i e s on 
the r e s i s t i v e h e a t i n g of a s t a i n l e s s s t e e l c a p i l l a r y . 
T h i s system i n c l u d e d a s t a b l e and c o n t r o l l a b l e heat 
source and temperature m o n i t o r i n g d u r i n g o p e r a t i o n . 

D e t a i l s showing the r e s i s t i v e l y heated s t a i n l e s s s t e e l 
tube i n s i d e a m o d i f i e d ICP t o r c h i n j e c t o r i s given 
(Figure 2.13). To i n c o r p o r a t e a l l o f t h e e l e c t r i c a l 
components i n s i d e the i n j e c t o r , a demountable t o r c h was 
custom made (H. Baumbach and Co. L t d . , I p s w i c h , UK) w i t h 
t h e same aspect r a t i o [176] as a c o n v e n t i o n a l t o r c h . To 
be able the plasma t o be punctured and laminar f l o w 
achieved, the f i n a l 25 mm o f the i n j e c t o r was narrowed t o 
a diameter of 3 mm. 

The h e a t i n g source was a rewound t r a n s f o r m e r b u i l t i n -
house (4 V, 0-30 A maximum o u t p u t ) , equipped w i t h a 
temperature feed back loop c i r c u i t (Figure 2,13). Two 
h i g h temperature "type K" thermocouples (RS Components, 
Northamptonshire, UK) were s i l v e r - s o l d e r e d onto t h e mid 
p o i n t of the s t a i n l e s s s t e e l tube, t h e f i r s t being used 
t o complete the feed back loop c i r c u i t ( e n s u r i n g constant 
temperature) and the second t o r e c o r d t h e temperature 
(using a d i g i t a l thermometer) . These two thermocouples 
were disconnected before plasma i g n i t i o n as a p r e c a u t i o n 
t o prevent the h i g h v o l t a g e Tesla spark from damaging the 
d i g i t a l thermometer and h e a t i n g source. 

I n i t i a l l y t h i s system was t e s t e d independently from the 
ICP-MS. The temperature range o f the s t a i n l e s s s t e e l 
tube i n s e r t was 256-480<»C (±5**C) . However t h e feedback 
c i r c u i t f a i l e d when the coupled system was in situ (due 
t o the close p r o x i m i t y of the two thermocouples t o the 
s t r o n g r . f . ) r e s u l t i n g i n i n e f f e c t u a l h e a t i n g . 
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Figure 2.13 Modified plasma t o r c h (Mark I I I ) showing the r e s i s t i v e l y heated s t a i n l e s s s t e e l 
tube i n s e r t . 

83 



As a r e s u l t of t h i s , the h e a t i n g source was re p l a c e d w i t h 
a s i m i l a r , p u r p o s e - b u i l t t r a n s f o r m e r , b ut w i t h o u t 
temperature was c o n t r o l l e d by manually v a r y i n g t h e 
c u r r e n t o u t p u t and monitored u s i n g o n l y one thermocouple. 
The temperature range achieved was from ambient t o 580''C 
(±40*>C) . 

2.6.2 HTGC-ICP-MS using t h e Mark I I I T r a n s f e r L i n e 

The coupled system was s e t up as d e s c r i b e d p r e v i o u s l y 
( s e c t i o n 2.5.4,), I n s t r u m e n t a l c o n d i t i o n s are g i v e n 
(Table 2.7). No response t o n i c k e l (m/z 58) was observed 
when Ni-OEP (36 /ig ml*' as N i , i n CSj) was i n j e c t e d , 
probably due t o c o l d spots which caused condensation of 
the a n a l y t e . 

To i n v e s t i g a t e t h i s t h e o r y , t h e n i c k e l - c o n t a i n i n g c h e l a t e 
n i c k e l d i e t h y l d i t h i o c a r b a m a t e (Ni(Dt)3) w i t h a lower 
r e t e n t i o n index (RI = 3422) t h a n Ni-OEP (RI = 6282) was 
synthesised and examined by HTGC-ICP-MS. The i n s t r u m e n t a l 
parameters used were s i m i l a r t o those used e a r l i e r (Table 
2.7). Ni(Dt)2 was s u c c e s s f u l l y e l u t e d (Figure 2.14), t h i s 
was not p o s s i b l e when t h e i n s e r t was not heated. A n a l y s i s 
of few t r a c e element species w i t h a r e t e n t i o n index as 
high as 3422 have been r e p o r t e d p r e v i o u s l y by GC -
element s e l e c t i v e d e t e c t o r s ; thus even though t h e 
po r p h y r i n a n a l y s i s was not s u c c e s s f u l a t t h i s stage, t h e 
mod i f i e d HTGC-ICP-MS c o u p l i n g r e p r e s e n t s a s i g n i f i c a n t 
advance i n the a n a l y t i c a l c a p a b i l i t i e s f o r s p e c i a t i o n 
d e t e r m i n a t i o n s . 
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Table 2.7 HT-GC-ICP-MS of Ni-OEP, us i n g the Mark I I I t r a n s f e r 
l i n e . I n s t r u m e n t a l parameters. 

Gas Chromatography 

Column SGE HT5 (12m x 0.32 mm 
i . d . X 0.1 /xm f i l m 
t h i c k n e s s ) 

C a r r i e r Gas 2 ml min"' helium ( u s i n g 
CP-CF module) 

Temperature Programme 50*»C t o 420°C ( a t 3 6 0 C 
min"') 20 min. i s o . a t 
420°C 

I n j e c t i o n 1 / i l on-column 

Tr a n s f e r Line Temperature 

Thermocouple Temperature (**C) 
1 
2 
3 

+ ( S t a i n l e s s s t e e l 
i n s e r t ) 

366 
405 
420 
410 

ICP-MS 

Mode s i n g l e i o n m o n i t o r i n g (m/z 
58) 

I n j e c t o r gas 1.37 1 min"' 
Dwell 163840 MS 
Data a c q u i s i t i o n time 2 X 11.2 min. ( s t a r t e d a t 

8 min. a f t e r i n j e c t i o n ) 
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Figure 2.14 GC-ICP-MS c a p a b i l i t y o f t h e Mark I I I t r a n s f e r 
l i n e . I on s e l e c t i v e chromatogram (m/z 58) 
showing the e l u t i o n o f n i c k e l d i e t h y l -
d i t h i o c a r b a m a t e (0.2 /xg ml''). GC column 5m x 
0.32 mm i . d . x 0.1 f i l m t h i c k n e s s (SGE, 
HT5) . GC oven temperature programme was 50*'C t o 
300*»C (10 min. i s o . ) a t 20°C min''. T r a n s f e r 
l i n e temperatures were TCI, 290°C; TC2, 325'*C; 
TC3, 335**C; TC4, 265oC. DCM s o l v e n t , 1.0 / i l 
i n j e c t e d . 
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2.7 Conclusions 

C a p i l l a r y GC has been s u c c e s s f u l l y coupled t o ICP-MS. A s e r i e s 
o f p r o g r e s s i v e l y improved t r a n s f e r l i n e s have been developed 
and a p p l i e d , t o the d e t e c t i o n of organolead and o r g a n o n i c k e l 
species. Many of the c r i t e r i a l i s t e d i n S e c t i o n 2.1 have been 
f u l f i l l e d . 

The f i n a l i n t e r f a c e design (Mark I I I t r a n s f e r l i n e ) i s of 
simple c o n s t r u c t i o n , i s r o b u s t , r e l i a b l e and inexpensive. The 
system a l l o w s o n - l i n e d i r e c t c o u p l i n g o f t h e GC column t o th e 
ICP t o r c h over a l a r g e temperature range (ambient - 550°C, ± 
2<'C f o r the t r a n s f e r l i n e and ambient - SSÔ 'C, ± 40<'C f o r the 
r e s i s t i v e l y heated s t a i n l e s s s t e e l i n s e r t i n t h e ICP t o r c h 
i n j e c t o r ) , i s l i g h t - w e i g h t ( a p p r o x i m a t e l y 800 g; dimensions 600 
mm X 62 mm o.d,), r e q u i r e s a r e l a t i v e l y s h o r t i n s t a l l a t i o n time 
(approximately 2 hours) and i s r e a d i l y demountable. 

The ICP-MS was m o d i f i e d by removal of a panel from the hood and 
t o r c h box through which the t r a n s f e r l i n e c o u l d pass over t h e 
s h o r t e s t p o s s i b l e d i s t a n c e . The ICP-MS was tuned u s i n g a 
continuous s i g n a l of mercury (from a c o l d mercury vapour 
generator, g a s / l i q u i d separator) and t h e c o n s t a n t a b l a t i o n of 
n i c k e l from the sampler and skimmer-cones f o r Pb (m/z 208) and 
Ni (m/z 58) d e t e c t i o n r e s p e c t i v e l y . 

I t was found t h a t the column o u t l e t needed t o be p o s i t i o n e d a t 
the t i p of the t o r c h i n j e c t o r t o prevent a b s o r p t i o n or 
condensation of the a n a l y t e ( t e t r a a l k y l l e a d compounds) on the 
w a l l s of t h e i n j e c t o r . 

The high temperature GC c a p a b i l i t i e s o f t h e Mark I I t r a n s f e r 
l i n e were demonstrated by the e l u t i o n o f r e l a t i v e l y i n v o l a t i l e 
m e t a l l o p o r p h y r i n s and high molecular weight alkanes (n-Cjo and 
n-Ĉ o) a t 420*'C, using coupled GC-GC w i t h flame i o n i s a t i o n 
d e t e c t i o n . However due t o condensation o f these compounds i n 
the l e n g t h of the column contained w i t h i n t h e t o r c h i n j e c t o r 
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HTGC-ICP-MS of m e t a l l o p o r p h y r i n s was not achieved-

However GC-ICP-MS of r e l a t i v e l y i n v o l a t i l e c h e l a t e s was 
accomplished. Using a r e s i s t i v e l y heated s t a i n l e s s s t e e l 
i n s e r t contained w i t h i n the t o r c h i n j e c t o r , a n i c k e l complex 
(Ni(Dt)2) w i t h a higher r e t e n t i o n index (RI > 3400) than many 
organo-metals determined by previous methods was e l u t e d . 
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CHAPTER T H R E E 

DETERMINATION OF T R A C E 
METAL SPECIES BY CAPILLARY 

GC-ICP-MS 



3.0 DETERMINATION OF T R A C E M E T A L SPECIES B Y 
CAPn^LARY GC-ICP-MS 

3.1 Introduction 

Much of th e l i t e r a t u r e concerning GC-coupled te c h n i q u e s 
describes t h e s p e c i a t i o n of r e l a t i v e l y v o l a t i l e and 
t h e r m a l l y s t a b l e species (e.g. t e t r a a l k y l l e a d , o r g a n o t i n 
and a l k y l m e r c u r y compounds). These compounds are w e l l 
s u i t e d t o GC s e p a r a t i o n and are of c o n s i d e r a b l e 
environmental importance. 

3.1.1, Qrganometallic compounds i n the environment 

Lead: Lead i s added t o f u e l i n v a r y i n g p r o p o r t i o n s o f 
f i v e t e t r a a k l y l l e a d compounds as a n t i k n o c k i n g agents. 
T h e i r environmental relevance has been reviewed [ 1 7 7 ] . 
Such compounds are h i g h l y n e u r o - t o x i c through s k i n 
a b s o r p t i o n , i n h a l a t i o n and i n j e c t i o n [ 1 7 8 ] . They have 
been found t o be present i n a i r , water, sediments and 
b i o t a , w i t h h i g h e r c o n c e n t r a t i o n s i n urban areas. 
There i s evidence t h a t Pb̂"*̂  s a l t s can be m i c r o b i a l l y 
a l k y l a t e d i n n a t u r a l a q u a t i c sediments [ 1 7 9 ] . As a 
r e s u l t s e v e r a l coupled techniques have been developed 
f o r a l k y l l e a d a n a l y s i s . These have been reviewed 
[52,180]. However most of these procedures u t i l i s e 
packed column GC ( w i t h consequent low chromatographic 
r e s o l u t i o n and requirement f o r h i g h a n a l y t e 
c o n c e n t r a t i o n s ) . 

Tin: Organotin compounds have been w i d e l y used i n a 
v a r i e t y of a p p l i c a t i o n s ; as th e r m a l s t a b i l i s e r s f o r 
p o l y v i n y l c h l o r i d e , as c a t a l y s t s i n the p r o d u c t i o n o f 
polyurethane foams, i n v u l c a n i s a t i o n of s i l i c o n e 
rubbers, as b i o c i d e s and i n a n t i f o u l i n g p a i n t s [ 1 8 1 ] . 
The a p p l i c a t i o n t o x i c i t y , environmental behaviour, 
b i o a l k y l a t i o n and l e g i s l a t i o n concerning o r g a n o t i n 
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compounds have been reviewed [57,182-184]. They are 
t o x i c though i n h i b i t i o n of o x i d a t i v e p h o s p h o r y l a t i o n , 
and e x i s t i n g data i n d i c a t e s t h a t t o x i c i t y i n c r e a s e s 
w i t h p r o g r e s s i v e i n t r o d u c t i o n of o r g a n i c groups on t h e 
t i n w i t h a maximum t o x i c i t y v a l u e f o r t r i o g a n o t i n 
(RjSnX) compounds. M i c r o b i a l m e t h y l a t i o n of i n o r g a n i c 
Sn^^ and Sn'*"̂  have been observed i n waters and 
sediments. Also o r g a n o t i n s have been found t o degrade 
by the p r o g r e s s i v e removal of t h e o r g a n i c groups from 
t i n i n the order, R̂ Sn -» R̂ SnX R2SnX2 -* RSnXj SnX4 
which enables t h e environmental f a t e o f these 
compounds t o be s t u d i e d . S p e c i a t i o n i n f o r m a t i o n i s 
necessary i n order t o assess the e f f e c t o f these 
compounds on the environment, and t h i s r e q u i r e s 
s e n s i t i v e a n a l y t i c a l methods capable of species 
s e l e c t i v e d e t e c t i o n a t low pg l e v e l s . Thus a v a r i e t y 
of i n t e r f a c e d GC element s e l e c t i v e techniques have 
been developed [52,184,185], Recently, o r g a n o t i n 
compounds have been monitored by GC-MIP-MS [ 1 6 2 ] , 
SFC-ICP-MS [166] and HPLC-ICP-MS [ 1 8 6 ] . However poor 
chromatographic r e s o l u t i o n and/or poor peak shape were 
g e n e r a l l y observed. 

Mercury: I n o r g a n i c mercury i s mainly used i n b a t t e r y 
manufacture, c h l o r i n e p r o d u c t i o n and d e n t i s t r y . 
Organomercury compounds have been used as b i o c i d e s and 
c a t a l y s t s f o r urethane and v i n y l a c e t a t e p r o d u c t i o n 
[ 1 8 4 ] . The behaviour of mercury i n n a t u r a l systems 
has been documented [ 8 ] . An example of the t o x i c i t y 
of organomercury compounds has been d e s c r i b e d 
p r e v i o u s l y (Section 1.1). The need t o understand t h e 
environmental c y c l i n g of mercury has l e d t o t h e search 
f o r s e n s i t i v e and s p e c i f i c a n a l y t i c a l methodologies. 
Techniques f o r the d e t e c t i o n and d e t e r m i n a t i o n o f 
mercury-containing species have i n v o l v e d c o u p l i n g o f 
GC w i t h atomic spectrometry [52,184,187], thus 
a v o i d i n g contamination and i n t e r f e r e n c e s a r i s i n g from 
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m o l e c u l a r r e a r r a n g e m e n t s . H y d r i d i z a t i o n t r a p p i n g 
t e c h n i q u e s a r e more s e n s i t i v e because i t i s a t o t a l 
s a m p l i n g ( i . e . p r e c o n c e n t r a t i o n ) t e c h n i q u e , whereas 
w i t h a l k y l a t i o n o n l y an a l i q u o t o f t h e sample i s used. 

3.1.2 D e r i v a t i z a t i o n 

O f t e n , a d e r i v a t i s a t i o n method i s used p r i o r t o GC 
i n j e c t i o n t o i n c r e a s e t h e v o l a t i l i t y o f o r g a n o m e t a l l i c 
s p e c i e s . Examples i n c l u d e s c o n v e r s i o n t o h y d r i d e s o r 
a l k y l a t i o n [ 3 1 , 1 8 0 , 1 8 8 ] . 

A range o f e l e m e n t s (eg. As, Pb, Se, Sn) a r e e a s i l y 
c o n v e r t e d t o v o l a t i l e h y d r i d e s by r e a c t i o n w i t h sodium 
b o r o h y d r i d e (NaBHJ . The h y d r i d e s may be t r a p p e d 
c r y o g e n i c a l l y under l i q u i d n i t r o g e n f o r l a t e r 
s e p a r a t i o n and d e t e c t i o n o r t h e y may be e x t r a c t e d 
d i r e c t l y i n t o a non-aqueous s o l v e n t f o r GC [ 1 8 9 ] . 
However a m a j o r s o u r c e o f e r r o r s i s t h e l o s s o f 
h y d r i d e s by i r r e v e r s i b l e a d s o r p t i o n t o t h e i n t e r n a l 
w a l l s o f t h e a p p a r a t u s [ 1 9 0 ] and t h e r e a c t i o n o f NaBH4 
has been f o u n d t o be s u p p r e s s e d i n t h e p r e s e n c e o f 
d i e s e l o i l and s u l p h i d e s w h i c h o c c u r a t h i g h l e v e l s i n 
some e n v i r o n m e n t a l samples (eg. s e d i m e n t s ) [ 1 9 1 ] . An 
a l t e r n a t i v e a p p r o a ch i s t h e p u r g e - t r a p p r o c e d u r e [ 4 7 ] . 

Two p r i n c i p a l methods a r e used f o r t h e a l k y l a t i o n o f 
m e t a l s p e c i e s : t h e r e a c t i o n w i t h G r i g n a r d r e a g e n t s o r 
w i t h sodium t e t r a e t h y l b o r a t e . 

M e t a l s o f Group IVA ( i e . Ge, Sn, Pb and t h e i r i o n i c 
d e r i v a t i v e s R,,M<''"*"') , can be a l k y l a t e d by G r i g n a r d 
r e a g e n t ( e q u a t i o n 1) t o t h e t e t r a a l k y l - s u b s t i t u t e d 
d e r i v a t i v e s w h i c h a r e more v o l a t i l e and s t a b l e f o r GC 
s e p a r a t i o n . 
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G r i g n a r d a l k y l a t i o n t e c h n i q u e s a p p l i e d t o 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 i n c l u d e 
m e t h y l a t i o n [ 4 6 ] , e t h y l a t i o n [ 2 ] , p r o p y l a t i o n [ 1 9 2 ) , 
b u t y l a t i o n [ 6 7 , 1 9 3 ] and p h e n y l a t i o n [ 6 8 , 1 9 4 ] . 

j^j^(4-n)+ ^ (4-n)'R„MgCl ' > ' ' in THF or d i e t h y l e t h e r ' ' ' ' 
R„M'R„(4.„, + (4-n)Mg'* + ( 4 - n ) C r (eqn. 1) 

A l k y l a t i o n u s i n g sodium t e t r a e t h y l b o r a t e has been 
a p p l i e d t o o r g a n o t i n [ 4 8 ] and o r g a n o m e r c u r y [ 6 3 ] 
( e q u a t i o n 2) compounds. 

CH3Hg-' + NaB(C2Hs)4 
— ^ CH3HgC2Hs + Na-*- + 3C2HS ( e q n . 2) 

A l k y l a t i o n does n o t r e q u i r e e x t e n s i v e sample c l e a n - u p 
p r o c e d u r e s and unambiguous i d e n t i f i c a t i o n and 
q u a n t i f i c a t i o n o f t h e p r o d u c t s can be a c h i e v e d . 

3.1.3 Aims 

T h i s c h a p t e r i n v e s t i g a t e s t h e s p e c i a t i o n and d e t e c t i o n 
o f organo - l e a d , t i n and mercury s p e c i e s u s i n g t h e 
c a p i l l a r y GC-ICP-MS d e v e l o p e d and g i v e s F i g u r e s o f 
M e r i t f o r t h e d e t e r m i n a t i o n s . These compounds i n c l u d e 
t e t r a a l k y l l e a d s ( i n f u e l ) , o r g a n o t i n s ( i n w a t e r and a 
s t a n d a r d r e f e r e n c e m a t e r i a l h a r b o u r s e d i m e n t ) and a 
p u r e organomercury compound ( d i e t h y I m e r c u r y ) . O t h e r 
o r g a n o m e t a l l i c compounds s t u d i e d i n c l u d e i r o n 
c o n t a i n i n g f e r r o c e n e a n d m e t a l l o 
d i e t h y l d i t h i o c a r b a m a t e s . 
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3.2 T e t r a a l k v l l e a d S p e c i a t i o n 

3.2.1 E x p e r i m e n t a l 

The m a t e r i a l s and r e a g e n t s used a r e l i s t e d i n Appendix 
A. The Mark I I t r a n s f e r l i n e and ICP t o r c h were used 
t h r o u g h o u t . The t r a n s f e r l i n e t e m p e r a t u r e was 
m a i n t a i n e d between; T C I , 190-213 "C; TC2, 2 24-271 *>C, 
TC3, 237-284°C, TC4, 245-250°C. The ICP-MS was t u n e d 
and o p t i m i s e d f o r l e a d d e t e c t i o n (m/z 208) u s i n g t h e 
s i g n a l f r o m t h e c o l d m e r c u r y v a p o u r g e n e r a t o r (m/z 
202) as d e s c r i b e d p r e v i o u s l y ( S e c t i o n 2 . 3 . 3 ) , g e n e r a l 
ICP-MS o p e r a t i n g c o n d i t i o n s have been g i v e n (Table 
2 - 6 ) . S i n g l e i o n m o n i t o r i n g was a t m/z 208. 

3.2.2 Response o f ̂ "'̂ Pb w i t h Time 

I n j e c t i o n s o f a s e r i e s o f known amounts o f l e a d i n t h e 
r e f e r e n c e f u e l (NBS SRM 1637 I I ) d i d n o t g i v e 
r e p r o d u c i b l e r e s u l t s ( i e . e x t e r n a l c a l i b r a t i o n was n o t 
p o s s i b l e ) , t h e r e a s o n was a d e c r e a s e i n d e t e c t o r 
s e n s i t i v i t y w i t h t i m e ( F i g . 3 . 1 ) . 

The c o n t i n u o u s s i g n a l f r o m c o l d vapour m e r c u r y 
g e n e r a t o r , was a l s o r e c o r d e d a t t h e end o f each 
c h r o m a t o g r a p h i c r u n ( F i g . 3.2) w h i c h a l s o d e c r e a s e d 
w i t h t i m e . A p p r o x i m a t e l y 70% r e d u c t i o n i n d e t e c t o r 
s e n s i t i v i t y was o b s e r v e d i n each ( i e . b o t h Hg and Pb 
s i g n a l ) and a s t a b l e r e s p o n s e was a t t a i n e d o n l y a f t e r 
100 m i n u t e s . 
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F i g u r e 3.1 The d e c r e a s e i n TEL s i g n a l (1.29 /xg ml"*/ as 
Pb) w i t h t i m e . GC oven programme = 40*>C ( 1 
min. i s o . ) t o 180*>C (5 min. i s o . ) a t 10*»C 
min', hexane s o l v e n t , 0.5 ^ 1 i n j e c t e d 
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F i g u r e 3.2 The d e c r e a s e i n t h e c o n t i n u o u s c o l d m e r c u r y 
vapour s i g n a l w i t h t i m e . 
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The cause was t h o u g h t t o be c a r b o n d e p o s i t i o n on t h e 
samp l e r and skimmer cones f r o m s u c c e s s i v e i n j e c t i o n s 
o f hexane s o l v e n t , r e s u l t i n g i n some o f t h e a b s o r p t i o n 
o f a n a l y t e . T h e r e f o r e oxygen was added t o t h e 
i n j e c t o r gas t o o x i d i s e t h e c a r b o n t h u s p r e v e n t i n g any 
p o s s i b l e d e p o s i t i o n . However excess oxygen a l s o l e a d s 
t o t h e r a p i d e r o s i o n o f t h e s a m p l i n g cone-
S u r p r i s i n g l y t h e same d e c r e a s e i n t h e peak a r e a o f TEL 
was o b s e r v e d ( F i g . 3.3) and i t was c o n c l u d e d t h a t t h e 
de c r e a s e was n o t caused by c a r b o n d e p o s i t i o n on t h e 
cones. The ICP-MS d e t e c t o r s i m p l y t o o k a p p r o x i m a t e l y 
100 m i n u t e s t o s t a b i l i s e . A l l s u b s e q u e n t a n a l y s e s 
were p e r f o r m e d a f t e r t h i s 100 m i n u t e s o f 
s t a b i l i s a t i o n . 

3.2,3 F i g u r e s o f M e r i t f o r T e t r a e t h v l l e a d 

I n i t i a l F i g u r e s o f M e r i t were e s t a b l i s h e d f o r TEL 
(Table 3.1). The l i m i t o f d e t e c t i o n (LOD) (0.7 pg s"', 
4.7% RSD) and c o r r e l a t i o n c o e f f i c i e n t (0.9943) were 
c a l c u l a t e d f r o m t e n r e p l i c a t e i n j e c t i o n s ( F i g . 3.4) 
and a s t a n d a r d d i l u t i o n s e r i e s ( F i g . 3 . 5 ) . 

S u b s e q u e n t l y improved F i g u r e s o f M e r i t , i n c l u d i n g t h e 
l i n e a r dynamic range (Table 3.1), were o b t a i n e d u s i n g 
a u t h e n t i c TEL fr o m c o m m e r c i a l s u p p l i e r s . I t was f o u n d 
t h a t d o u b l i n g t h e volume i n j e c t e d t o 1 / x l , gave a LOD 
and p e r c e n t RSD o f a p p r o x i m a t e l y h a l f t h e v a l u e s 
o b t a i n e d e a r l i e r (Table 3.1) p r o b a b l y because t h e 
p r e c i s i o n o f manual on-column i n j e c t i o n i s 
p r o p o r t i o n a l l y improved as l a r g e r volumes a r e used. 
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F i g u r e 3.3 The d e c r e a s e i n TEL s i g n a l w i t h t i m e . 40 ml 
min"' (4%) Oj added t o t h e i n j e c t o r gas. Same 
c o n d i t i o n s used as i n F i g u r e 3 . 1 , e x c e p t 
0.194 ^g ml"' (as Pb) was i n j e c t e d . 
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Table 3.1 F i g u r e s o f M e r i t f o r t e t r a e t h y 1 l e a d (TEL) by 
c a p i l l a r y GC-ICP-MS f o r 0.5 /xl and 1.0 /xl on-
column i n j e c t i o n s ( u s i n g t e n r e p l i c a t e i n j e c t i o n s 
o f NBS SRM 1637 and a u t h e n t i c TEL s t a n d a r d 
r e s p e c t i v e l y ) . GC oven t e m p e r a t u r e programme = 
60**C i s o . , hexane s o l v e n t , LOD i s d e f i n e d t o be 
3o o f t h e n e t peak a r e a s o f t h e r e p l i c a t e 
i n j e c t i o n s . 

Volume I n j e c t e d 0.5 fil 1.0 ^1 

D e t e c t i o n 1 i m i t 
(3a) (pg s') 

0.7 (measured a t 
50 pg) 

0.34 (measured a t 
100 pg) 

P e r c e n t RSD 4.7% 2 . 1 % 

C o r r e l a t i o n 
c o e f f i c i e n t 

0.9943 (measured 
up t o 1.9 ng) 

0. 9999 (measured 
between 2-100 pg) 

C o r r e l a t i o n 
c o e f f i c i e n t 

0.9943 (measured 
up t o 1.9 ng) 0.9999 (measured 

between 100 pg-10 
ng) 

L i n e a r dynamic 
range ( o r d e r s o f 
magnitude) 

nd 5 

98 



CO 

CO 

CO 

O 
Q . 
00 

eo o 
CM 

7500 n 

6000 H 

o 
^ 4500 

3000 H 

1500 

0 
10 12 

Retention Time (minj 

F i g u r e 3.4 I o n chromatogram (m/z 208) o f t e n r e p l i c a t e 
i n j e c t i o n s o f a u t h e n t i c t e t r a e t h y l l e a d 
s t a n d a r d , 100 ng ml ' (as Pb) , 1.0 /xl 
i n j e c t e d , GC oven t e m p e r a t u r e programme = 
60**C i s o . , hexane s o l v e n t . 
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F i g u r e 3.5 L i n e a r e x t e r n a l c a l i b r a t i o n o f 
t e t r a e t h y l l e a d u s i n g NBS SRM 1637. Same 
c o n d i t i o n s used as i n F i g . 3.1 
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The l i n e a r dynamic r a n g e was o v e r 5 o r d e r s o f 
mag n i t u d e ( 1 pg t o 10 ng) ( F i g . 3 . 6 ) . A t amounts 
e x c e e d i n g 10 ng t h e ICP-MS d e t e c t o r a u t o m a t i c a l l y 
a c q u i r e d d a t a i n t h e " p u l s e c o u n t i n g mode". H i g h e r 
c o n c e n t r a t i o n s may o v e r l o a d t h e column and r a r e l y a r e 
such c o n c e n t r a t i o n s (^g m l ' rang e ) f o u n d i n t h e 
en v i r o n m e n t . The c o r r e l a t i o n c o e f f i c i e n t was 0.999 
between 2 - 100 pg and 0.9999 between 100 pg - 10 ng. 

3.2.4 T e t r a a l k y H e a d s Naphtha 

A c o n c e n t r a t i o n o f f i v e t e t r a a l k y l l e a d s p e c i e s i n 
naphtha (known v a l u e = 0.45 mg ml', as t o t a l Pb) were 
d e t e r m i n e d u s i n g e x t e r n a l c a l i b r a t i o n ( T a b l e 3.2, F i g . 
3 . 5 ) . The e x p e r i m e n t a l v a l u e o b t a i n e d f o r t o t a l l e a d 
i s 0.465 mg ml', a c c e p t a b l e compared w i t h t h e known 
v a l u e . 

As e x p e c t e d , u n l e a d e d f u e l and hexane were f o u n d t o 
c o n t a i n no d e t e c t a b l e amounts o f a l k y l l e a d . 

The advantages o f GC-ICP-MS o v e r c o n v e n t i o n a l GC-MS 
f o r o r g a n o m e t a l d e t e c t i o n i s d e m o n s t r a t e d by c o m p a r i n g 
t h e T o t a l I o n C u r r e n t ( T I C ) , i o n s e l e c t i v e 
chromatogram ( F i g . 3.7) and mass s p e c t r a ( F i g . 3.8) o f 
t h e a k l y l l e a d compounds i n t h e na p h t h a . For example, 
GC-ICP-MS gave b e t t e r s e n s i t i v i t y . GC-MS gave no 
response f o r t h e m i n o r components (TMEL and DMDEL) and 
u s i n g i o n s e l e c t i v e d e t e c t i o n (m/z 208) o n l y TEML and 
TEL were d e t e c t e d ( F i g . 3 . 8 ) . 
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F i g u r e 3.6 L i n e a r dynamic r a n g e o f TEL measured o v e r 5 
o r d e r s o f m a g n i t u d e 
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T a b l e 3.2 C o n c e n t r a t i o n o f a l k y l l e a d s p e c i e s i n na p h t h a 
u s i n g e x t e r n a l c a l i b r a t i o n . 

