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ABSTRACT 

A COMPARISON BETWEEN ZEEMAN AND SMITH-HIEFTJE 

BACKGROUND CORRECTION SYSTEMS FOR GRAPHITE 

FURNACE ATOMIC ABSORPTION SPECTROSCOPY 

Gale A. Graves 

Master of Science 

Youngstown State University, 1985 

Background correction in furnace atomic absorption 

spectroscopy is essential. Several interferences encountered 

while using this technique require the use of an efficient 

background correction system. Interferences commonly 

encountered include chemical, physical, background, and 

spectral. 

There are three types of background correction 

systems commercially available today. These are the 

Deuterium Arc, Smith-Hieftje, and Zeeman background 

correction systems, each having its own advantages 

and drawbacks. The most recent development in background 

correction is the Smith-Hieftje system, coming out 

in 1982. 

There is much debate over which background correction 

system is better. Comparisons have been made between 

the Deuterium arc system and the Smith-Hieftje system. 

There have also been comparisons made between the Deuterium 

arc system and the Zeeman system. However, there has 

yet to be a comparison made between Smith-Hieftje and 



Zeeman background correction systems. This project 

compares these two systems for the determination of 

cadmium in a sodium chloride matrix, 

The Smith-Hieftje system was located at Youngstown 

State University and the Zeeman system was located at 

the Food and Drug Administration in Cincinnati. Because 

of this, several variables were identified and held 

constant in an attempt to isolate just the background 

correction systems. Three experiments were then conducted. 

The first of these was a loss in sensitivity study due 

to the background correction system. After losses in 

sensitivity were determined, a precision study was done 

in order to determine which system was more accurate 

and reliable. A final experiment was performed to 

look at the distortion in signal caused by each background 

correction system. 
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CHAPTER I 

Introduction 

Since atomic absorption spectroscopy is a relative 

method, i.e., quantitative determinations can only be 

carried out by comparison to reference substances, 

any behavior of the sample which is different from the 

reference substance implies an interference. Many 

methods and procedures are available today to correct 

for interferences in atomic absorption spectroscopy. 

Two of these methods, namely Zeeman and Smith-Hieftje 

background correction systems, are compared in this 

research project. 

Depending upon their cause, interferences are 

referred to as chemical, physical, background, ionization, 

and spectral (1). While background and spectral interferences 

are based on the measurement of non-specific signals, 

chemical and physical interferences have an influence 

(positive or negative) on the total number of atoms N 

formed per unit volume. 

Chemical interferences are the most common, 

and are caused by the presence of a thermally stable 

material in the sample which is not removed by the 



flame or graphi te  furnace.  S t r i c t l y  def ined,  a chemical 

in te r fe rence  i s  any formation of a compound t h a t  prevents  

q u a n t i t a t i v e  atomizat ion of the  element being determined. 

This absolu te  d e f i n i t i o n ,  used espec ia l ly  when d i f f e r e n t  

methods of atomization a r e  compared, can be replaced by 

a r e l a t i v e  d e f i n i t i o n .  For comparing d i f f e r e n t  samples 

when t h e  same means of atomization i s  being used - f o r  

example a g raph i t e  furnace - a chemical in te r fe rence  

i s  understood as an a l t e r a t i o n  of the  t o t a l  number of 

f r e e  atoms formed per  u n i t  volume owing t o  the  formation 

of chemical compounds. With t h i s  d e f i n i t i o n  of chemical 

in te r fe rence ,  it is  poss ib le  t h a t  the  e f f e c t  can be 

p o s i t i v e  or negative r e l a t i v e  t o  the  standard.  With 

t h e  absolu te  d e f i n i t i o n  of chemical in te r fe rence ,  the  

e f f e c t  can only be negat ive,  i . e . , every  in te r fe rence  

i s  recognized a s  a  decrease i n  the  t o t a l  number of atoms 

t h a t  can be formed. 

There a r e  two causes f o r  the  occurrenceof chemical 

in te r fe rences .  E i t h e r  the  conversion of the  sample 

i n t o  atoms i s  not  q u a n t i t a t i v e ,  possibly because a 

d i f f i cu l t lymel ted  or vaporized s a l t  i s  formed or the 

molecules formed a r e  not  completely d i s soc ia ted ,  or 

the  f r e e  atoms r e a c t  spontaneously with other  atoms 

or r a d i c a l s  i n  t h e  environment so  t h a t  they a r e  not  long 

enough a v a i l a b l e  f o r  absorpt ion.  With f lameless  atomization 

procedures, chemically i n e r t  o r  reducing atmospheres a r e  



used s o  t h a t  var ious in te r fe rences  caused by the  p roper t i e s  

of the  flame a r e  excluded. A c h a r a c t e r i s t i c  of graphi te  

tube furnaces i s  the  f a c t  t h a t  although the atomization 

is  a  thermal d i s s o c i a t i o n  of molecules i n t o  atoms, 

i t  i s  not  an equi l ibr ium reac t ion .  This i s  due t o  the  

f a c t  t h a t  the  small amount of element under s tudy i s  

atomized i n  a  chemically i n e r t  environment which i s  

considerably cooler  than the  tube surface.  Since the  

atomizat ion of a sample i n  a graphi te  tube furnace can 

only take place from the  graphi te  sur face ,  the  sample 

must remain i n  good contac t  with the  hot su r face  f o r  

a s  long a s  poss ib le  t o  become a s  completely atomized 

as poss ib le .  This means t h a t  the  s e n s i t i v i t y  of a 

determination can be increased i f  the  sample i s  converted 

i n t o  a  d i f f i c u l t l y  melted or vaporized form. I n  c o n t r a s t  

t o  flame atomic absorpt ion,  the  formation of su lphates ,  

phosphates, or oxides i n  the  graphi te  tube i s  of ten  

advantageous. However, good contac t  with the  graphi te  sur face  

i s  only des i rab le  as long as the  compound of i n t e r e s t  

can be d i s soc ia ted  i n t o  atoms r a p i d l y  enough a t  temperatures 

below 2500 degrees c e l s i u s .  If t h i s  does no t  occur, 

the  formation of compounds can be a hindrance with 

a r e s u l t a n t  l o s s  i n  s i g n a l  height .  The b e s t  known 

i n t e r f e r e n c e  of t h i s  type i s  probably carbide formation 

from r e a c t i o n  with the  graphi te  or decomposition products 

from the  sample, f o r  example carbon produced from ashing 

of b i o l o g i c a l  mater ia l s .  To avoid the l a t t e r  i n t e r f e r e n c e ,  



the matrix must be destroyed in many cases prior to 

the introduction of sample into the graphite furnace. 

