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Novel Approaches to Trace Metal S p e c i a t i o n 
Ward R. W. 

A b s t r a c t 

I t i s now g e n e r a l l y recognised t h a t the form o f metal occurrence 
a f f e c t s the t o x i c i t y , a v a i l a b i l i t y and t r a n s p o r t mechanisms o f d i f f e r e n t 
m e t a l s . One p r o m i s i n g method f o r measuring t r a c e metal s p e c i a t i o n i s 
t o separate the v a r i o u s forms c h r o m a t o g r a p h i c a l l y and d e t e c t these by 
atomic spectroscopy. The s u i t a b i l i t y o f the v a r i o u s atomic s p e c t r o 
sc o p i c techniques i s discussed and t h e i r c o u p l i n g t o b o t h gas and l i q u i d 
chromatography reviewed. 

The development o f atom c e l l s f o r coupled gas chromatography - atomic 
a b s o r p t i o n spectroscopy i s d e s c r i b e d . T e t r a a l k y l l e a d compounds p r o v i d e d 
a model system i n the o p t i m i s a t i o n o f the f i v e atom c e l l s by a v a r i a b l e 
step s i z e simplex procedure. The e f f e c t s o f v a r i o u s parameters on a n a l y 
t i c a l performance are discussed. I n the most s e n s i t i v e atom c e l l s t he 
e f f l u e n t from the chromatograph was f e d t o a s m a l l hydrogen flame and 
the atoms from t h i s flame were swept i n t o a flame o r e l e c t r o t h e r m a l l y 
heated ceramic tube. The ceramic tube i n c r e a s e d atomic residence times 
g i v i n g d e t e c t i o n l i m i t s o f 17 pg f o r t e t r a m e t h y l l e a d and t e t r a e t h y l l e a d 
w i t h the flame heated tube and 10 pg w i t h the- e l e c t r o t h e r m a l l y heated 
tube. The flame heated tube was s i m p l e r t o operate and more r o b u s t . 
The atom c e l l s developed have a l s o been used t o s p e c i a t e v o l a t i l e organo-
m e t a l l i c compounds o f As, Hg, Pb and Se. 

L i q u i d chromatography i s able t o separate a much wi d e r range o f species 
The s p e c i a t i o n o f f o u r r e d u c i b l e forms o f a r s e n i c was used t o demonstrate 
the c o u p l i n g o f l i q u i d chromatography w i t h atomic spectroscopy. A f t e r 
s e p a r a t i o n , v o l a t i l e h y d r i d e s were formed i n a m i n i a t u r e continuous f l o w 
h y d r i d e g e n e r a t o r p r i o r t o d e t e c t i o n by flame atomic a b s o r p t i o n , flame 
atomic f l u o r e s c e n c e and i n d u c t i v e l y coupled plasma emission spectroscopy. 
The d e t e c t i o n l i m i t s o b t a i n e d were c o m p e t i t i v e w i t h o t h e r s r e p o r t e d w i t h 
the advantage o f r e a l time peak d e t e c t i o n and an a n a l y s i s time o f o n l y 
t e n minutes, 

A number o f f u t u r e a p p l i c a t i o n s f o r t r a c e metal s p e c i a t i o n are d i s 
cussed. 
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1 . INTRODUCTION 

1.1 THE NEED ?0R SPECIATION 

I t i s nov/ g e n e r a l l y recognised t h a t t h e form o f occurrence o f 

t r a c e elements i s a primary f a c t o r c o n t r o l l i n g t h e i r behaviour and 

f a t e i n the environment and t h a t d i f f e r e n t chemical and p h y s i c a l 

species o f t r a c e elements have d i f f e r e n t t o x i c o l o g i c a l p r o p e r t i e s 

( 1 ) . T h i s r e c o g n i t i o n has g i v e n impetus t o the d e t e r m i n a t i o n o f 

d i f f e r e n t physico-chemical species formed by an element, i . e . 

s p e c i a t i o n , r a t h e r than simple t o t a l element c o n c e n t r a t i o n . 

1.1.1 T o x i c o l o g i c a l C o n s i d e r a t i o n s 

Among the most dangerous and thus w i d e l y s t u d i e d metal p o l l u 

t a n t s i s mercury ( 2 - 5 ) . The d i s c o v e r y o f Minamata disease i n 1956 

demonstrated the need f o r mercury s p e c i a t i o n . The d e v a s t a t i o n o f 

a q u a t i c , animal and human p o p u l a t i o n s i n the Minamata Bay area d u r i n g 

the p e r i o d 1956 t o 1968 was caused by i n g e s t i o n o f mercury d i s 

charged from a chemical p l a n t ( 6 ) , p r i m a r i l y by a q u a t i c l i f e ajid i t s 

subsequent passage along t h e f o o d c h a i n . Among the numerous mer

cury compounds known, the c a u s a t i v e substance o f Minamata disease 

was found t o be diinethylmercury ( 7 ) . D i e t h y l - and di-n-propylmercury 

were a l s o found t o be c a u s a t i v e agents ( 7 ) . Other t o x i c mercury 

compounds, e.g. d i p h e n y l compounds and a c e t a t e s , are found i n medica

ments, p e s t i c i d e s and a n t i s e p t i c s . W ith r e g a r d t o acute t o x i c i t y 

t h e r e i s very l i t t l e d i f f e r e n c e between these compounds ( 8 ) ; however, 

l a r g e d i f f e r e n c e s e x i s t i n t h e i r c h r o n i c t o x i c i t y , as witnessed by 

the f a c t t h a t o n l y the t h r e e a l k y l mercury compounds cause Minamata 
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disease ( 7 ) . Thus i t i s obvious t h a t i n t h i s case t o t a l mercury o r 

even t o t a l o r g a n i c mercury values are o f l i m i t e d use t o the t o x i c o -

l o g i s t . 

Such problems, however, are not c o n f i n e d t o merciiry since the 

f a t e and t o x i c i t y o f many metals (1) are probably due t o the mole

c u l a r species i n v/hich the metal i s bound r a t h e r than s i m p l y the 

m e t a l l i c c o n s t i t u e n t alone. Por example, t e t r a e t h y l l e a d , TEL, which 

i s used as an " a n t i k n o c k " f u e l a d d i t i v e , has t o x i c o l o g i c a l p roper

t i e s q u i t e d i f f e r e n t from those o f i n o r g a n i c l e a d s a l t s , both as t o 

the t o x i c dose and t o the r e s u l t a n t b i o l o g i c a l e f f e c t s ( 9 ) . Por i n o r 

ganic l e a d s a l t s , the i n t r a v e n o u s i n the r a t i s a p p r o x i m a t e l y 70 

Tng,Kg~'^ ( 1 0 ) , whereas f o r TEL the f i g u r e i s a p p r o x i m a t e l y 10 mg.Kg ^ 

( 1 1 ) . The signs o f p o i s o n i n g are a l s o q u i t e d i f f e r e n t ; a r a t g i v e n 

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

s t i m u l i , and g e n e r a l i z e d muscle t r e m o r s , whereas r a t s g i v e n i n o r g a n i c 

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

out any m a n i f e s t a t i o n o f encephalopathy. The preceding statement i n t i 

mates t h a t TEL i s the l e t h a l agent. T h i s i s f a l s e , s i n ce TEL i s 

s u s c e p t i b l e t o d e a l k y l a t i o n i n the l i v e r and a l l evidence p o i n t s t o the 

d e a l k y l a t e d m e t a b o l i t e , t r i e t h y l l e a d , as being the t o x i c agent ( 9 ) . 

T e t r a m e t h y l l e a d , TML, which i s a l s o used as a f u e l a d d i t i v e , demonstrates 

s i m i l a r t o x i c e f f e c t s and, as f o r TEL, the t o x i c agent i s thought t o be 

the t r i m e t h y l m e t a b o l i t e . 
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1,1,2 B i o a c c u m u l a t i o n and M e t h y l a t i o n 

The s p e c i a t i o n o f t r a c e metals may have a profound e f f e c t on 

t h e i r b i o a v a i l a b i l i t y , f o r example v i t a m i n B^^ o n l y assim

i l a b l e chemical form o f c o b a l t ( 1 2 ) , S i m i l a r l y change i n o x i d a t i o n 

s t a t e o f metals g r e a t l y a f f e c t s b i o a v a i l a b i l i t y and t o x i c i t y . 

Chromium ( I I I ) i s an e s s e n t i a l element, v/hereas chromiiam ( V I ) i s 

h i g h l y t o x i c ; indeed, most usable chromium i s p r o v i d e d by a group 

o f chromium amino a c i d complexes, the glucose t o l e r a n c e f a c t o r ( 1 3 ) . 

The m e t h y l a t i o n o f mercury by methanogenic microorganisms was 

d i s c o v e r e d more than a decade ago (14) and t h e r e i s now a c o n s i d e r 

able amount o f d e t a i l on the s u b j e c t ( 1 5 ) . V/hilst the mechanism o f 

the m e t h y l a t i o n process i s not f u l l y understood, some d e t a i l e d v/ork 

has been c a r r i e d out on the k i n e t i c s o f the m e t h y l a t i o n process i n 

a e r o b i c and anaerobic media ( l 6 ) . The value o f t h i s type o f study 

i s t h a t the r a t e data are very i m p o r t a n t t o the d e s i g n o f q u a n t i t a 

t i v e models o f heavy metal c y c l i n g i n a q u a t i c systems f o r e f f e c t i v e 

water q u a l i t y management. More r e c e n t l y i t has been suggested t h a t 

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

m e t a l l i c compounds o f As, Pb, and Se, such as a l k y l a r s i n e s (17, 18, 

1 9 ) , t e t r a m e t h y l l e a d (20, 21) and d i m e t h y l s e l e n i d e (18, 2 2 ) . Chal

l e n g e r (23) c i t e d the "Forest o f Dean" Case, i n which the deaths o f 

two c h i l d r e n , i n 1931, v/as a t t r i b u t e d " t o d y s e n t r y and exposure t o 

a r s e n i c generated i n the house i n a gaseous form." The a r s e n i c 

compound v/as l a t e r found t o be t r i m e t h y l a r s i n e , which was generated 

from a r s e n i c pigments i n the v/allpaper by moulds growing on the paper 

This and o t h e r cases l e d t o much study of b i o l o g i c a l m e t h y l a t i o n (23 



and r e f e r e n c e s t h e r e i n ) . H e t h y l a t i o n o f t i n may a l s o occur, being 

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

(24 - 2 7 ) . There i s c o n s i d e r a b l e c o n t r o v e r s y as t o whether the 

m e t h y l a t i o n o f l e a d occurs ( 2 1 , 28 - 30) o r does not occur (31) 

and i f i t does, whether b i o l o g i c a l mechanisms need to be invoked 

(32, 3 3 ) . The s i t u a t i o n i s f u r t h e r complicated by the f a c t t h a t 

the compounds may be u n s t a b l e i n the c o n d i t i o n s encountered i n 

n a t u r a l waters. For example, no t e t r a a l k y l l e a d compounds have been 

de t e c t e d i n r i v e r water o r r a i n water samples, and when such com

pounds were added t o r i v e r water r a p i d decomposition - 60% o f the 

o r i g i n a l amount a f t e r 24 h r s - took place ( 3 4 ) . Thus the need f o r 

s p e c i a t i o n coupled w i t h s e n s i t i v e d e t e c t i o n i s e v i d e n t . 



1,2 General Approaches to S p e c i a t i o n 

An obvious way f o r w a r d i n the s p e c i a t i o n o f the v a r i o u s chemical 
o r p h y s i c a l forms o f a t r a c e metal l i e s i n the u t i l i z a t i o n o f the 
s e p a r a t i o n power of e s t a b l i s h e d a n a l y t i c a l s e p a r a t i o n techniques. I n 
t h e o r y the s e p a r a t i o n o f d i f f e r e n t metal species by one form o f chroma
tography o r another i s p o s s i b l e . A number o f p r a c t i c a l d i f f i c u l t i e s 
a r i s e , p a r t i c u l a r l y when the s e p a r a t i o n i s a p p l i e d t o r e a l samples. 
To be o f use a d e t e c t i o n system ab l e t o i d e n t i f y the e l u t i n g species 
unequivocably and a t s u f f i c i e n t l y low c o n c e n t r a t i o n s i s r e q u i r e d . 
A d d i t i o n a l l y the m e t a l l i c species should w i t h s t a n d the p h y s i c a l c o n d i 
t i o n s o f the s e p a r a t i o n process p r e f e r a b l y so as t o be e l u t e d i n t a c t . 

Gas chromatography ( 3 5 - 3 7 ) , l i q u i d chromatography ( 3 7 , 3 8 ) , and 

t h i n l a y e r chromatography ( 3 7 ) have a l l been used f o r the s e p a r a t i o n o f 

metal species i n v a r i o u s chemical and p h y s i c a l environments. The 

l a t t e r t echnique i s r a r e l y used w i t h f l o w - t h r o u g h d e t e c t o r s and w i l l 

not be considered f u r t h e r . 

. 1.2.1 Gas Chromatography 

The s e p a r a t i o n o f metal species by GC has f o l l o w e d two main pathways, 

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

c i e n t v o l a t i l i t y , e.g. o r g a n o m e r c u r i a l s ( 3 6 ) . Secondly, i n o r g a n i c 

GC, where r e l a t i v e l y i n v o l a t i l e species may be separated a f t e r the 

p r e p a r a t i o n o f v o l a t i l e d e r i v i t i v e s ( 3 5 , 3 7 ) , 
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1.2.1.1 D e t e c t o r s f o r M e t a l l i c Species 

The use o f flame i o n i z a t i o n d e t e c t i o n , a l t h o u g h u n i v e r s a l l y p o p u l a r 

f o r o r g a n i c compounds, has c e r t a i n l i m i t a t i o n s when a p p l i e d t o organo-

raetallic compounds. Por example, i n »the d e t e c t i o n o f o r g a n o t i n con-

pounds, d r i f t i n d e t e c t o r s e n s i t i v i t y has been noted (39) , due t o the 

b u i l d up o f SnO^ i n the d e t e c t o r . T h i s problem may be overcome; f o r 

i n s t a n c e , i n the d e t e c t i o n o f TITL and TEL i n p e t r o l (40, 41) flame 

i o n i z a t i o n was used t o d e t e c t the species as methane and ethane a f t e r 

c a t a l y t i c h y d r o g e n a t i o n . Despite the l o n g l i n e a r range o f t h i s d etec

t o r , i t has proved unpopular f o r o r g a n o m e t a l l i c d e t e c t i o n . T h i s i s 

probably due t o the very u n i v e r s a l i t y which i s the major advantage o f 

the PID, I t i s d i f f i c u l t i n r e a l samples t o i d e n t i f y unequivocably 

t r a c e o r g a n o m e t a l l i c compounds amongst complicated o r g a n i c m a t r i c e s . 

E l e c t r o n capture d e t e c t o r s , ECDs, have proved p o p u l a r , e s p e c i a l l y 

when the o r g a n o m e t a l l i c species c o n t a i n a halogen atom. Sumino ( 4 2 ) , 

i n an e x h a u s t i v e study o f the chromatographic c o n d i t i o n s r e q u i r e d f o r 

the d e t e r m i n a t i o n o f o r g a n o m e r c u r i a l s , was able t o d e t e c t 1 pg o f 

methylmercury c h l o r i d e . The response o f the ECD t o o r g a n o m e t a l l i c 

compounds not c o n t a i n i n g a halogen w h i l s t being g r e a t e r than t h a t t o 

simple o r g a n i c s p e c i e s , i s much l e s s than the response t o halogen con

t a i n i n g s p e c i e s . Thus, i n the d e t e c t i o n o f d i a l k y l - and d i a r y l - m e r c u r y 

compounds (36 and r e f s t h e r e i n ) , conversion t o the h a l i d e s a l t p r i o r 

t o d e t e r m i n a t i o n , i n c r e a s e d the s e n s i t i v i t y o f d e t e c t i o n . The s e n s i 

t i v i t y o f the ECD n e c e s s i t a t e s the c a r e f u l c l e a n up o f a l l reagents 

and s o l v e n t s t o a v o i d i n t e r f e r e n c e s . Problems may a l s o a r i s e from the 

m a t r i x ; f o r example, the GC-ECD o f t e t r a a l k y l l e a d compounds i n p e t r o l 
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(43 - 4 5 ) , gave s e n s i t i v e d e t e c t i o n o f l e a d . However, v o l a t i l e h a l o 

gen compounds, used as scavengers f o r l e a d i n p e t r o l , can cause prob

lems i n chromatographic i n t e r p r e t a t i o n u nless steps are taken t o 

remove them w i t h scrubber columns. 

Por metal c h e l a t e s , v / h i l s t PID has been used v/ith d e t e c t i o n l i m i t s 

o f 0.1-1.0 ng, by f a r the most p o p u l a r d e t e c t o r system has been e l e c 

t r o n capture ( 3 5 ) . T h i s i s not a l t o g e t h e r s u r p r i s i n g , since many o f 

the c h e l a t i n g l i g a n d s used are h e a v i l y f l u o r i n a t e d and are h i g h l y r e s 

ponsive t o e l e c t r o n capture d e t e c t i o n v / i t h d e t e c t i o n l i m i t s around t h e 

lO""^^ g.s""*̂  l e v e l . However, a major problem i s the requirement t o 

remove the excess f r e e l i g a n d from the s o l u t i o n t o be i n j e c t e d , since 

f a i l u r e t o do so may r e s u l t i n c o n t a m i n a t i o n o f the d e t e c t o r , 

Plame p h o t o m e t r i c d e t e c t o r s have a l s o been used f o r the d e t e c t i o n 

o f s u i t a b l e o r g a n o r a e t a l l i c compounds. For t e t r a a l k y l l e a d compounds 

( 4 6 ) , the d e t e c t o r proved r e l a t i v e l y i n s e n s i t i v e t o l e a d , l i n e a r 

range o f 0.25-25 ng; however, i t has proved t o be a very s e n s i t i v e 

d e t e c t o r f o r o r g a n o t i n compounds (47 - 5 1 ) , u s i n g a hydrogen r i c h 

flame and m o n i t o r i n g the SnH band (610 nm). The t i n emission i s 

s h i f t e d t o a:broad band a t 360-490 nm (48) i f a s i l i c a t e flame e n c l o 

sure i s used. The s e n s i t i v i t y o f t h i s type o f d e t e c t o r i s h i g h l y 

dependant on the flame c o n d i t i o n s , the p o i n t o f measurement i n the 

flame and the s p e c t r a l emission p r o p e r t i e s o f the metals d e t e c t e d . 

The combination o f mass spectrometry w i t h gas chromatography (52) 

p r o v i d e s one o f the most po w e r f u l t o o l s a v a i l a b l e i n a n a l y t i c a l 

c h e m i s t r y . The use o f GC-MS w i t h the o u t p u t a t s e l e c t e d m/e values 



a l l o w s a h i g h degree o f s e l e c t i v i t y f o r a g i v e n metal species o r 

l i g a n d type v/ith pico-gram d e t e c t i o n l i m i t s e q u i v a l e n t t o those ob

t a i n e d by ECD (35, 37). The power o f GC-US co u p l i n g s i s t h a t complete 

c h a r a c t e r i z a t i o n o f species rr̂ ay be achieved, Sowinski and S u f f e t (53) 

used a t r i p l e d e t e c t o r system t o d e t e c t the presence o f v a r i o u s boron 

h y d r i d e s i n the atmosphere. The ?PD shov/ed boron t o be pr e s e n t , 

m i c r o c o u l m e t r i c response i n d i c a t e d the presence o f r e d u c i b l e s p e c i e s , 

and the ECD i n d i c a t e d e l e c t r o n d e f i c i e n t species. T h i s combined 

i n f o r m a t i o n i n d i c a t e d the presence o f a boron h y d r i d e as opposed t o 

some o t h e r s a t u r a t e d organo-boron compound; however f o r a b s o l u t e con

f i r m a t i o n , GC-MS v/as used. Another advantage o f MS d e t e c t i o n l i e s i n 

i t s a b i l i t y t o i d e n t i f y whether a species has remained u n a l t e r e d by the 

chromatographic procedure, Baughman et^ a l . (54) i n a study o f a l k y l -

and a r y l - m e r c u r y compounds by u s i n g GC-MS found t h a t these compounds 

broke dovm under the chromatographic c o n d i t i o n s used. N i e l s e n et^ a l . 

(55) used GC-MS w i t h i s o t o p i c d i l u t i o n f o r the d e t e c t i o n of TtTL and 

TEL i n the atmosphere, u s i n g s i n g l e i o n m o n i t o r i n g . T h i s gave the ad

vantage t h a t compensation f o r any d e g r a d a t i o n o f TUL o r TEL d u r i n g 

sampling, storage o r a n a l y s i s could be made. The major problem w i t h 

GC-MS systems i s t h e i r g r e a t expense when compared w i t h o t h e r GC d e t 

e c t o r s . As a r e s u l t i t i s o f t e n p r e f e r a b l e t o use m u l t i - d e t e c t i o n 

systems t o a i d chromatographic i n t e r p r e t a t i o n . 

For t r a c e o r g a n o m e t a l l i c s p e c i a t i o n , one o f the problems v / i t h con

v e n t i o n a l d e t e c t o r s i s t h a t they do not respond s o l e l y t o the metal 

o f i n t e r e s t . The u n i v e r s a l response o f the PID makes i d e n t i f i c a t i o n 

o f the o r g a n o m e t a l l i c species d i f f i c u l t . The enhanced response o f the 

ECD t o h a l o g e n - c o n t a i n i n g species means t h a t f o r s e n s i t i v e d e t e c t i o n . 
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i t i s p r e f e r a b l e t o l a b e l the metal species w i t h a halogen. T h i s i n 

v o l v e s e x t e n s i v e sample v/ork up and a l s o may g i v e a f a l s e r e p r e s e n t 

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

o r i g i n a l sample. The flame p h o t o m e t r i c d e t e c t o r , w h i l s t s e n s i t i v e 

f o r some me t a l s , l a c k s the a b i l i t y t o respond t o a v/ide range o f 

m e t a l l i c species. 

Thus, i d e a l l y what i s r e q u i r e d i s a d e t e c t o r system which responds 

s e l e c t i v e l y t o the metal i n the o r g a n o m e t a l l i c species t o g i v e unequi-

vocable i d e n t i f i c a t i o n a t t r a c e l e v e l s v/ithout e x t e n s i v e sample 

m a n i p u l a t i o n . The v a r i o u s atomic s p e c t r o s c o p i c techniques are i d e a l l y 

s u i t e d t o a c t as such d e t e c t i o n systems. The v a r i o u s atomic absorp

t i o n and atomic emission techniques have been v/idely used as d e t e c t o r s 

f o r t o t a l metal c o n c e n t r a t i o n s and c o u p l i n g them w i t h chromatography 

should enable s p e c i a t i o n o f t r a c e organom.etallic species, 

1.2,2 L i q u i d Chromatography 

The s e p a r a t i o n o f m e t a l l i c species as simple c a t i o n s , metal c h e l a t e s 

and o r g a n o m e t a l l i c compounds has been reviev/ed by v a r i o u s a u t h o r s (37, 

38). Besides being able t o separate i n v o l a t i l e species not amenable 

t o GC a n a l y s i s , l i q u i d chromatography may be used t o separate v o l a t i l e 

metals species which have low thermal s t a b i l i t y and which t h e r e f o r e 

are not s u i t a b l e t o GC s e p a r a t i o n . 
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1,2.2.1 D e t e c t o r s f o r F ^ e t a l l i c Species 

The s p e c i a t i o n o f metals may be achieved u s i n g c o n v e n t i o n a l 

u l t r a v i o l e t (UV) o r mo l e c u l a r f l u o r e s c e n c e d e t e c t o r s , e i t h e r by com-

p l e x a t i o n p r i o r t o s e p a r a t i o n ( 3 8 ) , o r by post column r e a c t i o n , e.g. 

the complexation o f organ o m e r c u r i a l s w i t h d i t h i z o n e p r i o r t o UV detec

t i o n by Gast and Kraak ( 5 6 ) . O b v i o u s l y , by s u i t a b l e choice o f the 

chromophore o r f l u o r o p h o r e f o r e i t h e r p o s t - o r pre-column r e a c t i o n , 

s e n s i t i v e d e t e c t i o n i s p o s s i b l e , e.g. 60 ppb f o r phenylraercury 

compounds (56) u s i n g d i t h i z o n e w i t h UV (480 nm) d e t e c t i o n . 

For systems v/hich have d i f f e r e n t metal species v/hich r e a c t w i t h the 

complexing agent, the n a c e r t a i n amount o f a m b i g u i t y i n chromatogra

ph i c i n t e r p r e t a t i o n w i l l r e s u l t . T h i s a m b i g u i t y may be r e s o l v e d by 

u s i n g d e t e c t o r s which respond d i r e c t l y t o the metal and not t o the 

molecule, e.g. by u s i n g atomic spectroscopy. 

Some o r g a n o m e t a l l i c compounds do not r e q u i r e such post- o r p r e -

column r e a c t i o n t o be d e t e c t e d by c o n v e n t i o n a l LC d e t e c t o r s . For 

example, Ruo et a l . (57) used UV (254 nm) d e t e c t i o n o f t e t r a a l k y l l e a d 

compounds i n g a s o l i n e , w h i l s t a t 254 nm the t e t r a a l k y l l e a d compounds 

absorb, s a t u r a t e d hydrocarbons do n o t ; however, some o l e f i n s a l s o 

absorb a t t h i s wavelength and t h e r e f o r e r e p r e s e n t a p o s s i b l e i n t e r -

f e r e n t . The use o f atomic a b s o r p t i o n d e t e c t i o n f o r t e t r a a l k y l l e a d 

compounds i n g a s o l i n e , e.g. Bo t r e ejt a l . ( 5 8 ) , enables s p e c i f i c d e t 

e c t i o n o f the organo-lead species w i t h more than adequate s e n s i t i v i t y . 

D e t e c t i o n i s a problem f o r non-absorbing s p e c i e s , e.g. s h o r t c h a i n 

a l k y l t i n compounds since they have v i r t u a l l y no a b s o r p t i o n i n the 
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near UV and al s o g i v e low r e f r a c t i v e index response (39) . Bums and 

co-v/orkers (59) found d i r e c t PAAS o f HPLC e f f l u e n t s t o be more s e n s i 

t i v e than c u r r e n t s p e c t r o m e t r i c o r f l u o r i m e t r i c method f o r a l k y l t i n 

species. 

D e t e c t o r s f o r LC should not be viewed as m u t u a l l y e x c l u s i v e since 

they a l l y i e l d p o t e n t i a l l y v a l u a b l e i n f o r m a t i o n , Por example, e l e c t r o 

chemical d e t e c t o r s enable the d e t e c t i o n o f compounds which may be 

r e a d i l y o x i d i z e d o r reduced; s i m i l a r l y , atomic spectroscopy o f f e r s a 

unique approach t o i n f o r m a t i o n about which m e t a l l i c species are present 

i n a system. A re v i e w o f the c o u p l i n g o f LC w i t h the v a r i o u s atomic 

s p e c t r o s c o p i c techniques i s g i v e n i n Chapter 3 o f t h i s t h e s i s . 
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2 A Review o f Coupled Gas Chromatography - Atomic Spectroscopy 

Techniques 

2,1 I n t r o d u c t i o n 

Atomic spectroscopy o f f e r s the p o s s i b i l i t y t o s e l e c t i v e l y d e t e c t 

a wide range o f metals and non-metals. The use o f d e t e c t o r s r e s 

ponsive o n l y t o s e l e c t e d elements i n a raulticoraponent m i x t u r e 

d r a s t i c a l l y reduces the c o n s t r a i n t s placed on the chromatography, 

since o n l y those components i n the m i x t u r e which c o n t a i n the element 

o f i n t e r e s t v / i l l be d e t e c t e d . Thus, chromatographic s e p a r a t i o n i s 

o n l y necessary betv/een components v/hich c o n t a i n the element o f 

i n t e r e s t . 

C e r t a i n requirements f o r such element s p e c i f i c d e t e c t o r s may be 

i d e n t i f i e d , these being good i n t e r e l e m e n t s e l e c t i v i t y , s e n s i t i v e detec

t i o n f o r a wide range o f elements, s i m p l i c i t y o f design and o p e r a t i o n , 

and c o m p a t i b i l i t y w i t h e x i s t i n g i n s t r u m e n t a t i o n . These aspects are 

discussed f u r t h e r below, 

2.1.1 I n t e r e l e m e n t S e l e c t i v i t y 

Atomic a b s o r p t i o n spectroscopy (AAS) i s i n h e r e n t l y the most s e l e c 

t i v e o f the atomic s p e c t r o s c o p i c techniques due t o the " l o c k and key" 

mechanism (see s e c t i o n 2.2.2). The v a r i o u s plasma emission sources: 

microwave induced plasma (MIP), d i r e c t c u r r e n t plasma (DCP), and 

i n d u c t i v e l y coupled plasma ( I C P ) , due t o t h e i r very h i g h e x c i t a t i o n 

t emperatures, produce a w e a l t h o f emission l i n e s . Thus, w h i l s t not 

possessing the i n h e r e n t s e l e c t i v i t y o f AAS, the use o f a s u i t a b l y h i g h 
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r e s o l u t i o n monochromator reduces the p o s s i b i l i t y o f s p e c t r a l i n t e r 

f e rence and enables i n t e r e l e m e n t s e l e c t i v i t y . T h i s w e a l t h o f emission 

l i n e s produced a l s o enables m u l t i - e l e m e n t d e t e c t i o n which normal l i n e 

source AAS does not o f f e r . Atomic f l u o r e s c e n c e spectroscopy (APS), 

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

t o AAS, coupled w i t h the m u l t i e l e m e n t c a p a c i t y o f AES, but i n prac

t i c e i s l i m i t e d by the a v a i l a b i l i t y o f s u i t a b l e l i n e sources. 

2.1.2 S e n s i t i v e D e t e c t i o n 

The a v a i l a b i l i t y o f a s e n s i t i v e d e t e c t i o n system precludes 

excessive sample memipulation and p r e c o n c e n t r a t i o n which i s not o n l y 

time consuming, but may cause sample c o n t a m i n a t i o n . 

The most po p u l a r ways o f g e n e r a t i n g atoms f o r AAS are i n flames 

and by e l e c t r o t h e r m a l l y heated f u r n a c e s . The former u s u a l l y g i v e s 

poorer d e t e c t a b i l i t y due t o the s h o r t e r atomic residence times i n the 

flame and problems o f sample i n t r o d u c t i o n . R e l a t i v e l y s h o r t u s e f u l 

l i n e a r ranges o f 1-2 o r d e r s o f magnitude are t y p i c a l o f a b s o r p t i o n 

t e c h n i q u e s . The plasma emission techniques use h i g h temperature 

e x c i t a t i o n sources, thus e n a b l i n g low l e v e l d e t e c t i o n o f metals and 

the f a v o u r a b l e source geometry o f t e n p r o v i d e s l o n g l i n e a r working 

ranges. I n atomic f l u o r e s c e n c e , p r o v i d e d a s u i t a b l y i n t e n s e l i n e 

source i s a v a i l a b l e , t h e n low l e v e l d e t e c t i o n and l o n g l i n e a r ranges 

are a v a i l a b l e . 
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2.1.3 Design, Operation and Compatability 

Plaaes or plasmas, whether chemical, i n PAAS and ?APS, or e l e c t r i c a l , 

i n the ICP, DCP and MIP, being made up of flowing gas streams, are 

wel l s u i t e d to accept an analyte i n a gas stream. T h e i r continuous mode 

of operation i s also advantageous, since although the analyte peak i s 

t r a n s i e n t , i t i s introduced i n a flowing gas stream. Electrothermal 

atomizers are t y p i c a l l y not continuous i n t h e i r mode of operation and 

are designed f o r use with d i s c r e t e condensed phase samples and thus 

require modification before they may accept a flowing gas stream. 

The usefulness of the various atomic spectroscopic techniques as 

detectors f o r GC and t h e i r a p p l i c a t i o n s w i l l now be reviewed. 

2.2 CHOICE OP SPECTROSCOPIC TECHNIQUE 

2.2.1 Atomic Emission Spectrometry 

The p r o b a b i l i t y of t r a n s i t i o n s between given energy l e v e l s of a 

fi x e d atomic population was expressed by E i n s t e i n i n three t r a n s i t i o n 

p r o b a b i l i t i e s : A.., B., and B.., which r e f e r to spontaneous emission, 

absorption and stimulated emission r e s p e c t i v e l y . They may be consid

ered as representing the r a t i o of the number of atoms undergoing t r a n s 

i t i o n to the number i n an i n i t i a l l e v e l . The i n t e n s i t y , I ^ ^ , of a 

spontaneous emission l i n e i s r e l a t e d to A^^ by the equation 

V/hen a system i s i n thermodynamic equilibrium, the number of atoms, 

Nj, i n the exci t e d s t a t e i s given by the Boltzmann d i s t r i b u t i o n law: 
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N.g 
J = - 2 - J exp [-(E./kT)] ... (2.2) 

where N i s the number of atoms i n the ground s t a t e with sin energy o 

E^, g^ and are the s t a t i s t i c a l weights of the ground and j t h 

s t a t e s r e s p e c t i v e l y , where g = 2J + 1 , and k i s a constant. 

N g exp [-(E VkT)] 
g^ exp [-(E^/kT)] ^̂ --̂ ^ 

The t o t a l number of atoms present, N, w i l l be the sum of the atoms 

occupying a l l the energy l e v e l s i . e . N =3.1^. 

g. exp [-(E./kT)] 
N ^ ^ j ^ ^ P [-(E.AT)] 

P(T) 

where P(T) i s the p a r t i t i o n function. I f s e l f absorption i s neglected 

for a system i n thermodynamic equilibrium, then: 

I =A..hv..Nn. exp [-(E./kT)] / ? ( T ) (2.5) sm J ̂  J ̂  J J 

Thus, i f the analyte atom concentration i s small, i . e . s e l f absorption 

i s n e g l i g i b l e , then I ^ ^ i s d i r e c t l y r e l a t e d to emission i n t e n s i t y . 

The emission i n t e n s i t y i s also c r i t i c a l l y dependant of the emission 

source temperatiire and small f l u c t u a t i o n s i n t h i s temperature cause 

large changes i n I ^ ^ . With "hot" emission sources, e.g. plasmas, a 

wide choice of s e n s i t i v e a n a l y t i c a l l i n e s w i l l be a v a i l a b l e . T h i s i s 

both an advantage and a disadvantage. The wealth of l i n e s of varying 

s e n s i t i v i t y enables a wide range of analyte concentrations to be dealt, 

with; hov/ever, the p o s s i b i l i t y of s p e c t r a l i n t e r f e r e n c e from l i n e over

lap requires high r e s o l u t i o n , and hence high cost, o p t i c s . 

15 



The various plasma emission techniques - microwave induced, d i r e c t 

current and i n d u c t i v e l y coupled with t h e i r high e x c i t a t i o n temper

ature s , have a l l been used as detectors f o r gas chromatography (60, 6 l ) , 

and f a r more repo r t s r e f e r to these sources than to any other emission 

source. Of the three plasma sources, the microwave plasma have proved 

the most popular. 

2.2.1,1 Microwave Induced Plasma Emission Spectroscopy 

The microwave induced plasma, MIP, derives i t s power from a high 

frequency, 2450 MHz, magnetron valve which i s coupled v i a a waveguide 

and resonance c a v i t y into the plasma gas. The plasma i s normally sus

tained i n a small bore, approximately 2 mm. i . d . , quartz tube, with 

argon or helium flowing through. Stable argon plasmas with conventional 

c a v i t i e s may be achieved at both reduced and atmospheric pressure. For 

helium stable plasmas are only achieved with conventional c a v i t i e s with 

pressures below 65 mbar ( 6 2 ) . Atmospheric pressure helium plasmas 

may be sustained i f the " ^Q ^ Q (Beenakker) c a v i t y (63, 64) i s used. 

The temperature of the plasma i s d i f f i c u l t to define as i t i s not i n 

l o c a l thermal equilibrium, LTE, as evidenced by the low ne u t r a l gas 

temperature of <1000 K compared to the e x c i t a t i o n temperature of 4500 K 

to 5500 K ( 6 5 ) . The presence of high energy e l e c t r o n s and metastable 

excited i n e r t gas species make the plasma an extremely e f f i c i e n t 

e x c i t a t i o n source. The energy of the lowest metastable st a t e (66) of 

atomic helium, n e u t r a l and ionized diatomic helium and atomic argon 

(19,73, 13.3 - 15.9, 18.3 - 20.5 and 11.5 eV r e s p e c t i v e l y ) not only 

shows the source to be highly energetic, but explains the f a c t that 

some elements do not give c h a r a c t e r i s t i c l i n e emission i n argon but do 

so i n helium. The MIP allows atomic l i n e s of some non-metals, e.g. 
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chlorine, to be monitored. 

The low gas temperature of the MIP reduces the amount of sample i t 

can withstand without being extinguished. Thus coupling the MIP with 

GC where the amounts of solute are small and the c a r r i e r gas i s the 

same as the plasma gas provides a favourable sample introduction 

method. T h i s i s re i n f o r c e d by the number of reported couplings of 

GC to MP - see Table 1. 

I n 1965 McCormack et_ a l , (67) f i r s t used the MIP as an element s e l e c 

t i v e detector f o r organic compounds. The e f f l u e n t from the GC was 

taken d i r e c t l y to the s i l i c a tube containing the plasma discharge. 

Both tapered and co a x i a l c a v i t i e s v/ere used, the former being more 

s e n s i t i v e , w h i l s t the l a t t e r would accept l a r g e r samples. Two plasma 

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

l a t t e r was favoured because of the complexity of the associated vacuum 

system required with the former. The atmospheric argon plasma was 

then used by Bache and L i s k f o r the determination of p e s t i c i d e s i n 

various samples by element s e l e c t i v e detection of phosphorus (68) and 

iodine ( 6 9 ) . The same authors also used a low pressure argon plasma 

fo r phosphorus s e l e c t i v e detection i n p e s t i c i d e s ( 7 0 ) , with a dec

rease i n detection l i m i t of an order of magnitude over the atmospheric 

pressure plasma ( 6 8 ) . The more energetic reduced pressure helium 

plasma v/as used for the determination of halogens, phosphorus and 

sulphur using atomic l i n e s (71 - 73). Moye (74) preferred the tapered 

rectangular c a v i t y to the Evenson i wave c a v i t y and used a mixed 

argon/helium, 15 +85, c a r r i e r which gave a lower background emission 

fo r c h l o r i n e , iodine and phosphorus detection i n pesticide r e s i d u e s . 
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Dagnall et a l . (62, 75) used a quarter wave r a d i a l c a v i t y f or low 

pressure argon or helium plasmas i n the determination of sulphur i n 

various compounds. I t v/as found that the most s e n s i t i v e and s p e c i f i c 

emission wavelength was not the same f o r a l l the compounds examined. 

I n addition t h i o g l y c o l i c acid v/as found to be very d i f f i c u l t to 

fragment (62) and a platinum wire i n the base of the detector was 

found to catalyse the fragmentation process ( 7 5 ) . Bach and L i s k (76) 

were the f i r s t to use the low pressure helium plasma for detection of 

organomercury compounds a f t e r e x t r a c t i n g the compounds from salmon 

using the esta b l i s h e d procedures of V/estoo (14, 77, 78), Dagnall et^ 

a l . (79) s i g n a l l e d a p o t e n t i a l use of the tllP detector for obtaining 

interelement r a t i o s by using two raonochromators, one set at a carbon 

l i n e and the other set to monitor a heteroatora. Other workers (80 -

84) have a l s o used the MIP detector to determine inter-element r a t i o s 

i n an attempt to estimate empirical formulae. The commercially a v a i l 

able MPD850 (Applied Chromatography Systems) low pressure helium plasma 

system has been used i n t h i s r o l e (81 - 83). Dingjan and De Jong (84) 

found a reference compound was required i f accurate r a t i o formulae 

were to be obtained. Schwarz et_ a l . (85) used an o s c i l l a t i n g s l i t 

mechanism f o r the determination of hydrogen isotope r a t i o s but the 

poor s i g n a l to noise r a t i o s obtained r e s u l t e d i n poor p r e c i s i o n s . 

The passage of carbon containing compounds through the plasma may 

cause carbon deposits to be formed on the v/alls of the quartz c a p i l 

l a r y , absorbing part of the r a d i a t i o n and i n c r e a s i n g background 

emission ( 6 7 ) . T h i s can be prevented by e i t h e r i n i t i a t i n g the plasma 

a f t e r the solvent has passed through the detector ( 6 8 ) , or by adding 

t r a c e s of a scavenging gas. This gas may be e i t h e r nitrogen ( 8 0 ) , 
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oxygen (80, 86) or a i r (67) added to the plasma gas; however as a 

r e s u l t the s p e c t r a l background i s considerably increased. The HIP has 

proved popular as a detector for various metal chelates (86 - 88, 90, 

91), and also as a detector f o r various hydride forming elements 

(92 - 96), Talami and Bostick (92) determined a l k y l a r s e n i c a l a c i d 

compounds i n p e s t i c i d e s by generating t h e i r hydrides p r i o r to GC-MIP 

a n a l y s i s . The separation and sequential detection of As, Ge, Se, Sn, 

and Sb hydrides (93 - 96) has been demonstrated using a mixed argon/ 

helium plasma (93, 95, 96). U u l l i g a n et a l , (94) evaluated various 

c a v i t i e s f o r raicrov/ave plasmas and found l i t t l e d i f f erence i n detec

t i o n pov;er achieved, but found the Beenakker TI>^Q-|^Q c a v i t y e a s i e s t to 

operate. The method was used to determine the above hydride forming 

elements i n whole blood and enriched f l o u r (95) and NBS orchard 

leaves (95. 96). 

The GC-KIP couplings have also been used f o r the detection of 

various metals i n v o l a t i l e organometallic compounds. Lead has been 

determined as the t e t r a a l k y l species (97 - 100), i n petrol (99, 100), 

i n the atmosphere (98) , and as t r i a l k y l l e a d c h l o r i d e i n water samples 

(101), Mercury as the diphenyl ( 9 7 ) , dimethyl and d i e t h y l (102) 

d e r i v a t i v e s have been detected using the ™QQ_Q c a v i t y . Quimby et_ 

a l . (97) used the same cavity to determine manganese as the methyl-

cyclopentadienyltricarbonyl d e r i v a t i v e i n pet r o l and as a s i l i c o n 

s p e c i f i c detector f o r t e t r a v i n y l s i l a n e . The group at Amherst have 

demonstrated the couplings of c a p i l l a r y columns with the TM^^^ c a v i t y 

(99, 101, 103 - 105) with great success f o r metal s p e c i f i c detection 

of v o l a t i l e organometallics. I n t h e i r study of the p y r o l y s i s of 

carborane s i l i c o n e polymers (105) i t was found that doping of the 
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plasma gas with hydrogen i n h i b i t e d oxide or s i l i c a t e formation by 

promoting borohydride formation, which increased the population of 

atomic boron rather than i o n i c s t a t e s , Hanie £t a l . (106) have also 

used c a p i l l a r y columns f o r the determination of h a l i d e s i n p e s t i c i d e s 

using a helium plasma and a surfatron cavity (107). Thus i t may be 

seen that microwave plasmas have been used widely f o r element s e l e c 

t i v e detection with the p o s s i b i l i t y of f u r t h e r a p p l i c a t i o n s yet to be 

reported. The above and other work i n couple GC-MIP systems are 

summarized i n Table I . 
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Detector Chromatography Matrix Sample t r e a t 
ment/comments 

Element V/avelength 
(nm) 

Detection 
Limit 

Reference 

Tapered and co Solutions of At low pressure C 388.3 2 X 10-^^ 

a x i a l c a v i t i e s simple and He was the pref P 516.6 3 X 10-^^ 

used, the f o r  heteroatom erred c a r r i e r 251.6 3 X 10-^2 

mer more s e n s i  containing gas. At atmos. CI 278.8 5 X 10-1^ 

t i v e , the l a t t e r organic com pressure Ar was Br 298.5 8 X 10-^0 

accepted l a r g e r pounds. used since i t I 206.2 2 X 10"'^ 

samples. 10 mm. gave a stable S 257.5 7 X 10 

i . d , discharge discharge. Dyna 1 X 10"^ 

tube at low mic range 4 ord g/sec. 67 

pressure. ers of magnitude 

Atmos. pressure 2* g l a s s 'U' Organophos Diazinon Dimeth- P 253.565 1, 4 to 

Ar 1 mm, i . d . column, 5 mm. phorus oate, Ethion 9. 2 Pg. s"^ 68 

quartz discharge i . d . 5% SE 30 i n s e c t i c i d e Parathion contd 



Detector 
tube i n a tap' 

ered c a v i t y . 

As i n r e f . 68 

As i n r e f . 68 

Except reduced 

pressure Ar 

plasma. 

Chromatogr. 
on 80/100 Chro' 

mo sorb V/ 

T = 160-200 c 
Ar = 20-115 

ml/min used. 

See r e f . 68 

Matrix 
residues i n 

Comments 
and Ronnel 

Element Wavelength Detection Ref 

See r e f . 68 

pure form, determined 

a g r i c u l t u r a l 

+ food samples. 

lodinated her

bi c i d e r e s i d 

ues and meta

b o l i t e s i n 

v/heat, oats 

and s o i l . 

Diazinon i n 

grapes; see 

r e f . 68 

Detection of 

l o n y n i l and 

metabolites 

Recoveries 

from 66-108% 

achieved. 

See r e f . 68 

achieved i n 

creased 

s e n s i t i v i t y with 

low pressure 

discharge. 

I 2 band 

206.2 4 X 10 

gl2 ^ 

•10 

253.565 6 X 10 
-1 

-13 

g s of 

P 

68 

69 

70 



Detector Chromatogr. Matrix 

Reduced pressure 6* g l a s s column Organic corn-

Comments 

helium plasma 

using tapered 

c a v i t y . 5-10 mm 

Hg pressure. 

Ar/He (15 + 85) 

^ mixed plasma, 

I tapered c a v i t y 

as longer l i f e 

times and l e s s 

background emis

sion obtained. 

10^ DC-200 on pounds and 

80/100 mesh p e s t i c i d e s 

Gas Chrom Q, 

Isothermal at 

various T 
c 

130°C to 210°C 

4'x l / 8 " i . d . g l a s s P e s t i c i d e 

g l a s s , 5% SE 30 residues of 

on Gas Chrom. Q various P, CI 

and I contain

ing compounds 

Flow rate = 27 

T = 180^0, c 
T j = 215°C 

ml min" 

Reduced pressure 6' x l / 8 " i . d . Phenol subst-

helium plasma g l a s s , 10% DC i t u t e d insec-

-200 on 100/ t i c i d e s i n 

Monitored atom

i c S and CI 

l i n e s 

Element Wavelength Detection Ref. 

Br 478.55 2 X 10-^^ 

CI 479.45 6 X lO"-̂ -*-

I 533.82 5 X lO"-*--̂  

P 253.57 
-12 

9 X 10 

S 545.38 5 X 10-^^ 

-1 
g s 71 

P 253.57 .07 ng 

CI 221.00 11.5 ng 

I 206.20 0.5 ng 

74 

CI 479.45 

s 545.38 72 

contd 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref. 

4^ 

120 mesh gas 

Chrom. Q. 

a g r i c u l t u r a l 

samples. 

72 

i \ r a d i a l l i n e 

c a v i t y , Ar or He i . d . Cu tubing 

low press. ( 1 3 — packed with d i to fragment 

2.7 ra. x6,5 mm. S compounds CS^ T h i o g l y c o l l i c 

thiophene, and d i f f i c u l t 

t h i o g l y c o l i c 

40 mbar) plasma, nonyl phthalate a c i d , miSO, 

1.0 M1 i n j e c 

t i o n s . 

