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Flame Emission and Atomic
Absorption spectroscopy

Reference text book : Instrumental Methods of Analysis, 7th edition. H.H. Willard,
L.L. Merritt, J.A. Dean, F.A. Settle, CBS Publishing & Distribution
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Link for animation video
* Flame emission spectroscopy:

https://www.youtube.com/watch?v=9DYV25Ki-
kc

https://www.youtube.com/watch?v=2LeUkillo
w0

e Atomic absorption spectroscopy

https://www.youtube.com/watch?v=I5d08AYa3
el



https://www.youtube.com/watch?v=2LeUkiI1ow0
https://www.youtube.com/watch?v=2LeUkiI1ow0
https://www.youtube.com/watch?v=I5dO8AYa3eU

Introduction

 The absorption and emission of radiant energy by
atoms in the sample provide powerful analytical
tools for both qualitative and quantitative
analysis.

* Analyte : a substance whose chemical
constituents are being identified and measured.

* Principle: combustion flame converts analyte in
the solution to atoms . These free atoms absorb
the thermal energy and jump to electronic
excited state.
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Principle in Flame Emission
Spectroscopy

* |n flame emission spectroscopy, the
combustion flame does not only frees the
atom it also supplies the energy necessary to
move the electrons of the free atoms from
ground state to excited state. The energy
which is emitted by the excited atoms when
returning to the ground state provides the
basis for analytical determination in FES.



Principle in Atomic absorption
spectroscopy

e External source (like hallow cathode lamp)is
used to excite the atoms from its ground state.

 The flame that contains the free atom
becomes the sample cell. The free atoms
absorb radiation focused on the cell from
external source .

* Incident radiation absorbed by the atoms
moving from ground state to the excited state
provides analytical data.



Applications of Atomic Absorption
Spectroscopy

- water analysis (e.g. Ca, Mg, Fe, Si, Al, Ba
content)

» food analysis

- analysis of animal feedstuffs (e.g. Mn, Fe, Cu,
Cr, Se, Zn)

- analysis of additives in lubricating oils and
greases (Ba, Ca, Na, Li, Zn, Mg)

» analysis of soils

» clinical analysis (blood samples: whole blood,
plasma, serum; Ca, Mg, Li, Na, K, Fe)



APPLICATIONS

“ FES has found wide application in agricultural and
environmental analysis, industrial analyses of ferrous metals and
alloys as well as glasses and ceramic materials, and clinical
analyses of body fluids.

% FES can be easily automated to handle a large number of
samples. Array detectors interfaced to a microcomputer system
permit simultaneous analyses of several elements in a single
sample

%+ They are also used to determine the metals present in Chemicals,
Soil, Cements, Plant materials, Water, Air pollutants and
Oceanography



Burner: A component of AAS system made of solid
metal body having slit on the flat top surface to provide
the flame required for atomisation of the sample

Detector: A component of the system that records the
intensity of the transmitted or absorbed light.
Photomultiplier tube is the commonly used detector in
AAS

Aerosol : suspension of fine solid or liquid particles

Nebuliser: A device for producing an aerosol of sample
inside spray chamber

Impact bead: A device inside spray chamber for
removal of large sized droplets from sample stream

Monochromator: A device used for dispersion of
incident light using prism or grating, reflecting mirrors
and a combination of entrance and exit slits for
isolation of required wavelength and collimation of the
light beam



Atom : The smallest particle of an element or
compound

Absorbance: The amount or fraction of incident light
absorbed by the ground state atom:s.

Orifice: Small bore tube opening

Atomisation: Process of reduction of sample to ground

state atoms by application of heat by means of a flame
or a graphite furnace.

Excitation: Excitation of a ground state atom to higher
energy states by means of electromagnetic radiation

Interference: Effects resulting in variation of results due
to spectral or non-spectral interferences
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INSTR

UMENTATION FOR FLAME

SPECTROMETRIC METHODS

 components provide the following functions required

in each met
(1) deliver t
(2) induce t

nod
he analyte to the flame
ne spectral transitions (absorption or

emission) necessary for the determination of the

analyte

(3) isolate the spectral lines required for the analysis
(4) detect the increase or decrease in intensity of

radiation at

the isolated lines(s)

(5) record these intensity data.



1.Pretreatment of Sample

Flame FES requires that the analyte be dissolved
in a solution in order to undergo nebulization

The analyst must be aware of substances that
interfere with the emission measurement

When these substances are in the sample, they
must be removed or masked (complexed)

Reagents used to dissolve samples must not
contain substances that lead to interference
problems.



2. Sample Delivery

* The device that introduces the sample into the
flame or plasma plays a major role in determining
the accuracy of the analysis.

* most popular sampling method is nebulisation

* An introduction system for liquid samples
consists of three components:

(1) A nebulizer that breaks up the liquid into
small' droplets

(2) An aerosol modifier that removes large

drop
smal

(3)

ets from the stream, allowing only droplets
er than a certain size to pass

‘he flame or atomizer that converts the

analyte into free atoms.



3. Nebulization

Nozzle

Gas input

Liquid input

Fig. 7.9: Concentric type pneumatic nebuliser



Pneumatic nebulization is the technique used in
most atomic spectroscopy determinations

The sample solution is introduced through an
orifice into a high- velocity gas jet, usually the
oxidant

The sample stream may intersect the gas stream
in either a parallel or perpendicular manner

The liguid stream begins to oscillate, producing
filaments. Finally, these filaments collapse to
form a cloud of droplets in the aerosol modifier
or spray chamber.