It stands to reason that the forming of a compound 

of the element of interest which withstands high decomposition 

temperatures, but which can quantitatively dissociate 

at the atomization temperature, eliminates the majority 

of interferences. 

Physical interferences are understood as those 

caused by differing physical properties of the sample 

and reference substance such as different viscosities, 

surface tensions, or specific gravities of the solutions. 

This type of interference in the past has been known only to 

flame applications since the sample is nebulized into 

the flame. In contrast to this, samples are introduced 

into the graphite furnace by pipetting. However, because 

of the new sample introduction devices on the market today, 

e .g., the I.L. Fastac (2) which sprays the sample into the 

furnace,and automatic samplers, the same types of 

physical interferences that influence flame analysis 

also affect furnace analysis. Most often, physical 

interferences can be avoided by matching the physical 

properties of the sample and standard solutions. This 

can be achieved by diluting the sample solution, making 

up standards with the same matrix as the sample solutions, 

or by the method of standard additions (3). 

Background absorption occurs from two sources : 

light scattering particles in the flame or furnace 

producing a broad band effect, and true molecular 



absorpt ion  caused by undissociated molecules i n  the  

l i g h t  path.  T h i s  type of in te r fe rence  i s  due t o  a 

non- specific (no t  caused by a  s p e c i f i c  element) l i g h t  

l o s s  which leads  t o  a  s i g n a l  t h a t  i s  too  high. T h i s  

high s i g n a l  c o n s i s t s  of the  t r u e  absorpt ion of the  element 

under s tudy,  and the  non-specific absorpt ion of the  

background. The absorpt ion bands from molecules a r e  

usua l ly  broad, both i n  comparison t o  the hollow cathode 

emission l i n e  and t h e  monochromator bandpass (4 ) .  

I t  i s  t y p i c a l  f o r  a l l  types of non-specific l i g h t  l o s s e s  

t o  have a broad band absorpt ion.  I t  does not  a l t e r  

measurably over seve ra l  nanometers while atomic absorpt ion 

i s  r e s t r i c t e d  t o  a very narrow wavelength, A , range 

(approximately 

The f irst  e f f e c t ,  s c a t t e r i n g  of l i g h t  from 

t h e  hollow cathode lamp on s o l i d  p a r t i c l e s  i n  t h e  

flame or furnace,  obeys Rayleigh's s t r a y  l i g h t  l a w  i n  

the  first approximation, i n  which the  s c a t t e r i n g  
3 N*  d2 

c o e f f i c i e n t  is  given by = Z q  2 ~9 . 
This s c a t t e r i n g  e f f e c t  w i l l  thus occur q u i t e  s t rongly  with 

inc reas ing  p a r t i c l e  s i z e  and f o r  decreasing wavelength. 

The two important c h a r a c t e r i s t i c s  of background absorpt ion  

a r e  t h a t  background absorpt ion is  much higher with 

furnace atomization as opposed t o  flame, and background 

absorpt ion  is  much g r e a t e r  i n  t h e  W range of t h e  spectrum 

than i n  t h e  v i s i b l e  range. There a r e  seve ra l  methods 

a v a i l a b l e  t o  c o r r e c t  f o r  t h i s  type of in te r fe rence  and 

these  w i l l  be discussed l a t e r .  



Spect ra l  in te r fe rences  i n  atomic absorpt ion 

ana ly s i s  a r e  very much r e l a t e d  t o  background in ter ferences .  

Spec t ra l  in te r fe rences  a r e  due t o  s c a t t e r i n g  of r ad i a t i on ,  

broadband absorpt ion,  non-analyte absorbing l i n e s  

within t h e  s p e c t r a l  bandwidth, and d i r e c t  absorpt ion 

overlap. These types of in te r fe rences  can be v i r t u a l l y  

eliminated with good instrumental  design. 

A s  s t a t e d  previously,  it i s  t yp i ca l  f o r  in te r fe rences  

due t o  non-specific l i g h t  l o s se s  t o  be broad band i n  

nature.  Almost a l l  a t tempts  t o  el iminate  in te r fe rences  

a r e  based on t h i s  f a c t .  One of the  fundamental r u l e s  

f o r  a l l  procedures and methods used t o  co r r ec t  f o r  

background in te r fe rences  is  t h a t  t he  correc t ion  should 

take  p lace  as near a s  poss ib le  t o  the  a c t u a l  absorpt ion 

l i n e .  S lavin  ( 6 )  recommended t h a t  the  non- specific 

l i g h t  l o s se s  should be corrected by measuring the  e f f e c t  

a t  a  non-absorbable l i n e  and then sub t rac t ing  the  r e s u l t s  

from .the measurable s igna l .  

One of the  f irst  instrumental  designs developed 

t o  co r r ec t  f o r  background was developed by Koirtyohann 

and co-workers ( 7 ) .  They used a  dual channel system 

i n  which l i g h t  from the  hollow cathode lamp and l i g h t  

from a continuous source w a s  passed through the  atomized 

sample. The continuolssource t h a t  was used w a s  a 

deuterium a r c  lamp. The emission spectrum of a deuterium 

a r c ,  shown i n  f i gu re  I ,  i s  qu i t e  in tense  up t o  400 nm 



WAVELENGTH (nm ) 

Fig.  1. Spectrum of a Deuterium Arc 



bu t  d e c l i n e s  t o  a lmost  ze ro  i n  t h e  v i s i b l e  wavelength 

range.  

