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SAMPLE INTRODUCTION AND INSTRUMENTATION IN PLASMA 
SPECTROMETRY 

ABSTRACT 
James H.D. H a r t l e y 

Plasma spectrometry i s now a w i d e l y accepted technique f o r 
the d e t e r m i n a t i o n of the e l e m e n t a l c o m p o s i t i o n of a wide 
range of sample t y p e s . The s u c c e s s f u l i n t r o d u c t i o n of 
v o l a t i l e o r g a n i c s o l v e n t s has however been l i m i t e d , d u e to 
th e r e s u l t i n g h i g h s o l v e n t l o a d i n g o f t h e p l a s m a and 
subsequent plasma i n s t a b i l i t y . The d e s i g n , f u n c t i o n and 
a p p l i c a t i o n of a number of nov e l d e s o l v a t i o n systems have 
been i n v e s t i g a t e d i n t h i s s t u d y t o d e c r e a s e t h i s l o a d i n g 
and f a c i l i t a t e o p e r a t i o n w i t h v o l a t i l e o r g a n i c s o l v e n t s . 

A d e s o l v a t i o n system u t i l i s i n g P e l t i e r c o o l e r s to c o o l the 
condenser was designed t o improve t he sample i n t r o d u c t i o n 
of v o l a t i l e o r g a n i c s o l v e n t s , such a s d i e t h y l e t h e r . T h i s 
system was o p t i m i s e d by t h e v a r i a b l e s t e p s i z e d s i m p l e x 
procedure. A s i x f o l d improvement i n the d e t e c t i o n l i m i t s 
f o r elements such a s copper and s i l i c o n was obtained when 
compared w i t h a c o n v e n t i o n a l l y c o o l e d s p r a y chamber. 
F u r t h e r improvements i n t h e d e t e c t i o n l i m i t s were a l s o 
o b t a i n e d by t h e u s e o f n o v e l f l o w i n j e c t i o n 
t e c h n i q u e s , s u c h a s t h e i n t r o d u c t i o n o f a p l u g o f t h e 
v o l a t i l e s o l v e n t i n t o a c a r r i e r stream o f a l e s s v o l a t i l e 
s o l v e n t , o r aqueous medium. The improvements o b t a i n e d 
u s i n g s u c h d e s o l v a t i o n s y s t e m s were p a r t l y due t o t h e 
f a c i l i t y t o i n c r e a s e t h e s a m p l e u p t a k e r a t e s . The 
i n t r o d u c t i o n of a membrane d r y i n g tube between t he s p r a y 
chamber and the plasma t o r c h f u r t h e r e n a b l e d t he sample 
volume t o be i n c r e a s e d and d e t e c t i o n l i m i t s a t sub ng 
ml~^ l e v e l s were o b t a i n e d . The a p p l i c a t i o n o f t h e s e 
t e c h n i q u e s was demonstrated f o r the a n a l y s i s of r e a c t i v e 
o r g a n o m e t a l l i c compounds, s u c h a s t r i m e t h y l g a l l i u m f o r 
t r a c e metal i m p u r i t i e s . 

The e f f e c t of d e s o l v a t i n g s l u r r i e s before e n t r y i n t o the 
plasma n o t o n l y e n a b l e d an i n c r e a s e i n t h e t r a n s p o r t 
e f f i c i e n c y but a l s o t h e a t o m i s a t i o n e f f i c i e n c y . I t was 
found t h a t l a r g e r p a r t i c l e s (up t o S/xm c . f S^m) c o u l d be 
t r a n s p o r t e d to the plasma and subsequently atomised. 

The i n t r o d u c t i o n of dry plasmas a f t e r d e s o l v a t i o n has a 
profound e f f e c t on the plasma. The i o n i s a t i o n temperature 
and c o n s e q u e n t l y t he e l e c t r o n number d e n s i t y , were found 
to be decreased. T h i s was found t o be due to the e f f e c t of 
hydrogen on t h e thermal c o n d u c t i v i t y of t h e plasma. The 
i n t r o d u c t i o n of molecular hydrogen i n t o the n e b u l i s i n g gas 
a t low l e v e l s (1-2% v/v) improved t he thermal c o n d u c t i v i t y 
and t h e r e f o r e i n c r e a s e d t h e i o n i s a t i o n t e m p e r a t u r e . The 
i n t r o d u c t i o n of oxygen c a u s e d a d e c r e a s e i n i o n i s a t i o n 
temperature. The i n t r o d u c t i o n of o r g a n i c samples was found 
t o h a v e a d e t r i m e n t a l e f f e c t on t h e i o n i s a t i o n 
t e m p e r a t u r e , c a u s e d by t h e e f f e c t o f t h e c a r b o n i n t h e 
plasma and t h e oxygen a d d i t i o n r e q u i r e d t o p r e v e n t cone 
b l o c k a g e . D e s o l v a t i o n of o r g a n i c s a m p l e s was found t o 
i n c r e a s e t h e i o n i s a t i o n t e m p e r a t u r e , and p r o v i d e s a 
r e l i a b l e method f o r the r o u t i n e a n a l y s i s of such samples. 

F i n a l l y , the a n a l y s i s of s o l i d samples by l a s e r a b l a t i o n , 
was i n v e s t i g a t e d , p a r t i c u l a r l y f o r the a n a l y s i s o f samples 
w h i c h may be d i f f i c u l t t o d i g e s t u s i n g c o n v e n t i o n a l 
methodology. The c h o i c e of i n t e r n a l s t a n d a r d and whether 
the l a s e r was i n Q-swich or f r e e r u n n i n g mode were shown 
to be the most important parameters. 
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CHAPTER 1 

1.1 G e n e r a l I n t r o d u c t i o n 

The use o f t h e i n d u c t i v e l y c o u p l e d plasma (TCP) as an atom 

c e l l f o r 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 and as an i o n s o u r c e 

f o r mass s p e c t r o m e t r y has f o u n d w i d e a c c e p t a n c e s i n c e i t 

was f i r s t i n t r o d u c e d i n 1964 by G r e e n f i e l d a t a l . (1) i n 

t h e UK and Wendt and F a s s e l (2) i n t h e USA. I t i s now one 

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

wide range o f sample t y p e s . 

The u n i q u e p r o p e r t i e s o f t h e I C P d e r i v e f r o m t h e 

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

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

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

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

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

gas i s p a r t i a l l y i o n i s e d , n o r m a l l y by means o f a s p a r k . 

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

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

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

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

27.12 MHz d e l i v e r i n g a f o r w a r d power o f between 1 - 3 kW. 

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

i n t h e h o r i z o n t a l p l a n e o f t h e c o i l , w h i c h e n a b l e s t h e 

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

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

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



p a r t o f t h e plasma t e m p e r a t u r e s o f between 8000 - 10000 K 

can be o b t a i n e d . 

The g e o m e t r y o f t h e t o r c h . F i g u r e 1 . 1 . 1 , e n a b l e s t h e 

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

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

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

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

e f f e c t i v e t e m p e r a t u r e t o b e t w e e n 6000 - 8000 K. The 

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

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

and i o n i s a t i o n t e m p e r a t u r e h ave d i f f e r e n t v a l u e s . A t 

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

samples become p a r t i a l l y i o n i s e d . F o r 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 t h e e m i s s i o n i s o b s e r v e d j u s t above t h e v e r y 

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

i s o b t a i n e d ( 3 ) . 

Samples a r e n o r m a l l y i n t r o d u c e d i n t o t h e plasma by means 

o f a f i n e a e r o s o l . A l i q u i d s a m p l e i s pumped i n t o a 

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

i s n o r m a l l y employed t o p r e v e n t l a r g e d r o p l e t s e n t e r i n g 

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

i n t r o d u c t i o n methods i n c l u d e ; t h e i n t r o d u c t i o n o f gases by 

h y d r i d e g e n e r a t i o n ( 4 ) , v a p o u r s o f c o m p l e x e s o r d i r e c t 

a n a l y s i s o f t h e gases ( 5 ) ; s o l i d s by d i r e c t i n s e r t i o n ( 6 ) , 

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 ( 7 ) , s l u r r i e s ( 8,9) and l a s e r 

a b l a t i o n ( 1 0 , 1 1 ) . L i q u i d s h a v e a l s o been a n a l y s e d by 

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 ( 1 2 ) . The ICP has a l s o been 
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used as a c h r o m a t o g r a p h i c d e t e c t o r ( 1 3 ) . 

The use o f an ICP has a number o f a d v a n t a g e s o v e r t h e 

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

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

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

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

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

The m a j o r i t y o f I C P ' s a r e u s e d as s o u r c e s f o r 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 . Such a t o m i c e m i s s i o n s p e c t r o m e t e r s 

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

p o l y c h r o m a t o r o r m onochromator. The p o l y c h r o m a t o r s a r e 

e q u i p p e d w i t h an a r r a y o f e x i t s l i t s and p h o t o m u l t i p l i e r 

t u b e s (PMT's) f o r 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 . The 

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

s e q u e n t i a l m u l t i e l e m e n t a n a l y s i s . T h e y b o t h w o r k by 

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

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

appear i n t h e f o c a l p l a n e o f a s p e c t r o s c o p i c s o u r c e as an 

a r r a y o f monochromatic images o f t h e e n t r a n c e s l i t . These 

images a r e c h a r a c t e r i s e d by t h e i r w a v e l e n g t h and c a l l e d 

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

The w a v e l e n g t h o f a l i n e i s r e l a t e d t o t h e e n e r g i e s (Ep 

and E g ) , o f t h e a t o m i c l e v e l s ( p , q) b e t w e e n w h i c h t h e 

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

^qp 

where c i s t h e speed o f l i g h t 

h i s t h e P l a n c k c o n s t a n t 



y i s t h e w a v e l e n g t h 

V i s t h e f r e q u e n c y . 

I n d u c t i v e l y c o u p l e d plasmas have a l s o been used as an atom 

c e l l f o r a t o m i c f l u o r e s c e n c e s p e c t r o m e t r y (AFS) (14) and 

an i o n s o u r c e f o r mass s p e c t r o m e t r y (MS) ( 1 5 ) . 

Date and Gray (16) and Houk e t a l . ( 1 7 ) , w e r e t h e f i r s t 

g r o u p t o e x p l o r e t h e f e a s i b i l i t y o f u s i n g t h e ICP as an 

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

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

i n t o a d i f f e r e n t i a l l y pumped vacuum s y s t e m c o n t a i n i n g an 

e l e c t r o s t a t i c i o n l e n s and i n t o a q u a d r u p o l e mass f i l t e r . 

The m a j o r p r o b l e m a s s o c i a t e d w i t h t h i s t e c h n i q u e i s caused 

by t h e s a m p l i n g p r o b e and t h e method o f i o n e x t r a c t i o n . 

The two i o n e x t r a c t i o n methods i n v e s t i g a t e d were boundary 

l a y e r and c o n t i n u u m . Houk e t a l . . e x t r a c t e d t h e i o n s , n o t 

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

b o u n d a r y l a y e r . The i o n s f r o m t h e b o u n d a r y l a y e r may be 

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

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

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

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

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

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

and r a i s e s i o n e n e r g y , l e a d i n g t o d e g r a d a t i o n i n t h e 

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

t h e most w i d e l y used and i n v o l v e s t h e plasma p l a y i n g upon 

a w a t e r c o o l e d n i c k e l c o r e w i t h a 1 mm d i a m e t e r h o l e a t 



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

t h r o u g h t h i s a p e r t u r e i n t o t h e pumped e x p a n s i o n s t a g e . 

The i o n s a r e d i r e c t e d t h r o u g h a s e c o n d a r y , skimmer, cone 

i n t o t h e mass s p e c t r o m e t e r p r o p e r ( F i g . 1.1 . 2 ) . The mass 

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

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

s e p a r a t e s t h e i o n s a c c o r d i n g t o t h e i r mass t o c h a r g e 

r a t i o s (m/z) o n t o a m u l t i c h a n n e l a n a l y s e r . 
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1.2 A n a l y s i s of o r g a n i c s by ICP-AE8 and ICP-MS 

The m a j o r i t y o f sample t y p e s a n a l y s e d u s i n g e i t h e r an 
ICP-AES o r an ICP-MS, have t r a d i t i o n a l l y been i n t h e f o r m 
o f aqueous s o l u t i o n s . Both t e c h n i q u e s a r e however, b e i n g 
i n c r e a s i n g l y u t i l i s e d f o r t h e d e t e r m i n a t i o n o f t r a c e and 
u l t r a t r a c e l e v e l s o f m e t a l s i n o r g a n i c s o l v e n t s . T h i s i s 
because a l t h o u g h many o r g a n i c s a m p l e s ( e . g . f o o d s and 
a g r o c h e m i c a l s ) can be e i t h e r ashed o r d i g e s t e d p r i o r t o 
d i s s o l u t i o n i n t o an aqueous medium, i n many ca s e s t h e s e 
p r o c e s s e s a r e e i t h e r d i f f i c u l t o r i m p o s s i b l e . The d i r e c t 
i n t r o d u c t i o n o f an o r g a n i c s o l v e n t may be o f p a r t i c u l a r 
i n t e r e s t i n c i r c u m s t a n c e s w h e r e s o l v e n t e x t r a c t i o n has 
been used i n sample p r e p a r a t i o n t o remove an a n a l y t e f r o m 
a c o m p l e x m a t r i x , o r where i t has been u s e d f o r s a m p l e 
p r e c o n c e n t r a t i o n ( 1 8 - 2 1 ) . I n a d d i t i o n , o r g a n i c s o l v e n t s 
a r e o f t e n u s e d i n t h e d e t e r m i n a t i o n o f t r a c e m e t a l s i n 
l u b r i c a t i n g o i l s ( 2 2 - 2 4 ) , c r u d e o i l s ( 2 5 ) ; and i n m e t a l 
s p e c i a t i o n w o r k , where v a r i o u s s o l v e n t s may be u s e d i n 
HPLC ( 2 6 ) , Thus t h e d i r e c t i n t r o d u c t i o n o f a w i d e r a n g e 
o f o r g a n i c s o l v e n t s may be b e n e f i c i a l (26-34) . However, 
t h e s e t e c h n i q u e s as p r e v i o u s l y r e p o r t e d i n t h e l i t e r a t u r e 
a l s o g i v e r i s e t o a number o f o p e r a t i n g d i f f i c u l t i e s w h i c h 
i n c l u d e an i n c r e a s e i n backg r o u n d e m i s s i o n , d e p o s i t i o n o f 
c a r b o n on c o n e s o r t o r c h e s a n d a d e c r e a s e i n p l a s m a 
s t a b i l i t y , p a r t i c u l a r l y f o r t h e more v o l a t i l e s o l v e n t s . 

B o om and Browner (26) a n a l y s e d t h i r t y common s o l v e n t s by 

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

8 



r a t e s . They f o u n d good c o r r e l a t i o n b e t w e e n a s p i r a t i o n 

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

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

m a j o r f a c t o r i n f l u e n c i n g plasma s t a b i l i t y . For s e v e r a l 

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

i n t e n s i t i e s were compared u s i n g b o t h o r g a n i c and aqueous 

s o l u t i o n s . I t was f o u n d t h a t an enhancement f o r copper 

was o b t a i n e d i n many o r g a n i c s o l v e n t s . H o w e v e r , i n 

v o l a t i l e o r g a n i c s chromium and i r o n were s u p p r e s s e d . The 

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

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

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

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

i n c r e a s e t h e f o r w a r d power, and t o p r e v e n t t o r c h damage, 

i n c r e a s e t h e gas f l o w s . For h i g h l y v o l a t i l e s o l v e n t s a 

c o o l e d s p r a y chamber o r condenser were r e q u i r e d t o remove 

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

P r u s z k o w s k a ( 2 7 ) i n v e s t i g a t e d a n u m b e r o f p l a s m a 

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

and i n j e c t o r d i a m e t e r , on t h e b a c k g r o u n d , C l i n e , C2 and 

CN bands and a number o f atom and i o n l i n e s . They f o u n d 

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

i n j e c t o r t u b e , n e b u l i s e r gas f l o w , and s o l v e n t used had 

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

l i n e . The i n j e c t o r t u b e d i a m e t e r depended on t h e s o l v e n t 

u s e d . I f l i n e s w e r e c h o s e n w i t h s i m i l a r e x c i t a t i o n 

p o t e n t i a l s , i t was e a s i e r t o f i n d common p a r a m e t e r s . 

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



low t e m p e r a t u r e s has a l s o been i n v e s t i g a t e d ( 2 8 - 3 0 ) . The 

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

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

maximum t o l e r a b l e a e r o s o l t e m p e r a t u r e and t h e o p t i m u m 

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

t e m p e r a t u r e s d e p e n d i n g on t h e s o l v e n t . For most s o l v e n t s 

t h e optimum s i g n a l t o b a c k g r o u n d r a t i o has been f o u n d t o 

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

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

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

B elow t h i s o p t i m u m p o i n t t h e a n a l y t e t e n d s t o become 

t r a p p e d i n t h e c o n d e n s e r . Maessen e t a l . ( 2 8 - 3 0 ) f o u n d 

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

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

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

t h e r a t e a t w h i c h t h e a n a l y t e was d e l i v e r e d t o t h e plasma. 

T h e r e was a l s o an e f f e c t on e x c i t a t i o n c o n d i t i o n s i n t h e 

plasma as a r e s u l t o f t h e s a t u r a t i o n v a p o u r p r e s s u r e . 

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

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

i n x y l e n e ( 3 1 ) . The r e s u l t s o b t a i n e d showed an i n c r e a s e 

i n n e b u l i s a t i o n e f f i c i e n c y o f g r e a t e r t h a n 20%, b u t w i t h 

o n l y a few e l e m e n t s e x h i b i t i n g an improvement i n d e t e c t i o n 

l i m i t . T h i s was presumed t o be as a r e s u l t o f an i n c r e a s e 

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

be e x p e c t e d t o y i e l d an improvement. 

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

s c a l e pump n o i s e f r o m t h e use o f p e r i s t a l t i c pumps has 

b e e n a d d r e s s e d b y N y g a a r d a n d S o t e r a ( 3 2 ) , T h e y 

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

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

e m i s s i o n p e a k s a n d a s u b s e q u e n t i m p r o v e m e n t i n t h e 

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

However, no d i r e c t l y comparable r e s u l t s f r o m t h e use o f a 

p e r i s t a l t i c pump were p r e s e n t e d . 

Hauser and B l a d e s ( 3 3 ) , a n a l y s e d n o n - m e t a l l i c i n o r g a n i c s 

d i s s o l v e i n x y l e n e u s i n g A b e l i n v e r s i o n i . e . a 

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

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

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

i n t e n s i t y , t o be t r a n s f o r m e d i n t o a s i n g l e p o i n t ( r a d i a l 

v a l u e ) , T h i s i s p o s s i b l e because o f t h e c i r c u l a r symmetry 

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

e m i s s i o n s , caused by t h e o r g a n i c s p e c i e s was r e s t r i c t e d t o 

t h e l o w e r a e r o s o l c h a n n e l . N o n - m e t a l l i c e m i s s i o n was 

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

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

be i n d e p e n d e n t o f t h e compounds s t r u c t u r e a n d no m a t r i x 

e f f e c t s , caused by i n c o m p l e t e a t o m i s a t i o n were o b s e r v e d . 

Xu e t a l . (34) l o o k e d a t t h e CN band e m i s s i o n w h i c h causes 

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

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

o r g a n i c s o l v e n t employed as w e l l as t h e p l a s m a o p e r a t i n g 
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p a r a m e t e r s . The n e b u l i s e r gas f l o w and t h e f o r w a r d power 

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

t h e s p e c t r a l l i e s i n v e s t i g a t e d were enhanced when e t h a n o l 

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

e f f i c i e n c y -

F a s s e l e t a l . (22) a n a l y s e d a number o f d i f f e r e n t wear 

m e t a l s u s i n g a s o l u t i o n o f t h e wear m e t a l s i n 4 - m e t h y l - 2 -

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

e f f e c t on t h e a n a l y t i c a l r e s u l t s . A l e g e s e t a l . ( 2 3 ) , 

used u n d i l u t e d o i l s , and e m p l o y e d a m o d i f i e d B a b i n g t o n 

n e b u l i s e r , e q u i p p e d w i t h a sample h e a t e r - The h e a t i n g o f 

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

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

v a r i a t i o n s i n e m i s s i o n i n t e n s i t y . T h e t y p e o f 

o r g a n o m e t a 1 1 i c s t a n d a r d u s e d i n t h e p r e p a r a t i o n o f 

s t a n d a r d s has a l s o been shown t o be u n i m p o r t a n t , i f t h e 

o b s e r v a t i o n h e i g h t i s c a r e f u l l y chosen. T h i s method a l s o 

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

e r r o r s . 

The i n t r o d u c t i o n o f o r g a n i c s i n t o an ICP-MS has been l e s s 

c o m m o n l y p e r f o r m e d t h a n f o r ICP-AES. H u t t o n ( 3 5 ) , 

overcame t h e p r o b l e m o f c a r b o n d e p o s i t i o n on t h e cones by 

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

g a s . T h i s e n s u r e d t h a t t h e i o n e x t r a c t i o n was as 

e f f i c i e n t f o r o r g a n i c s a m p l e s as i t was f o r a q u e o u s 

samples. He a l s o f o u n d t h a t i t was n e c e s s a r y t o i n c r e a s e 

t h e f o r w a r d power, by a b o u t 500 W when compared w i t h t h e 
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power t y p i c a l l y used f o r aqueous s o l u t i o n , t o s u s t a i n a 

s t a b l e p l a s m a a n d o b t a i n maximum i o n r e s p o n s e . The 

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

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

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

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

l i m i t s were f o u n d t o be comparable t o t h o s e o b t a i n e d u s i n g 

an aqueous s y s t e m and were o n l y l i m i t e d by c o n t a m i n a t i o n 

i n t h e s o l v e n t s used, 

H a u s l e r (36) used a 2% oxygen i n a r g o n m i x t u r e t o d e s t r o y 

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

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

e l e m e n t s ( b e l o w mass 82) i n x y l e n e were d e g r a d e d because 

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

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

o i l p r o d u c e d an average e r r o r o f 18%, a l t h o u g h t h e a u t h o r 

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

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

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

I n f u r t h e r s t u d i e s A l l a i n e t a l . (37) and L o n g r i c h ( 3 8 ) , 

i n t r o d u c e d o r g a n i c s d i s s o l v e d i n w a t e r i n t o an ICP-MS. 

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

enhancements. T h i s was n o t j u s t because o f i m p r o v e m e n t s 

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

t h e CO"*" i o n f r o m t h e m e t a l o x i d e , MO"*", i o n , w h i c h e n a b l e d 

enhancements o f up t o s i x h u n d r e d p e r c e n t (37) f o r t h e 

i n t r o d u c t i o n o f t r a c e m e t a l s i n a g l y c e r o l w a t e r m i x t u r e . 
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For t h e a n a l y s i s o f e t h a n o l i n w a t e r ( 3 8 ) , t h e e f f e c t s o f 

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

d e c r e a s e f r o m 1.3 1 m i n " ^ t o 0.9 1 m i n " ^ r e q u i r e d t o 

e n h a n c e t h e s e n s i t i v i t y . E b d o n e t a 1 . ( 3 9 ) , u s e d a 

v a r i a b l e s t e p s i z e s i m p l e x p r o c e d u r e t o o p t i m i s e a number 

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

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

t h e s o l v e n t by ICP-AES. They f o u n d t h a t t h e r e was no 

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

optimum o p e r a t i n g c o n d i t i o n s . They d i d however make some 

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

v o l a t i l i t y a l o w e r n e b u l i s e r gas f l o w and s p r a y chamber 

t e m p e r a t u r e a r e p r e f e r a b l e ; and t h a t t h e maximum s i g n a l t o 

b a c k g r o u n d r a t i o was o b t a i n e d w i t h l o w e r f o r w a r d powers 

compared w i t h aqueous s o l u t i o n s . The d e t e c t i o n l i m i t s 

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

aqueous s o l u t i o n s . 
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1.2.1 A n a l y s i s of R e a c t i v e S p e c i e s 

A l k y l compounds o f a v a r i e t y o f e l e m e n t s , p r i m a r i l y f r o m 

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

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

c h e m i c a l v a p o u r d e p o s i t i o n (MOCVD) ( 4 0 , 4 1 ) . Many o f 

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

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

p r o d u c i n g a r a n g e o f t o x i c p r o d u c t s ( 4 2 ) . A l t h o u g h t h e 

samples can be s t a b i l i s e d i n o r g a n i c s o l v e n t s , t y p i c a l l y 

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

C o n t a m i n a t i o n o f t h e o r d e r o f 1/ig g"^ can c o m p l e t e l y a l t e r 

t h e p h y s i c a l , c h e m i c a l a nd o p t i c a l p r o p e r t i e s o f t h e 

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

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

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

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

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

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

t h e s a m p l e . B a r n e s e t _ _ a _ l . , ( 4 3 - 4 5 ) a n a l y s e d 

t r i m e t h y l g a l l i u m by two s e p a r a t e methods. I n t h e f i r s t 

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

d e c o m p o s i t i o n i n 0.5M h y d r o c h l o r i c a c i d a t t e m p e r a t u r e s o f 

-78°C, f o l l o w e d by d i r e c t n e b u l i s a t i o n i n t o an 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 e r (ICP-AES). 

I n o r g a n i c compounds i n an aqueous medium w e r e u s e d as 

s t a n d a r d s . The second method i n v o l v e d t h e d i r e c t a n a l y s i s 

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

s i l i c o n and z i n c t o be a n a l y s e d . Barnes e t a l . , (41) a l s o 

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

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

r e a c t i o n so t h e sample was decomposed i n 9 5 % e t h a n o l , 

b e f o r e d i r e c t a n a l y s i s by ICP-AES a g a i n u s i n g i n o r g a n i c 

compounds i n an aqueous medium as s t a n d a r d s . J ones e t 

a l . , (47) used an u n s p e c i f i e d d e c o m p o s i t i o n p r o c e d u r e f o r 

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

t r i m e t h y l a l u m i n i u m and t r i m e t h y l i n d i u m by ICP-AES. D i r e c t 

a n a l y s i s o f e l e c t r o n i c g r a d e gas has been r e p o r t e d u s i n g 

an 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 e r (ICP-MS) 

( 4 8 ) . O t h e r r e p o r t s i n c l u d e t h e d e c o m p o s i t i o n o f 

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

g r a p h i t e f u r n a c e a t o m i c a b s o r p t i o n s p e c t r o m e t r y (49) , 

d i m e t h y l z i n c b y g a s c h r o m a t o g r a p h y ( 5 0 ) a n d 

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

s p e c t r o m e t r y (51) . 

16 



1.3 D e s o l v a t i o n 

The most i m p o r t a n t c omponent a f f e c t i n g t h e a n a l y t i c a l 

p e r f o r m a n c e o f an ICP i s t h e sample i n t r o d u c t i o n s y s t e m , 

t h e n o r m a l method f o r t h e i n t r o d u c t i o n o f l i q u i d samples 

i n v o l v e s t h e c r e a t i o n o f a f i n e a e r o s o l o f t h e sample by a 

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

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

e f f i c i e n c y o f a b o u t 1 - 2 % . The f e a t u r e s r e q u i r e d by a 

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

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

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

r a t e and n e b u l i s e r gas f l o w r a t e and l o a d i n g o f t h e plasma 

w i t h h i g h a e r o s o l c o n t e n t ( 5 2 , 5 3 ) . 

None o f t h e n e b u l i s e r s c u r r e n t l y i n p r o d u c t i o n meet a l l 

^ t h e s e c r i t e r ^ n ' T p a r t i c u l a r l y t h e l a s t f a c t o r i . e . l o a d i n g 

o f t h e plasma w h i c h i s ambiguous. The i n t r o d u c t i o n o f a 

h i g h s ample l o a d i n g i n t o t h e p l a s m a h a s a d e t r i m e n t a l 

e f f e c t on t h e plasma e x c i t a t i o n c o n d i t i o n s and hence t h e 

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

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

e nergy f o r e x c i t a t i o n . An o b v i o u s remedy t o t h i s p r o b l e m 

i s t h e r e m o v a l o f some o r most o f t h e a e r o s o l p r i o r t o i t s 

e n t e r i n g t h e plasma, u s i n g some means o f d e s o l v a t i o n . 

A v a r i e t y o f methods have been used t o c o o l t h e condenser 

p a r t o f t h e d e s o l v a t i o n s y s t e m i n c l u d i n g pumped i c e c o l d 
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w a t e r ( 5 4 , 5 5 ) , pumped c o o l e d e t h y l e n e g l y c o l and w a t e r 

( 5 6 ) , m e m b r a n e g a s - l i q u i d s e p a r a t o r s ( 5 7 - 5 8 ) a n d 

t h e r m o e l e c t r i c d e v i c e s ( 5 9 ) , 

U c h i d a e t a l . ( 5 4 ) , r e p o r t e d i m p r o v e m e n t s i n s e n s i t i v i t y 

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

was o b s e r v e d caused by l a r g e r a e r o s o l s i z e d i s t r i b u t i o n , 

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

t e n . These w o r k e r s f o u n d a p p r o x i m a t e l y 50% o f t h e a n a l y t e 

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

d r o p l e t s w i t h condensed w a t e r . They s u g g e s t e d t h e use o f 

u l t r a s o n i c - n e b u l i s a t i o n o r a l a r g e n e b u l i s a t i o n chamber, 

t o remove t h e l a r g e d r o p l e t s f r o m t h e system-

Tsukahama and K i b u t a ( 5 6 ) , i n v e s t i g a t e d t h e i n f l u e n c e o f 

s o l v e n t l o a d i n g on t h e s i g n a l s o f i o n s , v a r y i n g t h e amount 

o f w a t e r v a p o u r e n t e r i n g t h e plasma by v a r i a t i o n i n t h e 

c o n d e n s e r t e m p e r a t u r e . They f o u n d t h a t t h e f o r m a t i o n o f 

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

d e c r e a s i n g amounts o f w a t e r v a p o u r . A d e c r e a s e o f an 

o r d e r o f m a g n i t u d e was n o t e d when t h e c o n d e n s e r was a t 

O^C, compared w i t h t h o s e o b t a i n e d u s i n g a c o n v e n t i o n a l 

sample i n t r o d u c t i o n s y s t e m . I t was a l s o f o u n d t h a t t h e 

i o n k i n e t i c e n e r g i e s d e c r e a s e d w i t h d e c r e a s i n g w a t e r 

v a p o u r . 

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

d e s o l v a t i o n has been w i d e l y s t u d i e d . Huang e t a l . (60) , 

i n t r o d u c e d r a r e e a r t h e l e m e n t s i n t o a p l a s m a , i n 95% 
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e t h a n o l . U s i n g d e s o l v a t i o n , t h e y f o u n d between a f i v e and 

t e n f o l d improvement i n t h e d e t e c t i o n l i m i t s , caused by a 

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

r e a c h i n g t h e plasma was f o u n d t o depend on t h e e t h a n o l 

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

e t a l • ( 6 1 ) , e m p l o y e d a c r y o g e n i c d e s o l v a t i o n s y s t e m , 

w h i c h c o o l e d t h e condenser down t o -80^0, f o r t h e a n a l y s i s 

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

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

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

o b t a i n e d f o l l o w i n g u l t r a s o n i c n e b u l i s a t i o n o f aqueous 

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

same, r e g a r d l e s s o f t h e s o l v e n t used. The use o f c o o l e d 

m i n i s p r a y chambers and d e s o l v a t i o n has a l s o been compared 

( 6 2 ) , and i n t h i s case t h e a n a l y t i c a l p e r f o r m a n c e o f t h e 

two approaches f o r t h e i n t r o d u c t i o n o f m e t h a n o l was found 

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

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

i n t o a n ICP ( 5 5 ) , f o u n d t h a t u n l i k e a q u e o u s s a m p l e 

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

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

plasma. The d e c r e a s e i n t h e amount o f s o l v e n t e n t e r i n g 

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

o r g a n i c band e m i s s i o n . D e s o l v a t i o n a l s o p r e v e n t s t h e 

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

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

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

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

l o a d i n g . 
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G e r v a i s and S a l i n ( 6 3 ) , d e s o l v a t e d s l u r r i e s p r i o r t o 

a n a l y s i s by ICP-AES. They f o u n d an i n c r e a s e i n s i g n a l 

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

t h e s l u r r i e s t h a n f o r t h e aqueous s t a n d a r d s . T h e r e was 

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

due t o a comparable i n c r e a s e i n n o i s e . 
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1.4 A n a l y s i s of S o l i d Samples 

Most samples a n a l y s e d by ICP, a r e i n l i q u i d f o r m , n o r m a l l y 

i n aqueous s o l u t i o n , w h i c h may be n e b u l i s e d i n t o a f i n e 

a e r o s o l b e f o r e e n t r y i n t o t h e p l a s m a . However, many 

samples a r e n o t s o l u t i o n s b u t s o l i d s , w h i c h may r e q u i r e 

e x t e n s i v e p r e t r e a t m e n t t o b r i n g i n t o s o l u t i o n . T h i s o f t e n 

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

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

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

d i s s o l u t i o n . C o n s e q u e n t l y t h e r e has been much i n t e r e s t i n 

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

A paper by B r o e k a e r t e t a l - (64) has d i s c u s s e d some o f t h e 

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

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

O t h e r t e c h n i q u e s h o w e v e r i n c l u d 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 , l a s e r a b l a t i o n a n d g l o w d i s c h a r g e . 