SO, 

See r e f . 62, 0.6 mm. X 6mm, Used Pt wire 

i n base of 

S compounds 

i . d , Cu tubing CS^, t h i o -

packed with phene, dimethy- detector to 

e i t h e r Porapack Isulphide and cata l y s e 

P or Q. t h i o g l y c o l i c fragmentation 

a c i d . process. 

S - 190.0 0.2 ng for CS^ 

S - 191.5 at C = S band

e r s - 257.6. head. 

C^- 516 

common to 

a l l com

pounds. 

Monitored 

C=S band-

head at 

257.6 and 

atomic C 

l i n e at 

247.9. 

62 

Low ng range 

75 



Detector Chromatogr Matrix Comments Element Wavelength Detection Ref, 

Low pressure (5- See r e f . 70. 

10 T) He plasma 

See r e f , 70. 

S, halogen and 

P containing 

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

dues i n a wide 

range of food 

products. 

Br, C I , See r e f . 71 

I , s . 

P, 

73 

Reduced pressure 2 'x 5/32" i . d 

He plasma i n a g l a s s column. 

tapered c a v i t y 

c f . r e f . 71. 

60/80 mesh 

Chromosorb 101 

T 100°C 

T. 140°C 

He = 80 cmV 

Me^Hg 

min. 

V/estoo e s t r a c -

t i o n procedure, 

(14. 77, 78) 

for MeHgCl i n 

salmon. 

L i n e a r range: 

0.1-100 ng 

for MgHgCl. 

Hg 253-7 

76 

contd 



Detector Chromatogr. Matrix Comments Element Wavelength Detection Ref 

6' X 5/32" i . d 

g l a s s column, 

20% 0V17 and 

gPl (1+1 w/w) 

Methylmercury 

dicyandiaraide, 

Phenylmercuric 

acetate, methyl 

on 80/100 mesh, mercury d i t h i -

Gas Chrom Q, zonate, MeHgCl 

T^ = 208"C, 

T = 152^0 c 

i n salmon, 

Atmospheric Ar 30 and 70 cm Range of C, 0, Several c a v i - C Monitored, 

plasma, 20 cm x X 6 mm. i . d . N, and halogen t i e s examined, atomic C 

2 mm. i . d . quartz packed with containing i X preferred l i n e at 

tube surrounded Porapak S. compounds. because i t pro 247.9. C^ 

by I X c a v i t y . duced a long ( c a . bandhead 

8 cm.) stable at 516.5 

discharge with and C^/CN 

l i t t l e l o c a l bandhead 

overheating. at 385-9 

10 20 

76 

111 



Detector Chromatogr, Matrix Comments Element V/avelength Detection Ref. 

See r e f . 111 0,7 m X 1/8" Range of C, 

s t a i n l e s s s t e e l , S, and halo-

. Chromosorb gen contain-

101, ing compounds. 

Use of 2 mono- C 

chromators - 1 I 

set to atomic S 

C l i n e , other P 

set to hetero- CI 

atom l i n e . By 

monitoring emis- Br 

sio n from both 

obtain i n t e r -

element r a t i o s . 

247,9 

206.2 

182.0 

253.5 

256 

(band) 

292 

(band) 

.19 ng.s 

,1 

.04 

.3 

4.5 " 

2.5 

79 

Ar plasma. 

E s s e n t i a l l y the 

same as 67. 

10* X i . d , Me^Hg 

s t a i n l e s s s t e e l 

column, 20% 

Carbowax 20 M 

on Chromo

sorb P 60/80 

mesh. 

Pound s e l e c t i 

v i t y f o r Hg over 

various organic 

compounds, 

always ^ 10^ 

Hg 253.7 0,3 ng 

108 
contd 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref. 

A T = 4 8 cm-̂ min ^ 

T = 75"C c 108 

Low pressure He Various organic C 247.8 .08 ng.s 

plasma using MPD compounds. H 486,1 .03 11 

850 system, 0^ D 656,2 -09 I I 

and used as 0 777.2 3.0 t i 

scavengers to N 746.9 2.9 I t 

prevent C b u i l d  F 685.6 .06 I I 

up. CI 479.4 .06 I t 

Br 470.5 .12 11 

I 516.1 .05 t i 

S 545.4 .09 I I 

-1 

109 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref 

S i m i l a r system to 2 columns, both acac and t f a MIP responded 

111, except i \ 0.6 m x 4.8 mm chelates of A l , both nonspeci-

Evenson c a v i t y i . d . , 1. Univer- Cr, Cu, Ga, Pe, f i c a l l y to C or 

70W forward power s a l B coated Sc, V 

Ar plasma, i g n i - with 10% Apie-

ted a f t e r e l u t i o n zon L. 

of solvent 2. 0.5% Apiezon 

L on g l a s s beads 

(0.2 mm. diam.) 

Both conditioned 

f o r 36 hrs at 

200° C 

s p e c i f i c a l l y to 

the metal of 

i n t e r e s t . 

Al 

Cr 

Cu 

Ga 

Fe 

Sc 

V 

396.2 

357.9 

324.7 

294.4 

344.1 

361.4 

318.4 

i n the range 
-12 

2 X 10 to 
2 X 10 

-1 
g.s 

-11 

87 

i>i Evenson cav- 1 cm or 2 cm x CO, C0^> ^0^, Gas mixtures 

i t y used, reduced 1 mm i . d . Cu N̂ O i n a i r . were prepared 

pressure (lOT) tubing packed by i n j e c t i n g 

247.9 CO 50 ppm 

337.1 CO2 50 " 
(Nzbandhead) 

190.0 N̂ O 20 " 110 
contd 
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Detector Chromatogr. Matrix Comments Element Wavelength Detection 

He plasma gener v/ith e i t h e r . known amounts SO^ 30 ppm 

ated i n a 6 cm X Porapak Q or 5A of pure gas i n t o 

8 mm i . d . quartz molecular sieve an a i r f i l l e d 

tube • T = 125°C c f l a s k f i t t e d 

50 1 i n j e c t i o n s w i t h a septum. 

Ar plasma gener Stainless s t e e l Metal acac A CM band was Al 396.2 Al=100 ng 

ated i n a quartz tubing 72 cm x chelates de- observed f o r a l l Be 234.9 Be=O.01ng 

p a p i l l a r y 1.6 mm 4 min. i . d , , solved i n complexes proba Cr 425.4 Cr=0.1ng 

i . d , X 25 cm 0.5% SE-30 on chloroform. bly due to 

placed i n a tap- glass beads 60/ impurity i n the 

epered rectang 80 mesh. Ar. Failed to 

u l a r type c a v i t y . T = 160°C. c chromat ograph 

Tj= 200-2l0°C acac chelates 
3 -1 Ar= 150 cm min of Cu ( I I ) , Pe 

( I I I ) and V(IV). 

110 

88 
contd 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref, 

2 orders of mag

nitude f o r Be 

and Cr. 1 order 

f o r A l . 

88 

I 

Reduced pressure 3 m x 2.5 mm. 

He plasma, 0.1- i . d . , 10% 

1%. 0^ or 

added as sca

venger. 

Apiezon L on 

60/80 mesh 

DCMS treated 

Chromosorb .W 

Ef f l u e n t s p l i t 

1:1 to PID and 

IvlIP. 

V/ide range of 

organic solu

t i o n s . 

M u l t i-nonme t a l - C 

l i e element det- H 

ection used to D 

calculate empir- P 

i c a l formula of CI 

organic com- Br 

pound s. L ine ar I 

range: 4 orders S 

of magnitude N 

f o r P. 0 

See 

109 

C=0.08ng3 

H=0.03 " 

D=0.09 " 

P=0.06 " 

CI=0.06 " 

Br=0.09 " 

1=0.05 " 

3=0.09 " 

N=2.9 " 

0=3.0 " 80 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref 

ro 

Reduced pressure *U* tube columns Chelates 

He plasma doped packed w i t h 

with 1 % Ô . 

C r ( t f a ) ^ , 

Chromosorb V/-HP Cr(acac)^, 

Evenson c a v i t y . w i t h 3% OV-101 Cr(hfa)^. 

loading. 

Tapered cavity 

system essen

t i a l l y the same 

4* X 0.5 mm. 

i . d . glass 

column packed 

Se cpds i n 

environmental 

Use of MPD as Cr 

a s p e c i f i c det

ector f o r Cr; 

and as a non

s p e c i f i c det

ector, by mon

i t o r i n g the 

atomic C l i n e . 

Se(IV) com- Se 

plexed with PD 

samples, looked to form the v o l -

as 67. Ar plasma, w i t h 4% SE-30 on at various NBS a t i l e piaselenol 

35W forward 30/60 mesh materials, with complex followed 

power. Chromosorb good agreement, by toluene ex-

GHP. t r a c t i o n . 

357.87 

204 

1.5 X 10 •11 

to 8.0 X 10 

gs of Cr. 

-10 

40 pg Se 

0.1 Mgl""^ 

f o r water 

samples 

and 15 

ppb f o r 

s o l i d sam

ples. 

86 

112 



Detector Chromatogr. Matrix Comments Element V/avelength Detection Ref. 

Ar plasma (see 

112.) atmos

pheric pressure 

3' column, 4% 

PFAP on 80/100 

mesh Gas Chrom 

Q 

MeHgX i n ben

zene extracts 

X designates 

CI. Br, I or 

Hg 253.7 

mm 

Ar = 90 cm' 
1 

150^0 

of b i o l o g i c a l OH since a l l 

samples, and eluted simul 

a i r , 

200° C 

3* column, 1% 

FPAP o.n 80/100 water and a i r 

mesh carbon 

beads. 

CĤ HgX i n 

Ar = 95 cm min 

T = 135"C c 
= 200°C 

Reduced pressure 2' column, (CH^)2Hg i n 

1 - 10 T , He Chromosorb 101 water and a i r 

taneously; see 

129, 130 f o r 

explanation of 

t h i s . 

CH^ HgCl = 

0.5 pg 

(CH^)2Hg = 

2 pg i n 

water = 

1 ng.l"-^ 

i n f i s h 
-1 

1 ng.g 

113 
contd 



Detector Chromatogr, Matrix Comments Element V/avelength Detection Ref. 

plasma. He = 80 cm'̂ min"'̂  

T = 115''C. 

135°C 113 

4̂  

Atmospheric 3* column, 4% As and Sb i n 

pressure Ar plas- PPAP on 80/100 environmental 

ma, 30W forward mesh. Gas Chrom samples, 

power, see 112, Q. 

Ar = 110-120 cm-̂  
•1 -min 

T 220-240"C 

= 245-260"c 

A s ( I I I ) and 

S b ( I I I ) con

verted to 

Ph^AsH and 

Ph^SbH, ex

tr a c t e d i n t o 

ether, sep

arated by 

GC. 

As 

Sb 

228.8 

259.8 

20 pg. 

50 pg. 

114 



Detector Chromatogr. Matrix Comments Element V/avelength Detection 

See 112. 6' column, 5% Allcylarsenic As cpds con As 228.8 20 pg as As 

Carbowax 20 M acids i n pes verted to hy 0.25 pg-l'-*-

on 80/100 mesh t i c i d e and drides. i n water 

Chromosorb 101 environment £il Detailed study samples. 

T = 175°C. c samples, MMA of hydride gen

= 180^0. and DMA. er a t i o n and 

Ar = 100 cm-̂ - trappingsof 

min""^. the evolved 

arsines. 

Linear 

range 0,01-

20 ppm. 

iX Evenson cav 0.9 m t e f l o n Human blood Low temp, ash Cr 357.9 9 X lO'-^-^ g 

i t y . Atmospheric column 3 mm,id. serum. ing followed by Cr. 

pressure. Ar 10%SE30 on chelation w i t h 

plasma, 70W f o r  70/80 mesh Gas H( t f a ) to form 

ward power. Chrom Z. C r { t f a ) ^ which 

92 

90 
contd 



Detector Chromatogr Pdatrix Comments Element Wavelength Detection Ref 

T = 180-190 c 
T^= 200 

Ar=30-150 

ml min ̂  

i s extracted 

i n t o benzene 

Linear range 

1-10 pg Cr. 90 

Lov/ pressure 

(150 mbar) He plas

ma cav i t y type 214L 

^ Interelement selec-

t i v i t y improved by 

use of wavelength 

modulation. 

Organic com

pounds 

Hg(Me)Cl. 

Demonstrated 

that at low 

pressures 

fragmentation 

occurs v i a 

c o l l i s i o n s with 

atomic He where

as at high 

pressures 

the c o l l i s i o n s 

are w i t h Heg. 

Linear range 

0.02-0,5 ng. 

Hg 253.65 5 X 10' •14 

115 



Detector Chromatogr. Matr i x Comments Element Wavelength Detection Ref, 

Atmospheric ores- Column - 45 cm Trace l e v e l s 

sure Ar plasma i n x 3 m m i . d . o f C u and Al 

quartz c a p i l l a r y glass, 0,5% SE30 i n Zn metal. 

1.6 mm i . d . X on 60/80 mesh 

25 cm glass beads 

Tapered rectang- T^ = 140 C 

ul a r c a v i t y , 50W T^ = 180°C 

forward power, Ar = 80 cm" 

-min ^, 

Cu and Al ex

tracted as t f a 

chelates i n 

CCl^. 4 
Linear up to 

60ng Cu, lOOng 

A l . 

Cu 

Al 

324.8 

396.2 

1 ng 

0.5 ng 

91 

See 112, 113. 3* x 5 mm, 

Ar plasma, 5-lOT i , d . glass, G% 

pres. Fh'XP on 80/100 

18V/ forward power mesh. 

Gas Chrom Q. 

T = 180-190^0 c 
T j = 200°C 

Ar = 130-150 
cm"̂  min""^ 

MeHgCl i n 

water samples 

MeHgCl ex

trac t e d as 

quaternary 

amine adducts 

Hg 253.7 

1-2.5 ng.l 

f o r water 

samples. 

116 



Detector Chromatogr Matrix Comments Element Wavelength Detection Ref. 

03 

Atmospheric Used exponential Gas mixtures Demonstrates C 193.1 2 X 10-11 

pressure. He •d i l u t e r to demo advantages of 247.9 2 X 10-11 

plasma using nstrate the ap atmospheric H 486.1 2 X 10-9 

™010 c a v i t y . p l i c a b i l i t y of pressure He CI 479.5 2 X 10-1° 

MIP f o r GC plasma and 481.0 3 X 10-1° 

detection. discusses Br 470,5 6 X 10-11 

e x c i t a t i o n 478,5 1 X 10-1° 

mechanism." I 516,1 2 X 10-11 

3-4 orders of 206.2 3 X 10-11 

magnitude l i n  S 545,4 8 X 10-1° 

ear ranges. mol .1-1. 64 



Detector Chromatogr. Matrix Comments Element Wavelength Detection Ref. 

Low pressure (3- Glass column, Mixture of Duel PID/MPD Si 251.6 

5T) t Ar plasma; 6' X 3-5 mm., n-paraff ins (5:1 s p l i t ) 

see 112, 113. 4% OV-101 on and TMS- der to demonstrate 

Chroraosorb G i v a t i v e s of s p e c i f i c i t y of 

(HP) 80/100 carboxylic response to 

mesh* acids. TMS d e r i v a t 

Ar = 80 ml min ^ - ives. Linear 

range 0,5-150 

117 

Low pressure Constant sam Various org Optimized Br 470,47 O.Olng s"^ 

(90r) He plasma, ple introduc anic compounds plasma condi C 247.86 to 0.5ng s ̂  

observation 8- t i o n f o r o p t i  t i o n s f o r : CI 479.45 

9 mm downstream mization gas flow rates P 685.6 

from centre of studies. observation H 486.13 

dischaxge, 75W p o s i t i o n , mic I 516.12 

forward power. rowave power, N 746.88 118 

0.25% v/v 0^ and gas pressure 0 777.19 contd 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref 

4̂  
O 

as scavenger, 

or 0.4% v/v 

"tX Evenson cavity 

model 214L and 

i X coaxial cavity' 

model 217L. 

with the 217L 

cavity up to 

10% of power 

r e f l e c t e d , 

w i t h 214L only 

1% r e f l e c t e d . 

3-4 decades 

except f o r H 

where a non

l i n e a r res

ponse i s 

found. 

545.39 

118 

See r e f . 109 

Reduced pressure 

He plasma. 

Various 

organic 

compounds 

Signals f o r C,H,D,0, 

four elements N,P,Cl,Br, 

are monitored I,S. 

simultaneously 

See 109 

81 

contd 



Detector Chromatogr, Matrix Comments Element V/avelength Detection Ref 

added by a 

SYNC s i g n a l , 

stored f o r 

l a t t e r com

puter analysis, 

r e s u l t i n g i n 

interelement 

r a t i o s ; main 

concern i s i n 

data a c q u i s i 

t i o n and pro

cessing. 81 

See r e f . 109 None given, 

Reduced pressure 

He plasma. 

Trace S i n Used ICPD 850 C,H.D,0. 

MeOH, yellow P to obtain ac- F,Cl,Br, 

i n PCl^ speci- curate empir- I,P,S. 

f i c detection i c a l formulae. 

See 109 

82 

contd 



Detector Chromatogr. Matrix Comments Element Wavelength Detection Ref, 

of vinylidene 

and PCB's. 

obtain detec

t i o n l i m i t s 

comparable to 

manufacturers' 

claims. 82 

Mixed Ar/He 

plasma, llOW 

forv/ard power 

OW r e f l e c t e d . 

Polypenco nyla-

flow pressure 

tubing 4.7 mm. 

i . d . , 1' , 3' . 

and 6' lengths. 

Packed with 

Chromosorb 102 

60/80 mesh. 

Hydrides gen

erated from 

solutions of 

As,Ge,Sb,Se 

and Sn. 

Hydride trapped 

i n l i q . N2 then 

chromatographed 

Elements deter

mined sequen

t i a l l y . Linear 

over 2 orders 

of magnitude. 

Ge 

As 

Se 

Sn 

Sb 

303.9 

193.7 

196.0 

317.5 

259.8 

3 ng 

7 ng 

25 ng 

40 ng 

10 ng 

93 



Detector Chromatogr Matrix Comments Element Wavelength Detection Ref, 

Atmospheric He 3'x 1/8", 5% OV Diphenyl 

plasma, TM 010 17 on 100/120 mercury 

c a v i t y , 75-80W, mesh Chromosorb 

forward power, 750 He = 70 cm^ 
•1 a x i a l viewing -min 

3'x 1/8", 3% 

QP-1 on 100/ 

120 mesh. 

Varaport 30 

He = 50 cm-̂ min"̂  

6«x 1/8", 6% 

Carbowax 20M 

on 100/120 mesh 

Chromosorb P; 

He = 50 cm\in"^ 

6'x 1/8" 2.5% 

TBP 

T e t r a v i n y l -

s i l a n e . 

MMT 

A design f o r 

heating the 

in t e r f a c e bet

ween GC and 

plasma u t i l i 

zing nichrome 

resistance wire 

coupled to a 

variace given. 

Hg 

Si 

Mn 

253.7 

253.6 

251.6 

257.6 

l.Opg 8 

2.1 

29 " 

0.25 " 

97 

contd 
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Detector Chromatogr. Matrix Comments Element V/avelength Detection Ref 

Dexsil 300 on TEL Pb 283.3 0.49 pg s"-*-

100/120 mesh 2-5 dimethyl- S 545.4 63 

Chromosorb 750 thiophene, CI 481.0 16 
3 -1 

He = 50 cm min Halobenzenes. Br 470.5 10 

P 685.6 8.5 " 

I 206.2 31 97 

i \ c y l i n d r i c a l 1.8ra X 3.1 mm. Tetraalkyllead Samples cold Pb 405.78 T I i l L =6pg 

c a v i t y , 125W f o r - 3% OV-1 on 80/- compounds i n trapped on Tr.!EL=10 " 

v/ard power Ar 100 mesh Chro the atmosphere. SE50 on Chromo DMDEL=23 " 

plasma, back mosorb W. sorb P at -80°C. MTEL=35 " 

ground correc 3 -1 Ar = 22 cm min Removed by TEL=40 " 

t i o n by wave T = 80*̂ 0 c freeze drying 

length modula = 130°C and concentrated 

t i o n . i n organic 

solvent 98 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref 

Low pressure (5T) Stainless s t e e l , H i n organic 

He and Ar plasmas 3m x 3mm i . d . , cpds, 

tapered rectangu- Jfo v//w Dexsil 

l a r c a v i t y , lOOW 300 on 80/100 

mesh Chromosorb 

W(AW) 6m X 3mm 

i . d . Squalane 

on 80/100 mesh 

Chromosorb 

W(AW). 

forward power. 

0.3% 0^ added 

to plasma gas. 

He plasma twice 

as sensitive as 

Ar plasma due 

to higher energy 

and therefore 

more complete 

fragmentation. 

656.28 lO'-̂ -̂ g s"-*-

121 

See r e f . 121 See r e f , 121 H isotope 

r a t i o s i n or-

OSM measures 

a l t e r n a t e l y H 

gonic cpds i n and H emiss-

water samples, ions of hydro

carbons major 

disadvantage 

656.28 

656.10 

85 

contd 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

i s h i g h S/N 

r a t i o s . 85 

Reduced pressure 

He plasma. 

See r e f . 109. 

PCBs i n se a l 

b l u b b e r , 

c l e a n i n g 

f l u i d s i n 

water. 

A p p l i c a t i o n s 

o f MPD850 i n 

a n a l y s i s and 

al s o e m p i r i c a l 

f o r m u l a - d e t e r 

m i n a t i o n s . 

C.H,O.N, 

P.CI.Br, 

I.P.Se.As. 

Hg,Pb. 

50 pg s 

range 

-1 

83 

See r e f . 109 B i o l o g i c a l 

t i s s u e s , coal-

t a r s , p e s t i 

c i d e s . 

B r i e f resume C I , B r , I , 

o f the p o s s i b l e S,P,Hg. 

uses o f the 

MPD850 system. 89 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

Beenakker, i\ 

Evenson, i X 

B r o i d a , j X 

c a v i t i e s were 

compared w i t h 

He/AT o r Ar 

plasmas lOOW 

fo r w a r d power. 

2.5" X 4.7 mm. 

Packed w i t h 

Chromosorb 102, 

Served o n l y t o 

reduce r a t e o f 

sample t h r o u g h 

put t o g i v e 

s t a b l e plasma. 

Standard 

s o l u t i o n s 

Semi-automated 

h y d r i d e gener

a t i o n from 

stock s o l u t i o n 

c o n t a i n i n g As, 

Ge, Sb, Sn. 

Beenakker 

c a v i t y proved 

e a s i e s t t o 

operate• 

As 

Ge 

Sb 

Sn 

234.984 

303.906 

259-806 

317.502 

1 ppb at 

3cr l e v e l 

f o r a l l 

c a v i t i e s 

94 

Beenakker ™ o i O 

c a v i t y viev/ed 

a x i a l l y He 

plasma. 

10*X 1/B"i.d., Haloforms i n Compared MIP 

s t a i n l e s s s t e e l d r i n k i n g water, w i t h HECD. 

Tenax G.C. Pound MIP was 

p r e f e r a b l e since 

i t gave u n i f o r m 

molar response 

and a l s o gave 

CI 

Br 

I 

481.0 

470.5 

206.2 

1 ppb 

119 

contd 



Detector Chromatogr, Matrix Comments Element Wavelength Detection Ref 

s e l e c t i v e 

detection. 119 

Mixed Ar (400 ml 3'x4.7 mm. i . d . Whole blood. Hydrides As 193.7 7 ng 

min"^) and He Polypenco Nyla- enriched f l o u r trapped on l i q . Ge 3 0 3 . 9 3 " 

( 3 0 0 cm^in""^) flow tubing NBS orchard N 2 cooled con Se 196.0 2 5 " 

plasma, 110 W f o r packed with leaves (SRM densation tube Sb 259-8 10 " 

forward power. Chromosorb 102 1571). packed with Sn 317.5 4 0 " 

Evenson i^ 60/80 mesh g l a s s h e l i c e s 

c a v i t y . T = 2 3 - 3°C. c p r i o r to separ

ati o n on GC 

column. 9 5 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

See r e f . 9 5 See r e f . 9 5 NBS or c h a r d 

l e a v e s ; 

h y d r i d e gener

a t i o n . 

Elements except 

Ge deteiroined 

both s e q u e n t i a l l y 

and s i m u l t a n e 

o u s l y . The f o r 

mer g i v i n g lower 

d e t e c t i o n l i m i t s . 

simultaneous 
As 2 3 5 . 0 7 0 ng 

Se 196 .0 600 ng 

Sb 2 5 9 . 8 2 0 ng 

( 2 ° o r d e r ) 

Sn 317.5 1 3 0 ng 

( 2 ° o r d e r ) 

( f o r sequen

t i a l see 

r e f . 9 5 ) 96 

See r e f . 1 2 1 See r e f . 1 2 1 H emission from C h a r a c t e r i z a t i o n 

o r g a n i c com- o f emission . 

pounds. from atomic H i n 

MIP accoxmts f o r 

n o n l i n e a r i t y 

observed. 

656.28 

1 2 0 



VJ1 
O 

D e t e c t o r Chromatogr. M a t r i x Comments Element V/avelength 

He plasma, TI-^Q^^Q 12.5 m fused Toluene s o l u  The low volume C 247.9 

c a v i t y viewed s i l i c a V/COT, t i o n s o f v o l a  2 
of GC column Cr 267.7 

a x i a l l y . SP2100, c a p i l  t i l e organo- (^60/^1) i s i d e a l  Co 240.7 

l a r y column m e t a l l i c l y compatible Ni 231-6 

0.2 mm i . d . , compounds. w i t h MIP. Speci lAn 257.6 

T =80-ll6°C c 
at 4*̂ C' min ̂  

[CpV(CO)^], 

mT. [Cp^i^'e], 

f i c i t y o f detec

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

toi70° O.l y j l [Cp2Ni] , t i f i c a t i o n o f 

i n j e c t i o n s . [CpCoCNOCCO)^] the unresolved 

Column passed 

t o w i t h i n 5 mm 

[(CH^)^CpCo-

( c o ) ^ ] 

[ c p ^ N i ] and 

[cpCr(N0)(C0)2] 

o f plasma. complexes. 

He plasma ™Q-^Q OV-225 SCOT, P r i e d e l - C r a f t s 35 r e d i s t r i b u  S i 251.6 

c a v i t y viewed 100m X 0.25 mm ca t a l y s e d a l k y l t i o n products 

a x i a l l y . i . d . group r e d i s t r i  are formed, 

He=450cm^min ^, He = 4cm /min. b u t i o n r e a c t i o n 

o f m e t h y l -

due t o r e q u i r e 

ment t o vent 

103 

104 

contd 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

T j = 210"C 

T = 40°C then c 
4°min-^ 

= 250''C 
i n 

e t h y l - n - p r o p y l - the s o l v e n t 

n - b u t y l s i l a n e , the low Mw 

products v/hich 

e l u t e w i t h the 

s o l v e n t are 

not recorded. 104 

I 

He atmospheric 

plasma, u s i n g 

™ o i o ^^^^^y* 

85-90W fo r w a r d 

power. 

Glass, 1.5mm x PBB and r e l a -

4mm, i . d . 2% OV- t e d compounds 

101 on 80/100 

mesh Chroino-

sorb V/IiP. 

T = 238 C c 
He = 60cm^ min' 

Not as s e n s i 

t i v e as the 

ECD but o f f e r s 

element s e l e c 

t i v i t y . 

Br 478.55 1 ng 

122 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref. 

He plasma i n a 

s u r f a t r o n 

c a v i t y (see 

r e f . 107) 

See r e f s . 97, 

119. 

30 m c a p i l l a r y P e s t i c i d e s 

column coated 

w i t h OV-101 

methyl s i l i c o n e 

He = 5.9ml min'"^ 

T j = 275 C, 

T = 250 f o r c 
p e s t i c i d e s , 

See r e f s . 97, 

119. 

Aqueous chlor-

i n a t i o n p rod

u c t s o f humic 

and f u l v i c 

substances. 

The s u r f a t r o n 

He plasma g i v e s 

s l i g h t l y h i g h e r 

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

i t s than those 

o b t a i n e d with 

o t h e r c a v i t i e s . 

I n a d d i t i o n t o 

tr i h a l o m e t h a n e s 

s i g n i f i c a n t 

number o f chlor

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

cpds were found 

C 

CI 

Br 

I 

CI 

247.8 

479.5 

481.0 

470.5 

206.2 

479.5 

0.5 t o 

20 ng 

106 

124 



D e t e c t o r Chromatogr M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

See r e f . 125 See r e f . 125 Selenium b i o -

m e t h y l a t i o n 

products from 

s o i l and 

sev/age. 

(CH^)2Se. 

(CH^)2Se2. 

and (CH^)^-

SeO^ found 

Se 20 pg 

f o r (CH^)^-

Se. 

123 

™oio ^^^^^y-

He plasma, 90W 

f o r w a r d power 

0^ as scavenger-

He = 40-70cm-^-

min . 

(CH^)2Hg, 

(C2H5)2Hg 

15.2m x 0.508 Hydrocarbons, 

mm. i . d , , SCOT 

column packed 

w i t h f i n e l y 

ground diatom-

aceous e a r t h on 

s i l i c a support 

coated w i t h m-

b i s (m-phenoxy-

phenoxy) benzene 

and Apiezon L, 

FID proved 

50X more sen

s i t i v e t h a n 

MIP f o r C ( a t 

193.1 nm). 

Both had the 

same s e n s i t i 

v i t y f o r (C^H^)-

Hg. The MIP was 

2X as s e n s i t i v e 

as ^^ID f o r 

Hg 

193.1 

and 247.9 

254.3 

3.8 X 10 
-1 

g s 
9.1 X 10* 

-1 
g s 

-12 

•12 

102 

contd 



D e t e c t o r Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

He = 0.5-8cm-

min 

= 90"C 

(CH^)2Hg u s i n g 

Hg s p e c i f i c 

d e t e c t i o n . 102 

™oio ^̂ ^̂ ŷ 
He plasma 

U1. 

Organic com

pounds; 

elemental 

a n a l y s i s . 

L i n e a r ranges 

o f 3 order s o f 

magnitude f o r 

a l l elements. H 

CI 

Br 

193.1 

247.9 

486.1 

479.5 

481.0 

470.5 

487.5 

516.1 

206.2 

545.4 

3 x 10-^^ 

mol 1 

4 " '» 

2 x 10 

2 X 10 

9 „ 

•10„ 

3 X 10-1^" 

6 X 10 

10-^^ 

•11„ 

2 X lO"-^-^" 

3 X 10 •n„ 
8 X 10"-^^" 126 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

i \ Evenson low 

pressure (40T), 

"^''oiO "̂*'"̂ 0 3 P ^ ® ^ i ^ 

p r e s s u r e . Ar and 

He plasmas. The 

l a t t e r viewed 

a x i a l l y . 

n-hydrocarbons With the a i d C 

of a r e f e r e n c e H 

C = 247.86 m 

compound i t i s 

p o s s i b l e t o 

determine 

r a t i o f o r m u l a e , 

however r e s u l t s 

are inadequate 

f o r unknov/n com

pounds. 

010 
H = 656.28 He Arf 

576.52 C 0.67 0.2 

CH= 431.42 H 0.13 4.7 

•̂X Evenson 

He A T 

C 0.440.35 

H 0.160.36 
-1 

i n ng s 
84 

Atmospheric p r e s - SP-2100 WCOT T r i a l k y l l e a d 

sure He plasma i n fused s i l i c a c h l o r i d e s i n 

a TMQ^Q c a v i t y . column 12.5m x spiked t a p 

Background c o r - 200^ i . d . , and water samples 

r e c t i o n by 30m x 350 m i . d . 

q u a r t z r e f r a c t o r OV-101 SCOT 

Gas switches 

i n t e r f a c e i l l u s 

t r a t e d which 

prevents the 

s o l v e n t e x t i n g 

u i s h i n g the 

Pb 

C 

405.8 

247.9 

10-30ppb 

101 

contd 



D e t e c t o r 

p l a t e 

™oio "^^""^^y 

viewed a x i a l l y . 

Chromatogr. M a t r i x Comments 

g l a s s column. plasma l i n e a r 

from lOppb t o 

lOppm. 

12.5m X 0.2mm. D e t e c t i o n o f H 2 doping o f the 

i . d . SP2100 v o l a t i l e B plasma i n h i b i t s 

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

WCOT c a p i l l a r y the p y r o l y s i s oxides o r s i l i 

column. o f D e x s i l c a t e s , promotes 

T = 60°C -104°C c s e r i e s c a r b o r - boron h y d r i d e 

a t 4°C min ane s i l i c o n e f o r m a t i o n and 

O.l^i i n j e c t i o n s polymer, and the p o p u l a t i o n 

100:1 s p l i t . from b o r a t i o n o f B atomic. 

For b o r a t i o n o f d i o l s w i t h r a t h e r than 

s t u d i e s . n - b u t y l b o r o n i c i o n i c , s t a t e s . 

a c i d . 

Element Wavelength D e t e c t i o n Ref 

101 

247.77 

105 



\J1 
-0 

D e t e c t o r Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o 

Glass 3m x 3mm Various o r g a n i c R e l a t i v e sen H 656.279 6.2 pg.s 

Atmospheric p r e s  i . d , columns compounds. s i t i v i t i e s f o r C 193.091 8.8 " 

sure; He plasma, packed w i t h C and H i n d i f  685.602 1.8 " 

75W f o r w a r d e i t h e r : f e r e n t compounds CI 479.454 5.4 " 

power; He = 3% 0V17 on 80/- were not the Br 470.486 6.3 " 

3 -1 
80 cm min 100 mesh Shim- same. A t t r i b u  I 206.238 6.6 " 

a r a t e W, t e d t o incom S 545.388 39.0 " 

10% Carbowax p l e t e fragmen

6000 on 30/60 t a t i o n i n low 

mesh Shiraarate power plasma 

TPA, o r used. 

Porapak Q, 80/-

100 mesh. 

= 190°C 

-1 

T. = 190"C. i n 
127 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

Atmospheric pres- 12.5m SP2100 

sure, He plasma, fused s i l i c a 

™oio ^^^^^y-
See r e f . 101, 

CD 

c a p i l l a r y c o l 

umn. 

100:1 s p l i t 

r a t i o . 

T 40°C-100°C 

at 5°C min"-^ 

0.01 yu£ sample 

T e t raalky11e ad Demons t r a t e s 

compounds i n advantage o f 

p e t r o l . element speci

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

by comparison 

o f Pb and C 

responses. 

Pb 

C 

283.3 

247.86 

99 

Atmospheric p r e s - Im x 3mm i . d . 

s u r e , He plasma, g l a s s column, 

™ 0 1 0 ^^^^*y* DC-200 on 

75W f o r w a r d 

power, 12W 

r e f l e c t e d . 

P i n u r i n e 

80/100 mesh 

U n i p o r t B and 

3% OV-17 on 80/-

100 mesh U n i p o r t 

P e x t r a c t e d 

w i t h TCiilS and 

converted t o 

TTilPS i n to l u e n e 

L i n e a r over 4 

or d e r s o f 

magnitude. 

685.6 7.5 pg.s -1 

128 

contd 



D e t e c t o r Chromatogr. M a t r i x Comments Element V/avelength D e t e c t i o n Ref. 

HP. 

He= 80 ml min""^. 128 

Atmospheric p r e s  12.5m X 200yu m R e d i s t r i b u t i o n H^ doping o f Ge 265.1 3.9 pg 

sure , He plasma, i . d . , SP2100 r e a c t i o n s f o r He enables Sn 284.0 6.1 pg 

TMQ^Q c a v i t y . fused s i l i c a Ge, Sn and Pb plasma t o Pb 283.3 0.71 pg 

See r e f . 101. V/COT. Termin a l k y l s . Pb w i t h s t a n d 

a t e d w i t h i n a l k y l s i n 1-2 ng.s"*^ 
1 

1-5 mm o f cav g a s o l i n e s . throughputs 

i t y w a l l . o f Pb,Ge o r 

Sn. L i n e a r 

over 3 o r 

ders o f 

magnitude. 100 



2.2.1.2 I n d u c t i v e l y Coupled Plasma Emission Spectroscopy 

The i n d u c t i v e l y coupled plasma o r i g i n a l l y developed i n the e a r l y 

1960*s has gained much i n p o p u l a r i t y over r e c e n t years ( 1 3 1 ) . The 

plasma t o r c h c o n s i s t s o f t h r e e c o n c e n t r i c tubes, the o u t e r two are 

u s u a l l y f a b r i c a t e d i n q u a r t z . The o u t e r gas f l o w i s d e l i v e r e d 

t a n g e n t i a l l y and may be o f e i t h e r argon o r n i t r o g e n ; i n the l a t t e r 

case i t serves o n l y t o c o o l the o u t s i d e o f the plasma and p r o t e c t the 

t o r c h . The i n t e r m e d i a t e f l o v ; may be o m i t t e d i f argon i s used i n the 

o u t e r f l o v / , as the o u t e r gas can serve t o propagate the plasma. 

A l t e r n a t i v e l y , an i n t e r m e d i a t e t a n g e n t i a l f l o w o f argon i s used as 

the plasma gas. The c e n t r a l i n j e c t o r f l o w c o n v e n t i o n a l l y c o n s i s t s 

o f argon p l u s the a n a l y t e a e r o s o l . The t o r c h i s s i t u a t e d i n an i n d u c 

t i o n c o i l , t y p i c a l l y tv/o o r t h r e e t u r n s o f copper t u b i n g ( c a , 6 mm. 

i . d , ) , which i s coupled t o a r a d i o frequency g e n e r a t o r g i v i n g 1 - 3 0 

kW o f o u t p u t a t 5-40 MHz. The u s u a l combination i s a few k i l o w a t t s 

a t 27.12 MHz. V/hen the power i s switched on, an a l t e r n a t i n g magnetic 

f i e l d i s e s t a b l i s h e d having f i e l d l i n e s r u n n i n g a x i a l l y t hrough the 

c o i l . The plasma i s not e s t a b l i s h e d u n t i l charged p a r t i c l e s , t o which 

the power may couple, are p r e s e n t . 

The f l o v / i n g argon streajn i s thus seeded, u s i n g a T e s l a d i s c h a r g e , 

v/ i t h e l e c t r o n s . The f r e e e l e c t r o n s are a c c e l e r a t e d by the f i e l d 

r a p i d l y r e a c h i n g i o n i z i n g e n e r g i e s , thus causing f u r t h e r argon gas 

breakdovm and an avalanche e f f e c t . The induced magnetic f i e l d causes 

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

The n e u t r a l argon gas i s heated by c o l l i s i o n a l energy exchange w i t h 
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the charged p a r t i c l e s and a w h i t e hot f i r e b a l l produced. The argon 

ICP i s another plasma which i s not i n LTE; the gas temperature i s l e s s 

t h a n the e x c i t a t i o n temperature which i s l e s s t h a n the i o n i z a t i o n 

temperature. T h i s has l e d t o the suggestion o f a non-thermal e x c i t 

a t i o n mechanism (132) i n v o l v i n g c o l l i s i o n s w i t h argon metastables 

known as Penning i o n i z a t i o n . T h i s i s p a r t i c u l a r l y a t t r a c t i v e s i n c e 

the e x c i t a t i o n energies o f the metastable argon l e v e l s o f 11.55 and 

11.71 eV (132) correspond w e l l w i t h t h e e x c i t a t i o n energies o f s i n g l y 

i o n i z e d species found i n the plasma. 

The h i g h c a p i t a l cost o f ICP i n s t r u m e n t a t i o n and al s o the h i g h r u n 

n i n g c o s t s have r e s u l t e d i n i t s use m a i n l y as a m u l t i - e l e m e n t e x c i t 

a t i o n source f o r r o u t i n e a n a l y s i s . As a consequence the use o f the 

ICP as a d e t e c t o r f o r GC, Table 2, has been sparse; hov/ever, due t o 

i t s much h i g h e r gas temperature compared t o the MIP i t can w i t h s t a n d 

o r g a n i c s o l v e n t s more r e a d i l y and perhaps more use o f t h i s e mission 

source v ; i l l be made i n t h e f u t u r e . 

The i n i t i a l c o u p l i n g o f GC t o ICP was by two groups: Windsor and 

Denton (133-135) i n A r i z o n a , and Sommer and Ohls (I36, 137) i n 

Dortmund. The former group showed the c a p a b i l i t y o f ICP OES f o r the 

elemental a n a l y s i s o f o r g a n i c compounds (133) u s i n g an a l l - a r g o n p l a s 

ma. T h i s c a p a b i l i t y v/as then u t i l i z e d i n a GC-ICP c o u p l i n g (134) 

f o r simultaneous m u l t i - e l e m e n t elemental a n a l y s i s o f or g a n i c and 

o r g a n o r a e t a l l i c compounds. The n a t u r a l e x t e n s i o n o f t h i s work was 

thus e m p i r i c a l f o r m u l a d e t e r m i n a t i o n s . Windsor and Denton (135) used 

carbon, hydrogen and halogen r a t i o s t o f i n d the e m p i r i c a l f o r m u l a o f 

v a r i o u s o r g a n i c compounds; hov/ever, w h i l e t h e technique p r o v i d e d t h e 
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a b i l i t y t o analyse f o r a l a r g e number o f elemental c o n s t i t u e n t s , 

usable l i n e s f o r oxygen and n i t r o g e n were not found, Sommer and Ohls 

(136) used both a l l - a r g o n and the n i t r o g e n cooled plasmas f o r t h e 

d e t e n n i n a t i o n o f t e t r a a l k y l l e a d compounds i n v a r i o u s p e t r o l s by monit

o r i n g the l e a d emission. The same aut h o r s (137) determined n i c k e l 

and z i n c as d i e t h y l d i t h i o c a r b a m a t e s , u s i n g a n i t r o g e n cooled plasma. 

Pry et^ a l . (138) i n v e s t i g a t e d a l a r g e number o f f l u o r i n e atom l i n e s 

f o r s e l e c t i v e d e t e c t i o n o f v a r i o u s f l u o r i n e - c o n t a i n i n g o r g a n i c com

pounds, u s i n g o f f - l i n e c o r r e c t i o n t o remove i n t e r f e r e n c e from t h e 

s o l v e n t emission, Brov/n e t a l . (139) monitored near i n f r a - r e d oxygen 

emissions t o enable o x y g e n - s p e c i f i c d e t e c t i o n . The d e t e r m i n a t i o n o f 

v o l a t i l e h y d r i d e s o f a r s e n i c , germanium and antimony by GC-ICP , u s i n g 

a s e q u e n t i a l slew-scanning monochromator (140) demonstrates how the 

use o f chromatography enables r a p i d m u l t i - e l e m e n t a n a l y s i s u s i n g a 

monochromator. Table 2 l i s t s a p p l i c a t i o n s v/hich have appeared t o 

date. 
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Table 2. Coupled Gas Chromatography - I n d u c t i v e l y Coupled Plasma O p t i c a l Emission Spectroscopy 

I 
cr.-

D e t e c t o r Chromatography M a t r i x Sample t r e a t 
ment/ Comments Element Wavelength 

(nm) 
D e t e c t i o n 

L i m i t 

A l l Ar plasma 6* X l/8"packed Elemental Used s i n g l e - Br 700.57 0.2 mg 

o b s e r v a t i o n s w i t h 8% Carbowax a n a l y s i s o f and m u l t i  C 247.86 12 ng 

made 9mm above 1540 on 80/100 v a r i o u s o r g a n i c channel mono- CI 725.67 7 

lo a d c o i l - mesh f i r e  compounds. chromators. F 634.67 1 mg 

Computer con b r i c k . Using the l a t  H 656.28 5.5 ng 

t r o l l e d d a t a t e r monitored I 206.16 24 ng 

a c q u i s i t i o n C and H chan S i 251.61 0.8 ng 

system. n e l s f o r niT, Pe 371.99 5.9 ng 

See r e f . 133. to l u e n e and Pb 217.00 33 ng 

p-xylene. Sn 284.00 0.9 ng 

A l l Ar plasma See r e f . 134. Halogen con Elemental C 

See r e f s 133* t a i n i n g r a t i o d e t e r  'H 

134. hydrocarbons. m i n a t i o n s f o r 1 

Power =0.8 kW each peak CI 

Coolant = 12 1.-
min"^ 

t y p i c a l l y 
200 elemen-

Reference 

134 

135 
contd 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

Plasma 

min""^ . 

Sample 
. -1 

mm 

Makeup 

0.5 1 

= 0.9 1 

0.9 " 

t a l r a t i o 

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

were achieved 

t o y i e l d an 

average f i g u r e 135 

Uses both h i g h 

pov/er Ar/N^ and 

low power Ar/Ar 

plasmas. 

SPIOOO. 

T = 140°C(si) 

T = 150°C(Pb) c 
= 30 cm-̂ -

min 

Tt'IL,TEL i n 

p e t r o l s . 

Looked a t l e a d 

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

standard a d d i t i o n 

a l s o TML/TEL 

r a t i o and C back

ground at 220.35 

nm. 

S i 

Pb 

212.4 

288.1 

220.35 

136 

and 

137 



I 

0̂  

D e t e c t o r Chromatogr. M a t r i x Comments Element Wavelength 

Ar/Ar plasma IQfo Carbov/ax 20M Monitored near St u d i e d e f f e c t 0 777.194 

1.75 KW f o r w a r d on Chromosorb P IR oxygen emis o f v a r y i n g 

power. 80/100 mesh. sions f o r v a r i  v a r i o u s plasma 

Used elongated 3 -1 Ar= 25 cm ,min ous gases and gas flov/s on 

t o r c h , observa T = 100°C c org a n i c s i g n a l and 

t i o n zone 5.5mm T. = 100°C m l i q u i d s . background 

above l o a d c o i l . l e v e l s . 

A l l Ar plasma. 6'x 1/8'! packed Se p a r a t i o n o f P/C s e l e c t i  Considered 

w i t h Amine 220 b e n z e n e t r i - v i t y o f 1.0 at 56 l i n e s 

T = 105°C c f l u o r i d e and 685-602 nm w i t h  i n the r e 

Ar= 25 cm^ min ^ o - f l u o r o t o l u e n e out background g i o n 350 

sampling l o o p c o r r e c t i o n . t o 895 nm. 

used. By u s i n g " o f f 

l i n e " c o r r e c 

t i o n s o l v e n t 

peak d i s 

appears. 

650 ng 

139 

138 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

A l l Ar plasma 

w i t h slew scan

n i n g monochrom-

a t o r . 1 KW f o r 

ward power. 

Ob s e r v a t i o n 

15mm above l o a d 

c o i l . 

3.5' X 3mm i . d . 

Chromosorb 102 

a t ambient 

temperature. 

Hydrides gener- S e q u e n t i a l l y Ge 

a t e d , c o l d e l u t i n g hyd- As 

trapped and r i d e s monitored Sn 

passed t h r o u g h L i n e a r over 2- Sb 

column i n t o 3 o r d e r s o f 

plasma, magnitude. 

303.9 

278.0 

317.5 

287.8 

4 ng Ge 

50 ng As 

and 3b 

140 



2.2.1,3 D i r e c t Current Argon Plasma Emission Spectroscopy 

The DCP i s e s s e n t i a l l y a d i r e c t c u r r e n t arc s t r u c k between two o r 
more e l e c t r o d e s and s t a b i l i z e d by a f l o w o f i n e r t gas. The develop
ment o f the DCP has been reviewed by K e i r s and V i c k e r s (141) and 
G r e e n f i e l d ( 1 4 2 ) . The most re c e n t and perhaps s u c c e s s f u l DCP system 
i s a commercial t h r e e - e l e c t r o d e system which produces a s t a b l e i n v e r 
t e d 'Y' shaped discharge ( 1 4 3 ) . I t i s u n l i k e l y t h a t the sample 
a c t u a l l y p e n e t r a t e s the h i g h e s t temperature p a r t o f the discharge 
(7000-9000 K ) . I n any case the h i g h plasma continuum p r o h i b i t s obser
v a t i o n i n t h i s r e g i o n , which i s made i n s t e a d i n the angle o f the 'Y', 
the e x c i t a t i o n temperature o f the plasma being about 5500 K. 