Organolead S p e c i e s C o n c e n t r a t i o n (mg ml') 

TML 0.095 

TMEL 0.020 

DMDEL 0. 057 

TEML 0. 187 

TEL 0. 106 

TOTAL LEAD 
( E x p e r i m e n t a 1 v a l u e ) 

0.465 

TOTAL LEAD 
( T h e o r e t i c a l v a l u e ) 

0.450 
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F i g u r e 3.7 GC-MS t o t a l i on chromatogram and ion s e l e c t i v e chromatogram (m/z 208) of the 
naphtha showing only TEML and TEL, the other a l k y l l e a d species were not 
detected 
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F i g u r e 3.8 GC-MS E I mass s p e c t r a o f : (A) 
t r i e t h y l m e t h y l l e a d : m/z 281 (M^-CjHs) , 237 
(M\-(C2H5)2-CH3) , 223 (M*-(C ,H3) 3) , 208 (̂ ^̂ Pb) ; 
(B) t e t r a e t h y l l e a d : (M+, -C2H5) 237 (M"", -
( C j H j j j ) , 208 (̂ °*Pb) . Low mass frac f m e n t s a r e 
f r o m c o - e l u t i n g h y d r o c a r b o n s p r e s e n t i n t h e 
naphtha ( eg. m/z 57 = C4H9, 71 = C5H1,, 85 = 
CftH,̂ ) . GC-MS c o n d i t i o n s a r e g i v e n i n 
Appendix A. 
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A f u r t h e r advantage i s no s o l v e n t v e n t i n g . Data 
a c q u i s i t i o n f o r GC-MS was s t a r t e d 4 m i n u t e s a f t e r 
i n j e c t i o n t o p r e v e n t t h e s o l v e n t f r o m damaging t h e 
f i l a m e n t , and as a r e s u l t e a r l y e l u t i n g TML was n o t 
d e t e c t e d . A s i m i l a r s i t u a t i o n w o u l d be e n c o u n t e r e d 
w i t h GC-MIP-AES where t h e s o l v e n t i s v e n t e d t o p r e v e n t 
t h e e x t i n c t i o n o f t h e plasma and c a r b o n d e p o s i t i o n i n 
t h e d i s c h a r g e t u b e . 

A l s o , mass s p e c t r a o f TEML and TEL ( F i g . 3.8) 
c o n t a i n e d no m o l e c u l a r i o n s and m o l e c u l a r f r a g m e n t s 
(m/z > 208) gave o n l y a weak r e s p o n s e o f 0.5% f u l l 
s c a l e d e f l e c t i o n (FSD) f o r TEML and 3.5% FSD f o r TEL 
w i t h r e s p e c t t o t h e most abundant f r a g m e n t ) . Co-
e l u t i o n o f o t h e r compounds (m/z < 208) made s p e c t r a 
i n t e r p r e t a t i o n complex. However, GC-MS may be used as 
a complementary t e c h n i q u e , g i v i n g s t r u c t u r a l 
i n f o r m a t i o n . 

3.2.5 D e t e r m i n a t i o n o f T e t r a e t h v l l e a d i n a 
St a n d a r d R e f e r e n c e M a t e r i a l 

The c o n c e n t r a t i o n o f TEL i n a r e f e r e n c e f u e l (NBS SRM 
1636 I I ) was d e t e r m i n e d by e x t e r n a l c a l i b r a t i o n and 
s t a n d a r d a d d i t i o n (Table 3.3, F i g . 3 . 9 ) . 

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

3•3 Orqanotin S p e c i a t i o n 

3.3.1 E x p e r i m e n t a l 

The m a t e r i a l s and r e a g e n t s used a r e l i s t e d i n A p p e n d i x 
A. The Mark I I t r a n s f e r l i n e and ICP t o r c h was used 
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Table 3.3 D e t e r m i n a t i o n o f TEL i s a s t a n d a r d r e f e r e n c e f u e l 
(NBS SRM 1637 I I ) by e x t e r n a l c a l i b r a t i o n (10 
r e p l i c a t e a n a l y s e s ) and s t a n d a r d a d d i t i o n (6 
r e p l i c a t e a n a l y s e s ) . GC oven t e m p e r a t u r e 
programme = eo°C i s o . , l fxl i n j e c t e d , hexane 
s o l v e n t . A u t h e n t i c TEL was used f o r p r e p a r a t i o n 
o f s t a n d a r d s . 

Organolead 
S p e c i e s 

E x t e r n a l 
C a l i b r a t i o n 

Value (mg ml"*) 

Standard 
a d d i t i o n v a l u e 

(mg ml"') 

C e r t i f i ­
c a t e Value 
(mg ml') 

TML n. d. 
n. d. 

12.9 (± 
0. 07) 

TEL 13.84 (± 0.93) 13.60 {± 1.36) 

12.9 (± 
0. 07) 
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F i g u r e 3,9 D e t e r m i n a t i o n o f TEL ( u s i n g s t a n d a r d 
a d d i t i o n ) i n a s t a n d a r d r e f e r e n c e f u e l NBS 
SRM 1637 I I ( d i l u t e d t o 64,5 /ig m l * ) , y 
i n t e r c e p t = -67.9 ixq m l ' , c o r r e l a t i o n 
c o e f f i c i e n t = 0.9975, s i x r e p l i c a t e 
i n j e c t i o n s (1.0 txl) , GC oven t e m p e r a t u r e 
programme = 60°C i s o . , hexane s o l v e n t . 
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t h r o u g h o u t . The t r a n s f e r l i n e t e m p e r a t u r e was 
m a i n t a i n e d between: TCI = 230-260*C, TC2 = 260-305*'C, 
TC3 = 280-326°C, TC4 = 265-313°C. The ICP-MS was 
t u n e d f o r t i n d e t e c t i o n u s i n g t h e s i g n a l f r o m t h e c o l d 
m e r c u r y g e n e r a t o r (m/z 120 f r o m SnCl2.2H20) as 
d e s c r i b e d p r e v i o u s l y ( S e c t i o n 2 , 3 . 3 ) , t h i s was t a k e n 
o f f - l i n e p r i o r t o o r g a n o t i n a n a l y s i s . S i n g l e i o n 
m o n i t o r i n g (m/z 120) was used t h r o u g h o u t u n l e s s s t a t e d 
o t h e r w i s e . 

3.3.2 C h r o m a t o g r a p h i c E l u t i o n C h a r a c t e r i s t i c s o f 
O r q a n o t i n S p e c i e s 

T r i b u t y l t i n a c e t a t e (TBT A c ) , T r i b u t y l t i n c h l o r i d e 
(TBT CI) and t e t r a b u t y I t i n (BUjSn) were a n a l y s e d 
s e p a r a t e l y by GC-ICP-MS ( F i g , 3.10). B o t h TBT Ac and 
TBT C I gave p o o r gas c h r o m a t o g r a p h i c e l u t i o n ( w i d e 
pea)c w i d t h > 9.4 min. and j a g g e d peak c r e s t ) . Non-
p o l a r BUjSn gave i d e a l c h r o m a t o g r a p h i c peak shape (peak 
w i d t h = 6 s and smooth peak c r e s t ) . 

S u b s e q u e n t l y a l l o r g a n o t i n c h l o r i d e s used i n t h i s 
s t u d y were c o n v e r t e d t o t h e i r n o n - p o l a r d e r i v a t i v e s by 
G r i g n a r d r e a g e n t ( e t h y l m a g n e s i u m b r o m i d e ) t o i n c r e a s e 
t h e i r v o l a t i l i t y making t h e i r s e p a r a t i o n more amenable 
t o GC. 

3.3.3 P r e p a r a t i o n o f T e t r a a l k v l t i n S t a n d a r d s 

Sn(R)„(Et)4.n s p e c i e s (where n > 1) were p r e p a r e d as 
f o l l o w s : known amounts o f o r g a n o t i n c h l o r i d e 
( a p p r o x i m a t e l y 0.12 g as Sn) were d i s s o l v e d i n d r y 
d i e t h y l e t h e r (25 ml) i n a 100 ml r o u n d b o t t o m f l a s k . 
Ethylmagnesium bromide ( 2 0 % w/v i n d i e t h y l e t h e r ) was 
added i n excess and m a g n e t i c a l l y s t i r r e d 
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F i g u r e 3.10 Improvement o f peak shape o f o r g a n o t i n 
s p e c i e s w i t h d e c r e a s i n g p o l a r i t y (A>B>C), 
mass s e l e c t i v e chromatograms (m/z 1 2 0 ) . (A) 
t r i b u t y l t i n a c e t a t e (10 Mg ml* i n m e t h a n o l ) , 
(B) t r i b u t y l t i n c h l o r i d e ( 0 . 1 Mg m l * i n 
methan o l ) and (C) t e t r a b u t y I t i n (15.9 /xg m l ' 
i n h e x a n e ) . GC oven t e m p e r a t u r e programme = 
AO'>C ( 1 min, i s o . ) t o 350*»C (10 m i n . i s o . ) 
a t 10'*C min. ', volume i n j e c t e d = 0.5 j u l . 
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(30 min. , 20 "C) . Excess G r i g n a r d r e a g e n t was 
d e a c t i v a t e d by t h e d r o p - w i s e a d d i t i o n o f H2SO4 ( 0 . 1 M) 
w h i l s t t h e t e m p e r a t u r e was m a i n t a i n e d below 4^0. The 
p r o d u c t s were e x t r a c t e d f r o m t h e agueous phase u s i n g 
d i e t h y l e t h e r (3 x 10 ml) and d r i e d o v e r a n h y d r o u s 
Na2S04. The o r g a n i c phase was r e d u c e d i n volume (< 20 
ml) by r o t a r y e v a p o r a t i o n and made up t o 50 ml i n a 
v o l u m e t r i c f l a s k w i t h d i e t h y l e t h e r . S t o r a g e 
c o n d i t i o n s were < 4°C i n d a r k n e s s . 

The c o n c e n t r a t i o n o f t h e s e s t a n d a r d s were d e t e r m i n e d 
by n i t r o u s o x i d e f l a m e AAS. The s p e c t r o m e t e r was 
c a l i b r a t e d u s i n g a d i l u t i o n s e r i e s o f t e t r a b u t y l t i n i n 
hexane (9.3 - 92.9 /xg ml ' as Sn) . The s y n t h e s i s e d 
s t a n d a r d s were d i l u t e d t o an a p p r o p r i a t e c o n c e n t r a t i o n 
i n hexane and t h e i r c o n c e n t r a t i o n s d e t e r m i n e d (579 -
683 /zg ml ' as Sn) . 

P u r i t y and i d e n t i t y was c o n f i r m e d by c a p i l l a r y GC and 
GC-MS ( F i g . 3.11 A-D). The mass s p e c t r a c o n t a i n e d no 
m o l e c u l a r i o n s and t h e c o m b i n a t i o n o f v a r i o u s t i n 
i s o t o p e s and h y d r o g e n a t e d f r a g m e n t s made t h e s p e c t r a 
complex and d i f f i c u l t ( b u t n o t i m p o s s i b l e ) t o 
i n t e r p r e t . 

3.3.4 F i g u r e s o f M e r i t f o r O r g a n o t i n s 

F i g u r e s o f M e r i t f o r t e t r a a l k y l t i n s t a n d a r d s were 
e s t a b l i s h e d (Table 3.4) . F i v e r e p l i c a t e i n j e c t i o n s 
(63.5 pg as t i n ) gave l i m i t s o f d e t e c t i o n ( 3 a , u s i n g 
peak area i n t e g r a t e d c o u n t s ) i n t h e low pg s"' r a n g e . 
The response was l i n e a r t o 2.5 ng t i n , w i t h 
c o r r e l a t i o n c o e f f i c i e n t = 0.9995 (Table 3.4; F i g . 
3-12). The d i f f e r e n c e o f t h e s l o p e v a l u e between Et4Sn 
and Bu3EtSn i s p r o b a b l y due t o peak b r o a d e n i n g o f 
BUjEtSn whereby some o f t h e s i g n a l i s 
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F i g u r e 3.11 GC-MS, EI mass s p e c t r a o f : (A) 
d i e t h y l d i p r o p y l t i n (M"" = 2 6 4 ) , m/z; 235 (M"^, 
-C2H5) , 221 (M+, -C3H7) . (B) b u t y l t r i e t h y l t i n 
(M-̂  = 2 6 4 ) , m/z; 235 (M+, -CjHj) , 207 (M*, -
Ĉ Hq) . GC-MS c o n d i t i o n s a r e g i v e n i n Appendix 
A. 
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F i g u r e 3.11 GC-MS, EI mass s p e c t r a o f : (C) 
d i b u t y l d i e t h y l t i n (M"" = 2 9 2 ) , m/z; 263 (M"̂ , 
-CjHs) , 235 (M^^, -C^Hy) . (D) t r i b u t y l e t h y l t i n 
(M̂ ^ '= 3 2 0 ) , m/z; 291 (M"", -C^Hs) , 263 -
C4H9) . GC-MS c o n d i t i o n s a r e g i v e n i n Appendix 
A. 
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Table 3.4 F i g u r e s o f M e r i t f o r t e t r a a l k y l t i n s p e c i e s . GC 
oven t e m p e r a t u r e programme was f r o m 4 0 » C t o 200<»C 
( 5 min. i s o . ) a t 10**C min"', 0.5 M1 i n j e c t e d , 
hexane s o l v e n t . 

Species Et,Sii Pr^ElSn BuEtjSn Bu^EuSn BujEtSn 

Detection limit (3a) 
(pg s ') 

3.0 3.0 2.0 2.0 2.0 

RSD (%) 9.6 10.6 5.4 7.4 11.3 

Correlation 
coefficient 

0.9998 0.9999 0.9999 0.9998 0.9996 

Linear dynamic 
range measured 

13 pg - 2.5 ng 

peak width (s) 6.2 6.6 6.6 7.2 9.9 

Retention time 
(min.) 

4.40 6.75 6.85 9.20 12.40 

Slope (integrated 
counts ng'' x 10* 

42.06 43.37 37.26 39.30 33.34 
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F i g u r e 3.12 L i n e a r r e s p o n s e o f f i v e t e t r a a l k y l t i n 
s p e c i e s . F i g u r e s o f M e r i t a r e g i v e n ( T a b l e 
3 . 4 ) . GC oven t e m p e r a t u r e programme was 
f r o m AO°C t o 200''C (5 min. i s o . ) a t 10°C 
min"', 0.5 / i l i n j e c t e d , hexane s o l v e n t . 
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l o s t i n the background n o i s e . 

F i g u r e 3.13 shows a t y p i c a l ion s e l e c t i v e chromatogram 
(m/z 120) f o r the f i v e t e t r a a l k y l t i n compounds 
(corresponding to a 0.625 ng i n j e c t i o n a s Sn) ; the 
s i g n a l - t o - b a c k g r o u n d r a t i o i s high. The high 
chromatographic r e s o l u t i o n of the c a p i l l a r y GC-ICP-MS 
system i s i l l u s t r a t e d by the s e p a r a t i o n of Pr2Et2Sn and 
BuEtjSn ( F i g . 3 . 1 4 ) . I t i s u n l i k e l y t h a t packed column 
GC-ICP-MS would a c h i e v e t h i s . The peak shape of the 
o r g a n o t i n s a r e G a u s s i a n . 

3.3.5 Orqanotin S p e c i a t i o n i n Water 

D i p r o p y l t i n d i c h l o r i d e i s a good i n t e r n a l s t a n d a r d f o r 
o r g a n o t i n s p e c i e s d e t e r m i n a t i o n because i t i s not 
p r e s e n t i n the n a t u r a l environment, i s c o m p l e t e l y 
s e p a r a t e d from other o r g a n o t i n compounds by GC-ICP-MS, 
y e t e l u t e s near the components of i n t e r e s t and has a 
s i m i l a r d e t e c t o r response. 

Known c o n c e n t r a t i o n s of BuSnClj, BUjSnClj, Bu3SnCl, 
PrjSnCl, and Sn'*"' (Table 3.5) were added t o M i l l i - Q 
water (250 ml) . Sn"** was prepared a c c o r d i n g t o Maguire 
and Huneault [ 1 9 4 ] . A f t e r 24 hours the water was 
a c i d i f i e d w ith 48% HBr (5 ml) and m a g n e t i c a l l y s t i r r e d 
(15 min. a t ambient t e m p e r a t u r e ) . The a c i d i f i e d 
s o l u t i o n s were e x t r a c t e d with f r e s h l y prepared 
s o l u t i o n of 0.05% (w/v) tropolone i n hexane (3 x 25 
ml) . The o r g a n i c e x t r a c t was d r i e d over anhydrous 
Na2S04 and d e r i v a t i s e d w i t h ethyImagnesium bromide (6 
ml, 1.24 M i s d i e t h y l e t h e r ) as 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 3.2.2). The sample and p r o c e d u r a l blank were 
made up to 50 ml with t o l u e n e i n a v o l u m e t r i c f l a s k . 
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F i g u r e 3-13 I o n s e l e c t i v e chromatogram (m/z 120) o f f i v e 
t e t r a a l k y l t i n s t a n d a r d s , each c o r r e s p o n d i n g 
t o a 0.625 ng as 
i n F i g u r e 3.12. 

Sn. GC c o n d i t i o n s a r e g i v e n 
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F i g u r e 3.14 I o n s e l e c t i v e chromatogram (m/z 120) 
d e m o n s t r a t i n g t h e h i g h c h r o m a t o g r a p h i c 
r e s o l v i n g power o f t h e c a p i l l a r y GC-ICP-MS 
system. GC c o n d i t i o n s a r e g i v e n i n F i g u r e 
3 .12 . 
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Table 3.5 O r g a n o t i n s p e c i e s i n a s p i k e d w a t e r sample. 
Known amounts o f t i n were added as t h e o r g a n o t i n 
c h l o r i d e ( t h e o r e t i c a l c o n c e n t r a t i o n ) . 
E x p e r i m e n t a l v a l u e s a r e f r o m t h r e e r e p l i c a t e 
i n j e c t i o n s . GC oven t e m p e r a t u r e programme i s 
g i v e n ( T a b l e 3 . 4 ) , t o l u e n e s o l v e n t , 0.5 ^ 1 
i n j e c t e d . 

Organotin 
C o n c e n t r a t i o n (;xg ml'' a s 

t o t a l t i n ) 
S p e c i e s T h e o r e t i c a l E x p e r i m e n t a l % RSD 

Pr2Et2Sn 
( i n t e r n a l 
s t a n d a r d ) 

24 . 2 - -

Et4Sn 24.20 23.51 (± 0.08) 0.34% 
BuEtjSn 20.24 20.51 (± 0.33) 1.59% 

BUjEtjSn 20. 24 22.10 (± 0.22) 1. 02% 

BUjEtSn 20.24 18.63 (± 1.04) 5. 57% 
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The Bu„Et4.„Sn d e r i v a t i v e s were d i l u t e d t o an 
a p p r o p r i a t e c o n c e n t r a t i o n ( l o w ^g ml'' r a n g e ) w i t h 
t o l u e n e and d e t e r m i n e d u s i n g t h e c o u p l e d s y s t e m ( T a b l e 
3 . 5 ) . The e x p e r i m e n t a l v a l u e s o b t a i n e d a r e i n c l o s e 
agreement w i t h t h e t h e o r e t i c a l v a l u e w i t h i n t h e 
c o n f i d e n c e l i m i t s o f t h e measurements; F i g u r e 3.15 
shows a t y p i c a l i o n s e l e c t i v e chromatogram (m/z 120) 
f o r t h e s p i k e d w a t e r sample. No o r g a n o t i n s p e c i e s 
were d e t e c t e d i n t h e p r o c e d u r a l b l a n k . ' 

I t was n o t e d t h a t t h e t o l u e n e s o l v e n t f r o n t p r oduced 
a g r e e n glow when i t e n t e r e d t h e plasma (known as 
"Schwann Bands", a c h a r a c t e r i s t i c a t o m i c e m i s s i o n l i n e 
f o r c a rbon) w h i c h l a s t e d f o r a p p r o x i m a t e l y 15 seconds. 
T h i s produced a s m a l l amount o f c a r b o n d e p o s i t i o n 
w h i c h c l e a r e d a f t e r one m i n u t e s w i t h o u t oxygen 
e n t r a i n m e n t . T h i s phenomenon was n o t n o t i c e d w i t h 
o t h e r s o l v e n t s (eg. hexane, o c t a n e , DCM). 
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F i g u r e 3.15 I o n s e l e c t i v e chromatogram (m/z 120) o f 
o r g a n o t i n s p e c i e s i n a s p i k e d w a t e r sample. 
GC 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 3.5. 
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3.3.6 O r q a n o t i n S p e c i a t i o n i n Sediments 

Two h a r b o u r s e d i m e n t s c o n t a i n i n g d i f f e r i n g 
c o n c e n t r a t i o n s o f o r g a n o t i n c h l o r i d e s (BuSnClj, 
Bu2SnCl2, Bu^SnClj) were used f o r t h i s s t u d y . 

1. Harbour s e d i m e n t (BCR-424) w h i c h was u n d e r g o i n g 
a Bureau Community R e f e r e n c e c e r t i f i c a t i o n 
e x e r c i s e was o b t a i n e d f r o m Dr W Corns ( U n i v e r s i t y 
o f P lymouth, P l y m o u t h , UK). 

2. PACS-1 was o b t a i n e d f r o m t h e N a t i o n a l Research 
C o u n c i l (NCR), Canada, c e r t i f i e d t o c o n t a i n (as 
Sn) , m o n o b u t y l t i n (0.28 g"', ± 0.17 ) , 
d i b u t y l t i n (1.16 ̂ g g'/ ± 0.18) and t r i b u t y l t i n 
(1.27 /ig g', ± 0.22) . 

3-3-6.1 Sediment E x t r a c t i o n 

I n i t i a l l y 2 g o f BCR-424 and PACS-1 ( w i t h no i n t e r n a l 
s t a n d a r d added) were e x t r a c t e d a c c o r d i n g t o t h e method 
by M u l l e r [ 1 9 5 ] w i t h t h e e x c e p t i o n t h a t t h e f i n a l 
d e r i v a t i s e d e x t r a c t was r e c o v e r e d and made up t o 1 ml 
w i t h t o l u e n e . The e x t r a c t s were i n j e c t e d i n t o t h e 
c o u p l e d system. F i g u r e 3-16 shows an i o n s e l e c t i v e 
chromatogram (m/z 120) f o r t h e BCR-424 s e d i m e n t , 
i l l u s t r a t i n g how t h e c o u p l e d system may be used f o r 
t h e a n a l y s i s o f a complex e n v i r o n m e n t a l sample. 
O r g a n o t i n s p e c i e s were i d e n t i f i e d by c o m p a r i n g t h e 
r e t e n t i o n t i m e s w i t h t h o s e o f known t e t r a a l k y t i n 
compounds. The e x p e c t e d o r g a n o t i n compounds i n PACS-1 
were n o t d e t e c t e d most p r o b a b l y due t o i n e f f i c i e n t 
e x t r a c t i o n . No o r g a n o t i n s p e c i e s were d e t e c t e d i n t h e 
p r o c e d u r a l b l a n k . 
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F i g u r e 3.16 I o n s e l e c t i v e chromatogram (m/z 120) o f 
o r g a n o t i n s p e c i e s i n a h a r b o u r s e d i m e n t 
(BCR-424) . GC 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 
3.4. 
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A v a r i e t y o f e x t r a c t i o n p r o c e d u r e s w e r e a t t e m p t e d a s 
d e s c r i b e d by p r e v i o u s w o r k e r s [ 4 4 , 6 4 , 1 8 9 , 1 9 5 ] w i t h t h e 
i n t e r n a l s t a n d a r d (Pr2SnCl2 i n DCM) a dded b e f o r e 
e x t r a c t i o n (15 ^̂ g g' f o r PACS-1 and 30 ng g' f o r BCR-
424, b u t t h e low c o n c e n t r a t i o n s o b t a i n e d d i d n o t 
c o r r e l a t e t o t h e c e r t i f i e d v a l u e s . 

3.3.6.3 D e t e r m i n a t i o n o f O r q a n o t i n S p e c i e s i n PACS-1 
S t a n d a r d R e f e r e n c e S e d i m e n t 

C e r t i f i e d v a l u e s f o r t h e c o n c e n t r a t i o n s o f o r g a n o t i n s 
i n PACS-1 were e v e n t u a l l y s u c c e s s f u l l y d e t e r m i n e d by 
t h e f o l l o w i n g method: 

I n t e r n a l s t a n d a r d (Pr2SnCl2 i n DCM, 3.43 txq q'\ a s Sn) 
was added t o PACS-1 (2 g) , s h a k e n f o r 24 h r s i n a 
g l a s s s t o p p e d f l a s k and l e f t t o s t a n d f o r 72 h o u r s t o 
a l l o w t h e i n t e r n a l s t a n d a r d t o e q u i l i b r a t e w i t h t h e 
s e d i m e n t m a t r i x . The s e d i m e n t was e x t r a c t e d and 
d e r i v a t i s e d ( w i t h e t h y l m a g n e s i u m b r o m i d e ) a c c o r d i n g t o 
t h e method o f L o b i n s k i a t a l . , [ 1 0 0 ] , e x c e p t t h a t t h e 
f i n a l d e r i v a t i s e d e x t r a c t was made up t o 5 ml i n 
d i e t h y l e t h e r . 

The o r g a n o t i n s p e c i e s w e r e d e t e r m i n e d u s i n g t h e 
c o u p l e d s y s t e m ( T a b l e 3 . 6 ) , The e x p e r i m e n t a l v a l u e s 
o b t a i n e d were i n a g r e e m e n t w i t h t h e c e r t i f i c a t e v a l u e s 
w i t h i n t h e c o n f i d e n c e l i m i t s o f t h e m e a s u r e m e n t s . 
F i g u r e 3.17 shows a t y p i c a l i o n s e l e c t i v e chromatogram 
(m/z 120) f o r PACS-1. The h i g h v a l u e o b t a i n e d f o r 
m o n o b u t y l t i n i s p r o b a b l y due t o t h e c o n t r i b u t i o n o f 
s i g n a l from t h e p a r t i a l l y r e s o l v e d i n t e r n a l s t a n d a r d ; 
t h i s c o u l d p r o b a b l y be overcome by u s e o f a more 
e f f i c i e n t GC column. F i g u r e 3.17 a l s o shows t h e 
p r e s e n c e o f p o s s i b l e m e t h y l t i n s p e c i e s ( n o t p r e s e n t i n 
t h e p r o c e d u r a l b l a n k ) and e x t r a c t a b l e i n o r g a n i c t i n 
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T a b l e 3.6 O r g a n o t i n s p e c i e s i n SRM, NBS, PACS-1. 
E x p e r i m e n t a l v a l u e s a r e from s e v e n r e p l i c a t e 
i n j e c t i o n s . GC oven t e m p e r a t u r e programme i s 
g i v e n i n T a b l e 3.4, d i e t h y l e t h e r s o l v e n t , 1,0 m1 
i n j e c t e d , 12m column u s e d . 

O r g a n o t i n 
S p e c i e s 

C o n c e n t r a t i o n {fig g' a s Sn) 

O r g a n o t i n 
S p e c i e s 

C e r t i f i c a t e V a l u e E x p e r i m e n t a l V a l u e 

Pr2Et2Sn 
( i n t e r n a l 
s t a n d a r d ) 

- 3.43 

B u E t j S n 
( m o n o b u t y l t i n ) 

0.28 (±0.17) 0.53 (± 0.06) 

BUjEtjSn 
( d i b u t y l t i n ) 

1.16 (± 0.18) 1.12 (± 0.04) 

BUjEtSn 
( t r i b u t y l t i n ) 

1.27 (±0.22) 1.19 (± 0.11) 
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F i g u r e 3.17 I o n s e l e c t i v e chromatogram (in\z 120) o f 
o r g a n o t i n s p e c i e s i n a s t a n d a r d r e f e r e n c e 
m a t e r i a l s e d i m e n t ( P A C S - 1 ) . GC 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 3.4, d i e t h y l e t h e r 
s o l v e n t , 1.0 / i l i n j e c t e d , 12m column u s e d . 
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Et^Sn. The s i g n a l t o n o i s e r a t i o i s h i g h , p e a k s a r e 
s h a r p and G a u s s i a n and o n - l i n e r e a l t i m e a n a l y s i s i s 
7 m i n u t e s ( u s i n g a I2m c o l u m n ) . T h e p e r c e n t a g e 
r e c o v e r y was c a l c u l a t e d t o be 100.4% ( c a l c u l a t e d u s i n g 
t h e i n t e r n a l s t a n d a r d peak and a known amount o f p u r e 
Pr2Et2Sn i n j e c t e d a s d u p l i c a t e s a t 1 m i n u t e i n t e r v a l s 
b e f o r e t h e a c t u a l s a m p l e ) . The same s a m p l e was a l s o 
e xamined by GC-MS but GC-MS was n o t s e n s i t i v e enough 
t o a l l o w d e t e c t i o n of t h e o r g a n o t i n s p e c i e s . 

The m u l t i e l e m e n t / i o n m o n i t o r i n g c a p a b i l i t i e s o f t h e 
ICP-MS i s d e m o n s t r a t e d i n F i g u r e 3.18. 

3.3.5.3 D e t e r m i n a t i o n o f O r q a n o t i n S p e c i e s i n BCR-424 
Ha r b o u r S e d i m e n t 

O r g a n o t i n s p e c i e s i n BCR-424 h a r b o u r s e d i m e n t was 
d e t e r m i n e d a s 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 . 3 . 5 . 2 ) . 
I n t h e t i m e a v a i l a b l e o n l y d u p l i c a t e d e t e r m i n a t i o n s 
were made ( T a b l e 3 . 7 ) . As t h e s a m p l e was u n d e r g o i n g 
a c e r t i f i c a t i o n e x e r c i s e , t h e r e w e r e no c e r t i f i e d 
v a l u e s w i t h w h i c h t o compare t h e e x p e r i m e n t a l 
c o n c e n t r a t i o n s o b t a i n e d . D i s c u s s i o n s w i t h p e r s o n n e l 
i n v o l v e d c l o s e l y w i t h t h e e x e r c i s e d i s c l o s e d t h a t t h e 
c o n c e n t r a t i o n o f t r i b u t y l t i n was e s t i m a t e d t o be i n 
t h e r a n g e o f 20 - 30 ng g' (GC-ICP-MS v a l u e = 21.4 ng 
g"') . The e x p e r i m e n t was c a r r i e d o u t a t t h e same t i m e 
a s t h e a n a l y s i s o f PACS-1 and s i n c e t h e l a t t e r 
e x p e r i m e n t g a v e c e r t i f i e d v a l u e s t h e c o n c e n t r a t i o n s 
o b t a i n e d f o r BCR-424 i s p r o b a b l y r e l i a b l e . 

