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A B S T R A C T 
R e a c t i v e Gases i n E l e c t r o t h e r m a l A t o m i s a t i o n Atomic 
Absorption Spectrometry 

by 
ANDREW SIMON FISHER 

A v a r i e t y of gases and vapours of organic compounds have 
been used as matrix m o d i f i e r s i n e l e c t r o t h e r m a l atomic 
absorption spectroscopy (ETAAS). O x i d i s i n g gases such as 
a i r or nitrous-oxide, introduced during the charring stage, 
both t h e r m a l l y s t a b i l i s e d a n a l y t e s such as l e a d , and 
improved the e f f i c i e n c y of p y r o l y s i s by c o n v e r t i n g the 
normal c h a r r i n g i n t o an a s h i n g s t e p . A number of 
interferences eg, magnesium chloride on lead determinations 
and n o n - s p e c i f i c absorbance i n t e r f e r e n c e s , decreased when 
a i r was introduced. 
Hydrocarbon gases (< 5% v/v) introduced during c h a r r i n g 
improved s e n s i t i v i t y (up to 89%) for c e r t a i n r e f r a c t o r y 
analytes (eg. Al, Ca, Mg, S i and V), prolonged tube l i f e and 
improved pr e c i s i o n . 
I n t r o d u c t i o n of hydrogen, j u s t p r i o r t o a t o m i s a t i o n , 
decreased n o n - s p e c i f i c absorbance i n t e r f e r e n c e produced by 
o r g a n i c samples. Although a concomitant d e c r e a s e i n 
s e n s i t i v i t y of t h e a n a l y t e s was o b s e r v e d , t h i s was 
c o n s i d e r a b l y l e s s than f o r the background s i g n a l . When 
introduced during c h a r r i n g , hydrogen produced a s l i g h t 
improvement i n s e n s i t i v i t y for some analytes (eg. Al and V) . 
An attempt to decrease the i n t e r f e r e n c e of sodium c h l o r i d e 
on lead determinations by removal of hydrogen c h l o r i d e by 
v o l a t i l i s a t i o n proved unsuccessful. 
Organophosphorus vapours such as t r i - e t h y l phosphite were 
s u c c e s s f u l l y used t o t h e r m a l l y s t a b i l i s e cadmium to 
t e m p e r a t u r e s comparable w i t h t h o s e o b t a i n e d by 'wet 
c h e m i c a l ' m o d i f i e r s b u t w i t h o u t t h e a c c o m p a n y i n g 
contamination problems. 
Halogenated compounds were u n s u c c e s s f u l l y used to decrease 
the appearance temperature of some r e f r a c t o r y a n a l y t e s . 
Freon 2 3 (Tri-fluoromethane, 2% v/v) thermally s t a b i l i s e d 
cadmium to 750'C. The freon was s u c c e s s f u l l y used i n the 
clean stage to decrease memory e f f e c t s . 
An unsuccessful attempt was made to remove by v o l a t i l i s a t i o n 
n i c k e l contaminants as the carbonyl by the i n t r o d u c t i o n of 
carbon monoxide. Leaching of n i c k e l from the gas l i n e s , 
prevented extended use of carbon monoxide. 
Hydrogen sulphide (10% v/v) introduced during the drying 
s t a g e both t h e r m a l l y s t a b i l i s e d mercury t o 300'C, and 
improved the s e n s i t i v i t y of the a n a l y s i s . 
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CHAPTER 1 - INTRODUCTION 

1 ^ H i s t o r i c a l Development 
The f i r s t worker to u t i l i s e a carbon furnace to study atomic 
e m i s s i o n s p e c t r a was King (1) ( 2 ) . The a p p a r a t u s i n 
reference 1 was an arc-heated furnace which c o n s i s t e d of a 
carbon rod with a hole d r i l l e d l o n g i t u d i n a l l y through i t , 
hel d i n a carbon block by an i n s u l a t i n g a s b e s t o s pad a t 
e i t h e r end. A hole was d r i l l e d through the carbon block 
through which a carbon electrode could be i n s e r t e d . Sample 
was placed w i t h i n the furnace and the e l e c t r o d e was then 
r a i s e d u n t i l an a r c formed w i t h t h e f u r n a c e w a l l . 
Temperatures of up to 2200"C were obtained. The apparatus 
i n (2) c o n s i s t e d of a carbon tube f i t t e d w i t h i n a b r a s s 
c y l i n d e r and held by two supports. The tube was supplied 
w i t h power v i a two upper l e a d s . T h i s was t h e f i r s t 
r e s i s t i v e l y heated carbon furnace. Although King used these 
pieces of apparatus to i n v e s t i g a t e the emission s p e c t r a of 
many elements, the technique was not used q u a n t i t a t i v e l y for 
a f u r t h e r f i f t y years when L'Vov began to p u b l i s h work on 
quantitative atomic absorption spectrometry ( 3 ) . 

L'Vov's apparatus was s i m i l a r i n design to King's arc heated 
furnace. I t consisted of a carbon tube l i n e d with tantalum 
f o i l to prevent d i f f u s i o n of a n a l y t e vapour through the 
porous graphite, a carbon sample electrode, and an a u x i l i a r y 
e lectrode to arc with the sample el e c t r o d e . The apparatus 
i s shown schematically i n Figure 1.1. The carbon furnace 
was heated r e s i s t i v e l y to the d e s i r e d temperature and then 
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a. graphite tube 
b. Tantalum l i n e r 
c. Sample electrode 
d. a u x i l i a r y electrode 

F i g . 1.1: The Arc Atomiser Designed by L'Vov 



as the sample electrode entered the furnace, a d.c. arc was 
struck between the sample and a u x i l i a r y e l e c t r o d e s . I n a 
l a t e r design, L'Vov dispensed with the a u x i l i a r y e l e c t r o d e 
and simply heated the sample electrode r e s i s t i v e l y too. 

In 1968 Massmann (4) designed an e l e c t r o t h e r m a l atomiser 
that could be used f or routine a n a l y s e s with commercially 
a v a i l a b l e spectrometers. T h i s was the f i r s t design ( F i g . 
1.2) in t o which l i q u i d samples could be placed at ambient 
temperature and then r a i s e d v i a a temperature programme to 
atomisation. I t c o n s i s t e d of a graphite tube with a small 
hole d r i l l e d through the w a l l a t the c e n t r e . The tube was 
supported between two water cooled s t e e l cones, and encased 
i n a metal housing. The Massmann s t y l e furnace has become 
the most common commercial design due to i t s more r a p i d 
sample throughput, i t s s i z e and i t s ease of o p e r a t i o n . 
However, the detection l i m i t s obtained on such furnaces may 
be up to an order of magnitude poorer than those obtained 
from a L'Vov s t y l e furnace. 

Other t y p e s of e l e c t r o t h e r m a l a t o m i s e r have a l s o been 
developed. The carbon filament atomiser described by West 
and Williams i n 1969 (5) proved to be popular f or a while, 
although very l i t t l e work has been published more r e c e n t l y . 
I t s advantages included the s i m p l i c i t y of i t s design, low 
power r e q u i r e m e n t s and a f a s t h e a t i n g r a t e . I t d i d , 
however, s u f f e r from severe i n t e r f e r e n c e e f f e c t s caused by 
the r a p i d c o o l i n g of the atoms once th e y had l e f t t h e 
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a. graphite tube 
b. steel holders 
c. sample inlet port 
d. mount ing holder 

Fig. 1.2: The Massmann S t y l e Atomiser 



graphite surface ( 6 ) , and the poor p r e c i s i o n associated with 

pipetting volumes of 5 / i l * 

The Woodriff s t y l e furnace ( 7 ) , was s i m i l a r i n design to 
that of L'Vov. The furnace could be heated to temperatures 
of up to 3000"C before l i q u i d samples were nebulised into i t 
by a stream of argon v i a a side-arm. The furnace design was 
too l a r g e to f i t in t o conventional spectrometers, and has 
therefore not received the acceptance of the Massmann s t y l e 
furnace. 

The m a t e r i a l used to manufacture the atomiser must s a t i s f y 
some b a s i c requirements ( 8 ) . I t must have: 

i . good thermal and e l e c t r i c a l c onductivity ; 
i i . chemical inertness; 

i i i . very low l e v e l s of m e t a l l i c i m p u r i t i e s ; 
i v . low porosity; 
V. good machinability; 

v i . low thermal expansion and high r i g i d i t y ; 
v i i . high melting point. 

Although graphite s a t i s f i e s many of these requirements other 
atomiser m a t e r i a l s have been used. Donega and Burgess (9) 
developed an e l e c t r i c a l l y heated tungsten or tantalum boat. 
This could reach temperatures of up to 2200'C using only 0.5 
kW of power. However, since i t was an enclosed system, the 
samples vaporised from the atomiser and condensed on the 
s i l i c a windows which made measurements d i f f i c u l t . Metal 
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f o i l s within graphite tube atomisers have been used by some 
workers ( 1 0 ) . L'Vov d i s c o v e r e d t h a t of f o r t y a n a l y t e s 
t e s t e d , t h i r t y two had improved s e n s i t i v i t y o r decreased 
appearance temperature when a t a n t a l u m l i n e r was used 
compared with an u n l i n e d g r a p h i t e tube. S i n c e m e t a l l i c 
atomisers may be attacked by c e r t a i n acids, and a l s o become 
b r i t t l e and d i s t o r t e d a f t e r p r o l o n g e d u s e a t h i g h 
temperatures, t h e i r use has been f a r l e s s common than the 
grap h i t e atomisers. T h e i r main advantage over g r a p h i t e 
tubes i s that stable carbides cannot be formed with analytes 
such as molybdenum, s i l i c o n e t c . 

s i n c e atomisation e f f i c i e n c y i s f a r from optimal (11) i t 
would seem l i k e l y t h a t f u r t h e r m o d i f i c a t i o n s to furnace 
designs w i l l occur. 

1 ^ Advantages and Disadvantages of Electrothermal Atomic 
Absorption Spectroscopy 

Electrothermal atomic absorption spectroscopy (ETAAS) has 
several advantages over flame spectroscopy. An increase i n 
s e n s i t i v i t y of t y p i c a l l y 2-3 orders of magnitude i s obtained 
for many analyt e s . The i n c r e a s e i n s e n s i t i v i t y a r i s e s due 
to a combination of poor n e b u l i s a t i o n e f f i c i e n c y , and the 
high v e l o c i t y of the flame gases l e a d i n g to a v e r y s h o r t 
residence time of atoms w i t h i n the a n a l y t i c a l zone of the 
flame. I n ETAAS, the atoms are confined within the tube for 
a considerably longer time, and hence increased s e n s i t i v i t y 
r e s u l t s . The i n c r e a s e d s e n s i t i v i t y i s o b v i o u s l y h i g h l y 



d e s i r a b l e for u l t r a - t r a c e analyses since i t negates the need 
fo r time-consuming p r e - c o n c e n t r a t i o n t e c h n i q u e s . Sample 
volumes of between 1-100 ^1 ( t y p i c a l l y 20-25 ^1) may be used 
i n ETAAS compared with a minimum of about 500 /xl required 
f o r c o n v e n t i o n a l f l a m e AAS. T h i s i s o b v i o u s l y a 
considerable advantage i f only a l i m i t e d amount of sample i s 
a v a i l a b l e . The c a p a b i l i t y of a n a l y s i n g s o l i d s d i r e c t l y 
removes c o n t a m i n a t i o n prone d i g e s t i o n s t e p s and a l s o 
decreases sample preparation time. However, the p r e c i s i o n 
of such d e t e r m i n a t i o n s i s not p a r t i c u l a r l y good, and 
a c c u r a t e a n a l y t i c a l b a l a n c e s a r e r e q u i r e d t o weigh the 
sample i n t o s p e c i a l i s e d b o a t s . Other l e s s i m p o r t a n t 
advantages include in s i t u sample treatment, cheapness of 
operation and the ease of automation. 

E l e c t r o t h e r m a l AAS does however s u f f e r from s e v e r a l 
important disadvantages. Poor p r e c i s i o n i s a common problem 
e s p e c i a l l y when u s i n g manual p i p e t t i n g . P r e c i s i o n s of 
t y p i c a l l y 3-5% are obtained by manual i n j e c t i o n , and of 
about 1% using an autosampler (8) . T h i s does not compare 
p a r t i c u l a r l y favourably w i t h the p r e c i s i o n s obtained i n 
flame AAS which are often below 1%. The time required for 
an a n a l y s i s i s a l s o a disadvantage. A t y p i c a l furnace c y c l e 
l a s t s 1-2 minutes compared with the 5-10 seconds required 
for flame analyses. However, recent work has s u b s t a n t i a l l y 
decreased the time required to obtain a r e s u l t f or a r e a l 
sample (12, 13), where a programme l a s t i n g 45 seconds was 
used to analyse a s l u r r y . The complicated temperature 
programmes required to achieve optimal performance require a 
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degree of operator s k i l l . The c o n s t r u c t i o n of ash/atomise 
p l o t s may be n e c e s s a r y f o r a l l r e a l samples s i n c e the 
v o l a t i l i t y of the a n a l y t e may v a r y between m a t r i c e s . 
I n i t i a l l y the process of a n a l y s i s may therefore be operator 
i n t e n s i v e . Once optimum cond i t i o n s have been determined, 
the process may be automated. S i n c e samples may be very 
s m a l l and d e t e r m i n a t i o n of a n a l y t e s p r e s e n t i n ng ml"^ 
l e v e l s are frequent, contamination may become a problem. 
T h i s may be c o n t r o l l e d by s t r i n g e n t use of u l t r a - p u r e 
chemicals, c l e a n rooms, a c i d washed g l a s s ware e t c . The 
main d i s a d v a n t a g e a s s o c i a t e d w i t h ETAAS i s t h a t of 
interferences. Electrothermal AAS i s generally acknowledged 
as being f a r more prone to i n t e r f e r e n c e s than i s flame 
s p e c t r o s c o p y . T h e r e a r e s e v e r a l d i s t i n c t t y p e s of 
i n t e r f e r e n c e t h a t occur i n ETAAS. These i n c l u d e memory 
e f f e c t s , anion and c a t i o n i n t e r f e r e n c e s , condensation, 
c a r b i d e and n i t r i d e formation, n o n - s p e c i f i c a b s o r p t i o n 
(smoke), and matrix i n t e r f e r e n c e s ea. l o s s of a n a l y t e as a 
v o l a t i l e s a l t ( 6 ) . 

1 ^ Overcoming Interferences i n ETAAS 
For many years ETAAS was plagued by i n t e r f e r e n c e problems. 
S e v e r a l e x c e l l e n t guides t o t h e l i t e r a t u r e g o v e r n i n g 
interferences have been published (14-16). The most severe 
e f f e c t s i n graphite tube atomisers are normally observed i n 
the Massmann-style furnaces. T h i s i s because the analyte 
often v a p o r i s e s into an atmosphere with an i n s u f f i c i e n t l y 
high temperature to promote complete atom formation (17). 
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M a s s m a n n - s t y l e f u r n a c e s h a v e a t e m p e r a t u r e g r a d i e n t 

t h r o u g h o u t t h e t u b e , t h e ends b e i n g 200-300 d e g r e e s c o o l e r 

t h a n t h e m i d d l e and t h e atmosphere i n t h e c e n t r e o f t h e t u b e 

i s c o o l e r t h a n t h a t c l o s e r t o t h e w a l l s ( 1 8 ) . T h i s n o n -

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

c o n d e n s a t i o n on c o o l e r t u b e p a r t s , gas phase i n t e r f e r e n c e 

e f f e c t s due t o l o w v a p o u r t e m p e r a t u r e s and memory e f f e c t s . 

T h e s e e f f e c t s may b e a m e l i o r a t e d t o some e x t e n t b y 

i s o t h e r m a l o p e r a t i o n i e . t h e a t o m i s a t i o n o f t h e sample i n t o 

a h o t e n v i r o n m e n t . T h i s may be a c h i e v e d b y t h e u s e o f 

p l a t f o r m s (19) o r p r o b e s (20) (21) t o d e l a y t h e v a p o r i s a t i o n 

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

h e a t i n g ( 1 9 ) . A n o t h e r approach has been t o use t u b e s h e a t e d 

f r o m t h e s i d e s ( 2 2 ) . T h i s d e c r e a s e s t h e t e m p e r a t u r e 

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

p o p u l a r i t y . 

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

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

s h o u l d be d e t e r m i n e d u s i n g a r g o n as t h e i n e r t p u r g e gas, and 

e i t h e r t o t a l l y p y r o l y t i c c a r b o n t u b e s ( T P C ' s ) , o r p y r o -

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

by t h e use o f a c l e a n s t a g e a t t h e end o f a f u r n a c e c y c l e . 

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

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

e f f e c t and S m i t h - H i e f t j e . These a r e p a r t i c u l a r l y u s e f u l 

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

i n v o l a t i l e and hence a l a r g e b a c k g r o u n d s i g n a l i s o b t a i n e d 

d u r i n g a t o m i s a t i o n . 
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M a t r i x m o d i f i c a t i o n was an e x p r e s s i o n f i r s t c o i n e d by E d i g e r 

i n 1975 ( 2 3 ) . I t was a c o l l e c t i v e t e r m f o r a n y c h e m i c a l 

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

v o l a t i l i t y o f t h e a n a l y t e , ( a nd hence a l l o w more e f f i c i e n t 

a s h i n g ) , o r i n c r e a s e t h e v o l a t i l i t y o f t h e m a t r i x . I n t h a t 

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

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

o f t h e a n a l y t e . The use o f ammonium n i t r a t e t o e l i m i n a t e 

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

NaCl + NH4NO3 NaN03 + NH4CI 

was t h e m a j o r e x c e p t i o n . R e f r a c t o r y c h l o r i d e i o n s may be 

r e a d i l y r e m oved a t 3 3 5 a s v o l a t i l e ammonium c h l o r i d e . 

T h i s has w i t h o u t d o u b t , become t h e most common example o f 

m a t r i x m o d i f i c a t i o n by i n c r e a s i n g m a t r i x v o l a t i l i t y . S i n c e 

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

m a t r i x m o d i f i e r s have been used. T a b l e 1.1 shows s e v e r a l o f 

them. Many p a p e r s use a c o m b i n a t i o n o f m a t r i x m o d i f i e r s . A 

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

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

t h e m e t a l l o i d s ( 4 7 ) . O t h e r w o r k e r s have m i x e d p a l l a d i u m and 

a s c o r b i c a c i d , as a r e d u c i n g a g e n t ( 4 8 ) . V a r i o u s o t h e r 

m i x t u r e s o f m a t r i x m o d i f i e r s o f v a r y i n g amounts o f s u c c e s s 

have been r e p o r t e d . 

The mechanisms o f a c t i o n o f many o f t h e s e m o d i f i e r s a r e n o t 
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TABLE l . l : EXAMPLES OF MATRIX MODIFIERS 

Mat r i x M o d i f i e r A n a l y t e Reference 

A1(N03)3 Be 24 

(NH4)2Cr207 B i 25 

C i t r i c A c i d Cd, Zn 26 

K2Cr207 Hg 27 

A l 28 

La Pb, Cd, T l , Zn 29 

Pb 30 

Mg(N03)2 Cr, N i , Co 31 

Be 32 

Mo Se 33 

A l 34 

O x a l i c A c i d Pb 35 

P h o s p h o r i c A c i d v a r i o u s 36 

Pd Ge, Sb, As, B i , Hg, Se, Te, Sn 37 

Mo, V 38 

Pt As, Se 39 

Cu Se 40 

Se 27 

K I Se 41 

H2SO4 T l 42 

(NH4)2HP04/NH4H2P04 Pb, Cd, Zn 43 

BaF2 Mo 44 

A l k a l i m e t a l f l u o r i d e s S i 45 

N i As 46 

1 1 -



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

amount o f wo r k r e c e n t l y t h a t has t h r o w n l i g h t o n s e v e r a l . 

I t i s g e n e r a l l y a c c e p t e d t h a t magnesium n i t r a t e r e t a i n s 

a n a l y t e s by decomposing t o magnesium o x i d e and t r a p p i n g t h e 

a n a l y t e s w i t h i n i t s c r y s t a l m a t r i x b y o c c l u s i o n ( 4 9 ) . I n 

a d d i t i o n t o b e i n g a s t a b i l i s i n g a g e n t , magnesium n i t r a t e has 

a l s o been u s e d as a d r y a s h i n g a i d ( 4 9 ) . I t i s b e l i e v e d 

t h a t i t s mechanism o f r e a c t i o n i s s i m i l a r t o t h a t when i t 

a c t s as a s t a b i l i s i n g a g e n t . M e t a l l o i d s such as a r s e n i c and 

s e l e n i u m have been t h e r m a l l y s t a b i l i s e d by t h e a d d i t i o n o f 

many t r a n s i t i o n e l e m e n t s , eg. n i c k e l and p a l l a d i u m . T h i s i s 

due t o t h e f o r m a t i o n o f i n v o l a t i l e a r s e n i d e s and s e l e n i d e s . 

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

s p e c t r o s c o p y w h i c h d e t e c t e d Pd-Se and Pd-As bonds ( 5 0 ) . 

o t h e r examples o f m a t r i x m o d i f i e r s t h a t t h e r m a l l y s t a b i l i s e 

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

mono and d i b a s i c f o r m s o f ammonium p h o s p h a t e . I t has been 

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

l e a d p h o s p h a t e s p e c i e s , e g . 'Ph2'P2^7 (^^) * ^ d i f f e r e n t 

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

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

t u n g s t e n . These have been u s e d t o c o a t g r a p h i t e t u b e s and 

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

and i n c r e a s e d memory e f f e c t s by r e f r a c t o r y a n a l y t e s such as 

b a r i u m ( 5 2 ) ( 5 3 ) , a l u m i n i u m ( 3 4 ) and s i l i c o n ( 4 5 ) , w h i c h 

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

s o a k i n g t h e g r a p h i t e t u b e s i n s o l u t i o n s o f t h e m o d i f i e r , eg. 

t h o r i u m n i t r a t e , and t h e n d r y i n g b e f o r e use. 
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A n o t h e r t y p e o f m o d i f i e r has been d e v e l o p e d r e c e n t l y . The 

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

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

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

a n a l y t e s , t u b e l i f e - t i m e may be e x t e n d e d . The use o f b a r i u m 

f l u o r i d e ( 4 4 ) o r a l k a l i m e t a l f l u o r i d e s ( 4 5 ) h a v e b e e n 

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

molybdenum and s i l i c o n . 

M a t r i x m o d i f i c a t i o n h a s t h e r e f o r e become a l m o s t a p r e -

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

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

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

i n t e r f e r e n c e s , S l a v i n e t a l . (54) g a t h e r e d t o g e t h e r s e v e r a l 

recommendations under t h e c o l l e c t i v e t i t l e o f t h e S t a b i l i s e d 

T e m p e r a t u r e P l a t f o r m F u r n a c e , o r STPF c o n c e p t . T h e 

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

t o p r o v i d e i s o t h e r m a l o p e r a t i o n ; ( i i ) a m a t r i x m o d i f i e r ; 

( i i i ) a n i n t e g r a t e d a b s o r b a n c e s i g n a l r a t h e r t h a n p e a k 

h e i g h t m e a s u r e m e n t s ; ( i v ) a r a p i d h e a t i n g r a t e d u r i n g 

a t o m i s a t i o n ; ( v ) f a s t e l e c t r o n i c c i r c u i t s t o f o l l o w t h e 

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

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

a n a l y s e s u n d e r t a k e n by ETAAS nowadays i n c l u d e s some o r a l l 

o f t h e STPF c o n c e p t recommendations i n t h e i r p r o t o c o l s . As 

a r e s u l t , i n t e r f e r e n c e s have been c o n s i d e r a b l y r e d u c e d , and 

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

u n n e c e s s a r y ( 4 9 ) . 

The Use o f Gaseous M a t r i x M o d i f i e r s 

The m a j o r i t y o f m a t r i x m o d i f i e r s used o v e r t h e l a s t f i f t e e n 

y e a r s have been 'wet c h e m i c a l • m o d i f i e r s , i e . t h e y have t o 

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

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

r e q u i r e m e n t s ( 3 7 ) . These i n c l u d e : 

( i ) a p p l i c a b i l i t y t o as many a n a l y t e s as p o s s i b l e ; 

( i i ) a v a i l a b i l i t y i n a h i g h s t a t e o f p u r i t y ; 

( i i i ) f reedom f r o m s i g n i f i c a n t q u a n t i t i e s o f e l e m e n t s t h a t 

may have t o be d e t e r m i n e d i n t h e f u t u r e ; 

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

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

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

d i s a d v a n t a g e s . They a r e f r e q u e n t l y u n a v a i l a b l e i n a p u r e 

enough s t a t e , and must t h e r e f o r e be p u r i f i e d b e f o r e t h e y can 

be used. P u r i f i c a t i o n o f diammonium h y d r o g e n p h o s p h a t e has 

been a c h i e v e d by APDC-CHCI3 e x t r a c t i o n (55) and o f ammonium 

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

column o f c h e l e x 100 r e s i n ( 5 6 ) . 

M o d i f i e r s c o n t a i n i n g m e t a l i o n s , eg. n i c k e l and c o p p e r , may 

c o n t a m i n a t e t h e g r a p h i t e t u b e and hence p r e v e n t i t s use f o r 

t h e i r a n a l y s e s i n t h e f u t u r e . O t h e r c h e m i c a l m o d i f i e r s have 
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d e l e t e r i o u s e f f e c t s on t h e g r a p h i t e t u b e . Examples i n c l u d e 

l a n t h a n u m a n d d i c h r o m a t e ( 3 7 ) . Such d i s a d v a n t a g e s a r e 

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

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

A f t e r p r e p a r a t i o n , t h e m a t r i x m o d i f i e r must s t i l l be added 

t o t h e samples and s t a n d a r d s . T h i s a l s o u s e d t o be a t i m e 

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

a u t o s a m p l e r s t h i s has become l e s s o f a p r o b l e m . H i g h n o n 

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

wet c h e m i c a l m o d i f i e r s ( 3 4 ) . I n t h i s p a r t i c u l a r example t h e 

t u b e had been c o a t e d w i t h ammonium m o l y b d a t e and s e v e r a l 

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

s i g n a l s . 