I n the few r e p o r t e d c o u p l i n g s o f GC w i t h DCP OES, Table 3, the group 

a t Amherst have been dominant ( 6 l , 99, 104. 144-146). They found i t 

p o s s i b l e t o use argon, h e l i u m o r n i t r o g e n as a c a r r i e r gas ( 145 ) , 

a l t h o u g h i n c e r t a i n s p e c t r a l r e g i o n s i n t e r f e r e n c e from cyanogen bands 

could occur v/ith n i t r o g e n . The use o f a s h e a t h i n g gas, heated t o p r e 

vent sample condensation around the i n j e c t o r n o z z l e , was found t o 

i n c r e a s e s e n s i t i v i t y (144, 145). The coupled technique has been used 

as an e l e m e n t - s e l e c t i v e d e t e c t o r f o r : manganese as the c y c l o p e n t a d i -

e n y l t r i c a r b o n y l d e r i v a t i v e ( 1 4 4 ) ; copper, chromium, n i c k e l , p a l l a d i u m 

and z i n c c h e l a t e s ( 1 4 5 ) ; i r o n i n f e r r o c e n e ( 1 4 6 ) , and v a r i o u s group IV 

metals i n an i n t e r e s t i n g study o f P r i e d e l - C r a f t s c a t a l y s e d a l k y l group 

r e d i s t r i b u t i o n r e a c t i o n s ( 1 0 4 ) . T r e y b i g and E l l e b r a c h t (147) u t i l i z e d 

a vacuum u l t r a v i o l e t plasma spectrometer (148, 149) f o r s u l p h u r - s p e c i 

f i c d e t e c t i o n which compares f a v o u r a b l y w i t h MIP d e t e c t i o n and has the 

advantage t h a t s o l v e n t v e n t i n g i s not r e q u i r e d . The a p p l i c a t i o n s are 

summarised i n Table 3-
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Table 3- Coupled Gas Chromatography - D i r e c t Current Plasma O p t i c a l Emission Spectroscopy 

03 

D e t e c t o r Chromatography M a t r i x Sample t r e a t 
ment/ comments 

P r o t o t y p e spec- 6'x 1/8" i . d . MKT i n gaso Only sample mod

t r a s p a n I I I dc s t a i n l e s s s t e e l l i n e , s t a n  i f i c a t i o n r e q u i 

plasma e c h e l l e 2% D e x s i l 300 dards i n i s o - re d was a d d i t i o n 

spectrometer. GC on 100/120 octane, o f the i n t e r n a l 

mesh Chromosorb Eymantrene as standard. 3 min. 

750. 1:1 s p l i t i n t e r n a l s t a n  a n a l y s i s t i m e . 

w i t h PID. dard. Upper l i m i t o f 

T = 130°C c l i n e a r range v/as 

T j = 160°C 340 ng. 

T, = 1 7 0 i n 
3 -1 

He= 25 cm rain 

See r e f . 144. 6»x 1/8" i . d . , C r ( t f a ) ^ Sheathing gas 

D e t a i l s o f heated 3% D e x s i l 300 around the i s s u 

i n t e r f a c e d esign on 100/120 mesh i n g g.c. e f f l u -

Element 

Mn 

Wavelength D e t e c t i o n 
(nm) L i m i t 

3 ng. 

Reference 

Cr = 34 pg.s 

Cu=5.6 pg.s"' 

Ni=320 pg.s" 

144 

145 

contd 



D e t e c t o r Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

g i v e n . Chromosorb 750. ent prevented Pd =120pg.s'-^ 

Dual d e t e c t i o n T = 170^0 c excessive d i f  C= 0.28pg.s"''" 

w i t h PID used He= 60 cm'^min f u s i o n as the 

sheathing gas T = 220°C c C u ( e n ) ( t f a ) 2 sample t r a v 

heated t o 230°C 6 * x l / 8 " i . d . .2.5% CuCpnCtfa)^) e l l e d i n t o the Cu 324.7 

t o prevent con D e x s i l 300 GC Ni p i < t f a ) 2 plasma from N i 341.7 

d e n s a t i o n o f T = 230°C c Pd p n ( t f a ) 2 the i n t e r f a c e Pd 340.4 

e l u e n t s . T =280°C c Zn ( d t c ) ^ t u b i n g . C 247.8 

T. = 230°C i n 6»xl/8"i.d.3.29S CpCr(K0)(C0)2 L i n e a r from 2- Cr 267.7 

D e x s i l 300 GC on benzene- 150 ng f o r Cr. 

100/120 mesh chromium 

Chromosorb 750 t r i c a r b o n y l . 

T = 190^0 c 145 

contd 



D e t e c t o r Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref. 

6'x l / 8 " i . d . , *^10*^12'*^14' C 247.8 

10% SE-30 on and C^g 

60/80 mesh Gas hydro carbons. 

Chrom. S. 

T = 170°C. c 145 

For spectrometer 6'x 1/8" s t a i n  P r i e d e l - C r a f t a R e d i s t r i b u t i o n S i 251.6 

1 and i n t e r f a c e l e s s s t e e l , 5% c a t a l y s e d r e a c t i o n s o f Ge 265.1 

o see r e f . 167. OV-101 on 100/- a l k y l group the f o l l o w i n g Sn 286.3 

Except used 3 120 mesh Chro- r e d i s t r i b u t i o n p a i r s : Pb 368.3 

e l e c t r o d e j e t mosorb 750. r e a c t i o n s . ^ r . S n + E t .Pb 4 4 
r a t h e r t h a n a 2 He= 40 cm^min ^ Et^Sn+^u^Ge 4 4 
e l e c t r o d e one. T = from 80°C t o c ^ r , S i + ^ u . G e 4 4 
Ar f l o w r a t e s : 6 o r B^Cmin"^ ^Bu^Ge+Et .Pb 4 4 
Sheathing = T^= 210°C Vn.Si+Et.Sn 4 4 
1.42-1.65 T, = 220°C i n Vn.Si+^u.Ge 4 4 104 

1 min ̂  s t u d i e d . contd 

Cathode 2.0 



D e t e c t o r Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref, 

1. min -1 

I 

Anode = 1 . 3 1 

min""^ 

Current = 7 A 

Voltag e = 40 

60 V. 

N i c k e l t u b i n g 

Im X 1/8", 3% 

OV-201 on 100/-

120 mesh u l t r a -

bond 20 M. 

He= 40 cm^rain"^ 

T = from 80 C c 
at 8°Cmin~"^ 

T^= 210''C 

T. = 220 C m 

Formation o f 

PbR^Cl and 

SnR^Cl by 

r e a c t i o n v/ith 

A l C l ^ s t u d i e d . 

Pb 

Sn 

368.3 

286.3 

104 

See r e f s . 104 

and 145. 

lOO'x 0.03"i.d. Ferrocene 

s t a i n l e s s s t e e l and h a l o -

PLOT OV-101 

T = 170"C c 

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

Paper c o n t a i n s 

many o t h e r orga-

n o m e t a l l i c 

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

however the 

Fe 372.0 

146 

contd 



D e t e c t o r Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

d e t e c t o r used 

i s the FID. 146 

- J 

Vacuum UV s p e c t r e - 122 cm x 2 mm CS^, thiophene 

meter w i t h spect- . i . d . , Porapak . 3 - n i e t h y l t h i o -

r a m e t r i c s dc super Q. phene. 

plasma. 183 cm x 2 ram h e x a n e t h i o l 

i . d . , 3% OV-101 b e n z e n e t h i o l 

on Chromosorb V/ raethylsulph-

HP, o x i d e . 

80-100 mesh. 

80 cm^rain ^ 

180.7 0.3 ng S 

147 



2.2.2 Atomic A b s o r p t i o n Spectroscopy 

Atomic a b s o r p t i o n f o l l o w s an e x p o n e n t i a l r e l a t i o n s h i p between the 

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

s i m i l a r t o Lambert's law i n molecular spectroscopy. 

I = exp (- k y l ) ... (2.6) 

where i s the i n t e n s i t y o f the i n c i d e n t l i g h t and k^ i s the absorp

t i o n c o e f f i c i e n t a t the frequency V. For q u a n t i t a t i v e spectroscopy 

the absorbance, A, i s d e f i n e d by: 

A = l o g ( I / I ) ... (2.7) o 

thus A = k ^ l l o g e 

= 0.4343 k ^ l ... (2.8) 

I t i s p o s s i b l e t o demonstrate (150) from c l a s s i c a l d i s p e r s i o n t h e o r y 

t h a t i n p r a c t i c a l terms k^ i s p r o p o r t i o n a l t o the number o f atom.s per 

cubic c e n t i m e t r e i n the f l a m e , i . e . absorbance i s p r o p o r t i o n a l t o 

a n a l y t e c o n c e n t r a t i o n . 

Atomic a b s o r p t i o n corresponds t o t r a n s i t i o n s from lov/ t o h i g h e r 

energy l e v e l s , hence, the degree o f a b s o r p t i o n w i l l be dependent on the 

low l e v e l p o p u l a t i o n . V/hen thermodynamic e q u i l i b r i u m p r e v a i l s , the 

p o p u l a t i o n o f a g i v e n energy l e v e l i s g i v e n by the Boltzmann law - see 

s e c t i o n 2.2.1. The p o p u l a t i o n o f the ground s t a t e i s g e n e r a l l y much 

g r e a t e r than h i g h e r energy l e v e l s and as a r e s u l t a b s o r p t i o n i s 

g r e a t e s t f o r resonance l i n e s which r e s u l t i n t r a n s i t i o n s from the 

ground s t a t e . 
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The e x p l o i t a t i o n o f atomic a b s o r p t i o n was l a t e i n a r r i v i n g due t o 

the extreme narrovmess o f atomic l i n e s ( t y p i c a l l y about 0.002 nm). 

Thus the amount o f r a d i a t i o n i s o l a t e d by a c o n v e n t i o n a l monochromator 

i s not s i g n i f i c a n t l y reduced by the narrow a b s o r p t i o n s i g n a l i f a con

tinuum source i s used. The co n s i d e r a b l e c o n t r i b u t i o n made by V/alsh 

(151) t o atomic a b s o r p t i o n spectroscopy was t o use a l i n e source t o 

rep l a c e t h e continuum. Since a b s o r p t i o n and emission l i n e s have the 

same wavelength the narrowness o f the a b s o r p t i o n l i n e i s a p o s i t i v e 

advantage. Thus o v e r l a p o f an a b s o r p t i o n l i n e o f one element w i t h an 

emission l i n e o f another i s n e g l i g i b l e and hence o n l y r e s o l u t i o n from 

o t h e r l i n e s i n the lamp, e.g. f i l l e r gas l i n e s , i s r e q u i r e d . T h i s 

• l o c k and key* mechanism i s r e s p o n s i b l e f o r the g r e a t e r s e l e c t i v i t y 

o f AAS over AES. Atoms may be generated f o r AAS i n a v a r i e t y o f ways 

o f which flames and e l e c t r o t h e r m a l l y heated furnaces are the two most 

po p u l a r . Coupling o f these two atom c e l l s t o GC i s reviewed i n the 

next two s e c t i o n s , 

2.2.2.1 Flame Atomic A b s o r p t i o n Spectroscopy 

The use and c h a r a c t e r i s t i c s o f flames used f o r a b s o r p t i o n s p e c t r o 

scopy have been w i d e l y discussed (152-154). Premixed l a m i n a r flames 

are i n most common usage s i n c e they o f f e r h i g h temperature v / i t h 

r e l a t i v e l y lov/ background emission, have w e l l dociomented chemical 

compositions and are e a s i l y reproduced ( 1 5 4 ) . For many elements the 

a i r / a c e t y l e n e flame produces s u f f i c i e n t a t o m i z a t i o n t o enable good 

s e n s i t i v i t y w i t h freedom from i n t e r - e l e m e n t i n t e r f e r e n c e s . I t i s 

not j u s t the e n t h a l p y o f the flame which decides the degree o f atom

i z a t i o n but a l s o the flame c h e m i s t r y . T h i s i s evidenced by the f a c t 
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t h a t the elements, H i , Ca, Cr, Ga, Sn, and Sr, are atomized substan

t i a l l y more i n the hot r e d u c i n g n i t r o u s o x i d e / a c e t y l e n e flame and the 

cool h y d r o g e n / a i r flame than i n e i t h e r the hot n i t r o u s oxide/hydrogen 

flame o r the c o o l e r a i r / a c e t y l e n e flame ( 1 5 5 ) . 

For coupled GC-AAS (156-160) systems, see Table 4. I'lame atomiz-

a t i o n o f f e r s the advantages o f continuous o p e r a t i o n , s i m p l i c i t y and 

low cost i n s t r u m e n t a t i o n . One o f the main disadvantages o f FkAS com

pared t o e l e c t r o t h e r m a l a t o r a i z a t i o n , ETA, f o r s o l u t i o n s , i s t h a t w h i l s t 

the l a t t e r atomizes the whole sample i n the former the n e b u l i z a t i o n 

e f f i c i e n c y i s low, about 10%. V/ith GC-PAAS t h i s disadvantage i s 

un i m p o r t a n t , since the a n a l y t e i s i n the gas phase p r i o r t o e n t r y i n t o 

the atom c e l l . An a d d i t i o n a l disadvantage i s t h a t PAAS n o r m a l l y has 

h i g h e r d e t e c t a b i l i t y than ETA AAS due t o the s h o r t e r atomic r e s i d e n c e 

times i n the flame. 

The s i m p l e s t v/ay o f i n t e r f a c i n g a gas chromatograph w i t h an atomic 

a b s o r p t i o n spectrometer i s t o pass the column e f f l u e n t v i a an i n t e r 

f ace tube i n t o the n e b u l i z a t i o n chajnber, t o be swept by the o x i d a n t 

and f u e l gases i n t o the flame. The f i r s t r e p o r t e d GC-PAAS c o u p l i n g 

by Kolb et^ a l . ( l 6 l ) used t h i s method t o determine t e t r a a l k y l l e a d 

compounds i n p e t r o l w i t h an a i r / a c e t y l e n e flame. T h i s i n t e r f a c i n g 

method has been u t i l i z e d by v a r i o u s a u t h o r s (18, 162-166). Morrow e t 

a l . (162) used the n i t r o u s o x i d e / a c e t y l e n e flame f o r the s i l i c o n 

s p e c i f i c d e t e c t i o n o f s i l y l a t e d a l c o h o l s and an a i r / a c e t y l e n e flame 

f o r atomic emission d e t e c t i o n o f the same species, A s i m i l a r coup

l i n g was used t o determine l e a d i n p e t r o l (18, 163-165), and i n the 

atmosphere (18, I63). Hahn et a l . (I66) used such an arrangement t o 
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determine As, Ge, Se and Sn, a f t e r g e n e r a t i n g h y d r i d e s , u s i n g a 

hydrogen d i f f u s i o n f lame, Coker (167) r e a l i s e d t h a t d i l u t i o n o f the 

sample and excessive peak broadening caused by passage through the 

n e b u l i z a t i o n chamber could be avoided. He passed the chromatographic 

e f f l u e n t i n t o a m a n i f o l d j u s t below the burner s l o t and achieved b e t 

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

pr e v i o u s c o u p l i n g s . V/olf (168, 169) used a s i m i l a r c o u p l i n g t o speci

f i c a l l y determine chromium i n standard o r c h a r d leaves a f t e r c h e l a t i o n 

w i t h t r i f l u o r o a c e t y l a c e t o n e , as d i d Chan (170) v/hen i n v e s t i g a t i n g 

t e t r a a l k y l l e a d r a t i o s i n p e t r o l s from v a r y i n g sources. Reports a r i s 

i n g from the work d e s c r i b e d i n t h i s t h e s i s (159, 171, see Chapters 4 

and 5 ) , have emphasized t h a t i n o r d e r t o enable t r u e t r a c e l e v e l 

d e t e r m i n a t i o n s by GC-PAAS, the residence times o f atoms i n the flame 

must be i n c r e a s e d . T h i s has been achieved by u s i n g a flame heated 

ceramic tube suspended over a flame i n v a r i o u s c o n f i g u r a t i o n s (159, 

171). The need f o r low l e v e l d e t e c t i o n by GC-AAS l e d t o the c o n s i d 

e r a t i o n by v a r i o u s a u t h o r s (see s e c t i o n 2,2.2.2) o f e l e c t r o t h e r m a l 

a t o m i z e r s . 

2.2.2.2 E l e c t r o t h e r m a l A t o m i z a t i o n Atomic A b s o r p t i o n Spectroscopy 

The t h e o r y and p r a c t i c e o f e l e c t r o t h e n n a l a t o m i z a t i o n f o r AAS has 

been reviev/ed by P u l l e r i n a monograph (172) and i n numerous books 

( e . g . 150, 154, 173). The main advantages o f ETA over flame atomiz

a t i o n f o r coupled GC-AAS are claimed t o be inc r e a s e d s e n s i t i v i t y , 

s a f e t y and the p o s s i b i l i t y o f unattended o p e r a t i o n . The inc r e a s e d 

s e n s i t i v i t y a r i s e s because e l e c t r o t h e r m a l a t o m i z a t i o n does not s u f f e r 

from the poor n e b u l i z a t i o n e f f i c i e n c y , r a p i d d i l u t i o n i n the expan

d i n g flame gases and s h o r t atomic r e s i d e n c e times which beset flame 
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a t o r a i z a t i o n . Improvements i n d e t e c t i o n l i m i t s w i t h e l e c t r o t h e r m a l 

a t o m i z a t i o n over flame a t o m i z a t i o n are t y p i c a l l y i n the range 100-

10 0 0 - f o l d f o r s o l u t i o n work ( 1 7 3 ) . The use o f e x p l o s i v e gases i s 

avoided, l e s s t o x i c fumes are produced, thus s a f e t y i s increased and 

the atomizer may thus be l e f t unattended. Commercial e l e c t r o t h e r m a l 

a t o m i z e r s , m a i nly g r a p h i t e furnaces o f v a r i o u s d e s i g n s , are co n s t i n i c -

t e d t o handle s m a l l , 1 0 - 1 0 0 ^ 1 , d i s c r e t e condensed phase samples and 

the h e a t i n g o f such devices i s t y p i c a l l y not continuous. Thus modi

f i c a t i o n o f the atom c e l l i s r e q u i r e d before i t can accept a c o n t i n 

uous gas stream from a chromatograph. 

The e l e c t r o t h e r m a l devices used i n coupled GC-AAS, see Table 4, 

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

i ) home made e l e c t r o t h e r m a l l y heated q u a r t z o r ceramic tubes; 

i i ) commercial g r a p h i t e f u r n a c e s ; 

i i i ) commercial c o l d vapour mercury a n a l y z e r s . 

T h i s l a t t e r atom c e l l has been used f o r mercury s p e c i f i c d e t e c t i o n 

o f o r g a n o m e r c u r i a l s i n v a r i o u s samples. Hey (174) passed t h e e f f l u e n t 

from the chromatograph i n t o a continuous wet chemical r e d u c t i o n c e l l 

t h e reduced Hg(0) being swept i n t o the c o l d vapour a b s o r p t i o n c e l l o f 

a commercial system (MAS 50, Colman I n s t r u m e n t s ) . Other a u t h o r s (175-

179) used a flame i o n i z a t i o n d e t e c t o r flame t o atomize the organo-

mercury species which then passed i n t o the same c e l l . Dressman (175) 

used t h i s method t o s p e c i a t e d i a l k y l m e r c u r y compounds i n spiked r i v e r 

w a t e r s . B l a i r et a l . (178) a l s o used t h i s method i n a study o f 

mercury t r a n s f o r m a t i o n s i n a q u a t i c environments. Gonzalez and Ross 

(180) used a qu a r t z combustion furnace p r i o r t o the d e t e c t o r t o 
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determine methyl- ajid ethyl-raerciiry chlorides i n f i s h tissues w i t h 

b e t t e r s e l e c t i v i t y towards mercury than the electron capture detector 

e x h i b i t s towards the organomercury chl o r i d e . 

The use of an electrothermally heated s i l i c a tube as an atom c e l l 

f o r coupled GC-AAS v/as pioneered by Chau e_t a l . (181). The furnace 

was heated to around 1000°C with a i r and hydrogen flov/ing through and 

used a selenium s p e c i f i c detector f o r the separation of dimethyldi-

selenium and dimethylselenium (181). Chau, w i t h a v a r i e t y of co

workers, then used t h i s coupled technique f o r numerous environmental 

applications (18, 25, 33, 181-187). This group developed the tech

nique f o r metal s p e c i f i c detection of organolead i n the atmosphere 

(163, 187), the aquatic environment (184, 185) and f o r methylation 

studies of lead (18, 33, 183), t i n ( 2 5 ) , arsenic, mercury and selenium 

(18). Thompson (20) u t i l i z e d a s i m i l a r atom c e l l to study methylation 

pathways i n coastal sediments as have Brueggeraeyer and Caruso (188) 

f o r the determination of inorganic lead i n aqueous samples a f t e r 

methylation of the extracted dithiocarbajnate lead complex. Van Loon 

and Radziuk (189-191) developed a s i l i c a 'T* tube f o r coupled GC-AAS. 

This low cost arrangement had the chromatographic column contained i n 

the long arm of the 'T* , the e f f l u e n t then passed i n t o the cross piece 

atomizer purged w i t h flows of hydrogen and nitrogen. The system was 

used as a metal s p e c i f i c detector f o r organoselenium. compounds (189) 

and i n the study of organoselenium t r a n s p i r a t i o n by Astragalus 

racemosus (190, 191). Bye and Paus (192) used an electrothermally 

heated quartz furnace to atomize orgemomercurial compounds p r i o r to 

t h e i r detection i n an unheated s i l i c a cuvette. I n a comprehensive 

study of various t e t r a a l k y l , methyl- and e t h y l - t i n chlorides (59) 
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Burns et^ al. used an electrotherraally heated quartz tube as atomizer. 

They found detection l i m i t s were d r a s t i c a l l y lov/ered i f the hydrides 

v/ere generated p r i o r to atomization. Radziuk et_ al, (193) compared the 

s u i t a b i l i t y of various atom c e l l s f o r coupled GC-AAS, with the graphite 

furnace proving the most sensitive f o r lead; indeed, i t {^ave a f a c t o r 

of f i f t y increase i n response when compared to a simple Kolb type flame 

coupling. 

The f i r s t GC coupling to a commercial graphite furnace was rather 

crudely achieved by Coker (194). The end of a tiongsten t r a n s f e r l i n e 

was passed through an enlarged hole i n the graphite tube so that the 

e f f l u e n t impinged on the hot tube w a l l . P a r r i s et_ a l . (195) considered 

the e f f e c t of using p y r o l y t x c a l l y coated, alumina l i n e d and standard 

graphite tubes at various atomization temperatures with and without 

hydrogen (10%) added to the chromatographic e f f l u e n t . The best detec

t i o n l e v e l s v/ere achieved f o r As, Se and Sn, using standard graphite 

tubes w i t h hydrogen added to the e f f l u e n t flow and an atomization 

temperature of 1800°C. Robinson £t a l . (196) passed the chromatographic 

e f f l u e n t through a graphite electrode i n t o the o p t i c a l path of a home 

made atomizer which v/as kept at 2000°C throughout the chromatographic 

run. This atomizer v/as used f o r lead s p e c i f i c detection of t e t r a a l k y l -

lead compounds i n p e t r o l (196) and i n a study of the degradation of 

TEL i n sea water (197). Bye and Paus (165) found graphite furnace 

atomization was 100-fold more sensitive than flame atoraization f o r 

the determination of TIitL i n p e t r o l . The determination of t e t r a a l k y l -

lead compounds i n various matrices has again proved very popular; 

f o r example, Cruz et a l . (198) i n f i s h , water, sediment and vegeta

t i o n samples. The group i n Antwerp developed the most sensitive 
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GC-GPAAS coupling f o r t e t r a a l k y l l e a d compounds (199) and used i t to 

determine these compounds i n petro l (34, 199), the atmosphere (34, 200, 

201) and i n a preliminary study of t h e i r degradation i n r i v e r water 

(34). Determination of another " a n t i knock" p e t r o l a d d i t i v e , methyl-

cyclopentadienylmanganese t r i c a r b o n y l , i n the atmosphere, was achieved 

by Coe et a l . (202) down to very low l e v e l s , 0.05 ng.m ^. 7/inefordner 

and coworkers (203) have demonstrated a novel method of avoiding 

matrix i n t e r f e r e n c e by s e l e c t i v e v o l a t i l i z a t i o n using coupled high 

temperature ( c a . 2093 K) GC-AAS. They used a molybdenum column/atom

i z e r f o r the separation of sodium, copper, manganese and magnesium 

ions with e x c e l l e n t c o r r e l a t i o n of a n a l y t i c a l s i g n a l s f o r each metal 

i n pure and mixed s o l u t i o n . This work opens a new area of a p p l i c a t i o n 

f o r GC-AAS, since p r i o r to t h i s the only separation of analytes i n 

inorganic matrices was f o r elements which formed v o l a t i l e hydrides or 

v o l a t i l e c h e l a t e s . This technique o f f e r s a possible method f o r 

separating i n t e r f e r i n g concomitants from the analyte p r i o r to atomic 

spectroscopic a n a l y s i s . 
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Table 4. Coupled Gas Chromatography - Atomic Absorption Spectroscopy 

Atomizer Chromatography Matrix 

Flame AAS, GC 

e f f l u e n t passed 

v i a a heated tube on Chromosorb 

in t o the nebuli-

zation chamber. 

2m X 2mm i . d . , Pb a l k y l s i n 

10% Apiezon M p e t r o l , TT-IL 

R. 40 ml 

min"-*-

T = 150' c 

and TEL 

Sample t r e a t 
ment/ comments 

F i r s t paper to 

describe GC-

AAS coupling 

f o r element 

s p e c i f i c 

detection. 

Linear range 

50-700 ppm. 

£;lement 

Pb 

Wavelength 
(nm) 

217.0 

Detection 
L i m i t s Reference 

161 

Flame AAS. N̂ O/-

Ĉ Ĥ  PAES' a i r / -

Ĉ Ĥ  flame. Coup

l i n g v/as through 

the n e b u l i z a t i o n 

chamber. 

6' X 0.25" i . d , S i l y l a t e d py. 

ste e l column, r i d i n e solu-

20% SE30 on 

30/60 mesh 

chromosorb V/ 

He= 100 ml.-
min"^ 

tio n s of n-

alcohols Ĉ -

Interface tube, 

sta i n l e s s steel 

(0.0345" i.d.) 

heated i n ex

cess of T . 
c 

AAS 4-20 yug 
AES 3-100 ^ g 

Si 251.6 AAS 0.11 /ig 

AES 0.72 yug 

162 
contd 



Atomizer Chroraatogr, Matrix Comments Element Wavelength Detection Ref, 

T = 130^0 c Linear range 162 

Using cold vapour 

analyzer. 

Organomercury 

compounds. 

Passed GC ef

f l u e n t i n t o a 

continuous wet 

chemical reduc

t i o n vessel; Hg 

then flushed 

i n t o cold vapour 

c e l l . Linear 

up to 10 yW-g, 

Hg 253.7 50 ng 

174 

As r e f . 174 Glass 6' X 

0.25" column 

5% HIEFP-2AP 

Al k y l mercury GC e f f l u e n t 

compounds i n passed i n t o a 

f i s h tissue quartz tube 

Hg 253.7 2.5 X 10"^^g 

of MeHgCl 180 

gives 1% contd, 



Atomizer 

S See r e f . 174 

Chromatogr. Matrix Comments 

on Chromesorb MeHgCl and combustion f u r 

WICP. 80/100 EtHgCl. nace (780°C) 

mesh. 120- p r i o r to pas

ml.min sing i n t o the 

Tj= 200°C cold vapour 

T = 170°C c c e l l . Linear 

T. = 200°C m up to 45 ng. 

6* X 2 mm i . d . D i a l k y l mer The e f f l u e n t 

glass column, cury compounds was passed 

5% DC-200 + i n spiked r i v e r through the 

3% QPI on 80/- waters. PID to combust 

100 mesh Chro the mercury 

me sorb Q, compounds 

T = 70°C hold c p r i o r to entry 

2 min then 20° in t o the cold 

Cmin"-*- to 180°C vapour analyzer 

Element Wavelength Detection 

absorption 

Ref 

Hg 

180 

253.7 0.1 ng 

175 



Atomizer Chromatogr. Matrix Comments Element Wavelength Detection Ref 

See r e f . 174 See r e f , 175 D i a l k y l mercury See r e f . 175 

compounds. Linear from 

Me^Hg, Et2Hg, 0,05 ng to 

""Bû Hg. 

100 ng 

Hg 253.7 0.02 ng 

f o r Me2Hg 

176 

03 

See r e f . 174 See r e f . 175. D i a l k y l mercury See r e f . 175. 

compounds. Linear from 

0,05 to 100 

ng f o r MegHg 

and Et^Hg. 

Hg 253.7 0.02 ng 

f o r r;ie2Hg 

177 

See r e f . 174 6' X 0.125" 

glass column, 

5% SP2100 + 

3% SP2401 on 

Mercury com- Study of 

pounds i n - methylation 

volved i n t r a n - pathways i n 

sformations of microorganisms 

Hg 253.7 

178 

contd 



Atomizer Chromatogr, Matrix Comments Element Wavelength Detection Ref 

80/100 mesh 

Sup e l con A\V-

DmS, = 

20 ml.min""'" 

T = 60°C hold c 
2 min then 

32°C min to 

CO 180°C 

microorganisms, 

i n s o i l s and 

sediments. 

178 

Air/acetylene 

flame. 

3m X 3mm Teflon Pb a l k y l s i n 

tube. = 4-0- gasoline 

ml.min 

T = llO^C c 

samples. 

E f f l u e n t 

passed from 

GC i n t o spray 

chamber. 5 cm 

burner. Linear 

from 0.2 to 

40 /ig. 

Pb 217.0 

164 



Atomizer Chromatogr. Matrix Comments Element Wavelength Detection Ref 

Graphite furnace 

kept at 2700*̂ C 

v/ith background 

cor r e c t i o n . 

CD 

6'x 5/l6"i.d.on Pb a l k y l s i n 

glass column, gasoline, 

4% SE-30 + 6% 

0V210 on Gas 

Chrom Q. Ar 

= 50 ml.min 

T = 150°C c 
2,0 ̂ 1 i n j e c 

t i o n s . 

10cm V/ t r a n s f e r 

l i n e connected 

i n t o an enlarged 

hole i n graphite 

tube. 

Pb 217.0 10 ng Pb 

194 

Ele c t r o t h e r - 1.8m x 6mm 

mally heated glass column, 

s i l i c a tube (60mm 3% OV-1 on 

X 7mm i , d . , T = Chromosorb V/ 

1000°C) Furnace 80/100 mesh. 
,0 

gases: T = 40"C hold c 

Me^Se and 

\:ie^Se^ i n 

synthetic a i r 

sajnples. 

A i r samples 

trapped at -80* 

C on 3% OV-1 

on Chromosorb 

W and desorbed 

i n t o the GC at 

Se 196 0,1 ng Se 

181 

contd 



Atomizer Chromatogr. Matrix Comments Element Wavelength Detection Ref, 

a i r = 120 ml.min 2 min then 15°C 

120 ml.min •min to 120°C 

T^= 225°C 

80 C. The trap 

being heated i n 

a commercial 

'toaster' . 

Linear up to 

50 ng. 181 

CD Air/C^H^ flame 3»x 3 / l 6 " i . d . Pb a l k y l s i n 

ste e l column, gasoline. 

10% Carbowax 

20M on 100/120 

mesh Po r a s i l C. 

120 ml.min-*-

130°C 

Home made c o l 

umn heating 

system. 

The e f f l u e n t 

from the GC 

passes i n t o a 

manifold j u s t 

below the bur

ner s l o t which 

evenly d i s t r i 

butes the ef

f l u e n t along 

the flame. 

Pb 283.3 0.2 ppm 

167 
contd 



Atomizer Chromatogr, Matrix Comments Element V/avelength Detection Ref 

5/J. i n j e c t i o n s Linear up to 

200 ppm f o r 

Tr,IL and 1000 

ppm f o r TEL, 167 

AAS using an 

electrothermally 

' heated s i l i c a 
x> 
X) 

I furnace. See 

r e f . 181. 

See r e f . 181. TML from methy- Reported that Pb 

l a t i o n of 

Me^Pb s a l t s 

Me^Pb s a l t s 

were r e a d i l y 

converted to 

TML by micro

organisms i n 

lake v/ater or 

nu t r i e n t 

medium. 183 



Atomizer Chromatogr, Matrix Comments Element V/avelength Detection Ref 

CO 

Air/C^H^ flame. 

A l l - g l a s s l i n i n g 

f o r n e b u l i z a t i o n 

chamber used to 

prevent absorp

t i o n of organo

lead on chamber 

walls. 

1.8m X 6mm 

glass column, 

yfo OV-1 on 

80/100 Chrome 

sorb W. 

65 ml,min ^. 

T = 40"C f o r 2 c 
min then 5°C-

min"-^ to 90°C. 

Tetraalkyllead The a i r sam-

compounds i n pie was 

the atmosphere trapped (see 

and gasolines, r e f . 181); 

passed through 

nebulization 

chamber i n t o 

flame. 

Pb 217.0 80 ng 

163 

Electrothermally 

heated s i l i c a 

tube. See r e f , 

181, 

Column (see 

r e f . 163) N, 

70 ml.min -1 

Tn= 50°c f o r 2 
min then 15 C-

min"-^ to 150°C 

Tetra a l k y l l e a d J?or sample 

compounds i n tra p and chrom-

the atmosphere, atographic inte r 

face see r e f . 

181, Linear 

up to 200 ng 

Pb 217.0 0,1 ng 

T-j.= 150"C 187 



O 

Atomizer Chromatogr. Matrix Comments Element Wavelength Detection 

Electrothermally 1.8m x 6mm, 3% Organometallic Compounds det Hg 253.6 0.1 ng f o r 

heated s i l i c a OV-1 on Chromo- compounds i n ermined were; Pb 217.0 each 

tube. See r e f . sorb W 80/100 l i q u i d or t e t r a a l k y l l e a d s Cd 228.5 element 

181. mesh. gaseous sam methylseleniums As 193.7 

Lead see l63- ples. l*'or methylarsines, Se 196.0 

Selenium N^= gaseous sam alkylmercury 

70 ml.min ^ ple trapping chlorides, and 

T = 40*̂ C f o r 2 c method see d ime t hy 1 c ad mium. 

min then 15°C r e f . 181. 

min up to 

120°C 

Tj= 225°C 

Arsenic 10% 

OV-1 on chro 

mosorb W, 

182 
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Atomizer Chromatogr. Matrix Comments Element Wavelength Detection Ref. 

^2= 30 ml.min'-'-

25''C= T^ 

T. = 100°C i n 
Mercury 5% DECS 

on Chromosorb W 

80 ml.min ^ 

T = 145 C c 

I 

Tj= 150"C 

^ i n = 1 5 ^ ^ 
Cadmium 

N^^ 70 ml.min 

T^= 70"C 

T^= T. = 80°C I xn 182 



Atomizer Chromatogr, Matrix Comments Element Wavelength Detection Ref 

*T' furnace atom 122cm X 3nmi i ,d.Dialkylselenium The homemade Se 196.0 Me2Se=10ng 

i z e r (900-1000°C; i . d , Al tube, compounds chromatographic Me2Se2=20ng 

dimensions, 100mm 20% polymeta- system was con Et2Se2=20ng 

X 20 mm i, d.) phenylether tained i n the 

flov/s i n t o atom on 60/80 mesh quart z 'T' 

i z e r . H^= 1 1- Chromosorb V/, arrangement, 

min"^; 6 1- 23 ml.min -1 

min , Quartz T = 82°C c 189 
*T* furnace, see T^= 180°C 

r e f . 189. See r e f . 189. Organoselenium The transpired Se 196.0 

compounds t r a n  compounds were 

spired by trapped on DC-

Astragalus 550 on Chromo

racemosus, sorb V/ i n a 190 

dry ice bath. and 

and desorbed 191 
at 175 C i n t o con,td 



Atomizer Chromatogr, Matrix Comments Element Wavelength Detection Ref 

the chroma

tographic 

column. 

190 

and 

191 

Flame, w i t h chro 2* X 3n™ i . d . Inorganic Cr A f t e r a H2S0^/ 

matographic ef Teflon tubing, i n NBS SR&l 1571 

f l u e n t being 10% SE30 on Orchard leaves Cr chelated 

delivered d i r e c t  Chromosorb V/HP as C r ( t f a ) ^ w i t h Htfa 

l y to the burner 80/100 mesh. chelates. (0.1 ml.) 

ca v i t y . T = 180°C c extracted w i t h 

65 ml.min hexane (0.5 ml) 

20 y j l i n j e c t i o n p r i o r to i n j e c 

t i o n . Linear 

from 0,5ppra 

to 5ppm Cr. 

Cr 1 ng 

168 



Atomizer Chromatogr M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

E l e c t r o t h e r m a l l y See r e f . 187. 

heated s i l i c a f u r 

nace, see 181, 

or d i r e c t l y 

coupled through 

the n e b u l i z a t i o n 

chamber t o an 

I air/C2H2 f l a m e , 

T e t r a a l k y l l e a d For atmospheric 

compounds i n sampling see 

p e t r o l and a i r r e f , 181. 

Pb 217.0 

samples L i n e a r up t o 

200 ng f o r 

f u r n a c e . 

0.1 ng f o r 

furnace 

system. 

see r e f . I 6 3 . 186 

d i f f u s i o n 

flame b u r n i n g i n 

qua r t z c u v e t t e . 

H2=250ml.min"-'-

A i r = 150ml.min" 

6 m. s t a i n l e s s Reducible As 

s t e e l column, species i n 

16.5% DC-550 

on 80/100 mesh 

Chromosorb W AW 

DMCS; He = 80 
•1 ml.min 

The h y d r i d e s 

of the As corn-

n a t u r a l w aters, pounds i s o l a t e d 

by c o l d t r a p 

p i n g , passed 

dov/n a column 

and i n t o a 

As 193-7 0.05 ng 

f o r AsH 

204 

contd 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

f u r n a c e . 

L i n e a r up to 

50 ng. 204 

See r e f . 175 

vn 

80cm X 6 mm Me^Hg, 

i . d . g l a s s c o l - MeHgCl 

umn, 10% Carbo-

wax 20M on Chro-

mosorb W AW. 

5 t o 100jml 

i n j e c t i o n s ; 

T̂ .= 200^0 

T = 60°C f o r c 

Hg 253.7 10 ppb Hg 

Me^Hg; aoÔ 'C 

f o r MeHgCl 

N2=15ml.min"-^ 

f o r Me^Hg 

179 

contd 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref. 

N2=200 ml.min 

f o r MeHgCl. 179 

Gr a p h i t e furnace 6» X l / 8 " i . d . Me-,As, Me.Sn 3 4 Best d e t e c t i o n As 5 ng As 

v;ith p y r o l y t i c g l a s s column, and Me^Se i n l e v e l s achieved Se 7 ng Se 

or alumina l i n i n g 5% SP2100 and N^- To s t i m u  u s i n g standard Sn 12 ng Sn 

or standard g r a  3% SP2401 on l a t e an atmos g r a p h i t e tubes 

p h i t e t u b e s , a t 80/100 mesh phere over a v/ith an Ar/H^ 

v a r i o u s tempera Supelcon AV/DMCS la k e system. f l o w a t 1800°C 

t u r e s w i t h and T = 40°C c L i n e a r up t o 

w i t h o u t Ai/H^ Ar= 30ml.min ^ 320 ng As 

(90 + 10) f l o w T. = 100°C i n 313 ng Se 

(20 ml.min"''') . 363 ng Sn 195 



-3 

Atomizer Chromatogr. M a t r i x ' Comments Element V/avelength D e t e c t i o n Ref. 

Gra p h i t e furnace T e f l o n column, T e t r a a l k y l l e a d TEL undetected Pb 283.3 0.1 ng 

2000°C. The f u r  8'x 1/8". 20% compounds i n i n a l l 10 a i r 

nace kept at t h i s TCP on Chromo- g a s o l i n e and samples. 

temperature sorb V/, Ar = the atmosphere. 

throughout chroma 30ral.min 

t o g r a p h i c r u n . T = 100°C c 
T^= 125°C 

T. = lOO^C i n 196 

klv/O^^ flame ; 18" X 3mm i . d . I n o r g a n i c Cr The c h e l a t e s Cr 1.0 ng 

see r e f . 168. PTPE t u b i n g , i n NBS SRtl 1571 determined Co 80 ng 

5% SE-30 on orchard leaves were: Pe 300 ng 

Chromosorb P and Sni.U569 C o ( f o d ) ^ Cu 500 ng 

AWDMCS, 80/100 brewers yeast P e ( f o d ) ^ 

mesh. 120 as c h e l a t e s . P e ( t f a ) ^ 

ml.min al s o Co.Pe Cu ( o f h d ) ^ 169 

T^= 160°C and Cu c h e l a t e s L i n e a r from contd 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

T^= 150 C. 0.5 t o 8.0 

yU-g. 169 

03 

Both a f l a m e , 

air/C2H2, the 

e f f l u e n t i n t o -

duced t h r o u g h 

the n e b u l i z e r , 

and a g r a p h i t e f u r -

furnace at 1300°C 

20% SE-52 on 

Chromosorb W, compounds i n 

Ar = 90ml.min""*" g a s o l i n e sajn-

T = T^= 125°C c I pies, 

T. = 130°C i n 

T e t r a a l k y l l e a d The furnace 

technique was 

lOOX and 75X 

more s e n s i t i v e 

than the flame 

c o u p l i n g f o r 

niL and TEL 

r e s p e c t i v e l y . 

Pb 283.3 Flame: 

TIflL = 17 ng 

TEL = 81 ng 

Furnace; 

TIvlL = 0,12ng 

TEL = 1.1 ng 

165 

Hg compounds 

atomized i n elec

t r i c a l l y heated 

q u a r t z furnace 

at 620°C. 

10% SP 2300 

on Chromosorb 

\V. 90 ml 

mm 

T = 145°C c 

A l k y l m e r c u r y 

compounds i n 

f i s h . 

A r a p i d method 

f o r q u a n t i t a t 

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

o f organomer-

cury compounds 

Hg 254.0 3.5 ng 

192 

contd 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

T j = 200^0 from f i s h 

g i v e n . L i n e a r 

up t o 120 ng. 192 

E l e c t r o t h e r m a l l y See r e f . 187 

heated s i l i c a tube 

See r e f s 181, 187. 

T e t r a a l k y l l e a d E x t r a c t i o n pro 

compounds i n cedures f o r 

water, sediment t h r e e sample 

and f i s h . types g i v e n . 

Pb 217.0 Water (200 

m l ) = 0.5 ^ g l " ^ 

Sediment (5g) 

= 0.01 /Agg"-^ 

I-'ish {2g) = 

0.025 Â gg'-*- 184 

Gra p h i t e furnace 

a t o m i z a t i o n a t 

1700°C. 

150cm X 6mra 

i . d . , g l a s s 

column, 3% OV-

101 on Chromo 

T e t r a a l k y l l e a d The Pb cora-

•compoimd i n pounds from 70 L 

a i r . a i r samples 

v;ere trapoed 

Pb 283.3 40 pg Pb 

205 

contd 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

sorb W, 80/100 

mesh. 

T. = 80"C xn 
T = 90°C then c 
40°Cmin"-^ t o 

200°C 

Or i s o t h e r m a l 

a t IdO^'C 

a t -72"C on 

the chromato 

g r a p h i c 

packing. 

205 

Various atom 

c e l l s ; air/C2H2 

flame; flame and 

e l e c t r o t h e r m a l l y 

heated q u a r t z 

tubes, g r a p h i t e 

cup and furnaces 

150cm X 6mm 

i . d . g l a s s c o l - compounds 

umn, 3% OV-101 

on Chromosorb 

W. 80/100 mesh 

140ml.min 

T = 50"C then c 

T e t r a a l k y l l e a d I f T^^> 300"C Pb 283.3 

40°Cmin""^ up 
t o 200°C. 

decomposition 

o f l e a d com

pounds occur

re d and i n t e r 

f e rence from 

r e m o b i l i z a t i o n 

by the s o l v e n t 
r e s u l t e d . 

30 pg w i t h 

HGA2100 

fu r n a c e . 

193 



Atomizer Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref. 

Gra p h i t e furnace 

a t o m i z a t i o n (see 

r e f . 196) a t 

1500°C, 

1 8 " x l / 8 " i . d . TEL i n sea 

T e f l o n column, water. 

20% Ucon Non-

P o l a r on Chrom

osorb P. Ar = 

60 ml.min . 

T = 140 C c 
T^= 150°C 

T. = 140"C i n 

Some TEL mig

r a t e s t o su r 

face and eva

p o r a t e s . The 

m a j o r i t y forms 

the s o l u b l e 

Et^PbCl. E v i 

dence o f f u r 

t h e r degrad

a t i o n was 

found. 

Pb 283.3 1 ml -1 

197 

E l e c t r o t h e r m a l l y 

heated s i l i c a 

f u r n a c e ; see 

r e f . 181. 

See r e f . 181 Tr.tL i n me t h y -

l a t i o n o f Pb 

( I I ) s a l t s i n 

aqueous s o l u 

t i o n . 

Pound a chem

i c a l methyla-

t i o n pathway 

f o r c o n v e r t i n g 

P b ( l l ) s a l t s 

Pb 

33 

contd 



Atomizer Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

i n t o methyl 

d e r i v a t i v e s 33 

E l e c t r o t h e r m a l l y 

heated s i l i c a 

tube f u r n a c e ; 

see r e f s . 184, 

187. 

See r e f s . 184, T e t r a a l k y l l e a d Samples v/ere Pb 283.3 

187 compounds i n analysed f o r 

f i s h , sediment t o t a l Pb, 

v e g e t a t i o n and v o l a t i l e Pb 

v/ater samples, t e t r a a l k y l l e a d 

and hexane 

e x t r a c t a b l e 

Pb. 185 

G r a p h i t e furnace 

atomizer. 

2.3m X 6mm 

i . d . , 3% OV-

101 on Chromo-

sorb V/HP, 80/ 

100 mesh. 

m\T i n a i r 

samoles. 

The a i r samples 

were c o l l e c t e d 

(see r e f . 205) 

a t 70 ml min"^ 

f o r 8 hours. 

Mn 279.5 0.05 ng m' 

202 

contd 



Atomizer Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref, 

T = 115°C c 
T^= 150°C 

T. = 150°C i n 
80 ml min" 202 

o 

G r a p h i t e furnace 

a t o m i z a t i o n . 

Same as r e f , 

185. 

D e t e r m i n a t i o n 

o f t o t a l , hex-

ane e x t r a c t a b l e 

v o l a t i l e and 

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

i n f i s h , water 

sediment and 

v e g e t a t i o n 

samples. See 

r e f . 185. 

Coupling o f 

chromat og raph 

t r a n s f e r l i n e 

t o the furnace 

was v i a f r i c 

t i o n f i t t e d 

Ta connector 

( 1 9 3 ) . 

Pb 283.3 2ppb hexane 

e x t r a c t a b l e , 

0.5-1.5ppb 

v o l a t i l e , 

and 0.5ppb 

t e t r a a l k y l 

l e a d . 

