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ANALYSIS OF ORGANIC SAMPLES BY PLASMA SPECTROMETRY 

Evan Hyvel Evans / B . S c , 6RSC 

ABSTRACT 

The a p p l i c a t i o n o f i n d u c t i v e l y c o u p l e d plasma (ICP) 
s p e c t r o m e t r y t o t h e a n a l y s i s o f o r g a n i c compounds i s 
reviewed. Problems a s s o c i a t e d w i t h such analyses are 
i d e n t i f i e d and methods t o overcome them are described. 
S i m p l e x o p t i m i s a t i o n has been used t o o p t i m i s e ICP 
operating c o n d i t i o n s f o r ICP-atomic emission spectrometry 
(ICP-AES) and the i n t r o d u c t i o n o f organic s o l v e n t s . The 
temperature of the spray chamber was also included i n the 
o p t i m i s a t i o n . Maximum signal-to-background r a t i o s were 
achieved a t lower power f o r hard l i n e s compared t o s o f t 
l i n e s , and l o w e r c a r r i e r gas f l o w , s p r a y chamber 
temperature and power were found t o be optimal f o r organic 
s o l v e n t s compared t o water. Lower d e t e c t i o n l i m i t s were 
achieved using organic solvents compared t o water, and the 
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 d i d n o t n e c e s s a r i l y 
cause a r e d u c t i o n i n e x c i t a t i o n temperature i n comparison 
t o water when using optimum c o n d i t i o n s . 

R e s u l t s a r e p r e s e n t e d f o r t h e e l e m e n t a l a n a l y s i s o f 
o r g a n i c s amples by ICP-AES u s i n g e i t h e r d i r e c t 
i n t r o d u c t i o n o f s o l v e n t s , s l u r r y a t o m i s a t i o n o r 
d i s s o l u t i o n i n sodium hydroxide s o l u t i o n . 
A study of m a t r i x e f f e c t s caused by an organic s o l v e n t i n 
ICP-mass spe c t r o m e t r y (ICP-MS) was undertaken. These 
e f f e c t s were e l i m i n a t e d by employing t h e simultaneous 
n e b u l i s a t i o n o f aqueous and organic phases t o g e t h e r w i t h 
the use of an i n t e r n a l standard. 
O p e r a t i n g c o n d i t i o n s f o r stan d a r d and l o w - f l o w t o r c h e s 
were optimised f o r ICP-MS using simplex o p t i m i s a t i o n . The 
low-flow t o r c h was found t o y i e l d a g r e a t e r p r o p o r t i o n o f 
d o u b l y c h a r g e d i o n s , b u t e x h i b i t e d g r e a t e r plasma 
s t a b i l i t y on t h e i n t r o d u c t i o n o f v o l a t i l e s o l v e n t s 
compared t o the standard t o r c h . The low-flow t o r c h was 
used f o r s e m i - q u a n t i t a t i v e e l e m e n t a l d e t e r m i n a t i o n s i n 
organic samples. 

F i n a l l y , the e f f e c t o f an organic s o l v e n t and molecular 
gases on p o l y a t o m i c i o n i n t e r f e r e n c e s i n ICP-MS was 
i n v e s t i g a t e d . S u b s t a n t i a l r e d u c t i o n s i n , or e l i m i n a t i o n 
o f , t h e s e i n t e r f e r e n c e s was a c h i e v e d , a l l o w i n g t h e 
i n t e r f e r e n c e f r e e determination of arsenic and selenixim. 
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CHAPTER 1 

INTRODUCTION 
1.1 Elemental A n a l y s i s i n the Petrochemicals and Polymers 

I n d u s t r y 

The d e t e r m i n a t i o n of major, minor, t r a c e and u l t r a - t r a c e 

elements p l a y s a v i t a l r o l e i n the o p e r a t i o n of a modern 

petrochemicals and polymers business, where the e f f i c i e n t 

running of the p l a n t and maintenance of a q u a l i t y product 

are a t a premium. Broadly speaking elemental a n a l y s i s i s 

r e q u i r e d i n four main c a t e g o r i e s . 

( i ) Petrochemical feedstocks are checked for c a t a l y s t 

poisons and t r a c e elements which may a f f e c t the 

composition of the f i n a l product. 

( i i ) Petrochemical and polymeric products must be 

monitored for c a t a l y s t r e s i d u e s , a d d i t i v e s and 

i m p u r i t i e s which may a f f e c t t h e i r chemical or 

p h y s i c a l p r o p e r t i e s or be detrimental to h e a l t h . 

( i i i ) C a t a l y s t s must be p e r i o d i c a l l y assayed to check 

t h e i r composition, and monitored f o r c a t a l y s t 

poisons. 

( i v ) Environmental monitoring of wastes from chimneys 

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

I t i s e v i d e n t t h a t a g r e a t p r o p o r t i o n of the a n a l y s e s 



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

o r g a n i c compounds. From the p o i n t of view of elemental 

determinations t h i s i n s t a n t l y poseis a problem, s i n c e most 

of the instrumentation c u r r e n t l y i n use has been designed 

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

t h e r e f o r e faced with two c h o i c e s : e i t h e r to transform the 

organic samples so t h a t they can be s o l u b i l i s e d i n aqueous 

media; or t o modify t h e i n s t r u m e n t a t i o n t o a l l o w t h e 

d i r e c t i n t r o d u c t i o n of organic samples. Whichever method 

i s chosen, economic c o n s t r a i n t s w i l l s t i l l apply, as the 

a n a l y s t i s a l s o under pressure to complete the a n a l y s i s i n 

the minimum amount of time without r e s o r t i n g to p o s s i b l y 

hazardous procedures. Obviously, t h e r e f o r e there i s much 

scope f o r the development of new i n s t r u m e n t a t i o n , sample 

prep a r a t i o n procedures and a n a l y t i c a l methodology t o meet 

the c h a l l e n g e p r e s e n t e d by the b e w i l d e r i n g v a r i e t y of 

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

polymers i n d u s t r y . T h i s t a s k i s not made e a s i e r by the 

c o n t i n u i n g development of polymeric m a t e r i a l s which a r e 

r e s i s t a n t to chemical a t t a c k and a r e t h e r m a l l y s t a b l e to 

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

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

problems. 

The a n a l y t i c a l methods and techniques commonly used i n the 

petrochemical and polymers i n d u s t r y f o r elemental a n a l y s i s 

have been reviewed elsewhere ( 1 ) , however, the most common 

are flame atomic a b s o r p t i o n s p e c t r o m e t r y (FAAS), flame 

atomic emission spectrometry (FAES), X-ray f l u o r e s c e n c e 



spectrometry (XRFS), neutron a c t i v a t i o n a n a l y s i s (NAA), 

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

spectrometry (ETA-AAS), l a s e r / s p a r k / a r c a b l a t i o n atomic -

emission spectrometry ( l a s e r / s p a r k / a r c - A E S ) , i n d u c t i v e l y 

coupled plasma - atomic e m i s s i o n spectrometry (ICP-AES), 

i n d u c t i v e l y coupled plasma - mass spectrometry (ICP-MS) 

and c l a s s i c a l techniques of a n a l y s i s . T h i s work w i l l d e a l 

e x c l u s i v e l y w i t h ICP-AES and ICP-MS, which have found 

widespread a p p l i c a t i o n i n the petrochemicals and polymers 

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

multielement c a p a b i l i t y . 

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

Spectrometry 

S i n c e t h e i n d u c t i v e l y c o u p l e d plasma ( I C P ) was f i r s t 

r e c o g n i s e d a s an a l m o s t i d e a l atom c e l l f o r a t o m i c 

em i s s i o n spectrometry (AES) by G r e e n f i e l d e t a l . , ( 2 ) i n 

the UK and F a s s e l e t a l . ( 3 ) , i n the USA i t has become one 

of the p r i n c i p a l t o o l s f o r t r a c e element determination i n 

the a n a l y t i c a l l a b o r a t o r y ( 4 ) . The ICP i s generated by 

coupling the energy from a radio-frequency generator i n t o 

a s u i t a b l e gas v i a a magnetic f i e l d surrounding a t h r e e 

t u r n , w a t e r - c o o l e d , copper c o i l . 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 

forward power of between 1000 - 3000 W. The gas, u s u a l l y 

argon, f l o w s t h r o u g h t h e o u t e r t u b e s of a c o n c e n t r i c 

three-tube quartz t o r c h which i s p o s i t i o n e d a x i a l l y i n the 

copper c o i l ( F i g . 1 . 1 ) . When t h e gas i s seeded w i t h 

e l e c t r o n s , u s u a l l y by means of a s p a r k , the e l e c t r o n s 
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a c c e l e r a t e 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 

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 i n t h e f i e l d . 

Subsequent c o l l i s i o n s w i t h o t h e r gaseous atoms c a u s e s 

f u r t h e r i o n i s a t i o n and so on, so t h a t the plasma becomes 

s e l f - s u s t a i n i n g . T h i s occurs almost i n s t a n t a n e o u s l y . The 

magnetic f i e l d causes the ions and e l e c t r o n s to flow i n 

the h o r i z o n t a l p l a n e of the c o i l , t h e r e b y h e a t i n g the 

n e u t r a l argon by c o l l i s i o n a l energy exchange, and a hot 

f i r e b a l l i s produced. The h o t t e s t p a r t of the ICP has a 

temperature measured a t between 8000 - 10000 K, though the 

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

temperature between 5000 - 6000 K. S i n c e the plasma i s 

not 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 , however, t h e g a s 

t e m p e r a t u r e , i o n i s a t i o n t e m p e r a t u r e and e x c i t a t i o n 

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

i n t r o d u c e d v i a t h e i n j e c t o r gas which punches a h o l e 

through a weak spot a t the base of the plasma producing a 

t o r u s . 

The advantages of the ICP over flames are the much higher 

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

improvement i n d e t e c t i o n l i m i t s , long l i n e a r c a l i b r a t i o n 

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

a b s o r p t i o n , r e l a t i v e freedom from chemical i n t e r f e r e n c e s 

due to the high temperature, and reproducible generation. 

The main disadvantages are the i n i t i a l c a p i t a l o u t l a y and 

running c o s t s . 

The i n c o r p o r a t i o n of t h e I C P i n t o an 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 i s shown s c h e m a t i c a l l y i n F i g . 1.2- The 

system b a s i c a l l y comprises a sample i n t r o d u c t i o n system, 

the ICP source, a monochromator and detector, and commonly 

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

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

o p e r a t i o n the sample, u s u a l l y a l i q u i d , i s introduced by 

pneumatic n e b u l i s a t i o n to form an a e r o s o l c o n t a i n i n g the 

a n a l y t e . Larger d r o p l e t s s e t t l e out i n the spray chamber, 

allow i n g the s m a l l e r d r o p l e t s to pass i n t o the plasma v i a 

the i n j e c t o r tvibe. Here, the d r o p l e t s are desolvated and 

the molecules decomposed, atomised and i o n i s e d . The atoms 

and ion s a r e e x c i t e d , then f a l l back to the ground s t a t e 

e m i t t i n g c h a r a c t e r i s t i c r a d i a t i o n , which i s separated with 

r e s p e c t to wavelength by the monochromator and d e t e c t e d 

u s u a l l y by a p h o t o m u l t i p l i e r tube (PMT). The PMT a l l o w s 

c o n v e r s i o n of the s i g n a l to an e l e c t r i c a l c u r r e n t which 

can then be processed by v a r i o u s e l e c t r o n i c s and output to 

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

of o p e r a t i o n i n i t s s i m p l e s t f orm. I n p r a c t i c e 

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

c o n s t a n t l y being made a t each of the stages of operation. 

1.2.1 A p p l i c a t i o n s to Oraanics A n a l y s i s 

I n d u c t i v e l y coupled plasma - atomic emission spectrometry 

has been used to determine t r a c e metals i n a wide v a r i e t y 

of o r g a n i c s o l v e n t s and compounds, i n c l u d i n g wear metals 

i n l u b r i c a t i n g o i l s and other petroleum products ( 5 - 1 0 ) , 

metal i m p u r i t i e s i n a wide range of organic s o l v e n t s (11, 

12), and b i o l o g i c a l samples ( 1 3 ) . The so c a l l e d 'organic' 
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ICP i s a l s o n e c e s s a r y f o r d e t e r m i n a t i o n s a f t e r s o l v e n t 

e x t r a c t i o n ( 1 4 - 1 9 ) and c o u p l e d t o l i q u i d a n d g a s 

chromatography (20-22). Much work has a l s o been c a r r i e d 

out i n t o the e f f e c t of v a r i o u s organic s o l v e n t s on plasma 

s t a b i l i t y , e x c i t a t i o n c o n d i t i o n s , i n t e r f e r e n c e from 

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

parameters w i t h r e g a r d to t h e s e e f f e c t s ( 2 3 - 3 5 ) . T h i s 

a r e a of more fundamental work i s d i s c u s s e d i n g r e a t e r 

d e t a i l i n Chapter 2. 

1.3 I n d u c t i v e l y Coupled Plasma - Mass Spectrometry 

I n d u c t i v e l y coupled plasma - mass spectrometry (ICP-MS) i s 

an o u t s t a n d i n g e x a mple o f t h e m a r r i a g e of two w e l l 

developed a n a l y t i c a l t e c h n i q u e s . The ICP has long been 

recognised as an extremely e f f i c i e n t ion source, and MS as 

o f f e r i n g e x c e l l e n t s e n s i t i v i t y . However, coupling of the 

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

t r a n s f e r r i n g i o n s from an ICP o p e r a t e d a t a t m o s p h e r i c 

p r e s s u r e i n t o t h e MS o p e r a t e d i n a vacuum. T h i s was 

i n g e n i o u s l y overcome by the groups of Gray and F a s s e l 

( 3 6 ) . G r a y and Date ( 3 7 ) d e v e l o p e d t h e s y s t e m and 

i n t e r f a c e shown i n F i g . 1.3. The I C P i s p o s i t i o n e d 

h o r i z o n t a l l y ( i n most c a s e s ) , end-on to an a p e r t u r e of 

between 0.5 and 1.5 mm i n the water-cooled sampling cone. 

Ions are sampled from the c e n t r a l channel of the ICP, pass 

through t h e a p e r t u r e and i n t o t h e e x p a n s i o n chamber. 

There the sampled gas expands r a p i d l y forming a ' b a r r e l -

shock* r e g i o n f r o n t e d by t h e 'mach d i s c ' . The skimmer 

cone protrudes through the mach d i s c i n t o the s o - c a l l e d 
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'zone of s i l e n c e * . A s m a l l percentage of the i o n s t h a t 

p a s s e d through the sampling cone now p a s s through the 

a p e r t u r e i n t h e skimmer cone ( c a . 1 mm i n d i a m e t e r ) 

forming a r e l a t i v e l y c o l l i m a t e d i o n beam. T h i s i o n beam 

pas s e s i n t o a second vacuum st a g e where i t i s focused by 

means of i o n - f o c u s i n g l e n s e s , and thence i n t o a t h i r d 

vacuum stage c o n t a i n i n g the quadropole MS where the i o n s 

a r e s e p a r a t e d w i t h r e s p e c t t o the mass-to-charge r a t i o 

(m/z) and d e t e c t e d by means of an e l e c t r o n m u l t i p l i e r . 

The e l e c t r o n m u l t i p l i e r i s p o s i t i o n e d o f f - a x i s to minimise 

n o i s e caused by photons from the i n t e n s e l y b r i g h t - ICP 

source. The r e s u l t a n t mass spectrum i s f a r s i m p l e r than 

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

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

elements, although i n t e r f e r e n c e s due t o polyatomic s p e c i e s 

formed from argon, atmospheric gases, the sample m a t r i x 

and a c i d s used f o r d i s s o l u t i o n cause problems below 80 m/z 

u n i t s ( 3 8 ) . 

These i n t e r f e r e n c e s can be overcome to a c e r t a i n extent by 

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

u t i l i s a t i o n of an a l t e r n a t i v e i s o t o p e . I n t e r f e r e n c e s 

caused by doubly charged ions and r e f r a c t o r y o x i d e s can 

l a r g e l y be overcome by c a r e f u l c h o i c e o f o p e r a t i n g 

c o n d i t i o n s (39, 4 0 ) . The main advantages of ICP-MS a r e 

the p o s s i b i l i t i e s of q u a n t i t a t i v e i s o t o p e d e t e r m i n a t i o n 

( 4 1 - 4 4 ) , i s o t o p e d i l u t i o n a n a l y s i s (42, 45-50), r a p i d 

s p e c t r a l scanning due to the peak hopping c a p a b i l i t y of 

the mass spectrometer and s e m i - q u a n t i t a t i v e determinations 
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to w i t h i n a f a c t o r of 2 or 3. A d d i t i o n a l l y , d e t e c t i o n 

l i m i t s a r e commonly an order of magnitude b e t t e r than i n 

ICP-AES, and i t i s b e t t e r s u i t e d f o r determination of the 

r a r e e a r t h elements (51-53) and halogens ( 5 4 ) . 

1.3.1 A p p l i c a t i o n s to Oraanics A n a l y s i s 

S i n c e ICP-MS i s a r e l a t i v e l y new t e c h n i q u e t h e r e i s 

comp a r a t i v e l y l i t t l e p u b l i s h e d m a t e r i a l , and much of the 

l i t e r a t u r e on the s u b j e c t c u r r e n t l y d e a l s with fundamental 

a s p e c t s of r e s e a r c h . Most of the m a t e r i a l to da t e has 

been r e v i e w e d e l s e w h e r e ( 5 5 , 5 6 ) . The number o f 

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

m a t r i c e s i s v e r y s m a l l ( 5 7 - 5 9 ) , however, m i x t u r e s o f 

o r g a n i c and aqueous s o l u t i o n s have been i n t r o d u c e d a s 

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

chromatography ICP-MS (60-64). 

1.4 Problems Associated with Organics A n a l y s i s 

The development of sample i n t r o d u c t i o n systems, t o r c h e s 

and plasma g e n e r a t i o n f o r both ICP-AES and ICP-MS has 

ce n t r e d mainly around the u t i l i t y of the te c h n i q u e s f o r 

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

a p p l i c a t i o n to determinations i n other media, s p e c i f i c a l l y 

o r g a n i c s o l v e n t s and compounds, h a s been r e l a t i v e l y 

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

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 such a n a l y s e s . The major 

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 o r g a n i c s a n a l y s i s c o n c e r n 

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

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

s t a b l e plasma operation, and c a l i b r a t i o n of the instniment 

f o r a v a r i e t y of s o l v e n t t y p e s . These problems apply 

e q u a l l y to both ICP-MS and ICP-AES, and methods developed 

to overcome them can be used i n the o p e r a t i o n of e i t h e r 

instrument, s i n c e they are e s s e n t i a l l y concerned with the 

'ICP p a r t * . Where the two t e c h n i q u e s d i v e r g e i s a t the 

i n t e r f a c e between ICP and spectrometer, and subsequent to 

t h i s . I n ICP-AES t h e r e i s no p h y s i c a l i n t e r f a c e between 

plasma and s p e c t r o m e t e r , t h e r e f o r e g i v i n g r i s e t o no 

problematical e f f e c t s other than the i n t e r f e r e n c e s caused 

by molecular e m i s s i o n s p e c t r a . However, i n ICP-MS t h e r e 

i s an i n t i m a t e r e l a t i o n s h i p between the ICP and sampling 

i n t e r f a c e which c r i t i c a l l y a f f e c t s t h e sampled ion beam 

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

p o l y a t o m i c i o n s . A l s o , i n t h e i o n beam i t s e l f 

d i s c r i m i n a t i o n b etween i o n s may v a r y d e p e n d i n g on 

operating c o n d i t i o n s , the i n t e r f a c e c o n f i g u r a t i o n and the 

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

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

i n t e r f e r e n c e s and doubly charged ion response. 

1.4.1 Sample I n t r o d u c t i o n 

V i s c o u s samples such as high m o l e c u l a r weight petroleum 

f r a c t i o n s can be d i f f i c u l t to n e b u l i s e e f f i c i e n t l y u s i n g 

c o n v e n t i o n a l pneumatic n e b u l i s e r s . Algeo e t a l . , (8) 

overcame t h i s problem by u s i n g a heated Babington type 

n e b u l i s e r i n c o n j u n c t i o n w i t h ICP-AES, and found t h a t 

a e r o s o l s could be produced from und i l u t e d o i l s c o n t a i n i n g 
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a h i g h p r o p o r t i o n of p a r t i c u l a t e matter, as w e l l a s a 

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

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

n e b u l i s e r has been used to i n c r e a s e t r a n s p o r t e f f i c i e n c y 

of organic s o l v e n t s i n t o an ' a i r ' ICP ( 6 5 ) , w h i l e the g r i d 

type n e b u l i s e r has been e v a l u a t e d f o r use w i t h c o u p l e d 

HPLC te c h n i q u e s ( 6 6 ) . The g l a s s f r i t n e b u l i s e r has a l s o 

been t e s t e d (67) and found to produce f i n e r a e r o s o l s and 

improved plasma s t a b i l i t y compared t o a c o n v e n t i o n a l 

pneumatic n e b u l i s e r . Whatever n e b u l i s e r i s used however, 

i t i s d e s i r a b l e t o c o n t r o l the s o l v e n t uptake r a t e by 

p e r i s t a l t i c or s y r i n g e pump. For e x t r e m e l y v o l a t i l e 

s o l v e n t s i t i s n e c e s s a r y to reduce the amount of s o l v e n t 

vapour e n t e r i n g the plasma by means of a condenser (32-35) 

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

i n j e c t i o n (68) . 

An a l t e r n a t i v e approach of 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) sample i n t r o d u c t i o n has been s t u d i e d by O h l s and 

Hutsch (10) and Ng and Caruso ( 6 9 ) . The l a t t e r group of 

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

o r g a n i c s o l v e n t s by v a p o r i s a t i o n of the s o l v e n t i n the 

'dry' s t a g e . However, they found t h a t Zn gave v a r i a b l e 

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

o r g a n i c Zn s p e c i e s g a v e d i f f e r e n t r e s p o n s e s . The 

d i f f e r i n g v o l a t i l i t i e s of v a r i o u s organometallic compounds 

of the same element i s one of the major d i s a d v a n t a g e s i n 

t h i s approach s i n c e ' r e a l samples' of organic nature often 

c o n t a i n s e v e r a l s p e c i e s . 
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1.4 .2 S t a b l e Plasma Generation 

Ng e t a l • . (70) have used a low-power, low-flow t o r c h i n 

ICP-AES t o improve plasma s t a b i l i t y when i n t r o d u c i n g 

organic s o l v e n t s , a t the same time a c h i e v i n g improvements 

i n s i g n a l to background r a t i o . However, the maintenance 

of a s t a b l e plasma i s mainly dependent on the amount of 

s o l v e n t vapour e n t e r i n g i t per u n i t time, t h e r e f o r e any 

measures taken to reduce the s o l v e n t vapour l o a d i n g w i l l 

a l s o improve plasma s t a b i l i t y . 

1.4.3 carbon Deposition 

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

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

g e n e r a t i o n , which may b u i l d up on t h e t o r c h s u r f a c e s , 

thereby a l t e r i n g t o r c h geometry and hence gas flow. The 

obvious way t o c o u n t e r a c t t h i s i n ICP-AES has been t o 

a d j u s t the i n t e r m e d i a t e gas flow, thereby ' l i f t i n g ' t h e 

plasma away from the t o r c h . However, t h i s procedure i s 

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

high H/C r a t i o s a r e introduced. I n ICP-MS o p e r a t i o n the 

problem i s even more acute s i n c e the carbon b u i l d s up on 

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

o r i f i c e . The most e f f e c t i v e way to combat t h i s problem i s 

to i n t r o d u c e a s m a l l amount ( c a . 2%) o f O 2 i n t o t h e 

c a r r i e r gas stream to promote carbon combustion i n the 

plasma ( 5 8 ) . T h i s has been i n v e s t i g a t e d by Lancione and 

Evans (71) f o r ICP-AES, and Hutton (58) and H a u s l e r (59) 

for ICP-MS. 
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A more ambitious approach has been adopted by Meyer (65 ) , 

who h a s i n v e s t i g a t e d a 40.68 MHz a i r - I C P f o r a t o m i c 

e m i s s i o n spectrometry, which has the advantage of b e t t e r 

sample decomposition and cheapness of operation. He found 

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

comparable w i t h those obtainable i n organic s o l u t i o n s w i t h 

an argon-ICP. T h i s approach would o n l y be p o s s i b l e i n 

ICP-MS i f the sampling cone was f a b r i c a t e d from a non-

o x i d i z a b l e m a t e r i a l . 

1.4.4 Background Spectra 

During ICP-AES o p e r a t i o n o r g a n i c s o l v e n t s c o n t r i b u t e to 

the background s p e c t r a due to atomic carbon and hydrogen 

emission, molecular emission and c e r t a i n elements which 

may be found i n organic reagents i n some qu a n t i t y (20, 26, 

2 8 ) . However, the s p e c t r a l r e g i o n from 190-300 nm i s 

r e l a t i v e l y f r e e from background s p e c t r a with the exception 

of the CS and NO band systems and broadened atomic carbon 

l i n e s . Above 300 nm CN and C j band systems can cause 

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

l a n t h a n i d e s . These i n t e r f e r e n c e s are w e l l documented f o r 

ICP-AES (4) and can u s u a l l y be overcome i f s u f f i c i e n t c a r e 

i s e x e r c i s e d . 

The problems a s s o c i a t e d with ICP-MS are l e s s w e l l defined 

(58, 5 9 ) . Polyatomic ion i n t e r f e r e n c e s a r i s e due t o the 

l a r g e q u a n t i t i e s of carbon from o r g a n i c s o l v e n t s , oxygen 

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

sulphur which i s found i n l a r g e q u a n t i t i e s i n many organic 
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samples. More s e r i o u s than t h i s , c o n s i d e r i n g the very low 

d e t e c t i o n l i m i t s o b t a i n a b l e w i t h ICP-MS, may prove t o be 

the r e l a t i v e d i r t i n e s s of organic s o l v e n t s with r e s p e c t to 

blank l e v e l s of t r a c e elements (5 8 ) , n e c e s s i t a t i n g s o l v e n t 

clean-up before sample pr e p a r a t i o n . 

1.5 Aims and O b j e c t i v e s 

The work described i n t h i s t h e s i s was d i r e c t e d towards an 

i n v e s t i g a t i o n of the a p p l i c a t i o n of both ICP-AES and ICP-

MS to the determination of t r a c e elements i n a v a r i e t y of 

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

o r g a n i c s o l v e n t i n t r o d u c t i o n was i n v e s t i g a t e d u s i n g a 

modi f i e d , v a r i a b l e s t e p - s i z e s i m p l e x a l g o r i t h m . Novel 

methods of s a m p l e i n t r o d u c t i o n were a t t e m p t e d , i n 

p a r t i c u l a r f o r t h e 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 o l v e n t s and the d i r e c t i n t r o d u c t i o n of organic compounds 

as s l u r r i e s w i t h p a r t i c u l a r r e f e r e n c e t o samples which 

present d i s s o l u t i o n problems. The problem of c a l i b r a t i o n 

f o r a wide v a r i e t y of organic s o l v e n t s was addressed from 

the point of view of i n t e r n a l s t a n d a r d i s a t i o n f or ICP-MS. 

A d d i t i o n a l l y , s i n c e ICP-MS i s a r e l a t i v e l y new technique 

some work was undertaken to i n v e s t i g a t e more fundamental 

aspec t s , p a r t i c u l a r l y polyatomic i o n - i n t e r f e r e n c e s and how 

they a r e a f f e c t e d by the i n t r o d u c t i o n of organic s o l v e n t s 

and molecular gases. 
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CHAPTER 2 

SIMPLEX OPTIMISATION OF ICP-AES FOR ORGANIC SOLVENT 
INTRODUCTION 

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

2.1.1 Sample Transport E f f e c t s 

The n e b u l i s a t i o n of o r g a n i c samples, w h i l s t sometimes 

p r o b l e m a t i c a l , 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 t o a c h i e v e . 