To c o r r e c t  f o r  background i n t e r f e r e n c e s ,  l i g h t  

from t h e  deuter ium a r c  and from a hollow cathode lamp 

is  a l t e r n a t e d  r a p i d l y  ( t e n  or  more t imes  p e r  second) 

through t h e  sample c e l l .  A s i m p l i f i e d  o p t i c a l  des ign  

i s  shown i n  f i g u r e  2. The l i g h t  from t h e  hollow cathode 

is absorbed by both  t h e  element being determined and 

t h e  background. The l i g h t  from t h e  deuterium a r c  i s  

e s s e n t i a l l y  unabsorbed by t h e  element bu t  absorbed by 

t h e  background. The d i f f e r e n c e  between t h e  hollow 

cathode absorbance and a r c  absorbance i s  t h e  l e g i t i m a t e  

or  element absorbance.  I n  most c a s e s ,  deuterium a r c s  

produce v e r y  good background c o r r e c t i o n ;  however, t h e r e  

a r e  some drawbacks. The d e u t e r i u s  a r c  w i l l  y i e l d  i n c o r r e c t  

r e s u l t s  i n  t h e  presence of s t r u c t u r e d  background. 

T h i s  e f f e c t  occurs  when broad band molecular  a b s o r p t i o n  

pos se s se s  narrow band f i n e  s t r u c t u r e ,  due commonly 

t o  r o t a t i o n a l  o r  v i b r a t i o n a l  t r a n s i t i o n s  w i t h i n  t h e  

molecule.  This e f f e c t  i s  shown i n  f i g u r e  3 .  Since  

t h e  deuterium a r c  averages  t h e  background a c r o s s  t h e  

monochromator bandpass, i t  may d i f f e r  from t h e  a c t u a l  

background absorbance a t  t h e  a n a l y t i c a l  l i n e ,  r e s u l t i n g  

i n a n  over o r  under c o r r e c t i o n  of background absorbance.  

Also, e x a c t  a l ignment  of t h e  two o p t i c a l  beams i s  e s s e n t i a l .  

A l a s t  disadvantage of t h e  deuterium a r c  system i s  t h a t  

t h e  p resence  of two l i g h t  sou rces  doubles t h e  l i k e l i h o o d  

of b a s e l i n e  d r i f t .  
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In the late 1970's, a new background correction 

system based on the Zeeman effect became available(8). 

When the atomize* is placed between the poles of a 

strong magnet, the spectral lines absorbed by the atoms 

of interest are split into at least three components: 

a central* component which is less intense yet maintains 

the original wavelength, and two sigma components that 

are shifted in wavelength, The Zeeman effect is shown 

in figure 4. These components are symmetrical and 

the sum of the ? component, and the sigma components (l. d 

and-6) is always equal to the intensity of the unaffected 

spectral line. The number and intensity of Zeeman 

shifted spectral lines will depend strongly upon the 

spectral transition, as well as the strength of the 

applied magnetic field. The magnetic field also polarizes 

these components.   he 1 component is polarized in 

a plane which is parallel to the magnetic field, and 

thef6 components are polarized in a plane which is 

perpendicular to the magnetic field. The splitting 

of spectral lines by the magnetic field, as well as 

the polarization of those lines, forms the basis of 

background correction by the Zeeman effect. 

In general, normal Zeeman-shifted lines form 

a triplet of intensity ratio 1 :2:1 that is symmetric 

about the magnetic field-free line. However, some 

elements do not undergo normal Zeeman splitting but 

instead yield complex anomalous splitting patterns. 



Fig. 4. Illustration of the Zeeman Effect 



An example of t h i s  is  t h e  sodium 589.00 s p e c t r a l  l i n e  

shown i n  f i g u r e  5. For elements t h a t  undergo anomalous 

s p l i t t i n g  p a t t e r n s  , s e n s i t i v i t y  i s  t y p i c a l l y  reduced 

10% t o  50%. 

There a r e  s e v e r a l  f a c t o r s  t h a t  can a f f e c t  a 

Zeeman-shifted l i n e .  Doppler broadening (due t o  motion 

of t h e  atom r e l a t i v e  t o  t h e  d e t e c t o r )  and c o l l i s i o n  

broadening (due t o  c o l l i s i o n s  wi th  l i k e  or  f o r e i g n  

atoms o r  molecules)  w i l l  c o n t r i b u t e  t o  t h e  o v e r a l l  

l i n e  width.  I n  a hollow cathode lamp, Doppler e f f e c t s  

dominate because of low p r e s s u r e ,  bu t  i n  a fu rnace ,  

where both  t empera tures  and p r e s s u r e s  a r e  h ighe r ,  both  

Doppler and c o l l i s i o n  broadening a r e  important  i n  determining 

l i n e w i d t h s  ( 9 ) .  These e f f e c t s  s h i f t  f u r t h e r  a l l  of t h e  '% 

andf f componen t s  of a Zeeman s h i f t e d  l i n e  and must 

be t aken  i n t o  account  when us ing  a Zeeman background 

c o r r e c t i o n  system. 

Today, t h e r e  a r e  two in s t rumen ta l  de s igns  a v a i l a b l e  

u s i n g  Zeeman e f f e c t  s h i f t s  t o  accomplish background 

c o r r e c t i o n .  These a r e  sou rce- sh i f t ed  Zeeman background 

c o r r e c t i o n  and a n a l y t e- s h i f t e d  Zeeman background c o r r e c t i o n  

which i s  t h e  newer of t h e  two. I n  sou rce- sh i f t ed  

c o r r e c t i o n ,  a magnet is p laced  around t h e  hollow cathode 

lamp. Lines  emi t t ed  from t h e  lamp a r e  s p l i t  i n t o  % 

a n d 5  d components, and t h e s e  new l i n e s  a r e  passed through 

t h e  atomized sample. The % component i s  absorbed by 

both  t h e  element and t h e  background, bu t  t h e  Zeeman- 



Fig. 5. Anomalous Zeeman Effect i n  Sodium 



s h i f t e d  Cf components a r e  only absorbed by t h e  background. 

Conversion of t he  ? a n d d  s i g n a l s  t o  logar i thms ,  and 

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

t r u e  sample o r  element absorbance. 