In the spray chamber the larger droplets are
removed from the sample stream by mixer
paddles or broken up into smaller droplets by
impact beads or wall surfaces

The final aerosol, now a fine mist, is combined
with the oxidizer/fuel mixture and carried into
the burner

Droplets larger than about 20 um are trapped in
the spray chamber and flow to waste

In AAS only a small percentage (usually 2% or 3%)
of the nebulized analyte solution reaches the
burner



4. Atomization

 The atomization step must convert the analyte
within the aerosol into free analyte atoms in
the ground state for FES analysis.

* The sequence of events involved in converting
a metallic element, M, from a dissolved salt,
MX, in the sample solution to free M atoms in
the flame is depicted in Figure below



-

§ soes

pesses for the salt MOX

FIGURE 94
wxcited

-

‘v

. .
I
i g
? ] &
0
mm.m.
gEBu _|SEEy
m.




Flame Atomizers

Metallic element M is dissolved in the salt
solution MX.

After nebulisation the aersol droplets enter
the flame , the solvent is evaporated .

Small dry solid particles are left out in the
flame which is converted to NIX vapor .

Finally a portion of MX molecules are
dissociated to give neutral free atoms



* Process which interfere with the production of
free analyte atomes.

* These processes include: (1) excitation and
emission of radiation by MX(g) molecules, (2)
reaction of M(g) atoms with flame
components at high temperatures to produce
molecules and ions that also absorb and emit
radiation, and (3) formation of M+x ions,
which in addition to reducing the efficiency of
free-atom production



 The flame remains the most generally useful
atomizer for atomic spectroscopy despite the
developments in electrothermal atomization



Laminar flow flame

* Flames are not uniform in composition, length
or cross section.

LAMINAR FLOW BURNER

Flame
> il -

Fuel in 1 [ Bumer
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LAMINAR FLOW (PREMIX) BURNER.

% In this type of the bumer, aspirated sample, fuel and oxidant are
thoroughly mixed before reaching the burner opening and then
entering the flame.

% Important feature of this is that only a small portion (about 5%) of the
sample reaches the flame in the form of small droplets and is easily
decompose.

ADVANTAGES:

+* Premix burner is non-turbulent .noiseless and stable.
 Easy decomposition which leads to high atomization.
¢+ Can handle solution up to several % without clogging.
DEMERITS

% When it contains 2 solvents, the more vol. will evaporate and lesser
will remain undissociated.



Region A: The unburned hydrocarbon gas mixture
passes into a region of free heating about 1mm
thickness i.e in region B

Region B: the mixture is heated by energy from the
region C. diffusion of radicals into region B initiates
combustion. Flame gases travel upward from the
reaction zone with velocities of 1-10 m/s.

Region C gases that emerge from region c consists of
mainly of co2,co, h20, and n2, traces of h2,h ,0 can be
seen. In region C thermal equilibrium cannot be
achieved.

Region D: most suitable for AAS measurements, gases
reach thermal equilibrium at this region. This region is
more cooler and more oxidizing than the primary
oxidizing region C.



Flame Emission Spectroscopy

In flame emission spectrometry, the sample solution is
nebulized (converted into a fine aerosol) and
introduced into the flame where it is desolvated,
vaporized, and atomized, all in rapid succession.

Atoms are raised to excited states via thermal
collisions

Upon their return to a lower or ground electronic state,
the excited atoms and molecules emit radiation

The emitted radiation passes through a
monochromator that isolates the specific wavelength
for the desired analysis.



* A photodetector measures the radiant power
of the selected radiation, which is then

amplified and sent to a readout device, meter,
recorder, or microcomputer system.

(1) Source

O 2oL i O
— | - e —
r
Signal processor
and readout
l I (3) Sample
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A grating spectrometer, equipped with a laminar
flow burner and good detection read out system,
serves equally well for FES and AAS because both
require the measurement of the intensity of
selected wavelengths.

FES requires a monochromator capable of
providing a bandpass of 0.05nm or less

Slits should be adjustable for greater flow of
radiation

The instrument should have sufficient resolution
to minimize the flame background emission.



Atomic absorption spectroscopy

e Atomic absorption spectroscopy is one of the
most widely used methods in analytical
chemistry.

* AAS phenomenon can be divided into two
major process:

1. The production of free atoms from the
sample

2. Absorption of radiation from an external
sources by these atoms.



www.shsu.edu/~chm tgc/primers/AA

* Atomic Absorption Spectroscopy IS a very common

technique for detecting metals and metalloids in
samples.

* Itis very reliable and simple to use.

* |t can analyze over 62 elements.

* |t also measures the concentration of metals in the
sample.



https://www.shsu.edu/~chm_tgc/primers/AAS.html
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The absorption of radiation by free atoms in the
flame involves the transition of these atoms from

highly populated ground state to an excited
electronic state.

The transition between the ground state and the
first excited state known as the first resonance
line is the line with the strongest absorptivity.

Analysis requires high sensitivity, the first
resonance line of the analyte is used.

The wavelength of the first resonance line for all
metals and many metalloids is longer than 200nm



* The first resonance line for most non metals
falls into the vacuum ultraviolet region below
185nm and therefore, cannot be measured
with conventional spectrometers.

* Thus AAS instrumentation finds wide
application for analysis of metals and
metalloids.

* For AAS to function as a quantitative method
the width of the line emitted by the narrow
line source must be smaller than the width of
the absorption line of the analyte in the flame



 The shape of the spectral line emitted by the
source is critical parameter in AAS.

* Working of atomic absorption spectroscopy:

The flame gases are considered as a sample
cell that contains free, unexcited analyte
atoms capable of absorbing radiation at the
wavelength of the resonance line emitted by
the external source.

unabsorbed radiation passes through a
monochromator that isolates the resonance
line and then into a photo detector that
measures the power of transmitted radiation.



e Absorption is determined by the difference in
the radiant power of the resonance line in the

presence and absence of the analyte atoms in
the flame.