However, t h e t r a n s p o r t of t h e r e s u l t a n t a e r o s o l from 

n e b u l i s e r to the plasma, v i a a spray chamber, has posed a 

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

c h a r a c t e r i s t i c s of v a r i o u s s o l v e n t s . 

Boom e t a l • , (27) used a t h e o r e t i c a l approach to p r e d i c t 

the a e r o s o l d r o p l e t s i z e d i s t r i b u t i o n s o f a range of 

org a n i c s o l v e n t s . They suggested t h a t the major f a c t o r s 

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

t r a n s p o r t e f f i c i e n c y , were s u r f a c e t e n s i o n , v i s c o s i t y , 

e v a p o r a t i o n r a t e , s o l v e n t d e n s i t y and vapour p r e s s u r e . 

They proposed t h a t v i s c o s i t y and s u r f a c e t e n s i o n a f f e c t e d 

the p r i m a r y d r o p l e t s i z e d i s t r i b u t i o n ( i . e . t h e s i z e 

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

e v a p o r a t i o n r a t e , s o l v e n t d e n s i t y and vapour p r e s s u r e 

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

passed through t he spray chamber. T h e i r r e a s o n s may be 

summarised as foll o w s . 

( i ) V i s c o s i t y a f f e c t s s o l v e n t uptake r a t e . The more 

v i s c o u s t h e s o l v e n t , t h e l o w e r w i l l be t h e 

17 



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

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

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

d i s t r i b u t i o n a t the moment of n e b u l i s a t i o n . Hence, 

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

( i i i ) S o l v e n t d e n s i t y d e t e r m i n e s t h e amount o f 

g r a v i t a t i o n a l s e t t l i n g of the l a r g e r d r o p l e t s on 

the way through the spray chamber. 

( i v ) Evaporation r a t e and vapour p r e s s u r e determine the 

e x t e n t to which a p a r t i c u l a r s o l v e n t e v a p o r a t e s 

from the a e r o s o l d r o p l e t s as they pass through the 

s p r a y chamber, hence a f f e c t i n g the d r o p l e t s i z e 

d i s t r i b u t i o n . 

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

e f f i c i e n c i e s between water and organics were caused mainly 

by ( i ) and ( i i ) , and t h e d i f f e r e n c e s between v a r i o u s 

o r g a n i c s were caused mainly by ( i v ) . These p o i n t s a r e 

important to remember when c o n s i d e r i n g the o v e r a l l e f f e c t 

of organic s o l v e n t i n t r o d u c t i o n i n t o the ICP. 

One of the main consequences of the v a r i a b i l i t y 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 s i s the n e c e s s i t y to c a r e f u l l y m a t r i x 

match standards and samples with r e s p e c t to the p h y s i c a l 

parameters mentioned, or use an i n t e r n a l standard, which 

i s i t s e l f fraught with d i f f i c u l t y . Botto (31) has s t u d i e d 
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the m a t r i x e f f e c t s o f v a r i o u s o r g a n i c s o l v e n t s and 

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

x y l e n e and/or t e t r a l i n . He found a s u p p r e s s i o n e f f e c t 

t h a t was g r e a t e r f o r 'hard' than ' s o f t ' l i n e s , and was 

dependent upon the amount of plasma c o o l i n g caused by the 

s o l v e n t vapour l o a d i n g . L i k e w i s e , Nisamaneepong e t a l . , 

(67) found an i n c r e a s i n g suppression e f f e c t on Cd emission 

a t the 228.802 nm l i n e , f o r i n c r e a s i n g c o n c e n t r a t i o n of 

methanol i n w a t e r . S u r p r i s i n g l y , F a s s e l e t a l . . (5) 

determined 15 wear m e t a l s i n lube o i l and r e p o r t e d no 

matrix e f f e c t s . However, the o i l s were d i l u t e d 1:10 (m/v) 

i n m e t h y l i s o b u t y l k e t o n e ( M I B K ) , w h i c h may n o t be 

p r a c t i c a l i n most i n s t a n c e s . 

Undoubtedly the main causes of m a t r i x i n t e r f e r e n c e s a r e 

changes i n t h e d r o p l e t s i z e d i s t r i b u t i o n , and plasma 

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

evaporates from more v o l a t i l e s o l v e n t s . 

2.1.2 E f f e c t of S o l v e n t Vapour Load on Plasma S t a b i l i t y 

and Emission S i g n a l 

Boorn and Browner (28) have i n v e s t i g a t e d the t o l e r a n c e of 

a low power a r g o n I C P t o 30 o r g a n i c s o l v e n t s . They 

defined the ' l i m i t i n g a s p i r a t i o n r a t e ' of a s o l v e n t as the 

r a t e a t which the s o l v e n t could be introduced w i t h s t a b l e 

plasma operation and no carbon b u i l d up on the i n n e r t o r c h 

tube f o r 1 h o u r . I n g e n e r a l t h e y f ound t h a t t h o s e 

s o l v e n t s w i t h h i g h e v a p o r a t i o n f a c t o r s (Eqn. 2.1) had 

l o w e r l i m i t i n g a s p i r a t i o n r a t e s . 
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E = 48 D^^PgM'^(^RT)"2 (2.1) 

E — evaporation f a c t o r 

Dv the d i f f u s i o n c o e f f i c i e n t f o r a s o l v e n t vapour 

M = the molecular mass of the s o l v e n t 

R = the gas constant 

T = the absolute temperature 

Ps the s a t u r a t e d vapour p r e s s u r e 
= the s u r f a c e t e n s i o n 
= the d e n s i t y 

Also observed were s i g n a l enhancements f o r an atom l i n e i n 

many s o l v e n t s , w h i l e s u p p r e s s i o n was observed f o r i o n 

l i n e s . T h e s e r e s u l t s a r e b r o a d l y i n agreement w i t h 

Miyazaki e t a l . , ( 1 5 ) , who found t h a t s o l v e n t s w i t h low 

vapour p r e s s u r e were more e a s i l y i n t r o d u c e d , and Botto 

(31) who o b s e r v e d not o n l y s i m i l a r m a t r i x e f f e c t s on 

s i g n a l , but a l s o suggested t h a t s o l v e n t s w i t h h i g h e r H/C 

r a t i o s r e q u i r e more plasma power. 

These e f f e c t s demonstrate the " t r a d e - o f f " between lower 

d r o p l e t s i z e d i s t r i b u t i o n s and h i g h e r s o l v e n t vapour 

loading f o r more v o l a t i l e s o l v e n t s . However, condensation 

of s o l v e n t vapour u s i n g some form of condenser or cooled 

spray chamber has been shown to cause s i g n a l enhancements 

(21, 3 1 ) , due t o a r e d u c t i o n i n t h e s o l v e n t v a p o u r 

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

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

compared to water. Aerosol vapour condensation has been 
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e x t e n s i v e l y i n v e s t i g a t e d by Maessen and co-workers (32 -

35) with r e s p e c t to " o p t i m i s a t i o n " of the ICP f o r organic 

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

s e c t i o n 2.1.4.2. 

2.1.3 E f f e c t o f o r g a n i c S o l v e n t s on E x c i t a t i o n 
Temperature 

I t has been shown by two groups of workers (29, 35) t h a t 

t h e 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 r e d u c e s t h e 

e x c i t a t i o n t e m p e r a t u r e i n t h e c e n t r a l c h a n n e l of t h e 

plasma f o r f i x e d viewing h e i g h t , power and n e b u l i s e r gas 

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

A d d i t i o n a l l y , an a x i a l peak i n e x c i t a t i o n temperature and 

a corresponding peak i n a n a l y t e e m i s s i o n a t 'hard' l i n e s 

was observed only a f t e r f u l l d i s s o c i a t i o n of Cj molecular 

s p e c i e s had o c c u r r e d when an o r g a n i c s o l v e n t was 

introduced. T h i s i s thought to be due to energy t r a n s f e r 

from t h e plasma gas t o t h e d i s s o c i a t i o n of m o l e c u l a r 

s p e c i e s , p r i m a r i l y C 2 , t h e r e b y making l e s s e n e r g y 

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

complete. These a x i a l peaks occurred a t a lower height i n 

the aqueous plasma. 

O b s e r v a t i o n s of e l e c t r o n d e n s i t y (29) supported t h e s e 

r e s u l t s , the i n t r o d u c t i o n of an organic s o l v e n t c a u s i n g a 

c o r r e s p o n d i n g d e c r e a s e i n e l e c t r o n d e n s i t y compared t o 

aqueous plasma operation. 
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2.1.4 Optimisation f o r Organic Solvent I n t r o d u c t i o n 

2.1.4.1 C l a s s i f i c a t i o n of S p e c t r a l L i n e s 

Any d i s c u s s i o n of o p t i m i s a t i o n s t u d i e s f o r ICP-AES must 

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

l i n e s i n r e l a t i o n to t h e i r s p e c t r o s c o p i c p r o p e r t i e s . T h i s 

i s p r i m a r i l y d i c t a t e d by the i o n i s a t i o n p o t e n t i a l of the 

s p e c i e s and the e x c i t a t i o n p o t e n t i a l of the l i n e . Boumans 

and L u x - S t e i n e r (30) have c l a s s i f i e d , l i n e s i n t o two broad 

c a t e g o r i e s , namely 'hard* and ' s o f t ' l i n e s . They 

c l a s s i f i e d atomic l i n e s of elements w i t h low t o medium 

f i r s t i o n i s a t i o n p o t e n t i a l s as ' s o f t ' , and atomic and 

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

i o n i s a t i o n p o t e n t i a l as 'hard'. The behaviour of 'hard' 

and ' s o f t ' l i n e s d i f f e r w i t h r e s p e c t t o c h a n g e s i n 

o p e r a t i n g c o n d i t i o n s such a s power, gas flow and v i e w i n g 

height, which r e l a t e d i r e c t l y to the 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. I n s i m p l e terms, f o r a p a r t i c u l a r f i g u r e 

of m e r i t such as net e m i s s i o n i n t e n s i t y , a d i f f e r e n t s e t 

of optimum c o n d i t i o n s apply to 'hard' l i n e s than to ' s o f t ' 

l i n e s . There i s no abrupt t r a n s i t i o n between t h e two 

groups, though f o r comparison i t i s g e n e r a l l y a c c e p t e d 

t h a t r e p r e s e n t a t i v e l i n e s from each group s u f f i c e . 

2.1.4.2 Optimisation S t u d i e s 

Boumans and L u x - S t e i n e r ( 3 0 ) h a v e i n v e s t i g a t e d 

" o p t i m i s a t i o n " of a 50 MHz ICP f o r t h e i n t r o d u c t i o n of 

methyl i s o b u t y l ketone (MIBK). Trends of net l i n e and 

background s i g n a l s , and signal-to-background r a t i o s w i t h 

ICP parameters were s t u d i e d , and the a u t h o r s r e p o r t e d 
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s i m i l a r t r e n d s i n the 'organic' compared to an 'aqueous' 

ICP. S i g n i f i c a n t l y they found t h a t signal-to-background 

r a t i o s (SBR's) have maxima t h a t s h i f t to higher power with 

i n c r e a s i n g l i n e hardness, though t h i s study was c o n f i n e d 

to the s o l v e n t MIBK. While the above study was not a t r u e 

m u l t i - v a r i a t e o p t i m i s a t i o n , other s t u d i e s (13, 70) have 

l e d to s i m i l a r c o n c l u s i o n s . 

Probably the most comprehensive work performed i n t h i s 

f i e l d i s t h a t o f Maessen and c o - w o r k e r s (32 - 3 5 ) . 

I n i t i a l s t u d i e s (32) employing a condenser t o c o n t r o l the 

amount of s o l v e n t vapour e n t e r i n g the plasma, l e d to the 

c o n c l u s i o n s t h a t lower condenser temperatures r e s u l t e d i n 

higher SBR's f o r both hard and s o f t l i n e s , and t h a t SBR's 

i n c r e a s e d f o r both h a r d and s o f t l i n e s a t lower powers 

only i f condenser temperatures were "reoptimised" f o r the 

l ower power. I n two f u r t h e r s t u d i e s ( 3 3 , 34) t h e s e 

w o r k e r s employed t h e c o n t i n u o u s w e i g h i n g method t o 

determine the ' s o l v e n t plasma load' { i . e > measuring t h e 

q u a n t i t y of s o l v e n t e n t e r i n g the plasma i n u n i t time by 

using a balance to weigh the uptake and d r a i n ) c o n t r o l l e d 

by a e r o s o l t h e r m o s t a t t i n g , and i t s e f f e c t on t h e 

a n a l y t i c a l performance of the ICP f o r a number of organic 

s o l v e n t s and a n a l y t i c a l l i n e s of d i f f e r i n g 'hardness'. 

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

optimum o p e r a t i n g c o n d i t i o n s , and of p r e d i c t i n g t h e 

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

performance. T h i s stems mainly from t h e f a c t t h a t t h e 

e f f e c t s of e vaporation r a t e on a e r o s o l d r o p l e t s i z e , and 
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hence a n a l y t e d e l i v e r y r a t e , and s a t u r a t i o n v a p o u r 

p r e s s u r e on s o l v e n t l o a d , and hence plasma e x c i t a t i o n 

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

u n i v a r i a t e o p t i m i s a t i o n regimes are inadequate. 

2.1.4.3 Simplex Optimisation 

The simplex o p t i m i s a t i o n a l g o r i t h m i s based on a simple 

s e t of r u l e s o r i g i n a l l y d e s c r i b e d by Spendley e t a l . , 

(72), f u r t h e r modified by Nelder and Mead (73) and Yarbro 

and Deming (74), and now r e f e r r e d to as the "modified" or 

" v a r i a b l e s t e p - s i z e " simplex algorithm. T h i s o p t i m i s a t i o n 

a l g o r i t h m i s a t t r a c t i v e i n t h a t the m a t h e m a t i c a l l y based 

r u l e s a r e a p p l i e d i n a r i g o r o u s and i t e r a t i v e manner to 

the p a r t i c u l a r system being optimised, making i t i d e a l f o r 

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

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

which l i t t l e or nothing i s known. 

The a l g o r i t h m has found wide a p p l i c a t i o n i n a n a l y t i c a l 

c h e m i s t r y ( 7 5 ) f o r t h e o p t i m i s a t i o n o f n o v e l and 

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

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

o p t i m i s a t i o n of ICP-AES (76 - 83) where a l a r g e number of 

parameters may a f f e c t the a n a l y t i c a l performance of the 

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

e s s e n t i a l t o f i n d t h e t r u e optimum. Commonly, t h e 

parameters to be optimised a r e c a r r i e r , i n t e r m e d i a t e and 

o u t e r g a s f l o w s , f o r w a r d power and v i e w i n g h e i g h t . 

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

s e t t i n g s c a n be o p t i m i s e d w i t h e q u a l f a c i l i t y . S u c h an 

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

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

p l a s m a s w i t h h i g h power n i t r o g e n c o o l e d p l a s m a s ( 7 6 ) , o r 

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

( 7 8 ) , s i n c e a t r u e c o m p a r i s o n c a n o n l y be made b e t w e e n 

s y s t e m s o p e r a t i n g a t optimum c o n d i t i o n s . The i n t r i n s i c 

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

r a t i o (SBR) wh i c h h a s been shown t o be in d e p e n d e n t o f t h e 

s p e c t r o m e t e r ( 8 4 ) , t h e r e b y m a k i n g c o m p a r i s o n s b e t w e e n 

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

The t e c h n i q u e h a s a l s o been u s e d i n ICP-AES f o r removal o f 

s p e c t r a l i n t e r f e r e n c e s ( 8 5 ) , m a t r i x i n t e r f e r e n c e s c a u s e d 

by e a s i l y i o n i s a b l e e l e m e n t s ( 8 6 ) , and s i g n i f i c a n t l y w i t h 

r e s p e c t t o t h i s work, f o r t h e removal o f e f f e c t s c a u s e d by 

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

t o p u r e aqueous s o l u t i o n s ( 8 7 ) . 

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

I C P - A E S f o r s p e c t r a l l i n e s o f d i f f e r e n t ' h a r d n e s s ' , 

c o v e r i n g 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 w i l l b e 

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

v e r t i c e s a r e g e n e r a t e d u s i n g a m a t r i x d e s i g n e d by Y a r b r o 

and Deming (74) t o a l l o w t h e i n v e s t i g a t i o n o f t h e maximum 

of f a c t o r s p a c e . The s e t o f o p e r a t i n g c o n d i t i o n s d e f i n e d 

by e a c h v e r t e x a r e t r i e d , and t h e r e s p o n s e f a c t o r s noted, 

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

25 



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

i t e r a t i o n s p r o d u c e v e r t i c e s w i t h no f u r t h e r s i g n i f i c a n t 

improvement i n r e s p o n s e o v e r t h e o t h e r v e r t i c e s w i t h i n t h e 

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

t h e optimum o p e r a t i n g c o n d i t i o n s . The c o n d i t i o n s c a n be 

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

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

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

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

p a r a m e t e r on t h e optimum. 

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

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

w e l l a s p r a c t i c a l v i e w p o i n t , i s c o n t a i n e d e l s e w h e r e ( 8 8 ) . 

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

2.2.1 I n s t r u m e n t a t i o n 

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

computer c o n t r o l l e d , i n d u c t i v e l y c o u p l e d p l a s m a - a 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 3 5 P l a s m a k o n , K o n t r o n 

S p e c t r o a n a l y t i k , E c h i n g , West G e r m a n y ) , o f t h e r a p i d 

s e q u e n t i a l t y p e . D e t a i l s a r e g i v e n i n T a b l e 2.1. The 

i n j e c t o r tube u s e d was o f 1.8 mm i n t e r n a l d i a m e t e r . 

2.2.2 Temperature C o n t r o l l e d S o r a v Chamber 

The t e m p e r a t u r e c o n t r o l l e d s p r a y chamber was o f a S c o t t -

t y p e , double p a s s d e s i g n , j a c k e t e d t o a l l o w c i r c u l a t i o n o f 

t h e c o o l i n g f l u i d . T e m p e r a t u r e c o n t r o l was a c h i e v e d by 

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

26 



Table 2-1 Details of the inductively coupled plasma - atomic emission 

spectrometer used in this work 

Nebuiiser 

Spray chamber 

Torch assembly 

Power supply 

Spectrometer 

Gas flows 

Plasma viewing 
height 

PTFE, v-groove high solids nebuiiser (Ebdon 
Nebuiiser, P.S. Analytical, Sevenoaks, Kant, U.K.) 

Scott type, double pass, jacketed spray chamber 

Fused quartz, Greenfield type torch with a choice 
of injector tubes 

27.12 MHz c r y s t a l controlled, radio-frequency power 
supply, with an output of between 0 - 3.5 kW under 
normal conditions, and automatic tuning 

Czerny-Turner type sequential monochroraator with a 
2,400 grooves mm~̂  grating capable of wavelength 
selection to within 0.0015 nm, under computer 
control. 

A l l argon gas flows 

Carrier gas 0.2 - 3.0 1 rain 
Intermediate gas 0 - 10 1 min"^ 
Outer gas 35 1 rain -1 

Variable viewing height commonly between 0 - 6 0 mm 
above the load c o i l , under computer control 
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i m m e r s e d 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 

(Tecam Tempunit, T e c h n e L t d . , Cambridge, U.K.)/ t o pump 

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

r e s e r v o i r and t u b i n g was l a g g e d t o m i n i m i s e t e m p e r a t u r e 

f l u c t u a t i o n s . C o o l i n g was a c h i e v e d by t h e a d d i t i o n o f a 

s u i t a b l e amount o f l i q u i d n i t r o g e n t o t h e r e s e r v o i r , and 

h e a t i n g by means o f t h e h e a t i n g e l e m e n t . The t e m p e r a t u r e 

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

by m e a n s o f a c o n t a c t N i - C r / N i - A l t h e r m o c o u p l e a n d 

e l e c t r o n i c t h e r m o m e t e r (model 2001, Comark E l e c t r o n i c s 

L t d . , R u s t i n g t o n , West S u s s e x , U.K.), 

A s c h e m a t i c diagram o f t h e s y s t e m d e s c r i b e d above i s shown 

i n F i g . 2.1, T h i s a r r a n g e m e n t was p r e f e r r e d b e c a u s e i t 

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

f l u i d . 

2.2.3 P a r a m e t e r s O p t i m i s e d 

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

T a b l e 2 . 2 , w i t h t h e p o s s i b l e r a n g e s o v e r w h i c h 

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

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

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

p roblems o f m a i n t a i n i n g a s t a b l e plasma, f r e e z i n g p o i n t o f 

t h e s o l v e n t and c o u p l i n g o f power. 

2.2.4 R e p r e s e n t a t i v e S p e c t r a l L i n e s 

One r e p r e s e n t a t i v e l i n e from e a c h o f t h e 'hard' and ' s o f t ' 

l i n e c a t e g o r i e s was ch o s e n . They a r e l i s t e d i n T a b l e 2.3, 
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Figure 2.1 Schematic diagram of the spray chamber thermostatting 
system 
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Table 2.2 Boundary l i m i t s of parameters studied during the simplex 

optimisation 

Parameter Range 

Ca r r i e r gas 

Intermediate gas 

Outer gas 

Forward power 

Viewing height 

Spray chamber temperature 

0.4 - 3.0 1 min'^ 

0 - 3.0 1 min"^ 

15 - 35 1 min 

1.0 - 2.5 kW 

0 - 60 mm 

-1 

25 +55 

Table 2.3 Wavelength, excitation and ionisation energies of the 

spectral l i n e s studied 

lonisation 
Excitation energy/eV 

Species Vavelength/nm energy/eV 1 2 Sum/eV 

Mn I I 

Cu I 

257.610 

324.754 

4.81 

3.82 

15.64 20.45 

7.72 - 11.54 
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t o g e t h e r w i t h t h e i o n i s a t i o n p o t e n t i a l s o f t h e s p e c i e s and 

e x c i t a t i o n p o t e n t i a l s a s a p p r o p r i a t e . 

2.2.5 R e a g e n t s and S t a n d a r d s 

The o r g a n i c s o l v e n t s u s e d were o f AnalaR, G e n e r a l P urpose 

o r L a b o r a t o r y R e a g e n t g r a d e (BDH C h e m i c a l s L t d . , P o o l e , 

D o r s e t , U.K.) s i n c e h i g h p u r i t y was n o t a c r i t i c a l f a c t o r . 

S t o c k s o l u t i o n s 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 , 250 - 1000 ̂ g 

ml~^ were made up from 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 

o f t h e m e t a l s (BDH C h e m i c a l s L t d . ) d i s s o l v e d i n x y l e n e , 

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

w a t e r . Aqueous s t o c k s o l u t i o n s o f i n o r g a n i c s a l t s , 1000 

pg m l " ^ ( S p e c t r o s o l , BDH C h e m i c a l s L t d . ) w e r e u s e d f o r 

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

o p t i m i s a t i o n s t u d i e s , 10 ^ g m l " ^ s o l u t i o n s f r o m t h e 

a p p r o p r i a t e Mn and Cu s t o c k s o l u t i o n s , i n t h e o r g a n i c 

s o l v e n t s were u s e d . 

F o r t h e e x c i t a t i o n t e m p e r a t u r e m e a s u r e m e n t s t h e 

t h e r m o m e t r i c s p e c i e s was T i . A s t o c k s o l u t i o n o f T i , 1000 

^ g m l ~ ^ (BDH C h e m i c a l s L t d . ) i n aqueous medium was u s e d 

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

s t o c k s o l u t i o n o f T i , 1500 fig ml"^ i n c h l o r o f o r m was u s e d 

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

T h i s s o l u t i o n was made up u s i n g a s o l u t i o n o f t e t r a - n -

b u t y l t i t a n a t e , ( 1 4 , 2 % T i ) i n x y l e n e ( S p e c t r o s o l , BDH 

C h e m i c a l s L t d . ) . 
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2.2.6 S i m p l e x O p t i m i s a t i o n 

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

s o f t w a r e p a c k a g e d e v e l o p e d p r e v i o u s l y (88) and r u n on a 

microcomputer (Apple l i e , A p p le Computer I n c . , C u p e r t i n o , 

C a l i f o r n i a , USA). Net s i g n a l - t o - b a c k g r o u n d r a t i o (SBR) 

was t a k e n a s t h e c r i t e r i o n o f m e r i t , s i n c e i t h a s b e e n 

shown t o be i n d e p e n d e n t o f t h e t y p e o f s p e c t r o m e t e r u s e d 

( 8 4 ) . 

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

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

optimum e s t a b l i s h e d by t h e s i m p l e x p r o c e d u r e . 

2.2.7 T e m p e r a t u r e Measurements 

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

measurements o f r o t a t i o n a l and e x c i t a t i o n t e m p e r a t u r e were 

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

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

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

R o t a t i o n a l and e x c i t a t i o n t e m p e r a t u r e s w e r e c a l c u l a t e d 

u s i n g t h e 'Boltzmann p l o t ' method d e s c r i b e d by Mennet ( 4 ) . 

R o t a t i o n a l t e m p e r a t u r e (T^.^^) was c a l c u l a t e d by m e a s u r i n g 

t h e e m i s s i o n i n t e n s i t y o f t h e Q̂^ b r a n c h o f t h e OH ( 0 - 0 ) 

band and u s i n g e q u a t i o n 2.2. 

l o g ( I V A ) = -0.625/Tj.Qt . E ( 2 . 2 ) 
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where I = n e t e m i s s i o n i n t e n s i t y 

\ = wavelength/nm 

A = t r a n s i t i o n p r o b a b i l i t y 

E = energy/cm"^ 

T = t e m p e r a t u r e / K 

Log (lA/A) was p l o t t e d a g a i n s t E and t h e s l o p e o f t h e l i n e 

u s e d t o c a l c u l a t e TJ.Q^. 

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

and e n e r g i e s t a k e n from r e f e r e n c e 4 and u s e d i n t h i s work 

a r e g i v e n i n T a b l e 2.4. 

E x c i t a t i o n t e m p e r a t u r e (Tg^^^) was c a l c u l a t e d by m e a s u r i n g 

t h e e m i s s i o n i n t e n s i t y o f i o n i z e d T i l i n e s a n d u s i n g 

e q u a t i o n 2.3 

l o g ( i X V g f ) = -0.625/Tej^ C . E ( 2 . 3 ) 

w here g = t h e s t a t i s t i c a l w e i g h t o f t h e e x c i t e d e n e r g y 

l e v e l 

f = o s c i l l a t o r s t r e n g t h . 

Log ( i X ^ / g f ) was p l o t t e d a g a i n s t E and t h e s l o p e o f t h e 

l i n e u s e d t o c a l c u l a t e T^Q^C 

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

v a l u e s t a k e n from r e f e r e n c e 4 and u s e d i n t h i s work a r e 

g i v e n i n T a b l e 2.5. 
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Table 2.4 Assignment (k), wavelengths (X), energies (E) and 

transition probabilities (A) for the branch of the OH 

(0 - 0) band 

k \ (nm) E ( c m " M AdO^ s'^) 

1 307.844 32,475 0.0 

2 307.995 32,543 17.0 

4 308.328 32,779 33.7 

5 308.520 32,948 42.2 

6 308.734 33,150 50.6 

8 309.239 33,652 67.5 

9 309.534 33,952 75.8 
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Table 2.5 Wavelengths (A), s t a t i s t i c a l weights (g),energies (E) and 

log gf values for T i 

X (nm) gi gk E(cm"^) log gf* 

321.827 10 8 43,741 -0.06 

322.284 6 8 31,114 -0.49 

322.424 12 10 43,781 0.04 

322.860 4 2 39,675 -0.20 

323.228 8 6 39,927 -0.25 

323.452 10 10 31,301 0.31 

323.657 8 8 31,114 0.16 

323.904 6 6 30,959 -0.02 

323.966 6 4 39,603 -0.24 

* Originally taken from reference 89 
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2.3 R e s u l t s and D i s c u s s i o n 

T a b l e 2.6 shows t h e optimum c o n d i t i o n s e s t a b l i s h e d i n t h i s 
s t u d y . U n i v a r i a t e s e a r c h e s a t t h e e s t a b l i s h e d optimum 
c o n d i t i o n s f o r s i g n a l - t o - b a c k g r o u n d r a t i o n e t s i g n a l and 
background s i g n a l a r e shown i n F i g u r e s 2.2 - 2.15 f o r t h e 
o r g a n i c s o l v e n t s and s p e c t r a l l i n e s s t u d i e d . The v e r t i c a l 
a r r o w s i n d i c a t e t h e o p t i m a d e t e r m i n e d by t h e s i m p l e x 
p r o c e d u r e . The Mn I I 257.610 nm and Cu I 324,754 nm l i n e s 
a r e r e f e r r e d t o a s t h e h a r d and s o f t l i n e s r e s p e c t i v e l y i n 
t h e f o l l o w i n g d i s c u s s i o n . 