F i g u r e 3.19 shows an i o n s e l e c t i v e c h r omatogram (m/z 
120) f o r BCR-424 w i t h t h e p o s s i b l e p r e s e n c e o f 
m e t h y l t i n compounds and e x t r a c t a b l e i n o r g a n i c t i n . 
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F i g u r e 3.18 3-D i o n s e l e c t i v e chromatogram ( s h o w i n g t h e 
t h r e e m a j o r i s o t o p e s f o r t i n ) o f o r g a n o t i n 
s p e c i e s i n a s t a n d a r d r e f e r e n c e m a t e r i a l 
s e d i m e n t ( P A C S - 1 ) . GC 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 3.4, 1.0 fil i n j e c t e d , 12m column 
u s e d . 
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T a b l e 3.7 O r g a n o t i n s p e c i e s i n h a r b o u r s e d i m e n t ( B C R - 4 2 4 ) . 
O n l y two d e t e r m i n a t i o n s were made due t o t i m e 
c o n s t r a i n t . GC oven t e m p e r a t u r e p r o g r a m g i v e n i n 
T a b l e 3.4, d i e t h y l e t h e r s o l v e n t , 1.0 / i l i n j e c t e d , 
12 m column u s e d . 

O r g a n o t i n 
S p e c i e s 

C o n c e n t r a t i o n (ng g'* a s S n ) 

O r g a n o t i n 
S p e c i e s 

f i r s t 
d e t e r m i n a t i o n 

s e c o n d 
d e t e r m i n a t i o n 

mean 

P r j E t j S n 
( I n t e r n a l 
s t a n d a r d ) 

12 . 9 12 . 9 -

B u E t j S n 70.8 81. 5 76,1 

Bu2Et2Sn 19 . 3 22.8 21.0 

BUjEtSn 20.5 22 . 4 21.4 
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F i g u r e 3.19 I o n s e l e c t i v e chromatogram (m\z 120) o f 
h a r b o u r s e d i m e n t ( B C R - 4 2 4 ) . GC 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 3.4, d i e t h y l e t h e r 
s o l v e n t , 1.0 ^1 i n j e c t e d , 12m column u s e d . 
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3.4 O r q a n o m e r c u r y A n a l y s i s 

3.4.1 E x p e r i m e n t a l 

The m a t e r i a l s and r e a g e n t s u s e d a r e l i s t e d i n A p p e n d i x 
A. The Mark I I I t r a n s f e r l i n e and I C P t o r c h were u s e 
t h r o u g h o u t . The i n t e r f a c e t e m p e r a t u r e was m a i n t a i n e d 
b e t w e e n T C I = 290»C, TC2 = 313*»C, TC3 = 340<»C and TC4 
= 310**C. The ICP-MS was t u n e d f o r m e r c u r y u s i n g t h e 
s i g n a l from t h e c o l d m e r c u r y v a p o u r g e n e r a t o r ( S e c t i o n 
2 . 3 . 3 ) . The g e n e r a t o r was n o t t a k e n o f f - l i n e p r i o r t o 
o r g a n o m e r c u r y a n a l y s i s , b e c a u s e t h e c o l d v a p o u r 
m e r c u r y s i g n a l d e c r e a s e d t o b a c k g r o u n d l e v e l s 
a p p r o x i m a t e l y 10 m i n u t e s a f t e r t h e p e r i s t a l t i c pump 
was t u r n e d o f f . 

3.4,2 D i e t h v l m e r c u r v A n a l y s i s 

F i g u r e s o f M e r i t f o r d i e t h y I m e r c u r y s t a n d a r d s w e r e 
e s t a b l i s h e d ( T a b l e 3 . 8 ) . F o u r r e p l i c a t e i n j e c t i o n s 
(70 pg a s Hg) gave a d e t e c t i o n l i m i t ( 3 a , u s i n g peak 
a r e a i n t e g r a t e d c o u n t s ) o f 1.0 pg s"'. The r e s p o n s e 
was l i n e a r up t o 279 pg ( F i g . 3 . 2 0 ) . 

I t was n o t i c e d t h a t a s m a l l amount o f c h r o m a t o g r a p h i c 
peak s p l i t t i n g was o c c u r r i n g ( F i g . 3 . 2 1 ) . T h i s i s 
d i s c u s s e d f u r t h e r i n t h e n e x t s e c t i o n ( S e c t i o n 3 . 4 , 3 ) . 

3.4.3 S e p a r a t i o n o f M e r c u r y S p e c i e s 

M e t h y I m e r c u r y c h l o r i d e ( 2 . 3 5 ng / i l ' i n m e t h a n o l ) was 
e x a mined u s i n g t h e c o u p l e d s y s t e m u n d e r t h e same 
c o n d i t i o n s a s b e f o r e ( S e c t i o n 3 . 4 . 2 ) , ( F i g . 3 . 2 2 ) . 
The b r o a d peak w i d t h (45 s ) i s p r o b a b l y due t o p o l a r 
n a t u r e o f t h e m e t h y I m e r c u r y h a l i d e and / o r t o peak 
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T a b l e 3.8 F i g u r e s o f M e r i t f o r d i e t h y I m e r c u r y d e t e c t i o n , 
u s i n g f o u r r e p l i c a t e i n j e c t i o n s . GC o ven 
t e m p e r a t u r e programme was 70°C i s o . , h e l i u m 
c a r r i e r g a s = 2 ml min', o c t a n e s o l v e n t . 
i n j e c t e d , column SGE HT-
0.1 nm f i l m t h i c k n e s s . 

5 12 m X 0.32 mm 
1.0 
i . d 

Ml 
X 

D e t e c t i o n L i m i t ( 3 a ) , m e asured a t 
70 pg 

1.0 pg s"' 

P e r c e n t RSD 4.9 % 

C o r r e l a t i o n c o e f f i c i e n t 0.997 

L i n e a r r a n g e m e a s u r e d 34.9 - 279.2 pg 

Peak w i d t h 8.0 s 

R e t e n t i o n t i m e 0.8 min. 

G r a d i e n t 0.078 i n t e g r a t e d 
c o u n t s pg* x lO-* 
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Amount of Mercury (pg) 

F i g u r e 3.2 0 L i n e a r r e s p o n s e o f d i e t h y l m e r c u r y . F i g u r e s 
o f M e r i t and GC oven t e m p e r a t u r e programme 
a r e g i v e n ( T a b l e 3 . 8 ) . 

133 



CO 

O 
O 

0) 
CO 

O 
a . 
0) 
QC 

CM 
O 
CM 

1500 n 

1250 H 

1000 

750 A 

500 ^ 

250 H 

0 

EtzHg 

peak splitting 

—r-
30 35 40 45 

— I 
50 

Retention Time (s) 

F i g u r e 3.21 I o n s e l e c t i v e chromatogram (m/z 202) o f 
d i e t h y l m e r c u r y (70 pg a s Hg) , s h o w i n g a 
s m a l l amount o f pea)c s p l i t t i n g . GC 
o p e r a t i n g c o n d i t i o n s a r e g i v e n ( T a b l e 3.8) 
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F i g u r e 3.22 I o n s e l e c t i v e c hromatogram (m/z 202) o f 
m e t h y l m e r c u r y c h l o r i d e ( 2 . 3 5 ng a s Hg) . 
Peak s p l i t t i n g c a u s e d by c o n v e r s i o n from t h e 
c h l o r i d e t o t h e more s t a b l e bromide and 
i o d i d e . P e a k s i d e n t i f i e d by K a t o e t a l 
[12 5] 1, CHjHgCl; 2, CHjHgBr; and 3, CH3HgI, 
GC o p e r a t i n g c o n d i t i o n s a r e g i v e n ( T a b l e 
3,8) . 
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s p l i t t i n g . P r e v i o u s w o r k e r s ( u s i n g G C - I C P - A E S ) [ 1 2 5 ] 
a t t r i b u t e d t h i s t o t h e c o n v e r s i o n from t h e c h l o r i d e 
i n t o t h e more s t a b l e i o d i d e and b r o m i d e i n t h e 
i n j e c t i o n p o r t and column o f t h e GC, a l t h o u g h t h e 
s o u r c e o f i o d i d e and bromide was n o t i d e n t i f i e d . 

W i t h t h e s t a t i o n a r y p h a s e u s e d i n t h e GC c a p i l l a r y 
column (SGE, HT5, 12m x 0.32mm i . d . x 0.1 fxm f i l m 
t h i c k n e s s ) d i e t h y I m e r c u r y and m e t h y I m e r c u r y c h l o r i d e 
w ere u n r e s o l v e d . Most w o r k e r s h a v e s t r e s s e d t h e n e e d 
t o c a r r y o u t p r e t r e a t m e n t s o f t h e s t a t i o n a r y p h a s e by 
t h e i n j e c t i o n o f h i g h c o n c e n t r a t i o n s o f m e r c u r y I I 
c h l o r i d e a t r e g u l a r i n t e r v a l s [ 1 3 1 ] t o i m p r o v e 
c h r o m a t o g r a p h i c b e h a v i o u r o f m e r c u r y s p e c i e s . However 
t h i s " p a s s i v a t i o n " h a s a number o f d i s a d v a n t a g e s 
i n c l u d i n g r a p i d d e t e r i o r a t i o n o f c h r o m a t o g r a p h i c 
p e r f o r m a n c e and p r o g r e s s i v e and i r r e v e r s i b l e 
c o n t a m i n a t i o n and a number o f p r e v i o u s w o r k e r s h a v e 
i n v e s t i g a t e d t h e u s e o f c a p i l l a r y GC c o l u m n s f o r 
m e r c u r y s p e c i a t i o n w i t h o u t t h e need f o r t h i s 
p r e t r e a t m e n t [ 1 9 6 ] . At t h e t i m e o f w r i t i n g no i d e a l 
s o l u t i o n t o t h e c h r o m a t o g r a p h i c b e h a v i o u r o f 
a l k y l m e r c u r y compounds h a s been f o u n d . 

3.5 A n a l y s i s o f V a r i o u s M e t a l C o m p l e x e s 

3.5.1 F e r r o c e n e 

The m a t e r i a l s and r e a g e n t s a r e l i s t e d i n A p p e n d i x A. 
The Mark I I i n t e r f a c e and I C P t o r c h w e r e u s e d 
t h r o u g h o u t . The t r a n s f e r l i n e t e m p e r a t u r e was 
m a i n t a i n e d a t T C I = 190°C, TC2 = 227*>C, TC3 = 241<'C 
and TC4 = 235°C. The I C P t o r c h p o s i t i o n was o p t i m i s e d 
and i o n l e s s s e t t i n g s t u n e d u s i n g t h e c o n s t a n t s i g n a l 
o f ^̂ Ar"*©"*" p r o d u c e d by t h e c o l d m e r c u r y v a p o u r 
g e n e r a t o r , w h i c h was removed p r i o r t o a n a l y s i s . I t 
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was found i m p r a c t i c a l t o i n t r o d u c e f e r r o c e n e a s a 
v a p o u r ( u s i n g a D r e c h s e l b o t t l e a s s e m b l y ) f o r ^*Fe 
o p t i m i s a t i o n a s t h i s c a u s e d o v e r l o a d i n g o f t h e 
d e t e c t o r , e x c e s s i v e d e p o s i t i o n o f c a r b o n on t h e ICP-MS 
i n t e r f a c e and p r o l o n g e d memory e f f e c t s . I t i s n o t e d 
t h a t optimum c o n d i t i o n s f o r p o l y a t o m i c and monoatomic 
i o n s o f e q u i v a l e n t mass may be d i f f e r e n t ; t h e s e 
compromise c o n d i t i o n s were, however, b o t h p r a c t i c a l 
and e f f e c t i v e . 

F i v e r e p l i c a t e i n j e c t i o n s o f f e r r o c e n e (150 pg a s F e ) 
d i s s o l v e d i n hexane, g a v e an d e t e c t i o n l i m i t ( 3 a , 
u s i n g peak a r e a i n t e g r a t e c o u n t s ) o f 3.0 pg s"'. Peak 
w i d t h = 17.2 s , r e t e n t i o n t i m e = 7.75 min. and t h e 
s i g n a l t o b a c k g r o u n d r a t i o i s h i g h . F i g u r e 2-23 
d e m o n s t r a t e s one o f t h e a d v a n t a g e s o f u s i n g a " d r y " 
p l a s m a . An a l t e r n a t i v e method i s t o d e s o l v a t e t h e 
n e b u l i s e r g a s p r i o r t o r e a c h i n g t h e p l a s m a [ 1 9 7 ] . 
S e l e c t i v e i o n m o n i t o r i n g o f ""̂ Fe i s n o t u s u a l l y 
p o s s i b l e u s i n g HPLC-ICP-MS owing t o t h e p o l y a t o m i c 
i n t e r f e r e n c e o f ^"Ar"^0^ w h i c h r e s u l t s from t h e oxygen 
e i t h e r p r e s e n t i n a q u e o u s o r o r g a n i c p h a s e s o r o f t e n 
d e l i b e r a t e l y i n t r o d u c e d i n t o t h e n e b u l i s e r g a s t o 
p r e v e n t c a r b o n d e p o s i t i o n on t h e s a m p l e r and skimmer 
c o n e s . 
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F i g u r e 3-23 I o n s e l e c t i v e chromatogram (m/z 56) o f 
f e r r o c e n e (150 pg a s F e ) . No '***Ar'*0"' 
p o l y a t o m i c i n t e r f e r e n c e - GC o p e r a t i n g 
c o n d i t i o n s were 60°C t o 180**C (5 min. i s o . ) 
a t 10°C min*'. He c a r r i e r g a s = 2 ml min"' ( a t 
200°C) , h e x a n e s o l v e n t , 0.5 fxl i n j e c t e d . 

138 



3.5.2 D i e t h v l d i t h i o c a r b a m a t e Coinplexes 

N i c k e l d i e t h y l d i t h i o c a r b a m a t e ( R I = 3422) was used t o 
i n v e s t i g a t e t h e l i m i t s o f t h e r e t e n t i o n r a n g e o f 
o r g a n o m e t a l l i c compounds c a p a b l e o f b e i n g e l u t e d (and 
s u b s e q u e n t l y a n a l y s e d ) u s i n g t h e Mk I I I i n t e r f a c e 
( S e c t i o n 2 . 6 . 2 ) , U s i n g t h e same c o n d i t i o n s as 
d e s c r i b e d p r e v i o u s l y ( F i g . 2.13), s i x r e p l i c a t e 
i n j e c t i o n s (200 pg as N i , a t m/z = 58) gave a 
d e t e c t i o n l i m i t ( 3a, u s i n g peak a r e a i n t e g r a t e d 
c o u n t s ) o f 6.5 pg s'. Peak w i d t h = 8.2 s, r e t e n t i o n 
t i m e = 10.4 min. and s i g n a l t o b a c k g r o u n d r a t i o i s 
h i g h . 

C o b a l t d i e t h y l d i t h i o c a r b a m a t e ( C o ( D t ) 3 ) was i n j e c t e d 
i n t o t h e c o u p l e d system (100 pg as Co) u s i n g t h e same 
c o n d i t i o n s as f o r N i ( D t ) 2 , t h e ICP-MS was t u n e d f o r N i 
(m/z 58) and t h e n t h e mass m a n u a l l y s e t t o m/z = 59. 
An i o n s e l e c t i v e chromatogram r e s u l t e d ( F i g . 3.24) 
where t h e s i g n a l t o background r a t i o was h i g h . I n t h e 
t i m e a v a i l a b l e o n l y one a n a l y s i s was made- I t s h o u l d 
be n o t e d t h a t t h e peak i s g e n u i n e l y due t o c o b a l t and 
n o t f r o m t h e p o l y a t o m i c i n t e r f e r e n c e ''̂ Ca'̂ O (m/z 59) 
s i n c e t h e r e was no i d e n t i f i a b l e s o u r c e o f c a l c i u m 
c o n t a m i n a t i o n e n t e r i n g t h e system. 

3.6 C o n c l u s i o n s 

The c a p i l l a r y GC-ICP-MS system d e v e l o p e d has been 
p r o v e d t o g i v e r e l i a b l e q u a l i t a t i v e and q u a n t i t a t i v e 
a n a l y t i c a l d a t a f o r t h e s p e c i a t i o n o f a range o f 
e n v i r o n m e n t a l l y - i m p o r t a n t o r g a n o m e t a l l i c compounds 
( t e t r a a l k y l l e a d s , o r g a n o t i n s and d i e t h y l m e r c u r y ) . 
O t her o r g a n o m e t a l l i c compounds s t u d i e d i n c l u d e d 
f e r r o c e n e and m e t a l l o - d i e t h y l d i t h i o c a r b a m a t e 
complexes. The c o u p l e d t e c h n i q u e p r o v i d e s v a l u a b l e 
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F i g u r e 3.2 4 I o n s e l e c t i v e chromatogram (m/z 59) o f 
c o b a l t d i e t h y l d i t h i o c a r b a m a t e (100 pg as 
Co) . I n s t r u m e n t a l c o n d i t i o n s a r e g i v e n i n 
F i g u r e 2.13, The ICP-MS was t u n e d f o r N i 
(m/z 58) and t h e mass s e t t i n g m a n u a l l y s e t 
t o m/2 59. 
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i n f o r m a t i o n on c h e m i c a l s p e c i a t i o n , o f f e r s l i m i t s o f 
d e t e c t i o n i n t h e low pg s"' r a n g e , and good l i n e a r 
r e s p o n s e . I n a l l a n a l y t i c a l d e t e r m i n a t i o n s t h e s i g n a l 
t o b a c k g r o u n d n o i s e r a t i o was h i g h . 

The a d v a n t a g e s o f GC-ICP-MS o v e r c o n v e n t i o n a l GC-MS 
( f o r t h e a n a l y s i s o f t e t r a a l k y l e a d and o r g a n o t i n 
compounds) were d e m o n s t r a t e d . These were b e t t e r 
s e n s i t i v i t y and no r e q u i r e m e n t f o r d e l a y e d d a t a 
a c q u i s i t i o n (due t o t h e e f f e c t s o f s o l v e n t s on GC-MS 
f i l a m e n t s ) t o d e t e c t e a r l y e l u t i n g compounds. GC-MS 
s p e c t r a c o n t a i n e d no m o l e c u l a r i o n s and s p e c t r a l 
i n t e r p r e t a t i o n was u s u a l l y complex. 

T e t r a a l k y l e a d compounds: t h e F i g u r e s o f M e r i t f o r 
t e t r a e t h y l l e a d (as Pb) were: LOD = 0.34 pg s', RSD = 
2%, r^ = 0.9999 (measured between 2 pg - 10 ng) and 
l i n e a r dynamic range = 5 o r d e r s o f m a g n i t u d e . The 
c o n c e n t r a t i o n o f t e t r a e t h y l l e a d i n a s t a n d a r d 
r e f e r e n c e f u e l was d e t e r m i n e d u s i n g e x t e r n a l 
c a l i b r a t i o n and s t a n d a r d a d d i t i o n methods. The 
e x p e r i m e n t a l v a l u e s o b t a i n e d u s i n g b o t h methods were 
i n agreement w i t h t h e c e r t i f i c a t e v a l u e w i t h i n t h e 
c o n f i d e n c e l i m i t s o f t h e measurement. The 
c o n c e n t r a t i o n o f t h e t e t r a l k y l l e a d s p e c i e s i n a 
naphtha sample was a l s o d e t e r m i n e d u s i n g t h e e x t e r n a l 
c a l i b r a t i o n method, t h e e x p e r i m e n t a l v a l u e o b t a i n e d 
f o r t o t a l l e a d was a c c e p t a b l e compared w i t h t h e known 
( t h e o r e t i c a l ) v a l u e . 

Organotin compounds: I t was f o u n d n e c e s s a r y t o 
d e r i v a t i s e o r g a n o t i n s p e c i e s u s i n g G r i g n a r d r e a g e n t 
( e t h y l m a g n e s i u m bromide) t o make t h e i r s e p a r a t i o n more 
amenable t o GC. F i v e o r g a n o t i n s p e c i e s were t o t a l l y 
r e s o l v e d i n an a n a l y s i s t i m e o f 12.4 min. ( u s i n g a 
25m column) and peak shape was Gaussian. 
D i e t h y l d i p r o p y l t i n was s e l e c t e d as t h e i n t e r n a l 
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s t a n d a r d . The F i g u r e s o f M e r i t f o r t h e s e s p e c i e s 
were: LOD = 2 - 3 pg s ' ran g e ( as Sn) , RSD = 5.4 -
11.3%, r^ = 0.999 (measured between 13 pg - 2.5 n g ) . 

O r g a n o t i n s p e c i e s were d e t e r m i n e d i n a s p i k e d w a t e r 
sample and two h a r b o u r s e d i m e n t s (a SRM and an 
unknown) u s i n g t h e i n t e r n a l s t a n d a r d method. The 
e x p e r i m e n t a l v a l u e s o b t a i n e d were i n agreement w i t h i n 
t h e c o n f i d e n c e l i m i t s o f t h e measurement. P e r c e n t a g e 
r e c o v e r y f o r t h e SRM s e d i m e n t (PACS-1) was 100.4%. 
The u t i l i s a t i o n o f c a p i l l a r y GC g i v e s good 
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 (compared w i t h packed 
column GC) w h i c h i s e s p e c i a l l y i m p o r t a n t f o r t h e 
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 i n complex 
e n v i r o n m e n t a l m a t r i c e s ( eg. h a r b o u r s e d i m e n t s ) . 

Organomercury: F i g u r e s o f M e r i t f o r d i e t h y l m e r c u r y 
were: LOD = 1.0 pg s' (as Hg) , RSD = 5% and r^ = 0.995 
(measured between 35 - 279 p g ) . 

The a n a l y s i s o f f e r r o c e n e (LOD = 3.0 pg s"' as Fe) 
d e m o n s t r a t e d t h e advantage o f u s i n g a " d r y " plasma 
( i e . no •'''•ArO p o l y a t o m i c i n t e r f e r e n c e ) . 

Compounds w i t h a r e l a t i v e l y h i g h r e t e n t i o n i n d e x ( R I 
> 3400) were e l u t e d and a n a l y s e d ( n i c k e l 
d i e t h y l d i t h i o c a r b a m a t e , LOD = 6.5 pg s*' as N i ) . 
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CHAPTER FOUR 

ANALYSIS OF PORPHYRINS 



4.0 ANALYSIS O F PORPHYRINS 

4.1 I n t r o d u c t i o n 

I n t h e p e t r o l e u m i n d u s t r y t h e r e i s now c o n s i d e r a b l e 
i n t e r e s t i n t h e use o f p o r p h y r i n s as " b i o l o g i c a l m a r k e r s " 
[ 1 9 8 ] and t h e y have been used as m a t u r i t y i n d i c a t o r s f o r 
o i l s and s e d i m e n t s , and f o r o i l - o i l and o i l - s o u r c e r o c k 
c o r r e l a t i o n s . 

The e x i s t e n c e o f m e t a l complexes i n f o s s i l f u e l s (known as 
p o r p h y r i n s o r p e t r o p o r p h y r i n s ) was f i r s t e s t a b l i s h e d by 
T r e i b s i n t h e 1930s [ 1 9 9 - 2 0 1 ] . The s i m i l a r i t i e s i n 
s t r u c t u r e s o f p o r p h y r i n s and c h l o r o p h y l l - a was one o f t h e 
f i r s t i n d i c a t i o n s o f t h e b i o g e n i c o r i g i n o f p e t r o l e u m , a 
s u b j e c t w h i c h has been r e v i e w e d w i d e l y , [ 2 0 2 - 2 0 5 ] . 

P o r p h y r i n s i n g e o l o g i c a l m a t e r i a l s such as s h a l e s , c r u d e 
o i l s and c o a l s have been shown t o c o n s i s t m a i n l y o f 
m i x t u r e s o f n i c k e l and v a n a d y l (V=0) complexes o f 
d e o x o p h y l l o e r y t h r o e t i o p o r p h y r i n s (DPEP, F i g . 4.1a) and 
e t i o p o r p h y r i n s ( e t i o , F i g . 4.1b) [ 2 0 6 ] , w h i c h a r e a l l 
t h o u g h t t o have been d e r i v e d f r o m c h l o r o p h y l l s ( e . g . 
c h l o r o p h y l l - a , F i g . 4.1c) [ 2 0 7 - 2 0 9 ] . O t h e r m i n o r p o r p h y r i n 
t y p e s have been obs e r v e d [ 5 1 , 2 1 0 ] and p r o p o s e d s t r u c t u r a l 
t y p e s i n c l u d e Di-DPEP ( F i g . 4 . I d ) , R h o d o - E t i o ( F i g . 4.1e) 
and Rhodo-DPEP ( F i g . 4 , i f ) . M i n o r m e t a l l o p o r p h y r i n s o f 
g a l l i u m [ 2 1 1 ] , copper [ 2 1 2 ] and i r o n [ 2 1 3 - 2 1 5 ] have a l s o 
been f o u n d i n c o a l s (Ga and Fe) and deep sea s e d i m e n t s 
(Cu) . T y p i c a l c o n c e n t r a t i o n s r a n g e f r o m 15 /zg 9* i n s h a l e 
up t o 2.5 mg g"' i n crude o i l s [ 2 0 3 ] . 
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F i g u r e 4 . l P o r p h y r i n s t r u c t u r e s . Where M = m e t a l atom 
and R = a l k y l g r o u p ( e . g . -CH3, -C2H5) . 
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As w i t h o t h e r b i o m a r k e r compounds t h e d i s t r i b u t i o n s o f 
p e t r o p o r p h y r i n s have p r o v e d t o be u s e f u l i n d i c a t o r s o f 
p a l a e o e n v i r o n m e n t a l c o n d i t i o n s and p e t r o l e u m g e n e r a t i o n , 
p r o v i d i n g a s e n s i t i v e and i m p o r t a n t measurement o f t h e 
t h e r m a l m a t u r i t y o f s e d i m e n t s , o i l s and s o u r c e r o c k s [ 2 1 6 ] . 
As t h e r m a l m a t u r a t i o n i n c r e a s e s t h e r e i s a d e c r e a s e i n t h e 
p r o p o r t i o n o f DPEP t o e t i o p o r p h y r i n s [ 2 1 7 ] , N i t o V=0 
m e t a l l o p o r p h y r i n s [218,219] and a v e r a g e c a r b o n number 
[ 2 2 0 ] . 

M e t a l l o p o r p h y r i n s a r e r e l a t i v e l y i n v o l a t i l e compounds (Mp 
approx. 400*'C) making t h e i r s e p a r a t i o n by c o n v e n t i o n a l GC 
methods d i f f i c u l t . As a r e s u l t HPLC w i t h u l t r a v i o l e t -
v i s i b l e (UV-VIS) d e t e c t i o n has been e x t e n s i v e l y f o r 
m e t a l l a t e d [ 5 1 , 2 2 1 ] and d e m e t a l l a t e d [ 2 2 2 - 2 2 6 ] p o r p h y r i n s . 
Element s e l e c t i v e d e t e c t i o n such as ICP-AES [ 1 1 4 ] and ICP-
MS [227,228] has a l s o been used o c c a s i o n a l l y . 

M i x t u r e s o f p o r p h y r i n s have been examined u s i n g 
c o n v e n t i o n a l GC ( w i t h FID o r MS d e t e c t i o n ) i n a number o f 
s t u d i e s i n t h e m e t a l l a t e d , d e m e t a l l a t e d ( f r e e base) f o r m s 
and/or f o l l o w e d by c o n v e r s i o n i n t o more v o l a t i l e s i l i c o n e 
( I V ) d e r i v a t i v e s [ 2 2 9 - 2 3 3 ] , However t h i s t e c h n i q u e 
s u f f e r e d f r o m e x c e s s i v e GC column b l e e d and column 
d e g r a d a t i o n f o r t h e s e p a r a t i o n o f m e t a l l o p o r p h y r i n s o r l o s s 
o f a n a l y t i c a l i n f o r m a t i o n a f t e r d e m e t a l l a t i o n o r 
d e r i v a t i s a t i o n . 

D u r i n g t h e e a r l y t o mid 1980s p r o g r e s s i n t h e m a n u f a c t u r e 
o f more t h e r m a l l y s t a b l e s t a t i o n a r y phases and e x t e r i o r 
c o a t i n g s l e d t o t h e development o f h i g h t e m p e r a t u r e GC 
(HTGC) [ 2 3 4 - 2 4 0 ] , T h i s was a c h i e v e d by r e p l a c i n g t h e o u t e r 
p o l y i m i d e c o a t i n g o f t h e f u s e d s i l i c a c a p i l l a r y column w i t h 
a t h i n l a y e r (20 /im) o f a l u m i n i u m o r u s i n g a column made 
e n t i r e l y o f g l a s s o r s t a i n l e s s s t e e l . The s t a t i o n a r y 
phase was g e n e r a l l y bonded-cross l i n k e d m e t h y l p o l y s i l o x a n e 
o r s i l o x a n e - c a r b o r a n e p o l y m e t h y l s i l o x a n e . These columns 
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can be o p e r a t e d i s o t h e r m a l l y a t ca. 4 15°C o r t e m p e r a t u r e 
programmed f o r b r i e f p e r i o d s t o a maximum o f c a . 480**C, 
a l l o w i n g t h e e l u 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 compounds up 
t o a b o u t n-C,0Q [ 2 3 5 ] . S u b s e q u e n t l y b o t h custom-made and 
c o m m e r c i a l l y a v a i l a b l e HTGC c a p i l l a r y columns have been 
a p p l i e d t o t h e s e p a r a t i o n and c h a r a c t e r i s a t i o n o f f r e e base 
and m e t a l l a t e d p o r p h y r i n s u s i n g FID [ 2 4 1 , 2 4 2 ] and MS [ 2 4 3 , 
2 4 4 ] . 

4-1.1 Aims 

T h i s c h a p t e r d e s c r i b e s t h e de v e l o p m e n t o f a HTGC 
t e c h n i q u e f o r t h e s e p a r a t i o n o f a u t h e n t i c p o r p h y r i n 
s t a n d a r d s and g e o l o g i c a l f r e e base and m e t a l l a t e d 
p o r p h y r i n s ( u s i n g FID) f o r i n t e n d e d f u t u r e c o u p l i n g o f 
HTGC t o ICP-MS f o r g e o c h e m i c a l " f i n g e r p r i n t i n g " 
a p p l i c a t i o n s . A method f o r t h e e x t r a c t i o n , i s o l a t i o n 
and c h a r a c t e r i s a t i o n o f m e t a l l o p o r p h y r i n s i n s h a l e s i s 
a l s o d e s c r i b e d . 

4.2 A u t h e n t i c a t i o n of Po r p h y r i n Standards 

A range o f p o r p h y r i n s was o b t a i n e d f r o m c o m m e r c i a l 
s u p p l i e r s ( A l d r i c h Chemical Co. L t d . , G i l l i n g h a m , D o r s e t , 
UK) and Dr. A. B a r w i s e (BP E x p l o r a t i o n , Sunbury-on-Thames, 
UK). M e t a l l a t e d e t i o - I p o r p h y r i n s were s y n t h e s i s e d 
a c c o r d i n g t o t h e methods d e s c r i b e d by D o l p h i n [ 2 0 4 ] . 
M a t e r i a l s and r e a g e n t s used a r e l i s t e d i n A p p e n d i x A. 

4.2.1 U l t r a v i o l e t - V i s i b l e S p e c t r o p h o t o m e t r v 

The i n s t r u m e n t used was a P e r k i n Elmer Lambda 7 UV-VIS 
s p e c t r o p h o t o m e t e r . The a b s o r p t i o n s p e c t r a o f known 
c o n c e n t r a t i o n s o f p o r p h y r i n s ( d i s s o l v e d i n 
d i c h l o r o m e t h a n e ) were o b t a i n e d . The p o r p h y r i n 
s t r u c t u r a l t y p e s were a l l c o n f i r m e d by c o m p a r i n g t h e 
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a b s o r p t i o n maxima (X max), r e l a t i v e a b s o r p t i o n 
i n t e n s i t i e s (A) and m o l a r e x t i n c t i o n c o e f f i c i e n t s (e) 
t o known l i t e r a t u r e v a l u e s ( T a b l e 4 . 1 ) . T y p i c a l 
a b s o r p t i o n s p e c t r a o f m e t a l l o - and f r e e - b a s e 
p o r p h y r i n s a r e g i v e n i n F i g u r e 4,1. 