158 



o 
45̂  

Atomizer Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n 

d i f f u s i o n 3* X 4.7mm i . d . D e t e r m i n a t i o n Chromatographic As 193.7 As-60ng 

flame, samples Polypenco N y l a - o f As, Ge, Se s e p a r a t i o n a l - Ge 265.2 Ge-260ng 

i n t r o d u c e d through f l o w t u b i n g , and Sn a f t e r lov/ed manual Se 196.0 Se-lOOng 

n e g u l i z e r . Chromosorb h y d r i d e gener lamp change Sn 224.6 Sn-lOOng 

102, a t i o n and c o l d and monochrom-

T = 23*̂ C c t r a p p i n g o f a t o r change 

h y d r i d e s . between peaks. 

The o v e r l a p o f 

SeH^ and SnH, 2 4 
r e q u i r e d t h e i r 

separate detec

t i o n . 166 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

o 

Graphite furnace 

a t o m i z a t i o n at 

2000°C 

E x t e r n a l gas 

f l o w o f 0.9 

l . m i n 

Glass column TML and TEL 

180cm x 2ram i n p e t r o l , 

i . d . , Jfo OV-

101 on Gaschrom 

Q, 100/120 mesh 

Ar= 30 ml.min"''' 

T = 50"C then c 
20°Cmin~''" up 

t o 150°C 

T. = 200 C m 

Coupling v i a 

Im X 0.5mra i . d 

g l a s s tube. 

L i n e a r up t o 

50 ng. 

Pb 283.3 40pg TML 

90pg TEL 

199 

G r a p h i t e f u r n a c e 

a t o m i z a t i o n ; 

see r e f . 199. 

Same as r e f . T e t r a a l k y l l e a d Pb compounds 

199; samples compounds i n sampled onto 

desorbed from a i r sampled f o r g l a s s beads a t 

s h o r t g l a s s c o l 1 h r . a t 6 1. -130°C. Then 
•1 

Pb 283.3 

column o f chro- min 

matographic 

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

a s h o r t column 

TML = 0 . 1 

ng m 

TEL =0.3 

ng m"-̂  

200 

contd 



o 
ON 

Atomizer Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref. 

m a t e r i a l a t 90°C of chromato

i n t o chromat0- g r a p h i c 

graph. packing a t 

-196°C, 200 

E l e c t r o t h e r m a l l y 2m X 6mm i . d . T e t r a a l k y l t i n Owing t o Sn 286.3 l.Ong f o r 

heated q u a r t z g l a s s column, and a l k y l - column r e a r r  Me^Sn 4 
tube. 3% SE30 on t i n c h l o r i d e s angements a l l 2.0 pg f o r 

Chromosorb GAW (R SnCl.-n) n 4 f o u r m e t h y l t i n Me.Sn i f 4 
mcs. R^^le and E t , compounds can h y d r i d e 

For R = Me not be examined. i s atom

T = 120°C c Passed column i z e d , 

l 6 ml min e f f l u e n t d i r e c t 

For R = Et l y t o atomizer 

T = 180*^C c and a l s o 59 

50 ml min ̂  generated contd 



Atomizer Chromatogr M a t r i x Comments Element Wavelength D e t e c t i o n Ref, 

h y d r i d e s p r i o r 

t o a t o m i z a t i o n . 

L i n e a r up t o 

400 ng. 59 

o 

G r a p h i t e furnace Same as r e f , 

a t o m i z a t i o n ; see 199. 

r e f . 199. 

T e t r a a l k y l l e a d Degradation o f 

compounds i n TT.IL and TEL i n 

a i r ( c f . 2 0 0 ) , r i v e r water 

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

199), r i v e r and 

r a i n v/ater. 

Pb 283.3 TML =0.2 

/^gl" - ^ 

TEL = 0.5 

/^gl'"^ 

34 

Air/C^H^flame; 

e f f l u e n t from 

chromatograph 

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

lO'x 1/8" s t e e l T e t r a a l k y l l e a d I n t e r f a c e l i n e 

column, 20% compounds i n v/as 4' x 0.02" 

Carbowax 20M p e t r o l from a i . d . s t a i n l e s s 

on Chromosorb P v a r i e t y o f s t e e l . 

Pb 

below burner s l o t . 120ml min sources 

217.0 

170 

contd 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

T = 120^0 c 
T^= 140^0 

T. = 110 C i n 
2jKl i n j e c t e d 

L i n e a r up t o 

400 ng f o r TML 

up t o 1400 ng 

f o r TEL 170 

E l e c t r o t h e r m a l l y 4* g l a s s column M e t h y l t i n com 

heated s i l i c a f u r - 20% OV-3 on 

nace (see r e f s Chromosorb W, 

181, 187) a t 850°C 80/100 mesh. 

Headspace sam-

pounds sampled p l i n g (see r e f . 

from the head- 181) Experiments 

150 ml min ^ "^^^ 80ml min'"'" 

space above 

sediment sam-

T^= 30 C f o r 3 p i e s i n a 

min then 20 C 

min""^ up t o 

110°C. 

m e t h y l a t i n g 

environment 

T^= 85°C 

m 
65°C 

i n d i c a t e d S n ( I I ) 

was methylated 

by CH^I but 

Sn(IV) was n o t . 

Sn 224.6 0.1 ng Sn 

25 



Atomizer Chromatogr. M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

E l e c t r o t h e r m a l l y ¥or chromato- M e t h y l a t e d Study o f the .As 

heated s i l i c a f u r - g r a p h i c c o n d i - d e r i v a t i v e s o f e f f e c t o f pH Hg 

nace; see r e f s t i o n s see r e f s As, Hg, Pb and on m e t h y l a t i o n Pb 

181, 187. 163, 182, 187. Se. i n the a q u a t i c Se 

environment. 

193.7 

253.6 

217.0 

196.0 

0 .1 ng o f 

each 

element. 

18 

O 

G r a p h i t e furnace See r e f s 199, 

a t o m i z a t i o n ; see 200. 

r e f s 199, 200. 

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

compounds i n 

the atmosphere 

Samples taken 

from r u r a l , 

urban and gas

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

e n v i r o n s . 

E l e v a t e d l e v e l s 

o f t e t r a a l k y l 

l e a d compounds 

were found 

around g a s o l i n e 

s t a t i o n s and 

i n areas w i t h 

heavy t r a f f i c . 

L i n e a r up t o 

50ng. 

Pb 283.3 40pgTr/a 

90pgTEL 

201 



Atomizer Chromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref. 

E l e c t r o t h e r m a l l y 180cm X 6.4mm, T e t r a a l k y l l e a d Reported t h a t Pb 217.3 

heated s i l i c a 3% OV-1 on compounds form b i o c o n v e r s i o n 

t u b e , see r e f . Chromosorb HP ed i n study o f of P b ( I I ) t o 

181. 80/100 mesh. m e t h y l a t i o n TML i m l i k e l y 

25ml min"'*' pathways i n i n marine 

T = 70°C c c o a s t a l environments. 

T j = 150°C sediments. 20 

E l e c t r o t h e r m a l l y 8cm X 3.2mm De t e r m i n a t i o n M e t h y l a t i o n was Pb 283-3 5 ng 

heated q u a r t z i . d . s t a i n l e s s o f i n o r g a n i c a f f e c t e d by 

tube ( o f . 187) s t e e l column, Pb i n aqueous methyl l i t h i u m 

at 980°C. Porapak Q 80/ samples as and o n l y a 

100 mesh. TML t e t r a m e t h y l 50% conversion 

was trapped on d e r i v a t i v e was achieved. 

column and formed by meth L i n e a r up t o 

f l u s h e d o f f y l a t i o n o f the 200 ng. 188 

w i t h N2 e x t r a c t e d contd 



Atomizer Ckromatogr, M a t r i x Comments Element Wavelength D e t e c t i o n Ref 

(150 ml min""^) d i t h i o c a r b a m a t e 

by p l a c i n g t h e complex, 

column i n a 

t o a s t e r ( c f , 

187) a t T = 

235°C 188 

E l e c t r o t h e r m a l l y 

heated q u a r t z 

tube (see r e f . 

187). 

1.8m X 6mm 

g l a s s column, 

3% OV-1 on 

Chroraosorb V/, water. 

80/100 mesh. 

65ml min 

Org a n o t i n com-

T^= leo^'c 

T = 90"C then c 
20°Cmin"-'- up 

t o 190^0 
T^^= 165°C 

pounds, Me^Sn-

Bu. i n 4-n 

T i n compounds 

v/ere e x t r a c t e d 

w i t h a 0,1% 

t r o p o l o n e i n 

benzene s o l u t i o n 

f r o m s p i k e d 

water samples. 

L i n e a r up t o 

33 ng. 

Sn 224.6 0.1 ng 

206 



Atomizer Chromatogr, M a t r i x Comments Element V/avelength D e t e c t i o n Ref 

Flame and a 

flame heated 

ceramic tube 

Mo fur n a c e s u r 

rounded by an 

alumina s l e e v e , 

heated a t 250K-

s"-̂  t o 2473K, 

1,5m X 4mm 

g l a s s column, 

5% Carbowax 

20M on Ghromo' 

sorb 750, 80/ 

100 mesh, 

T =, T_ = T . c I i n 

T e t r a a l k y l l e a d V a r i ous atom 

compounds. c e l l s d e v e l 

oped, and 

simplex 

o p t i m i z e d . 

Pb 283.3 

159-175°C 

247mm x 1.22mm Na, Cu, Mn, Mg Ar(3.8 L 

i . d . Mo column i n i n o r g a n i c 

v/ i t h a w a l l s a l t s , 

t h i c k n e s s o f 

0,81mm. Car

r i e r gas o f 

e i t h e r : 

Ar at 44.7-

min and 

(1.2 1 

min ^) used 

t o p r o v i d e an 

a i r f r e e a t 

mosphere 

around tube. 

Na 

Cu 

Mn 

Mg 

17 pg Pb 

f o r most 

s e n s i t i v e 

atom c e l l . 

171 

203 

contd 



Atomizer Chromatogr, M a t r i x Coimnents Element V/avelength D e t e c t i o n Ref, 

2.1 yml s""̂  o r 

Ar + at 35-1 

io.8 jjil and 

13.5-0.4 /Al s"^ 

r e s p e c t i v e l y 

T = 2093K c 203 



2.2.2.3 Atomic gluorescence Spectroscopy 

Of the s i x types o f atomic f l u o r e s c e n c e i n flames which have been 

observed (207, 208), the most w i d e l y used a n a l y t i c a l l y has been r e s o 

nance f l u o r e s c e n c e . D i r e c t l i n e f l u o r e s c e n c e has been found u s e f u l 

since the emission wavelength i s d i f f e r e n t from the e x c i t a t i o n wave

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

a t e d . V/hilst continuum and l a s e r sources have been used, chromato

g r a p h i c a p p l i c a t i o n s have u t i l i z e d o n l y l i n e sources. I t can be 

shovm f o r such sources (207, 208) t h a t f l u o r e s c e n c e i n t e n s i t y , 1̂ ,̂, i s 

d i r e c t l y p r o p o r t i o n a l t o source i n t e n s i t y , I , and t o a n a l y t e concen-

t r a t i o n , v/hen s e l f a b s o r p t i o n does not occur. As 1 ^ depends on , 

a s t a b l e , i n t e n s e sharp l i n e source g r e a t l y enhances s e n s i t i v i t y . 

To t h i s and vapour discharge lamps, microwave e x c i t e d d i s c h a r g e 

lamps and pulsed h o l l o w cathodes have been u t i l i z e d . The flame used 

as the atom c e l l e f f e c t s the f l u o r e s c e n c e power y i e l d by n o n - r a d i a t i v e 

l o s s o f energy, o r quenching. Quenching in c r e a s e s v / i t h t emperature, 

as the number o f c o l l i s i o n s i n c r e a s e s , and w i t h increased quenching 

c r o s s - s e c t i o n o f the c o l l i d i n g p a r t i c l e , f o r example, argon has 

n e g l i g i b l e quenching c r o s s - s e c t i o n , hydrogen a low one, whereas 

oxygen has a l a r g e one. The flames used r e f l e c t these p r o p e r t i e s , 

t he argon/hydrogen d i f f u s i o n flame has been used but the temperature 

o f t h i s flame i s i n s u f f i c i e n t t o prevent chemical i n t e r f e r e n c e s . 

Thus the argon separated a i r / a c e t y l e n e flame has been most w i d e l y 

used, except where a t o m i z a t i o n requirements make i t e s s e n t i a l t o use 

the n i t r o u s o x i d e / a c e t y l e n e flame, a g a i n argon separated. I n a l l 

cases a c i r c u l a r flame i s the p r e f e r r e d geometry. Van Loon (209) 

114 



Table 5 Coupled Gas Chromatography - Atomic Fluorescence Spectroscopy 

D e t e c t o r Chromatography M a t r i x Comments Element Ref 

C i r c u l a r s h i e l d e d See Table 4, r e f . 193 

c i r c u l a r Air/C^H^ 

flame. 

E l e c t r o t h e r m a l l y 

heated q u a r t z tube 

I f u r n a c e • 

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

compounds. 

PAPS 3 X more sen

s i t i v e t h a n PAAS, 

however, E l e c t r o 

t h ermal APS v/as no 

b e t t e r than e l e c t r o 

thermal AAS. 

Pb 

G r a p h i t e cup f u r 

nace a t 1000 C 193 



f i r s t suggested the p o s s i b l e use o f n o n - d i s p e r s i v e APS as a d e t e c t o r 

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

low l e v e l d e t e c t i o n and s i m p l i c i t y o f usage. T h i s l a t t e r p o i n t i s 

deba t a b l e , but a l i k e l y reason f o r the d e a r t h o f p u b l i s h e d GC-APS 

r e s u l t s i s the l a c k o f s u f f i c i e n t l y i n t e n s e , s t a b l e and simple l i g h t 

sources. Van Loon*s group i n Toronto have p u b l i s h e d the o n l y GC-AFS 

work (193) , i n which they used a n i t r o g e n separated c i r c u l a r a i r / -

a c e t y l e n e f l a m e , an i n e r t gas s h i e l d e d e l e c t r o t h e r m a l l y heated q u a r t z 

tube and a m o d i f i e d g r a p h i t e cup atom i z e r . I n the l e a d s p e c i f i c 

d e t e c t i o n o f t e t r a a l k y l l e a d compounds flame AFS proved a f a c t o r o f 

t h r e e more s e n s i t i v e t h a n FAAS; however, no incr e a s e i n d e t e c t a b i l i t y 

was found u s i n ^ APS over AAS when the g r a p h i t e cup o r quartz tube 

a t o m i z e r s v/ere used. The a v a i l a b i l i t y o f a commercial APS i n s t r u m e n t 

should i n c r e a s e the usa^e o f the technique since the advantages o f 

mu l t i - e l e m e n t a n a l y s i s and s e n s i t i v e d e t e c t i o n make APS an e x c e l l e n t 

method f o r the d e t e r m i n a t i o n o f met a l s , 

2,3 Conclusion 

H i s t o r i c a l l y , the MIP has proved the most po p u l a r o f e x c i t a t i o n 

sources f o r c o u p l i n g w i t h gas chromatography. T h i s probably r e f l e c t s 

i t s a b i l i t y t o mo n i t o r c e r t a i n n o n - m e t a l l i c elements as w e l l as metals 

P a r t i c u l a r mention must be made o f the a b i l i t y t o mon i t o r halogens i n 

the h e l i u m MI?, The o n l y commercially a v a i l a b l e GC-MIP system 

u n f o r t u n a t e l y uses a low pressure plasma and thus has the a t t e n d a n t 

problems o f vacuum l i n e s and gas t r a n s f e r from atmospheric pressure i n 

the chromatograph t o low pressure i n the d e t e c t o r . The a v a i l a b i l i t y 

o f the Beenakker ™Q-^Q c a v i t y , which a l l o w s an atmospheric He plasma 
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t o be s u s t a i n e d may y i e l d a more s a t i s f a c t o r y GC-MIP c o u p l i n g . 

A l l the plasma emission d e t e c t o r s o f f e r a m u l t i - e l e m e n t f a c i l i t y 

and l o n g l i n e a r ranges which are t h e i r most a t t r a c t i v e f e a t u r e s as 

GC d e t e c t o r s . U n f o r t u n a t e l y the ICP, and t o a l e s s e r e x t e n t the DCP, 

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

these d e t e c t o r s to GC may not prove c o s t - e f f e c t i v e f o r a l l but the 

l a r g e s t l a b o r a t o r i e s . 

Atomic a b s o r p t i o n d e t e c t o r s , v / h i l s t having s h o r t working ranges, 

o f f e r adequate s e n s i t i v i t y f o r t r a c e metal s p e c i a t i o n work, e s p e c i a l l y 

i f e l e c t r o t h e r m a l a t o m i z a t i o n i s used. Plame atomiz e r s do not nor

m a l l y o f f e r such a low l e v e l d e t e c t i o n c a p a b i l i t y but g i v e s i m p l i c i t y 

o f design and the i n s t r r i m e n t a t i o n i s r e a d i l y a v a i l a b l e i n the m a j o r i t y 

o f l a b o r a t o r i e s concerned v/ith the a n a l y s i s o f m e t a l s . The develop

ment o f s i m p l e , s e n s i t i v e atom c e l l s f o r coupled GC-PAAS i s discussed 

i n Chapter 4. 

The drawback o f any GC c o u p l i n g i s t h a t o n l y v o l a t i l e o r g a n o m e t a l l i c 

species and v o l a t i l e metal d e r i v a t i v e s are separable. For the separa

t i o n o f n o n - v o l a t i l e m e t a l l i c s p e c i e s , l i q u i d chromatography (LC) 

must be used. Thus the c o u p l i n g o f LC w i t h atomic spectroscopy i s 

p r o v i n g an i m p o r t a n t f i e l d o f i n t e r e s t . 
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3. A REVISV/ OP COUPLED LIQUID CHROMATOGRAPHY - ATOMIC SPECTROSCOPY 

3.1 mTRODUCTION 

I n c o n s i d e r i n g GC the p o t e n t i a l a n a l y t e s had t o be l i m i t e d t o e i t h e r 

v o l a t i l e o r g a n o m e t a l l i c species o r v o l a t i l e metal c h e l a t e s . The use 

of l i q u i d chromatography (LC) c o n s i d e r a b l y expands the type o f chemi

c a l and p h y s i c a l species which may be s t u d i e d . The s e p a r a t i o n o f i o n s , 

i n v o l a t i l e h i g h molar mass o r g a n o m e t a l l i c species i n a d d i t i o n t o v o l a 

t i l e s p e c i e s , i s p o s s i b l e u s i n g one o r o t h e r o f the popular LC con

f i g u r a t i o n s . A d s o r p t i o n , ion-exchange, normal and reverse phase 

chromatography have a l l been used i n c o n j u n c t i o n w i t h atomic s p e c t r o 

scopy. 

3.2 CHOICE OP ATOMIC SPECTROSCOPIC TECIH^IQUE 

The c o u p l i n g o f LC w i t h atomic spectroscopy has been reviewed ( 6 0 , 

156-158, 160) and has the added c o m p l i c a t i o n t h a t the mobile phase i s 

a l i q u i d . Thus the atom c e l l s , i . e . f l a m e , furnace o r plasma, must be 

capable o f h a n d l i n g s o l v e n t f l o w s , t y p i c a l l y 0.1-4.0 ml.min , which 

may be aqueous o r o r g a n i c i n n a t u r e . 

3.2.1 Flame Atomic A b s o r p t i o n Spectroscopy 

I n a d d i t i o n t o o f f e r i n g e x c e l l e n t i n t e r metal s e l e c t i v i t y , flame 

atomic a b s o r p t i o n has the advantage t h a t i t r e a d i l y accepts l i q u i d 

samples. I n a study o f the e f f e c t o f v a r i o u s mobile phases on n e b u l i -

z a t i o n e f f i c i e n c y , Jones ejb a l . (129) found t h a t w i t h methanol, e t h a n o l , 

c h l o r o f o r m and benzene, 100% n e b u l i z a t i o n e f f i c i e n c i e s could be 
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achieved a t f l o w - r a t e s o f 1 ml.min whereas f o r v/ater a t the same 

f l o w - r a t e o n l y 32fo was n e b u l i z e d i n t o t h e flame. The use o f o r g a n i c 

mobile phases r e q u i r e s some m o d i f i c a t i o n o f a i r / f u e l r a t i o s s i n c e the 

or g a n i c e l u e n t can act as a secondary f u e l . Koropchak and Coleman 

(210) found t h a t o p e r a t i n g a n e b u l i z e r a t a s l i g h t backpressure not 

o n l y negated the use o f a post column d i l u t e r t o match LC f l o w - r a t e 

w i t h n e b u l i z e r uptake r a t e , but a l s o gave improved s i g n a l t o noise 

r a t i o s w i t h a standard n e b u l i z e r arrangement. The v a r i o u s LC-PAAS 

co u p l i n g s r e p o r t e d i n the l i t e r a t u r e are surveyed i n Table 6. 

The group at Kyushu U n i v e r s i t y , Japan, u t i l i z e d the s e n s i t i v i t y and 

s e l e c t i v i t y o f AAS to m o n i t o r Mg and K i n c h l o r i d e s o l u t i o n s a f t e r 

s e p a r a t i o n ( 2 1 1 ) . They used a 'T* piece w i t h one end placed i n a v/ater 

r e s e r v o i r t o balance LC and a s p i r a t i o n f l o w - r a t e s . T h i s group ( 2 1 1 , 

213) a l s o u t l i z e d the same c o u p l i n g t o study the f o r m a t i o n o f v a r i o u s 

phosphates from ortho-phosphate up t o K u r r o l * s s a l t , (KPO^)^. The 

group i n Columbia, M i s s o u r i , used Cu s p e c i f i c d e t e c t i o n to m o n i t o r 

EDTA and NTA c o n c e n t r a t i o n s by passing the column e l u e n t i n t o t he neb

u l i z e r o f the spectrometer (214) i n mixed s o l u t i o n s and also i n spiked 

sewage e f f l u e n t s ( 2 1 5 ) . They expanded the range o f amino c a r b o x y l i c 

acid-copper c h e l a t e s which could be monitored (216) t o i n c l u d e EGTA 

and CDTA, The same group demonstrated t h a t o r g a n i c mobile phases, 

t o l u e n e / p y r i d i n e , could be used w i t h the s e p a r a t i o n o f v a r i o u s chro

mium c h e l a t e s ( 2 1 7 ) . Botre et_ a l . ( 5 8 ) , along w i t h Messman and Rains 

(219) , used the s e p a r a t i o n o f t e t r a a l k y l l e a d compounds i n p e t r o l t o 

demonstrate LC-PAAS c o u p l i n g s u s i n g o r g a n i c mobile phases. The comment 

must be made t h a t the e x t e n s i v e study o f GC-AAS systems f o r the s p e c i -

a t i o n o f t e t r a a l k y l l e a d compounds has y i e l d e d more s e n s i t i v e and r a p i d 
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a n a l y s i s , Table L, (GC-AAS). 

Van Loon e t a l . (191) used d i r e c t c o u p l i n g o f the column e l u e n t t o 

the n e b u l i z e r t o mon i t o r copper amino a c i d complexes used i n the t r e a t 

ment o f metal p o i s o n i n g and a l s o t o study z i n c a r y l and a l k y l compounds 

i n l u b r i c a t i n g o i l s . Kahn and Van Loon (220) used a s i m i l a r c o u p l i n g 

t o p r e c o n c e n t r a t e and s p e c i a t e Au and Pt complexes from aqueous 

s o l u t i o n s . 

SLavin and Schmidt ( 2 2 1 ) , i n t h e i r LC-I'̂ AAS c o u p l i n g , operated t h e 

n e b u l i z e r i n a s t a r v e d mode by u s i n g an i n j e c t i o n cup (222) f o r the 

d e t e r m i n a t i o n o f amino-acids a f t e r metal l a b e l l i n g . The concept o f 

metal l a b e l l i n g o f species t o enable d e t e r m i n a t i o n by atomic s p e c t r o 

scopy has g r e a t p o t e n t i a l ; hov/ever, the low s e n s i t i v i t y o f flame AAS 

would be p r o b l e m a t i c f o r the a n a l y s i s o f amino-acids i n body f l u i d s a t 

the l e v e l s they occur, A f l o w i n j e c t i o n sample m a n i p u l a t o r (PISRl) was 

used by Renoe £t a l . (223) as an i n t e r f a c e between the chromatograph 

and spectrometer. T h i s PISM allowed the a d d i t i o n o f m a t r i x m o d i f i e r s , 

i n t h i s case HCl/La^O^, t o the HPLC e l u e n t p r i o r t o i n t r o d u c t i o n t o 

the n e b u l i z e r o f the spectrometer. 

The m a j o r i t y o f the LC-PAAS a p p l i c a t i o n s (Table 6) s u f f e r from the 

problem o f low s e n s i t i v i t y ; indeed, very few o f the p u b l i s h e d r e p o r t s 

mention d e t e c t i o n l i m i t s . The c o u p l i n g s do, however, o f f e r r e a l time 

m o n i t o r i n g o f chromatographic peaks which i s an advantage over the 

co u p l i n g s t o e l e c t r o t h e r m a l a t o m i z e r s . 
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3.2.2 E l e c t r o t h e r m a l A t o m i z a t i o n - Atomic A b s o r p t i o n Spectroscopy 

E l e c t r o t h e r m a l a t o m i z a t i o n , mainly u s i n g g r a p h i t e f u r n a c e s , o f f e r s 

the advantage o f h i g h s e n s i t i v i t y f o r a s i n g l e a t o m i z a t i o n ; however, 

the n e c e s s i t y t o dry and ash a sample p r i o r t o a t o m i z a t i o n makes i t 

p r a c t i c a l l y i m p o s s i b l e t o d i r e c t l y couple the e l u e n t from a chromato

graph t o a f u r n a c e . Thus v a r i o u s i n d i r e c t c o u p l i n g s have been used t o 

overcome t h i s problem. 

Brinckman's group, a t the N a t i o n a l Bureau o f Standards, developed 

tv/o such i n d i r e c t c o u p l i n g s ( 2 2 4 ) . The f i r s t u t i l i z e d a T e f l o n f l o w 

t h r o u g h c e l l from which the el u e n t v/as p e r i o d i c a l l y sampled and i n 

j e c t e d i n t o a g r a p h i t e f u r n a c e , so c a l l e d pulsed mode o p e r a t i o n . I n 

the second, termed survey mode, the e l u e n t was c o l l e c t e d by an a u t o -

sampler and each c o l l e c t e d f r a c t i o n analysed by GP-AAS, These tv/o 

sampling modes were demonstrated f o r the s p e c i a t i o n o f v a r i o u s Sn, Hg, 

As and Pb compounds ( 2 2 4 ) ; the d e t e c t i o n l i m i t s quoted were not e v a l 

uated by any c o n v e n t i o n a l method and should t h e r e f o r e be t r e a t e d w i t h 

care. The survey mode o f o p e r a t i o n was als o used f o r t h e s p e c i a t i o n 

o f o r g a n o r a e t a l l i c polymers and o r g a n o - t i n s i l i c a t e s by the same 

group ( 2 2 5 ) . 

Koizumi et a l , (226) used a HPLC-Zeeman GPAAS f o r the s p e c i a t i o n o f 

t e t r a a l k y l l e a d compounds i n g a s o l i n e . The e l u e n t v/as sampled every 

250 \il w h i l s t the f l o w v/as stopped and the sample v a p o r i s e d i n a h i g h 

temperature f u r n a c e . The i n t e r f e r e n c e caused by background a b s o r p t i o n 

was avoided by u s i n g Zeeraan e f f e c t background c o r r e c t i o n . V i c k r e y ' s 

group a l s o used Zeeman e f f e c t background c o r r e c t i o n i n t h e i r c o u p l i n g s 

(227-229). They d e s c r i b e d an i n t e r f a c e device v/hich c o n s i s t e d o f a 
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sampling v a l v e , t i m i n g c i r c u i t and automatic coanalyte a d d i t i o n , i n 

t h i s case n i c k e l i o n s (227) f o r seleniuin s p e c i a t i o n . T h i s i n t e r f a c e was 

l a t e r microprocessor c o n t r o l l e d (229) and 37 ti 1 samples i n j e c t e d i n t o 

the furnace from each 100 o r 220 n 1 o f e l u e n t . They a l s o used stream 

s p l i t t i n g o f chromatographic peaks (228) p r i o r t o a t o m i z a t i o n f o r t h e 

s p e c i a t i o n o f t e t r a p h e n y l l e a d and pulsed mode o p e r a t i o n f o r the s p e c i 

a t i o n o f Cr ( I I I ) and Cr ( V I ) ( 2 2 8 ) , v;here the e l u e n t v/as sampled 

every 30 o r 120 seconds. The c o u p l i n g was al s o used f o r t e t r a a l k y l 

l e a d (230) and o r g a n o - t i n s p e c i a t i o n (230). With t h e former, the ad

d i t i o n o f i o d i n e p r i o r t o a t o m i z a t i o n v/as found t o enhance bot h the 

s i g n a l and p r e c i s i o n . A s i m i l a r e f f e c t v/as found by u s i n g z i r c o n i u m 

coated c u v e t t e s i n the s p e c i a t i o n o f o r g a n o - t i n compounds (230), 

I r g o l i c ' s group a t the same i n s t i t u t i o n used a s i m i l a r automated i n t e r 

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

a r s e n i c a t the raicro-gram l e v e l ( 2 3 1 ) . I n a j o i n t s t u d y , Brinckman*s 

and I r g o l i c ' s groups (232) demonstrated v a r i o u s chromatographic separ

a t i o n s f o r the s p e c i a t i o n o f a r s e n i c compounds i n s o i l and v/ater samples 

The extremely h i g h background m o l e c u l a r a b s o r p t i o n l e v e l s encountered 

when i o n p a i r r e a g e n t s , such as THAI^I, were used, r e q u i r e d Zeeman 

e f f e c t background c o r r e c t i o n , since normEuL deuter i u m a rc c o r r e c t i o n 

proved i n s u f f i c i e n t . 

Workers a t the U. S. Department o f A g r i c u l t u r e (218, 233) u t i l i z e d 

a f l o w - t h r o u g h T e f l o n sampling cup as an i n t e r f a c e betv/een a low-

c a p a c i t y a n i o n exchange column and g r a p h i t e f u r n a c e . They s p e c i a t e d 

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

They gave thorough d e t a i l s o f a cl e a n up procedure f o r use i n t h e 

a n a l y s i s o f s o i l a r s e n i c a l r e s i d u e s by the same procedure (233). T h i s 
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f l o v / t hrough T e f l o n sampling cup i s now commercially a v a i l a b l e and a 

data sheet i s a v a i l a b l e on i t s a p p l i c a t i o n t o a r s e n i c s p e c i a t i o n s t u 

d i e s ( 2 3 4 ) . 

Another i n d i r e c t form o f c o u p l i n g v/as u t i l i z e d by Bums and co

workers (59) and R i c c i e t a l . (235), namely h y d r i d e g e n e r a t i o n p r i o r 

t o a t o m i z a t i o n . I n t h e i r comprehensive study o f o r g a n o t i n compounds, 

the former group (59) found a t h o u s a n d - f o l d i n c r e a s e i n response t o t i n 

by u s i n g h y d r i d e g e n e r a t i o n fo l l o v / e d by ETA as opposed t o c o u p l i n g the 

el u e n t d i r e c t l y t o the n e b u l i z e r f o r flame a t o m i z a t i o n . The s p e c i a t i o n 

o f r e d u c i b l e fonns o f a r s e n i c v/as achieved by R i c c i et^ al, ( 2 3 5 ) , u s i n g 

h y d r i d e g e n e r a t i o n p r i o r t o a t o m i z a t i o n by a heated quartz t u b e . The 

use o f h y d r i d e g e n e r a t i o n circumvents the problems o f low n e b u l i z a t i o n 

e f f i c i e n c y n o r m a l l y encountered w i t h PAAS, thus e n a b l i n g s e n s i t i v e 

d e t e c t i o n along w i t h " r e a l t i m e " d e t e c t i o n . 
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Table 6, Coupled Chromatography - Atomic A b s o r p t i o n Spectroscopy 

D e t e c t o r Chromatography M a t r i x Comments 
Element 

(V/avelength/ Reference 
nm) 

Plame AAS. The column Chelex i o n exchange 

i s connected t o the 

n e b u l i z e r and the ven-

t u r i e f f e c t p u l l s the 

el u e n t t h r o u g h the 

M column, 

I 

r e s i n , 100/120 mesh, 

packed i n t o a 1 ml. 

s y r i n g e , r e s i n v o l 

ume 0,5 ml. 

0.1-0.5 ml samples. 

Resin washed w i t h 

O.II.'I CuCl^ t o gener-

S o l u t i o n s o f EDTA and 

NTA; pH 4 - 9 . 

Chelates s t r i p Cu 

from the column which 

i s monitored by AAS, 

Cu signed then r e l 

ated t o c h e l a t e 

c o n c e n t r a t i o n . 

L i n e a r up t o 50 x 

lO'^m EDTA o r IITA. 

Cu 

ate Cu form, 214 

Plame AAS w i t h column 

connected d i r e c t l y t o 

n e b u l i z e r . 

60 cm X 1.0 cm i . d . 

Sephadex G-15 column, 

E l u e n t : O.IM NaCl o r 

O.ir-1 NaCl + O.OOIM 

EDTA. 1 ml. sample 

D e t e c t i o n o f Mg and 

K i n MgCl^/KCl solu

t i o n . 

To balance column 

f l o w w i t h a s p i r a t i o n 

r a t e , a 'T* piece used 

w i t h t h i r d arm placed 

i n water r e s e r v o i r . 

Mg 

K 

211 

contd 



D e t e c t o r Chromatography M a t r i x Comments Element Ref 

volume L i n e a r from 10 - 1.7 

X 10 ^ M 211 

Plame AAS d i r e c t l y 

coupled t h r o u g h the 

n e b u l i z e r by T e f l o n 

t u b i n g (0.023" i . d . ) 

60 cm X 2 mm i . d . 

P o r a s i l A column, Elu

ent 0,5% ( v / v ) p y r i d 

ine i n t o l u e n e . 

Sample volume = l O t i l . 

Cr as the C r ( a c a c ) ^ , 

Cr(HAP)^ and 

Cr(HPAA)^ c h e l a t e s . 

Adjustment o f o x i d a n t 

and f u e l f l o w s v;ere 

made t o accomodate 

the s o l v e n t i n the 

flame. D e t e c t i o n 

l i m i t o f 40 ng. 

Cr 

217 

Plame AAS, see r e f 

211. 

94.5 cm X 1.5 cm 

Sephadex G-25 column, 

KH^, H20/NH^C1 (pH 

10) e l u e n t 0.02ia, at 

1.83 ml.min""*". column 

p r e e q u i l i b r a t e d w i t h 

MgCl^ s o l u t i o n 

D e t e r m i n a t i o n o f v a r 

i o u s condensed phos

phates by on column 

complexation w i t h Mg, 

Phosphates e l u t e i n 

order t e t r a , t r i , 

d i , mono, w i t h f r e e 

magnesium e l u t i n g 

l a s t a f t e r 73 min. 

5 min. L i n e a r 

up t o 20 MS phosphate 

as t r i p h o s p h a t e . 

Mg 

(285.2) 

212 



Detector Chromatography Matrix Comments Element Ref 

Plame AAS, d i r e c t coup- 50 cm x 2.6 mm. i . d , 

l i n g through nebulizer. ODS column. T = 50°C 
c 

Plow s p o i l e r removed Eluent, 3:2 v/v Ĥ O/ 

from chamber, ca, 80% MeOH at 1.0 ml.min""^, 

of eluent reaching at 1200 p s i , 

flame. 1 Ml sample. 

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

pounds i n p e t r o l . 

No background problems 

found possibly due to 

the large and constant 

amount of MeOH i n e l u 

ent. L i n e a r from 

0.25 to 50 Mg. 

Pb 

58 

^ Plame AAS, d i r e c t coup- 5 cm x 2.1 ram i . d 

l i n g , c f . r e f . 217. 

Air/C^H^ flame 

Aminex A-14 r e s i n , 

4% cross l i n k e d v/ith 

SDVB, 20-3 m̂. 

0.05M(NH^)2SO^ 

eluent at 2.0 ml.-
. -1 

mm 

Separation of 

C U ^ C E G T A ) , Cu(NTA)", 

C u ( E D T A ) ^ " and 

Cu(CDTA)^". 

pH of sample a f f e c t s 

formation of CU^CEGTA) 

but not of other com

plexes. Detection 

l i m i t s / n g Cu of 

EGTA = 13.5 

NTA = 16.2 

EDTA =29.4 

CDTA = 450 i n order of 

elu t i o n . 

Cu 

216 



Detector Chromatography Matrix Comments Element Ref. 

Flame AAS, d i r e c t coup- I d e n t i c a l to r e f . 2l6. 

l i n g through nebulizer 

see r e f . 2 l 6 . 

Copper chelates of 

aminocarboxylate ions 

i n spiked sewage 

e f f l u e n t s . 

Assumptions made as to 

detection l i m i t s and 

hence f e a s i b i l i t y of 

method. Detection 

l i m i t s / n g Cu 

NTA =10.7 

EDTA =23.6 

Cu 

215 

GPAAS, hplc eluent 
ro 

, passed into a sample 

well then sampled, 

10-50 Ml, into a stan

dard furnace. 

Program 

Dry - 80°C 15s 

Atomize - 2700°C 5s 

250 X 4.6 mm columns 

Lichrosorb C^g RP on Triphenylarsine 

10 \im s i l i c a , Eluent 

.LleOH at 0.12 ml-min""*" 

Coupling operated i n 

e i t h e r a pulsed mode, 

v/here the eluent was 

passed into a Teflon 

flow through cup 

p e r i o d i c a l l y sampled, 

or i n a survey mode 

where the eluent was 

co l l e c t e d by an auto-

As 

(193.3) 224 

contd, 



Detector Chromatography Matrix Comments Element Ref 

Dry - 100"C 10s 

Char - 100 C 10s 

Atomize - 2500''C 15s 

Lichrosorb C^ RP 
-1 

Ph^SnCl. 

1.5 ml.min of MeOH. Pr^SnCl, 

Bu^SnCl. 

sampler and each f r a c - Sn 

ti o n analysed. (224.6) 

Dry - 80 C 25s 

Atomize - 750''C 12s 

Lichrosorb C^ RP MeHgCl, 

Eluent a) O.OUI NH^OAC EtHgCl. 

b) 25ppm mercaptoeth- PhHgCl, 

anol i n MeOH. "PrHgCl, 

Flow a + b (96 + 4) f o r i n 1 + 1 Ĥ O/-

25 min then gradient, WeOH. 
-1 

L 

at 0.30 ml.min 

10% min" , to 100% b 
1 

He 

(253.7) 

Dry - 25 C 203 

Char - 80^C 10s 

Atomize - 2000''C 10s 

Lichrosorb Sl-100 

10 pm s i l i c a , eluent -

hexane/CH^Cl^ ( 9 5 + 5 ) 

Ph^Pb^ Pb 

(283.3) 

0.33 ml.min 224 



Detector Chromatography Matrix Comments Element Ref. 

Flame AAS, column coup- P a r t i s i l - 1 0 SC X cation Separation of Cu EDTA. Use of UV/Vis detec-

led d i r e c t l y to nebu- cation exchange column Cu-trien, Cu-glycene. t i o n enabled only Cu-

l i z e r . Air/C^H^ flame. T = 55 C 2 2 complexes 

IM NĤ NÔ  at 4.0 ml-4 3 

min ^ as eluent 25^il 

sample s i z e . 

t r i e n to be monitored, 

with reduced s e n s i t i 

v i t y compared to AAS. 

Cu 

25 cm ODS-SILXI column. A l k y l and a r y l Zn ad- AA detector shown 

Eluent: 50-100^ meth- d i t i v e s i n l u b r i c a t i n g superior to UV/Vis 

anol/water gradient o i l s samples d i l u t e d detection. 

i n 10 min. i n CH^Cl^ 

Zn 

(213.9) 

191 

Flame AAS, Use of 

colujnn d i r e c t l y coup

l e d to neb u l i z e r . 

Aspiration rate con

t r o l s flow of eluent 

B a s i c anion exchange 

Dowex 2X-8 colujnn 

soaked overnight i n 

31^1 HCl followed by 

water r i n s i n g . 

Pt and Au i n aqueous 

solu t i o n s . 

The Pt and Au so l u 

tions (pH 6) passed 

through the column, 

the metals retained 

and then eluted with 

Au 

Pt 

220 

contd 



Detector Chromatography Matrix Comments Element Ref 

through column, Pt and Au complexes 

eluted with NĤ OH (75%) 

NH.OH into nebulizer. 4 
Li n e a r from 2 to lOpg 

for Au and from 35-

175 pg f o r Pt. 220 

GPAAS using Zeeman , 

background c o r r e c t i o n 

M Dry - lOO^C 25s ro 
Ash - lOOO^C I s 

Atomize - 3000°C 5s 

using Nil^O^ as co-

analyte and Ar s h i e l d 

gas (4 l.min""^) 

37^1 i n j e c t i o n s . 

•10 m. Partisil-PXS-CDS Se s p e c i f i c detection 

column. Eluent: of Me^^C(Se)NH2 and 

MeOH/Ĥ O ( 2 + 1 ) 

at 0.3 mLmin""*" 

20/A1 i n j e c t i o n . 

Design and operation 

of i n t e r f a c i n g device 

co n s i s t i n g of sampling 

valve, timing c i r c u i t 

and coanalyte addi

t i o n described. 

L i n e a r from 10 to 100 

ppb for a sin g l e 

atomization. 

Se 

(196) 

227 



Detector Chromatography Matrix Comments Element Ref 

Flame AAS; see r e f s 

211, 212 f o r i n t e r 

face. 

97.5 X 1.5 cm i . d . , 

Sephadex G25 column, 

Monitoring of Kurrol's Kurrol*s s a l t used as Mg 

useful marker f o r (285.2) (KPO^)^, d i - , t r i - , 

and ortho-phosphate 

as Mg complexes. 

void volume of column 

Estimation of s t a b i 

l i t y constants also 

made. 213 

GPAAS, 

, Dry - lOO'̂ C 20s 

Char - 700°C 30s 

Atomize - 2500"C 10s 

8 cm Bio-Rex 70, 

weak a c i d i c cation 

exchange r e s i n . 

24 cm, s i l i c a gel 

(100/120 mesh, ASTM 

D1314 - 6lT, grade 

923) Flow rate = 

0.40 mLrain""^ 

acetone/water 

(60+40), pH 7-8. 

Cu-amino acid com

plexes i n human serum 

Naturally occurring 

Cu-amino a c i d s , Cu-

h i s t i d i n e and Cu-

glutamine from an 

aqueous mixture. 

The eluent from the 

column c o l l e c t e d by 

an autosampler and 

then automatically 

i n j e c t e d into 

furnace. 

Cu 

(324.7) 

236 



Detector Chromatography Matrix Comments Element Ref 

OFAAS using Zeeman 

ef f e c t background 

co r r e c t i o n . 

500 X 2.5 mm column, 

Hi t a c h i Gel No. 3010 

Eluent: LleOH at 0,6? 

ml.min , 

Te t r a a l k y l l e a d com

pounds i n p e t r o l . 

10 |i 1 samples from Pb 

each 250 p 1 of eluent (283.3) 

i n j e c t e d into furnace. 

226 

GPAAS using auto-

sampler as i n t e r f a c e , 

see r e f . 224, 

M T ^= 2700^0 ^ at 

300 X 7.8 mm column, SEC used f or organo-

SDVB copolymer (l^um) m e t a l l i c polymers, 

Eluent: TOT at 1 ml- OMP-1, OMP-2, OWP-4 

min"-*- or THP/CK^CN 

(19 + 1 ) . 

L i Chrosorb C^^ ( l ^ m ) RPC used f o r organo' 

250 X 3-2 mm column, t i n s i l i c a t e s . 

Eluent: ethanol at 

0.25 mLmin"-*-. 

A 50s i n t e r v a l e x i s t s Sn 

between i n j e c t i o n s , (286.3) 

thus at 1 ml.min ̂  

only 2.4% of eluent 

sampled. 

L i n e a r up to 20 ng S i 

Sn or S i f o r a 2 ^ (251,6) 

i n j e c t i o n 

225 



Detector Chromatography Matrix Comments Element Ref 

Flame AAS using stan

dard flame conditions 

eluent passed into 

nebulizer. 

25 X 0.46 cm P a r t i s i l 

10 sex column. 

Eluent, IJH^NO^ at var

ious molarity and pH, 

1 to 2 ml.min""^. 

Use of metal l a b e l l i n g Nebulizer operated Cu 

to determine amino-

ac i d s , i n t h i s case 

h i s t i d i n e as copper 

complex. 

i n starved mode by 

use of i n j e c t i o n cup 

(see r e f . 222). 

100 ^1 drops from c o l 

umn into cup. Detec

t i o n l i m i t of 48.5 ng. 221 

GFAAS using Zeeman 

• e f f e c t background 

M - Bondapak ( C ^ Q ) 

HPC column. Eluent: 

c o r r e c t i o n . Automated H^O/acetonitrile/ 

i n t e r f a c e which con- a c e t i c a c i d and 

t r o l s eluent sampling, 0.005M heptane-sulph-

coanalyte addition, onic acid (95/5/6). 

i n j e c t i o n and furnace 

operation. 

Separation of arseno- Chromatograms i l l u s -

betaine, arsenocholine t r a t i n g separation 

and inorganic a r s e n i c , of a r s e n i c compounds 

at 1 Mg l e v e l given. 

As 

231 



Detector Chromat ography Matrix Comments Element Ref. 

GPAAS v/ith micropro

cessor c o n trolled 

i n t e r f a c e , d e t a i l s of 

in t e r f a c e and computer 

control program given. 

Dry - 60°C 20s 

Ash - 250°C 12s 

P a r t i s i l SCX cation 

exchange column, 

Eluent: O.IF acetate 

buffer (pH 4.3). 

Separation of C r ( I I l ) 

and C r ( V l ) . 

Lichrosorb C^g ( l ^ m ) Tetraphenyllead 

Eluent: MeOH/H20 

Atomize - 2400°C 5s (90/10) at 0.5 ml-

min 20 p 1 i n j e c t i o n , 

Pulsed mode operation, Cr 

eluent sampled f or 

GPAAS only every 30 

to 120s. 

Total consujnption mode, Pb 

peak containing eluent (283.3) 

stream i s stored p r i o r 

to GFAAS a n a l y s i s . 228 

GFAAS using Zeeman 

e f f e c t background cor

r e c t i o n . 

Dry - 60°c 25s 

Ash - 500°C 12s 

Atomization - 2400°C 5s 

25 cm Lichrosphere 

(10 1̂ m) RPC column. 

Eluent: MeOH/Ĥ O 

Tetraphenyllead. 

(90/10). 

Eluent stream contain

ing lead compound i s 

stored, a f t e r separ

ation, i n tubing (10*x 

0.05 cm) p r i o r to i n 

j e c t i o n into furnace. 

Pb 

(283.3) 

229 
contd 



Detector Chromatography Matrix Comments Element Ref 

Microprocessor control' 

l e d i n t e r f a c e , see r e f 

228. 37 M1 i n j e c t i o n 

from each 100 M 1 or 

220 \i 1 sample of 

eluent. 

Detection l i m i t of 

480 pg. 

229 

4̂  

GFAAS, 20 Ml i n j e c 

t ions every 45s. 

Dry - 150^0 153 

and 200°C 5s 

Atom.ize - 2700°C 10s 

No background 

co r r e c t i o n . 