The use o f gaseous m a t r i x m o d i f i e r s s h o u l d e x h i b i t t h e same 

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

many o f t h e c o n c o m i t a n t d i s a d v a n t a g e s . Many m o d e r n 

co m m e r c i a l i n s t r u m e n t s p r o v i d e an a l t e r n a t i v e gas i n l e t , and 

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

e n a b l e an a l t e r n a t i v e gas t o be u s e d . A gaseous m o d i f i e r 

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

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

c o n t a m i n a t i o n p r o n e sample p r e p a r a t i o n p r o c e d u r e s may be 

g r e a t l y r e d u c e d . I n a d d i t i o n , gases a r e much l e s s l i k e l y t o 

c o n t a i n m e t a l l i c i m p u r i t i e s and hence complex p u r i f i c a t i o n 

p r o c e d u r e s a r e unnecessary. 
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1,5 Aims and O b j e c t i v e s 

The a i m o f t h i s w o r k was t o d e v e l o p t h e u s e o f g a s e o u s 

m a t r i x m o d i f i e r s f o r ETAAS. Gases t h a t d e c r e a s e t h e 

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

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

i n v e s t i g a t e d . M e c h a n i s t i c a s p e c t s w i l l a l s o be examined f o r 

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

p r o c e s s e s . 
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CHAPTER 2 - USE OF AIR IN THE ASHING STAGE 

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

A i r o r o x y g e n has b e e n u s e d by a number o f w o r k e r s as an 

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

t h a t have a h i g h l y c a r b o n a c e o u s m a t r i x . Examples o f such 

m a t r i c e s i n c l u d e t h e a n a l y s i s o f b l o o d (57) serum ( 5 8 ) , p i n e 

n e e d l e s l u r r i e s ( 5 9 ) , s o i l s l u r r i e s ( 6 0 ) , s p i n a c h s l u r r i e s 

( 6 1 ) , c o a l s l u r r i e s (62) and o i l ( 6 3 ) . The p r e s e n c e o f a i r 

o r o x y g e n i n t h e a s h s t a g e l e a d s t o a n o x i d a t i v e 

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

p r o c e s s t h a t o c c u r s i n t h e p r e s e n c e o f an i n e r t g as. The 

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

r e d u c t i o n i n backg r o u n d s i g n a l and a r e d u c t i o n i n t h e amount 

o f carbonaceous r e s i d u e l e f t i n t h e t u b e a f t e r each f i r i n g . 

I n t h e absence o f a i r o r ox y g e n , t h e l e v e l o f t h i s r e s i d u e 

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

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

s i g n a l . 

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

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

f u r n a c e ( 5 9 - 6 2 ) . T h i s i s because s l u r r i e s a r e r e l a t i v e l y 

s i m p l e t o p r e p a r e , n e e d no a g g r e s s i v e c h e m i c a l p r e -

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

The p o s s i b i l i t y o f c a l i b r a t i o n u s i n g aqueous s t a n d a r d s i s 

a l s o a m a j o r a d v a n t a g e . Due t o t h e h i g h m a t r i x s i g n a l s 

p r o d u c e d by such s a m p l e s , a i r o r oxygen a s h i n g has become 
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a l m o s t a p r e - r e q u i s i t e w h e r e t h e m a t r i x i s p r e d o m i n a n t l y 

o r g a n i c . 

I n a d d i t i o n t o b e i n g an a s h i n g a i d , o x y g e n h a s a l s o been 

shown t o e x e r t a s t a b i l i s i n g e f f e c t on v o l a t i l e a n a l y t e s 

such as l e a d (64, 6 5 ) . Oxygen may t h e r e f o r e be c l a s s e d as a 

g a s e o u s m a t r i x m o d i f i e r b e c a u s e i t b o t h r e d u c e s m a t r i x 

i n t e r f e r e n c e s , and s t a b i l i s e s some a n a l y t e s . 

2 ^ E x p e r i m e n t a l 

2.2.1 Reagents 

H i g h p u r i t y w a t e r was o b t a i n e d b y u s i n g r e v e r s e o s m o s i s 

( M i l l i - R O 4, M i l l i p o r e , H a r r o w , M i d d l e s e x , UK) f o l l o w e d by 

a d s o r p t i o n , d e - i o n i s a t i o n and u l t r a - f i l t r a t i o n ( M i l l i p o r e , 

M i l l i - Q s y s t e m ) . 

N i t r i c a c i d (S.G. 1.42) P r o n a l y s a r g r a d e (May and Baker L t d . 

Dagenham, UK) and h y d r o c h l o r i c a c i d (S.G. 1.18) AnalaR g r a d e 

(BDH, P o o l e , D o r s e t , UK) were u s e d . S t o c k s t a n d a r d s (1000 

Mg ml"-^) o f Co, Cr, Mn and Pb w e r e made i n t h e f o l l o w i n g 

manner:- C o b a l t and i r o n m e t a l powder (0.100 g) (BDH) was 

d i s s o l v e d i n t h e minimum o f aqua r e g i a , a n d d i l u t e d w i t h 

w a t e r t o 100 m l . P o t a s s i u m d i c h r o m a t e (0.2829 g, BDH) was 

d i s s o l v e d i n w a t e r and made up t o 100 m l . Manganese m e t a l 

(0.100 g, BDH) was d i s s o l v e d i n HCl, and d i l u t e d t o 100 ml 

u s i n g w a t e r . Lead n i t r a t e (0.1598 g, BDH) was d i s s o l v e d i n 

w a t e r t o a volume o f 100 m l . 
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A l l s t o c k s t a n d a r d s w e r e s t o r e d i n a c i d washed p o l y t h e n e 

b o t t l e s . The w o r k i n g s t a n d a r d s w e r e p r e p a r e d b y s e r i a l 

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

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

An a t o m i c a b s o r p t i o n s p e c t r o m e t e r (SP9, P h i l i p s S c i e n t i f i c , 

Y o r k S t r e e t , C a m b r i d g e ) f i t t e d w i t h a v i d e o f u r n a c e 

p r o g r a m m e r (PU 9 0 9 5 , P h i l i p s S c i e n t i f i c ) was u s e d . 

A d d i t i o n a l l y a n a l t e r n a t i v e AA s p e c t r o m e t e r (PU 9 4 0 0 , 

P h i l i p s S c i e n t i f i c ) f i t t e d w i t h an e l e c t r o t h e r m a l a t o m i s e r 

(PU 9 3 9 0 , P h i l i p s S c i e n t i f i c ) was a l s o u s e d f o r r e p e a t 

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

The t w o f u r n a c e s d i f f e r i n t h a t t h e g a s f l o w i n t h e SP9 

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

t u b e by d i f f u s i o n , w h e r e a s i n t h e PU 9390 t h e gas f l o w s 

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

P y r o l y t i c a l l y c o a t e d t u b e s w e r e u s e d t h r o u g h o u t . B o t h 

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

f u r n a c e b y m i c r o p i p e t t e ( G i l s o n M e d i c a l E l e c t r o n i c s , 

V i l l i e r s - l e - B e l , F r a n c e ) . A l l t h e w o r k r e p o r t e d u s e d 

c o n v e n t i o n a l w a l l a t o m i s a t i o n a n d g a s s t o p mode. The 

s l u r r i e s were a g i t a t e d m a n u a l l y b e f o r e p i p e t t i n g . 

2 ^ P r e l i m i n a r y E x p e r i m e n t s 

2.3.1 Sample p r e p a r a t i o n 

A p p r o x i m a t e l y a 1 % s l u r r y o f b o v i n e l i v e r (NIST SRM 1577, 

NIST, Washington, USA) was made by a c c u r a t e l y w e i g h i n g a b o u t 

0.2 g o f sample i n t o a 30 ml c a p a c i t y p o l y p r o p y l e n e b o t t l e . 
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Z i r c o n i a b e a d s ( 1 0 g) a n d d e - i o n i s e d w a t e r (3 m l ) w e r e 

p l a c e d i n t h e b o t t l e , and t h e b o t t l e shaken f o r 2 h o u r s on a 

m e c h a n i c a l f l a s k s h a k e r ( G a l l e n k a m p , L o u g h b o r o u g h , UK) . 

A f t e r s h a k i n g t h e s l u r r y was d i l u t e d t o 20 m l b y t h e 

a d d i t i o n o f more w a t e r . 

2.3.2 R e s u l t s and D i s c u s s i o n s 

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

were made i n t o t h e advantages o f i n c o r p o r a t i n g an a i r - a s h i n g 

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

programme d e p i c t e d i n T a b l e 2.1 was used t o c o n s t r u c t an ash 

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

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

r a p i d l y d e g e n e r a t e d t h e g r a p h i t e t u b e by o x i d a t i o n t o CO and 

CO2 and, a f t e r as few as 4-5 f i r i n g s , t h e t u b e snapped. I t 

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

w h i c h t h e a i r c o u l d be f l u s h e d f r o m t h e a t o m i z e r by i n e r t 

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

ash p l o t s i s d e t a i l e d i n T a b l e 2.2, 

The ash p l o t s o b t a i n e d u s i n g v a r y i n g a m o u n t s o f a i r a r e 

shown i n F i g . 2.1. I t can be seen t h a t as t h e amount o f a i r 

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

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

i n t h e absence o f a i r . The l o w e r ash t e m p e r a t u r e s c o u l d be 

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

e l i m i n a t i n g n o n - s p e c i f i c a b s o r b a n c e i n t e r f e r e n c e ( s m o k e ) . 

As y e t , t h e mechanism whereby t h e a i r t h e r m a l l y s t a b i l i s e s 
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TABLE 2.1: FURNACE PROGRAMME INITIALLY USED FOR THE ASH PLOTS OF 
BOVINE LIVER SLURRY 

Phase Temp/'C H o l d t i m e / s Ramp/'C s - 1 

d r y 110 

ash v a r i e d 

a t o m i s e 2200 

c l e a n 2500 

40 

20 

3 

4 

10 

50 

*FP 

*FP 

Gas 

N. 

N2 + a i r 

gas s t o p 

N. 

Gas Flow 
/ I min"-^ 

3.5 

3.5 

0 

3.5 

*FP = F u l l Power (2000*0 s"^) 

TABLE 2.2: FURNACE CONDITIONS USED FOR THE ASH PLOTS OF BOVINE 
LIVER SLURRY 

Phase Temp/"C Ho l d t i m e / s Ramp/'C s - 1 Gas Gas f l o w 
/ I min"-*-

d r y 

ash 1 

ash 2 

a t o m i s e 

c l e a n 

110 

v a r i e d 

v a r i e d 

2200 

2500 

40 

20 

20 

3 

4 

10 

50 

0 

*FP 

*FP 

N. 

N2 + a i r 

No 

Gas s t o p 

No 

3.5 

3.5 

3.5 

0 

3.5 

*FP = F u l l Power (2000'C s"^) 
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t h e l e a d , i s n o t f u l l y u n d e r s t o o d . I t was h y p o t h e s i s e d (64) 

t h a t t h e oxygen becomes a d s o r b e d t o t h e a c t i v e s i t e s on t h e 

g r a p h i t e s u r f a c e f o r m i n g a C-O bond. The a c t i v e s i t e s a r e 

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

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

g r a p h i t e u n t i l 9 5 0 * C , a n d t h e r e f o r e i t i s a t t h i s 

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

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

l e a d o x i d e a t a t e m p e r a t u r e o f a b o u t 500*C, and t h e r e f o r e , 

t h e p r e s e n c e o f a i r a l l o w s a s h i n g a t t e m p e r a t u r e s o f 400-

500'C h i g h e r t h a n u s u a l . I n a l a t e r r e p o r t ( 6 5 ) , i t was 

c o n c l u d e d t h a t t h e above model was e r r o n e o u s , b u t t h a t t h e 

adso r b e d oxygen d i d c o n t r o l t h e C0:C02 r a t i o , w h i c h i n t u r n 

g o v e r n e d t h e appearance t e m p e r a t u r e o f l e a d . 

E x a m i n a t i o n o f t h e ash c u r v e i n w h i c h no a i r was added shows 

t h a t t h e r e i s no p l a t e a u r e g i o n , and hence i t i s i m p o s s i b l e 

t o d e t e r m i n e a t e m p e r a t u r e a t w h i c h smoke i n t e r f e r e n c e had 

c e a s e d , b u t a n a l y t e l o s s h a d n o t b e g u n . U s i n g a s h 

t e m p e r a t u r e s l e s s t h a n 5 0 0 * 0 a v e r y l a r g e s i g n a l was 

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

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

s y s t e m t o u n d e r - c o r r e c t . To t e s t t h i s h y p o t h e s i s , t h e 

s i g n a l o b t a i n e d a t t h e l e a d n o n - a b s o r b i n g l i n e a t 280.1 nm 

was measured u s i n g t h e f u r n a c e programme i n T a b l e 2.2. A t 

t h i s w a v e l e n g t h t h e r e i s no a b s o r p t i o n b y a t o m i c l e a d , b u t 

e x c e s s i v e smoke wo u l d cause a b s o r p t i o n o r s c a t t e r i n g o f t h e 

i n c i d e n t l i g h t , and hence p r o d u c e a s i g n a l . S i g n a l s were 

o b t a i n e d a t t e m p e r a t u r e s b e l o w 500*C, b u t d e c r e a s e d i n 
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magnitude as t h e ash t e m p e r a t u r e i n c r e a s e d . A t 5 0 0 t h e r e 

was no s i g n i f i c a n t s i g n a l , and h e n c e t h e r e was no l o n g e r 

s u f f i c i e n t smoke t o cause under c o r r e c t i o n . 

s i m i l a r s h a ped ash p l o t s w e r e o b t a i n e d , w i t h and w i t h o u t 

a i r , when t h e b o v i n e l i v e r s l u r r y was a n a l y s e d f o r cadmium. 

A g a i n t h e u s e o f l o w e r a s h i n g t e m p e r a t u r e s , due t o more 

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

were p o s s i b l e . S i m i l a r r e s u l t s w e re o b t a i n e d f o r l e a d and 

c a d mium i n a m i l k p o w d e r s l u r r y (BCR SRM 6 3 , E u r o p e a n 

Community B u r e a u o f R e f e r e n c e , Rue de l a L o i , B r u s s e l s , 

B e l g i u m ) . 

Ash p l o t s w e r e a l s o c o n s t r u c t e d f o r some l e s s v o l a t i l e 

e l e m e n t s . C o b a l t e x h i b i t e d t h e same i n c r e a s e i n t h e 

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

n o t a d v i s a b l e when a i r was used. The b o i l i n g p o i n t s o f t h e 

s p e c i e s o f i n t e r e s t a r e Co = 2870*C, C o C l j = 1049'C and CoO 

= 1795"C, i n d i c a t i n g t h a t t h e maximum a s h t e m p e r a t u r e u s e d 

s h o u l d be 900-1000"C. I n t h e p r e s e n c e o f a i r , s i g n i f i c a n t 

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

o f 950"C, s i n c e t h i s i s t h e t e m p e r a t u r e a t w h i c h c h e m i s o r b e d 

oxygen i s r e l e a s e d as c a r b o n m onoxide o r d i o x i d e f r o m t h e 

a c t i v e s i t e s on t h e g r a p h i t e s u r f a c e . The p r e s e n c e o f a i r 

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

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

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

i n p o r o s i t y and f r a g i l i t y o f t h e t u b e , and a d e c r e a s e i n 
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tube l i f e t i m e . I t was t h e r e f o r e d e c i d e d t h a t t h e r e was no 

p o i n t i n e x t e n d i n g t h e a s h p l o t s f o r c o b a l t above 950-

lOOO'C. Very s i m i l a r r e s u l t s were o b t a i n e d f o r i r o n ( F i g . 

2.2) . 

2^ Using A i r t o Overcome Chemical i n t e r f e r e n c e s 

2.4.1 I n t r o d u c t i o n and Procedure 

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

d e l e t e r i o u s e f f e c t s on t h e tube. However, K a t s k o v e t a l . 

(66) removed t h e i n t e r f e r e n c e o f c h l o r i d e upon i n d i u m , 

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

a n a l y t e s t o t h e i r o x i d e s . A molybdenum t u b e was u s e d 

because of i t s g r e a t e r r e s i s t a n c e t o o x i d a t i v e a t t a c k . An 

experiment was performed t o determine whether o r not an a i r 

a s h i n g p h a s e c o u l d d e c r e a s e t h e w e l l d ocumented ( 1 4 ) 

i n t e r f e r e n c e of magnesium c h l o r i d e on l e a d d e t e r m i n a t i o n s . 

Ash p l o t s w i t h and without a i r of an aqueous 2 ng ml~^ l e a d 

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

a f t e r the a d d i t i o n of MgCl2 (0.15 g 1"^, AnalaR, BDH) . The 

ge n e r a l furnace programme used i s d e t a i l e d i n T a b l e 2.2. 

2.4.2 R e s u l t s and D i s c u s s i o n 

The r e s u l t s obtained a r e shown i n F i g . 2.3. I t can be seen 

t h a t t h e a i r d i d d e c r e a s e t h e amount of i n t e r f e r e n c e e x e r t e d 

by t h e HgCl2. Presumably t h i s may a g a i n be a t t r i b u t e d t o 

the formation of l e a d oxide, and the b l o c k i n g o f the a c t i v e 

s i t e s by chemisorbed oxygen. I t h a s p r e v i o u s l y been found 

t h a t t h e use of NH^HjPO^ or t h e p r e - t r e a t m e n t o f t h e tube 

w i t h 1% ammonium molybdate followed by t h e use o f phosphoric 
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a c i d as a m a t r i x m o d i f i e r ( 6 7 ) , a l s o d e c r e a s e d i n t e r f e r e n c e 

by MgCl2« However, t h e use of an a i r a s h i n g s y s t e m may be 

q u i c k e r , i s l e s s prone t o c o n t a m i n a t i o n t h a n t h e u s e of 

'wet* c h e m i c a l m o d i f i e r s , and i s more r e a d i l y automated. 

Probe a t o m i s a t i o n (21) has a l s o been use d t o d e c r e a s e t h i s 

i n t e r f e r e n c e . 

The u s e o f an a i r a s h i n g p h a s e was n o t found t o have any 

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

t e c h n i q u e . An experiment was performed i n which t h e l e a d 

s i g n a l from a b o v i n e l i v e r s l u r r y was measured, and t h e 

r e l a t i v e s t a n d a r d d e v i a t i o n (RSD) c a l c u l a t e d a f t e r e v e r y 5 

f i r i n g s . T h i s c o n t i n u e d over a p e r i o d of 50 f i r i n g s . The 

RSD was found t o be below 4% i n a l l c a s e s . The experiment 

was repeated u s i n g a normal a s h i n g s t a g e i n p l a c e of the a i r 

a s h i n g s t a g e . The RSD was a g a i n found t o be l e s s than 4% i n 

a l l c a s e s . The furnace programme used i s as shown i n T a b l e 

2.2, w i t h an ash temperature of 500"C. 

2_^ E v a l u a t i o n of the Method 

2.5.1 I n t r o d u c t i o n and Procedure 

C e r t i f i e d r e f e r e n c e m a t e r i a l s (CRMs) were a n a l y s e d f o r 

chromium, manganese, c o b a l t and l e a d . The CRMs chosen were 

CRM 1573 Tomato l e a v e s (NIST, Washington DC, USA), NIES CRM 

5 H a i r , NIES CRM 6 mussel, NIES CRM 3 c h l o r e l l a ( N a t i o n a l 

I n s t i t u t e f o r Environmental S c i e n c e , Yatabe-Machi,, Tsukuba, 

I b a r a k i , J a p a n ) , and BCR CRM 145 sewage s l u d g e ( E u r o p e a n 

Community Bureau o f Community R e f e r e n c e , Rue de l a L o i , 
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B r u s s e l s , Belgium). One per c e n t s l u r r i e s of t h e CRMs were 

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

2.3.1. The o p e r a t i n g c o n d i t i o n s and f u r n a c e parameters used 

f o r the a n a l y s e s a r e shown i n T a b l e 2.3. The a n a l y s e s were 

conducted on both SP9/PU 9095 ( P h i l i p s S c i e n t i f i c ) , and PU 

9400/PU 9390 ( P h i l i p s S c i e n t i f i c ) systems. From F i g . 2.1 i t 

could be seen t h a t the more a i r p r e s e n t , the more e f f i c i e n t 

t h e a s h i n g . T h e r e f o r e , f o r a l l t h e a n a l y s e s performed on 

the SP9 system 3.5 1 min"^ a i r was used, whereas t h e maximum 

o f 200 ml min"^ was u s e d on t h e PU 9390 e l e c t r o t h e r m a l 

atomizer. 

2.5.2 R e s u l t s and D i s c u s s i o n 

The r e s u l t s from the two furnace systems a r e shown i n T a b l e 

2.4. I n g e n e r a l , t h e r e s u l t s o b t a i n e d were i n r e a s o n a b l e 

agreement w i t h the c e r t i f i e d v a l u e s . The p r e c i s i o n of some 

a n a l y s e s undertaken on the SP9 was poor. T h i s corresponded 

to s i t u a t i o n s i n which the high c o n c e n t r a t i o n of the a n a l y t e 

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

r e l a t i v e l y poor s e n s i t i v i t y . U n f o r t u n a t e l y t h e s e l i n e s 

o f t e n showed poor s i g n a l t o background r a t i o s , and r e s u l t e d 

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

background c o r r e c t o r used i n t h e o l d e r SP9 d e s i g n d i d not 

f u n c t i o n w e l l above 350 nm. U s i n g t h e more modern PU9400 

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

c o m p u t e r i s e d peak s e a r c h r o u t i n e , and above 3 50 nm i t was 

not n e c e s s a r y t o use background c o r r e c t i o n . Thus f o r t h e Mn 

a n a l y s e s a t t h e 403.1 nm l i n e and t h e Pb a n a l y s e s a t t h e 

368.35 nm l i n e , t h e background c o r r e c t o r was s w i t c h e d o f f . 
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TABLE 2.3: FURNACE PARAMETERS FOR THE ANALYSIS OF THE SLURRIES 

Element Wavelength Matrix S p e c t r a l band Lamp Current Ash phases time(s) Atomise 
width (nm) 

Mn 

(nm) 

403.1 C h l o r e l l a 
Mussel 
Ha i r 

0.5 

(mA) 

8 

temp CC) 

550 20 

phase ("C) 

2400 

321.7 Tomato 
l e a v e s 
Sewage 
sludge 

0.1 550 20 2400 

Cr 357.9 Tomato 
l e a v e s 
H a i r 
Mussel 

0-5 550 20 2400 

I 
o 

Co 

520.5 

240.7 

Sewage 
sludge 

Mussel 
Tomato 
l e a v e s 
C h l o r e l l a 

0.1 

0.5 

550 

550 

20 

20 

2400 

2400 

304.4 Sewage 
sludge 

0.5 550 20 2400 

Pb 283.3 C h l o r e l l a 
Mussel 
H a i r 
Tomato 
l e a v e s 

0.5 550 20 2200 

368.3 Sewage 
sludge 

0.5 550 20 2200 

A l l a n a l y s e s incorporated a d r y i n g stage a t 110"C f o r 40 seconds. A tube c l e a n stage a t 2800"C f o r 
3 seconds was a l s o used f o r a l l a n a l y s e s except l e a d . 



TABLE 2.4: RESULTS FOR SLURRY ATOMI8ATIOM OF VARIOUS CERTIFIED 
REFERENCE MATERIALS 

Element C e r t i f i e d Value R e s u l t Obtained R e s u l t Obtained 
(>ig g-1) (SP9) (pg g"^) (PU9400) (^ig g"^) 

Tomato l e a v e s fNBS 1573) 
Mn 238 ± 7 260 ± 17 216 ± 22 

Cr 4.5 ± 0.5 4.24 ± 0.35 4.4 ± 0.25 

Co (0.6) 0.57 ± 0.03 0.56 ± 0.05 

Pb 6.3 ± 0.3 6.1 ± 0.7 5.3 ± 0.6 

Human H a i r (NJES 51 

Mn 5 . 2 ± 0 . 3 4 . 9 1 0 . 6 5 . 6 ± 0 . 1 

Cr 1.4 ± 0.2 1.3 ± 0.1 1.4 ± 0.16 

Co (0.1) 0.08 ± 0.03 

Pb (6.0) 5.8 ± 0.9 6.6 ± 0.6 

Mussel fNIES 61 

Mn 16.3 ± 1.2 16.5 ± 5.9 17.3 ± 0.4 

Cr 0.63 ± 0.07 0.56 ± 0.05 0.59 ± 0.03 

Co (0.37) 0.35 ± 0.01 0.35 ± 0.02 

Pb 0.91 ± 0.04 1.03 ± 0.14 0.96 ± 0.05 

C h l o r e l l a (NIES H 

Mn 69 ± 5 65 ± 21 61 ± 3 

O r 

eo 0.87 ± 0.05 0.91 ± 0.06 0.74 ± 0.03 

Pb (0.6) 1.2 ± 0.12 

Sewage Sludge (BCR 145) 

Mn 241 ± 12 244 ± 15 229 ± 25 

Cr (105) 94.3 ± 6.3 120.9 ± 7.8 

Co 8.38 ± 0.71 8.63 ± 0.62 

Pb 349 ± 15 365 ± 22 330 ± 9 
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The s i g n a l s o b t a i n e d may t h e r e f o r e h a v e i n c l u d e d any 

background a b s o r p t i o n . As F i g . 2.4 shows, t h e a n a l y t e peak 

p r e c e d e s a l a r g e n o n - s p e c i f i c a b s o r b a n c e p e a k . By 

d e c r e a s i n g t h e r e a d t i m e t o 1 s e c o n d and by u s i n g peak 

h e i g h t measurements, i t was p o s s i b l e a c c u r a t e l y t o determine 

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

i n t e r f e r e n c e . 