E t i o p o r p h y r i n s ( t y p e s I I and I I I ) were t h o u g h t t o be 
impure due t o t h e low e v a l u e s o b t a i n e d compared t o 
e t i o - I p o r p h y r i n w h i c h was s y n t h e s i s e d as p u r e , f i n e , 
p u r p l e , c r y s t a l l i n e n e e d l e s . Due t o t h e s m a l l 
q u a n t i t i e s o f e t i o t y p e s I I and I I I p o s s e s s e d (< 0.3 
mg) , c o n f i r m a t i o n o f p u r i t y by GC a n a l y s i s was n o t 
p e r f o r m e d . 
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T a b l e 4-1 U l t r a v i o l e t - v i s i b l e s p e c t r o p h o t o m e t r i c a b s o r p t i o n 
maxima (X max), r e l a t i v e a b s o r b a n c e i n t e n s i t i e s 
and m o l a r e x t i n c t i o n c o e f f i c i e n t s o f v a r i o u s 
p o r p h y r i n s . L i t e r a t u r e v a l u e s a r e g i v e n i n t h e 
p a r e n t h e s e s [ 2 0 2 - 2 0 4 ] , The d i f f e r e n c e s i n X max 
p o s i t i o n s and a b s o r p t i o n band i n t e n s i t i e s a l l o w 
m e t a l l o - and f r e e - b a s e s t r u c t u r a l t y p e s t o be 
r e a d i l y d i s t i n g u i s h e d . 

Porphyrin X mux (nin) Ahsorhunce Molar extinction coefTicient 
(xlO*) (10= mol ') 

V = O etio 406 (407) 1.00 (1.00) 30.79 (33.10) 
532 (533) 0.05 (0.05) 1.61 (1.62) 
570 (572) 0.10(0.09) 2.99 (3.16) 

Ni etio 390 (391) 1.00 (1.00) 15.43 
515 (516) 0.05 (0.05) 0.87 
554 (551) 0.16 (0.15) 2.31 

Ni-OEP 395 (391) 1.00(1.00) 6.53 
515 (516) 0.05 (0.05) 0.35 
550 (551) 0.15 (0.15) 1.01 

Co-el io 390 (391) 1.00 (1.00) n.d. 
515 (516) 0.05 (0.05) n.d. 
550 (551) 0.10 (0.15) n.d. 

Zn-etio 388 (391) 1.00 n.d. 
515 (516) 0.07 n.d. 
550 (551) 0.08 n.d. 

Pd-etio 391 (391) 1.00 (1.00) n.d. 
511 (516) 0.09 (0.05) n.d. 
546 (551) 0.08 (0.15) n.d. 

continued..., 
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Table 4.1 (continued). 

Porphyrin X max (mil) Absorb a nee Molar extinction coefficient 
(xlO') ( lO- 'm' mol ') 

Etio I 396 (399) 1.00(1.00) 16.66 
497 (498) 0.08 (0.08) 1.41 
530 (532) 0.06 (0.06) 1.02 
566 (568) 0.04 (0.03) 0.68 
619 (622) 0.03 (0.02) 0.50 

Etio II 396 (399) 1.00 (1.00) 9.81 
497 (498) 0.08 (0.08) 0.76 
531 (532) 0.06 (0.06) 0.55 
565 (568) 0.04 (0.04) 0.40 
619 (622) 0.03 (0.02) 0.27 

Etio III 396 (399) 1.00 (1.00) 5,33 
497 (498) 0.08 (0.08) 0.45 
530 (532) 0.06 (0.06) 0.32 
565 (568) 0.04 (0.04) 0.22 
619 (622) 0.03 (0.02) 0.16 

OEP 398 (399) 1.00 (1.00) 16.23 
498 (498) 0.08 (0.08) 1.37 
532 (532) 0.06 (0.06) 0.99 
566 (568) 0.04 (0.04) 0.65 
618 (622) 0.03 (0.02) 0.47 

C32 DPEP 398 (398) 1.00 (1.00) 6.79 
499 (498) 0.07 (0.07) 0.46 
534 (532) 0.02 (0.02) 0.11 
563 (564) 0.03 (0.03) 0.19 
616 (616) 0.02 (0.02) 0.17 
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F i g u r e 4•1 The UV-VIS a b s o r p t i o n s p e c t r a o f m e t a l l o -
and f r e e base p o r p h y r i n s . 

The v i v i d r e d c o l o r a t i o n e x h i b i t e d by s o l u t i o n s o f 
p o r p h y r i n s a r i s e s f r o m t h e absorbance a t a p p r o x i m a t e l y 
400 nm, known as t h e S o r e t band. (A.) Free base e t i o -
p o r p h y r i n s a r e c h a r a c t e r i s e d by a I V > I I I > I I > I o r d e r o f 
band i n t e n s i t i e s , f r e e base DPEP i s c h a r a c t e r i s e d by 
a I V > I I > I > I I I o r d e r . (B.) M e t a l l o - p o r p h y r i n s have a 
two banded s p e c t r u m ( c a l l e d a and ^) . The p o s i t i o n 
and i n t e n s i t y o f t h e s e a b s o r p t i o n bands can be used t o 
d i s t i n g u i s h between n i c k e l and v a n a d y l p o r p h y r i n s and 
e t i o - p o r p h y r i n s and DPEP t y p e s . 
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^•3 High Temperature Gas Chromatoaraphv (HTGC) of 
Po r p h y r i n s 

4,3,1. I n s t r u m e n t a l 

The column used was an SGE 25AQ3/HT5-0,1 a l u m i n i u m 
c l a d column, 25m x 0,32mm i . d . x O.l/im f i l m t h i c k n e s s 
(SGE L t d . , M i l t o n Keynes, UK). The column was chosen 
f o r i t s t h e r m a l s t a b i l i t y (maximum o p e r a t i n g 
t e m p e r a t u r e = 460*>C) , low b l e e d , f l e x i b i l i t y and 
p r o v e n s e p a r a t i o n f o r t h e a n a l y s i s o f m e t a l l o - and 
f r e e base p o r p h y r i n s [ 2 4 1 ] , A l s o i t has t h e added 
advantage o v e r s t a i n l e s s s t e e l HTGC columns i n t h a t i t 
can be s a f e l y b r o u g h t i n t o c l o s e p r o x i m i t y o f h i g h 
v o l t a g e s ( i . e . FID) o r h i g h r . f . ( i . e . ICP-MS) w i t h o u t 
t h e p o s s i b i l i t y o f c o n d u c t i n g o r a r c i n g . 

The gas ch r o m a t o g r a p h i n s t r u m e n t used was a C a r l o Erba 
HRGC 5300 Mega S e r i e s ( C a r l o Erba, F i s o n s , 
Loughborough, UK) , The c a r r i e r gas ( h e l i u m , 2 ml min*' 
a t 300*'C) was passed t h r o u g h a s e r i e s o f oxygen and 
w a t e r f i l t e r s t o p r e v e n t column damage caused by 
o x i d a t i o n o f t h e s t a t i o n a r y phase. The FID ( w i t h 
c e r a m i c j e t ) was m a i n t a i n e d a t 430°C (10**C g r e a t e r 
t h a n t h e maximum oven t e m p e r a t u r e ) , s u p p l i e d w i t h a i r 
= 90 kPa, hydrogen = 50 kPa and n i t r o g e n make up gas 
= 90 kPa. I n j e c t i o n was on-column (0.5 / x l , 1,0 ̂ 1 ) . 

To p r e v e n t " e l e c t r o n i c s p i k i n g " (caused by t h e FID n o t 
a t g r o u n d p o t e n t i a l ) t h e a l u m i n i u m c l a d d i n g was 
removed f r o m t h e l a s t 5 cm f r o m t h e column end 
a c c o r d i n g t o t h e method used by Evershed [ 2 4 5 ] , I n 
b r i e f t h e column t i p was immersed i n aqueous NaOH ( 5 0 % 
w/v) w h i l e m a i n t a i n i n g a no r m a l f l o w o f c a r r i e r gas. 
Once t h e c l a d d i n g was c o m p l e t e l y d i s s o l v e d , i t was 
r i n s e d w i t h d i s t i l l e d w a t e r , d r i e d and i n s t a l l e d i n 
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t h e FID as n o r m a l . The s t r i p p e d s e c t i o n o f column 
e n s u r e s c o m p l e t e e l e c t r i c a l i s o l a t i o n as e v i d e n c e d by 
t h e e f f e c t i v e m a i n t e n a n c e o f t h e d e t e c t o r p o t e n t i a l 
( i . e . a s t a b l e base l i n e was p r o d u c e d ) . 

4.3.2 Choice o f S o l v e n t 

I t was found t h a t e x c e s s i v e peak t a i l i n g was 
a s s o c i a t e d w i t h t h e e l u t i o n o f h a l o g e n - c o n t a i n i n g 
s o l v e n t s ( e . g . d i c h l o r o m e t h a n e , c h l o r o f o r m and c a r b o n 
t e t r a c h l o r i d e ) . Peak t a i l i n g i n c r e a s e d e x p o n e n t i a l l y 
w i t h i n c r e a s i n g d e t e c t o r t e m p e r a t u r e making t h e 
chromatograms d i f f i c u l t t o i n t e r p r e t . T h i s has been 
o b s e r v e d by o t h e r w o r k e r s [ 2 4 6 ] and was a t t r i b u t e d t o 
t r a c e s o f i n v o l a t i l e o r p o l y m e r i c m a t e r i a l i n t h e FID, 
w h i c h , by r e a c t i n g w i t h such s o l v e n t s a t h i g h 
t e m p e r a t u r e s produces s l i g h t l y more v o l a t i l e p r o d u c t s 
w h i c h b l e e d f r o m t h e d e t e c t o r o v e r t i m e . T h i s was 
p a r t i a l l y e l i m i n a t e d w i t h t h e use o f n i t r o g e n make-up 
gas. 

Common n o n - h a l o g e n a t e d s o l v e n t s ( e . g . hexane, t o l u e n e , 
t e t r a h y d r o f u r a n and c a r b o n d i s u l p h i d e ) d i d n o t p r o d u c e 
peak t a i l i n g . Carbon d i s u l p h i d e (CSj) was f o u n d t o be 
t h e b e s t s o l v e n t f o r b o t h p o r p h y r i n s and h y d r o c a r b o n s 
and was s u b s e q u e n t l y used t h r o u g h o u t t h i s s t u d y . 

4.3.3 HTGC o f P o r p h y r i n S t a n d a r d s 

A s e r i e s o f m e t a l l a t e d and f r e e base p o r p h y r i n s was 
a n a l y s e d by HTGC. The GC r e t e n t i o n i n d i c e s ( R I ) were 
measured ( T a b l e 4.2) and t h e i r c h r o m a t o g r a p h i c 
b e h a v i o u r o b s e r v e d . 

The RI o f any compound i s t h e c a r b o n number ( x 100) o f 
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a t h e o r e t i c a l n - a l k a n e h a v i n g an i d e n t i c a l e l u t i o n 
t i m e t o t h e s u b s t r a t e u n d er t h e c o n d i t i o n s employed. 
T h i s i s d e f i n e d by t h e f o l l o w i n g e q u a t i o n [ 2 4 7 ] : 

^ RW R(n) 
RI = lOOl + lOOn e q n . l 

*-R(n + i) »- R(Q) 

a d j u s t e d r e t e n t i o n t i m e ( i . e . 

r e t e n t i o n t i m e o f t h e compound 

minus t h e r e t e n t i o n t i m e o f an 

u n r e t a i n e d c omponent). 

i = d i f f e r e n c e i n numbers o f c a r b o n 

atoms o f t h e n - a l k a n e r e f e r e n c e s . 

X = compound o f i n t e r e s t , 

n = number o f c a r b o n atoms i n t h e n-

a l k a n e . 

and where: t'R(„, < t ^ ^ , , < t ^ ^ ^ ^ ^ 
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Table 4.2 The r e t e n t i o n i n d i c e s ( R I ) o f a s e r i e s o f 
p o r p h y r i n s t a n d a r d s and n - a l k a n e s c a l c u l a t e d 
r e l a t i v e t o n-Cso and n-C^io a l k a n e s . GC oven 
t e m p e r a t u r e programme 60°C t o 300**C ( a t 8**C min') 
t o 420*C ( a t 4*>C min') h e l d i s o t h e r m a l l y a t 420*'C 
f o r 25 m in. OEP = o c t a e t h y l p o r p h y r i n , TPP = 
t e t r a p h e n y I p o r p h y r i n . 

Compound R I T h r e s h o l d 
c o n c e n t r a t i o n 

(Mg ml') 
n-C^Q a l k a n e 4000 n. d. 
n-C44 a l k a n e 4400 n. d. 
n-Cso a l k a n e 5000 n. d. 
E t i o I I 5865 n. d. 
E t i o I 5904 239 
n-Cfio a l k a n e 6000 n. d. 
OEP 6000 268 
Z n - E t i o I 6056 n. d. 
C u - E t i o I 6135 n. d. 
Zn-OEP 6144 149 
Cu-OEP 6195 n. d. 
N i - E t i o I 6232 133 
FeCl-OEP 6249 n. d. 
Ni-OEP 6282 n. d. 
V=0 E t i o I 6287 136 
Co E t i o I 6313 n. d -
C32 DPEP 6409 n. d. 
TPP 7938 308 
Cu-TPP 8618 n. d. 
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E q u a t i o n (1) a l l o w s s i m p l e c a l c u l a t i o n s o f a i a p r o x i i n a t e 
RI v a l u e s by l i n e a r i n t e r p o l a t i o n between n - a l k a n e 
s t a n d a r d s . T h i s a p p r o x i m a t i o n was used because no n-
a l k a n e s t a n d a r d s w i t h a r e t e n t i o n g r e a t e r t h a n t h a t o f 
t h e p o r p h y r i n s ( i . e . > n-C<io) c o u l d be o b t a i n e d . RI 
v a l u e s measured by G i l l ( 1 9 8 4 ) , [ 2 4 8 ] , were f o u n d t o 
g i v e r e l i a b l e q u a n t i f i c a t i o n o f r e t e n t i o n b e h a v i o u r , 
however s l i g h t v a r i a t i o n i s o f t e n o b s e r v e d w i t h 
d i f f e r e n t c h r o m a t o g r a p h i c p a r a m e t e r s ( e . g . s t a t i o n a r y 
phase, oven t e m p e r a t u r e programme and c a r r i e r gas f l o w 
r a t e ) . 

D e t e r m i n a t i o n o f t h e l i m i t s o f d e t e c t i o n and r e l a t i v e 
r e s p o n s e s o f t h e p o r p h y r i n s was a t t e m p t e d w i t h o u t 
s u c c e s s . However i t was n o t e d t h a t an a p p r o x i m a t e 
" t h r e s h o l d c o n c e n t r a t i o n " e x i s t e d ( T a b l e 4.2) below 
w h i c h t h e p o r p h y r i n w o u l d n o t g i v e a r e s p o n s e . The 
most p r o b a b l e r e a s o n f o r t h i s was t h a t t h e GC used was 
n o t o f h i g h t e m p e r a t u r e d e s i g n . A c c o r d i n g t o t h e 
m a n u f a c t u r e r s a d v i c e , t h e FID h e a t i n g u n i t was n o t 
s u f f i c i e n t l y c a p a b l e o f m a i n t a i n i n g t h e c o n s t a n t 
t e m p e r a t u r e r e q u i r e d f o r r o u t i n e HTGC a n a l y s e s . As a 
r e s u l t t h e p o r p h y r i n s were p r o b a b l y c o n d e n s i n g o r 
b o n d i n g i r r e v e r s i b l y t o t h e s t a t i o n a r y phase and/or 
s i l i c a w a l l o f t h e column c o n t a i n e d w i t h i n t h e 
d e t e c t o r . S u b s e q u e n t l y use o f a s p e c i a l i s e d h i g h 
t e m p e r a t u r e GC i n s t r u m e n t ( C a r l o Erba Mega S e r i e s 5300 
HT-SIM-DIST) overcame t h i s p r o b l e m [ 2 4 9 ] b u t t h i s 
model was n o t a v a i l a b l e a t t h e t i m e o f t h e p r e s e n t 
s t u d y . 

F i g u r e s 4.2 - 4.4 a r e HT gas chromatograms o f a s e r i e s 
o f s t a n d a r d p o r p h y r i n s . A l l t h e p o r p h y r i n s e l u t e 
beyond n-C^o a l k a n e ( e x c e p t f o r e t i o I and I I ) w i t h i n 
a p e r i o d o f 5-6 m i n u t e s ( e x c e p t f o r TPP and Cu-TPP). 
The p o r p h y r i n s have b r o a d peak w i d t h s and e x h i b i t a 
s m a l l degree o f peak t a i l i n g compared t o t h e n - a l k a n e s . 
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The HT column used can r e s o l v e t h e t w o s t r u c t u r a l 
t y p e s o f p o r p h y r i n s ( e t i o and C32 DPEP, F i g . 4.2) w h i c h 
a r e f r e q u e n t l y f o u n d as a m i x t u r e i n g e o l o g i c a l 
m a t e r i a l s . T h i s i s an i m p o r t a n t r e q u i r e m e n t f o r 
g e o c h e m i c a l f i n g e r p r i n t i n g and m a t u r a t i o n s t u d i e s . 

A l t h o u g h t h e HT column used was i n c a p a b l e o f r e s o l v i n g 
c e r t a i n i n d i v i d u a l m e t a l s p e c i e s ( F i g . 4.3 & 4 . 4 ) , t h e 
use o f c o u p l e d HTGC-ICP-MS w i t h c o n s e q u e n t e l e m e n t 
s e l e c t i v e d e t e c t i o n m i g h t overcome t h i s p r o b l e m and 
w o u l d t h e n p r o v i d e s p e c i a t i o n i n f o r m a t i o n . 

4.3-4 Column D e g r a d a t i o n 

The HT column was f o u n d t o degrade r a p i d l y w i t h use, 
even t h o u g h t h e m a n u f a c t u r e r s i n s t r u c t i o n s were 
f o l l o w e d . T h i s was a p p a r e n t f r o m t h e d e c r e a s i n g 
r e t e n t i o n t i m e o b s e r v e d a f t e r s u c c e s s i v e i n j e c t i o n s o f 
p o r p h y r i n s ( F i g . 4.5) and i n a d e q u a t e 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 , e x c e s s i v e column b l e e d and p o o r peak shape 
( i . e . j a g g e d , t a i l i n g and f r o n t i n g ) . A new column 
c o u l d be used t o p e r f o r m o n l y a b o u t 30-40 p o r p h y r i n 
a n a l y s e s . 

Column d e g r a d a t i o n was a t t r i b u t e d t o t h e r e a c t i o n o f 
p o r p h y r i n s ( o r t h e i r d e g r a d a t i o n p r o d u c t s ) w i t h t h e 
s i l o x a n e - c a r b o r a n e s t a t i o n a r y phase c a u s i n g i t t o 
" b l e e d " and e x p o s i n g f r e e Si-OH b i n d i n g s i t e s on t h e 
s i l i c a w a l l on w h i c h t h e p o r p h y r i n s s t r o n g l y 
a s s o c i a t e . T h i s was n o t o b s e r v e d f o r t h e a n a l y s e s o f 
h i g h m o l e c u l a r w e i g h t h y d r o c a r b o n s ( R I > 5000) u s i n g 
t h e same 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 [ 2 5 0 ] . I f t h e 
column l i f e was e x t e n d e d by t h e a n a l y s i s o f non-
p o r p h y r i n samples, t h e t e m p e r a t u r e f l u c t u a t i o n s w ould 
cause t h e a l u m i n i u m c l a d d i n g t o degrade r e s u l t i n g i n 
t h e column t o become b r i t t l e and e v e n t u a l l y t o break. 
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Response 

7 

10 20 30 40 50 
Retention Time (min.) 

F i g u r e 4.2 HT gas chromatogram o f a s e r i e s o f m e t a l l o -
and f r e e base p o r p h y r i n s , and n - a l k a n e s . 
The HT column can a d e q u a t e l y s e p a r a t e f r e e -

32 base e t i o - I p o r p h y r i n s and C 
i m p o r t a n t r e q u i r e m e n t f o r 
f i n g e r p r i n t i n g . GC oven 
programme, 60*0 t o 300°C ( a t 

DPEP t y p e , an 
g e o c h e m i c a l 
t e m p e r a t u r e 

8<»C min') t o 
420°C 
420°C 

( a t 4°C min') h e l d 
f o r 10 min. Sample 

i s o t h e r m a l l y a t 
c o n c e n t r a t i o n , 1 

X 10-* M ( i n CS2, 0.5 u l i n j e c t e d ) 
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Response 

•Ph 

5 0 6 0 70 
Retention Time (min.) 

8 0 

F i g u r e 4 . 3 HT gas chromatogram o f a s e r i e s o f m e t a l l o -
and f r e e base p o r p h y r i n s , and n-C^ a l k a n e . 
Vanadyl and n i c k e l e t i o I p o r p h y r i n s ( b o t h 
commonly f o u n d t o g e t h e r i n g e o l o g i c a l 
m a t e r i a l s ) a r e o n l y p a r t i a l l y r e s o l v e d , t h i s 
w o u l d n o t be a p r o b l e m when e l e m e n t 
s e l e c t i v e d e t e c t i o n i s used ( i . e . c o u p l e d t o 
ICP-MS). The HT column i s a l s o c a p a b l e o f 
s e p a r a t i n g h i g h m o l e c u l a r p o r p h y r i n s ( R I > 
8600) such as Cu-TPP. Oven t e m p e r a t u r e 
programme, 60*0 t o 420°C ( a t 10**C min"') h e l d 
i s o t h e r m a l l y a t 420°C f o r 20 min. Sample 
c o n c e n t r a t i o n , 
i n j e c t e d ) , 

10 M ( i n CS,, 0.5 / i l 
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Response 
A 

54 56 58 60 

Retention Time (min.) 

62 

F i g u r e 4.4 HT gas chromatogram o f a s e r i e s o f m e t a l l o -
and f r e e base s y n t h e t i c p o r p h y r i n s o f t h e 
same s t r u c t u r a l t y p e ( o c t a e t h y l p o r p h y r i n ) 
and n-C^ a l k a n e . Peak w i d t h s a r e b r o a d e r 
compared t o t h e n - a l k a n e s m e t a l l o p o r p h y r i n s 
a r e o n l y p a r t i a l l y r e s o l v e d and would be 
overcome by t h e use o f HTGC-ICP-MS. Same 
c o n d i t i o n s used as i n F i g . 4.2. 
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F i g u r e 4.5 HT column s t a t i o n a r y phase d e g r a d a t i o n as 
e v i d e n c e by t h e d e c r e a s e i n r e t e n t i o n t i m e 
o f s e l e c t e d p o r p h y r i n s w i t h s u c c e s s i v e 
a n a l y s e s , w i t h a c o n c o m i t a n t i n c r e a s e i n 
column b l e e d . 
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4.4 A n a l y s i s of M e t a l l o p o r p h y r i n s i n S h a l e s 

4.4.1 A n a l y s i s o f Green R i v e r Shale 

Green R i v e r Shale (Eocene, USA) was o b t a i n e d f r o m Dr. 
G. W o l f f ( U n i v e r s i t y o f L i v e r p o o l , UK) and e x t r a c t e d 
u s i n g t h e method o f C h i c a r e l l i e t a i . , (1990) [ 2 5 1 ] 
( F i g . 4.6). 

The p r e s e n c e o f m e t a l l o p o r p h y r i n s i n t h e t o t a l o r g a n i c 
e x t r a c t (TOE) was c o n f i r m e d by t h e p r e s e n c e o f t h e 
c h a r a c t e r i s t i c UV-VIS absorb a n c e a t 400 nm ( S o r e t 
band)- The t o t a l c o n c e n t r a t i o n o f f i r s t row 
t r a n s i t i o n m e t a l s i n t h e TOE was d e t e r m i n e d by ICP-MS 
(Table 4 . 3 ) . 

An a l i q u o t o f t h e TOE was f r a c t i o n a t e d ( i n o r d e r o f 
i n c r e a s i n g p o l a r i t y ) u s i n g f l a s h c h r o m a t o g r a p h y ( F i g . 
4.6) and each s e p a r a t e f r a c t i o n examined by UV-VIS 
s p e c t r o p h o t o m e t r y ( F i g . 4 - 7 ) . The m e t a l l o p o r p h y r i n s 
were p r e s e n t i n f r a c t i o n s B1-B3 as e v i d e n c e d by t h e 
pr e s e n c e o f t h e S o r e t band ( a t a p p r o x i m a t e l y 400 nm) 
and t h e a and j8 bands (between 500-600 nm) . The 
s p e c t r a o b t a i n e d were compared t o n i c k e l and v a n a d y l 
p o r p h y r i n s t a n d a r d s . F r a c t i o n s B l and 83 c o n t a i n e d N i 
and V=0 p o r p h y r i n s r e s p e c t i v e l y and B2 a m i x t u r e o f 
b o t h . U s i n g known m o l a r e x t i n c t i o n c o e f f i c i e n t s o f 
s t a n d a r d s and making t h e a s s u m p t i o n t h a t a l l o f t h e 
m e t a l l o p o r p h y r i n s were o f t h e e t i o t y p e , t h e 
a p p r o x i m a t e c o n c e n t r a t i o n o f N i and V=0 p o r p h y r i n s i n 
t h e s h a l e was c a l c u l a t e d ( T a b l e 4.4). 
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S h a l e Wash in DCM P u l v e r i s e (<0.2 mm) 

F i l te r Through 
Defat ted Cotton Wool 

S o x h i e t E x t r a c t i o n (72 hrs) 
69 .55g S h a l e 

M e O H / D C M ( 3 0 / 7 0 v / v ) 

Rotary Evaporate Total Organic E x t r a c t ( T O E ) 
off Solvent (Y ie ld 13.6 mg/g) 

F l a s h Chromatography (298 mg T O E ) 
5% Deact ivated S i l i c a (9 g) 

3 Column Volumes of E luent 

U V - V I S s c a n & 

Metal A n a l y s i s 

by I C P - M S 

Hex H e x / D C M ( 5 0 / 5 0 ) DCM 

B1 B2 

MeOH/DCM ( 5 0 / 5 0 ) 

B 3 

MeOH 

D1 D2 

U V - V I S S c a n S e p a r a t e F r a c t i o n s 

* Red Band C o l l e c t e d 

F i g u r e 4.6 E x t r a c t i o n and i s o l a t i o n scheme o f 
m e t a l l o p o r p h y r i n s f r o m Green R i v e r S h a l e . 
(DCM = d i c h l o r o m e t h a n e . Hex = hexane and 
MeOH = m e t h a n o l ) . 
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Table 4.3 The f i r s t row t r a n s i t i o n m e t a l c o n c e n t r a t i o n s o f 
t h e t o t a l o r g a n i c e x t r a c t o f Green R i v e r S h a l e by 
ICP-MS, showing r e l a t i v e l y h i g h c o n c e n t r a t i o n s o f 
n i c k e l and vanadium. 

Metal Mass C o n c e n t r a t i o n (/xg g'*) 

T i 46 135 
V 51 180 
Cr 52 41 

Fe 57 73 

N i 60 234 

Cu 63 54 

Zn 68 467 

Footnote: An a l i q u o t o f TOE was d i s s o l v e d i n d e c a l i n (250 
mg i n 25 m l ) . I n t e r n a l s t a n d a r d used = 100 ng 
m l ' i n d i u m . ICP-MS d a t a a c q u i s i t i o n p a r a m e t e r s : 
s e m i - q u a n t i t a t i v e a n a l y s i s , mass r a n g e = m/z 27-
214, no. o f c h a n n e l s = 2048, no. o f sweeps = 100, 
d w e l l t i m e = 320 fis, no. o f peak jump sweeps = 
20. P r o c e d u r a l b l a n k was c l e a r . 
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Si 

1.20 

0.96 

0.72 

0.48 H 

0.24 H 

0.00 

-0.96 

0.48 

0.24 

0.00 

Wavelength (nm) 

Figure 4.7 UV-VIS absorbance s p e c t r a o f f r a c t i o n s A, B1-B3 o f t h e Green R i v e r Shale TOE. 
F r a c t i o n s B l and B3 c o n t a i n s N i and V=0 p o r p h y r i n s r e s p e c t i v e l y and B2 c o n t a i n s 
a m i x t u r e o f b o t h ( i . e . B2 has two So r e t absorbances a t 390 and 406 nm and a 
t h r e e absorbances between 500-600 nm). 
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T a b l e 4.4 C o n c e n t r a t i o n s ( a p p r o x . ) o f n i c k e l and v a n a d y l 
p o r p h y r i n s i n Green R i v e r S h a l e TOE. 
C o n c e n t r a t i o n s were c a l c u l a t e d u s i n g t h e m o l a r 
e x t i n c t i o n c o e f f i c i e n t s o f s t a n d a r d s ( T a b l e 4.1), 
u s i n g t h e S o r e t band and a//3 a b s o r b a n c e s . 

S h a l e c o n c e n t r a t i o n (Mg g ') 

Sample 
N i - P o r p h y r i n s v=o P o r p h y r i n s 

F r a c t i o n B l 0.5 none 

F r a c t i o n B2 43 . 8 16. 0 

F r a c t i o n B3 none 1.0 

TOTAL 44 . 3 17 . 0 
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The v=0/(V=0 + N i ) p o r p h y r i n r a t i o was 0.28 w h i c h i s 
i n r e a s o n a b l e agreement w i t h o t h e r l i t e r a t u r e v a l u e s 
(Table 4.5). The i m m a t u r i t y o f t h e Green R i v e r S h a l e 
i s r e f l e c t e d by t h e low V=0 / (V=0 + N i ) r a t i o 
o b t a i n e d , compared t o more mature o i l s h a l e s ( T a b l e 
4.5) . 

F r a c t i o n B2 was a l s o examined by HTGC ( F i g . 4 . 8 ) . The 
HT gas chromatogram i n d i c a t e s t h e l i k e l y p r e s e n c e o f 
m e t a l l o p o r p h y r i n s e l u t i n g between 360-400*>C. E f f e c t i v e 
c o u p l i n g o f HTGC t o ICP-MS wo u l d make i t p o s s i b l e t o 
o b t a i n a g e o c h e m i c a l m e t a l " f i n g e r p r i n t " o f t h e N i and 
V (and p o s s i b l y Fe and T i = 0 ) p o r p h y r i n s p r e s e n t i n t h e 
s h a l e . 

4.4.2 HTGC o f N i c k e l P o r p h v r i n s i n M a r l S l a t e 

M a r l S l a t e e x t r a c t ( M i d d l e T r i a s s i c , USA) was o b t a i n e d 
f r o m Dr. A. G. B a r w i s e (BP E x p l o r a t i o n , Sunbury-on-
Thames, UK). 