25 era X 3.2 mm i . d . 

Lichrosorb SAX (10 m) 

column. 

Eluent: 0,05M NaH^ 

PO. at 0.5 ml.min 4 

Speciation of DI/IA, 

\MA and a r s e n i l i c 

a c i d . 

Same column but with Speciation of MA, 

0.03M ammonium acet- W.A and A s ( I I I ) . 

ate/0.045M a c e t i c acid 

The HPLC separation 

schemes were employed 

for As sp e c i a t i o n 

work v/ith s e v e r a l 

s o i l and drinking 

water samples. 

L i n e a r from 0,1 to 

lOng As. 

As 

(193.7) 

232 

contd 



Detector Chromatography Matrix Comments Element Ref. 

Eluent at 0.25 ml.min 

No background correc

t i o n . 

Zeeman e f f e c t back' 

^ ground c o r r e c t i o n 

25 cm X 3,2 mm i . d . Speciation of A s ( I I I ) 

Altex sex column and As(V). 

(lO^m) with 0.03751.1 

ammonium acetate/ 

a c e t i c a c i d , 

Eluent at 0.15 mLmin""*" Speciation of A s ( I I l ) 

30 cm X 4 mm i . d . , and As(V), 

M-Bondepak C^„ RPC l o 
(lO/^m) column, Ĥ O/-

MeOH (95/5) 0.005M 

w.r.t.TBA, at ph 7.3 

adjusted with phos

phoric a c i d . 

The use of the ion-

pa i r reagents THAN 

or TDAP req u i r e s the 

superior background 

correction afforded 

by the Zeeman 

e f f e c t . L i n e a r up 

to 500 ng As, 

Zeeman e f f e c t back 

ground c o r r e c t i o n . 

25 cm X 4,6 mm i , d , , Speciation of A s ( I I I ) 

Altex Chroraosorb RP-18 DMA. I.MA and A3(V). 

232 

contd 



Detector Chromatography Matrix Comments Element Ref, 

column (10^ m) . Ĥ O/' 

MeOH saturated with 

THAN for 23 min .then 

r.leOH, at 1.0 ml min" 232 

GPAAS, using Teflon 

flow through sampling 

cup as i n t e r f a c e . 

20 p i i n j e c t i o n s at 

43s i n t e r v a l s . 

Dry - llO^C 8s 

Char - 1200°C 7s 

Atomize - 2500°C 8s 

20s furnace cooling 

period. 

25 cm X 3 mm i . d . , 

low capacity anion 

exchange column 

(Dionex) gradient 

e l u t i o n from Ĥ O/ 

MeOH (80 + 20) to 

0.021.1 (NH J„CO^-MeOH 4 2 3 
(85 + 15) at 1.2 ml-

min'-*-. 5-25 \i 1 

i n j e c t i o n s . 8-12 min 

e q u i l i b r a t i o n time. 

Separation of DMA, 

mA. A s ( I I I ) . and 

As(V). 

The column packing pre

pared by passing a sus

pension of a high capac

i t y strong anion ex

change l a t e x over a 

cation exchange r e s i n 

L i n e a r from 5 to 200ng 

As. 

As 

(193.7) 

218 



Detector Chromatography Matrix Comments Element Ref, 

GFAAS, see r e f . 218. HPLC column and condi- A r s e n i c a l residues, 

t i o n s same as r e f . 

218. 

JMA, MA, As ( I I I ) 

and As(V) i n s o i l s 

E x t r a c t i o n and exten- As 

sive cleanup procedure (193.7) 

i s given. 233 

GFAAS using Zeeman 

e f f e c t background 

co r r e c t i o n . 

' Dry - 80°C 20s 
}-» 

^ Ash - 370°C 10s 

Atomize - 2300°C 5s 

Dry - 80°C 20s 

Ash - 400°C 10s 

Atomize - 2300°^ 53 

25 cm Lichrosorb 

10 li m C-18 ODS column 

Eluent 0.5 ml.min 

80:20 LleOH/H^O for 

28 rain followed by a 

step gradient to 

100^ MeOH. 

Same column, eluent: 

MeOH/Ĥ O (97.5 + 2.5) 

i s o c r a t i c at 0.1 ml-
. -1 

mm 

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

compounds. 

Organotin compounds 

Addition of Iodine 

found to enhance 

si g n a l and precision, 

Pb 

Increased s i g n a l and 

pr e c i s i o n found when 

Zr coated graphite 

cuvettes were used. 

Sn 

(224.6) 

230 



Detector Chromatography Matrix Comments Element Ref 

Flame AAS using N^O/ 

C^H^. D i r e c t l y 

coupled through nebu

l i z e r or hydride 

generation followed• 

by electrothermal, 

quartz furnace, AAS. 

CD 

250 X 3.0 mm i . d . , 

CDS Spherisorb S5W 

T = 23^0.1°C, c 
Eluent: acetone/pen-

tane (3 + 2) at 1.0 ml 

min""^ for methyltin 

compounds; acetone/ 

pentane (7 + 3) at 

1.2 ml.min ^ f o r 

ethy l t i n compounds. 

Methyl and eth y l t i n 

compounds both SnR. 

and SnR, CI , 4-n n 

The design of a mini

ature, continuous flov/ 

hydride generation 

system given. L i n e a r 

up to 50 |i g using 

flame and up to lOOng 

fo r hydride generation, 

Sn 

(286.3) 

59 

GFAAS, 10-100 p i 

i n j e c t i o n s . 

35 X 1 cm i . d . c o l 

umn, 9 cm AG50 V/-X8 

(100/120 mesh) cation 

exchange r e s i n , 26 cm 

AG1-X8 (100/120 mesh) 

anion exchange r e s i n . 

A s ( l I I ) , As(V) . mA. 

and DMA i n a r s e n i c 

contaminated, s e d i 

ment i n t e r s t i t i a l 

water, up to 2 ml 

i n j e c t e d . 

The separated As spe 

c i e s were c o l l e c t e d 

i n f r a c t i o n s from 

v/hich i n j e c t i o n s 

were made into 

furnace. 

As 

237 

contd 



Detector Chromatography Matrix Comments Element Ref 

AAS, using air/C2H2 

flame d i r e c t l y coup

led through nebulizer, 

Column conditioned v/ith 

50 |jg of each a r s e n i c 

species. 

300 mm x 3.9 mm i . d . , T e t r a a l k y l l e a d com-

fi.Bondapak C^g column, pounds i n p e t r o l . 

Eluent: a c e t o n i t r i l e / 

v/ater (70 + 30) at 

3.0 ml.min""^. 20 p i 

i n j e c t i o n s . 

Detection l i m i t lOppb 

i n o r i g i n a l sample. 

The r e l a t i v e merits of 

UV and AAS detection 

discussed with l a t t e r 

proving more su i t a b l e 

for t h i s a p p l i c a t i o n . 

L i n e a r from 1.1->11 |j g 

Pb 

(283.3) 

237 

219 

Flame AAS using flow 

i n j e c t i o n sample mani

pulator (FISM) i n t e r 

face with f u e l r i c h 

air/C^H^ flame 

100 mm X 7.5 mm i . d , . Study of metal l i g -

Spheregel TSK 2000SW and binding i n 

(10 pm). Eluent: c l i n i c a l samples. 

130 ramol NaCl, 6.8mmol 

NaOH, 3ramol NaN^, 4m-

mol KCl and lOmmol 

TES at 0.4 ml.min' 
pH = 7.43 at 37°C 

FISM i n t e r f a c e des- Ca 

scribed enabled La/HCl (422.7) 

to be mixed with eluent Mg 

pri o r to introduction (285.2) 

through nebulizer. 

L i n e a r up to 3.75 mmol 

Ca. 223 



Detector Chromatography Matrix Comments Element Ref. 

AAS using hydride gen

erat i o n and e l e c t r o 

thermal, quartz tube, 

atomization. 

T = 800°C. 

3 X 500 ram standard 

Dionex anion coliimn, 

Eluent: 2.6 ml.min"''" 

0.0024M NaHCOy 

0.0019M Na^COy 

0,0011.1 Na^B 0_. 
2 4 7 

0,005M Na^B^O^ 

Speciation of As(V), 

MA, p-APA. 

O 

Speciation of A s ( I I l ) 

and DMA, 

Miniature hydride 

generation system, 

see r e f . 238. 

1 hour r e e q u i l i b r a t i o n 

time between eluent 

systems. Detection 

l i m i t of 10 ng.ml""^. 

As 

(193.7) 

235 

GPAAS using a f r a c 

t i o n c o l l e c t o r as 

i n t e r f a c e . 

Dry - lOO^C 30s 

Char - 1300°C 30s 

Atomise - 2700°C 10s 

20 Ml i n j e c t i o n s . 

25 cm X 2.6 mm., ODS-

HC S i l - X - 1 . 

Eluent: e i t h e r g r a d i 

ent from 50% MeOH to 

100% MeOH i n 25 min. 

or 20% MeOH f o r 10 min 

then gradient to 100% 
i n 30 min. 

Organophosphorus com

pounds i n l u b r i c a t i n g 

o i l . 

The chromatographic 

a n a l y s i s time = 25 

to 40 min, whereas 

GPAAS a n a l y s i s time 

100-120 min. 

Detection l i m i t of 

0.3 mg.l"-*-. 

P 

(213.6) 



D e t e c t o r Chromatography M a t r i x Comments Element Ref, 

GFAAS, see r e f s . 224, See r e f . 218. 

231. 232. 

I n o r g a n i c and organo-

a r s e n i c compounds i n 

o i l shale r e t o r t and 

process waters. 

Compounds found were: 

a r s e n i t e , a r senate, 

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

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

along w i t h one uniden

t i f i e d compound. 

As 

(193.7) 

239 

GFAAS u s i n g f r a c -

t i o n c o l l e c t o r as 

' i n t e r f a c e w i t h manual 

i n j e c t i o n s . 

Anion exchange r e s i n 

Dowex 1-X4. 200/400 

Se p a r a t i o n o f DMA, 

MA and A s ( I I I ) / A s ( V ) 

mesh i n a c e t a t e form, A s { l l l ) l e v e l s found 

115 mm X 10 mm, 

E l u e n t : 0,1% a c e t i c 

a c i d 65 min, 5% a c e t i c 

a c i d 130 min then ILI 

HCl f o r 65 min. 

Flow r a t e = 20 drops 
. -1 

m i n 

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

p o l l u t e d v / i t h As. 

E x t r a c t i o n procedure 

g i v e n f o r s o i l s . The 

chromatographic separ

a t i o n does not s p e c i -

ate A s ( I I I ) and As(V) 

As 

(193.7) 

240 



D e t e c t o r Chromatography M a t r i x Comments Element Ref 

AAS u s i n g f r a c t i o n 33 x 1.0 cm Sephadex 

c o l l e c t o r as i n t e r f a c e . G15 column. E l u e n t : 

0.21.1 NaClO^ (pH 2) 

at 40 ml.hr . 

46 X 1.0 cm Sephadex 

G-10, e l u e n t O.U\ 

HCIO, a t 19 ml.hr 4 

S e p a r a t i o n o f succes

s i v e C r ( I I I ) i s o t h i o -

cyanato complexes, 

w i t h SCN/Cr r a t i o o f 

1 ^ 6 . 

Or 

241 

ro 



3.2.3 Plame Atomic Fluorescence Spectroscopy 

The advantages o f APS as a chromatographic d e t e c t o r have been ex

t o l l e d by Van Loon (205) as simultaneous m u l t i - e l e m e n t d e t e c t i o n w i t h 

g r e a t e r s e n s i t i v i t y than AAS. Such d e t e c t o r s have been u t i l i s e d a 

l i t t l e more w i t h LC, Table 7, than w i t h GC. Van Loon's own group have 

used n o n - d i s p e r s i v e simultaneous m u l t i - e l e m e n t PA?S f o r the s p e c i a t i o n 

o f C r ( I I I ) , A g ( I ) , M n ( I l ) and U n ( V I I ) i n s y n t h e t i c sea water ( 2 4 2 ) . 

E x c e l l e n t r e s o l u t i o n was demonstrated f o r a mixed s o l u t i o n (10 mg 1 ~ ^ 

of each s p e c i e s , 10 ml i n j e c t i o n ) ; however, the h i g h s e n s i t i v i t y o f 

APS was not t e s t e d . T h i s group a l s o demonstrated the m u l t i - e l e m e n t 

c a p a b i l i t y o f coupled LC-PAPS f o r the s p e c i a t i o n o f Cu, N i and 2n amino-

a c i d and am i n o - c a r b o x y l i c a c i d s ( 2 4 3 ) . U n f o r t u n a t e l y no mention o f the 

metal c o n c e n t r a t i o n s was made. 

Siemer and co-workers (244) r e p o r t e d the use o f continuum source PAPS 

i n the study o f the a c e t y l a t i o n r e a c t i o n o f f e r r o c e n e by a c e t i c anhydride 

They found i t much e a s i e r t o f o l l o w the r e a c t i o n by Pe s p e c i f i c d etec

t i o n than by c o n v e n t i o n a l UV d e t e c t i o n , Mackey (245) i n a study o f the 

i n t e r a c t i o n s o f simple c a t i o n s , Cu, Pe and Zn, w i t h m a c r o r e t i c u l a r r e s i n s 

used m u l t i c h a n n e l PAPS but q u a n t i f i e d the r e s u l t s by batch measixreraents 

u s i n g g r a p h i t e furnace AAS. The LC-PAPS system was found t o be l i n e a r 

up t o 1.0, 1.6 and 0.6 mg l""^ f o r Cu, Pe and Zn r e s p e c t i v e l y , d e v i a t i o n 

from l i n e a o ' i t y was s a i d t o occur a t 20 times the d e t e c t i o n l i m i t as 

d e f i n e d by L a r k i n s ( 2 4 6 ) . 
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Table 7 - Coupled L i q u i d Chromatography - Flame Atomic Fluorescence Spectroscopy 

D e t e c t o r Chromatography M a t r i x Comments Element Ref, 

PAFS u s i n g a N, 10 cm X 1 cm column, 

s h i e l d e d c i r c u l a r a i r / 80 mesh Chelex 100 

washed w i t h HCl (40 C^H^ fla m e , e l u e n t 

passed d i r e c t l y i n t o 

n e b u l i z e r . 

4 ^ 

ml) and v/ater (40 ml) 

at 1 ml min""^. 

E l u e n t : Ĥ O (pH 6) 

f o r 4 rain t h e n 2M 

HNO^. 

S p e c i a t i o n o f C r ( I I I ) , I n the sea water a 

C r ( V I ) . A g ( I ) , M n ( I I ) , s c a t t e r i n g peak, 

and M n ( V I I ) . i n s t a n - due t o KaCl, appears 

dards and s y n t h e t i c w e l l b e f o r e C r ( I I I ) , 

sea water, I , l n ( I I ) o r A g ( I ) 

e l u t e s . 

Cr 

Mn 

Ag 

242 

As .above P a r t i s i l - 1 0 SCX column S e p a r a t i o n o f Cu. N i , The g l y c i n e and EDTA 

at 55*^C. E l u e n t : water and Zn EDTA, T r i e n and complexes have a l -

u n t i l f i r s t peak e l u t e d g l y c i n e complexes, most i d e n t i c a l 

then a 5 min convex 

g r a d i e n t t o 100% IT.̂  

r e t e n t i o n t i m e s , 

however m u l t i e l e m e n t 

NH^NO^ a t 4.0 ml. min"*- APS g i v e s e x c e l l e n t 

r e s o l u t i o n . 

Cu 

Ni 

Zn 

243 



D e t e c t o r Chromatography M a t r i x Comments Element Ref, 

PAPS u s i n g air/C^H^ 50 cm x 2 mm chromo-

c a p i l l a r y tube burner, sep S column packed 

Ar s h i e l d e d , Xe c o n t i - w i t h p e l l i c u l a r 10 pro 

nuum lamp source, 

d i r e c t c o u p l i n g t o 

n e b u l i z e r . 

s i l i c a g e l . E l u e n t : 

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

(40/1) a t 0.5-2.0ml.-

min -1 

I n v e s t i g a t i o n o f acet 

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

fe r r o c e n e by a c e t i c 

anhydride. 

Progress o f r e a c t i o n more Pe 

s p e c i f i c a l l y f o l l o w e d (248.3 

u s i n g APS than normal and 

UV d e t e c t i o n . 252.2) 

244 

^ PAPS; see r e f . 242 

I 

G mm column o f XAD-2 

r e s i n . Various e l u -

t i o n systems used. 

Study o f a b s o r p t i o n 

o f t r a c e metals on 

a m b e r l i t e r e s i n s . 

Metals are not desorbed 

by MeOH but by methan-

o l i c HCl, methanolic 

NH^ and Na^H^EDTA. 

L i n e a r up t o : 

1 mg.l"''' Cu, 1.6 mg-

l " - ^ Pe and 0.6 rag.l'-^ 

Cu 

Pe 

Mg 

Zn 

Zn, 245 



3.2.4 Atomic Emission Spectroscopy 

The r e l a t i v e l y low e x c i t a t i o n temperature o f the v a r i o u s atomic spec

t r o s c o p i c flames again l i m i t s t h e i r u s e f u l n e s s as atom c e l l s f o r coupled 

LC-AES a p p l i c a t i o n s . Plames have been used i n v a r i o u s c o n f i g u r a t i o n s 

as molecular emission d e t e c t o r s ; f o r example, McGuffin and Novotny (247) 

monitored HPO bands f o r phosphorus s e l e c t i v e d e t e c t i o n o f v a r i o u s com

pounds e l u t i n g from a microbore LC column. S i m i l a r l y Cope and Townshend 

(248) have used a phosphorus s e n s i t i v e KECA d e t e c t o r as a d e t e c t o r f o r 

HPLC. 

The low n e u t r a l gas temperature o f the MIP makes i t very s e n s i t i v e t o 

l a r g e s o l v e n t f l o w - r a t e s . Although s e v e r a l workers have devised c o n t i n 

uous n e b u l i z a t i o n systems (249-251) f o r t h e plasma, i t has proved s i n g 

u l a r l y unpopular i n LC a p p l i c a t i o n s . By c o n t r a s t , b o t h the d i r e c t c u r 

r e n t and i n d u c t i v e l y coupled plasmas w i t h t h e i r a b i l i t y t o w i t h s t a n d 

both o r g a n i c and aqueous s o l v e n t f l o w s have found v a r i o u s a p p l i c a t i o n s 

as LC d e t e c t o r s (60, 6 l ) . 

3.2.4.1 D i r e c t Current Plasma 

Once again the group a t Amherst, Massachusetts, have been the main 

exponents o f coupled LC-DCP OSS, Table 8, u s i n g b o t h two and t h r e e e l e c 

t r o d e plasmas ( 6 l , 252-254). They found (253) t h a t t h e standard n e b u l i 

z a t i o n arrangement was s u f f i c i e n t f o r e l u e n t s used i n i o n exchange and 

reverse phase chromatography but when used i n c o n j u n c t i o n w i t h t h e 

or g a n i c s o l v e n t s used f o r a d s o r p t i o n chromatography a r a p i d b u i l d - u p o f 

carbon r e s u l t e d . Thus they designed a no v e l n e b u l i z e r which had an 
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e f f i c i e n c y o f 20-25% and could be r u n c o n t i n u o u s l y f o r up t o t e n hours 

w i t h no carbon d e p o s i t s f o r m i n g . The c o u p l i n g s were used i n t h e s p e c i 

a t i o n o f d i e t h y l d i t h i o c a r b a m a t e complexes of Co, Cu, Nx ( 2 5 2 ) , Hg and 

C r ( 2 5 3 ) . The study o f mixed l i g a n d complexes o f the type Cr(HPA)^-

(TPA)^ ^, f o r n = 0, 1 , 2, 3 ( 2 5 4 ) , v/as aided by the metal s p e c i f i c 

d e t e c t i o n a f f o r d e d by the coupled system. 

Koropchak and Coleman (255) used a cross f l o w n e b u l i z e r i n t h e i r 

LC-DCP c o u p l i n g . They s t u d i e d n e b u l i z a t i o n parameters t o o p t i m i z e the 

plasma d e t e c t i o n c a p a b i l i t i e s when i n t e r f a c e d t o a l i q u i d chromatograph 

They demonstrated i t s c a p a b i l i t y i n the s p e c i a t i o n o f t h r e e cadmium 

s a l t s ; however, the hope t h a t the DCP c o u l d p r o v i d e s e n s i t i v e s p e c i f i c 

d e t e c t i o n f o r the halogens was not r e a l i s e d . 
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Table 8. Coupled L i q u i d Chromatography - D i r e c t Current Plasma O p t i c a l Emission Spectroscopy 

D e t e c t o r Chromatography M a t r i x Comments Element Ref. 

DCP, u s i n g s p e c t r a -

span I I I i n s t r u m e n t 

250 X 4 mm i . d , , & \x m 

Spherisorb SEP. 

E l u e n t : 5:15:80 a c e t -

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

e t h e r and s k e l l y B 

at 2.2 ml.min 

column washed p r i o r 

t o use w i t h 0.5% p y r i 

dine i n s k e l l y B. 

Se p a r a t i o n o f metal 

d i e t h y l d i t h i o c a r b a 

mates. 

DCP d e t e c t o r i n s e r i e s 

w i t h UV d e t e c t o r used 

to c o n f i r m metal con

t e n t o f e l u t e d peaks. 

L i n e a r from 5 to 500 

ng Co and from 10 t o 

500 ng Cu. 

Co 

N i 

Cu 

252 

DCP (Spectraspan I I I ) 

For r e v e r s e phase and 

i o n exchange chroma

tography, e l u e n t 

passed d i r e c t l y i n t o 

250 mm P a r t i s i l ODS 

column. E l u e n t : Ĥ O/ 

a c e t r o n i t r i l e (60:40) 

at 0.65 ml.min ^, 

S p e c i a t i o n o f : 

Cu(enAA2), Cu(enTPA2) 

and the N i analogues. 

N e b u l i z a t i o n o f e l u e n t s Cu 

used f o r a d s o r p t i o n (324.7) 

chromatography caused N i 

r a p i d C b u i l d u p and (341.5) 

thus r e q u i r e d a new 

253 
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D e t e c t o r Chromatography M a t r i x Comments Element Ref, 

standard n e b u l i z e r 

system. 

250 mm, 1 0 ^ m P a r t i s i l Cr(KFA)^ and various-

10 s i l i c a . E l u e n t : mixed l i g a n d c h e l a t e s 

8% CH^Cl^ i n s k e l l y - formed by r e a c t i o n o f 

solve B. 

250 mm, 8 m SpheriS' 

o r b , e l u e n t : 5:20:75 

a c e t o n i t r i l e / d i e t h y l 

e t h e r / s k e l l y s o l v e B. 

Cr w i t h TPA and HPA 

Hg(DEDTC)2, 

Cr(DEDTC)2. 

design o f n e b u l i z e r . Cr 

Eluent was d i r e c t e d (267.7) 

a t chamber w a l l i n 

a f i n e j e t and r e 

s u l t i n g mist swept 

i n t o plasma. Nebu- Hg 

l i z a t i o n e f f i c i e n c y (253.7) 

o f 20-25^ was a t - Cr 

t a i n e d w i t h no C (267.7) 

b u i l d u p over 10 h r 

p e r i o d . L i n e a r from 

30 t o 4000 ng Cu and 

from 60 ng t o 2.5 P g 

Cr. 253 



D e t e c t o r Chromat ography M a t r i x Comments Element Ref 

DCP plasma, same i n t e r - 300 x 4 mm i . d . , 10 ^jn S p e c i a t i o n o f 

face f o r hydrocarbon 

e l u e n t s as r e f . 253. 

P a r t i s i l s i l i c a , 

e l u e n t : 6% a c e t o n i t 

r i l e i n CH^Cl^ 

1.5 ml.min 

mer and f a c isomers 

o f Co(BAA)^ and 

Co(PAI.O 

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

100 ng f o r Cr, 

Cr 

(267.7) 

o 

B% CH^Cl^ i n hexane Mixed l i g a n d com

plexes o f Cr(HPA)^-

(TPA)^ and the mer/ 3-n 

fa c isomers o f Cr-

(TFA),, 

Concave g r a d i e n t o f 

3-20% CH2CI2 i n 

hexane. 

As f o r above o n l y 

b e t t e r peak shape and 

s h o r t e r a n a l y s i s time 

achieved. 254 



D e t e c t o r Chromatography M a t r i x Comments Element Ref 

DCP u s i n g c r o s s f l o w 500 mm x 5 mm, Sepha-

n e b u l i z e r w i t h d i r e c t dex G-10 column. 

i n t r o d u c t i o n o f e l u e n t . E l u e n t : Ĥ O at 

2.0 ml.min 

S e p a r a t i o n o f Cd; 

s u l p h a t e , bromide 

and a c e t a t e . 

Examination o f neb

u l i z a t i o n parameters 

concerned v/ith coup

l i n g r e p o r t e d . 

Cd 

(228.8) 

255 

I 



3.2.4.2 I n d u c t i v e l y Coupled Plasma 

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

dard n e b u l i z e r arrangements. Browner and co-workers (256) considered 

the e f f e c t o f n e b u l i z a t i o n chamber p o s i t i o n u s i n g both Meinhard (257) 

and f i x e d c r o s s f l o w (258) n e b u l i z e r s f o r LC-ICP c o u p l i n g s . Although 

t h e y o n l y s t u d i e d aqueous e l u e n t s , they fo i i n d peak broadening and d i s 

t o r t i o n o c c u r r e d when the chamber was placed i n s i d e the ICP gas box 

due t o extended l i q u i d t r a n s p o r t . I f , however, the chamber i s s i t e d 

o u t s i d e the gas box, then a l o s s i n s i g n a l commensurate w i t h a e r o s o l 

t r a n s p o r t over an e q u i v a l e n t d i s t a n c e o c c u r r e d . 

P r a l e y e_t a l . (259. 260) b u i l t on t h e i r experience w i t h h y b r i d 

techniques and compared PAAS and ICP-OES as HPLC d e t e c t o r s f o r the speci-

a t i o n o f copper a m i n o - c a r b o x y l i c a c i d c h e l a t e s ( 2 5 9 ) . Both techniques 

were found t o y i e l d a s i m i l a r response; however, the m u l t i - e l e m e n t f a c 

i l i t y o f ICP-OES was demonstrated u s i n g a dummy column t o s i m u l a t e chro

matographic c o n d i t i o n s . The simultaneous d e t e c t i o n o f Ca, Cu, Mg and 

Zn a m i n o - c a r b o x y l i c a c i d c h e l a t e s w i t h l i n e a r i t y up t o 1 pg (260) i l l u s 

t r a t e s another advantage o f OES over AAS, i ^ . l o n g l i n e a r c a l i b r a t i o n s . 

Cast e t a l . (261) demonstrated a c o u p l i n g u s i n g a f i x e d c r o s s f l o w 

n e b u l i z e r f o r the s p e c i a t i o n o f ca r b o n y l complexes o f Pe and Mo, 

v a r i o u s forms o f As, d i a l k y l - m e r c u r y compounds, t e t r a a l k y l l e a d com

pounds and v a r i o u s f e r r o c e n e d e r i v a t i v e s . The ICP-OES d e t e c t o r was 

ev a l u a t e d by i n j e c t i n g s m a l l samples i n t o the n e b u l i z e r . They s t u d i e d 

the e f f e c t o f s o l v e n t c o m p o s i t i o n and detennined b o t h l i n e a r ranges 
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and d e t e c t i o n l i m i t s by t h i s method, t l o r i t a e t a l . (262) used d i r e c t 

sampling o f e l u e n t t o the n e b u l i z e r f o r the e s t i m a t i o n o f Co/P/C r a t i o s 

i n v i t a m i n B^^ al s o i n the simultaneous m u l t i - e l e m e n t d e t e c t i o n o f 

v a r i o u s p r o t e i n s . Kurosawa ejt a l , (263) used the same c o u p l i n g t o 

u n e q u i v o c a l l y i d e n t i f y the presence o f arsenobetaine i n shark l i v e r 

and muscle. 

Hausler and T a y l o r (264, 265) used ICP-OES i n c o n j u n c t i o n w i t h s i z e 

e x c l u s i o n chromatography and ev a l u a t e d a number o f spray chamber 

designs. Using toluene as e l u e n t (264) i t was found t h a t c o o l i n g the 

chamber t o 0°C r e s u l t e d i n b e t t e r s e n s i t i v i t y being o b t a i n e d . T h i s 

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

out i n the absence o f the chromatographic column. V/hen p y r i d i n e was 

used as e l u e n t ( 2 6 5 ) , best s e n s i t i v i t y was achieved w i t h the chamber 

thermostated t o 20°C. D e t e c t i o n l i m i t s , fo\uid by the same procedure as 

above, were s l i g h t l y worse tha n those o b t a i n e d w i t h t o l u e n e . Gardner 

e t a l . (266) used ICP-OES i n s e r i e s w i t h UV d e t e c t i o n t o m o n i t o r the 

s p e c i a t i o n o f Ca and Mg i n n a t u r a l water f i l t r a t e s . I f both d e t e c t o r s 

gave a response, the tenuous i m p l i c a t i o n t h a t the metal was o r g a n i c a l l y 

bound was made. 

T h i s l a s t example i l l u s t r a t e s the main advantage o f h y b r i d chromato

g r a p h i c t e c h n i q u e s , i . e . they y i e l d s p e c i f i c i n t e r p r e t a t i o n . The most 

d e f i n i t e c o n c l u s i o n from the chromatographic data (266) was t h a t a 

species c o n t a i n e d Ca, Mg, o r n e i t h e r , the r e s t was s p e c u l a t i o n . Thus, 

these h y b r i d techniques not o n l y s i m p l i f y chromatographic i n t e r p r e t a t i o n , 

but enable s e l e c t i v e d a ta t o be o b t a i n e d . 
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Table 9. Coupled L i q u i d Chromatography - I n d u c t i v e l y Coupled Plasma O p t i c a l Emission Spectroscopy 

D e t e c t o r 

ICP, e l u e n t from c o l 

umn passed d i r e c t l y 

i n t o n e b u l i z e r . A l l 

Ar plasma. For PAAS 

work air/C^H^ flame 

used. 

Chromatography 

Aminex A-14 column; 

see r e f . 216. 

M a t r i x 

S e p a r a t i o n o f EDTA 

and NTA c h e l a t e s . 

Comments 

Compared ICP w i t h 

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

Cu c h e l a t e s and 

found b o t h gave sim

i l a r response. Also 

used dummy column t o 

simu l a t e chromato

graphy f o r v a r i o u s 

metals. 

Element 

Cu 

(324.7) 

Ref, 

259 

ICP a l l - A r plasma, 

o u t l e t o f column con

nected by c a p i l l a r y 

T e f l o n t u b i n g t o neb

u l i z e r o f c r o s s - f l o w 

d e s i g n . 

250 X 4.6 mm i . d . 

Zorbax-C8 column, 

e l u e n t : 70% ( v / v ) 

E l u e n t : 5 min. l i n e a r 

g r a d i e n t o f 50-55% 

e t h a n o l then 5 min. 

Sep a r a t i o n o f i r o n 

c a rbonyl complexes. 

Se p a r a t i o n o f v a r i o u s 

molybdenum carbonyl 

complexes. 

ICP was t e s t e d as a Pe 

HPLC d e t e c t o r by i n - (259.94) 

j e c t i n g small samples 

t h r o i i g h an i n j e c t o r Mo 

i n t o the n e b u l i z e r , (281.615) 

t o e v a l u a t e e f f e c t 

261 
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D e t e c t o r Chromatography M a t r i x Comments Element Ref, 

VJl 

l i n e a r g r a d i e n t up t o 
•1 ^ EtOH, 1 ml,min 

20 ^ i l i n j e c t i o n . 

H y p e r s i l (6 pm), 100x 

4.6 mm i . d . , e l u e n t : 

30% MeOH, 1% (w/w) 

n - h e x a d e c y l t r i m e t h y l -

ajnmonium bromide, 

O.OOM, pH 5. a t 

1.2 ml.min""^. 

E l u e n t : EtOH - 0.05M 

NaBr (1:2) pH 3. 1-2 

ml.min . 

Elu e n t : 75% EtOH 

1.4 ml-min""*". 

30 \il i n j e c t i o n . 

S e p a r a t i o n o f DMA, 

mA, p-APA, As(V) , 

ph e n y l a r s o n i c a c i d . 

S e p a r a t i o n o f H g ( I I ) 

methylmercury, e t h y l 

mercury and p r o p y l -

mercury. 

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

pounds i n p e t r o l . 

o f v a r i o u s s o l v e n t s ; 

s e n s i t i v i t y ; l i n e a r 

i t y and d e t e c t i o n 

l i m i t s . As 

(278.022) 

Hg 

(253.652) 

Pb 

(283.306) 261 
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D e t e c t o r Chromatography M a t r i x Comments Element Ref 

250 X 3 mm. i . d . , s i l 

i c a Gel Si60 (8 \im) , 

e l u e n t : toluene 

1.4 ml.min -1 

S e p a r a t i o n o f v a r i o u s 

f e r r o c e n e compounds. 

Pe 

(259.94) 

261 

VJl 
ON 

A l l - A r ICP, el u e n t 

passed d i r e c t l y i n t o 

n e b u l i z e r . 

600 X 2 mm, TSK GEL 

3000 SV/ e l u e n t : 0.9% 

NaCl, 1.0 ml.rain""^. 

S e p a r a t i o n o f v i t a m i n 

S e p a r a t i o n o f v a r i o u s 

p r o t e i n s ; f e r r i t i n , 

c a t a l a s e , a l d o l a s e , 

albumin, cytochrome 

C, chymotiypsinogen 

A. 

M u l t i - e l e m e n t detec

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

Co/P/C r a t i o . 

Simultaneous m u l t i 

element d e t e c t i o n o f 

Cu, Pe, Mn, P, Zn. 

C 

(246.7) 

Co 

(228.6) 

Cu 

(324.9) 

Pe 

(259.9) 

Mn 

(257.6) 

P 

(241.9) 

Zn 
(213.8) 262 



Detector Chromatography Matrix Comments Element Ref 

A l l - A r ICP, eluent E i t h e r : Nagel-Nucleosil I d e n t i f i c a t i o n of Arsenobetaine matched, As 

passed d i r e c t l y into 10-SA cation or 10-SB arsenobetaine i n shark on both r e s i n s , the (193.7) 

ne b u l i z e r anion excheinge r e s i n . 

Eluent: 0.025M phos

phate buffer, pH 7.4 

muscle and l i v e r by 

comparison with stan

dard chromatogram of 

arsenobetaine, DMA, 

MMA, A s ( I I I ) and As(V) 

main As compound found 

i n the' shark t i s s u e s . 

ICP, a l l - A r plasma, 100-A -Styragel waters Separation of various 

eluent passed d i r e c t - column at a flow rate S i , Pb, Sn and Ge 

l y to nebulizer; var- of 1.0 or 0.5 ml min" organometallic com-

ious spray chamber 

designs evaluated 

with and without 

cooling to 0°C. 

of toluene. Bio-Beads pounds. 

SX-2 s i z e exclusion Separation of a 21 

column; element standard, 

Eluent: toluene at metal s a l t s of 

The various spray 

chambers, and detec

t i o n l i m i t s were 

evaluated without 

t he chromat ographi c 

column being used. 

These detection 

l e v e l s are com-

A l , Ag, Ba 

Cd, Cu, Pe 

Mg, Mn, Ni 

Pb, S i , Sn 

T i , V, Zn. 

264 
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D e t e c t o r Chromatography M a t r i x Comments Element Ref, 

same f l o v / r a t e s . 

200 M1 i n j e c t e d . 

d i a l k y l b e n z e n e 

sulphonates, i n an 

or g a n i c m a t r i x . 

parable t o those 

found f o r aqueous 

s o l u t i o n s . 264 

Ar ICP, see r e f . 264 

Spray chajnber thermos-

t a t e d t o 20"C 

00 

100-A ^ i - S t y r a g e l waters S e p a r a t i o n o f a 21- D e t e c t i o n l i m i t s i n 

column, e l u e n t : p y r i - element standard (see p y r i d i n e , determined 

by same method as 

and d e r i v a t i v e s , copper 264, and are gener-

and c o b a l t complexes, a l l y s l i g h t l y v/orse 

and o r g a n i c a l l y bound than those found 

metals i n s o l v e n t u s i n g t o l u e n e , 

r e f i n e d c o a l . 

dine a t 0.5 o r 1.0 ml- r e f . 264), f e r r o c e n e 

min ^ o r to l u e n e a t 

same f l o w r a t e . 

See 

r e f , 

264 

265 

Ar ICP, e l u e n t taken 

from UV d e t e c t o r 

250 X 1.6 mm i . d . , S e p a r a t i o n o f NTA and The data a c q u i s i t i o n 

AGI X 4 ( < 400 mesh) EDTA c h e l a t e s o f Cu, storage and out p u t 

d i r e c t l y t o c r o s s f l o w anion exchange r e s i n Zn, Ca and Mg. I S microprocessor 

Cu 

Ca 

Mg 

260 
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D e t e c t o r Chro mat ography M a t r i x Comments Element Ref 

n e b u l i z e r . 32-element E l u e n t : 0.05H (NH^)^ 

polychromator used f o r SO.. 

simultaneous d e t e c t i o n , 

or monochromator f o r 

s i n g l e channel opera

t i o n . 

c o n t r o l l e d . L i n e a r 

up t o l u g f o r a l l 

elements. 

Zn 

260 

1-' Ar plasma; see r e f . 

259-

600 X 7.5 ram i . d . , TSK S p e c i a t i o n o f d i s -

3000 S\7 s i z e e x c l u s i o n solved Ca and Nig i n 

column, o r a 

500 X 7.5 mm i . d . , 

TSK 2000 SW column. 

E l u e n t : Ĥ O at 1.0 o r 

n a t u r a l water f i l 

t r a t e s . 

By u s i n g UV d e t e c t i o n 

as v;ell as ICPOES , 

i n f e r e n c e as t o the 

org a n i c b i n d i n g made. 

Ca 

Mg 

1.5 ml.min 266 



3.3 Conclusion 

Atomic a b s o r p t i o n , v / h i l s t b e i n ^ the most i n h e r e n t l y metal s p e c i f i c o f 

the atomic s p e c t r o s c o p i c t e c h n i q u e s , s u f f e r s from major drawbacks when 

coupled v / i t h l i q u i d chromatographic e l u e n t s . I n LC-PAAS w i t h r e v e r s e 

phase, i . e . mainly aqueous, e l u e n t s the low n e b u l i z a t i o n e f f i c i e n c y l i m i t s 

the s e n s i t i v i t y o f the t e c h n i q u e . O p e r a t i o n o f the n e b u l i z e r i n a s t a r v e d 

mode, f o r example by u s i n g an i n j e c t i o n cup d e v i c e , may s l i g h t l y a l l e 

v i a t e t h i s problem. V/hen normal phase, i . e . o r g a n i c , e l u e n t s are used 

then h i g h e r n e b u l i z a t i o n e f f i c i e n c i e s are p o s s i b l e ; however, t r a n s p o r t o f 

l a r g e amounts o f o r g a n i c s o l v e n t s t o the flame can have adverse e f f e c t s 

on i t s p r o p e r t i e s , e.g. in c r e a s e d background l e v e l s from carbon p a r t i c l e s 

and band s p e c t r a . 

The use o f e l e c t r o t h e r m a l a t o r a i z a t i o n should circumvent the problem o f 

low n e b u l i z a t i o n e f f i c i e n c y ; however, the time r e q u i r e d t o run thr o u g h an 

atomizer dry-ash-atomize-cool c y c l e r e s u l t s i n o n l y i n f r e q u e n t samples 

being analysed out o f the f l o w i n g chromatographic stream. To minimize t h e 

p o s s i b i l i t y o f m i s s i n g a spe c i e s , very low f l o w - r a t e s are n o r m a l l y used 

and even so, not a l l the e l u e n t i s monitored. Hence recourse t o i n d i r e c t 

i n t e r f a c e s such as autosampler systems i s o f t e n r e q u i r e d and " r e a l t i m e " 

chromatographic i n t e r p r e t a t i o n i s not p o s s i b l e . Thus d i r e c t c o u p l i n g t o 

a flame o f f e r s r e a l time chromatographic i n t e r p r e t a t i o n but w i t h low 

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

t i v i t y d e t e c t i o n i s p o s s i b l e , but a t the expense o f r e a l time a n a l y s i s . 

The advent o f microbore HPLC may p r o v i d e some s o l u t i o n t o problems v / i t h 

e l e t r o t h e r m a l a t o m i z e r s . Low f l o w - r a t e s , m i c r o l i t r e s per minute, encoun

t e r e d i n microbore HPLC mean t h a t the volume c o n t a i n i n g a species i s v e r y 
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s m a l l and p r o v i d i n g the peak r e s o l u t i o n i s good, i n j e c t i o n i n t o the 

furnace o f the whole chromatographic peak i s f e a s i b l e . Another p o s s i b l e , 

though expensive, way o f making coupled HPLC-ETA-AAS a r e a l t i m e method 

v/ould be t o use a dual furnace system. 

The same problems beset coupled LC-APS as a f f l i c t any AFS method, 

namely: u n a v a i l a b i l i t y o f commercial instruments,and s u i t a b l y s t a b l e and 

in t e n s e l i n e sources. Hov/ever, the advent o f a new atomic f l u o r e s c e n c e 

i n s t r u m e n t u s i n g an ICP as atom c e l l v / i l l perhaps s i g n a l a renev;ed 

i n t e r e s t and enable the advantages o f m u l t i - e l e m e n t low l e v e l d e t e c t i o n 

a f f o r d e d by AFS t o be u t i l i z e d . 

The plasma emission techniques o f f e r the p o s s i b i l i t y o f m u l t i - e l e m e n t 

d e t e c t i o n and l o n g l i n e a r ranges. With reverse phase e l u e n t s , both 

DCP- and ICP-OES, l i k e PAAS, s u f f e r from low n e b u l i z a t i o n e f f i c i e n c i e s 

and t o incr e a s e d e t e c t a b i l i t y , then t h i s e f f i c i e n c y must be i n c r e a s e d . 

The use o f normal phase e l u e n t s a f f o r d s h i g h n e b u l i z a t i o n e f f i c i e n c i e s 

and as a r e s u l t a h i g h e r background emission l e v e l , and hence an 

incre a s e i n d e t e c t i o n l i m i t s . T h i s may be o f f s e t by the in c r e a s e d ana-

l y t e f l o v / i n t o the plasma. The a b i l i t y o f plasmas t o mo n i t o r n ot o n l y 

metal emission l i n e s , but a l s o carbon l i n e s , c o u l d , so long as non-

carbon c o n t a i n i n g e l u e n t s are used, o f f e r a u n i v e r s a l LC d e t e c t o r . 

Although emphasis has been placed on the advantages o f s p e c i f i c o r a t 

l e a s t s e l e c t i v e d e t e c t i o n , the uses o f a u n i v e r s a l d e t e c t o r should not 

be underestimated as the wide usage o f FID i n GC shov/s. By u s i n g t h e 

mu l t i - e l e m e n t f a c i l i t y , DCP- o r ICP-OES could very v / e l l prove t o be 

the f u t u r e u n i v e r s a l d e t e c t o r s o f LC. 

161 



4. INITIAL DEVELOPhlEI-JT 0? ATOLl CELLS FOR TRAC5 I.IETAL SP5CIAT10N BY 

GAS CKROUATOGRAPIiY - ATOMIC A3S0RPTI0K SPECTROSCOPY 

4.1 CHOICE OP SPECIATION SYSTELl 

4.1.1 Why Flame Atomic A b s o r p t i o n Spectroscopy? 

The main advantages o f u s i n g atomic spectroscopy i n c o n j u n c t i o n w i t h 

gas chromatography may be summarised as below: 

( i ) The a b i l i t y t o perform s e l e c t i v e l y s p e c i a t i o n o f v a r i o u s 

i n d i v i d u a l metals and many non-metals; 

( i i ) The a b i l i t y t o w i t h s t a n d l e s s than o p t i m a l GC c o n d i t i o n s , 

i . e , o n l y the species c o n t a i n i n g the element o f i n t e r e s t 

r e q u i r e r e s o l u t i o n from each o t h e r and need not be r e s o l v e d 

from o t h e r components o f the m a t r i x ; 

( i i i ) W i t h the e x c e p t i o n o f e l e c t r o n c a p t u r e , most c o n v e n t i o n a l 

d e t e c t o r s i n GC are much l e s s s e n s i t i v e t o metals tha n 

atomic s p e c t r o s c o p i c d e t e c t o r s . The l a t t e r o f t e n enjoy 

d e t e c t i o n l i m i t s i n t h e picogram per second range. 

The vaxious atomic s p e c t r o s c o p i c d e t e c t o r s have i n h e r e n t i n them 

v a r i o u s advantages and disadvantages; however, a l l have the a t t r i b u t e s 

l i s t e d above. PAAS has the advantage o f s i m p l i c i t y o f atom c e l l de

s i g n and o p e r a t i o n . The i n s t r u m e n t a t i o n i s r e l a t i v e l y inexpensive 

and r e a d i l y a v a i l a b l e i n most l a b o r a t o r i e s concerned v/ith t he m o n i t o r 

i n g o f metals. Plame atomic a b s o r p t i o n spectroscopy i s al s o noted f o r 

e x c e l l e n t s e l e c t i v i t y . Any a b s o r p t i o n technique s u f f e r s from having 
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s h o r t l i n e a r ranges, n o r m a l l y 1 - 2 or d e r s o f magnitude, and a l s o , i n 

the m a j o r i t y o f pu b l i s h e d r e p o r t s flame systems appear t o produce 

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

u t i l i z e s more expensive i n s t r u m e n t a t i o n , the atom c e l l i s designed t o 

accept s m a l l , 10 yl-lOO p i , d i s c r e t e condensed phase samples, and the 

h e a t i n g o f such devices i s t y p i c a l l y not c o n t i n u o u s . Thus m o d i f i c a t i o n 

i s r e q u i r e d before i t can accept a continuous f l o v / i n g sample stream. 

The main b e n e f i t o f t h i s d e t e c t i o n system i s i n the e x c e l l e n t l i m i t s o f 

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

a l t h o u g h not r e a d i l y a v a i l a b l e , do o f f e r improvements i n d e t e c t i o n and 

extended working ranges, t y p i c a l l y f o u r o r d e r s o f magnitude, compared 

t o AAS. 

A l l the plasma emission techniques a f f o r d e x t e n s i v e l i n e a r working 

ranges, but f a l l s h o r t on d e t e c t i o n l i m i t s p a r t i c u l a r l y when compared t o 

e l e c t r o t h e r m a l a t o m i z a t i o n AAS. The plasma i n s t r u m e n t a t i o n i s expensive 

both i n c a p i t a l o u t l a y and ru n n i n g c o s t . The e x c i t a t i o n c e l l s , b eing 

made up o f f l o w i n g gas streams, are v / e l l s u i t e d f o r i n t e r f a c i n g w i t h 

GC; however, the i n s t r u m e n t a t i o n i s not r e a d i l y a v a i l a b l e . A d d i t i o n 

a l l y , s p e c t r a l background problems may n e c e s s i t a t e s p e c i a l i s t back

ground c o r r e c t i o n m o d i f i c a t i o n t o i n s t r u j n e n t a t i o n . 

Prom the above c o n s i d e r a t i o n s , i t was decided t o use PAAS as th e 

d e t e c t o r f o r GC w i t h the aim o f dev e l o p i n g a si m p l e , r o b u s t , s e n s i t i v e 

h y b r i d GC-PAAS system. 
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4.1.2 Model Speciation System 

The determination of t e t r a a l k y l l e a d compounds i n p e t r o l , besides 

being important from an environmental and t o x i c o l o g i c a l viewpoint, 

o f f e r s a s u i t a b l e model for trace metal s p e c i a t i o n s t u d i e s , since very 

l i t t l e sample pretreatment i s required, and the number of components 

of i n t e r e s t i s small. 