E l e c t r o e r o s i o n , i s an a r c d i s c h a r g e t e c h n i q u e used w i t h 

c o n d u c t i n g s o l i d s . Good d e t e c t i o n l i m i t s h a v e b e e n 

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

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

s t a n d a r d s , and t h e s m a l l number o f samples w h i c h c an be 

a n a l y s e d by t h i s t e c h n i q u e have l i m i t e d i t s u s e f u l n e s s . 

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

t h e sample i n a cup w h i c h i s i n s e r t e d i n t o t h e base o f t h e 

plasma. N o r m a l l y t h e cups a r e c o n s t r u c t e d o f g r a p h i t e b u t 

f o r e l e m e n t s w h i c h f o r m r e f r a c t o r y c a r b i d e s , molybdenum, 
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t h a l l i u m o r t u n g s t e n cups have been used. T h i s t e c h n i q u e 

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

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

e l e c t r i c a l l y n o n - c o n d u c t i n g powders ( 6 4 ) . 

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 (ETV), e n a b l e s m i c r o - s a m p l e s 

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

s u i t a b l e f o r t r a n s p o r t t o t h e ICP ( 6 5 ) . The t e c h n i q u e , 

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

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

i n an a r g o n f l o w t o t h e p l a s m a . The t e c h n i q u e e n a b l e s 

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

n a t u r e o f t h e s i g n a l may cause p r o b l e m s . T h e r e a r e a l s o 

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

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

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

1.4.1 A n a l y s i s of S l u r r i e s 

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

aqueous o r non-aqueous medium, w h i c h a c t b o t h i n t e r m s o f 

t r a n s p o r t and a t o m i s a t i o n as s i m p l e s o l u t i o n s . Under 

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

s i m p l e aqueous s t a n d a r d s . 

The t e c h n i q u e f o r f i r s t i n v e s t i g a t e d , i n ICP-AES, f o r t h e 

n e b u l i s a t i o n o f a l u m i n a s l u r r i e s ( 1 ) , a l t h o u g h t h i s was a 

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

t e c h n i q u e came i n t h e e a r l y 1 9 8 0 ' s . The a n a l y s i s o f 
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g e o l o g i c a l m a t e r i a l s , was r e p o r t e d by F u l l e r e t a l . (65) , 

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

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

g e l l i n g a g e n t , t o s t a b i l i s e t h e s l u r r y . The r e s u l t s 

showed p o o r r e c o v e r i e s (20 - 5 0 % ) , compared w i t h aqueous 

c a l i b r a t i o n , even when t h e p a r t i c l e s p r o d u c e d were l e s s 

t h a n 6 ^m. The i n f l u e n c e o f t h e g e l l i n g a g e n t s on t h e 

t r a n s p o r t a t i o n and a t o m i s a t i o n was n o t i n v e s t i g a t e d , 

a l t h o u g h t h e use o f m a t r i x matched s t a n d a r d s improved t h e 

r e s u l t ^ f o r a range o f c e r t i f i e d r e f e r e n c e m a t e r i a l s . 

H a l i c k z and B r e n n e r ( 6 6 ) , a n a l y s e d s i l i c a t e r o c k s and 

t h e i r g l a s s e s , and c l a y m i n e r a l s by ICP-AES. They f o u n d 

t h a t f o r t h e s i l i c a t e m a t e r i a l s , t h e p a r t i c l e s i z e s , w h i c h 

w e re d e p e n d e n t on g r i n d i n g t i m e s , w e r e i n a d e q u a t e t o 

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

A n a l y t e s i g n a l i n t e n s i t y r a t i o s d i d n o t r e a c h a maximum as 

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

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

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

e n c o u n t e r e d i n n e b u l i s i n g t h e sample, was a c c e p t a b l e . The 

c l a y m i n e r a l s u s p e n s i o n s appeared t o be s u f f i c i e n t l y s m a l l 

(0.5 - 2 Mm) t o a c h i e v e adequate t r a n s p o r t t o t h e plasma. 

The a n a l y s i s o f k a o l i n has been p e r f o r m e d ( 6 7 , 6 8 ) , and i t 

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

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

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

s i g n i f i c a n t l y ^ f f e c t e d by t h e s p r a y chamber d e s i g n and 
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c r i t i c a l l y e f f e c t e d by t h e i n j e c t o r t u b e d i a m e t e r . The 

optimum i n n e r t u b e d i a m e t e r p r o v e d t o be 4 mm i . d . , w h i c h 

e n a b l e d p a r t i c l e s as l a r g e as 16 m̂ t o r e a c h t h e plasma. 

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

C o n s e q u e n t l y a s i n g l e pass s p r a y chamber and a 3 mm i . d , 

i n j e c t o r t u b e were recommended f o r p r a c t i c a l use. T h i s 

e n a b l e d p a r t i c l e s up t o 8 fxm d i a m e t e r t o be i n t r o d u c e d 

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

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

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

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

p r e v e n t a g g l o m e r a t i o n may a l s o c a u s e p a r t i a l 

p r e c i p i t a t i o n . They must t h e r e f o r e be m a t r i x matched w i t h 

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

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

c o n t e n t s l u r r i e s (> 7-8% m/v). 

The a n a l y s i s o f c o a l s (69, 70,) by s l u r r y a t o m i s a t i o n i n t o 

an ICP-AES p r o v e d p r o b l e m a t i c . The a n a l y t i c a l p e r f o r m a n c e 

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

down t o a s u f f i c i e n t l y s m a l l p a r t i c l e s i z e d i s t r i b u t i o n . 

The u s e o f v a r i a b l e s t e p s i z e s i m p l e x o p t i m i s a t i o n 

i d e n t i f i e d t h e most i m p o r t a n t p a r a m e t e r s f o r a t o m i s a t i o n 

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

c o n c e n t r a t i o n and sample u p t a k e r a t e . 

The u s e o f f l o w i n j e c t i o n as a m e t h o d o f i n t r o d u c i n g 

s l u r r i e s i n t o a n I CP-AES, h a s b e e n s u c c e s s f u l l y 

d e m o n s t r a t e d ( 7 1 ) . A m i n i s p r a y chamber p r o v e d t o be t h e 
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optimum d e s i g n f o r t h e s p r a y chamber, due t o t h e d e c r e a s e 

i n sample d i s p e r s i o n . The i n t r o d u c t i o n o f a 500 / i l sample 

i n j e c t i o n gave a s e n s i t i v i t y e q u i v a l e n t t o t h a t o b t a i n e d 

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

3 mm i . d . e n a b l e s t h e s i g n a l t o be enhanced by a f a c t o r o f 

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

t u b e o f d i a m e t e r 1.5 mm i . d . E x c e l l e n t a g r e e m e n t was 

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

p r e c i s i o n . 

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

by ICP-AES ( 7 2 ) , h a v e i d e n t i f i e d t h a t t r a n s p o r t a n d 

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

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

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

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

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

r a n g e s . These m i n e r a l s may s e g r e g a t e d u r i n g n e b u l i s a t i o n 

t o p r o d u c e t h e s e l o w r e c o v e r i e s . The p a r t i c l e s i z e i s 

t h e r e f o r e deemed t o be c r i t i c a l , w i t h t h e samples r e q u i r e d 

t o have p a r t i c l e s i z e s below 5 f o r r e f r a c t o r y samples 

and 3 /xm f o r b u l k m a t e r i a l s . T h i s w o u l d a c c o u n t f o r t h e 

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

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

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

e f f e c t s w i t h s o l u t i o n s , when t h e p a r t i c l e s i z e s were below 

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

shown t o be i m p o r t a n t i n t h e a t o m i s a t i o n p r o c e s s . A 

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

The use o f ICP-MS f o r t h e d e t e r m i n a t i o n o f t r a c e a n a l y t e s 

i n s l u r r i e s was f i r s t d i s c u s s e d by W i l l i a m s e t a l . (73) . 

A n a l y s i s was p e r f o r m e d on a number o f s o i l s and i n d u s t r i a l 

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

s l u r r y n e b u l i s a t i o n ICP-AES and c o n v e n t i o n a l p r o c e d u r e s . 

The n e b u l i s a t i o n o f 1% s l u r r i e s was f o u n d t o cause cone 

b l o c k a g e a f t e r a b o u t t h i r t y m i n u t e s , and methods such as 

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

low l e v e l s b e i n g u n d e t e c t e d . The maximum s o l i d s c o n t e n t 

t h a t c o u l d be t o l e r a t e d and t h e use o f t e c h n i q u e s such as 

f l o w i n j e c t i o n were n o t d i s c u s s e d . However, t h e r e s u l t s 

o b t a i n e d show good agreement w i t h t h e o t h e r t e c h n i q u e s and 

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

a l u m i n i u m , w h i c h was f o u n d t o be a b o u t t e n p e r c e n t l ow, 

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

o x i d e s w h i c h can w i t h s t a n d t h e plasma t e m p e r a t u r e . 

The use o f s l u r r y a t o m i s a t i o n ICP-MS f o r c o a l s ( 7 4 ) , 

showed good agreement w i t h c e r t i f i e d v a l u e s , a g a i n w i t h 

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

s i z e d i s t r i b u t i o n s showed a c o n t r i b u t i o n f r o m m a t e r i a l o f 

a d i a m e t e r g r e a t e r t h a n 10 /xm, s u g g e s t s t h a t c o a l i s 

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

o f s l u r r i e s o f up t o 1 % m/v, d i d n o t c a u s e a n y c o n e 

b l o c k a g e e f f e c t s , s u g g e s t i n g t h a t ICP-MS may be more 

t o l e r a n t o f h i g h s o l i d s t h a n had been p r e v i o u s l y t h o u g h t . 
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G e r v a i s and S a l i n ( 6 3 ) , u sed a d e s o l v a t i o n t e c h n i q u e t o 

d r y t h e s l u r r i e s b e f o r e a n a l y s i s by ICP-AES. They f o u n d 

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

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

t h r e e and e l e v e n , r e s p e c t i v e l y . However, d e s p i t e t h e s e 

i n c r e a s e s , d e t e c t i o n l i m i t improvements were m a r g i n a l due 

t o an i n c r e a s e i n t h e n o i s e . They f o u n d i t was n e c e s s a r y 

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

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

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

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

1.4.2 L a s e r a b l a t i o n 

The d i r e c t a n a l y s i s o f s o l i d samples, b o t h c o n d u c t i n g and 

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

an ICP, p r o v i d e s many a d v a n t a g e s o v e r o t h e r t e c h n i q u e s . 

The d i s s o l u t i o n o f many s o l i d samples i s o f t e n d i f f i c u l t 

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

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

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

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

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

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

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

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

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

s u f f e r f r o m p o o r r e p r o d u c i b i l i t y , s l o w sample t h r o u g h p u t 

27 



and s t a n d a r d s m a t c h i n g ( 6 4 ) . The f o r m a t i o n o f d i s c r e t e 

s i g n a l s u s i n g 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 , causes problems 

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

a n a l y t e s , and so t h e t e c h n i q u e may n o t be p r a c t i c a l f o r 

many samples. The use o f d i r e c t i n s e r t i o n t e c h n i q u e s , has 

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

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

p r o d u c t i o n o f s t a n d a r d s ( 6 5 ) . 

The l a s e r p r o c e s s depends upon s t i m u l a t e d e m i s s i o n , as 

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

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

by p r e s e n c e o f r a d i a t i o n o f t h e same f r e q u e n c y , and t h e 

m o r e p h o t o n s t h e r e a r e p r e s e n t , t h e g r e a t e r t h e 

p r o b a b i l i t y o f e m i s s i o n . F o r t h i s p r o c e s s t o w o r k t h e 

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

l i f e t i m e o f w h i c h b e i n g l o n g enough f o r i t t o p a r t i c i p a t e 

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

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

t h a n i n t h e l o w e r s t a t e where t h e t r a n s i t i o n t e r m i n a t e s . 

A t t h e r m a l e q u i l i b r i u m t h e o p p o s i t e i s t r u e , t h e r e f o r e , a 

p o p u l a t i o n i n v e r s i o n must be a c h i e v e d . T h i s p o p u l a t i o n 

i n v e r s i o n i s n o r m a l l y caused by a p r o c e s s c a l l e d pumping, 

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

s t a t e , I . The m o l e c u l e i s e x c i t e d t o I t h e n g i v e s up some 

o f i t s e nergy n o n - r a d i a t i v e l y and changes t o l o w e r s t a t e , 

A. The l a s e r t r a n s i t i o n i s t h e r e t u r n f r o m A t o t h e 

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

w h i c h c a n c o n v e r t t o A, The I s t a t e i s r e a c h e d by an 
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i n t e n s e f l a s h o f l i g h t o r pumping. 

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

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

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

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

r a i s e d t o s t a t e I . A t t h e same t i m e t h e t r a n s i t i o n f r o m A 

t o t h e g r o u n d s t a t e i s s u p p r e s s e d . I f a t t h e peak o f 

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

p r o c e s s e s , w h i c h t a k e p l a c e o v e r a p e r i o d o f 100-500 

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

w i d t h much s h o r t e r t h a n t h e u n c o n t r o l l e d s y s t e m . T h i s 

p r o c e s s i s c a l l e d Q - s w i t c h e d mode, so c a l l e d because t h e 

s h u t t e r changes t h e q u a l i t y (Q) o f t h e r e s o n a n t c a v i t y . 

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

r u n n i n g o r t o be f i x e d - Q ( f i x e d q u a l i t y r e s o n a n t c a v i t y ) . 

The use o f l a s e r a b l a t i o n i n v o l v e s t h e p u l s i n g o f a h i g h 

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

v a p o r i s a t i o n o f p a r t o f t h e sample. I t was f i r s t p r oposed 

as a method o f sample i n t r o d u c t i o n i n a t o m i c s p e c t r o m e t r y 

soon a f t e r t h e i n v e n t i o n o f t h e r u b y l a s e r by Maiman (76) 

i n 1960, Thompson e t a l . ( 7 7 ) , u s e d a l a s e r i n d u c t i v e l y 

c o u p l e d plasma m i c r o p r o b e , a l a s e r m i c r o p r o b e and an ICP-

AES, f o r t h e a n a l y s i s o f s t e e l s . The r u b y l a s e r u s e d , 

d e l i v e r e d p u l s e s o f 1.0 s and was o n l y a b l e t o r u n i n Q-

sw i t c h e d mode, p r o d u c i n g l a r g e c r a t e r s ( 3 0 0 / i m ) . 

Reasonable r e s u l t s were o b t a i n e d by t h i s p r o c e d u r e w i t h 

v a r i a n c e o f l e s s t h a n t w o p e r c e n t , f o r t h e m a j o r 
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elements. A s e r i e s o f s t e e l standards enabled c a l i b r a t i o n 
c urves t o be o b t a i n e d which were l i n e a r o v e r a t l e a s t 
t h r e e orders of magnitude. The d e t e c t i o n l i m i t s obtained 
were s i m i l a r t o t h o s e o b t a i n e d by d i s s o l u t i o n ICP-AES. 
The main disadvantage of t h i s system was t h e s i n g l e pulse 
n a t u r e , which produced a t r a n s i e n t s i g n a l f o r each shot. 
The s i z e o f t h e c r a t e r and t h e amount a b l a t e d meant t h a t 
the p o s i t i o n of the l a s e r shot had t o be moved a f t e r each 
f i r i n g . I t was concluded t h a t w h i l e t h e t e c h n i q u e was 
e x c e l l e n t f o r major element a n a l y s i s , i t was not p o s s i b l e 
f o r t r a c e metals due t o inhomogeneity o f t h e sample and 
t r a n s p o r t a t i o n problems. 

The use o f a ruby l a s e r , capable o f r u n n i n g i n e i t h e r Q-
s w i t c h e d or f i x e d Q-mode was i n v e s t i g a t e d by Carr and 
H o r l i c k ( 7 8 ) , f o r t h e a n a l y s i s of aluminiums^ and brasses. 
They i n v e s t i g a t e d t h e v a r i a t i o n i n t h e s i g n a l i n t e n s i t y 
c aused by t h e v a r i a t i o n o f a number o f p a r a m e t e r s 
i n c l u d i n g t h e number o f l a s e r s h o t s , and t h e o p e r a t i o n 
mode. They found no d i f f e r e n c e s i n t h e t i m e s and shapes 
of the s i g n a l between elements. The l a s e r r e p e t i t i o n r a t e 
proved t o be optimum a t e i g h t seconds which gave a s i g n a l 
i n t e n s i t y t w i c e as good as t h a t o b t a i n e d f o r a f o u r second 
r e p e t i t i o n r a t e . The a n a l y t i c a l performance u s i n g fixed-Q 
i s much b e t t e r than t h a t o b t a i n e d w i t h Q-switched, t h i s i s 
m o s t l y due t o t h e amount o f s a m p l e a b l a t e d , 500 
compared w i t h 25 which a l s o meant t h e r e s u l t s were l e s s 
s u s c e p t i b l e t o inhomogeneity. D e t e c t i o n l i m i t s were found 
t o be i n t h e sub-nanogram range. I t was a l s o found t h a t 
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t h e r e were some m a t r i x e f f e c t s , p a r t i c u l a r l y f o r t h e 
aluminium samples, caused by t h e l a s e r a b l a t i o n . 

I s h i z u k a and Uwamino (79) , used a ruby l a s e r t o analyse 
s t e e l s by ICP-AES. They fo u n d t h a t t h e r e was a l i n e a r 
increase i n s i g n a l as t h e l a s e r power was increased i n Q-
s w i t c h e d mode and t h a t f o c u s s i n g of t h e l a s e r was v e r y 
i m p o r t a n t , p a r t i c u l a r l y when t h e l a s e r was i n f i x e d - Q 
mode. They a l l found t h a t t h e s m a l l e r t h e s p o t s i z e t h e 
b e t t e r t h e a n a l y t i c a l performance. The l e n g t h o f t h e 
c a r r i e r tube, from t h e a b l a t i o n c e l l t o t h e plasma t o r c h , 
proved t o be very i m p o r t a n t w i t h t h e l a s e r i n Q-switched 
mode, p r o b a b l y due t o t h e s m a l l e r amount o f m a t e r i a l 
a b l a t e d . The c a l i b r a t i o n curves were l i n e a r over two t o 
t h r e e o r d e r s o f magnitude. The d e t e c t i o n l i m i t s were i n 
the low picogram range w i t h b e t t e r r e s u l t s u s i n g t h e l a s e r 
i n fixed-Q mode. The p r e c i s i o n was found t o be s i m i l a r i n 
both l a s e r modes. 

Gray ( 8 0 ) , was t h e f i r s t t o d e s c r i b e t h e use o f l a s e r 
a b l a t i o n as a method o f sample i n t r o d u c t i o n i n t o an ICP-
MS. The most s e r i o u s problems arose from t h e n a t u r e o f 
t h e mass spe c t r o m e t r y system. The peak a r r i v a l r a t e o f 
t h e sample i s v e r y h i g h and o f s h o r t d u r a t i o n c a u s i n g 
problems i n t h e d e t e c t i o n r e c o r d i n g system. The t r a n s i e n t 
n a t u r e o f t h e s i g n a l a l s o causes problems f o r a scanning 
ins t r u m e n t . I t was a l s o found t h a t sample c o n c e n t r a t i o n s 
produced by 0.5 t o 13 l a s e r shots was s u f f i c i e n t t o r e s u l t 
i n some d e p o s i t i o n on t h e cones. I t was p o s s i b l e t o 
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o b t a i n a n e a r l y steady s t a t e s i g n a l w i t h r e p e t i t i o n r a t e s 
o f 3 Hz, which would e x t e n d t h e p e r i o d o v e r which t h e 
s i g n a l c o u l d be c o l l e c t e d , a l t h o u g h t h i s was n o t p o s s i b l e 
w i t h t h e t y p e of l a s e r used. The a n a l y t i c a l performance 
of t h e i n s t r u m e n t was poor, w i t h d e t e c t i o n l i m i t s much 
p o o r e r t h a n w i t h s o l u t i o n n e b u l i s a t i o n , and p o o r 
p r e c i s i o n . However, t h e r e w e r e some a d v a n t a g e s 
p a r t i c u l a r l y f o r i s o t o p e r a t i o work. 

The f i r s t use o f an Nd : YAG (Neodymium : Y t t r i u m 
A l u m i n i u m Garnet (V3Al503^5) ) , l a s e r was d e s c r i b e d by 
A r r o w s m i t h (81) . The l a s e r was capa b l e o f r u n n i n g i n 
s i n g l e p u l s e or a t a r e p e t i t i o n r a t e o f 10 Hz, w h i c h 
p r o d u c e d a c o n t i n u o u s s i g n a l . T h i s s i g n a l c o u l d be 
m a i n t a i n e d over l o n g p e r i o d s by t h e t r a n s l a t i o n o f t h e 
sample. The a n a l y t i c a l performance o f t h e system was 
good, w i t h l i n e a r c a l i b r a t i o n curves over f o u r o r d e r s of 
magnitude, f o r s t e e l s . The d e t e c t i o n l i m i t s were i n t h e 
range o f 0.2 - 2 /xg g i n t h e s o l i d and p r e c i s i o n o f 
l e s s than f i v e per cent. 

The use o f a Nd : YAG l a s e r system w h i c h i s capa b l e o f 
b e i n g r u n i n Q-switched mode w i t h v a r i a b l e r e p e t i t i o n 
r a t e s , or fixed-Q mode i n a r o s t e r , has now been used f o r 
t h e a n a l y s i s o f s t e e l s ( 8 2 ) , c a r b o n a t e m a t e r i a l s ( 8 3 ) , 
uranium and t h o r i u m i n aluminium (84) and t r a c e elements 
i n s o l i d p l a s t i c s (85) . 

The o p t i m u m c o n d i t i o n s f o r t h e a n a l y s i s o f t r a c e 
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i m p u r i t i e s i n s t e e l s ( 8 2 ) , were found t o be focussed f o r 
fixed-Q mode and focussed 4 mm above t h e s u r f a c e f o r Q-
switched mode. I n Q-switched mode, t h e energy d e n s i t y was 
so h i g h t h a t t h e beam i s ca p a b l e o f i o n i s i n g t h e argon 
atmosphere t o form a plasma. When t h e t a r g e t s u r f a c e i s 
below t h e f o c a l p o i n t a h i g h p r o p o r t i o n o f t h e l a s e r 
energy i s l o s t f o r m i n g t h e plasma. The i o n y i e l d i s 
i n c r e a s e d when t h e l a s e r beam i s d e f o c u s s e d above t h e 
f o c a l p o i n t - t h e l a s e r energy l o s s , t o plasma f o r m a t i o n 
i s l e s s and t h e r e f o r e t h e plasma has a g r e a t e r area o f 
c o n t a c t . I t was found t h a t f i x e d - Q mode i s optimum f o r 
the a n a l y s i s of t r a c e metals and Q-switched mode f o r non-
m e t a l l i c s and h i g h b o i l i n g p o i n t m e t a l s . The a n a l y t i c a l 
p r e c i s i o n o b t a i n e d u s i n g f i x e d - Q mode were b e t t e r t h a n 
those o b t a i n e d using Q-switched mode. This i s because t h e 
amount a b l a t e d i n fixed-Q mode i s l a r g e r and more s t a b l e 
than t h a t o b t a i n e d i n Q-switched mode. 

The a n a l y s i s o f c a r b o n a t e m a t e r i a l s ( 8 3 ) , by l a s e r 
a b l a t i o n proved problematic because of t h e d i f f i c u l t i e s i n 
o b t a i n i n g adequate st a n d a r d s . The^use''6f pressed powder 
standards o f t h e carbonates proved t o be inhomogeneous, 
a l t h o u g h u s i n g a t r u e i n t e r n a l s t a n d a r d (Ca^^), produced 
l i n e a r c a l i b r a t i o n curves over a t l e a s t t h r e e o r d e r s of 
magnitude. The p r e c i s i o n was however poor. The use o f 
fused g l a s s standards showed b e t t e r a n a l y t i c a l p r e c i s i o n 
and no m a t r i x e f f e c t s were obse r v e d . The use o f l a s e r 
a b l a t i o n as a method of o b t a i n i n g s p a t i a l i n f o r m a t i o n has 
a l s o been i n v e s t i g a t e d f o r t h e a n a l y s i s o f t h e s h e l l w a l l s 
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of marine b i v a l v e s f o r changes i n a n a l y t e r a t i o s , which 
occur due t o s a l i n i t y and t e m p e r a t u r e v a r i a t i o n s and f o r 
the presence of i n o r g a n i c p o l l u t a n t s (83) . 
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1.5 Temperature measurements 

The amount o f i n f o r m a t i o n o b t a i n e d from s p e c t r o s c o p i c 
o b s e r v a t i o n o f an ICP d i s c h a r g e i s r e l a t i v e l y s m a l l . A 
number o f parameters such as, t e m p e r a t u r e and e l e c t r o n 
number d e n s i t y , can be obtained i f e q u i l i b r i u m and plasma 
mechanisms are co n s i d e r e d . Although t h i s i n f o r m a t i o n i s 
not s u f f i c i e n t t o de s c r i b e every process o c c u r r i n g i n the 
plasma a knowledge of t h e temperature and e l e c t r o n number 
d e n s i t y can a i d our u n d e r s t a n d i n g o f many a n a l y t i c a l 
a p p l i c a t i o n s (86). 

A plasma c o n t a i n s many t y p e s o f n e u t r a l o r i o n i s e d 
s p e c i e s , e i t h e r e x c i t e d o r i n t h e i r g r o u n d s t a t e . A 
knowledge about t h e r o l e and d e n s i t y o f t h e s e species i s 
necessary t o understand t h e plasma f u l l y . As w e l l as the 
presence o f e l e c t r o n s , n e u t r a l (Ar) and i o n i s e d (Ar"*") 
argon are present. The n e u t r a l argon may be e x c i t e d (Ar*) 
and t h e l o w e s t l e v e l s a r e e i t h e r r e s o n a n t l e v e l s o r 
metastable. M o l e c u l a r e x c i t e d (Ar*2) and i o n i s e d (Ar2''") ^ 
have a l s o t o be considered. The i n j e c t e d a n a l y t e species 
o ccurs i n a number o f forms (M, M"*", M̂"*", M*, M*"*" ...) 
depending on t h e r e s p e c t i v e i o n i s a t i o n and e x c i t a t i o n 
energies. Negative ions may a l s o be present. The k i n e t i c 
energy of t h e plasma may be h i g h enough t o atomise every 
s p e c i e s , and some r a d i c a l s w i l l e x i s t (OH, , N2'̂ , CH, 
CN ... ) , t h i s i s e s p e c i a l l y t r u e f o r t h e i n t r o d u c t i o n of 
orga n i c s . 
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The t e m p e r a t u r e , T, can be d e f i n e d i n c l a s s i c a l gas 
thermodynamics by i t s r e l a t i o n s h i p t o t h e mean k i n e t i c 
energy, Ej^^j^, o f the p a r t i c l e s ; 

where K i s the Boltzmann co n s t a n t . This e q u a t i o n assumes 
t h a t a l l t h e s p e c i e s have t h e same mean k i n e t i c ( o r 
t r a n s l a t i o n a l ) energy. I n a plasma i t i s d i f f i c u l t t o 
d e f i n e a s i n g l e t e m p e r a t u r e , t h e d i f f e r e n t t emperatures 
w i l l be d e f i n e d according t o t h e parameters observed. 

A l a r g e number of separate temperature measurements can 
t h e r e f o r e be d e f i n e d i n c l u d i n g , t r a n s l a t i o n a l or k i n e t i c 
t e m p e r a t u r e , e x c i t a t i o n t e m p e r a t u r e , r o t a t i o n a l 
t e m p e r a t u r e , i o n i s a t i o n - r e c o m b i n a t i o n t e m p e r a t u r e , 
e l e c t r o n t e m p e r a t u r e , r a d i a t i o n t e m p e r a t u r e and Norm 
temperature. The c l a s s i f i c a t i o n and t h e equations used i n 
these measurements are discussed i n d e t a i l by Mermet (87). 

The i o n i s a t i o n - r e c o m b i n a t i o n temperature (Tj^^^^) i s d e f i n e d 
from t h e Saha and Boltzmann equations. The Saha equation 
s t a t e s t h a t f o r an e q u i l i b r i u m constant, s^ p we have 

S^^p = 2gp (2 n m^)3/^^jKTj^l£^ exp f - f E p ^ l z E j 

where m^ i s t h e e l e c t r o n mass, 
h, P l a n c k s c o n s t a n t . 
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Ep-Eq, energy d i f f e r e n c e between l e v e l s p and q, 
E, l o w e r i n g of the i o n i s a t i o n energy f o r species z, 
T^, t h e i o n i s a t i o n energy 
gp and g^ t h e s t a t i s t i c a l weights f o r species p and q 

The Boltzmann d i s t r i b u t i o n s t a t e s t h a t t h e r a t i o of number 
d e n s i t i e s o f e i t h e r atoms o r i o n s i n two e n e r g e t i c a l l y 
bound s t a t e s p and q i s g i v e n by 

Op = gp exp l ^ ^ i l 
"a 9a ^^exc 

where n_ and n are the p o p u l a t i o n s of p a r t i c l e s i n s t a t e s P " 
p and q r e s p e c t i v e l y , 
Ep and Eg t h e e x c i t a t i o n energies o f t h e two s t a t e s p and 
q ( w i t h Ep > Eg), 
T«^^ i s t h e e x c i t a t i o n temperature of t h e species exc 

The number d e n s i t y o f atoms o r i o n s i n s t a t e p (Hp) 
r e l a t i v e t o t h e t o t a l number d e n s i t y (n^) i s g i v e n by 

Bp = gp exp ( ^ p ) 
n^ QTt) KT^ exc 

where Q(t) i s t h e p a r t i t i o n f u n c t i o n o f t h e species ( 8 8 ) . 
The p a r t i t i o n f u n c t i o n can be c a l c u l a t e d from the J-values 
(89) . 

These equations can be combined t o produce 

n i ^ = 4.83*1015 Ti^„3/2_g2+ _^ 

37 



where n̂ "*" and n"*" are the p o p u l a t i o n l e v e l s f o r the second 
i o n i s a t i o n and f i r s t i o n i s a t i o n l e v e l r e s p e c t i v e l y and ĝ "*" 
and g"*" t h e deg e n e r a c i e s o f t h e element i n i t s second 
i o n i s a t i o n and f i r s t i o n i s a t i o n l e v e l r e s p e c t i v e l y . 

I n u s i n g t h i s c a l c u l a t i o n , t h e assumption i s made t h a t t h e 
plasma i s i n l o c a l t h e r m a l e q u i l i b r i u m (LTE), however i t 
may be d e m o n s t r a t e d t h a t t h i s i s n o t t h e case. The 
d e v i a t i o n o f t h e plasma fr o m LTE i s d i s c u s s e d f u l l y by 
Boumans (8 9 ) . 

A s t u d y o f t h e e f f e c t o f d e s o l v a t i o n on t h e s p a t i a l 
d i s t r i b u t i o n of e l e c t r o n d e n s i t y (90,91), found t h a t t h e 
e l i m i n a t i o n of water from t h e a e r o s o l f l o w decreased t h e 
o v e r a l l e l e c t r o n d e n s i t y . There was found t o be l i t t l e 
change 16 mm above t h e l o a d c o i l , b u t a v e r y l a r g e 
d e c r e a s e 4 mm above t h e l o a d c o i l . The change i n 
e x c i t a t i o n c o n d i t i o n s experienced by an a n a l y t e under d r y 
a e r o s o l sample i n t r o d u c t i o n c o n d i t i o n s was n o t apparent 
f r o m t h e d a t a . The e l e c t r o n d e n s i t y i n t h e n o r m a l 
a n a l y t i c a l zone was e s s e n t i a l l y t h e same f o r b o t h 
c o n d i t i o n s , so t h a t t h e e x c i t a t i o n c o n d i t i o n s s h o u l d 
remain b r o a d l y s i m i l a r . 

Tang and Trassey (92) i n v e s t i g a t e d t h e r o l e o f water on 
th e e x c i t a t i o n temperature o f t h e plasma. They found t h a t 
t h e most i m p o r t a n t r o l e o f w a t e r i n t h e ICP i s t h e 
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h y d r o g e n c o n t r i b u t i o n t o t h e r m a l c o n d u c t i v i t y . The 
hydrogen f r o m t h e w a t e r g r e a t l y enhances t h e t h e r m a l 
c o n d u c t i v i t y and dominates t h e energy t r a n s f e r p r o c ess 
from the plasma t o the sample. 

W a l t e r s and B a r n a r d t ( 5 2 ) , i n v e s t i g a t e d t h e r o l e o f 
d e s o l v a t i o n and h y d r o g e n a d d i t i o n on t h e e x c i t a t i o n 
f e a t u r e s o f an ICP. I n b o t h c a s e s t h e r e was an 
improvement i n t h e a n a l y t i c a l p erformance, due t o t h e 
increase i n i o n i s a t i o n temperature, e l e c t r o n d e n s i t i e s and 
a x i a l i n t e n s i t y w h i c h causes an i n c r e a s e i n t h e n e t 
s p e c t r a l l i n e i n t e n s i t i e s l e a d i n g t o l o w e r d e t e c t i o n 
l i m i t s . t h e apparent c o n t r a d i c t i o n between t h e i n c r e a s e 
i n e l e c t r o n d e n s i t y observed a f t e r d e s o l v a t i o n and t h e 
decrease observed by Caughlin and Blades (91) i s explained 
by t h e f a c t t h a t Cauglin and Blades completely e l i m i n a t e d 
t h e w a t e r c o n t e n t . I n t h i s case an optimum amount o f 
w a t e r i s 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 gas. T h i s 
e x p l a n a t i o n i s a l s o used t o e x p l a i n t h e t e m p e r a t u r e 
decrease observed by Tang and Trassey ( 9 2 ) . W a l t e r s and 
Barnardt (52) do agree t h a t hydrogen i s r e s p o n s i b l e f o r 
b e t t e r energy t r a n s f e r i n t h e plasma. 