S i n c e i n t h e PU 9390 e l e c t r o t h e r m a l a t o m i z e r t h e i n t e r n a l 

gas i s d i r e c t e d through t h e tube, i t i s c o n s i d e r a b l y more 

e f f i c i e n t t h an t he SP9 f u r n a c e system which r e l i e s on a i r 

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

demonstrated by the f a c t t h a t i t y i e l d e d s i m i l a r r e s u l t s t o 

the SP9 system, but used o n l y a f r a c t i o n of the gas. 

2_^ C o n c l u s i o n s 

The use of an a i r a s h i n g phase i n t h e a n a l y s i s o f s l u r r i e s 

l e a d s t o more e f f i c i e n t p y r o l y s i s . T h i s has two advantages. 

F i r s t , i t d e c r e a s e s t he amount of carbonaceous r e s i d u e l e f t 

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

a t o m i z a t i o n t h a t i s more f r e e from i n t e r f e r e n c e s a f t e r 

a s h i n g a t much lower temperatures. I n t e r f e r e n c e from o t h e r 

s p e c i e s , such a s MgCl2r was a l s o found t o d e c r e a s e . T h i s 

was presumably due t o t h e f o r m a t i o n o f l e s s v o l a t i l e l e a d 

s p e c i e s , and hence, reduced i n t e r a c t i o n w i t h c h l o r i d e i o n s 

i n t h e v a p o u r p h a s e . A i r - a s h i n g was f o u n d t o h a v e no 

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

temperatures of l e s s than 950"C, t y p i c a l l y 600'C, were used. 
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F i g . 2.4: The s i g n a l obtained f o r a s l u r r y a t the l e a d 368.35nin 
l i n e without background c o r r e c t i o n . 
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or on a n a l y t i c a l p r e c i s i o n . An a i r - a s h i n g s t a g e was then 

u s e d i n t h e d e t e r m i n a t i o n o f Co, C r , Mn and Pb i n some 

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

showed good agreement w i t h the c e r t i f i e d v a l u e s . 
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CHAPTER 3 - THE USE OF HYDROCARBON GASES IN THE ASH STAGE 

3_s_l I n t r o d u c t i o n 

The advantages o f f e r e d by t o t a l p y r b l y t i c c a r b o n (TPC) or 

p y r o l y t i c a l l y c o a t e d t u b e s have been w e l l documented ( 6 8 ) . 

The low p e r m e a b i l i t y t o gases of p y r o l y t i c g r a p h i t e l e a d s t o 

improved vapour confinement and hence improved s e n s i t i v i t y . 

The low p o r o s i t y ; (0% compared w i t h 17% f o r e l e c t r o g r a p h i t e 

(68)) l e a d s t o l e s s soaking of the sample i n t o t h e g r a p h i t e 

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

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

i n memory e f f e c t s . P y r o l y t i c c a r b o n h a s a h i g h e r 

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

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

tube l i f e - t i m e . I t s high thermal c o n d u c t i v i t y l e a d s t o more 

uniform h e a t i n g which r e s u l t s i n an i n c r e a s e i n the r a t e of 

at o m i s a t i o n , and i n c r e a s e d e f f i c i e n c y of a t o m i z a t i o n ( 6 9 ) . 

The presence of o x i d i s i n g a c i d s o r i o n s ( 7 0 ) , oxygen (64) or 

water vapour (71, 72) a t e l e v a t e d temperatures r a p i d l y l e a d s 

t o tube o x i d a t i o n and d e g e n e r a t i o n . T h i s i s p a r t i c u l a r l y 

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

a l b e i t more s l o w l y , i n c o a t e d t u b e s . The s i t u a t i o n i s 

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

a t o m i s a t i o n t e m p e r a t u r e s . The u s e of a hyd r o c a r b o n gas t o 

r e p l e n i s h t h e p y r o l y t i c c o a t i n g i s a co n c e p t t h a t has been 

i n use f o r many y e a r s . Methane (69, 71-79), a c e t y l e n e (70, 

75), propane (75, 80) and e t h y l e n e ( 7 5 ) , have a l l been used 
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f o r t h i s p u r p o s e . M e t h a n e h a s b e e n t h e m o s t common 

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

temperature of 607'C (81) a c c o r d i n g t o the e q u a t i o n 

CH4 - C + 2H2, 

but most workers use temperatures of 2000-2200'C t o c o a t t h e 

tubes. O r i g i n a l l y , the f i r s t workers used 100% methane, but 

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

Most workers have t h e r e f o r e i n v e s t e d i n a commercial mix of 

10% methane i n argon, and d i l u t e d t h i s w i t h pure argon a s 

n e c e s s a r y . The e f f i c i e n c y o f t h e c o a t i n g p r o c e s s has been 

c a l c u l a t e d by Manning and E d i g e r (69) t o be about 50% a t 

2200''C. By b l e e d i n g t h e m e t h a n e i n t o t h e i n e r t g a s 

atmosphere, i t i s p o s s i b l e t o ex t e n d tube l i f e t i m e by t h e 

d e p o s i t i o n of the l i b e r a t e d carbon as a ro b u s t , i n e r t l a y e r 

on t he g r a p h i t e s u r f a c e . 

The m a j o r i t y of workers have used t h e gaseous hydrocarbon 

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

programme ( 7 6 ) , a s an i n i t i a l p r e - t r e a t m e n t b e f o r e t he tube 

i s used (69, 7 7 ) , c o n t i n u o u s l y throughout t h e e n t i r e f u r n a c e 

c y c l e (71, 72, 7 7 ) , or a co m b i n a t i o n o f t h e l a s t two ( 7 0 ) . 

Few i f any appear to have l i m i t e d t h e use of t h e hydrocarbon 

t o t h e a s h s t a g e . I f t h e t e m p e r a t u r e o f t h e a s h s t a g e i s 

high enough, then a l l t he advantages p r o f f e r e d by the use of 

h y d r o c a r b o n s s h o u l d be e x h i b i t e d , w h i l e t h e amount o f 

e x p l o s i v e gas used i s minimised. 
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3.2 Experimental 

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

An a t o m i c a b s o r p t i o n s p e c t r o m e t e r (PU 9100X, P h i l i p s 

S c i e n t i f i c ) f i t t e d w i t h an e l e c t r o t h e r m a l a t o m i s e r (PU 

9390X, P h i l i p s S c i e n t i f i c ) an autosampler (PU 9380X, P h i l i p s 

S c i e n t i f i c ) , a n d a d a t a s t a t i o n (PU 9 1 7 8 X , P h i l i p s 

S c i e n t i f i c ) was u s e d * A d d i t i o n a l l y , an a l t e r n a t i v e 

s p e c t r o m e t e r (SP9, P h i l i p s S c i e n t i f i c ) f i t t e d w i t h a v i d e o 

furnace prograimner (PU 9095, P h i l i p s S c i e n t i f i c ) and an SP9 

f u r n a c e , ( P h i l i p s S c i e n t i f i c ) was u s e d . P y r o l y t i c a l l y 

coated tubes were used throughout. Samples were i n t r o d u c e d 

m a n u a l l y t o t h e SP9 s y s t e m by p r e c i s i o n m i c r o p i p e t t e 

( G i l s o n ) . 

3.2.2 Reagents and Standards 

Stock s t a n d a r d s (1000 mg 1~^) of a l l a n a l y t e s were obtained 

from BDH ( S p e c t r o s o l , BDH). Working s t a n d a r d s were prepared 

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

i n t o c l e a n p l a s t i c v o l u m e t r i c f l a s k s . Methane (99%) and a 

subsequent mix of 5% methane i n argon, were o b t a i n e d from 

A i r Products (Marsh Barton, E x e t e r , UK). 

3.3 I n i t i a l Experiments 

3.3.1 Procedure 

I n i t i a l experiments were performed on the o l d e r SP9 f u r n a c e 

system. Methane (99%) was d i l u t e d by t h e i n e r t argon gas by 

t h e u s e of r o t a m e t e r s . The f i r s t e x p e r i m e n t p e r f o r m e d 

i n v o l v e d t h e c o n s e c u t i v e measurements, (peak h e i g h t ) of an 
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aqueous aluminium s t a n d a r d (10 ng ml~^) from t h e w a l l of a 

p y r o - c o a t e d t u b e , i n t h e a b s e n c e o f methane. A f t e r 12 

f i r i n g s , a 2% methane i n argon mix was i n t r o d u c e d d u r i n g the 

c l e a n s t a g e , and t h e measurements c o n t i n u e d . The f u r n a c e 

programme and the o p e r a t i n g c o n d i t i o n s used a r e d e t a i l e d i n 

T a b l e s 3.1 and 3.2 r e s p e c t i v e l y . 

3.3.2 R e s u l t s and D i s c u s s i o n 

A p l o t of peak h e i g h t a g a i n s t t h e number of f i r i n g s i s shown 

i n F i g . 3.1. I t shows t h a t t h e s i g n a l o b t a i n e d was 

i n i t i a l l y f a i r l y s t a b l e , but a s t h e p y r o l y t i c c o a t i n g began 

to wear away and expose the more porous e l e c t r o g r a p h i t e , the 

magnitude of t h e s i g n a l began t o d i m i n i s h . On a d d i t i o n of 

t h e methane t o r e p l e n i s h t h e p y r o l y t i c l a y e r , t h e s i g n a l 

immediately i n c r e a s e d a g a i n , a l t h o u g h i t d i d not r e a c h i t s 

o r i g i n a l s i z e . T h i s was probably due t o i n s u f f i c i e n t carbon 

being d e p o s i t e d . I f a second i n t r o d u c t i o n of methane had 

been made du r i n g another c l e a n s t a g e , t h e a n a l y t i c a l s i g n a l 

may h a v e r e t u r n e d t o i t s o r i g i n a l s i z e . T h i s i n i t i a l 

e x p e r i m e n t showed t h e e x t e n t t o w h i c h t h e p y r o - c o a t i n g 

governs the s i z e of the s i g n a l , by p r e v e n t i n g sample s o a k i n g 

i n t o the tube and c a r b i d e formation. 

3.4 I n t r o d u c t i o n o£ Methane During t h e Ash Stage 

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

For extremely r e f r a c t o r y a n a l y t e s such a s V, A l , S i e t c . ash 

t e m p e r a t u r e s o f up t o 1 3 0 0 - 1 5 0 0 ' C may be u s e d w i t h o u t 

a n a l y t e l o s s . At t e m p e r a t u r e s above 600^C methane s h o u l d 

s t a r t t o t h e r m a l l y d i s s o c i a t e and h e nce p r o d u c e r e d u c i n g 
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TABLE 3 . 1 : FURNACE PROGRAMME USED FOR A l 

Phase Temperature/"c Hold t i m e / s Ramp/•c 

dry 110 30 20 

ash 700 10 100 

atomise 2600 5 FP* 

c l e a n 2700 5 FP* 

* F u l l Power 

TABLE 3.2; OPERATING CONDITIONS FOR A l 

bandpass 

lamp c u r r e n t 

wavelength 

i n j e c t i o n volume 

0.5 nm 

10 mA 

309.3 nm 

20 ^1 
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F i g . 3.1 S i g n a l S i z e For Al Against Tube C y c l e 
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carbon and hydrogen. By i n t r o d u c i n g methane d u r i n g the ash 

s t a g e t h e p y r o l y t i c c o a t i n g on the tube should be p r e s e r v e d , 

but i n a d d i t i o n to t h a t , any r e s i d u a l oxygen p r e s e n t s h o u l d 

be scavenged. T h i s i s o b v i o u s l y d e s i r a b l e f o r a n a l y t e s such 

as t h e s e t h a t form s t a b l e o x i d e s . 

3.4.2 Procedure 

A n a l y t e s such as A l (10 ng ml"^) , V (50 ng ml"^) , S i (50 ng 

m l " ^ ) , Mg (20 ng m l " ^ ) , Ca (400 ng ml"^) and Mo (10 ng ml~^) 

were u s e d t o d e t e r m i n e t h e a f f e c t s of methane. An e a r l y 

e x p e r i m e n t p e r f o r m e d on t h e SP9 s y s t e m showed t h a t t h e 

optimum amount of methane f o r aluminium d e t e r m i n a t i o n was 

about 2% ( F i g . 3 . 2 ) . At c o n c e n t r a t i o n s h i g h e r than t h a t , 

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

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

head and the quartz windows. However, i n the more modern PU 

9390X system, t h i s problem was l a r g e l y overcome. F o r t h e 

remaining a n a l y t e s , the experiments were performed u s i n g the 

PU 9390X system and a commercial mix of 5% methane i n argon. 

The o p e r a t i n g c o n d i t i o n s and f u r n a c e programmes u s e d a r e 

d e t a i l e d i n T a b l e 3.3. ' 

3.4.3 R e s u l t s and D i s c u s s i o n 

The r e s u l t s o b t a i n e d a r e shown i n T a b l e 3.4. The r e s u l t s 

shown a r e t h e averages of f i v e r e p l i c a t e i n j e c t i o n s , and a r e 

based on peak h e i g h t measurements. I t can be seen t h a t the 

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

enhancements f o r most a n a l y t e s which i n some c a s e s , eg. S i , 
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TABLE 3.3; OPERATING CONDITIONS AND FX7RNACE PARAMETERS USED FOR 
METHANE IN ASH STAGE EXPERIMENTS 

Analy t e Stage Temp/•C Hold 
time / s 

Ramp/ Wave
l e n g t h 
/nm 

Lamp Band-
c u r r e n t p a s s / 

nA nm 

Al dry 110 30 20 309.3 7 0.5 

ash 1100 30 50 

atomise 2800 3 FP* 

c l e a n 2900 3 FP* 

Ca dry 110 30 20 239.9 6 0.5 

ash 1000 30 50 

atomise 2600 3 FP* 

c l e a n 2900 3 FP* 

Mg dry 110 30 20 279.6 4 0.5 

ash 800 30 50 

atomise 2400 3 FP* 

c l e a n 2900 3 FP* 

Mo dry 110 30 20 313.9 12 0.2 

ash 1200 30 50 

atomise 2800 3 FP* 

c l e a n 2900 3 FP* 

S i dry 110 30 20 251.6 12 0.5 

ash 1100 30 50 

atomise 2800 3 FP* 

c l e a n 2900 3 FP* 

V dry 110 30 20 318.5 10 0.2 

ash 1200 30 50 

atomise 2800 3 FP* 

c l e a n 2900 3 FP* 

*FP = F u l l Power 
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TABLE 3.4: A COMPARISON OF THE SENSITIVITY OBTAINED FOR 
SEVERAL ELEMENTS IN ARGON AND 5% v/v METHANE 
IN ARGON 

A n a l y t e S i g n a l u s i n g 5 i methane i n argon 
S i g n a l u s i n g argon 

A l 1.26 

Ca 1.53 

Mg 1.46 

Mo 1.01 

S i 1.89 

V 1.14 
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were s i g n i f i c a n t . F i g u r e s 3.3 and 3.4 show t h e p e a k s 

o b t a i n e d f o r s i l i c o n w i t h o u t , and then w i t h methane* The 

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

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

methane, i n d i c a t i n g t h a t any enhancement i n s e n s i t i v i t y i s 

not due t o u n d e r - c o r r e c t i o n by t h e background c o r r e c t i o n 

s y s t e m . The o p t i m a l amount o f methane r e q u i r e d f o r e a c h 

a n a l y t e was not d e t e r m i n e d , and s i n c e e a c h a n a l y t e h a s a 

d i f f e r e n t optimum ( 7 8 ) , the enhancements i n s e n s i t i v i t y may 

not be maximal. The r e s u l t s i n g e n e r a l , and t h e r a t h e r 

d i s a p p o i n t i n g r e s u l t f o r molybdenum i n p a r t i c u l a r , may have 

been g r e a t l y improved had t h e optimal methane m i x t u r e s been 

used. 

The s e n s i t i v i t y enhancements may have a number of c a u s e s . 

I t c o u l d be due t o the f o r m a t i o n o f a non-porous p y r o l y t i c 

carbon l a y e r , thereby p r e v e n t i n g s o a k i n g and memory e f f e c t s , 

or t he r e d u c t i o n of a n a l y t e oxide s p e c i e s , o r t h e p r e v e n t i o n 

o f t h e i r f o r m a t i o n by t h e r e d u c i n g c a r b o n o r h y d r o g e n 

formed. By u s i n g an e l e c t r o g r a p h i t e tiibe and measuring t he 

s i g n a l o b t a i n e d by a vanadium s t a n d a r d (50 ng ml~^) f i r s t 

w i t h o u t , and t h e n w i t h methane i n t h e a s h s t a g e , i t was 

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

enhancement. The r e s u l t s o b t a i n e d showed an i n c r e a s e i n 

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

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

S i n c e an e l e c t r o g r a p h i t e tube was used, sample s o a k i n g and 

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

drop i n s e n s i t i v i t y . The methane was i n t r o d u c e d d u r i n g the 
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F i g . 3.3: S i g n a l o btained from 50 ng ml"^ s i l i c o n w i t h o u t 5% 
methane i n Argon. 
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ash s t a g e and, t h e r e f o r e , sample s o a k i n g would a l r e a d y have 

o c c u r r e d . S i n c e t h e same s e n s i t i v i t y e n h a n c e m e n t was 

o b t a i n e d , i t was deduced t h a t s i g n a l enhancements were due 

t o t h e p r e s e n c e of r e d u c i n g c a r b o n , hydrogen o r p e r h a p s 

hydrocarbon r a d i c a l s . When a comparison of s e n s i t i v i t y was 

made between hydrogen and argon i n t h e a s h s t a g e , i t was 

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

i n c r e a s e i n s i g n a l was obtained f o r both peak a r e a and peak 

h e i g h t f o r a n a l y t e s such a s A l (7%) and V (3%) . However, 

t h i s i n c r e a s e was c o n s i d e r a b l y s m a l l e r than t h a t obtained i n 

the p r e s e n c e of methane. T h i s i n d i c a t e d t h a t a l t h o u g h t h e 

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

enhancement, t h e main c a u s e i s t h e r e d u c i n g carbon o r t h e 

hydrocarbon r a d i c a l . T h i s i s i n accordance w i t h the r e s u l t s 

o f Welz and S c h l e m m e r ( 7 9 ) . T h e s e w o r k e r s a l s o f o u n d 

i n c r e a s e s i n s e n s i t i v i t y when methane was u s e d i n g l a s s y 

carbon t u b e s , and t o a l e s s e r e x t e n t i n p y r o - c o a t e d t u b e s 

(82) . 

3.5 I n v e s t i g a t i o n of the k i n e t i c s of Methane D i s s o c i a t i o n 

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

The r a t e a t which t h e hydrocarbon t h e r m a l l y d i s s o c i a t e s i s 

important c o n s i d e r i n g t h a t the temperatures used i n the ash 

s t a g e were lower than t h o s e recommended f o r p y r o l y t i c c o a t 

formation found i n l i t e r a t u r e . I f t h e r a t e of d i s s o c i a t i o n 

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

temperatures may be r e q u i r e d f o r o p t i m a l s i g n a l enhancement. 
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3,5.2 Procedure R e s u l t s and D i s c u s s i o n 

U s i n g t h e copper non-absorbing l i n e a t 323.1 nm, and w i t h 

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

o b t a i n e d a t d i f f e r e n t t e m p e r a t u r e s i n t h e p r e s e n c e of 100% 

methane was m e a s u r e d . The s i g n a l was m e a s u r e d f o r 10 

s e c o n d s a t t e m p e r a t u r e s o f between 1000 and 2000'C. The 

e x p e r i m e n t was t h e n r e p e a t e d f o r t h e g a s e s e t h a n e and 

propane. The r e s u l t s a r e shown i n F i g , 3-5. From F i g . 3.5 

i t c a n be s e e n t h a t t h e k i n e t i c s a r e v e r y s l o w . The 

l i t e r a t u r e (81) q u o t e s a t e m p e r a t u r e o f 607*C t o be t h e 

p o i n t a t w h i c h methane d i s s o c i a t e s . However, i n t h e 10 

second measurement p e r i o d no s i g n a l from t h e d i s s o c i a t i n g 

methane was observed u n t i l 1450'C. Had l o n g e r measurement 

t i m e s been used, then t h e d i s s o c i a t i o n o f methane a t lower 

t e m p e r a t u r e s would have become a p p a r e n t . The e t h a n e and 

propane d i s s o c i a t e d a t lower temperatures (1350*C and 1250 "C 

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

t h e r e f o r e enable lower ash temperatures or t i m e s to be used 

w h i l s t s t i l l y i e l d i n g the same r e s u l t s . However, the amount 

of hydrocarbon n e c e s s a r y i s c o n s i d e r a b l y l e s s than methane. 

Other w o r k e r s (75) have found t h a t t h e amount of propane 

r e q u i r e d i s o n l y 7% of t h a t o f methane. F i g u r e 3.5 shows 

the much l a r g e r s i g n a l s obtained from t h e ethane and propane 

which demonstrates the p o i n t . O b t a i n i n g mixes o f gases t h a t 

may be l e s s t h a n 1% i n a r g o n i s e x t r e m e l y d i f f i c u l t 

e x p e r i m e n t a l l y u n l e s s s p e c i a l i s e d gas b l e n d e r s a r e used, and 

may be expensive t o purchase c o m m e r c i a l l y . I t was t h e r e f o r e 

d e c i d e d t h a t d e s p i t e t h e obvious advantages o f f e r e d by t h e 

h i g h e r hydrocarbons, methane should be used f o r a l l f u r t h e r 
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i n v e s t i g a t i o n s . 

Having d e c i d e d t h a t t h e k i n e t i c s o f methane d i s s o c i a t i o n 

were slow, i t was n e c e s s a r y t o determine whether or not the 

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

enhancement. The use of h i g h e r ash temperatures was b r i e f l y 

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

maximum recommended f o r each a n a l y t e , and r a i s i n g i t f u r t h e r 

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

s e n s i t i v i t y . I n c r e a s i n g t h e a s h time d i d not l e a d t o any 

f u r t h e r enhancement i n s i g n a l , i n d i c a t i n g t h a t a time of 20 

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

reduce a n a l y t e o x i d e s . 

3.6 E v a l u a t i o n of t h e Method 

3.6.1 Procedure 

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

c e r t i f i e d r e f e r e n c e m a t e r i a l s (CRMs) were a n a l y s e d f o r t h e i r 

aluminium and vanadium c o n t e n t s . S l u r r i e s ( approximately 1% 

w/v) of t h e CRM NIES 9 S a r g a s s o and NIES 8 v e h i c l e e x h a u s t 

p a r t i c u l a t e s ( N a t i o n a l I n s t i t u t e f o r E n v i r o n m e n t a l S c i e n c e , 

Yatabe-Machi, Tsukuba, I b a r a k i , J a p a n ) ; c o a l , (NIST SRM 

1635, NIST Washington DC, USA) and c o a l ( S o u t h A f r i c a n 

R e f e r e n c e M a t e r i a l 20, P r e t o r i a , RSA), were p r e p a r e d u s i n g 

t h e b o t t l e and bead method d e s c r i b e d i n S e c t i o n 2.3.1. I n 

a d d i t i o n , t h e s i m u l a t e d f r e s h w a t e r CRM IAEA-W4 ( N a t i o n a l 

A t o m i c E n e r g y Agency, V i e n n a , A u s t r i a ) was p r e p a r e d 

a c c o r d i n g t o the i n s t r u c t i o n s , and h a i r ( O.lg NIES 5, Japan) 
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was weighed a c c u r a t e l y i n t o a d i g e s t i o n bomb, n i t r i c a c i d (2 

ml) and p e r c h l o r i c a c i d (1 ml) added, and the bomb heated t o 

120'C f o r 3 hours. A f t e r c o o l i n g , t h e d i g e s t was d i l u t e d t o 

100 ml. I f n e c e s s a r y , t h e m o i s t u r e c o n t e n t s o f t h e CRMs 

were d e t e r m i n e d a c c o r d i n g t o t h e i n s t r u c t i o n s on t h e 

c e r t i f i c a t e . The a n a l y s e s were performed on t h e SP9/PU 9095 

system u s i n g pyro-coated t u b e s . The s l u r r i e s were a g i t a t e d 

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

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

f o r A l and V a r e giv e n i n T a b l e s 3.5 and 3.6 r e s p e c t i v e l y . 

3.6.2 R e s u l t s and D i s c u s s i o n 

The r e s u l t s o b t a i n e d a r e g i v e n i n T a b l e 3.7. I n g e n e r a l , 

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

v a l u e s . As expected, the u n c e r t a i n t y v a l u e s ( e x p r e s s e d a s ± 

2a) a r e l a r g e r when methane was not u s e d d u r i n g t h e a s h 

s t a g e . I n t h e c a s e o f t h e vanadium d e t e r m i n a t i o n i n t h e 

c e r t i f i e d w a t e r sample, t h e low l e v e l p r e s e n t r e q u i r e d 

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

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

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

l e v e l s t o be determined more p r e c i s e l y . The r e s u l t obtained 

f o r t h e a n a l y s e s of c o a l SARM 20 f o r vanadium i n t h e absence 

of methane was s i g n i f i c a n t l y lower than t h e c e r t i f i e d v a l u e . 