* Specifications for typical atomic absorption
spectrophotometer:

* 0.33-0.5m focal length czerny Turner
Monochromator with a 64x64mm grating
ruled with 2880 grooves/mm and blazed at

210 nm to cover a range of wavelengths of
190-440nm



A second grating, ruled with 1440 grooves/mm
and blazed at 580nm . The two gratings are
mounted back to back on a turntable

The geometry of the beam of radiation must be
designed to provide optimum performance with
both flame and electrothermal atomizers

Optical elements are needed to focus the source
of lamp

Microcomputer enables the instrument to
calculate the best analytical curves, computer
ratios, apply appropriate statistical techniques
and present ressult in graphical or tabular form.



Hollow cathode lamps

special cathode technology hi.gh quality )
for clear signals window material

larger gas volume
for a long lifetime

standar/d- or

coded versions |
mica disc
for isolation



Hollow cathode lamps (HCL) are discharge
lamps designed for use in Atomic Absorption
(AA) instruments. They consist of a cathode
made from the element of interest.

Hollow cathode lamp has pyrex body with and
end window of quartz

The lamp is evacuated and filled with an inert
gas usually argon or neon

Lamps operate at currents below 30mA and
voltages up to 400 V



 The cathode is bombarded by positively
charged, inert gas ions. The ions are
accelerated towards the cathode surface by
the electrical potential.

* Positively charged ions collide with the
negatively charged cathode surface, the metal
atoms of cathode of the cathode are ejected

* The metal atoms absorb energy and move to
excited electronic state. And finally emit the
radiation



Atomic Fluorescence Spectrometry

* Atomic fluorescence spectroscopy (also known as
atomic spectrofluorometry or atomic fluorimetry)
is a technique used in biochemical, medical, and
chemical applications that require very high
sensitivity as well as precision and accuracy.

* The technique behind atomic fluorescence
spectroscopy is similar to atomic absorption
spectrometry in that a sample absorbs light at a
particular wavelength to promote its electrons
from its ground electronic state into an excited
state.



From this excited electronic state, the electron
drops down to a lower electronic state emitting a
photon with a specific wavelength in the process.
By measuring the intensity of the emitted light at
particular frequencies, it is possible to determine
the concentration of the element

In AFS the exciting source is placed at right angles
to the flame

Some of the incident radiation is absorbed by the
free atoms of the test element

After this , energy is released as atomic
fluorescence

Then it is passed through monochromator, lens
and amplified and passed to detector.



The best burner system for AFS is probably a
combination of acetylene/ nitrous oxide and
hydrogen/argon/ oxygen using rectangular
flame with premixed laminar flow burner .

The intensity of the fluorescence is linearly
proportional to the exciting radiation flux.

When there is no analyte, only background
radiation from the flame is detected.

AFS exhibits its greatest sensitivity for
elements that have high excitation energies



Interferences associated with Flames
and Furnaces

* Interferences can be separated into four
general categories:

1. Back Ground Absorption
2. Spectral line interferences
3. Vaporization Interferences
4. lonization effects



Background Absorption

It is caused by the large number of species present
in the flame that are capable of broad band
absorption of radiation.

Few elements which are responsible for background
absorption are metal oxides, hydrogen molecules,
OH radicals, and some part of solvent molecules.

This background absorption results in direct
interferences and corresponding error in analytical
results.

There are number of techniques used correction of
background absorption techniques.



* A solution that contains none analyte can be
prepared and its absorbance at the resonance
line of the analyte determined. The absorbance
of this blank solution is then used to correct the
measurements obtained from the sample.

A more precise technique involves measuring the
absorbance at a wavelength close to the
resonance lines used in determination

* The use of broadband, continuous source of
radiation in conjunction with the hollow cathode
line source is popular technique for background
correction.



Spectral line interferences

e Spectral interference is caused by radiation
overlap of absorption line due to emissions from
another element or compound.

If an absorbing wavelength of an element, not
being determined but present in the sample falls
within the measuring line of the element of
interest, the absorbance of the element will be
measured together with the analyte of interest
and give a higher absorbance value.



* Interference of this type is closely associated
with the resolving power of the
monochromator.

* |In flame AAS and AFS this interference can be
minimized by amplitude modulation of the
radiation source. No such possibility exists in
FES.

* Manganese triplet, gallium line, potassium
doublet , lead etc are the few instances which
cause interference



Vaporization Interference

Some component of the sample alters the rate of
vaporization of salt particles that contain the
analyte which lead to the vaporization
interferences.

It is due to the chemical reaction of particles that
change the vaporization behavior of particles.

Hotter flames reduce vaporization interferences

Use of the acetylene/nitrous oxide flame is often
justified due to its better decomposing efficiency.



* Use of proper reagents also reduce
vaporization interference.

* In Calcium AAS determinations, a few hundred
parts per million of lanthanum or strontium
are often added to solutions to minimize
interferences due to phosphate.



lonization interferences

* In high temperature flames atoms with low
ionization potential become ionized

e |onization of atoms reduce the free atoms,
which in turn lowers the sensitivity of the
determination.

* This problem is readily over come by adding
an excess of more easily ionized elements
such as K, Cs, or Sr to suppress ionization .



* These elements suppress the ionization of
analyte atoms.



Comparison of AAS and FES

Comparison between FES and AAS
fl Flame Emission spectroscopy | Atomic Absorption spectroscopy |

1. Amount of light emitted by excited atom is
measured.

2. Absorption intensity and signal response
greatly influenced by temperature variation.

3. Beer's law is not obeyed.

4. Intensity of emitted radiation is directly
proportional to the number of atoms in excited
state.

/5. Relation between emission intensity vs.
concentration is not much linear.