4.2 EXPERIMENTAL 

4-2.1 Apparatus 

Atomic Absorption Spectrometers: 

SP 192 (Pye Unicam L t d . , Cambridge) equipped with deuterium arc back 

ground corrector and SP 198 rapid response i n t e r f a c e . 

SP 9 (Pye Unicam Ltd . , Cambridge) equipped with hollow cathode lamp 

background c o r r e c t i o n . 

Gas Chromatographs: 

S e r i e s 104. 

GOV equipped with dual flame i o n i z a t i o n and e l e c t r o n capture 

S e r i e s 303 

A l l chromatographs supplied by Pye Unicam L t d . , and were equipped 

with temperature programme f a c i l i t i e s . 

Computing I n t e g r a t o r s : 

DP 88 (Pye Unicam L t d . , Cambridge) 

3390 A Reporting I n t e g r a t o r (Hewlett Packard, Pennsylvania) 

Ceramic Tubes; 

R e c r y s t a l l i s e d Alumina (Thermal Syndicate L t d . , Wallsend) 
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4.2.2 Reagents 

Stock s o l u t i o n s o f t e t r a m e t h y l l e a d (TIiH) and t e t r a e t h y l l e a d (TEL), 
c o n t a i n i n g 500 mg.l ̂  o f l e a d , were s u p p l i e d by Associated O c t e l L t d . , 
as was the CR50 m i x t u r e . T h i s m i x t u r e contained TIiIL, e t h y l t r i m e t h y l -
l e a d (ETML) , d i e t h y l d i m e t h y l l e a d (DEDilL) , m e t h y l t r i e t h y l l e a d (I.1TEL) and 
TEL i n the r a t i o 1:4:6:4:1 v/ i t h a t o t a l l e a d c o n c e n t r a t i o n o f 500 mg.l" 
A l l d i l u t i o n s v/ere made u s i n g 2 , 2 , 4 - t r i m e t h y l p e n t a n e ( A n a l a r ) . 

4.2.3 I n i t i a l Chromatographic C o n d i t i o n s 

Glass Coliimn: 

S o l i d Support: 

S t a t i o n a r y Phase: 

Column Temperature: 

C a r r i e r Gas: 

1.5 m. X 4 mm. i . d . 

Chromosorb 750. 80/100 mesh 

Carbowax 20M, 5% l o a d i n g 

160°C 

N i t r o g e n , 40 ml.rain -1 

4.2.4 T y p i c a l Spectrometer C o n d i t i o n s 
SP 192 SP 9 

A i r f l o v / - r a t e / I . m i n 4.5 5.0 

Acetylene f l o w - r a t e / I . m i n 1,2 1.3 

Propane f l o w - r a t e / I . m i n 0.3 -
(a) 

Burner h e i g h t / mm 5.0 -

Lamp c u r r e n t / mA 3.0 4.2 

Wavelength / nm 283.3 283.3 

Mode Abs. Abs. 

Bandpass / nm 0.8 1.0 

Background C o r r e c t i o n ON LOW 

(a) The burner h e i g h t i s the d i s t a n c e between the centre o f the o p t i ' 

c a l path and the burner head, i . e . the v i e w i n g h e i g h t . 
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4.3 PRELI?.m^ARY CONSIDER^^^TIONS 

I n c o n v e n t i o n a l PAAS t h e r e are two main l i m i t a t i o n s on the achieve

ment o f low l e v e l d e t e c t i o n . P i r s t l y , lov^ n e b u l i z a t i o n e f f i c i e n c y , 

whereby o n l y about 15% o f the a n a l y t e reaches t h e flame. Secondly, 

since a flame i s a dynamic e n t i t y , the residence time o f the a n a l y t e i n 

the o b s e r v a t i o n zone i s s h o r t . I n coupled GC-PAAS the f i r s t l i m i t a t i o n 

i s overcome e a s i l y since n e b u l i z a t i o n i s not r e q u i r e d as the a n a l y t e i s 

a l r e a d y i n the vapour phase. Although i n GC-PAAS a continuous gaseous 

stream i s i n t r o d u c e d i n t o the flame, thus e l i m i n a t i n g the n e b u l i z a t i o n 

i n e f f i c i e n c y , the a n a l y t e i t s e l f i s t r a n s i e n t i n n a t u r e , thus f u r t h e r 

e x a c e r b a t i n g problems concerning residence t i m e . The l a t t e r aspect 

t h e r e f o r e becomes a v i t a l c o n s i d e r a t i o n a f f e c t i n g both s e n s i t i v i t y and 

p r e c i s i o n because o f the response time o f the e l e c t r o n i c s . The use o f 

peak h e i g h t or area measuring c i r c u i t r y , which i s l e s s l i m i t e d by con

v e n t i o n a l time constant c o n s i d e r a t i o n s , i s advantageous i n m o n i t o r i n g 

t r a n s i e n t s i g n a l s . 

Probably the s i m p l e s t way t o l i n k a gas chromatograph v/ith an atomic 

a b s o r p t i o n spectrometer i s t o pass the e f f l u e n t d i r e c t l y i n t o the 

n e b u l i z a t i o n chamber. T h i s was the c o u p l i n g f i r s t demonstrated by Kolb 

et a l . (161) u s i n g a s h o r t piece o f heated t u b i n g . Coker ( l 6 7 ) used a 

s l i g h t l y d i f f e r e n t method o f i n t e r f a c i n g whereby the chromatographic 

e f f l u e n t was passed d i r e c t l y t o the burner head by a heated metal t r a n s 

f e r l i n e connected t o a gas uni o n threaded i n t o the side o f the burner. 

A s h o r t m a n i f o l d p o s i t i o n e d i n s i d e t h e burner head was used t o d i s t r i 

bute the e f f l u e n t evenly along an a i r / a c e t y l e n e flame. 
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4.4 ATOM CELL I 

Preliminary work i n which the e f f l u e n t from the chromatograph was 

d e l i v e r e d d i r e c t l y to the mixing chamber of a conventional a i r / a c e t y l e n e 

flame f o r AAS confirmed that although such an approach was f e a s i b l e i t 

involved unnecessary d i l u t i o n of the e f f l e u n t . The i n t e r f a c e used by 

Coker ( l 6 7 ) was thought to be needlessly complicated, although i t did 

avoid d i l u t i o n mixing i n the n e b u l i z a t i o n chamber. 

D e t e c t a b i l i t y was immediately improved when the e f f l u e n t was passed 

d i r e c t l y to the flame. I n atom c e l l I , f i g . 1, the e f f l u e n t from the 

chroraatograph was passed down the heated g l a s s l i n e d tubing d i r e c t l y to 

the burner head, and impinged l a t e r a l l y on the a n a l y t i c a l flame. The 

i n t e r f a c e tubing was heated by a method s i m i l a r to that of Quimby e_t a l , 

( 9 7 ) , the power being supplied by a v a r i a c transformer and the temper

ature monitored by a standard thermocouple arrangement. The length of 

t h i s i n t e r f a c e tubing was va r i e d between'18'and 55 cm. with no v a r i a t i o n 

i n response f o r e i t h e r TML or TEL. I f the i n t e r f a c e was not heated, so 

as to be at l e a s t isothermal with the chromatographic column, the signal-

to-noise r a t i o decreased as i n t e r f a c e length increased, which was prob

ably due to the oven heating c i r c u i t switching on and o f f more often. 

As the solvent front impinged upon the a i r / a c e t y l e n e flame i t pro

duced a luminous f l a r e . V i s u a l monitoring of t h i s f l a r e i n d i c a t e d 

that no more than 3 nmi. of an a v a i l a b l e 100 mm. path length was being 

u t i l i z e d . T h i s i s due to the flame gases sweeping the chromatographic 

e f f l u e n t away from the burner and through the observation zone. 
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C l e a r l y a slower b u r n i n g flame v/ould be expected t o a l l o w m.ore o f the 

a v a i l a b l e p a t h l e n g t h t o be u t i l i z e d . The air/p r o p a n e flame has a 

bu r n i n g v e l o c i t y o f 0.45 m.s , compared w i t h 1.6 m.s"^ f o r the a i r / -

a c e t y l e n e flame ( 1 5 0 ) . The use o f an ai r / p r o p a n e flame gave an imjned-

i a t e 3 - f o l d i n c r e a s e i n the response t o l e a d . The low background argcn 

(4 l . m i n •'")/hydrogen (1.5 l-min""*") d i f f u s i o n flame v/as also s t u d i e d , 

however, the l e a d response u s i n g t h i s flame v/as l e s s than t h a t achieved 

w i t h the a i r / a c e t y l e n e flame. T h i s could be expected since i t has a 

bur n i n g v e l o c i t y o f 3.1 m.s""*" which i s g r e a t e r than t h a t o f the a i r / -

a c e t y l e n e flame. 

4.5 ATOM CELL I I 

The i n c r e a s e d l e a d response gained by u s i n g the air/propane flame 

arose from t h e increa s e d atomic r e s i d e n c e time i n the o b s e r v a t i o n zone. 

I t v/as thought t h a t the response might be f u r t h e r improved by u s i n g a 

tube t o h o l d the atoms i n the o b s e r v a t i o n zone l o n g e r . The use o f such 

tubes has l o n g been recognised t o i n c r e a s e residence times (150, 1 5 4 ) , 

and more r e c e n t l y , V/atling (267) used a s l o t t e d tube i n an atomic-

a b s o r p t i o n flame t o i n c r e a s e not o n l y s e n s i t i v i t y but also p r e c i s i o n . 

The i n c r e a s e i n s e n s i t i v i t y o b v i o u s l y a r i s e s from the increa s e d r e s i 

dence time and g i v e n t h e l i k e l y time constant i n the measuring c i r c u i t 

t h i s a l s o l e d t o an improved p r e c i s i o n . Delves (268) used a tube sus

pended above the flame i n c o n j u n c t i o n v / i t h a micro-sampling system t o 

g i v e i n c r e a s e d s e n s i t i v i t y by i n c r e a s i n g atom residence times i n the 

l i g h t p a t h . T h e r e f o r e i n an e f f o r t t o inc r e a s e atom residence t i m e s , 

atom c e l l I I , f i g , 2, was designed. T h i s c e l l had a ceramic tube 

supported over the a n a l y t i c a l flame on aluminium rods. There v/as a 

ho l e c e n t r a l l y placed i n the bottom o f the tube. The e f f l u e n t from the 
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chromatograph passed v i a the heated g l a s s l i n e d i n t e r f a c e so t h a t i t 

impinged on the a n a l y t i c a l flame a t r i g h t angles d i r e c t l y below the h o l e . 

The ceramic tubes were c o n s t r u c t e d from r e c r y s t a l l i s e d alumina and 

t h e i r dimensions are g i v e n i n Table 10. The e f f e c t o f ceramic tube 

i n t e r n a l diameter was i n v e s t i g a t e d and from the r e s u l t s o b t a i n e d , Table 

1 1 , i t can be seen t h a t t he 6.25 mm. i . d . tube gave a t v ; o - f o l d i n c r e a s e 

i n response to l e a d over the 12.5 mm. i . d . t u b e , and was t h e r e f o r e used 

i n f u r t h e r work. The f a c t t h a t the s m a l l e s t diam.eter ceramic tube 

gave the best response may be a t t r i b u t e d t o i n c r e a s e d viscous drag 

from the tube w a l l s , and t h a t the tube has l e s s i n t e r n a l space u n i l l -

uminated. These p r e l i m i n a r y experiments showed t h a t a 5 - f o l d i n c r e a s e 

i n response t o l e a d over atom c e l l I had been achieved w i t h o u t o p t i m i 

s a t i o n o f the system. 

Table 10. Ceramic Tube S p e c i f i c a t i o n s 

Length/ram. Outer diameter/mm. I n t e r n a l diameter/ram. Hole diameter/mm 

110 16.0 12.5 10.0 
110 14.5 10.0 8.0 
110 12.5 8.0 6.0 
110 10.0 6.25 4.0 

Table 1 1 . E f f e c t o f Ceramic Tube I n t e r n a l Diameter on Lead Response 

Ceramic tube R e l a t i v e Lead Response 
i.d./mm. TIJL TEL 

12.5 1.0 1.0 
10.0 1.1 1.1 
8.0 1.6 1.7 
6.25 1.9 2.1 
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4.6 ATOM CELL I I I 

V i s u a l m o n i t o r i n g o f the luminous f l a r e produced as the s o l v e n t im
pinged on the flame showed t h a t some o f the chromatographic e l u e n t was 
passing around the o u t s i d e o f the ceramic tube. Thus, i n o r d e r t o en
sure t h a t a l l the e f f l u e n t passed i n t o the l i g h t path o f the s p e c t r o 
meter, a f u r t h e r atom c e l l was developed. Atom c e l l I I I , f i g . 3, 
r e t a i n e d the ceramic tube above the flame t o h e l p increase residence 
t i m e s , and i n c o r p o r a t e d the refin e m e n t o f the i n t e r f a c e tube passing 
t h r o u g h the burner and t e r m i n a t i n g Just above the burner s l i t d i r e c t l y 
below the hol e i n the ceramic tube. The advantage over atom c e l l I I 
was t h a t the chromatographic e f f l u e n t possessed some d i r e c t i o n a l impet
us towards the h o l e i n the ceramic tube. The best d i s t a n c e above t he 
burner s l o t a t which t o t e r m i n a t e t h e i n t e r f a c e , was found t o be 1 mm. 
so as t o ensure d i r e c t d e l i v e r y i n t o the hot flame r a t h e r than the 
unburnt gases. P r e l i m i n a r y r e s u l t s w i t h t h i s atom c e l l i n d i c a t e d t h a t 
a f u r t h e r s l i g h t i n c r e a s e i n response t o l e a d had been achieved. 
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4.7 ATOB: CELL I V 

I n atom c e l l s I I and I I I the air/acetylene flame perfornied two func
t i o n s : f i r s t l y , atomization of the a l k y l l e a d species, and secondly, heat
ing of the ceramic tube to prevent condensation of the atomic species. 
However, i n these c e l l s the exhaust gases of the flame also passed dov/n 
the ceramic tube. I n an attempt t o prevent t h i s and hence increase the 
residence time of the atoms i n the tube, atom c e l l IV, f i g . 4, v/as 
developed, i n which the atomization and tube heating functions were 
separated. 

I n atom c e l l IV the ceramic tube arrangement over the a n a l y t i c a l flame 

was the same as f o r atom c e l l I I , except that the hole was i n the side 

of the tube, i . e . at r i g h t angles to the burner head. The gas chromato

graphic e f f l u e n t passed along the i n t e r f a c e tube to a glass l i n e d »T*-

piece i n t o v/hich an a u x i l l i a r y flow of hydrogen was introduced. A m i n i 

ature hydrogen d i f f u s i o n flame v/as burnt on the end of the *T*-piece. 

This flame was aligned w i t h the centre of the hole i n the ceramic tube. 

Thus, the air/acetylene flame heated the ceramic tube to prevent conden

sation of the atomic species which were produced i n the hydrogen d i f f u 

sion flame. 
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4.8 ATOM CELL V 

To enable the merits of the simple flame atom c e l l s developed to be 

f u l l y evaluated, an electrothermally heated varient of the l a s t atom 

c e l l was prepared. I n atom c e l l V, f i g . 5, the ceramic tube was elec

trot h e r m a l l y heated by tv/o Nichrome wire (2,8-rt.m ̂ ) windings connected 

i n series with a transformer which had a variac voltage supply (O-6O V), 

The tube plus windings were v;rapped i n glass wool and placed inside a 

maronite block. This block was then attached to a standard burner head 

by spring c l i p s and aligned i n the o p t i c a l path of the spectrometer. 

Preliminary work showed t h i s atom c e l l to be a viable atom c e l l and 

the response to lead was found to be equivalent to that found w i t h atom 

c e l l IV. 

The rapid development from the very simple atom c e l l I to atom c e l l 

V enabled only cursory comparison of a n a l y t i c a l performance, and no 

evaluation of t h e i r r e l a t i v e merits. To enable v a l i d comparisons to be 

made, the operating parameters of the various atom c e l l s must be optim

ized. This optimization w i l l be discussed i n the next chapter. 
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5. OPTBIISATION STUDIES 

5.1 OPTmiSATION STRATEGY 

True comparison of the a n a l y t i c a l performance of d i f f e r e n t atom 

c e l l s can only be made when those atom c e l l s have been rig o r o u s l y op

timised. Unfortunately, t h i s i s not always done, probably because a 

f a c t o r i a l design of optimisation experiment may be both tedious and time 

consuming. I f attempts are made to give c e r t a i n f a c t o r s p r i o r i t y , the 

f a c t o r i a l o ptimisation may be more r a p i d , but there i s an attendant 

r i s k of not obtaining the true optimum. Thus, i t was decided to use 

a simplex procedure (269-275) f o r the atom c e l l o p timisation, 

5.1.1 Simplex Optimisation 

A simplex i s a geometrical f i g u r e , defined by a number of points i n 

f a c t o r space. Thus, an n dimensional simplex w i l l be defined by n + 1 

points i n f a c t o r space. For the simplest m u l t i f a c t o r problem, namely 

an opt i m i s a t i o n of two parameters, the simplex i s a t r i a n g l e . The res

ponse at the v e r t i c e s of the t r i a n g l e are evaluated and the worst one 

rejected. A new simplex t r i a n g l e , i s generated by r e f l e c t i o n away from 

the worst vertex through the centroid point of the remaining v e r t i c e s . 

The response at the new vertex i s then evaluated. The simplex procedure 

continues by successive r e j e c t i o n of the worst vertex followed by r e f l e c 

t i o n away from the areas of low response. I n the o r i g i n a l simplex 

method (275), the step size between ve r t i c e s was f i x e d . I f t h i s step 

size i s too small compared to the f a c t o r spaced, then the optimum w i l l 

be approached slowly; i f i t i s too l a r g e , then the optimum v / i l l be 

imprecisely located. This i s more noticeable v/hen the simplex i s a 
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geometrical f i g u r e which does not close pack, e.g. a tetrahedron. Since 

the step size i s f i x e d , i t i s possible f o r the optimum to l i e i n unex-

plorable f a c t o r space between tv/o simplex tetrahedra. The close iden

t i f i c a t i o n of the optimum requires another simplex to be i n i t i a t e d v/ith 

a smaller step size around the p r o v i s i o n a l optimum. Thus, t h i s method 

normally requires at least tv/o simplexes to be i n i t i a t e d and the modi 

f i e d simplex m.ethod, MStl, (269, 271) i n v/hich the step size i s variable 

throughout, provides a more e f f i c i e n t and elegant s o l u t i o n . This v a r i 

a t i o n i n step size also avoids the achievement of a f a l s e or p r o v i s i o n a l 

optimum since i t v / i l l allow close packing. 

The modified simplex method can be simply v i s u a l i s e d by considering a 

two-variable optimisation f o r v/hich the o r i g i n a l simplex, Pig. 6, i s the 

t r i a n g l e BNW, B represents the vertex g i v i n g the best response, N i s the 

vertex g i v i n g the next best response and vertex W i s the vertex of v/orst 

response. Instead of the single r e f l e c t i o n of the basic simplex method, 

the MSLl allows movement of the simplex i n one of four a l t e r n a t e ways, 

Pig. 6. Each vertex of the t r i a n g l e may be defined by a p o s i t i o n a l vec

t o r , B, N and W re s p e c t i v e l y , where 

B = (X^, Y ^ ) 

N = (X^, Y^) 

Thus, the basic step may be defined as: 

R = P + (P - W) ... 5(1) 

v/here P = the centroid point of the l i n e Joining B and N 

and R = nev/ simplex vertex. 
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This step i s equivalent to the basic r e f l e c t i o n i n the o r i g i n a l simp

l e x method. I t would seem reasonable to assume that i f the response at 

R gave a be t t e r response than B, the simplex was moving towards a favour

able area of f a c t o r space. Thus, the MSM allows an expansion of the 

simplex defined by: 

E = P + a(P - W) ... 5(2) 

where a = expansion f a c t o r , normally a = 2 

E = expansion vertex. 

S i m i l a r l y , i f the response at R i s less than at K, then i t would ap

pear that the simplex was moving towards an unfavourable area of f a c t o r 

space. Thus, movement away from R i s indicated. The MSM allows two 

types of contraction, defined by: 

C = P + b(P - \V) ... 5(3) r 

where b = a contraction f a c t o r and 0 < b < l , t y p i c a l l y b = 0.5 

and 

C = P - b(P - V/) ... 5(4) \v 

The choice of which of the above v e r t i c e s with.v/hich to form the next 

simplex i s governed by the f o l l o w i n g r u l e s , a f t e r the a n a l y t i c a l response 

has been evaluated f o r the v e r t i c e s B, N, V/ and R. 

Let the responses at the v e r t i c e s be B̂ ,̂ \'p-, Vp- and R"*-, where B̂"-> N"̂  > vr^. 

Thus, four p o s s i b i l i t i e s f o r R"̂  e x i s t ; 

f o r R^>B^ ... 5(5) 

I n t h i s case, an expansion of the simplex i s in d i c a t e d , and the new 

vertex E, w i t h response E"*", i s generated. 
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Thus, i f > B''" then E i s used to generate a new simplex, defined by 

the p o s i t i o n a l vectors B H S. I f E^< B"'" then the expansion i s said to 

have f a i l e d , and R i s used to generate the nev/ simplex, defined by B N R, 

and the algorithm r e s t a r t e d . 

f o r B-̂  > R-'-> N-*- .., 5(6) 

then nei t h e r expansion nor contraction i s indi c a t e d , and new simplex i s 

defined by B N R and the algorithm r e s t a r t e d from these points, 

f o r K^>R^>\Y^ ... 5(7) 

Then a contraction of the simplex i s indicated away from both W and R, 

thus i s generated, and used i n the new simplex, B N Ĉ , and the algo

r i t h m r e s t a r t e d : 

f o r V;^>R^ ... 5(8) 

A contraction away from R and towards \V i s in d i c a t e d , generating C 
w 

w i t h the new simplex being B N Ĉ .̂ 

I f any of the variables which make up the simplex vectors R, Ĉ^̂, 

and E l i e outside the boundary condition f o r that v a r i a b l e , then the 

response at that point i s assigned an a r t i f i c i a l l y low value, and the 

algorithm continued. 

A f a i l e d contraction i s said to occur i f Ĉ''"< R''" or i f Ĉ^̂''"< R"''. I n 

t h i s event, Nelder and Mead (269) recommended a massive contraction to 

avoid o s c i l l a t o i ^ collapse of the simplex. This contraction, although 

e f f e c t i v e , requires the generation of n nev/ simplex v e r t i c e s before the 

algorithm may -continue, and also reduces the volume of f a c t o r space 

covered by the simplex by a f a c t o r of (0.5)^. This l a t t e r f a c t may, 

i n the presence of experimental e r r o r , cause premature contraction of 

the simplex. An a l t e r n a t i v e v/ay of dealing w i t h a f a i l e d contraction 

- 182 -



(276) i s to use the contraction vertex to generate the new simplex and 

to r e j e c t the worst vertex, V/. This has the combined e f f e c t of pre

venting o s c i l l a t o r y collapse and also realignment of the sim.plex. I t 

i s r e a l l y a r e i n t r o d u c t i o n of Rule 2 of Spendly et a l . (277), and has 

been used e f f e c t i v e l y by Morgan and Deeming (278) i n a r e l a t e d f i e l d . 

I f a vertex i s retained i n n + 1 simplexes, then before evaluation of 

another simplex t h i s vertex must be reevaluated. I f the vertex i s near 

the optimum i t i s probable that the reevaluation v / i l l y i e l d a consis

t e n t l y high response, and hence be retained. I f , however, the response 

was high due to an e r r o r i n measurement, then i t i s improbable that the 

reevaluation w i l l also give a high response, and thus the vertex w i l l 

eventually be eliminated from the simplex. 

A number of methods (269-272, 279) have been suggested as convergence 

c r i t e r i a , i . e . when to h a l t the simplex procedure. The technique found 

to be most c a r e f u l f o r our work was t h a t of Dewer and student (279). 

The prime c r i t e r i o n being that of the v a r i a t i o n i n a n a l y t i c a l response 

among the n + 1 simplex v e r t i c e s i s below a preset value, i n t h i s case 

~5%» A f t e r t h i s i s achieved, the response at the centroid of the e n t i r e 

simplex i s evaluated, and the variance from t h i s point used as the f i n a l 

convergence c r i t e r i o n , i . e , i f below -5% the simplex procedure i s h a l t e d . 

This method also found favour v/ith Ryan et^ a l . (273) i n t h e i r comparison 

of simplex techniques f o r non-linear optimisation i n a n a l y t i c a l chemistry 

Wore r e c e n t l y , there have been f u r t h e r modifications to the variable 

step size simplex to improve i t s e f f i c i e n c y i n reaching the optimum 

(272, 273). Ryan et a l . (273) dem.onstrated that the super modified 
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simplex, SI.IS, (272) c o n t r o l l e d v/eighted centroid method, CV/C, and ortho

gonal Jump v/eighted centroid method, OJ\VC (273), do indeed f i n d the 

neighbourhood of the optimum more r a p i d l y than E.1ST.:, but are less e f f i c i e n t 

when forced to i d e n t i f y the optimum point i t s e l f . The reason f o r t h i s 

i s probably that the CV/C, SLIS and OJ\VC make more use of the information 

found about the gradient of the response surface than does the IISIU 

Thus they should locate the general region of optimum response more 

r a p i d l y ; hov/ever, as the optimum i s approached, the gradient d i r e c t i o n 

becomes poorly defined, and of necessity at the optim.um the gradient i s 

zero, and thus attempts to use gradient information becomes f r u i t l e s s 

and precise d e f i n i t i o n of the optimum i s d i f f i c u l t . 

The r.iSril allows f o r rapid attainment, close d e f i n i t i o n of the optimum 

and, because of i t s variable step size, prevents achievement of a fal s e 

optimum. The choice of i n i t i a l step size i s c r i t i c a l i n t h i s optimiz

a t i o n procedure. Yarbro and Deming (280) have shov/n i t to be preferable 

to i n i t i a t e the procedure w i t h a large step size. This ensures the 

exploration of the maximum f a c t o r space p r i o r to the simplex collapsing 

onto the optimum. These workers (280) described a matrix and the accom

panying equations required to construct the i n i t i a l simplex. Confirm

a t i o n of the success of the optimisation procedure could obviously be 

found by i n i t i a t i n g another optimisation from a d i f f e r e n t i n i t i a l sim

plex. Winefordner and co-v/orkers (281) offered another viable confirma

t i o n procedure, namely a series of un i v a r i a t e seeirches. Por a univar

i a t e search (n - 1) of the n variable are held at t h e i r optimum values, 

and the remaining one varied across i t s allowed range of values as the 

a n a l y t i c a l response i s measured. This procedure was chosen because i n 

ad d i t i o n to confirming the optimum, i t also gave response curves f o r 
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each v a r i a b l e , so that an i n s i g h t was gained as to the influence of 

each variable on the performance of the atom. c e l l . 

5.2 CRITERION OP !^RIT FOR OPTILIISATION 

5.2 Separation of Two Species 

For the optimisation of the atom c e l l s , the determination of TI.IL and 

TEL was used. The c r i t e r i o n of merit chosen was peak height, subject 

to base-line r e s o l u t i o n of the two species being obtained; no considera

t i o n of r e s o l u t i o n or column e f f i c i e n c y was attempted. I t was consid

ered that by using peak height rather than peak area, a better i n d i c a t i o n 

of the system l i k e l y to y i e l d the best l i m i t of detection v/ould be 

given. 

5.2.2 Separation of n Species 

Por multi-component mixtures, e.g. the f i v e mixed lead t e t r a a l k y l s , 

the c r i t e r i o n of m.erit used was the chromatographic response f u n c t i o n 

(CRP) proposed by Morgan and Deraing (278). This c r i t e r i o n , i l l u s t r a t e d 

i n f i g u r e 7, v/hen minimised a c t u a l l y optimises f o r baseline r e s o l u t i o n 

of a l l species. Thus, i t i s possible to v i s u a l i s e two chromatograms 

i n which a l l species are f u l l y resolved, but where analysis times are 

v a s t l y d i f f e r e n t , f i g u r e 8. Thus, a f u r t h e r constraint was placed on 

the o ptimisation c r i t e r i o n , which was t h a t the r e t e n t i o n time should be 

as short as possible. This ensures that the system i s optimised f o r 

r e s o l u t i o n of the chromatographic peaks w h i l s t g i v i n g the shortest 

analysis time. 
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Figure 7 

The Chromatographic Response I'\mction 

P = f/g 

CRy i l l i - ( ^ j ) 

f o r complete separation 

P = 1 

ClUf = 0 
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Figure 8 

I l l u s t r a t i o n of Two D i f f e r e n t Chromatograms v/ith r.iinimal Chromatographic 

Response Functions 

CRI'̂  = 0 

-1 r I 

min. 

CRF = 0 
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5.3 RESULTS OF OPTD/IISATION STUDIES 

5.3.1 Atom Ce l l I 

The continuously variable parameters investigated f o r t h i s system 

were nitrogen c a r r i e r gas f l o w - r a t e , f u e l gas f l o w - r a t e , a i r f l o w - r a t e , 

chromatographic column temperature and the distance of separation bet

ween the burner head and the centre of the o p t i c a l path. The centroid 

of the optimum range i d e n t i f i e d by the simplex optimisation i s given 

f o r each var i a b l e i n Table 12, column 1. That the optimum had been 

achieved was then confirmed, using the u n i v a r i a t e search procedure. 

Figure 9 .(a) - (e)j demonstrate the success of the optimisation pro

cedure. The shaded region on each graph i d e n t i f i e s the optimum range 

predicted by the simplex procedure f o r each v a r i a b l e . Fig, 9(a) shov/s 

the c a r r i e r gas flow-rate to be a c r i t i c a l variable and confirmed the 

simplex predicted optimum. At f i r s t s i g h t , i t appeared strange that 

the optimum nitrogen flow-rate v/as so lov/, considering that the aim v/as 

to use as much of the available path length i n the flame as possible. 

The low burning v e l o c i t y of the air/propane flame confirmed the advan

tage of longer atom residence times, but also a c e r t a i n lack of lamin-

a r i t y . Thus, high c a r r i e r gas flow-rates resulted i n severe d i s t o r t i o n 

of the flame p r o f i l e , on occasion out of the l i g h t path, and hence 

yielded a low response to lead. F i g . 9(b) and (c) i l l u s t r a t e an i n t e r 

esting e f f e c t at high o x i d a n t - t o - f u e l r a t i o s . The un i v a r i a t e search 

f o r the oxidant f l o w - r a t e , f i g . 9 ( b ) , shows that at high a i r flow-rates 

the peak-height response to lead f o r TEL decreased, probably owing to 

reduced flame temperature and hence reduced atomization e f f i c i e n c y . 

This e f f e c t v/as not noticed f o r TT.IL. Although not observed using t h i s 
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Table 12 C e n t r o i d Values o b t a i n e d f o r the Simplex V a r i a b l e s i n 

Atom C e l l s 1 - IV 

V a r i a b l e 

N i t r o g e n f l o w r a t e / m l . m i n " 

Propane flow r a t e / Lmin'"*" 

Acetylene f l o w r a t e / l.min'"^ 

A i r f l o v / r a t e / 1 . m i n ^ 

Hydrogen f l o w rate/ml.min""^ 

Chromatographic Column Temperature/°C 

Viewing Height/mm. 

Ceramic tube - a i r / a c e t y l e n e burner 
separation/mm. 

Ceramic tube - hydrogen d i f f u s i o n 
burner separation/mm. 

Atom C e l l 

I I I I I I I V 

25 41 80 64 

0.11 - - -

0.62 0.52 0.54 

3.2 4.7 

175 163 

4.1 

4.3 

3.9 3.7 

40 

165 159 

4.3 10.9 

0.25 
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? i g u r e 9(a) 

Atom C e l l I 

U n i v a r i a t e Search f o r l l i t r o g e n ^'lov/-Rate 

-P cd (X I 
o 

c 
0) 
O 
•H 

Peak Height/cm 
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F i g u r e 9(b) 

Atom C e l l I 

U n i v a r i a t e Search f o r A i r Plov/-Rate 

c 

A i r / 1 . m i n " ^ 
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P i f i u r e 9 ( c ) 

Atom C e l l I 

U n i v a r i a t e Search f o r Prooane Flow-Rate 

12 H 

E o 

1 

Propane/1 .rnin' 
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Fifflxre 9(d) 

Atom C e l l 1 

U n i v a r i a t e Search f o r Chromatographic Temperature 

14 i 

10 A 

6 A 
B o \. 

•H 0) 

80 

5 5 
5 

TEL 

120 160 

Temperature/ C 
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f i g u r e 9(e) 

Atom C e l l I 

U n i v a r i a t e Search f o r the Viewing Height 

o 
•H 
cd 
o 
o 
CO 

Peak Height/cm 
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atomic a b s o r p t i o n d e t e c t o r , the s o l v e n t peak o v e r l a p s the TF.IL peak and 

thus may act as a secondary f u e l .aiding a t o m i z a t i o n . A s i m i l a r e f f e c t 

v/as noted f o r the u n i v a r i a t e search f o r the propane f l o v / - r a t e , f i g . 9 ( c ) , 

v/here at l e s s t h a n 100 ml min""'' o f propane, the peak h e i g h t f o r TEL 

decreased, v/hereas f o r TTiIL i t i n c r e a s e d . T h i s a g a i n would appear t o be 

r e l a t e d t o the e f f e c t o f t h e s o l v e n t on the a t o m i z a t i o n process. The 

u n i v a r i a t e search f o r the chromatographic column temperature, f i g . 9 ( d ) , 

confirmed the p r e d i c t e d optimum range. T h i s temperature range v/as the 

h i g h e s t p o s s i b l e compatible w i t h f u l l b a s e - l i n e r e s o l u t i o n o f peaks, 

v / h i l s t a l s o y i e l d i n g the most r a p i d a n a l y s i s t i m e s . T h i s behaviour v/as 

a l s o observed i n the succeeding simplex o p t i m i s a t i o n s . F i g . 9 ( e ) , 

showed . the optimum d i s t a n c e o f s e p a r a t i o n o f the burner head and the 

c e n t r e o f the o p t i c a l p a t h , i . e . the v i e w i n g h e i g h t , t o be j u s t above 

the primary cones of the flame. 

5.3.2 Atom C e l l I I 

Only c o n t i n u o u s l y v a r i a b l e parameters are amenable t o simplex o p t i 

m i s a t i o n . Thus, choice o f the best ceramic tube i . d . t o use was made 

p r i o r t o simplex o p t i m i s a t i o n , see Chapter 4. The c o n t i n u o u s l y v a r i 

a ble parameters were n i t r o g e n c a r r i e r gas f l o v / - r a t e , o x i d a n t ( a i r ) 

f l o w - r a t e , a c e t y l e n e f l o v / - r a t e , chromatographic column temperature and 

the s e p a r a t i o n between the burner head and the ceramic tube, placed i n 

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

range o b t a i n e d f o r each v a r i a b l e from the simplex o p t i m i s a t i o n are 

g i v e n i n Table 12, column 2. 

The u n i v a r i a t e searches, f i g . 10 (a) - (e) i l l u s t r a t e t h e success 

o f the o p t i m i s a t i o n procedure; the shaded r e g i o n s on the graphs again 
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F i g u r e 10(a) 

Atom C e l l I I 

U n i v a r i a t e Search f o r N i t r o g e n Flow-Rate 

I l i t r o f i e n / m l min 
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F i g u r e 10(b) 

Atom C e l l I I 

U n i v a r i a t e Search f o r A i r ?lov/-Rate 

TEL 

196 
A i r / 1 min 



Atom C e l l I I 
Fi g u r e 10(c) 

U n i v a r i a t e Search f o r Acetylene 

Flow-Hate 

9 T 

0.5 
Acetylene/1 min 
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F i g u r e 10(d) 

Atom C e l l I I U n i v a r i a t e Search f o r ^ ^ ^ ^ ^ — ^ 

Chromatographic Temperature 

o 

Temperature/ C 
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F i g u r e 10(e) 

Atom C e l l I I U n i v a r i a t e Search f o r the 
Se p a r a t i o n between the A i r / A c e t y l e n e 

Burner_and the Ceramic Tube 

I f 

11 

Separation/mm 
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d e p i c t the optimum range o f values i n the f i n a l s implex s e t . The ca r 

r i e r gas f l o w - r a t e , f i g . 1 0 ( a ) , proved t o be an extremely c r i t i c a l v a r i 

able w i t h a narrov/ optimum range. The l a t e r a l v e l o c i t y o f the c e t r r i e r 

gas at the c e n t r o i d v/as 1,46 m s , which v;as j u s t below the maximum 

b u r n i n g v e l o c i t y o f the a i r / a c e t y l e n e flame. As the l a t e r a l v e l o c i t y 

i n c r e a s e d above t h i s v a l u e , the p o s s i b i l i t y o f the n i t r o g e n gas stream 

shootinig s t r a i g h t through the flame, and thus not i n t o the ceramic t u b e , 

i n c r e a s e d . Obviously belov/ t h i s f l o w - r a t e , the p o s s i b i l i t y o f eddy 

c u r r e n t s t a k i n g the a n a l y t e eiround the o u t s i d e o f the ceramic tube was 

inc r e a s e d . The u n i v a r i a t e searches f o r the o x i d a n t and f u e l gas f l o w -

r a t e , f i g . 10(b) and ( c ) , demonstrate both t o be impo r t a n t v a r i a b l e s 

w i t h the optimum ranges being a t those values which gave the most s t o i 

c h i o m e t r i c flame. The u n i v a r i a t e search f o r the chromatographic column 

temperature, f i g . 1 0 ( d ) , confirmed the co n c l u s i o n s made d u r i n g the p r e 

ceding o p t i m i s a t i o n . P i g , 10(e) demonstrates t h a t the optimum ceramic 

tube - a i r / a c e t y l e n e burner s e p a r a t i o n was the s m a l l e s t p o s s i b l e t h a t 

would a l l o w a s t a b l e flame t o be b u r n t . M i n i m i s a t i o n o f t h i s s e p a r a t i o n 

o b v i o u s l y maximised t he p o s s i b i l i t y o f l e a d atoms e n t e r i n g t h r o u g h t h e 

hole i n the ceramic tube. 

5,3.3 Atom C e l l I I I 

The c o n t i n u o u s l y v a r i a b l e parameters o f t h i s system v/ere the same as 

f o r atom c e l l I I . The c e n t r o i d values o f the simplex p r e d i c t e d optimum 

ranges are g i v e n i n Table 12, column 3, w i t h the u n i v a r i a t e searches i n 

P i g , 11(a) - ( e ) . The optimum range f o r the n i t r o g e n c a r r i e r gas f l o v / -

r a t e , f i g . 1 1 ( a ) , was much h i g h e r than i n the p r e v i o u s system.. High 

n i t r o g e n f l o w - r a t e s w i l l g i v e a more l a m i n a r gas column, much l e s s 

s u s c e p t i b l e t o d i r e c t i o n a l f l u c t u a t i o n s , hence g i v i n g the atoms a 
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F i g u r e 11(a) 

Atom C e l l I I I U n i v a r i a t e Search f o r N'itrogen Plow-Rate 

o 

TTa 

TEL 

100 

N i t r o g e n / m l min 
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F i g u r e 11(b) 

Atom C e l l I I I U nivariatQ_Search f o r A i r Flow-Rate 

0) 

"l ' 

TEL 

A i r / 1 m m 
-1 
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F i g u r e 11(c) 

Atom C e l l I I I U n i v a r i a t e Search f o r Acetylene Flov/-Rate 

i 
-L { 
. /! 

Acetylene/1 min 
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20 

F i g u r e 11(d) 

Atom C e l l I I I U n i v a r i a t e Search 

f o r Chromatograph Temperature 

10 

e o 

•H 
QJ 
X 

5H 

Till 

i 

TEL 

— r 
100 

/ 
r 

150 

Temperature/ C 
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? i f i u r e 11(e) 

Atom C e l l I I I U n i v a r i a t e Search f o r the S e p a r a t i o n 

between Ceramic Tube and A i r / A c e t y l e n e 

Burner 

Separation/mm 
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b e t t e r chance o f e n t e r i n g the ceramic tube. The s l i g h t advantage o f 

atom c e l l I I I i s presumably due to the increased c o n t r o l over the e n t r y 

o f atoms i n t o the tube. P i g . 11(b) and ( c ) i l l u s t r a t e the C r i t i c a l 

n a t u r e o f the o x i d a n t and f u e l gas f l o v / - r a t e s . The o t h e r optimum values 

were very s i m i l a r t o those observed f o r atom c e l l I I , except a s m a l l e r 

flame was p r e f e r r e d because the flame no l o n g e r swept the atoms i n t o 

the tube, and r a t h e r the r o l e o f the flame gases i n sv/eeping out the 

tube was emphasised, 

5.3.4 Atom C e l l IV 

The c o n t i n u o u s l y v a r i a b l e parameters f o r t h i s atom c e l l were the same 

as f o r atom c e l l I I w i t h the a d d i t i o n o f the hydrogen f l o v / - r a t e t o the 

g l a s s l i n e d 'T' piece and the hydrogen d i f f u s i o n flame burner - ceramic 

tube s e p a r a t i o n . 

? i g . 1 2 ( a ) - ( g ) i l l u s t r a t e the success o f the simplex procedure. 

F i g . 12(a) shov/s t h a t the n i t r o g e n f l o w - r a t e was a c r i t i c a l parameter; 

i t can be seen t h a t the simplex found a f l o w - r a t e range which g i v e s 

the best compromise peak h e i g h t values f o r b o t h TTiL and TEL. The appar

ent anomaly a t low f l o v / - r a t e s f o r the TML may be r e l a t e d t o the co-

e l u t i o n o f the s o l v e n t mentioned e a r l i e r . 

F i g . 12(b) and (c) i l l u s t r a t e a gain t h a t the simplex has i d e n t i f i e d 

t h e optimum a i r and a c e t y l e n e f l o w - r a t e s as those c o n s i s t e n t w i t h a 

s t o i c h i o m e t r i c flame. P i g . 12(d) i l l u s t r a t e s t h a t the hydrogen f l o w -

r a t e i s the l e a s t c r i t i c a l o f the gas f l o w - r a t e s i n t h i s atom c e l l . 

Indeed, the major r o l e o f the hydrogen flame appeared t o be t o prevent 

the appearance o f l a r g e s o l v e n t peaks, caused by u n c o r r e c t e d m o l e c u l a r 
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g i f i u r e 12(b) 

Atom C e l l IV 

U n i v a r i a t e Search f o r A i r i?lov/-Rate 

15 J 

10 H 
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•H 
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X 

o 

TEL 

I 

•I-
f4 

5 

A i r / 1 min -1 
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F i g u r e 12(c) 

Atom C e l l IV 

U n i v a r i a t e Search f o r Acetylene Plow-Rate 

A c e t y l e n e / l min 
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P i ^ u r e 12(d) 

Atom C e l l IV 

U n i v a r i a t e Search f o r Hydrogen ?lo\v-Hate 

Hydrogen/ml min -1 
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PiKure 12(e) 

Atom C e l l IV 

20_ U n i v a r i a t e Search f o r Chromatof^raohic Temperature 
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F i g u r e 1 2 ( f ) 

Atom C e l l IV 

U n i v a r i a t e Search f o r S e p a r a t i o n betv/een Ceramic Tube and A i r / 

Acetylene Burner 

o 
-H 

D 
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<-) Peak Height/cm 
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F i g u r e 12(g) 

Atom C e l l IV 

U n i v a r i a t e Search f o r S e p a r a t i o n between the Cerajr.ic Tube and the 

Hydrogen D i f f u s i o n Burner 

15 4 
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03 
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a b s o r p t i o n , and t o a i d the f o r m a t i o n o f r e p r o d u c i b l e narrow peaks. T h i s 

e f f e c t i s i l l u s t r a t e d i n f i g . 13(a) and ( b ) , where ' I * shows the p o i n t 

o f sample i n j e c t i o n . ? i g . 1 2 ( f ) shov/s t h a t the p r e d i c t e d optimum range 

f o r the ceramic tube a i r / a c e t y l e n e occupied o n l y pcurt o f the optimum 

range as shown by the u n i v a r i a t e search. The occurrence o f a wide o p t i 

mum range makes i t d i f f i c u l t , though not c r i t i c a l , t o i d e n t i f y c l o s e l y 

the optimum range. T h i s s e p a r a t i o n was much g r e a t e r t h a n f o r the p r e v i o u s 

tv;o atom c e l l s and t h i s r e f l e c t s the f a c t t h a t the f u n c t i o n o f the a i r / 

a c e t y l e n e flame i s j u s t t o heat the ceramic tube and plays no p a r t i n 

the t r a n s p o r t o f atoms i n t o the tube. P i g . 12(g) i n d i c a t e s t h a t t he 

s e p a r a t i o n between the ceramic tube and the hydrogen burner i s a c r i t i c a l 

parameter. I t i s understandable t h a t as the s e p a r a t i o n i n c r e a s e d , the 

response t o l e a d , f o r b o t h T?.IL and TEL, decreased because o f the increased-

chance o f e f f l u e n t not e n t e r i n g the ceramic tube t h r o u g h the h o l e , but 

r a t h e r being swept around the tube by the a i r / a c e t y l e n e flame. The f a c t 

t h a t the l e a d response was decreased i f the hydrogen d i f f u s i o n burner was 

placed i n s i d e the ceramic tube ( d e f i n e d as a n e g a t i v e s e p a r a t i o n on the 

f i g u r e ) suggests t h a t the a i r / a c e t y l e n e flame was not merely h e a t i n g the 

ceramic tube. I t appears t h a t t h i s flame a l s o played a p a r t i n e n s u r i n g 

t h a t the hydrogen flame remained b u r n i n g so as t o g i v e e f f i c i e n t atom-

i s a t i o n . 

5.3.5 Atom C e l l V 

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

were n i t r o g e n c a r r i e r gas, chromatographic temperature, hydrogen f l o w -

r a t e t o the g l a s s - l i n e d *T' piece and the ceramic tube temperature. The 

optim.um range p r e d i c t e d by the simplex o p t i m i s a t i o n i s g i v e n f o r each 

v a r i a b l e i n Table 13- F i g u r e s 1 4 ( a ) - ( d ) demonstrate the success o f the 
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F i g u r e 13(a) 

Chromatograms Obtained w i t h Atom C e l l IV Under Optimum C o n d i t i o n s 

( i ) I n j e c t i o n o f 1 . 0 ^ 1 o f 2,2,4 - t r i r a e t h y l p e n t a n e 

( i i ) I n j e c t i o n o f l . O ^ u l o f TT.IL ( l me l"-"-) and TSL ( l mg l " " ^ ) 

i n 2,2,4 - t r i m e t h y l p e n t a n e 

I = p o i n t o f i n j e c t i o n 

r 
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Figure 13(b) 

Chrosatograms Obtained w i t h Atom C e l l IV w i t h Zero Hydrogen Plow-Rate 

( i ) I n j e c t i o n o f 1.0/^1 2,2,4 - t r i m e t h y l p e n t a n e 

( i i ) I n j e c t i o n o f 1 . 0 ^ 1 Tlv'i ( l . O mg l""*-) and TEL (1,0 mg l " * ) 

i n 2,2,4 - t r i m e t h y l p e n t a n e 

I = p o i n t o f i n j e c t i o n 

CO 

1 
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optimisation procedure and the shaded region on each graph i d e n t i f i e s 

the optimum range predicted. 