2.3.1 E f f e c t s o f D i f f e r e n t P a r a m e t e r s 

2.3.1.1 C a r r i e r Gas 

I t i s e v i d e n t from F i g . 2.2 t h a t c a r r i e r g a s f l o w was a 

c r i t i c a l p a r a m e t e r w i t h r e g a r d t o maximum SBR. More s o 

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

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

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

d e m o n s t r a t i n g t h a t c a r e i s n e c e s s a r y when d e t e r m i n i n g 

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

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

g a s f l o w was l o w e r f o r t h e h a r d compared t o t h e s o f t l i n e , 

d e m o n s t r a t i n g t h e e f f e c t o f t h e s o l v e n t on 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 . I n c r e a s i n g c a r r i e r g a s f l o w may 

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

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

d e l i v e r y t o t h e plasma, w h i c h i s d e t e r m i n e d by t h e optimum 

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

o f t h e h a r d l i n e p l a s m a c o o l i n g a p p e a r s t o b e m o r e 
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Table 2.6 Optimum conditions established for the solvents studied, 

and the hard and soft l i n e s 

Optimum Conditions 

Water Cyclohexane Methanol Hexane Chloroform Acetone 
Cul Mnll Cul Mnll Cul Hnll Cul Hnll Cul Hnll Cul Hnll 

Ca r r i e r gas/1 min"^ 1.84 1.24 1.10 0.85 1.57 1.23 1.66 1.01 0.95 1.32 0.94 

Intermediate gas/ 
1 min"^* 

0.5 0.5 1.8 1.8 0.7 0.8 1.6 1.6 1.6 1.6 1.6 

-J Outer gas/1 min"^* 23 23 23 23 25 29 22 22 22 22 22 

Forward power/kV 2.11 1.58 1.31 1.17 1.34 1.32 1.71 1.79 1.55 1.60 1.51 

Viewing height/mm 41 18 32 12 18 12 51 20 16 32 18 

Spray chamber 
temperature/^C 

+24 +27 -5 -7 -6 -12 -23 -11 -10 -20 -4 

Sample introduction 
rate/ml min" 

0.65 0.65 0.10 0.10 0.70 0.70 0.15 0.15 0.25 0.25 0.25 

* for hexane, chloroform and acetone the intermediate gas was 
maintained at a constant 1.6 1 min"^ and the outer gas at 
22 1 min"^ as these had marginal influence on the optimum 
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c r i t i c a l , s i n c e a h i g h e r t e m p e r a t u r e i s n e c e s s a r y t o 

i o n i s e and e x c i t e the s p e c i e s i n comparison to the s o f t 

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

g e n e r a l l y l e d to lower optimal c a r r i e r gas flows than f o r 

water, though the extent to which n e b u l i s a t i o n e f f i c i e n c y 

i n f l u e n c e s these optima i s u n c l e a r . 

V a r i a t i o n s i n net s i g n a l with c a r r i e r gas flow ( F i g . 2.3) 

mirror almost e x a c t l y the trends i n SBR ( F i g , 2.2) f o r the 

l i n e s and s o l v e n t s s t u d i e d , s u g g e s t i n g t h a t t h e 

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

than v a r i a t i o n s i n continuum background. T h i s i s borne 

out by r e f e r e n c e to the corresponding p l o t s of background 

s i g n a l a g a i n s t c a r r i e r gas flow ( F i g . 2.4). For both hard 

( F i g . 2.4A) and s o f t ( F i g . 2.4B) l i n e s background s i g n a l 

shows a g r a d u a l d e g r a d a t i o n , more pronounced f o r t h e 

former, which i s probably due to a reduction i n continuum 

i n t e n s i t y caused by plasma c o o l i n g . The exception i s t h a t 

of c y c l o h e x a n e a t the hard l i n e , t h e background s i g n a l 

showing a marked i n c r e a s e a t h i g h e r c a r r i e r gas f l o w s 

( F i g . 2.4B). T h i s may be due to d e s t a b i l i s a t i o n of the 

plasma, o r m o l e c u l a r e m i s s i o n not s e e n under normal 

operating c o n d i t i o n s , 

2.3.1.2 Forward Power 

The optimum c o n d i t i o n s determined f o r power (Table 2.6) 

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

workers, namely t h a t the o r g a n i c ICP r e q u i r e s more power 

than the aqueous ICP, and t h a t hard l i n e s r e q u i r e more 
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Figure 2.5 Forward power vs signal to background ratio for the 
various solvents and the spectral lines: 

Mn I I 257.610 nm; Cu I 324.754 nm 
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Figure 2.7 Forward power vs background signal at the spectral lines 
studied using the solvents: acetone ( 0 ) ; chloroform (•); 
hexane (^); methanol (X); cyclohexane (O); and water (•) 
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power than s o f t l i n e s . F i g . 2.5 i n d i c a t e s t h a t t h i s i s 

not n e c e s s a r i l y t h e c a s e when o t h e r p a r a m e t e r s a r e 

included i n the o p t i m i s a t i o n . 

The o r g a n i c s o l v e n t s a c t u a l l y y i e l d e d optima a t lower 

power f o r maximum SBR compared to water. T h i s may be due 

to the combined e f f e c t s of lower c a r r i e r gas flow and 

spray chamber cooling, r e s u l t i n g i n a much reduced s o l v e n t 

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

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

which has a r e l a t i v e l y high vapour p r e s s u r e . 

S i g n i f i c a n t l y i n t h i s work, without exception, lower power 

was optimal f o r the hard l i n e compared to the s o f t l i n e . 

However, i t must be remembered t h a t t h e o t h e r o p e r a t i n g 

p a r a m e t e r s , i n p a r t i c u l a r c a r r i e r gas fl o w and s p r a y 

chamber temperature, were a t d i f f e r e n t o p t i m a l v a l u e s . . 

T h i s demonstrates the f a c i l i t y of simplex o p t i m i s a t i o n to 

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

s o l v e n t s . 

The v a r i a t i o n o f n e t s , i g n a l w i t h power ( F i g . 2.6) 

i n d i c a t e s t h a t i n a l l but one c a s e , i . e . methanol a t the 

hard l i n e , maximum s i g n a l was o b t a i n e d a t t h e maximum 

power st u d i e d . T h i s means t h a t maximum SBR was l i m i t e d by 

the background s i g n a l . T h i s i s demonstrated c l e a r l y i n 

F i g . 2,7. For the hard l i n e the lowest background s i g n a l 

was obtained a t low power f o r a l l s o l v e n t s ( F i g . 2.7A). 

Optimum powers f o r t h e s e s o l v e n t s a t t h e h a r d l i n e 
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( F i g . 2.5) correspond to j u s t above the mid-points i n the 

cu r v e s i n F i g . 2.7A f o r a l l s o l v e n t s . The same i s t r u e 

f o r t he s o f t l i n e . Background s i g n a l i s l o w e s t a t low 

power f o r water, hexane and methanol, and shows a minimum 

f o r c y c l o h e x a n e and a c e t o n e ( F i g . 2 . 7 B ) . As i n t h e 

p r e v i o u s c a s e optimum powers were d e t e r m i n e d by t h e 

i n f l u e n c e of background s i g n a l . 

2.3.1.3 Spray Chamber Temperature 

The spray chamber temperature proved to be more c r i t i c a l 

f o r some s o l v e n t s than o t h e r s . T h i s i s i l l u s t r a t e d i n 

F i g . 2,8. F o r w a t e r , both h a r d and s o f t l i n e s were 

r e l a t i v e l y i n s e n s i t i v e to spray chamber temperature i n the 

range i n v e s t i g a t e d . The steady i n c r e a s e i n SBR could w e l l 

be due to a s h i f t to a s m a l l e r d r o p l e t s i z e d i s t r i b u t i o n 

caused by e v a p o r a t i o n i n the s p r a y chamber, and hence 

improved a n a l y t e t r a n s p o r t . S u r p r i s i n g l y , c o n s i d e r i n g the 

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

chamber temperature had l i t t l e e f f e c t on SBR, though t h i s 

s o l v e n t has been shown t o be anomalous by other workers 

(28) . 

The g r e a t e s t dependence on spray chamber temperature was 

seen i n the case of cyclohexane. I n p r a c t i c e the optimum 

temperature could not be reached because i t was w e l l below 

the f r e e z i n g point of the s o l v e n t , r e s u l t i n g i n a b u i l d up 

of f r o z e n s o l v e n t i n the s p r a y chamber w i t h consequent 

e f f e c t s on a n a l y t e t r a n s p o r t . 
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Figure 2-8 Spray chamber temperature vs signal to background ratio 
for the various solvents and the spectral lines: 

Mn I I 257,610 nm; Cu I 324.754 nm 

47 



Q 
UJ 

—I 
< 

ai 
O 

cn 
UJ 

WATER 

CYGLOHEXANE 

METHANOL 

HEXANE 

CHLOROFOHM 

ACETONE 

- 3 0 -
SPRAY CHAMBER TEMPERATURE / °C 

Figure 2.9 Spray chamber temperature vs net signal for the various 
solvents and the spectral lines: 

Mn I I 257.610 nm; Cu I 324.754 nm 

48 



A) Mnll 257.610 n m 

• 7 0 0 0 
cn 
cn 

L«9«n4 

A • i l - l 

6 0 0 0 

J * SOOO 
< 
2 
O 
^ 4 0 0 0 

2 

o 
3 0 0 0 

2 0 0 0 

1 0 0 0 

JO - 2 0 - 1 0 0 10 20 30 40 SO 60 
S P R A Y C H A M B E R T E M P E R A T U R E / ' C 

B) Cul 324.754 n m 

6 0 0 0 

SOOO 

77i 4 0 0 0 

) ^ 3 0 0 0 

2 0 0 0 H 

O lOOOH 

-10 0 10 30 JO 40 ao 
S P R A Y C H A M B E R T E M P E R A T U R E / ' C 
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The organic s o l v e n t s required a temperature of about -10°C 

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

p r e s s u r e s o f t h e s o l v e n t s a t 20^C and a t optimum s p r a y 

chamber t e m p e r a t u r e s a r e shown i n T a b l e 2.7. I t i s 

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

reduce the vapour pressure to the order of 10 - 30 t o r r or 

so. 

F i g u r e s 2.9 and 2.10 i n d i c a t e t h a t t h e optimum s p r a y 

chamber temperature was i n f l u e n c e d p r i m a r i l y by t h e n e t 

s i g n a l , s i n c e t h e t r e n d s of n e t s i g n a l a g a i n s t s p r a y 

chamber temperature ( F i g . 2.9) c l o s e l y resemble those i n 

F i g . 2.8. S p r a y chamber t e m p e r a t u r e had no g r e a t 

i n f l u e n c e on background s i g n a l f o r a l l s o l v e n t s a t the 

hard l i n e ( F i g . 2.10A) and o n l y f o r c y c l o h e x a n e a t t h e 

s o f t l i n e ( F i g . 2.108). As i n the c a s e f o r c a r r i e r gas 

fl o w t h i s may be due t o p l a s m a i n s t a b i l i t y a t h i g h 

cyclohexane loadings. 

2.3.1.4 Viewing Height 

As would be expected, f o r a l l s o l v e n t s the optimum viewing 

height f o r the hard l i n e was lower than t h a t f or the s o f t 

l i n e ( F i g . 2 . 1 1 ) . D i f f e r e n c e s between s o l v e n t s were 

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

i n t e r m e d i a t e gas flow, background s i g n a l and power which 

are d i f f i c u l t t o s e p a r a t e . For i n s t a n c e , the r e l a t i v e l y 

high power and c a r r i e r gas flow a s s o c i a t e d w i t h the s o f t 

l i n e f o r water i s probably the cause of the high v i e w i n g 

h e i g h t shown as o p t i m a l i n F i g . 2.11. Such unexpected 

50 



Table 2.7 Vapour pressures (VP) of the solvents studied at 20°C 

(VP2q) and at optimised spray chamber temperature (VP^p^) 

Solvent VP2Q/torr VPopt /torr 

Mn I I Cu I . 

Vater 17.5 27 22 
Cyclohexane 77.5 19 20 
Methanol 95.6 13 20 
Hexane 121 24 11 
Chloroform 159 35 58 
Acetone 182 64 22 
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c o n c l u s i o n s i l l u s t r a t e the u t i l i t y of simplex o p t i m i s a t i o n 

s t u d i e s when parameters are s t r o n g l y i n t e r r e l a t e d . 

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

( F i g . 2.12) a r e s i m i l a r t o t h o s e of SBR ( F i g . 2 . 1 1 ) , 

though they show maxima a t s l i g h t l y lower viewing h e i g h t s 

f o r a l l s o l v e n t s and both l i n e s . T h i s can be explained by 

the behaviour of the background s i g n a l , which decreased a s 

viewing height i n c r e a s e d above 10 mm f o r a l l s o l v e n t s and 

a t both h a r d ( F i g . 2.13A) and s o f t ( F i g . 2.13B) l i n e s . 

The r e s u l t o f t h i s was a s h i f t i n maximum SBR t o a 

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

comparison to maximum net s i g n a l . 

2.3.1.5 Intermediate and Outer Gas 

Intermediate and outer gas flows had l e s s c r i t i c a l e f f e c t 

on SBR ( F i g s . 2-14 and 2.15). The main e f f e c t of the 

intermediate gas i s t o a l t e r the p o s i t i o n of the plasma i n 

the t o r c h , and hence the viewing h e i g h t . However, i t i s 

d e s i r a b l e t o use a r e l a t i v e l y h i g h i n t e r m e d i a t e gas flow 

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 t o p r e v e n t c a r b o n 

d e p o s i t i o n on the i n j e c t o r and i n t e r m e d i a t e t o r c h tube. 

L i k e w i s e , a high outer gas flow h e l p s to prevent carbon 

d e p o s i t i o n and m a i n t a i n s a more s t a b l e p l a s m a . 

Consequently, t h e s e two parameters were i n c l u d e d i n the 

o p t i m i s a t i o n o n l y f o r t h e s o l v e n t s water, methanol and 

c y c l o h e x a n e . F o r t h e r e m a i n i n g s o l v e n t s compromise 

c o n d i t i o n s of 1.6 1 min"^ and 22 1 min"^ f o r intermediate 

and o u t e r gas f l o w s r e s p e c t i v e l y were chosen f o r t h e 
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reasons s t a t e d above• 

2.3.2 D e t e c t i o n L i m i t s 

D e t e c t i o n l i m i t s w e r e c a l c u l a t e d ( T a b l e 2.8) a t t h e 

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

e q u a t i o n 2.4. 

Cr = Z(RSD)^^S2L (2-4) 
(SBR) 

where C L = d e t e c t i o n limit/jig m l " ^ 

Z = 3, i . e t h e number o f s t a n d a r d d e v i a t i o n s 

(RSD)g = 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 o f t h e 

background expressed as a f r a c t i o n 

Co = a n a l y t e concentration/yug m l ~ ^ 

SBR = s i g n a l t o background r a t i o a s s o c i a t e d w i t h 

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

T h i s was n o t meant t o be a r i g o r o u s d e t e r m i n a t i o n o f 

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

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

t o one a n o t h e r and n o t i n i s o l a t i o n . 

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

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

t h o u g h t t o be due t o enhanced a n a l y t e t r a n s p o r t i n t o t h e 

plasma caused by t h e f o r m a t i o n o f s m a l l e r d r o p l e t s i n t h e 

case o f t h e o r g a n i c s o l v e n t s . However, e f f e c t s on t h e 

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 cannot be e x c l u d e d . 
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Table 2.8 Detection l i m i t s i n the various solvents at the spectral 

lines studied 

Solvent Detection lim i t / | i g ml"^ 

Mn I I Cu I 

Water 0.021 0.046 
Cyclohexane 0.012 0.012 
Methanol 0.003 0.017 
Hexane 0.003 0.006 
Chloroform 0.014 not 

determined 
Acetone 0.002 0.005 
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2.3.3 Temperature Measurements 

2.3.3.1 R o t a t i o n a l Temperature 

R o t a t i o n a l t e m p e r a t u r e s ( T ^ o t ^ c a l c u l a t e d u s i n g t h e method 

d e s c r i b e d i n S e c t i o n 2.2.7, u s i n g o p t i m u m o p e r a t i n g 

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

shown i n T a b l e 2.9. An A b e l i n v e r s i o n was n o t p e r f o r m e d 

so t h e v a l u e s r e p r e s e n t T ^ Q^. f o r a l a r g e c r o s s s e c t i o n o f 

t h e plasma. 

There appear t o be no s i g n i f i c a n t d i f f e r e n c e s between T^^^ 

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

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

p r o b a b l y because t h e s e measurements were i n t e g r a t e d a c r o s s 

t h e w h o l e plasma r a t h e r t h a n i n d i c a t v e o f T^^^ i n t h e 

c e n t r a l c h a n n e l . However, f o r t h e h a r d l i n e , a p l o t o f 

"^rot 3 9 ^ i r i s t f o r w a r d power c o r r e s p o n d i n g t o t h e v a r i o u s 

s o l v e n t s r e v e a l s a t r e n d ( F i g . 2.16A). As f o r w a r d power 

i n c r e a s e s so d o e s T ^ - Q ^ . T h i s i s p r o b a b l y n o t as 

s u r p r i s i n g as i t f i r s t seems, s i n c e T^^^ i s c l o s e l y 

r e l a t e d t o t h e gas t e m p e r a t u r e i n t h e plasma, w h i c h one 

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

t h e low v i e w i n g h e i g h t s f o u n d t o be optimum a t t h e h a r d 

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

A t t h e s o f t l i n e t h e r e a p p e a r s t o be no r e l a t i o n s h i p 

b e t w e e n T^.^^ f o r w a r d p o w e r ( F i g . 2 . 1 6 B ) , t h e 

t e m p e r a t u r e r e m a i n i n g r e l a t i v e l y t h e same a t a l l powers 

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

e x p l a i n e d by t h e f a c t t h a t t h e optimum v i e w i n g h e i g h t s 
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Table 2.9 Rotational temperature (T^.^^) calculated while using 

optimum operating conditions for the solvents and spectral 

lines studied 

Solvent *rot 

Mn I I Cu I 

Water 2770 2800 
Cyclohexane • 1130 2850 
Methanol 2100 2620 
Hexane 2863 2750 
Chloroform 2440 not 

determined 
Acetone 2400 3170 
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a s s o c i a t e d w i t h t h e s o f t l i n e were r a t h e r h i g h e r i n t h e 

plasma, where i t i s more d i f f u s e , and where changes i n 

f o r w a r d power would have l e s s e f f e c t . 

I n summary, t h e o r g a n i c s o l v e n t s do n o t a p p e a r t o 

i n f l u e n c e T ^ - Q ^ t o any g r e a t e x t e n t , g i v e n t h a t t h e plasma 

has been o p t i m i s e d f o r each. A t t h e low v i e w i n g h e i g h t s 

and c a r r i e r gas f l o w s a s s o c i a t e d w i t h t h e h a r d l i n e T ^ Q ^ 

appears t o be a f u n c t i o n o f t h e f o r w a r d power, b u t t h i s 

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

c a r r i e r gas f l o w s a s s o c i a t e d w i t h t h e s o f t l i n e . The 

i d e n t i f i c a t i o n o f any o t h e r t r e n d s i s made d i f f i c u l t by 

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

between s o l v e n t s , and no Abel i n v e r s i o n was c a r r i e d o u t . 

2.3.3.2 E x c i t a t i o n Temperature 

E x c i t a t i o n t e m p e r a t u r e s (T^j^^) c a l c u l a t e d u s i n g t h e method 

d e s c r i b e d i n S e c t i o n 2.2.7, w h i l e u s i n g optimum o p e r a t i n g 

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

a r e shown i n T a b l e 2.10. '^exc c a l c u l a t e d o n l y f o r 

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

s a l t used as t h e t h e r m o m e t r i c s p e c i e s had a t e n d e n c y t o 

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

hexane and cyclohexane. 

I t i s e v i d e n t f r o m T a b l e 2.10 t h a t T^Q^C s h o w e d a 

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

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

c o n d i t i o n s f o r b o t h s p e c t r a l l i n e s . O t h e r w o r k e r s (29, 
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Table 2.10 Excitation temperature (T̂ ^̂ ,̂) calculated while using 

optimum operating conditions for the solvents and spectral 

lines studied 

Solvent "̂ exĉ *̂  

Mn I I Cu I 

Water 6250 5690 
Methanol 5680 5220 
Chloroform 7350 not 

determined 
Acetone 7130 6140 
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35) o b s e r v e d a d e c r e a s e i n T ^ j ^ ^ on 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 compared t o w a t e r , however, t h e s e w o r k e r s 

used i d e n t i c a l o p e r a t i n g c o n d i t i o n s f o r a l l s o l v e n t s . I t 

has been shown (29) t h a t T ^ j ^ ^ i s a f u n c t i o n o f power, 

p r o v i d e d o t h e r o p e r a t i n g c o n d i t i o n s a r e c o n s t a n t . From 

t h e p o i n t o f vi e w o f t h i s work i t i s p r o b a b l e t h a t c a r r i e r 

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

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

a l s o e x e r t e d a g r e a t i n f l u e n c e on T^Q-^Q- T h i s c a n be 

demonstrated by a comparison between Tables 2.6 and 2.10. 

More o r l e s s t h e same f o r w a r d p o w e r was f o u n d t o be 

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

t h e h a r d l i n e (Table 2.6). However, t h e l o w e r c a r r i e r gas 

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

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

t e m p e r a t u r e s compared t o w a t e r ( T a b l e 2 . 1 0 ) , The same 

c a r r i e r gas f l o w was found t o be optimum f o r t h e s o l v e n t s 

w a t e r and methanol a t t h e h a r d l i n e , though i n t h e l a t t e r 

case t h e optimum power and s p r a y chamber t e m p e r a t u r e was 

l o w e r t h a n t h a t f o r w a t e r ( T a b l e 2 . 6 ) . I n t h e case o f 

m e t h a n o l t h e s e t w o f a c t o r s r e s u l t e d i n a T̂ ^̂ ^ t h a t was 

lo w e r i n comparison t o w a t e r ( T a b l e 2.10). 

A g e n e r a l c o n c l u s i o n t h a t can be drawn from Table 2.10 i s 

t h a t f o r e a c h s o l v e n t T^^^^ was l o w e r f o r o p e r a t i n g 

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

t h e h a r d l i n e . T h i s was p r o b a b l y due t o t h e h i g h e r 

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

s o f t l i n e , and i l l u s t r a t e s t h e g r e a t e r dependence o f t h e 
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h a r d l i n e on T ^ j ^ ^ , However, s i n c e no A b e l i n v e r s i o n was 

c a r r i e d o u t t h e s e c o n c l u s i o n s roust be r e g a r d e d 

t e n t a t i v e l y . 

2.3.4 Co n c l u s i o n s 

I t i s c l e a r t h a t t h e r e i s no s i m p l e 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 optimum o p e r a t i n g c o n d i t i o n s . 

However, s e v e r a l i m p o r t a n t p o i n t s can be i d e n t i f i e d . 

( i ) For 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 c a r r i e r 

gas f l o w and spray chamber t e m p e r a t u r e were 

p r e f e r a b l e , 

( i i ) Maximum s i g n a l - t o - b a c k g r o u n d r a t i o s were a c h i e v e d 

a t l o w e r power f o r h a r d l i n e s compared t o s o f t 

l i n e s , and lower power was found t o be o p t i m a l f o r 

o r g a n i c s o l v e n t s compared t o w a t e r , 

( i i i ) Lower d e t e c t i o n l i m i t s were a c h i e v e d u s i n g t h e 

o r g a n i c s o l v e n t s compared t o w a t e r , 

( i v ) R o t a t i o n a l t e m p e r a t u r e was found t o be a f u n c t i o n 

o f power a t low v i e w i n g h e i g h t s and c a r r i e r gas 

f l o w s . 

(v) E x c i t a t i o n t e m p e r a t u r e was found t o be e x t r e m e l y 

dependent on c a r r i e r gas f l o w and t o some e x t e n t 

power, and t h e 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 

d i d n o t n e c e s s a r i l y cause a r e d u c t i o n i n e x c i t a t i o n 

t e m p e r a t u r e i n comparison t o w a t e r when u s i n g 

optimum o p e r a t i n g c o n d i t i o n s . 

( v i ) The v a l u e o f a m u l t i v a r i a t e o p t i m i s a t i o n t e c h n i q u e , 

namely 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 , 
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has once a g a i n been e s t a b l i s h e d f o r plasma 

s p e c t r o m e t r y . 
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CHAPTER 3 

THE DETERMINATION OF TRACE ELEMENTS IN ACETIC ACID AND 
TEREPHTHALIC ACID BY ICP-AES 

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

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

p r o d u c t used i n t h e manufacture o f t e r y l e n e . To m a i n t a i n 

a q u a l i t y p r o d u c t and ensure t h e smooth o p e r a t i o n o f t h e 

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

t h e p r o d u c t f o r t r a c e elements, f o r t h e reasons d i s c u s s e d 

i n C h a p t e r 1 . I n t h i s c h a p t e r 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 s u c h a n a l y s e s a n d n o v e l m e t h o d s t o 

overcome them w i l l be d e s c r i b e d . 

3.1 A n a l y s i s o f A c e t i c Acid 

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

3.1.1.1 I n s t r u m e n t a t i o n 

A l l a n a l y s e s were p e r f o r m 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 - 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 (S35 Plasmakon, 

Ko n t r o n S p e c t r o a n a l y t i k ) d e s c r i b e d i n S e c t i o n 2.2.1. A j e t 

i n j e c t o r o f 2 mm i n t e r n a l d i a m e t e r was used t h r o u g h o u t . 

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 3.1. The s p e c t r a l 

l i n e s s t u d i e d and used f o r a n a l y s i s a r e shown i n Table 3.2 

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

a b s o r p t i o n s p e c t r o m e t r y (FAAS) b o t h a t Plymouth and by an 

i n d e p e n d e n t a n a l y s t a t t h e l a b o r a t o r y o f I C I M a t e r i a l s 

Research Centre, W i l t o n , C l e v e l a n d , U.K. f o r comparison. 

68 



Table 3.1 Inductively coupled plasma operating conditions used for 

acetic acid analysis 

Carrier gas/1 min"^ 2. 0 

Intermediate gas/1 min"^ 0. 6 

Outer gas/1 min"^ 15 

Forward power/ktf. 1. 4 

Table 3.2 Wavelengths (A), viewing heights above the load c o i l (H), 

ex c i t a t i o n energies (E), i o n i s a t i o n energies ( I ) and thei r 

sums (E+I) for the spectral l i n e s studied^ and used for 

analysis* 

I/eV 

Species \ /nm H/mm E/eV 1 2 E+I/eV 

*Cu I 324.754 36 3.8 7.72 11.52 

*Fe I I 259.940 15 4.77 16.18 20.95 

•Mn I I 257.610 6 4.81 15.64 20.45 

*Co I 345.350 45 4.0 7.86 11.86 

*Na I 330.237 35 3.7 5.14 8.34 

M̂n I 403.076 29 3.1 7.43 10.53 

^Fe I I 259.940 18 4.77 16.18 20.95 
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3.1.1.2 Procedure 

Four d i f f e r e n t samples o f a c e t i c a c i d mother l i q u o r were 

d i l u t e d 1 + 1 ( v / v ) i n d e i o n i s e d , d o u b l e - d i s t i l l e d w a t e r 

and t r a c e e l e m e n t s d e t e r m i n e d i n each. C a l i b r a t i o n was 

performed u s i n g m u l t i e l e m e n t s t a n d a r d s , made up fr o m 1000 

^ g m l ~ ^ s t o c k s o l u t i o n s ( S p e c t r o s o l , BDH Chemicals L t d . ) , 

m a t r i x m a t c h e d i n a c e t i c a c i d ( A n a l a R , BDH C h e m i c a l s 

L t d . ) . 

