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ATOMIC ABSORPTION 
SPECTROSCOPY, ATOMIC 

EMISSION SPECTROSCOPY, AND 
INDUCTIVELY COUPLED 

PLASMA-MASS SPECTROMETRY



INTRODUCTION

• Virtually all of the elements in the periodic chart may be
determined by AAS or AES.

• In practice, atomic spectroscopy is used primarily for
determining mineral elements.
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GENERAL PRINCIPLES
• AAS quantifies the absorption of electromagnetic radiation

by well-separated neutral atoms in the gaseous state, while
AES measures emission of radiation from atoms excited by
heat or other means.

• Atomic spectroscopy is particularly well suited for analytical
measurements because atomic spectra consist of discrete
lines, and every element has a unique spectrum.

• Individual elements can be identified and quantified
accurately and precisely even in the presence of atoms of
other elements.
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Energy transition in atoms

• Atomic absorption spectra are produced when ground state
atoms (or ions) absorb energy from a radiation source.

• Atomic emission spectra are produced when excited neutral
atoms emit energy on returning to the ground state or a
lower energy state.

• Absorption of a photon of radiation causes an outer shell
electron to jump to a higher energy level, moving the atom
into an excited state.

• The excited atom may fall back to a lower energy state,
releasing a photon in the process.
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• Atoms absorb or emit radiation of discrete wavelengths
because the allowed energy levels of electrons in atoms are
fixed (not random).

• The energy change associated with a transition between two
energy levels is directly related to the frequency of the
absorbed radiation:

Ee – Eg = hν
Ee = energy in excited state

Eg = energy in ground state

h = Planck’s constant

ν = frequency of the radiation
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• Rearranging, we have:

ν = (Ee − Eg)/h 

or, since ν = c/λ

λ = hc/(Ee − Eg)
c = speed of light

λ = wavelength of the absorbed or emitted light

• For a given electronic transition, radiation of a discrete
wavelength is either absorbed or emitted.

• Each element has a unique set of allowed transitions and
therefore a unique spectrum.
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Spectra for sodium

The upper spectrum (a) is the absorption spectrum and the lower (b) is the
emission spectrum.



• For absorption, transitions involve primarily the excitation
of electrons in the ground state, so the number of
transitions is relatively small.

• Emission, on the other hand, occurs when electrons in
various excited states fall to lower energy levels including,
but not limited to, the ground state.

• The emission spectrum has more lines than the
absorption spectrum.

• When a transition is from or to the ground state, it is termed a
resonance transition, and the resulting spectral line is
called a resonance line.
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Atomization

• Atomic spectroscopy requires that atoms of the element of
interest be in the atomic state.

• In foods all elements are present as compounds or complexes
and must be converted to neutral atoms before atomic
absorption or emission measurements can be made.

• Atomization involves separating particles into individual
molecules and breaking molecules into atoms.

• It is accomplished by exposing the analyte to high
temperatures in a flame or plasma.
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• A solution containing the analyte is introduced into the flame
or plasma as a fine mist.

• The solvent quickly evaporates, leaving solid particles of the
analyte that vaporize and decompose to atoms that may
absorb radiation (atomic absorption) or become excited and
subsequently emit radiation (atomic emission).

10



11

A schematic representation of the
atomization of an element in a flame
or plasma.

The large circle at the bottom
represents a tiny droplet of a solution
containing the element (M) as part of
a compound.
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Methods for atomization of analytes



ATOMIC ABSORPTION SPECTROSCOPY

• AAS is an analytical method based on the absorption of
ultraviolet or visible radiation by free atoms in the gaseous
state.

• Two types of atomization are commonly used in AAS:

– flame atomization

– electrothermal (graphite furnace) atomization.
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Flame atomic absorption spectroscopy

• In flame AAS, a nebulizer–burner system is used to convert a
solution of the sample into an atomic vapour.

• The sample must be in solution (usually an aqueous solution)
before it can be analyzed.