6. Atomization and excitation flame used.
7. Intensity vs concentration data is obtained.

8. Limited to akali and alkali earth metals.

1. Amount of light absorbed by ground state
atom is measured.

2. Absorption intensity and signal response
does not depend upon temperature.

3. Beers law is obeyed.

4. Intensity of absorbed radiation is directly
proportional to the number of atoms in ground
state.

5. Absorption intensity vs concentration of
analyte is much linear.

6. Atomization flame used.

7. Absorbance vs concentration data is
obtained

8. Useful for more than 70 metals.



FES is better for determinations that involve
alkali, alkaline earth and rare earth elements
as well as Ga, In and TI.

Flame AAS permits Ag, Al, AU, Cd, CU, Hg etc
to be detected with high sensitivity.

FES provides multi element analysis.

Alkemade showed that AAS can be more
sensitive for a given element only if the
brightness of the lamp exceeds that of
balckbody at the temperature of flame.



Question bank and assignments

Explain the components of flame spectrometric method and its functions.
Give the applications of FES and AAS.

With a neat block diagram, explain the flame atomization processes for
the salt MX.

Explain atomic absorption spectrometry with a neat diagram

Explain the sequence of events involved in flame atomization process,
with a neat block diagram.

Discuss the laminar flow flame, with a neat schematic.
List the interferences associated with flames and furnaces

With a neat schematic arrangement, explain the flame emission
spectrophotometer (FES)

Explain the atomic fluorescence spectrometer with a neat diagram.

List the applications of flame emission spectroscopy.

Give the applications of atomic absorption spectroscopy.

What is nebulization? With neat sketches explain how nebulisation is done



Topics to be discussed in detail in the
regular class

* Electro thermal vaporization
* Chemical vaporization
* Background absorption



INTRODUCTION

The absorption and emission of radiant energy by atoms provide'ﬁoiifeﬁrﬁﬁﬂ”?f‘
-analytical tools for both quantitative and qualitative analysis (see Chapter "5).‘Flame W
emission' spectroscopy (FES) has been used since the early 1900s. In the 1960s,
atomic absorption spectroscopy (AAS) was developed as an analytical method.
Most recently, new sources for plasma emission spectroscopy offer capabilities that
complement FES and AAS for many analyses. :

Table 9.1 summarizes atomic spectroscopic methods. This chapter will discuss
methods that use combustion flames and a single nonflame method, electrothermal
AAS. Chapter 10 will present emission spectroscopic methods that use nonflame
excitation sources. Two major limitations apply to all atomic spectroscopic
methods: (1) their limited ability to distinguish among oxidation states and chemical
environments of the analyte elements and (2) their insensitivity to nonmetallic

TABLE 9.1 PRIMARY METHODS FOR ATOMIC SPECTROSCOPY
Method (abbreviation) Energy source Measured quantity
Emission Source of excitation I e
o 1700-3200 °C) ntensity of radiation
ssion spectroscopy (FES) Flame ( . o
| Flam? e:im ce:ce spectroscopy (AFS)  Flame (1700-3200 °C) Intensity of scafte-red radiation
Atoml-c e Plasma from dc arc (40006500 °C)  Intensity of radiation
L e k Plasma from ac spark (4500 °C) Intensity of radiation
= duced by induction  Intensity of radiation
Argon plasma produced by i
RSl icoupled plasma e fro%n high-frequency magnetic field
(6000-8500 °C) 5
Same as ICP Intensity of scattered radiation
Argon plasma produced by a dc arc  Intensity of radiation
ect-current argon plasma (6000~10,500 °C) N
. Source of atomization P
Absorption of radiation

Flame (1700-3200 °C)

=t

/ Electric furnace (1200-3000 °C)

Scanne d with CamScanner



Scanned with CamScanner




Scanned with CamScanner



JSTRUMENTATION FOR F
PECTROMETRIC TR, :

?f;: 2:1?",;}1‘:: :g;fllptontents provide the following functions required in each
e on) necessary ,f‘:)r‘;}:h‘:lﬁame.. ) induce the spectral transitions (absbrptid
e the an}; s (°4) ?:ggtlltlﬁtlpn of the analyte, (3) isolate the spectral lines
X : > e increase or decrease in i i it R 1411
at the isolated lines(s), and (5) record these intensity data in inténsity of radiation S

Pretreatment of Sample’

Flame AAS anfi FES require that the analyte be dissolved in a solution in order to
undergo neb_ullzatlon (see the next section). The wet chemistry necessary to dissolve
the sample in a matrix suitable for either flame method is often an important
gomponent_ of the analytical process. The analyst must be aware of substances that
interfere with thfe absorption or emission measurement (Section 9.4). When these
substances are in the sample, they must be removed or masked (complexed). :
Reagents used to dissolve samples must not contain substances that lead to ’

|

interference problems.

Sample Delivery

The device that introduces the sample into the flame or plasma plays a major role in

determining the accuracy of the analysis. The most popular sampling method is
nebulization of a liquid sample to provide a steady flow of aerosol into a flame. An
sts of three components:(1)a nebulizer

introduction system for liquid samples consi
that breaks up the liquid into small droplets, (2) an aerosol modifier that removes
lets smaller than a certain size to

large droplets from the stream, allowing only drop ;
pass, and (3) the flame or atomizer that converts the analyte into free atoms.