3.1.2 R e s u l t s and D i s c u s s i o n 

F i g u r e 3.1 shows t h e e f f e c t o f i n c r e a s i n g a c e t i c a c i d 

c o n c e n t r a t i o n on t h e n e t e m i s s i o n s i g n a l f o r 10 ̂ g m l " ^ o f 

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

c o n t a m i n a t i o n b y Fe a n d Mn, a n d n o n e was f o u n d . 

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

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

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

e x c i t a t i o n e f f e c t s . The e f f e c t o f a c e t i c a c i d on 

i o n i s a t i o n and e x c i t a t i o n i s p r o b a b l y shown i n F i g . 3.1, 

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

a t t h e Fe I I i o n l i n e compared t o t h e Mn I atom l i n e . 

T h i s i s s l i g h t l y p u z z l i n g because t h e e x p e c t e d r e s u l t 

w o u l d be t h e c o n v e r s e due t o t h e supposed c o o l i n g e f f e c t 

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

plasma. However, a c e t i c a c i d i s a r e l a t i v e l y i n v o l a t i l e 

o r g a n i c s o l v e n t and i s s i m i l a r t o w a t e r i n many r e s p e c t s . 

I t may be t h a t t h e vapour l o a d i n g i n t h e plasma due t o t h e 

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

a n u l a r r e g i o n i n t o t h e c e n t r a l c h a n n e l , b u t was n o t so 
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Figure 3.1 E f f e c t of in c r e a s i n g a c e t i c acid concentration on net 
emission s i g n a l f o r the s p e c t r a l l i n e s : 

Mn I 403.076 nm; 
- o - -

Fe I I 259.940 nm 
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g r e a t as t o cause s i g n i f i c a n t c o o l i n g by t r a n s f e r o f 

energy t o t h e breakdown o f m o l e c u l a r s p e c i e s . Such energy 

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

t h a n on atom l i n e e m i s s i o n . 

I t i s c l e a r , however, t h a t m a t r i x m a t c h i n g o f s t a n d a r d s 

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

a d d i t i o n s i s necessary. 

T a b l e 3.3 l i s t s t h e r e s u l t s o b t a i n e d f o r t r a c e e l e m e n t 

d e t e r m i n a t i o n s i n t h e f o u r samples o f a c e t i c a c i d m other 

l i q u o r . I n g e n e r a l t h e r e s u l t s o b t a i n e d u s i n g FAAS a t 

Plymouth agree w e l l w i t h t h o s e o b t a i n e d a t I C I by FAAS. 

The r e s u l t s o b t a i n e d by ICP-AES do n o t show such good 

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

number 4, The r e s u l t s f o r Mn a n d Fe show g r e a t e r 

d e v i a t i o n t h a n t h o s e f o r Na and Co. D e s p i t e t h e f a c t t h a t 

t h e s t a n d a r d s were m a t r i x matched f o r a c e t i c a c i d , t h e 

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

c o n t a i n e d v a r y i n g amounts o f unknown o r g a n i c c o n s t i t u e n t s . 

T h i s was e s p e c i a l l y t r u e f o r sample 3 w h i c h c o n t a i n e d a 

s m a l l f r a c t i o n t h a t was i m m i s c i b l e w i t h w a t e r . I t i s 

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

compared t o t h e s t a n d a r d s had a g r e a t e r 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 by ICP-AES and had a p r o p o r t i o n a l l y 

g r e a t e r e f f e c t on t h e a n a l y t e s f o r w h i c h i o n l i n e s were 

used f o r a n a l y s i s ( i . e . Mn and Fe) f o r t h e reasons a l r e a d y 

d i s c u s s e d . T h i s i s borne o u t by t h e r e s u l t s i n T a b l e 3.3, 

where t h e d e v i a t i o n o f t h e v a l u e s f o r Mn and Fe u s i n g ICP-
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Table 3.3 R e s u l t s of the a n a l y s i s of a c e t i c a c i d mother l i q u o r by 

i n d u c t i v e l y c o u p l e d plasma atomic e m i s s i o n s p e c t r o m e t r y 

(ICP-AES) and flame atomic a b s o r p t i o n s p e c t r o m e t r y (FAAS) 

C o n c e n t r a t i o n found/^ig ml~^ 

Element Sample ICP-AES FAAS FAAS* 

Mn 1 260 470 430 
2 260 460 401 
3 94 130 118 
4 54 60 79 

Fe 1 2.0 2.1 2.5 
2 2.0 2.0 2.5 
3 <1.0 0.3 1.7 
4 6.0 3.4 2.1 

Cu 1 <0.2 
2 <0.2 - -
3 <0.2 - -
4 <0.2 <1.0 

Na 1 130 194 186 
2 110 164 157 
3 70 47 43 
4 26 14 11 

Co 1 190 206 188 
2 180 200 176 
3 60 58 53 
4 1530 1540 603 

Comparative r e s u l t s o b t a i n e d from the l a b o r a t o r i e s of I C I . 
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AES i s g r e a t e r t h a n f o r Na and Co compared t o t h o s e 

obtained u s i n g FAAS. 

3.1.3 Conclusions 

I t has been shown t h a t w h i l e the a n a l y s i s of a c e t i c a c i d 

by ICP-AES was p o s s i b l e , matrix matching of standards and 

samples was a p r e r e q u i s i t e . A d d i t i o n a l l y i t has been 

shown t h a t r e s u l t s obtained using atom l i n e s f o r a n a l y s i s 

by ICP-AES agreed much b e t t e r w i t h r e s u l t s o b t a i n e d by 

FAAS compared to those obtained u s i n g ion l i n e s and ICP-

AES. When the ex a c t composition of the sample m a t r i x i s 

unknown i t i s s u g g e s t e d t h a t t h e method of s t a n d a r d 

a d d i t i o n s may y i e l d b e t t e r r e s u l t s . 

3.2 A n a l y s i s of T e r e p h t h a l i c Acid by S l u r r y Atomisation -

ICP - AES 

3.2.1 S l u r r y 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 of s o l u t i o n s of suspended s o l i d s , i n the 

form of s l u r r i e s , i n t o the plasma has been made p o s s i b l e 

by t h e development of s u i t a b l e h i g h s o l i d s n e b u l i s e r s 

( 9 0 ) . The p o s s i b i l i t y of s l u r r y i n t r o d u c t i o n i n t o the ICP 

was f i r s t suggested by G r e e n f i e l d ( 9 1 ) . The advantages of 

s l u r r y i n t r o d u c t i o n are: the e l i m i n a t i o n of lengthy sample 

p r e p a r a t i o n procedures, o f t e n i n v o l v i n g hazardous a c i d s ; 

the p o s s i b i l i t y of s t a n d a r d i s a t i o n u s i n g simple aqueous 

s t a n d a r d s ; and t h e minor m o d i f i c a t i o n s n e c e s s a r y t o 

e x i s t i n g instrumentation. F u l l e r (92) has shown t h a t the 

r e l i a b i l i t y o f a n a l y t i c a l r e s u l t s depends .to a g r e a t 

e x t e n t on 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 of the s l u r r i e d 
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m a t e r i a l . Subsequently, i t has been demonstrated (88) 

t h a t g r i n d i n g of the sample t o a c h i e v e a p a r t i c l e s i z e 

d i s t r i b u t i o n of a t l e a s t l e s s than 8 |im i s n e c e s s a r y i f 

the s l u r r y i s to model aqueous s o l u t i o n s s u f f i c i e n t l y 

w e l l , a f t e r n e b u l i s a t i o n , f o r comparison w i t h aqueous 

standards. 

Furthermore, the i n t e r n a l diameter of the i n j e c t o r tube 

has been shown t o be a c r i t i c a l f a c t o r ( 9 3 ) , w i t h a 

r e l a t i v e l y l a r g e i n t e r n a l d i a m e t e r o f 3 mm b e i n g 

p r e f e r a b l e . S l u r r y atomisation has been employed f o r the 

a n a l y s i s of a wide v a r i e t y of sample t y p e s by ICP-AES, 

i n c l u d i n g c o a l s (94, 95), k a o l i n ( 9 6 ) , g e o l o g i c a l samples 

(97, 98) and r e f r a c t o r y oxide powders (99, 100), with and 

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

i n e x p e n s i v e b o t t l e and bead g r i n d i n g method has been 

developed (101) and s u c c e s s f u l l y used t o g r i n d a v a r i e t y 

of sample m a t r i c e s w i t h t h e i r s u b s e q u e n t a n a l y s i s by 

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

(101), ICP-AES (102) and ICP-MS (103, 104). A d d i t i o n a l l y , 

d i r e c t c u r r e n t plasma - atomic e m i s s i o n spectrometry has 

been optimised using simplex o p t i m i s a t i o n f o r the a n a l y s i s 

of k a o l i n s l u r r i e s (105) and temperature measurements have 

shown t h a t s l u r r y loadings i n excess of 12% (m/V) cool the 

plasma. 

With r e s p e c t t o t h i s work t h e d e t e r m i n a t i o n of t r a c e 

elements i n t e r e p h t h a l i c a c i d (TA) has presented a problem 

f o r some y e a r s due t o i t s i n s o l u b i l i t y i n s o l v e n t s 
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s u i t a b l e f o r use i n conventional a n a l y s e s . A d d i t i o n a l l y , 

TA sublimes above 300 ^C, making i t d i f f i c u l t to ash and 

m i n e r a l i s e without sample l o s s e s . T h e r e f o r e , the s l u r r y 

i n t r o d u c t i o n method looked promising f o r the a n a l y s i s of 

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

procedure could be developed. 

3,2.2 Development of a S u i t a b l e Grinding Procedure 

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 o f t h e TA s a m p l e a s 

r e c e i v e d i s shown i n F i g . 3.2A. The a d d i t i o n o f a 

s u i t a b l e s u r f a c t a n t , i n t h i s c a s e 0.1% a e r o s o l - O T (BDH 

Chemicals L t d . ) , reduced the p a r t i c l e s i z e only by a very 

small degree ( F i g . 3.2B), hence i t was necessary to g r i n d 

the sample to reduce the p a r t i c l e s i z e f u r t h e r . The u s u a l 

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

w e i g h e d s a m p l e i n t o a p o l y p r o p y l e n e b o t t l e (30 ml 

c a p a c i t y ) t o g e t h e r w i t h 10 - 30 g of blown z i r c o n i a 

spheres and s e v e r a l ml of a s u r f a c t a n t (102) . The b o t t l e 

i s then a g i t a t e d v i g o r o u s l y on a f l a s k shaker f o r s e v e r a l 

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

made up to volume. T h i s procedure was performed on the TA 

sample, which was ground f o r 60 minutes, r e s u l t i n g i 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 shown i n F i g . 3.3A. I t i s 

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

i n c r e a s e the p a r t i c l e s i z e . T h i s was probably caused by 

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

Consequently i t was decided to develop a method t o g r i n d 

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

t r a n s i t i o n temperature. The apparatus developed to g r i n d 
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s l u r r i e d i n 0.1% aerosol-OT 
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s a m p l e s a t l i q u i d n i t r o g e n t e m p e r a t u r e i s shown i n 

F i g . 3.4. E s s e n t i a l l y the g r i n d i n g method was i d e n t i c a l , 

except t h a t the polypropylene b o t t l e was c o n t a i n e d i n a 

l i q u i d n i t r o g e n j a c k e t , and the s u r f a c t a n t s o l u t i o n was 

excluded during grinding. 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 f t e r g r i n d i n g f o r 30 and 60 minutes using t h i s method are 

shown i n F i g u r e s 3.3B and 3.3C r e s p e c t i v e l y . A mean 

p a r t i c l e s i z e o f l e s s t h a n 8 jim was o b t a i n e d a f t e r 

g r i n d i n g f o r 30 minutes, w i t h no s i g n i f i c a n t improvement 

a f t e r 60 minutes. T h i s was considered s u f f i c i e n t l y s m a l l 

to attempt a n a l y s i s by the s l u r r y atomisation method. 

3.2.3 Experimental 

3.2.3.1 Instrumentation 

The i n d u c t i v e l y c o u p l e d p l a s m a - a 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 u s e d i s d e s c r i b e d i n S e c t i o n 2 . 2 . 1 . 

N e b u l i s a t i o n of s l u r r i e d samples was achieved by means of 

a v-groove, h i g h s o l i d s n e b u l i s e r (Ebdon n e b u l i s e r , PS 

A n a l y t i c a l Ltd., Sevenoaks, Kent, U.K.), and the i n j e c t o r 

tube used was of 3 mm i n t e r n a l diameter. Plasma operating 

c o n d i t i o n s and the wavelengths used f o r a n a l y s i s a r e shown 

i n Table 3.4. 

A comparative study was undertaken a t Plymouth u s i n g a 

d i r e c t c u r r e n t plasma (Spectraspan I I I A , ARL, Luton, Beds, 

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

elements were determined by an independent a n a l y s t a f t e r a 

sulphonated a s h i n g procedure, followed by d i s s o l u t i o n i n 

n i t r i c a c i d , a t the l a b o r a t o r y of I C I M a t e r i a l s R e s e a r c h 
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T a b l e 3 .4 I n d u c t i v e l y c o u p l e d plasma o p e r a t i n g c o n d i t i o n s and 

wavelengths used f o r t h e a n a l y s i s of t e r e p h t h a l i c a c i d 

C a r r i e r gas/1 min*-^ 1 .8 

I n t e r m e d i a t e gas/1 rain*^ 0 .5 

Outer gas/1 min"^ 16 

Forward power/kW 1 .5 

Species and wavelengths Fe I I 259. 940 
m o n i t o r e d /nm Co I 345. 350 

Mn I I 293. 930 
Ni I I 230. 300 
Cr I I 284. 325 
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Centre, Wilton, C l e v e l a n d , U.K., by ICP-AES (Plasma I I , 

P e r k i n Elmer, P o s t O f f i c e Lane, B e a c o n s f i e l d , Bucks, 

U.K.). 

3.2.3.2 Sample Preparation 

Two s e p a r a t e samples of a p p r o x i m a t e l y 2,5 g of TA were 

a c c u r a t e l y weighed i n t o 30 ml c a p a c i t y p o l y p r o p y l e n e 

b o t t l e s , t o g e t h e r w i t h a p p r o x i m a t e l y 30 g of z i r c o n i a 

spheres. Each b o t t l e was p l a c e d i n an i n s u l a t e d j a c k e t 

c o n t a i n i n g l i q u i d n itrogen and a g i t a t e d on a f l a s k shaker 

f o r 60 minutes. Both samples were bulked i n 50 ml of 0.1% 

aerosol-OT to make an approximately 10% m/V s l u r r y . Trace 

elements were determined by s l u r r y atomisation ICP-AES and 

DCP-AES using c a l i b r a t i o n with aqueous standards. 

3.2.4 R e s u l t s and D i s c u s s i o n 

The r e s u l t s o b t a i n e d a r e shown i n T a b l e 3.5. 

Determinations proved to be extremely d i f f i c u l t due to the 

very low l e v e l s of t r a c e elements i n the TA sample. I t i s 

a l s o l i k e l y t h a t contamination by t r a c e elements i n t h e 

polypropylene b o t t l e s could have c o n t r i b u t e d to some high 

r e s u l t s . T h i s may prove to be a p e r s i s t e n t problem s i n c e 

the m a t e r i a l u ndergoing a n a l y s i s i s l i k e l y t o have a 

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

N o t w i t h s t a n d i n g t h e s e problems, however, t h e ICP-AES 

r e s u l t s , s l u r r y and d i s s o l u t i o n , s t i l l show q u i t e good 

agreement, with the exception of Cr which i n any case may 

have been l o s t during the d i s s o l u t i o n procedure. R e s u l t s 

obtained by DCP-AES were a l l higher than those obtained by 
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T a b l e 3.5 R e s u l t s f o r t h e d e t e r m i n a t i o n o f t r a c e elements i n 

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

C o n c e n t r a t i o n found/^g g~^ 

DCP-AES ICP-AES ICP-AES* 

Element s l u r r y a t o m i s a t i o n s l u r r y a t o m i s a t i o n d i s s o l u t i o n 

Fe 1.1 0.35 0.33 + 0.007 

Co <0.6 <0.8 0.02 + 0.01 

Mn 0.40 0.10 0.10 + 0.002 

Ni 1.2 <0.8 0.02 + 0.01 

Cr not d e t e r m i n e d 1.50 0.04 + 0.02 

* Comparative r e s u l t s o b t a i n e d from an I C I L a b o r a t o r y 
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ICP-AES. T h i s may w e l l have been due to the f a c t t h a t the 

DCP-AES a n a l y s i s was undertaken f i r s t , thereby i n c r e a s i n g 

the r i s k of contamination from polypropylene b o t t l e s which 

had not been conditioned by a previous g r i n d i n g procedure. 

3.3 A n a l y s i s of T e r e p h t h a l i c A c i d a f t e r D i s s o l u t i o n i n 

Sodium Hydroxide S o l u t i o n 

T e r e p h t h a l i c a c i d d i s s o l v e s r e a d i l y i n sodium hydroxide 

s o l u t i o n . However, such a medium i s not b e s t s u i t e d to 

the d i s s o l u t i o n of samples i n which t r a c e elements are to 

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

hydroxide ion concentration to cause p r e c i p i t a t i o n of many 

t r a c e elements a s h y d r o x i d e s , and i o n exchange between 

metal ions and hydrogen ions on glassware. Despite t h i s , 

such a method c o u l d f i n d a p p l i c a t i o n where r e s u l t s a r e 

r e q u i r e d q u i c k l y and o n l y a p p r o x i m a t e v a l u e s a r e 

necessary. 

3.3.1 Experimental 

3.3,1.1 Instrumentation 

The a n a l y s i s was performed u s i n g an i n d u c t i v e l y coupled 

plasma - atomic e m i s s i o n spectrometer (Plasma I I , P e r k i n 

Elmer, P o s t O f f i c e Lane, B e a c o n s f i e l d , Bucks, U.K.), 

d e s c r i b e d i n T a b l e 3.6, equipped w i t h a v-groove h i g h 

s o l i d s n e b u l i s e r (Ebdon n e b u l i s e r , PS A n a l y t i c a l Ltd.) and 

a 2,0 mm i n t e r n a l diameter, alumina i n j e c t o r . Operating 

c o n d i t i o n s are given i n Table 3.7. 
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T a b l e 3-6 D e t a i l s o f the P e r k i n Elmer, Plasma I I i n d u c t i v e l y c o u p l e d 

plasma - ato m i c e m i s s i o n s p e c t r o m e t e r 

N e b u l i s e r 

Spray chamber 

Torch assembly 

Power s u p p l y 

Monochromator 

P h o t o m u l t i p l i e r 

Gas f l o w s 

Plasma v i e w i n g 
h e i g h t 

A c h o i c e o f e i t h e r a c r o s s - f l o w n e b u l i s e r 
m a n u f a c t u r e d from Ryton s u p p l i e d as s t a n d a r d , or a 
v-groove, h i g h s o l i d s n e b u l i s e r m a n u f a c t u r e d from 
PTFE (Ebdon N e b u l i s e r , PS A n a l y t i c a l L t d . , 
Sevenoaks, Kent, UK) 

S c o t t t y p e , double pass, spray chamber m a n u f a c t u r e d 
from Ryton 

Fused q u a r t z , F a s s e l t y p e , demountable t o r c h w i t h a 
c h o i c e of alumina o r q u a r t z i n j e c t o r tubes 

27.12 MHz r a d i o - f r e q u e n c y power s u p p l y , w i t h 
a u t o m a t i c t u n i n g and an o u t p u t of between 0 -
1800 V under computer c o n t r o l 

One meter, E b e r t monochromator w i t h a 1800 grooves 
mm" g r a t i n g under computer c o n t r o l and a 
wavelength range from 160 - 800 nm w i t h 0.018 nm 
r e s o l u t i o n 

Hamraamatsu R-955 

A l l argon gas f l o w s under computer c o n t r o l 

C a r r i e r gas 0 
I n t e r m e d i a t e gas 0 

3.0 1 min 
3.0 1 min 

- 1 

Outer gas 5 - 25 1 rain 

V a r i a b l e v i e w i n g h e i g h t between 0 
l o a d c o i l 

40 ram above t h e 
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T a b l e 3.7 I n d u c t i v e l y c o u p l e d plasma and s p e c t r o m e t e r o p e r a t i n g 

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

h y d r o x i d e s o l u t i o n 

Spectrometer 

Wavelength Mn I I 257.610 nm 

Search window 0.05 nm 

Sampling t i m e 100 ms 

Plasma 

C a r r i e r gas f l o w 1.0 1 min'^ 

I n t e r m e d i a t e gas f l o w 1.0 1 rain"^ 

Oucer gas f l o w 15 1 min"-^ 

Forward power 1000 W 

Vi e w i n g h e i g h t 15 ram 

Sample uptake race 2.0 ml min'-^ 
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3.3.1.2 Procedure 

Ten subsamples of TA, between 2.8 - 3.2 g, were a c c u r a t e l y 

weighed i n t o s e p a r a t e c o n i c a l f l a s k s . Each sample was 

d i s s o l v e d i n a 4 + lOO (m/V) s o l u t i o n of sodi\im hydroxide 

(AnalaR, spH C h e m i c a l s , L t d . ) , made up i n d e i o n i s e d , 

d o u b l e - d i s t i l l e d water, and then made up to 100 ml i n the 

same s o l u t i o n . 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 aqueous 

standards m a t r i x matched f o r NaOH,.and the t r a c e element 

Mn was determined i n each of the samples. 

3.3.2 R e s u l t s and D i s c u s s i o n 

For each of the ten samples ten r e p l i c a t e measurements of 

e m i s s i o n i n t e n s i t y were made. The mean and r e l a t i v e 

s t andard d e v i a t i o n (RSD) f o r the de t e r m i n a t i o n of Mn i n 

the ten samples of TA i s shown below 

Mean Mn concentration = 0.82 yug g"^ 

RSD =7.3% 

The a c c u r a c y of the r e s u l t s i s open to qu e s t i o n , however 

an acceptable l e v e l of p r e c i s i o n was obtained c o n s i d e r i n g 

the nature of the sample matrix. I t i s a n t i c i p a t e d t h a t 

t h i s method w i l l be adopted as a sta n d a r d procedure f o r 

the determination of Mn i n TA samples. The present method 

employed a t I C I i n v o l v e s a sulphonated a s h i n g procedure 

which r e s u l t s i n c o n s i d e r a b l e sample l o s s e s due t o t h e 

p a r t i a l sublimation of TA a t 300°C. The method d e s c r i b e d 

above has proved to be r a p i d and avoids sample l o s s e s . 

87 



3.4 Conclusions 

The d e t e r m i n a t i o n of t r a c e elements has been undertaken 

f o r a p a r t i c u l a r production stream, i . e . manufacture of 

t e r e p h t h a l i c a c i d (TA). 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 o r g a n i c samples have been addressed, namely 

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

methods of sample preparation such as d i s s o l u t i o n of TA i n 

NaOH s o l u t i o n and the a n a l y s i s of TA i n the form of a 

s l u r r y . These methods were s u c c e s s f u l l y a p p l i e d to the 

determination of t r a c e elements i n a c e t i c a c i d and TA. 
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CHAPTER 4 

INTERNAL STANDARDISATION FOR ORGANIC SOLVENTS I N ICP-M8 
4.1 I n t r o d u c t i o n 

Many c o n f l i c t i n g r e p o r t s e x i s t on t h e i n f l u e n c e o f t h e 

s a m p l e m a t r i x on t h e a n a l y t i c a l s i g n a l i n ICP-MS ( 1 0 6 -

117) . I n g e n e r a l t h e most s e r i o u s m a t r i x e f f e c t s a r e 

t h o s e c a u s e d by an e x c e s s o f a h e a v y e a s i l y i o n i s a b l e 

e l e m e n t ( E I E ) o r e l e m e n t s i n t h e m a t r i x , w h i c h c a u s e 

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

enhancement. F o r i n s t a n c e , Tan and H o r l i c k (113) o b s e r v e d 

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

E I E s a t low n e b u l i s e r gas f l o w s , but enhancements a t h i g h 

f l o w s . G r e g o i r e ( 1 1 1 , 112) o b s e r v e d o n l y s u p p r e s s i o n , 

w h i l e B e a u c h e m i n e t a 1. , ( 1 1 0 ) m a i n l y o b s e r v e d 

e n h a ncements. However, s e v e r a l i m p o r t a n t p o i n t s c a n be 

i d e n t i f i e d : 

( i ) Heavy m a t r i x e l e m e n t s w i t h low i o n i s a t i o n 

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

( i i ) L i g h t a n a l y t e e l e m e n t s w i t h h i g h i o n i s a t i o n 

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

( i i i ) Plasma o p e r a t i n g c o n d i t i o n s have a g r e a t i n f l u e n c e 

on t h e magnitude o f t h e s e e f f e c t s 

( i v ) The m a t r i x e f f e c t i s dependent on t h e a b s o l u t e 

amount o f m a t r i x e l e m e n t r a t h e r t h a n on t h e m o l a r 

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

by d i l u t i o n o f t h e sample 
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S e v e r a l t h e o r i e s h a v e been p r o p o s e d t o a c c o u n t f o r t h e s e 

e f f e c t s . The most p o p u l a r , w i t h r e s p e c t t o t h e plasma, i s 

t h a t o f i o n i s a t i o n s u p p r e s s i o n i n t h e p l a s ma, whereby t h e 

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

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

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

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

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

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

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

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

o b s e r v e d i n ICP-MS, s o f u r t h e r r e a s o n s must be s o u g h t . 

G r e g o i r e (112) h a s proposed t h a t " a m b i p o l a r d i f f u s i o n " may 

be a p o s s i b l e e x p l a n a t i o n . The mechanism i s s u c h t h a t t h e 

p r e s e n c e o f a l a r g e e x c e s s o f a h i g h m a s s E I E i n t h e 

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

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

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

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

r e g i o n o f t h e plasma, t h e r e b y g i v i n g r i s e t o a drop i n t h e 

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

c h a n n e l . 

Tan and H o r l i c k (113) have s u g g e s t e d t h a t mass s e p a r a t i o n 

e f f e c t s , i n t h e e x p a n s i o n r e g i o n and s u b s e q u e n t i o n beam, 

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

p r e s s u r e d i f f u s i o n and Mach-number f o c u s s i n g , whereby t h e 

h e a v i e r i o n s a r e f o c u s e d t o w a r d s t h e a x i s o f t h e beam, and 
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t h e l i g h t e r i o n s d i f f u s e away t o a g r e a t e r e x t e n t , though 

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

m o l e c u l a r beams. The most p o p u l a r mass s e p a r a t i o n t h e o r y 

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

(113, 115, 1 1 7 ) . T h i s i s c a u s e d by t h e l o s s of e l e c t r o n s 

from t h e i o n beam due t o t h e n a t u r e o f t h e i o n o p t i c s 

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

i n c o u l o m b i c r e p u l s i o n between i o n s . I n t h e p r e s e n c e o f 

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

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

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

c r i t i c a l i n t h e e x p a n s i o n r e g i o n s i n c e t h e skimmer cone 

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

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

o r i f i c e , and i n d e e d m a t r i x e f f e c t s h a v e b e e n shown t o be 

l e s s s e v e r e when a s k i m m e r w i t h a l a r g e r o r i f i c e t h a n 

normal was u s e d ( 1 1 6 ) . 

I n t e r n a l s t a n d a r d i s a t i o n h a s been p r o p o s e d a s a p o s s i b l e 

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

B e a u c h e m i n e t a l . , ( 1 1 0 ) i n v e s t i g a t e d t h e b a c k g r o u n d 

s p e c i e s ^^C and ^^Ar^^Ar a s i n t e r n a l s t a n d a r d s t o c o r r e c t 

f o r m a t r i x e f f e c t s , and found some improvement f o r t h o s e 

e l e m e n t s r e a s o n a b l y c l o s e i n m a s s - t o - c h a r g e r a t i o ( m / z ) . 