Because of s t a b i l i t y  problems encountered when 

a s t r o n g  magnet i s  placed around t h e  source ,  ano the r  

i n s t rumen ta l  des ign  w a s  developed and is widely used 

today. This ins t rumenta l  des ign  p l a c e s  t h e  magnet 

around t h e  furnace  a tomizer  t o  produce a n a l y t e- s h i f t e d  

Zeeman background co r r ec t ion .  I n  an ins t rument  equipped 

wi th  a permanent magnet surrounding t h e  a tomizer ,  t o  

s e p a r a t e  t h e  % and d components, a r o t a t i n g  p o l a r i z e r  

can be p laced  between t h e  l i g h t  source  and t h e  sample, 

a l t e r n a t i n g  t h e  passage of p a r a l l e l  and perpendicu la r  

p o l a r i z e d  l i g h t .  This type of ins t rumenta l  con f igu ra t ion  

i s  shown i n  f i g u r e  6. When t h e  p a r a l l e l  component 

is  being t r ansmi t t ed ,  i t  w i l l  be absorbed by t h e  c e n t r a l  

u n s h i f t e d  h component as w e l l  as t h e  background t h a t  

i s  p re sen t .  I n  t h e  nex t  q u a r t e r  cyc l e ,  only t h e  

pe rpend icu la r  source  l i g h t  i s  t r ansmi t t ed .  This perpendicu la r  

l i g h t  w i l l  n o t  be absorbed by t h e  c e n t r a l  h' component 

of t h e  a n a l y t e  (a l though it is a t  e x a c t l y  t h e  same 

wavelength) because i ts  p o l a r i z a t i o n  i s  d i f f e r e n t .  

I n  t h e  i d e a l  ca se ,  t h e  pe rpend icu la r ly  po la r i zed  sidebands 

a r e  s p l i t  f a r  enough from each o the r  s o  t h a t  they  t o o  

do n o t  absorb  any perpendicu la r  r a d i a t i o n .  Therefore,  

only background absorbs  i n  t h i s  case .  Sub t r ac t ion  of 
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the 6 signal from the signal produces background 

correction. A similar design employs an alternating 

current magnet with a fixed polarizing filter. 

There are many advantages as well as disadvantages 

to Zeeman-shifted techniques. Some of the advantages 

are that the techniques can be applied to a wide range 

of wavelengths unlike deuterium arc correction methods 

and are considerably more sensitive with most elements. 

Because both source-shifted and analyte-shifted techniques 

generate c~rrection within the atom, they are not subject 

to limitations of spectral range. One important advantage 

is that a Zeeman background corrector often remains 

unaffected by structured background absorption because 

correction occurs at the same wavelength at which the element 

is being determined. 

However, as mentioned earlier, there also are 

some drawbacks. Analytical curves can be double valued, 

which means that two widely different concentrations 

produce the same absorbance readings. As the concentration 

of the analyte increases, the #sidebands broaden 

and begin to absorb more and more of the perpendicular 

component of the source. This absorbance is construed 

as background and is subtracted, causing the working 

curve to bend over and actually reverse direction. 

This effect is known as rollover. Another restriction 

of Zeeman techniques is that the element must possess 

a resonance line that shows a suitable Zeeman effect, 



e i t h e r  normal or anomalous, i n  a 10  - 15 kilogauss 

magnetic f i e l d .  This requirement i s  the most severe 

disadvantage, s ince  many of the  s t ronger  resonance 

l i n e s  show s t rong anomalous Zeeman e f f e c t s  and spread 

the  % envelope t o  such a l a rge  extent  t h a t  a weaker 

resonance l i n e  showing a more t i g h t l y  grouped ?f envelope 

g ives  g r ea t e r  s e n s i t i v i t y .  Lastly,  Zeeman techniques 

a r e  very  d i f f i c u l t  t o  apply t o  flame methods and a r e  

very expensive. 

A new and exc i t ing  concept i n  background correc t ion ,  

t h e  Smith-Hieftje system, was described f o r  t h e  first 

time a t  the  1982 Pi t tsburgh Conference (10).  This 

type of background cor rec t ion  i s  achieved through a 

manipulation of the  hollow cathode lamp. I t  has been 

known f o r  severa l  years  t h a t  when an excessive current  

is passed through a hollow cathode lamp, i t s  emission 

l i n e  i s  broadened and atomic absorpt ion from the  analy te  

is  g r e a t l y  reduced. This e f f e c t  i s  known as s e l f- r eve r sa l ,  

because unexcited atoms i n  the  lamp absorb the  r ad i a t i on  

a t  the  atomic s p e c t r a l  l i n e ,  so  t h a t  the  output resembles 

t h a t  shown i n  f igure  7. Figure 7 shows t h a t  when a 

hollow cathode lamp i s  operated a t  high currents ,  a 

broadening of the  atomic l i n e  occurs, while operation 

a t  lower cur ren t s  produces a much sharper  emission l i n e .  

The e f f e c t  on atomic absorbance while the  lamp is operated 

a t  high cur ren t s  i s  shown dramatical ly i n  f i gu re  8. 

I n  f i g u r e  8, the  apparent absorbance of a constant  
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concentrat ion of cadmium atoms i n  an a i r -ace ty lene  flame 

is shown t o  decrease progress ive ly  as the  hollow cathode 

primary source is operated a t  higher cur rents .  

It occurred t o  Smith and H i e f t j e  t h a t  t h e  s e l f -  

r e v e r s a l  e f f e c t  could be appl ied t o  background correc t ion .  

The system t h a t  they designed funct ions  by operat ing 

t h e  hollow cathode lamp i n  a double pulsed mode (11-13). 

An i n i t i a l  low cur ren t  pulse  produces an emission l i n e  

from the  hollow cathode which i s  similar t o  t h a t  o rd ina r i ly  

employed i n  atomic spectrometry and provides a combined 

measure of atomic and background absorption. The lamp 

is then pulsed a t  a high cur ren t  and t h i s  produces 

a broadened s p e c t r a l  l i n e  which i s  somewhat self- reversed.  

Absorbance measured during the  high cur ren t  pulse  c o n s i s t s  

p r imar i ly  of t h a t  produced by background absorbers.  