F i s t e r and O l e s i k ( 9 3 ) , i n v e s t i g a t e d t h e r o l e o f t h e 
d e s o l v a t i n g d r o p l e t i n t h e plasma, f i n d i n g a v a r i a t i o n i n 
the v e r t i c a l atom emission p r o f i l e s , and a l s o a g r e a t e r 
d e v i a t i o n from LTE w i t h a narrow i n j e c t o r tube. A l d e r e t 
a l . ( 9 4 ) , a l s o i n v e s t i g a t e d t h e i n f l u e n c e of water vapour 
on t h e e x c i t a t i o n and i o n i s a t i o n temperature measurements, 
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f i n d i n g a decrease i n t h e t e m p e r a t u r e s o f a t l e a s t 500 K 
when water was removed. There was a l s o v a r i a t i o n w i t h t h e 
v i e w i n g h e i g h t , w i t h b o t h t e m p e r a t u r e s d e c r e a s i n g w i t h 
increased viewing h e i g h t and t h e d i f f e r e n c e s i n c r e a s i n g . 
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1.6 Aims of This Study 

Plasma s p e c t r o m e t r y i s a m a j o r t e c h n i q u e f o r t h e 
d e t e r m i n a t i o n o f e l e m e n t a l c o m p o s i t i o n . Methods f o r t h e 
a n a l y s i s of aqueous and some or g a n i c s o l u t i o n s are i n many 
cases w e l l e s t a b l i s h e d , b u t t h e a p p l i c a t i o n of. plasma 
spectrometry t o more d i f f i c u l t m a t e r i a l s i s o f t e n s e v e r e l y 
r e s t r i c t e d by t h e i r p h y s i c a l and chemical p r o p e r t i e s . The 
o b j e c t i v e o f t h i s study i s t o d e s i g n and develop sample 
i n t r o d u c t i o n t e c h n i q u e s and i n s t r u m e n t a t i o n f o r plasma 
spectrometry t o extend t h e a p p l i c a t i o n of the technique t o 
more d i f f i c u l t m a t e r i a l s . 

P a r t i c u l a r emphasis i s p l a c e d on samples which are o n l y 
a v a i l a b l e i n s m a l l q u a n t i t i e s and o t h e r s d i f f i c u l t t o 
analyse by c o n v e n t i o n a l means due t o s a f e t y , p r a c t i c a l or 
economic reasons. Such samples i n c l u d e v o l a t i l e o r g a n i c s , 
u n s t a b l e s p e c i e s i n v o l a t i l e o r g a n i c s and s a m p l e s 
d i f f i c u l t t o d i s s o l v e . 
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2. INSTRUMENTATION AND MISCELLANEOUS MATERIALS 

2.1 VG Plasmaguad I I I n d u c t i v e l y Coupled Plasma - Mass 
Spectrometer 

The VG PlasmaQuad I I ICP-MS i n s t r u m e n t (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 , U.K.) was s u b j e c t e d t o m i n o r 
m o d i f i c a t i o n s f o r a number o f ex p e r i m e n t s . The on-board 
mass f l o w c o n t r o l l e r which n o r m a l l y meters t h e n e b u l i s e r 
gas f l o w and a l l o w s t h e m i x i n g o f t h e n e b u l i s e r gas f l o w 
was not used. The n e b u l i s e r gas f l o w was metered using an 
e x t e r n a l mass f l o w c o n t r o l l e r (Tylene U.K., Swindon, U.K.) 
which was f e d d i r e c t l y from t h e o u t p u t o f a S i g n a l gas 
blender ( S i g n a l Instrument Company, Camberley, U.K.). The 
removal o f p a r t o f t h e s i d e o f t h e i n s t r u m e n t and t h e 
t o r c h box enabled t h e placement o f t h e sample i n t r o d u c t i o n 
system on t h e o u t s i d e o f t h e i n s t r u m e n t w i t h t h e a b i l i t y 
t o connect t h e sample i n t r o d u c t i o n system d i r e c t l y t o t h e 
plasma t o r c h . 

2.2 Kontrop S3S I n d u c t i v e l y C oupled Plasma Atomic 
Emission Spectrometer 

The K o n t r o n S35 ( K o n t r o n GmbH, E c h i n g , FDR) ICP-AES 
c o n s i s t s of a monochromator c o n s i s t i n g o f a 0.6 m Czerny-
Turner t y p e which u t i l i s e s a 2400 l i n e s mm~̂  h o l o g r a p h i c 
g r a t i n g . The w a v e l e n g t h i s s e l e c t e d u s i n g an o p t i c a l 
a n g l e encoder w h i c h enables w a v e l e n g t h s e l e c t i o n t o be 
a c c u r a t e t o 1/10000 o f a d e g r e e o r 0.0015 nm. The 
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s p e c t r o m e t e r i s e n c l o s e d and k e p t a t a c o n s t a n t 
temperature (37 + 0.1 ^C) . Plasma v i e w i n g i s by means 
of a p e r i s c o p e which a l l o w s o b s e r v a t i o n f r o m 0 - 6 0 mm 
above t h e load c o i l . Both t h e periscope and spectrometer 
are computer c o n t r o l l e d . 

The ICP t o r c h used i s o f t h e demountable G r e e n f i e l d t y p e 
mounted i n a f o u r t u r n , water cooled copper c o i l . The RF 
generator i s a 3.5 kW 27.12 MHz c r y s t a l tuned system. The 
gas f l o w s were metered u s i n g mass f l o w c o n t r o l l e r s , some 
m o d i f i c a t i o n was made t o enable t h e i n t r o d u c t i o n of mixed 
gases i n t o t h e n e b u l i s e r gas f l o w by means o f a S i g n a l gas 
blender ( S i g n a l Instrument Company, Camberley, U.K.)- I n 
t h i s case t h e n e b u l i s e r gas was c o n t r o l l e d e x t e r n a l l y 
u s i n g a mass f l o w c o n t r o l l e r ( T y l e n e , U.K., Swindon, 
U.K.). 

2.3 Signal Gas Blender 
The m i x i n g o f gases f o r i n t r o d u c t i o n i n t o t h e n e b u l i s e r 

^ gas f l o w was performed u s i n g an S i g n a l Gas Blender ( S i g n a l 
I n s t r u m e n t Company, C a r o b e r l e y , S u r r e y , U.K.). The 
i n s t r u m e n t r e l i e s upon a c o n s t a n t d i f f e r e n t i a l p r e s s u r e 
across the o r i f i c e . The gas f l o w i s t h e r e f o r e determined 
by the o r i f i c e geometry, pressure d i f f e r e n c e , temperature 
and d e n s i t y of t h e gas. 

The whole f l o w assembly i s enclosed i n a t h e r m o s t a t i c a l l y 
c o n t r o l l e d box. t h e c a l i b r a t i o n o f t h e i n s t r u m e n t i s 
o b t a i n e d by a d d i t i o n o f a t r a c e o f p r o p a n e w h i c h i s 
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measured u s i n g a f l o w i o n i s a t i o n d e t e c t o r w h i c h i s 
c a l i b r a t e d a g a i n s t a primary standard. The composition of 
t h e gas m i x t u r e i s r e p e a t a b l e t o w i t h i n 2% o f t h e s e t 
p o i n t . 

There i s a p r e s s u r e drop o f 25 p s i a c r o s s t h e b l e n d e r . 
Consequently an i n p u t pressure o f 95 p s i i s n o r m a l l y used 
t o ensure an output o f 70 p s i . 
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3. ANALYSIS OF ORGANICS BY ICP-MS AND ICP-AES 

3.1 Introduction 

The g r e a t m a j o r i t y o f samples i n t r o d u c e d i n t o an TCP are 
i n o r g a n i c i n form and n o r m a l l y i n t r o d u c e d i n an aqueous 
s o l u t i o n . t h e r e are, however, many instances where i t i s 
e i t h e r i m p o s s i b l e , o r d i f f i c u l t , t o i n t r o d u c e samples i n 
t h i s form. Some samples are i n o r g a n i c s o l u t i o n s and i t 
may n o t be advantageous t o e x t r a c t these i n t o an aqueous 
system, examples i n c l u d e , s o l v e n t e x t r a c t i o n s , h i g h 
performance l i q u i d chromatography, o r g a n i c vapours (e.g. 
c o u p l e d GC-ICP) and s a m p l e s d i r e c t l y d i s s o l v e d o r 
o c c u r r i n g i n organic s o l v e n t s . 

I t i s t h e l a t t e r area which i s o f p a r t i c u l a r i n t e r e s t i n 
t h i s study. The d i r e c t i n t r o d u c t i o n o f o r g a n i c s i n t o an 
ICP, has been performed f o r a l a r g e number o f d i f f e r e n t 
s o l v e n t s , i n c l u d i n g a l k e n e s ( 26 , 27 , 3 1) , a l c o h o l s 
( 2 6 , 2 9 , 3 2 ) , a l k a n e s ( 2 6 , 3 0 , 3 2 ) , MIBK ( 2 8 , 100) and 
d i e t h y l e t h e r ( 2 6 , 3 0 ) . The ICP-MS has been used f o r a 
s m a l l e r v a r i e t y of samples i n c l u d i n g w h i t e s p i r i t ( 3 5 ) , 
f u e l o i l (35), xylene (36) and e t h a n o l ( 3 7 ) . 
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3.2 Determination of Trace Metals i n organics by ICP-AES 

3.2.1 Introduction 

The n e b u l i s a t i o n of o r g a n i c s o l v e n t s i s r e l a t i v e l y 
s t r a i g h t f o r w a r d , indeed v o l a t i l e s o l v e n t s produce f i n e 
aerosols with greater e f f i c i e n c y than water, however, the 
t r a n s p o r t a t i o n of the s o l v e n t from the n e b u l i s e r to the 
plasma i s problematic due to the p h y s i c a l c h a r a c t e r i s t i c s 
of each s o l v e n t used. The major f a c t o r s a f f e c t i n g the 
droplet s i z e d i 3 t r i b u t i o n s are considered to be surface 
tension, v i s c o s i t y , evaporation rate, solvent density and 
vapour pressure (102) . The f i r s t two of these, surface 
tension and v i s c o s i t y , a f f e c t the primary droplet s i z e and 
the others a f f e c t the d r o p l e t s i z e changes between the 
nebuliser and the plasma. One of the consequences of t h i s 
i s the requirement to matrix match the standards. 

The t o l e r a n c e of a plasma to a l a r g e number of organic 
solvents (26), was investigated i n terms of the " l i m i t i n g 
a s p i r a t i o n r a t e " of the solvent. This was defined as the 
rate at which a solvent could be introduced i n t o a plasma, 
with the plasma remaining s t a b l e and no carbon b u i l d up 
for one hour. In general a c o r r e l a t i o n was found between 
high evaporation factors and low l i m i t e d a s p i r a t i o n rates-

The e f f e c t of thermostatically c o n t r o l l i n g the aerosol at 
low temperature has a l s o been i n v e s t i g a t e d (28-30) . The 
temperature region w i t h i n which a e r o s o l c o o l i n g can be 
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a p p l i e d a d v a n t a g e o u s l y was found to l i e between the 
maximum t o l e r a b l e a e r o s o l temperature and the optimum 
aerosol cooling temperature. The range between these two 
temperatures depended on the so l v e n t . For most s o l v e n t s 
the optimum s i g n a l to background r a t i o has been found to 
be c l o s e to the optimum a e r o s o l c o o l i n g temperature. 
Above t h i s optimum temperature the background i n c r e a s e s 
and the analyte i n t e n s i t y decreases to the point where the 
plasma i s unstable. Below t h i s optimum point the analyte 
tends to become trapped i n the condenser. 

These authors (28-30) found t h a t the s o l v e n t s had a two 
fol d e f f e c t on the plasma. F i r s t l y the evaporation r a t e 
caused a s h i f t i n the d r o p l e t s i z e d i s t r i b u t i o n , which 
a f f e c t e d the r a t e a t which the anal y t e was d e l i v e r e d to 
the plasma. There was a l s o an e f f e c t on e x c i t a t i o n 
conditions i n the plasma as a r e s u l t of the solvent vapour 
pressure. 

A thermostatically controlled spray chamber (39) was used 
for the a n a l y s i s of a number of s o l v e n t s . A number of 
parameters were optimised by a v a r i a b l e step s i z e simplex 
p r o c e d u r e . I t was found t h a t t h e r e was no d i r e c t 
r e l a t i o n s h i p between t h e s o l v e n t s s t u d i e d and t h e 
operating conditions- Some general conclusions were made, 
for s o l v e n t s of higher v o l a t i l i t y a lower n e b u l i s e r gas 
flow rate and spray chamber temperature are preferable and 
that the maximum s i g n a l to background r a t i o was obtained 
using lower forward powers. 
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The' shows some t h e p r o b l e m s e n c o u n t e r e d by t h e 
in t r o d u c t i o n of v o l a t i l e o r g a n i c s o l v e n t s . A s m a l l e r 
droplet s i z e i s obtained but a l s o a high solvent plasma 
loading. This means that to prevent plasma i n s t a b i l i t y a 
method or methods are r e q u i r e d to l i m i t the volume of 
solvent reaching the plasma. 

3.2.2 Experimental 

The solvents used in these experiments were A r i s t a r grade 
(BDH, Dorset, U.K.). Standards were prepared e i t h e r from 
organometallic standards (Conostan, MBH A n a l y t i c a l Ltd., 
Barnet, Herts., U.K. ) of organometallic s a l t s (Spectrosol 
cyclohexylbutyric acid s a l t s , BDH, Dorset, U.K.). 

The spray chamber used was of the Scott type double pass 
design, j a c k e t e d to allow the c i r c u l a t i o n of a c o o l i n g 
f l u i d . Temperature con t r o l was achieved by means of an 
open p r o p a n o l r e s e r v o i r i n t o which was immersed a 
r e c i r c u l a t i o n pump, w i t h a h e a t i n g e l e m e n t (Techam 
Tempunit, Techne, Cambridge, U.K.) t o pump t h e 
coolin g / h e a t i n g f l u i d around the system. Cooling was 
achieved using a r e f r i g e r a t i o n u n i t (Grant CC15, Grant 
Instruments, B a r r i n g t o n , Cambridge, U.K.) and by the 
addition of l i q u i d nitrogen. Propan-2-ol was used as the 
pumped f l u i d . 
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3.2.3 Results and Discussion 

The i n t r o d u c t i o n of v o l a t i l e o r g a n i c s o l v e n t s i n t o a 
plasma f o r ICP-AES, i s c o m p l i c a t e d by h i g h s o l v e n t 
transport e f f i c i e n c y which can lead to plasma i n s t a b i l i t y 
or even to e x t i n c t i o n of the plasma. There are a number 
of ways of preventing t h i s high transport e f f i c i e n c y , two 
methods are to decrease the sample uptake r a t e or to cool 
the spray chamber. 

Both of these methods were used for the introduction of 
methanol i n t o an ICP t o d e t e r m i n e t h e t r a c e m e t a l 
composition. The plasma operating conditions, for t h i s 
a n a l y s i s , are shown in Table 3.2-3.1. They were obtained 
by u n i v a r i a t e searches using the emission l i n e s (251.611 
nm and 212.412 nm) as a reference. 

These conditions were used to determine a number of t r a c e 
metals i n methanol. The d e t e c t i o n l i m i t s obtained for 
these elements are shown i n Table 3.2.3.2. 

The equation used for the c a l c u l a t i o n of the d e t e c t i o n 
l i m i t s was: 

C L = 3(RSD)B (CO) 
S/B 

where = d e t e c t i o n l i m i t , (RSD)g = r e l a t i v e standard 
deviation of the background, Co = analyte concentration 
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TABLE 3.2.3.1 THE OPERATING CONDITIONS USED FOR THE 
DETERMINATION OF TRACE METALS IN METHANOL 

Forward power 1.25 kW 
Coolant gas flow 25 1 min"^ 
Au x i l i a r y gas flow 0.6 1 min"-*-
Nebuliser gas flow 1.6 1 min"^ 
Viewing height 10.6 mm 
Temperature of spray chamber -4*̂ C 
Sample uptake rate 0.67 ml min"-'-
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TABLE 3.2.3.2 DETECTION LIMITS OBTAINED FOR THE 
DETERMINATION OF TRACE METALS IN 
METHANOL USING ICF-AES 

Ana l y t e D e t e c t i o n l i m i t s / ^ g ml"^ 

Direct Nebulisation Flow I n j e c t i o n * 

S i 7 2 
Cu 8 2 
V 7 3 
Mn 12 4.15 

* 300 / i l sample loop 
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and S/B the s i g n a l to background r a t i o . 

The r e s u l t s obtained f o r the d i r e c t i n t r o d u c t i o n of the 
methanol into the ICP are compared with those obtained, 
under the same operating conditions, apart from the sample 
uptake rate, which was increased from 0.67 ml min"-^ to 2.5 
ml min"^, for the flow i n j e c t i o n of the methanol int o an 
aqueous c a r r i e r stream. The sample loop s i z e used for 
t h i s experiment was 300 ^1^ t h i s was chosen because i t was 
the maximum volume which when i n j e c t e d did not appear to 
cause plasma i n s t a b i l i t y . 

The r e s u l t s show that the use of flow i n j e c t i o n enables a 
marked improvement i n the detection l i m i t s to be obtained. 
Thi s nearly c o r r e l a t e s with the change i n sample uptake 
r a t e and hence t r a n s p o r t of the a n a l y t e to the plasma. 
The uptake r a t e i n c r e a s e d from 0.67 ml min"^ to 2.5 ml 
min"^ which r e p r e s e n t s an i n c r e a s e by a f a c t o r of 3.7. 
The d e t e c t i o n l i m i t s o b t a i n e d from s i l i c o n showed an 
improvement by a factor of 3.5. 

A s i m i l a r procedure was performed for the determination of 
tr a c e metals in hexane by ICP-AES. The optimum conditions 
were obtained by the v a r i a b l e step s i z e simplex procedure. 
The following parameters were optimised; forward power, 
coolant gas flow, a u x i l i a r y gas flow, nebuliser gas flow, 
viewing height, temperature of spray chamber, sample 
uptake r a t e and oxygen ad d i t i o n . The c r i t e r i o n of merit 
was the s i g n a l to background r a t i o and the an a l y t e used 
for t h i s optimisation was copper. 
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A s i m i l a r procedure was performed for the determination of 
t r a c e m e t a l s i n hexane, by ICP-AES. The o p e r a t i n g 
conditions, used for both the d i r e c t n e b ulisation and the 
flow i n j e c t i o n of the hexane into the plasma are shown in 
Table 3.2.3.3. 

The decrease i n both the temperature of the spray chamber 
and the uptake r a t e of the s o l v e n t compared with the 
methanol conditions a f t e r the optimisation i s due to the 
v o l a t i l i t y of the sample. The evaporation fa c t o r , E, for 
methanol i s 47.2 ^rn^/s compared with 298 /im^/s for hexane 
at 25°C (12). 

The temperature of the spray chamber (-19°C) meant tha t 
for the flow i n j e c t i o n experiments the use of a c a r r i e r 
stream of water was no longer appropriate, because of the 
freezing of the water i n the spray chamber. Consequently 
2-ethoxy ethanol was used as the c a r r i e r stream. T h i s 
s o l v e n t was s e l e c t e d as c a r r i e r because of i t s lower 
vapour p r e s s u r e and i t s i n t r i n s i c a l l y h i g h l e v e l of 
oxygen. The flow i n j e c t i o n loop volume used was 15.0 / i l -

T h i s l e v e l of oxygen i s i m p o r t a n t , b e c a u s e t h e 
i n t r o d u c t i o n of hexane caused carbon d e p o s i t i o n on the 
torch. A low flow of oxygen was added to the n e b u l i s e r 
gas flow, to prevent t h i s deposition by combustion of the 
carbon. The i n t r o d u c t i o n of oxygen proved not to be 
necessary for the flow i n j e c t i o n s t u d i e s . 
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TABLE 3.2.3.3 THE OPERATING CONDITIONS OSED FOR THE 
DETERMINATION OF TRACE METALS IN HEXANE 
BY ICP-AES 

Forward power 1.65 kW 
Coolant gas flow 22 1 min"^ 
Au x i l i a r y gas flow 1.0 1 min"^ 
Nebuliser gas flow 1.2 1 min"^ 
viewing height 11,4 mm 
Temperature of spray chamber -3 5°C 
Sample uptake rate 

( i ) D i r e c t nebulisation 0.5 ml min"^ 
( i i ) Flow i n j e c t i o n 2.5 ml min"^ 

Oxygen addition 4.5% v/v 
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The r e s u l t s from these experiments are shown i n Table 
3.2.3.4. These d e t e c t i o n l i m i t s , once again show the 
advantage of the use of flow i n j e c t i o n . There i s once 
again a marked improvement between the r e s u l t s . The 
decrease i n the sample loop volume, compared with the 
hexane r e s u l t s (Table 3.2.3.2), does not appear to a f f e c t 
these r e s u l t s . The improvement i s s l i g h t l y greater than 
can be explained by the r e l a t i v e t r a n s p o r t e f f i c i e n c i e s . 
The sample uptake r a t e i n c r e a s e s from 0.5 ml min"^ f o r 
d i r e c t nebulisation of the solvent to 2.5 ml min"^ for the 
flow i n j e c t i o n of the solvent or an i n c r e a s e by a f a c t o r 
of f i v e . The detection l i m i t for copper improves from 12 
Axg ml"^ to 2 txq ml"^ or by a f a c t o r of s i x . This may be 
p a r t l y due to the expected d e t r i m e n t a l e f f e c t on the 
plasma caused by the introduction of oxygen. 

The i n t r o d u c t i o n of d i e t h y l e t h e r a l s o r e q u i r e d the 
addition of a low flow of oxygen to prevent carbon b u i l d 
up on the t o r c h . T h i s s o l v e n t i s s i g n i f i c a n t l y more 
v o l a t i l e than hexane, with an evaporation f a c t o r of 771 
/im-'/s compared with t h a t for hexane of 298 /xm-̂ /s at 25°C 
(12). This w i l l c l e a r l y increase a n a l y t i c a l problems with 
the solvent. The system was optimised using a v a r i a b l e 
step s i z e simplex procedure (101) for the determination of 
t r a c e metals i n d i e t h y l ether by ICP-AES. The c r i t e r i o n 
of merit used was the s i g n a l to background r a t i o and the 
parameters optimised were the forward power, the viewing 
height above the load c o i l , the n e b u l i s e r gas flow r a t e 
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Table 3.2.3.4 DETECTION LIMITS OBTAINED FOR THE 
DETERMINATION OF TRACE METALS IN HEXANE 
USING ICP-AES 

Analyte D e t e c t i o n l i m i t s / / i g ml~^ 

Direct Nebulisation Flow I n j e c t i o n * 

S i 10 2 
Cu 12 2 
V 11 2 
Mn 15 3 

150 ^1 sample loop 
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and the spray chamber temperature. A p a r t i c u l a r l i n e was 
s e l e c t e d to r e p r e s e n t atomic l i n e s of a low to medium 
io n i s a t i o n potential ("soft") and a l i n e with a high f i r s t 
or second i o n i s a t i o n p o t e n t i a l ("hard") according to the 
c r i t e r i a of Boumans and Lux-Steiner (100), ("soft" Cu I 
324.754 nm and "hard" Mn I I 257.610 nm). The r e s u l t s for 
t h i s optimisation procedure are shown i n Table 3.2.3.5. 
Un i v a r i a t e searches around the optima were performed to 
i l l u s t r a t e the i m p o r t a n c e of each p a r a m e t e r on the 
s e n s i t i v i t y (Figures 3.2.3.1 - 3.2.3.4). 

The optimal c o n d i t i o n s obtained f o r the forward power 
(Fi g . 3.2.3.1) appear to contradict e a r l i e r work by other 
workers, which showed o r g a n i c s o l v e n t s r e q u i r e d an 
increase in forward power compared with aqueous solutions, 
to reach an optimum (23, 25,29,30). The work of Evans et 
a l . (101), however, found a decrease in power was required 
for a wide v a r i e t y of s o l v e n t s and concluded that i t was 
the e f f e c t of i n c l u d i n g o t h e r p a r a m e t e r s i n t h e 
optimisation; p a r t i c u l a r l y the combined e f f e c t s of lower 
n e b u l i s e r gas flow and spray chamber temperature, which 
r e s u l t s i n a much reduced solvent load to the plasma. 

The n e b u l i s e r gas flow (Figure 3.2,3.2), proved to be a 
c r i t i c a l parameter. This i s due to the s p a t i a l e f f e c t s in 
the plasma. By d e c r e a s i n g the n e b u l i s e r gas flow the 
optimum w i l l move to lower down i n the plasma, where the 
e l e c t r o n number dens i t y i s s i g n i f i c a n t l y increased (91). 
T h i s e f f e c t of t h e e l e c t r o n number d e n s i t y i s more 
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TABLE 3.2.3.5 OPTIMUM CONDITIONS FOR THE DETERMINATION OF 
TRACE METALS IN DIETHYL ETHER BY ICP-AES 

System Line 
Cooled spray chamber Cu(I) Forward Power/kW 

Height above 
load coil/mm 

Carr r r i e r gas/ 
1 min"^ 

Temperature/°C 

Optimum 
1.38 

43.26 

1.25 
>-40 

Mn(II) Forward Power/kW 
Height above 

load coil/mm 
C a r r i e r gas/ 

1 min"^ 
Temperature / *̂ C 

1.73 

14.15 

0.88 
>-40 
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FIG 3.2.3.1: NORMALISED SBR VS FORWARD POWER 
DIETHYL ETHER INTO AN ICP-AES 
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FIG 3.2.3.2: NORMALISED SBR VS NEBULISER GAS 
DIETHYL ETHER INTO AN ICP-AES 
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FIG 3.2.3.3: NORMALISED SBR VS VIEWING HEIGHT 
DIETHYL ETHER INTO AN ICP-AES 
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FIG 3.2.3.4: NORMALISED SBR VS TEMPERATURE OF 
SPRAY CHAMBER 
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i m p o r t a n t f o r t h e hard l i n e s (e.g. manganese) than f o r t h e 
s o f t l i n e s because o f t h e i n c r e a s e d energy r e q u i r e d t o 
cause a t o m i s a t i o n . 

The v i e w i n g h e i g h t a l s o proved t o be i m p o r t a n t f o r t h i s 
work ( F i g u r e 3.2.3.3). The r e l a t i o n s h i p between t h e 
parameters, p a r t i c u l a r l y f o r w a r d power and t h e n e b u l i s e r 
gas f l o w g r e a t l y a f f e c t s t h e optimum v i e w i n g h e i g h t . The 
well-documented use o f lower v i e w i n g h e i g h t s f o r h a r d 
l i n e s compared w i t h s o f t l i n e s , i s supported by t h i s study 
using o r g a n i c s o l v e n t s . 

The temperature of t h e spray chamber ( F i g u r e 3.2.3.4), d i d 
not r e a c h an optimum f o r t h e i n t r o d u c t i o n o f d i e t h y l 
e t h e r . There i s a steady i n c r e a s e i n t h e SBR, w i t h a 
decrease i n temperature, f o r b o t h t h e hard and t h e s o f t 
l i n e s . F u r t h e r work on t h i s parameter was p r e v e n t e d by 
t h e i n a b i l i t y t o m a i n t a i n a c o n s t a n t t e m p e r a t u r e below 
-40°C. 

The use o f f l o w i n j e c t i o n as a method o f i n t r o d u c i n g s m a l l 
volumes o f d i e t h y l e t h e r i n t o t h e plasma was i n v e s t i g a t e d , 
the c a r r i e r stream used was 2-ethoxy e t h a n o l . The e f f e c t s 
on t h e d e t e c t i o n l i m i t s o f u s i n g d i f f e r e n t s i z e d sample 
loops was i n v e s t i g a t e d and t h e r e s u l t s a l o n g w i t h those 
o b t a i n e d by c o n t i n u o u s n e b u l i s a t i o n a r e shown i n T a b l e 
3.2.3.6. 

I t can c l e a r l y be seen t h a t t h e e f f e c t of t h e use of f l o w 
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TABLE 3.2.3.6 DETECTION LIMITS OBTAINED USING ICP-AES 
FOR THE DETERMINATION OF TRACE METALS IN 
DIETHYL ETHER USING FLOW INJECTION 

Continuous 
n e b u l i s a t i o n 

Line D e t e c t i o n l i m i t s (/ig 1"^) 

Cu(I) 
M n ( I I ) 

10 
15 

Sample loop 
volume//il 

300 

100 

50 

Cu(I) 
M n ( I I ) 
Cu(I) 
M n ( I I ) 
Cu(I) 
M n ( I I ) 

13 
17 
9 

13 
2 
2 
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i n j e c t i o n i s t o improve t h e d e t e c t i o n l i m i t s compared w i t h 
c o n t i n u o u s n e b u l i s a t i o n . D e c r e a s i n g t h e volume o f t h e 
v o l a t i l e s o l v e n t e n t e r i n g t h e plasma u s i n g s m a l l e r s i z e d 
sample l o o p s i m p r o v e d t h e s e n s i t i v i t y f o r b o t h t h e 
an a l y t e s i n v e s t i g a t e d . By l o w e r i n g t h e amount of d i e t h y l 
e t h e r e n t e r i n g t h e plasma, t h e s t a b i l i t y o f t h e plasma was 
c o n s i d e r a b l y improved, which a l s o enabled an i n c r e a s e i n 
t h e uptake r a t e . I n a d d i t i o n , t h e r e was a decrease i n 
memory e f f e c t s aided by f a s t e r throughput of t h e s o l v e n t . 
Not o n l y d i d t h e peaks have a b e t t e r shape, w i t h s m a l l e r 
sample l o o p s t h e r e was a n o t a b l e i m p r o v e m e n t i n t h e 
r e l a t i v e standard d e v i a t i o n s (Table 3.2.3.7), which a c t t o 
improve the d e t e c t i o n l i m i t s . 
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TABLE 3.2.3.7 RELATIVE STANDARD DEVIATIONS OBTAINED FOR 
THE DETERMINATION OF TRACE METALS IN 
DIETHYL ETHER BY FLOW INJECTION ICP-AES 

Sample loop Standard Concentration R e l a t i v e Standard 
volume//il /Mg 1 D e v i a t i o n 

Cul M n l l 
50 10 3.9 4.5 

50 3.8 4.5 
100 3.6 4.8 

100 10 4.9 6,4 
50 4.8 6.6 

100 4.6 6.8 

300 10 6.2 8.3 
50 7.1 8.3 

100 6.4 9.1 

n = 10 
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3.3 Determination of Trace Metals i n Organics by 
Inductively Coupled Plasma - Mass Spectrometry 

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

The problems encountered i n t h e i n t r o d u c t i o n o f o r g a n i c 
s o l v e n t s , p a r t i c u l a r l y v o l a t i l e o r g a n i c s o l v e n t s , f o r 
i n d u c t i v e l y coupled plasma - mass spectrometry are s i m i l a r 
t o those encountered w i t h t h e i n t r o d u c t i o n of o r g a n i c s f o r 
ICP-AES. The major problems are caused by t h e e f f e c t s of 
h i g h s o l v e n t l o a d i n g i n t h e plasma, which may l e a d t o 
plasma i n s t a b i l i t y , which means methods are r e q u i r e d t o 
lower t h i s l o a d i n g . 

The problems associated w i t h t h e i n t r o d u c t i o n of organics 
i n t o t h e ICP-MS, which d i f f e r from those encountered w i t h 
an ICP-AES, are due t o t h e na t u r e o f t h e c o u p l i n g between 
t h e ICP and t h e mass s p e c t r o m e t e r . W i t h o u t t h e 
i n t r o d u c t i o n of a low f l o w o f oxygen i n t o t h e n e b u l i s e r 
gas f l o w , c a r b o n d e p o s i t e d on t h e s a m p l i n g cones may 
r a p i d l y b l o c k t h e o r i f i c e p r e v e n t i n g e x t r a c t i o n o f t h e 
i o n s f r o m t h e plasma. The o t h e r n o v e l f a c t o r i s t h e 
e f f e c t o f t h e organic s o l v e n t on t h e i o n lens system used 
t o focus t h e i o n beam onto t h e d e t e c t o r . 
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3.3.2 Experimental 

The s o l v e n t s used i n t h e s e e x p e r i m e n t s were o f A r i s t a r 
grade (BDH, Dorset, U.K.). Standards were prepared e i t h e r 
from o r g a n o m e t a l l i c Standards (Conostan, MBH A n a l y t i c a l 
L t d . , Barnet, Herts. ) or o r g a n o m e t a l l i c s a l t s ( S p e c t r o s o l 
c y c l o h e x y l b u t y r i c a c i d s a l t s , BDH, Dorset, U.K.). 

The spray chamber used was o f t h e S c o t t t y p e double pass 
d e s i g n , j a c k e t e d t o a l l o w t h e c i r c u l a t i o n o f c o o l i n g 
f l u i d . T emperature c o n t r o l was a c h i e v e d by use o f a 
r e c i r c u l a t i o n system, s u p p l i e d w i t h t h e s p e c t r o m e t e r , 
which pumped c o o l i n g / h e a t i n g f l u i d around t h e system. 
Cooling was achieved by t h e r e f r i g e r a t i o n system s u p p l i e d 
w i t h t h e r e c i r c u l a t i o n system and/or by t h e a d d i t i o n o f 
l i q u i d n i t r o g e n . P r o p a n - 2 - o l was used as t h e pumped 
f l u i d . 