They s u b s e q u e n t l y u s e d '^^Ar'^^Ar a s an i n t e r n a l s t a n d a r d 

f o r t h e a n a l y s i s o f r e a l s a m p l e s w i t h some s u c c e s s ( 4 9 , 

5 0 ) . Thompson a n d Houk ( 1 1 4 ) h a v e s u g g e s t e d t h a t t h e 

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

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

However, V a n d e c a s t e e l e e t a l . ( 1 1 7 ) h a v e f o u n d t h a t I n 

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

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

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

w h i c h h a s proved v e r y p o p u l a r i n ICP-MS (42, 4 5 - 5 0 ) . 

The a n a l y s i s o f o r g a n i c compounds, e s p e c i a l l y o r g a n i c 

s o l v e n t s , i s p l a g u e d by t h e problems d e s c r i b e d i n S e c t i o n 

1,4. A p a r t i c u l a r p r o blem i s t h a t o f t h e d i f f e r e n c e s i n 

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

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

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

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

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

However, M a r s h a l l and F r a n k s (118) h a v e i n v e s t i g a t e d t h e 

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

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

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

on o p e r a t i n g c o n d i t i o n s . They a l s o found t h a t a s i n g l e 

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

c o r r e c t i o n . 

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

be s u f f i c i e n t . Some a c c o u n t must be t a k e n o f t h e e f f e c t 

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

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

t h e l a r g e amount o f c a r b o n i n t h e s o l v e n t . E v e n t h o u g h 
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t h e f i r s t i o n i s a t i o n p o t e n t i a l o f C i s g u i t e h i g h and i t 

h a s a low a t o m i c mass, s u c h w i l l be t h e e x c e s s p r e s e n t due 

t o an o r g a n i c s o l v e n t t h a t some e f f e c t might be e x p e c t e d . 

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

e f f e c t s , i s d e s c r i b e d . 

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

4.2.1 I n s t r u m e n t a t i o n 

A l l e x p e r i m e n t s w e r e p e r f o r m e d u s i n g a 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 e r (VG PlasmaQuad 2, VG 

E l e m e n t a l , W i n s f o r d , C h e s h i r e , U.K.) d e s c r i b e d i n T a b l e 

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

i n s t r u m e n t a t i o n . 

4.2.2 O p e r a t i n g C o n d i t i o n s 

P l a s m a 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 4.2. The 

mass s p e c t r o m e t e r was o p e r a t e d i n q u a n t i t a t i v e s c a n n i n g 

mode th r o u g h o u t . T y p i c a l d a t a a c q u i s i t i o n p a r a m e t e r s a r e 

shown i n T a b l e 4.3. 

4.2.3 R e a g e n t s and S t a n d a r d s 

M u l t i e l e m e n t s t a n d a r d s o l u t i o n s o f Be, Co, L a and Pb were 

p r e p a r e d by s e r i a l d i l u t i o n o f a 10 jig m l ~ ^ m u l t i e l e m e n t 

s t o c k s o l u t i o n u s i n g 2 + 9 8 ( v / v ) n i t r i c a c i d ( A r i s t a r , 

BDH C h e m i c a l s L t d . ) i n d e i o n i s e d d o u b l e - d i s t i l l e d w a t e r . 

C o r r e s p o n d i n g o r g a n i c s a m p l e s w e r e p r e p a r e d by s e r i a l 

d i l u t i o n o f t h e same m u l t i e l e m e n t s t o c k s o l u t i o n i n 
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Table 4.1 Details of the VG PlasmaQuad 2 inductively coupled plasma 

mass spectrometer used in this work 

Plasma -

Forward power 

Nebuliser gas 

Au x i l l i a r y gas 

Coolant gas 

Nebuliser 

Spray chamber 

Torch assembly 

Ion Sampling -

Sampling cone 

Skimmer cone 

Sampling distance 

Vacuum -

Expansion stage 

Intermediate 

Analyser 

Spectrometer -

0 - 2000 W 

Argon 0 - 2.0 1 min"^ 
Oxygen 0 - 0.2 1 min"^ 

Argon 0 - 3.0 1 min"^ 

Argon 0 - 2 0 1 min'^ 

A choice of either the Meinhardt nebuliser supplied 
as standard or a v-groove high solids nebuliser 
(Ebdon Nebuliser, PS Analytical Ltd., Sevenoaks, 
Kent, UK) 

Scott type, double pass spray chamber, jacketed to 
allow cooling by means of a refrigerated bath (RB-
5, Techne, Cambridge, U.K.) containing propan-2-ol 
and a recirculation pump (TE-8A, Techne) 

A choice of either a fused quartz Fassel type torch 
supplied as standard or a low-rlow torch (Sci-Tek 
Instruments, Wolverton, Milton Keynes, U.K.) 

Nickel (Nicone) sampler with a 1.0 ram o r i f i c e 

Nickel skimmer with a 0.75 mm o r i f i c e 

8.5 - 14.0 mm from load c o i l 

Commonly between 1.8 - 3.0 m bar 

Commnly < 10"^ m bar 

Commonly 1.6 x 10"^ ra bar 

VG SX300 quadropole and D-Tek 
multiplier supplied as standard 

402 electron 

94 



Table 4.2 Plasma operating conditions used i n thi s work 

Solvent Propan-2-ol 

Torch Standard 

Nebuliser Heinhard 

Nebuliser 0.720 Argon 
gas/1 min"^ 0.026 Oxygen 

A u x i l l i a r y gas/1 min'^ 1.3 

Coolant gas/1 min'^ 15 

Forward power/V 1800 

Reflected power/W 45 

Spray chamber -1 
temperature/°C 

Sampling depth/mm 10.5 

Table 4.3 Two t y p i c a l sets of data a c q u i s i t i o n prameters used in 

'quantitative' scanning mode 

Set A Set B 

Mass range/m/z 8 - 216 8 - 216 

No. of channels 2048 2048 

No. of scan sweeps 100 50 

Dwell time/^s 160 160 

Time per scan/s 33 16 

No. of scans per run 3 5 
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p r o p a n - 2 - o l ( A r i s t a r , BDH C h e m i c a l s L t d . ) by w e i g h i n g o u t 

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

p r o p a n - 2 - o l , t h e n c a l c u l a t i n g t h e c o n c e n t r a t i o n s i n ng ml~^. 

A l l s t a n d a r d s and s a m p l e s were s p i k e d e i t h e r w i t h I n ( A l f a 

C h e m i c a l Co. I n c . , M ilwaukee, W i s c o n s i n , USA) o r w i t h a 

m i x t u r e o f S c , I n and P t e a c h a t 100 ng m l * ^ a s i n t e r n a l 

s t a n d a r d s . A l l m u l t i e l e m e n t s o l u t i o n s were p r e p a r e d u s i n g 

S p e c t r o s o l s t a n d a r d s o l u t i o n s (BDH C h e m i c a l s L t d . ) u n l e s s 

o t h e r w i s e s t a t e d . 

4.2.4 P r o c e d u r e 

S e v e r a l 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 w e r e 

i n v e s t i g a t e d a s d e s c r i b e d below. 

4.2.4.1 S i n g l e Sample Uptake 

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

s a m p l e s i n t h e normal way. R e s u l t s were c a l c u l a t e d by t h e 

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

s t a n d a r d . 

4.2.4.2 Dual Sample Uptake I 

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

s i m u l t a n e o u s l y and mixed by means o f a T - p i e c e a f t e r t h e 

p e r i s t a l t i c pump, a s s h o w n i n F i g . 4 . 1 . D u r i n g 

c a l i b r a t i o n s t a n d a r d s o l u t i o n s were pumped t h r o u g h f l o w A 

w h i l e a b l a n k s o l u t i o n o f p r o p a n - 2 - o l was s i m u l t a n e o u s l y 

pumped t h r o u g h f l o w B. S u b s e q u e n t l y t h e o r g a n i c s a m p l e s 

were pumped t h r o u g h f l o w A w h i l e a n a q u e o u s b l a n k was 
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Figure 4.1 Schematic diagram of the pumping arrangement for dual 
sample uptake I 



P E R I S T A L T I C 
PUMP 

FLOW A 

NEBULISER 

FLOW B 

Figure 4.2 Schematic diagram of the pumping arrangement for dual 
sample uptake I I 



pumped s i m u l t a n e o u s l y t h r o u g h f l o w B. R e s u l t s w e r e 

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

a s an i n t e r n a l s t a n d a r d . 

4.2.4.3 D u a l Sample Uptake I I 

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

above e x c e p t t h a t i n t h i s c a s e t h e two sample u p t a k e f l o w s 

w e r e m i x e d p r i o r t o t h e p e r i s t a l t i c pump a s shown i n 

F i g . 4.2. R e s u l t s w e r e c a l c u l a t e d by t h e i n s t r u m e n t 

s o f t w a r e u s i n g e i t h e r I n , S c , o r P t , o r a l l t h r e e , o r none 

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

4.2.5 R e s u l t s and D i s c u s s i o n 

4.2.5.1 S i n g l e Sample Uptake 

R e s u l t s a r e shown i n T a b l e 4.4 and i n F i g . 4.3 i n t h e form 

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

t h e p r o p a n - 2 - o l s a m p l e s v e r s u s t h e c o n c e n t r a t i o n f o u n d 

compared t o t h e c a l i b r a t i o n by aqueous s o l u t i o n s . When no 

i n t e r n a l s t a n d a r d was us e d t h e 'found* were l o w e r t h a n t h e 

' a c t u a l * c o n c e n t r a t i o n s , i n t h e o r d e r Pb < L a < Co 

( F i g . 4,3A). S e v e r a l f a c t o r s may have c o n t r i b u t e d t o t h e 

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

c h a r a c t e r i s t i c s between s t a n d a r d s and s a m p l e s may have had 

an e f f e c t on t h e i r n e b u l i s a t i o n e f f i c i e n c i e s and t r a n s p o r t 

p r o p e r t i e s i n t h e s p r a y chamber. However, i f t h i s was t h e 

o n l y e f f e c t t h e n one would e x p e c t a l l e l e m e n t s t o b e h a v e 

i n a s i m i l a r manner. A s e c o n d e x p l a n a t i o n i s t h a t t h e 

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

plasma. Two o f t h e s e e f f e c t s have a l r e a d y been d i s c u s s e d 
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Table 4.4 Mean recovery factors (R) and r e l a t i v e standard 

deviation (RSD) of five scans for the elements studied in 

propan-2-ol samples, without (NIS) and with (IS) In as an 

internal standard, and using the single uptake method 

Actual 
Concentration/ 

59 Co 139 La 208 Pb 

ng ml'^ R RSD/% R RSD/% R RSD/% 

17.5 NIS 0.38 10.6 0.18 9.7 0.15 3.8 

IS 1.69 14.5 0.80 14.9 0.68 8.4 

62.1 NIS 0.39 2.5 0.21 2.3 0.17 4.7 

IS 1.74 3.9 0.94 0.3 0.77 4.2 

106 NIS 0.39 2.7 0.22 1.7 0.16 2.3 

IS 1.83 2.7 1.03 3.7 0.78 6.0 
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A) WITHOUT In AS INTERNAL STANDARD 

200n 

ISO 

Z5 
o 
<J 
O O 

100 

30 too 
A C T U A L C O N C . / NG ML"* 

B) WITH In AS INTERNAL STANDARD 

200-1 

A C T U A L C O N C . / NG ML' 

Figure 4.3 Actual concentration vs concentration found in samples of 
propan-2-oi after c a l i b r a t i o n with aqueous standards for 
the elements: ̂ ^Co (0); La (•); and ̂ ^ht (A), with 
and without In as an internal standard 
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i n S e c t i o n 4.1 o f t h i s c h a p t e r , n a m e l y i o n i s a t i o n 

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

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

s o l v e n t a l s o l o w e r s 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 t h e 

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

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

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

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

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

s e p a r a t i o n i n t h e e x p a n s i o n r e g i o n and t h e i o n beam, due 

t o p r e s s u r e d i f f u s i o n , Mach-number f o c u s s i n g and s p a c e 

c h a r g e e f f e c t s , d i s c u s s e d i n S e c t i o n 4.1 o f t h i s c h a p t e r . 

I t h a s b e e n shown ( 1 1 1 - 1 1 4 ) t h a t i n t h e p r e s e n c e o f an 

e x c e s s o f an e a s i l y i o n i s a b l e e lement l i g h t e r e l e m e n t s a r e 

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

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

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

i o n i s a t i o n p o t e n t i a l . I n t h i s w o r k t h e m a j o r m a t r i x 

component was c a r b o n w h i c h h a s n e i t h e r h i g h mass nor a low 

f i r s t i o n i s a t i o n p o t e n t i a l . However, i t was i n s u c h l a r g e 

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

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

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

4.5, a l o n g w i t h t h o s e f o r Ar and C. 

I f mass s e p a r a t i o n e f f e c t s p r edominated t h e e x p e c t e d o r d e r 

o f s u p p r e s s i o n w o u l d be Co > L a > Pb. A c o m p a r i s o n o f 

T a b l e 4.5 and F i g . 4.3A shows t h a t t h e c o n v e r s e was t h e 

c a s e . S i m i l a r l y i f i o n i s a t i o n e f f e c t s p r e d o m i n a t e d t h e n 
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Table 4.5 Masses of the major isotopes (M) and f i r s t i o n i s a t i o n 

p o t e n t i a l s ( I I ) f o r the elements of i n t e r e s t 

Element M I K V ) 

Co 59 7.86 

Ba 138 5.21 

La 139 5.58 

Pb 208 7.42 

In 115 5.79 

Ar 40 15.76 

C 12 11.26 
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t h e e x p e c t e d o r d e r o f s u p p r e s s i o n would be Co > Pb > L a . 

The d i f f e r e n c e between L a and Pb c a n be e x p l a i n e d on t h e 

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

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

p o t e n t i a l . However, Co shows a n o m a l o u s b e h a v i o u r t h a t 

c a n n o t be e x p l a i n e d by t h e t h e o r i e s mentioned above. The 

e x p e c t e d r e s u l t would be f o r Co t o be s u p p r e s s e d t o t h e 

g r e a t e s t e x t e n t by v i r t u e o f a h i g h f i r s t i o n i s a t i o n 

p o t e n t i a l and low mass. I t would be u n w i s e t o p o s t u l a t e a 

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

however, i t i s i n t e r e s t i n g t o n o t e t h a t Long and B o l t o n 

(119) o b s e r v e d e m i s s i o n s i g n a l enhancements f o r Y, L a , A l 

and C r , and e m i s s i o n s i g n a l d e p r e s s i o n s f o r Ca, Mg, Fe and 

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

p e n c i l p l a s m a f o r I CP-AES. They p u t f o r w a r d t h e t h e o r y 

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

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

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

Such r e a c t i o n s may w e l l have p l a y e d a p a r t i n t h i s work, 

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

ICP-MS i n t e r f a c e r e g i o n . A d d i t i o n a l l y , i n t h i s s t u d y 

t h e r e was t h e added c o m p l i c a t i o n o f oxygen i n t r o d u c t i o n i n 

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

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

r e f r a c t o r y o x i d e s . 

The e f f e c t o f u s i n g I n a s an i n t e r n a l s t a n d a r d i s shown i n 

F i g . 4.3B. I t i s e v i d e n t t h a t I n was o n l y e f f e c t i v e a s an 

i n t e r n a l s t a n d a r d f o r L a . T h i s i s i n a g r e e m e n t w i t h 
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Thompson and Houk (114) who s u g g e s t e d t h a t t h e i n t e r n a l 

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

mass and f i r s t i o n i s a t i o n p o t e n t i a l . T h i s i s c e r t a i n l y 

t h e case f o r I n and La (Tab l e 4.5). I t seems l i k e l y t h a t 

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

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

i n d u c e d enhancements o r s u p p r e s s i o n s . T h i s i s b o r n e o u t 

by F i g . 4.3B where t h e e f f e c t o f t h e i n t e r n a l s t a n d a r d was 

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

elements (Ta b l e 4.4): i . e . 4.7 X f o r Co; 4.7 X f o r La; and 

4.8 X f o r Pb; s u g g e s t i n g t h a t i t o n l y compensated f o r 

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

La. 

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

scans was b e t t e r when no i n t e r n a l s t a n d a r d was used ( T a b l e 

4 . 4 ) . T h i s i s c o n t r a r y t o w h a t m i g h t be e x p e c t e d , 

s u g g e s t i n g a g a i n t h a t a n a l y t e and i n t e r n a l s t a n d a r d behave 

d i f f e r e n t l y i n t h e plasma and s u b s e q u e n t l y i n t h e i o n 

beam. 

4.2.5.2 Dual Sample Uptake I 

I t has been demonstrated i n t h e p r e v i o u s s e c t i o n t h a t t h e 

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

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

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

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

were c l o s e l y m a t c h e d w i t h r e s p e c t t o mass and f i r s t 

i o n i s a t i o n p o t e n t i a l . The o b v i o u s way t o overcome t h i s i s 
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t o m a t r i x - m a t c h s t a n d a r d s and samples. However, such an 

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

s t a n d a r d s o l u t i o n s made up i n t h e a p p r o p r i a t e s o l v e n t f o r 

t h e sample o f i n t e r e s t . S i n c e many d i f f e r e n t s o l v e n t s a r e 

used f o r d i l u t i o n o r d i s s o l u t i o n o f samples t h i s w o u l d 

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

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

s t a b l e t h a n t h o s e i n a q u e o u s s o l u t i o n . H e n c e , t h e 

p r o c e d u r e d e s c r i b e d i n S e c t i o n 4.2.4.2 was e m p l o y e d 

whereby s i m u l t a n e o u s n e b u l i s a t i o n o f b o t h aqueous and 

o r g a n i c phases ensured m a t r i x m a t c h i n g o f s t a n d a r d s and 

samp l e s , p r o v i d i n g s u f f i c i e n t m i x i n g o f t h e t w o phases 

o c c u r r e d p r i o r t o n e b u l i s a t i o n . R e s u l t s a r e shown i n 

T a b l e 4.6 and i n F i g . 4.4 i n t h e same manner as t h o s e i n 

F i g . 4.3. 

I t i s e v i d e n t , f r o m F i g . 4. 4A and T a b l e 4.6 t h a t even 

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

elem e n t s i n p r o p a n - 2 - o l samples were i n t h e range 0.80 -

0.92. When an i n t e r n a l s t a n d a r d was used r e c o v e r i e s were 

even b e t t e r , and i n t h e range 0.84 - 1.05 ( F i g . 4.4B and 

T a b l e 4 . 6 ) . Hence m a t r i x m a t c h i n g o f s a m p l e s a n d 

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

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

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

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

u p t a k e r a t e between o r g a n i c and aqueous phases, due t o 

s l i g h t i n c o n s i s t e n c i e s i n pump t u b i n g and t h e d i f f e r e n c e 

i n p h y s i c a l p r o p e r t i e s between w a t e r and p r o p a n - 2 - o l . For 
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Table 4.6 Mean recovery factors (R) and r e l a t i v e standard 

deviation (RSD) of f i v e scans for the eleraents studied in 

propan-2-ol samples, without (NIS) and with (IS) In as an 

internal standard, and using the dual uptake I method 

Actual 59c„ 139^^ 208pb 
Concentration/ 

ng ml~^ R RSD/% R RSD/% R RSD/% 

17.5 NIS 0.85 6.0 0.87 6.6 0.30 10.7 
IS 0.90 7.0 0.92 7.4 0.84 11.6 

62.1 NIS 0.86 3.4 0.91 2.5 0.87 10.7 
IS 0.91 6.2 0.96 5.4 0.92 14.2 

106 NIS 0.83 1.8 0.92 5.7 0.82 5.1 
IS 0.95 3.5 1.05 5.1 0.94 7.6 
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Figure 4.4 Actual concentration vs concentration found i n samples of 
propan-2-ol using the 'dual uptake I ' method for the 
elements: ^̂ Co (O); La (Q); and ̂ ^hh (A), with and 
without In as an int e r n a l standard 
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p r o p a n - 2 - o l samples t h e d i f f e r e n c e i n uptake r a t e compared 

t o w a t e r was n o t g r e a t , h o w e v e r , f o r o t h e r o r g a n i c 

s o l v e n t s uptake r a t e s can v a r y c o n s i d e r a b l y - T h i s problem 

may be overcome by u s i n g an i n t e r n a l s t a n d a r d . 

The a d v a n t a g e o f t h i s t e c h n i q u e i s t h a t o n l y a b l a n k 

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

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

The p r e c i s i o n a c h i e v e d f o r f i v e c o n s e c u t i v e scans was 

worse when t h e i n t e r n a l s t a n d a r d was employed ( T a b l e 4.6), 

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

e x p l a n a t i o n i s t h a t because t h e a s p i r a t i o n o f an o r g a n i c 

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

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

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

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

s i g n a l n o i s e becomes s i g n i f i c a n t . A n o t h e r c o n t r i b u t i n g 

f a c t o r may have been t h e e x c e s s i v e pump n o i s e caused by 

pumping two streams s i m u l t a n e o u s l y and t h e n merging them. 

4,2.5.3 Dual Sample Uptake I I 

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

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

b e i n g t h a t aqueous and o r g a n i c phases were mixed p r i o r t o 

t h e p e r i s t a l t i c pump i n an e f f o r t t o reduce t h e pump n o i s e 

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

A d d i t i o n a l l y , t h e use o f t h r e e i n t e r n a l s t a n d a r d s a t t h e 

same t i m e was i n v e s t i g a t e d , namely Sc, I n and P t , w h i c h 
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e f f e c t i v e l y covered t h e mass range. R e s u l t s a r e shown i n 

T a b l e 4.7 and F i g s , 4,5 - 4.6 i n t h e same f o r m a t as 

b e f o r e . 

When no i n t e r n a l s t a n d a r d was used element r e c o v e r i e s were 

i n t h e range 0,39 - 0.49 ( T a b l e 4,7 and F i g , 4.5A), The 

reason f o r t h i s i s t h a t t h e u p t a k e r a t e s o f t h e o r g a n i c 

and aqueous phases were s u b s t a n t i a l l y d i f f e r e n t (0.40 ml 

m i n " ^ f o r p r o p a n - 2 - o l and 0.87 ml m i n " ^ f o r t h e aqueous 

phase) due t o p h y s i c a l d i f f e r e n c e s b e t w e e n s o l v e n t s , 

e x a c e r b a t e d by t h e f a c t t h a t t h e y were mixed p r i o r t o t h e 

pump. However, when a c o r r e c t i o n was made f o r t h i s 

r e c o v e r i e s were r a i s e d t o between 0,85 - 1.06 i n d i c a t e d by 

t h e v a l u e s i n parentheses i n Table 4,7. 

An e a s i e r o p t i o n was t o use an i n t e r n a l s t a n d a r d . T h i s 

worked w e l l , and r e c o v e r i e s o f between 0.91 - 1.02 were 

o b t a i n e d u s i n g I n as an i n t e r n a l s t a n d a r d ( T a b l e 4.7 and 

F i g . 4.5B). 

The p r e c i s i o n a c h i e v e d f o r t h r e e c o n s e c u t i v e scans was 

s l i g h t l y improved i n most cases when t h e i n t e r n a l s t a n d a r d 

was used (Tab l e 4.7). T h i s improvement, as opposed t o t h e 

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

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

pump n o i s e caused by pumping o n l y one s o l v e n t stream, and 

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

and i n t e r n a l s t a n d a r d . 
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Table 4.7 Mean recovery factors (R) and re l a t i v e standard 

deviation (RSD) of five scans for the elements studied in 

propan-2-ol samples, without (NIS) and with (IS) In as an 

internal standard, and using the dual uptake I I method 

Actual 59cQ 139^^ 20Z^^ 
Concentration/ 
ng ral~ 1 R RSD/% R RSD/% R RSD/% 

i i . 9 NIS 0. 44(0 .96) 4.3 0. 39(0, .85) 15.6 0 .46(1 .0 ) 7.2 
(5.5) IS 0. 91 5.8 0. 92 13.4 0 .99 5.8 

58.8 NIS 0. 48(1 .04) 9.6 0. 46(1, .0) 5.1 0 .49(1 .06) 16.4 
(27.0) IS 0. 99 7.3 0. 98 5.4 1 .02 12.0 

107 NIS 0. 47(1 .02) 9.3 0. 46(1, ,0) 3.5 0 .46(1 .0) 5.4 
(49.2) IS 0. 98 7.5 0. 99 3.7 0 .99 8.9 

NB Values in parentheses refer to the actual concentrations and mean 

recovery factors when the difference in uptake rate between 

organic and aqueous phases is taken into account. 
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The i n s t r u m e n t s o f t w a r e a l s o f a c i l i t a t e d t h e use o f more 

t h a n one i n t e r n a l s t a n d a r d . The mode o f o p e r a t i o n was 

much l i k e t h a t employed f o r s e m i - q u a n t i t a t i v e c a l i b r a t i o n . 

For i n s t a n c e i f t h e i n t e r n a l s t a n d a r d s Sc, I n and Pt a r e 

used, a s e m i - q u a n t i t a t i v e c a l i b r a t i o n can be p l o t t e d f o r 

t h e s i g n a l s o f t h e m a j o r i s o t o p e s a t 45, 115 and 195 m/z 

u n i t s r e s p e c t i v e l y . I t i s t h e n p o s s i b l e t o e x t r a p o l a t e 

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

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

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

s t a n d a r d i s a t i o n a t a n y s p e c i f i c m/z u n i t . The 

di s a d v a n t a g e o f t h i s approach i s t h a t i t t a k e s no account 

o f f i r s t i o n i s a t i o n p o t e n t i a l , o n l y mass. R e s u l t s a r e 

shown i n F i g . 4.6 as p l o t s o f ' a c t u a l ' v e r s u s ' f o u n d ' 

c o n c e n t r a t i o n as b e f o r e , u s i n g Sc, I n and P t as i n t e r n a l 

s t a n d a r d s u s i n g t h e i s o t o p e s a t 45, 115 and 195 m/z u n i t s 

r e s p e c t i v e l y . F i g . 4.6 i n d i c a t e s t h a t La and Pb showed 

good r e c o v e r i e s , even t h o u g h a l i t t l e h i g h , w h i l e t h e 

r e c o v e r y f o r Co was v e r y low. The re a s o n f o r t h e l o w Co 

r e c o v e r y i s t h a t a t 45 m/z u n i t s a l a r g e s i g n a l a l s o 

a r i s e s from t h e p o l y a t o m i c s p e c i e s ^^C02H+ and/or ^^COj"*", 

w h i c h swamps t h a t due t o '̂ Ŝc'*' and r e s u l t s i n t h e Sc 

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

f o r La and Pb were l e s s a f f e c t e d because t h e r e were no 

i n t e r f e r e n c e s a t 115 and 195 m/z u n i t s , c o r r e s p o n d i n g t o 

^ ^ ^ I n and ^ ^ ^ P t , which p r i m a r i l y i n f l u e n c e t h e p o r t i o n o f 

t h e s e m i - q u a n t i t a t i v e c u r v e from which e x t r a p o l a t i o n s a r e 

made f o r i n t e r n a l s t a n d a r d i s a t i o n o f ^^^La and ^*^®Pb 

i s o t o p e s . However, t h e skewing o f t h e c u r v e caused by t h e 
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i n t e r f e r e n c e a t 45 m/z u n i t s does have some e f f e c t ( F i g . 

4.7) r e s u l t i n g i n a r e l a t i v e l y poor performance when u s i n g 

Sc, I n and P t as i n t e r n a l s t a n d a r d s compared t o I n a l o n e . 

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

a t t h e l o w mass r a n g e , Sc b e i n g t h e o n l y e l e m e n t n o t 

l i k e l y t o be p r e s e n t i n m o s t s a m p l e s . However, t h e 

p e r f o r m a n c e o f I n as t h e s o l e i n t e r n a l s t a n d a r d has been 

shown t o be adequate. 