The optimum range f o r the c a r r i e r gas flow, f i g . 1 4 ( a ) , i s lower than 

that found f o r atom c e l l IV, which probably r e f l e c t s the fac t that i n 

the e l e ctrothermally heated c e l l there are no flame gases flowing 

around the tube, which may r e s t r i c t the entrance of the e f f l u e n t through 

the hole i n the tube. Since the c a r r i e r gas flow-rate i s lower, the 

optimum chromatographic column temperature, f i g . 1 4 ( c ) , i s higher. 

Pig, 14(b) i l l u s t r a t e s the success of the simplex i n finding the optimum 

hydrogen flow-rate to the d i f f u s i o n flame burner. The response surface 

f o r the hydrogen flow-rate i s s i m i l a r i n shape to that f o r atom c e l l IV, 

f i g . 12(d), but the response to lead i s lower at low hydrogen flow-rates 

i n atom c e l l V, The optimum rajige f o r atom c e l l V i s also s i g n i f i c a n t l y 

higher than that f o r atom c e l l IV. This probably r e f l e c t s the f a c t that 

i n atom c e l l IV, the hydrogen flame i s surrounded by the a i r / a c e t y l e n e 

flame which can thus supply energy to the atomization process. T h i s i s 

obviously not the case i n atom c e l l V, and t h i s e x t r a energy must be sup

p l i e d by a l a r g e r flow of hydrogen to the d i f f u s i o n flame. P i g . 14(d) 

i l l u s t r a t e s the response curves f o r ceramic tube temperature and again 

shows the success of the simplex. The response curves f o r both ML and 

TEL are very s i m i l a r , which i s commensurate with the function of the 

heated tube, i . e . prevention of condensation of the atomic s p e c i e s a f t e r 

atomization i n the hydrogen flame. O p t i c a l comparison of the ceramic 

tube showed i t s temperature when flame or electrothermally heated to be 

s i m i l a r . 
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Table 13 

Centroid Values Obtained f o r the Simplex V a r i a b l e s i n 

Atom C e l l V 

Variab l e Centroid Value 

Nitrogen flow rate / ml min""^ 40 

Hydrogen flow rate / ml min"^ 70 

Chromatographic column temperature / °C 180 

Ceramic tube temperature / '̂c 1040 
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Figure 14(a) 

Atom C e l l V 

Univariate Seeirch f o r Nitrogen Plow-Rate 
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Figure 14(b) 

Atom Cell V 

Univariate Search f o r Hydrogen Plow Rate 

Peak Height/cm 
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Pigxxre 14(c) 
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Pifiiire 14(d) 

Atom Cel l V 

Univariate Search f o r Ceramic Tube Temperature 

Peak Height/cm 
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5.3.6 Detection L i m i t s and Linear Working Range 

I n atomic spectroscopy, detection l i m i t s generally quoted i n the 

l i t e r a t u r e are based on the equation: 

where i s the l i m i t of detection and the standard deviation of the 

blank. 

The use of a chromatographic technique gives the advantage th a t from 

r e t e n t i o n times of the species a signal may be expected at a c e r t a i n time 

a f t e r i n j e c t i o n of sample. Thus, f o r t h i s coupled GC-AAS technique, i t 

would seem reasonable to measure the background v a r i a t i o n at the reten

t i o n time of the chromatographic peak. The r e t e n t i o n times f o r both 

TML and TEL achieved w i t h the f i v e atom c e l l s are given i n Table 14. 

As an example of t h i s method, Pig. 15 shows traces obtained using atom 

c e l l I f o r 10, 5, 4 and 3 ng of lead i n j e c t e d as TML and TEL. This atom 

c e l l gave detection l i m i t s of 1.0 and 2.0 ng f o r TML and TEL, respectively. 

The detection l i m i t s f o r the f i v e atom c e l l s are given i n Table 15. 

The i n t r o d u c t i o n of the ceramic tube above the air/acetylene flame had 

a profound influence on the s e n s i t i v i t y of the detector. The separation 

of the atomisation process and heating of the ceramic tube f u n c t i o n s , i n 

atom c e l l IV, gave a f u r t h e r increase i n response to lead. Both increa

ses i n response were caused by increasing the residence time of the atoms 

i n the atom c e l l . The l i n e a r working ranges of each atom c e l l i l l u s 

t r a t e the drawback of any absorption technique, namely short l i n e a r i t y , 

however, by simply removing the ceramic tube the l i n e f i r range obtainable 

may be extended. 
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Table 14 

T ? f l t P T i t i n n Times Obtained f o r each Atom Ce l l Under Optimum Conditions 

Retention Time/s 

Atom Cell TML TEL 

I 44 64 
I I 31 50 

I I I 16 26 
IV 26 34 
V 32 53 

Table 15 

Linear Working Range and Detection L i m i t s (as Lead) f o r the Five 

Atom Cells 

Atom Ce l l Linear Range/ng Detection Limit/pg 

TML TEL 

I 10 - 300 1000 2000 
I I 1.0 - 50 58 75 

I I I 0.8 - 20 48 71 
IV 0.1-15 17 17 
V 0.1 - 13 9 10 
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Figure 13 

Chromatograms of Tetramethyllead and Tetraethyllead near the 

Detection Li m i t using Atom C e l l I 

o 1 ^ 

c r 

— o 
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5.4 CONCLUSION 

The use of a flame atom c e l l as aji atomic-absorption detector has the 

advantages of simple and w e l l understood operation, and i t s continuous 

mode of operation i s i d e a l f o r dealing w i t h a continuous sample stream. 

The use of the ceramic tube device above the flame increased atom r e s i 

dence times so that the detection l i m i t s obtained were better even than 

the best reported f o r graphite furnace systems (199, 200). This shows 

that by paying a t t e n t i o n to the atomic residence time w i t h i n a. flame, low 

l e v e l s of detection are possible. The f a c t that b e t t e r detection l i m i t s 

are obtained shows tha t the residence times i n atom c e l l s IV and V are 

longer than i n the furnace system of De Jonghe ejt a l . (199, 200). The 

advantage of the atom c e l l s developed over graphite furnaces i s that 

they are designed f o r continuous heating which graphite fimiaces are not. 

As the height of the ceramic tube above the air/acetylene flame i s now 

known, the atom c e l l s may be f u r t h e r s i m p l i f i e d by using e i t h e r a k n i f e 

edge support, plate 1, i n conjunction With the SP 192 spectrometer or a 

cradle support, plate 2, i n conjunction w i t h the SP 9 spectrometer, 

which are r e a d i l y demountable to permit rapid decoupling of the i n s t r u 

ments. The experimental arrangement i s i l l u s t r a t e d i n plate 3, which 

shows the coupling of the chromatograph w i t h an SP 9 spectrometer. The 

electrothermally heated ceramic tube o f f e r s only marginal advantage i n 

d e t e c t a b i l i t y over atom c e l l IV, but at a cost i n s i m p l i c i t y and robust

ness of design. For the tube-in-flame detector, no a d d i t i o n a l heating i s 

required i n contrast to the electrothermally heated tube. Useful tube 

l i f e times i n excess of s i x months have been noted and observable memory 

e f f e c t s are absent. 
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Plate 1 
Knife Edge Support f o r Ceramic Tube 
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Plate 2 

Cradle Support f o r Ceramic Tube 
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Plate 3 
Experimental Arrangement of Chromatograph and Spectrometer 
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6 APPLICATIONS OP THE VARIOUS ATOM CELLS DEVELOPED gOR COUPLED GAS 

CHROMATOGRAPHY ATOMIC ABSORPTION SPECTROSCOPY 

6.1 Te t r a a l k y l l e a d Compounds 

Gasoline containing TEL as an antiknock a d d i t i v e was f i r s t sold by 

General Motors Development Co. i n Dayton, Ohio, i n February, 1923, and 

the giant Ethyl Gasoline Corporation was formed to e x p l o i t the commer

c i a l p o t e n t i a l . TML was not introduced as a commercial antiknock agent 

u n t i l 1960, and mixed methyl-ethyllead compounds were also used s h o r t l y 

afterwards. Many other organolead compounds e x h i b i t antiknock proper

t i e s , however, none have proven as commercially viable as the raethyl-

and e t h y l - d e r i v a t i v e s . A f u l l discussion of the synthesis, properties 

and toxicology of commercial organolead compounds may be found elsewhere 

(282, 283), as can a discussion of the nature of the "antiknock e f f e c t " 

(282). The t o x i c i t y of t e t r a a l k y l l e a d compounds was recognised early 

i n t h e i r commercial l i f e (283), indeed production of TEL and i t s a d d i t i o n 

to gasoline was halted i n 1925 f o r more than a year u n t i l the occupational 

r i s k had been investigated and hygienic measures f o r protecting workers 

had been i n s t i t u t e d . The environmental impact of t e t r a a l k y l l e a d from 

gasoline/petrol i s once again the subject of much dispute i n the popular 

press; however, perhaps t h i s should be placed i n perspective w i t h lead 

p o l l u t i o n from other sources, e.g. from water and food. 

The f a t e of organolead compounds i n the various environmental reser

v o i r s has been subject to much study. The lead added as t e t r a a l k y l l e a d 

to f u e l enters the environment predominantly i n inorganic p a r t i c u l a t e 

form i n the vehicle exhaust fumes. Turner (284) proposed the use of 

exhaust f i l t e r s as an a l t e r n a t i v e to the reduction of the amount of 
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antiknock agents added to p e t r o l . I t might be argued that t h i s report 

i s not t r u l y independent, coming from an employee of the largest U.K. 

producer of antiknock agents. Harrison and co-workers (285, 286) have 

studied the occurence and f a t e of t e t r a a l k y l l e a d compounds i n the atmos

phere. They found elevated l e v e l s near p e t r o l s t a t i o n s , as have other 

workers (see Chapter 2, Table 4 ) , and demonstrated ra p i d decomposition 

of the t e t r a a l k y l l e a d compound during daylight hours. The t o x i c o l o g i c a l 

and environmental concern alluded to above demonstrates the need f o r a 

simple, s p e c i f i c method of analysis f o r t e t r a a l k y l l e a d compounds i n 

both gasoline and the environment. 

6.1.1 Determination of T e t r a a l k y l l e a d Compounds i n Petrol 

The advantage of using metal s p e c i f i c detection f o r trace metal speci-

a t i o n studies can be demonstrated by comparing the chromatograms obtained 

using dual ECD/PID and PAAS, atom c e l l I . The operating conditions f o r 

the GC-ECD/PID are given i n Table 16, those f o r the GC-PAAS were the 

simplex optimum conditions, Table 12, column 1. The r e s u l t i n g chroma

tograms f o r a s o l u t i o n of p e t r o l (10%) i n iso-octane containing both 

TML and TEL, using both dual ECD/PID and PAAS detection are shown i n 

f i g u r e s 16 and 17 r e s p e c t i v e l y , the l a t t e r i l l u s t r a t e s f i v e consecutive 

i n j e c t i o n s of the p e t r o l . Pigure 16 shows that w h i l s t i t i s possible to 

quantify TItt and TEL i n p e t r o l using elec t r o n capture detection, i t 

would be d i f f i c u l t using flame i o n i z a t i o n detection. The u n i v e r s a l i t y 

of response of the l a t t e r detector requires a l l the components of the 

p e t r o l to be separated. This was not achieved under the conditions 

used, e.g. Pigure 16 shows that the TML peak i s masked by the flame 

i o n i z a t i o n response to the iso-octane solvent. The ECD, w h i l s t g i v i n g 
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Figure 16 Gas Chromatographic Separation of a 10^ P e t r o l Solution Using 

Dual Electron Capture/Plame I o n i z a t i o n Detection 

I 

Electron 
Capture 

Plame 
I o n i z a t i o n 
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Figure 17 Gas Chromatographic Separation of a 10% Pe t r o l Solution Using 

Flame Atomic Absorption Spectroscopic Detection w i t h Atom Ce l l I 

min 

TIJL 

TEL 

V VJ \ 
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Table l 6 

Chromatographic Conditions f o r Analysis of P e t r o l using Dual 

Electron Capture/Flame I o n i z a t i o n Detection 

Column 7' X 4 mm glass column 
10% Carbowax 20t3 on Chromosorb 750, 
80/100 mesh. 

Carrier Gas Nitrogen 30 ml min""^ 
1:1 s p l i t 

FID Air/Hydrogen flow-rates as recommended 
by manufacturer. 

Attenuation range of 128 x 10 * 

ECD Detector Current of 12 x lO"^ A 
A t t e n t u a t i o n range of 32 
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a s l i g h t l y elevated response to the t e t r a a l k y l l e a d compounds compared 

w i t h simple saturated hydrocarbons, i s extremely responsive to halogen 

containing species. Thus the BCD responds to the halogen containing 

scavenger species i n the p e t r o l and thus chromatographic r e s o l u t i o n i s 

required between these and the t e t r a a l k y l l e a d compounds to avoid any 

inte r f e r e n c e . The choice of a polar stationary phase, Carbowax 20M, 

was unhelpful i n achieving s u f f i c i e n t r e s o l u t i o n of the matrix peaks 

f o r detection using flame i o n i z a t i o n or electr o n capture. On such a 

polar s t a t i o n a r y phase the separation of mainly non-polar solutes i s d i f 

f i c u l t since the amount of time they spend dissolved i n the phase i s 

small. Better r e s o l u t i o n would have been achieved using a less polar 

s t a t i o n a r y phase; however, using metal s p e c i f i c d e t e c t i o n , i . e . PAAS, 

which does not respond to the non-lead containing organic compounds i n 

the p e t r o l matrix makes such r e s o l u t i o n unwanted. The advantage of using 

a polar s t a t i o n a r y phase w i t h the GC-PAAS coupling i s that i t allows 

much f a s t e r analysis times, i . e . under 1 min. This i s much quicker than 

f o r the GC-ECD/PID analysis where the analysis time was around f i f t e e n 

minutes, and even then, complete r e s o l u t i o n of a l l species i n the mat

r i x was not achieved. 

The coupled GC-PAAS system using atom c e l l I was used f o r the deter

mination of TML and TEL i n f i v e p e t r o l samples, the r e s u l t s of which are 

given i n Table 17(a). 
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Table 17(a) 

D e t e r m i n a t i o n o f Lead i n P e t r o l u s i n g Coupled Gas Chromatography - Flame 

Atomic A b s o r p t i o n Spectrometry w i t h Atom C e l l I 

P e t r o l No. Lead c o n c e n t r a t i o n (mg/1) 

TML TEL 

1 160 i 4 325 - 9 
2 105 i 5 220 i 11 
3 55 i 3 115 i 6 

4 2 3 5 - 9 223 - 9 
5 395 i 8 4 0 - 2 

Table 17(b) 

T o t a l l e a d i n P e t r o l found by both methods 

P e t r o l No. Lead c o n c e n t r a t i o n (mg/l) 

GC-PAAS AAS 

1 485 i 14 490 - 11 
2 325 - 16 320 - 7 
3 1 7 0 - 9 140 - 4 
4 458 - 18 460 i 8 
5 435 - 16 435 - 8 

236 



T o t a l l e a d f i g u r e s were o b t a i n e d f o r the f i v e p e t r o l s u s i n g the 

method o f K a s h i k i e t a l . (287) i n which i o d i n e (3 mg) was added t o the 

p e t r o l ( 1 ml) before d i l u t i o n w i t h MIBK and PAAS a n a l y s i s . I t can be 

seen t h a t (Table 1 7 ( b ) ) good agreement as t o the t o t a l l e a d content o f 

the f i v e p e t r o l s was found u s i n g the two methods, a l t h o u g h t h e p r e c i s i o n 

i s b e t t e r f o r the t o t a l l e a d a n a l y s i s , as would be expected. 

I n B r i t i s h p e t r o l s o n l y TML and TEL are added as a n t i k n o c k agents; 

however, some c o n t i n e n t a l p e t r o l s c o n t a i n the mixed m e t h y l - e t h y l - t e t r a -

a l k y l l e a d d e r i v a t i v e s . Thus t o demonstrate t h a t the coupled system c o u l d 

s p e c i a t e these compounds, a s o l u t i o n c o n t a i n i n g the f i v e mixed a l k y l s 

was analysed. The s e p a r a t i o n was o p t i m i s e d u s i n g the chromatographic 

response f u n c t i o n as c r i t e r i o n o f m e r i t , see Chapter 5, s e c t i o n 5.2.2. 

The c e n t r o i d optimum c o n d i t i o n s are g i v e n i n Table 18. 

Table 18 

C e n t r o i d Optimum C o n d i t i o n s f o r the S e p a r a t i o n o f F i v e Mixed T e t r a a l k y l -

l e a d Compounds u s i n g Atom C e l l IV 

C a r r i e r Gas Plow-Rate/ml min"^ 45 

A i r Flow-Rate/1 min""^ 4.0 

Acetylene Plow-Rate/1 min""^ 0.6 

Hydrogen Plow-Rate/ml min""^ 43 

Chromatographic Temperature/°C 74 

Heating Rate/°C min"^ 49 

Ceramic Tube-Air/Acetylene Burner 
Separation/mm 11.0 

Ceramic Tube-Hydrogen D i f f u s i o n 
Burner Separation/mm 0 
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F i g u r e 18 i l l u s t r a t e s a chromatogram o f a s o l u t i o n o f the f i v e mixed 

l e a d a l k y l s ( 2 ^ g ml""^ Pb) i n the r a t i o o f 3:4:6:4:4 of Pb. The r e t e n 

t i o n times o f the f i v e t e t r a a l k y l l e a d species are g i v e n i n Table 19. 

Thus i t i s e v i d e n t t h a t good r e s o l u t i o n i s achieved and t h a t the f i v e 

l e a d a l k y l s may be determined i n under two minutes. 

Two f u r t h e r a p p l i c a t i o n s concerning t e t r a a l k y l l e a d compounds i n the 

environmental and f o r e n s i c f i e l d are a l l u d e d t o i n Chapter 8. 

Table 19 

R e t e n t i o n Time Data f o r the S e p a r a t i o n o f the ? i v e Mixed T e t r a a l k y l l e a d 

Compounds 

Species R e t e n t i o n Time/min 

T e t r a m e t h y l l e a d (WL) 0.79 

E t h y l t r i m e t h y l l e a d (ETLIL) 0.99 

D i e t h y l d i m e t h y l l e a d (DEDL5L) 1.28 

M e t h y l t r i e t h y l l e a d (MTEL) 1.62 

T e t r a e t h y l l e a d (TEL) 1.99 
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P i f i u r e 18 

Coupled Gas Chromatography - Flame Atomic A b s o r p t i o n Spectroscopy 

Chromatogram o f the Fiv e T e t r a a l k y l l e a d Compounds u s i n g Atom C e l l V 

min 

MTEL 

DEDm 

ETUL 

TEL 
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6.2 Organomercury Compoimds 

Around 10^ tons o f mercury are vented I n t o the atmosphere each year 

by f o s s i l f u e l consumption, s u l p h i d e ore s m e l t i n g , cement manufacture 

and the h e a t i n g o f o t h e r m a t e r i a l s c o n t a i n i n g mercury ( 1 2 ) , A l t h o u g h 

the mercuric i o n i s i t s e l f very t o x i c ( 2 , 1 2 ) , methylated forms o f mer

cury are much more t o x i c , see s e c t i o n 1,1.1, and may be co n c e n t r a t e d from 

water o r thr o u g h the food chain by v i r t u e o f t h e i r h i g h l i p i d - s o l u b i l i t y . 

B i o - m e t h y l a t i o n o f i n o r g a n i c mercury, see s e c t i o n 1,1.2, and i t s r e s u l 

t a n t c y c l i n g between the v a r i o u s e n v i r o n m e n t a l r e s e r v o i r s i s w e l l known 

and most s p e c i a t i o n methods have been aimed a t d i f f e r e n t i a t i n g between 

the v a r i o u s o r g a n i c and i n o r g a n i c forms o f mercury. 

I t i s known t h a t o f the v a r i o u s o r g a n o - m e r c u r i a l compounds, d i m e t h y l -

d i e t h y l - and d i - n - p r o p y l - mercury are c a u s a t i v e o f Minamata diseaseC?). 

The s p e c i a t i o n o f these t h r e e compounds was used t o t e s t the s u i t a b i l i t y 

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

l i k e l y l e v e l s o f org a n o m e r c u r i a l s i n samples o f i n t e r e s t w i l l be v e r y 

low, thus o n l y atom c e l l I V was considered as t h i s had proved t h e most 

s e n s i t i v e f o r the s p e c i a t i o n o f t e t r a a l k y l l e a d compounds. 

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

Stock s o l u t i o n s (100 mg 1~^) o f the d i a l k y l m e r c u r y compounds were 

made weekly by d i l u t i o n from the pure l i q u i d ( L a n c a s t e r S y n t h e s i s , 

Leonardgate, L a n c a s t e r ) , by d i l u t i o n w i t h benzene, a l l o t h e r d i l u t i o n s 

were made d a i l y . 
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Atom c e l l IV was used i n c o n j u n c t i o n w i t h the SP 192 (Pye Unicam L t d . , 

York S t . , Cambridge) spectrometer, the mercury resonance l i n e a t 253.6 nm 

being monitored w i t h a band pass o f 0.8 nm. The chromatographic column 

used was the same as f o r the t e t r a a l k y l l e a d work. The o p e r a t i n g c o n d i 

t i o n s o f the system are g i v e n i n Table 20, column 2. 

6.2.2 S a f e t y 

I n view o f the v e r y t o x i c n a t u r e o f these mercury compounds, f a i r l y 

s t r i n g e n t s a f e t y p r e c a u t i o n s were observed. M a n i p u l a t i o n o f these com

pounds and t h e i r s o l u t i o n s was performed i n a d r y box placed i n a w e l l 

vented fume cupboard. P r o t e c t i v e gloves were worn and m o u t h - p i p e t t i n g 

avoided. 

D i s p o s a l o f s o l u t i o n s o f the o r g a n o m e r c u r i a l s was preceded by break

down o f the o r g a n i c mercury compounds t o an i n o r g a n i c form. T h i s 

breaJkdown was achieved by r e a c t i n g the organomercury compounds w i t h a 

bromate-bromide s o l u t i o n ( 2 8 8 ) , 

6.2.3 S p e c i a t i o n o f D i a l k y l m e r c u r y Compounds 

The coupled GC-PAAS system i n c o r p o r a t i n g atom c e l l I V was o p t i m i s e d 

u s i n g the v a r i a b l e step s i z e simplex method, see s e c t i o n 5.1, The 

c o n t i n u o u s l y v a r i a b l e parameters o p t i m i s e d were: a i r f l o w - r a t e , a c e t y 

l e n e f l o w - r a t e , n i t r o g e n c a r r i e r gas f l o w - r a t e , hydrogen f l o w - r a t e , 

i n i t i a l chromatographic temperature, time h e l d a t . i n i t i a l t e m p e r a t u r e , 

and r a t e o f i n c r e a s e o f chromatographic temperature d u r i n g temperature 

programme. The range o f f a c t o r space considered and the c e n t r o i d 

optimum values found by the simplex procedure are g i v e n i n Table 20, 
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Table 20 

Simplex V a r i a b l e s f o r the S p e c i a t i o n o f D i a l k y l m e r c u r y Compounds 

V a r i a b l e Range C e n t r o i d 
Optimum Value 

Hydrogen Plow-Rate/ml min' 

N i t r o g e n Plow-Rate/ml min" 

A i r Plow-Rate/1 min"-^ 

Acetylene Plow-Rate/1 min' 

I n i t i a l Chromatographic 
Temperature/ C 

Hold Time/min 

Chromatographic Heating 
Rate/°C min"''-

0-120 

5-120 

2-5 

0.2-1.0 

60-160 

0-5 

0-40 

25 

20 

3.1 

0.35 

92 

0 

25 
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column 1 . C o n f i r m a t i o n t h a t the simplex procedure had found the o p t i 

mum c o n d i t i o n s was achieved by c a r r y i n g out a s e r i e s o f u n i v a r i a t e sear

ches, • The success o f the o p t i m i s a t i o n can be seen i n f i g . 19, which 

i l l u s t r a t e s some chromatograms o b t a i n e d d u r i n g the u n i v a r i a t e search f o r 

n i t r o g e n c a r r i e r gas f l o w - r a t e . Pigure 19(b) shows the s e p a r a t i o n ob

t a i n e d a t the c e n t r o i d optimum f l o w r a t e and F i g u r e s 19(a) and ( c ) i l l 

u s t r a t e s e p a r a t i o n s o b t a i n e d a t f l o w - r a t e s e i t h e r s i d e o f the optimum. 

Table 21 g i v e s t h e d e t e c t i o n l i m i t s and r e t e n t i o n times o b t a i n e d f o r 

the t h r e e d i a l k y l m e r c u r y species under the optimum c o n d i t i o n s found. 

Table 21 

D e t e c t i o n L i m i t s and R e t e n t i o n Times Obtained f o r the DiEdkylmercury 

Compounds 

Species D e t e c t i o n L i m i t / p g R e t e n t i o n Time/min 

Me2Hg 80 1.22 

Et2Hg 120 2.02 

"^r^Hg 95 ' 2.45 

Thus coupled GC-PAAS u s i n g atom c e l l I V enables r a p i d , t r a c e l e v e l 

s p e c i a t i o n o f org a n o m e r c u r i a l compounds t o be performed. 
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F i g u r e 19 Chromatograms Obtained During U n i v a r i a t e Search f o r 

N i t r o g e n . C a r r i e r Gas Flow-Rate 

1. Me^Hg 

2. Et^Hg 

3. "^r^Hg 
b. 25 ml min""^ 

a. 10 ml min 

VJ 

c. 45 ml min 

VJ 
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6,3 Organoselenium Compounds 

Selenium i s w e l l known as an element which i s t o x i c t o man, however 
i t i s a l s o a t r a c e element which p a r t i c i p a t e s i n o x i d a t i o n - r e d u c t i o n 
r e a c t i o n , e s p e c i a l l y i n e r y t h r o c y t e s ; indeed, i t i s thought t h a t a 
body mechanism c o n t r o l s the c o n c e n t r a t i o n and o x i d a t i o n s t a t e o f s e l e 
nium ( 2 8 9 ) . The f o r m a t i o n o f v o l a t i l e d e r i v a t i v e s have been used t o 
enable s p e c i a t i o n o f the v a r i o u s o x i d a t i o n s t a t e s o f selenium u s i n g gas 
chromatographic s e p a r a t i o n s . For example, 1,2-diamino-3,5-dibromo-
benzene can r e a c t o n l y w i t h s e l e n i u m ( I V ) . T h i s reagent has been u t i l 
i z e d i n c o n j u n c t i o n w i t h GC-ECD f o r the d e t e r m i n a t i o n o f r e l a t i v e am
ounts o f the v a r i o u s o x i d a t i o n s t a t e s o f selenium i n n a t u r a l waters (290) 
and human blood ( 2 8 9 ) . 

B i o m e t h y l a t i o n o f i n o r g a n i c selenium compounds i s a l s o known t o occur; 

f o r example, Astralag'us racemosus i s known t o t r a n s p i r e i n o r g a n i c s e l e 

nium as organoselenium compounds, n o t a b l y d i m e t h y l s e l e n i u m and d i m e t h y l -

d i s e l e n i u m (190. 191). 

The a p p l i c a b i l i t y o f the coupled GC-FAAS system, atom c e l l I V , t o 

the s p e c i a t i o n o f v o l a t i l e organoselenium compounds was e v a l u a t e d by 

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

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

Stock s o l u t i o n s (100 mg 1~^) o f the a l k y l - s e l e n i u m compounds were 

prepared weekly from pure s o l u t i o n s ( L a n c a s t e r S y n t h e s i s , S t . Leonard's 

Gate, L a n c a s t e r ) by d i l u t i o n w i t h n-pentane. S i m i l a r p r e c a u t i o n s t o 

those used w i t h the a l k y l m e r c u r y compound were used when h a n d l i n g 

these compounds. 
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Atom c e l l IV was used i n c o n j u n c t i o n w i t h the SP 9 (Pye Unicam L t d . , 

York S t . , Cambridge) spectrometer. The selenium resonance l i n e a t 

196 nm was monitored u s i n g a 1.0 nm bandpass and background c o r r e c t i o n . 

D espite the low wavelength o f the selenium l i n e s u f f i c i e n t energy through

put was achieved u s i n g a selenium h o l l o w cathode lamp. The chromato

g r a p h i c column used was 3% D e x s i l on Chromosorb 750 and the o p e r a t i n g 

c o n d i t i o n s used are g i v e n i n Tables 22 and 23. 

6.3-2 S p e c i a t i o n o f A l k y l s e l e n i u m Compounds 

S u f f i c i e n t experience had been gained w i t h the coupled GC-FAAS sys

tem t h a t s a t i s f a c t o r y c o n d i t i o n s f o r the s p e c i a t i o n o f the organoselenium 

compounds co u l d be i d e n t i f i e d w i t h o u t r e s o r t t o the simplex method. 

These c o n d i t i o n s are g i v e n i n Table 22. 

At the selenium resonance l i n e (196 nm) a response was found t o the 

s o l v e n t e n t e r i n g i n t o the atom c e l l , i . e . a s o l v e n t peak. That a r e s 

ponse from the s o l v e n t was achieved i n t i m a t e s t h a t the background absorp

t i o n was above two absorbance u n i t s , s i n c e the SP 9 i s capable o f c o r 

r e c t i n g f o r t h i s background l e v e l . The presence o f a s o l v e n t peak was 

not seen when the l e a d o r mercury l i n e s , a t 283.3 and 253.6 nm l i n e s 

were mo n i t o r e d . 

Prom a f i r s t a p p r o x i m a t i o n o f Rayleigh's law o f l i g h t s c a t t e r i n g 

the s c a t t e r e d i n t e n s i t y i s : 

T = 24 T i ^ N v^/x"^ ... 6(1) 

For p a r t i c l e s h a v i n g a diameter l e s s t h a n o n e - t e n t h o f the wavelength 

o f the i n c i d e n t r a d i a t i o n the s c a t t e r e d i n t e n s i t y , T, i s d i r e c t l y 
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Table 22 

Chromatographic C o n d i t i o n s f o r the S o e c i a t l o n o f Or^anoselenium 

Compounds 

Glass Column 1.5 m x 4 mm i . d . 
3% D e x s i l 300 on 
Chromosorb 750 

I n i t i a l Temperature lOO^C 

Heating Rate 20°C min""*" 

I n j e c t o r Temperature 150°C 

I n t e r f a c e Temperature 120°C 

N i t r o g e n C a r r i e r Plow Rate 60 ml min ̂  

Hydrogen Plow Rate 150 ml min~^ 

Table 23 

Spectrometer C o n d i t i o n s f o r the S p e c i a t i o n o f Qrganoaelenium 

Compounds 

Wavelength/nm 196 

Lamp Current/mA 6.0 

Bandpass/nm 1.0 

A i r / 1 min"-'- 5.0 

Acety l e n e / 1 min"''" 1.0 

Ceramic Tube - A i r / A c e t y l e n e 
b urner separation/mm 10.0 

Ceramic Tube - Hydrogen D i f f u s i o n 
burner separation/mm 0.0 
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p r o p o r t i o n a l t o the t o t a l number o f p a r t i c l e s , N, and the square o f the 

p a r t i c l e volume. I t i s a l s o i n v e r s e l y p r o p o r t i o n a l t o the f o u r t h power 

o f the wavelength, X . Thus s c a t t e r i n g o f small p a r t i c l e s shows a s t r o n g 

wavelength dependence. Por example, assuming N and v t o be the same, on 

moving from the l e a d l i n e (283.3 nm) t o the selenium l i n e (196 nm), the 

s c a t t e r e d i n t e n s i t y would be 4.4 times g r e a t e r . A d d i t i o n a l l y , m o l e c u l a r 

fragments formed by incomplete combustion might be expected t o absorb 

more s t r o n g l y a t low wavelengths, i . e . h i g h e r energy. 

The response o f the s o l v e n t peak co u l d be reduced by i n c r e a s i n g t he 

hydrogen f l o w - r a t e t o the d i f f u s i o n b u r n er, P i g , 20. At h i g h hydrogen 

f l o w s , 540 ml min"^, the s i z e o f the s o l v e n t response i s n e g l i g i b l e due 

t o more e f f i c i e n t combustion o f the s o l v e n t ; however, the response t o 

selenium i s a l s o reduced. T h i s i s p r o b a b l y due t o the h i g h gas f l o w 

p u r g i n g the ceramic tube more r a p i d l y t h a n a t l o w e r f l o w - r a t e s . Thus 

the atomic species spend l e s s time i n the o b s e r v a t i o n zone r e s u l t i n g i n 

a decreased selenium response. T h i s e f f e c t can be seen ( P i g u r e 21) by 

comparison o f the chromatograms o f the selenium compounds at hydrogen 

f l o w - r a t e s o f 150 and 540 ml min"^. At the h i g h e r f l o w - r a t e t he s o l 

vent peak i s v e r y s m a l l but comparison o f the chromatograms shows a 

decreased selenium response a t h i g h e r hydrogen f l o w s . Thus i t was found 

b e t t e r t o work r o u t i n e l y a t the 150 ml min"^ and use the temperature 

programme t o r e s o l v e the s o l v e n t and d i m e t h y l s e l e n i u m peaks. The detec

t i o n l i m i t s and r e t e n t i o n t i m e s , Table 24, demonstrate t h a t r a p i d and 

s e n s i t i v e d e t e c t i o n o f the a l k y l s e l e n i u m compounds i s p o s s i b l e w i t h a 

l i n e a r working range from 1 t o 50 ng. 

248 



Pigure 20 

The E f f e c t o f Hydrogen Plow-Rate on Peak Height Response 

1 5 1 

35 

0-1 

O- Solvent 

O- Se^Me^ 

• _ SeKe, 

— r 0*5 
Hydrogen/1 min' 
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F i g u r e 21 Coupled Gas Chromatography - Flame Atomic 

A b s o r p t i o n S p e c t r o s c o p y Chromatograjps 

A. Hydrogen Flov/ = 150 ml mln -1 

SeMe 

S o l v e n t 

mm 

B. Hydrogen Flow = 540 ml min' 

Sehle 

S o l v e n t 

Se^r-le 
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Table 24 

D e t e c t i o n L i m i t s and R e t e n t i o n Times Obtained f o r the Organoselenium 

Compounds 

Species D e t e c t i o n L i m i t / n g R e t e n t i o n Time/min 

Me^Se 0.12 O.36 

Me^Se^ 0.13 0.93 

251 



6.4 Organoarsenic Compounds 

I n t e r e s t i n the spe c i a t i o n of a r s e n i c compounds i s stimulated by two 

main areas, F i r s t l y , the use of a r s e n i c compounds as p e s t i c i d e s and 

herbicides both as inorganic a r s e n i c s a l t s and as organoarsenicals such 

as raonomethylarsonic a c i d (MMA) and d i m e t h y l a r s i n i c a c i d (DMA). As with 

many other metals the t o x i c i t y , b i o l o g i c a l a c t i v i t y and environmental 

f a t e depends on the molecular form of occurrence. Secondly, i t has been 

shovm that d i f f e r e n t a r s e n i c compounds interconvert i n the environment 

(291) by both chemical and b i o l o g i c a l pathways (17, 292, 293); f o r exam

ple, Sanders and Windam (294) showed arsenate to be a s s i m i l a t e d by marine 

phytoplankton and to be f i n a l l y r e l e a s e d into s o l u t i o n a f t e r reduction 

and methylation. As the methylated forms.of a r s e n i c axe apparently much 

l e s s t o x i c than t h e i r inorganic parent compounds, sp e c i a t i o n of a r s e n i c 

compounds y i e l d s more u s e f u l information than t o t a l a r s e n i c l e v e l s . I t 

i s i n t e r e s t i n g to note that w h i l s t the biomethylation of inorganic a r s e 

n i c c o n s t i t u t e s an e f f i c i e n t mode of d e t o x i f i c a t i o n f o r many other metal 

compounds, f o r example mercury, the reverse i s the case. 

To enable s p e c i a t i o n of arsenate, a r s e n i t e , MMA and by GC, 

v o l a t i l e d e r i v a t i v e s must be prepared p r i o r to separation. The prepar

a t i o n of hydrides p r i o r to GC separation i s fraught with problems i n c l u 

ding molecular rearrangements ( 9 2 ) . These problems have led to many 

attempts to produce s u i t a b l y v o l a t i l e and thennally stable d e r i v a t i v e s 

to enable gas chromatographic separation (295-297), a l l of which had 

drawbacks. Recently, Beckermann (298) demonstrated using GC-PID and 

GC-MS that MMA and DMA formed stable v o l a t i l e d e r i v a t i v e s with methyl-

t h i o g l y c o l a t e (MTG). The r e a c t i o n f o r DMA i s : 
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CH ^ ° Cn-j \ II l\ 
^ As - OH + 3 HS - CH - C - 0 - CH. 

CH . . ^ . 

0 " CH (I S - CH - C - OCH 
V ^ ^ / A s - S - C H ^ - C - 0 - C H 3 . ^ . cH^ . C . OCH' 

2 I, 3 

Thus reduction from As(V) to A ' s ( l I I ) occurs with the formation of a 

disulphide p r i o r to the t h i r d mole of t l i i o l r e a c t i n g to give the t h i o -

a r s i n i t e compound. The d e r i v a t i v e formed with MMA has the s t r u c t u r e 
0 

/ S - CH_ - C - 0 - CH. 
CH - As ^ ^ 

^ S - CH^ - C - 0 - CH^ 
2 /I 3 

Beckermann (298) suggested that inorganic a r s e n i c should a l s o form a 

MTG d e r i v a t i v e , presumably As(MTG)^, but did not report the i s o l a t i o n 

or separation. Thus by using the d e r i v a t i z a t i o n procedure of Becker

mann (298) and using the coupled GC-PAAS system developed, metal s p e c i 

f i c s p e c i a t i o n of these compounds v/as attempted. 

6,4.1 Experimental 

Atom c e l l IV i n conjunction with the SP 9 spectrometer and Pye 104 

s e r i e s gas chromatograph was used. The operating conditions are given 

i n Tables 25 and 26. The column chosen was recommended by Beckermann 

(298) as i t gave good peak symmetry. 

Standard (10^ mg l'"^) s o l u t i o n s of MMA, DMA and a r s e n i t e were pre

pared and to a l i q u o t s (10 ml) buffer s o l u t i o n (2 ml, 0.91 M disodium 

hydrogen phosphate/0.3 M c i t r i c a c i d / 5 % w/v EDTA) was added and the pH 
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Table 2b 

Chromatographic Conditions f o r the Speciation of Arsenic Methylthio 

glyc o l a t e D e r i v a t i v e s 

Column 1.5 m x 4 mm i . d . Glass, 
2.5^ S i l i c o n e XE-60 on 
Chromosorb G AW-DMCS 

Column Temperatiare/°C 245 

I n j e c t o r Temperature/°C 245 

I n t e r f a c e Temperature/°C 300 

Nitrogen Plow-Rate/ml min""'" 60 

Table 26 

Spectrometer Conditions f or the Speciation of Arsenic Methylthio 

g l y c o l a t e D e r i v a t i v e s 

Wavelength/nm 193.7 

Lamp Current/raA 6.0 

Bandpass/nm 1.0 

Mode Background Correction 

A i r Plow-Rate/1 min'-^ 5.0 

Acetylene Plow-Rate/1 min"^ 1.1 

Hydrogen Plow-Rate/ml min""^ 300 

Ceramic Tube - Air/Acetylene 
burner separation/mm 11.0 

Ceramic Tube - Hydrogen 
d i f f u s i o n 
burner separation/mm 0.0 
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adjusted with concentrated n i t r i c acid to between pH 3 - 5. Methylthio-

gl y c o l a t e (0.5 na) and cyclohexane (10 ml) were added and the mixture 

shaken f or f i v e minutes vigorously. The organic l a y e r then contained 

the t h i o a r s e n i t e d e r i v a t i v e and working standards v/ere made by d i l u t i o n 

with cyclohexane. 

6.4.2 S p e c i a t i o n of the Arsenic-Methylthioglycolate D e r i v a t i v e s 

Analysis of the aqueous l a y e r s by ICP-OES and PAAS indicat e d that the 

percentage e f f i c i e n c y of d e r i v a t i z a t i o n was 100, 80 and 75 f o r D?iA, MMA 

and a r s e n i t e r e s p e c t i v e l y . Preliminary work using GC-PID was consistent 

with the fin d i n g of Beckermann (298) that the e l u t i o n order was c y c l o 

hexane, dimethylthioarsenite d e r i v a t i v e , disulphide, monomethylthio-

a r s e n i t e d e r i v a t i v e . No flame i o n i z a t i o n response was .obtained f o r the 

ar s e n i t e d e r i v a t i v e . The reasons f o r t h i s lack of response could be: 

a. f a i l u r e to prepare the d e r i v a t i v e ; 

b. i n s u f f i c i e n t v o l a t i l i t y for GC a n a l y s i s ; 

or c. poor thermal s t a b i l i t y r e s u l t i n g i n breakdown of the d e r i v a t i v e 

on the column. 

The f a c t that 75^ of the a r s e n i t e appeared to be i n the organic phase 

intimated that preparation of a d e r i v a t i v e had been at l e a s t p a r t l y 

s u c c e s s f u l . Prom the chromatographic behaviour of the MMA and DMA 

d e r i v a t i v e s i t seems u n l i k e l y that the a r s e n i t e d e r i v a t i v e would s u f f e r 

from poor thermal s t a b i l i t y . Thus the most probable cause f o r t h i s lack 

of response would appear to be i n s u f f i c i e n t v o l a t i l i t y f o r gas chromat

ographic a n a l y s i s under the conditions used f o r the other d e r i v a t i v e s . 
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Figure 22 

Coupled Gas Chromatography - Plame Atomic Absorption Spectroscopy 

Chromatogram of the Thioarsenite D e r i v a t i v e s Obtained using 

Atom C e l l I V 

0 2 
I ^ 1 

Solvent — I 

DMA-MTG 

rniA - (MTG) 
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Even operating the column at i t s maximum permitted temperature, 275°C, 

f a i l e d to y i e l d a response f o r the a r s e n i t e d e r i v a t i v e s . Thus to enable 

inorganic a r s e n i c to be determined by t h i s procedure, d i f f e r e n t l i q u i d 

phases must be investigated; however, i t v/as thought that such an 

i n v e s t i g a t i o n was outside the scope of t h i s t h e s i s , and that the s p e c i 

a t i o n of the MMA and DMA d e r i v a t i v e s v/ould be s u f f i c i e n t to demonstrate 

the a p p l i c a b i l i t y of the coupled GC-PAAS system developed to the s p e c i 

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

The separation achieved using the coupled GC-PAAS system i s i l l u s 

t r a t e d i n Pig . 22, f o r a 1.0 p i i n j e c t i o n of a s o l u t i o n containing the 

dimethyl- d e r i v a t i v e (50 mg 1 '̂ ) and the monomethyl- d e r i v a t i v e (200 mg 

1 ^) i n cyclohexane. The detection l i m i t s emd re t e n t i o n times are given 

i n Table 27. The detector response was l i n e a r up to 350 ng of a r s e n i c . 

The l e v e l s of d e t e c t a b i l i t y achieved were not r e a l l y s u f f i c i e n t l y low 

to follow a r s e n i c transformations i n environmental samples; however, the 

f a c i l i t y f o r a concentration step to be introduced i n the e x t r a c t i o n of 

the d e r i v a t i v e s e x i s t s . The concentration step could quite reasonably 

be expected to lower the concentration 

Table 27 

Detection L i m i t s and Retention Times Obtained f or the Thioarsenite 

D e r i v a t i v e s 

Species Detection Limit/ng Retention Time/min 

DMA MTG 0.8 0.45 

MMA - (MTG)^ 1 .7 3.26 
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detection l i m i t by a f a c t o r of ten which would then make the GC-PAAS 

appli c a b l e to environmental monitoring. 

6.5 Conclusion 

The various a p p l i c a t i o n s of the atom c e l l s developed demonstrate one 

of the primary advantages of metal s e l e c t i v e detection, namely the ease 

by which unequivocal chromatographic i n t e r p r e t a t i o n may be made. As a 

r e s u l t of the s e l e c t i v e response to metals f a s t e r a n a l y s i s times are 

possible since normally only the species containing the metal of i n t e r e s t 

require r e s o l u t i o n - At low wavelength where l i g h t s c a t t e r problems from 

the combustion of the solvent are exacerbated, the metal containing spe

c i e s must also be resolved from the solvent. T h i s only i n c r e a s e s the 

number of species to be resolved by one and does not reduce a n a l y s i s 

times s i g n i f i c a n t l y . 

The short r e t e n t i o n times r e s u l t i n g from metal s e l e c t i v e d e t e c t i o n 

r e f l e c t s the reduced time a species spends diss o l v e d i n the s t a t i o n a r y 

phase. The shorter t h i s time i s , then the smaller the peak width w i l l 

be. A commensurate increase i n peak height i s thus achieved aiding the 

achievement of low l e v e l s of detection. Cursory comparison of the det

e c t i o n l i m i t s obtained f o r the d i f f e r e n t m e t a l l i c species compared to 

those f o r lead show poorer detection l i m i t s , e s p e c i a l l y f o r the organo-

a r s e n i c compounds. I f , however, a comparison of the solu t i o n detection 

l i m i t s f o r lead , 0.01 ppm, and a r s e n i c , 0.1 ppm (150), are made and a 

compensation f o r the peak width of the organometallic species made, 

then from the TML detection l i m i t of 17 pg Pb a predicted detection 

l i m i t of 0.68 ng As f o r the dimethylthioarsenite d e r i v a t i v e i s obtained. 

T h i s compares c l o s e l y to the detection l i m i t of 0.8 ng As obtained 
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experimentally f o r t h i s s p e c i e s . 

The l i n e a r ranges obtained f o r the various metals i l l u s t r a t e the 

short l i n e a r range, an inherent l i m i t a t i o n of any absorption technique. 

The s i m i l a r i t y of design of the flame atom c e l l s enables t h i s problem 

to be a l l e v i a t e d somewhat, f o r example, by simply removing the ceramic 

tube from above the flame a l i n e a r working range f o r lead of 0.1 to 

300 ng may be spanned. 

Thus the atom c e l l s developed f o r coupled GC-PAAS have been shown to 

be capable of rapid, metal s p e c i f i c detection at low l e v e l s f o r a 

v a r i e t y of metal sp e c i e s . T h i s coupled with the s i m p l i c i t y and robust

ness and ready demountability of the atom c e l l s , i n d i c a t e s that the GC-

PAAS systems developed can provide the necessary a n a l y t i c a l t o o l s to 

enable trace metal s p e c i a t i o n s t u d i e s of v o l a t i l e species to be under

taken from a sound a n a l y t i c a l base. The a r s e n i c s p e c i a t i o n work i l l u s 

t r a t e s the weakness of GC i n that i t i s l i m i t e d to the separation of 

v o l a t i l e s p e c i e s . The s p e c i a t i o n of the four reducible forms of a r s e n i c , 

namely IMA, MMA, As(V) and A s ( I I I ) could be more e a s i l y achieved using 

a l i q u i d chromatographic separation. One such separation v / i l l be out

l i n e d i n Chapter 7. 
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7 DEVELOPMENT OP ATOM CELLS FOR TRACE lAETAL SPECIATION BY COUPLED 

LIQUID CHROMATOGRAPHY - ATOMIC SPECTROSCOPY USING HYDRIDE GE>rERATION 

7.1 INTRODUCTION 

The need f o r a r s e n i c s p e c i a t i o n has been discussed, see Chapters 1 

and 6. I t would be p a r t i c u l a r l y u s e f u l to speciate the two common inor

ganic oxidation s t a t e s , along with DMA and LIMA. I n t e r e s t i n the s p e c i 

a t i o n of two other compounds, namely arsenobetaine and arsenocholine, 

i s a l s o i n c r e a s i n g ( 2 3 1 , 2 6 3 ) . L i q u i d chromatography i s finding i n c r 

easing favour f o r the separation of these compounds. The l e v e l s of 

i n t e r e s t , being t r a c e , preclude a d i r e c t flame coupling, i . e . simply 

feeding the HPLC eluent to the uptake c a p i l l a r y of the flame and the 

most popular coupling has been LC-AAS using graphite furnace atomization 

(218, 231-233, 237, 2 3 9 ) . Although graphite furnace atomization o f f e r s 

e x c e l l e n t l i m i t s of detection f o r a s i n g l e atomization the time required 

to make an i n j e c t i o n into a furnace n e c e s s i t a t e s that very low chroma

tographic flow-rates are used. T h i s not only i n c r e a s e s a n a l y s i s times, 

but also has the e f f e c t of spreading each a r s e n i c species over a large 

time span which makes the detection l i m i t f or the whole chromatographic 

peak much l a r g e r than that of a s i n g l e atomization. Por example, 

Woolson and co-workers (218) found a l i n e a r range f o r As of 0.1-2 ng f o r 

s i n g l e atomizations, but the l i n e a r range for the chromatographic peak 

was 5-200 ng. 