• The sample solution is nebulized (dispersed into tiny
droplets), mixed with fuel and an oxidant, and burned in a
flame produced by oxidation of the fuel by the oxidant.

• Atoms and ions are formed within the flame as analyte
compounds are decomposed by the high temperatures.
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• Atoms and ions of the same element produce different spectra
so they absorb radiation of different wavelengths.

• It is desirable to choose a flame temperature that will
maximize atomization and minimize ionization because the
radiation coming from the lamp has emission lines specific
to the corresponding atoms, not ions.

• Atomization efficiency and ionization increase with
increasing flame temperature.

• Flame characteristics may be manipulated by choice of
oxidant and fuel and by adjustment of the oxidant/fuel ratio.
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• The most common oxidant–fuel combinations are air-
acetylene and nitrous oxide-acetylene.

• Adding cesium, an element with low ionization energy, to the
sample will suppress ionization of other elements in the
sample.

• Once the sample is atomized in the flame, its quantity is
measured by determining the attenuation of a beam of
radiation passing through the flame.

• The radiation source is chosen so that the emitted radiation
contains an emission line that corresponds to one of the
most intense lines in the atomic spectrum of the element
being measured.
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• In lamps the element to be determined serves as the cathode.

• The radiation emitted from the lamp is the emission spectrum of
the element.

• The emission line of interest is isolated by passing the beam
through a monochromator so that only radiation of a very
narrow band width reaches the detector.

• One of the strongest spectral lines is chosen for sodium the
monochromator is set to pass radiation with a wavelength of
589.0 nm.

• The intensity of the radiation leaving the flame is less than the
intensity of radiation coming from the source.

• Sample atoms in the flame absorb some of the radiation.

17



18

Schematic representation of the 
absorption of radiation by a sample 

during an atomic absorption 
measurement 

The spectrum of the radiation source is
shown in (a).

As the radiation passes through the
sample (b), it is partially absorbed by the
element of interest.

Absorbance is proportional to the
concentration of the element in the flame.

The radiant power of the radiation
leaving the sample is reduced because of
absorption by the sample (c).



• The amount of radiation absorbed by the sample is given by
Beer’s law:

A = log(Io/I) = abc
A = absorbance

Io = intensity of radiation incident on the flame

I = intensity of radiation exiting the flame

a = molar absorptivity

b = path length through the flame

c = concentration of atoms in the flame

• Absorbance is directly related to the concentration of atoms
in the flame.
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Electrothermal Atomic Absorption Spectroscopy 
(Graphite Furnace AAS)

• Electrothermal atomization involves heating the sample to a
temperature (2000–3000 °C) that produces volatilization and
atomization.

• This is accomplished in a tube or cup positioned in the light path
of the instrument so that absorbance is determined in the space
directly above the surface where the sample is heated.

• It can accommodate smaller samples than are required for flame
atomic absorption limits of detection are lower.

• Disadvantages are the expense of the electrothermal furnace,
lower sample throughput, more difficult operation, lower
precision.
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Instrumentation for atomic absorption spectroscopy
• Atomic absorption spectrometers consist of the following

components:
1. Radiation source, a hollow cathode lamp (HCL) or an electrode-

less discharge lamp (EDL)
2. Atomizer, usually a nebulizer–burner system or an electrothermal

furnace
3. Monochromator, usually an ultraviolet-visible (UV-VIS) grating

monochromator
4. Detector, a photomultiplier tube or a solid-state detector
5. Computer
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Schematic representation of a 
double-beam atomic absorption 

spectrophotometer



• In double-beam instruments the beam from the light source
is split by a rotating mirrored chopper into a reference
beam and a sample beam.

1. Radiation source

• Hollow cathode lamps consist of a hollow tube filled with
argon or neon, an anode made of tungsten, and a cathode
made of the metallic form of the element being measured.