The e x t r a c t (C.4., n i c k e l p o r p h y r i n s , f r a c t i o n s 1-4) 
was examined by HTGC ( F i g . 4 . 9 ) . The chromatogram 
shows t h e l i k e l y p r e s e n c e o f b o t h e t i o and DPEP t y p e 
n i c k e l p o r p h y r i n s . The r a t i o o f e t i o p o r p h y r i n t o 
DPEP t y p e s can be used as a m a t u r i t y i n d i c a t o r 
p a r a m e t e r [ 2 1 7 ] . 
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Table 4.5 Comparison o f V=o/(V=o + N i ) p o r p h y r i n r a t i o s o f 
immature and mature o i l s h a l e s . E x p e r i m e n t a l 
r a t i o o b t a i n e d i s i n agreement w i t h t h e 
l i t e r a t u r e v a l u e s , Lewan (1984) [ 2 1 8 ] , 

Shale Name Busin Period, Age V = 0 / ( V = 0 H- Ni) 
Ratio 

Green River Shale 
(experimental) 

Piceance Peak 
Basin 

Eocene, 42-55 
Myrs. 

0.28 

Green River Shale 
(literature) 

Powder River 
Basin 

Eocene, 42-55 
Myrs. 

0.22 

New Albany Shale 
(literature) 

Illinois Basin Mississippi/ 
Devonian, 
320-400 Myrs. 

0.59 

165 



A Response 

Possible 
Metalloporphyrins 

10 15 
Retention Time (min.) 

20 25 

F i g u r e 4.8 HT gas chromatogram o f Green R i v e r Shale ( f r a c t i o n 8 2 ) , showing t h e l i k e l y 
presence o f m e t a l l o p o r p h y r i n s . SGE HT5 aluminium c l a d column (12m x 0.32mm 
i . d . X 0.1/im f i l m t h i c k n e s s ) , oven t e m p e r a t u r e programme 60°C t o 410«C ( a t 15*»C 
min'') h e l d i s o t h e r m a l l y a t 410*»C f o r 10 min. He c a r r i e r gas ( f l o w r a t e = 3 ml 
min ) , DCM s o l v e n t , sample c o n c e n t r a t i o n = 54.4 mg ml"', 1.0 / i l i n j e c t e d 
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Response 

Possible 
Metalloporphyrins 

Etio types 

DPEP types 

3 0 4 0 5 0 6 0 

Retention Time (min.) 

F i g u r e 4.9 HT-gas chromatogram o f n i c k e l p o r p h y r i n s i n 
M a r l S l a t e e x t r a c t . Two d i s t i n c t g r o u p s o f 
peaks a r e p r e s e n t c o r r e s p o n d i n g t o e t i o and 
DPEP t y p e p o r p h y r i n s . Oven t e m p e r a t u r e 
programme = SO^C t o 300^0 ( a t 8*C min'') t o 
420<»C ( a t 4«»C min-
420*'C f o r 20 min. , 
52.6 mg ml*' (CS, s o l v e n t , 0 

-') h e l d 
sample 

i s o t h e r m a l l y a t 
c o n c e n t r a t i o n = 
5 Ml i n j e c t e d ) . 
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4.5 C o n c l u s i o n s 

A r a n g e o f m e t a l l o - and f r e e base p o r p h y r i n s t a n d a r d s were 
a u t h e n t i c a t e d u s i n g UV-VIS s p e c t r o p h o t o m e t r y and t h e i r 
m o l a r e x t i n c t i o n c o e f f i c i e n t s measured. 

A HTGC method f o r t h e s e p a r a t i o n o f p o r p h y r i n s was 
s u c c e s s f u l l y e s t a b l i s h e d u s i n g a c o m m e r c i a l l y a v a i l a b l e 
a l u m i n i u m c l a d , HT c a p i l l a r y column. Carbon d i s u l p h i d e was 
fo u n d t o be t h e most c o m p a t i b l e s o l v e n t . 

HTGC r e t e n t i o n i n d i c e s ( R I = 5865-8618) were c a l c u l a t e d f o r 
t h e p o r p h y r i n s t a n d a r d s . D e t e r m i n a t i o n o f l i m i t s o f 
d e t e c t i o n and r e l a t i v e r e s p o n s e s was u n s u c c e s s f u l . T h i s was 
a t t r i b u t e d t o t h e FID n o t b e i n g s u f f i c i e n t l y c a p a b l e o f 
m a i n t a i n i n g t h e c o n s t a n t t e m p e r a t u r e r e q u i r e d f o r HTGC 
a n a l y s e s . 

The HTGC t e c h n i q u e r e s o l v e d e t i o p o r p h y r i n s f r o m C32 DPEP 
s t r u c t u r a l t y p e s w h i c h i s an i m p o r t a n t r e q u i r e m e n t f o r 
ge o c h e m i c a l f i n g e r p r i n t i n g and m a t u r a t i o n s t u d i e s . A l l o f 
t h e g e o l o g i c a l l y s i g n i f i c a n t m e t a l l o p o r p h y r i n s ( i . e . N i , 
V=0, F e c i and Cu) e l u t e d f r o m t h e column w i t h r e a s o n a b l e 
peak shapes. 

The HT column degraded r a p i d l y w i t h use, r e s u l t i n g i n a 
de c r e a s e i n 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 , p o o r peak shape and 
e x c e s s i v e column b l e e d . T h i s was t h o u g h t t o be caused by 
t h e r e a c t i v e n a t u r e o f t h e p o r p h y r i n s w i t h t h e s t a t i o n a r y 
phase. A maximum o f a p p r o x i m a t e l y 40 p o r p h y r i n a n a l y s e s 
c o u l d be p e r f o r m e d b e f o r e a r e p l a c e m e n t column was 
r e q u i r e d . 

M e t a l l o p o r p h y r i n s were e x t r a c t e d and i s o l a t e d f r o m Green 
R i v e r S h a l e and c h a r a c t e r i s e d u s i n g UV-VIS 
s p e c t r o p h o t o m e t r y and ICP-MS. The c o n c e n t r a t i o n s n i c k e l 
and v a n a d y l (V=0) p o r p h y r i n s were c a l c u l a t e d t o be 
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a p p r o x i m a t e l y 44.3 and 17.0 g' r e s p e c t i v e l y . The 
e x p e r i m e n t a l v=0/(V=0 + N i ) p o r p h y r i n s r a t i o o f 0.28 and 
t r a c e m e t a l a n a l y s i s o f t h e t o t a l o r g a n i c e x t r a c t (TOE) 
r e v e a l i n g h i g h p r o p o r t i o n s o f N i t o V i s e v i d e n c e o f t h e 
g e o c h e m i c a l l y immature n a t u r e o f t h e Green R i v e r S h a l e . 

HTGC a n a l y s i s o f Green R i v e r S h a l e and M a r l S l a t e shows t h e 
pre s e n c e o f m e t a l l o p o r p h y r i n s and t h e r e s o l u t i o n o f e t i o 
p o r p h y r i n s f r o m DPEP s t r u c t u r a l t y p e s . These r a t i o s may be 
u s e f u l as a n o t h e r m a t u r i t y p a r a m e t e r i n d i c a t o r . 

A l t h o u g h HTGC-FID i s i n c a p a b l e o f r e s o l v i n g p o r p h y r i n s o f 
s i m i l a r s t r u c t u r a l t y p e s ( c o n t a i n i n g d i f f e r e n t m e t a l s ) , t h e 
use o f c o u p l e d HTGC-ICP-MS w i t h c o n s e q u e n t e l e m e n t 
s e l e c t i v e d e t e c t i o n w i l l p r o v i d e s p e c i a t i o n i n f o r m a t i o n 
n e c e s s a r y f o r t h e r a p i d f i n g e r p r i n t i n g o f 
m e t a l l o p o r p h y r i n s . The d a t a b a s e o f r e t e n t i o n and s p e c t r a l 
d a t a and t h e c o l l e c t i o n o f a u t h e n i c p o r p h y r i n s assembled 
and s y n t h e s i s e d p r o v i d e s a v a l u a b l e s t a r t i n g p o i n t f o r 
subsequent HTGC-ICP-MS s t u d i e s o f t h i s i n t e r e s t i n g c l a s s o f 
t r a c e e l e m e n t s p e c i e s . 

169 



CHAPTER F I V E 

CONCLUSIONS AND 
SUGGESTIONS FOR FURTHER 

WORK 



5.0 CONCLUSIONS AND SUGGESTIONS FOR F U R T H E R 

WORK 

5*1 C o n c l u s i o n s 

C a p i l l a r y GO has been s u c c e s s f u l l y c o u p l e d t o ICP-MS and 
has p r o v e d t o g i v e r e l i a b l e q u a l i t a t i v e and q u a n t i t a t i v e 
d a t a f o r 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 f o r a ran g e o f 
e n v i r o n m e t a l l y i m p o r t a n t o r g a n o m e t a l l i c compounds. The 
c o u p l e d t e c h n i q u e p r o v i d e s v a l u a b l e i n f o r m a t i o n on c h e m i c a l 
s p e c i a t i o n , o f f e r s l i m i t s o f d e t e c t i o n i n t h e low pg s' 
range, and good l i n e a r r e s p o n s e . I n a l l a n a l y t i c a l 
d e t e r m i n a t i o n s t h e s i g n a l t o b a c k g r o u n d n o i s e r a t i o was 
h i g h . 

For l a b o r a t o r i e s where GC and ICP-MS i n s t r u m e n t a t i o n i s 
a l r e a d y a v a i l a b l e t h e c o n s t r u c t i o n o f a s i m p l e GC-ICP 
i n t e r f a c e now o f f e r s an e c o n o m i c a l a l t e r n a t i v e t o d e d i c a t e d 
GC-MIP-AES 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 
a n a l y s i s . ICP-MS i s a l s o an i n d e p e n d e n t a n a l y t i c a l method 
and t h e d e s i g n a s p e c t s o f an e a s i l y r e movable i n t e r f a c e 
made i n d e p e n d e n t ICP-MS (and GC) o p e r a t i o n e n t i r e l y 
p o s s i b l e . T h i s i s an i m p o r t a n t f a c t o r i n many busy m u l t i ­
u s e r l a b o r a t o r i e s . 

The s t u d y i n v o l v e d t h e de v e l o p m e n t o f p r o g r e s s i v e l y 
improved t r a n s f e r l i n e s e n a b l i n g d i r e c t i n t e r f a c i n g o f t h e 
GC column t o t h e ICP-MS t o r c h : 

1. The f i n a l i n t e r f a c e d e s i g n (Mark I I I t r a n s f e r l i n e ) 
e n s u r e d 100% t r a n s p o r t e f f i c i e n c y (no l o s s o f 
a n a l y t e ) , r e d u c e d c h r o m a t o g r a p h i c band b r o a d e n i n g and 
a v o i d i n g unnecessary d i l u t i o n . T h i s t r a n s f e r l i n e was 
o f s i m p l e c o n s t r u c t i o n (making s e r v i c e c o n v e n i e n t ) , 
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was s t r o n g and r o b u s t , i n e x p e n s i v e , l i g h t - w e i g h t , 
o p e r a b l e o v e r a l a r g e t e m p e r a t u r e r a n g e ( a m b i e n t -
SSCC) , was o n - l i n e f o r r e a l t i m e a n a l y s i s and had a 
r e l a t i v e l y s h o r t i n s t a l l a t i o n / d i s a s s e m b l y t i m e 
( a p p r o x i m a t e l y 2 h r s . ) 

2. I n o r d e r t h a t t h e t r a n s f e r l i n e c o u l d as o f s h o r t as 
p o s s i b l e , t h e ICP-MS was m o d i f i e d by r e m o v a l o f a 
p a n e l f r o m t h e hood and t o r c h box t h r o u g h w h i c h t h e 
t r a n s f e r l i n e c o u l d pass. T h i s a l s o made assembly and 
d i a s s e m b l y easy. 

3. The ICP-MS was t u n e d u s i n g a c o n t i n u o u s s i g n a l o f 
me r c u r y ( f r o m a c o l d m e r c u r y vapour g e n e r a t o r , 
g a s / l i q u i d s e p a r a t o r ) and t h e c o n s t a n t a b l a t i o n o f 
n i c k e l f r o m t h e sampler and skimmer-cones. 

4. The column o u t l e t needed t o be p o s i t i o n e d a t t h e t i p 
o f t h e t o r c h i n j e c t o r t o p r e v e n t a b s o r p t i o n o r 
c o n d e n s a t i o n o f t h e a n a l y t e on t h e w a l l s o f t h e 
i n j e c t o r . 

5- U s i n g c o u p l e d GC-GC t h e h i g h t e m p e r a t u r e c a p a b i l i t i e s 
o f t h e Mark I I t r a n s f e r l i n e was d e m o n s t r a t e d by t h e 
e l u t i o n o f r e l a t i v e l y i n v o l a t i l e m e t a l l o p o r p h y r i n s and 
h i g h m o l e c u l a r w e i g h t a l k a n e s (n-Cjo and n-C^) a t 
420**C. However due t o c o n d e n s a t i o n o f t h e s e compounds 
i n t h e l e n g t h o f t h e column c o n t a i n e d w i t h i n t h e t o r c h 
i n j e c t o r HT-GC-ICP-MS was n o t a c h i e v e d . 

6. GC-ICP-MS o f r e l a t i v e l y i n v o l a t i l e m e t a l c h e l a t e s was 
a c c o m p l i s h e d . U s i n g a r e s i s t i v e l y h e a t e d s t a i n l e s s 
s t e e l i n s e r t c o n t a i n e d w i t h i n t h e t o r c h i n j e c t o r , i t 
was p o s s i b l e t o e l u t e n i c k e l d i e t h y l d i t h i o c a r b a m a t e 
w h i c h has a h i g h e r r e t e n t i o n i n d e x ( R I > 3400) t h a n 
many o r g a n o - m e t a l s d e t e r m i n e d by p r e v i o u s methods. 
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F o l l o w i n g t h e s u c c e s s f u l d e v elopment o f t h e c a p i l l a r y GC-
ICP-MS system F i g u r e s o f M e r i t were e s t a b l i s h e d f o r 
a u t h e n t i c s t a n d a r d compounds: 

1.. T e t r a a l k y l e a d compounds: t h e F i g u r e s o f M e r i t f o r 
t e t r a e t h y l l e a d (as Pb) were: LOD = 0.34 pg s"*, RSD = 
2%, r^ = 0.9999 (measured between 2 pg - 10 ng) and 
l i n e a r dynamic range = 5 o r d e r s o f m a g n i t u d e . 

2. Organotin compounds: O r g a n o t i n c h l o r i d e s p e c i e s were 
d e r i v a t i s e d u s i n g G r i g n a r d r e a g e n t t o make t h e i r 
s e p a r a t i o n amenable t o GC, F i v e o r g a n o t i n s p e c i e s were 
t o t a l l y r e s o l v e d i n an a n a l y s i s t i m e o f 12.4 min. 
( u s i n g a 25m column) and peak shape was G a u s s i a n . 
D i e t h y l d i p r o p y l t i n was s e l e c t e d as t h e i n t e r n a l 
s t a n d a r d . The F i g u r e s o f M e r i t f o r t h e s e s p e c i e s 
were: LOD = 2 - 3 pg s' r a n g e (as Sn) , RSD = 5-4 -
11.3%, r^ = 0,999 (measured between 13 pg - 2.5 n g ) . 

3. Organomercury: F i g u r e s o f M e r i t f o r d i e t h y l m e r c u r y 
were: LOD = 1.0 pg s' (as Hg) , RSD = 5% and r^ = 0.995 
(measured between 35 - 279 p g ) . 

4. F e r r o c e n e (LOD = 3.0 pg s' as Fe) and compounds w i t h 
a r e l a t i v e l y h i g h r e t e n t i o n i n d e x ( R I > 3400) were 
e l u t e d and a n a l y s e d ( n i c k e l d i e t h y l d i t h i o c a r b a m a t e , 
LOD = 6.5 pg s*' as N i ) . 

The GC-ICP-MS system was v a l i d a t e d u s i n g " r e a l samples" 
( e . g . s t a n d a r d r e f e r e n c e m a t e r i a l s ) and t h e i r c h e m i c a l 
s p e c i e s d e t e r m i n e d : 

1. The c o n c e n t r a t i o n o f t e t r a e t h y l l e a d i n a s t a n d a r d 
r e f e r e n c e f u e l was d e t e r m i n e d u s i n g e x t e r n a l 
c a l i b r a t i o n and s t a n d a r d a d d i t i o n methods. The 
e x p e r i m e n t a l v a l u e s o b t a i n e d u s i n g b o t h methods were 
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i n agreement w i t h t h e c e r t i f i c a t e v a l u e w i t h i n t h e 
c o n f i d e n c e l i m i t s o f t h e measurement. 

The c o n c e n t r a t i o n o f f i v e t e t r a l k y l l e a d s p e c i e s i n a 
naphtha sample was a l s o d e t e r m i n e d u s i n g t h e e x t e r n a l 
c a l i b r a t i o n method. The e x p e r i m e n t a l v a l u e o b t a i n e d 
f o r t o t a l l e a d was a c c e p t a b l e compared w i t h t h e known 
( t h e o r e t i c a l ) v a l u e . 

Three o r g a n o t i n s p e c i e s were d e t e r m i n e d i n a s p i k e d 
w a t e r sample and two h a r b o u r s e d i m e n t s (a SRM and an 
unknown) u s i n g t h e i n t e r n a l s t a n d a r d method- The 
e x p e r i m e n t a l v a l u e s o b t a i n e d were i n agreement w i t h i n 
t h e c o n f i d e n c e l i m i t s o f t h e measurement. P e r c e n t a g e 
r e c o v e r y f o r t h e SRM s e d i m e n t (PACS-1) was 100%. 

Some ad v a n t a g e s o f c a p i l l a r y GC-ICP-MS were f o u n d t o be: 

1. Good 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 (compared w i t h packed 
column GC) wh i c h i s e s p e c i a l l y i m p o r t a n t f o r t h e 
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 i n complex 
e n v i r o n m e n t a l m a t r i c e s ( e . g . h a r b o u r s e d i m e n t s and 
f u e l s ) . 

2. Compared t o c o n v e n t i o n a l GC-MS, t h e c o u p l e d t e c h n i q u e 
d e v e l o p e d had b e t t e r s e n s i t i v i t y and no r e q u i r e m e n t 
f o r d e l a y e d d a t a a c q u i s i t i o n (due t o t h e e f f e c t s o f 
s o l v e n t s on GC-MS f i l a m e n t s ) t o d e t e c t e a r l y e l u t i n g 
compounds. GC-MS s p e c t r a c o n t a i n e d no m o l e c u l a r i o n s 
and s p e c t r a l i n t e r p r e t a t i o n was complex f o r t h e 
s p e c i e s s t u d i e d . 

3. The a n a l y s i s o f i r o n - c o n t a i n i n g f e r r o c e n e , 
d e m o n s t r a t e d t h e advantage o f u s i n g a " d r y " plasma 
( i e . no '*"Ar"'0^ p o l y a t o m i c i n t e r f e r e n c e ) making 
measurements o f ''̂ Fe p o s s i b l e . 
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w i t h t h e e v e n t u a l o b j e c t i v e o f e x t e n d i n g t h i s c o u p l e d 
t e c h n i q u e t o t h e a n a l y s e s o f m e t a l l o p o r p h y r i n s p e c i e s , a 
HTGC method was d e v e l o p e d : 

1. A HTGC method f o r t h e s e p a r a t i o n o f p o r p h y r i n s was 
s u c c e s s f u l l y e s t a b l i s h e d f o r r a n g e o f m e t a l l o - and 
f r e e base p o r p h y r i n s t a n d a r d s ( a u t h e n t i c a t e d u s i n g UV-
VIS s p e c t r o p h o t o m e t r y ) u s i n g a c o m m e r c i a l l y a v a i l a b l e 
HT c a p i l l a r y column. R e t e n t i o n i n d i c e s ( R I ) r a n g e d 
f r o m 5865-8618. D e t e r m i n a t i o n o f l i m i t s o f d e t e c t i o n 
and r e l a t i v e r e s p o n s e s was u n s u c c e s s f u l . T h i s was 
a t t r i b u t e d t o t h e FID n o t b e i n g s u f f i c i e n t l y c a p a b l e 
o f m a i n t a i n i n g t h e c o n s t a n t t e m p e r a t u r e r e q u i r e d f o r 
HTGC a n a l y s e s . 

2. The HTGC t e c h n i q u e r e s o l v e d e t i o p o r p h y r i n s f r o m C32 
DPEP s t r u c t u r a l t y p e s w h i c h i s an i m p o r t a n t 
r e q u i r e m e n t f o r g e o c h e m i c a l f i n g e r p r i n t i n g and 
m a t u r a t i o n s t u d i e s . A l l o f t h e g e o l o g i c a l l y 
s i g n i f i c a n t m e t a l l o p o r p h y r i n s ( i . e . N i , V=0, FeCl and 
Cu) a l l e l u t e d f r o m t h e column p r o d u c i n g r e a s o n a b l e 
peak shapes. 

3. The HT column degraded r a p i d l y w i t h use, r e s u l t i n g i n 
a d e c r e a s e i n 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 , p o o r peak 
shape and e x c e s s i v e column b l e e d . T h i s was t h o u g h t t o 
be caused by t h e r e a c t i v e n a t u r e o f t h e p o r p h y r i n s 
w i t h t h e s t a t i o n a r y phase. 

4. M e t a l l o p o r p h y r i n s were e x t r a c t e d and i s o l a t e d f r o m 
Green R i v e r Shale and c h a r a c t e r i s e d u s i n g UV-VIS 
s p e c t r o p h o t o m e t r y and ICP-MS. The c o n c e n t r a t i o n s o f 
n i c k e l and v a n a d y l (V=0) p o r p h y r i n s were a p p r o x i m a t e l y 
44.3 and 17.0 /xg g' r e s p e c t i v e l y . The e x p e r i m e n t a l 
V=0/(V=0 + N i ) p o r p h y r i n s r a t i o o f 0.28 and t r a c e 
m e t a l a n a l y s i s o f t h e t o t a l o r g a n i c e x t r a c t (TOE) 
r e v e a l e d h i g h p r o p o r t i o n s o f N i t o V w h i c h i s 
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c o n s i s t a n t w i t h t h e g e o c h e m i c a l i m m a t u r i t y o f t h e 
s h a l e . 

HTGC a n a l y s i s o f Green R i v e r S h a l e and M a r l S l a t e 
showed t h e presence o f m e t a l l o p o r p h y r i n s and t h e 
r e s o l u t i o n o f e t i o p o r p h y r i n s f r o m DPEP s t r u c t u r a l 
t y p e s . These r a t i o s m i g h t be u s e f u l as a n o t h e r 
m a t u r i t y parameter-

5.2 S uggestions f o r F u r t h e r Work 

T h i s work h i g h l i g h t s s e v e r a l i n t e r e s t i n g a r e a s f o r f u r t h e r 
r e s e a r c h : 

1. HTGC-ICP-MS of m e t a l l o p o r p h y r i n s . To p r e v e n t t h e 
c o n d e n s a t i o n o f m e t a l l o p o r p h y r i n s i n t h e c a p i l l a r y 
c o n t a i n e d w i t h i n t h e plasma t o r c h , t h e i n j e c t o r gas 
c o u l d be h e a t e d ( t o 400-450*C) b e f o r e p a s s i n g i n t o t h e 
t o r c h . T h i s would r e q u i r e t h e c o n s t r u c t i o n o f a 
r e l a t i v e l y s i m p l e p r e h e a t e r whereby t h e a r g o n gas 
c o u l d pass t h r o u g h a s i l i c a t u b e wound w i t h n i c h r o m e 
w i r e and r e s i s t i v e l y heated'. 

A f t e r o b t a i n i n g F i g u r e s o f M e r i t f o r m e t a l l o p o r p h y r i n 
s t a n d a r d s , t h e method c o u l d be a p p l i e d t o t h e a n a l y s i s 
o f g e o l o g i c a l m a t e r i a l s such as o i l - s o u r c e r o c k 
c o r r e l a t i o n s ( i . e . o i l e x p l o r a t i o n ) , p o l l u t i o n s t u d i e s 
o f w e a t h e r e d / degraded o i l s ( e . g . t a r b a l l s ) and c o r e 
m a t u r i t y sequences. U s i n g t h e s e n s i t i v i t y and 
s e l e c t i v i t y o f HTGC-ICP-MS i t s h o u l d be p o s s i b l e t o 
c o n f i r m t h e e x i s t a n c e o f a number o f o t h e r 
m e t a l l o p o r p h y r i n s ( e . g . t i t a n y l p o r p h y r i n s ) . 

* Footnote: Subsequent t o c o m p l e t i o n o f t h e e x p e r i m e n t a l 
work d e s c r i b e d h e r e i n t h i s m o d i f i c a t i o n was made by a s u c e s s o r 
i n t h e s e l a b o r a t o r i e s and a v a r i e t y o f m e t a l l o p o r p h y r i n s 
s u c c e s s f u l l y d e t e r m i n e d [ 2 5 2 ] . 
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The use o f c o u p l e d HTGC-ICP-MS w i t h c o n s e q u e n t e l e m e n t 
s e l e c t i v e d e t e c t i o n w i l l p r o v i d e s p e c i a t i o n 
i n f o r m a t i o n n e c e s s a r y f o r t h e r a p i d f i n g e r p r i n t i n g o f 
m e t a l l o p o r p h y r i n s . 

To o b t a i n q u a n t i t a t i v e i n f o r m a t i o n an i n t e r n a l 
s t a n d a r d c o u l d be used ( e . g . Pd e t i o - I p o r p h y r i n , 
w h i c h i s n o t n a t u r a l l y o c c u r i n g and s h o u l d e x h i b i t 
s i m i l a r c h r o m a t o g r a p h i c b e h a v i o u r t o t h a t o f N i e t i o - I 
p o r p h y r i n ) . I t i s a d v i s a b l e t h a t t h e r e s u l t s o b t a i n e d 
s h o u l d be compared t o t h o s e f r o m a comp l e m e n t a r y 
a n a l y t i c a l t e c h n i q u e ( e . g . HPLC-ICP-MS, HPLC-MS-MS o r 
HTGC-MS-MS). 

A t p r e s e n t no SRM c o n t a i n g c e r t i f i e d m e t a l l o p o r p h y r i n 
s p e c i e s e x i s t s . A l o n g t e r m o b j e c t i v e c o u l d be t h e 
i n i t i a t i o n o f an i n t e r l a b o r a t o r y c o m p a r i s o n o f an o i l 
o r s h a l e f o r t h i s p u r p o s e . 

M e t a l l o p o r p h y r i n s a r e a l s o i m p o r t a n t i n m e d i c i n e ( e . g . 
h a e m o g l o b i n ) , so some m e d i c a l a p p l i c a t i o n s c o u l d be 
f o u n d . 

Organoraercury S p e c i a t i o n of SRMs. The GC-ICP-MS 
t e c h n i q u e can be used t o s t u d y t h e e n v i r o n m e n t a l f a t e 
o f o r ganomercury. For i n s t a n c e i t i s w e l l known t h a t 
l a r g e q u a n t i t i e s o f o r g a n o m e r c u r y a r e a s s o c i a t e d w i t h 
n a t u r a l gas d e p o s i t s w h i c h when pr o d u c e d e n t e r t h e 
e n v i r o n m e n t [ 2 5 3 ] . An i n i t a l s t e p m i g h t be t o 
d e t e r m i n e m e t h y l m e r c u r y i n m a r i n e b i o l o g i c a l r e f e r e n c e 
m a t e r i a l s such as DORM-1, DOLT-1 ( d o g f i s h ) and TORT-1 
( l o b s t e r ) a v a i l a b l e f r o m t h e National Research Council 

of Canada. These a r e c e r t i f i e d t o c o n t a i n between 
0.080 - 0.731 /xg g' o f mer c u r y . 

I s o t o p e D i l u t i o n S t u d i e s . The i n t e n s i t i e s o f t h e peaks 
t h a t c o n t a i n d i f f e r e n t i s o t o p e s o f a g i v e n e l e m e n t i n 
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a s p e c i f i c compound can be used t o o b t a i n s p e c i a t i o n 
i n f o r m a t i o n , w h i c h a v o i d s t h e need t o use an i n t e r n a l 
s t a n d a r d . 

Organic A r s e n i c S p e c i a t i o n . O r g a n o a r s e n i c s p e c i e s have 
been f o u n d i n p e t r o l e u m and n a t u r a l gas i n l a r g e 
q u a n t i t i e s [ 2 5 4 ] . E n v i r o n m e n t a l a n a l y s i s u s i n g GC-ICP-
MS w o u l d n o t s u f f e r f r o m t h e "^Ar^Cl p o l y a t o m i c 
i n t e r f e r e n c e t h a t some t i m e s make ^*As d e t e r m i n a t i o n s 
d i f f i c u l t . 

Other M e t a l C o n t a i n i n g Compounds. Compounds t o be 
examined by c a p i l l a r y GC-ICP-MS c o u l d i n c l u d e : 
raethylcyclopentadienylmanganese t r i c a r b o n y l (MMT) i n 
g a s o l i n e , o r g a n o t i t a n i u m c a t a l y s t s o f t i t a n i u m b o r i d e 
m o l e c u l a r p r e c u r s o r s , 3 - d i k e t o n a t e s ( e . g . m e t a l l o -
t r i f l u o r o a c e t y l a c e t o n e s ) , n i c k e l o c e n e and t i t a n o c e n e , 
a l l o f w h i c h a r e o f i n d u s t r i a l i m p o r t a n c e . 

177 



REFERENCES 



R E F E R E N C E S 

[ 1 ] B e r n h a r d M., Brinkman F.E. and I r g o l i c K.J., i n 
"The J/nportance of Chemical "Speciation" in 
Environmental Processes", ed. B e r n h a r d M. , 
Brinkman F.E. and S a d l e r P.J., S p r i n g e r - V e r l a g , 
B e r l i n , 1986, p.7. 

[2] Wolf W.R., I r g o l i c K.J., L u d w i c k i R.J., M e h l h o r n 
R.J., M e r t z W. , M i l l s C.F., Oehichen U. , P i s c a t o r 
M., S a d l e r P.J., T h o r n e l e y R.N.F., Weber G., and 
Zeppezauer M. , i n "The Jmpor t a n c e of Chemical 
"Speciation" in Environmental Processes", ed. 
Be r n h a r d M. , Brinkman F.E- and S a d l e r P.J., 
S p r i n g e r - V e r l a g , B e r l i n , 1986, p.17. 

[ 3 ] H e w i t t C.N., i n " O r g a / i o / n e t a i l i c Compounds in the 
Environment", ed. C r a i g P.J., Longman Group L t d . , 
UK, 1986, p.160. 

[ 4 ] G r a n d j e a n P., i n " B i o l o g i c a l Effects of 
Organometal Compounds", ed. G r a n d j e a n P. and 
Grandje a n E.C., CRC P r e s s , I n c . , Boca Raton, 
F l o r i d a , 1984, p.277. 

[ 5 ] Wong P.T.S., S i l v e r b e r g B.A., Chau Y.K. and 
Hodson P.V. , i n " B i o g e o c h e / n i s t r y of Lead", ed. 
N r i a g u J . , E l s e v i e r P r e s s , New Yo r k , 1978, p.279. 

[ 6 ] Muddock B.G. and T a y l o r D., "The a c u t e t o x i c i t y 
and b i o a c c u m u l a t i o n o f some l e a d a l k y l compounds 
i n m a r i n e a n i m a l s " , i n P r o c e e d i n g s of the 
International Experts Discussions on Lead-
Occurrence, Fate and Pollution in the Marine 
Environment, R o v i n j , Y u g o s l a v i a . 