Nebulization
ue used in most atomic Spectroscopy

Pneumatic nebulization is the techniq . s
le solution is introduced through an orifice into a hi

determinations. The samp | e
velocity gas jet, usually the oxidant. The samplq stream may {nte.ide,c ¢ ga
in either a parallel o perpendicular manner (Fxgure 9.1a). Liquic 1; ﬁaw
the sample capillary by the pressure differential gengratcd by tll\; hig
stream passing OVe€ ifice. The lxq}nd stream ©

| ¢ filaments collapse to form a ck

roducing filaments. Finally, thes AN 1
fhc acrosgl modifier or spray chamber. In the SPTa¥ e

removed from the sample stream by mixer paddles °" ;‘ P
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o iy ;
temperature of the flame (Table 9‘.r3f)_-\d.et

- FES. The exact tem

suppress ionization of the analyte) is added to the sample. Fa
The concentration of unexcited and excited atoms in a flame is determined by

absorption, emission, or fluorescence as the flame is moved vertically (or hoﬁzqiii.
ally) relative to the li ght path of the optical system. Figure 9.6 shows the distribution
of free atoms obtained by absorption measurements in a 10-cm long acetylene/air

{
J

TABLE 9.4

PERCENT IONIZATION OF SELECTED ELEMENTS IN FLAMES*

fonization Acetylene/ Acetylene/ Acetylene/

potential air, oxygen, nitrous oxide,
Element (eV) 2400 °q . 3140 °C 2800 °C
Lithium 5391 0.01 G
Sodium 5.139 1.1 26.4
Potassium 4.340 9.3 - 821
Rubidium 4.177 13.8 88.8
Cesium 3.894 28.6 96.4
Magnesium 7.646 0.01 6
Calcium 6.113 0.01 7.3 43
Strontium 5.694 0.01 172 84
Barium 5.211 1.9 42.3 8253

Manganese 743

| ' med tobe 1 x 10 atm for

i ure of metal atoms in the flame is assu : 1 7

3 P:lyrl:ile?;rsina acetylene/oxygen flames, and approximately 10™° atm for the
ace ! 4

\

acetylene/nitrous oxide flame.
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~ gramatically from that ob
For example, the emission lines |

either absent or very weak in the oute
appear in high concentrations in the reactio
acetylene flame (ratio of fuel to oxidant exceeds
combustion) provides the reducing atmosphere necess
large free-atom population of those elements that have a &
tory oxides. Incandescent carbon particles present :mnfue.‘l-.v 4
nosity that produces a high background. Thus the position O

the fuel/ oxidant ratio must be optimized for each element 1 both FES
AAS methods.
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Height above burner slot, cm
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; Lary cmen.t 5 ter or

, the burner height (relative to the observation light p

flames are also used in AFS but usually not required in ATAS- S

7,:;9'1%6 e e AAS, the fuel/oxidant ratio and o.bser\{a?iop 'helght :fre chose;\ ‘ i
L '€ maximum number of free atoms while minimizing interferences irom =

tory) OX{‘& ionization, or compound formation. For elements w}lere stable (refrafy. .

the fla ide, carbide, or nitride formation reduces the concentration of frecatomsin

me, two approaches can increase the number of free atoms: (1) use a cooler,

{ the thermal stable species

reduci < o R
cing acetylene/air flame to minimize the formation 0
iate these stable species ).
£ -
i

or (2 S 2
(2) use a hotter acetylene/nitrous oxide flame to dissoc
frec atoms through ionization).

in e
to free atorus (in spite of the risk of decreasing

Electr fare: T 5
othermal Atomization.>5 As we have seen, the nebulizing system used with ‘
s

gift‘f;n“(’)?stt;z f;hc: sample, and the residence time of free analyte atoms in the
Electrically heataglz Wl}ere they absorb ra}dlanon from the external source 1§ short. ,
B ed devices, such as graphite furnaces and carbon rod analyzers, are

n flameless atomizers that complement flame AAS. The most attractive

:eatllgfflot‘ electrothermal AAS are (1) high sensitivity (analyte amounts of 1078
9 g absolute), (2) the ability to handle small sample volumes of liquids

(?—100 uL), (3) the ability to analyze solid samples directly without pretreatment
(m most cases), and (4) low noise from the furnace. Matrix effects from components
in the sample other than the analyte are usually much more severe than those
encountered in flame AAS and thus the precision, typically 5%—10%, compares
unfavorably with that of flame AAS. Electrothermal atomizers are much more
difficult to use than flame atomizers, although computer control of the electrical
heating cycles has reduced many operational difficulties.
Electrothermal AAS has increased sensitivity because the production of free
analyte atoms by an electrically heated carbon atomizer is more efficient than wi :
flame atomizer. If samples of equal analyte concentration are atomized |
electrothermal and by a fame device, a much higher concentration of anal
ime appears in the optical path of the electrothermal atomizer.

electrothermal atomizers can maintain the relatively high concentrati
atoms for only a brief time, whereas flame atomlzers.can‘produce as
is being atomize tion in the rate.

the sample solution 1 d. Any vana

unit t
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.
FIGURE 9.11
Appearance of analyte
peak after matrix smoke.
(Courtesy of Pye
Unicam.)

case

signal from analyte absorp s
transient signal from an electrothermal atomizer.
The deterioration of the atomizer surface with use
that directly affect analytical results. First, the peak heig
of analyte decreases with use, and second, the electnéa__, r
changes. These effects are minimized by preheating the
pyrolytic layer on the surface. This coating _ .
the graphite and thus gives more reproducible atom n fo
clements. The operational lifetime of the tube or furnace surface
Accurate temperature sensors are required for cqntrol of )
Recently, silicon photodiodes have been used for sensing and cont

atures of 6003000 °C. These diodes have the rapid response times
precise reproduction of heating conditions. The response times of Ui
are usually too slow for tight control 0 e

f heating.

? !