4.2.6 Co n c l u s i o n s 

M a t r i x e f f e c t s c a u s e d b y an o r g a n i c s o l v e n t w e r e 

compensated f o r by i n t e r n a l s t a n d a r d i s a t i o n p r o v i d e d t h e 

e x t e r n a l s t a n d a r d and a n a l y t e e l e m e n t s w e r e c l o s e l y 

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

p o t e n t i a l . T h ese m a t r i x e f f e c t s w e r e e l i m i n a t e d by 

e m p l o y i n g a n o v e l method o f sample i n t r o d u c t i o n , a n d by 

u s i n g I n as an i n t e r n a l s t a n d a r d t o compensate f o r t h e 

d i f f e r e n c e i n u p t a k e r a t e s between aqueous and o r g a n i c 

phases. The most e f f e c t i v e method was t o mix t h e two 

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

m a t r i x m a t c h i n g o f s t a n d a r d s and samples and a s l i g h t 

improvement i n p r e c i s i o n when u s i n g an i n t e r n a l s t a n d a r d . 
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CHAPTER S 

SIMPLEX OPTIMISATION OF PLASMA OPERATING CONDITIONS FOR 
ICP-MS USING TWO TYPES OF TORCH 
5.1 I n t r o d u c t i o n 

R e p o r t s o f " o p t i m i s a t i o n " s t u d i e s f o r ICP-MS (39, 40, 120, 

121) have been c o n f i n e d t o i n v e s t i g a t i o n s o f v a r i o u s 

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

" o p t i m i s a t i o n " s t u d i e s f o r ICP-AES g e n e r a l l y use e i t h e r 

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

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

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

" o p t i m i s a t i o n " s t u d i e s f o r ICP-MS g e n e r a l l y use maximum 

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

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

ICP-MS, i s t h e need t o o p t i m i s e t h e i n s t r u m e n t f o r maximum 

s i g n a l w h i l e a t t h e same t i m e m i n i m i s i n g p o t e n t i a l 

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

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

S e v e r a l s e t s o f w o r k e r s have " o p t i m i s e d " plasma o p e r a t i n g 

c o n d i t i o n s , and even i o n l e n s e v o l t a g e s , f o r t h e two main 

c o m m e r c i a l l y a v a i l a b l e systems, namely t h e S c i e x E l a n (39, 

121) and t h e VG PlasmaQuad (40, 1 2 0 ) . They " o p t i m i s e d " 

t h e systems f o r maximum a n a l y t e s i g n a l u s i n g u n i v a r i a t e 

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

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

a l s o m i n i m a l s i g n a l s due t o d o u b l y charged and p o l y a t o m i c 
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i o n s . I n g e n e r a l i t was f o u n d t h a t t h e same s e t o f 

o p e r a t i n g c o n d i t i o n s c o u l d be used f o r d i f f e r e n t elements 

w i t h w i d e l y d i f f e r i n g masses, i o n i s a t i o n p o t e n t i a l s and 

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

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

t h e c o n d i t i o n s a t which d o u b l y charged and o x i d e i o n s were 

a t r e l a t i v e l y low l e v e l s . The t r e n d s observed f o r t h e two 

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

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

charged i o n s ( 1 2 0 ) , p r o b a b l y due t o i m p o r t a n t d i f f e r e n c e s 

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

w o r k e r s 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 t o be 

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

The " o p t i m i s a t i o n " s t u d i e s m e n t i o n e d above have been 

a p p l i e d t o ICP-MS s y s t e m s o p e r a t i n g w i t h s t a n d a r d 

components, and t h e p r e f e r r e d " o p t i m i s a t i o n " t e c h n i q u e has 

been t o c a r r y o u t a s e r i e s o f u n i v a r i a t e searches. As has 

a l r e a d y been shown f o r ICP-AES, i n C h a p t e r 2, a more 

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

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

i n t e r d e p e n d e n t v a r i a b l e s . I n comparison t o ICP-AES l i t t l e 

i s known a b o u t t h e response s u r f a c e s o f v a r i o u s c r i t e r i a 

o f m e r i t f o r ICP-MS s i n c e i t i s a r e l a t i v e l y new 

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

made t o s t a n d a r d components. S i n c e a c o m p a r i s o n between 

ICP-MS systems w i t h m o d i f i c a t i o n s can o n l y be v a l i d i f 

each s y s t e m i s o p e r a t i n g u n d e r o p t i m u m c o n d i t i o n s , a 

m u l t i v a r i a t e o p t i m i s a t i o n t e c h n i q u e s u c h as s i m p l e x 
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o p t i m i s a t i o n i s n e c e s s a r y t o l o c a t e t h e t r u e o p t i m a . I n 

t h i s work s i m p l e x o p t i m i s a t i o n was used t o o p t i m i s e t h e 

plasma o p e r a t i n g c o n d i t i o n s o f an ICP-MS i n s t r u m e n t u s i n g 

b o t h a s t a n d a r d F a s s e l t o r c h and a l o w - f l o w t o r c h . Low-

f l o w t o r c h e s have been shown t o a l l o w more s t a b l e plasma 

o p e r a t i o n f o r ICP-AES ( 7 0 ) , I t has been observed i n t h i s 

l a b o r a t o r y (122) t h a t s t a b l e o p e r a t i o n o f t h e plasma i s 

more d i f f i c u l t f o r ICP-MS c o m p a r e d t o ICP-AES on 

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 , p r o b a b l y because o f 

t h e c l o s e a s s o c i a t i o n between t h e plasma and s a m p l i n g 

i n t e r f a c e i n t h e form e r i n s t r u m e n t . T h e r e f o r e , a low f l o w 

t o r c h may have c e r t a i n advantages o v e r t h e s t a n d a r d t o r c h 

i n ICP-MS f o r 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 . 

Gordon e t a l . (123) have " o p t i m i s e d " a w a t e r c o o l e d l o w -

f l o w t o r c h f o r ICP-MS u s i n g a u n i v a r i a t e " o p t i m i s a t i o n " 

t e c h n i q u e , and a r r i v e d a t "optimum" o p e r a t i n g c o n d i t i o n s 

o f : plasma gas, 2.1 1 mi n ~ ^ ; n e b u l i s e r gas 0.20 1 m i n ~ ^ ; 

f o r w a r d power 1100 W, U s i n g t h i s t o r c h t h e y o b s e r v e d 

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

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

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

comparison w i t h t h e s t a n d a r d t o r c h . However, s i n c e t h e i r 

o p t i m i s a t i o n t o o k no a c c o u n t o f t h e dependent n a t u r e o f 

t h e v a r i a b l e s s u c h c o n c l u s i o n s may o r may n o t b e 

r i g o r o u s l y v a l i d . 

Simplex o p t i m i s a t i o n has so f a r n o t been a p p l i e d t o ICP-MS 

e x c e p t f o r t h e o p t i m i s a t i o n o f i o n o p t i c s ( 1 2 4 ) . Hence, 
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i t was c o n s i d e r e d t h a t a more r i g o r o u s m u l t i v a r i a t e 

o p t i m i s a t i o n o f p l asma o p e r a t i n g c o n d i t i o n s was l o n g 

overdue. I n t h i s work plasma o p e r a t i n g c o n d i t i o n s , u s i n g 

b o t h a s t a n d a r d t o r c h and a l o w - f l o w t o r c h , have been 

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

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

t h e 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 o l v e n t s . 

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

5.2.1 I n s t r u m e n t a t i o n 

A l l e x p e r i m e n t s w e r e p e r f o r m 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 (VG PlasmaQuad 2, VG 

E l e m e n t a l , W i n s f o r d , C h e s h i r e , U.K.) d e s c r i b e d i n S e c t i o n 

4.2.1. Torch dimensions a r e g i v e n i n T a b l e 5.1. The low-

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

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

i n t e r n a l 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 were s m a l l e r i n t h e 

f o r m e r . A d d i t i o n a l l y , t h e i n l e t t u b e s f o r t h e a u x i l l i a r y 

( i n t e r m e d i a t e ) and c o o l a n t ( o u t e r ) gases were c o n s t r i c t e d 

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

t h e s e g a s e s t h r o u g h t h e i n t e r m e d i a t e and o u t e r t u b e s 

r e s p e c t i v e l y . A s t a n d a r d M e i n h a r d t n e b u l i s e r was used i n 

c o n j u n c t i o n w i t h t h e l o w - f l o w t o r c h , and a v - g r o o v e 

n e b u l i s e r (Ebdon n e b u l i s e r , PS A n a l y t i c a l , Sevenoaks, 

Kent, U.K.) w i t h t h e s t a n d a r d t o r c h . 

5.2.2 Simplex O p t i m i s a t i o n Parameters 

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

5.2, w i t h t h e ranges o v e r w h i c h o p t i m i s a t i o n e x p e r i m e n t s 
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Table 5.1 Dimensions of the standard and low-flow torches used i n 

th i s work 

Standard torch Low-flow torch 

Injector tube i.d./mm 1.6 1.0 

Intermediate tube 0.d./mm 15.6 16.6 

Outer tube i.d./mm 20.4 20.4 

0,d./mm 18.0 18.0 

Configuration factor 0.77 0.81 

Gas i n l e t s i.d./mm 6 2 

Table 5.2 Boundary l i m i t s of parameters studied during the simplex 

optimisation 

Paramecer 
Range 

Standard torch Low-flow torch 

Nebuliser gas/1 min"^ 0.200 - 1.250 0 - 0.800 
A u x i l l i a r y gas/1 min"^ 0 - 2.5 0 - 2.0 

Coolant gas/1 min~^ 11 - 18 6 - 10 

Forward power/W 900 - 1800 500 - 900 
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were c o n d u c t e d . The s a m p l i n g d e p t h was n o t i n c l u d e d 

because a d j u s t m e n t o f t h i s parameter caused a r c i n g between 

t h e t o r c h box and s a m p l i n g cone. The s a m p l i n g d e p t h was 

m a i n t a i n e d a t 10.75 and 11.50 mm f o r t h e s t a n d a r d and low-

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

m a i n t a i n e d a t +2^C. 

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

s o f t w a r e package d e v e l o p e d p r e v i o u s l y (88) and r u n on a 

microcomputer (Apple l i e , Apple Computer I n c . , C u p e r t i n o , 

C a l i f o r n i a , USA). The s i g n a l f o r In"*", i n area c o u n t s s~^, 

a t 115 m/2 u n i t s was t a k e n as t h e c r i t e r i o n o f m e r i t . 

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

namely t h e e x t r a c t i o n , c o l l e c t o r , L I , L2, L3, L4, and t h e 

p o l e b i a s were r e - a d j u s t e d t o o b t a i n t h e maximum s i g n a l . 

A d d i t i o n a l l y , t h e p o s i t i o n o f t h e t o r c h i n t h e x, y and z 

axes was r e - a d j u s t e d t o o b t a i n maximum s i g n a l . T h i s was 

p a r t i c u l a r l y c r i t i c a l f o r t h e l o w - f l o w t o r c h due t o t h e 

s m a l l i n t e r n a l d i a m e t e r o f t h e i n j e c t o r tiabe. 

A f t e r each o p t i m i s a t i o n u n i v a r i a t e searches were p e r f o r m e d 

f o r each parameter i n t u r n w h i l e h o l d i n g t h e o t h e r s a t t h e 

optimum e s t a b l i s h e d by t h e s i m p l e x p r o c e d u r e . 

5.2.3 Mass Spectrometer O p e r a t i n g C o n d i t i o n s 

The mass s p e c t r o m e t e r was o p e r a t e d i n su r v e y s c a n n i n g mode 

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

Ta b l e 5.3. 
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Table 5.3 Data acquisition parameters used in survey scanning mode 

Mass range/m/z 8.0 - 215.5 
No. of channels 2048 

No. of scan sweeps 100 

Dwell time/jis 320 
Time per scan/s 65.5 
No. of scans 1 
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5.2.4 Reagents and Standards 

A m u l t i e l e m e n t s t a n d a r d s o l u t i o n o f Be, Co, I n , Ba and Pb, 

100 ng m l " ^ , was p r e p a r e d by d i l u t i o n o f a 10 m l ~ ^ 

m u l t i e l e m e n t s t o c k s o l u t i o n u s i n g 2 + 9 8 ( v / v ) n i t r i c a c i d 

( A r i s t a r , BDH C h e m i c a l s L t d . ) i n d e i o n i s e d d o u b l e -

d i s t i l l e d w a t e r . A l l m u l t i e l e m e n t s t o c k s o l u t i o n s were 

made up u s i n g s i n g l e e l e m e n t s t a n d a r d s o l u t i o n s 

( S p e c t r o s o l , BDH C h e m i c a l s L t d . o r A l f a C h e m i c a l Co. 

I n c . ) . 

A s e m i - q u a n t i t a t i v e d e t e r m i n a t i o n o f t r a c e e l e m e n t s i n 

o r g a n i c samples d i l u t e d i n x y l e n e was a l s o p e r f o r m e d . For 

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

L i , Co, I n , Ba and Pb, 100 ng m l " ^ , was p r e p a r e d by 

d i l u t i o n o f a 10 ̂ g m l " ^ m u l t i e l e m e n t s t o c k s o l u t i o n u s i n g 

x y l e n e ( A r i s t a r , BDH Chemicals L t d . ) . The m u l t i e l e m e n t 

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

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

m e t a l s (BDH Chemicals L t d . ) i n x y l e n e f o r L i , Co, Ba and 

Pb, and a 1000 jig m l " ^ s o l u t i o n o f I n i n x y l e n e ( A l f a 

Chemical Co. I n c . ) . 

5.3 R e s u l t s and D i s c u s s i o n 

O p t i m i s a t i o n e x p e r i m e n t s were completed i n between 25 - 30 

s t e p s . The o n l y p r o b l e m e n c o u n t e r e d was t h a t caused by 

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

l i m i t s , w h i c h made t u n i n g o f t h e i o n l e n s e s 

u n r e p r o d u c i b l e . T a b l e 5.4 shows t h e optimum c o n d i t i o n s 

e s t a b l i s h e d f o r t h e s t a n d a r d a nd l o w - f l o w t o r c h e s . 
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Table 5.4 Optimum operating conditions established for the standard 

and low-flow torches 

Optimum 

Standard torch 

conditions 

Low-flow torch 

Nebuliser gas/1 min"^ 0.842 0.670 
Au x i l l i a r y gas/1 min"^ 0.8 1.6 
Coolant gas/1 min"^ 11.5 6.8 
Forward power/W 1583 865 
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U n i v a r i a t e searches a t t h e e s t a b l i s h e d optimum c o n d i t i o n s 

f o r a n a l y t e s i g n a l , Ba^VBa"*" r a t i o , BaoVBa"*" r a t i o , ArO"*", 

ArN"*" and ArAr"*" a r e shown i n F i g s . 5.1 - 5.15. 

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

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

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

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

d i s c u s s e d below. 

5.3.1 E f f e c t o f Opeyatinq Parameters 

5.3.1.1 N e b u l i s e r Gas 

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

e l e m e n t s Be, Co, I n , Ba, and Pb u s i n g t h e i s o t o p e s a t 9, 

59, 115, 138 and 208 m/z u n i t s r e s p e c t i v e l y i s shown i n 

F i g . 5.1A f o r t h e s t a n d a r d t o r c h and F i g . 5.IB f o r t h e 

l o w - f l o w t o r c h . I t s h o u l d be r e m e m b e r e d t h a t t h e 

o p t i m i s a t i o n was p e r f o r m e d u s i n g In"*" r e s p o n s e as t h e 

c r i t e r i o n o f m e r i t , hence t h e v e r t i c a l arrows i n d i c a t e t h e 

optimum c o n d i t i o n s f o r t h i s e l e m e n t o n l y . The s i m p l e x 

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

t o r c h e s . However, i n t h e case o f t h e s t a n d a r d t o r c h ( F i g . 

5.1A) Be"*" and Co"*" s i g n a l s peaked a t h i g h e r n e b u l i s e r gas 

f l o w r a t e s t h a n In"*", and Ba"*" and Pb"*" s i g n a l s p e a k e d a t 

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

t h e mass t h e h i g h e r t h e n e b u l i s e r g a s f l o w t h a t was 

r e q u i r e d f o r maximum s i g n a l . Gray and c o - w o r k e r s ( 4 0 , 

125) have shown t h a t plasma p o t e n t i a l and i o n e n e r g i e s f o r 

elements o f d i f f e r e n t mass a r e dependent on t h e n e b u l i s e r 
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gas f l o w and f o r w a r d power, a t l e a s t i n t h e VG PlasmaQuad 

i n s t r u m e n t f o r w h i c h plasma p o t e n t i a l s between +5 t o +20V 

a r e common. A consequence o f t h i s i s t h a t c e r t a i n s e t s o f 

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

a c r o s s t h e mass range, making i t d i f f i c u l t t o o p t i m i s e t h e 

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

d i f f e r e n t mass. T h i s may be t h e c a u s e o f t h e t r e n d s 

observed and shown i n F i g . 5.1A s i n c e t h e i o n o p t i c s were 

o p t i m i s e d f o r In"*" o n l y . These r e s u l t s d i f f e r f r o m t h o s e 

o f Gray and W i l l i a m s (40) who found t h a t one n e b u l i s e r gas 

f l o w was optimum f o r e l e m e n t s o f d i f f e r e n t mass. One 

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

e x p e r i m e n t s a t 1300 W f o r w a r d power whereas t h i s work was 

p e r f o r m e d a t 1583 W f o r w a r d p o w e r f o u n d as o p t i m u m . 

Douglas and French (126) have suggested t h a t i o n e n e r g i e s 

v a r y c o n s i d e r a b l y more t h a n t h o s e r e p o r t e d by Gray and 

W i l l i a m s due t o an a r t i f a c t c a u s e d by m e a s u r i n g t h e 

e n e r g i e s o f t h e i o n s a f t e r t h e i o n o p t i c s , which a c t as a 

f i l t e r f o r i o n s o f t h e same energy. 

For t h e l o w - f l o w t o r c h , w i t h t h e e x c e p t i o n o f Be, a l l 

e l e m e n t s e x h i b i t e d maximum s i g n a l s a t more o r l e s s t h e 

same n e b u l i s e r gas f l o w ( F i g . 5 . I B ) . Gordon e t _ a l . (123) 

have p o s t u l a t e d t h a t t h e plasma p o t e n t i a l i s g r e a t e r i n 

plasmas o p e r a t e d a t low f l o w s , w i t h a consequent i n c r e a s e 

i n i o n e n e r g i e s . However, as l o n g as t h e s p r e a d i n i o n 

e n e r g i e s f o r e l e m e n t s o f d i f f e r e n t masses i s s m a l l , t h e n 

one s e t o f i o n l e n s c o n d i t i o n s , such as t h o s e f o r In"*", 

s h o u l d be optimum f o r a l l i o n s . T h i s seems t o be t h e case 
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f o r t h e l o w - f l o w plasma s t u d i e d i n t h i s w ork, w i t h t h e 

e x c e p t i o n o f Be. 

The major e f f e c t o f a h i g h plasma p o t e n t i a l i s t o i n c r e a s e 

t h e amount o f d o u b l y c h a r g e d i o n s (123, 1 2 5 ) . T h i s was 

t h e case f o r t h e l o w - f l o w t o r c h s t u d i e d i n t h i s work, t h e 

Ba^Vsa"*" r a t i o s h o w i n g a peak w h i c h c o i n c i d e d w i t h t h e 

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

about 0.5 a t i t s maximum ( F i g . 5.2B). D u r i n g o p e r a t i o n o f 

t h e l o w - f l o w t o r c h what l o o k e d l i k e a glow d i s c h a r g e o r 

boundary l a y e r was v i s i b l e a t t h e sampler o r i f i c e . T h i s 

w ould a l s o cause l a r g e amounts o f d o u b l y c h a r g e d i o n s t o 

be f o r m e d , and m i g h t e x p l a i n why t h e peak i n Bâ "*'/Ba'*" 

r a t i o c l o s e l y matched t h a t o f a n a l y t e s i g n a l . 

For t h e s t a n d a r d t o r c h t h e Bâ "*'/Ba'*' r a t i o was much l o w e r 

a t t h e o p t i m u m n e b u l i s e r g a s f l o w ( F i g . 5.2A) i n 

compar i s o n w i t h t h e l o w - f l o w t o r c h , b u t i n c r e a s e d as gas 

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

o b t a i n e d by o t h e r w o r k e r s ( 4 0 , 120) u s i n g a PlasmaQuad 

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

Gray e t a l . (125) have shown t h a t as n e b u l i s e r gas f l o w 

i n c r e a s e s so does t h e plasma p o t e n t i a l , r e s u l t i n g i n an 

i n c r e a s e i n t h e amount o f d o u b l y charged i o n s , a decrease 

i n AroVco"*" and ArArVco"*" r a t i o s and a s l i g h t decrease i n 

CeO"*". For t h e E l a n i n s t r u m e n t w i t h a c e n t r e t a p p e d l o a d 

c o i l t h e Ba^VBa"*" r a t i o decreases w i t h n e b u l i s e r gas f l o w 

( 3 9 ) . The b e h a v i o u r i s d i f f e r e n t i n t h i s i n s t r u m e n t 

because t h e plasma p o t e n t i a l i s r e l a t i v e l y low ( 1 2 7 ) , i . e . 
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+0.5 t o -3.5 V, a n d l e s s d e p e n d e n t o n o p e r a t i n g 

c o n d i t i o n s . 

For b o t h t o r c h e s t h e BaoVBa**" r a t i o s were low a t optimum 

n e b u l i s e r gas f l o w s ( F i g . 5,2A and B) and t h e r e f o r e 

p r e s e n t no p r o b l e m s . The BaO"*"/Ba"'' r a t i o i n c r e a s e d 

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

( F i g . 5.2A) i n agreement w i t h Gray and W i l l i a m s ( 4 0 ) , and 

t h e r a t i o showed a s m a l l peak a t 0.75 1 min"^ f o r t h e low-

f l o w t o r c h ( F i g . 5.2B) w h i c h c o u l d have been due t o an 

i n c r e a s e i n t h e amount o f O"*" a t t h i s gas f l o w . 

The e f f e c t o f n e b u l i s e r gas f l o w on ArO"*", ArN"*" and ArAr"*" 

i s shown i n F i g . 5.3. For t h e s t a n d a r d t o r c h t h e t r e n d s 

e x h i b i t e d i n F i g . 5.3A a g r e e w i t h t h o s e r e p o r t e d by Gray 

and W i l l i a m s ( 4 0 ) , a nd show m i n i m a a t t h e o p t i m u m 

n e b u l i s e r gas f l o w , though t h e response f o r ArAr"*" was much 

l o w e r i n t h i s s t u d y . I n c o n t r a s t , f o r t h e l o w - f l o w t o r c h , 

t h e ArN"*" and ArO"*" s i g n a l s peaked a t n e b u l i s e r gas f l o w s 

w h i c h w e r e t h e same as a n d 0.01 1 m i n " ^ h i g h e r 

r e s p e c t i v e l y t h a n t h e optimum f o r In"*" s i g n a l ( F i g . 5.3B). 

I t i s l i k e l y t h a t t h e presence o f t h e O"*" and N"*" p r e c u r s o r s 

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

g r e a t e s t e x t e n t , t h e i r c o n c e n t r a t i o n i n t h e plasma b e i n g 

d e t e r m i n e d by n e b u l i s e r gas f l o w . However, Douglas and 

F r e n c h ( 1 2 6 ) have c a l c u l a t e d t h a t f o r l o w - f l o w a r g o n 

plasmas a g r e a t e r p r o p o r t i o n o f t h e plasma gas w i l l be 

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

g r e a t e r e n t r a i n m e n t o f at m o s p h e r i c gases, which w i l l a l s o 
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i n f l u e n c e ArO"*" and ArN"*" f o r m a t i o n . Whatever t h e c a s e , 

more work i s n e c e s s a r y t o d e t e r m i n e t h e mechanisms o f 

f o r m a t i o n o f t h e s e s p e c i e s i n a l o w - f l o w , low power plasma 

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

The l o w - f l o w t o r c h gave r i s e t o a s m a l l e r s i g n a l f o r ArAr"*" 

i n c o m p a r i s o n w i t h t h e s t a n d a r d t o r c h ( F i g . 5 , 3 ) , t h o u g h 

t h e d i f f e r e n c e was n o t g r e a t . 

5.3,1.2 Forward Power 

The e f f e c t o f f o r w a r d power on a n a l y t e s i g n a l i s shown i n 

F i g . 5.4 f o r b o t h t o r c h e s . W i t h r e g a r d t o t h e s t a n d a r d 

t o r c h ( F i g . 5,4A) t h e s i m p l e x p r o c e d u r e has s u c c e s s f u l l y 

l o c a t e d t h e optimum f o r w a r d power f o r maximum In"*" s i g n a l . 

However, t h e maximum s i g n a l s f o r Be"*" and Co"*" were a t l o w e r 

power, w h i l e t h o s e f o r Ba"*" and Pb"*" were a t h i g h e r power. 

As o b s e r v e d f o r n e b u l i s e r gas f l o w t h e o p t i m a were mass 

dep e n d e n t , t h o u g h i n t h i s case t h e o r d e r was r e v e r s e d , 

i . e . h i g h e r masses r e q u i r e d h i g h e r power f o r maximum 

s i g n a l . A c o r r e l a t i o n between power and f i r s t i o n i s a t i o n 

p o t e n t i a l c a n n o t be made as one w o u l d e x p e c t t h o s e 

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

h i g h e r power, whereas t h i s was n o t t h e case (Tab l e 5.5). 

A d i s p a r i t y i n i o n e n e r g i e s f o r e l e m e n t s o f d i f f e r e n t 

masses may a g a i n be t h e c a u s e , as d i s c u s s e d i n t h e 

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

f o r In"*". Gray e t a l . (125) f o u n d t h a t plasma p o t e n t i a l , 

and hence i o n e n e r g i e s , i n c r e a s e as n e b u l i s e r gas f l o w i s 
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Table 5.5 Masses of the major isotopes (M), f i r s t i o n i s a t i o n 

p o t e n t i a l s ( I I ) and apparent optimum powers (PQP^) f o r the 

elements studied 

Element M I l / V Popt/^' 

Be 9 9.32 1300 

Co 59 7.86 1350 

In 115 5.79 1583 

Ba 138 5.21 >1800 

Pb 208 7.42 >1800 
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Bâ ''"/Ba"*' (0); and BaÔ /Ba"*" (Q) , using the standard and 
low-flow torches 

136 



A) STANDARD'TORCH 

8 0 0 0 0 

I 

t n 

Z 4 0 0 0 0 
3 
O 
U 

^ 2 0 0 0 0 

O 

0 -
4 0 0 a O O 1300 1 6 0 0 

F O R W A R D P O W E R / W 
2 0 0 0 

B) LOW-FLOW TORCH 

Q O O O O n 

I 
i n 

Z 4 0 0 0 0 

o 

2 0 0 0 0 H 

aoo 1200 1 6 0 0 
F O R W A R D P O W E R / W 

2 0 0 0 

Figure 5.6 Effect of forward power on the signals for: 
ArO"*" (O) ; ArN"̂  (•); and ArAr"̂  (A) , using the standard and 
low-flow torches 

1 3 7 



i n c r e a s e d but d e c r e a s e as power i s i n c r e a s e d . B e a r i n g 

t h i s i n mind t h e t r e n d s i n mass dependent optima f o r 

n e b u l i s e r gas flow and power support each other. Taking 

Pb as an example, f o r one p a r t i c u l a r n e b u l i s e r gas flow or 

forward power Pb"*" ions w i l l have a g r e a t e r energy than In"*" 

i o n s due t o the mass dependent a c q u i s i t i o n of k i n e t i c 

energy i n t h e e x p a n s i o n r e g i o n . Hence Pb"*" i o n s w i t h 

e n e r g i e s r e q u i r e d f o r maximum t r a n s m i s s i o n through i o n 

o p t i c s optimised f o r In"*" w i l l be most p r e v a l e n t a t a lower 

n e b u l i s e r gas flow or a hi g h e r power than i s optimal f o r 

In"*". Such an e f f e c t was observed i n t h i s work, however 

s i n c e no measurements of i o n energy were made such an 

explanation remains t e n t a t i v e . 