3.3.3 Results and Discussion 

The i n t r o d u c t i o n o f o r g a n i c s o l v e n t s f o r ICP-MS, i s 
c o m p l i c a t e d by t h e n e c e s s i t y t o add a low f l o w o f oxygen 
t o t h e n e b u l i s e r gas f l o w t o p r e v e n t t h e b u i l d up o f 
carbon on the cones and t h e e f f e c t of t h e o r g a n i c s on t h e 
i o n l e n s e s . Both these e f f e c t s can be p a r t i a l l y removed 
by p r e v e n t i n g l a r g e amounts o f s o l v e n t r e a c h i n g t h e 
plasma, f o r example by c o o l i n g t h e spray chamber, t h i s 
w i l l however e f f e c t t h e s e n s i t i v i t y o f t h e t e c h n i q u e . 
Consequently care must be ta k e n t o p r e v e n t cone blockage 
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and t h e e f f e c t s of carbon on the lenses. 

The i n t r o d u c t i o n of methanol i n t o t h e plasma, was achieved 
by u s i n g a slow uptake r a t e , and t h e c o o l i n g o f t h e spray 
chamber. The c o n d i t i o n s used f o r t h i s are shown i n Table 
3 . 3 . 3 . 1 . The i n s t r u m e n t was o p t i m i s e d f o r t h e 
d e t e r m i n a t i o n of a wide range o f a n a l y t e s . The d e t e c t i o n 
l i m i t s o b t a i n e d f o r t h e s e a n a l y t e s a r e shown i n Table 
3.3.3.2. 

Flow i n j e c t i o n was once a g a i n used t o f a c i l i t a t e t h e 
i n t r o d u c t i o n of t h e organic i n t o t h e plasma. For t h e f l o w 
i n j e c t i o n of methanol a c a r r i e r stream of 2-ethoxy e t h a n o l 
was used- T h i s i s because o f t h e low e r s p r a y chamber 
temperature used f o r the a n a l y s i s by ICP-MS compared w i t h 
ICP-AES, which p r e v e n t s t h e use o f w a t e r as a c a r r i e r 
stream. The f l o w i n j e c t i o n loop s i z e volume used i n t h i s 
experiment was 100/il. 

The r e s u l t s i n d i c a t e t h a t t h e i n t r o d u c t i o n o f o r g a n i c 
s o l v e n t s f o r ICP-MS i s p o s s i b l e . The s t a b i l i t y o f t h e 
plasma i s c l e a r l y o f i m p o r t a n c e i n o b t a i n i n g good 
a n a l y t i c a l data- The use o f f l o w i n j e c t i o n improves t h i s 
s t a b i l i t y , by i n t r o d u c i n g s m a l l e r volumes of t h e v o l a t i l e 
o r g a n i c i n t o t h e p l a s m a . T h i s r e s u l t s i n a g r e a t 
improvement i n t h e d e t e c t i o n l i m i t s o b t a i n e d u s i n g f l o w 
i n j e c t i o n compared w i t h t h o s e o b t a i n e d u s i n g d i r e c t 
n e b u l i s a t i o n . 
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TABLE 3.3.3.1 THE OPERATING CONDITIONS USED FOR THE 
DETERMINATION OF TRACE METALS IN METHANOL 
BY ICP-M8 

Forward power 1.75 kW 
Coolant gas f l o w 17.5 1 min"-*-
A u x i l i a r y gas f l o w 1.0 1 min"^ 
Nebuliser gas f l o w 0.7 1 min"^ 
Sampling Depth 2.2 mm 
Temperature of spray chamber -30^0 
Sample uptake r a t e 0.8 ml min"^ 
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TABLE 3.3.3.2 DETECTION LIMITS OBTAINED FOR THE 
DETERMINATION OF TRACE METALS IN 
METHANOL BY ICP-MS 

Analyte D e t e c t i o n l i m i t s / n g ml"-^ 

D i r e c t N e b u l i s a t i o n Flow I n j e c t i o n 
Cu 14 9 
V 8 4 
Mn 9 4 
Pb 12 8 

100/il 

* 
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The i n t r o d u c t i o n o f d i e t h y l e t h e r i n t o t h e plasma i s 
complicated by i t s extreme v o l a t i l i t y . The c o o l i n g of the 
spray chamber below -40*^0, was found not t o be f e a s i b l e as 
i t proved i m p o s s i b l e t o keep t h e t e m p e r a t u r e c o n s t a n t . 
The use of a p e r i s t a l t i c pump was a l s o p r o b l e m a t i c because 
t h e low u p t a k e r a t e s r e q u i r e d meant t h a t t h e p u l s i n g 
e f f e c t s of the pumping was a problem. 

The v a r i a b l e s t e p s i z e s i m p l e x p r o c e d u r e was used t o 
o p t i m i s e t h e system f o r t h e d e t e r m i n a t i o n o f copper i n 
d i e t h y l e t h e r by ICP-MS. The optimum c o n d i t i o n s obtained 
are shown i n Table 3.3.3.3. These c o n d i t i o n s were used t o 
o b t a i n t h e d e t e c t i o n l i m i t f o r copper i n d i e t h y l e t h e r 
w h i c h i s shown i n T a b l e 3.3.3.4 compared w i t h t h o s e 
o b t a i n e d u s i n g f l o w i n j e c t i o n . The volume o f t h e f l o w 
i n j e c t i o n loops was v a r i e d t o g i v e an ide a o f t h e e f f e c t 
of t h e d i e t h y l e t h e r on t h e plasma. 

These r e s u l t s show t h a t t h e r e was an improvement i n t h e 
d e t e c t i o n l i m i t s o b t a i n e d , when s m a l l v o l u m e f l o w 
i n j e c t i o n loops were used w i t h an optimum of about 50 / i l . 
T h i s was p a r t l y due t o t h e f a c t t h a t t h e sample uptake 
r a t e can be in c r e a s e d from about 0.05 ml min"^ t o 0.7 ml 
min"^, which minimised t h e e f f e c t of t h e p e r i s t a l t i c pump 
on t h e r e s u l t s , and t h e f a c t t h a t t h e s t a b i l i t y o f t h e 
plasma was improved because o f t h e decrease i n t h e t o t a l 
amount of the v o l a t i l e s o l v e n t e n t e r i n g t h e plasma. 
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TABLE 3.3.3.3 OPTIMUM CONDITIONS OBTAINED FOR THE 
DETERMINATION OF COPPER IN DIETHYL ETHER 
BY ICP-MS 

Forward power 1.91 kW 
Coolant gas 17.75 1 min"^ 
A u x i l i a r y gas f l o w 1.10 1 min"-^ 
Nebuliser gas f l o w 0.75 1 min"^ 
Spray chamber temperature -40°C 
Sample uptake r a t e 0.05 ml min"^ 
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TABLE 3.3-3.4 DETECTION LIMITS OBTAINED FOR THE 
DETERMINATION OP COPPER IN DIETHYL ETHER 
BY ICP-MS 

Method of I n t r o d u c t i o n D e t e c t i o n l i m i t / n g ml"^ 

D i r e c t n e b u l i s a t i o n 
Flow i n j e c t i o n 300 M1 

100 / i l 

50 ^1 

25 ^1 

27 

28 

14 

10 

18 
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conclusion 

I t i s c l e a r t h e r e f o r e t h a t t h e i n t r o d u c t i o n of v o l a t i l e 
o r g a n i c s f o r ICP-MS i s f e a s i b l e , but p r o b l e m a t i c . These 
p r o b l e m s a r e m o s t l y due t o t h e e f f e c t o f t h e h i g h 
t r a n s p o r t e f f i c i e n c y o f t h e s o l v e n t s which causes h i g h 
s o l v e n t vapour l o a d i n g . This leads t o plasma i n s t a b i l i t y . 
T h i s can be p a r t i a l l y o f f s e t by t h e c o o l i n g o f t h e spray 
chamber, b u t a t low t e m p e r a t u r e s t h e s t a b i l i t y may be 
poor; or by decreasing t h e sample uptake r a t e , which may 
lead t o p u l s i n g e f f e c t s from t h e pump. The use o f f l o w 
i n j e c t i o n enables a s m a l l e r amount of t h e v o l a t i l e o r g a n i c 
s o l v e n t t o e n t e r t h e spray chamber and hence t h e plasma 
and by u s i n g s m a l l sample volumes t h e uptake r a t e may be 
able t o be incre a s e d l e a d i n g t o l e s s p u l s i n g e f f e c t s and 
an improvement i n t h e d e t e c t i o n l i m i t s . Flow i n j e c t i o n 
a l s o decreases the a n a l y s i s t i m e , because not only i s t h e 
u p t a k e r a t e i n c r e a s e d b u t washout t i m e s d r a m a t i c a l l y 
decreased. 
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CHAPTER 4 
ANALYSIS OF ORGANICS AFTER DESOLVATION 
4.1 Introduction 

One of the major problems a s s o c i a t e d w i t h t h e a n a l y s i s of 
v o l a t i l e o r g a n i c s o l v e n t s , i s caused by t h e h i g h s o l v e n t 
l o a d i n g w h i c h can cause p l a s m a i n s t a b i l i t y o r even 
e x t i n g u i s h t h e plasma. The method d e s c r i b e d i n Chapter 3, 
t o p r e v e n t t h i s i n s t a b i l i t y i n v o l v e d t h e c o o l i n g o f t h e 
spray chamber and decreasing t h e sample uptake r a t e . Both 
of these methods have problems a s s o c i a t e d w i t h them and 
have no e f f e c t on the enhancement o f t h e s i g n a l . For the 
most v o l a t i l e s o l v e n t s t h e c o o l e d spray chamber and low 
uptake r a t e s s t i l l p r o v i d e poor a n a l y t i c a l performance. 
T h i s i s because i t i s d i f f i c u l t t o s t a b i l i s e t h e s p r a y 
chamber temperature a t t h e low temperatures r e q u i r e d and 
because o f t h e e f f e c t o f p u l s i n g by t h e p e r i s t a l t i c pump 
a t low pump speeds. 

C l e a r l y i t w o u l d be advantageous t o have a method o f 
r e d u c i n g much o f t h e s o l v e n t from r e a c h i n g t h e plasma, 
w i t h o u t removal o f the a n a l y t e . Such a method i s t h e use 
of a d e s o l v a t i o n i n t e r f a c e between t h e n e b u l i s e r and t h e 
plasma t o r c h . T h i s c o n s i s t s o f a method of p r o d u c i n g a 
s o l v e n t vapour, normally by h e a t i n g of t h e spray chamber, 
and a condenser which w i l l cause t h e vapour t o condense 
back t o a l i q u i d and be removed from t h e gas f l o w . 
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4.2 Experimental 

A d e s o l v a t i o n device i n c o r p o r a t i n g t h e r m o e l e c t r i c devices, 
t o c o o l t h e condenser was c o n s t r u c t e d - These thermoelec
t r i c d e v i c e s , ( P e l t i e r C o o l e r s , M e l c a r CPI4-127-066, 
T r e n t o n , N.J., U.S.A.), are o b t a i n e d by a r r a n g i n g n- and 
p- t y p e m a t e r i a l s i n couples. The passage of c u r r e n t due 
t o t h e i n d i c a t e d a p p l i e d v o l t a g e w i l l cause t h e t o p 
s u r f a c e t o be cooled and t h e bottom s u r f a c e t o be heated, 
w h i l e r e v e r s a l o f c u r r e n t w i l l cause r e v e r s a l o f t h e 
d i r e c t i o n of heat f l o w (102). 

The P e l t i e r c o o l e r s were placed on an aluminium block (100 
X 35 X 35 mm), i n t o which a g l a s s tube was placed complete 
w i t h a d r a i n , c o n n e c t e d t o a p e r i s t a l t i c pump ( F i g . 
4.2.2.1), Water cooled copper p l a t e s were p l a c e d on t h e 
o u t s i d e o f t h e P e l t i e r c o o l e r s i n o r d e r t o remove t h e 
excess heat and lower t h e t e m p e r a t u r e o f t h e c o o l s i d e . 
The temperature d i f f e r e n c e between t h e two p l a t e s o f t h e 
P e l t i e r c o o l e r c o u l d be v a r i e d by c h a n g i n g v o l t a g e o r 
c u r r e n t from t h e power source. A schematic diagram of t h e 
condenser i s shown i n Figure 4.2.1. 

T h i s condenser was p l a c e d between a heated spray chamber 
and t h e plasma t o r c h . The spray chamber was o f t h e ARL 
t y p e (ARL, Crawley, U.K.), and heated u s i n g 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 Engineering L t d . , Southend-on-Sea, Essex, 
U.K.). 
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The standards were obtained u s i n g o r g a n o m e t a l l i c standards 
(Conostan, MBH A n a l y t i c a l L t d . , Barnet, H e r t s . , U.K. ) 
or o r g a n o m e t a l l i c s a l t s ( S p e c t r o s o l c y c l o h e x y l b u t y r a t e 
s a l t s , BDH, Poole, Dorset, U.K.). The s o l v e n t s used were 
A r i s t a r grade (BDH, Poole, Dorset, U.K.), 

4.3 Results and Discussion 

The d e s o l v a t i o n system d e s c r i b e d was o p t i m i s e d by t h e 
v a r i a b l e step s i z e simplex procedure f o r t h e d e t e r m i n a t i o n 
of t r a c e m e t a l s i n d i e t h y l e t h e r by ICP-AES. The 
c r i t e r i o n o f m e r i t used was t h e s i g n a l t o background 
r a t i o . The optimum c o n d i t i o n s are shown i n Table 4.2.3.1. 

The d e s o l v a t i o n system was found t o remove seventy per 
cent o f t h e s o l v e n t i n t r o d u c e d . The d e s o l v a t e d s o l v e n t 
when analysed showed l e v e l s of t h e a n a l y t e t o be below t h e 
d e t e c t i o n l i m i t (0.6 ng ml"^ f o r Cu^^). 

To i l l u s t r a t e t h e i m p o r t a n c e o f a l l t h e p a r a m e t e r s 
o p t i m i s e d u n i v a r i a t e searches were performed around t h e 
optimum ( F i g s . 4.2.3.1 - 4.2.3.4). 

The optimum c o n d i t i o n s o b t a i n e d f o r both t h e f o r w a r d power 
( F i g . 4.2.3,1) and t h e v i e w i n g h e i g h t ( F i g . 4.2.3.3) are 
s i m i l a r t o t h o s e o b t a i n e d when u s i n g a c o o l e d s p r a y 
chamber ( F i g . 3,2.3.1 and F i g . 3.2.3.2), T h i s i s probably 
t o be e x p e c t e d because, a l t h o u g h t h e m a j o r i t y o f t h e 
s o l v e n t has been removed by t h e d e s o l v a t i o n system, t h e 
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TABLE 4.2.3.1 OPTIMUM CONDITIONS FOR THE DETERMINATION OF 
TRACE METALS IN DIETHYL ETHER BY ICP-AES 
USING A DESOLVATIOM SYSTEM 

Analyte Parameter Optimum 
Cu(I) Forward Power 1.43 kW 

Height above load c o i l 43.3 mm 
Nebuli s e r gas f l o w 1.4 1 min"^ 
Temperature <-40°C 

Mn ( I I ) Forward power 1.7 kW 
Height above load c o i l 14.2 mm 
Nebuli s e r gas f l o w 0.9 1 min"-^ 
Temperature < - 4 0 ° C 
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FIG 4.2.3.1: NORMALISED SBR VS FORWARD POWER 
USING DESOLVATION DIETHYL ETHER INTO AN ICP-AES 
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FIG 4.2.3.2: NORMALISED SBR VS VIEWING HEIGHT 
USING DESOLVATION DIETHYL ETHER INTO AN ICP-AES 
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FIG 4.2.3.3: NORMALISED SBR VS NEBULISER GAS 
USING DESOLVATION DIETHYL ETHER INTO AN ICP-
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FIG 4.2.3.4: NORMALISED SBR VS TEMPERATURE OF 
DESOLVATION CONDENSER 
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t o t a l amount of s o l v e n t e n t e r i n g t h e plasma i s s i m i l a r 
because o f t h e f a c t t h a t t h e sample u p t a k e r a t e was 
i n c r e a s e d from 0.05 ml m i n " ^ t o 0.15 ml m i n " ^ . T h i s 
means t h a t t h e sample u p t a k e r a t e has i n c r e a s e d by a 
f a c t o r o f t h r e e . The s y s t e m b e i n g s e v e n t y per c e n t 
e f f i c i e n t t h e e q u i v a l e n t s o l v e n t l o a d i n g t o t h e c o o l e d 
s p r a y chamber i s n i n e t y p e r c e n t . C o n s e q u e n t l y t h e 
o p e r a t i n g c o n d i t i o n s would be expected t o change l i t t l e . 

The e f f e c t of the n e b u l i s e r gas f l o w ( F i g . 4.2,3.3) proved 
t o be very i m p o r t a n t f o r t h e d e s o l v a t i o n o f t h e s o l v e n t . 
I t would be expected t h a t t h e lower optimum gas f l o w would 
be r e q u i r e d compared w i t h a c o o l e d s p r a y chamber, t o 
increase the residence time i n the i n t e r f a c e and hence t h e 
d e s o l v a t i o n e f f i c i e n c y . I t appears, however, t h a t t h e 
s p a t i a l e f f e c t s i n the plasma are of more importance. The 
lower t h e n e b u l i s e r f l o w t h e g r e a t e r t h e e l e c t r o n number 
d e n s i t y w i l l be and hence t h e e f f e c t s on t h e a t o m i s a t i o n 
of t h e a n a l y t e s ( 9 1 ) . T h i s i s p a r t i c u l a r l y t r u e f o r t h e 
"hard" l i n e s (e.g. manganese) where t h e a n a l y t e i s more 
d i f f i c u l t t o atomise and consequently a l a r g e r e l e c t r o n 
number d e n s i t y i s r e q u i r e d . We have, t h e r e f o r e a lower 
optimum n e b u l i s e r gas f l o w f o r t h e "hard" l i n e compared 
w i t h the " s o f t " l i n e . 

The r e s u l t s o b t a i n e d f o r t h e t e m p e r a t u r e , r e l a t e t o t h e 
temperature a t t h e c e n t r e o f t h e d e s o l v a t i o n d e v i c e , are 
shown i n F i g u r e 4.2.3.4. T h i s i n d i c a t e s t h a t an optimum 
was not reached. This was due t o the i n a b i l i t y t o c o n t r o l 
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t h e condenser temperature below a f i g u r e o f -40°C. The 
temperature drop across t h e p e l t i e r c o o l e r having reached 
the maximum p o s s i b l e (approx. 50°C). C l e a r l y t h e use of a 
r e c i r c u l a t i o n system which enables t h e o u t s i d e o f t h e 
P e l t i e r c o o l e r t o decrease i n temperature would enable a 
decrease i n the condenser temperature. This proved t o be 
more d i f f i c u l t than envisaged, because o f the d i f f i c u l t i e s 
i n m a i n t a i n i n g a l a r g e enough volume of cooled l i q u i d over 
t h e c o o l i n g p l a t e s t o remove t h e h e a t from t h e P e l t i e r 
c o o l e r s more e f f e c i e n t l y . Using n i t r o g e n cooled propanol 
r e c i r c u l a t e d over t h e copper p l a t e s gave o n l y a m a r g i n a l 
improvement i n th e condenser temperature. I t i s expected, 
however, t h a t 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 w o u l d 
continue t o improve w i t h decreasing condenser temperature. 

The e f f e c t on t h e d e t e c t i o n l i m i t s o f u s i n g t h e 
d e s o l v a t i o n i n t e r f a c e i s shown i n T a b l e 4.3.3.2. The 
r e s u l t s are compared w i t h those o b t a i n e d u s i n g a cooled 
spray chamber. There i s c l e a r l y a marked improvement i n 
t h e r e s u l t s obtained between the two methods. This i s due 
t o a number o f f a c t o r s ; t h e d e s o l v a t i o n device by removing 
most o f t h e s o l v e n t does n o t remove as much o f t h e 
a n a l y t e , hence t h e s o l v e n t e n t e r i n g t h e plasma has a 
h i g h e r r e l a t i v e a n a l y t e c o n c e n t r a t i o n . There i s a l s o an 
i n c r e a s e i n t h e s o l v e n t u p t a k e r a t e w h i c h w i l l a g a i n 
i n c r e a s e t h e t o t a l a n a l y t e e n t e r i n g t h e plasma, t h i s 
increase i s only from 0.05 ml rain"^ t o 0.15 ml min"^ or a 
f a c t o r o f t h r e e . The d e t e c t i o n l i m i t s showed an 
improvement by a f a c t o r o f between seven and a h a l f and 
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TABLE 4.2.3.2 DETECTION LIMITS OBTAINED FOR THE 
DETERMINATION OF TRACE METALS IN DIETHYL 
ETHER BY ICP-AES 

System 
De s o l v a t i o n 

L i n e D e t e c t i o n l i m i t / / i g 1 ^ 
Cu ( I ) 1 
M n ( I I ) 2 

Cooled spray chamber Cu(I) 
M n ( I I ) 

10 
15 
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t e n . The r e s t o f t h i s improvement i s due t o t h e decrease 
i n t h e noise, from the p e r i s t a l t i c pump and an increase i n 
the t r a n s p o r t e f f i c i e n c y of t h e a n a l y t e s . 

I n t h e previous chapter i t was shown t h a t t h e use o f f l o w 
i n j e c t i o n l e d t o improved d e t e c t i o n l i m i t s when i n t r o d u c 
i n g a v o l a t i l e o r g a n i c s o l v e n t i n t o an ICP. The c a r r i e r 
stream used was 2-ethoxy e t h a n o l , because o f i t s lower 
v o l a t i l i t y c ompared w i t h d i e t h y l e t h e r and i t s 
i n t r i n s i c a l l y h igh oxygen t o carbon r a t i o . The e f f e c t on 
the d e t e c t i o n l i m i t s of v a r y i n g t h e sample loop volume i s 
shown i n Table 4.2.3.3. There was an improvement i n t h e 
d e t e c t i o n l i m i t s caused by a decrease i n sample s i z e . 
T h i s was due t o the f a c t t h a t t h e sample uptake r a t e was 
increased from 0.15 ml min"^ t o 0.3 ml min"^ (300 / i l loop, 
1.5 ml min"^ (100 / i l loop) and 1.8 ml min~-^ (50 / i l l o o p ) . 
These improvements i n t h e sample uptake r a t e c o r r e l a t e 
w e l l w i t h t h e i m p r o v e m e n t s i n t h e d e t e c t i o n l i m i t s 
o b t a i n e d . The i n c r e a s e i n t h e sample u p t a k e r a t e a l s o 
gave sharper and b e t t e r d e f i n e d peaks. The improvement 
us i n g t h e d e s o l v a t i o n device was not as marked, as i n t h e 
work w i t h a cooled spray chamber (see Table 3.2.3.6). The 
d e t e c t i o n l i m i t s o b t a i n e d u s i n g t h e c o o l e d spray chamber 
showed an i m p r o v e m e n t by a f a c t o r o f s i x when f l o w 
i n j e c t i o n was used t h i s compares w i t h an improvement by a 
f a c t o r o f n e a r l y two i n t h e work w i t h t h e d e s o l v a t i o n 
system. 

The d e s o l v a t i o n system, w i t h s l i g h t m o d i f i c a t i o n , was 
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TABLE 4.2.3.3 DETECTION LIMITS OBTAINED FOR THE 
DETERMINATION OF TRACE METALS IN 
DIETHYL ETHER BY FLOW INJ^CTIOR 
ICP-AES 

Sample loop volume l i n e D e t e c t i o n l i m i t 
/Ml liiq ml~^ 

300 Cu(I) 5 
M n ( I I ) 7 

100 Cu(I) 1 
M n ( I I ) 3 

50 Cu(I) 0.6 
M n ( I I ) 1.5 
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i n c o r p o r a t e d i n t o the ICP-MS system and eva l u a t e d f o r t h e 
i n t r o d u c t i o n of d i e t h y l e t h e r . The system was o p t i m i s e d 
by t h e v a r i a b l e s t e p s i z e s i m p l e x p r o c e d u r e f o r t h e 
a n a l y s i s o f b o t h copper and s i l i c o n . The c r i t e r i o n o f 
m e r i t used was t h e s i g n a l t o background r a t i o and t h e 
parameters o p t i m i s e d were f o r w a r d power, n e b u l i s e r gas 
f l o w , c o o l a n t gas f l o w and t h e t e m p e r a t u r e o f t h e 
d e s o l v a t i o n systems condenser. The r e s u l t s are shown i n 
Table 4.2.3.4. 

As a measure of the r e l a t i v e importance o f each parameter, 
a number of u n i v a r i a t e searches were performed around the 
optimum, h o l d i n g a l l the o t h e r parameters constant except 
the one under i n v e s t i g a t i o n ( F i g s . 4.2.3,5 - 4.2.3.8). 
The d e t e r m i n a t i o n of s i l i c o n was found t o be p o s s i b l e when 
using t h e d e s o i y k t i o n system because o f t h e l a r g e decrease 
i n t h e i n t e r f e r e n c e caused by t h e p o l y a t o m i c i o n CO"*" a t 
m/z 28. The i s o t o p i c r a t i o s o b t a i n e d u s i n g peaks a t m/z 
29 and 30 were, a f t e r u s i n g background c o r r e c t i o n , t h e 
n a t u r a l abundance and th e r e s u l t s were r e p r o d u c i b l e . 
The r e s u l t s obtained f o r o p t i m i s a t i o n of the i n t r o d u c t i o n 
of d i e t h y l e t h e r , i n t o t h e ICP-AES i n s t r u m e n t , showed 
t h a t a l o w e r f o r w a r d power was f o u n d t o be optimum 
compared w i t h aqueous s o l u t i o n s . However, i n the case of 
ICP-MS, an increase i n forward power was r e q u i r e d t o reach 
the optimum ( F i g . 4.2.3.5), This was p o s s i b l y due t o t h e 
s p a t i a l t e m p e r a t u r e phenomena b e i n g l e s s i m p o r t a n t i n 
ICP-MS. 
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TABLE 4.2.3.4 OFTIMtm CONDITIONS OBTAINED FOR THE 
DETERMINATION OF TRACE METALS IN DIETHYL 
ETHER USING ICP-MS AFTER DESOLVATION 

Analyte Parameter 
Forward Power 2.00 kW 

Cu Nebuliser gas f l o w 0.71 1 min~^ 
Coolant gas f l o w 17.6 1 min"^ 
Condenser temperature <-40°C 

Forward power 1.86 kW 
Si Nebuliser gas f l o w 0.67 1 min"^ 

Coolant gas f l o w 17.3 1 min~^ 
Condenser temperature -40^C 
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FIG 4.2.3.5: NORMALISED SBR VS FORWARD POWER 
USING DESOLVATION DIETHYL ETHER INTO AN ICP-MS 
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FIG 4.2.3.6: NORMALISED SBR VS NEBULISER GAS 
USING DESOLVATION DIETHYL ETHER INTO AN ICP-MS 
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FIG 4.2.3.7 NORMALISED S B R V S C O O L A N T G A S FLOW 
USING DESOLVATION DIETHYL E T H E R INTO AN ICP-MS 
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The n e b u l i s e r gas flow ( F i g . 4.2.3.6), has a s h a r p optimum 

comparable with those obtained u s i n g ICP-AES. The a c t u a l 

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

aqueous samples. T h i s i s p r o b a b l y due t o t h e i n c r e a s e d 

s o l v e n t removal e f f i c i e n c y caused by the longer r e s i d e n c e 

time i n the condenser caused by the lower gas f l o w s . 

The c o o l a n t gas flow ( F i g . 4.2.3.7), has a much g r e a t e r 

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

d e s o l v a t e d o r g a n i c s i n t o an ICP-MS than e i t h e r aqueous or 

non-desolvated o r g a n i c s . T h i s may be due t o t h e e f f e c t of 

the s l i g h t l y lower n e b u l i s e r gas flows which w i l l have on 

the s p a t i a l e f f e c t s of t h e plasma. T h i s w i l l l e a d to a 

much h i g h e r e l e c t r o n number d e n s i t y compared w i t h e i t h e r 

aqueous or n o n - d e s o l v a t i o n o r g a n i c i n t r o d u c t i o n - The 

c o o l a n t gas may be a c t i n g t o compensate f o r t h i s change. 

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

d e s o l v a t i o n system c o u l d not be kept c o n s t a n t below about 

-40°C. Consequently no optimum v a l u e was o b t a i n e d ( F i g . 

4.2.3.8), f o r t h i s parameter. 

The d e t e c t i o n l i m i t s were c a l c u l a t e d f o r a number of 

a n a l y t e s and t h e r e s u l t s compared w i t h t h o s e o b t a i n e d 

u s i n g a c o o l e d s p r a y chamber. The r e s u l t s a r e shown i n 

T a b l e 4.2.3.5. Using the cooled spray chamber i t was not 

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

of the e f f e c t on the CO"*" i n t e r f e r e n c e . C l e a r l y t h e r e i s 

a marked improvement i n s e n s i t i v i t y b e t w e e n t h e two 
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TABLE 4.2.3.5 DETECTION LIMITS OBTAINED FOR THE 

DETERMINATION OF TRACE METALS IN 

DIETHYL ETHER BY ICP-MS 

System 

D e s o l u a t i o n 

Element 

Cu 

S i 

Mn 

V 

Pb 

D e t e c t i o n l i m i t (/ig 1"^) 

1.2 

1.0 

0.6 

0.6 

1.1 

Cooled Spray 
Chamber 

Cu 

Mn 

V 

Pb 

27 

14 

15 

24 
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systems due t o an i n c r e a s e i n the s t a b i l i t y o f the plasma 

r e s u l t i n g from t h e d e c r e a s e d s o l v e n t l o a d i n g . I n 

p a r t i c u l a r t h e d e t e r m i n a t i o n of s i l i c o n a t low ^g 1~^ 

l e v e l s was p o s s i b l e . The use of flow i n j e c t i o n , was again 

i n v e s t i g a t e d as a means of lowering the volume of v o l a t i l e 

o r g a n i c s o l v e n t e n t e r i n g t he plasma, 2-ethoxy e t h a n o l was 

used a s the c a r r i e r stream. The e f f e c t of u s i n g d i f f e r e n t 

s i z e sample loops was a l s o i n v e s t i g a t e d and t h e r e s u l t s 

shown i n Table 4.2.3.6. Again the s t a b i l i t y o f the plasma 

i n c r e a s e d with a de c r e a s e i n s o l v e n t l o a d i n g , f a c i l i t a t i n g 

an i n c r e a s e i n the sample uptake r a t e , which improved the 

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

a l s o produced b e t t e r shaped f l o w i n j e c t i o n p e aks ( F i g . 

4. 2 . 3 . 9 ) , w i t h l e s s t a i l i n g and a d e c r e a s e i n s a m p l i n g 

time r e s u l t i n g i n decreased memory e f f e c t s . 
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C o n c l u s i o n 

The use of d e s o l v a t i o n t o remove some or most o f a s o l v e n t 

r e a c h i n g a plasma has a number of e f f e c t s . The s o l v e n t 

l o a d i n g of the plasma i s d e c r e a s e d i n c r e a s i n g the plasma 

s t a b i l i t y and hence t h e a n a l y t i c a l p e r f o r m a n c e . The 

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

e f f e c t s of the pumping on the performance, without l o s i n g 

plasma s t a b i l i t y . T h i s e n a b l e s a n a l y t i c a l performance to 

be comparable w i t h t h a t o b t a i n e d f o r aqueous o p e r a t i o n . 

The use of flow i n j e c t i o n may a l s o enhance t h e a n a l y t i c a l 

performance by d e c r e a s i n g t h e amount of v o l a t i l e s o l v e n t 

e n t e r i n g t he plasma, i t i s a l s o advantageous due t o the 

r a p i d sample throughput of t h e method and a d e c r e a s e i n 

memory e f f e c t s . 

The temperature o b t a i n e d i n the condenser by t h e P e l t i e r 

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

c r y o g e n i c s y s t e m s which u s e s o l i d c a r b o n d i o x i d e . The 

advantages of the P e l t i e r system compared w i t h t h i s method 

a r e c l e a r . The P e l t i e r system i s e a s i l y c o n t r o l l e d and 

th e t e m p e r a t u r e can be v a r i e d , t h e P e l t i e r c o o l e r s a r e 

s o l i d s t a t e and hence r e q u i r e no h a n d l i n g problems and the 

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

r e l a t i v e l y s m a l l s i z e . 
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CHAPTER 5 

ANALYSIS OF ORGANICS USING FLOW INJECTION WITH A CARRIER 
STREAM OF DILUTE NITRIC ACID 

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

The i n t r o d u c t i o n o f o r g a n i c s o l v e n t s i n t o an I C P i s 

p r o b l e m a t i c because t h e enhanced t r a n s p o r t a t i o n of t h e 

s o l v e n t c a u s e s h i g h s o l v e n t l o a d i n g . T h i s h i g h s o l v e n t 

l o a d i n g can c a u s e plasma i n s t a b i l i t y and even e x t i n g u i s h 

the plasma. The use of flow i n j e c t i o n has been shown to 

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

i s l e s s v o l a t i l e t h a n t h e s o l v e n t b e i n g i n v e s t i g a t e d . 

A d d i t i o n a l l y , by d e c r e a s i n g t h e sample loop volume, t h e 

uptake r a t e may be i n c r e a s e d w i t h o u t an e f f e c t on t h e 

plasma s t a b i l i t y . 