I t i s n o t c l e a r why t h i s s h o u l d be, a l t h o u g h i t h a s been 

r e p o r t e d (72) t h a t d i f f e r e n t m a t r i c e s a f f e c t t h e p y r o l y t i c 

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

o btained f o r the same m a t r i x i n the pres e n c e of methane may 

be a r e f l e c t i o n of the e x t e n t t o which i t overcomes chemical 
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TABLE 3.5: FURNACE PROGRAMME AND OPERATING CONDITIONS FOR 
ALUMINIUM ANALYSES 

Matrix 

HIES9 S a r g a s s o 

NIES5 H a i r 

IAEA-W4 Water 

Wavelength 
/nm 

256.8 

256.8 

309.3 

lamp 
c u r r e n t 
/mA 

10 

10 

10 

bandpass 
/nm 

0.5 

0.5 

0.5 

Ash temp Atomise 
/'C temp/'C 

800 

800 

800 

2500 

2500 

2500 

A l l a n a l y s e s i n c o r p o r a t e d a d r y i n g s t a g e a t 110*0 and a tube 
c l e a n a t 2800'C 

TABLE 3.6 

Matrix 

FURNACE PROGRAMME AND OPERATING CONDITIONS FOR 
VANADIUM ANALYSES 

Wavelength lamp bandpass Ash temp Atomise 
/nm c u r r e n t 

/mA 
/nm / - c temp/'C 

NIES8 VEP 318.5 10 0.2 800 2700 

NIST 1635 Coal 318.5 10 0.2 800 2700 

SARM 20 Coal 306.6 10 0.2 800 2700 

IAEA-W4 Water 318.5 10 0.2 800 2700 

A l l a n a l y s e s i n c o r p o r a t e d a dry s t a g e a t l l O ' C and a tube c l e a n 
a t 2800'C 
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TABLE 3.7; RESULTS^ OBTAINED FROM THE AKALYSES OF CRMS 

Matrix A n a l y t e C e r t i f i c a t e Result-CH^"*" Result+CH^t 
vaiue/Mg g""*- /Mg g"-*- /m g" 

Sargasso A l (215) 228 + 22 239 + 6 

H a i r A l (240) 235 + 19 231 + 13 

Water A l 50 ng ml~^ 52 + 5 44 + 3 

v 5.1 ng ml"^ 5 + 2 4.9 + 0.4 

VEP V 17 ± 2 16 + 0.5 16 + 0.4 

NIST 1635 Coal v 5.2 ± 0.5 6.2 + 0.3 5.6 + 0.5 

SARM 20 Coal v 47 35 + 2 52 + 2 

( ) = non c e r t i f i e d r e s u l t 

* mean ± 2 a n = 6 

+ R e s u l t s obtained without 5% v/v methane i n the ash stage 

4= R e s u l t s obtained w i t h 5% v/v methane i n the ash s t a g e 
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a t t a c k of the tube. 

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

s a m p l e s o f b o v i n e l i v e r serum ( s u p p l i e d by C. F e l l o w s , 

Southampton G e n e r a l H o s p i t a l ) were a l s o a n a l y s e d f o r t h e i r 

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

c o n d i t i o n s shown i n T a b l e s 3.3 and 3.7 r e s p e c t i v e l y . The 

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

obtained from Southampton i n T a b l e 3.8. Again, t h e r e s u l t s 

a r e i n r e a s o n a b l e agreement, i n d i c a t i n g t h a t t h e method 

p r o v i d e s r e s u l t s comparable w i t h o t h e r methods. 

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

The i n t r o d u c t i o n of s m a l l amounts o f methane, or a n o t h e r 

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

p r o d u c e s an enhancement i n s e n s i t i v i t y f o r a number o f 

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

hydrocarbon r e s u l t s i n the formation of sooty d e p o s i t s t h a t 

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

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

standard mix of 5% methane i n argon p r o v i d e d enhancements of 

between 14-89% f o r most a n a l y t e s , t h e o n l y e x c e p t i o n b e i n g 

molybdenum. L e s s e r amounts of t h e h i g h e r h y d r o c a r b o n s a r e 

r e q u i r e d t o produce t h e same e f f e c t . The enhancement was 

f o u n d t o be c a u s e d by t h e amount o f r e d u c i n g c a r b o n 

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

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

s c a v e n g i n g r e s i d u a l o x y g e n t h e r e b y p r e v e n t i n g o x i d e 
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TABLE 3.8: RESULTS FOR THE AHALYSES FOR ALUMINIUM IN BOVINE 
LIVER SERUM 

Matrix R e s u l t s Obtained a R e s u l t from 
Southampton 

A 72.0 2.7 79.2 5,3 

B 15.0 1.0 19.0 1.1 

55-



formation. 

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

p y r o l y s i s o f methane a l s o e x t e n d e d t u b e l i f e t i m e by t h e 

formation of a robust, i n e r t c o a t i n g o f p y r o l y t i c carbon on 

the g r a p h i t e s u r f a c e . 

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

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

r e a s o n a b l e agreement w i t h t he c e r t i f i e d v a l u e s . 
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CHAPTER 4 - USE OF HYDROGEN TO OVERCOME INTERFERENCES 

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

Hydrogen was f i r s t used i n ETAAS by Amos e t a l . (23) , who 

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

which r e s u l t e d i n reduced i n t e r f e r e n c e s . I t has s i n c e been 

used by s e v e r a l workers. Ohta e t a l - (84-91) have r e p o r t e d 

i n c r e a s e d s e n s i t i v i t y f o r many a n a l y t e s when hydrogen was 

i n t r o d u c e d t o v a r i o u s metal tube a t o m i s e r s . The hydrogen 

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

by any r e s i d u a l oxygen, r e d u c i n g t h e a n a l y t e o x i d e t o 

a n a l y t e atoms 

eg. GeOj + Ge + 2H2O (85), 

and p r e v e n t i n g atom l o s s by recombination eg. by atmospheric 

oxygen. I n c r e a s e s i n s e n s i t i v i t y have a l s o been r e p o r t e d by 

other workers (83, 92, 93). 

Hydrogen has been used i n g r a p h i t e a t o m i s e r s t o reduce t h e 

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

em i s s i o n on the de t e r m i n a t i o n of barium, and s t r o n t i u m band 

e m i s s i o n on l i t h i u m d e t e r m i n a t i o n s ( 9 4 ) . C h l o r i d e 

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

e l i m i n a t e d by t h e a d d i t i o n o f hydrogen (95, 96), however, 

o t h e r w o r k e r s have r e p o r t e d t h a t t h e h y d r o g e n d o e s n o t 

overcome t h i s i n t e r f e r e n c e (97, 9 8 ) . The i n c o n s i s t e n t 

r e s u l t s o b t a i n e d h a v e b e e n a t t r i b u t e d t o t h e u s e o f 
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d i f f e r e n t t y p e s of a t o m i s e r and by working under d i f f e r e n t 

experimental c o n d i t i o n s . 

I t has been r e p o r t e d (96) t h a t hydrogen i s produced i n v e r y 

s m a l l amounts d u r i n g any normal f u r n a c e programme. G r a p h i t e 

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

sample t o soak through t h e s u r f a c e and become trapped i n the 

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

p a r t i a l l y d r i e d . During the ash phase, t h e trapped s o l v e n t 

( f r e q u e n t l y w a t e r b a s e d ) r e a c t s w i t h t h e g r a p h i t e and 

produces s m a l l amounts of hydrogen. T h i s p r o c e s s has been 

c r e d i t e d w i t h t h e removal of c h l o r i d e i n t e r f e r e n c e i n some 

a t o m i s e r s . 

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

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

I n t h i s work, hydrogen has been u s e d i n a g r a p h i t e t u b e 

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

i n t e r f e r e n c e s . 

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

An a t o m i c a b s o r p t i o n s p e c t r o m e t e r (PU 9100X, P h i l i p s 

S c i e n t i f i c ) f i t t e d w i t h an e l e c t r o t h e r m a l a t o m i s e r (PU 

9390X, P h i l i p s S c i e n t i f i c ) and a d a t a s t a t i o n (PU 9178X, 

P h i l i p s S c i e n t i f i c ) was used throughout. Gas m i x t u r e s were 

a c h i e v e d , where n e c e s s a r y , by u s i n g a gas b l e n d e r ( s e r i e s 

800, S i g n a l I n s t r u m e n t Co. L t d . , C a m b e r l e y , S u r r e y , UK). 

Samples were i n t r o d u c e d by a hand h e l d p r e c i s i o n m i c r o -
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p i p e t t e ( G i l s o n ) . 

4.3 I n t r o d u c t i o n of Hydrogen d u r i n g t h e Auto-Zero Stage 

A c o o l down sta g e j u s t b e f o r e a t o m i s a t i o n has been r e p o r t e d 

t o l e a d t o i n c r e a s e d s e n s i t i v i t y f o r many a n a l y t e s ( 9 9 ) . 

The i n s t r u m e n t u s e d i n t h i s s t u d y h a s s u c h a s t a g e a s an 

i n t e g r a l p a r t o f e v e r y f u r n a c e programme. I t l a s t s t e n 

seconds, d u r i n g which t he s i g n a l i s auto-zerod. I f hydrogen 

were t o be i n t r o d u c e d d u r i n g t h i s s t a g e , i t s e f f e c t s would 

appear i n the atomise s t a g e . 

4.3.1 Procedure 

NB: B e f o r e any experiments u s i n g hydrogen were performed, 

the i n s t r u m e n t a t i o n must be f l u s h e d w i t h hydrogen a t a low 

temperature t o d r i v e out any a i r p r e s e n t i n t h e gas l i n e s . 

F a i l u r e t o do t h i s may r e s u l t i n a damaging e x p l o s i o n . 

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

v i a b i l i t y of u s i n g hydrogen i n t h i s s t a g e . A mixed aqueous 

s t a n d a r d o f 6 a n a l y t e s was p r e p a r e d by s e r i a l d i l u t i o n o f 

1000 /ig m l ~ ^ s t o c k s t a n d a r d s ( S p e c t r o s o l , BDH). A 

comparison of t h e s e n s i t i v i t i e s o b t a i n e d between argon and 

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

op e r a t i n g c o n d i t i o n s i n Tab l e 4.1. S i n c e t h e a n a l y t e s were 

a l l f a i r l y r e f r a c t o r y , a g e n e r a l f u r n a c e programme c o u l d be 

us e d . T h i s i s shown i n T a b l e 4.2. A l l e x p e r i m e n t s were 

performed u s i n g pyro-coated tubes. 
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TABLE 4.1: 

A n a l y t e 

Aluminium 

Calcixim 

Magnesium 

S i l i c o n 

Vanadium 

OPERATING CONDITIONS FOR THE SENSITIVITY COMPARISON 

Lamp c u r r e n t 
(mA) 

8 

4 

3 

8 

8 

Wavelength 
(nm) 

309.3 

422.7 

202.6 

251.6 

318.5 

Bandpass 
(nm) 

0.5 

0.2 

0,5 

0.5 

0.2 

C o n c e n t r a t i o n 
(ng ml"-*-) 

15 

4 

5 

80 

50 

I n j e c t i o n volume = 20 /xl 

TABLE 4.2: 

Stage 

Dry 

Ash 

Atomise 

Clean 

GENERAL FURNACE PROGRAMME USED FOR THE SENSITIVITY 
COMPARISON 

Temperature 
/•c 
110 

800 

2800 

2900 

Hold time 
/ s 

35 

30 

4 

3 

Ramp 
/•C s"-*-

20 

100 

FP* 

FP* 

I n t e r n a l 
Gas 

Ar 

Ar 

Ar/H2 

Ar 

Gas Flow 
/ml min'-^ 

200 

200 

0 

200 

*FP = F u l l Power 
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4.3.2 R e s u l t s and D i s c u s s i o n 

The r e s u l t s obtained ( t a b l e 4.3) i n d i c a t e t h a t t h e presence 

of hydrogen i n the atomise s t a g e l e a d s t o a s i g n i f i c a n t l o s s 

of s e n s i t i v i t y . T h i s i s i n a c c o r d a n c e w i t h a n o t h e r r e p o r t 

(95) which a s c r i b e d t h i s e f f e c t t o d i f f u s i o n a l l o s s e s . The 

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

s e n s i t i v i t y . The p r e s e n c e of hydrogen r e s u l t e d i n a s m a l l 

flame which emerged from the i n j e c t i o n h o l e of t h e g r a p h i t e 

tube, and was due t o t h e hot hydrogen coming i n t o c o n t a c t 

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

accompanied by a s m a l l "pop". 

The i n t r o d u c t i o n of hydrogen t o the a u t o - z e r o s t a g e appeared 

t o markedly d e c r e a s e t h e appearance t e m p e r a t u r e of s e v e r a l 

a n a l y t e s . F i g u r e s 4.1 and 4.2 show the s i g n a l o b t a i n e d f o r 

15 ng ml"^ l e a d without and w i t h hydrogen r e s p e c t i v e l y . I t 

was t h e r e f o r e d e c i d e d t o measure t h e gas phase t e m p e r a t u r e 

u s i n g t h e two l i n e method (100, 101) . T h r e e t h e r m o m e t r i c 

s p e c i e s were used, namely t i n , n i c k e l and l e a d . The g e n e r a l 

o p e r a t i n g c o n d i t i o n s f o r each of the t h r e e elements i s g i v e n 

i n T a b l e 4.4 and the f u r n a c e programmes f o r t i n , n i c k e l and 

l e a d a r e g i v e n i n T a b l e s 4.5, 4.6 and 4.7 r e s p e c t i v e l y . The 

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

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

w i t h i n the furnace head. 

The vapour phase t e m p e r a t u r e s were c a l c u l a t e d a c c o r d i n g t o 

the equations below. 
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TABLE 4.3: RESULTS OBTAINED FOR THE COMPARISON OP SENSITIVITY 
BETWEEN ARGON AND HYDROGEN 

Ana l y t e S i a n a l i n Hvdroqen S i a n a l i n 105 v/v Ana l y t e 
S i g n a l i n Argon S i g n a l i n Argon 

Aluminium 0.56 0.77 

Calcium 0.96 1.04 

Magnesium 0.67 0.84 

S i l i c o n 0. 04 0.28 

Vanadium 0.43 0.57 
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F i g . 4.1: S i g n a l o btained f o r 15 ng ml"-*- l e a d w i t h o u t hydrogen 

i . o o r 
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F i g . 4.2: S i g n a l o btained f o r 15 ng ml~^ l e a d w i t h hydrogen 
i . oo l ' ' ' 

0 . 5 0 

O.GOlt. 

• f t r iPLE 
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/ 
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R E S i ^ M F L E 
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H E I G H T A R E A 
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TABLE 4.4; GENERAL OPERATING CONDITIONS FOR THE VAPOUR PHASE 
TEMPERATURE MEASUREMENTS 

Analy t e 

T i n 

N i c k e l 

Lead 

Lamp C u r r e n t 
/mA 

Bandpass 
/nm 

5 0.5 

5 0.2 

5 0.5 

20 Ml i n j e c t i o n 

Wavelength 
/nm 

286.3/284.0 

229.0/232.6 

283.3/368.4 

C o n c e n t r a t i o n 
/ng ml"-*-

100 

200/20 

40/3000 

TABLE 4.5 

Stage 

Dry 

Ash 

Atomise 

Clean 

TABLE 4.6 

Stage 

Dry 

Ash 

Atomise 

Clean 

FURNACE PROGRAMME FOR TIN 

Temperature/"C Hold Time/s 

110 35 

600 20 

2500 3 

2700 3 

*FP = F u l l Power 

FURNACE PROGRAMME FOR NICKEL 

Temperature/*C Hold Time/s 

110 35 

700 20 

2600 3 

2700 4 

*FP = F u l l Power 

Ramp/^C s 

20 

50 

FP* 

FP* 

-1 

Ramp/*C s 

20 

100 

FP* 

FP* 

-1 

TABLE 4.7: 

Stage 

Dry 

Ash 

Atomise 

Clean 

FURNACE PROGRAMME FOR LEAD 

Temperature/"C Hold Time/s 

110 35 

450 20 

1800 3 

2200 3 

*FP = F u l l Power 

Ramp/'C s 

20 

50 

FP* 

FP* 

-1 
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T i n : T/^C = 2143 - 273 
—7 -S5S1—mry-

l o g {4,9 X ABS2 xirrj 

where ABSl and ABS2 a r e the eQjsorbance r e a d i n g s obtained a t 

286.3nm and 284«0nm r e s p e c t i v e l y , and Ml and M2 a r e the mass 

of t he a n a l y t e i n j e c t e d f o r each measurement. 

N i c k e l : T/'C = 833 - 273 
/ ABS3 

l o g 12.18 X ABS4 
M4-\ 

X M3 j 

Where ABS3 and ABS4 a r e the absorbance r e a d i n g s obtained a t 

229.0 nm and 232.6 nm r e s p e c t i v e l y , and M3 and M4 a r e t h e 

mass of a n a l y t e i n j e c t e d f o r each measurement. 

Lead: T/*C = - 11259 - 273 
I n / 0.498 X ABS5 X M^ \ 

( ABS6 Mr y 

where ABS5 and ABS6 a r e the absorbance r e a d i n g s obtained a t 

283.3 nm and 368.4 nm r e s p e c t i v e l y , and M5 and M6 a r e t h e 

mass o f a n a l y t e i n j e c t e d f o r e a c h m e a s u r e m e n t . A l l 

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

measurements. The r e s u l t s shown i n T a b l e 4.8 show t h a t t h e 

vapour phase temperature u s i n g argon i s 60-150'C c o o l e r than 

t h e i n d i c a t e d tube w a l l measurement. T h i s i s because t h e 

vapour temperature measurement i s an average v a l u e , a r i s i n g 

because of the thermal g r a d i e n t along t h e tube ( 1 0 2 ) . S i n c e 

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

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

i n f r a - r e d f i b r e - o p t i c measures the tube w a l l temperature a t 

i t s h o t t e s t p a r t , i e . the middle, t he v a l u e o b t a i n e d f o r t h e 
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TABLE 4.8: THE EFFECT OF HYDROGEN ON THE GAS PHASE TEMPERATURE OF SEVERAL THERHOHETRIC SPECIES 

Thermometric S p e c i e s Temperature without hydrogen/"C Temperature with 100% hydrogen/ 

Sn 2329 1732 

Ni 2492 2245 

Pb 1738 1213 



tube w a l l temperature i s bound t o be h i g h e r than t h e average 

gas phase temperature measured. 

When hydrogen was i n t r o d u c e d t h e vapour phase t e m p e r a t u r e 

was found t o d e c r e a s e s i g n i f i c a n t l y . T h i s was i n agreement 

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

decr e a s e d appearance temperature i n t h e p r e s e n c e o f hydrogen 

( F i g s . 4.1 and 4 . 2 ) , and i s t o be e x p e c t e d , b e c a u s e o f t h e 

th e r m a l c o n d u c t i v i t i e s of t h e g a s e s . Hydrogen has a much 

h i g h e r t h e r m a l c o n d u c t i v i t y (1.815 mW cm"^ k~^) t h a n argon 

(0.1772 mW cm"^ k"^) a t 298.2 K ( 1 0 3 ) . I t i s u n c l e a r why 

the vapour temperature f o r n i c k e l i s i n f l u e n c e d l e s s by the 

hydrogen than were the o t h e r two thermometric s p e c i e s . 

4.4 E l i m i n a t i o n of I n t e r f e r e n c e s by t h e A d d i t i o n of 

Hydrogen 

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

The i n t r o d u c t i o n o f hydrogen t o t h e a u t o - z e r o s t a g e j u s t 

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

i n t e r f e r e n c e s . I t has been found (104) t h a t t h e a d d i t i o n of 

hydrogen t o t h e i n e r t gas d e c r e a s e d t h e background s i g n a l 

o b t a i n e d d u r i n g molybdenum a n a l y s e s . The background a r o s e 

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

molybdenum, v o l a t i l i s i n g carbon p a r t i c l e s from t h e tube i n t o 

the l i g h t beam. The r e d u c t i o n i n the background s i g n a l when 

hydrogen was i n t r o d u c e d was a s c r i b e d t o t h e removal o f t h e 

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

seemed l i k e l y t h a t , by t h e same mechanism, t h e a d d i t i o n of 
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hydrogen would s u b s t a n t i a l l y r e d u c e t h e background s i g n a l 

Obtained from samples w i t h a h i g h l y carbonaceous m a t r i x . 

4.4.2 Procedure 

P r e l i m i n a r y experiments designed t o determine t h e e f f i c i e n c y 

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

samples. G r e a s e ( I g ) was d i s s o l v e d i n w h i t e s p i r i t t o 100 

ml. The r e s u l t i n g s o l u t i o n was a n a l y s e d f o r i r o n u s i n g the 

o p e r a t i n g c o n d i t i o n s shown i n T a b l e 4.9 and t h e f u r n a c e 

programme shown i n T a b l e 4.10. The i n t e g r i t y o f t h e 

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

r e f e r e n c e m a t e r i a l s . C e r t i f i e d r e f e r e n c e m a t e r i a l s BCR 145 

sewage s l u d g e ( E u r o p e a n Community, B u r e a u o f Community 

R e f e r e n c e , B r u s s e l s , Belgium) and Canmet SO-2 s o i l (Canada 

C e n t r e f o r M i n e r a l and E n e r g y T e c h n o l o g y ) were s l u r r i e d 

( 0 . 5 % and 2% w/v r e s p e c t i v e l y ) u s i n g t h e b o t t l e and bead 

method d e s c r i b e d i n S e c t i o n 2.3.1. No d i s p e r s a n t was used. 

4.4.3 R e s u l t s and D i s c u s s i o n 

The a n a l y s i s of t h e g r e a s e samples i n an argon atmosphere 

proved t o be v i r t u a l l y i m p o s s i b l e . F i g u r e s 4.3 and 4.4 show 

th e i r o n s i g n a l o b t a i n e d by w a l l a t o m i s a t i o n w i t h o u t and 

with hydrogen. The deuterium background lamp was i n c a p a b l e 

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

i n t e r f e r e n c e c a u s e d by t h e m a t r i x , and hence no r e l i a b l e 

atomic s i g n a l was obtained. I n t h e p r e s e n c e of t h e hydrogen 

the background s i g n a l was reduced t o a l e v e l where an atomic 

s i g n a l c o u l d be o b t a i n e d . The u s e of p l a t f o r m a t o m i s a t i o n 
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TABLE 4.9: OPERATING CONDITIONS FOR IRON DETERMINATIONS I N 
GREASE 

Wavelength/nm 248.3 

bandpass/nm 0.2 

lamp current/mA 10 

i n j e c t i o n volume/;il 20 

TABLE 4.10: FURNACE PROGRAMME FOR IRON DETERMINATIONS IN 
GREASE 

Stage Temperature/•C Hold t i m e / s Ramp/*C s " ^ 

dry 130 35 50 

ash 700 20 100 

atomise 2400 3 *FP 

c l e a n 2600 3 *FP 

*FP = F u l l Power 
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F i g . 4.3: I r o n s i g n a l obtained w i t h o u t hydrogen from w a l l 
a t o m i s a t i o n of a g r e a s e sample. 

i . o a r 

0 . 5 0 

•J 

F i g . 4.4: i r o n s i g n a l o btained w i t h hydrogen from w a l l 
a t o m i s a t i o n of a g r e a s e sample. 

1 . oer 

o.so^ 
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r e s u l t e d i n a f u r t h e r i m p r o v e m e n t i n t h e s i g n a l t o 

background r a t i o ( F i g . 4 . 5 ) . Without hydrogen t h e i r o n 

p r o d u c e d a v e r y low, b r o a d peak ( F i g . 4 . 6 ) . Comparing 

F i g u r e s 4.5 and 4.6 t h e e x t e n t t o w h i c h t h e h y d r o g e n 

decreased the smoke i n t e r f e r e n c e s , deceased the s e n s i t i v i t y 

of t h e a n a l y t e , d e c r e a s e d t h e a p p e a r a n c e t e m p e r a t u r e and 

improved t h e peak shape becomes a p p a r e n t . The improvement 

i n peak shape may be r e a d i l y e x p l a i n e d i n terms o f the speed 

of d i f f u s i o n o f t h e atoms out of t h e l i g h t beam. S i n c e i n 

th e p r e s e n c e of hydrogen t h e atoms d i f f u s e out much f a s t e r 

than when they a r e i n argon, the t r a i l i n g edge o f the peak, 

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

more r a p i d l y . 

The same d e c r e a s e i n background s i g n a l was found t o o c c u r 

when 10% v / v h y d r o g e n i n a r g o n was u s e d . The d r o p i n 

s e n s i t i v i t y o f t h e a n a l y t e s was a g a i n found t o be l e s s 

s e v e r e than when 100% v/v hydrogen was used. 

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

chromium, manganese and l e a d u s i n g t he o p e r a t i n g c o n d i t i o n s 

shown i n T a b l e 4.11 and t h e f u r n a c e programmes shown i n 

T a b l e 4.12. As h a s b e e n shown p r e v i o u s l y , a i r a s h i n g 

removes many i n t e r f e r e n t s . A comparison was t h e r e f o r e made 

between t h e u s e of argon, a i r and 10% v / v hydrogen. The 

r e s u l t s a r e shown i n T a b l e 4.13. The r e s u l t s i n d i c a t e t h a t 

a i r a s h i n g was as e f f i c i e n t a s hydrogen a t overcoming smoke 

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

e f f i c i e n t f o r t h e s o i l . The hydrogen would t h e r e f o r e seem 
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F i g . 4.5: I r o n S i g n a l o b t a i n e d w i t h hydrogen from p l a t f o r m 
a t o m i s a t i o n of a g r e a s e sample. 
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F i g . 4.6: I r o n s i g n a l o b t a i n e d without hydrogen from p l a t f o r m 
a t o m i s a t i o n o f a g r e a s e sample. 
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TABLE 4.11: 

Analyte 

Chromium 
Manganese 
Lead 

OFERATIHG CONDITIONS USED FOR THE ANMiYSIS OF 
SLURRIES 
Lamp Current 

/mA 
5 
5 
5 

Bandpass 
/nm 
0.5 
0.5 
0.5 

Wavelength 
/nm 
429.0 
403.0 
368.4 

i n j e c t i o n volume = 20 nl 

TABLE 4.12: FURNACE PROGRAMMES USED FOR THE ANALYSIS OF 
SLURRIES 

Analyte Stage T e m p e r a t u r e / H o l d time/s Ramp/*C s -1 

Chromium Dry 
Ash 
Atomise 
Clean 

110 
800 

2500 
2600 

35 
30 
3 
3 

20 
100 
FP* 
FP* 

Manganese Dry 
Ash 
Atomise 
Clean 

110 
800 

2400 
2500 

35 
30 
3 
3 

20 
50 

FP* 
FP* 

Lead Dry 
Ash 
Atomise 
Clean 

110 
500 

1800 
2200 

35 
30 
3 
3 

20 
50 

FP* 
FP* 

*FP = F u l l power 
For the a i r ash analyses, a second ash stage at the same 
temperature was used to remove a i r from the tube. 
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TABLE 4.13: RESULTS OBTAINED FOR THE ANALYSIS OF SLURRIES 

Material Analyte 

BCR 145 Cr 
Sewage sludge Mn 

Cert Value 

(105) 
241 ± 12 

Result obtained.with 
Argon/jug g' 

131 ± 10 
212 ± 8 

10% H2/Mg g 

125 ± 8 
241 ± 12 

-1 Air ash//ig g 

131 ± 14 
235 ± 10 

-1 

Caninet-SO-2 
S o i l 

Cr 
Pb 

16 ± 2 
21 ± 4 

38 ± 10 
15.5 ± 1 

18 ± 2 
22 ± 7 

35 ± 2 
18 ± 2 

n = 5 Results ± 2o ( ) reference value 



to be n e c e s s a r y to o b t a i n an a c c u r a t e r e s u l t f o r t h e s e 
analytes, under these conditions, for these matrices. 