Matrix Analyte
smoke peak

Start of
atomization
sequence
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/n

1
LR

Measured concentration, pg

1-Standard
calibration
(2 pg/mL)
Atomic absorption
air-C,H, flame

10 15 20 25
Actual concentration, pg/mL

change per unit concentration (sensitivity) becomes small and therciore ‘ ,
uncertainty of the measurement becomes large. B

e s
FLAME EMISSION SPECTROMETRY’

In flame emission spectrometry, the sample solution is nebulized (converted
fine aerosol) and introduced into the flame where it is desolvated, vaporized
atomized, all in rapid succession. Subsequently, atoms and molecules are edto Ty
excited states via thermal collisions with the constituents of the par RO |
flame gases. Upon their return to a lower or ground electronic state, U

atoms and molecu characteristicwof the sam

emitted radiation passe alo e
wavelength for the des Tor measures

of the SW !
meter, recorder, Of microcomputer system:
Figure 9.14. e

The radiant power of the spectral em! jon lin

is determined by the nlumber of eritczmsr
transition associated with the em:-sgon li

e e e

=
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| Mo
order. \
whef€ high resolution is not

0.33-0.5 m focal length with adjustable slits meet these requirements. fThe ins

ment should have sufficient resolution to minimize the flame background emissior]

and to separate atomic emission lines from nearby lines and molecular fine structure.
Iq coptrast, emission band spectra from molecular speciés show up more clearly
with instruments of low dispersion. The ability to scan a portion of a spectrum is
often a desirable instrumental feature. Proper positioning of the flame to ensure
sampling of the optimum flame zone is important. The best entrance optics design
just fills the monochromator optics with a solid angle of radiation. At a high
aperture ratio, the limit of detection is restricted, not by the shot noise of the
photodetector, but by the instability of the flame and the flicker noise of emission

from the matrix.

Background correction in FES can be accomplished with a dual-channel
instrument (see Section 9.6). One channel is tuned to the emission line of the analyte
and theother is set to a nearby wavelength where analyte emission is not observed,
but where background emission from the flame or continuum is measured. The
analytical signal is the difference in the intensities from the (wo wavelengths.
The Zeeman method of correction (Section 9.6) can also be applied to FES

By measurements.

ATOMIC ABSORPTION

SPECTROMETRY 10,43

The absorption of radiation by atoms in the sun's nlmo§phcrc w'fls. first observed in
1814. However, it was only in 1953 that an Australian ph~yslglst, Alan‘ Walsh,
demonstrated that atomic absorption cogld be used as a quanptatwe analytical togl
i the chemical laboratory. Today AAS is one of the most widely used methods in

4 analytical chemistry.

The AAS phenomenon can be divided into two major processes: (1) the

: he absorption of radiation from

o 2toms from the sample and (2) t of radi rom
3 produt(,tlonl c;[)lf]rrecz dby these atoms. The conversion of analytes in solution to-j‘rqc
y an externa

J‘ i discussed earlier in this chapter. e
atome In el wafsradiation by free atoms (those analyte atoms removed from

their chemical en ; d state to an excited electronic
ly populated ground state elect
hese stoms 1o S, S il b re P
(see Scc.t G .c{rum of an element con’sls'ts of a sex%ies- of re ]
absorption Spe d electronic state and
0

ith the groun Y
originating with : agnsiti'o o between the

t , f
states. Usually the o |
J ce' lnei' ¢
he first fesonanCEEEE SR
known as { s

L
foi i
e oL
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‘analyte element

:'lal.lc‘l:il:t]ie:: tohfr ;ll:ehabsorbmg- medium —that {is, the 'hq:iZéntal; I
gh the flame. Around the center of the resonance line t
band of wavelengths caused by ab SR gl
also broadening associated '){,a sorption line broadening within the Ham
e oot lwnt the emission source. The two princip 1 causes C
Lorentz broadening is e erd(see & 2.4.8) and Lorentz, or pressure brqademng-
P g is caused by collisions of the absorbing atoms with other
atoms present in all flames. These collisions cause the analyte atoms to
have a 5{“*‘“ range of energies centered on the resonance frequency, resulting in 2
broadening of the resonance line.
For Equation 9.3 to be valid, the bandwidth of the incident radiation from the
source absorbed by the analyte atoms must be narrower than the absorption line of
the analyte. This means that the line width of the primary radiation source must be f
less than 0.001 nm, the usual width of resonance lines found in the absorption L
spectra of free atoms (Figure 9.15). This requirement on the width of resonance lines } e
emitted from the source arises because all but the most expensive monochromators
have bandpasses greater than 0.01 nm. Walsh demonstrated that a hollow cathode
made of the same element as the analyte emits lines that are narrower than the
corresponding atomic absorption line width of the analyte atoms in the flame. This |
is the basis for current commercial AAS instrumentation. ‘ |
Specifications for a typical atomic absorption spectrophotometer might include
a 033-0.5-m focal length Czerny-Turner monochromator with a 64 x 64-mm <
grating ruled with 2880 grooves/mm and blazed at 210 nm to cover a range of ‘

GURE 9.16

Optical diagrams of (a) a single-beam and (b) a double-beam atomic absorption spectrometer. (Cour- i

tesy of Instrumentation Laboratories, Inc.) 7 .
|

ﬂ \ Detector
DeLecien 8 Lamp B (optional) i
background correction

/ P

| /3-Meter Ebert
nonochromator

Lamp B (optional)
background correction

1/3-Meter Ebert
monochromator

1
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e
Zoom Jens
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.
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FIGURE 9.17

am,
nd correction i
dete
“element
the elem
operatin
th
sensitivity. It is also possible
of two elements, an internal
minimizes errors t

saryle viscosity, and tempera
Th

instruments/Alternat

€ microcomputer contained in a
‘instrument to calculate the best

five standards, compute ratios,

Optical schematic of a two-
Inslrumenlation Laboratories, Inc.)