• When voltage is applied across the electrodes, the lamp emits
radiation characteristic of the metal in the cathode; if the
cathode is made of iron, an iron spectrum is emitted.
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Schematic representation of a hollow cathode lamp

• When this radiation passes through a flame containing the
sample, iron atoms in the flame will absorb some of it
because it contains radiation of exactly the right energy for
exciting iron atoms.



• It is necessary to use a different lamp for each element
analyzed (there are multielement lamps that contain
cathodes made of more than one element).

• HCLs for about 60 metallic elements may be purchased from
commercial sources, atomic absorption may be used for the
analysis of up to 60 elements.

• Electrode-less discharge lamps for more volatile elements
such as arsenic, mercury, and cadmium.

• Consist of a hollow glass vessel containing an inert filler gas
plus the element of interest.
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2. Atomizers

• Types of atomizers:
– flame,

– electrothermal,

– cold vapour technique for mercury,

– hydride generation.
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• The flame atomizer consists of a nebulizer and a burner.

– The nebulizer is designed to convert the sample solution into a
fine mist or aerosol.

– Only about 1% of the total sample is carried into the flame by the
oxidant–fuel mixture.

– The larger droplets fall to the bottom of the mixing chamber and
are collected as waste.

– Flame characteristics may be manipulated by adjusting
oxidant/fuel ratios and by choice of oxidant and fuel.

– Air-acetylene and nitrous oxide-acetylene are the most
commonly used oxidant–fuel mixtures.
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• Electrothermal atomizers are typically cylindrical graphite
tubes connected to an electrical power supply.

– They are commonly referred to as graphite furnaces.

– The sample is introduced into the tube range from 0.5 to 10 μl.

– During operation, the system is flushed with an inert gas to
prevent the tube from burning and to exclude air from the
sample compartment.

– The tube is heated electrically.

– First the sample solvent is evaporated, then the sample is ashed,
and finally the temperature is rapidly increased to 2,000–
3,000 °C to quickly vaporize and atomize the sample.
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• The cold vapour technique works only for mercury.

– The only mineral element that can exist as free atoms in the
gaseous state at room temperature.

– Mercury compounds in a sample are reduced to elemental
mercury by the action of stannous chloride, a strong reducing
agent.

– The elemental mercury is then carried in a stream of air or argon
into an absorption cell and atomic absorption is measured the
same way as it is in flame ionization and electrothermal
instruments.
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• In the hydride generation technique, volatile hydrides of
elements are formed by reacting samples with sodium
borohydride.

– The hydrides then are carried into an absorption cell and heated
to decompose them into free atoms.

– This technique is limited to a relatively few elements that are
capable of forming volatile hydrides.

– These include As, Pb, Sn, Bi, Sb, Te, Ge, and Se.
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3. Monochromator

• The monochromator is positioned in the optical path
between the flame or furnace and the detector.

• Its purpose is to isolate the resonance line of interest from
the rest of the radiation coming from the flame or furnace
and the lamp so that only radiation of the desired wavelength

reaches the detector.

4. Detector / Readout

• Two types of detectors are used in AA spectrometers,
photomultiplier tubes and solid-state detectors.
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Calibration

• Absorbance is directly related to concentration.

• A plot of absorbance vs. concentration will deviate from
linearity when concentration exceeds a certain level.

• It is always necessary to calibrate the instrument using
appropriate standards that closely resemble the sample.
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A plot of absorbance vs. concentration showing nonlinearity above
a certain concentration.



• Selection of standards:

– It is best to use standards that are at least 99.999% pure when
preparing multielement standards.

– The linear range may be determined by running a series of
standards of increasing concentration and plotting absorbance
vs. concentration.

– The concentration of the standard should be higher than that of
the most concentrated sample.

– If the range of concentration exceeds the linear range, multiple
standards must be used or the sample diluted.
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ATOMIC EMISSION SPECTROSCOPY

• The source of radiation in AES is the excited atoms or ions in
the sample rather than an external source.
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A simplified diagram of an atomic emission spectrometer



• The sample must be atomized to produce usable spectra for
quantitative analysis.