The c a r r i e r s t r e a m w h i c h w i l l c a u s e t h e p l a s m a no 

i n s t a b i l i t y i s the use of an aqueous c a r r i e r stream- Thus 

flow i n j e c t i o n of o r g a n i c s i n t o t h i s w i l l enable only the 

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

s t a b i l i t y . The u s e of s m a l l volumes o f o r g a n i c s may 

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

procedure. 

The use of membrane d r y e r tubes t o d e s o l v a t e both aqueous 

and o r g a n i c s o l v e n t s h a s been r e p o r t e d ( 5 2 - 5 4 ) . T h i s 

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

n e b u l i s e r g a s from a c o u n t e r f l o w of d r y a r g o n . The 
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s o l v e n t i s purged through t h e membrane r e s u l t i n g i n a 

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

reaches s t a b i l i t y r a p i d l y and i s easy t o o p e r a t e . 

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

The membrane d r i e r tube (MD-250-12P) was s u p p l i e d by Perma 

Pure Products Ltd,,(Toms R i v e r , N.J., U.S.A.). A schematic 

diagram of t h e membrane d r i e r tube i s shown i n F i g u r e 

5.2.1. A l l s o l v e n t s used were A r i s t a r grade (BDH, Poole, 

Dorset, U.K.). The standards were prepared from Conostan 

o r g a n o m e t a l l i c s o l u t i o n s (MBH A n a l y t i c a l L t d . , B a r n e t , 

H e r t s . , U.K.) o r o r g a n o m e t a l l i c s a l t s ( S p e c t r o s o l 

c y c l o h e x y l b u t y r a t e s a l t s , BDH, Poole, Dorset, U.K.). 
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SCHEMATIC DIAGRAM OF MEMBRANE D R Y I N G TUBE 
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FIG 5.2.1: SCHEMATIC DIAGRAM O F 
MEMBRANE DRYING T U B E 
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5.3 R e s u l t s and D i s c u s s i o n 

Using the flow i n j e c t i o n system, s m a l l volumes of d i e t h y l 

e t h e r (10 - 25 ^1) were i n t r o d u c e d i n t o a c a r r i e r s tream 

of d i l u t e n i t r i c a c i d ( 2 % ) , a t uptake r a t e s of 1 - 4 ml 

min"^. I t was found t h a t d e s p i t e t h e s m a l l vplume of 

o r g a n i c s o l v e n t i n j e c t e d , carbon d e p o s i t i o n on the cones 

caused a s u p p r e s s i o n of the s i g n a l . T h i s was overcome by 

a d d i t i o n o f a low f l o w of oxygen ( 5 , 5 % v / v ) i n t o t h e 

n e b u l i s e r g a s . U s i n g t h e oxygen a d d i t i o n , s h a r p f l o w 

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

i n v e s t i g a t e d a t 100 ng ml"^ l e v e l s . I t was noted t h a t the 

r e f l e c t e d power showed an i n c r e a s e a s t h e s o l v e n t " p l u g " 

e n t e r e d t h e plasma, g i v i n g a maximum of between 35 W and 

40W, p r i o r to r e t u r n i n g to the background l e v e l of 5W. 

The system was o p t i m i s e d f o r the a n a l y s i s of indium (m/z 

115, 100 /ig ml~^) i n d i e t h y l e t h e r , u s i n g t h e v a r i a b l e 

s t e p s i z e s i m p l e x p r o c e d u r e ( T a b l e 5 . 3 . 1 ) , F o r t h e s e 

experiments 25 / i l of sample was i n j e c t e d i n t o the ICP-MS. 

U n i v a r i a t e s e a r c h e s were performed around t h e optimum 

o b t a i n e d ( F i g , 5.3.1 - 5 , 3 , 5 ) , The n e b u l i s e r gas f l o w 

r a t e ( F i g , 5.3,1) has a sharp optimum a t a s l i g h t l y h i g h e r 

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

n e b u l i s a t i o n of d i e t h y l e t h e r i n t o t h e ICP-MS p r e v i o u s l y 

( S e c t i o n 3.2,3), 

The d i s t a n c e of t h e t o r c h from t h e s a m p l i n g cone ( F i g . 
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TABLE 5.3.1: OPTIMAL CONDITIONS OBTAINED BY THE VARIABLE 

STEP S I Z E SIMPLEX PROCEDURE FOR THE 

DETERMINATION OF INDIUM IN DIETHYL ETHER 

N e b u l i s e r gas flow/ 1 min"^ 0.79 

Torch distance/mm 1.22 

Forward power/kW 1.78 

Oxygen a d d i t i o n / % v/v 5.86 

Uptake r a t e / m l min"^ 3.5 6 
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FIG 5.3.1: NORMALISED PEAK AREA VS NEBULISER GAS 
DIETHYL ETHER BY FI-ICP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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FIG 5.3.2:NORMALISED PEAK AREA VS TORCH DISTANCE 
DIETHYL ETHER BY FI-ICP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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FIG 5.3.3: NORMALISED PEAK AREA VS FORWARD POWER 
DIETHYL ETHER BY FI-ICP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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FIG 5.3.4: NORMALISED PEAK AREA VS OXYGEN 
DIETHYL ETHER BY FI-ICP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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FIG 5.3.5: NORMALISED PEAK AREA VS UPTAKE RATE 
DIETHYL ETHER BY FI-ICP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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5.3,2) was r e l a t e d t o the n e b u l i s e r gas flow r a t e , w ith an 

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

The f o r w a r d power ( F i g . 5.3.3) i s h i g h e r t h a n t h a t 

r e q u i r e d f o r aqueous s a m p l e s w i t h t h e optim/um a t a 

s i m i l a r v a l u e t o d i r e c t n e b u l i s a t i o n ( s e e s e c t i o n 3.2.3). 

The a d d i t i o n of oxygen t o the n e b u l i s e r gas ( F i g . 5.3.4) 

appears t o be an important parameter. Below about 5.5% 

v/v t h e r e i s e v i d e n c e of carbon d e p o s i t i o n on the cones, 

but above t he optimum t h e r e i s a d e c r e a s e i n s e n s i t i v i t y 

c a u s e d by t h e d e t r i m e n t a l e f f e c t of t h e oxygen on t h e 

plasma. 

The sample uptake r a t e ( F i g . 5,3.5) i s much h i g h e r than 

t h a t used f o r d i r e c t n e b u l i s a t i o n of the s o l v e n t which i s 

t y p i c a l l y about 0.05 ml min"^. 

A membrane d r y i n g t u b e was p l a c e d b e t w e e n t h e s p r a y 

chamber and the plasma t o r c h t o reduce t h e s o l v e n t l o a d . 

The membrane d r i e r t u b e r e m o v e s some o f t h e s o l v e n t 

vapour, o r g a n i c and aqueous, from the n e b u l i s e r gas. T h i s 

d e v i c e , 30 cm long w i t h a diameter of 0.7 cm c o n t a i n i n g a 

hyd r o s c o p i c membrane 30 cm long w i t h a diameter of 0.3 cm, 

removes the s o l v e n t by purging through t h e membrane u s i n g 

a counter flow of dry argon. I t was found t h a t a counter 

f l o w of t w i c e t h e n e b u l i s e r gas f l o w was r e q u i r e d f o r 

optimum e f f i c i e n c y . A b o v e t h i s r a t e t h e r e was no 

n o t i c e a b l e improvement i n e f f i c i e n c y . M o d i f i c a t i o n of the 
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i n s t r u m e n t enabled p a r t of t h e s i d e of t h e c o v e r and the 

t o r c h box t o be removed. T h i s enabled t h e s p r a y chamber 

to be pla c e d o u t s i d e the instrument and the membrane d r i e r 

tube to be p l a c e d between i t and the t o r c h . 

The d e t e c t i o n l i m i t s f o r both copper and indium ( T a b l e 

5.3.2) show a marked improvement, compared w i t h t h o s e 

o b t a i n e d w i t h o u t t h e use of a membrane d r y i n g tube. The 

membrane d r y i n g tube improves the d e t e c t i o n l i m i t s of the 

t e c h n i q u e by r e d u c i n g t h e ba c k g r o u n d s i g n a l , w i t h o u t 

a f f e c t i n g e i t h e r the s i z e or shape of the peaks. 

Another i m p o r t a n t e f f e c t of t h e i n c o r p o r a t i o n o f t h e 

membrane d r i e r tube i n t o t h e system was the d e c r e a s e i n 

r e f l e c t e d power, as the " p l u g " of d i e t h y l e t h e r e n t e r e d 

t h e p l a s m a . T h i s i m p l i e d i t w o u l d be p o s s i b l e t o 

i n c r e a s e the sample volume s i z e , w i t h o u t c a u s i n g plasma 

i n s t a b i l i t y . The r e s u l t s o b t a i n e d from e x p e r i m e n t s u s i n g 

i n c r e a s e d sample volume s i z e s (Table 5.3.3), c o n f i r m t h a t 

t he sample volume c o u l d be s i g n i f i c a n t l y i n c r e a s e d when 

th e d r i e r tube was i n c o r p o r a t e d . I t s h o u l d be noted, 

however, t h a t t h e i n c r e a s e i n r e f l e c t e d power o b t a i n e d 

u s i n g a sample volume of 175 nl, p r e v e n t s long term use. 

The d e t e r m i n a t i o n of o t h e r a n a l y t e s ( e . g . A l , Cu, I n , Pb 

and Z n ) , i n d i e t h y l e t h e r , u s i n g t h e i n c r e a s e d sample 

volumes e n a b l e d t h e d e t e c t i o n l i m i t s t o be improved t o 

f a c i l i t a t e d e t e r m i n a t i o n of low t o sub- ng ml"^ l e v e l s . 

The r e s u l t s together with those obtained from a n a l y t e s i n 
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TABLE 5.3.2: DETECTION LIMITS FOR Cu AND I n IN DIETHYL 

ETHER BY FI-ICP-MS USING A CARRIER STREAM 

OF DILUTE NITRIC ACID 

An a l y t e Membrane Se p a r a t o r D e t e c t i o n l i m i t / n g ml"^ 

I n yes 0.9 

no 4.9 

Cu yes 1.4 

no 4.0 

3 a d e t e c t i o n l i m i t s 
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TABLE 5.3.3: THE EFFECTS OF SAMPLE VOLUME ON THE DETECTION 

LIMITS OF INDIUM IN DIETHYL ETHER 

Sample volume/^1 D e t e c t i o n l i m i t ng ml"^ 

25 3,61 

50 0.85 

100 0.15 

175 0.03 

3 a d e t e c t i o n l i m i t s 
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d i l u t e n i t r i c a c i d (2%) u s i n g the same s i z e sample volume 

(50 Ml) a r e shown i n T a b l e 5.3.4. W h i l s t t h e r e i s a 

s l i g h t d i f f e r e n c e i n d e t e c t i o n l i m i t s between t h e two s e t s 

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

normally be a s s o c i a t e d w i t h u s i n g s i m i l a r o r g a n i c samples. 

The i n t r o d u c t i o n of methanol was a l s o i n v e s t i g a t e d , t h e 

use of t h e membrane d r i e r tube enabled t h e uptake r a t e of 

methanol f o r d i r e c t n e b u l i s a t i o n t o be i n c r e a s e d from 

about 0.7 ml min*^ t o 2 ml min~^. T h i s i n c r e a s e i n 

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

s e n s i t i v i t y of the technique. 

A comparison of the r e s u l t s o b t a i n e d f o r the a n a l y s i s of 

t r a c e m e t a l s i s shown i n T a b l e 5.3.5. The d e t e c t i o n 

l i m i t s obtained c l e a r l y show the advantages of the use of 

a membrane d r i e r tube. Flow i n j e c t i o n , i n t h i s c a s e 50 txl 

loops were used, a l s o has an advantageous e f f e c t on t h e 

q u a l i t y of the a n a l y t i c a l d a t a o b t a i n ed . 

C o n c l u s i o n 

The use of a membrane d r i e r tube, p a r t i c u l a r l y when a l l i e d 

t o t h e use of flow i n j e c t i o n , p r o v i d e s a r e l i a b l e method 

of removing much of the v o l a t i l e o r g a n i c s o l v e n t , b e f o r e 

i t r e a c h e s the plasma c a u s i n g i n s t a b i l i t y and h a v i n g a 

d e t r i m e n t a l e f f e c t on t h e q u a l i t y of t h e r e s u l t s . The 

membrane i t s e l f i s r o b u s t and i t s non-mechanical n a t u r e 

p r e v e n t s breakdown. 
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TABLE 5.3.4: DETECTION LIMITS OBTAINED FOR A l , Cu, I n , 

Pb, AND Zn IN DIETHYL ETHER AND DILUTE 

NITRIC ACID USING FI-ICP-MS WITH A CARRIER 

STREAM OF DILUTE NITRIC ACID 

An a l y t e D e t e c t i o n l i m i t / n g rol~^ 

E t h e r 2% HNO3 

A l 0.52 0.50 

Cu 1.4 1.0 

I n 0.85 0.81 

Pb 0.91 0.85 

Zn 1.3 0.93 

3 o d e t e c t i o n l i m i t s 
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TABLE 5.3.5: DETECTION LIMITS OBTAINED FOR THE 

DETERMINATION OF TRACE METALS I N METHANOL 

BY ICP-MS 

Analy t e Membrane D e t e c t i o n l i m i t s / n g ml"^ 
D r i e r Tube 

D i r e c t N e b u l i s a t i o n Flow Injection"*" 

A l No 5 1 

Cu No 8 2 

I n No 4 1 

Pb No 7 2 

Zn No 7 2 

A l Yes 0.6 0.4 

Cu Yes 1.1 0.7 

I n Yes 0.9 0.6 

Pb Yes 1.0 0.7 

Zn Yes 1.4 1.1 

"*" 50 ^1 sample loop 
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CHAPTER 6 

ANALYSIS OF REACTIVE ORGANOMETALLIC SAMPLES 

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

A l k y l compounds o f a v a r i e t y o f e l e m e n t s , p r i m a r i l y 

from groups I I and I I I , a r e employed i n the p r e p a r a t i o n of 

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

c h e m i c a l vapour d e p o s i t i o n (MOCVD) (40, 4 1 ) . Many of 

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

and water. The r e a c t i o n s a r e o f t e n v i g o r o u s and produce a 

range of t o x i c products (42) . Although t h e samples can be 

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

c o n t a m i n a t i o n i s a major problem. C o n t a m i n a t i o n a t t h e 

l e v e l of 1 ^q ml~^ can c o m p l e t e l y a l t e r t h e p h y s i c a l , 

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

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

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

The l i t e r a t u r e c o n t a i n s few r e p o r t s of methodology f o r the 

a n a l y s i s of t r a c e contaminants i n such o r g a n o m e t a l l i c s and 

most have been concerned p r i m a r i l y w i t h t h e a n a l y s i s of 

t r i m e t h y l g a l l i u m , normally i n v o l v i n g the decomposition of 

t h e s a m p l e . B a r n e s e t a 1 . . ( 4 3 - 4 5 ) a n a l y s e d 

t r i m e t h y l g a l l i u m by two s e p a r a t e methods. I n t h e f i r s t 

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

decomposition i n 0.5 M h y d r o c h l o r i c a c i d a t a temperature 

of -78° C, followed by d i r e c t n e b u l i s a t i o n i n t o an ICP-AES 
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s p e c t r o m e t e r . I n o r g a n i c compounds i n an aqueous medium 

were used as s t a n d a r d s . The second method i n v o l v e d the 

d i r e c t a n a l y s i s of the t r i m e t h y l g a l l i u m by t h e e x p o n e n t i a l 

d i l u t i o n technique which enabled the v o l a t i l e i m p u r i t i e s , 

such a s s i l i c o n and z i n c t o be a n a l y s e d . B a r n e s e t a l . , 

( 4 6 ) a l s o a n a l y s e d t r i m e t h y 1 a l u m i n i u m u s i n g a 

d e c o m p o s i t i o n method. I n t h i s c a s e t h e u s e of a c i d s 

caused a v e r y v i g o r o u s r e a c t i o n , so t h a t t h e sample was 

decomposed i n 95% e t h a n o l , b e f o r e d i r e c t a n a l y s i s by ICP-

AES a g a i n u s i n g i n o r g a n i c compounds i n an aqueous medium 

as s t a n d a r d s . 

J o n e s e t a l . , (47) u s e d an u n s p e c i f i e d d e c o m p o s i t i o n 

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

t r i m e t h y l g a l l i u m , t r i m e t h y l a l u m i n i u m and t r i m e t h y l i n d i u m 

by ICP-AES. D i r e c t a n a l y s i s of e l e c t r o n i c g r a d e g a s has 

been r e p o r t e d u s i n g an 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 e r (ICP-MS) ( 4 8 ) . O t h e r r e p o r t s i n c l u d e t h e 

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

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

spectrometry ( 4 9 ) , d i m e t h y l z i n c by gas chromatography (50) 

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

spectrometry ( 5 1 ) . 
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6.2 Experimental 

The membrane d r y i n g tube (MD-250-12P) was o b t a i n e d from 

Perma Pure products L t d . (Toms R i v e r , N.J., U.S.A.). A l l 

s t a n d a r d s were p r e p a r e d from C o n o s t a n o r g a n o m e t a 1 1 i c 

s t a n d a r d s (MBH A n a l y t i c a l L t d . , B a r n e t , H e r t s . , U.K.) or 

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

B.D.H., Poole, Dorset, U.K.). The spray chamber used was 

a S c o t t type double p a s s and the n e b u l i s e r a v-groove high 

s o l i d s 'Ebdon' n e b u l i s e r ( P . S . A n a l y t i c a l , Sevenoaks, Kent, 

U.K.). 

6.3 R e s u l t s and D i s c u s s i o n 

The i n t r o d u c t i o n of s m a l l volumes (25 ̂ 1) of d i e t h y l e t h e r 

by flow i n j e c t i o n i n t o a c a r r i e r s t r e a m of d i l u t e n i t r i c 

a c i d was o p t i m i s e d f o r t h e d e t e r m i n a t i o n of indium. The 

o p t i m i s a t i o n was performed u s i n g a v a r i a b l e s t e p s i z e 

s i m p l e x p r o c e d u r e and t h e r e s u l t s a r e shown i n T a b l e 

6.3.1. 

These optimum c o n d i t i o n s were us e d f o r t h e a n a l y s i s of 

t r a c e metal i m p u r i t i e s i n t r i m e t h y l g a l l i u m e t h e r a t e (TMG). 

TMG i s known t o r e a c t v i g o r o u s l y i n the pres e n c e of water 

or c a r b o n d i o x i d e , however when s t a b i l i s e d i n d i e t h y l 

e t h e r t o form an e t h e r a t e , t h i s r e a c t i o n p r o v e d t o be 

f a i r l y slow. I n t h i s work t h e s m a l l i n t e r n a l a r e a of the 

pump tube ( i . d . 0.5 mm) and t h e h y d r o p h o b i c n a t u r e of 
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TABLE 6.3.1: OPTIMAL CONDITIONS OBTAINED BY THE VARIABLE 

STEP SIZE SIMPLEX PROCEDURE FOR THE ANALYSIS 

OF INDIUM IN DIETHYL ETHER BY FI-ICP-MS 

N e b u l i s e r gas flow/ 1 min"^ 0.79 

Torch distance/mm 1.22 

Forward power/kw 1.78 

Oxygen a d d i t i o n / % v/v 5.86 

Uptake rate/ml min"^ 3.56 

122 



the e t h e r , r e s u l t e d i n l i t t l e r e a c t i o n between t h e two 

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

t h e r e was no e v i d e n c e o f any r e a c t i o n i n t h e s p r a y 

chamber. I n i t i a l l y copper and i n d i u m were d e t e r m i n e d 

under t h e s e optimum c o n d i t i o n s and the c a l i b r a t i o n c u r v e s 

obtained a r e shown i n F i g u r e s 6.3.1 - 6.3.2 r e s p e c t i v e l y . 

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

background caused by the o r g a n i c s o l v e n t which r e s u l t s i n 

an i n t e r c e p t on the s i g n a l a x i s and i n poor s e n s i t i v i t y . 

A membrane d r y i n g t u b e , was p l a c e d between t h e s p r a y 

chamber and the plasma. The membrane d r y i n g tube d e v i c e 

c o n t a i n e d a hydroscopic membrane through which the s o l v e n t 

was purged i n t o a c o u n t e r f l o w of d r y a r g o n . The f l o w 

r a t e of the dry argon was t w i c e t h a t of the n e b u l i s e r gas 

flow r a t e . T h i s system was used f o r t h e a n a l y s i s of TMG, 

where 50 ^1 of the TMG was flow i n j e c t e d i n t o a c a r r i e r 

stream of d i l u t e n i t r i c a c i d ( 2 % v / v ) . The r e s u l t s f o r 

t h i s a r e shown i n Table 6.3.2. 

To c a l i b r a t e t h e s a m p l e s a s e r i e s o f o r g a n o m e t a 1 1 i c 

st a n d a r d s were made up i n d i e t h y l e t h e r . S i n c e the e f f e c t 

of t h e t r i m e t h y l g a l l i u m m a t r i x on t h e plasma i s unknown, 

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

o b t a i n e d were a c c u r a t e . I n o r d e r t o a s s e s s whether t h e 

use of such s t a n d a r d s i s j u s t i f i e d , a number of s t a n d a r d 

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

which a r e shown as p e r c e n t a g e r e c o v e r i e s . The r e s u l t s 

obtained a r e compared w i t h the r e s u l t s u s i n g s t a n d a r d s i n 
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FIG 6.3.1: CALIBRATION CURVE FOR COPPER 
IN DIETHYL ETHER USING FI-ICP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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FIG 6.3.2: CALIBRATION CURVE FOR INDIUM 
IN DIETHYL ETHER USING FNCP-MS 

WITH A CARRIER STREAM OF DILUTE NITRIC ACID 
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TABLE 6.3.2: ANALYSIS OF TRIMETHYL6ALLIUN IN DIETHYL ETHER 

BY FI-ICP-MS USING A CARRIER STREAM OF DILUTE 

NITRIC ACID 

An a l y t e Concentration'*'/ng ml~^ Recovery"*"/% 

A l 23.3 ± 2,1 107.6 ± 10.3 

Cu 8.2 ± 0,8 95.4 ± 10.0 

I n 61.4 ± 6,5 94,8 ± 10,2 

Pb 96.1 ± 10.7 104.2 ± 12.5 

Zn 77.0 ± 7.8 92.6 ± 8.6 

2 a p r e c i s i o n 
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T a b l e 6.3.2. The r e l a t i v e s t a n d a r d d e v i a t i o n s were o f t h e 

o r d e r o f 3-4%. 

The r e s u l t s show r e a s o n a b l e a g r e e m e n t b e t w e e n t h e t w o 

methods o f c a l i b r a t i o n and i n d i c a t e t h a t t h e e f f e c t o f t h e 

t r i m e t h y l g a l l i u m m a t r i x on t h e plasma was n o t s u f f i c i e n t 

t o p r e v e n t t h e use o f s t a n d a r d s made up i n d i e t h y l e t h e r 

f o r c a l i b r a t i o n . C l e a r l y t h i s makes t h e a n a l y s i s o f TMG 

e a s i e r , and i n d e e d s a f e r , by r e d u c i n g t h e amount o f TMG 

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

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

volumes o f d i e t h y l e t h e r i n j e c t e d i n t o a c a r r i e r s t r e a m o f 

d i l u t e n i t r i c a c i d ( T a b l e 6,3.1) were a l s o u s e d f o r t h e 

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

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

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

case a s l o w e r sample u p t a k e r a t e was r e q u i r e d t o r e t a i n 

plasma s t a b i l i t y (0.5 ml m i n " ^ ) , 

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

t h e c a r r i e r s t r e a m o f d i l u t e n i t r i c a c i d ( 2 % ) d i d 

i n i t i a l l y cause some b l o c k a g e s i n t h e pump t u b i n g , as a 

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

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

c o n c e n t r a t i o n o f t h e a c i d t o 10% s u c h b l o c k a g e s w e r e 

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

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

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

The i n c r e a s e i n t h e a c i d c o n c e n t r a t i o n i n c r e a s e d t h e r a t e 

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

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

A l t e r n a t i v e l y , t h e p r o b l e m may be o v e r c o m e by d i r e c t 

n e b u l i s a t i o n o f t h e m e t h y l 1 i t h i u m i n t o t h e ICP-MS 

i n s t r u m e n t . 

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

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

d e s c r i b e d . C a l i b r a t i o n was a c h i e v e d u s i n g o r g a n o m e t a l l i c 

s t a n d a r d s d i l u t e d i n d i e t h y l e t h e r . The r e s u l t s o b t a i n e d 

show a r e a s o n a b l e a g r e e m e n t b e t w e e n t h e t w o a n a l y s e s 

( T a b l e 6.3.3) and i n d i c a t e t h a t e i t h e r method may be used. 

However, t h e use o f t h e f l o w i n j e c t i o n t e c h n i q u e does have 

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

i n c r e a s e d speed o f a n a l y s i s and t h e d e c r e a s e i n w ashout 

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

m e t h y l l i t h i u m , may be s e v e r e . I n b o t h cases t h e r e l a t i v e 

s t a n d a r d d e v i a t i o n was between 3-4%. 

S i n c e t h e s e r e s u l t s assumed t h a t t h e m a t r i x e f f e c t s o f t h e 

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

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

made by h y d r o l y s i n g t h e m e t h y l l i t h i u m . The h y d r o l y s i s 

p r o c e d u r e i n v o l v e d t h e a d d i t i o n o f m e t h y l l i t h i u m (12.5 ml) 

s l o w l y ( 0 . 6 m l m i n " ^ ) t o i c e c o l d c o n c e n t r a t e d 

h y d r o c h l o r i c a c i d ( 1 2 - 5 m l ) . A f t e r t h e r e a c t i o n was 

c o m p l e t e d t h e sample was h e a t e d (60^0) on a h o t p l a t e f o r 
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TABLE 6.3.3: ANALYSIS OF METHYLLITHIXm IN DIETHYL ETHER BY 

ICP-MS 

A n a l y t e Flow I n j e c t i o n / n g m l " ^ D i r e c t n e b u l i s a t i o n / 
ng m l " ^ 

Fe 1 7 . 6 + 1 . 6 16.8 ± 1.8 

Co 23.5 ± 2.4 24.2 ± 2.9 

Cu 29,2 ± 3.3 30.1 ± 3.4 

Mo 89.5 ± 8.6 88.9 ± 8 . 7 

Cd 170.2 ±18.4 160.2 ±18.8 

I n 78.6 ± 8.0 80.4 ± 8.6 

Ba 73,2 ± 8.1 67.3 ± 8.0 

Pb 87.2 ±10.2 82.1 ±11.1 

3 a p r e c i s i o n 
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two h o u r s t o remove any r e s i d u a l d i e t h y l e t h e r and t h e 

samples made up t o volume w i t h d i l u t e n i t r i c a c i d . 

The samples o f h y d r o l y s e d m e t h y l l i t h i u m were a n a l y s e d by 

ICP-MS, w i t h c a l i b r a t i o n u s i n g s t a n d a r d a d d i t i o n s . These 

r e s u l t s ( T a b l e 5.3.4) show r e a s o n a b l e a g r e e m e n t w i t h t h e 

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

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

i n d i e t h y l e t h e r f o r c a l i b r a t i o n . 

C o n c l u s i o n 

I t i s c l e a r t h a t t h e a n a l y s i s o f r e a c t i v e samples, such as 

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

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

t e c h n i q u e o f f l o w i n j e c t i n g s m a l l s amples i n t o a c a r r i e r 

s t r e a m o f an aqueous n a t u r e . The use o f f l o w i n j e c t i o n 

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

t h r o u g h p u t o f samples, d e c r e a s e d washout t i m e s and r e d u c e d 

memory e f f e c t s . I t a l s o improves t h e d e t e c t i o n l i m i t s and 

t h e p r e c i s i o n o f t h e a n a l y s i s . 
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TABLE 6.3.4: RESULTS OBTAINED FOR THE ANALYSIS OF 

HYDROLYSED METHYLLITHIUM USING ICP-MS 

A n a l y t e C o n c e n t r a t i o n / n g m l " ^ 

Fe 15,3 ± 1.0 

Co 24.2 ± 1.8 

Cu 31.2 ± 2.5 

Mo 9 4 . 0 + 8 . 9 

Cd 163 ±13 

I n 75.1 ± 6.3 

Ba 65.8 ± 5.6 

Pb 90.0 ± 6.4 

3 a p r e c i s i o n 
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CHAPTER 7 

ANALYSIS OF DESOLVATED SLURRIES 

7•1 I n t r o d u c t i o n 

The a n a l y s i s o f s o l i d s a m p l e s by s l u r r y a t o m i s a t i o n -

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 

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

p l a s m a - mass s p e c t r o m e t r y (SA-ICP-MS), h a s become a 

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

number o f sample t y p e s , p a r t i c u l a r l y g e o l o g i c a l m a t e r i a l s 

( 6 4 - 7 3 ) , One o f t h e m a j o r p r o b l e m s a s s o c i a t e d w i t h t h i s 

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

o f t h e sample p r i o r t o a n a l y s i s , so t h a t t h e a t o m i s a t i o n 

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

aqueous s t a n d a r d s . Ebdon e t a l . (67, 6 9 ) , q u o t e a f i g u r e 

o f b e l o w 5 /xm f o r r e f r a c t o r y m a t e r i a l s and 3 /im f o r b u l k 

m a t e r i a l f o r t h e a t o m i s a t i o n e f f i c i e n c i e s t o be t h e same. 

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

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

t i m e advantages when compared w i t h d i s s o l u t i o n t e c h n i q u e s 

f o r many samples. These f i g u r e s f o r p a r t i c l e s i z e i n c l u d e 

t h e w a t e r j a c k e t a s s o c i a t e d w i t h t h e p a r t i c l e , n o t t h e 

s i z e o f t h e d r y p a r t i c l e as i t l e a v e s t h e p r e h e a t e d zone 

o f t h e p l a s m a . The e f f e c t on t h e p l a s m a c a u s e d by t h e 

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

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

e n e r g y i n t h e plasma caused by t h i s p r o c e s s , has n o t been 

c o n s i d e r e d . C o n s e q u e n t l y i t was c o n s i d e r e d t h a t 
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d e s o l v a t i n g t h e s l u r r y , p r i o r t o e n t r y i n t o t h e p l a s m a 

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

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

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

Ebdon e t a l . f 105^ . a l s o i n v e s t i g a t e d t h e a e r o s o l s i z e 

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

v a r i o u s p o i n t s i n s i n g l e and d o u b l e pass s p r a y chambers, 

u s i n g a p h a s e / D o p p l e r - s h i f t l a s e r s p r a y a n a l y s e r . The 

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

d i a m e t e r d i s t r i b u t i o n s were r e c o r d e d and used t o e l u c i d a t e 

i n f o r m a t i o n a b o u t t h e mechanisms o f a e r o s o l f o r m a t i o n , 

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

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

Ebdon n e b u l i s e r were f o u n d t o be e s s e n t i a l l y monomodal, 

c o v e r i n g t h e range < 1 t o 36/im, t h e b u l k b e i n g below 20Mm. 

The mean and mode d i a m e t e r s were o f t h e o r d e r 7 t o lO^m. 

The volume d i s t r i b u t i o n was m u l t i m o d a l and shows w e i g h t i n g 

t o w a r d t h e l a r g e r p a r t i c l e s i z e s w i t h a mean o f t h e o r d e r 

10 t o 13fxm. I n c r e a s i n g t h e gas f l o w a c t e d t o i n c r e a s e t h e 

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

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

m o d i f i c a t i o n s . A s i n g l e pass s p r a y chamber c o n c e n t r a t e d 

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

a ppeared t o be p r e s e n t . The a d d i t i o n o f an i n j e c t o r t o t h e 

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

l o s s o f t h e l a r g e r p a r t i c l e s . A 3mm i n j e c t o r a l l o w e d a 

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

w i t h a 2mm i n j e c t o r , a t a l l t h e gas f l o w s i n v e s t i g a t e d . 
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s t u d i e s p e r f o r m e d on a d o u b l e pass s p r a y chamber showed 

t h a t a e r o s o l s e x i t i n g t h e i n n e r p a s s had s i m i l a r i t i e s t o 

t h o s e o f t h e p r i m a r y a e r o s o l . T h i s a l s o p r o v e d t o be t h e 

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

p o p u l a t i o n (9.7^m) and v o l u m e (12.8^m) mean d i a m e t e r s 

compared w i t h 9. Ŝ m and 12.9|im r e s p e c t i v e l y f o r t h e i n n e r 

pass a t a f l o w r a t e o f 0,751 m i n " ^ . The a d d i t i o n o f an 

i n j e c t o r caused a decrease i n t h e p o p u l a t i o n mean and mode 

d i a m e t e r r a n g e ( 5 t o 1 tsm) a n d a r e d u c t i o n i n t h e 

d i s t r i b u t i o n r ange w i t h a 2mm i n j e c t o r . I t was f o u n d t h a t 

a e r o s o l s f o r m e d f r o m 1 % ( m / v ) s l u r r i e s s h o w e d no 

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

under t h e same gas f l o w c o n d i t i o n s . 

The e f f e c t s on t h e plasma due t o t h e d e s o l v a t i o n o f t h e 

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

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

b e e n c o n s i d e r e d i n p r e v i o u s s t u d i e s . C o n s e q u e n t l y 

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

may have a b e n e f i c i a l e f f e c t on t h e a t o m i s a t i o n p r o c e s s . 