B

Hollow-cathode =S

lamp, 1000 Hz %)
B )-
%\ < alytical

A

Hollow=cathode B Reference

lamp, 500 Hz

channel, double-bea

ted AAS system shown in Figure 9.17 is abtlwo-';:.hfange‘_l_,
ocomputer-controlled spectrophotometer capa &a19 backf‘f
n either one or two channels (see Section 9.6). The Instrument
rmine two elements simultaneously, thereby doubling the speed of single-

ively, analytical accuracy can be improved by using

ent in one Channel as an internal standard (see Section’ 2.8). In another
g mode, the instrument can extend the analytical range of a given el_ement; ]
€ same element is determined in both channels but with resonance lines of different

to determine the ratios between the concentrations
standard and the unknown. This operating mode

hat result from fluctuations in flame conditions, aspiration rate,

ture of the sample solution.

n AAS system (see Section 4.6) enables the
analytical curves in one or both channels using up to
apply appropriate statistical techniques, and present

m atomic absorption Spectrometer. (Courtesy of

A monochromator

monochromator A

beam
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i) electrodeless
- relements in
measurements.

A hollow-cat e e IR
Xi“\m, anan el::,de iam;s)l ‘l‘:::i!’mx body with an end
hown in Figu ‘ long the outside of the indr
element to bfd:etegr;llx?ﬁ;h?rlc\:tlho“e"s PEESOTIOIRDRE on the“ |
argon or neon, ata pressinre ofa:n l; e o)
and voltages up to 4001\ Disch- 0 torr. Lamps operate at currents b
some of the inert fill gas :dtom i_llfﬁe occurs between the two lectrodes,
energetic. pos ol T 1s. The cathode (40 mm i.d.) is bombarded by ! ‘
cathode surface by the el% t"lnfn e e L e o
Witn the posteval i C f(licg potenl{al tha.t exists between the two electrodes.
o S ‘ y charged ions collide thb the negatively E:harged cathode
5 mc}a atoms of the cathode are ejected (sputtered) into the gaseous
almosph;re inside the lamp. Here, the metal atoms absorb energy by colliding with
fast-moving filler gas ions, are elevated to excited electronic states, and finally return
to the ground state by emitting radiation characteristic of the metallic cathode. (0
With lamps that contain elements with high ionization potentials, neon is used ‘
as tbc fill gas. Neon improves the intensity of the emitted resonance lines, since its
ionization potential is greater than that of argon. Argon is usually used only when
there is a neon line in close proximity to a resonance line of the cathode element.
When the cathode is formed into a cylinder or cup, the discharge tends to
nlnucinlhccup.h\uﬂsconﬁguruUOnrnorccﬁkﬁcnlspuuedngandexchaﬁon :
The addition of a protective shield (nonconductive) of mica around the
he lip of the cup causes the lamp to radiate more
harges around the outside of the cathode.

> ,‘e" . ‘5 ] Ik, 4

conce
occur.
outside of the cathode just behind t
intensely by preventing spurious disc

Getter material Fused seal !
L“—‘
u

GURE 9.18

ematic diagram of
—'-'1»,,. poilow- Sealed connection —~
- {o vacuum system

Window

1o support
mica shields
Anode
Cathode | || - amic or glass shield

Glass shields

Mica disks to
support shields

eramic shield
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ment
e 1

-

Ithough increa Bl o

. : : nsiti» .‘
.. output intensity, the se OF
its °§g:,ins or self-reversal. Dopple;_
c:lailating atoms as a result of therma|

: -<sion line, the line broadening is
y at the hot cathode. For a g:tven ezﬁf::.nTh“S’ to produce the required
~ Proportional to the square root of the emp; radiating plasma near the cathode
narrow emission lines, the temperature of t ekce ing the lamp current small. Self-
must be kept as low as possible. This is done byb rp tion of radiation by unexcited
reversal or self-absorption is caused l)y the abso fpt hcathode matorialexist
atomsin the source lamp. These unexcl_ted at;)rlr_lS: intensity due to self-reversal is
cooler portions of the lamp. Reduction of hn itted radiation in the lamp ang
Proportional to the length of the path traveled by emitted type of absorption b
the lamp current. Good lamp design can mmlmltze this typ y
reducing the path length and reducing lamp current.

A liibli‘gtg of AAS is the need (usually) for a different hollow-cathode lamp for
cach element to be analyzed. On the positive side, .these light sources with {henr
narrow emission line widths provide virtual specificity for each element. Multlele-
ment lamps are available for a few combinations of elements. The cathode is made
from sections or rings of the different elements or from an alloy or pressed_ powqer
that contains the elements blended so as to obtain emission lines of equal Intensity
from each element. During the lifetime of the lamp, the more volatile metal sputters
at a faster rate and slowly covers the other elements. This leads to an increase in
intensity of the volatile element and a steady decrease in the intensities of the other
elements. In general, multiclement lamps sacrifice some sensitivity when compared
with single-element lamps.

- Another approach in overcoming the single-element, single-

the shagk o

rin AAS determination
5 ptimum value increases
nts is reduced through line br
ng is caused by the motions of the ra

adjustment is required. This accessory is invaluable when sey
determined in the same solution, Al types of hollow-cath
operating lifetimes; they are often Wwarranted for 5000 mA.-h !