I n comparison, f o r the low-flow t o r c h , maximum s i g n a l was 

not obtained f o r any of the elements, even a t the h i g h e s t 

power st u d i e d ( F i g . 5-4B). The simplex procedure l o c a t e d 

the 'optimum' power f o r In"*" s i g n a l a t a lower v a l u e than 

would be r e g a r d e d a s optimum, i . e . t h e o p t i m i s a t i o n 

f a i l e d . T h i s was because a t a power g r e a t e r than 1000 W 

the t o r c h s t a r t e d t o melt, r e q u i r i n g a f a l s e low response 

to be i n p u t to the computer whenever such a c o n d i t i o n 

a r o s e . T h i s had the e f f e c t of c a u s i n g t h e s i m p l e x to 

l o c a t e an 'optimum* a t a lower power. However, the trends 

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

i n d i c a t i n g t h a t the d i s c r e p a n c y i n i o n e n e r g i e s was l e s s 

pronounced i n the low-flow plasma compared to t h a t f o r the 

s t a n d a r d t o r c h . The i n c r e a s e i n a n a l y t e response w i t h 

i n c r e a s i n g power i s p r o b a b l y due t o a c o r r e s p o n d i n g 
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i n c r e a s e i n i o n i s a t i o n temperature. 

For the standard t o r c h the Ba^VBa"*" r a t i o d ecreased w i t h 

i n c r e a s i n g power to l e s s than 0.1 a t the optimum ( F i g . 

5.5A) i n agreement w i t h t h e r e s u l t s o f Long and Brown 

(1 2 0 ) , and p o s s i b l y due t o a c o r r e s p o n d i n g d e c r e a s e i n 

plasma p o t e n t i a l . The BaO"*'/Ba''' r a t i o was l e s s than 0,01 

a t a l l powers studied. 

For t h e l o w - f l o w t o r c h t h e Ba^"*'/Ba'*" r a t i o e x h i b i t e d 

d i f f e r e n t b ehaviour, showing a maximum a t 825 W ( F i g . 

5.5B) which c o i n c i d e d w i t h t h e optimum power f o r In"*" 

s i g n a l . The subsequent decrease i n the r a t i o above 825 W 

could have been due to a corresponding decrease i n plasma 

p o t e n t i a l , though t h i s seems u n l i k e l y . As mentioned i n 

the p r e v i o u s s e c t i o n a boundary l a y e r or d i s c h a r g e was 

v i s i b l e i n the sampler o r i f i c e during operation, and t h i s 

may w e l l have had an e f f e c t . Gordon e t a l . (123) observed 

Cê "*"/Ce'*' r a t i o s of up to 1.0 and a much b r o a d e r peak 

p r o f i l e between 900 - 1400 W using t h e i r water cooled low-

flow torch, though i t was operated a t much lower gas flows 

and was d i f f e r e n t i n design. E v i d e n t l y i t i s d e s i r a b l e to 

o p e r a t e t h i s p a r t i c u l a r t o r c h a t t h e maximum power 

p o s s i b l e t o reduce t he Bâ '*"/Ba'*" r a t i o , w h i l e a t the same 

time improving a n a l y t e s i g n a l s . The BaoVsa"*" r a t i o was of 

the order of 0.01 between 800 - 1000 W ( F i g . 5.5B), which 

was t he a n a l y t i c a l l y u s e f u l power range, and t h e r e f o r e 

presented fewer problems. 
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The ArO"*" and ArN"*" s i g n a l s e x h i b i t e d c o n t r a s t i n g behaviour 

fo r the two torches ( F i g . 5,6). Whereas f o r the standard 

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

i n c r e a s i n g forward power ( F i g . 5.6A), f o r the low-flow 

t o r c h they decreased to a minimum a t 700 W, i n c r e a s e d to 

maxima a t 950 W and 900 w r e s p e c t i v e l y , then d e c r e a s e d 

a g a i n ( F i g . 5 . 6 B ) . I n t h e l a t t e r c a s e t h e i n i t i a l 

d e c r e a s e i n p o l y a t o m i c i o n s may h a v e been due t o a 

r e d u c t i o n i n the entrainment of atmospheric gases as the 

p l a s m a i n c r e a s e d i n s i z e w i t h i n c r e a s i n g power. 

Subsequently O"*" and N*̂  p r e c u r s o r s i n the n e b u l i s e r gas 

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

i o n i s a t i o n temperature i n c r e a s e d w i t h power, u n t i l t h e 

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

decomposition had a g r e a t e r i n f l u e n c e . The ArAr"*" s i g n a l 

v a r i e d very l i t t l e f o r both torches over the power ranges 

st u d i e d . 

5.3,1.3 Sampling Depth 

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

o p t i m i s a t i o n but was h e l d c o n s t a n t a t 10.75 and 11.5 mm 

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

However, u n i v a r i a t e searches were undertaken to a s c e r t a i n 

whether t h i s parameter had a s i g n i f i c a n t e f f e c t on the 

c r i t e r i a a l r e a d y mentioned. 

Sampling depth had v e r y l i t t l e e f f e c t on a n a l y t e s i g n a l s 

fo r e i t h e r t o r c h ( F i g . 5.7), and the trends i n d i c a t e t h a t 

the range i n v e s t i g a t e d was w e l l w i t h i n the zone i n the 
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plasma between the i n i t i a l r a d i a t i o n and normal a n a l y t i c a l 

zones where s i n g l y charged ion populations are g r e a t e s t . 

S i m i l a r l y very l i t t l e change was observed i n the Ba^VBa"*" 

and BaO"'"/Ba''" r a t i o s f o r e i t h e r t o r c h ( F i g . 5.8), though a 

steady i n c r e a s e i n the Ba2VBa"*" r a t i o was observed u s i n g 

the low-flow t o r c h as the d i s t a n c e between the sampling 

cone and the load c o i l was i n c r e a s e d ( F i g . 5.8B). T h i s 

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

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

p o s i t i o n moved f u r t h e r away from the load c o i l . 

A gradual i n c r e a s e i n the s i g n a l s f o r ArO'*', ArN"*" and ArAr"*" 

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

i n c r e a s e d f o r t h e s t a n d a r d t o r c h ( F i g . 5.9A), p r o b a b l y 

because i o n s were sampled from a c o o l e r r e g i o n of the 

plasma. The trends e x h i b i t e d by these ions when using the 

low-flow t o r c h c o n t r a s t e d g r e a t l y ( F i g , 5.9B). The s i g n a l 

f o r ArO"*" decreased, t h a t f o r ArN"*" i n c r e a s e d s l i g h t l y and 

t h a t f o r ArAr"*" remained constant. The c o n t r a s t i n g trends 

fo r ArO"*" and ArN"*" suggest t h a t these ions may be formed by 

p r e c u r s o r s from d i f f e r e n t sources i n the low-flow plasma, 

O"*" ions from the n e b u l i s e r gas c o n t r i b u t i n g to ArO"*", and 

N"*" i o n s from e n t r a i n e d atmospheric gases c o n t r i b u t i n g to 

ArN"*". 

5.3.1.4 A u x i l l i a r y Gas 

The simplex o p t i m i s a t i o n s u c c e s s f u l l y l o c a t e d the optimum 

gas flows f o r both to r c h e s . The trends i n a n a l y t e s i g n a l s 
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observed f o r the standard t o r c h ( F i g . 5.10A) agree w i t h 

t h e r e s u l t s o f Long and Brown (120) who o b s e r v e d an 

i d e n t i c a l p a t t e r n , a l b e i t a t lower gas f l o w s . F o r t h e 

low-flow t o r c h a u x i l l i a r y gas flow had l i t t l e e f f e c t on 

a n a l y t e s i g n a l s ( F i g . 5.10B). L i k e w i s e Ba^+ZBa"** and 

BaoVBa"*" r a t i o s were r e l a t i v e l y u n a ffected ( F i g . 5.11) f o r 

both t o r c h e s . 

ArO"*" and ArN"*" s i g n a l s e x h i b i t e d s i m i l a r behaviour f o r the 

standard t o r c h ( F i g . 5.12A), though c o n t r a s t i n g behaviour 

fo r the low-flow t o r c h ( F i g . 5.12B) suggesting again t h a t 

t h e s e i o n s were formed by p r e c u r s o r s from d i f f e r e n t 

sources with t h i s t o r c h . For both t o r c h e s the optimum gas 

flows determined f o r I n c o i n c i d e d with s i g n a l s c l o s e to 

the minima observed f o r t h e s e i o n s . The ArAr**" s i g n a l 

v a r i e d v e r y l i t t l e over the ranges s t u d i e d f o r e i t h e r 

t o r c h ( F i g . 5.12). 

5.3.1.5 Coolant Gas 

The simplex o p t i m i s a t i o n l o c a t e d the'optimum' coolant gas 

flow t o be c l o s e to the lower boundary l i m i t f o r both 

torches ( F i g . 5.13). E v i d e n t l y the t r u e optima were below 

the boundary l i m i t s f o r coolant gas flow a t 11 1 min*^ and 

6 1 m i n " ^ f o r t h e s t a n d a r d and l o w - f l o w t o r c h e s 

r e s p e c t i v e l y . The t o r c h e s c o u l d not be o p e r a t e d below 

t h e s e f l o w s because of the danger of m e l t i n g . A n a l y t e 

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

d e c r e a s i n g as c o o l a n t gas f l o w i n c r e a s e d , however, a 

coolant gas flow of 10 1 min"^ would be necessary f o r the 
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low-flow t o r c h i f i t was operated a t the maximum p o s s i b l e 

power, f o r the reasons mentioned i n S e c t i o n 5.3-1.2. 

BaO^/Ba^ r a t i o s remained constant throughout the range of 

c o o l a n t gas flow s t u d i e d ( F i g . 5.14) f o r both t o r c h e s . 

Bâ '*'/Ba'*' r a t i o s e x h i b i t e d c o n t r a s t i n g behaviour f o r the 

two t o r c h e s w i t h r e s p e c t to gas flow ( F i g , 5.14). I t i s 

d i f f i c u l t to a s s e s s the i n f l u e n c e of t h i s parameter on the 

formation of Ba^"^ i o n s i n the plasma. I t may be t h a t i t 

caused plasma c o o l i n g , and hence lowered the i o n i s a t i o n 

temperature i n both c a s e s , but a l s o had an i n f l u e n c e on 

the d i s c h a r g e / b o u n d a r y l a y e r f o r t h e l o w - f l o w t o r c h , 

thereby i n e f f e c t s l i g h t l y i n c r e a s i n g the Bâ "*" l e v e l . 

The s i g n a l s f o r ArO"*", ArN"*" and ArAr"*" showed very l i t t l e 

change with r e s p e c t to coolant gas f o r the standard t o r c h 

( F i g . 5.15A). However, once a g a i n t h e ArO"*" and ArN"*" 

s i g n a l s e x h i b i t e d d i s s i m i l a r trends for the low-flow t o r c h 

( F i g . 5.15B). T h i s lends f u r t h e r s t r e n g t h to the argument 

t h a t t h e s e s p e c i e s were formed by p r e c u r s o r s from 

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

s i g n i f i c a n t l y , such s p e c i e s were more p r e v a l e n t i n the 

low-flow plasma, and were more s e n s i t i v e to c o o l a n t gas 

flow than f o r the standard t o r c h . 

5.3.1.6 Summary 

A comparison of v a r i o u s f i g u r e s of m e r i t can be made f o r 

the two t o r c h e s o p e r a t i n g a t c o n d i t i o n s found t o be 

optimum f o r In"*" s i g n a l by r e f e r e n c e t o T a b l e 5.6. 
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Table 5.6 Figures of merit f o r the standard and low-flow torches 

operated at optimum conditions 

Figure of Merit Standard 
torch 

Low-flow 
torch 

^^^In"*" signal/area counts s*^ 47,591 17,508 

Ba2'*"/Ba"*' r a t i o 0.078 0.510 

BaÔ /Ba"*" r a t i o 0.001 0.008 

ArO'*'/In* r a t i o 0.19 1.12 

ArN'^/In'*' r a t i o 0.12 0.27 

ArAr^/In"*" r a t i o 0.020 0.003 
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I n g eneral, s i g n a l s f o r a number of elements covering the 

mass range were lower with the low-flow t o r c h compared to 

the standard t o r c h , though c o n s i d e r a b l e v a r i a t i o n i n the 

magnitude of s i g n a l s f o r the low mass elements Be and Co 

was noted f o r the low-flow t o r c h . The Bâ '*"/Ba'*" r a t i o was 

much g r e a t e r and was i n f l u e n c e d d i f f e r e n t l y by o p e r a t i n g 

p a r a m e t e r s f o r t h e l o w - f l o w compared t o the s t a n d a r d 

t o r c h , probably because of a g r e a t e r plasma p o t e n t i a l i n 

the low-flow plasma. BaO'''/Ba'*' r a t i o s were low f o r both 

t o r c h e s w i t h no s i g n i f i c a n t v a r i a t i o n s w i t h r e s p e c t to 

o p e r a t i n g parameters. AroVln"*" and ArNVin"*" r a t i o s were 

higher f o r the low-flow compared to the standard t o r c h , 

and r e s u l t s suggested t h a t the ArO"*" and ArN"*" s p e c i e s were 

formed by p r e c u r s o r s from d i f f e r e n t s o u r c e s i n the low-

flow plasma but not i n the plasma formed with the standard 

t o r c h - The ArAr''"/In*'" r a t i o was lower f o r the low-flow 
« 

t o r c h than the standard t o r c h . 

5.3.2 E f f e c t of Organic Solvents 

S e v e r a l o r g a n i c s o l v e n t s of d i f f e r i n g v o l a t i l i t y were 

introduced i n t o plasmas formed with the low-flow t o r c h and 

the standard t o r c h , and t h e i r e f f e c t s on plasma s t a b i l i t y 

and r e f l e c t e d power noted f o r each. The t o r c h e s were 

operated using the c o n d i t i o n s shown i n Table 5.7. 

I t was n e c e s s a r y to i n t r o d u c e oxygen i n t o the n e b u l i s e r 

gas to prevent carbon d e p o s i t i o n on the cones. The amount 

v a r i e d depending on the s o l v e n t used. A l s o the sample 

uptake r a t e was reduced c o n s i d e r a b l y f o r the more v o l a t i l e 
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Table 5.7 Operating conditions f o r the low-flow and standard torches 

fo r organic solvent i n t r o d u c t i o n 

Condition Standard torch Low-flow torch 

Ar Nebuliser gas/1 min~^ 0. 802 0, .655 

O2 Nebuliser gas/1 rain"^ 0.025 - 0.071 0.025 -- 0.115 

A u x i l l i a r y gas/1 min"^ 1. 3 1. .0 

Coolant gas/1 min"^ 15 10 

Forward power/W 1800 1000 

Sampling depth/mm 10. 5 10. 5 

Spray chamber temperacure/^'c -2 -2 

Sample uptake rate/ml min"^ 0.12 - 1.46 0.12 -• 1.46 
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s o l v e n t s namely acetone, cyclohexane and hexane, though i n 

general a g r e a t e r sample uptake r a t e could be t o l e r a t e d by 

the low-flow t o r c h . The performance of t h e two t o r c h e s 

with r e s p e c t to r e f l e c t e d power and plasma s t a b i l i t y i s 

shown i n Table 5.8. 

I t i s e v i d e n t from Table 5-8 t h a t the low-flow t o r c h was 

much more t o l e r a n t of o r g a n i c s o l v e n t s , e s p e c i a l l y t h e 

more v o l a t i l e s o l v e n t s , than the standard t o r c h . T h i s may 

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

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

HPLC/ICP-MS s t u d i e s where t h e mobile p h a s e s may w e l l 

c o n t a i n organic s o l v e n t s . 

5.3.3 Semi-Quantitative A n a l y s i s of Organic Samples using 

the Low-Flow Torch 

A s e m i - q u a n t i t a t i v e c a l i b r a t i o n was performed using a 100 

ng ml~^ s o l u t i o n of L i , Co, I n , Ba, and Pb i n xylene. The 

c a l i b r a t i o n c u r v e i s shown i n F i g . 5.16 both w i t h and 

without Ba i n c l u d e d i n the c a l i b r a t i o n . As can be seen, 

when Ba was included the curve was b i a s e d ( F i g . 5.16A) due 

to the low Ba"*" response caused by the propensity f o r Bâ "*" 

i o n s t o form u s i n g t h i s t o r c h . However, when Ba was 

excluded a us e a b l e c a l i b r a t i o n curve was obtained ( F i g . 

5.16B), and t h i s was used f o r subsequent c a l c u l a t i o n s . 

Because of t h i s e f f e c t i t may be n e c e s s a r y to perform a 

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

i o n i s a t i o n p o t e n t i a l i f such elements are to be determined 

s e m i - q u a n t i t a t i v e l y , though Ba i s the worst c a s e having 
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Table 5.8 Reflected power and plasma s t a b i l i t y (S = s t a b l e ; U = 

unstable and VU = very unstable) compared f o r the low-flow 

and standard torches during organic solvent i n t r o d u c t i o n 

Standard torc h Low-flow t o r c h 

Reflected 
power/V 

Plasma 
S t a b i l i t y 

Reflected 
power/W 

Plasma 
S t a b i l i t y 

Propan-2-ol 45 S 10 S 

Ethanol 42 S 10 S 

Methanol 60 S 12 S 

Acetone 80 VU 25 S 

Cyclohexane 65 VU 20 s 

Hexane 67 VU 45 u 
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Figure 5.16 Semi-quantitative c a l i b r a t i o n curves c a l c u l a t e d w i t h : 
A) ^^^Ba included; B) -̂̂ B̂a excluded, and using the low-
flow t o r c h 
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the lowest second i o n i s a t i o n p o t e n t i a l . I n any case semi­

q u a n t i t a t i v e d e t e r m i n a t i o n s a r e u s u a l l y regarded as not 

being more a c c u r a t e than w i t h i n a f a c t o r o f 3, so s u c h 

precautions may be overzealous. 

Four o r g a n i c s amples were a n a l y s e d . Heavy and l i g h t 

d i s t i l l a t i o n f r a c t i o n s of l i q u i d p etroleum and an i s o -

octanol sample were spiked with I n as an i n t e r n a l standard 

a t 100 ng ml"^. A f u e l o i l sample was d i l u t e d i n x y l e n e 

to 1% (m/v) and spiked with I n as an i n t e r n a l standard as 

b e f o r e . Plasma o p e r a t i n g c o n d i t i o n s f o r t h e low-flow 

t o r c h are shown i n Table 5-9. The n e b u l i s e r gas flow was 

a d j u s t e d to g i v e maximum I n response w h i l e a s p i r a t i n g 

xylene. 

R e s u l t s a r e shown i n Table 5.10 f o r a number of s e l e c t e d 

elements t h a t r e q u i r e m o n i t o r i n g i n the p e t r o c h e m i c a l s 

i n d u s t r y . Sodium, V and Ni l e v e l s must be c o n t r o l l e d 

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

c o r r o s i o n , e s p e c i a l l y V which c a t a l y s e s the o x i d a t i o n of 

SO2 to SO3 r e s u l t i n g i n s u l p h u r i c a c i d formation. 

Lead, Cu and Zn need t o be monitored a s t h e y c a n c a u s e 

o x i d a t i v e decomposition of o i l s . Barium i s monitored as a 

marker f o r v a r i o u s a d d i t i v e s . The r e s u l t s c l e a r l y show 

the d i s t r i b u t i o n of t r a c e elements i n o i l s throughout the 

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

s u c c e s s i v e refinements, or f l u c t u a t i o n s i n composition due 

to c o n t r i b u t i o n s from c o m p o n e n t s u s e d i n p l a n t 
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Table 5.9 Plasma operating conditions f o r the s e m i - q u a n t i t a t i v e 

analysis of organic samples using the low-flow t o r c h 

Ar Nebuliser gas/1 min"^ 0. .375 

©2 Nebuliser gas/1 min~^ 0. .034 

A u x i l l i a r y gas/1 min"^ 1. ,5 

Coolant gas/1 min"^ 9 

Forward power/W 900 

Sampling depth/mm 10. ,5 

Spray chamber temperature/^C -2 
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Table 5.10 Results f o r selected elements i n the organic samples 

l i q u i d petroleum (LPL f o r the l i g h t f r a c t i o n and LPH f o r 

the heavy f r a c t i o n ) f u e l o i l (FO) and iso-octanol (ISO) 

Concentration i n sample/^g g"^ 

Element Mass FO LPH LPL ISO 

Na 23 100 5.8 4.7 3.3 

V 51 13 3.2 0.24 0.22 

Ni 60 10 42 0.033 0.15 

Cu 65 0.14 <0.001 (0.001 0.004 

Zn 66 0.84 <0.001 0.003 0.006 

Pb 208 0.20 <0.001 0.001 0.002 

Ba 138 0.65 <0.001 0.003 <0.001 
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c o n s t r u c t i o n or a d d i t i v e s . Also demonstrated are the low 

d e t e c t i o n l i m i t s a c h i evable using ICP-MS ( i . e . 0.001 ̂ g g"^) 

and t h e number of e l e m e n t s w h i c h c a n be d e t e r m i n e d 

s i m u l t a n e o u s l y , even though o n l y a few e l e m e n t s were 

s e l e c t e d and shown here. E v i d e n t l y the technique can be 

ap p l i e d to the monitoring of u l t r a - t r a c e elements i n many 

other s o l v e n t s , p a r t i c u l a r l y more v o l a t i l e s o l v e n t s when 

using the low-flow t o r c h . 

5.4 Conclusions 

Both standard and low-flow torches have been optimised by 

simplex o p t i m i s a t i o n with r e s p e c t to operating c o n d i t i o n s . 

The two tor c h e s have been shown to d i f f e r s i g n i f i c a n t l y i n 

performance with regard to v a r i o u s c r i t e r i a of merit. The 

main advantages of the low-flow t o r c h compared t o the 

standard t o r c h may be i t s g r e a t e r t o l e r a n c e of v o l a t i l e 

o r g a n i c s o l v e n t s , and i n c e r t a i n c a s e s doubly charged 

s p e c i e s may be used f o r a n a l y s i s where an i n t e r f e r e n c e a t the 

m/z f o r the s i n g l y charged s p e c i e s e x i s t s . 
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CHAPTER 6 

THE EFFECT OF ORGANIC SOLVENTS AND MOLECULAR GASES ON 
POLYATOMIC ION INTERFERENCES IN ICP-MS 
6.1 I n t r o d u c t i o n 

One of the major problems a s s o c i a t e d w i t h ICP-MS has been 

i t s s u s c e p t i b i l i t y to polyatomic i o n i n t e r f e r e n c e s (38, 

39, 109, 128, 129), p a r t i c u l a r l y below 80 m/z u n i t s . Gray 

(109) has suggested t h a t such i n t e r f e r e n c e s are caused by 

c o n d e n s a t i o n r e a c t i o n s i n the expansion r e g i o n of the 

i n t e r f a c e or c o l l i s i o n s c l o s e to the w a l l s of the f i r s t 

s t a g e . P r e c u r s o r s f o r the formation of polyatomic i o n s 

o r i g i n a t e from the plasma gas and e n t r a i n e d atmospheric 

gases ( i . e . Ar, N and O), water, the sample m a t r i x and 

a c i d s used for d i s s o l u t i o n of the sample. Polyatomic ions 

such as ArO"*", ArN"*", ArAr"*", ©2^* Nj"*" and v a r i o u s o t h e r 

combinations a r i s i n g from the plasma and atmospheric gases 

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

c o n d i t i o n s ( 3 9, 4 0 ) , though t h e y c a n n o t be e n t i r e l y 

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

P o lyatomic i o n s formed from O"*" and OH"*" p r e c u r s o r s from 

water can be reduced by c o o l i n g the s p r a y chamber and 

hence r e d u c i n g the amount of water vapour r e a c h i n g the 

p l a s m a ( 1 3 0 , 1 3 1 ) . I n t e r f e r i n g i o n s f o r m e d f r o m 

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

d i s s o l u t i o n have been minimised by a v a r i e t y of methods 

i n c l u d i n g chromatographic s e p a r a t i o n (132-135), h y d r i d e 

generation (135, 136), e l e c t r o t h e r m a l vaporisation - (137), 

m a t h e m a t i c a l c o r r e c t i o n ( 1 2 8 , 129) and t h e u s e o f 
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a l t e r n a t i v e sample preparation procedures (104, 128, 138). 

A p a r t i c u l a r problem has been the i n t e r f e r e n c e s caused by 
40Ar35ci+ on 75AS+, 40;,^36A^+ 763^+^ ^O^r^l^^^ 77^^^ 

and '^^Ar^^Ar"*" on "^^Se"^, i n m a t r i c e s w i t h a high c h l o r i d e 

content (139) or where c h l o r i d e c o n t a i n i n g a c i d s have been 

used f o r sample d i s s o l u t i o n (128). These i n t e r f e r e n c e s 

a r e p a r t i c u l a r l y troublesome as As i s mono-isotopic and 

masses 77 and 78 would be the Se isotopes of choice given 

o t h e r i s o b a r i c i n t e r f e r e n c e s . The problem h a s been 

overcome to some extent by the methods mentioned above, i n 

p a r t i c u l a r c o - p r e c i p i t a t i o n of c h l o r i d e with s i l v e r (133), 

a l t e r n a t i v e sample pre p a r a t i o n procedures (104, 128, 138) 

and m a t h e m a t i c a l c o r r e c t i o n (128, 129). However, no 

simple, robust and r e l i a b l e technique has y e t been devised 

to a d d r e s s the problem, s h o r t of employing an e n t i r e l y 

d i f f e r e n t plasma gas such as helium (140-142). 

I n t h i s work the e f f e c t of introducing an organic s o l v e n t 

or m o l e c u l a r gas i n t o the c e n t r a l channel of the ICP has 

been studied, with p a r t i c u l a r r e f e r e n c e to the e l i m i n a t i o n 

of i n t e r f e r e n c e s on As and Se as w e l l a s t h e e f f e c t on 

other polyatomic ions p r e v a l e n t i n ICP-MS. 

6.2 Instrumentation 

The i n s t r u m e n t u s e d i n t h i s work was an i n d u c t i v e l y 

coupled plasma - mass spectrometer (VG PlasmaQuad 2, VG 

Elemental, Winsford, C h e s h i r e , UK) d e s c r i b e d i n S e c t i o n 

4,2.1. The only m o d i f i c a t i o n was the use of a high s o l i d s 
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v-groove n e b u l i s e r (Ebdon n e b u l i s e r , PS A n a l y t i c a l , 

Sevenoaks, Kent, UK). 

6.3 P r e l i m i n a r y Experiments 

6.3.1 Procedure 

P r e l i m i n a r y e x p e r i m e n t s were performed t o a s s e s s t h e 

e f f e c t of n e b u l i s e r gas flow on the s e v e r i t y of a number 

of polyatomic ion i n t e r f e r e n t s . I n p r a c t i c e a s t a n d a r d 

s o l u t i o n of I n (100 ng ml"^) was spiked with h y d r o c h l o r i c 

a c i d ( A r i s t a r g r a d e , BDH C h e m i c a l s L t d . ) t o a 

c o n c e n t r a t i o n o f 3 + 97 ( v / v ) i n d e i o n i s e d , d o u b l e -

d i s t i l l e d water. Four d i f f e r e n t p r o t o c o l s were used, and 

the i n f l u e n c e of n e b u l i s e r gas flow on t h e p o l y a t o m i c 

i n t e r f e r e n t s compared. F i r s t l y experiments were performed 

without any m o d i f i c a t i o n to the s t a n d a r d s o l u t i o n and 

secondly i t was spiked with propan-2-ol to a c o n c e n t r a t i o n 

of 10% ( v / v ) . T h i r d l y and f o u r t h l y e x p e r i m e n t s were 

performed without m o d i f i c a t i o n to the standard s o l u t i o n 

but with the a d d i t i o n of O2 and N2 r e s p e c t i v e l y i n t o the 

n e b u l i s e r gas flow. 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 

Table 6.1. 