Subt rac t ion  of absorbance values measured during the  

two pu l ses  then provides a  background correc ted  s i g n a l ,  

It i s  c l e a r  t h a t  f o r  t h i s  new approach t o  be 

e f f e c t i v e ,  it i s  necessary t o  broaden appreciably the  

emission l i n e  of each element under inves t iga t ion ,  

The degree of broadening i s  d i f f e r e n t  f o r  each element 

and depends upon the  peak cur ren t  a t  which the  hollow 

cathode lamp i s  driven. The s e l e c t i o n  of these  peak 

c u r r e n t s  and the  cu r ren t  waveforms used f o r  each element 

must be made judiciously t o  maintain hollow cathode 

lamp r e l i a b i l i t y  and longevity.  The cur ren t  waveform 

shown i n  f i g u r e  9 i s  the  one used i n  the  Smith-Hieftje 



HCL PEAK CURRENT, mA 

F i g .  8. E f f e c t  o f  Lamp C u r r e n t  on Absorbance 
of  Cd (1 ppm) A s p i r a t e d  i n t o  an Air-Acetylene 
Flame. 



system. The lamp is pulsed repetitively within a period 

of 50 milliseconds. The time between low current and 

high current pulses is only 4.5 milliseconds. After 

the high current pulse, the lamp remains idle, operating 

at 1 milliamp(m~) for 40  millisecond^ before the next 

current cycle. 

In comparison to conventional deuterium backpound 

correction, Smith-Hieftje has a11 the advantages of 

Zeeman. It works in the visible as well as the ultraviolet 

portion of the spectrum. It isn't thrown off by structured 

background caused by vibrational or rotational transitions. 

It is able to eliminate most spectral interferences, 

and a single source is used both for atomic absorption 

and background . 
The Smith-Hieftje system also has some advantages 

over the Zeeman system. With new software, there are no double 

valued working curves caused by rollover. There are 

no restrictions placed on either the source or sample 

areas. Smith-Hieftje can easily be applied to both 

flame and furnace analysis. And finally, t h e  Smith- 

Hieftje system is, by nature, less expensive than a 

deuterium arc system and much less expensive than a 

Zeeman system. 

Both the Zeeman and the Smith-Hieft je system 

have been compared to the deuterium arc system. However, 

a direct comparison between Smith-Hieftje and Zeeman 

has yet to be reported. Most Zeeman and Smith-Hieftje 
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Fig.  9. Current  Waveform Used t o  Drive Hollow- 
Cathode Lamp i n  t h e  Smith-Hieft je System. The 
Difference Between High Current  and Low Current  
Pu l se s  ( t )  i s  only 4.5 mS. 



systems also have deuterium arcs incorporated within 

them. However, no instrument is available today that 

has both Zeeman and Smith-Hieftje background correction 

systems. This makes a comparison between the two much 

more difficult . 
This research project, done in conjunction 

with the Food and Drug Administration in Cincinnati, 

focuses upon the determination of cadmium, comparing 

Smith-Hieftje and Zeeman background correction systems. 

Cadmium has caught the attention of many investigators 

in recent years because of its toxicity. The accumulation 

of cadmium in the body has been linked with respiratory 

ailments, hypertension, and damage to bones, kidney, 

and liver (14). Cadmium ranks close to lead and mercury 

as a metal of current toxicologic concern. Estimated 

lethal doses in man range from 350 to 8,900 mg. The 

minimum acute toxic dose is probably less than 10 mg (15). 

Because of its adverse affects on humans and 

other living organisms, cadmium determinations are done 

on a wide variety of biological fluids and tissues. 

Several electrothermal atomic absorption methods have 

been published for cadmium (16). However, the presence 

of major organic and inorganic species causes spectral, 

chemical, and background interferences. To overcome 

these interferences, several approaches have been used: 

(i) separation of the analyte from the bulk matrix by 



solvent  e x t r a c t i o n  (17) ; (ii) s e l e c t i v e  v o l a t i l i z a t i o n  

of the  ana ly te  or matr ix  (18) ;  (iii) matrix modif icat ion 

i n  which the  atomization r a t e  of the  ana ly te  i s  slowed 

s u f f i c i e n t l y  t o  resolve  the  atomic absorpt ion s i g n a l  

of the  ana ly te  from the  nonatomic absorpt ion s i g n a l  

of t h e  matr ix  (19-20). 

Often, none of these  measures a r e  s u f f i c i e n t ,  

and an e f f e c t i v e  background cor rec t ion  system i s  e s s e n t i a l .  

A comparison between Smith-Hieftje and Zeeman background 

cor rec t ion  f o r  the  determination of cadmium is described. 

The l o s s  i n  s e n s i t i v i t y  as well  as the  p rec i s ion  of 

each system with a background absorber present  is  a l s o  

discussed. 



CHAPTER I1 

Experimental  

The ins t ruments  used i n  t h i s  s t udy  were a t  two 

d i f f e r e n t  l o c a t i o n s .  The Zeeman system w a s  a t  t h e  

Food and Drug Adminis t ra t ion  i n  C inc inna t i  and t h e  

Smith-Hief t je  system was a t  Youngstown S t a t e  Univers i ty .  

The Zeeman system c o n s i s t e d  of a Perkin-Elmer model 

5000 spectrophotometer ,  a Perkin-Elmer model 500 furnace  

power supply ,  and a Perkin-Elmer AS-40 autosampler ,  a l l  

of which were i n t e r f a c e d  t o  a Perkin-Elmer model 3600 

d a t a  s t a t i o n .  The Smith-Hief t je  system w a s  manufactured 

by In s t rumen ta t i on  Laboratory.  I t  c o n s i s t e d  of a n  I L  

Video 11 AA/AE spect rophotometer  wi th  a n  I L  model 655 

fu rnace  a t t achment ,  

Because of t h e  l o c a t i o n  of t h e  two ins t ruments  

and t h e  f a c t  t h a t  t h e  ins t ruments  were manufactured 

by two d i f f e r e n t  companies, a l l  e f f o r t s  were made t o  

i s o l a t e  j u s t  t h e  background c o r r e c t i o n  systems,  minimizing 

as many v a r i a b l e s  as p o s s i b l e .  I w a s  n o t  i n t e r e s t e d  

i n  comparing t h e  two ins t ruments ,  bu t  i n s t e a d  was 

i n t e r e s t e d  i n  comparing t h e  background c o r r e c t i o n  systems 

inco rpo ra t ed  w i t h i n  them, 

Sodium c h l o r i d e  w a s  chosen t o  a c t  as a background 

abso rbe r  i n  t h i s  s t udy ,  Sodium c h l o r i d e  w a s  chosen as 

t h e  matrix f o r  severa l  reasons .  I t  t u r n s  out  t h a t  sodium 



c h l o r i d e  i s  widespread i n  n a t u r e  and i s  a c l a s s i c a l  

example of a background absorber .  Sodium c h l o r i d e  

v o l a t i l i z e s  i n  t h e  form of a white smoke a t  about 1800 

degrees  c e l s i u s .  This so- ca l led  smoke blocks  a c e r t a i n  . 