T
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Y

200 W) is coiled (Fi , e
gure 9.19). When | tern CAA - iR
applied, the coupled en ) 'hen i altcm : éf = T
g ALY Crgy vaporizes and excites the atoms inside tt
producing t.hen' characteristic emission spectrum. Lamﬁ;té%ﬁétature oG
tant operating parameter; an increase in tempera ' 30«

: g parar : ture of 130 °C can effect :
fold increase in line intensity. Optimum temperature varies with different elem

Electrodeless discharge lamps cannot be powered with hollow-cathode tube

power supplies;.a separate power supply must be provided. Warm-up periods of
30 min are required to stabilize the lamp output. ‘

atic diagram of
pment for atomic
tscence spectro-

ATOMIC FLUORESCENCE
SPECTROMETRY'?:!4

The basic principle of atomic fluorescence speclroscopy_(AFS) is the same as that of
molecular fluorescence described in Chapters 5 and 8. Free analyte atoms formed
in a flame absorb radiation from an external source, rise to excited electronic states,
and then return to the ground state by fluorescence. AFS offers the same advantages
over AAS for trace analysis that molecular fluorescence has over ordinary ao-
sorption spectroscopy; the radiation from ﬁuorescencc- is measured (in pr'%ncip!e) J
against a zero background, whereas ordinary absorption measurements involve |
the ratio of two signals. :

In AFS the exciting source is placed at right anglcs-to .the ﬂame.an'd the optical
axis of the spectrometer (Figure 9.20). Some of the incident radiation from the

I

Monochromator (in detail) hiiel

Flame (top view)

Lens

Source

power SUPP‘Y Shtifce Detector \
| Aot

(modll'alCd)
Amplifier




de detecion, the pres
s that use modulatio

>y,_st¢m

ioun ifier. A comme
L A o put Of the ampll Cr. T :
esence results in noise at the outp y coupled plasma system, j;

_ the Baird atomic inductivel

t tono:o:lt; fluorescence is linearly proportional to the exciting
ntensity

- diation from the flampe
S, M ; ly background ra

~ radiation flux. When there is no analyte, on ATREal r th

: f:glleatz::);: u’?‘il?:l;t;fl;erence between AFS and AAS ISf Slgtn;fl(;a:rtlal;;:is fme' ::;:3’:;
detectio’n l{mit and makes AFS the method of choice for tr have high excitatj
metals. AFS exhibits its greatest sensitivity for elements that have high excitation

energies.

INTERFERENCES ASSOCIATED WITH
FLAMES AND FURNACES

Essentially the same interferences occur in FES and flame AAS but to different
extents. The literature contains many contradictory statements and hasty gen-
eralizations based on inadequate measurements and misunderstandings, Inter-
ferences can be separated into four general classes: (1) background absorption,
(2) spectral line interference, (3) vaporization interference, and (4) ionization effects.

Background Absorption

present in the flame that are capable of broad band ab

species include metal oxides, h drogeh molecules,
fragmented solvent molecules) Radiation emitteq from the hollow-cathode source
is absorbed by these species as well as by

: : SRR the analyte atoms} his background
absorption results in a direct interference and g corresponding error in analytical
results.') .

OH radicals, and portions of

care must be exercised in obtaiqing m
absorption (50%—-80%), the signal may be displace
(>90%) where Mmeasurement error is g i
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is used to corr ;
assumes that the vari tion du
the small wavelengfh difference invol
only the sample solution. The prbbie with
resonance line close to the line used f !
(The use of a broad-band, continuous sourc of rac
the hollow-cathode line source is a popular techniqu f lt"i £
The resonance line of the hollow cathode is absorbed by both f
molecular species in the flame: 'éle radiation from the continuo!
deuterium lamp, is absorbed over the entire bandwidth of wave aASp
monochromator, usually 0.1-0.2 nm, while the free analyte atoms
narrow range (0.005-0.001 nmS)Thus, the decrease in the intensity of rad)
the continuous source is due almost entirely to absorption by the compo
background, whereas absorption by the free analyte atoms 18 negligi
situation, Q\bsorption of radiation from the deuteritm lamp is a measu
background . and the background correction is made at the same noI
.wavelength as the resonance line used for the AAS determination) S
The use of a broad-band continuous source for background correction can be -
incorporated into cither single-beam or double-beam optical configurations. The
modulation frequency used to chop the beams from the radiation sources must
provide for fast correction, up to three corrections per 10 msec. This rate of slg“al _:{“:T‘

correction is required because both the sample and background may change rapidly,
especially in the case of clectrothermal atomization. At wavelengths in the visible
region, additional problems arise because the deuterium source intensity is weaker
than the output of many hollow-cathode sources that operate at optimum current
levels. Substitution of the deuterium lamp with a 150-W xenon-mercury lamp
provides adequate intensity from 200 to 600 nm. : :
The Zeeman effect on radiation emitted from hollow-cathode tubes has been

used to correct for background.' 5 If an intense, alternating magnetic field isapplied

(0 a hollow cathode, the lamp emits a single line at the resonance frequency and
a doublet centered about the resonance frequ

ency but shifted slightly in
length from the resonance line by Zeeman splitting (Figure 9.21). The signa
the resonance line is affected by both atomic and background absorption, W
the signal from the nonresonance doublet 1s aﬁected only by background a
tion. The difference between these signals provides a measurement o'f- th
atomic absorption. This technique offers the advantage of using a si
source and only one optical path through the atomizer. When sepa
are used, it 18 sometimes difficult to match exactly the optical pz ﬁ:!LW
associated with t

he technique is that the magnetic field can caus
Jamp, resulting ina

e e N

w

n irregularemission signal.
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mol :
ower of the monochromator. At
even in those instruments that con

70 e ntérfer‘ence- In flame AAS .an_d AFS this interference can
Hinnized by a;n'piitude modulation of the radiation source. No such Possib
exists in FES. : ; .
Instances of serious spectral interference in FES involve the manganese tr;;
(403.1, 403.3, 403.5 nm), the gallium line (403.3 nm), the potassium doublet (404

A0 I:;"

. o 'll.._.l
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Magnetic quantum number _ M
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