• In emission spectroscopy, sufficient heat is applied to the
sample to excite atoms to higher energy levels.

• Many instruments may be operated in either the absorption or
emission mode.

• Emissions are produced when electrons from excited neutral
atoms move back to lower energy states.
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• Emissions have wavelengths characteristic of individual
elements because, the allowed energy levels for electrons
are unique for each element.

• Energy for excitation may be produced by several methods,
including:

– heat (usually from a flame),

– light (from a laser),

– electricity (arcs or sparks),

– or radio waves (inductively coupled plasma).
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• Emissions are passed through monochromators or filters prior
to detection.

• The two most common forms of AES used in food analysis
are flame emission spectroscopy and inductively coupled
plasma-atomic emission spectroscopy.
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Flame emission spectroscopy

• Employs a nebulizer–burner system to atomize and excite the
sample.

• The instrument may be either a spectrophotometer or
photometer.

• Flame emission is most useful for elements with relatively
low excitation energies.

• These include Na, K, and Ca.
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Inductively coupled plasma-atomic emission spectroscopy

• In ICP-AES, a plasma is used as the atomization and
excitation source.

• A plasma is defined as gaseous mixture containing
significant concentrations of cations and electrons.

• Temperatures in plasmas are very high (5000–10000 K)
resulting in very effective atomization.

• Excessive ionization of sample atoms is not a problem,
because of the high concentration of electrons contributed
by the ionization of the argon.
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Instrumentation for flame 
emission spectroscopy

• Consist of the following components:
1. Atomization-excitation source
2. Monochromator or filter
3. Detector
4. Readout device

• These instruments are called flame photometers.

• Low flame temperatures are used so that only easily excited
elements such as the alkali and alkaline earth metals
produce emissions.

• This results in a simpler spectrum and reduces interference
from other elements that may be present.
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Instrumentation for ICP-AES

• Inductively coupled plasma-atomic emission spectrometers
consist of the following components:

1. Argon plasma torch

2. Monochromator, polychromator

3. Detector(s)

4. Computer

42



43

Schematic of an inductively coupled plasma-
atomic emission simultaneous spectrometer

PMT =  photomultiplier tube



Argon plasma torch

• The heart of the ICP-AES instrument is a plasma torch.

• It operates at extremely high temperatures, causing complete
atomization of the sample.

• The torch consists of two concentric quartz tubes centred in
a copper coil.

• During operation of the torch, a steam of argon gas flows
through the tubes and radio frequency (RF) power is
applied to the copper coil, creating an oscillating
magnetic field inside the tube.
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The ICP plasma (a) the process by 
which the plasma is formed and 

sustained and (b) the temperature 
distribution of the plasma.



• The plasma is started by applying the RF power and ionizing
the argon gas with an electric spark to form argon ions and
electrons.

• The argon is heated by a process known as inductive
coupling, to temperatures ranging as high as 10,000 K.

• Heating is accomplished by transferring RF energy to free
electrons in a manner similar to the transfer of microwave
energy to water in a microwave oven.

• High-energy electrons in turn collide with argon atoms and
ions causing a rapid increase in temperature.
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• The process continues until about 1% of the argon atoms are
ionized.

• At this point the plasma is stable and self-sustaining for as
long as the RF field is applied at constant power.

• The extremely high temperatures and the inert atmosphere of
argon plasmas are ideal for atomizing and exciting
analytes.

• The nearly complete atomization of the sample minimizes
chemical interferences.
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Detectors and optical systems

• Older ICP-AES instruments use PMT detectors.

• Modern ICP-AES instruments are equipped with solid-state
detectors that are capable of measuring continuous emission
spectra.

• There are two types of solid-state detectors, the charge
injection device (CID) and the charge-coupled device
(CCD).