T h i s may r e a s o n a b l y be e x p e c t e d t o l e a d t o an i n c r e a s e i n 

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

t o , and a t o m i s a t i o n by t h e plasma. 
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7.1.1 A n a l y s i s o f C e r t i f i e d R e f e r e n c e M a t e r i a l s 

The use o f d e s o l v a t i o n f o r 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 , by ICP-AES has been i n v e s t i g a t e d by G e r v a i s and 
S a l i n ( 6 3 ) . A l t h o u g h t h e y f o u n d a marked i n c r e a s e i n t h e 
response s i g n a l o f t h e i n s t r u m e n t a f t e r d e s o l v a t i o n , t h e y 
f o u n d o n l y a m a r g i n a l i n c r e a s e i n t h e s e n s i t i v i t y due t o 
an i n c r e a s e i n t h e r e l a t i v e b a c k g r o u n d s i g n a l - They a l s o 
o b s e r v e d a marked i n c r e a s e i n s l o p e f o r t h e c a l i b r a t i o n 
c u r v e f o r t h e aqueous s t a n d a r d s t h a n was o b t a i n e d f o r t h e 
s l u r r i e s . The e f f e c t o f t h e i n j e c t o r t u b e d i a m e t e r was 
n o t d i s c u s s e d , a l t h o u g h p r e v i o u s w o r k had i n d i c a t e d t h a t 
an optimum o f a b o u t 3 mm i s r e q u i r e d ( 6 7 - 7 2 ) . 

Tang and T r a s s e y ( 9 2 ) , r e p o r t e d t h a t t h e d e s o l v a t i o n o f 

aqueous samples i n c r e a s e d t h e a n a l y t i c a l p e r f o r m a n c e . The 

use o f an u l t r a - s o n i c n e b u l i s e r e n a b l e d more c o n t r o l o v e r 

t h e d r o p l e t s i z e r a n g e e n t e r i n g t h e p l a s m a , and i t was 

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

d ecrease t o 3 f r o m a b o u t 5 /im when d e s o l v a t e d a t 150°C. 

T h i s r e d u c t i o n i n p a r t i c l e s i z e had an e f f e c t on b o t h t h e 

t r a n s p o r t e f f i c i e n c y and t h e plasma c o n d i t i o n s . 

J There has been no r e p o r t s i n t h e l i t e r a t u r e c o n c e r n i n g t h e 

i n t r o d u c t i o n o f d r y s l u r r i e s i n t o an ICP-MS. 
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7.2 Experimentation 

7.2.1 I n s t r u m e n t a t i o n 

S l u r r y p r e p a r a t i o n 

The s l u r r i e s w e re p r e p a r e d by t h e b o t t l e and bead w e t 

g r i n d i n g method (68) w h i c h used 2-3 mm g l a s s e d ( v i t r i f i e d ) 

"C z i r c o n i a beads (Glen Cresson, Stanmore, U.K.) shaken w i t h 

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

l a b o r a t o r y f l a s k s h a k e r . T r i t o n X-100 ( 1 % v / v ) was used 

as t h e d i s p e r s a n t , u n l e s s o t h e r w i s e s t a t e d . 

The s i z e d i s t r i b u t i o n o f t h e s l u r r i e s was measured u s i n g a 

C o u l t e r c o u n t e r (TA I I M u l t i C h a n n e l P a r t i c l e C o u n t e r , 

C o u l t e r E l e c t r o n i c s L t d . , H a r p e n d o n , H e r t s . , U.K.) and 

l a s e r d i f f r a c t i o n (2600/3600 P a r t i c l e S i z e r V A . l , M a l v e r n 

I n s t r u m e n t s L t d . , M a l v e r n , U.K.). 

The C o u l t e r C o u n t e r d e t e r m i n e s t h e number and s i z e o f 

p a r t i c l e s suspended i n an e l e c t r o l y t e , by t h e p a r t i c l e s 

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

immersed e l e c t r o d e s . The changes i n r e s i s t a n c e , caused by 

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

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

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

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

t h e s i z e d i s t r i b u t i o n may be d e t e r m i n e d ( 9 4 ) . 
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The l a s e r d i f f r a c t i o n t e c h n i q u e i s based upon measurements 

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

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

p r o p o r t i o n a l t o t h e p a r t i c l e s i z e and t h e i n t e n s i t y o f t h e 

d i f f r a c t e d beam a t any a n g l e i s a measure o f t h e mean 

p r o j e c t e d a r e a s o f t h e p a r t i c l e s o f a s p e c i f i c s i z e ( 9 4 ) . 

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

cascade i m p a c t o r (Mark I I I P a r t i c l e S i z i n g S t o c k Sampler, 

Andersons Samplers, A t l a n t a , GA., U.K.). T o t a l s a m p l i n g o f 

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

d r a w t h r o u g h t h e i m p a c t o r f r o m a 380 W l a b o r a t o r y 

compressor. 

The cascade i m p a c t o r c o n t a i n s n i n e j e t p l a t e s , each w i t h a 

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

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

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

p l a t e . The s i z e o f t h e o r i f i c e s a r e t h e same f o r any g i v e n 

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

sample i s drawn t h r o u g h t h e sampler a t a g i v e n f l o w r a t e , 

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

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

downstream s i d e o f t h e p l a t e . The d e c r e a s i n g o r i f i c e s i z e s 

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

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

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

a e r o d y n a m i c d r a g o f t h e a i r s t r e a m and become i m p a c t e d on 

t h e c o l l e c t i o n p l a t e ( 9 4 ) . 
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7.2.2 R e s u l t s and D i s c u s s i o n 

The d e s o l v a t i o n d e v i c e d e s c r i b e d i n C h a p t e r 4 w i t h s l i g h t 

m o d i f i c a t i o n was used t o d e s o l v a t e b o t h aqueous s t a n d a r d s 

and s l u r r i e s b e f o r e a n a l y s i s b y ICP-MS. The ICP-MS 

o p e r a t i n g c o n d i t i o n s a r e shown i n T a b l e 7 . 3 . 1 , The 

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

o b t a i n e d f o r t h e same samples w i t h o u t d e s o l v a t i o n . D u r i n g 

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

o f 102*^C w i t h l i t t l e v a r i a t i o n o v e r t i m e (< 0,5°C). The 

c o n d e n s e r was k e p t a t a t e m p e r a t u r e o f -2°C a l s o w i t h 

l i t t l e v a r i a t i o n o v e r t i m e (< 0 . 5 ° C ) . To l o w e r t h e 

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

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

s o l i d on t h e w a l l s . 

U s i n g a K a r l - F i s c h e r t i t r a t i o n , t h e e f f i c i e n c y o f t h e 

d e s o l v a t o r was measured as 90%. The K a r l - F i s c h e r method 

f o r d e t e r m i n a t i o n o f w a t e r i n v o l v e s t h e use o f t h e K a r l -

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

^1 d i o x i d e , p y r i d e l n e and m e t h a n o l . The w a t e r i s c o l l e c t e d i n 

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

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

i n v o l v e s a n e l e c t r o m e t r i c s y s t e m . . Two s t a t i o n a r y 

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

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

them (0.1-0.2V) and t h e c u r r e n t t h a t f l o w s i s f o l l o w e d as 

a f u n c t i o n o f t h e volume o f added r e a g e n t . The end p o i n t 

i s marked by a sudden r i s e i s t h e c u r r e n t ( 9 4 ) , 
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TABLE 7.3.1 OPERATING CONDITIONS 

ICP C o n d i t i o n s 

C o o l i n g gas f l o w 14.0 1 rnin"^ 

A u x i l i a r y gas f l o w 1.0 1 m i n " ^ 

N e b u l i s e r gas f l o w 0.95 1 m i n " ^ 

Mass S p e c t r o m e t e r C o n d i t i o n s 

Mass range 2-245 amu 

D w e l l t i m e 320 us 

Number o f c h a n n e l s 2048 

Number o f scans 100 
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The t r a n s p o r t e f f i c i e n c y a f t e r d e s o l v a t i o n was 4.9% 

compared w i t h an e f f i c i e n c y w i t h o u t d e s o l v a t i o n o f 2.2%. 

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

m a t e r i a l s ; SO-l s o i l (CANMET, Ottawa, Canada) and SARM-18 

c o a l (MINTEK, Randburg, Rep. S o u t h A f r i c a ) a r e shown i n 

T a b l e 7.3.2. The s a m p l e s u s e d i n t h i s e x p e r i m e n t were 

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

d e t e r m i n e d u s i n g a C o u l t e r C ounter. The r e s u l t s r e v e a l e d 

t h a t 98.4% and 55.9% r e s p e c t i v e l y f o r SO-l and SARM-18 

f e l l below 4 ^m. 

T a b l e 7.3.2 shows t h a t u s i n g e i t h e r a wet o r d r y s l u r r y , 

t h e r e s u l t s a r e w i t h i n 10% o f t h e e x p e c t e d v a l u e s and 

m o s t l y 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 r e f e r e n c e 

m a t e r i a l s . 

The e x c e p t i o n s , p a r t i c u l a r l y manganese and n i c k e l have 

o x i d e i n t e r f e r e n c e s on t h e i s o t o p e s a n a l y s e d . One o f t h e 

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

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

I t s h o u l d a l s o be n o t e d t h a t t h e d e s o l v a t i o n o f t h e 

samples caused an impr o v e m e n t i n t h e s e n s i t i v i t y . T h i s 

improvement appears t o be due m o s t l y t o t h e improvement i n 

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

a l s o appears t o improve t h e a t o m i s a t i o n e f f i c i e n c y . 
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TABLE 7.3.2 RECOVERIES OBTAINED WITH AND WITHOUT 

DESOLVATION FOR SAMPLES SO-1 AND SARN-18 

I ) SARM-18 

A n a l y t e R e c o v e r i e s / % 

C e r t i f i e d V a l u e s N o n - D e s o l v a t e d D e s o l v a t e d 

/Mg g"-*-
V 23 91.3 ± 8.1 100.0 + 4.4 

Cr 16 ± 2 100.0 ± 7.5 108.8 ± 4.1 

Mn 22 ± 1 86.4 ± 4,5 

Co 6.7± 1.2 95.5 ± 6.8 106.4 ± 3.3 

N i 10.8± 0.7 -2 95.4 ± 4.1 

Cu 5.9± 0.7 93.2 ± 6.8 98.1 ± 4.3 

Zn 5-5± 1.3 96.4 ± 7.1 108.2 ± 3.6 

Sr 44 ± 2 93.2 ± 7.4 100.1 ± 4.6 

Ba 78 ± 7 92,3 ± 7,4 102,6 ± 3.9 

La 10 ± 3 90.0 ± 5.2 110.0 ± 2.8 



I I ) SO-1 

V 139 ± 8 92.8 + 7.4 105. 0 + 4,9 
Cr 160 ±15 98. 1 + 8.2 106.9 + 4.6 
Mn 890 ±30 90.4 + 4 . 0 97.5 + 3,5 
Co 32 ± 3 96, 6 + 3,3 106. 6 + 3 .1 
N i 94 ± 7 86. 2 + 5.1 105-3 + 4.9 
Cu 61 ± 3 98.4 + 8,1 95.1 5.3 
Zn 146 ± 5 102.7 + 4 . 1 104.8 + 4 .1 
Ba 879 ±47 93,3 + 3.5 95.2 + 2.9 
Pb 21 ± 4 90, 5 + 4.8 80,9 + 2.4 

S t a n d a r d d e v i a t i o n s q u o t e d as 3 a 

h i g h l e v e l o f p o t a s s i u m caused i n t e r f e r e n c e as KG 
h i g h l e v e l o f c a l c i u m caused i n t e r f e r e n c e as CaO 
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These r e s u l t s g i v e l i t t l e i n f o r m a t i o n about t h e e f f e c t s of 

p a r t i c l e s i z e on the r e c o v e r i e s . I n order t o e l i c i t more 

i n f o r m a t i o n about p a r t i c l e s i z e e f f e c t s , a s e r i e s of 

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

( h a l f h o u r l y i n t e r v a l s from 0 t o 2 h o u r s ) . The sample 

used was SO-1. The s l u r r i e s were a n a l y s e d both w i t h and 

w i t h o u t d e s o l v a t i o n - The p a r t i c l e s i z e d i s t r i b u t i o n , 

measured by the C o u l t e r Counter i s shown i n F i g u r e 7.3.1, 

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

F i g u r e s 7.3-2 - 7.3.10. 

These graphs c l e a r l y show t h a t t h e r e i s a d i f f e r e n c e i n 

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

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

of 100% t o be o b t a i n e d a f t e r a bout 30 m i n u t e s g r i n d i n g 

compared w i t h the one hour r e q u i r e d f o r the non-desolvated 

s l u r r y . I n p a r t i c l e s i z e terms t h i s c o r r e s p o n d s t o " c u t 

o f f " p o i n t s of about S/im f o r d e s o l v a t e d s l u r r i e s and about 

4 urn f o r non-desolvated s l u r r i e s . T h i s assumes t h e r e i s 

no a t o m i s a t i o n of p a r t i c l e s above e i t h e r 8 /im or 4 ^im 

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

and 100% a t o m i s a t i o n f o r t h o s e p a r t i c l e s below t h e s e 

f i g u r e s . I t i s , o f c o u r s e , u n l i k e l y t h a t t h i s i s 

r i g o r o u s l y the c a s e . 

To o b t a i n both t r a n s p o r t and a t o m i s a t i o n e f f i c i e n c i e s f o r 

s m a l l e r p a r t i c l e s i z e bandwidths, a c a s c a d e impactor was 

used t o f r a c t i o n a t e the SO-1 sample. I n t h i s s tudy t h e 

bands a r o u n d t h e p e r c e i v e d " c u t o f f p o i n t s w e r e o f 
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FIG 7.3.1: PARTICLE SIZE DISTRIBUTION FOR SO-1 
DIFFERENT GRINDING TIMES 
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FIG 7.3.2: VANADIUM WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.3: CHROMIUM WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.4:MANGANESE WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 

RECOVERY/ % 
^' ' " NON-DESOLVATION 

DESOLVATION 

4 

0.0 HOURS 0.5 HOURS 1.0 HOURS 1.5 HOURS 2.0 HOURS 

GRINDING TIMES/ HOURS 



4=r 
OO 

FIG 7.3.5: COBALT WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.6: NICKEL WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.7: COPPER WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.8: ZINC WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.9:STRONTIUM WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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FIG 7.3.10: BARIUM WITH AND WITHOUT DESOLVATION 
DIFFERENT GRINDING TIMES 
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p a r t i c u l a r i n t e r e s t . 

The r e s u l t s from t h e s e e x p e r i m e n t s a r e shown i n F i g u r e s 

7.3.11 - 7,3.16. I n t h e f o u r bandwidths shown t h e mode 

and mean p o i n t a r e i n the same band. 

These graphs ( F i g s . 7.3.11 - 7.3.16, i n d i c a t e t h a t t h e r e 

i s not only a g r e a t d i f f e r e n c e between the d e s o l v a t e d and 

n o n - d e s o l v a t e d samples, but a l s o a marked dependence on 

t h e e l e m e n t a n a l y s e d . I t i s c l e a r t h a t t h e r e i s not a 

sharp " c u t o f f " p o i n t a t a p a r t i c u l a r p a r t i c l e s i z e . T h i s 

i s p r o b a b l y due t o a number of f a c t o r s , i n c l u d i n g t h e 

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

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

s i z e measurements t h a t the p a r t i c l e s a r e s p h e r i c a l . These 

f a c t o r s w i l l ^ f f e c t t h e a t o m i s a t i o n e f f i c i e n c i e s of t h e 

d i f f e r e n t elements, p a r t i c u l a r l y s i n c e d i f f e r e n t elements 

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

w i t h d i f f e r e n t g r i n d i n g c h a r a c t e r i s t i c s . T h e r e i s no 

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

a t o m i s a t i o n e n e r g i e s . 

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

u n d e r s t a n d i n g some of t h e e f f e c t s d e s c r i b e d above. I n 

o r d e r t o e l i c i t i n f o r m a t i o n on t h e homogeneity of sample 

SO-1, s u b - s a m p l e s w e r e d i s s o l v e d u s i n g a m i c r o w a v e 

d i g e s t i o n procedure a f t e r f r a c t i o n a t i o n u s i n g the cascade 

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

c o n c e n t r a t e d n i t r i c a c i d (3 ml, A r i s t a r , BDH, D o r s e t , 
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FIG 7.3.11:VANADIUM WITH AND WITHOUT DESOLVATION 
AFTER FRACTIONATION 
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FIG 7.3.12:CHROMIUM WITH AND WITHOUT DESOLVATION 
AFTER FRACTIONATION 

RECOVERY/ % 
I NON-DESOLVATION 

~ ] DESOLVATION 

120 

100 

80 

60 

40 

20 

>• —̂ " 
/ 

2.50 3.17 5.04 8.00 

PARTICLE SIZE/ jum 



FIG 7.3.13: COBALT WITH AND WITHOUT DESOLVATION 
AFTER FRACTIONATION 
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FIG 7.3.14: COPPER WITH AND WITHOUT DESOLVATION 
AFTER FRACTIONATION 
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FIG 7.3.15: STRONTIUM WITH AND WITHOUT 
DESOLVATION 

AFTER FRACTIONATION 
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FIG 7.3.16: BARIUM WITH AND WITHOUT DESOLVATION 
AFTER FRACTIONATION 
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U.K.) t o t h e c a r e f u l l y w e i g h e d s a m p l e s p l a c e d i n a 

microwave bomb. T h i s was f o l l o w e d by m i c r o w a v i n g a t 140W 

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

s a m p l e . The m i c r o w a v e bomb was t h e n c o o l e d a n d t h e 

p r e s s u r e r e l e a s e d . H y d r o f l u o r i c a c i d (2 m l , 20% v / v , 

A r i s t a r , BDH, D o r s e t , U.K.) was a d d e d a n d t h e s a m p l e 

m i c r o w a v e d a t 70W f o r t w e n t y m i n u t e s . The bomb was t h e n 

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

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

p l a c e d i n v o l u m e t r i c f l a s k s and made up t o 100 m l w i t h 

d i l u t e n i t r i c a c i d ( 2 % v / v ) . 

The r e s u l t i n g d i g e s t s w e r e a n a l y s e d by ICP-MS and t h e 

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

a t o m i s a t i o n - ICP-MS ( F i g u r e s 7.3.17 - 7 . 3 . 2 1 ) . These 

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

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

t h e d e s o l v a t e d s l u r r y a t o m i s a t i o n r e s u l t s . T h e 

s i m i l a r i t y , w i t h t h e p o s s i b l e e x c e p t i o n o f c o p p e r ( F i g u r e 

7.3.19), i n d i c a t e s t h a t t h e d i f f e r e n c e s i n r e c o v e r i e s o v e r 

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

i n h o m o g e n e i t y o f t h e samples r a t h e r t h a n t h e a t o m i s a t i o n 

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

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

8 Mm, and t h a t f o r n o n - d e s o l v a t e d s amples i s a b o u t 3 /xni. 

I t i s a l s o e v i d e n t t h a t t h e s e v a l u e s a r e d u e t o t h e 

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

T h r o u g h o u t t h e above s t u d y T r i t o n X-100 ( 1 % v / v ) was used 
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FIG 7.3.17: VANADIUM AFTER FRACTIONATION 
AND DISSOLUTION 
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FIG 7.3.18: COBALT AFTER FRACTIONATION 
AND DISSOLUTION 
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FIG 7.3.19: COPPER AFTER FRACTIONATION 
AND DISSOLUTION 
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FIG 7.3.20: STRONTIM AFTER FRACTIONATION 
AND DISSOLUTION 
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FIG 7.3.21: BARIUM AFTER FRACTIONATION 
AND DISSOLUTION 
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as a d i s p e r s a n t and t h i s may h a v e some e f f e c t on t h e 

r e s u l t s . C o n s e q u e n t l y t h e e x p e r i m e n t s i n v o l v i n g d i f f e r e n t 

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

p y r o p h o s p h a t e ( 1 % m/v) a s t h e d i s p e r s a n t . R e s u l t s 

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

r e s u l t s o b t a i n e d u s i n g T r i t o n X-100, and a s t a t i s t i c a l f -

t e s t u s e d . T h i s e v a l u a t i o n s h o w e d t h a t t h e u s e o f 

d i f f e r e n t d i s p e r s a n t s may have an e f f e c t on t h e r e s u l t s 

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

was a t w e n t y p e r c e n t chance o f t h e t w o s e t s o f r e s u l t s 

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

showed t h a t t h e r e was a 95% c e r t a i n t y t h a t t h e y were t h e 

same. C l e a r l y , t h e f a c t t h a t a l a r g e a m o u n t o f t h e 

s o l v e n t i s b e i n g removed when t h e s a m p l e i s d e s o l v a t e d 

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

r e d u c e d . 

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

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

sample. One measure o f t h e d e g r e e o f enhancement i s t o 

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

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

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

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

The c a l i b r a t i o n c u r v e s were t h e n p l o t t e d and t h e s l o p e s 

o b t a i n e d . The g r a d i e n t s were compared w i t h a s e r i e s o f 

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

d e s o l v a t i o n . The average improvement i n t h e g r a d i e n t f o r 

a q u e o u s s o l u t i o n s i s 6.4 c o m p a r e d w i t h 7,4 f o r t h e 
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s l u r r i e s , and c l e a r l y shows t h a t d e s o l v a t i o n o f t h e sample 

i m p r o v e s t h e r e s p o n s e more f o r s l u r r i e s t h a n f o r aqueous 

s o l u t i o n s . 

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

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

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

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

more f o r t h e s l u r r y t h a n t h e aqueous s t a n d a r d s . The o t h e r 

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

s i z e s . I t w o u l d appear t h a t i f a p a r t i c l e o f 8 o r l e s s 

r e a c h e s t h e plasma t h e n i t i s l i k e l y t o be a t o m i s e d . 
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7.3 A n a l y s i s of p r e c i o u s group me t a l s 

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

The a n a l y s i s o f t h e p r e c i o u s g r o u p m e t a l s (PGM's) i s 

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

some o f t h e e l e m e n t s i n t o s o l u t i o n . The d i s s o l u t i o n 

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

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

c o n t a m i n a n t s and t h e l o s s o f v o l a t i l e s p e c i e s may a l s o be 

a p r o b l e m . 

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

p r e t r e a t m e n t w o u l d t h e r e f o r e be b e n e f i c i a l . The use o f 

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

a r e h a r d t h e y a r e a l s o b r i t t l e ( 9 4 ) , a nd c o n s e q u e n t l y 

w o u l d be e x p e c t e d t o g r i n d down f a i r l y w e l l . 

169 



7.3.2 I r i d i u m 

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

The i n s t r u m e n t u s e d i n t h i s s t u d y was an 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 e r (VG Plasmaquad 11+, 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 , U . K . ) . A De G a l a n 

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

d o u b l e pass s p r a y chamber. 

The s l u r r i e s were p r e p a r e d by t h e b o t t l e and bead method 

( 6 8 ) . Samples o f I r i d i u m ( I g ) w e r e s h a k e n f o r s i x t e e n 

h o u r s w i t h z i r c o n i a beads (10 g ) . T r i t o n X-100 ( 1 % v / v ) 

was used as a d i s p e r s a n t . The r e s u l t a n t s l u r r y was made 

up i n v o l u m e t r i c f l a s k s a t d i f f e r e n t c o n c e n t r a t i o n s ( 0 . 1 , 

0.2, and 0.5% m/v). 

A b l a n k was p r e p a r e d by t h e same p r o c e s s a l t h o u g h o m i t t i n g 

t h e a d d i t i o n o f sample. 

S t a n d a r d s were p r e p a r e d f r o m an i r i d i u m s t a n d a r d s o l u t i o n 

and s t a n d a r d a d d i t i o n ( 5 , 10 and 15 ^ g m l " ^ ) u s e d f o r 

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

any i m p u r i t i e s . I n a l l c a s e s 100 fxq ml"**- o f i n d i u m was 

added t o t h e samples t o a c t as i n t e r n a l s t a n d a r d . 

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

most o f t h e i m p u r i t i e s t o be l e s s t h a n 1 ng m l " ^ , t h e 

e x c e p t i o n b e i n g c o p p e r (10 ng m l ~ ^ ) and p l a t i n u m (7 ng 
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m l " ^ ) . 

7.3.2,2 R e s u l t s and D i s c u s s i o n 

Two samples o f t h e i r i d i u m were p r e p a r e d ( I r 6 0 and I r 9 6 1 ) , 

and t h e r e s u l t s o b t a i n e d by s l u r r y a t o m i s a t i o n ICP-MS 

compared w i t h i n d i c a t i v e v a l u e s . The i n d i c a t i v e v a l u e s 

w e re o b t a i n e d by DC a r c s p e c t r o s c o p y ( J . M a t t h e y PLC, 

S o n n i n g Common) and had s t a n d a r d d e v i a t i o n s o f t h e o r d e r 

o f t e n p e r c e n t . The p a r t i c l e s i z e d i s t r i b u t i o n s a r e shown 

g r a p h i c a l l y i n F i g u r e 7.3.2.1, 

The r e s u l t s o b t a i n e d f o r t h e s a m p l e I r 6 0 a r e shown i n 

T a b l e 7,3.2.1, Two s e t s o f r e s u l t s a r e g i v e n : t h e f i r s t 

was o b t a i n e d u s i n g t h e i r i d i u m a r g i d e peak (m/z = 231) as 

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

as an i n t e r n a l s t a n d a r d . A l l t h e r e s u l t s shown w e r e 

o b t a i n e d a f t e r b l a n k s u b t r a c t i o n and a r e f o r a 0.1% m/v 

s l u r r y . 

The r e s u l t s show t h a t t h e r e i s a r e a s o n a b l e a g r e e m e n t 

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

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

The m a j o r d i f f e r e n c e i s f o u n d w i t h c o p p e r a nd p l a t i n u m , 

and i s p o s s i b l y due t o t h e e f f e c t o f t h e l a r g e amount o f 

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

s o l u t i o n . 

The use o f an i n t r i n s i c i n t e r n a l s t a n d a r d (IrAr"*") a p pears 
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FIG 7.3.2.1: PARTICLE SIZE DISTRIBUTION FOR 
IRIDIUM 
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TABLE 7.3.2.1 RESULTS FOR THE ANALYSIS OF THE IRIDIUM 

SAMPLE IR60 BY SLURRY ATOMISATION-ICP-MS 

A n a l y t e I n d i c a t i v e V a l u e I n t e r n a l S t a n d a r d 

I n I r A r 

Mg 10 5 . 8 ± 0 . 4 6 . 2 ± 1 . 4 

A l 1 1.3 ± 0.1 0.9 ± 0.0 

T i <1 0.9 ± 0.1 1.0 ± 0.0 

V 2 0,7 ± 0.3 1,0 ± 0.0 

Cr < i 1 . 3 ± 0 . 5 1 . 0 + 0 . 2 

Mn <1 3.8 ± 1.0 1.1 ± 0.1 

Fe 6 5 . 2 + 1 . 1 7 , 4 ± 0 , 7 

N i 1 1.3 ± 0.4 1,0 + 0.0 

Cu <1 12.8 ± 0.6 9.7 ± 0.1 

Zn 10 7.5 ± 2.1 5.6 ± 1.9 

Ru 5 4 , 7 + 0 . 5 3 . 7 1 0 . 4 

Rh <1 0.1 ± 0.0 0,1 ± 0.0 

Pd <1 - 0.3 ± 0.0 

Ag <1 0.3 ± 0.1 

Pt 1 - 0 , 7 ± 0 . 0 

Au <1 0 . 2 ± 0 . 0 0 . 1 ± 0 , 0 
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t o g i v e b e t t e r q u a l i t y r e s u l t s c o m p a r e d w i t h t h o s e 

o b t a i n e d u s i n g t h e added i n t e r n a l s t a n d a r d . T h i s w o u l d 

seem t o i n d i c a t e t h a t t h e a d d i t i o n o f an e l e m e n t t o t h e 

s o l u t i o n does n o t a c t i n t h e same way as t h e a n a l y t e s i n 

t h e s l u r r y and c o n s e q u e n t l y t h e i r i d i u m s t a n d a r d s may a l s o 

be e x p e c t e d t o v a r y i n t h e same way. 

U s i n g t h e i n s t r u m e n t i n e x t e n d e d d y n a m i c r a n g e mode, i n 

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

i r i d i u m i s o t o p e s i n t h e i r i d i u m s o l u t i o n s were compared 

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

showed t h a t t h e t w o samples gave v e r y s i m i l a r t o t a l s and 

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

s l u r r y ( 0 . 1 % ) h a v e a s i m i l a r e f f e c t o n t h e p l a s m a . 

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

( 0 . 2 % m/V) had a d e t r i m e n t a l e f f e c t on t h e pla s m a . The 

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

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

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

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

d e v i a t i o n s . 

The r e s u l t s o b t a i n e d f o r I r 9 6 1 a r e shown i n T a b l e 7.3.2.2. 

The i n t e r n a l s t a n d a r d used f o r t h i s w o r k was IrAr"*". The 

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

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

a c c u r a c y f o r magnesium, i r o n and z i n c as w e l l as c o p p e r 

and p l a t i n u m . The i r o n , magnesium and z i n c s u f f e r f r o m 

i n t e r f e r e n c e s on t h e p e a k s a n a l y s e d , a l t h o u g h t h e s e 
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TABLE 7.3.2.2 RESULTS OBTAINED FOR THE ANALYSIS OF IRIDIUM 

SAMPLE IR961 BY SLURRY ATOMISATION-ICP-MS 

A n a l y t e I n d i c a t i v e V a l u e s O b t a i n e d 

Mg <1 2.1 ± 0.6 

A l <1 1.7 ± 0.2 

T i <1 1.3 ± 0.1 

V 2 1.4 ± 0.2 

Cr <1 0,9 ± 0.1 

Mn 1 0.8 ± 0.0 

Fe 10 8.2 ± 0.2 

N i <1 0.3 ± 0.0 

Cu <1 0.3 ± 0.0 

Zn 10 8.3 + 0.5 

Ru 70 79.2 ± 6.6 

Rh 300 276.0 ± 7.6 

Pd <1 0.9 ± 0.4 

Ag <1 0 . 5 + 0 . 1 

Pt <1 1.0 ± 0.1 

Au - 0.2 ± 0.1 
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i n t e r f e r e n c e s s h o u l d a l s o a p p l y t o t h e s t a n d a r d s o l u t i o n . 

I t i s c l e a r t h e r e f o r e t h a t samples o f i r i d i u m m e t a l w h i c h 

a r e g r o u n d so t h a t t h e m a j o r i t y o f p a r t i c l e s a r e < A 

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

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

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

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

p r e c i s i o n . 

T h i s i s p a r t i c u l a r l y t r u e when an i n t r i n s i c i n t e r n a l 

s t a n d a r d i s used r a t h e r t h a n an i n t e r n a l s t a n d a r d t h a t i s 

added. The d e t r i m e n t a l e f f e c t s on t h e p l a s m a w i t h t h e 

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

must be m a t r i x m a t c h e d , and t h u s n e g a t e s some o f t h e 

advantages o f s l u r r y a t o m i s a t i o n . The l o n g g r i n d i n g t i m e s 

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

d i s a d v a n t a g e . 
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7.4.3 P a l l a d i u m 

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

S a mples o f p a l l a d i u m m e t a l p o w d e r w e r e g r o u n d by t h e 

b o t t l e and bead t e c h n i q u e ( 6 8 ) , f o r v a r i o u s t i m e s ( 1 , 2, 3 

and 4 h o u r s ) t o p r o d u c e s l u r r i e s w i t h d i f f e r e n t p a r t i c l e 

s i z e d i s t r i b u t i o n s . The s l u r r i e s w e r e t h e n made up i n 

v o l u m e t r i c f l a s k s t o p r o d u c e 0.1 % m/v s l u r r i e s . The 

d i s p e r s a n t s used i n t h i s s t u d y was T r i t o n X-100 ( 1 % v / v ) . 

The s l u r r i e s w e r e a n a l y s e d by ICP-MS a n d t h e r e s u l t 

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

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

a d d i t i o n o f t h e p a l l a d i u m sample ( 0 . 1 g) t o a mic r o w a v e 

bomb t o w h i c h was a l s o added c o n c e n t r a t e d n i t r i c a c i d (5 

ml ) a nd h y d r o f l u o r i c a c i d ( 1 m l ) . The s a m p l e s w e r e 

h e a t e d a t 70 W f o r t e n m i n u t e s , and t h e n 140 W f o r 5 

m i n u t e s . The bombs w e r e t h e n c o o l e d and t h e p r e s s u r e 

r e l e a s e d . T h e h y d r o f l u o r i c a c i d was r e m o v e d b y 

e v a p o r a t i o n u s i n g a l a b o r a t o r y f l a s k h e a t e r . The 

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

f l a s k u s i n g one o f t h e d i s p e r s a n t s a nd made up t o t h e 

mark. 

The p a l l a d i u m s a m p l e u s e d was a p a l l a d i u m s t a n d a r d 

p r e p a r e d i n house by Johnson M a t t h e y PLC, by t h e a d d i t i o n 

o f 100 g~^ s t a n d a r d s i n c h l o r i d e s o l u t i o n s t o t h e 

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

e v a p o r a t e d t o d r y n e s s a t 110°C b e f o r e b e i n g m i l l e d f o r 
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s i x t e e n h o u r s u s i n g a p l a t i n u m b a l l m i l l . T h i s was 

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

The s t a n d a r d s were t h e n r e d u c e d under 10% v/v h y d r o g e n i n 

n i t r o g e n f o r two h o u r s . They were f i n a l l y t r e a t e d a t 500 

°C f o r t h r e e h o u r s t o remove t h e c h l o r i d e and m i l l e d f o r a 

f u r t h e r s i x t e e n h o u r s i n t h e p l a t i n u m b a l l m i l l . 