[ 7 ] H a r r i s o n R.M. and Laxen D.P.H., Nature, 1978, 
275, p.738. 

[ 8 ] F r i b e r g L. and V o s t a l J . , " M e r c u r y i n t h e 
Envi r o n m e n t - An Epidemiological and 
Toxicological Appraisal" CRC P r e s s , O h i o , 1972. 

[ 9 ] F u j i k i M. and T a j i n a , Wat. S c i . and Tech., 1992, 
25, p.133. 

[ 1 0 ] S m i th W.E. and S m i t h A.M., " M i r a m a t a " , Pub. 
C h a t t o and Windus L t d . , London, 1975. 

178 



[ 1 1 ] B e r n h a r d M. and George S.G., i n "The Importance 
of Chemical "Speciation" in Environmental 
Processes", ed. B e r n h a r d M. , Brinkman F.E. and 
S a d l e r P.J., S p r i n g e r - V e r l a g , B e r l i n , 1986, 
p.385. 

[ 1 2 ] C r a i g , P.J., i b i d , p.443. 

[ 1 3 ] Branch S., " A r s e n i c Speciation in Food", PhD 
t h e s i s . P o l y t e c h n i c South West, P l y m o u t h , UK, 
1990. 

[ 1 4 ] A l d r i d g e W.N. and Brown A.W., i n "The Biological 
Alkylation of Heavy Elements", ed. C r a i g P.J. and 
G l o c k l i n g P., RSC, London, 1988, p.149, 

[ 1 5 ] Jeene E.A., "Chemical Modelling in Aqueous 
Systems", ACS Symposium S e r i e s , No. 93, ACS, 
Washington, DC, 1979. 

[ 1 6 ] F l o r e n c e T.M., T a l a n t a , 1982, 29, p.345. 

[ 1 7 ] B a t l e y G.E., "Trace Element Speciation: 
Analytical Methods and Problems", CRC P r e s s , 
F l o r i d a , USA, 1989. 

[ 1 8 ] W a i t e T . D . , i b i d , p.117. 

[ 1 9 ] Luorna S.N. and D a v i e s J.A., Marine Chemistry,, 
1983, 12, p.159. 

[ 2 0 ] F l o r e n c e T.M., i n "Trace Element Speciation: 
Analytical Methods and Problems", e d . B a t l e y 
G.E., CRC Press, F l o r i d a , USA, 1989, p.77. 

[ 2 1 ] DeMora S.J. and H a r r i s o n R.M., Wat, Res., 1983, 
17, p.723. 

[ 1 2 ] B a t l e y G.E., i n "Trace Element Speciation: 
Analytical Methods and Problems", ed. B a t l e y 
G.E., CRC Pr e s s , F l o r i d a , USA, 1989, p.44. 

[ 2 3 ] Chau Y.K. and Wong P.T.S., Fresenius J, Anal. 
Chem., 1991, 339, p.640. 

[ 2 4 ] B a r c e l o D., Anal, Chim. Acta., 1992, 263, p . l . 

[ 2 5 ] Koppesaal D.W., A n a l . Chem., 1990, 62, p.303R. 

[ 2 6 ] Ebdon L., Lab, Prac,, 1989, 38, p.15. 

[ 2 7 ] de Mora S.J., H e w i t t C.N. and H a r r i s o n R.M., 
A n a l . P r o c , 1984, 21, p.415 

179 



[ 2 8 ] B a t l e y G.E. and Low G.K.-C, i n " T r a c e Element 
Speciation: Analytical Methods and Problems", ed. 
B a t l e y G.E., CRC Press I n c . , F l o r i d a , USA, 1989, 
p.185. 

[ 2 9 ] Ebdon L., H i l l S. and Ward R.W., Analyst, 1987, 
1X2, p . l . 

[ 3 0 ] Robards K., S t a r r P. and P a t s a l i d e s E., A n a l y s t , 
1991, 116, p.1247. 

[ 3 1 ] Chau Y.K. and Wong P.T.S., i n "T r a c e Element 
Speciation: Analytical Methods and Problems", ed. 
B a t l e y G.E., CRC Press I n c . , F l o r i d a , USA, 1989, 
p.219. 

[ 3 2 ] Uden P.C., Yoo Y., Wang T. and Cheng Z., J. 
Chromatogr,, 1989, 4 68, p.319. 

[ 3 3 ] Ebdon L., H i l l S. and Ward R.W., A n a l y s t , 1986, 
111, p.1113. 

[ 3 4 ] Anderson L.C.D. and B r u l a n d K.W., E n v i r o n . S c i . 
T e c h n o l . , 1991, 25, p.420. 

[ 3 5 ] W i l l a r d H.H., M e r r i t t L.L., Dean J.A. and S e t t l e 
F.A. J r . , i n " I n s t r u m e n t a l Methods o f A n a l y s i s " , 
Wadsworth I n c . , C a l i f o r n i a , USA., 1988, 7 t h ed. , 
Ch. 18, p.540. 

[ 3 6 ] B e r t s c h W., J e n n i n g s W.G. and K a i s e r R.E., 
" K e c e n t A d v a n c e s i n C a p i l l a r y Gas 
Chromatography", Pub. Dr. A l f r e d H i i t h i g V e r l a g , 
H e i d e l b e r g , 1981. 

[ 3 7 ] G a l l a g h e r M.M. and H i l l H.H., HRC, 1990, X3, 
p.694. 

[ 3 8 ] Meek D., "Gas Chromatography - an Essay Review", 
Her M a j e s t y ' s S t a t i o n e r y O f f i c e , London, 1983. 

[ 3 9 ] P e l l i z z a r i E.D., J. Chromatogr,, 1974, 98, p.323. 

[ 4 0 ] D a u g h t r o y R.H., F i t c h e t t A.W. and Massak, P., 
Anai . Chi/n. A c t a . , 1975, 79, p.199. 

[ 4 1 ] U c h i l d a H., S h i m o i s h i Y. and T o e i K, , Environ. 
Sci, T e c h n o l . , 1980, 14, p.541. 

[ 4 2 ] F o r s y t h D.S, and M a r s h a l l W.D., Anal. Chem., 
1983, 55, p.2132 

[ 4 3 ] Berman S.S., S u i K.W.M., Maxwell P.S., Beauchemin 
D. and Clancy V.P., F r e s e n i u s Z. Anal. Chem., 
1989, 333, p.641. 

180 



[ 4 4 ] T o l o s a I . , Bayona J.M., A l b a i g e s J . , A l e n c a s t r o 
L.F. and T a r r a d e l l a s J . , f r e s e n i u s J . A n a l . 
Che/n., 1991, 339, p.646. 

[ 4 5 ] Karasek F.W. and Clement R.E., " B a s i c Gas 
Chromatography-Mass Spectrometry", E l s e v i e r , 
Amsterdam, 2nd ed., 1988-

[ 4 6 ] MeinemaH.A., Burger-Wiersma T. , V e r s l u i s - d e - H a a n 
G- and Gevers E. Ch., E n v i r o n . S c i . Technol. , 
1978, 12, p.288. 

[ 4 7 ] G i l m o u r C.C., T u t t l e J-H. and Means J.C., Anal. 
Chem,, 1986, 58, p.1848. 

[ 4 8 ] Ashby J.R. and C r a i g P.J., Appl. Organometallic 
Chem., 1991, 5, p.173. 

[ 4 9 ] B l a k e l y C.R. and V e s t a l M-L., Anal. Cham., 1966, 
21, p.116. 

[ 5 0 ] Van B e r k e l G.J., McLuckey S.A. and G l i s h G.L., 
Anal. Chem., 1991, 63, p.1098. 

[ 5 1 ] Boreham C.J. and Fookes C.J.R., J. Chromatogr., 
1989, 467, p.195. 

[ 5 2 ] Van Loon J.C., Can. J. Spectroscopy. , 1981, 4, 
p.22A. 

[ 5 3 ] Huang Y., Ou Q. and Yu W. , J. Anal. At. 
Spectrom., 1990, 5, p.115. 

[ 5 4 ] Ebdon L, , "An I n t r o d u c t i o n t o Atomic Absorption 
Spectroscopy", Heyden and Son L t d . , London, 1982. 

[ 5 5 ] Walsh A., Spectroc/ii/n. A c t a . , 1955, 7, p.108. 

[ 5 6 ] H e w i t t C.N., i n "Environmental Analysis using 
Chromatography Interfaced with Atomic 
Spectroscopy". ed. H a r r i s o n R.M- and Rapsomanikis 
S., E l l i s Harwood L t d , ( 1 9 8 9 ) , C h a p t e r 2, p.53. 

[ 5 7 ] Chau Y.K., S c i . Total Environ., 1986, 49, p.305. 

[ 5 8 ] K o l b B-, Kemmner G., S h l e s e r F.H. and W i e d e k i n g 
E., Z. Anal. Che/n. , 1966, 21, p.116. 

[ 5 9 ] Morrow R.W,, Dean J.A., S h u l t s W.D. and G u e r i n 
M.R., J . C/iromatogr- S c i . , 1969, 7, p.572. 

[ 6 0 ] Wolf W.R., A n a i . Chem., 1967, 48, p-1717. 

[ 6 1 ] D i r k x W.M.R., Van Mol W.E., Van C l e u v e s b e r g e n 
R.J-A. and Adams F.C., F r e s . Z. Anal. Che/n. , 
1989, 335, p.769. 

181 



[ 6 2 ] Ebdon L., Ward R.W. and L e a t h a r d D.A., A n a l y s t , 
1982, 107, p.129. 

( 6 3 ] Raposomanikis S. and C r a i g P.J., A n a l . Chim, 
A c t a . , 1991, 248, p.562. 

[ 6 4 ] A s t r u c A., L a v i g n e R. , D e s a u z i e r s V., P i r e l R. 
and A s t r u c M. , A p p I . Organomet. Chem-,1989, 3, 
p.267. 

[ 6 5 ] Chau Y.K., Wong P.T.S., B e n g e r t G.A. and Kramer 
O. , A n a l . Che/n., 1979, 51, p.186. 

[ 6 6 ] Chau Y.K., Wong P.T.S., B e n g e r t G.A. and Dunn 
J.L., A n a l . Che/n., 1984, 56, p . 2 7 1 . 

[ 6 7 ] Chau Y.K., Wong P.T.S. and B e n g e r t G.A., A n a l . 
Che/n. , 1982, 54, p.246. 

[ 6 8 ] F o r s y t h D.S. and M a r s h a l l W.D., A n a l . Che/n., 57, 
p.1299. 

[ 6 9 ] Anderson K. , N i l s s o n C.A. and Nygren O. , Scand. 
J . Work. Environ, H e a l t h , 1984, 10, p . 5 1 . 

[ 7 0 ] Nygren O. , J". A n a l . A t . Spectro/n. , 1987, 2, 
p. 801. 

[ 7 1 ] Nygren O, and N i l s s o n C.A., J. A n a l . A t . 
Spectro/n. , 1987, 2, p. 805. 

[ 7 2 ] Ohta K. , S m i t h B.W. and W i n f o r d n e r J.D., A n a l . 
Che/n. , 1982, 54, p.320. 

[ 7 3 ] Radziuk B., Thomassen Y., Van Loon J.C. and Chau 
Y.K., A n a l . Chi/n. A c t a , , 1979, 105, p.255. 

[ 7 4 ] H e w i t t C.N. and H a r r i s o n R.M., Proc. I n t . Conf. 
Heavy M e t a l s i n t h e E n v i r o n m e n t , A t h e n s , 1985, 
p.171. 

[ 7 5 ] Parsons, M.L., M a j o r S. and F o r e s t e r A.R., A p p l . 
S p e c t r o s c , 1983, 37, p.411. 

[ 7 6 ] Uden P.C., S l a t k a v i t z K-J., Barnes R.M. and 
Deming R.L., A n a l . Chi/n. A c t a . , 1986, 180, p.401. 

[ 7 7 ] Matousek J.P., O r r B.J. and S e l b y M., Prog. 
A n a l y s t . Atom. S p e c t r o s c . , 1984, 7, p.275. 

[ 7 8 ] Hass D.L. and Caruso J.A., A n a l . Che/n., 1984, 56, 
p.2014. 

[ 7 9 ] Carnahan J.W., Am, Lab., 1983, p . 3 1 . 

182 



[ 8 0 ] Beenakker C.I.M., Spectrochim. Acta,, 1977, 32B, 
p.173 . 

[ 8 1 ] Beenakker C.I.M. and Boumans P.W.J.M., 
S p e c t r o c h i m . A c t a , 1978, 33B, p.53. 

[ 8 2 ] Sharp B.L., J o w i t t R., Sparks S.T., T h o r p e A.P. 
and W a l t o n S.J., J, A n a l . A t . Spectro/n. , 1992, 7, 
p.155R. 

[ 8 3 ] B u l s k a E., J". Anal. A t . S p e c t r o m . , 1992, 7, 
p.201. 

[ 8 4 ] Matousek J,P., O r r B.J. and S e l b y M., Prog. Anal. 
A t . S p e c t r o s c , 1984, 7, p. 275. 

[ 8 5 ] Bache C.A. and L i s k D.J., Anal. Chem., 1966, 37, 
p.1756. 

[ 8 6 ] Bache C.A. and L i s k D.J., A n a l . Chem., 1967, 38, 
p.786. 

[ 8 7 ] Maye H.A., Anal. Chem., 1967, 39, p.1441. 

[ 8 8 ] Zeng K. , Q ingyu G. , Guochuen W. and W e i l e Y., 
Spectrochim. Acta, 1985, 40B, p.349. 

[ 8 9 ] S l a t k a v i t z K.J., Uden P.C., Hoey L.D. and Barnes 
R.M., J. Chromatogr., 1984, 302, p.277. 

[ 9 0 ] Hooker D.B. and De Zwaan J . , Anal. Chem., 1989, 
61, p.2207. 

[ 9 1 ] D i n g j a n H.A. and De Jong H.J., Spectrochim. Acta, 
1981, 36B, p.325. 

[ 9 2 ] J e l i n k J.Th. and Venema A., HRC, 1990, 13, p.447. 

[ 9 3 ] M u l l i g a n K.J. , Hahn M.H. Caruso J.A. and F r i c k e 
F.L., A n a l . Chem., 1979, 51, p.1935. 

[ 9 4 ] A l v a r e z B o l a i n e z R.M., D z i e w a t k o s k i M.P. and Boss 
C.B., A n a l . Chem., 1992, 64, p.541. 

[ 9 5 ] McCormack A.J., Tong S.C. and Cooke W-D-, A n a l . 
Chem., 1965, 37, p.1470. 

[ 9 6 ] Backe C.A. and L i s k D.J., A n a l . Chem., 1965, 37, 
p. 1447 . 

[ 9 7 ] Zhang L. , Carnahan J.W. , Winans R.E. and N e i l l 
P.H., A n a l . Chim. Acta, 1990, 223, p.149. 

[ 9 8 ] Olsen K.B., Sktarew D.S. and Evan J.C., 
Spectrochim. Acta, 1985, 40B, p.357. 

183 



[ 9 9 ] Quimby B.D. and S u l l i v a n J . J . , Anai . Che/n. , 1990, 
62, p.1027. 

[ 1 0 0 ] L o b i n s k i R. , D i r k x W.M.R,, Ceulemans and Adams 
F.C., Anal. Chem., 1992, 64, p.159. 

[ 1 0 1 ] L o b i n s k i R. and Adams F.C., Anal. Chim. Acta, 
1992, 262, p,285-

[ 1 0 2 ] R e i s e r G.A. and K a d t k e V., Proc. 14th Int. Symp. 
Capillary Chromatography, B a l t i m o r e , USA, 1992, 
p.688. 

[ 1 0 3 ] Gremm T.J. and Frimmel F.H., Wat. Res., 1992, 26, 
p.1163. 

[ 1 0 4 ] S eeley J.A. and Uden P., Analyst, 1 9 9 1 , 116, 
p.1321. 

[ 1 0 5 ] L e i b r a n d R.J. and Quimby B.D., Hewlett Packard 
IRD Application Note 92-1, 1992. 

[ 1 0 6 ] Quimby B.D., Dryden P.C. and S u l l i v a n J , J , , HRC, 
1991, 14, p.110. 

[ 1 0 7 ] P a t i e n c e R.L., Baxby M., B a r t l e K.D., P e r r y D.L., 
Rees A.G.W. and Rowland S.J., Org. Geochem., 
1992, 18, p.161. 

[ 1 0 8 ] Oguchi R. , S h i m i z u A., Yamashita S., Yamaguchi K. 
and W y l i e P., HRC, 1991, 14, p.412. 

[ 1 0 9 ] W y l i e R.L. and Quimby B.D., HRC, 1989, 12, p.813. 

[ 1 1 0 ] Greenway G.M. and B a r n e t t N.W., J. Anal. At. 
Spectrom., 1989, 4, p.783. 

[ I l l ] Wendt R.H. and F a s s e l V.A., Anal. Chem., 1965, 
37, p.920. 

[ 1 1 2 ] W i l l a r d H.H., M e r r i t t L.L. J r . , Dean J.A. and 
S e t t l e F.A. J r . , ''Instrumental Methods of 
Analysis", 1988, Wadsworth I n c . , CA-, USA, C h . l -
26. 

[ 1 1 3 ] Moore G., " I n t r o d u c t i o n t o I n d u c t i v e l y Coupled 
Plasma Atomic Emission Spectrometry", E l s e v i e r , 
Amsterdam, 1989. 

[1 1 4 ] De W a l l W.A.J., K u i p e r C.C.H.M., Maessen F,J.M.J. 
and Kraak J.C-, J. Chromatogr., 1989, 462, p.115. 

[ 1 1 5 ] F i s h R.H. and Reynolds J.G., Trends in Anal. 
Chem., 1988, 7, p.174. 

184 



[ 1 1 6 ] Ebdon L. and Evans E.H., £:uropean Spectrosc. 
News, 1988, 79, p.9. 

[ 1 1 7 ] H a r r i s o n R.M. and R a p s o r e a n a k i s S., 
"Environmental Analysis using Chromatography 
Interfaced with Atomic Spectroscopy", 1989, E l l i s 
Horwood L t d . , C h i c h e s t e r , UK. 

[1 1 8 ] S u yani H., Creed J . , D a v i d s o n T, and Caruso J . , 
J . Chromatogr. Sci., 1989, 27, p.139. 

[1 1 9 ] Al-Rashdan A., H e i t k e m p e r D. and Caruso J.A., J . 
Chro/natogr. S c i . , 1991, 29, p. 98. 

[1 2 0 ] Cast C.H., Kraak J.C., Poppe H. and Maessen 
F.J.M.J., J . Chromatogr., 1979, 185, p.549-

[1 2 1 ] I r g o l i c K.J. and Brinkman F.E., i n "The 
Importance of Chemical "Speciation" in 
Environmental Processes" ed. B e r n h a r d M. , 
Brinkman F.E. and S a d l e r P.J., 1986, S p r i n g e r -
V e r l a g , B e r l i n / H e i d e l b e r g , German, p.667. 

[1 2 2 ] Windsor D.L. and Denton M.B., J- Chro/natogr-
S c i . , 1979, 17, p.492. 

[1 2 3 ] Brown R.M., Northway S.J. and F r y R-C, Anal, 
Che/n., 1981, 53, p.934. 

[1 2 4 ] D u e b e l b e i s D.O., K a p i l a S,, Yates D.E. and 
Manahan S.E., J . Chromatogr,, 1986, 351, p.465. 

[1 2 5 ] K a t o T., V e h i r o T., Yasuhara A. and M o r i t a M., J. 
Anal, At. Spectrom,, 1992, 7, p.15. 

[12 6 ] Forbes K.A., V e c c h i a r e l l i J.F., Uden P.C, and 
Barnes R.M., A n a l . Chem,, 1990, 62, p-2033-

[1 2 7 ] Ebdon L. and Sparkes S., ICP Information 
Newsletter, 1985, 10, p.797. 

[1 2 8 ] K e l i k e r P.N., ICP Information Newsletter, 1982, 
8, p.167. 

[1 2 9 ] Uden P.C, Barnes R.M. and D i Sanzo F.P., Anal, 
Chem,, 1978, 50, p.852. 

[1 3 0 ] L l o y d R.J., Barnes R.M., Uden P.C. and E l l i o t t 
W.G., Anal, Chem,, 1978, 50, p.2025. 

[1 3 1 ] Panaro K.W., E r i c k s o n D. and K r u l l I . S . , 
Analyst., 1987, 112, p.1097. 

[1 3 2 ] Gray A.L., J . Anal, At, Spectrom,, 1986, 1, 
p.403. 

185 



[ 1 3 3 ] Gray A.L., Spectrochim. Acta, 1985, 40B, p.1525. 

[1 3 4 ] Houk R.S. and Thompson J . J . , " J n d u c t l v e l y C o upled 
Plasma Mass Spectrometry". Mass S p e c t r o m e t r y 
Reviews, ed. Gross H.L., 1988, John W i l e y , New 
York. 

[1 3 5 ] Date A.R. and Gray A.L., " A p p l i c a t i o n s of 
Inductively Coupled Plasma Mass Spectrometry", 
1989, Chapman and H a l l , New York-

[1 3 6 ] J a r v i s K.E., Gray A.L. and Houk R.S., "Handbook 
of Inductively Coupled Plasma Mass Spectrometry", 
1992, Chapman and H a l l , New York. 

[ 1 3 7 ] Meddings B. and Ng R. , i n " A p p l i c a t i o n s of 
Inductively Coupled Plasma Mass Spectrometry", 
ed. Date A.R. and Gray A.L., 1992. Chapman and 
H a l l , New York, Ch.9, p.220. 

[ 1 3 8 ] McLaren J.W., Beauchemin D. and Berman S.S., 
A n a l . Che/n., 1987, 56, p.610. 

[1 3 9 ] McLaren J.W., Sui K.W.M., Lam J.W., W i l l i e S.M., 
M a x w e l l P.S., Palepu A., K o e t h e r M. and Berman 
S.S., F r e s . J. Anal. Che/n., 1990, 337, p.721. 

[1 4 0 ] J a r v i s K.E., Gray A.L., Houk R.S., J a r v i s I . , 
McLaren J.w. and W i l l i a m s J.G,, i n "Handbook of 
Inductively Coupled Plasma Mass Spectrometry", 
ed. J a r v i s K.E., Gray A.L., Houk R.S., J a r v i s I . , 
McLaren J.W. and W i l l i a m s J.G., 1992, Chapman and 
H a l l , New York, Ch.6, p.157. 

[1 4 1 ] Date A.R. and Gray A.L., A n a l y s t , 1981, 106, 
p.1255. 

[14 2 ] Date A.R, and Gray A.L., Dynamic Mass Spectrom,, 
1981, 6, p.252. 

[1 4 3 ] Houk R.S., F a s s e l V.A., F l e s c h G.D-, Svec H. J. , 
Gray A.L. and T a y l o r C.E., Anal Che/n., 1980, 52, 
p.2283, 

[ 1 4 4 ] Houk R.S., F a s s e l V.A. and Svec H.J., Dynamic 
Mass Spectro/n., 1981, 6, p. 234 . 

[14 5 ] Long G.L. and B r e n n e r I . B . , J. Anal, At. 
Spectro/n., 1990, 5, p.495. 

[14 6 ] W i l l i a m s J.G., Gray A.L., Norman P. and Ebdon L. , 
J, Anal. At. Spectro/n., 1987, 2, p.469. 

[ 1 4 7 ] McLeod C.W., J . A n a l . A t . Spectro/n., 1987, 2, 
p.549 . 

186 



[ 1 4 8 ] W i l l i a m s J.G., i n "Handbook of Inductively 
Coupled Plasma Mass Spectrometry", ed. J a r v i s 
K.E., Gray A.L., Houk R.S., J a r v i s I . , McLaren 
J.W. and W i l l i a m s J.G., 1992, Chapman and H a l l , 
New York, Ch. 4., p.119. 

[ 1 4 9 ] Browner R.F. and Sm i t h D.D., TCP Information 
Newsletter, 1984, 10, p.532. 

[ 1 5 0 ] Browner R.F. and Zhu G. , J. Anal. At. Spectrom. , 
1987, 2, p.543. 

[ 1 5 1 ] Date A.R. and Gray A.L., A n a l y s t , 1983, 108, 
p.159. 

[ 1 5 2 ] Park C.J. and H a l l G.E.M., J . A n a l . A t . 
Spectrom., 1987, 2, p.473. 

[ 1 5 3 ] Park C.J. and H a l l G.E.M., J. Anal. At. 
Spectrom., 1987, 3, p.355. 

[ 1 5 4 ] J a r v i s K.E., Gray A.L., Houk R.S., J a r v i s I . , 
McLaren J.W. and W i l l i a m s J.G., "Handbook of 
Inductively Coupled Plasma Mass Spectrometry", 
1992, Chapman and H a l l , New Yor k , Ch.lO, p.290, 

[ 1 5 5 ] Dean J.R., P a r r y H.G.M., Massey R.C. and Ebdon 
L., TCP N e i ^ s i e t t e r , 1990, 15, p.569. 

[ 1 5 6 ] J a r v i s K.E., Gray A.L., Houk, R.S., J a r v i s I . , 
McLaren J.W. and W i l l i a m s J.G., "Handbook of 
Inductively Coupled Plasma Mass Spectrometry", 
1992, Chapman and H a l l , New York, Ch.4, p.98. 

[ 1 5 7 ] Gray A.L., i n "Applications of Inductively 
Coupled Plasma Mass Spectrometry", ed. Date A.R, 
and Gray A.L., 1992, Ch.1, p . l . 

[ 1 5 8 ] Tan S.H. and H o r l i c k G., Appl. Spectrosc., 1986, 
40, p.445. 

[ 1 5 9 ] Gray A.L. and W i l l i a m s J.G., J. Anal. At. 
Spectrom., 1987, 2, p.599. 

[ 1 6 0 ] Kawaguchi H., Tanaka T. and M i z u i k e A-, 
Spectrochim. Acta, 1988, 43B, p.955. 

[ 1 6 1 ] Creed J.T., Mohamed A.M., Davidson T.M., Ataman 
G. and Caruso J.A., J. Anal. At. Spectrom. , 1988, 
3, p.923. 

[ 1 6 2 ] Suyani H., Creed J. and Caruso J . , J. Anal. At. 
Spectrom., 1989, 4, p.771. 

187 



[ 1 6 3 ] O l s o n L.K. and Caruso J.A., J . Anal. At. 
Spectrom., 1992, 7, p.993. 

[1 6 4 ] Van Loon J.C., A l c o c k L.R,, P i n c h i n W.H. and 
French J.B., Spectrosc. Let., 1986, 19, p.1125. 

[ 1 6 5 ] Chong N.S. and Houk R.S., A p p l . Spectrosc, 1987, 
41, p.66. 

[1 6 6 ] Shen W.L., V e l a N.P., Sheppard B.S. and Caruso 
J.A., A n a l . Chem., 1991, 63, p . 1 4 9 1 . 

[1 6 7 ] P e t e r s G.R. and Beauchemin D. , J. Anal. At. 
Spectrom., 1992, 7, p.965. 

[ 1 6 8 ] P e t e r s G.R. and Beauchemin D,, A n a l , Chem., 193, 
65, p.97. 

[169 ] J e n n i n g s W. , i n "Gas Chromatography with Glass 
Capillary Columns", 2 e d i t i o n , 1980, Academic 
P r e s s , London, Ch.8, p.129. 

[17 0 ] Weast R.C., A s t l e M.J. and Beyer W.H., i n "CRC 
Handbook of Chemistry and Physics", 1986, p,F35. 

[1 7 1 ] Sheppard B.S., Shen W.L., D a v i d s o n T.M. and 
Caruso J. A., J. Anal. At. Spectrom. , 1990, 5, 
p.697. 

[1 7 2 ] O l i v a r e s J.A. and Houk R.S., A n a l . Chem., 1985, 
57, p.2674. 

[1 7 3 ] W i l l a r d H.H., M e r r i t t L.L., Dean J.A. and S e t t l e 
F.A., i n " I n s t r u m e n t a l Methods of Analysis", 
1988, 7 t h e d i t i o n , Wadsworth P u b l i s h i n g Company, 
Belmont, C a l i f o r n i a , Ch. 19-

[174 ] Messman J.D. and Rains T.C., A n a l . Chem., 1981, 
53, p.1632. 

[1 7 5 ] P a r r y H.G.M., " I n t r o d u c t i o n of Small Radioactive 
Samples into Plasma Sources", S i x M o n t h l y R e p o r t , 
A p r - S e p t . 1989, P o l y t e c h n i c S o u t h West, Plymouth, 
UK. 

[17 6 ] M o s t a g h i n i J . and Bou l o s M . I . , i n " I n d u c t i v e l y 
C oupled Plasmas i n A n a l y t i c a l S p e c t r o m e t r y " , ed. 
Montaser A. and G o l i g h t l y D., 1992, 2nd e d i t i o n , 
VCH P u b l i s h e r s , Weinheim, Germany, Ch.20, p.949. 

[1 7 7 ] Andreae M.O., i n " O r g a n o m e t a l l i c Compounds in the 
Environment", ed. C r a i g P.J., 1986, Longman Group 
L t d . , Harlow, Essex, UK, Ch.5, p.198. 

188 



[ 1 7 8 ] Waldron H.A. and S t o f e n D. , " S u b c l i n i c a l Lead 
P o i s o n i i i g " , 1974, Academic P r e s s , London, p.224. 

[ 1 7 9 ] C r a i g P.J., E n v i r o n . Tech, Lett., 1980, 1, p.17. 

[1 8 0 ] Radojevuc M. , i n Environmental Analysis using 
Chromatography Interfaced with Atomic 
Spectroscopy", ed. H a r r i s o n R. and Rapsomanakis 
S., 1989, E l l i s and Horwood L t d . , London, Ch.8, 
p.223 . 

[ 1 8 1 ] Evans C.J. and K a r p e l S., "Organotin Compounds in 
Modern Technology", i n J o u r n a l o f O r g a n o m e t a l l i c 
C h e m i s t r y L i b r a r y 16, E l s e v i e r S c i e n c e 
P u b l i s h e r s , Amsterdam, 1985. 

[1 8 2 ] H u g g e t t R.J., Unger M.A., S e l i g m a n P.F. and 
V a l k r i s A.O., £:nviro77. S c i . Techno!., 1992, 26, 
p.232. 

[ 1 8 3 ] Department o f t h e E n v i r o n m e n t . C e n t r a l 
D i r e c t o r a t e o f E n v i r o n m e n t a l P r o t e c t i o n , 
" O r g a n o t i n i n Antifouling Paints, Environmental 
Considerations", 1986, Her M a j e s t y ' s S t a t i o n e r y 
O f f i c e , London, P o l l u t i o n Paper No, 25 ( 1 9 8 6 ) . 

[ 1 8 4 ] C r a i g P.J., " O r g a n o m e t a i i i c Compounds in the 
Environment, Principles and Reactions", Longman 
Group L t d . , England, 1986. 

[1 8 5 ] Donard O.F.X., i n "£:nvironnjentaI Analysis using 
Chromatography Interfaced with Atomic 
Spectroscopy", ed. H a r r i s o n R. and Rapsomanikis 
S., E l l i s and Horwood L t d . , London, 1989, Ch. 8, 
p. 223 . 