The use of hydride generation a f t e r separation by l i q u i d chromatography 

o f f e r s a continuous monitor f o r reducible a r s e n i c s p e c i e s . R i c c i et^ a l . 

( 2 3 7 ) used ion chromatography i n conjunction with hydride generation 

into an electrothermally heated quartz tube for atomic absorption 
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detection. They obtained detection l i m i t s of 10 ppb As using 0.8 ml 

i n j e c t i o n s into the ion chromatograph. The separation of reducible 

a r s e n i c species required e i t h e r a gradient e l u t i o n n e c e s s i t a t i n g coluimi 

r e s t a b i l i z a t i o n f o r one hour between determinations, or two separate 

i s o c h r a t i c separations. With the i s o c h r a t i c approach, the column r e 

quired r e - e q u i l i b r a t i o n f o r one hour a f t e r every 10-15 samples. Thus, 

although more than s a t i s f a c t o r y s e n s i t i v i t y had been achieved, the 

a n a l y s i s time was no improvement on e x i s t i n g LC-GPAAS systems, indeed 

the repeated column e q u i l i b r a t i o n makes the method of R i c c i (237) l e s s 

d e s i r a b l e f o r routine work. T h i s chapter w i l l demonstrate that rapid 

a n a l y s i s can be coupled with s e n s i t i v e detection f o r As using HPLC coupl

ed with hydride generation PAAS/PAPS and ICP-OES. 

7.2 HYDRIDE GENERATION 

Arsenic resonance l i n e s l i e i n the f a r u l t r a v i o l e t s p e c t r a l region 

where flame absorption can produce unfavourable signal-to-noise r a t i o s , 

A conventional a i r / a c e t y l e n e flame absorbs 62% of the incident r a d i a t i o n 

at 193.7 nm, whereas the argon-hydrogen d i f f u s i o n flame absorbs only 

about 15% (299). This hydrogen d i f f u s i o n flame i s cooler than the a i r / 

acetylene flame, and i n t e r f e r e n c e s due to molecular absorption and i n 

complete s a l t d i s s o c i a t i o n are common. Thus by forming the v o l a t i l e 

a r s e n i c hydride matrix separation i s possible thus minimising i n t e r f e r 

ences i n the flame. The major advantage of hydride generation i s , how

ever, i n the increased e f f i c i e n c y i n sample transport. The use of hyd

r i d e s i n atomic absorption spectroscopy has been e x t e n s i v e l y reviewed 

by Godden and Thomerson (300). 
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The b a s i c requirement f o r the generation of a r s i n e s i s a supply of 

hydride ions, and these may be provided by using various reduction c e l l s . 

The work of Schmidt and Royer ( 3 0 1 ) proved to be a benchmark i n hydride 

generation by proposing the use of sodium tetrahydroborate ( I I I ) as 

reductant. I n i t i a l problems with reagent p u r i t y ( 3 0 2 ) were overcome by 

manufacturers and the use of sodium tetrahydroborate i n p e l l e t form 

became popular, as i t was economical and convenient. The use of s i n g l e 

p e l l e t s i s i d e a l f o r d i s c r e t e i n j e c t i o n techniques ( 3 0 3 ) , w h i l s t f o r 

continuous flow systems the use of tetrahydroborate ( I I I ) s o l u t i o n s i s 

preferable ( 3 0 4 ) . Problems of i n s t a b i l i t y with tetrahydroborate s o l u 

t i o n s can be obviated by making the s o l u t i o n 0.1 molar I n sodium hydro

xide ( 3 0 5 ) . 

The atomization of covalent hydrides has been achieved s a t i s f a c t o r a l l y 

i n flames, argon/hydrogen d i f f u s i o n flame ( 3 0 4 ) , and tubes e i t h e r e l e c 

t r i c a l l y ( 3 0 6 ) or flame heated ( 3 0 2 ) . E a r l i e r work i n our laboratory 

( 3 0 4 ) has shown that by c a r e f u l design of flame used for atomization 

detection l i m i t s comparable to those using more complex systems could 

be achieved. 

7.3 EXPERIMENTAL 

7.3.1 Instrumentation 

Spectrometer: 

SP 9 (Pye Unlearn Ltd.) equipped with background c o r r e c t i o n f a c i l i t y . 

Eluent D e l i v e r y System: 

6000 A (Waters Associates L t d . , Massachusetts) equipped with a 

V/aters U6K i n j e c t i o n valve. 
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Computing Integrator: 

3390A Reporting i n t e g r a t o r (Hewlett Packard, Pennsylvania), 

P e r i s t a l t i c pumps: 

Schuco Mark I I I Minipumps (Schuco S c i e n t i f i c , London). 

7.3.2 Reagents 

Stock s o l u t i o n s (1000 mg 1 ^) of arsenate, a r s e n i t e , MMA and DMA were 

prepared weekly from the s o l i d s , a l l other d i l u t i o n s prepared d a i l y , by 

d i l u t i o n with deionized doubled d i s t i l l e d water. Sodium borohydride 

so l u t i o n s were prepared from the s o l i d (98% A l d r i c h Chemical Co.) by 

d i l u t i o n with sodium hydroxide (0.1 molar). A l l other solvents and a c i d s 

were of Analar q u a l i t y u n l e s s stated otherwise, 

7.4 PRELIMINARY DEVELOPMENT 

Previous work i n t h i s laboratory (304) had developed a continuous 

flow hydride generation system, using two p e r i s t a l t i c pumps. T h i s was 

used to determine t o t a l a r s e n i c and selenium. The pumps del i v e r e d : 

sample i n hydrochloric a c i d (5 molar), 7.0 ml min""^, sodium tetrahydro-

borate s o l u t i o n , 2.5 ml min""^, which passed through a 28 turn mixing 

c o i l (2.5 mm. i . d , ) , and then into a standard g a s - l i q u i d separator a r r a 

ngement. The a r s i n e was purged from the g a s - l i q u i d separator up into a 

small hydrogen d i f f u s i o n flame by an argon purge gas, 120 ml min""*". The 

d i f f u s i o n flame was burnt on an inverted "Y" g l a s s burner, 0.6 mm.i.d., 

with a f u e l gas flow of 180 ml min"*^, and s i t u a t e d i n the l i g h t path of 

the spectrometer. T h i s b a s i c hydride generation/atomization system was 

then adapted f o r coupling to.LC. 
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The main drawback of any post column technique f o r IiPLC i s l a r g e dead 

volumes which can cause band spreading, thus decreasing the peak height 

response and hence reducing d e t e c t a b i l i t y . Thus i n an e f f o r t to develop 

a post column arrangement which gave minimal band spreading, an i n j e c t i o n 

system was used. P i g . 23. I n j e c t i o n s of a r s e n i c s o l u t i o n s were made 

through a septum i n j e c t o r into the so l u t i o n mixing branch (2.5 mm. i . d . ) . 

The mixtxire passed through a mixing c o i l (2.5 mm. i.d.) into the gas-

l i q u i d separator to be purged up into the flame. Since only 1.0 p i 

i n j e c t i o n s of a r s e n i c s o l u t i o n s were made, i t was reasonable to assume 

that band spreading from the i n j e c t i o n procedure would be n e g l i g i b l e and 

hence any band broadening would a r i s e from the hydride generator. The 

hydrochloric a c i d and sodium tetrahydroborate solutions were pumped at 

1.5 ml min"^ by the p e r i s t a l t i c pumps. The hydride generation was accom

panied by evolution of hydrogen, 72 ml min , from r e a c t i o n of excess 

tetrahydroborate ( I I I ) s o l u t i o n with the a c i d . T h i s flow of hydrogen 

segmented the flow of so l u t i o n up to the gas l i q u i d separator and helped 

to minimise band spreading by d i f f u s i o n . The length of the mixing c o i l 

was varied from 0 to 36 turns and the best length, 6 turns, gave maximum 

peak height with a minimum of band spreading. The point of introduction 

of the a r s e n i c s o l u t i o n into the a c i d stream a f f e c t e d the band spreading 

obtained. The best introduction point was j u s t before the point at which 

the tetrahydroborate ( I I I ) s o l u t i o n was added. I n t h i s p o s i t i o n minimal 

band spreading was seen. T h i s hydride system was then coupled to a 

high performance l i q u i d chromatograph with the eluent being introduced 

to the r e a c t i o n manifold j u s t p r i o r to the introduction point of the 

tetrahydroborate ( I I I ) s o l u t i o n . This experimental arrangement i s 

schematically represented i n Pig. 24. 
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7,5 HIGH PERPORMANCE LIQUID CHROMATOGRAPHY - HYDRIDE GENERATION -

PLAME ATOMIC ABSORPTION SPECTROSCOPY SPECIATION OP ARSENIC 

COMPOUNDS 

7.5-1 Choice of Chromatographic Conditions 

The majority of published LC atomic spectroscopic couplings f o r 

a r s e n i c s p e c i a t i o n , see Chapter 3, used reverse phase columns, only 

R i c c i et a l . (237) used ion chromatography and encountered problems i n 

that extensive r e - e q u i l i b r a t i o n times v/ere required between determin

a t i o n s . HPLC columns (250 x 5 mm, i . d . and 100 mm- x 5 mm. i,d,) were 

packed with both 3 pm and 5 \im p a r t i c l e s i z e Hypersil-ODS packing. 

I n i t i a l separations indic a t e d that the 3 ^ m Hypersil-ODS column ( 250 

X 5 mm, i,d,) column would provide the best r e s o l u t i o n and was thus 

used i n f u r t h e r work. 

Reverse phase columns r e t a i n polar compounds most e f f e c t i v e l y when 

the i o n i z a t i o n of the species i s suppressed, thus f o r the four a r s e n i c 

species an a c i d medium should provide optimum r e s o l u t i o n . To t h i s end 

a modified u n i v e r s a l buffer ( 3 0 7 ) over the pH range 1.8 to 7.54, ortho-
-2 -5 -3 phosphoric a c i d , 1.37 x 10 to 1.37 to 10 mol dm and sulph u r i c 

-3 -6 -3 

a c i d , from 1.8 x 10 to 1-8 x 10 mol dm were considered. No reso

l u t i o n of the a r s e n i c s p e c i e s was obtained with the buffer system and 

sulphuric a c i d gave better r e s o l u t i o n than when orthophosphoric a c i d 

was used as eluent, The sulphuric a c i d eluent system was then i n v e s t i 

gated f u r t h e r . The i o n i c strength of the sulphuric a c i d eluent was 

varied between 1.8 x lO""^ and 1.8 x lO'^moldm""^ f o r an eluent flow-

r a t e of 0.8 ml min"*^. Pigures 25(a) and 25(b) i l l u s t r a t e the separ

ati o n s achieved at the extremes of i o n i c strength v a r i a t i o n and Pigure 
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F i g u r e 25 E f f e c t o f I o n i c S t r e n g t h o f Eluent on Chromatographic 

S e p a r a t i o n 

(a) 

(b) 

1.8 X 10"-^ mol dm"-̂  

1.8 X 10~^ mol dm""̂  
(b) 

Plow-rate = 0.8 ml min -1 

10 

min 

( c ) 
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P i f i u r e 26 E f f e c t o f Eluent Plow-Rate on Chromatographic S e p a r a t i o n 

I o n i c s t r e n g t h =1.8 x l O " ^ mol dm""̂  

(a) 0.6 ml min' 

As(V) 

min 

As(V) + MMA 

MUA 

A s ( l I I ) 

(b) 1.7 ml min" 

A s ( I I I ) 

_DMA 
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25(c) shows the best s e p a r a t i o n a t t h i s f l o w r a t e , the a c i d i o n i c 

s t r e n g t h being 1.8 x 10~^ mol dm I n an e f f o r t t o o p t i m i s e the separ

a t i o n the e l u e n t f l o w - r a t e was v a r i e d between 0,6 and 1.7 ml min ̂ , P i g . 

26 i l l u s t r a t e s the s e p a r a t i o n s achieved a t the two extremes o f f l o w - r a t e . 

At the h i g h f l o w - r a t e arsenate/MHA are r e s o l v e d from arsenite/DUA, 

whereas at the low f l o w - r a t e the f o u r species are very n e a r l y c o m p l e t e l y 

separated; however the DMA peak i s b e g i n n i n g t o t a i l c o n s i d e r a b l y . I f 

the f l o w - r a t e were t o be reduced f u r t h e r t h e n complete r e s o l u t i o n would 

appear p o s s i b l e , however, t h i s would in c r e a s e the t a i l i n g o f the WA 

peak and l e n g t h e n the a n a l y s i s t i m e . Thus a f l o w programme was designed 

t o separate the f o u r a r s e n i c species. S t a r t i n g the f l o w programme a t 

0.5 ml min""^ ensured r e s o l u t i o n o f the f o u r s p e c i e s , t h e n s t e p p i n g t h e 

f l o w - r a t e up t o 1.5 ml min"^ a f t e r the e l u t i o n o f MMA minimised the 

t a i l i n g o f the DMA peak. T h i s o p t i m a l s e p a r a t i o n i s i l l u s t r a t e d i n 

f i g u r e 27, u s i n g 1.8 x l O " ^ mol dm""̂  s u l p h u r i c a c i d a t 0.5 ml min"^ 

f o r 5 min., then 1.5 ml min""^ u n t i l DMA has e l u t e d . The r e t e n t i o n times 

f o r the f o u r a r s e n i c species were 3-84, 4.54, 6.24 and 7.29 minutes f o r 

a r s e n a t e , MMA, a r s e n i t e and DMA r e s p e c t i v e l y . 

S a t i s f a c t o r y r e s u l t s were o b t a i n e d u s i n g the f o l l o w i n g column pack

i n g procedure. The column was packed w i t h propan-2-ol (100 ml u p - f l o w , 

100 ml down-flow at.8000 p s i ) , washed w i t h s u l p h u r i c a c i d e l u e n t (400 ml) 

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

species a t the 1 mg 1 ^ l e v e l . Only s u l p h u r i c a c i d should be used 

since some o t h e r e l u e n t s , n o t a b l y phostate i o n s , can a d v e r s e l y a f f e c t 

the r e s o l u t i o n , a l t h o i i g h washing w i t h propan-2-ol (100 ml) p a r t i a l l y 

r e s t o r e d the column performance. Washing o f the column i n propan-2-ol 

(50 ml) and storage i n the same s o l v e n t a l l o w e d c o n s i s t e n t r e s o l u t i o n 
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F i g u r e 27 

Optimal S e p a r a t i o n Obtained Using Plow Programme 

MMA 

As(V) 

min 

A s ( I I I ) 

DMA 
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p r o f i l e s t o be obteiined over extended p e r i o d s o f t i m e . The chromato

g r a p h i c c o n d i t i o n s are summarized i n Table 28. Having achieved an 

adequate s e p a r a t i o n the h y d r i d e g e n e r a t i o n system was then o p t i m i z e d . 

Table 28 

Chromatographic C o n d i t i o n s f o r A r s e n i c S p e c i a t i o n 

Column: Hypersil-ODS, 

250 X 5 mm. i . d . 

E l u e n t : S u l p h u r i c A c i d , 1,8 x l O " ^ mol dm""̂  

Plow-Rate: 0.5 ml min"^ f o r 5 min, t h e n 
1.5 ml min 

7.5.2 O p t i m i z a t i o n o f Hydride Generation System 

The a r s i n e g e n e r a t i o n r e a c t i o n f o r the f o u r a r s e n i c compounds was 

dependant on h y d r o c h l o r i c a c i d c o n c e n t r a t i o n , see P i g . 28. Low a c i d 

c o n c e n t r a t i o n , i . e . between 1 and 2 mol dm~^, f a v o u r e d h y d r i d e f o r m a t i o n 

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

between 9 and 12 mol dm"^, was o p t i m a l f o r the i n o r g a n i c a r s e n i c species. 

Thus an a c i d c o n c e n t r a t i o n o f 2 mol dm"*̂  was considered the best com

promise f o r the h y d r i d e g e n e r a t i o n o f b o t h i n o r g a n i c and o r g a n i c species, 

The e f f e c t o f sodium borohydride c o n c e n t r a t i o n , f i g u r e 29, was 

s i m p l e r . On.increasing the c o n c e n t r a t i o n from 0.5% v//v, the d e t e c t o r 

response t o a r s e n i c i n c r e a s e d f o r a l l the a r s e n i c species u n t i l 2% w/v 

where i t p l a t e a u e d o f f . Above 2% w/v sodium b o r o h y d r i d e c o n c e n t r a t i o n 

no f u r t h e r i n c r e a s e i n a r s e n i c response was g a i n e d , thus t h i s concentra

t i o n was used f o r a l l f u r t h e r work. 
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F i g u r e 28 E f f e c t o f A c i d C o n c e n t r a t i o n on Hydride Formation 

50/^.1 I n j e c t i o n o f a s o l u t i o n 20 mg l""*" i n As(V) , DMA and MMA and 
10 mg l " - " - i n A s ( I I I ) . 

O DMA O As(v) 
4 A s ( I I I ) • tffiU 

15J 

lOj 

5 J 

"I—' r 
10 

1 — - — I — ' — I — ' — I — ^ 
5 

C o n c e n t r a t i o n o f H y d r o c h l o r i c Acid/mol l " - * -
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PiKure 29 E f f e c t o f Sodium T e t r a h y d r o b o r a t e ( I I I ) S o l u t i o n 

C o n c e n t r a t i o n on Hydride Formation 

A s C l I I ) 

15 4 

10 

B u 

<D 

P4 

5 J 

DMA 

MMA 

% NaBH w/v 
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V a r y i n g the gas f l o v / , which purged the generated a r s i n e s from the 

g a s / l i q u i d s e p a r a t o r , f i g u r e 30, was found t o a f f e c t b o t h the response 

and band spreading o f the a r s e n i c species. Below a f l o w r a t e o f 

40 ml min"^, excessive peak broadening resxxlted i n i n s u f f i c i e n t chroma

t o g r a p h i c r e s o l u t i o n between the f o u r a r s e n i c peaks. At h i g h f l o w r a t e s , 

i . e . above 150 ml min"**", the residence time o f the a r s i n e s i n the flame 

atom c e l l was reduced, thus l e a d i n g t o a lowered response f o r a r s e n i c . 

A c c o r d i n g l y , 100 ml min""^ was chosen as the best compromise. The 

hy d r i d e g e n e r a t i o n c o n d i t i o n s are summarised i n Table 29. 

Table 29 

Hydride Generation C o n d i t i o n s f o r A r s e n i c Species 

H y d r o c h l o r i c A c i d 

Sodium T e t r a h y d r o b o r a t e 

Purge Gas Plow-Rate 

Fuel Gas Plow-Rate 

2 mol dm"-̂ , 1.5 ml min""^ 

2% w/v, 1.5 ml min"^ 

Argon, 100 ml min*^ 

Hydrogen, 180 ml min"^ 

The success o f the HPLC-hydride PAAS c o u p l i n g i s demonstrated by the 

s e p a r a t i o n achieved, P i g . 27, and by the d e t e c t i o n l i m i t s o b t a i n e d , 

Table 30, column 1 . The d e t e c t i o n l i m i t s should be improved by the use 

o f flame atomic f l u o r e s c e n c e f o r a r s e n i c s p e c i f i c d e t e c t i o n . 
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F i g u r e 30 

E f f e c t o f Purge Gas Plow-Rate on Ar s e n i c Response 
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Table 30 

D e t e c t i o n L i m i t s Obtained f o r A r s e n i c Species 

Species D e t e c t i o n L i m i t / p p b As 

PAAS PAPS ICP-OES 

Arsenate 40 27 128 
WAA 43 24 140 
A r s e n i t e 10 6 51 
DMA 24 18 112 
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7.6 HIGH PERPORMAIJCE LIQUID CHROMATOGRAPHY - HYDRIDE GEIIERATION -

PLAME ATOUIC PLUORESCENCE SPECTROSCOPY FOR THE SPECIATION OP 

ARSENIC COMPOUNDS 

The same chromatographic, Table 28, hy d r i d e g e n e r a t i o n . Table 29, and 

flame c o n d i t i o n s were used i n c o n j u n c t i o n v / i t h PAPS as were used w i t h 

PAAS d e t e c t i o n . The r a d i a t i o n source used v/as an e l e c t r o d e l e s s d i s 

charge lamp, microwave-excited, i n a -̂X Broida c a v i t y a t 40\Y f o r w a r d 

power. D e t a i l e d d e s c r i p t i o n o f the equipment may be found elsewhere 

(304). The best s i g n a l - t o - n o i s e r a t i o s were o b t a i n e d using f r o n t face 

45° i l l u m i n a t i o n , c o n f i r m i n g the o b s e r v a t i o n o f Ebdon et_ aL. (304), 
the spectrometer being used i n the emission mode. 

The d e t e c t i o n l i m i t s u s i n g PAPS d e t e c t i o n . Table 30, column 2, and 

l i n e a r working ranges were evaluat e d f o r the f o u r a r s e n i c s p e c i e s . 

The d e t e c t i o n l e v e l s are o n l y a f a c t o r o f two b e t t e r t h a n those ob

t a i n e d u s i n g PAAS; t h i s was thought t o be due t o the i n a b i l i t y t o oper

ate the r a d i a t i o n source i n a s u f f i c i e n t l y i n t e n s e manner. Thus, since 

no s i g n i f i c a n t g a i n i n d e t e c t a b i l i t y o f a r s e n i c was gained u s i n g t h i s 

source and PAPS, PAAS would appear t o be the p r e f e r a b l e method o f detec

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

and b e t t e r p r e c i s i o n . 
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7.7 HIGH PERgQRMANCE LIQUID CHROMATOGRAPHY - hTDRIDE GENERATION -

INDUCTIVELY COUPLED PLASMA OPTICAL EMISSION SPECTROSCOPY FOR 

THE SPECIATION OP ARSENIC COMPOUNDS 

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

The use o f ICP-OES as a d e t e c t i o n system o f f e r s the p o s s i b i l i t y o f 

mu l t i - e l e m e n t d e t e c t i o n . The geometry o f the source g i v e s a freedom 

from s e l f a b s o r p t i o n e f f e c t s even a t q u i t e h i g h c o n c e n t r a t i o n s and thus 

l o n g l i n e a r ranges are p o s s i b l e w i t h t h i s source. 

Thompson et^ a l . (308, 309) used continuous f l o w h y d r i d e g e n e r a t i o n 

i n t o an a l l - a r g o n ICP f o r the simultaneous d e t e c t i o n o f t o t a l As, Sb, 

B i , Se and Te. I n t h e i r s t u d i e s , they found t h a t i f the sodium t e t r a -

hydroborate ( I I I ) c o n c e n t r a t i o n i n c r e a s e d above 1.5% m/v, at 4-5 ml min 

the response t o the m e t a l l o i d s decreased, and proposed t h a t t h i s was 

probably due t o changes i n the plasma caused by the i n t r o d u c t i o n o f 

more hydrogen o r by d i l u t i o n o f the h y d r i d e s . At such t e t r a h y d r o b o r a t e 

c o n c e n t r a t i o n s , t h e i r plasma became u n s t a b l e and e a s i l y e x t i n g u i s h e d . 

Thompson et_ a l . (309) " o p t i m i z e d " the plasma by a s e r i e s o f u n i v a r i a t e 

searches u s i n g the s i g n a l - t o - n o i s e r a t i o as the c r i t e r i o n o f m e r i t . 

They found t h a t a Passel-type t o r c h gave best d e t e c t i o n l i m i t s , but 

t h a t i t c o u l d n o t t o l e r a t e hydrogen f l o w s above 150 ml min ̂  u s i n g 

2.7 kW f o r w a r d power. No mention o f inc r e a s e d background l e v e l s was 

r e p o r t e d . Pry et a l . (310) used c o l d t r a p p i n g o f the generated a r s i n e 

not o n l y as a p r e c o n c e n t r a t i o n s t e p , but a l s o t o separate the a r s i n e 

from the hydrogen p r i o r t o i n t r o d u c t i o n i n t o the plasma. They found 

a background problem i f sodium t e t r a h y d r o b o r a t e ( I I I ) p e l l e t s were used, 

caused by CO^ passing i n t o the plasma. The CO^ arose as a r e a c t i o n 
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by-product from the MgCO^ used as a p e l l e t i z i n g agent 

Since t h e r e was no consensus o f o p i n i o n as t o the best plasma oper

a t i n g c o n d i t i o n s t o use f o r the d e t e c t i o n o f a r s i n e s , i n i t i a l work was 

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

s o l u t i o n s i n pre v i o u s work i n t h i s l a b o r a t o r y ( 3 1 1 ) • 

7.7.2 Experimental 

A Radyne R50P 27 M Hz f r e e r u n n i n g r . f . g e n e r a t o r w i t h i n t e g r a l 

gas box (Radyne L t d . , 7/okingham, Surrey) was used w i t h a demountable 

t o r c h ( 3 1 2 ) . The monochromator used was a 0.5 m. Ebert scanning g r a 

t i n g monochromator (Model 82-529-5P, J a r r e l l - A s h ) w i t h entrance o p t i c s 

c o m p r i s i n g o f a 2.5 cm. f o c a l l e n g t h q u a r t z l e n s , 1:1 image, s l i t w i d t h 

25 pm and a s l i t h e i g h t o f 16 mm. The s i g n a l , a t the 228.8 nm A s ( l ) 

l i n e , from the p h o t o m u l t i p l i e r (R 106, Hamamatsu T.V. Co. L t d . , Japan) 

passed t h r o u g h a l i n e a r picoammeter a m p l i f i e r (L M 10; Chelsea I n s t r u 

ments L t d . , London) and was monitored u s i n g a r e p o r t i n g i n t e g r a t o r 

(Model 33090A, Hewlett Packard, P e n n s y l v a n i a ) . A l l quoted power l e v e l s 

r e f e r t o power coupled i n t o the plasma as measured c a l o r i m e t r i c a l l y 

(313, 314). The optimum plasma c o n d i t i o n s (311) are g i v e n i n Table 29, 

column 1 . 

The HPLC and h y d r i d e g e n e r a t i o n c o n d i t i o n s were as b e f o r e . 

7.7.3 O p t i m i s a t i o n o f Plasma Performance 

I n i t i a l r e s u l t s from the i n t r o d u c t i o n o f a r s i n e i n t o the plasma 

u s i n g the s o l u t i o n optimum c o n d i t i o n s , Table 3 1 , column 1 , showed t h a t 
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Table 31 

C e n t r o i d Optimum Plasma C o n d i t i o n s f o r A r s e n i c 

S o l u t i o n Hydride 

Plasma Gas/l min""^ 12.3 9.0 
Coolant Gas/1 min"^ 5.4 6.5 
I n j e c t o r Gas/1 min"^ 0.4 0.42 
Viewing Ht./ram 18 27.5 
Power/KW 0.59 0.70 

a l a r g e i n c r e a s e i n background emission o c c u r r e d , thus causing a reduc

t i o n i n the s i g n a l - t o - b a c k g r o u n d r a t i o , SBR. T h i s was thought t o r e s u l t 

from the simultaneous i n t r o d u c t i o n o f hydrogen i n t o the plasma. Under 

the h y d r i d e g e n e r a t i o n c o n d i t i o n s used. Table 29, 72 ml min ^ o f hydro

gen were evolved and swept up i n t o the plasma. 

Thus the plasma o p e r a t i n g c o n d i t i o n s were o p t i m i s e d , u s i n g the modi

f i e d simplex method, see Chapter 5. The SBR, which has been demonstrated 

t o be a v i a b l e c r i t e r i o n o f m e r i t f o r plasma o p t i m i s a t i o n ( 3 1 4 ) , was 

used t o o p t i m i s e the ICP. The c o n t i n u o u s l y v a r i a b l e parameters o p t i 

mised were: the h e i g h t o f o b s e r v a t i o n above the l o a d c o i l s , power 

coupled i n t o the plasma, coo l a n t argon f l o w - r a t e , plasma argon f l o w - r a t e 

and argon purge gas f l o v / - r a t e . T h i s l a t t e r f l o w purged the generated 

a r s i n e s and hydrogen from the g a s - l i q u i d s e p a r a t o r up the i n j e c t o r tube 

o f the plasma t o r c h and t h r o u g h the plasma f i r e b a l l . 

The optimiira c o n d i t i o n s i n d i c a t e d by the simplex, Table 31, column 2, 

were confirmed by a s e r i e s o f u n i v a r i a t e searches. P i g . 31(a) t o ( e ) , 
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F i g u r e 31(a) 

U n i v a r i a t e Search f o r Coolant Argon 

SBR 
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F i g u r e 31(b) 

U n i v a r i a t e Search f o r Argon Plasma Gas 
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Figure 31(c) 

Univariate Search for Argon Purge Gas Plow Rate 
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Figure 31(d) 

Univariate Search f o r Viewing Height 

•H 0) 

•H 
<D 

285 



Figure 31(e) 

Univariate Search f o r Power Coupled into the Plasma 
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the shaded area i n d i c a t i n g the range of values i n the f i n a l simplex 

s e t . These searches i n d i c a t e the success of the optimisation and show 

the purge gas,.Pig, 3 1 ( c ) , to be a very c r i t i c a l parameter. At low 

purge gas flows, 150 ml min ^, there i s i n s u f f i c i e n t v e l o c i t y to punch 

a path through the plasma f i r e b a l l , r e s u l t i n g i n a low SBR. At high 

purge gas flows, 1 1 min ^, the residence time of the analyte i n the 

plasma i s reduced, again y i e l d i n g a low SBR, S i m i l a r s e n s i t i v i t y to 

i n j e c t o r gas flow-rate has been reported for s o l u t i o n work by Ebdon et 

a l , (314). The SBR i s r e l a t i v e l y i n s e n s i t i v e to change i n plasma gas 

flow-rate. P i g . 31(b), whereas f o r the coolant flow-rate, P i g . 3 1 ( a ) , 

the background emission remains r e l a t i v e l y constant but above 7 1 min"^ 

the a r s e n i c emission decreases r a p i d l y , thus decreasing the SBR. T h i s 

i s probably r e l a t e d to the increased s i z e of the plasma at these high 

coolant flow-rates which thus caused a reduction i n the power density 

within the plasma, Por the viewing height, Pig, 31(d), as the height 

of observation approaches the load c o i l s , the a r s e n i c emission i n c r e a s e s 

up to within 20 mm, of the load c o i l when i t s t a r t s to decrease. The 

background emission i n c r e a s e s as one approaches the load c o i l s and a l s o 

when the viewing height i s f u r t h e r than 30 mm. from the c o i l . The l a t t e r 

i ncrease i s probably due to molecular emissions i n the cooler t a i l 

flame whereas the former increase i n background probably r e s u l t s from 

continuum emission from the plasma f i r e b a l l . 

To t e s t the e f f e c t of hydrogen on the SBR, an a r s e n i c s o l u t i o n (100 

mg 1~^) was nebulized into the plasma using a Babbington type n e b u l i z e r 

(315) under both the s o l u t i o n optimum and hydride optimum conditions. 

The experiment was c a r r i e d out with and without the addition of hydrogen, 

72 ml min"^, to the i n j e c t o r gas and the r e s u l t s may be seen i n Table 32. 
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Table 32 

E f f e c t of Hydrogen on Signal to Background Ratio 

Hydride Optimum Conditions Solution Optimum Conditions 
Signa l Background Sign a l Background 
(mV) (mV) (mV) (mV) ^ ™ 

Without H^ 13 104 0.125 280 480 0.58 

With H^ 70 670 0.13 230 955 0.24 

Under the so l u t i o n optimum conditions, the addition of hydrogen to 

the i n j e c t o r flow causes a marked increase i n background emission 

coupled with a s l i g h t decrease i n s i g n a l , thus giving an o v e r a l l large 

decrease i n SBR. Under the hydride conditions addition of hydrogen 

again causes an increase i n background emission; however, i n t h i s case 

a s i m i l a r increase i n s i g n a l i n t e n s i t y occurs with the r e s u l t that the 

SBR i s v i r t u a l l y unchanged. Thus the optimisation moved the plasma con

d i t i o n s to a region of f a c t o r space where the increase i n background 

emission caused by the addition of hydrogen i s cancelled out by an 

increased response to a r s e n i c . The success of the simplex may be seen 

i n more tangible ways from the detection l i m i t s obtained f or the four 

a r s e n i c s p e c i e s . Table 30, column 3. Although both PAAS and PAPS give 

b e t t e r detection l i m i t s , ICP-OES has the advantage that the l i n e a r range 

obtained i s much greater and that multi-element work i s p o s s i b l e . 

7.7.4 S p e c i a t i o n of Arsenic Compounds using I n d u c t i v e l y Coupled 

Plasma O p t i c a l Emission Spectroscopic Detection 

The chromatographic and hydride generation conditions v/ere the 

same as for the previous^ couplings, see s e c t i o n 7.5. The gas which 

purged the a r s i n e s from the g a s / l i q u i d separator also transported the 

a r s i n e s up to into the plasma. 
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The separation of the four a r s e n i c species obtained was, as would 

be expected, very s i m i l a r to those achieved using PAAS and PAPS detec

t i o n , Pig. 21, The detection l i m i t s and l i n e a r ranges were evaluated 

f o r the a r s e n i c s p e c i e s . Table 30. The detection l i m i t s were poorer 

using ICP-OES but the l i n e a r range, Table 33, was greater. The l i n e a r 

i t y was not evaluated above 20 ppm f o r a r s e n i t e , or above 40 ppm f o r 

the three other a r s e n i c s p e c i e s , since such l e v e l s were u n l i k e l y to 

be encountered i n the environment. The main advantage of ICP-OES over 

the other detection methods used i s that i t o f f e r s the p o s s i b i l i t y of 

multi-element detection. 

Table 33 
•1 L i n e a r Ranges f o r Arsenite/mg 1 

ICP-OES 0 . 5 - 2 0 

AAS 0.2 - 6.0 

APS 0.1 - 5.0 
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7.8 CONCLUSION 

The detection l i m i t s obtained for the four a r s e n i c species using the 

three modes of detection. Table 30, show PAPS to be the most s e n s i t i v e . 

The detection l i m i t s obtained using PAAS are only s l i g h t l y worse than 

PAPS and as a technique f o r routine use PAAS i s f a r more r e l i a b l e and 

l e s s source dependant. Comparison of the l i n e a r ranges obtained using 

the d i f f e r e n t spectroscopic techniques, Table 33, shows up the l i m i t 

a t i o n of absorption techniques, namely, short l i n e a r ranges. The l i n 

ear range for PAPS i s disappointingly narrow; however, t h i s i s probably 

r e l a t e d to the i n a b i l i t y to operate the l i g h t source at s u f f i c i e n t 

i n t e n s i t y since one would expect the l i n e a r range of a fluorescence 

technique to extend below that obtained for PAAS ra t h e r than to higher 

concentrations. The l i n e a r range using the ICP was not tested above 

20 mg 1 ^ since i t was f e l t that environmental samples containing such 

l e v e l s of a r s e n i c would be r a r e . Comparison of the detection l i m i t s 

obtained for arsenate using the HPLC system and standard continuous 

flow hydride generation (304) f o r t o t a l a r s e n i c . Table 34, shows that 

the use of HPLC causes a d e t e r i o r a t i o n i n detection l i m i t s . T h i s 

Table 34 

Comparison of Detection L i m i t s f o r Arsenite 

D.L./ng cm"^ 

AAS APS ICP 

T o t a l 0.8^^^ 0.34^^^ 14 
HPLC 9.4 6.1 51 

(a) Prom reference 304 
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i l l u s t r a t e s the increase i n imprecision caused by the i n j e c t i o n and also 

by the measurement of a t r a n s i e n t s i g n a l , however, t h i s d e t e r i o r a t i o n 

i n the detection l i m i t s i s more than compensated f o r i n the increased 

information about s p e c i a t i o n which the coupled systems y i e l d . 

The coupled HPLC-atomic spectroscopy systems developed compare fav

ourably with both graphite furnace couplings (218, 231-233. 237, 239) 

and the ion chromatography system of R i c c i et^ (237). The couplings 

developed allow s p e c i a t i o n of the four species i n under ten minutes 

which i s superior to any of the other coupled techniques f o r a r s e n i c 

s p e c i a t i o n . 

The disadvantage of hydride generation i s that i t i s only a p p l i c a b l e 

to reducible s p e c i e s , and thus would be of l i t t l e use f o r the determin

a t i o n of non-reducible s p e c i e s , such as arsenobetaine or arsenocholine. 
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8 FUTURE WORK AND CONCLUSIONS 

8,1 FUTURE WORK 

8.1.1 Gas Chromatography - Atomic Spectroscopy 

The ready a p p l i c a b i l i t y of the developed GC-PAAS couplings to the 

spe c i a t i o n of various m e t a l l i c moieties has been demonstrated i n Chapter 

6, Two other possible areas of i n t e r e s t a r i s e from the r e l a t i v e v o l a 

t i l i t i e s of TML and TEL, I f the headspace above a solution i s sampled, 

1 cm^, and i n j e c t e d into the GC-PAAS system. P i g , 32, then a response 

i s obtained f o r TML only. Thus i f an organometallic species i s s u f f i 

c i e n t l y v o l a t i l e i t may be determined without recourse to extensive 

sample manipulation, which may a f f e c t the s p e c i a t i o n of the metal i n 

the o r i g i n a l sample. Por example, i n the study of the possible methyl-

a t i o n of lead compounds to TML, the rate of methylation could be followed 

by headspace sampling. 

The r e l a t i v e i n v o l a t i l i t y of TEL suggests possible f o r e n s i c and 

i n d u s t r i a l h e a l t h a p p l i c a t i o n s . I t proved po s s i b l e to demonstrate that 

s k i n has been i n contact with p e t r o l up to seven hours a f t e r the event. 

T h i s was achieved by swabbing the s k i n and analysing the extract by 

GC-PAAS. The presence" of TEL gave an unequivocal marker of p e t r o l 

contact. The use of e l e c t r o n capture or flame i o n i z a t i o n y i e l d s ambig

uous data since swabbing of the sk i n a l s o e x t r a c t s many other organic 

compounds, making chromatographic data d i f f i c u l t to i n t e r p r e t . The 

presence of TML was not found i f the swabbing occurred any l a t e r than 

f i f t e e n minutes a f t e r the i n i t i a l contact with the p e t r o l . 
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Figure 32 Gas Chromatography - Plame Atomic Absorption Spectroscopy 

Chromatogram of the Headspace above Tetramethyllead 

Solutions 

1.0 ml of Headspace above a 

(a) 25 mg l ' ^ 

(b) 5 mg l " - ^ 

s o l u t i o n of Tetramethyllead i n 

2,2,4-trimethylpentane, sampled 

(a) 

(b) 
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The fate of organometallic compounds i n the environment i s a f i e l d 

i n which the s p e c i f i c i t y of the information obtained using coupled 

GC-PAAS would be valuable. The behaviour of TML and TEL i n both d i s 

t i l l e d and sea water was given some preliminary consideration. A s o l u 

t i o n of TML and TEL i n acetone was added to the water and the sample 

c o n t i n u a l l y agitated, so as to mimic a flowing water course. The water 

was sampled p e r i o d i c a l l y , the t e t r a a l k y l l e a d compounds extracted with 

hexane and determined by GC-PAAS, I n i t i a l experiments i n the open l a b 

oratory indi c a t e d that the rate of degradation was r e l a t e d to the amount 

and i n t e n s i t y of sunlight entering the laboratory. Thus, follow-up 

experiments under u l t r a v i o l e t , UV, l i g h t and also i n the dark were per

formed. The r e s u l t s of these experiments are shown i n Figures 33-35. 

There was minimal degradation of e i t h e r TtIL or TEL, Pig. 33, over a 

four-hour period' i n d i s t i l l e d water under UV r a d i a t i o n , whereas i n sea 

water, P i g . 34, under the same conditions a rapid degradation was ob

served for both TML and TEL over a s i m i l a r time period. Under conditions 

of t o t a l darkness degradation of the t e t r a l k y l l e a d compounds s t i l l 

occurred. P i g . 35, but at a much slower r a t e , the time span of the 

experiment being f i f t y hours. Obviously much more work i s required i n 

t h i s f i e l d ; however, from the above i t can be i n f e r r e d that the degra

dation follows a free r a d i c a l mechanism which i s catalysed by UV l i g h t 

and i n which chloride ions from the sea water play an important r o l e . 

8.1.2 L i q u i d Chromatography 

There e x i s t s , both within t h i s I n s t i t u t i o n and elsev/here, a consid

erable i n t e r e s t i n a r s e n i c transformations i n the environment. I n the 

Devon area, i n t e r e s t i s stimulated by the gross a r s e n i c p o l l u t i o n which 
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Figure 33 Degradation of T e t r a a l k y l l e a d Compounds i n D i s t i l l e d Water 

Under U l t r a v i o l e t Light (365 nm) 
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Pigure 34 Degradation of T e t r a a l k y l l e a d Compounds i n Sea V/ater 

Under U l t r a v i o l e t Light (365 nm) 
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Figure 35 Degradation of T e t r a a l k y l l e a d Compounds i n Sea Water 

I n T o t a l Darkness 
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i s a legacy of previous smelting of arsenous ores. The occurrence and 

fa t e i n both pore and sea water environments could be monitored using 

the HPLC-hydride-PAAS coupling developed. Chapter 7. The s e n s i t i v i t y 

of the separation towards i o n i c strength, however, would e n t a i l e i t h e r 

p r i o r e x t r a c t i o n of the a r s e n i c from sea water or design of a new chroma

tographic process. The former i s to be avoided i f poss i b l e , since i t 

may a f f e c t the a r s e n i c s p e c i a t i o n , thus leading to f a l s e conclusions as 

to the species i n the o r i g i n a l sample. Changing the chromatography 

would appear to be the be t t e r option. Ion p a i r chromatography may 

prove to be the way forward for the separation of a r s e n i c species i n 

pore water samples, and i s r e a d i l y i n t e r f a c e d with the hydride-PAAS 

system developed. 
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8.2 CONCLUSIONS 

The work presented has demonstrated the advantages of metal s p e c i f i c 

detection f o r trace metal s p e c i a t i o n s t u d i e s , these being unequivocal 

chromatographic i n t e r p r e t a t i o n and the a b i l i t y to withstand l e s s than 

optimal chromatographic r e s o l u t i o n . The t r a d i t i o n a l disadvantage of 

PAAS of poor d e t e c t a b i l i t y has, by c a r e f u l consideration of atom c e l l 

design/optimisation and with due a t t e n t i o n to atomic residence times, 

been overcome. The drav/back of short l i n e a r working ranges found with 

absorption techniques remains f o r each atom c e l l designed; however, with 

the GC-PAAS coupling removal of the ceramic tube enables a l i n e a r range 

of 0.1-300 ng to be u t i l i z e d . The atom c e l l s developed for GC-PAAS 

have the added a t t r a c t i o n that s i m p l i c i t y , robustness, low cost and 

ready demountability has been coupled with e x c e l l e n t d e t e c t a b i l i t y f o r 

v o l a t i l e organometallic s p e c i e s . 

The coupling of l i q u i d chromatography with atomic spectroscopy v i a 

hydride generation i l l u s t r a t e d again that PAAS can provide highly sen

s i t i v e metal detection. The coupling with ICP-OES demonstrated the ad

vantage of using an emission technique, i n that longer l i n e a r working 

ranges are e a s i l y obtained. The l i m i t a t i o n s of low n e b u l i z a t i o n e f f i 

ciency encoiintered when introducing l i q u i d s to flames or plasmas were 

circumvented i n t h i s case by generating a v o l a t i l e d e r i v a t i v e p r i o r to 

introduction to the atom c e l l . Unfortunately t h i s approach i s l i m i t e d 

hence n e b u l i z a t i o n e f f i c i e n c i e s must e i t h e r be improved or avoided by 

other means i f adequate detection l e v e l s are to be achieved. 
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Glossary f o r Tables 1 to 9 

acac 

AW 

BAA 

bn 

CDTA 

DEDLH 

DEDTC/dtc 

DMA 

EGTA 

en 

enAAg 

enTPA2 

ETML 

H^CenSal^) 

HPA/hfa 

MLIA 

MMT 

MTEL 

ODS 

OMP: 2 

OLIP 2 

OMP 4 

OSM 

PAM 

Acetylacetonate 

Acid washed 

Benzoylacetylacetonate 

Butylenediamine 

1,2 - c y c l o h e x y l e n e d i n i t r i l o t e t r a c e t i c acid 

Diethyldimethyllead 

Diethyldithiocarbamate 

Dimethylarsonic acid 

Ethylenebis ( o x y e t h y l e n e n i t r i l o ) t e t r a a c e t i c 
acid 

Ethylenediamine 

N, - ethylenebis (acetylacetoneimine) 

N, - ethylenebis(trifluoroacetylacetoneimine) 

E t h y l t r i m e t h y l l e a d 

N, - ethylenebis (salicyladiamine) 

Hexafluoroacetylacetonate 

Monomethylarsonic acid 

Methylcyclopentadienylmanganesetricarbonyl 

M e t h y l t r i e t h y l l e a d 

Octadecasilane 
Poly ( t r i - n - b u t y l t i n m e t h a c r y l a t e - t r i - n - p r o p y l t i n -

methacrylate-methylmethacrylate) 

Poly (tri-n-butylmethacrylate-methylmathacrylate) 

T r i - n - b u t y l t i n ester of poly (methylvinylether-
maleic anhydride) 

O s c i l l a t i n g s l i t mechanism 

2,2 - dimethylhexane - 3,5 - dionato l i g a n d 
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p-APA 

PBB 

PD 

pn 

RPC 

SEC 

TBA 

TBAP 

TBP 

T 
c 

TEL 
TES 

TPA/tfa 

THAN 

THP 

^ I 
T. i n 
TMCS 

TMPS 

TML 

TMS 

TUT 

p-Aminophenylarsonate 

Polybrominated biphenyls 

5 - nitro-o-phenylenediamine 

Propylenediamine 

Reverse phase chromatography 

Size exclusion chromatography 

Tributylammonium ion 

Tributylammonium phosphate 

Tributylphosphate 

Chromatographic Temperature 

Tetraethyllead 

2^C2 - hyd r o x y - l , l - b i s (hydroxymethyl) e t h y l ] ] 
amino e t hane sulphonat e 

Trifluoroacetylacetone 

Tetraheptylammonium n i t r a t e 

T e t rahydro furan 

I n j e c t o r Temperature 

I n t e r f a c e Temperature 

Trimethylchlorosilane 

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

Tetramethyllead 

T e t r a m e t h y l s i l y l -

Tetramethyltin 
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