A d d i t i o n a l l y , s t u d i e s were performed to i n v e s t i g a t e the 

e f f e c t of i n c r e a s i n g propan-2-ol and a t f i x e d n e b u l i s e r 

gas flow r a t e , and the e f f e c t of a t d i f f e r e n t powers. 

6.3.2 R e s u l t s and D i s c u s s i o n 

The e f f e c t of n e b u l i s e r gas flow on In"*" response a t 115 

m/2 u n i t s i s shown i n F i g . 6.1 f o r t h e f o u r methods 
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Table 6.1 Operating conditions f o r the various methods to assess the 

e f f e c t of nebuliser gas flow on polyatomic ion 

int e r f e r e n c e s 

Method M o d i f i c a t i o n * 

Parameter None 
Propan-2-ol 

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

Ar Nebuliser gas flow/1 min"^ 
-1 

-1 
O2 Nebuliser gas flow/1 min 

N2 Nebuliser gas flow/1 min 

A u x i l l i a r y gas flow/1 min"^ 

Coolant gas flow/1 min"^ 

Forward power/W 

Sampling depth/mm 

Spray chamber temperature/°C 

0.5 - 1,0 

0 

0 

1.0 

15 

1800 

10,5 

+5 

0,5 - 1.0 

0.03 

0 

1.0 

15 

1800 

10.5 

+5 

0.5 - 1,0 

0.03 

0 

1.0 

15 

1800 

10.5 

+5 

"2 
I n t r o d u c t i o n 

0.5 - 1.0 

0 

0,03 

1.0 

15 

1800 

10.5 

+5 

* For f u l l d e s c r i p t i o n of method see t e x t 
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Figure 6,1 E f f e c t of ne b u l i s e r gas flow on the s i g n a l f o r ^^^In**" 
using the various method m o d i f i c a t i o n s 
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employed. The e f f e c t of and propan-2-ol was t o s h i f t 

t h e optimum ga s f l o w t o a l o w e r f l o w compared t o no 

m o d i f i c a t i o n . T h i s was probably due to a reduction i n the 

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

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

i n t r o d u c t i o n had the opposite e f f e c t , c ausing an i n c r e a s e 

i n t h e optimum n e b u l i s e r g a s f l o w c o m p a r e d t o no 

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

would a l s o expect O2 to reduce the i o n i s a t i o n temperature, 

however, i t may be t h a t c o n t r i b u t e s to the i o n i s a t i o n 

processes i n the plasma. 

The e f f e c t of n e b u l i s e r gas flow on the r e s p o n s e s f o r 

ArCl'*' and ArAr"*" a t 75 and 76 m/z u n i t s r e s p e c t i v e l y and 

the InVxy'*' r a t i o s (where xy"*" i n d i c a t e s a polyatomic ion 

s p e c i e s ) i s shown i n F i g s . 6.2 and 6.3 f o r t h e f o u r 

methods. For a p a r t i c u l a r n e b u l i s e r gas flow , N2 and 

propan-2-ol i n t r o d u c t i o n r e s u l t e d i n a s t a r t l i n g decrease 

i n ArCl"*" response ( F i g , 6.2A) and a corresponding i n c r e a s e 

i n t h e In"'"/ArCl'*" r a t i o ( F i g . 6.2B) compared t o no 

m o d i f i c a t i o n . The magnitude of the d e c r e a s e i n ArCl"*" 

r e s p o n s e i s i n t h e o r d e r > p r o p a n - 2 - o l > > no 

m o d i f i c a t i o n . S i m i l a r l y a t flow r a t e s above 0.75 1 min"^ 

a l a r g e d e c r e a s e i n ArAr"** response ( F i g , 6.3A) and an 

i n c r e a s e i n t h e In'*"/ArAr'*" r a t i o ( F i g . 6.3B) was a l s o 

evident when introducing Oj, and propan-2-ol. At flow 

r a t e s below 0.75 1 min~^ no g r e a t change, or an i n c r e a s e 

i n , ArAr"*" response was observed. The s l i g h t l y d i f f e r e n t 

b e h a v i o u r of t h e ArAr"*" i o n compared t o t h e ArCl"*" i o n 
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s u g g e s t s t h a t t h e i r mechanism o f f o r m a t i o n a n d / o r 

i o n i s a t i o n a r e d i f f e r e n t . The r e s u l t s a r e summarised i n 

Table 6.2 f o r a n e b u l i s e r flow r a t e of 0.85 1 min"^. 

As can be seen from Table 6.2 improvements of up t o 1000 

and 20 t i m e s i n t h e In"*'/ArCl"*" and In'*'/ArAr'*' r a t i o s 

r e s p e c t i v e l y were achieved using the method m o d i f i c a t i o n s . 

Three mechanisms may account f o r the r e d u c t i o n i n t h e s e 

polyatomic ions. F i r s t l y , the i n t r o d u c t i o n of an organic 

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

i n c r e a s i n g the k i n e t i c temperature. T h i s may r e s u l t i n 

the s u p p r e s s i o n of i o n i s a t i o n of some polyatomic s p e c i e s 

and a l s o i n c r e a s e t h e i r r a t e of decomposition. However, 

as most polyatomic ions a r e thought to be formed i n the 

expansion r e g i o n and a t the s u r f a c e of the cones (109) 

other e x p l a n a t i o n s may be t h a t c o m p e t i t i v e formation of 

Arc"*", ArN"^ and ArO"*" or a l t e r n a t i v e l y CCl"*", NCI"*" and OCl'*' 

occurs. 

The e f f e c t of n e b u l i s e r gas flow on the r e s p o n s e s f o r 

ArC*", ArN"*" and ArO"*", a t 52 , 54 and 56 m/z u n i t s 

r e s p e c t i v e l y , and the c o r r e s p o n d i n g InVxy"*" r a t i o s , i s 

shown i n F i g s . 6.4 - 6.6 f o r the four d i f f e r e n t methods. 

Ta k i n g ArC"*" f i r s t , i n g e n e r a l the e f f e c t s of and 

i n t r o d u c t i o n were to decrease the ArC"*" s i g n a l ( F i g . 6.4A) 

and i n c r e a s e the InVArC"*" r a t i o ( F i g . 6.4B) . Conversely, 

the e f f e c t of the propan-2-ol s p i k e was t o i n c r e a s e the 
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Table 6.2 In"*" response and In'*"/xy'*' ratios using the four methods and 

a nebuliser gas flow of 0.85 1 min"^ 

Method 
Modification 

In"*" response/ 
area counts s~^ 

InVxy"^ 

In^/ArCl'^ 

ratios 

None 18,213 0.19 2.2 

Propan-2-ol spike 3,646 29 60 

O2 introduction 23,198 2.3 11 
N2 introduction 4,333 144 58 
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Arc"*" s i g n a l and decrease the InVArC"*" r a t i o , s u g g e s t i n g 

t h a t c o m p e t i t i v e formation of ArC"*" over ArCl"*" and ArAr"*" 

took p l a c e to some extent when propan-2-ol was introduced. 

S i m i l a r l y , the e f f e c t s of i n t r o d u c t i o n and the propan-

2-ol s p i k e were to decrease the ArN"*" s i g n a l ( F i g . 6.5A) 

and i n c r e a s e the InVArN"^ r a t i o ( F i g . 6.5B) a t most gas 

flows. The e f f e c t of i n t r o d u c t i o n i s not shown s i n c e 

t h e ArN"*" s i g n a l i n c r e a s e d t o s u c h an e x t e n t t h a t 

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

region of the spectrum a t 54 m/z u n i t s was 'skip-scanned' 

to prolong m u l t i p l i e r l i f e . However, t h e s e r e s u l t s a l s o 

suggest t h a t competitive formation of ArN"*" over ArCl"*" and 

ArAr"*" was a p o s s i b i l i t y when N2 was introduced. 

F i n a l l y , the e f f e c t of i n t r o d u c t i o n was to decrease the 

ArO"*" s i g n a l ( F i g . 6.6A) and i n c r e a s e the InVArO"*" r a t i o 

( F i g . 6.6B) while i n t r o d u c t i o n had the opposite e f f e c t . 

The e f f e c t o f t h e p r o p a n - 2 - o l s p i k e depended on t h e 

n e b u l i s e r gas flow, causing e i t h e r an i n c r e a s e or decrease 

i n ArO"*" s i g n a l and InVArO"*" r a t i o ( F i g . 6.6). T h i s was 

p r o b a b l y due t o t h e n e c e s s i t y t o i n t r o d u c e O2 

simultaneously to prevent carbon d e p o s i t i o n on the cones, 

which complicates i n t e r p r e t a t i o n of the r e s u l t s . However, 

the competitive formation of ArO"*" over ArCl"*" and ArAr"*" may 

again be i n d i c a t e d when O2 was introduced. 

The e f f e c t of n e b u l i s e r gas flow on the r e s p o n s e s f o r 

CCl"*", NCl"^ and OCl'*" a t 47 , 49 and 51 m/z u n i t s 
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r e s p e c t i v e l y , and the c o r r e s p o n d i n g In'*'/xy'*" r a t i o s i s 

shown i n F i g s . 6.7 - 6.9 f o r the four d i f f e r e n t methods. 

The e f f e c t of the propan-2-ol s p i k e was t o i n c r e a s e the 

CCl"*' s i g n a l by a reasonably l a r g e extent ( F i g . 6.7A) with 

a c o r r e s p o n d i n g d e c r e a s e i n t h e In'*"/CCl"*' r a t i o ( F i g . 

6.7B). Nitrogen and i n t r o d u c t i o n caused a decrease i n 

the CCl'*' s i g n a l by a s m a l l amount ( F i g . 6.7A) and an 

i n c r e a s e i n the In"'"/CCl"'" r a t i o ( F i g . 6.7B), though t h i s 

t r e n d r e v e r s e d a t high gas flows f o r N2 i n t r o d u c t i o n due 

t o t h e d e c r e a s e i n In"*" s i g n a l . T h i s e v i d e n c e s u g g e s t s 

t h a t CCl'*' may have been formed i n competition with ArCl"*". 

The e f f e c t s of the method m o d i f i c a t i o n s on NCI'*' were l e s s 

pronounced. Oxygen i n t r o d u c t i o n caused a decrease i n NCI**" 

s i g n a l ( F i g . 6.8A) and an i n c r e a s e i n the In'*'/NCl'** r a t i o 

( F i g . 6.8B). The propan-2-ol s p i k e caused a d e c r e a s e i n 

NCl'*" s i g n a l up to 0.90 1 min"^ n e b u l i s e r gas flow, then an 

i n c r e a s e , and a reduction i n the In"*"/NCl'*" r a t i o . Nitrogen 

i n t r o d u c t i o n had a v a r i a b l e e f f e c t dependent on gas flow, 

and the only s i g n i f i c a n t d e c r e a s e i n the In'*'/NCl"'" r a t i o 

occurred a t a n e b u l i s e r gas flow g r e a t e r than 0,80 1 min~^ 

( F i g . 6,88). T h i s suggests t h a t the competitive formation 

of NCI'*' was l e s s important than the formation of ArN'*' i n 

preference to ArCl'*". 

Both N2 i n t r o d u c t i o n and the propan-2-ol s p i k e caused a 

r e d u c t i o n i n the OCl'*' s i g n a l ( F i g . 6.9A) and an i n c r e a s e 

i n the In'*"/0C1'*" r a t i o ( F i g . 6.9B), w h i l e O2 i n t r o d u c t i o n 
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Figure 6.7 Effect of nebuliser gas flow on: A) CCl"** signal; and 
B) In'*'/CCl'*' ratio, using the various method modifications 
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had the opposite e f f e c t a t a n e b u l i s e r gas flow r a t e below 

0,70 1 min~^, and a s i m i l a r though l e s s e r e f f e c t above 

t h i s gas flow ( F i g . 6.9). 

I n g e n e r a l , the behaviour of the ArC"^, ArN"*", ArO"^, CCl"*", 

NCI"*" and OCl"*" polyatomic ions with r e s p e c t to the v a r i o u s 

method m o d i f i c a t i o n s tends to suggest t h a t these ions form 

i n c o m p e t i t i o n with ArCl"*" and ArAr"*". I t should be noted 

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

i n t e r f e r e n c e s i n ICP-MS, and t h a t a t l e a s t one of t h e 

method mo d i f i c a t i o n s f o r each has been shown to reduce the 

s i g n a l caused by the i n t e r f e r i n g s p e c i e s and i n c r e a s e the 

InVxy"*" r a t i o . Two f u r t h e r examples of the e f f e c t of 

n e b u l i s e r gas flow on ArOH"*" and ClCl"*" s i g n a l s are shown i n 

F i g s . 6.10 and 6.11 f o r the four d i f f e r e n t methods. The 

e f f e c t of N2 i n t r o d u c t i o n was again to reduce the ArOH"*" 

s i g n a l ( F i g . 6.10A) and i n c r e a s e the InVArOH"*" r a t i o ( F i g . 

6.10B), Oxygen i n t r o d u c t i o n and the propan-2-ol s p i k e had 

s i m i l a r but l e s s pronounced e f f e c t s . Likewise, the ClCl'*' 

s i g n a l and I n V c i C l " * " r a t i o ( F i g . 6.11) were a f f e c t e d by 

the method m o d i f i c a t i o n s i n the same way but t o a much 

g r e a t e r extent. 

The r e s u l t s a r e summarised i n Table 6,3 f o r a n e b u l i s e r 

flow r a t e of 0.85 1 min"^. As can be seen, the method 

m o d i f i c a t i o n s d i d not r e s u l t i n such l a r g e i n c r e a s e s i n 

the InV^y"*" r a t i o s f o r the polyatomic i o n s i n T a b l e 6,3 

compared t o those i n Table 6.2, w i t h perhaps the exception 

of InVciCl"*". N e v e r t h e l e s s , i n g e n e r a l the r a t i o s were 
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Table 6.3 In* response 

a nebuliser 

and In* 

gas flow 

/xy* ratios 

of 0.85 1 

using the 

min*^ 

four methods and 

Method 
Modification 

In* signal/ 
area counts s' 1 

In^/xy* ratios 

In*/CCl* In^/NCl* In*/0C1* In*/ArC* In*/ArN* In^/ArO* In*/ArOH* In*/ClCl* 

None 18,213 70 1.14 0.015 0.95 0.66 0.67 11 0.8 
Propan-2-ol spike 3,646 0.12 0.32 0.090 0.036 0.31 0.34 17 10 
© 2 introduction 23,198 264 6.35 0.032 3.3 3.1 0.35 36 11 
N2 introduction 4,333 117 0,45 0.81 3.9 - 1.9 20 200 



i n c r e a s e d provided, of course, t h a t the organic s o l v e n t or 

m o l e c u l a r gas t h a t was i n t r o d u c e d d i d not c o n t r i b u t e t o 

the formation of the s p e c i e s . 

The e f f e c t of i n c r e a s i n g propan-2-ol and N2 c o n c e n t r a t i o n s 

on the In"*", ArCl"*" and ArAr"^ s i g n a l s i s shown i n F i g . 6,12. 

The ArCl**" and ArAr"*" s i g n a l s d e c r e a s e d r a p i d l y up to a 

propan-2-ol c o n c e n t r a t i o n of 5% ( v / v ) , and t h e r e a f t e r 

d e c r e a s e d more g r a d u a l l y up t o a c o n c e n t r a t i o n of 80% 

where t h e y s t a r t e d t o i n c r e a s e once more ( F i g . 6.12A). 

The In"*" s i g n a l a l s o decreased s h a r p l y up to a propan-2-ol 

c o n c e n t r a t i o n of 20% (v/v) a f t e r which i t r o s e s t e a d i l y 

( F i g . 6.12A). However, the i n i t i a l sharp decrease i n In"*" 

s i g n a l was f a r l e s s pronounced than the decreases i n ArCl"*" 

and ArAr"*" s i g n a l s . A propan-2-ol c o n c e n t r a t i o n of 10% 

(v/v) was considered most convenient to achieve e f f e c t i v e 

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

C o n t r a s t i n g l y , a s t h e p r o p o r t i o n of i n a c o n s t a n t 

t o t a l gas flow, was i n c r e a s e d the ArCl"*" and ArAr"*" s i g n a l s 

i n c r e a s e d s l i g h t l y while the In"*" s i g n a l decreased r a p i d l y 

( F i g . 6.12B). Hence, i t was d e c i d e d t h a t the minimum 

f l o w - r a t e of a l l o w a b l e by t h e mass-flow c o n t r o l l e r 

( i . e . 0.03 1 min"^) was optimum. 

The e f f e c t of n e b u l i s e r gas flow w i t h N2 i n t r o d u c t i o n a t 

d i f f e r e n t powers i s shown i n F i g , 6.13A f o r ArCl"*" s i g n a l 

and F i g . 6.13B f o r ArAr"*" s i g n a l . These r e s u l t s i n d i c a t e 

t h a t higher power n e c e s s i t a t e s a higher n e b u l i s e r gas flow 

f o r minimum polyatomic ion s i g n a l . 
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6.4 Determination of A r s e n i c and Selenium 

6.4.1 Procedure 

Standards c o n t a i n i n g known c o n c e n t r a t i o n s of As and Se 

were s p i k e d w i t h v a r i o u s c o n c e n t r a t i o n s of h y d r o c h l o r i c 

a c i d ( A r i s t a r grade, BDH) and run as samples c a l i b r a t e d 

w i t h s o l u t i o n s p r e p a r e d i n d i l u t e n i t r i c a c i d (2 + 98) 

( A r i s t a r grade, BDH) using I n (100 ng ml~^) as an i n t e r n a l 

s tandard. The four d i f f e r e n t method m o d i f i c a t i o n s were 

used and r e c o v e r i e s f o r As and Se compared. D i f f e r e n t 

n e b u l i s e r gas flows were used f o r each of the methods, as 

t h e s e were found t o g i v e t h e b e s t compromise f o r t h e 

m i n i m i s a t i o n of i n t e r f e r e n c e w h i l e s t i l l m a i n t a i n i n g as 

much of the In"*" s i g n a l as p o s s i b l e , as determined i n the 

p r e l i m i n a r y experiments. Nebuliser gas flows are given i n 

Table 6.4. Other o p e r a t i n g c o n d i t i o n s were the same as 

those given i n Table 6.1. 

6.4.2 R e s u l t s and D i s c u s s i o n 

A b r i e f summary of the e f f e c t s of the four methods on the 

s i g n a l s for In"*" and the i n t e r f e r i n g ions i s given i n Table 

6.5. I o n i n t e n s i t i e s s h o u l d be compared w i t h t h e 

r e f e r e n c e v a l u e s , obtained by o p e r a t i n g the instrument 

with a n e b u l i s e r gas flow of 0.85 1 min"^ which has been 

found to give the b e s t In"*" s i g n a l under normal c o n d i t i o n s . 

When no method m o d i f i c a t i o n was used, some r e d u c t i o n i n 

ArCl"*" s i g n a l was observed by i n c r e a s i n g the n e b u l i s e r gas 

f l o w from 0.85 t o 1.00 1 min"^, a l t h o u g h t h i s was 

accompanied by a much g r e a t e r decrease i n the In"*" s i g n a l . 
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Table 6.4 Nebuliser gas flows used f o r As and Se determinacion i n 

conjunction w i t h the d i f f e r e n t method m o d i f i c a t i o n 

Method M o d i f i c a t i o n 

Parameter None 
Propan-2-ol 

spike I n t r o d u c t i o n 
N2 

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

Ar Nebuliser gas 
flow/1 min"^ 

1.00 0.80 1.00 0.87 

©2 Nebuliser gas 
flow/1 rain"^ 

0 0.03 0.03 0 

N2 Nebuliser gas 
flow/1 min~ 

0 0 0 0.03 
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Table 6.5 Signals f o r I n * and In'*"/xy'*" r a t i o s f o r polyatomic ions 

i n t e r f e r i n g w i t h As and Se at d i f f e r e n t operating 

conditions and using various method m o d i f i c a t i o n s . A l l 

r e s u l t s were obtained i n d i l u t e HCl (3+97) 

Method 
M o d i f i c a t i o n 

^ ^ ^ I n * s i g n a l / 
area counts s" 

In'*"/xy* r a t i o s 

Reference* 

None 

Propan-2-ol spike 

O2 i n t r o d u c t i o n 

N2 i n t r o d u c t i o n 

18,213 

5,521 

7,263 

13,599 

4,333 

0.19 

0.79 

35 

65 

144 

2.2 

1.5 

112 

504 

58 

0.62 

2.9 

134 

148 

255 

12 

8.3 

242 

680 

255 



and an i n c r e a s e i n the ArAr"*" s i g n a l (Table 6.5). 

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

In"*" s i g n a l . However, the r e l a t i v e r eduction i n the ArCl"*" 

and ArAr"*" s i g n a l s was much g r e a t e r , r e s u l t i n g i n reduced 

i n t e r f e r e n c e s , as d i s c u s s e d i n S e c t i o n 6.3.2 and shown i n 

Table 6.5. 

These r e s u l t s are confirmed by the data contained i n Table 

6.6, w h i c h shows t h e e f f e c t o f i n c r e a s i n g H C l 

c o n c e n t r a t i o n on. the recovery f a c t o r s f o r As and Se. As 

can be seen, ^^As r e c o v e r y was enhanced by a f a c t o r of 

2.45 to 13.8 times and ^®Se by 1.18 to 3.08 times when no 

method m o d i f i c a t i o n was used. R e c o v e r i e s much c l o s e r t o 

u n i t y were o b t a i n e d when the method m o d i f i c a t i o n s were 

employed, the best performances being obtained by s p i k i n g 

w i t h propan-2-ol or by the i n t r o d u c t i o n of i n t o the 

n e b u l i s e r gas flow, r a t h e r than by the i n t r o d u c t i o n of 

only, which i s u n d e s i r a b l e anyway due to i t s d e t r i m e n t a l 

e f f e c t on the l i f e t i m e of the sampling cone. 

I t should be noted t h a t the determinations were undertaken 

without s u b t r a c t i o n of a HCl b l a n k s o l u t i o n s i n c e the 

samples were meant t o mimic t h o s e c o n t a i n i n g unknown 

c o n c e n t r a t i o n s of c h l o r i d e s a l t s . Hence, As and Se 

contamination i n the HCl used f o r s p i k i n g may a l s o have 

caused enhancements to an unlcnown extent. 
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Table 6.6 E f f e c t of increasing h y d r o c h l o r i c acid concentration on the 

recoveries of 100 ng ml~^ As and Se using d i f f e r e n t method 

mo d i f i c a t i o n s 

Method 
M o d i f i c a t i o n 

D i l u t e HCl 
Concentration 

Recovery f a c t o r * 
75 As 77 Se 78 Se 

None 

Propan-2-ol spike 

O2 i n t r o d u c t i o n 

N2 i n t r o d u c t i o n 

1 + 99 2.45 8.33 1.18 
2 + 98 4.18 • 18.3 1.70 
4 + 96 7.05 35.1 2.04 
3 + 92 13.8 74.5 3.08 

1 + 99 1.02 1.51 1.00 
2 + 98 1.05 1.30 1.03 
4 + 96 1.15 1.69 1.09 
8 + 92 1.07 2.28 1.07 

1 + 99 1.75 5.58 1.12 
2 + 98 2.16 9.39 0.73 
4 + 96 3.52 16.2 1.17 
8 + 92 4.95 25.9 1.52 

1 + 99 0.97 1.21 0.94 
2 + 98 1.06 1.16 1.11 
4 + 96 1.12 1.13 0.95 
8 + 92 1.25 1.16 0.96 

* Ratio of concentration found using the s i g n a l f o r the isotope shown 

to concentration added ( i . e . 100 ng ml"-^) 
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6.5 Conclusions 

The i n t r o d u c t i o n of an o r g a n i c s o l v e n t or molec u l a r gas 

i n t o the ICP has been shown to cause dramatic r e d u c t i o n s 

i n polyatomic i o n i n t e r f e r e n c e s i n ICP-MS, f a c i l i t a t i n g 

the i n t e r f e r e n c e - f r e e d e t e r m i n a t i o n of As and Se. I t i s 

l i k e l y t h a t the methods de s c r i b e d w i l l r e s u l t i n improved 

a c c u r a c y f o r the d e t e r m i n a t i o n of o t h e r elements which 

s u f f e r from p o l y a t o m i c i o n i n t e r f e r e n c e s i n ICP-MS, 

although the use of a l t e r n a t i v e gases may be necessary. 
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CHAPTER 7 

CONCLUSIONS AKD SUGGESTIONS FOR FURTHER WORK 
The p r o j e c t was s u c c e s s f u l i n meeting many of i t s o r i g i n a l 
o b j e c t i v e s a s w e l l a s o t h e r s n o t i n i t i a l l y f o r s e e n , 
e s p e c i a l l y i n the f i e l d of ICP-MS. 

The i n d u c t i v e l y c o u p l e d plasma ha s been s u c c e s s f u l l y 

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

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

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

demonstrated by the i d e n t i f i c a t i o n of optimum o p e r a t i n g 

c o n d i t i o n s t h a t d i f f e r e d i n important r e s p e c t s from those 

d e t e r m i n e d by w o r k e r s u s i n g u n i v a r i a t e o p t i m i s a t i o n 

p r o c e d u r e s . The c o n c l u s i o n s were f u r t h e r supported by 

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

p r o p e r t i e s of the plasma such as the behaviour of hard and 

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

temperature. The a p p l i c a t i o n of computer aided tomography 

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

understanding of t h e s e p r o p e r t i e s . A d d i t i o n a l l y , t r a c e 

elements have been determined i n s e v e r a l o r g a n i c samples 

by ICP-AES using novel methods of sample i n t r o d u c t i o n such 

as s l u r r y atomisation. 

A study of matrix e f f e c t s caused by an organic s o l v e n t i n 

ICP-MS was performed. These e f f e c t s were s u c c e s s f u l l y 

e l i m i n a t e d by e m p l o y i n g a n o v e l method o f s a m p l e 

i n t r o d u c t i o n , namely the s i m u l t a n e o u s n e b u l i s a t i o n of 

o r g a n i c and a q ueous p h a s e s , t o g e t h e r w i t h i n t e r n a l 
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s t a n d a r d i s a t i o n . Further work i n t h i s area could i n c l u d e 

the e v a l u a t i o n of the technique f o r more v o l a t i l e organic 

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

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

s o l v e n t . 

Two d i f f e r e n t t o r c h e s , namely the standard and low-flow 

t o r c h e s w e r e o p t i m i s e d f o r ICP-MS u s i n g s i m p l e x 

o p t i m i s a t i o n . v a r i o u s c r i t e r i a of m e r i t were shown t o 

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

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

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

The low-flow t o r c h was shown to form a much more s t a b l e 

plasma when organic s o l v e n t s were introduced i n comparison 

to the s t a n d a r d t o r c h , and was e v a l u a t e d f o r t h e semi­

q u a n t i t a t i v e d e t e r m i n a t i o n of t r a c e elements i n o r g a n i c 

s a m p l e s . F u r t h e r s t u d i e s of n o v e l methods of sample 

i n t r o d u c t i o n for organic s o l v e n t s i n ICP-MS are proposed, 

p a r t i c u l a r l y flow i n j e c t i o n , thermospray and g l a s s f r i t 

n e b u l i s a t i o n , e s p e c i a l l y for v o l a t i l e s o l v e n t s . 

F i n a l l y , the e f f e c t of an o r g a n i c s o l v e n t and m o l e c u l a r 

g a s e s on p o l y a t o m i c i o n i n t e r f e r e n c e s i n ICP-MS was 

i n v e s t i g a t e d . S u b s t a n t i a l reduction i n , and i n some c a s e s 

the e l i m i n a t i o n of p o l y a t o m i c s p e c i e s was a c h i e v e d , 

a l l o w i n g the i n t e r f e r e n c e f r e e determination of As and Se. 

T h i s area of work merits much more e x t e n s i v e study. Many 

more molecular gases could be introduced i n t o the ICP and 

t h e i r e f f e c t s on fundamental p r o p e r t i e s i n the plasma. 
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expansion region and ion beam explored, thereby y i e l d i n g a 

g r e a t e r understanding of the mechanisms of formation of 

polyatomic ions, and the i o n i s a t i o n p r o c e s s e s o c c u r r i n g i n 

ICP-MS. 
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