4.4.4 Conclusions 
The a d d i t i o n of 100% v/v hydrogen to the auto-zero stage 
j u s t p r i o r to the atomise stage leads to a g r e a t l y decreased 
background s i g n a l from samples w i t h an o r g a n i c m a t r i x . 
Unfortunately i t a l s o r e s u l t s i n a l o s s of s e n s i t i v i t y , 
which f o r some elements i s s e v e r e . The use of 10% v/v 
hydrogen a l s o leads to a greatly reduced background s i g n a l , 
but the atomic s i g n a l i s a f f e c t e d to a l e s s e r extent. The 
introduction of 5% or 2% v/v hydrogen s t i l l r e s u l t e d i n a 
r e d u c t i o n of background s i g n a l , however, no f u r t h e r 
improvement i n atomic s i g n a l was obtained. 

4.5 Overcoming Chloride Interferences 
4.5.1 Introduction 
As was described i n Section 4.1, there i s some disagreement 
as t o w h e t h e r o r n o t t h e i n t r o d u c t i o n o f h y d r o g e n 
a m e l i o r a t e s t h e i n t e r f e r e n c e by c h l o r i d e i o n s on l e a d 
determinations. V o l a t i l e lead c h l o r i d e s p e c i e s are formed 
below 400•C, and species such as PbCl vaporise away at very 
low t e m p e r a t u r e s ( 2 3 ) . A b r i e f s t u d y was t h e r e f o r e 
performed t o determine i f t h e hydrogen a l o n e would be 
s u f f i c i e n t to remove the c h l o r i d e from the furnace i n the 
form of HCl. 
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4.5.2 Procedure 
A lead standard (15 ng ml"^) prepared by s e r i a l d i l u t i o n of 
1000 tig ml"^ stock standard (Spectrosol, BDH) was i n j e c t e d 
into a graphite tube, and the absorbance measured using the 
temperature programme for lead given i n Table 4.14, A lead 
standard prepared i n the same way, but containing 0.05% m/v 
sodium c h l o r i d e (AnalaR, BDH) was a l s o analysed using t h i s 
programme. Both analyses were repeated i n the presence of 
hydrogen i n the ash stage. Platform atomisation was used i n 
a l l cases. 

4.5.3. Results and Discussion 
The peak p r o f i l e s obtained without and w i t h hydrogen and 
without and with sodium c h l o r i d e , are shown i n Fig u r e s 4.7 
and 4.8, and 4.9 and 4.10, r e s p e c t i v e l y . The background 
l e v e l was not s i g n i f i c a n t l y reduced i n t h e pres e n c e of 
hydrogen, i n d i c a t i n g that the c h l o r i d e ions were not being 
removed as HCl. I t has been r e p o r t e d (105) t h a t t h e 
chloride may be removed as HCl at temperatures i n excess of 
600'C. Since the maximum recommended ashing temperature of 
lead i s 600'C (106) i t would seem necessary to prevent the 
v o l a t i l i s a t i o n of l e a d by t h e a d d i t i o n of a t h e r m a l 
s t a b i l i s i n g agent, eg. ammonium phosphate. I t was therefore 
concluded t h a t i n the furnace system used, and under these 
operating conditions, hydrogen alone was not s u f f i c i e n t to 
e l i m i n a t e sodium c h l o r i d e i n t e r f e r e n c e s on l e a d 
determinations. I n s p e c t i o n of an Ellingham diagram f o r 
ch l o r i d e s (107) shows t h a t hydrogen i s capable of reducing 
copper and s i l v e r c hlorides a t r e l a t i v e l y low temperatures. 
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TABLE 4.14: FURNACE PROGRAMME USED TO INTRODUCE HYDROGEN TO 
DECREASE CHLORIDE INTERFERENCE ON LEAD DETERMINATIONS 

Stage Temperature/'C Hold time/s Ramp/'C s"^ 

Dry 180 35 30 
Ash 600 30 50 
Atomise 2000 3 FP* 
Clean 2000 3 FP* 

*FP = F u l l Power 
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F i g . 4.7: Lead s i g n a l obtained from a platform without sodium 
chlo r i d e or hydrogen. 
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F i g . 4.8: Lead s i g n a l obtained from a platform without sodium 
chloride but with hydrogen. 
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F i g . 4,9: Lead s i g n a l obtained from a platform with sodium 
chlo r i d e but without hydrogen. 
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F i g . 4,10: Lead s i g n a l obtained from a platform with sodium 
chlo r i d e and hydrogen. 
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other chlo r i d e s may be reduced at elevated temperatures eg. 
chromium and i r o n c h l o r i d e s a t about 1000*C. Sodium 
c h l o r i d e appears not to be reduced by hydrogen u n t i l 
extremely high temperatures, and i t would t h e r e f o r e seem 
u n l i k e l y t h a t hydrogen s h o u l d be c a p a b l e of removing 
c h l o r i d e i n t e r f e r e n c e s i f they a r e p r e s e n t as the sodium 
s a l t . T h i s i s i n agreement with the observations of Freeh 
and Cedergren (96, 98). 

4.6 General Conclusions 
The use of hydrogen has been shown t o have numerous 
advantages i n ETAAS. I t has been demonstrated t h a t i f used 
during the ash stage, i t leads to a small s i g n a l enhancement 
for s e v e r a l r e f r a c t o r y analytes and a l s o f o r a n a l y t e s such 
as l e a d . I t has a l s o been shown t h a t i t i s e x t r e m e l y 
e f f i c i e n t a t the removal of background s i g n a l s a r i s i n g from 
carbonaceous matrices, by a mechanism that may w e l l involve 
the f o r m a t i o n of hydrocarbons. I t was, however, l e s s 
s u c c e s s f u l i n overcoming the inorganic matrix i n t e r f e r e n c e 
of c h l o r i d e on l e a d ; because i n s u f f i c i e n t l y h i g h ash 
temperatures c o u l d be used. Had c h l o r i d e s , o t h e r than 
sodium chloride, been used, then the hydrogen may have been 
more s u c c e s s f u l . 
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CHAPTER 5: THE 0SE OF OR6ANOPH08PHORUS VAPOURS TO THERMALLY 
STABILISE CADMIUM 

5.1 Introduction 
Cadmium i s known t o in d u c e t o x i c e f f e c t s i n c e r t a i n 
organisms a t low concentrations. Therefore, analyses f or 
cadmium i n a v a r i e t y o f m a t r i c e s by e l e c t r o t h e r m a l 
atomisation - atomic absorption spectrometry (ETAAS) has 
become common (57, 108-111). S e r i o u s problems may be 
encountered d u r i n g t h e a n a l y s e s due t o t h e v e r y h i g h 
v o l a t i l i t y of cadmium. T h i s means t h a t t h e m a t r i x 
c o n s t i t u e n t s may not be r e a d i l y removed d u r i n g the ash 
stage, and hence n o n - s p e c i f i c absorbance i n t e r f e r e n c e may 
s e r i o u s l y a f f e c t the a n a l y t i c a l s i g n a l . To overcome t h i s 
problem, a number of matrix m o d i f i e r s have been used to 
thermally s t a b i l i s e the cadmium. These modifiers include 
a l c o h o l i c potassium hydroxide (109), ammonium oxalate, to 
aid the v o l a t i l i s a t i o n of c h l o r i d e ions (110), lanthanum-
n i t r i c a c i d ( 1 1 2 ) , magnesium n i t r a t e (113)^ p a l l a d i u m -
magnesium n i t r a t e (114, 115) and palladium-ammonium n i t r a t e 
(116). The most common matrix modifier used for cadmium has 
been ammonium phosphate (57, 117). Unfortunately, the use 
of many of t h e s e m o d i f i e r s may g i v e r i s e t o s e v e r a l 
disadvantages. The lanthanum m o d i f i e r has been found to 
have a c o r r o s i v e e f f e c t on t h e g r a p h i t e t u b e s , which 
c u r t a i l s t h e i r u s e f u l l i f e t i m e ( 1 1 5 ) . The p a l l a d i u m 
modifiers are expensive, and the ammonium phosphate i s often 
not a v a i l a b l e i n a sta t e of high enough pu r i t y (115) and may 

81-



g i v e r i s e t o e l e v a t e d background s i g n a l s ( 1 1 3 ) . An 
inexpensive, contamination f r e e , gaseous matrix m o d i f i e r 
would go some way to ameliorating the disadvantages, while 
s t i l l possessing the thermal s t a b i l i s i n g p r o p e r t i e s . 

5.2 Experimental 
5.2.1 Reagents and Standards 
A 1000 /ig ml"-*- s t a n d a r d of cadmium, a s t h e n i t r a t e , 
( S p e c t r o s o l , BDH Chemicals L t d ) , was used as the s t o c k 
standard. Various organic l i q u i d s with a r e l a t i v e l y high 
vapour pressures were used as prospective matrix modifiers. 
These were t r i - e t h y l p h o s p h i t e (GPR, BDH) , t r i - e t h y l 
phosphate (GPR, BDH), and t r i - m e t h y l p h o s p h i t e ( 9 7 % 
A l d r i c h ) . 

5.2.2 Instrumentation 
A l l a n a l y s e s were performed u s i n g an atomic a b s o r p t i o n 
spectrometer (PU 9100X, P h i l i p s S c i e n t i f i c ) , f i t t e d with an 
electrothermal atomiser (PU 9390X, P h i l i p s S c i e n t i f i c ) and a 
data s t a t i o n (PU 9178X P h i l i p s S c i e n t i f i c ) . A Dreschel 
b o t t l e c o n t a i n i n g the m o d i f i e r under i n v e s t i g a t i o n was 
placed i n the gas l i n e between an argon source and one of 
the a l t e r n a t i v e gas i n l e t s of the e l e c t r o t h e r m a l atomiser-
E l e c t r o g r a p h i t e t u b e s were u s e d t h r o u g h o u t , and 
el e c t r o g r a p h i t e platforms used for some a n a l y s e s . Sample 
introduction was used by hand-held micro-pipette. 
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5.3 Preliminary Experiments 
5.3.1 Procedure 
I n i t i a l l y , ash p l o t s were c o n s t r u c t e d f o r a 1 ng ml"-^ 
cadmium standard i n the absence of any m o d i f i e r , i n the 
presence of t r i - e t h y l phosphite, then t r i - e t h y l phosphate 
and f i n a l l y , t r i - m e t h y l phosphite. The furnace programme 
and the a n a l y t i c a l operating conditions are shown i n Tables 
5.1 and 5.2 r e s p e c t i v e l y . The vapours were i n t r o d u c e d 
during the dry and ash stages. 

5.3.2 Results and Discussion 
Figure 5.1 shows the ash p l o t s obtained f o r cadmium from 
w a l l atomisation i n the presence of each modifier, and i n 
the absence of any mo d i f i e r . A l l th r e e o r g a n i c l i q u i d s 
s t a b i l i s e d the cadmium but to d i f f e r e n t e x t e n t s . Without 
any modifier, the maximum ash temperature was only 450''C, 
but the use of t r i - e t h y l phosphite vapour s t a b i l i s e d the 
cadmium to temperatures of up to 700''C. The extent to which 
the cadmium was m o d i f i e d by t h e d i f f e r e n t v a p o u r s was 
determined by the h y d r o l y t i c p r o p e r t i e s of t h e vapour. 
T r i - e t h y l phosphite h y d r o l y s e s i n moist a i r , whereas the 
t r i - e t h y l phosphate hydrolyses only slowly i n the presence 
of water (118). By introducing the vapours during the dry 
and ash stages of the furnace c y c l e , the t r i - e t h y l phosphite 
should r e a d i l y hydrolyse, depositing modifying s p e c i e s i n 
the graphite tube. These may then i n t e r a c t with the cadmium 
ions, which are consequently t h e r m a l l y s t a b i l i s e d . The 
t r i - e t h y l phosphate only p a r t i a l l y hydrolyses and hence, i t 
has l e s s of a s t a b i l i s i n g e f f e c t . 
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TABLE 5.1: FURNACE PROGRAMME USED FOR THE ASH PLOTS FOR 
CADMIUM BY WALL ATOMISATION 

Stage 
Dry 
Ash 
Atomise 
Clean 

Temp/'C 
110 

1600 
1800 

Hold time/s 
35 
20 
2.5 
3 

Ramp/'C s 
20 
50 
FP* 
FP* 

-1 

* FP = F u l l Power 

TABLE 5.2: ANALYTICAL OPERATING CONDITIONS FOR CADMIUM 
ANALYSES 

Wavelength 
Lamp current 
Bandpass 
I n j e c t i o n volume 

228.8 nm 
4 mA 
0.5 nm 
20 / i l 
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Tri-methyl phosphite was used because i t could be expected 
to have a higher vapour pressure than the et h y l d e r i v a t i v e . 
I t s h o u l d t h e r e f o r e be more e f f i c i e n t i n t r a n s p o r t i n g 
modifying species to the furnace. I t s powerful smell seemed 
to confirm that i t does have a higher vapour pressure. The 
r e s u l t s obtained show t h a t i t was no more e f f i c i e n t a t 
s t a b i l i s i n g t h e cadmium t h a n t h e e t h y l d e r i v a t i v e , 
i n d i c a t i n g t h a t e i t h e r i t may not be so r e a d i l y hydrolysed 
or, the amount of t r i - e t h y l phosphite vapour reaching the 
tube i s s u f f i c i e n t to induce the maximum modifying e f f e c t . 
I n addition to t h a t , the use of t r i - m e t h y l phosphite a l s o 
resulted i n a l o s s of s e n s i t i v i t y which could not be r e a d i l y 
explained. 

For a l l three modifiers there was found to be no increase i n 
the blank s i g n a l , i n d i c a t i n g t h a t the vapour reaching the 
graphite tube was cadmium free. 

5.4 The Use of Platform Atomisation 
5.4.1 Introduction and Procedure 
Since the use of a platform i s one of the p r e - r e q u i s i t e s of 
the S t a b i l i s e d Temperature Platform Furnace (STPF) concept, 
and t h a t the m a j o r i t y of cadmium a n a l y s e s a r e performed 
using one, i t was necessary to repeat some of the work using 
platform atomisation. Since the t r i - e t h y l phosphite was 
found to be f a r superior to the t r i - e t h y l phosphate i n i t s 
a b i l i t y to s t a b i l i s e cadmium, and was c o n s i d e r a b l y l e s s 
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pungent and, unlike tri-methyl phosphite, did not lead to a 
lo s s of s e n s i t i v i t y , i t was decided that t r i - e t h y l phosphite 
s h o u l d be t h e on l y o r g a n i c l i q u i d t o be used i n t h e s e 
experiments. 

Ash p l o t s for 1 ng ml"^ cadmium with no modifier, with t r i -
e t h y l phosphite and with ammonium phosphate 'wet chemical' 
m o d i f i e r were c o n s t r u c t e d . The a n a l y t i c a l o p e r a t i n g 
conditions are given i n Table 5.2. The furnace programme 
used for no modifier and the t r i - e t h y l phosphite are given 
i n T a b l e 5.3. The f u r n a c e programme f o r t h e ammonium 
phosphate plot i s given i n Table 5.4. The procedure during 
t h i s p l o t was to i n j e c t the cadmium standard, dry i t , allow 
the f u r n a c e t o c o o l and i n j e c t 1% ammonium phosphate 
(AnalaR, BDH Chemicals Ltd) on top, during a cool stage. 

5.4.2 Results and Discussion 
The a s h p l o t s o b t a i n e d a r e shown i n F i g u r e 5.2. As 
expected, t h e use of a p l a t f o r m e n a b l e d a h i g h e r a sh 
temperature to be used with no modifier present (550'C c f 
450**C from wall atomisation). The presence of e i t h e r of the 
modifiers enabled the use of ash temperatures of 900-950°C, 
indic a t i n g that the gaseous modifier was as e f f i c i e n t as i t s 
'wet chemical' counterpart. However, the use of ammonium 
phosphate l e a d to an i n c r e a s e d cadmium s i g n a l i n both a 
standard and a blank. The amount of cadmium o r i g i n a t i n g 
from the standard was 0.02 ng, i n d i c a t i n g t h a t the amount 
added as a contaminant by the m o d i f i e r was approximately 
0.004 ng. Such an amount i s o b v i o u s l y u n d e s i r a b l e i f 
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TABLE 5.3 

Stage 
Dry 
Ash 
Atomise 
Clean 

FURNACE PROGRAMME FOR ASH PLOTS FOR CADMIUM 
USING PLATFORM ATOMISATION 
Temp/"*C 

180 

2000 
2200 

Hold time/s 
35 
20 
3 
4 

Ramp/' C s 
30 
50 
FP* 
FP* 

-1 

* FP = F u l l Power 

TABLE 5.4 

Stage 
Dry 
Cool 
Dry 
Ash 
Atomise 
Clean 

FURNACE PROGRAMME FOR ASH PLOTS FOR CADMIUM 
USING A PLATFORM AND AMMONIUM PHOSPHATE MODIFIER 

Temp/*C 
180 
20 

180 

2000 
2200 

Hold time/s 
35 
20 
35 
20 
3 
4 

Ramp/*C s 
30 

30 
50 
FP* 
FP* 

*FP = F u l l Power 
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a n a l y s e s c l o s e t o t h e d e t e c t i o n l i m i t a r e t o be p e r f o r m e d . 

5,5 E v a l u a t i o n o f t h e Method 

H a v i n g e s t a b l i s h e d t h a t a q u e o u s cadmium s t a n d a r d s may be 

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

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

C e r t i f i e d r e f e r e n c e m a t e r i a l s NIES 5 h a i r a n d NIES 9 

S a r g a s s o ( N a t i o n a l I n s t i t u t e f o r E n v i r o n m e n t a l S c i e n c e , 

Y a t a b e - M a c h i , T s u k u b a , I b e r a k i , J a p a n ) w e r e c h o s e n t o 

v a l i d a t e t h e method. 

5.5.1 P r e p a r a t i o n o f CRM D i g e s t s 

M a t e r i a l ( a p p r o x i m a t e l y 0.2g) was w e i g h e d a c c u r a t e l y i n t o 

a c i d w a s h e d PTFE bomb r e c e p t a c l e s . N i t r i c a c i d (2 m l , 

A r i s t a r , BDH C h e m i c a l s L t d ) was t h e n a d d e d , a n d t h e 

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

bomb cases. These were t h e n h e a t e d t o 105"C i n an oven f o r 

two h o u r s . A f t e r c o o l i n g , p e r c h l o r i c a c i d (0*5 m l , AnalaR, 

BDH) was added t o t h e r e c e p t a c l e s w h i c h were t h e n r e f a s t e n e d 

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

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

i n t o a c i d washed 25 m l v o l u m e t r i c f l a s k s , a n d d i l u t e d t o 

v o l u m e w i t h d e - i o n i s e d w a t e r . A b l a n k was p r e p a r e d i n a 

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

M o i s t u r e c o n t e n t s were d e t e r m i n e d i n t h e manner s p e c i f i e d on 

t h e c e r t i f i c a t e s (85'C f o r 4 h o u r s ) . 
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5.5.2 p yocedure 

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

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

t h e r m a l l y s t a b i l i s e cadmium i n r e a l s a m p l e s a s w e l l as 

aqueous s t a n d a r d s . The a n a l y t i c a l o p e r a t i n g c o n d i t i o n s and 

t h e f u r n a c e programme u s e d a r e shown i n T a b l e s 5.2 and 5.1 

r e s p e c t i v e l y . The optimum ash t e m p e r a t u r e t h u s f o u n d was 

t h e n used f o r t h e a n a l y s i s o f t h e samples. 

5.5.3 R e s u l t s and D i s c u s s i o n 

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

NIES 5 ( h a i r ) and NIES 9 ( S a r g a s s o ) i n d i c a t e t h a t f o r b o t h 

m a t e r i a l s a maximum ash t e m p e r a t u r e o f 700*C may be used i n 

t h e p r e s e n c e o f t h e m o d i f i e r s , b u t o n l y 600*C i n i t s 

a b s e n c e . The r e s u l t s f o r h a i r a r e shown i n F i g u r e 5.3. 

S i n c e t h e maximum ash t e m p e r a t u r e f o r an aqueous s t a n d a r d i n 

t h e absence o f any m o d i f i e r was o n l y 450*C, i t w o u l d appear 

t h a t t h e m a t r i x was e x e r t i n g a s t a b i l i s i n g e f f e c t on t h e 

c a dmium. P r e s u m a b l y t h i s was d u e t o t h e p r e s e n c e o f 

p h o s p h a t e i o n s i n t h e m a t r i x . The r e s u l t s , b a s e d on peak 

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

m a t e r i a l s u s i n g ash t e m p e r a t u r e s o f 700'C a r e shown i n T a b l e 

5.5. R e a s o n a b l e agreement w i t h t h e c e r t i f i e d v a l u e s were 

o b t a i n e d i n d i c a t i n g t h a t c a d m i u m may b e d e t e r m i n e d 

a c c u r a t e l y i n t h e s e samples u s i n g t r i - e t h y l p h o s p h i t e v a p o u r 

as a m a t r i x m o d i f i e r . S i n c e a c c u r a t e r e s u l t s were o b t a i n e d 

f r o m w a l l a t o m i s a t i o n , i t was u n n e c e s s a r y t o use a p l a t f o r m , 

i n d i c a t i n g t h a t s u f f i c i e n t i n t e r f e r i n g s p e c i e s had been 

removed d u r i n g t h e ash s t a g e . 
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F i g . 5.3 Ash P l o t s For C e r t i f i e d R e f e r e n c e M a t e r i a l H a i r . 
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TABLE 5.5: RESULTS FOR THE ANALYSIS OF CERTIFIED REFERENCE 
MATERIALS 

M a t e r i a l C e r t i f i e d V a l u e / ^ g g"^ V a l u e O b t a i n e d 
/Mg g"-*-

NIES 5 H a i r 0.2 ± 0.03 0.2 ± 0.02 

NIES 9 Sargasso 0.15 ± 0.02 0,122 ± 0.02 
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5.6 G e n e r a l C o n c l u s i o n s 

Due t o t h e e x t r e m e l y v o l a t i l e n a t u r e o f many o f i t s 

compounds, m a t r i x m o d i f i c a t i o n has become a l m o s t c o m p u l s o r y 

f o r cadmium d e t e r m i n a t i o n s . The u s e o f 'wet c h e m i c a l ' 

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

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

r e s u l t s i n an e r o s i o n o f d e t e c t i o n l i m i t s . T r i - e t h y l 

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

s t a b i l i s e cadmium t o t e m p e r a t u r e s c o m p a r a b l e w i t h i t s 'wet 

c h e m i c a l ' c o u n t e r p a r t s , b u t w i t h o u t t h e c o n c o m i t a n t p r o b l e m s 

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

been f o u n d t o e x e r t a s t a b i l i s i n g e f f e c t on cadmivim, b u t i n 

some cases, eg. t r i - e t h y l p h o s p h a t e t o a l e s s e r e x t e n t , and 

i n o t h e r s , eg. t r i - e t h y l p h o s p h i t e , t o t h e same e x t e n t , b u t 

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

f o u l s m e l l , were u n p l e a s a n t t o use. 

The method o f m o d i f i c a t i o n by t r i - e t h y l p h o s p h i t e has been 

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

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

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

c e r t i f i e d v a l u e s . 
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CHAPTER 6: THE USE OF HALOGENATED MATRIX MODIFIERS 

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

H a l o g e n a t e d compounds have been u s e d by K i r k b r i g h t e t a l . 

( 1 1 9 , 120) t o a s s i s t i n t h e v a p o r i s a t i o n o f r e f r a c t o r y 

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

plasma ( I C P ) . The f o r m a t i o n o f t h e v o l a t i l e a n a l y t e h a l i d e 

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

o r d e r s o f m a g n i t u d e f o r many a n a l y t e s , and a l i n e a r w o r k i n g 

r a n g e o f f o u r o r d e r s o f m a g n i t u d e . The mechanism by w h i c h 

t h e enhanced s e n s i t i v i t y was o b t a i n e d was p o s t u l a t e d t o be a 

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

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

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

e f f i c i e n t l y i n t o t h e plasma. 

I n e l e c t r o t h e r m a l a t o m i c a b s o r p t i o n S p e c t r o s c o p y (ETAAS), 

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

a t t e n t i o n . E r i c s o n e t a l , (121) and B e r m e j o - B a r r e r a e t a l . 