amount of t h e  hollow cathode source  l i g h t  and an abnormally 

h igh  s i g n a l  i s  t h e  r e s u l t .  The c h l o r i d e  mat r ix  i s  

f r e q u e n t l y  encountered i n  furnace  atomic abso rp t ion  

a n a l y s i s .  B io log ica l  samples a r e  r i c h  i n  c h l o r i d e s  

and o the r  salts and a r e  f r e q u e n t l y  analyzed f o r  t r a c e  

meta l s .  Any sample r i c h  i n  c h l o r i d e s  and salts  r e q u i r e s  

a n  e f f i c i e n t  background c o r r e c t i o n  system. 

The same furnace  program w a s  used a t  each s i t e  

f o r  t h i s  s tudy.  The program t h a t  w a s  used,  showing 

t h e  t ime and temperature  of each s t a g e ,  is shown i n  

t a b l e  1. I t  must be po in ted  out  t h a t  t h e  program 

used is  n o t  n e c e s s a r i l y  t h e  optimum program p re sc r ibed  

by t h e  manufacturers  i n  each case .  I n  some c a s e s ,  t h e  

furnace  program can be manipulated i n  such a way s o  

t h a t  t h e  mat r ix  v o l a t i l i z e s  o f f  before  t h e  element 

of i n t e r e s t ,  o r  s o  t h a t  t h e  element v o l a t i l i z e s  o f f  

before  t h e  mat r ix .  This may e l imina t e  t h e  need f o r  

a background c o r r e c t i o n  system. We designed our program 

s o  t h a t  t h e  element,  cadmium i n  t h i s  ca se ,  v o l a t i l i z e d  

a t  e s s e n t i a l l y  t h e  same t ime as t h e  sodium c h l o r i d e  

i n t e r f e r e n c e .  This al lowed us  t o  s e e  how e f f e c t i v e l y  



TABLE I 

CADMIUM FURNACE PR OGRAM 

S tage  Temperature 
( O c >  

Time 
(Seconds) 

Ash 

Atomize 1800 0 ( s t e p )  



each background c o r r e c t i o n  system w a s  working. Because 

cadmium i s  more v o l a t i l e  t han  sodium c h l o r i d e ,  a s t e p  

a tomiza t ion  was used s o  t h a t  they  both atomized 

s imul taneously .  Each ins t rument  w a s  operated i n  t h e  

peak a r e a  mode wi th  a n  i n t e g r a t i o n  time of 2 t o  3 

seconds. 

A s  was s t a t e d  i n  t h e  i n t r o d u c t i o n ,  t h e  use  

of any background c o r r e c t i o n  system in t roduces  a l o s s  

i n  s e n s i t i v i t y .  This phenomenon was i n v e s t i g a t e d  on 

both  systems.  To s tudy  t h i s  e f f e c t ,  two cadmium 

c a l i b r a t i o n  curves  were s e t  up on each system - one 

wi th  and one wi thout  t h e  background c o r r e c t i o n  system 

on. This  w a s  done by va ry ing  t h e  i n j e c t i o n  volumes 

of a 1 p a r t  p e r  b i l l i o n  cadmium s tandard .  The s t anda rds  

used d u r i n g  t h i s  p a r t  of t h e  experiment con ta ined  no 

sodium c h l o r i d e .  Two p l o t s  r e l a t i n g  absorbance t o  

picograms of cadmium were obta ined on each system. 

The s l o p e  of each p l o t  w a s  c a l c u l a t e d  and from t h e  

s l o p e s ,  t h e  l o s s  i n  s e n s i t i v i t y  due t o  each background 

c o r r e c t o r  w a s  determined. 

A f t e r  l o s s e s  i n  s e n s i t i v i t y  were c a l c u l a t e d ,  

a p r e c i s i o n  s tudy  was done on each system. The p r e c i s i o n  

s tudy  was done u s i n g  two d i f f e r e n t  cadmium concen t r a t i ons  

a t  two d i f f e r e n t  l e v e l s  of sodium c h l o r i d e .  To start  

t h i s  p o r t i o n  of t h e  s tudy ,  a sodium c h l o r i d e  p l o t  was 

s e t  up wi th  no cadmium p re sen t .  Th i s  w a s  done by va ry ing  

i n j e c t i o n  volumes of a .I% sodium c h l o r i d e  s o l u t i o n  s o  



t h a t  a p l o t  r e l a t i n g  absorbance t o  micrograms of sodium 

c h l o r i d e  w a s  obta ined.  The same sodium c h l o r i d e  and 

d i s t i l l e d  - deion ized  water  w a s  used a t  each s i t e .  

The amount of sodium c h l o r i d e  necessary  t o  produce 

a n  absorbance u n i t  of 1 and .1 w a s  then  determined 

from t h e s e  p l o t s .  Both ins t ruments  were operated i n  

t h e  peak h e i g h t  mode f o r  t h e  sodium c h l o r i d e  p l o t s .  

The amount of cadmium r e q u i r e d  t o  produce .005 and 

.020 absorbance u n i t s  w a s  t h e n  determined from p l o t s  

cons t ruc t ed  i n  t h e  l o s s  i n  s e n s i t i v i t y  s tudy.  The 

p r e c i s i o n  s tudy  was then  done by doing 20 s e p a r a t e  

de t e rmina t ions  on 4 d i f f e r e n t  s o l u t i o n s .  The first 

s o l u t i o n  conta ined  enough sodium c h l o r i d e  t o  produce 

a n  absorbance u n i t  of 1 .0  i n  peak he igh t  and enough 

cadmium t o  produce .005 absorbance u n i t s  i n  peak a r e a .  