The s t a n d a r d s w e r e a n a l y s e d i n t h r e e d i f f e r e n t 

l a b o r a t o r i e s , u s i n g ICP-AES a f t e r d i s s o l u t i o n . The 

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

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

t o t h e sponge, due t o t h e e f f e c t s o f t h e p l a t i n u m b a l l s i n 

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

The d e s o l v a t i o n d e v i c e , d e s c r i b e d i n c h a p t e r 3, was u s e d 

t o o b t a i n d r y s l u r r i e s . 
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7.4.3.2 R e s u l t s and D i s c u s s i o n 

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

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

7.4.3.1. 

Each o f t h e p a l l a d i u m s l u r r i e s were a n a l y s e d by ICP-MS and 

t h e r e s u l t s o b t a i n e d compared w i t h t h o s e o b t a i n e d f o r t h e 

d i s s o l v e d p a l l a d i u m . I n each case t h e d i s s o l v e d p a l l a d i u m 

r e s u l t s were c o n s i d e r e d t o r e p r e s e n t one h u n d r e d p e r c e n t 

r e c o v e r y and so t h e s l u r r y r e s u l t s a r e t h e r e f o r e compared 

t o t h i s f i g u r e . The s l u r r i e s w e r e a n a l y s e d b y t w o 

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

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

sample. The m i n o r p a l l a d i u m i s o t o p e (m/z = 102) was used 

as an i n t e r n a l s t a n d a r d f o r t h i s work. 

The r e s u l t s f o r t h e s e two methods a r e compared i n F i g u r e s 

7.4.3.2 - 7.4.3.8 and i t can be seen t h a t s i g n i f i c a n t l y 

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

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

a p pears t o be due t o b o t h an i n c r e a s e i n t h e t r a n s p o r t and 

t h e a t o m i s a t i o n e f f i c i e n c i e s , caused by t h e s p a t i a l c h a r g e 

e f f e c t s i n t h e plasma. S i n c e no e n e r g y was r e q u i r e d t o 

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

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

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

a n a l y t e s i n v e s t i g a t e d . T h i s i s b r o a d l y s u p p o r t e d by t h e 
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FIG 7.4.3: PARTICLE SIZE DISTRIBUTION FOR 
PALLADIUM 
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FIG 7.4.3.1: MAGNESIUM RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.2: NICKEL RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.3: COBALT RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.4: COPPER RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.5: ZINC RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.6: ANTIMONY RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.7: GOLD RECOVERY 
WITH AND WITHOUT DESOLVATION 
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FIG 7.4.3.8: BISMUTH RECOVERY 
WITH AND WITHOUT DESOLVATION 
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e x p e r i m e n t a l work. F i g u r e s 7.4.3.2 t o 7.4.3.8. do n o t 

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

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

I f t h e g r a p h s i n F i g u r e s 7.3.3.2 t o 7.3.3.8 a r e compared 

w i t h t h e p a r t i c l e s i z e r e s u l t s F i g u r e 7.4.3-1 i t can be 

seen t h a t when t h e s l u r r i e s a r e d e s o l v a t e d , p a r t i c l e s o f 

a b o u t 10 fxm can be b o t h t r a n s p o r t e d t o , and a t o m i s e d by 

t h e plasma. T h i s compares w i t h a f i g u r e o f a b o u t 5 ^im f o r 

t h e n o n - d e s o l v a t e d s l u r r y . T h i s a b i l i t y t o b o t h t r a n s p o r t 

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

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

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

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

p e r f o r m a n c e . 

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

d e s o l v a t e d samples appears t o be s m a l l . T h i s o b s e r v a t i o n 

was checked u s i n g t h e s t a t i s t i c a l f - t e s t ( 9 6 ) . T h i s t e s t 

showed t h a t f o r t h e d e s o l v a t e d r e s u l t s t h e r e was a g r e a t e r 

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

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

t h e n o n - d e s o l v a t e d sample w h i c h had a l e s s t h a n n i n e t y p e r 

c e n t c h a n c e o f b e i n g t h e same. The d i f f e r e n c e b e t w e e n 

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

d i s p e r s a n t w h i c h i s removed by t h e d e s o l v a t i o n p r o c e d u r e . 
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7.4 OVERALL CONCLUSIONS 

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

show t h a t t h e use o f s l u r r y a t o m i s a t i o n as a method o f 

i n t r o d u c i n g powdered m e t a l s i n t o t h e ICP-MS i s f e a s i b l e . 

The t e c h n i q u e does however r e q u i r e t h e g r i n d i n g o f t h e 

samples i n t o a s u i t a b l e p a r t i c l e s i z e r a n g e , w h i c h may 

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

t h e advantages a s s o c i a t e d w i t h t h i s t e c h n i q u e - The use o f 

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

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

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

t o r e a c h t h e plasma. Once such p a r t i c l e s r e a c h t h e plasma 

t h e y a p p e a r t o be t o t a l l y a t o m i s e d a nd i o n i s e d . The 

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

p r i o r t o a n a l y s i s a l s o means t h a t l e s s plasma e n e r g y i s 

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

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

e n a b l e reduced g r i n d i n g t i m e s t o be used. 
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CHAPTER 8 

ANALYSIS OF PRECIOUS GROUP METALS BY LASER ABLATION 

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

The a n a l y s i s o f t h e p l a t i n u m g r o u p m e t a l s (PGM's) i s 

c o m p l i c a t e d by t h e d i f f i c u l t y i n v o l v e d i n b r i n g i n g them 

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

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

h a z a r d o u s and o f t e n e x p e n s i v e c h e m i c a l s . I n a d d i t i o n , 

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

and t h e i n t r o d u c t i o n o f c o n t a m i n a t i o n . 

C o n s e q u e n t l y a method w h i c h does n o t i n v o l v e a l o n g sample 

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

a n a l y s i s o f such s a m p l e s . One such t e c h n i q u e i s t h e use 

o f a l a s e r t o a b l a t e m a t e r i a l f r o m t h e s o l i d sample. The 

a b l a t e d m a t e r i a l i s c a r r i e d t o t h e ICP-MS i n an a r g o n 

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

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

t h e t e c h n i q u e o f l a s e r a b l a t i o n - 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 (LA-ICP-MS), i s a s s o c i a t e d w i t h 

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

amounts o f sample a b l a t e d ( 8 2 , 8 3 ) . The p r o b l e m i s made 

worse by t h e d i f f i c u l t y i n o b t a i n i n g good m a t r i x matched 

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

e lement i s r e q u i r e d as a t r u e i n t e r n a l s t a n d a r d ( 8 4 ) . The 

use o f " t r u e " i n t e r n a l s t a n d a r d s h e l p s t o n e g a t e some o f 

t h e p r o b l e m s a s s o c i a t e d w i t h cone b l o c k a g e c a u s e d by t h e 
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a b l a t e d s o l i d . 

8.2 Experimental 

8.2.1 I n s t r u m e n t a t i o n 

The 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 e r used 

was a PlasraaQuad I I + (VG E l e m e n t a l , W i l t o n , C h e s h i r e , 

U.K.) eq u i p p e d w i t h a VG L a s e r l a b . The L a s e r l a b , u t i l i s e d 

a Nd:YAG l a s e r o p e r a t i n g a t 1064 nm. I t was c a p a b l e o f 

r u n n i n g i n e i t h e r f i x e d - Q o r Q - s w i t c h e d mode w i t h a 

r e p e t i t i o n r a t e o f up t o 14 Hz. A s t a n d a r d VG s a m p l i n g 

chamber was used and t h e a b l a t e d m a t e r i a l was c a r r i e d t o 

t h e plasma u s i n g a 4 mm i . d . p o l y ( v i n y l ) c h l o r i d e t u b e . A 2 

way 3 - p o r t v a l v e e n a b l e d t h e c e l l t o be p u r g e d w i t h a r g o n 

p r i o r t o sample c h a n g i n g . 

8.2.2 St a n d a r d s 

The s t a n d a r d s f o r t h i s work were p r e p a r e d i n - h o u s e by t h e 

a d d i t i o n o f 100 nq g"^ o f s t a n d a r d c h l o r i d e s o l u t i o n s t o 

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

t o d r y n e s s a t l l O ^ C b e f o r e b e i n g m i l l e d f o r s i x t e e n h o u r s 

u s i n g a p l a t i n u m b a l l m i l l . T h i s was f o l l o w e d by s t i r r i n g 

and h o m o g e n i s a t i o n f o r s i x t e e n h o u r s . The s t a n d a r d s were 

t h e n r e d u c e d u n d e r 10% v / v h y d r o g e n i n n i t r o g e n f o r two 

h o u r s , and t h e n t r e a t e d a t 500°C f o r t h r e e h o u r s t o remove 

t h e c h l o r i d e . F i n a l l y t h e s t a n d a r d s w e r e m i l l e d f o r a 

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

l a b o r a t o r i e s , u s i n g i n d u c t i v e l y c o u p l e d p lasma - 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 , f o l l o w i n g d i s s o l u t i o n . The r e s u l t 

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

t h a t a d d e d t o t h e s p o n g e , due t o t h e e f f e c t s o f t h e 

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

8.2.3 Sample P r e p a r a t i o n 

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

an e v a c u a t e d KBr d i s c p r e s s (13 mm i . d . ) . The sponge (2g) 

was w e i g h e d o u t and added t o t h e p r e s s and p u t u n d e r a 

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

p r e s s u r e o f t e n t o n n e s f o r a f u r t h e r f i v e m i n u t e s . 

8.2.4 Sample D i s s o l u t i o n 

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

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

s p e c t r o m e t r y samples o f t h e sponges were d i s s o l v e d , p r i o r 

t o a n a l y s i s by ICP-MS. 
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8.2.4.1 P a l l a d i u m 

A sample o f t h e sponge ( 0 . 1 g) was c a r e f u l l y w e ighed i n t o 

a m i c r o w a v e bomb and c o n c e n t r a t e d n i t r i c a c i d was added 

(10 m l , A r i s t a r BDH, D o r s e t , U.K.). The bombs were p l a c e d 

i n a m i c r o w a v e oven (CEM M i c r o w a v e T e c h n o l o g y L i m i t e d , 

B u c k i n g h a m , U.K.) and m i c r o w a v e d f o r t e n m i n u t e s a t a 

p r e s s u r e o f 200 p s i . The d i s s o l v e d m e t a l was washed i n t o 

v o l u m e t r i c f l a s k s a n d made u p t o 100 m l w i t h 18 MQ 

d i s t i l l e d w a t e r . 

8.2.4.2 Rhodium 

A sample o f g o l d m e t a l (3 g, 99.99% p u r e , Johnson M a t t h e y , 

R o y s t o n , H e r t f o r d s h i r e , U.K.) was p l a c e d i n a b e a k e r and 

h e a t e d w i t h a m i x t u r e o f c o n c e n t r a t e d n i t r i c a c i d and 

c o n c e n t r a t e d h y d r o c h l o r i c a c i d ( 2 : 1 , 20 m l , A r i s t a r BDH, 

D o r s e t , U.K.) and made up w i t h 18 MO w a t e r (40 m l ) . T h i s 

was p l a c e d on a h o t p l a t e a t a t e m p e r a t u r e o f 120^C u n t i l 

a l l t h e g o l d had d i s s o l v e d . The sample was e v a p o r a t e d 

down t o t h e p o i n t where g o l d s t a r t e d t o p r e c i p i t a t e o u t . 

H y d r o c h l o r i c a c i d ( 1 : 1 ) was added t o r e d i s s o l v e t h e g o l d 

and t h e sample a g a i n e v a p o r a t e d down. T h i s p r o c e d u r e was 

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

method was made up t o p r o d u c e a 3% s o l u t i o n . 

A sample o f t h i s 3% s o l u t i o n ( 0 . 1 q, o f g o l d , 3.33 ml) was 

p l a c e d i n a beaker and t h e r h o d i u m sponge added ( 0 . 1 g) 

a l o n g w i t h c o n c e n t r a t e d h y d r o c h l o r i c a c i d (10 m l ) . The 
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b e a k e r was p l a c e d on a h o t p l a t e (150°C), c o v e r e d w i t h a 

watc h g l a s s , and l e f t f o r f o u r h o u r s . The l i q u i d was t h e n 

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

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

r e a c t e d w i t h more g o l d c h l o r i d e ( 0 . 0 3 g, 1 m l ) a n d 

c o n c e n t r a t e d h y d r o c h l o r i c a c i d (10 m l ) and l e f t f o r a 

f u r t h e r f o u r h o u r s . A t t h i s p o i n t a l l o f t h e r h o d i u m had 

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

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

8.2.5 O p e r a t i n g C o n d i t i o n s 

The o p e r a t i n g c o n d i t i o n s a r e shown i n T a b l e 8.1. The i o n 

l e n s e s were o p t i m i s e d f o r t h e d e t e r m i n a t i o n o f s i l v e r (m/z 

107) i n t h e Q-switched mode o p e r a t i n g a t 4 Hz. 

The r e s u l t s o b t a i n e d i n t h e Q - s w i t c h e d mode a r e f o r 

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

195 



TABLE 8,1 OPERATING CONDITIONS 

ICP C o n d i t i o n s : 

C o o l a n t gas f l o w 

A u x i l i a r y gas f l o w 

N e b u l i s e r gas f l o w 

Forward power 

14-0 1 m i n " ^ 

0.8 1 m i n " ^ 

0.83 1 rain"^ 

1.6 kw 

Mass S p e c t r o m e t e r C o n d i t i o n s : -

Mass range 

D w e l l t i m e 

Number o f c h a n n e l s 

Number o f scans 

2-245 m/z 

80 MS 

2048 

400 

La s e r A b l a t i o n C o n d i t i o n s : -

V o l t a g e 

Number o f i r r a d i a t i o n 

Fixed-Q p u l s e mode 

Q-s w i t c h e d p u l s e mode 

775 V 

10 s h o t s 

4 Hz f o r 1 m i n u t e 
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8.3 R e s u l t s and D i s c u s s i o n 

8.3.1 A n a l y s i s o f Rhodium 

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

was a c h i e v e d u s i n g u n i v a r i a t e s e a r c h e s k e e p i n g t h e o t h e r 

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

s e n s i t i v i t y were t h e f o r w a r d power, n e b u l i s e r gas f l o w and 

t h e l a s e r v o l t a g e w h i c h i s r e l a t e d t o t h e l a s e r power. 

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

c o b a l t (m/z 5 9 ) , p l a t i n u m (m/z 198) and l e a d (m/z 2 0 8 ) . 

T h r e e o t h e r masses were a l s o u s e d ; t h e d o u b l y c h a r g e d 

r h o d i u m peak (m/z 5 1 . 5 ) , t h e r h o d i u m a r g i d e peak (m/z 143) 

and t h e background (m/z 1 1 3 ) . 

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

f o r w a r d power a r e shown i n F i g u r e 8.1. T h e r e i s a c l e a r 

i n c r e a s e i n t h e r e s p o n s e as t h e power i n c r e a s e s f r o m 1.2 

kW t o 1.6 kW, f o l l o w e d by a s l i g h t d e c r e a s e above t h i s 

p o i n t . T h e r e was a l s o an i n c r e a s e i n t h e i o n s d e t e c t e d 

w h i c h c o n t i n u e d t o i n c r e a s e up t o 1.8 kW; t h e r e was no 

n o t i c e a b l e i n c r e a s e i n t h e b a c k g r o u n d s i g n a l . Work on t h e 

i n t r o d u c t i o n o f d e s o l v a t e d s l u r r i e s ( s e e C h a p t e r 9.) 

showed t h a t t h e r e i s a d e c r e a s e i n t h e e l e c t r o n number 

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

r e m o v a l o f t h e h y d r o g e n . By i n c r e a s i n g t h e f o r w a r d power 

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

improve t h e i o n i s a t i o n e f f i c i e n c y o f t h e plasma and hence 

t h e r e s p o n s e . T h i s p r e v i o u s work a l s o i n d i c a t e d t h a t t h e 
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FIG 8.1: EFFECT OF FORWARD POWER ON RESPONSE 
ANALYSIS OF RHODIUM 
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i n c r e a s e i n f o r w a r d power i n c r e a s e s t h e f o r m a t i o n o f o t h e r 

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

The n e b u l i s e r gas f l o w , shown i n F i g u r e 8.2 a f f e c t s t h e 

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

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

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

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

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

i n t r o d u c t i o n o f aqueous samples. T h i s n o n - d i v e r g e n c e may 

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

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

n e b u l i s e t h e aqueous sample. 

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

a b l a t e d and so i f i n c r e a s e d w i l l cause an i n c r e a s e i n t h e 

i n s t r u m e n t r e s p o n s e . T h i s can be c l e a r l y seen i n F i g u r e 

8.3 w h i c h shows a s h a r p i n c r e a s e i n t h e s i g n a l between 650 

and 750 v o l t s , w h e r e a p l a t e a u a p p e a r s t o be r e a c h e d , 

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

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

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

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

o b t a i n e d , i n d i c a t i n g t h a t t h e power c o u p l i n g i s such t h a t 

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

C o n s e q u e n t l y , a s e t t i n g o f 775 v o l t s was used f o r t h e r e s t 

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

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

d e v i a t i o n . 
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FIG 8.2: EFFECT OF NEBULISER GAS ON RESPONSE 
ANALYSIS OF RHODIUM 
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FIG 8.3: EFFECT OF LASER VOLTAGE ON RESPONSE 
ANALYSIS OF RHODIUM 
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I n t h e f i x e d - Q mode o f o p e r a t i n g t h e l a s e r beam was 

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

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

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

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

f o c u s s i n g o f t h e l a s e r . The e f f e c t s on b o t h t h e a c c u r a c y 

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

shown i n F i g u r e s 8.4 - 8.9 f o r one o f t h e r h o d i u m samples. 

The r e s u l t s a r e compared w i t h t h o s e o b t a i n e d f o r t h e same 

sample a f t e r d i s s o l u t i o n . The d i s t i n c t i o n i s made t h a t 

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

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

when t h e l a s e r i s f o c u s s e d above t h e s u r f a c e . 

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

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

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

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

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

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

t h e power i s d i s s i p a t e d o v e r a l a r g e r a r e a w h i c h causes a 

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

t h e amount a b l a t e d i s more c o n s i s t e n t . C o n s e q u e n t l y a 

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

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

r e q u i r e d . T h e v a l u e u s e d f o r t h e r e s t o f t h e 

e x p e r i m e n t a t i o n was -10 mm. 
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FIG 8.4: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF MAGNESIUM IN RHODIUM 

ANALYTE CONCENTRATION//ig/g 
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FIG 8.5: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF IRON IN RHODIUM 

ANALYTE CONCENTRATION//ig/g 
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FIG 8.3: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF NICKEL IN RHODIUM 
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FIG 8.7: EFFECT OF DEFOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF RUTHENIUM IN RHODIUM 

ANALYTE CONCENTRATION//ig/g 
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FIG 8.8: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF PALLADIUM IN RHODIUM 
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FIG 8.9: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF IRIDIUM IN RHODIUM 

ANALYTE CONCENTRATION/ji/g/g 
140 

2 4 6 8 

FOCUS/ mm 

3a ERROR BARS 

INDICATIVE VALUE 



The c o n d i t i o n s d e s c r i b e d were used f o r t h e a n a l y s i s o f two 

r h o d i u m s a m p l e s . 1 1 1 a n d 1 3 9 , by l a s e r a b l a t i o n -

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 , i n b o t h 

f i x e d - Q and Q - s w i t c h e d modes. These r e s u l t s ( T a b l e 8.2) 

were compared w i t h t h o s e o b t a i n e d f o l l o w i n g d i s s o l u t i o n o f 

t h e s a m p l e by t h e m e t h o d d e s c r i b e d i n S e c t i o n 8.2.4. 

I n d i c a t i v e r e s u l t s were o b t a i n e d by DC a r c s p e c t r o m e t r y . 

For LA-ICP-MS a n a l y s e s t h e r h o d i u m a r g i d e peak (m/z 143) 

was used as an i n t e r n a l s t a n d a r d , w h i c h p r o v e d b e t t e r t h a n 

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

peak (m/z 51.5) o r i n t h e absence o f an i n t e r n a l s t a n d a r d . 

The r e s u l t s show good agreement between t h o s e o b t a i n e d by 

l a s e r a b l a t i o n and t h o s e a f t e r t h e sample was d i s s o l v e d 

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

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

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

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

o b t a i n e d . 

A s t a t i s t i c a l t e s t , t h e f - t e s t , was p e r f o r m e d on t h e 

r e s u l t s and t h i s showed t h a t i n most c a s e s t h e r e i s a 

c o n f i d e n c e l e v e l o f g r e a t e r t h a n 95% t h a t t h e r e s u l t s a r e 

t h e same. The e x c e p t i o n s were t h e r e s u l t s f o r magnesium, 

c o b a l t and r u t h e n i u m when t h e l a s e r was i n Q - s w i t c h e d mode 

f o r t h e sample 1 1 1 ; and magnesium i r o n and l e a d w i t h t h e 

l a s e r i n Q - s w i t c h e d mode f o r sample 139. These r e s u l t s 

show t h a t b o t h b e t t e r p r e c i s i o n and b e t t e r a c c u r a c y i s 

o b t a i n e d i n l a s e r a b l a t i o n - 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 , when t h e l a s e r i s i n f i x e d - Q mode. 
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TABLE 8.2 RESULTS OBTAINED FOR RHODIUM BY LASER ABLATION 

-ICP-MS AND AFTER DISSOLUTION BY ICP-MS 

i ) Rhodium 111 

C o n c e n t r a t i o n / A i g g"^ 

A n a l y t e I n d i c a t i v e Fixed-Q Q - s w i t c h e d D i s s o l u t i o n 

Mg 10 3.0±0.2 2.0±0.4 3.5+1.1 

Fe 60 58.0±9.3 59.4±2.8 63.111.7 

N i 10 7,8±0.7 10,8±2.5 

Co 6 1.8±0.3 2.5±0.4 2.410.2 

RU 6 10.111.3 8.511.0 11.911.1 

Pd 1 16.614.6 15.814.9 16.411.2 

Ag <1 0.810.2 0.510.1 

I r 40 55.7+3.2 53.019.8 69.213.4 

Pb <1 2.010.0 1.910.1 2.110.2 
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i i ) Rhodium 139 

C o n c e n t r a t i o n / M g g"^ 
A n a l y t e I n d i c a t i v e Fixed-Q Q - s w i t c h e d D i s s o l u t i o n 

Mg 8 2.7±0.7 3.0±1.1 3.8±0.4 
Fe 40 48.0±3.0 45.6±8.8 59-511.1 
N i 7 6.3±1.8 8.3±1.4 _ 1 

Co 3 3.1+0.7 1.2±0.4 2.6±0.6 
Ru 4 10.8±1.5 7.9±1.4 12.5±1.1 
Pd <1 5.4+2.4 7.8±1.4 10.7±1.4 
Ag <1 0.1±0.0 0.2±0.1 _2 

I r 30 79.4±8.1 82.4+7.6 84.2±3.1 
Pb 90 24.2±2.4 14.9±3.8 24.1±1.0 
B i <1 o.oto.o 0.1±0.0 0.3±0.1 

u n c e r t a i n t y e x p r e s s e d as 1 a 

^ ArO i n t e r f e r e n c e 

^ I s o t o p e s n o t r e s o l v e d f r o m r h o d i u m m a t r i x 
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8,3.2 A n a l y s i s o f P a l l a d i u m 

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

t h e a n a l y s i s o f two samples o f p a l l a d i u m ( T a b l e 1 ) . The 

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

a b l a t i o n i n Q-switched mode was i n v e s t i g a t e d ( F i g u r e s 8,10 

- 8 . 1 4 ) . The v a l u e s o b t a i n e d w e r e c o m p a r e d w i t h t h e 

r e s u l t s o b t a i n e d a f t e r d i s s o l u t i o n o f t h e sample. These 

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

rh o d i u m samples. For t h e a n a l y s i s o f p a l l a d i u m t h e l a s e r 

was f o c u s s e d 10 mm below t h e sample. 

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

samples, 243 and 197, i n b o t h f i x e d - Q and Q- s w i t c h e d mode 

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

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

c o u p l e d p l a s m a - mass s p e c t r o m e t r y ( T a b l e 8 . 3 ) . The 

r e s u l t s i n d i c a t e good agreement between t h e methods. I n 

t h i s case t h e r e s u l t s shown were o b t a i n e d u s i n g t h e m i n o r 

p a l l a d i u m i s o t o p e peak (m/z 102) as an i n t r i n s i c i n t e r n a l 

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

p a l l a d i u m a r g i d e peak (m/z 148) o r t h e p a l l a d i u m d o u b l y 

c h a r g e d peak (m/z 5 4 ) . 

The u s e o f t h e f - t e s t s h o w e d t h a t i n m o s t c a s e s t h e 

r e s u l t s had a c e r t a i n l y o f g r e a t e r t h a n 95% t h a t t h e y were 

t h e same. The e x c e p t i o n s were magnesium i n f i x e d - Q mode 

and g o l d i n Q - s w i t c h e d mode f o r sample 243; and p l a t i n u m 
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FIG 8.10: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF MAGNESIUM IN PALLADIUM 
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FIG 8.11: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF IRON IN PALLADIUM 

ANALYTE CONCENTRATION//ig/g 
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FIG 8.12: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF NICKEL IN PALLADIUM 
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FIG 8.13: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF PLATINUM IN PALLADIUM 

ANALYTE CONCENTRATION/ jug/g 
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FIG 8.14: EFFECT OF FOCUSSING IN Q-SWITCH MODE 
DETERMINATION OF GOLD IN PALLADIUM 
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TABLE 8 . 3 RESULTS OBTAINED FOR PALLADIUM BY LASER 

ABLATION-ICF-MS AND AFTER DISSOLUTION BY 

ICP-MS 

i ) P a l l a d i u m 243 

C o n c e n t r a t i o n / ^ g 

A n a l y t e I n d i c a t i v e Fixed-Q Q - s w i t c h e d D i s s o l u t i o n 

Mg 14 7.6+0.7 14.9±4.1 8.910.5 

Fe 71 37.6±3.9 38.1±8.0 42.5±1.8 

N i 7 5.3±0.7 6.5±1.3 5,7±0.3 

Cu 3 4.0±0.5 3.1±0.3 4.0±0.4 

Pt 3 24.3±2.5 27.0±10.0 21.1±1.1 

AU 1 1.1±0.2 0.3±0.1 1,1±0.2 

Pb 2 0.3±0.1 0.7±0.1 0.4±0.0 

B i <1 0.2±0.0 0.3±0.1 O.ltO.O 
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i i ) P a l l a d i u m 197 

C o n c e n t r a t i o n / / i g g~^ 

A n a l y t e I n d i c a t i v e Fixed-Q Q - s w i t c h e d D i s s o l u t i o n 

Mg 14 15.4±1.1 15.6±1.3 15.611.7 

Fe 99 51.3±4.8 46,7±7.9 58.4+2.5 

N i 3 3.4±1.8 3.6±0.3 5.010.4 

Cu 24 25.9±0.9 25.011.2 23.511.1 

Rh 25 19.9±1.7 17.6+2.7 _ 1 

Ag 6 5.2±0.5 5-410.6 _ 1 

P t 3 11.010.7 8.210.90 10.910,5 

Au <1 1.0±0.1 0.810.1 1.010.2 

Pb <1 0.3±0.1 0.910.2 0.410.2 

u n c e r t a i n t y e x p r e s s e d as l a 

^ I s o t o p e s n o t r e s o l v e d f r o m p a l l a d i u m m a t r i x 
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and g o l d i n Q - s w i t c h e d mode i n sample 197. The r e s u l t s 

show t h a t t h e use o f t h e l a s e r i n f i x e d - Q mode g i v e s f a r 

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

compared w i t h t h o s e o b t a i n e d i n t h e Q- s w i t c h e d mode. 

The r e s u l t s f o r sample 197, f o l l o w i n g d i s s o l u t i o n show t h e 

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

o v e r l a p p i n g o f t h e p a l l a d i u m i s o t o p e s a t m/z 102, 104, 106 

and 108, w h i c h p r e v e n t e d r e s o l u t i o n o f t h e m o n o i s o t o p i c 

r h o d i u m (m/z 103) o r e i t h e r o f t h e s i l v e r i s o t o p e s (m/z 

107, 1 0 9 ) . These e l e m e n t s c o u l d be a n a l y s e d by l a s e r 

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

a s s o c i a t e d w i t h t h e use o f d r y plasmas. 
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8.4 C o n c l u s i o n s 

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

i t i s c l e a r t h a t t h e use o f t h e l a s e r i n f i x e d - Q mode 

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

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

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

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

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

peak may a l s o be used. The n o n - a v a i l a b i l i t y o r d i f f i c u l t y 

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

means t h a t t h e use o f t h i s t e c h n i q u e i s s t i l l l i m i t e d . 

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

plasma a l s o means t h e r e a r e a p p l i c a t i o n s when t h e i s o t o p e s 

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

a n a l y s e d under wet c o n d i t i o n s . 
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CHAPTER 9 

DETERMINATION OF lONISATION TEMPERATURES IN THE PLASMA 

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

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

t h e plasma a r e c o m p l i c a t e d by t h e a s s u m p t i o n s made i n such 

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

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

r e l a t i o n s h i p w i t h t h e mean k i n e t i c e n e r g y , E j ^ i n ' 

p a r t i c l e s ( see S e c t i o n 1.5 ) . However, i t i s d i f f i c u l t t o 

d e f i n e a s i n g l e t e m p e r a t u r e i n a l a b o r a t o r y plasma. The 

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

p h y s i c a l phenomena t h a t a r e o b s e r v e d . T h i s means t h a t a 

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

e n e r g i e s o f t h e v a r i o u s p a r t i c l e s (87) . 

The t r a n s l a t i o n a l , o r k i n e t i c t e m p e r a t u r e , T j ^ j ^ j ^ , i s 

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

f ( v ) , f o r t h e random v e l o c i t y ; 

f ( v ) = 47r ( m exp ( -mv ) 
27rkTj,i„ 2kT„i^ 

where m i s t h e mass o f t h e p a r t i c l e c o n s i d e r e d 
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The f u n c t i o n d e f i n e s t h e k i n e t i c t e m p e r a t u r e as 
representing the temperature of the system i n a s t a t e of 
complete thermodynamic e q u i l i b r i u m (CTE). 

The motion of the e m i t t i n g p a r t i c l e s ensures t h a t the 
c e n t r a l wavelength, y^, appears t o be s h i f t e d by y - yQ, 
by the Doppler e f f e c t . 

The i n t r o d u c t i o n of t h i s e f f e c t i n t o the equation leads t o 
the f o l l o w i n g equation; 

y - yQ = 7.10 * 10"'^ yo (T/M) 

where T i s expressed i n Kelvin and M i n atomic mass u n i t s 
(88) . 

The e x c i t a t i o n t e mperature or e l e c t r o n i c e x c i t a t i o n 
temperature, T̂ ^̂ ,̂ uses the Boltzmann d i s t r i b u t i o n as the 
basis of the c a l c u l a t i o n . This d i s t r i b u t i o n allows the 
d e f i n i t i o n of the population or number d e n s i t i e s , n j and 
nj^, of bound electrons of energy, Ej and Ej^, w i t h k > j , 
t o be made; 

where gj^ and g j are the s t a t i s t i c a l weights of the two 
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l e v e l s , or the degeneracies, (g = 2J + 1). 
k i s the Boltzmann constant. 

I f the t o t a l number density, n, i n the i o n i s a t i o n state i s 
considered, we get; 

= { exp ( -Ê _̂L) Q(t) 
*̂ '̂ exc 

where Q(t) i s the i n t e r n a l p a r t i t i o n f u n c t i o n , defined as; 

Q(t) = Sj^gj^ exp ( -Ej^ ) 
^"^exc 

For low temperatures the value Q(t) i s mostly near t o the 
s t a t i s t i c a l weight, gQ, of the ground s t a t e . However, f o r 
higher temperatures ( > 4000 K) t h i s p a r t i t i o n f u n c t i o n 
may vary w i t h the temperature and the e l e c t r o n number 
d e n s i t y . Formulae f o r t h e s e c a l c u l a t i o n s have been 
published (89). 

To o b t a i n t h e r o t a t i o n a l t e m p e r a t u r e , t h e Boltzmann 
e q u i l i b r i u m i s used t o define the l i n e i n t e n s i t y formula; 

I = f he ) An,̂  
4 Try 

where A i s t h e t r a n s i t i o n p r o b a b i l i t y ( s ~ ^ ) f o r 
spontaneous emission. 
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By replacing rij^ i n the Boltzmann equation we obtain; 

I = f he ) g,̂  A J n I exp ( -E ) 
47ry Q(t) kTgj^^ 

A p l o t of In (I/gA) versus E should be l i n e a r w i t h a slope 
equal t o -5040/T, when E i s i n ele c t r o n v o l t s (88). 

For a t r a n s i t i o n J' - J ' ' , a r o t a t i o n a l l i n e i n t e n s i t y and 
hence a r o t a t i o n a l temperature, T^^^, can be calculated; 

I = Dv^ S exp ( -E ) 
^Trot 

where c o e f f i c i e n t D contains the r o t a t i o n a l p a r t i t i o n 
f u n c t i o n , the s t a t i s t i c a l weight and universal constants. 
S i s the o s c i l l a t o r strength 
E^ the r o t a t i o n a l energy. 

The r o t a t i o n a l energy i s defined by; 

Ej. = B^cJ' (J'+l) 

where B^ i s the r o t a t i o n a l c o n s t a n t b e l o n g i n g t o the 
v i b r a t i o n a l quantum number,v (87). 