(44) have b o t h used b a r i u m d i f l u o r i d e as a m a t r i x m o d i f i e r 

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

appearance t e m p e r a t u r e , i n c r e a s e d s e n s i t i v i t y and d e c r e a s e d 

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

appearance t e m p e r a t u r e e n a b l e d e x t e n d e d t u b e l i f e - t i m e . 

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

h a l o g e n a t e d compounds. N a t e r and B u r a u ( 4 5 ) u s e d a l k a l i 

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

h e x a f l u o r o s i l i c a t e s w h i c h s u b s e q u e n t l y d i s s o c i a t e d r a p i d l y 
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i n t h e g a s p h a s e . K a n t o r a n d A l v a r e z - P r i e t o ( 1 2 2 ) 

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

e i t h e r t r i c h l o r o t r i f l u o r o e t h a n e , (C2CI3F3) o r c o p p e r 

h y d r o x y f l u o r i d e (CuOHF) i n t o a f u r n a c e , f o l l o w e d b y 

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

n i t r o u s - o x i d e - a c e t y l e n e f l a m e . Copper h y d r o x y f l u o r i d e has 

a l s o b een u s e d f o r b o r o n d e t e r m i n a t i o n s ( 1 2 3 ) . H y d r o g e n 

f l u o r i d e , c a e s i u m f l u o r i d e and c o p p e r f l u o r i d e have a l s o 

b e en u s e d t o i n c r e a s e t h e s e n s i t i v i t y a n d d e c r e a s e t h e 

appearance t e m p e r a t u r e o f a l u m i n i u m ( 1 2 4 ) . 

H a l o g e n a t e d compounds have a l s o been u s e d t o s e p a r a t e t h e 

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

d e t e r m i n a t i o n ( 1 2 5 ) . By p a s s i n g h y d r o g e n c h l o r i d e gas o v e r 

g a l l i u m a t 120-165'C, t h e m a t r i x c o u l d be removed as g a l l i u m 

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

d e t e r m i n e d by ETAAS. S e p a r a t i o n o f t h e m a t r i x f r o m t r a c e 

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

Bachmann ( 1 2 6 ) . 

H a l o g e n s a n d h a l o g e n a t e d g a s e s h a v e b e e n u s e d b y 

m a n u f a c t u r e r s t o p u r i f y g r a p h i t e t u b e s ( 1 2 7 ) . By h e a t i n g 

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

i m p u r i t i e s may be r e m o v e d as t h e i r v o l a t i l e f l u o r i d e s . 

However, i t has been r e p o r t e d ( 1 2 8 ) t h a t h a l o g e n s become 

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

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

q u a n t i t i e s . T h i s has been p r o p o s e d as an e x p l a n a t i o n o f why 
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some b a t c h e s o f new t u b e s i n i t i a l l y e x h i b i t p o o r 

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

subsequent f i r i n g s . 

Freon 23 ( T r i - f l u o r o m e t h a n e ) has been used as an a l t e r n a t i v e 

gas i n ETAAS by Welz and Schlemmer ( 1 2 9 ) . However, t h e y 

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

a n a l y t i c a l s i g n a l was f o u n d t o d e c r e a s e m a r k e d l y , i n d i c a t i n g 

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

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

u s e f u l n e s s o f h a l o g e n a t e d compounds as m a t r i x m o d i f i e r s f o r 

ETAAS. 

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

6.2.1 Reagents and S t a n d a r d s 

M a t r i x m o d i f i e r s s u c h a s d i c h l o r o m e t h a n e ( A n a l a R ) , 

c h l o r o f o r m (AnalaR) and i o d i n e ( L a b o r a t o r y R e a g e n t ) , w e r e 

o b t a i n e d f r o m BDH, (BDH L t d . , P o o l e , U K . ) . C a r b o n 

t e t r a c h l o r i d e ( T e c h n i c a l g r a d e ) was o b t a i n e d f r o m M and B 

(May and Baker L t d , Dagenham, UK) , and a 2% v / v m i x o f F r e o n 

23 i n a r g o n was o b t a i n e d f r o m BOC (BOC S p e c i a l G a s e s , 

London, UK) . S t o c k s t a n d a r d s (1000 ̂ ig ml~^) were o b t a i n e d 

f r o m BDH ( S p e c t r o s o l , BDH L t d . , P o o l e , UK). 

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

A l l w o r k was p e r f o r m e d o n e i t h e r a n a t o m i c a b s o r p t i o n 

s p e c t r o m e t e r (SP9, P h i l i p s S c i e n t i f i c ) f i t t e d w i t h a v i d e o 

f u r n a c e programmer (PU 9095, P h i l i p s ) and a f u r n a c e a t o m i s e r 

(SP9 P h i l i p s ) , o r an a t o m i c a b s o r p t i o n s p e c t r o m e t e r (PU 
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9100X, P h i l i p s S c i e n t i f i c ) f i t t e d w i t h an e l e c t r o t h e r m a l 

a t o m i s e r (PU 9390X, P h i l i p s ) and a d a t a s t a t i o n (PU 9178X, 

P h i l i p s ) . P y r o l y t i c a l l y c o a t e d t u b e s were used t h r o u g h o u t . 

Samples were i n t r o d u c e d t o t h e f u r n a c e m a n u a l l y by hand h e l d 

m i c r o p i p e t t e ( G i l s o n ) . 

6.3 P r e l i m i n a r y E x p e r i m e n t s 

6.3.1 P r o c e d u r e 

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

a l k a l i m e t a l f l u o r i d e s as m a t r i x m o d i f i e r s f o r molybdenum 

( 1 2 1 , 44) and s i l i c o n ( 4 5 ) r e s p e c t i v e l y , i t was t h o u g h t 

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

v o l a t i l e f l u o r i d e s . A gaseous m o d i f i e r s u c h as f r e o n 23 was 

f o u n d n o t t o w o r k f o r t i t a n i u m ( 1 2 9 ) , b u t t h i s was s t i l l 

u s e d as a m a t r i x m o d i f i e r d u r i n g t h e c o n s t r u c t i o n o f 

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

o p e r a t i n g c o n d i t i o n s used a r e d e t a i l e d i n T a b l e s 6.1 and 6.2 

r e s p e c t i v e l y . 

6.3.2 R e s u l t s and D i s c u s s i o n 

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

a l u m i n i u m w i t h and w i t h o u t 2% f r e o n 23 i n t r o d u c e d d u r i n g t h e 

ash o r a t o m i s e s t a g e s a r e i l l u s t r a t e d i n F i g . 6 . 1 . I t can 

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

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

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

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

w e r e v a p o r i s i n g away. C l o s e r i n s p e c t i o n o f t h e a t o m i s e 
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TABLE 6.1: FURNACE PROGRAMME USED FOR THE CONSTRUCTION OF 
ASH/ATOMISE CURVES FOR ALUMINIUM WITH AND WITH
OUT FREON 23 

Phase 

d r y 

ash 

a t o m i s e 

c l e a n 

Temp/'C 

110 

400 o r v a r i e d 

2800 o r v a r i e d 

2900 

h o l d t i m e / s 

30 

15 

4 

3 

Ramp/'C s 

20 

50 

FP* 

FP* 

- 1 

* FP = F u l l Power 

TABLE 6.2: OPERATING CONDITIONS USED FOR ASH/ATOMISE PLOTS 
FOR ALUMINIUM 

Wavelength/nm 309.3 

bandpass/nm 0.5 

lamp c u r r e n t / m A 10 

i n j e c t i o n volume/^1 20 
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c u r v e i n w h i c h f r e o n was p r e s e n t r e v e a l s t h a t t h e s i g n a l was 

s t i l l i n c r e a s i n g as t h e t e m p e r a t u r e was i n c r e a s i n g . Even a t 

3000"C, c o m p l e t e a t o m i s a t i o n was n o t a c h i e v e d . I n s p e c t i o n 

o f t h e bond e n e r g i e s o f t h e s p e c i e s o f i n t e r e s t p r o v i d e s an 

e x p l a n a t i o n o f t h e r e s u l t s . The e n e r g y f o r A l - F i s 663.6 k j 

m o l ~ ^ and f o r A l - 0 i t i s 500 k j m o l ~ ^ ( 1 0 3 ) . T h i s i m p l i e s 

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

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

appear t o be a t odds w i t h t h e r e s u l t s o f N a t e r e t a l . (124) 

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

r a p i d l y and more r e a d i l y t h a n a l u m i n i u m o x i d e . A r e a s o n f o r 

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

bond e n e r g y f o r Al-C c o u l d n o t be f o u n d , i t was r e p o r t e d t o 

s u b l i m e a t 1400°C and t o decompose a t t e m p e r a t u r e s i n excess 

o f 2200^C ( 1 0 3 ) , and as s u c h s h o u l d n o t d e t r a c t t o o much 

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

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

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

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

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

f a s h i o n t o t i t a n i u m ( 1 2 9 ) . 

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

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

a t t e m p t e d . I t h a s b e e n r e p o r t e d ( 1 1 9 ) t h a t c a r b o n 

t e t r a c h l o r i d e t h e r m a l l y d e c o m p o s e s t o CCI3 a n d C I a t 

t e m p e r a t u r e s o f between 300-500'C, and r e a d i l y t r a n s f e r s t h e 

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

f o r A l - C l i s c o n s i d e r a b l y l e s s t h a n f o r A l - F (494 k j m o l " ^ 
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c f 664 k j m o l " ^ ) ( 1 0 3 ) . The a l u m i n i u m c h l o r i d e f o r m e d 

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

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

a n a l o g u e . 

The c h l o r o c a r b o n was p l a c e d i n a D r e s c h e l f l a s k p l a c e d i n 

t h e g a s l i n e , as d e s c r i b e d i n S e c t i o n 5 . 2 . 1 . I n i n i t i a l 

e x p e r i m e n t s u s i n g t h e s e compounds, t h e q u a r t z windows i n t h e 

SP9 f u r n a c e h e a d became m i s t e d , and n e e d e d t o be c l e a n e d 

e v e r y 8-10 f i r i n g s . T h i s was o b v i o u s l y u n d e s i r a b l e , and t o 

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

r e m o v e d . A t o m i s e p l o t s f o r 10 n g ml"-^ a l u m i n i u m w e r e 

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

f u r n a c e programme d e t a i l e d i n T a b l e 6.3. Measurement was a t 

t h e a l u m i n i u m 309.3 nm l i n e u s i n g a lamp c u r r e n t o f 10mA, 

and a s p e c t r a l bandpass o f 0.5 nm. The r e s u l t s o b t a i n e d a r e 

shown i n F i g . 6.2. To some e x t e n t , t h e use o f c h l o r o c a r b o n s 

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

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

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

t e m p e r a t u r e a t w h i c h a t o m i s a t i o n was o p t i m a l . I t can a l s o 

be s e e n t h a t t h e m a g n i t u d e o f t h e l o s s o f s e n s i t i v i t y 

d i f f e r e d between each c h l o r o c a r b o n . T h i s may be a f u n c t i o n 

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

h a s b e e n f o u n d ( 1 0 3 ) t h a t t h e v a p o u r p r e s s u r e o f 

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

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

i n a l l c a s e s , t h e c h l o r i d e i o n s r e l e a s e d f r o m t h e 
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TABLE 6.3: FURNACE PROGRAMME USED FOR THE CONSTRUCTION OP 
AN ATOMISE PLOT FOR ALUMINIUM WITH AND WITHOUT 
CHLOROCARBONS 

Phase 

d r y 

ash 

a t o m i s e 

c l e a n 

Temperature/"C 

110 

500 

v a r i a b l e 

2900 

h o l d t i m e / s 

30 

15 

4 

3 

Ramp/'C s 

20 

50 

FP* 

FP* 

- 1 

*FP = F u l l Power 
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F i g . 6.2 Atomise Curves f o r Aluminium with D i f f e r e n t C h l o r o c a r b o n s 
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c h l o r o c a r b o n s combined w i t h t h e a n a l y t e , and t h e n behaved i n 

a s i m i l a r way a s the f l u o r i d e analogues, l e . once formed, i t 

f a i l e d t o d i s s o c i a t e a g a i n . The bond energy f o r A l - C l i s 

v i r t u a l l y i d e n t i c a l t o t h a t of Al-O (494 k j mol and 500 k j 

mol~^ r e s p e c t i v e l y ) . S i n c e i t was f o u n d t h a t i n t h e 

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

decreased, i t may be concluded t h a t bond energy was not t h e 

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

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

the Al-O s p e c i e s a t g r e a t l y e l e v a t e d t e m p e r a t u r e s , but s i n c e 

c h l o r i d e s a r e not reduced by carbon (107) t h e same e f f e c t 

would not be observed i n the presence o f t h e h a l o c a r b o n s . 

A s i m i l a r experiment i n which i o d i n e c r y s t a l s were p l a c e d i n 

t h e D r e s c h e l f l a s k y i e l d e d s i m i l a r r e s u l t s . I t was 

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

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

p r e s s u r e were o f no u s e i n t h e a n a l y s i s o f r e f r a c t o r y 

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

appearance temperatures. 

6.4 The use of Freon 21 a s a P u r i f i c a t i o n Agent 

6.4.1 I n t r o d u c t i o n and Procedure 

I t h a s been r e p o r t e d (127) t h a t f l u o r i n e , i n t r o d u c e d a s 

f r e o n , has been used by tube m a n u f a c t u r e r s t o r i d t u b e s o f 

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

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

t h e r e f o r e e x e r t t h e same a f f e c t s , and d e c r e a s e t h e memory 

e f f e c t s t h a t occur f o r many a n a l y t e s . 
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An aqueous s t a n d a r d of vanadium (10 i n l ~ ^ ) was pr e p a r e d , 

and i t s a b s o r b a n c e a t 318.5 nm was m e a s u r e d u s i n g t h e 

f u r n a c e programme shown i n T a b l e 6.3 a n d a n a t o m i s e 

t e m p e r a t u r e o f 2400''C. S i n c e , a t t h i s w a v e l e n g t h , t h e 

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

working range, c o n s i d e r a b l e memory e f f e c t s c o u l d be expected 

t o r e s u l t . By measuring t h e subsequent t u b e b l a n k f i r i n g s 

i t was p o s s i b l e t o determine t h e r a t e a t which t h e memory 

e f f e c t s were removed. 

6.4.2 R e s u l t s and D i s c u s s i o n 

The r e s u l t s o b t a i n e d a r e shown i n F i g . 6.3. The r e s u l t s 

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

g r e a t l y a c c e l e r a t e s t h e r a t e a t wh i c h memory e f f e c t s a r e 

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

t e m p e r a t u r e s o f SOO-eoo'C t h e v o l a t i l e f l u o r i d e s may be 

removed from t he tube a t c o n s i d e r a b l y l o w e r t e m p e r a t u r e s -

The use of high temperature c l e a n out s t a g e s would t h e r e f o r e 

become u n n e c e s s a r y , t h e r e b y i n c r e a s i n g t h e u s e f u l l i f e t i m e 

of t h e g r a p h i t e t u b e s . The r e s u l t s o b t a i n e d a l s o s u p p o r t 

t h e t h e o r y t h a t once formed, t h e f l u o r i d e s p e c i e s f a i l t o 

d i s s o c i a t e again, but a r e v o l a t i l i s e d away a s a molecule. 

6.5 I h e use of Freon 23 a s a S t a b i l i s i n g Agent 

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

Cadmium f l u o r i d e h a s a m e l t i n g p o i n t o f 1100"C ( 1 0 3 ) . 

P r o v i d e d i t i s not reduced by t h e a c t i v e s i t e s on the tube 
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s u r f a c e , t h e cadmium f l u o r i d e c o u l d be e x p e c t e d t o be 

t h e r m a l l y s t a b l e up t o a t l e a s t l l O O ' C . E d i g e r ( 2 3 ) 

r e p o r t e d t h a t t h e a d d i t i o n o f ammonium f l u o r i d e a l l o w e d ash 

t e m p e r a t u r e s o f up t o 900"C b e f o r e t h e o n s e t o f a n a l y t e 

l o s s . T h i s e n a b l e s a s h t e m p e r a t u r e s a p p r o x i m a t e l y 500 

h i g h e r than i n t h e absence o f any m o d i f i e r . 

6.5.2 Procec^Mre 

An aqueous s t a n d a r d (2 ng ml"^) of cadmium was p r e p a r e d by 

s e r i a l d i l u t i o n of 1000 fig ml"^ s t o c k s t a n d a r d ( S p e c t r o s o l , 

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

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

T a b l e s 6.4 and 6.5 r e s p e c t i v e l y . The procedure was rep e a t e d 

t w i c e , once u s i n g a 0.1% ammonium f l u o r i d e ( A n a l a R , BDH) 

s o l u t i o n and t h e n w i t h 2% f r e o n 23 a s m a t r i x m o d i f i e r s . 

Conventional w a l l a t o m i s a t i o n from e l e c t r o g r a p h i t e tubes was 

used. Sample i n t r o d u c t i o n was by manual i n j e c t i o n u s i n g a 

m i c r o p i p e t t e ( G i l s o n ) . 

6.5.3 R e s u l t s and D i s c u s s i o n 

The r e s u l t s o b t a i n e d a r e shown i n F i g . 6.4. As exp e c t e d , 

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

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

showed a p e c u l i a r but h i g h l y r e p e a t a b l e t r a i t when peak a r e a 

measurements were u s e d . The same t r a i t was e v i d e n t , but 

c o n s i d e r a b l y l e s s pronounced when peak h e i g h t measurements 

were p l o t t e d . The sudden i n c r e a s e i n s i g n a l o b t a i n e d a t ash 

temperatures of 5 0 0 - 5 5 0 c o u l d p o s s i b l y be a t t r i b u t e d t o a 

gas phase i n t e r f e r e n c e . I f t h e cadmium a t o m i s e d i n t o t h e 
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TABLE 6.4: FURNACE PROGRAMME 08ED FOR THE ASH PLOTS OF 
CADMIUM WITH AMD WITHOUT FREOM 23 

Phase 

dry 

ash 

atomise 

c l e a n 

Temperature/•C 

110 

v a r i a b l e 

1700 

2100 

h o l d t i m e / s 

30 

20 

2 

3 

Ramp/*C s 

20 

50 

FP* 

FP* 

-1 

*FP = F u l l Power 

TABLE 6.5: OPERATING CONDITIONS FOR THE ASH PLOTS OF 
CADMIUM 

Wavelength/nm 

bandpass/nm 

Lamp current/mA 

i n j e c t i o n volume//il 

228.8 

0.5 

5 

20 
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l i g h t beam and then r e a c t e d w i t h r e s i d u a l f l u o r i d e r a d i c a l s , 

i t would re-condense back onto t h e tube w a l l , where i t would 

r e - a t o m i s e . T h i s w o u l d e x p l a i n why t h e p e a k a r e a 

measurements began t o i n c r e a s e , but peak h e i g h t measurements 

remained v i r t u a l l y t h e same. I t i s u n c l e a r why t h e same 

e f f e c t s were not observed w i t h t h e aqueous m o d i f i e r . I t i s 

p o s s i b l e t h a t i t c o u l d be due t o t h e c o n c e n t r a t i o n of t h e 

aqueous m o d i f i e r b e i n g twenty t i m e s l e s s t h a n t h e gaseous 

one, and hence t h e vapour phase i n t e r f e r e n c e b e i n g twenty 

times l e s s . 

6.6 The use of a P l a t f o r m t o Overcome Vapour Phase I n t e r 

f e r e n c e s 

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

I f t h e e x p l a n a t i o n o f t h e r e s u l t s o b t a i n e d i n 6.5.3 i s 

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

i n t e r f e r e n c e e f f e c t s b e c a u s e o f t h e more i s o t h e r m a l 

atmosphere o b t a i n e d d u r i n g a t o m i s a t i o n . By d e l a y i n g t h e 

a t o m i s a t i o n of t h e cadmium u n t i l t h e gas phase i s e q u a l l y 

hot, the problem of r e - c o n d e n s a t i o n s h o u l d be s u b s t a n t i a l l y 

decreased. 

6.6.2 Procedure. R e s u l t s and D i s c u s s i o n 

A s i m i l a r e x p e r i m e n t a l p r o t o c o l was performed, but w i t h an 

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

temperature programme used was a m o d i f i e d v e r s i o n of t h e one 

used f o r tube w a l l a t o m i s a t i o n , and i s shown i n T a b l e 6.6. 

The r e s u l t s o b t a i n e d a r e shown i n F i g . 6-5. I t c a n 

-111-



TABLE 6.6: FURNACE PROGRAMME 0SED FOR CADMIUM ASH PLOTS 
FROM PLATFORM ATOMISATION WITH AND WITHOUT FREON 

Phase 

dry 

ash 

atomise 

c l e a n 

Temperature/•C 

170 

v a r i a b l e 

1800 

2100 

h o l d t i m e / s 

40 

20 

3 

3 

Ramp/'C s 

20 

50 

FP* 

FP* 

-1 

*FP = F u l l Power 
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immediately be seen t h a t t h e ash p l o t i n t h e p r e s e n c e of t h e 

f r e o n no l o n g e r e x h i b i t e d t h e p e c u l i a r shape o b t a i n e d w i t h 

w a l l a t o m i s a t i o n , and r e v e r t e d t o t h e shape o f a ' t y p i c a l ' 

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

s u f f e r from a s t r a n g e vapour phase i n t e r f e r e n c e , which c o u l d 

be removed by p l a t f o r m a t o m i s a t i o n . 

The e x t e n t t o w h i c h t h e f r e o n s t a b i l i s e d t h e cadmium was 

d i s a p p o i n t i n g . I n t h e p r e s e n c e o f t h e f r e o n , t h e cadmium 

could be ashed a t 100'C hi g h e r than i n i t s absence, but the 

maximum temperature of ISO^'C, was c o n s i d e r a b l y l e s s than t h e 

1100'C expected from t he m e l t i n g p o i n t d a t a . T h i s i n d i c a t e d 

t h a t cadmium f l u o r i d e formation was incomplete and t h a t t h e 

u n s t a b i l i s e d cadmium was l o s t a t e l e v a t e d temperatures. The 

performance of t h e f r e o n m o d i f i e r was t h e r e f o r e l e s s adept 

than other e s t a b l i s h e d m o d i f i e r s f o r cadmium. I n a d d i t i o n , 

i t i s a l s o c o n s i d e r a b l y more c o s t l y . 

6.7 General C o n c l u s i o n s 

The use of halogenated compounds t o d e c r e a s e t h e appearance 

t e m p e r a t u r e s o f some e x t r e m e l y r e f r a c t o r y a n a l y t e s was 

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

c h l o r i n a t e d hydrocarbons t h e r m a l l y decomposed and r e a d i l y 

formed t h e v o l a t i l e a n a l y t e h a l i d e , b u t t h i s was then too 

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

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

s e n s i t i v i t y . The use of i o d i n e v a p o u r was a l s o t e s t e d . 

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

I t was n o t i c e a b l e though t h a t a s t h e s t a b i l i t y o f the h a l i d e 
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decreased, t h e de c r e a s e i n s e n s i t i v i t y d i m i n i s h e d . 

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

the furnace c y c l e r e s u l t e d i n a d e c r e a s e i n memory e f f e c t s . 

T h i s c o u l d s a v e tube l i f e by r e n d e r i n g extended c l e a n out 

s t a g e s a t high temperatures u n n e c e s s a r y . 

An attempt was a l s o made t o use f r e o n 23 a s a s t a b i l i s i n g 

agent f o r cadmium. Although t h e use of f r e o n i n c o n j u n c t i o n 

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

s t a b i l i s e d cadmium t o 100"C h i g h e r t h a n n o r m a l , i t was 

c o n s i d e r e d t o be too e x p e n s i v e t o be used r o u t i n e l y s i n c e 

only a marginal i n c r e a s e i n s t a b i l i t y was a c h i e v e d . 
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CHAPTER 7: THE USE OF BI-NUCLEAR GASEOUS MATRIX MODIFIERS 
7.1 I n t r o d u c t i o n 

The g a s e s u s e d i n t h i s c h a p t e r were n i t r o u s o x i d e ( N 2 O ) , 

c a r b o n monoxide (CO) and h y d r o g e n s u l p h i d e ( H 2 S ) . The 

amount of work performed u s i n g t h e s e g a s e s d i d not w a r r a n t a 

c h a p t e r each, and t h e r e f o r e i t was d e c i d e d t o p r e s e n t t h e s e 

s t u d i e s i n one c h a p t e r . S i n c e a l l t h e g a s e s c o n t a i n two 

d i f f e r e n t atoms t h e y were g i v e n t h e t i t l e o f b i - n u c l e a r 

gases. 

7.2 j;nstrumentation 

A l l work was performed on an atomic a b s o r p t i o n s p e c t r o m e t e r 

(PU 9100X, P h i l i p s S c i e n t i f i c ) f i t t e d w i t h an e l e c t r o t h e r m a l 

a t o m i s e r (PU 9390X, P h i l i p s S c i e n t i f i c ) and a d a t a s t a t i o n 

(PU 9178X, P h i l i p s S c i e n t i f i c ) . Samples were i n t r o d u c e d t o 

t h e a t o m i s e r by manual i n j e c t i o n u s i n g a h i g h p r e c i s i o n 

m i c r o p i p e t t e ( G i l s o n ) . 