The second s o l u t i o n  contained t h e  same amount of sodium 

c h l o r i d e  bu t  t h i s  t ime had enough cadmium t o  produce 

.020 absorbance u n i t s .  The t h i r d  and f o u r t h  s o l u t i o n s  

conta ined  enough sodium c h l o r i d e  t o  produce .1 absorbance 

u n i t s  i n  peak he igh t  wi th  t h e  same amounts of cadmium 

as before .  Both ins t ruments  were operated wi th  t h e  

background c o r r e c t i o n  systems on. The s tandard  d e v i a t i o n  

and r e l a t i v e  s tandard  d e v i a t i o n  was then  determined 

f o r  each s o l u t i o n  on both systems. 

It is known t h a t  a fast  moving background causes  

cons ide rab le  d i s t o r t i o n  i n  t h e  s i g n a l  when a background 

c o r r e c t i o n  system i s  used. It i s  very  d i f f i c u l t ,  however, 



t o  measure t h e  speed i n  which a given background i s  

moving. I n  order  t o  s tudy t h i s  e f f e c t ,  a sc reen  was 

mounted on a j i g  saw which w a s  plugged i n t o  a v a r i a c .  

The sc reen  t h a t  w a s  used produced a n  absorbance u n i t  

of .4 when placed i n  t h e  l i g h t  pa th  of t h e  atomic 

a b s o r p t i o n  u n i t .  By us ing  a j i g  s a w ,  we were a b l e  

t o  move t h e  s c reen  i n  and out  of t h e  l i g h t  pa th  a t  

d i f f e r e n t  speeds ,  c r e a t i n g  a n  a r t i f i c i a l  moving background. 

I n  t h i s  way, t h e  d i s t o r t i o n  due t o  a background moving 

a t  d i f f e r e n t  speeds could be s tud ied  on both systems. 



CHAPTER 111 

Resu l t s  and Discussion 

Each ins t rument  w a s  tuned t o  t h e  228.8 resonance 

l i n e  of cadmium throughout t h e  s tudy.  The l o s s  i n  

s e n s i t i v i t y  due t o  background c o r r e c t i o n  on both systems 

was n e a r l y  i d e n t i c a l .  A s  can be seen i n  t a b l e  2 ,  t h e  

l o s s  i n  s e n s i t i v i t y  due t o  Smith-Hieft je c o r r e c t i o n  

w a s  s l i g h t l y  l e s s  t han  t h a t  due t o  Zeeman c o r r e c t i o n .  

TABLE 2 

% LOSS I N  SENSITIVITY W I T H  BACKGROUND CORRECTION 

Smith-Hief t je  System 

Zeeman System 

C a l i b r a t i o n  curves  on each system a r e  i l l u s t r a t e d  

i n  f i g u r e  10 and f i g u r e  11. From t h e  c a l i b r a t i o n  curves ,  

it  appea r s  t h a t  t h e  Smith-Hief t je  is about  twice  as 

s e n s i t i v e  as Zeeman. However, t h i s  may be due t o  

t h e  geometry of t h e  g r a p h i t e  c u v e t t e s  and n o t  an  e f f e c t  

of t h e  background c o r r e c t i o n  system. 

Both systems gave i d e n t i c a l  sodium c h l o r i d e  

c a l i b r a t i o n  curves .  The sodium c h l o r i d e  curve t h a t  

was genera ted  i s  i l l u s t r a t e d  i n  f i g u r e  12. I t  w a s  

i n t e r e s t i n g  t h a t  t he  sodium c h l o r i d e  curve w a s  l i n e a r  



Fig .  10. Cadmium Cal ibra t ion  Curves on the Smith- 
Hie f t j e  System. 



C A D M I U M  CALIBRATION CURVES ON ZEEMAN SYSTEM 
.5- -- 
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Fig, 11. Cadmium Calibration Curves on the Zeeman 
System. 



Fig.  12. Sodium Chloride Calibration Curve. 
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t o  about  3.5 absorbance u n i t s  i n  each case .  The sodium 

c h l o r i d e  curve w a s  genera ted  wi th  t h e  ins t ruments  i n  t h e  

peak h e i g h t  mode with  t h e  background c o r r e c t i o n  systems 

o f f  . 
Tables 3 and 4  show r e s u l t s  of t h e  p r e c i s i o n  

s tudy.  The l e v e l s  of cadmium and sodium c h l o r i d e  t h a t  

were usedweredetermined from t h e  c a l i b r a t i o n  p l o t s  

t h a t  were p rev ious ly  obtained.  I t  r equ i r ed  about twice  

as much cadmium t o  genera te  t h e  same s i g n a l  on t h e  

Zeeman system. The lower l e v e l  of cadmium produced 

a h igher  r e l a t i v e  s tandard  d e v i a t i o n  i n  both ca ses .  

However, t h e  Zeeman system c o n s i s t e n t l y  gave b e t t e r  

p r e c i s i o n  v a l u e s  throughout t h e  s tudy.  A s  can be seen 

i n  t a b l e s  3 and 4 ,  t h e  Smith-Hief t je  system seemed t o  

have a l i t t l e  more t r o u b l e  c o r r e c t i n g  a t  h ighe r  l e v e l s  

of sodium ch lo r ide .  The important  t h i n g  t o  no te  i s  

t h a t  bo%h systems co r r ec t ed  f o r  t h e  sodium c h l o r i d e  

i n t e r f e r e n c e  f a i r l y  wel l .  Since a n  autosampler was 

used on t h e  Zeeman system, s l i g h t l y  b e t t e r  p r e c i s i o n  

v a l u e s  were expected.  

While doing t h e  p r e c i s i o n  s tudy,  we no t i ced  

t h a t  t h e r e  w a s  cons iderab le  d i s t o r t i o n  i n  t h e  s i g n a l  

& h i g h e r  l e v e l s  of sodium c h l o r i d e  on both systems. 