[ 1 8 6 ] Shum S.C.K., Neddersen R. and Houk R.S., A n a l y s t , 
1992, 117, p.577. 

[ 1 8 7 ] Rapsomanikis S., i n "£:nvironmenta2 A n a l y s i s using 
Chromatography Interfaced with Atomic 
Spectrometry", ed. H a r r i s o n R. and Rapsomanikis 
S., E l l i s and Horwood L t d . , London, 1989, Ch.8, 
p.223 . 

[ 1 8 8 ] Chau Y.K., i n "The Importance of Chemical 
"Speciation" in Environmental Processes", 
ed.Bernhard M., Brinkman F.E. and S a d l e r P.J. , 
S p r i n g e r - V e r l a g , H e i d e l b e r g , Germany, 1986, 
p.149. 

[ 1 8 9 ] Tsuda T. , N a k a n i s h i H., M o r i t a T. and T a k e b a y a s h i 
J. , J . Assoc. Off. Anal, Chemists, 1986, 69, 
p.981. 

189 



[ 1 9 0 ] M o s h i e r R.W. and S i e v e r s R.E., "Gas 
Chromatography of Metal Chelates", Pergamon 
P r e s s , London, 1965. 

[1 9 1 ] S e l igman P.F., V a l k r i s A.O. and Lee R.F, i n 
"Oceans '86 C o n f e r e n c e P r o c e e d i n g s " , O r g a n o t i n 
Symposium, 1986, 4. 

[ 1 9 2 ] H a r i n o H. , Fukushima M. and Tanaka M. , A n a l . 
Chim. Acta, 1992, 264, p . 9 1 . 

[ 1 9 3 ] F o r s y t h D.S. and C l e r o u x C., T a l a n t a , 1991, 38, 
p.951. 

[ 1 9 4 ] M a g u i r e R.J. and H u n e a u l t H., J . Chro/natogr. , 
1981, 209, p.458. 

[ 1 9 5 ] M u l l e r M . D . , A n a l . Chem., 1987, 59, p.617. 

[ 1 9 6 ] Rubi E., Lorenzo R.A., C a s a i s C., C a r r o A.M. and 
Cela R. , J . Chro/natogr., 1992, 605, p-69. 

[ 1 9 7 ] H i l l S.J., H a r t l e y J . and Ebdon L., J. Anal. At. 
Spectrom., 1992, 7, p.23. 

[1 9 8 ] P e t e r s K.E. and Moldowan J.M., "The Biomarker 
Guide", P r e n t i c e - H a l l I n c . , New J e r s e y , USA, 
1993 . 

[ 1 9 9 ] T r i e b s A., Justus Liebig's Arralen der Chemie, 
1935, 520, p.144. 

[ 2 0 0 ] T r i e b s A., Justus Liebig's Arralen d e r Chemie, 
1935, 517, p.172. 

[ 2 0 1 ] T r i e b s A., J u s t u s Liebig's Arralen der Chemie, 
1934, 510, p.42. 

[2 0 2 ] F i l b y R.H. and B r a n t h a v e r J-F., " M e t a l Complexes 
i n Fossil Fuels", 1987, ACS Symposium S e r i e s , New 
York, USA. 

[ 2 0 3 ] E g l i n t o n G. , Ma x w e l l J.R., Evershed R.P. and 
B a r w i s e A.J.G., Interdiscip. Sci. Rev., 1985, 10, 
p.222. 

[ 2 0 4 ] D o l p h i n D., "The Porphyrins: Volume 1: Structure 
and Synthesis; Part A", 1978, Academic Press 
L t d . , London, UK. 

[2 0 5 ] Branhaver J.F. and F i l b y R.H., Chem. G e o l . , 1991, 
91, p.83. 

190 



[ 2 0 6 ] Baker E.W., Yen T.F., D i c k i e J.P., Rhodes R.E. 
and C l a r k L.F., J, Am. Che/n. Soc. , 1967, 89, 
p. 3631. 

[ 2 0 7 ] Louda J.W. and Baker E.W., Org. Mar. Che/n., 1986, 
p.105. 

[ 2 0 8 ] C h i r c a r e l l i M.I. and M a x w e l l J.R., T e t r a h e d r o n 
L e t . , 1984, 25, p.4701. 

[ 2 0 9 ] Hendry G.A.F., Houghton J.D. and Brown S.B., New 
Phytologist, 1987, 11, p.256. 

[ 2 1 0 ] B a r w i s e A.J.G. and Whitehead E.V., i n "Advances 
i n Organic Geochemistry", 1980, ed. M a x w e l l J,R. 
and Douglas A.G., Permagon P r e s s , O x f o r d , UK., 
p.181. 

[ 2 1 1 ] Bonnet R. and Czechowski F., N a t u r e , 1980, 283, 
p.465. 

[2 1 2 ] Palmer S.E. and Baker E.W., S c i e n c e , 1979, 201, 
p. 49 . 

[ 2 1 3 ] E c k a r d t C.B., W o l f f M. and M a x w e l l J.R., Org. 
Geoche/n. , 1989, 14, p.659. 

[ 2 1 4 ] Bonnet R., Burke P.J. and Reszka A., F u e l , 1987, 
66, p.515. 

[ 2 1 5 ] Bonnet R., Czechowski F. and Hughes P.S., Chem. 
Gaol., 1991, 91, p.193. 

[ 2 1 6 ] B a r w i s e A.J.G., i n "Petroleum Geochemistry and 
Exploration of Europe", ed. Brooks J . , P u b l i s h e d 
f o r t h e G e o l o g i c a l S o c i e t y by B l a c k w e l l 
S c i e n t i f i c P u b l i c a t i o n s , p.309. 

[ 2 1 7 ] B a r w i s e A.J.G. and Park P.J-D., Advances i n Org. 
Geoche/n., 1981, p.668. 

[ 2 1 8 ] Lewan M.D., Geochim. Cosmochim. Acta, 1984, 48, 
p.2231. 

[ 2 1 9 ] Lewan M.D. and Maynard J.B., Geochim. Cosmochim, 
Acta, 1982, 46, p.2547. 

[ 2 2 0 ] Q u i r k e J.M.E., Cuesta L.L., Y o s t R.A., Johnson J . 
and B r i t t o n E.D., Org. Geochem., 1989, 14, p.43. 

[2 2 1 ] Sundararaman P., A n a l . Che/n., 1985, 57, p.2204. 

[ 2 2 2 ] Boreham C.J., Fookes J.R., Popp B.N. and Hayes 
J.M., Geochim. Cosmochim. Acta, 1989, 53, p.2451. 

191 



[ 2 2 3 ] Kaur S., G i l l J.P., Evershed R.P., E g l i n t o n G. 
and M a x w e l l J.R., J . Chromatogr., 1989, 473, 
p.135. 

[2 2 4 ] Lim C.K., Famei L. and P e t e r s T.J., J . 
Chromatogr. Biomed. Applications, 1988, 429, 
p.123 . 

[2 2 5 ] Palmer S.E., Baker E.W,, Charney L.S. and Louda 
J.W. , Geochim. Cosmochim. A c t a , 1982, 46, p. 1233. 

[2 2 6 ] C h i c a r e l l i M .I., W o l f f G.A., M u r r a y M. and 
Ma x w e l l J.R., T e t r a h e d r o n , 1984, 40, p.4033. 

[2 2 7 ] L u k a s i e w i c z R.J. and Webb B.D., 1992 Winter 
Conference on Plasma Spectrochemistry, San Di e g o , 
C a l i f o r n i a , USA, p. 239. 

[2 2 8 ] P r e t o r i u s W., F o u l k e s M. , Ebdon L- and Rowland 
S., HRC, 1993, 16, p.157. 

[2 2 9 ] E g l i n t o n G. , Evershed R.P., G i l l J.P. and H e i n 
C.S., A n a l . P r o c , 1985, 22, p.263 

[2 3 0 ] G i l l J.P., Evershed R.P., C h i c a r e l l i G.A., 
Maxw e l l J.R. and E g l i n t o n G., J. Chromatogr., 
1985, 350, p.37. 

[2 3 1 ] M a r r i o t t P.J. and E g l i n t o n G., J. Chromatogr., 
1982, 249, p.311. 

[ 2 3 2 ] M a r r i o t t P.J., G i l l J.P. and E g l i n t o n G. , J . 
Chromatogr., 1982, 249, p . 2 9 1 . 

[ 2 3 3 ] A l e x a n d e r R., E g l i n t o n G., G i l l J.P. and Volkman 
J.K., HRC and CC, 1980, 3, p . 5 2 1 . 

[ 2 3 4 ] L i p s k y S.R. and D u f f y M.L., HRC and CC, 1986, 9, 
p.376. 

[2 3 5 ] L i p s k y S.R. and D u f f y M.L., HRC and CC, 1986, 9, 
p.725-

[ 2 3 6 ] B a r k e r A.D., Chromatogr. and A n a l y s i s , 1989, p.5. 

[2 3 7 ] B u y t e n J . , Duvekot J . , Peene J . and Mussche P., 
I n t . Chromatogr. Lab., 1990, 2, p.5. 

[2 3 8 ] B e r n g a r d A., Blomberg L., Lymann M. , Claude S. 
and T a b a c c h i R., HRC and CC, 1988, 11, p.881. 

[ 2 3 9 ] Hinshaw J.V. and E t t r e L.S., HRC, 1989, 12, 
p.251. 

[ 2 4 0 ] Blum W. and Damascene L. , HRC and CC, 1987, 10, 
p. 472 . 

192 



[ 2 4 1 ] 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 L t d . , S a l e s 
L i t e r a t u r e , "HT5, a new h i g h t e m p e r a t u r e 
s t a t i o n a r y phase f o r c a p i l l a r y g a s 
cho r m a t o g r a p h y " . 

[ 2 4 2 ] Blum W. and E g l i n t o n G., HRC, 1989, 12, p.290. 

[2 4 3 ] i b i d , p.621. 

[2 4 4 ] Blum W., Ramstein P. and E g l i n t o n G., HRC, 1990, 
13, p.85. 

[2 4 5 ] Evershed R.P. and P r e s c o t t M.C., Biomed. Environ. 
Mass Spectrom., 1989, 18, p.503. 

[ 2 4 6 ] B u r g e r B.V. and P r e t o r i u s P. J . , J . C h r o j n a t o g r . 
S c i . , 1987, 25, p.118. 

[24 7 ] Van Den Dool H. and K r a t z P.D., J, Chromatogr,, 
1963, 11, p.463. 

[2 4 8 ] G i l l J.P., Ph.D. T h e s i s , " A n a l y s i s of alkyl 
porphyrins by gas chromatography-mass 
spectrometry", 1984, U n i v e r s i t y o f B r i s t o l , UK. 

[2 4 9 ] P r e t o r i u s w., P e r s o n a l Communication, 1993, 
U n i v e r s i t y o f P l y m o u t h , P l y m o u t h , Devon, UK. 

[2 5 0 ] Heath D.J., P e r s o n a l Communication, 1993, 
U n i v e r s i t y o f P l y m o u t h , P l y m o u t h , Devon, UK. 

[251 ] C h i c a r e l l i M.I., E c k a r d t C . B . , OwenC.R., M a x w e l l 
J.R., E g l i n t o n G., H u t t o n R.C., Eaton A.N., Org. 
Geochem,, 1990, 15, p.267 

[25 2 ] P r e t o r i u s W.G., Ebdon L. and Rowland S.J., J. 
Chromatogr,, 1993, i n p r e s s 

[2 5 3 ] Jones P., P e r s o n a l Communication, 1993, 
U n i v e r s i t y o f P l y m o u t h , P l y m o u t h , Devon, UK. 

[2 5 4 ] I r g o l i c K.J. and P u r i B.K., i n "Metal Speciation 
in the Environment", ed. Broeka J-A.C, Gucer S. 
and Adams F., Pub. NATO ASI S e r i e s , V o l - G 23, 
S p r i n g e r V e r l a g , B e r l i n , H e i d e l b e r g , p.377 

193 



APPENDICES 



APPENDIX A 

Reagents and Materials Used 

REAGENT SOURCE COMMENTS 
Benzene Rathburn C h e m i c a l s 

L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

HPLC g r a d e 

B e r y l l i u m n i t r a t e 
t e t r a h y d r a t e , 
Be(N03)2.4H20, 
s t a n d a r d s o l u t i o n 

BDH Che m i c a l s Co., 
Poole, D o r s e t , UK 

S p e c t r o s o L g r a d e , 
1000 mg 1'' 

Bromoethane, CjHjBr A l d r i c h C h e m i c a l 
Company L t d . , 
G i l l i n g h a m , 
D o r s e t , UK 

98% p u r i t y 

B u t y l t i n 
t r i c h l o r i d e , 
(C4H9)SnCl3 

A l d r i c h C h e m i c a l 
Company L t d . , 
G i l l i n g h a m , 
D o r s e t , UK 

95% p u r i t y 

Carbon d i s u l p h i d e 
(CSj) 

Rathburn C h e m i c a l s 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

G l a s s d i s t i l l e d grade, 
p u r i f i e d a c c o r d i n g t o ; 
"Vo g e i s ' s Textbook of 
Practical Organic 
Chemistry," ed. F u r n i s s 
B.S. e t a i , 5"* e d i t i o n , 
Longman S c i e n t i f i c & 
T e c h n i c a l , Marlow, UK, 
1989, p.411 

C h l o r o f o r m , CHCI3 Rathburn C h e m i c a l s 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

HPLC g r a d e 

C o b a l t ( I I ) 
c h l o r i d e 
h e x a h y d r a t e , 
C0CI2.6H2O 

BDH Chem i c a l s Co., 
Poole, D o r s e t , UK 

AnalaR g r a d e 

C o b a l t 
d i e t h y l d i t h i o -
c arbamate, 
[ (C2H5)2NCS2]3 CO, 
C o ( D t ) 3 

S y n t h e s i s e d a c c o r d i n g 
t o : S a n d e l l E.B. & 
O n i s h i H. , 
"P/ioto/netric 
Determination of 
Trace metals: General 
Aspects, Part J . " , 4*̂  
ed., John Wiley & 
Sons, 1978 



C o b a l t e t i o - I 
p o r p h y r i n , (Co 
e t i o - I 

S y n t h e s i s e d a c c o r d i n g 
t o : Dolphin D., "The 
Porphyrins: Volume I. 
S t r u c t u r e and 
Synthesis, Part A 
Academic P r e s s I n c . , 
New York, USA, 1978 

C o b a l t n i t r a t e 
h e x a h y d r a t e , 
Co(N03)2. 6H2O, 
s t a n d a r d s o l u t i o n 

BDH Chemicals Co., 
Poo l e , D o r s e t , UK 

SpectrosoL g r a d e , 
1000 mg 1* 

C o t t o n w o o l , 
d e f a t t e d 

H i gh S t r e e t 
Chemist Shop 

S o x h l e t e x t r a c t e d 
f o r 24 h r s w i t h DCM 
& d r i e d a t 40 <»C 
f o r 24 h r s 

D e c a l i n , 
d e c a h y d r o -
n a p h t h a l e n e , C,oH,fi 

BDH Chemicals Co., 
Poo l e , D o r s e t , UK 

AnalaR g r a d e 

Deoxophy1lo-
e r y t h r o e t i o -
p o r p h y r i n , C32, 
DPEP 

Dr. A.G. B a r w i s e , 
BP E x p l o r a t i o n 
Sunbury-on-Thames, 
UK 

D i c h l o r o m e t h a n e 
(CH2CI2) 

R a t h b u r n Chemicals 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

H P L C g r a d e 

D i b u t y I t i n 
d i c h l o r i d e , 
(C4H9)2SnCl2 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
D o r s e t , UK 

9 8 % p u r i t y 

D i e t h y l d i t h i o -
c a r b a m i c a c i d , 
sodium s a l t 
t r i h y d r a t e , 
C2H5CNS2 Na. 3H2O 

BDH Chemicals Co., 
Poo l e , D o r s e t , UK 

AnalaR grade 

D i e t h y l e t h e r , 
(C2H5)20 

R a t h b u r n Chemicals 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

H P L C g r a d e 

D i e t h y I m e r c u r y , 
(C2H5)2Hg 

F l u k a , Chemika-Bio 
Chemika, Bucks, 
S w i t z e r l a n d 

D i p r o p y I t i n 
d i c h l o r i d e , 
(C3H7)2SnCl2 

Dr. S.J. H i l l , 
U n i v e r s i t y o f 
Pl y m o u t h , Devon, 
UK 

E t i o p o r p h y r i n - I Dr. A.G. B a r w i s e , 
BP E x p l o r a t i o n 
Sunbury-on-Thames, 
UK 



E t i o p o r p h y r i n - I I Dr. A.G. B a r w i s e , 
BP E x p l o r a t i o n 
Sunbury-on-Thames, 
UK 

F e r r o c e n e Dr. P. Jones, 
U n i v e r s i t y o f 
P l y m o u t h , P l y m o u t h , 
Devon, UK 

H e l i u m A i r P r o d u c t s P r e m i e r g r a d e 
Hexacontane (C^,22, 
n-C6o) 

F l u k a , Chemi)^a-Bio 
Chemika, Bucks, 
S w i t z e r l a n d 

Hexane (€(^{^4) R a t h b u r n Chemicals 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

HPLC g r a d e 

H y d r o b r o m i c a c i d 
(HBr) 

BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

48% AnalaR g r a d e 

H y d r o c h l o r i c a c i d 
(HCl) 

BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

36% AnalaR g r a d e 

I n d i u m ( I I I ) 
n i t r a t e . I n (NO3) 3, 
ICP/DCP s t a n d a r d 
s p e c t r o m e t r i c 
s o l u t i o n . 

BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

S p e c t r o s o l / g r a d e , 
1000 mg 1' 

Lead n i t r a t e , 
Pb(N03)2, s t a n d a r d 
s o l u t i o n 

BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

SpectrosoL g r a d e , 
1000 mg 1' 

Magnesium n i t r a t e 
h e x a h y d r a t e , 
Mg(N03)2. 6H2O 
s t a n d a r d s o l u t i o n 

BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

Spect2"osoL g r a d e , 
1000 mg 1' 

Magnesium r i b b o n BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

For G r i g n a r d 
r e a g e n t : f r e s h l y 
s c r a p p e d & s t o r e d 
i n d r y d i e t h y l e t h e r 

M e r c u r y ( I I ) 
n i t r a t e 
m onohydrate, 
Hg(N03)2.H20, 
s t a n d a r d s o l u t i o n 

BDH Chemicals Co., 
P o o l e , D o r s e t , UK 

SpectrosoL g r a d e , 
1000 mg 1'' 

M e t h y l m e r c u r y 
c h l o r i d e , CHjHgCl 

Dr. P. Jones, 
U n i v e r s i t y o f 
Pl y m o u t h , P l y m o u t h , 
Devon, UK 



N i c k e l 
d i e t h y l d i t h i o -
carbamate, 
[ (C2H5)2NCS2]2 Ni, 
N i ( D t ) 2 

S y n t h e s i s e d a c c o r d i n g 
t o : S a n d e l l E.B. & 
O n i s h i H., 
"Photometric 
Determination of 
Trace metals: General 
Aspects, Part 2 . " , 4 ^ 
ed., John Wiley & 
Sons, 1978 

N i c k e l e t i o - I 
p o r p h y r i n , (Ni 
e t i o - I 

Dr. A.G. Barwise, 
BP E x p l o r a t i o n 
Sunbury-on-Thames, 
UK 

N i c k e l ( I I ) 
n i t r a t e 
hexahydrate, 
N i ( N 0 3 ) 2 . 6H2O 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

99.999% p u r i t y 

N i c k e l ( I I ) 
n i t r a t e 
hexahydrate, 
Ni (N03 ) 2 . 6H2O, 
s t a n d a r d s o l u t i o n 

BDH Chemicals Co., 
Poole, Dorset, UK 

SpectrosoL grade, 
1000 mg 1'* 

N i t r i c a c i d , HNO3 BDH Chemicals Co., 
Poole, Dorset, UK 

48% AnalaR grade 

2,3,7,8,12,13,17, 
18 - O c t a e t h y l -
21H,23H-porphine 
(OEP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

97% p u r i t y 

2,3,7,8,12,13,17, 
18 -
Oc t a e t h y l p o r p h i n e 
copper ( I I ) , 
(Cu-OEP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

\ , n x 399 nm 

2,3,7,8,12,13,17, 
18 -
Oc t a e t h y l p o r p h i n e 
i r o n ( I I I ) 
c h l o r i d e , 
(FeCl-OEP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

X^^ 382 nm 

2,3,7,8,12,13,17, 
18 -
Oct a e t h y l p o r p h i n e 
n i c k e l ( I I ) , 
(Ni-OEP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

97% p u r i t y , 
s y n t h e t i c , 
\ i u x 382 nm 

2,3,7,8,12,13,17, 
18 -
Oct a e t h y l p o r p h i n e 
z i n c ( I I ) , 
(Zn-OEP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

98% p u r i t y , 
s y n t h e t i c , 
X„„, 4 00 nm 



n-octane, CgH,n Rathburn Chemicals 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

GPR grade 

PACS-1 Standard 
R e f e r e n c e 
M a t e r i a l , harbour 
sediment 

N a t i o n a l R e s e a r c h 
C o u n c i l , Canada 

C e r t i f i e d to 
c o n t a i n (as S n ) , 
monobutyItin (0.28 
/ig g-', ± 0.17) , 
d i b u t y l t i n (1.16 ̂ g 
g'*, ± 0.18) and 
t r i b u t y l t i n (1. 27 
Mg g*, ± 0.22) . 

Pa l l a d i u m ( I I ) 
c h l o r i d e , PdClj 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

99% p u r i t y 

P a l l a d i u m e t i o - I 
p o r p h y r i n , (Pd 
e t i o - I ) 

S y n t h e s i s e d a c c o r d i n g 
t o : Dolphin D., "The 
Porphyrins: Volume J . 
S t r u c t u r e and 
Synthesis, Part A 
Academic P r e s s I n c . , 
New York, USA, 1978 

Pentacontane F l u k a , Chemika-Bio 
Chemika, Bucks, 
S w i t z e r l a n d 

S i l i c a (60-100 
mesh) 

BDH Chemicals Co., 
Poole, Dorset, UK 

S o x h l e t e x t r a c t e d 
f o r 24 h r s w i t h DCM 
& d r i e d a t 130 **C 
f o r 24 h r s , 5% 
d e a c t i v a t e d w i t h 
water 

Sodium s u l p h a t e 
(anhydrous) , Na2S04 

BDH Chemicals Co., 
Poole, Dorset, UK 

AnalaR grade, 
S o x h l e t e x t r a c t e d 
f o r 24 h r s w i t h DCM 
£t d r i e d a t 120 '̂C 
f o r 24 h r s . 

S u l p h u r i c a c i d , 
H2SO4 

BDH Chemicals Co., 
Poole, Dorset, UK 

AnalaR grade, 
c o n c e n t r a t e d 

T e t r a a I k y H e a d s i n 
F u e l , Standard 
Reference M a t e r i a l 
(SRM) 

N a t i o n a l Bureau of 
Standards (Washing 
DC, USA) 

No. 1 6 3 7 a ( I , I I and 
I I I ) , T e t r a e t h y l l e a d 
Motor Mix i n R e f e r e n c e 
F u e l , c e r t i f i e d t o 
c o n t a i n I = 7.7 fjg ml"', 
I I = 12.9 ^g ml'. I I I = 
17.3 pg ml' of t o t a l 
l e a d i n the form of 
t e t r a m e t h y 1 l e a d and 
t e t r a e t h y l l e a d i n 
u n s p e c i f i e d 
p r o p o r t i o n s . The 91-
octane number f u e l i s a 
mixture of 91% 2,2,4-
t r i m e t h y I p e n t a n e and 9% 
n-heptane by volume 



T e t r a a l k y l l e a d s i n 
naphtha 

Dr S J H i l l , 
U n i v e r s i t y of 
Plymouth,Plymouth, 
Devon, UK 

C o n t a i n i n g 4,5 mg 
ml' a s t o t a l Pb 

T e t r a b u t y l t i n , 
(C.H^j^Sn 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

93% p u r i t y 

T e t r a e t h y l l e a d , 
(C2H5),Pb 

Alpha, Johnson 
Matthey, Royston, 
UK 

T e t r a e t h y l t i n , A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

97% p u r i t y 

T e t r a h y d r o f u r a n 
(C^HgO) 

Rathburn Chemicals 
Ltd, , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

HPLC grade 

5,10,15,20-
Tetrapheny1-
21H,23H-porphine, 
(TPP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

99% + p u r i t y , 
:= 415 nm, 

c o n t a i n s 1-3% 
c o r r e s p o d i n g t o 
c h l o r i n 

5,10,15,20-
T e t r a p h e n y l -
porphine copper 
( I I ) , (Cu-TPP) 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

X„,, = 411(536) nm 

T i n ( I I ) c h l o r i d e 
d i h y d r a t e (SnCl2. 
2H2O) 

BDH Chemicals Co., 
Poole, Dorset, UK 

AnalaR grade 

Toluene Rathburn Chemicals 
L t d . , 
P e e b l e s s h i r e , 
S c o t l a n d , UK 

HPLC grade 

T r i b u t y l t i n 
a c e t a t e , 
CH3C02Sn(C4H9)3 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

T r i b u t y l t i n 
c h l o r i d e , 
(C4H9)3SnCl 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

96% p u r i t y 

Tropolone, 2-
hydroxy-2,4,6,-
c y c l o h e p t a t r i e c o n e 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

98% p u r i t y 



Vanadyl e t i o - I 
p o r p h y r i n , (V=0 
e t i o - I ) 

Dr. A.G. Barwise, 
BP E x p l o r a t i o n 
Sunbury-on-Thames, 
UK 

Vanadium ICP/DCP 
standard 
s p e c t r o m e t r i c 
s o l u t i o n 

BDH Chemicals Co., 
Poole, Dorset, UK 

1000 mg 1' 

Water M i l l i Q i n house p r o d u c t i o n 
Z i n c a c e t a t e 
d i h y d r a t e , 
(CH3C02)2Zn,2H20 

A l d r i c h Chemical 
Company L t d . , 
G i l l i n g h a m , 
Dorset, UK 

98% + p u r i t y 

Z i n c e t i o - I 
p o rphyrin, (Zn 
e t i o - I ) 

S y n t h e s i s e d a c c o r d i n g 
t o : Dolphin D., 'The 
Porphyrins: Volume I. 
Structure and 
Synthesis, Part A .", 
Academic P r e s s I n c . , 
New York, USA, 1978 

GC-MS Conditions Used 

Gas Chromatography 

Erba HRGC 5300 Mega S e r i e s 
DB-5 (25m x 0.32mm i . d . 

Instrument: C a r l o 
C a p i l l a r y Column: 
t h i c k n e s s ) . 
Temperature Programme: 40**C to 280*'C 
i s o . a t 280°C) to 300° ( a t lO^C min 
300<»C) . 
C a r r i e r Gas: He ( a t 0.45 Kg/cm^) 
I n j e c t i o n : 0.5^1 on-column (DCM s o l v e n t ) 

( a t lO-'C 
') (5 

X 0-25^m f i l m 

min, 
min 

(5 min. 
i s o . a t 

Mass Spectometrv 

Instrument: K r a t o s (Manchester, UK) MS2 5 
I n t e r f a c e Temperature: 300°C 
F i l a m e n t C u r r e n t : 5.0 mA 
Emi s s i o n C u r r e n t : 700 fiA 
E l e c t r o n Voltage: 40 eV 
Mass Range: 40 - 568 u 
Scan Rate: 1 scan s ' 
Source Temperature: 230**C 
Data A q u i s i t i o n & P r o c e s s i n g : K r a t o s DS55 and DS90 sof t w a r e 
packages. 
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Material for publication as a Communication must be on an urgent matter and be of obvious sdentific 
importance. Rapidity of publication is enhanced if diagrams are omitted, but tables and formulae can be 
included. Conimunications receive priority and are usually published witin 2-3 months of receipt. They are 
intended for brief descriptions of work that has progressed to a stage at which it is likely to be valuable to 
workers faced with similar problems. A fuller paper may be offered subsequently, if justified by later work 

Manuscnpts are usually examined by one referee and inclusion of a Communication is at the Editors 
discretion. 

Construction of a Capillary Gas Chromatography Inductively Coupled 
Plasma Mass Spectrometry Transfer Line and Application of the Technique 
to the Analysis of Alkyllead Species in Fuel 
Alexander W. Kim, Mike E. Fou lkes . L e s Ebdon and S teve J . Hill 
PL4 flA^^"' °' ^f^^ff^onmental Sciences, University of Plymouth. Drake Circus. Plymouth. Devon, UK 

Richard L. Pat ience and Anthony G. B a r w i s e 

Midd^sex%7lW^ ^""^""^ f^esearch Centre. Chertsey Road. Sunbury-on~Thames, 

Steve J . Rowland 
Department of Environmental Sciences. 
PL4 8AA 

University of Plymouth, Drake Circus. Plymouth. Devon. UK 

The interfacing of a capil lary g a s chromatograph with a n inductively c o u p l e d plasn^a m a s s spectrometer i s 
descr ibed . T h e interlacing required only a simple modification to the conventional inductively coupled p l a s m a 
m a s s spectrometry ( I C P - M S ) torch and the construct ion of a heated transfer line. Capi l lary g a s chromatography 
I C P - M S h a s a high chromatographic resolving power , i s sensi t ive and element speci r ic . T h e technique s h o w s 
great potential of becoming a very useful method for the ana lys is of a wide range of volatile organometal l ic 
c o m p o u n d s . A s an example , the quantitative a n a l y s i s of alkyllead compounds in a complex hydrocartran mixture 
(limit o1 detection 0.7 p g 5 - ' a n d <S' /o R S D ) i s reported bui the method i s a l s o appl icable to the ana lys is o l 
relatively involatile organometal i ics. 

K e y w o r d s : Capillary gas chromatography: inductively coupled plasma mass spectrometry: element selective 
detection: coupled gas chromatography: alkyllead determination 

l i is widely recognized that the env i ronmenia l fa ic and 
many o ihcr aspects o f the chemistrv- of trace mcia ls is 
significantly influenced by what has become known as meial 
spec ia i ion . ' Consequent ly a number of analyt ical systems 
have been developed Tor the separation, identiricaiion and 
mcasuremeni of organometall ic species. Mosi methods 
employ either packed co lumn gas chromatography ( G C ) 
or high-performance l iquid chromatography ( H P L C ) 
coupled to an element sc lcc i ive detector ut i l iz ing atomic 
absorption speciromeiry ( A A S ) . direct current plasma 
atomic emission spectrometry ( D C P - A E S ) or inductively 
coupled p lasma atomic emiss ion 5pecirometr>' ( I C P - A E S ) . 
Al l o f these methods have been reviewed in the l i icr-
aturc.^-* 

Although G C methods are useful for the analysis o f 
volatile organomeial l ics, packed co lumn G C often does not 
have sufTicicnt resolving power for adequate characteriza­
tion of complex environmental samples. T h e recent avai l ­
abil i ty of a commercia l capillar)- G C microwave- induced 
p lasma atomic emiss ion specirometcr ( G C - M I P - A E S > 
using s ia ic -o f - ihc -an coupling techniques has resulted in an 
increasing number of studies of elemental speciation in 
such complex samples . ' ' * However . C C - M I P - A E S usually 

requires expensive high-purity reagent gases and solvent 
venting to prevent p lasma instabil i ty and ca rbon accumula ­
tion on the discharge tube." S imi la r problems are en­
countered in G C - f ^ ^ I P - M S where the cones of the mass 
spectrometer may also become b l o c k e d . " F o r laboratories 
where I C P - A E S or I C P mass spectrometery ( I C P - M S ) a rc 
already available, use of capillary- G C and construct ion of a 
simple G C - I C P interface offers an economica l alternative 
to G C - M I P - A E S for trace metal analysis. U n l i k e G C - M I P -
A E S . capillarv- G C - I C P does not require solvent vent ing 
and as I C P - A E S and I C P - M S are also independent ele­
mental analytical methods, the construct ion of an easily 
removable G C - I C P interface means that independent I C P 
and G C operation is still possible. T h i s is an important 
factor in many busy multi-user laboratories. 