7.3 The I n t r o d u c t i o n of Nitrous-Oxide t o t h e Ash Stage 

7.3.1 I n t r o d u c t i o n and Procedure 

I t has been r e p o r t e d (130) t h a t n i t r o u s oxide d i s s o c i a t e s t o 

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

t h e r e f o r e be e x p e c t e d t o e x h i b i t s i m i l a r e f f e c t s a s a i r or 

oxygen. I t was t h e r e f o r e decided t o c o n s t r u c t a s h p l o t s f o r 

l e a d (15 ng ml"^) w i t h and without n i t r o u s o x i d e (99.5% A i r 

P r o d u c t s ) . The temperature programme and g e n e r a l o p e r a t i n g 

c o n d i t i o n s u s e d a r e d e t a i l e d i n T a b l e s 7.1 a n d 7.2 

r e s p e c t i v e l y . 
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TABLE 7.1: 

Phase 

dry 

ash 

a s h 

atomise 

c l e a n 

FURNACE PROGRAMME USED FOR LEAD WITH AND WITHOUT 
NITROUS OXIDE 
Temperature 

/•C 

110 

v a r i e d 

v a r i e d 

1800 

2000 

Hold time 
/ s 

35 

20 

10 

3 

3 

Ramp 
/•C S 

30 

50 

FP* 

FP* 

-1 I n t e r n a l 
Gas 

Ar 

Ar/NjO 

Ar 

GS** 

Ar 

*FP = F u l l Power **GS = Gas Stop 

TABLE 7.2: GENERAL OPERATING CONDITIONS USED FOR LEAD WITH 
AND WITHOUT NITROUS OXIDE 

Wavelength/nm 283.3 

Bandwidth/nm 0.5 

Lamp current/mA 5 

I n j e c t i o n volume/^l 20 
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7.3.2 R e s u l t s and D i s c u s s i o n 

I n i t i a l l y t h e temperature programme used d i d not i n c l u d e t he 

second a s h s t a g e t o remove t h e r e s i d u a l r e a c t i v e gas from 

t h e f u r n a c e . As a r e s u l t , t u b e l i f e - t i m e was r e d u c e d t o 

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

n i t r o u s - o x i d e i n t h e atomise phase r e s u l t e d i n a c r a c k l i n g 

sound, which may have been a s u c c e s s i o n o f minor e x p l o s i o n s . 

Consequently t he second ash phase was i n s e r t e d t o f l u s h t h e 

r e a c t i v e gas from t h e a t o m i s e r . The r e s u l t s o b t a i n e d u s i n g 

the modified temperature programme, w i t h and w i t h o u t n i t r o u s 

o x i d e i n t h e a s h p h a s e , a r e d i s p l a y e d i n F i g . 7.1. By 

comparison w i t h F i g . 2.1 i t c a n be s e e n t h a t t h e n i t r o u s -

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

f a s h i o n t o a i r . The mechanism by w h i c h t h i s o c c u r s i s 

presumably the same as t h a t f o r a i r , which was d e s c r i b e d i n 

d e t a i l i n S e c t i o n 2-3.2. 

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

Although t h e i n t r o d u c t i o n o f n i t r o u s - o x i d e d u r i n g t h e a s h 

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

managed t o t h e r m a l l y s t a b i l i s e l e a d t o tem p e r a t u r e s of up t o 

950'C, and would presumably a c t a s an a s h i n g a i d f o r samples 

w i t h a c a r b o n a c e o u s m a t r i x ; i t s r o u t i n e u s e a s a m a t r i x 

m o d i f i e r would be l i m i t e d due t o i t s c o s t and more hazardous 

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

118-



a 
X 

(U 
n . 

F i g 7.1 Ash P l o t For L e a d With And W i t h o u t M l t r o u s Oxide 
.3 n 

oi 

t r H. 

c 
-r^ 

Without N|0 

. 1 With NgO 

0.0 
200 300 

.1 1 L.... 
400 500 600 700 800 900 1000 1100 1200 

T e m p e r a t u r e / C 



7.4 She use of Carbon Monoxide a s a Gaseous M o d i f i e r 

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

Carbon monoxide has been used i n a t o m i c s p e c t r o s c o p y a s a 

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

d e t e r m i n a t i o n s . Lee (131) determined n i c k e l i n s e a - w a t e r by 

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

bvibbling carbon monoxide through the sample* The n i c k e l and 

carbon monoxide then combined, forming the r e a d i l y v o l a t i l e 

n i c k e l c a r b o n y l ( N i C C O ) ^ ) , w h i c h was c o l l e c t e d i n a 

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

S e v e r a l m o d i f i c a t i o n s t o t h e method h a v e b e e n made by 

s e v e r a l a u t h o r s ( 1 3 2 - 1 3 5 ) . D e t e c t i o n l i m i t s h a ve been 

r e p o r t e d t o be t y p i c a l l y i n t h e l o w pg m l " ^ r a n g e . 

D e t e r m i n a t i o n by c a r b o n y l g e n e r a t i o n t h e r e f o r e e n a b l e s 

m a t r i x s e p a r a t i o n and p r e - c o n c e n t r a t i o n of t h e n i c k e l . 

Carbon monoxide has found o t h e r u s e s i n ETAAS. A s c o r b i c 

a c i d has been used by some workers a s a m a t r i x m o d i f i e r f o r 

l e a d ( 1 3 6 ) . At e l e v a t e d t e m p e r a t u r e s t h e a s c o r b i c a c i d 

t h e r m a l l y decomposes t o carbon monoxide and hydrogen. The 

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

d e c r e a s e d . The same e f f e c t h a s been o b s e r v e d f o r l e a d , 

b i s m u t h and chromium, b u t n o t f o r c o p p e r , when c a r b o n 

monoxide was added t o t h e argon purge gas ( 1 3 7 ) . P e i l e e t 

a l . ( 1 3 8 ) h a v e u s e d c a r b o n m o n o x i d e t o d e c r e a s e t h e 

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

proposed mechanism was t h a t t h e c a r b o n monoxide scavenged 

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

oxide, which they b e l i e v e d , caused a s p e c t r a l i n t e r f e r e n c e . 

120 



However, t h i s paper has s i n c e been c r i t i c i s e d s i n c e i t i s 
believed that the e f f e c t s these authors observed was due to 
the presence of platinum and not to the carbon monoxide. 

Carbon monoxide has t h e r e f o r e a c q u i r e d s e v e r a l r o l e s i n 
atomic spectroscopy, although as yet i t s use has not become 
routine. 

7.4.2 The Affects of Carbon Monoxide on the Atomic SjLqnal 
for Lead 

As was described i n 7.4.1, ascorbic a c i d has been used as a 
matrix modifier for lead (136), which r e s u l t e d i n a decrease 
i n appearance temperature. The a f f e c t s of carbon monoxide 
(99.5%, BDH, Poole) on a lead standard (15 ng ml"-*-) prepared 
by s e r i a l d i l u t i o n of a s t o c k s t a n d a r d (1000 mg 1"^, 
Spectrosol, BDH) were therefore determined. Aliquots (20 /il) 
of the l e a d s t a n d a r d were a n a l y s e d u s i n g t h e f u r n a c e 
programme shown i n Table 7.3. 

7.4.3 Results ar^d Discussion 
The peak p r o f i l e s obtained for lead without and with carbon 
monoxide introduced during the ash stage are shown i n F i g s . 
7.2 and 7.3 r e s p e c t i v e l y . I t i s c l e a r t h a t the presence of 
the carbon monoxide s i g n i f i c a n t l y decreased the appearance 
temperature of the lead, and i s therefore i n agreement with 
the observations of other workers (137) . T h i s may be due to 
the carbon monoxide scavenging any oxygen present, and hence 
allowing more a c t i v e s i t e s on the graphite surface to reduce 
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TABLE 7.3: THE FURNACE PROGRAMME USED TO DETERMINE THE 
AFFECTS OF CARBON MONOXIDE ON LEAD 

Phase T e m p e r a t u r e / H o l d time/s Ramp/*C 
dry 110 35 20 
ash 500 20 100 
atomise 1800 2 FP* 
clean 1900 3 FP* 

*FP = F u l l Power 
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F i g . 7.2: Peak p r o f i l e for lead without carbon monoxide i n the 
ash stage. 
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Fig. 7.3: Peak p r o f i l e for lead with carbon monoxide i n the 
ash stage. 
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the lead oxide species or, the carbon monoxide a s s i s t i n g i n 
the r e d u c t i o n of l e a d oxide. I n s p e c t i o n of an Ellingham 
diagreun for oxides (107) shows that carbon monoxide does not 
reduce lead oxide v i a the rea c t i o n PbO + CO -* Pb + COj u n t i l 
temperatures of approximately 1800*C. I t would t h e r e f o r e 
seem u n l i k e l y that t h i s reaction would occur i n the atomiser 
a t the ash temperature used, and hence the more l i k e l y 
explanation for the decreased appearance temperature i s the 
scavenging of r e s i d u a l oxygen. I f more a c t i v e s i t e s are 
a v a i l a b l e , then more e f f i c i e n t reduction of the lead oxide 
would occur. 

7.4.4 The Affects of Carbon Monoxide on the Atomic gj-gnal 
foE Nickel 

S i n c e many n i c k e l s p e c i e s a r e known to be t o x i c ( 1 3 5 ) , 
n i c k e l determinations are f a i r l y common. However, n i c k e l i s 
an extremely common matrix modifier for v o l a t i l e a n a l y t e s 
such as selenium, a r s e n i c or bismuth. S i n c e very l a r g e 
q u a n t i t i e s of n i c k e l a r e r e q u i r e d t o s t a b i l i s e t h e s e 
a n a l y t e s , i t accumulates i n the g r a p h i t e tube, and hence 
r e n d e r s the tube u n u s a b l e f o r n i c k e l d e t e r m i n a t i o n s . 
However, i f the n i c k e l contamination could be removed from 
the tube a t low temperatures; the tube may s t i l l have a 
u s e f u l l i f e t i m e . N i c k e l c a r b o n y l f o r m a t i o n has been 
r e p o r t e d to occur a t room temperature, and i t s thermal 
d e c o m p o s i t i o n t o b e g i n a t 60*C ( 1 0 3 ) . I f n i c k e l 
contamination could be removed without having t o r e s o r t to 
extended high temperature clean c y c l e s , tube l i f e t i m e could 
be preserved. 
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An experiment was therefore performed to determine whether 
or not carbon monoxide could be used to v o l a t i l i s e away 
n i c k e l as i t s carbonyl. The temperature programme and the 
operating conditions used are d e t a i l e d i n Table 7.4. A 1000 
mg 1~^ n i c k e l standard (0.4953 g of n i c k e l n i t r a t e dissolved 
i n water (100 ml)) was i n j e c t e d into the furnace, and dried. 
A f t e r t h a t , t h e f u r n a c e was a l l o w e d t o c o o l t o ambient 
temperature, and carbon monoxide introduced. A stage i n 
which the r e s i d u a l carbon monoxide was f l u s h e d from the 
system by argon followed, and f i n a l l y the s i g n a l obtained 
during atomisation was measured. As a comparison, the same 
experiment was performed but i n the absence of the carbon 
monoxide. 

7.4.5 Results and Discussj.on 
The n i c k e l s i g n a l produced i n t h e p r e s e n c e of carbon 
monoxide was s i m i l a r i n magnitude to t h a t produced i n i t s 
absence. Although t h i s was discouraging, s i n c e to be usef u l 
a n a l y t i c a l l y , the carbon monoxide must be c a p a b l e of 
removing n i c k e l concentrations such as t h i s , i t was decided 
to r e p e a t the experiment but u s i n g a l e s s c o n c e n t r a t e d 
standard. A n i c k e l standard of 100 ng ml~^ was th e r e f o r e 
prepared by s e r i a l d i l u t i o n of the stock standard. T h i s 
time a l a r g e i n c r e a s e i n s i g n a l was produced when carbon 
monoxide was in t r o d u c e d . T h i s i m p l i e d t h a t the carbon 
monoxide was a t t a c k i n g some n i c k e l component, p o s s i b l y 
p r e s e n t as s t a i n l e s s s t e e l , i n the gas l i n e , and was 
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TABLE 7.4: FURNACE PROGRAMME USED TO DETERMINE THE AFFECTS 
OF CARBON MONOXIDE ON NICKEL 

Phase Temperature/"C Hold Time/s Ramp/'C s"^ 
dry 110 35 30 
ash 50 60 
ash 50 10 
atomise 2500 3 FP* 
clean 2600 3 FP* 

*FP = F u l l Power 
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d e p o s i t i n g the n i c k e l w i t h i n the g r a p h i t e tube. S i n c e 
c o n t i n u e d use of carbon monoxide may r e s u l t i n s e v e r e 
d e g r a d a t i o n of t h e i n s t r u m e n t a t i o n , i t was d e c i d e d t o 
discontinue i t s use. 

7.4.6 Conclusions 
The use of carbon monoxide has been shown to decrease the 
appearance temperature of lead. T h i s i s i n agreement with 
the o b s e r v a t i o n s of other workers ( 1 3 7 ) . However, the 
extended use of carbon monoxide i n the P h i l i p s PU 9390X 
electrothermal atomiser i s not to be recommended, since the 
gas e x t r a c t s n i c k e l from the gas l i n e . Although t h i s may 
be of use a n a l y t i c a l l y i n t h a t i t may s t a b i l i s e a n a l y t e s 
such as selenium or a r s e n i c , i t may w e l l c u r t a i l the l i f e of 
the atomiser. 

7.5 2he use of Hydrogen Sulphide to Thermally S t a b i l i s e 
Mercury 

7.5.1 Introduction 
Mercury i s a n o t o r i o u s l y d i f f i c u l t element to analyse by 
ETAAS because of i t s extreme v o l a t i l i t y . Losses of mercury 
can r e a d i l y occur at temperatures as low as those used to 
dry the sample. As a r e s u l t mercury analyses are more often 
performed by cold vapour AAS. However, some workers have 
used ETAAS i n conjunction with matrix modifiers t o determine 
mercury l e v e l s . M o d i f i e r s t h a t have been used i n c l u d e 
tetramethylene dithiocarbamate and tetraethylthiuram (140), 
p o t a s s i u m d i c h r o m a t e ( 2 7 ) , ammonium s u l p h i d e ( 1 4 1 ) , 
complexing agents with t h i o l groups (14 2) and amalgamating 
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agents such as palladium ( 3 7 ) . I t i s n o t i c e a b l e t h a t many 
of t h e s e m o d i f i e r s c o n t a i n s u l p h u r . By u s i n g x - r a y 
d i f f r a c t i o n (Grgic et a l . (140) have shown the formation of 
t h e t h e r m a l l y s t a b l e mercury s u l p h i d e (HgS), b e f o r e 
a t o m i s a t i o n . I t was t h e r e f o r e proposed t h a t gaseous 
hydrogen sulphide introduced during or p r i o r to the dry 
stage may also lead to the formation of HgS. 

7.5.2 pyoceduye 
Ash plots of a 200 ng ml~^ mercury standard i n 2% v/v n i t r i c 
a cid were performed using both w a l l and platform atomisation 
with and without hydrogen sulphide (10% v/v i n argon. A i r 
Products Special Gases), introduced p r i o r to and during the 
dry stage. NB. Due to the o f f e n s i v e and hazardous nature 
of hydrogen sulphide good fume e x t r a c t i o n i s required. The 
furnace programme used for wall and platform atomisation are 
d e t a i l e d i n T a b l e s 7.5 and 7.6 r e s p e c t i v e l y ; and t h e 
operating conditions are described i n Table 7.7. 

7.5.3 Results and Discussion 
The r e s u l t s of t h e a s h p l o t s f o r m e r c u r y w i t h w a l l 
atomisation and with platform a t o m i s a t i o n both with and 
without H2S are shown i n F i g s . 7.4 and 7.5 r e s p e c t i v e l y . 
From the r e s u l t s , i t i s obvious t h a t the presence of H2S 

causes a large increase i n the mercury s i g n a l f o r both wall 
and platform atomisation. By running a blank with H2S i t 
was possible to show that t h i s increase i n s i g n a l was due to 
an enhancement i n s e n s i t i v i t y r a t h e r than the i n t r o d u c t i o n 
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TABLE 7 . 5 : FURNACE PROGRAMME USED FOR MERCURY ASH PLOTS 
WALL ATOMISATION 

Stage Temperature 
/•c 

Time 
/ s 

Ramp I n t e r n a l Gas 
Type 

dry 70 20 35 10% H2S 
dry 110 30 20 10% H2S 
ash varied 20 50 Ar 
atomise 1200 3 FP* GS+ 
clean 1600 3 FP* Ar 

*FP = F u l l Power 4<3S = Gas Stop 

TABLE 7 . 6 : FURNACE PROGRAMME USED FOR MERCURY ASH PLOTS 
FROM PLATFORM ATOMISATION 

Stage Temperature Time Ramp I n t e r n a l Gas 
/ s /•C s"-*- Type 

dry 70 20 35 10% H2S 
dry 140 30 20 10% H2S 
ash varied 20 50 Ar 
atomise 1400 3 FP* GS=t= 
clean 1800 3 FP* Ar 

*FP = F u l l Power 4GS = Gas Stop 

TABLE 7 . 7: OPERATING CONDITIONS FOR MERCURY ASH PLOTS 
Wavelength/nm 253.7 
lamp current/mA 5 
bandpass/nm 6.5 
i n j e c t i o n vol\ime//il 20 
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of mercury vapour as a contaminant from the gas. The 
presence of hydrogen sulp h i d e i n the e a r l y s t a g e s of the 
furnace c y c l e allowed ashing a t 300'C for w a l l and 350"C for 
platform atomisation. I n the absence of hydrogen sulphide 
no s t a b l e s i g n a l was obtainable f o r w a l l atomisation, i e . 
any increase i n ash temperature above the drying temperature 
resulted i n a decrease i n s i g n a l . For platform atomisation 
the mercury s i g n a l appeared to be s t a b l e u n t i l approximately 
2 0 0 b e f o r e analyte l o s s was observed. 

Inspection of an Ellingham diagram f o r sulphide ( F i g . 7.6) 
shows th a t the mercury sulphide i s s t a b l e to approximately 
550*C before i t i s reduced by carbon, or 600°C before i t 
spontaneously d i s s o c i a t e s to mercury and sulphur ( i e . ^ G = 
O). The sublimation point of mercury sulphide i s 583-5'C or 
446*0 depending on the c r y s t a l s t r u c t u r e (140). The ashing 
temperature of up to 350"C a c h i e v e d i n t h e pr e s e n c e of 
hydrogen sulphide i s therefore i n reasonable agreement with 
the maximum t h e o r e t i c a l ash temperatures of 450-500"C. I t 
i s a l s o i n reasonable agreement w i t h the o b s e r v a t i o n s of 
o t h e r w o r k e r s (140) who c l a i m e d t h a t maximum a s h i n g 
temperatures of 300-350"C could be used i n the presence of 
sulphide forming compounds. 

Inspection of an Ellingham diagram shows t h a t HjS does not 
di s s o c i a t e u n t i l approximately 1500"C. I t must therefore be 
concluded t h a t the hydrogen sulphide must d i s s o l v e i n the 
aqueous matrix of the sample, and p r e c i p i t a t e the mercury as 
i t s sulphide onto the atomiser. 
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F i g . 7.6: An Ellingham diagram for sulphides 
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When the i n t r o d u c t i o n of hydrogen s u l p h i d e was continued 
i n t o the ash stage, e x c e s s i v e l y l a r g e background s i g n a l s 
were obtained (compare F i g s . 7.7 and 7.8) which resulte d i n 
an e x t r e m e l y n o i s y and u n r e l i a b l e a t o m i c s i g n a l . The 
e x t e n d e d u s e of hydrogen s u l p h i d e i s t h e r e f o r e n o t 
recommended. 

When t h e d u r a t i o n o f t h e s t a g e p r i o r t o d r y i n g was 
increased, the atomic s i g n a l for mercury i n c r e a s e s but so 
too did the background s i g n a l . After 90 seconds the atomic 
s i g n a l r e a c h e d a maximum, but t h e background s i g n a l 
continued to i n c r e a s e with i n c r e a s i n g time. A f t e r 120 
seconds the excessive background s i g n a l caused the deuterium 
background correction device to over-correct, r e s u l t i n g i n a 
depression of the atomic s i g n a l . T h i s would appear to add 
support to the theory t h a t the hydrogen sulphide d i s s o l v e s 
i n the aqueous matrix and combines with the mercury. 

V a l i d a t i o n of the method by the a n a l y s i s of c e r t i f i e d 
reference materials (CRMs) proved to be extremely d i f f i c u l t . 
No s u i t a b l e CRM could be found. Although ma t e r i a l s such as 
sewage sludge contain-, considerable amounts of mercury, the 
matrix proved to be too re f r a c t o r y for e f f i c i e n t ashing, and 
hence no r e l i a b l e data could be obtained. Other m a t e r i a l s 
with more simple matrices contained amounts of mercury that 
were below the l i m i t of detection of the method. 
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F i g . 7.7: Peak p r o f i l e obtained for mercury without hydrogen 
sulphide introduced during the ash stage. 

t.oor 

Aba 

F i g . 7.8: Peak p r o f i l e obtained for mercury with hydrogen 
sulphide introduced during the ash stage. 
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7.5.4 C o n c l u s i o n s 

The u s e o f 10% v / v h y d r o g e n s u l p h i d e i n a r g o n , when 

i n t r o d u c e d p r i o r t o o r d u r i n g t h e a s h s t a g e , was found t o 

i n c r e a s e t h e s e n s i t i v i t y o f mercury a n a l y s e s (up t o 8 f o l d 

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

t e m p e r a t u r e s o f up t o 350*C. T h i s may f a c i l i t a t e mercury 

a n a l y s e s i n s i m p l e m a t r i c e s s u c h a s wat e r , but i t i s s t i l l 

i n s u f f i c i e n t f o r more complex m a t r i c e s where h i g h e r a s h 

temperatures a r e r e q u i r e d . 
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CHAPTER 8: CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 

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

The u s e of a v a r i e t y o f gaseous m a t r i x m o d i f i e r s has been 

demonstrated. O x i d i s i n g gases such as a i r and n i t r o u s oxide 

t h a t c o n t a i n or t h e r m a l l y decompose t o produce oxygen have 

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

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

reduce t h e i r o x i d e t o t h e atomic m e t a l . The mechanism has 

been d e s c r i b e d as a b l o c k i n g of t h e a c t i v e s i t e s by oxygen 

and hence p r e v e n t i o n of the a n a l y t e o x i d e s from b i n d i n g and 

becoming r e d u c e d . I n a d d i t i o n , t h e oxygen p r e s e n t a l s o 

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

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

r e s u l t i n g i n a t o m i s a t i o n more f r e e f r o m m a t r i x 

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

temperatures i n e x c e s s of 9 5 0 w e r e used i n t h e p r e s e n c e of 

o x y g e n . I n t e r f e r e n c e by o t h e r s p e c i e s e ^ . magnesium 

c h l o r i d e was a l s o found t o d e c r e a s e , presumably b e c a u s e of 

the formation of l e s s v o l a t i l e l e a d s p e c i e s . 

Reducing gases have a l s o been used as m a t r i x m o d i f i e r s . I f 

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

enhance the s e n s i t i v i t y f o r many r e f r a c t o r y a n a l y t e s . T h i s 

was found t o be p a r t i a l l y due t o t h e hydrogen l i b e r a t e d 

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

s i g n i f i c a n t l y t o the r e d u c i n g carbon or hydrocarbon r a d i c a l s 

produced by the same p r o c e s s . I n a d d i t i o n , t h e carbon a l s o 

formed a r o b u s t , i n e r t and dense l a y e r o f p y r o l y t i c carbon 
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on t h e g r a p h i t e s u r f a c e - T h i s had t h e a f f e c t o f r e d u c i n g 

sample soaking and sample i n t e r a c t i o n w i t h t h e g r a p h i t e , and 

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

d e c r e a s e d memory e f f e c t s . O t h e r h y d r o c a r b o n g a s e s , i e . 

ethane and propane were a l s o used. They e x h i b i t e d t h e same 

advantages p r e f e r r e d by methane, but had the d i s a d v a n t a g e of 

producing l o o s e sooty d e p o s i t s when used a t more t h a n 1% v/v 

i n argon. 

When in t r o d u c e d during t he a s h s t a g e , hydrogen was found t o 

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

a n a l y t e s and a l s o f o r l e a d . The main advantage o f f e r e d by 

hydrogen, however, was t h a t i t e f f i c i e n t l y removed the non

s p e c i f i c absorbance i n t e r f e r e n c e and l i g h t s c a t t e r caused by 

carbonaceous m a t r i c e s . The mechanism was h y p o t h e s i s e d t o be 

by t h e f o r m a t i o n of hydrocarbons, which absorb o r s c a t t e r 

l e s s l i g h t than carbon p a r t i c l e s . I n a d d i t i o n , hydrogen was 

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

t e m p e r a t u r e s o f many a n a l y t e s . H y d r o g e n p r o v e d t o be 

u n s u c c e s s f u l i n the removal o f t h e i n t e r f e r e n c e e f f e c t s o f 

0.5% w/v sodium c h l o r i d e on l e a d d e t e r m i n a t i o n s . 

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

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

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

•wet c h e m i c a l ' m o d i f i e r s b u t w i t h o u t t h e c o n c o m i t a n t 

contamination problems. The proposed mechanism was t h a t the 

organophosphorus vapour h y d r o l y s e d i n t h e moist atmosphere, 

and d e p o s i t e d t h e phosphorus on t h e tube w a l l , where i t 
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c o u l d i n t e r a c t w i t h the cadmiuiQ forming a much l e s s v o l a t i l e 

s p e c i e s . 

O t h e r g a s e s t h a t h a v e b e e n i n v e s t i g a t e d i n t h i s s t u d y 

i n c l u d e a v a r i e t y of halogenated compounds and t h e vapour of 

i o d i n e . T h i s was an attempt t o i n c r e a s e t h e v o l a t i l i t y o f 

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

vanadium, and hence s a v e on t u b e l i f e - t i m e , and p o s s i b l y 

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

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

t h a t t h e a n a l y t e - h a l i d e bonds d i d form, h o w e v e r , t h e 

halogenated s p e c i e s were too t h e n n a l l y s t a b l e t o d i s s o c i a t e 

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

r e s u l t , a l a r g e drop i n s e n s i t i v i t y was o b t a i n e d . The 

h a l o g e n a t e d compounds c o u l d however be u s e d i n t h e c l e a n 

stage t o d e c r e a s e memory e f f e c t s . A 2% v/v mix of f r e o n 23 

i n argon was found t o s t a b i l i s e cadmium t o a temperature of 

150'C, However, p l a t f o r m a t o m i s a t i o n had t o be used s i n c e 

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

Carbon monoxide was u s e d i n an a t t e m p t t o remove n i c k e l 

contamination from t h e a t o m i s e r a s v o l a t i l e n i c k e l c a r b o n y l . 