The e l e c t r o n temperature, T^, can be c a l c u l a t e d because 
a f t e r i o n i s a t i o n processes i n the plasma the electrons are 
no longer bound, t h i s means they are i n n o n q u a n t i t i s e d 
l e v e l s . Many t r a n s i t i o n s , e i t h e r f r e e - f r e e or free-bound 
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can o c c u r . I n t h e U V - v i s i b l e p a r t of t h e spectrum 
r a d i a t i v e recombination i s the predominant process; 

Ar"*" + e" - Ar* + hv 

where v i s the frequency. 

This process leads t o a continuum of which the i n t e n s i t y 
i s a function of the wavelength namely; 

e(Y,T) = c^ n^n+zi r{Y,T,) ( 1 - exp f-hcU 

where z i s the e f f e c t i v e charge number 
r(Y,T) i s a c o r r e c t i v e f a c t o r (87). 

The r a d i a t i v e f i e l d provides a r a d i a t i o n d e n s i t y U(T) 
which depends only on the r a d i a t i o n temperature, T^ad' 
i s given by the Planck f u n c t i o n ; 

U(T)dy = iMhcl .( exp ( dy/hy) ) 

THe norm t e m p e r a t u r e , T ^ ^ Q ^ J^, i s t h e v a l u e o f t h e 
e x c i t a t i o n temperature f o r which a s p e c t r a l l i n e has a 
maximum i n t e n s i t y due t o t h e competing e f f e c t s of 
i o n i s a t i o n and e x c i t a t i o n processes. I t i s a f u n c t i o n of 
the t o t a l pressure and of plasma composition (87). 
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The plasma i s o f t e n assumed t o be i n l o c a l t h e r m a l 
e q u i l i b r i u m (LTE) i n order t o make c a l c u l a t i o n s l e s s 
complicated. Deviations from LTE have been discussed by 
Blades (88). The concept of p a r t i a l - LTE has also been 
reported (98,99), which states t h a t a plasma i s i n LTE at 
the microscopic l e v e l . 

One o f t h e assumptions made i n t h e i n t r o d u c t i o n o f 
s l u r r i e s i n t o an ICP i s th a t aqueous standards can be used 
i n the c a l i b r a t i o n process (see Section 1.4.1). For t h i s 
t o be the case the plasma conditions are assumed t o be the 
same f o r both the samples and the standards. Clearly i f 
the plasma temperatures measure<4 f o r the i n t r o d u c t i o n of 
samples and standards are d i f f e r e n t , then the plasma 
c o n d i t i o n s are not the same. This would mean t h a t the 
assumptions made about the i n t r o d u c t i o n of s l u r r i e s are no 
longer v a l i d . 

This argument also applies t o the i n t r o d u c t i o n of l a r g e r 
p a r t i c l e s i n t o the plasma. I f the r e s u l t s obtained i n 
Section 7.3 are v a l i d , then the temperature of the plasma 
should remain constant f o r a l l the s l u r r y p a r t i c l e size 
d i s t r i b u t i o n s i n v e s t i g a t e d as w e l l as t h e aqueous 
standards, when the s l u r r i e s were desolvated. 

The removal o f water from t h e plasma, removes b o t h 
hydrogen and oxygen from the thermal processes t a k i n g 
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place i n t h e plasma. I t i s b e l i e v e d t h a t , n o t a b l y 
hydrogen, has a great e f f e c t on the thermal c o n d u c t i v i t y 
between the plasma and the analytes, increasing both the 
plasma t e m p e r a t u r e s and t h e a t o m i s a t i o n e f f i c i e n c y 
(100,101). The e f f e c t of t h i s change on the a n a l y t i c a l 
performance i s therefore, of great importance. The use of 
desolvation may be detrimental t o the thermal c o n d u c t i v i t y 
i n the plasma. 

228 



9.2 Experimental 

The s l u r r y used i n these experiments (SO-1) was prepared 
as described i n Section 7,2. 

To calculate the i o n i s a t i o n temperature of the plasma, i t 
was assumed t h a t both t h e Saha and t h e Boltzmann 
equations can v a l i d l y be used. This enabled the f o l l o w i n g 
equation t o be used (15): 

n"̂"*" = 4.83 * 10^^ ^ ê p̂ _E^/kT 

where n++ and n+ are the population lev e l s f o r the second 
i o n i s a t i o n and f i r s t i o n i s a t i o n states respectively 
n^ i s the population of electrons 
T i s the i o n i s a t i o n temperature 
E^ i s the i o n i s a t i o n energy 
k i s the Boltzmann constant 
g"*" and g"*"*" are the degeneracies of the elements 

I n assuming t h a t t h e plasma i s i n l o c a l t h e r m a l 
e q u i l i b r i u m (LTE), n^ and T are common f o r both t h e 
analyte and argon, the p o p u l a t i o n r a t i o i s t h e r e f o r e a 
function of the electron population, n^. 

229 



By p l o t t i n g In (n ) against energy, the slope of 
(gp 

the l i n e corresponds to -1/kT. 

np i s the population l e v e l , n̂ "*" n 
g the p a r t i t i o n function, 
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9.3 RESULTS AND DISCUSSION 

C a l c u l a t i o n of the i o n i s a t i o n temperature of the plasma 
provides information about the e f f e c t desolvation of the 
samples has on the plasma. Results obtained show t h a t 
desolvation of the samples, whether aqueous or s l u r r i e s , 
causes a decrease i n the i o n i s a t i o n temperature (Table 
9.3.1). This i s considered t o be due t o the removal of 
hydrogen from the plasma, which has a major r o l e i n the 
thermal c o n d u c t i v i t y of the plasma and dominates the 
energy t r a n s f e r process between plasma and sample (52). 
There i s a l s o a t r e n d o f i n c r e a s i n g i o n i s a t i o n 
temperature with an increase i n forward power. This i s i n 
agreement with previous work which indicates t h a t not only 
i s there an increase i n the i o n i s a t i o n temperature (90), 
but also i n the electron number density (91). 

The e f f e c t of p a r t i c l e size, f o r the s l u r r y c a l c u l a t i o n s , 
shows t h a t t h e r e i s a t r e n d t o w a r d s a decrease i n 
i o n i s a t i o n temperature w i t h a decrease i n p a r t i c l e size. 
This i s p a r t i c u l a r l y the case when the s l u r r i e s are not 
desolvated. This e f f e c t i s more d i f f i c u l t t o q u a n t i f y , 
p a r t i c u l a r l y as t h e r e a r e some i n c o n s i s t e n c i e s . I t 
appears, however, t h a t t h e r e l a t i o n s h i p between t h e 
volume-diameter d i s t r i b u t i o n and the population-diameter 
d i s t r i b u t i o n i s important, w i t h a large number of small 
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TABLE 9.3.1: lONISATION TEMPERATURES CALCULATED USING 

AN INDUCTIVELY COUPLED PLASMA - MASS 

SPECTROMETER 

SAMPLE DESOLVATION lONISATION TEMPERATURE/ 
AQUEOUS 1300W NO 6900 

1500W 7300 
1300W YES 5400 
1500W 5900 

SLURRY 1300W 0.0 HR NO 6400 
0.5 HR 6300 
1.0 HR 6300 
1.5 HR 6300 

1500W 0.0 HR 7200 
0.5 HR 6700 
1.0 HR 6600 
1.5 HR 6500 

SLURRY 1300W 0.0 HR YES 5900 
0.5 HR 5500 
1.0 HR 5500 
1,5 HR 5600 

1500W 0.0 HR 5900 
0.5 HR 6500 
1.5 HR 5800 
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the plasma than a smaller number of large p a r t i c l e s . This 
implies t h a t the i n t r o d u c t i o n of l a r g e r p a r t i c l e s (>3/im) 
has l e s s e f f e c t on t h e plasma t h a n was p r e v i o u s l y 
expected. There i s , however, v a r i a t i o n i n the r e s u l t s 
obtained and these differences may not be s i g n i f i c a n t . 

The trends shown i n Figure 9.3.1, f o r the a d d i t i o n of 
hydrogen i n t o the plasma, show as expected t h a t the 
i n t r o d u c t i o n of hydrogen i n t o the n e b u l i s e r gas has a 
b e n e f i c i a l e f f e c t on the i o n i s a t i o n temperature. The 
a d d i t i o n of about 0.5% v/v hydrogen, t o t h e argon 
neb u l i s i n g the desolvated sample, brings the i o n i s a t i o n 
temperature above t h a t c a l c u l a t e d f o r the non-desolvated 
sample, with an optimum with the a d d i t i o n of about 
1.25% v/v. P r e v i o u s work ( 1 0 4 ) , suggested t h a t t h e 
e x c i t a t i o n temperature should increase up t o approximately 
2-3% v/v hydrogen f o l l o w e d by a constant, but elevated 
t e m p e r a t u r e , up t o about 5-6% v/v h y d r o g e n . The 
temperature w i l l then decrease r e t u r n i n g t o the i n i t i a l 
value at about 10% v/v. 

The e f f e c t s of the hydrogen i n the ICP, e i t h e r from the 
decomposition of water or as a d e l i b e r a t e a d d i t i o n , appear 
to play a p i v o t a l r o l e i n the energy t r a n s f e r processes 
between the t o r u s of the ICP and the c e n t r a l annular 
region. The thermodynamic p r o p e r t i e s of t h e hydrogen, 
p a r t i c u l a r l y i n terms of the heat capacity and the thermal 
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FIG 9.3.1 ADDITION OF HYDROGEN TO THE NEBULISER 
GAS FLOW EFFECT ON lONISATION TEMPERATURE 
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c o n d u c t i v i t y , r e v e a l the reasons f o r t h i s . R e l a t i v e l y 
small concentrations of hydrogen play a s i g n i f i c a n t r o l e 
i n the energy t r a n s f e r processes of the ICP. 

I f a conceptional model i s considered, i n which a simple 
heat t r a n s f e r mechanism i s assumed, t h e ICP can be 
v i s u a l i s e d as a hot c y l i n d r i c a l tube, the t o r u s , through 
which an inner gas flows. The t o t a l energy t r a n s f e r w i l l 
be determined by the thermal c o n d u c t i v i t y of the gas, the 
geometric contact area of the gas and the residence time 
(105). 

Molecular hydrogen and atomic hydrogen have high thermal 
c o n d u c t i v i t i e s compared w i t h argon, consequently the 
hydrogen w i l l g r e a t l y e f f e c t the thermal c o n d u c t i v i t y i n 
the t o r u s . The s p e c i f i c h e a t c a p a c i t y o f m o l e c u l a r 
hydrogen i s s i g n i f i c a n t l y g r e a t e r t h a n argon and 
t h e r e f o r e , a c t s t o c o u n t e r t h e i n c r e a s e d t h e r m a l 
c o n d u c t i v i t y . By assuming i d e a l gas behaviour, then the 
s p e c i f i c heat c a p a c i t y ^ f atomic hydrogen i s the same as ^ 
argon. The s p e c i f i c heat c a p a c i t i e s of argon and atomic 
hydrogen are independent of temperature, i f e l e c t r o n i c 
excited states are ignored, w h i l s t molecular hydrogen i s 
temperature dependent. The thermal c o n d u c t i v i t i e s of both 
forms of hydrogen are temperature dependent w h i l s t argon 
i s l e s s t e m p e r a t u r e dependent {103) * 
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The hydrogen added i n t o the plasma, e i t h e r as molecular 
hydrogen or i n the form of water, w i l l be d i s s o c i a t e d t o 
form atomic hydrogen. D e s p i t e , however, t h e h i g h e r 
s p e c i f i c heat c a p a c i t i e s of molecular hydrogen, compared 
wi t h atomic hydrogen or argon and the energy required t o 
dissociate the hydrogen, or water, the very large increase 
i n thermal conductivity provides an increase i n the energy 
t r a n s f e r and hence an increase i n the temperature of the 
ICP. 

This increase i s however, l i m i t e d by two mechanisms. An 
increase i n the temperature of the plasma acts t o increase 
the gas v e l o c i t y i n the inner tube, i n the conceptual 
model, thus l i m i t i n g the residence time i n the plasma and 
hence energy t r a n s f e r . The increased energy t r a n s f e r w i l l 
also tend t o cause l o c a l c o o l i n g of the hot surface of 
the tube, extending t h i s t o the torus. This l o c a l cooling 
w i l l cause a decrease i n the degree of i o n i s a t i o n and 
c o n d u c t i v i t y of t h e plasma s u r f a c e . To m a i n t a i n t h e 
conductivity, the plasma w i l l contract, causing a decrease 
i n the geometric contact area and an increase i n the gas 
v e l o c i t y , caused by a decrease i n t h e channel r a d i u s 
(105) . 

The a d d i t i o n of oxygen (Fig 9,3.2), has a less clear 
e f f e c t , and shows a s i m i l a r trend f o r both the desolvated 
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and non-desolvated samples, with both having an optimum at 
about 0.25% v/v. The ad d i t i o n of the oxygen t o the plasma 
does not have as great an e f f e c t on the energy tr a n s f e r i n 
the plasma, as hydrogen. T h i s i s due t o t h e t h e r m a l 
c o n d u c t i v i t y of the oxygen. The t h e r m a l c o n d u c t i v i t y 
depends on the siz e and mass of the gas molecule, the 
s p e c i f i c heat capacity, Ĉ , and the temperature. The size 
and the mass of oxygen are c l e a r l y g r e a t e r than t h a t of 
hydrogen and t h e t e m p e r a t u r e we can c o n s i d e r t o be 
constant. The thermal c o n d u c t i v i t y of oxygen i s only 
s l i g h t l y higher than argon, consequently the a d d i t i o n of 
oxygen i n t o an ICP would be expected t o have o n l y a 
marginal e f f e c t on the t o t a l energy t r a n s f e r . 

To obtain optimum i o n i s a t i o n temperatures, the addition of 
hydrogen t o the n e b u l i s e r gas at r e l a t i v e l y high power 
a f t e r desolvation appears t o be the most b e n e f i c i a l . The 
r e s u l t s obtained here show the importance of hydrogen 
a d d i t i o n when t h e samples are d e s o l v a t e d p r i o r t o 
analysis. 

Some of these e x p e r i m e n t s were r e p e a t e d u s i n g an 
in d u c t i v e l y coupled plasma - atomic emission spectrometer, 
and the i o n i s a t i o n temperatures c a l c u l a t e d . The r e s u l t s 
obtained showed good agreement. This seems t o show t h a t , 
at least f o r these samples and the analytes investigated, 
the doubly charged species are formed i n the plasma. The 
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FIG 9.3.2 ADDITION OF OXYGEN TO THE NEBULISER 
GAS FLOW EFFECT ON lONISATION TEMPERATURE 
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a n a l y t e s used i n t h e s e t e m p e r a t u r e c a l c u l a t i o n s had low 

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

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

i o n i s a t i o n e n e r g i e s form doubly charged s p e c i e s . I t was 

c o n s i d e r e d beyond the scope of t h i s study to c o n s i d e r the 

e n e r g i e s a v a i l a b l e i n t h e plasma f o r t h e f o r m a t i o n of 

doubly charged s p e c i e s . 
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9.4 EFFECTS ON THE PLASMA lONISATION TEMPERATURE DUE TO 

THE INTRODUCTION OF ORGANIC SOLVENTS 

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

S t u d i e s on the i n t r o d u c t i o n of v o l a t i l e o r g a n i c s o l v e n t s 

i n t o an TCP a r e c o m p l i c a t e d by the e f f e c t s on t r a n s p o r t 

e f f i c i e n c y i . e . an improvement when compared w i t h aqueous 

s o l u t i o n s , and the e f f e c t s of the p y r o l y s i s i n the plasma. 

The e f f e c t s on the plasma e x c i t a t i o n c o n d i t i o n s caused by 

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

r e c e i v e d l i t t l e a t t e n t i o n . 

Measurements of the i o n i s a t i o n temperatures o f the plasma 

during the i n t r o d u c t i o n of o r g a n i c s o l v e n t s w i l l g i v e some 

i n d i c a t i o n of the e x c i t a t i o n c o n d i t i o n s , and the ea s e of 

which p y r o l y s i s of the o r g a n i c s o l v e n t t a k e s p l a c e . 

One of the r e q u i r e m e n t s f o r t h e i n t r o d u c t i o n of o r g a n i c s 

i n t o an ICP-MS i s a flow of oxygen i n t o the n e b u l i s e r gas 

(5-6% v / v ) , t o p r e v e n t t h e p r o d u c t s of p y r o l y s i s e i t h e r 

b l o c k i n g the cones o r the t o r c h . However, the i n t r o d u c t i o n 

of oxygen i n t o the n e b u l i s e r gas, a t t h e s e l e v e l s , f o r the 

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

i o n i s a t i o n temperature ( see S e c t i o n 9.3). Consequently the 

i n t r o d u c t i o n of oxygen when o r g a n i c s o l v e n t s a r e b e i n g 
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i n t r o d u c e d may a l s o have a d e t r i m e n t a l e f f e c t on t h e 

i o n i s a t i o n temperature. 

9.4.2 Experimental 

The c a l c u l a t i o n s u s e d t o c a l c u l a t e t h e i o n i s a t i o n 

t e m p e r a t u r e s have been d e s c r i b e d i n S e c t i o n 9.2. The 

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

membrane d r y i n g tube ( Chapter 5 ) , t o g i v e a comparison 

between t h e i o n i s a t i o n t e m p e r a t u r e s o b t a i n e d w i t h and 

without d e s o l v a t i o n . 

241 



9.4.3 R e s u l t s and D i s c u s s i o n 

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

i n t r o d u c t i o n of d i e t h y l e t h e r i n t o an ICP-MS a r e shown i n 

T a b l e 9.4.1, The i o n i s a t i o n b o t h w i t h a n d w i t h o u t 

d e s o l v a t i o n i n c r e a s e as the forward power of t h e plasma i s 

i n c r e a s e d . T h i s f o l l o w s a s i m i l a r t r e n d f o r a q u eous 

samples ( S e c t i o n 9.3). 

However, t h e e f f e c t o f d e s o l v a t i o n shows t h e o p p o s i t e 

t r e n d to the aqueous samples ( S e c t i o n 9 , 3 ) . I n s t e a d of a 

d e c r e a s e i n the i o n i s a t i o n t e m p e r a t u r e when the o r g a n i c 

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

t h a t the i n t r o d u c t i o n of o r g a n i c s o l v e n t s i n t o an ICP has 

a d e t r i m e n t a l e f f e c t on the e x c i t a t i o n c o n d i t i o n s and the 

thermal c o n d u c t i v i t y . 

T here a r e two p o s s i b l e e x p l a n a t i o n s f o r t h i s d e c r e a s e i n 

i o n i s a t i o n temperature. The plasma w i l l o b v i o u s l y r e q u i r e 

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

predominantly hydrogen and carbon i o n s and r a d i c l e s . The 

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

d e c r e a s e the i o n i s a t i o n t e m p e r a t u r e . By c o n s i d e r i n g the 

c o n c e p t u a l model d e s c r i b e d i n S e c t i o n 9.3, and c o n s i d e r i n g 

the t h e r m a l c o n d u c t i v i t i e s of the v a r i o u s e lements some 

e x p l a n a t i o n s c a n be made. The t h e r m a l c o n d u c t i v i t y of 

c arbon i s not o n l y l e s s t h a n oxygen but a l s o l e s s t h a n 

242 



TABLE 9.4.1 EFFECT ON THE lONISATXON TEMPERATURE DUE TO AM 

INCREASE IN FORWARD POWER FOR THE INTRODUCTION 

OF DIETHYL ETHER INTO AN ICP-MS SOLVATED AND 

DESOLVATED 

FORWARD POWER/ KW DESOLVATION lONISATION TEMPERATURE/ K 

1.5 NO 5900 

YES 6400 

1.6 NO 6100 

YES 6700 

1.7 NO 6500 

YES 7100 
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FIG 9.4.1: EFFECT OF OXYGEN ON THE lONISATION 
TEMPERATURE FOR THE INTRODUCTION OF 

DIETHYL ETHER INTO AN ICP-MS 
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argon. Consequently the i n t r o d u c t i o n of c a r b o n i n t o t he 

plasma w i l l have a d e t r i m e n t a l e f f e c t on t h e i o n i s a t i o n 

temperature. 

C l e a r l y t h e s e p a r a t i o n o f t h e s e two p r o c e s s e s i s not 

p o s s i b l e , a l t h o u g h i t seems l i k e l y t h a t b o t h have an 

e f f e c t on the d e c r e a s e i n the i o n i s a t i o n temperature. The 

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

d e c r e a s e the amount of s o l v e n t e n t e r i n g the plasma and by 

d e c r e a s i n g the amount of c a r b o n e n t e r i n g t h e plasma t o 

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

The e f f e c t of i n t r o d u c i n g oxygen, i n t o t h e n e b u l i s e r gas 

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

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

( S e c t i o n 9 . 3 ) . The i n t r o d u c t i o n o f o x y g e n , i n t o t h e 

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

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

p roducts. 

The e f f e c t on t h e i o n i s a t i o n t e m p e r a t u r e c a u s e d by t h e 

i n t r o d u c t i o n of oxygen i s shown i n F i g u r e 9.4.1. I t should 

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

t e m p e r a t u r e below = 6% v/v oxygen, i s due t o t h e e f f e c t s 

of the products of p y r o l y s i s being d e p o s i t e d on the cones. 

T h i s was o b s e r v e d a s a g l o w i n g a r o u n d t h e t i p of t h e 

s a m p l e r c o n e , c a u s e d by a b u i l d up o f c a r b o n , and a 
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d e c r e a s e i n the expansion p r e s s u r e . Above t h i s p o i n t no 

evidence of carbon d e p o s i t i o n was observed. The e f f e c t of 

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

both the s o l v a t e d and d e s o l v a t e d samples. There appears to 

be an optimum a t the p o i n t where the cones a r e j u s t being 

k e p t c l e a r o f c a r b o n (eg = 6% v / v ) , and any a d d i t i o n a l 

oxygen has a d e t r i m e n t a l e f f e c t on t h e plasma, c a u s i n g a 

d e c r e a s e i n the i o n i s a t i o n temperature. 
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9.5 CONCLUSION 

The a d d i t i o n of s l u r r i e s t o t h e plasma does not have an 

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

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

plasma. The a d d i t i o n of hydrogen t o t h e n e b u l i s e r gas of 

the d e s o l v a t e d plasma a c t s t o i n c r e a s e t h e i o n i s a t i o n 

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

energy t r a n s f e r of the plasma. The a d d i t i o n of oxygen to 

th e n e b u l i s e r gas h a s a m a r g i n a l e f f e c t . T h e r e i s a 

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

l e v e l s . Above about 1% v/v t h e r e i s a d e t r i m e n t a l e f f e c t 

on t h e i o n i s a t i o n t e m p e r a t u r e . The e f f e c t c a u s e d by the 

a d d i t i o n of o r g a n i c s o l v e n t s on the i o n i s a t i o n temperature 

of an ICP i s c l e a r - There i s a d e t r i m e n t a l e f f e c t c a u s e d 

by t h e low t h e r m a l c o n d u c t i v i t y of t h e c a r b o n and t h e 

energy r e q u i r e d f o r p y r o l y s i s . The use of d e s o l v a t i o n has 

a b e n e f i c i a l e f f e c t on the plasma by l o w e r i n g t h e amount 

of s o l v e n t e n t e r i n g t h e plasma. I t can be c o n c l u d e d t h a t 

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

i n t r o d u c i n g o r g a n i c s o l v e n t s the amount int r o d u c e d should 

be kept t o a minimum, due t o the e f f e c t of oxygen on the 

thermal c o n d u c t i v i t y of the plasma. The c a l c u l a t i o n of the 

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

inf o r m a t i o n on the fundamental working of the plasma. 
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CONCLUSION AND FURTHER WORK 

T h i s study has been s u c c e s s f u l i n f u l f i l l i n g many of i t s 

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

i n s i g h t i n t o a number of a r e a s not i d e n t i f i e d a t the onset 

of t h i s work. 

The use of v a r i o u s t e c h n i q u e s t o d e s o l v a t e samples p r i o r 

to a n a l y s i s u s i n g an ICP have been d e s c r i b e d f o r use w i t h 

both o r g a n i c and aqueous samples. The a n a l y s i s of o r g a n i c 

samples, p a r t i c u l a r l y v o l a t i l e o r g a n i c s , i s complicated by 

the enhanced i n s t a b i l i t y of the plasma shown t o be caused 

by the i n c r e a s e d plasma l o a d i n g . Removal of much of t h e 

s o l v e n t h a s been d e m o n s t r a t e d t o not o n l y i n c r e a s e t h e 

plasma s t a b i l i t y but a l s o improve d e t e c t i o n l i m i t s , due to 

an i n c r e a s e i n the amount of a n a l y t e r e a c h i n g the plasma. 

The n o v e l use of f l o w i n j e c t i o n h a s a l s o been used t o 

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

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

a g a i n e n a b l i n g an improvement i n d e t e c t i o n l i m i t s . Flow 

i n j e c t i o n a l s o f a c i l i t a t e s a r e d u c t i o n i n memory e f f e c t s 

and thereby a l l o w s i n c r e a s e d sample throughput. The use of 

the d e s o l v a t i o n t e c h n i q u e s d e s c r i b e d c a n o b v i o u s l y be 

extended to other types of both v o l a t i l e and n o n - v o l a t i l e 

o r g a n i c samples. 

The use of o p t i m i s a t i o n t e c h n i q u e s s u c h as the v a r i a b l e 

s t e p s i z e simplex procedure have been used t o good e f f e c t 

i n t h i s study t o enhance the s e n s i t i v i t y of any technique 
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where the v a r i a b l e s a r e i n t e r r e l a t e d . F o r example, t h e 

c o o l a n t gas flow e f f e c t s the optimum n e b u l i s e r gas flow 

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

e f f e c t s i n t h e plasma, changes i n t h e e l e c t r o n number 

d e n s i t y and t h e v i e w i n g h e i g h t i n t h e p l a s m a . The 

t e m p e r a t u r e of t h e s p r a y chamber and t h e f o r w a r d power 

w i l l a l s o independently a f f e c t the e l e c t r o n number d e n s i t y 

and the s p a t i a l e f f e c t s i n the plasma. These r e l a t i o n s h i p s 

have been s t u d i e d with r e s p e c t to the i n t r o d u c t i o n of both 

aqueous and o r g a n i c samples and r e v e a l t h a t , f o r example 

the viewing h e i g h t s , n e b u l i s e r gas flow and forward power 

need t o be i n c r e a s e d and the sample uptake r a t e decreased, 

f o r the more v o l a t i l e samples. 

The use of membrane s e p a r a t o r s f o r d e s o l v a t i o n has a l s o 

been shown t o be s u c c e s s f u l i n t h i s s t u d y f o r t h e 

i n t r o d u c t i o n of v o l a t i l e o r g a n i c s o l v e n t s . The use of 

t h e s e s e p a r a t o r s h a v e a number o f a d v a n t a g e s o v e r 

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

r o u t i n e use, ease of use and i n s t a l l a t i o n , and the s h o r t 

t i m e r e q u i r e d t o r e a c h s t a b i l i t y . The u s e of t h e s e 

s e p a r a t o r s , p a r t i c u l a r l y when combined w i t h flow i n j e c t i o n 

t e c h n i q u e s , can a l s o be e x t e n d e d t o a l a r g e number of 

o r g a n i c m a t r i c e s , as w e l l as f o r the a n a l y s i s of r e a c t i v e 

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

s p e c i e s u s i n g t h i s approach has been shown t o o f f e r a 

number of a d v a n t a g e s o v e r p r e v i o u s l y r e p o r t e d methods, 

i n c l u d i n g both an improvement i n a n a l y s i s time and b e t t e r 

d e t e c t i o n l i m i t s . I n a d d i t i o n t h i s approach a v o i d s sample 
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p r e t r e a t m e n t , p r e v e n t s c o n t a m i n a t i o n , r e q u i r e s l e s s 

m a t e r i a l and improves s a f e t y . The use of t h e s e s e p a r a t o r s 

can o b v i o u s l y be u s e d f o r o t h e r s a m p l e t y p e s t o a i d 

handling and sample i n t r o d u c t i o n . The a p p l i c a t i o n of t h e s e 

s e p a r a t o r s c o u l d a l s o be e x t e n d e d i n f u t u r e work t o 

i n c l u d e the r e d u c t i o n i n o r g a n i c mobile phase r e a c h i n g the 

plasma i n d i r e c t l y c o u p l e d HPLC-ICP-MS m e t a l s p e c i a t i o n 

s t u d i e s . The membrane tube has been shown t o be of use f o r 

aqueous samples and s t r o n g l y a c i d i c samples. 

The use of d e s o l v a t i o n p r i o r to a n a l y s i s of s l u r r y samples 

by ICP-MS has been shown t o o f f e r a number of advantages. 

The s e n s i t i v i t y of t h e t e c h n i q u e i s improved due t o an 

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

s t u d i e s , have a l s o shown t h a t l a r g e r p a r t i c l e s (8/xm c . f . 

5/ini) may be i n t r o d u c e d s u c c e s s f u l l y . T h e s e l a r g e r 

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

s u c c e s s f u l l y atomised and subsequently i o n i s e d . The major 

d i s a d v a n t a g e of t h i s t e c h n i q u e i s the i n c r e a s e d washout 

times (up t o 3 minutes) caused by the condensation of the 

sample i n the condenser and the added d i s t a n c e the sample 

has t o t r a v e l . However, t h e d e s o l v a t i o n d e v i c e used i n 

t h i s study was d e s i g n e d f o r the i n t r o d u c t i o n of o r g a n i c 

s o l v e n t s and so may need m o d i f i c a t i o n i n f u r t h e r work i n 

t h i s a r e a t o improve i t s u s e f o r aqueous s a m p l e s and 

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

temperature of the h e a t i n g stage of the d e s o l v a t i o n system 

may a l s o h a v e a b e n e f i c i a l e f f e c t on t h e s u b s e q u e n t 

r e s u l t . 

250 



The use of l a s e r a b l a t i o n f o r the d e t e r m i n a t i o n of t r a c e 

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

s u c c e s s f u l . The use of the l a s e r i n fixed-Q mode provided 

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

a l t h ough t h e use of t h i s t e c h n i q u e f o r samples f o r which 

s p a t i a l i n f o r m a t i o n or depth p r o f i l i n g a r e r e q u i r e d has 

been shown t o be p r o b l e m a t i c . T h i s i s due t o t h e l a r g e 

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

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

r e s u l t s . The c h o i c e of i n t e r n a l s t a n d a r d i s a l s o shown to 

be of g r e a t importance on the q u a l i t y of the r e s u l t s , and 

the use of an i n t r i n s i c i n t e r n a l s t a n d a r d i s recommended. 

The b e s t i n t r i n s i c i n t e r n a l s t a n d a r d proved t o be a minor 

i s o t o p e of t h e m a t r i x element. The n o n - a v a i l ^ i l i t y of ^ 

d i f f i c u l t y i n producing s o l i d s t a n d a r d s means the use of 

the t e c h n i q u e may be l i m i t e d a t p r e s e n t . However, t h e 

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

h a n d l i n g i s l i k e l y t o e n c o u r a g e f u r t h e r work on t h e 

p r e p a r a t i o n of standards which could l e a d t o t h e technique 

b e i n g more w i d e l y u s e d f o r d i v e r s e s a m p l e t y p e s . The 

improvements i n r e s o l u t i o n encountered when u s i n g a dry 

plasma means t h a t f o r some a p p l i c a t i o n s where the i s o t o p e 

of i n t e r e s t i s not f u l l y r e s o l v e d from t he m a t r i x , the use 

of l a s e r a b l a t i o n p r o v i d e s a simple a l t e r n a t i v e method. 

I n a d d i t i o n t o the above mentioned p r a c t i c a l a s p e c t s of 

t h i s study, c a l c u l a t i o n of the i o n i s a t i o n temperature have 

enabled some i n f o r m a t i o n about t h e fundamental n a t u r e of 
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the plasma t o be o b t a i n e d . The a d d i t i o n of hydrogen i n t o 

t h e n e b u l i s e r gas f l o w of d e s o l v a t e d s a m p l e s has been 

shown to i n c r e a s e the i o n i s a t i o n temperature, and improve 

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

plasma. The a d d i t i o n of oxygen i n t o the n e b u l i s e r gas flow 

has a m a r g i n a l e f f e c t a t low l e v e l s , and a d e t r i m e n t a l 

e f f e c t a t h i g h e r c o n c e n t r a t i o n s . The i n t r o d u c t i o n of 

o r g a n i c s consequently r e q u i r e s the a d d i t i o n of the minimum 

amount of oxygen r e q u i r e d t o p r e v e n t t h e p r o d u c t s of 

p y r o l y s i s b l o c k i n g the cones. F u r t h e r r e s u l t s from t h i s 

work a l s o show t h a t t h e a d d i t i o n of s l u r r i e s i n t o t h e 

plasma does not appear t o have an e f f e c t on t h e i o n i s a t i o n 

temperature. However, knowledge of the e f f e c t s due to the 

i n t r o d u c t i o n of s amples i n t o t h e plasma i s l i m i t e d and 

f u r t h e r work i s needed t o e l u c i d a t e t h e f u n d a m e n t a l 

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

p a r t i c u l a r l y t r u e f o r the i n t r o d u c t i o n of o r g a n i c samples 

and m o l e c u l a r g a s e s . The noted improvement i n r e s o l u t i o n 

caused by u s i n g a dry plasma may be a c o n v i e n e n t s t a r t i n g 

p o i n t f o r such s t u d i e s . 
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