In this communica t ion a capi l lary G C - I C P - M S interface 
is descr ibed. T h e interface is itself s imple and robust, and 
has been validated for the analysis of a range of organo-
mcia l l ics . T h e data presented include figures of merit , for 
the analysis of a scr ies o f alkvl lead compounds . Un l ike 
capi l larv ' G C - I C P - A E S ' ^ and packed c o l u m n G C - I C P -
M S . ' " ' capillary- G C - I C P - M S docs not appear to have 
been described previously. 
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K x p c r i m c n l a l 

Capil lary GC 

The insirunicm used was a Car lo Erb:i H R G C 5300 Mega 
Scries (Tisons. Sussex. U K ) , fitted with an aluni inium elad 
high-ienipenmire column with a siloxanc carboranc station­
ary- phase ( S G E . Milton Keynes. U K ) . H T - 5 . 25 m x O . 3 2 
mm i.d. X 0.1 //m film thickness. (However, any conven­
tional fused silica capil lary column would sufTicc for the 
application described here.) The temperature programme 
w a s 4 0 X ( l min isothermal) to 1 8 0 ' C ( 10 min isothermal) 
at a rate of 10 " C m i n " ' . Hel ium was the carrier gas (Air 
Products, Walton-on-Thaines, Surrey, U K ) at a flow rate of 
6 ml m i n - ' . measured at 150 " C . Hel ium was selected 
because it is a conventional G C carrier gas and addition of 
helium to argon during I C P - M S produces a plasma capable 
of ionizing elements with high ionization potentials more 
efficiently than pure argon.'* Sample volumes of 0.5 ;d were 
injected on-column. 

I C P - M S 

The instrument used was a V G PlasmaQuad 2, ( V G 
Elemental. Winsford, Cheshire. U K ) . The operating condi­
tions are given in Table I. Commercia l ly available software 
( V G Elemental) was used for data acquisition and process­
ing. T h e I C P - M S instrument was tuned using a continuous 
signal of cold mercury vapour generated by the reduction of 
a solution of H g ' * (100 //g l~') with tin(ii) chloride 
dihydratc (2% m/v in 2.2% hydrochloric acid). A conven­
tional gas-l iquid separator was used and the mercury 
vapour introduced on-line via the injector gas inlet. 

Cap i l l an G C - M S 

The instrument used was a Kra ios (Manchester, U K ) MS25 
spectrometer and Car lo Erba H R G C 5300 Mega Series 
fitted with a DB-5 fused silica column (25 m x O . 3 2 mm 
i.d.). The temperature programme was that used for 
G C - I C P - M S . The mass spectrometer conditions were: 
emission current 400 / /A , electron voltage 40 eV, mass 
range 50-500 u. 

Reagents 

Mercur>'(ii) nitrate (Merck, Poole. Dorset, U K ) was spec­
troscopic grade, tin(ii) chloride dihydraie and hydrochloric 
acid (Merck) were both analyiical-rcagcni grade. High-
purity hexane (Rathburn Chemica ls , Walkcrburn. Pceble-
shire, U K ) and doubly distilled water were used through­
out. Known concentrations of tetraalkyllcads were obtained 
as National Institute of Standards and Technology ( N I S T , 
Gaithcrsburg. M P , U S A ) Standard Reference Material 
( S R M ) 1637, Tctraelhyl lead Motor Mix in Reference Fuel . 
The reference fuel is certified to contain 12.9 ftg m l " ' of 

Table I I C P - M S operating cond i i ions 

Cool ing (ouier) gas 
Auxiliary' ( intermediate) gas 
Injecior gas 
Forward power 
Reflccied power 
Expansion pressure 
Analyser pressure 
Sampler cone 
Sk immer cone orifice 
Mode 
Dwel l 
Number of channels 

14 I m i n - ' 
0.75 1 m i n -
1.025 I m i n - ' 
1500 W 
< 5 W 
0.36 kPa 
I . 07X IO-» kPa 
Nickel (1.0 m m orifice) 
Nickel (0.8 m m orifice) 
Single ion monl ior ing (208 u) 
I 6 3 8 4 0 ; i s 
4094 

total lead added in il ic lorni o f tcirameihyl lcad ( TM I,) and 
tclraclhylU-ad (11:1,) in unspecified proportions. The 91-
ociane number fuel is a mi.Murc of 9 1 % 2.2.4- i i inieihylpcn-
taiie and 9% heplane hy volume. 

R e s u l t s and D i s c u s s i o n 

Several previous reports have shown the advantages of 
capil lary and packed column G C - I C P - A E S and packed 
co lumn G C - I C P - M S for metal spcciation analysis. How-
ever, to our knowledge none have described capillary 
G C - I C P - M S . T h e literature also gives few details of the 
capil lary coupling transfer lines, or of the plasma torch 
modifications required. By reporting (he latter it is hoped 
that existing I C P - M S users can appreciate the simplicity 
and convenience of the G C - I C P - M S adaptation. 

CoupiinR and Transfer Line 

T h e capillar>- G C was coupled to the I C P - M S system via a 
healed transfer line (E ig . I ) constructed to permit conve­
nient installation and disassembly of the interface. T h e 
central core was made from a lumin ium rod (chosen for its 
high thermal conductivity and light weight) (25.4 mm 
diameter X 6 0 0 mm length) with a longitudinal slot ( I mm) 
through which (he capil lary column passed. Around this 
was wound heating tape (Electrothermal. Southend-on-Sca, 
Essex. U K ) connected to a variable voltage supply and 
sheathed with industrial pipe lagging ( E n c o n , Sal iash, 
Cornwa l l . U K ) . The transfer line was earthed to the torch 
box via a steel screw to prevent ihe possibility of the 
a lumin ium bar acting as an r.f. aerial . The transfer line 
temperature was monitored by four thermocouples ( R S 
Components . Corby , Northamptonshire, U K ) . Precautions 
were taken to minimize the transfer line length and to 
provide uniform heating in order to extend the volatility 
range of orgnnometallics that could be examined by the 
technique. 

Modifications made to the I C P - M S instrumentation to 
min imize the length of the transfer line included replacing a 
panel from the right side of the hood with a detachable plate 
with an 80 m m diameter hole through which the transfer 
line could pass, thus enabling unrestricted access to the 
interface whilst the hood was open. A rectangular section 
( 9 0 X 150 m m ) from the right side o f the torch box and 
nebul izer-spray chamber assembly was removed. Whilst 
the transfer line was in position, access to the vertical torch 
adjustment micrometer was restricted. T h i s was overcome 
by ihe attachment of a steel collar with an allan head nut 

M S Plasma torch Transfer line G C 

1 5 6 8 13 8 v _ ^ . 14 

• 4 • 7 9 10 1 1 1 
2 3 4 

" 1 2 1 : ^ 

F i g . I T rans fe r l ine and modified plasma torch: 1, demountable 
I C P torch; 2. cool gas; 3. auxiliary- gas; 4, injector gas: 5. stainless-
steel lube (1.59 m m o.d. x O . S I m m i.d.); 6 . a l u m i n i u m co l la r (37 .9 
m m o . d . x 2 5 . 4 m m i.d ); 7. graphite tape: 8. thermocouples; 9. 
stainless-steel reducing union (J in to i in); 10, industrial pipe 
lagging; I I . e a n h i n g point; 12. heater leads to variable voltage 
supply; I a l u m i n i u m b a r ( 2 5 . 4 x 6 0 0 m m ) ; and M. capi l lary G C 
c o l u n m 
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T M L M T E L 

T E L 

O M D E L 
1 

T M E L 

T a h l f 2 i - i e u r c s o f mcr i i for T E L by c n p i l t a r > - G C - I C I ' - M S ( i r s i n g 
ten rcpHc j tc in ject ions) 

1 2 3 4 5 6 7 6 9 
Rctoniion Ume/min — 

F I R . 2 G C - I C P - M S ion chromatogram ( ' " P b ) o f naphtha sample 
containing five aikyllcad components: T M L , tc i ramethyl lcad; 
T M E L . t r imcihylc lhy l lcad; D M D E L . d imcthy ld ie lhy l lead: M T E L . 

methyltr icthyllead: and T E L , tc i rac ihyl lcad ( identit ies conf i rmed 
by G C - M S ) 

which allowed adjusimcni via a small hole drilled in ihe top 
of the lorch box. 

Mosi previous reports of G C - I C P - A E S and G C - I C P - M S 
have been restricted to the analysis of fairly volatile meial 
species with typical G C retention times of only 10-15 min. 
Although in this paper a description and figures of merit are 
given only for the use of the existing system for volatile 
alkyllcads, up to tciraethyllead ( T E L ) , the retention index 
window (volatility range) for which the G C - I C P - M S 
method with the short transfer line has been used success­
fully, is in excess of 3400 (C34)." 

Plasma Torch 

A modified demountable torch with a 3 mm I C P injector 
was used (Baumach, Ipswich. U K ) ( F i g . 1). A siainless-stecl 
tube (I mm i .d .x2 mm o.d.) was passed through the 
injector (ending 5 mm before its tip) and held concentri­
cally by a reducing union and graphite tape. T h e column 
emerged 2 mm before the tip of the XCP injector and 
column cflluenl was introduced without splitting. Argon 
injector gas was introduced via a T-shaped side arm, 
providing a sufficient gas flow rate to puncture the plasma. 

The distance of the capillary column from the tip of the 
I C P injector was important. At distances much greater than 
4 0 - 5 0 mm no response to T M L in Ihe reference fuel was 
obtained, possibly due to analyte adsorption onto the silica 
inner injector wall. The alignment of the I C P torch with the 
transfer line was also important; the main requirement 
being a constant positioning (lack of movement) of the 
transfer line. A simple lab-jack support for the line was 
found to provide sufficient stability. 

Alkyllead Analysis 

Analysis of a lO-foId diluted (in hcxane) solution of S R M 
1637 by ion-selective monitoring for lead ( " ' P b ) produced 
a chromalogram comprising two components which were 
identified by capillary G C - M S as TEL (98.5%) and TML 
(1.4%). Injection of a standard dilution series of S R M 1637 
established figures of merit for the system (Tabic 2). The 
method has comparable or better sensitivity to other 
coupled methods for speciaiion of lead and reasonable 
linearity of response (the correlation coefficient of 0.992 
was due to the scatter of calibration points). T h e G C - I C P -
M S method has been used to determine the concentrations 
of various organometallics (containing tin, iron and nickel) 
in a number of matr ices." For example, the excellent G C 

Pury meter 

Detect ion l imit (3o) 
Relat ive s tandard deviat ion 
Corre la t ion coefficient 

Value 

0.7 PB s ~ * (measured at 50 pg) 
4 .7% 
0.9921 (measured up to 0.75 ng) 

resolution of the capil lary co lumn coupled with the sensitiv-
ity o f I C P and the coupled specificity afforded by ion-
scleci ive monitoring easily allowed measurement o f five 
alkyllead components in a naphtha matrix at 20 -200 
//g m l ' ' (F ig . 2). T h e enhanced specificity over G C - f l a m e 
ionization detection is obvious. 

Future monitoring of the widespread occurrence o f 
organomeiall ics containing mercury, lead, t in. nickel and 
vanadium (amongst others) in the environment and in 
petroleum can only benefit from the application of such 
sensitive, high resolution instrumental methods. 

C o n c l u s i o n 

Capi l lary G C has been successfully interfaced with an I C P -
M S instrument and the interface and plasma torch modifica­
tion have been described. T h e resulting instrumentation is a 
new analytical tool which can provide highly specific data on 
trace metal speciai ion over a wide G C volatility range with 
good limits of detection and linearity o f response. T h e 
instrumentation can be devised from existing (l iC and I C P 
instruments with only minor modifications and docs not 
prevent stand-alone operation of either G C {e.g., with flame 
ionization detection) or I C P (e.g., I C P - M S ) . 
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Determination of Organometallic Compounds by Capillary 
Gas Chromatography "Inductively Coupled Plasma Mass 
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E l e m e n t - s e l e c t i v e d e t e c t i o n 
Organot in s p c c i a t i o n 
Organometa l l i c c o m p o u n d s 

S u m m a r y 

T h e separa t ion a n d de tec t ion of volati le organometa t l ic c o m ­
p o u n d s conta in ing tin, i ron, a n d n icke l h a s b e e n a c h i e v e d us ing 
capi l lary G C - i n d u c t i v e l y c o u p l e d p l a s m a - m a s s spoc t romot fv 
(capil lary G C - I C P - M S ) . De tec t ion l imits range t rom 3.0 to 
7.0 p g / s . T h e p r e s e n c e of volati le o rganot in c o m p o u n d s in a 
harbor sed iment h a s b e e n c o n f i m i e d . T h e retent ion r a n g e of the 
organomotat l ic c o m p o u n d s a n a l y z e d by cap i l la ry G C - I C P - M S 
h a s tMcn ex tended c o n s i d e r a b l y t>cyond that p o s s i b l e in ear l ier 
s t u d i e s (retention i n d i c e s u p to 3400). 

1 Introduction 
T I K : td i i i i <ii ' i i i i u u i i i i K i M ' (il tt. ' ict: iii4:i;il:i i s <'i |)iirn<'iiv Inclor 
ui t i lml l ini ) ilicir heluivint i n ii;iUi[:ii s y : ; ! ' ! ' " ? : ''"i<l i l U i e i c l u i c . 
irnpoii.iiit U) ([nvolnp niwilviical ttinlhoUntrKiic:: c . ' i iK ih lu i>l i l i l l n t -
(MiLi;iiiiK| •'tnil ttif*<'i:;niiiifl individu.'il ; ;pei : ios pio:;ciii itt nnvi ion-
in(:iil.-il iiinirit.-cs. Scvc i i i l n K i l h o i l ; ; hove been liUidied. 

O I K ; ; i p p i o ; i c h Iwi:: mvdlvcd t h e coiipl inq of <i;i:i chroii iatogt. iphy 
W i l l i v j i i K i i i : ; c h M T i c n l ;; iM;citi(; d c i n u l o i s 11-8). S u t l i .syfiicmy 
shnu ld . i c i c i i i l y . be abh; l o nioiiitur a w ide lai igo ol c l e m L M i L s 
;;iinuliniieciuslv w i t h a h ic )h def i ico of s e l c c i i v i l y nnd sensi t iv i ty , 
and vviib a w i d e lirinai d y n a m i c l a n g c . G a s c tuomatogiaphy -
i i id i icuvcly c(jii[ilod p lasma - m a s s s p c c i i o m c i i y ( C C - I C P - MS) has 
.•aich aitdhtitos, 

T h ' ! a d v n i i i a ( } c : s u l G C I C I ' - M S include 100 % ltan. ' : |H)[ iutl icicncy. 
l e v / u i isobati ' : itilL'iloiurn.-ir.'i, (jnod p lasma stabi l i ty , and reduced 

s.-iinpl(;[ a n d .skimmci c o n e wear c o m p o i c d wi th H P L C - I C P - M S . 
Capi l ln iy G C - I C P - M S h a s n bighei ch iomaioc j i aph ic tesolvin(j 
p(jwc[ than packed c o l u m n G C - I C P - M S [9. 10|. T h i s is especia l ly 
impotiant lor the s c p a i o l i o n ol the complex mixtures found in 
many environmental s a m p l e s {e .g . water , sed iment , biola) . W c 
have recently descr ibed the deve lopment and use of capi l lary 
G C I C P MS lor the d c t c i m i n a l i o n of organoload s p e c i e s in a 
complex hydrocarbon mixture. Detect ion l imits of 0.7 p g / s were 
achievoti | n | . 

Ttii.<: reiKiit descr ibes the appl icat ion of th is methodology foi the 
a n a l y s i s ol organic tin. i ron, and n icke l s j j e c i e s . including the 
ana lys is ol a mixture of orgaitotin c o m p o u n d s (used commcic ia l l y 
in antifoulintj a g o n L s and h i o c i d c s ) in . ipiked water samples and a 
harbor sed iment . 

2 Experimental 

2.1 Inst rumentat ion 

2, I J G a s Cf irojnatography 

G a s ch ioma iography w a s performed w i t h a Carlo Erba H R G C 
5300 Mega ch iomatograph (K isons . S u s s e x . UK) fitted wi th 25 m 
(oi 5 m) X 0.32 mm i.d. a l u m i n u m - c l a d h igh lemperaiuro co lumns 
coated wi th 0.1 \im f i lms of H T - 5 ( S G E . Milton Keynes . UK) . T h e 
G C operat ing condi t ions a r c l isted in T a b l e 1. Injections (0.5 
were performed o n - c o l u m n and hel ium w a s used a s carrier gas 
(2 m L / m i n at 200 ' C ) . 

Table 1 

G C operat ing cond i t ions : T 1 , initial tempera ture r C J ; T 2 , Hnal t empera tu re P C ] ; R 1 , r a m p rote [VminJ; H I . t ime he ld at T2 [mln] . 

Ai ialyt i : Colunui length | m | 
G C i c m p c r a t u i c program 
T l R l T 2 HI 

(JK.iai iol in t:ririipoun(lN 25 40 10 200 5 
Fi:iriii.-i;ri': 25 GO 10 180 5 
Midi:. 5 50 20 320 10 
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Capi l lary G C - I C P - M S of Organometa l l t c C o m p o u n d s 

2 1.2 i C i ' - M S a n d Opi i /n izat ion 

The ins i tun ien l nsnd w a s a V G P lasma Q u a d 2 ( V G E l e m e n l a l . 
Chc : ;h i i c . UK) opGraicd us ing the condi t ions g iven in T a b i c 2 . 

T h e p lasma to ich |X)sil ion w a s opt imized and ion lens se t t ings 
tuned using a constant s ignal ol ' ^ n and ^ ' A i O p[Oducc<l by a 
cold vapoi m c i c u i y gc i ie ia ior (the leduct ion ol incrcu[y( I I ) w i th 

Tab ic 2 

I C P - M S operat ing c o n d i t i o n s . 

Cool ing gas 15 L /min 
Auxi l iary gas 0.75 Umin 
Injectoi gas 1.12 U m i n 
F o i w n i d [)owei 1500 W 
Ro l lcc icd power < 5 W 
Moilc Single ton monitoi ing 
Dwel l ti inc 327680 ( I S 
No. of channe ls -lOSI 
Data acquis i t ion time 22.1 mill 

tin(M) chloi ide d ihyd ia te us ing a coi ivcnt ionnl ga.s-tiquid separa ­
tor) a s d o s c i i h c d previou-'Jly |11| . T h i s w a s lemoved prioi to 
analy.sis li w a s lound impract ica l to introduce ferrocene as a 
vapour (u.sing a D r c c h s e l bottle assembly ) (or ^ F e opt imizat ion a s 
this c a u s e d ovei londi i ig ol the detector, excas.s ive deposit ion ot 
carbon on tholCP-M.S in ter lace , and prolonged memory ef fects . It 
is noted ihni opi inuini condi t ions (or polyatomic and m o n o a i o m i c 
ions ol equivalent \nnr^. may be d i l lc ient ; these compromise 
condit ions were , however , both easy to obutin and effect ive. 
T h e r e w a s no residual '^"Sn memory c K n c l after the mercury 
generator w a s Uikcri olf-Iint;. T h e s igna l ar is ing from c o n s u i n l 
ablation ol n ickel from the sample and skinunct cones (used lor 
••"Ni optimization) w a s lourid to l>e s u K i c i c i i i . 

2.1.3 Coupl ing 

T h e G C I C P - M S is s h o w n schemat ica l l y in F i g u r e 1 and h a s been 
d c s c i i b c d in detai l e l s e w h e r e j l 11. In biief. the co lumn w a s passed 
through a heated trnrisler l ine to prevent condensat ion of the 
arialyte ( T a b l e 3). Slight modi l icat ion ol the transfer l ine w a s 
required lor ana lys is ol n icke l d iethyld i th iocarbamate (Ntdtz): this 
involved resist ive heat ing ol the s ta in less steel lube ins ide the 
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Figure 1 

Schemat ic diagram of tho coupled copillary C C - I C P - M 5 system. 

T a b i c 3 

T rans fe r l ine t e m p e r a t u r e s f T C l - T C 4 = t h e r m o c o u p l e 
n u m b e r ) . 

A n a l y i e 
Transfer l ine l e m i i c i a t u i e l-CI 
T C I T C 2 T C 3 TC-I 

OigarioLin c o m p o u n d s 205 230 218 
Ke i rocene 100 227 211 
Nidt?. 273 315 337 266 

injector ot the p lasma torch by m e a n s of a var iable high current 
supp ly . T h i s lempeia ture w a s m o n i t o i c d by a thermocouple 
( T C I ) . 

2.2 R e a g e n t s a n d S a m p l e s 

Monobuiy l l in tr ichloride ( S n B u C b ) d ibuty l i in dichloride 
(SnHuaClz). and i i ibu iy l i in chlor ide ( S n B u j C l ) were obtained Irom 
A l d i i c h ( D o i s e i . U K ) . Dipropyltin d i c h l o i i d c (SnPj2Cl2). w a s s u p ­
pl ied by l)t S.J. Hill (Un ive is i iy o l P l y m o u t h . Plymouth. UK) . T h e 
(eirocei ie and Nidi2 were s y n t h e s i z e d i n - h o u s c . the latter using 
t h e method d c s c i i b c d by S a n d e K a n d 0/ir.';/)i 112|. T iopo lonc . 18 % 
h y d i o b i o m i c a c i d , and bromoethano w c i e a lso p u r c h a s e d from 
A l d r i c h . A n h y d r o u s sod ium sut la tc . m a g n e s i u m turnings, con ­
centra ted sulfur ic a c i d , and tin(Il) ch lor ide d i h y d i a i e wore sup­
pl ied by Merck (Poole. U K ) . B e n z e n e , d ich lo iomethane (DCI^ ) , 
d ie thyl ether, hexane . tc i rahydro luran ( T I I F ) . and toluene were 
obui inod horn Rathburn C h e m i c a l s ( W a l k c i b u r n , Scot land) . All 
reagents w e i e ol analyt ica l grade . D is i i l led detonized water w a s 
u.sinl throughout. A harbor sed iment k n o w n to conta in oiganotin 
c o m p o u n d s w a s part ol a cc t l i l i ca t ion program. 

2.2.1 / 'fepaf. 'Jtron of Oiganolin S t a n d a r d s 

SnHuCI;, . SnHu;,Cl2. SnBuaCI . SnPraCI^. a n d l in( IV) (SnCL,) were 
der ivat ized separately wi th e i h y l m a g n c s i u m bromide (2 M in T H F ) 
us ing the method descr ibed by Magur rc and Huncau / i |13| . 
S tandards containing 1 ^ g / m L (as t in. in hcxane ) were stored at 
< 1 " C in d a r k n e s s . 

2.2.2 Water Sampfe 

Dist i l led water (250 mL) conta in ing S n B u C h . SnBu^Clz . SnBuaCI . 
SnPi2Cl2. and S n C U (1 m g / m L . a s tin) w a s ex t rac ted , and the 
ext ract derivot ized with e t h y l m a g n e s i u m bromide (2 M in T H P ) 
|13| . T h e organic extract w a s m a d e up to 50 m L in toluene. 

2 .2.3 Sed iment Sample 

T h e sed iment (2 g) vjas ex t rac ted , and the ex t iac t de i iva l i zed as 
d e s c r i b e d by Mu//er 111|. T h c o r g a n i c ex t rac t w a s made up to 1 m L 
in to luene. 

3 Results and Discussion 

3.1 Organot in C o m p o u n d s 

Dc i iva l i za t ion of the tin ch lor ides p roduced le t rae ihy l i in ( S M K L I ) . 
t r iethylbuiyl t in (SriBuEi^) , d i c i h y l d i b u i y l i i n (SnRu^Kt:,}. tributyl-
e ihy l i in ( S n B u j K i ) . and d ic ihy ld ipropy l i in (Sri l ' i iKiz) T h i s w a s 
c o n l i i m e d by G C M S . Detoci ion l imits (3 o) and retention t imes lor 
all s i i e c i e s a io presented in T a b i c 4 . T h e res|>orine w a s linear u[) 
to 2 5 ng t i n . T h e detect ion limiLs (low p g / s range) a n d linear 
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C a p i l l a r y G C - I C P - M S of O r g a n o m e t a l t i c C o m p o u n d s 

Table 4 

F i g u r e s of merit for capi l lary G C - I C P - M S a n a l y s i s of organot in c o m p o u n d s . 

I'aiariielcr SnKu, SnPi2F:i2 SnBuKtn Si )BuzKl2 S n B u s E t 

Rcicnt io i i l ime |min | A.AO 6.75 6.85 9.20 12.^0 

l)<:t(M:tinn limit (3 n) | p g / s | 5.0 6.5 5.0 3.0 -l.O 

Coi iu la l inn cocf f ic ic iu ogog-i 0.9995 0.9990 0.9997 0.9980 

response (correlation coeff ic ient •= 0.9990) of the coupled s y s t e m 
ai ipeai lo ho acceptab le for o ignnoi in a n a l y s i s . 

3.2 Water S a m p l e 

F igure 2 s h o w s a typical ion chromaiogrnm (m/z 120) lor a 
n u m b e r ol touaalkylt in c o m p o u n d s (corres|>onding to 125 pg 
iiiK.'ciion); the s ignn l - to -backg io imd ratio is high. T h e high 
i : l i r ( in ia i iK | raph ic iL 'soUi t ionof the capi l lary G C - I C P - M S s y s t e m is 
i!liisitai<:<l hy the sopata i ion of SnPi^J'lt;; and SnHuKl:i . Il is unlikely 
thai packed cuUnnri G C I C P - M S would a c h i e v e this. 

^ 8 0 0 
« 
a 

-H- 60OH 

4 0 0 

2 0 0 

B | , C 

S 6 7 8 9 to 11 12 

R e t e n t i o n T i m e ( m i n s . ) 

F i g u f C 2 

" ^ S n ion select ive chromalogram of tolraalkyltin compounds 
obtained from a spiked water sample: A. SnEt4: B, S n P r , E l } ; 
C. S n B u E l , ; D. S n B u , E l , ; E . S n B u j E l . 

3.3 S e d i m e n t S a m p l e 

F i g u r e 3 i l lustrates how the couploti s y s t e m may be wain] lur the 
ana lys is til a rnorf:c:nmpl(;x envircnirnoatal s a m p l o s u c h a s a liaibor 

3 0 0 

Q. 
^ 2 0 0 

c 

I t o o 

2 4 6 8 to 12 t4 16 18 

R e t e n t i o n T i m e (mins.") 

Figure 3 

" °Sn ion selective chromatogrom of tctraoikyltin compounds from 
a harbor sediment: A. SnEt^; B, S n B u E t , ; C, S n B u j E t , ; D, S n B u j E t . 

s e d i m e n t . B e c a u s e SnPr2El2 is no i p r e s c n i in the env i ronment , it 
would be ideal as a potcntiQl internal s t a n d a r d for u s e in this 
appl icat ion. T h e o iganot in s p e c i e s present in the sed iment w e r e 
identif ied by comi^i r ing the retention t i m e s wi th those of k n o w n 
tcuaa lky l t in c o m p o u n d s . 

3.4 F e r r o c e n e 

T h e do icc t ion limit (3 <i) of ferrocene d i s s o l v e d in h c x a n e w a s 
3.0 | K j / s and the m e a n re ien i ion t ime 7.75 min . F i g u r e 4 
demon.strates one of iho advan tages of u s i n g a "diy" p l a s m a . A n 
al ier i iat ivo method lo obtain a "dry" p l a s m a is to d c s o l v a i o the 
i icbul izci g a s prior to reach ing the p l a s m a |15| . Se lec t ive ion 
monitoring ol '•'•Vq is not usual ly poss ib le us ing H P I , C - I C P - M S 
owing to the ( lolyaionni; i n i c r f c i o n c c of '"'•AiO w h i c h resul ts horn 

t s o H 

>. lOOH 

s o H 

3 4 5 6 
R e t e n t i o n T i m e 

7 8 9 

( m i n s . ) 
Figure 4 

" F c ion select ive chromatogram of ferrocene (no " A r O isobar ic 
interference). 

the o x y g e n cither present in aqueous or o r g a n i c p h a s e s or often 
deli l jcratoly in i roduced into ihe nebul izc i g a s to prevent d o j w s i -
tion ol carbon on i h c c o n e s . 

3.5 N i c k e l D ie thy ld i th iocarbamate 

Resi-siivo heat ing of the s u i i n l c s s s ieol u i b e through w h i c h the 
co lumn |>a.s.';cd enabled a ip i l l a ry G C - I C P - M S lo be ut i l ized for the 
aiialy.sis ol c o m p o u n d s w h i c h have a relat ively Inigc retention 
iriilez (HI). F i g u r e 5 s h o w s an ion chromatogram im//. 58) 
o ina i i icd fur Nidt;. (Ml ° 3'122). o n c e aga in s i g n a l - t o - h a c k g i o u n d 
la i io is a c c o p i a b l e . Nidt;. dissrjlvotl in D C M gave a detect ion limit 
(3 (I) of G.5 p g / s and a m e a n re ien i ion l i m e of lO.'l miii 

4 Conclusion 
Capi l lary G C I C P - M S . d c m o n s i i a t c d h c i e toi im . iron, anil riickol 
spccir^f;. piovidr;s a .MMisi t iv i ; and s e l c d i v i : m e a n s uf dt;ti:ciiii!i 
VMl.iiilf: (ir(|aii(iin':ialli(: t.-oriiponrids. Th is cr)uplf.-<l ttichiiKiiKr pro-
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e 30 

>, 20 

I , 0 

Figuro 5 

10.0 10.5 

Retention Time ( m i n s ! ) 

11.0 

"N i ion selective ctiromatogram of nickel diothylditttiocarbamato 
(Rl - 3422). 

v i d c s valuable informniton on <:han)ii:al spcc ia t ion , of lcts l imi is of 
detect ion in the low IMJ/R T . H K J C . and tjotKJ lineni response . T h e 
utilization ol capi l lary G C g i v e s good c h i o m a i o g i a p h i c resolution 
( c o m i u r c d with packed co lumn G C ) w h i c h is ospocial ly impor inn i 
loi i h c ana lys is ol otgnnonifitalliu compounds in complex environ-
mcrttal rnaiiicofi. T h e ndvaningo ol using a "diy" p lasma (reduced 
polyatomic i n l c i f c r c i i c c s ) and a n a l y s e s of compounds wi th i c l a -
t ivcly high Rl values (>:i'100) have l>cen dcmons i ro iod . 
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