However, t h e n i c k e l s i g n a l was found t o i n c r e a s e i n t h e 

p r e s e n c e of c a r b o n monoxide, i n d i c a t i n g t h a t t h e g a s was 

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

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

to the i n s t r u m e n t a t i o n . 
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Hydrogen s u l p h i d e (10% v/v i n argon) was used i n an attempt 

t o t h e r m a l l y s t a b i l i s e mercury v i a t h e formation of mercury 

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

t e m p e r a t u r e s o f up t o 350•€ c o u l d be u t i l i s e d b e f o r e t h e 

o n s e t of a n a l y t e l o s s , whereas w i t h o u t hydrogen s u l p h i d e , 

mercury was l o s t a t temperatures below 200"C. 

8.2 F u r t h e r Work 

Many of t h e mechanisms by which t h e v a r i o u s g a s e s work have 

been h y p o t h e s i s e d by o b s e r v a t i o n and d e d u c t i o n . There has 

been no e x p e r i m e n t a l work t o p r o v i d e a d d i t i o n a l s u p p o r t . 

E l e c t r o n microscopy has been used by o t h e r workers t o study 

the g r a p h i t e tubes s u r f a c e (139), and i t c o u l d be used here, 

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

organophosphorus v a p o u r s d i d d e p o s i t p h o s p h o r u s , o r what 

a f f e c t s t h e hydrogen ha s on v e r y f i n e l y d i v i d e d c a r b o n . 

A n o t h e r t e c h n i q u e t h a t c o u l d be u s e d t o e l u c i d a t e 

m e c h a n i s t i c a s p e c t s of the v a r i o u s p r o c e s s e s Is" e v o l v e d gas 

a n a l y s i s . T e c h n i q u e s s u c h a s t h e s e s h o u l d e n a b l e a much 

c l e a r e r understanding of the mechanisms by which the gaseous 

m o d i f i e r s work. 

I n a d d i t i o n t o t a k i n g a much more t h e o r e t i c a l approach, t h e 

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

C h l o r i n a t e d gases eg. HCl (125) have been used t o v o l a t i l i s e 

away t h e m a t r i x w h i l e l e a v i n g t h e a n a l y t e u n a f f e c t e d , and 

h e n c e f a c i l i t a t i n g a t o m i s a t i o n more f r e e f r o m m a t r i x 

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

v a p o u r may h ave t h e same a f f e c t , w h i l e p o s s e s s i n g l e s s 
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hazardous or i r r i t a n t p r o p e r t i e s . The use of halocarbons or 

h a l o g e n s c o u l d a l s o be e x t e n d e d t o o t h e r r e f r a c t o r y 

a n a l y t e s . I t h a s been r e p o r t e d ( 1 3 0 ) t h a t b o r on t r i 

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

boron by t h e a p p l i c a t i o n of h e a t and hydrogen. A m i x t u r e 

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

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

t e m p e r a t u r e f o r boron and c o u l d i n c r e a s e s e n s i t i v i t y by 

r e d u c i n g the amount of c a r b i d e formation. 

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

thermal s t a b i l i t y of v o l a t i l e a n a l y t e s such a s a r s e n i c , t h e 

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

T h i s i s known t o t h e r m a l l y d e c o m p o s e a t e l e v a t e d 

t e m p e r a t u r e s t o n i c k e l and c a r b o n m o n o x i d e . I t c o u l d 

t h e r e f o r e be u s e d a s a c o n v e n i e n t way t o d e p o s i t n i c k e l 

w i t h i n the g r a p h i t e tube. I t s extremely t o x i c n a t u r e c o u l d 

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

e f f i c i e n t fume e x t r a c t i o n systems were a v a i l a b l e . 

The u s e of organophosphorus vapours t o t h e r m a l l y s t a b i l i s e 

cadmium has a l r e a d y been demonstrated, however, t h e i r u s e 

f o r o t h e r a n a l y t e s such as l e a d and z i n c t h a t a r e a l s o known 

t o be s t a b i l i s e d by phosphate, ha s n o t . E x t e n d i n g t h e u s e 

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

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

a n a l y t e s as p o s s i b l e . 
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A l l o f t h e e x p e r i m e n t s p e r f o r m e d s o f a r h a v e been i n a 

g r a p h i t e atomiser. Although hydrogen has been used i n metal 

a t o m i s e r s ( 8 4 - 9 1 ) , many o f t h e o t h e r g a s e s h a v e n o t . By 

e x t e n d i n g t h e u s e o f t h e g a s e s i n t o o t h e r a t o m i s e r s , eg. 

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

u b i q u i t o u s use as m a t r i x m o d i f i e r s may be examined. 
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JOURNAL or A N A L Y T I C A L ATOMIC SPI;Cl ROMKTRY. JUNE lywi. VOL. 5 321 

Direct Atomic Spectrometric Analysis by Slurry Atomisation 

Part 10.* Use of an Air-ashing Stage in Electrothermal Atomic 
Absorption Spectrometry 
Les Ebdon, Andrew S . Fisher and Huw G. M. Parry 
f-lyniouth Analytical Chemistry Research Unit, Department of Environmental Sciences, Polytechnic 
South West, Drake Circus, Plymouth PL4 BAA, UK 
Alistair A. Brown 
Philips Scientific, York Street, Cambridge CB1 2PX, UK 

The use of an air-ashing stage in e lect rothermal a tomic abso rp t ion spec t romet ry fo r s lurry a tomisa t ion is 
described. Air -ashing was s h o w n to reduce s igni f icant ly interferences f r o m non-specif ic absorp t ion and a l low 
a w ide r range of ashing temperatures w i t h o u t sample loss. A s igni f icant decrease in the interference of 
mngnos iun i chlor ide on load de terminat ions was also observed . C h r o m i u m , cobalt , lead and manganese 
wiMu :;iii:(:(::;:;lully ( l i : l i: iMiii i i : ( l in s lur i iu i ; uf live* hiulu<jictil cui t i l i c t i i i : l u i u i i c u iDci lcr i j I t i ( lu ina lo loavus, human 
hair, mussel , Chlorella and sewage sludge) and good agreement was obta ined w i t h cer t i f ied values. 

K e y w o r d s : Electrothermal atomisation: atomic absorption spectrometry; air ashing; slurry atomisation; 
solid samples 

IHIcciroihormal iiiomic :ihsorpiit>n spcciroinctry ( E T A A S ) 
h;is become one of ihc mosi ci i i i imnii ly used ;malyiic;»l 
lechniqucs for ulira-iracc analysis. I i has several advantages 
over flame A A S . including increased sensiiiviiy and ihe 
capaciiy lo cope with solid samples. The problems of 
inierlercnccs have, in reeeni years, been parlially overcome 
by the use of iK-iler designed turiiaces, improved spcetro-
meiers and chemical modifiealion. 

Reecnily, ihere has been growing interest in the use of 
slurries as a means of introdueiiig solids into a graphite furnace 
(.'..';^, references l - d ) , because slurries are relatively simple to 
prepare', diey rei|uire no aggressive chemical pre-treatmenl 
and arc thus leus susceptible to eoniamination. The viability of 
calibration using aipieoio standards is a major advantage. A 
problem with slurries, solids or li(|uids that have an organic 
matri.x is incomplcic ashing o f the matrix. Several workers 
have therefore used air or o.xygcn as an ashing aid.^ *^" This 
converts the normal charring stage into an oxidative decompo
sition process. Without the air or oxygen, carbonaceous 
residue woidd he left in the tube after atoniisaiion. A f t e r 
several analyses, this residue increases to the extent that it 
begins to obstruct the light beam, and hence causes an 
increase in background ahs<irption. 

There have been several reports ofstiidies of the mechanism 
by which oxygen interacts with the graphite and the 
analyie.*' ' " These reports have indicated thai analytcs such as 
lead maybe ashed using much higher temperatures than usual, 
without the prt)hleni of analyie loss. This was fmrnd to be due 
to the formation of less vDlatile lead species that do not enter 
the vapour phase until much higher temperatures are reached. 
As a consequenee, more effective removal i)f the matrix can 
be achieved. 

In this paper, the use and advaniages of an air-ashing stage 
in the analysis of slurries is described. Sample pre-ireatmeni 
was kept to a miniumm. aiul no "wet" chemical inodificatiiMi 
was used. Ash pUns with and withini l air are shown for 
different elements in a slurry, demonstrating the use of air in 
the ashing stage. The method was calibrated using aqueous 
standards, and was validated using various eeriified reference 
materials with Pb, Co, Cr and M n as the analyies. 

* For I'ari y of this scries, see J. Ami!. Ai. Spccirutn.. IMyiK 5. 67. 

iLxpcrimental 

KcagL-nls and Standards 

Migh-purity water was obtained by using reverse osmosis 
(Nni l i -KO-l ; Mi l l i po rc , Harrow, Middlesex. U K ) followed by 
adsorption, de-ionisation and ultrafi l trat ion (Mil l iporc M i l l i -
Q sy.s lc in) . 

Nitric acid (sp.gr. 1.42) of Pronalysar grade (May and 
Baker. Dagenham. U K ) and hydrochloric acid (sp.gr. 1.18) of 
Ana lak grade ( H D M , Poole, Dorset. U K ) were used. 

Smck standarti solutions of Co, Cr. Mn and Pb (1000 
mg I ' ) were prepared in the fol lowing manner. Cobalt metal 
powder (0.10(1 g) ( B D H ) was dissolved in the minimum 
volume o f aqua regia and diluted to 100 ml with water. 
Potassium dichromatc (0.2829 g) ( B D H ) was dissolved in 
water and made up lo 100 ml . Manganese metal (0,100 g) 
( B D I l ) was dissolved in hydrochloric acid and diluted lo 100 
ml with water. Lead nitrate (0.1598 g) ( B D H ) was dissolved in 
water and diluted to 100 ml . A l l stock standard solutions were 
stored in acid-washed polyethylene bottles. 

Working standard solutions were prepared daily by serial 
di lut ion o f the stock standard solutions. 

Sample Prtrparalinn 

Apprt ix imaiely 1% m/v slurries of the certified reference 
materials (except hair) were made by weighing about 0.200 g 
of the material into a 30-ml polypropylene bottle. Zirconia 
beads (10 g) (2 mm diameter; Glen Crcston, Stanmore, 
Middlesex. U K ) and 3 ml of water were placed in the bottle 
and the bottles shaken, on a mechanical flask shaker, for 1-4 
h . I h c slurvics were then di luted to volume (20 ml ) by the 
addition o f water. A blank was made in exactly the same way 
but omit t ing the sample. No significant blank levels were seen 
for any «»f the elements studied. A 1% m/v slurry of hair was 
maile by weighing ca. 0.25*1 g of material into a clean, 
pre-weighed plat inum dish, which was placed in a muff le 
furnace at 300 ®C" for 3 h. The platinum dish was removed, 
placed in a desiccator and allowed to cool. The dish was 
re-weighed to determine the mass of the residual ash. The 
majority of this ash was then we ighed into a polypropylene 
boii le and slurried as l ieforc. T l i c final volume o f the hair 
slurry was 20 m l . 
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Tabic I . Furnace conditions used for ihc ashing plots of hoviiic liver slurry 

Phase rcmpcr;iiiiic/"C Mold limc/s 

Dry IH> 41) 

Ash 1 V:iriL»l 3il 
Ash 2 V:nicd 20 
Atomise . . 23(M) 3 
Clean 25(XI 4 

Ramp/ 
'Cs - ' 

10 
50 
0 

>20(H) 

CKIS 

Nj 
^ :iii 

N': 
Gas Slop 
N^ 

Ci:is Mow 
rate/ 

I min" ' 
3.5 
3.5 
3.5 
0 
3.5 

300 400 500 600 700 
Ashing temperaiure/'C 

800 

Fig. I . Ashing plois for lead in bovine liver slurry using various 
amounls of air: A . 0: B. 1; and C. 2.5 I min- ' 

Ashing in a muffle furnace prior to griiulinp overcame 
problems arising f rom the fibrous nature of hair. The value o f 
carbonisation in overcoming such problems has been rcporicd 
elsewhere." 

Instrumentation 

A n SP9 atomic absorption spectrometer (Philips Scientific, 
Cambridge, U K ) fit ted with a video furnace progrannncr (PU 
9095, Philips Scientific) was used. Addi t ional ly , an alicrnaiivc 
atomic absorption spectrometer (PU94(H). Philips Scientific) 
fitted with an ciccirolhcrmai atomiser (PU93yO. Philips 
Scientific) was also used for repeat analyses of some certified 
reference material slurries. The two furnaces d i f fe r in that the 
gas flow in the SP9 - PU9095 system fills the entire furnace 
head and only enters the graphite lube by di f fus ion, whereas 
in the PU9390 the gas flows directly down the inside of the 
lube and out o f the centre. Both spectrometers have 
deuterium continuum source background correction systems. 

Pyrolylicpraphile coated praphite luhcv wcrv uscti ihronph-
out. l i o t l i standards and slurries wcic i i itMidnciil iu:mn;dly 
into the graphite furnace by micropipctto {Gil.son Medical 
Electronics, Villicrs-le-Bel, France). In all the work reported 
conventional wall atomisalion and the cas-stop mode were 
used. The slurries were agitated manually before pipetting. 
A i r was introduced to the furnace vi;i a switcfiiitg valve 
between the air and nitrogen cylinders. 

Results and Dtscu.sston 

Initial experiments were performed on the SP9 to investigate 
the advantages of incorporating an air-ashing stage in the 
furnace cycle. Using the furnace parameters shown in Table I . 
and lead as the analyte, ashing cur\es for bovine liver were 
constructed (Fig. 1). 

A second ashing stage is required in which an inert gas is 
used to remove trace amounts of oxygen f rom the atmosphere 
and from (he active sites on the graphite surface. When 
atomisation immediately followed the air-ashing stage, the 
tube degenerated rapidly. 

As the amount of air bled into the inert gas flow increased, it 
was found that both higher and lower jishing temperatures 

— 0,3 

B 

— ' s 
1 1 — 

•100 500 600 700 800 900 
Ashing tempei3(ure/'C 

y'tfi. 2. Ashing plots for iion in hovinc liver slurry: (A) vviiluuti nir 
and Hi) with 2.5 I min" ' air 

could he used. Higher temperatures could be utilised pre
sumably because of the formation of less volatile lead t>.\idc 
species, rather than lead halidcs (boilina points: lead, 17,*il X : 
PhCN. 950 X : i\m\ PbO. 1472 T ) . riie mechanism of this 
process and the subsequent reduction ttf PhO by carbtm have 
been reported previously.^ " Lower ashing temperatures were 
practicable because pyrolysis became much more efficient and 
hence the organic matrix was removed more rapidly. 

I he ashing curve in which no air w;is used showed no 
plateau region, and hence it was impossible to select a 
temperature at which non-specific absorbancc interference 
(smoke) had ceased but analytc loss had not begun. The large 
absorbnnce signals obtained when ash temperatures less than 
5(H) "C were used were due to excessive smoke interfeicnv.e 
causing the conlinuun) source backgioimd correction system 
to under-correct. This was shown by using tlic lead non-
absorbing line at 280.1 nm. This gave signals at temperatures 
up to of 5(K) "C. indicating that the increased signal below 
SbO "C was due to smoke. 

Similarly shaped ashing plots were obtained with and 
without air when the bovine liver slurry was analy.scd for 
cadniiinn. Again , even wt i l i (he ii.sc o f lower ashing tcm-
pL'iatuies. owing In titnu' t 'ltii.'iritl pviulv.sis iiif.iiiiic s:iiiiplt-s 
ct>uld be analysed accuiaii.'ly. 1 he use ol higher ashing 
temperatures could, however, be used owing to the formation 
of less volatile species and are preferable for more refractory 
matrices. Similar results were oluained for l*b and Cd in a milk 
powder slurry. 

Ashing plots were also constructed for some less volatile 
elements. Cobalt exhibited the same increase in the efficiency 
of pyrolysis, i.e.. lower background absorbance, but higher 
ashing temperatures were not advisable when air was used. 
' I he boiling points <if Ihc species of inlere.';! are Co = 2870*C, 
C o a 2 = 1049 "C and C o O = 1795 "C. which indicates that the 
ma.ximum ashing len)pcraliire thai should be used is 90O-
UKHl "C. As air ashing at such temperatures would quickly 
result in degeneration of the graphite tube, it was decided that 
there was no point in extending the ashing plot beyond this 
Icmpcralure. Similar ?esulls were obtiiined for iron (Fig. 2) . 
where the results below 500 *C are inflticnced by large, only 
partially cturcctcd backgroimd absorbances. 

A n air-ashing stage ;ilso led to a decrease in tlic interference 
on lead determinations by magnesium chloride." It has been 
f o u n d " tliat magnesium cidoridc interacts with lead :;Mhe 
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lahli- 2. hiiinacc piininicicn, for ilic ilnJl>^i^ ol ^luriicb. All anulj^o incurpurjicd a drj ing siagc ai 110 '̂ Ĉ for 40 s. A lubc-clcaning stage 
ai 2M)0 C for 3 ^ also used Un all analvscs oxccpi lead, which had a cleaning stage at 2400 for 3 s. This table refers to both furnaces 
used. Mie SPM hail a ga% fluw-iaie i>l 3.5 I niin ".except during the aionu>e Mage (gas .stop). ITie PUy390 had an internal gas flow-rate of 200 
nil niin ' iluring all Mages except ainniise 

Abhing phase 

Element 
Mn 

Slit- Lamp Atomise 
Wavelength/ width/ current/ Tempera phase/ 

mil Mairi.v nm mA ture/ C Time/s 
403.1 Chlortllti. 

mussel, 
hair 

0.5 8 550 2(t 2400 

321.7 I ' l i n K i i i i 

leaves, 
sewage 
sludge 

0.1 K .550 20 2400 

357.') roili;iU) 
leaves, 
hair, 
mussel 

0.5 S 55(t 20 24(tO 

520.5 Sewage 
sludge 

0.1 8 550 20 2400 

210.7 Mussel, 
loniaio 
lea\es. 
Chhin-lla 

(» 5 S .550 2(» 2400 

304.4 Sewage 
sludue 

0.5 s 550 20 2400 

2S3.3 Chlon-Hii. 
mussel, 
hair, 
loinaiii 
lea\es 

0.5 5 550 20 22(M) 

.'WiS.3 Sewage 
sluilge 

0 5 5 550 20 22(tO 

Tabk' J. Ke^ults lor slurrj atomisaiion of various cenilicd reference 
tif a single slurry, and results are quotCil ±1 SI). \'alue.s in parentheses 

Samph 

materials. In all instances n = 6; results arc for repetitive analyses 
are indicative only 

Result ohlained/)(gg-

Hunianhair(Nll-:S5) 

Mussel(Mi:S6) 

Sewage sludge {IJC k 145) 

Certified value/ -
rilemcni jigg ' Spy puy400 

Mn 2VS T 7 2hi\ + 17 2 I 6 ± 2 2 
Ci 4.5 • 0 5 4 24 ± 0.35 4.4 ±0.25 
Co (Oh) 0.57 ± 0.03 0.56 ± 0.05 
Hb 6.3 2: 0.3 6.1 ±0 .7 5.3+0.6 

. Mn 5.2 ± 0 . 3 4.y + 0.6 5.6 ±0 .1 
Cr 1.4 1 0 2 1.3 ±0.1 1.4 ±0.16 
Co (0.1) (».0S ± 0.03 
Pb (f».0) 5.8 ± o.y 6.6 ±0 .6 
Mn 1(1.3 i 1.2 Hv5 ± 5.y 17.3 + 0.4 
Cr 0 63 ± 007 0..S6 ± 0.05 O.Sy + 0.03 
Co (0.37) 0.35 ±0.01 0.35 ± 0.02 
Pb o.yi ± 0.04 1.03 ±0.14 0.96 ± 0.05 
Mn 6y ± 5 65 ± 21 61 ± 3 
Cr — — 
Co 0.87 ± 0.05 o.yi ±0 .06 0.74 + 0.03 
Pb (0.6) 1.2 ±0.12 — 
Mn 241 ± 12 244 ± 15 22y ± 25 
Cr (105) y4.3 ± 6 . 3 120.9 ± 7.8 
Ct» 8.38x0.71 K.63 ± 0.62 
Pb 34y ± L5 365 ± 22 330 ± 9 

v;ipoiir phase, c:iiising .severe losses of the hitler through 
volaliiisalion as lite ehloridc. It has hceii repor lcd ' - l l ia l as 
li l l le : is40ing I ' of iiiagoesium eliloriilc lo ta l l j suppressed ihe 
leati .signal. ' I he use ol an air-ashiiig phase Jeereased Ihc 
iii leilereiice. which was al lr ihuled lo the forinalioi) of lead 
oxide and (he hlocking of active sites on the graphite stiiface. 
It has previously heen found that the use ttf N I I j I U P O j or 
prc-ireainieoi of the lube wiih IVu aniinoniuni inolybdaie 
followed by the use t i f phosplmric acid as a chemical 
nindifier '^ also decreased ihe inlerference by magncsiunt 
chloride. However, ihe use of an air-ashing system may be 

quicker, is loss prone lo conuiminalion ihan ihc use of "wet" 
chemical modifiers and is more readily aulomalcd. Probe 
a tomisa i io i i " can also be used lo decrease this inicrfcrcnce. 
Plailoi ni aloini.sali4)n is a long-cslahlished inelhud of decreas
ing iiiierlerences. owing lo ihe isolhcrmal atmosphere formed 
within the furnace. 

The use o( an air-ashing stage was found not to have any 
significant adverse affect on the precision of (he icchniquc. An 
experimeni \vas performed in which the lead signal f rom a 
bovine liver slurry was measured and ihe relative standard 
deviation (KSD) calculated after every five firings. TTiis 



324 
JOURNAL OF A N A L Y I I C A l . A I OMIC SPI C I KOMI-. I KY. JUNH VOl . . 5 

continued over a period of 50 firings. The RSD was found to 
be below 4% in oil insiances. The experiment was repeated 
using a normal ashing period in place of the air-nsliing period. 
The RSD was again found to be less than ATo in ail instances. 

The lifetime o f the graphite tube was not significainly 
shorter when air was used, provided that ihc ashing tempera
ture d id not exceed (MO-650 ' 'C. Above this icniperatiirc ihc 
graphite became steadily more porous as its surface was 
oxidised. 

Evaluation of the Method 

Five certified reference materials were slurried described 
previously. The levels of Pb. Co. M n and C'r in the slurries 
were determined using the furnace parameters given in l ablc 
2. The analyses were conducted on both an Sl '^ atomic 
absorption system and on a PUy4(HI fined with a I ' D W d 
electrothermal atomiser. As Tig. I shows, Ilic more air is 
present, the more efficient is the asliing. Iherefore. for all 
these analyses, 3.5 I m i n - ' o f air were used. I he results fr<im 
the two furnace systems are given in Table 3. 

In general, the results obtained were in good agreement 
with the certified values. The precision of some anaK^e^ lui 
the SP9 was poor. This corresponded tt)siluali<ins in wliieh the 
high concentration o f the analyle clcmcnis in l l ie sample^ 
necessitated the use of lines of relatively poor sc i is i l i \ i iy . 
Unfortunately, these lines of ten showeil poor signal t<» 
background ratios and noisy signals. The particular continuum 
source background corrector used in the older SPy desicii d id 
not function well above 350 nm. Using the newer PL'^-KMI. the 
alternative lines were easier to locate using ilic compulciised 
peak-search routine and it was not nccessai) . when u^inu ilic 
improved furnace design, to employ background coiiectinn 
above 350 nm. Thus for the M n dcierminaiion of the -103.1 -nm 
line and the Pb analyses at the 3fiK.35-tun line, ihe backgrovuid 
corrector was swilclicd o f f . The- signals ubl . i incd ihe;t!,.'ic 
might include any background absorption. As l-ig. 3 slums, 
the analyte peak precedes a large non-specific absorption 
peak. Therefore, by decreasing the read time to I s and by 
using peak-height measurements, the analytc was accurately 
determined. I t was found that the PU939tt s\steni was far 
more efficient at ashing the matrix, and therefore an ashing 
temperature o f 450 X could be used. This was probably due to 
the air being fiushed through the tube, rather than just 
allowing it to diffuse through, as in the older s js tcm. 

Conc lus iu i i 

The use of an air-ashing stage in the analysis of slurries leads to 
more efficient pyrolysis. This has two ad\aniagcs. l iisilx . if 
decreases the amount of carbonaceous residue left in the lube 
after an analysis, and secondly, it facilitates aiomisation free 
f rom interference caused by non-specific absoipiion after 
ashing at much lower temperatures. Interference from <nhcr 
species such as magnesium chloride was also found to 
decrease. This was presumably due to less \olai i le lead species 

i'0.18 

^012 

I 0 06 
o 

Time's 

Fig. 3. Sign.nl i)l>i:iincil for : i sluti\ al ihc lead .^fi>S.35-Miii line without 
b:icl:grouiKl corici 'lion 

being formed and. hence, retluced interaction with chloride 
ions in the vapour phase. Air-ashing was found to have no 
deleterious effect on either the tube l i fe i i ine . provided that 
ashing temperatures below <>(M) C" were nsctl. or on the 
analytical precision. The use of an air-ashing stage in the 
analysis o f Co . Cr . M n and Pb in some shnrics o f ccrl if ied 
reference materials gave results that were in good agreement 
with ihc certified values. 

I he authors aeknowleduc ihc supj>oii (tf A . .S. 1-. by SI"!U(' 
and Philips Scientific under llie C'ASI: SludeiHsliiii Sclieinc. 
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