This  e f f e c t  i s  shown d rama t i ca l ly  on the  Zeeman system 

i n  f i g u r e  13. The do t t ed  l i n e  i n  f i g u r e  13 r e p r e s e n t s  

a n  uncor rec ted  s i g n a l  due t o  2.5 picograms of cadmium 

and 8 micrograms of sodium ch lo r ide .  The s o l i d  l i n e  



PRECISION STUDY ON ZEEMAN SYSTEM 

Amount of 
Cd and N a C l  

Average Absorbance % 
Value RSD 

2.5 Pg Cd -0056 13-3 
2.5 pg Cd ; 0.8 ug N a C l  0055 11.0 

2.5 pg Cd ; 8.0 ug N a C l  • 0059 12.0 

10 pg Cd .0249 2 5 
1 0  pg Cd ; 0.8 ug N a C l  -0244 1.6 

10 pg Cd ; 8.0 ug N a C l  0237 3.9 



TABLE 4 

PRECISION STUDY ON SMITH-HIEFTJE SYSTEM 

Amount of 
Cd and N a C l  

Average Absorbance % 
Value RSD 

1.25 pg Cd .0090 17.4 
1 .25 pg Cd ; 0.8 ug N a C l  ,0086 23.2 

1.25 pg Cd ; 8.0 ug N a C l  .0115 14.4 

5.0 pg Cd a0277 5.4 
5.0 pg Cd ; 0.8 ug N a C l  ,0289 7 0 

5.0 pg Cd ; 8.0 ug N a C l  0293 8 5 



Cadmium in N a C l  Matrix 

T i m e  <set> 

Fig. 13. Illustration of distortion in the 
Zeeman signal during the determination of 
cadmium in a sodium chloride matrix. The 
solid line is the Zeeman corrected signal. 



shows t h e  c o r r e c t e d  signal with  p o s i t i v e  and nega t ive  

d i s t o r t i o n .  The dashed l i n e  r e p r e s e n t s  t h e  atomic 

s i g n a l  from 2.5 picograms of cadmium only. I t  i s  

i n t e r e s t i n g  t h a t  t h e  absorbance of t h e  dashed and s o l i d  

l i n e s  a r e  n e a r l y  i d e n t i c a l  even though t h e y  look d r a s t i c a l l y  

d i f f e r e n t .  This  i n d i c a t e s  t h a t  t h e  p o s i t i v e  and nega t ive  

d i s t o r t i o n  i n  t h e  s o l i d  l i n e  cance l  each o the r  s o  that 

t h e  n e t  s i g n a l  i s  t h e  same. 

To s tudy  t h e  d i s t o r t i o n  e f f e c t  more thoroughly,  

a ,4 absorbance s c r e e n  w a s  mounted on a j ig  s a w  and 

p laced  i n  t h e  l i g h t  p a t h  of each atomic abo rp t ion  u n i t .  

The j ig saw was hooked up t o  a v a r i a c  s o  t h a t  we were 

a b l e  t o  v a r y  t h e  speed i n  which t h e  s c reen  moved i n  and 

ou t  of t h e  l i g h t  path .  I t  was no t i ced  t h a t  i nc reased  

speeds  caused much more d i s t o r t i o n  on both t h e  Zeeman 

and Smith-Hief t je  system. F igures  14 and 15 show t h i s  

e f f e c t  on t h e  Smith-Hief t je  system and f i g u r e s  1 6  and 

17  show t h i s  e f f e c t  on t h e  Zeeman system. By u s i n g  

a s c r e e n  we were a b l e  t o  mimic a fast moving background 

s i g n a l .  The p o i n t  a t  which t h e  background c o r r e c t i o n  

system f a i l e d  was n e a r l y  i d e n t i c a l  i n  both  cases .  
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Fig. 14. Dis tor t ion  i n  s i g n a l  on Smith- 
Hie f t  je system caused by a slow moving 
screen. The dot ted l i n e  i s  the  uncorrected 
s i g n a l  and the  s o l i d  l i n e  i s  t h e  correc ted  
si  gnal  . 



Fig. 15. Distortion in sighal on Smith-Hief je 
system caused by a fast moving screen. The 

solid line is the corrected signal. 

1 
dotted line is the uncorrected signal and the 



ARTIFICIAL BACKGROUND 

T i m e  <set> 

Fig. 16. Distortion in signal on Zeeman system 
caused by a slow moving screen. The solid line 
is the uncorrected signal and the dashed line is 
the corrected signal. 



ZEEMAN 

ARTIFICIAL BACKGROUND 

"m o l e c u l a r "  s i g n a l  

Fig. 17. Dis to r t ion  i n  s i g n a l  on Zeeman system 
caused by a  fast moving screen. The dashed l i n e  
r ep resen t s  the  uncorrected s i g n a l  and t h e  s o l i d  
l i n e  r ep resen t s  t h e  correc ted  s ignal .  



C ONCLUS I ON 

Background c o r r e c t i o n  i n  furnace  atomic abso rp t ion  

spectroscopy i s  n o t  only u s e f u l ,  but  e s s e n t i a l  when 

determining meta l s  i n  complex ma t r i ce s .  This s tudy  

i n d i c a t e s  t h a t  t h e  Smith-Hief t je  background c o r r e c t i o n  

system i s  more s e n s i t i v e  than  a Zeeman background c o r r e c t i o n  

system. However, t h e  Zeeman system gave b e t t e r  p r e c i s i o n  

v a l u e s  a t  h igh  background l e v e l s .  The use of e i t h e r  

system r e s u l t s  i n  roughly t h e  same l o s s  i n  s e n s i t i v i t y  

f o r  t h e  de te rmina t ion  of cadmium, and they  both show 

d i s t o r t i o n  wi th  a fas t  moving background. Overal l ,  

both  systems work ve ry  we l l  and provide adequate background 

c o r r e c t i o n .  

To f u r t h e r  compare t h e  two systems,  o ther  meta l s  

should be i n v e s t i g a t e d .  Chromium would be an  i n t e r e s t i n g  

meta l  t o  s tudy  because of i C s  anomalous Zeeman s p l i t t i n g  

p a t t e r n .  Other meta l s  such as l e a d  should a l s o  be 

s t u d i e d  because of i t s  tox ico log ic  concern. 
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