• Emissions coming from the plasma torch are passed through
an echelle optical system which produces a two-dimensional
spectrum and focuses it on the detector.
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Approximate detection limits (g/L) 
for selected elements when analyzed 

with various instruments

aDetection limit is defined as lowest concentration of the element in a solution that can be detected
with 98% confidence.

bFlame atomic absorption.
cGraphite furnace atomic absorption.
dInductively coupled plasma-atomic emission spectroscopy, axial view, and simultaneous

multielement conditions.
e Inductively coupled plasma-mass spectrometry.



APPLICATIONS OF ATOMIC ABSORPTION 
AND EMISSION SPECTROSCOPY

• Are widely used for the quantitative measurement of mineral
elements in foods.

• It is necessary to ash the food to destroy organic matter and
to dissolve the ash in a suitable solvent prior to analysis.

• Some elements may be volatile at temperatures used in dry
ashing procedures.

• Volatilization is less of a problem in wet ashing.
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• Some liquid products may be analyzed without ashing.

• Vegetable oils may be analyzed by dissolving the oil in an
organic solvent such as acetone or ethanol.

• Milk samples may be treated with trichloroacetic acid to
precipitate the protein; the resulting supernatant is analyzed
directly.

• An aliquot of an oil may be introduced directly into a
graphite furnace for atomization.

51



INDUCTIVELY COUPLED PLASMA-MASS 
SPECTROMETRY

• Another approach is to directly measure the actual number of
atoms of the element in the sample.

• This instrument combine an inductively coupled plasma torch
with a mass spectrometer to make an inductively coupled
plasma-mass spectrometer (ICP-MS).

• Mass spectrometers are instruments that separate ions
according to their mass to charge ratio (m/z) and then
accurately count these ions as they strike a detector.
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• In ICP-MS mineral analyses, samples are prepared by ashing
the food or other matrix and dissolving the ash in a dilute
acid.

• The solution is then aspirated into the plasma torch in the
same way it is introduced into an ICP-AES instrument.

• But instead of having a monochromator or polychromator
and a device for separating and detecting light of specific
wavelengths, the ICP-MS uses a mass spectrometer to
separate and detect ions of the element or compound.

• The identification and quantitation of a mineral element in a
food by ICP-MS depends on the existence of a unique
mass-to-charge ratio (m/z) for the element.
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• If two elements have the same m/z, then there will be
interferences.

• Many elements have more than one isotope and this can be
used to good advantage when two m/z ratios overlap.

• Iron has four naturally occurring stable isotopes with masses
of 54, 56, 57, and 58 atomic mass units.

• The natural abundances of these isotopes are: 5.8%, 91.75%,
2.1%, and 0.28% for 54Fe, 56Fe, 57Fe, and 58Fe, respectively.

• All of the elements have at least one isotope with a unique
mass, and this isotope can be used to determine the
concentration of the element in the sample.

54



SUMMARY

• Atomic spectroscopy is used to determine the concentration
of elements in a sample.

• There are several types of atomic spectroscopy: AAS, AES,
and ICP-MS are the most common.

• Sample preparation usually involves destroying the organic
matter by dry ashing (heating the sample to about 500 °C to
burn off the organicmatter) or wet ashing (heating the
sample in nitric acid and perchloric acid) followed by
dissolution of the ash in dilute acid.
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• Sample is introduced into the instrument by aspirating the
solution into a flame or plasma where it encounters very
high temperatures (2000–3000 K for flames and 6000–
10000 K for plasmas).

• Nearly all compounds are decomposed to atoms.

• These atoms are in the gaseous state.

• The final step is to measure quantitatively the concentration
of the elements present in flame or plasma.

• This quantitation is achieved by either optical spectroscopy
or mass spectrometry.
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• Optical spectroscopy depends on the absorption (AAS) or
emission (AES) of electromagnetic radiation (light) by the
atoms in the gas state.

• Electrons in atoms occupy orbitals of discrete energy levels
that are unique for each element.

• Electrons in the ground state can be pushed into a higher
energy level by light or by heat.

• In AAS light is used to push electrons into a higher energy
level; only that light with a wavelength corresponding to
the energy difference between the ground state and some
excited state will be absorbed.

• These differences in energy are unique for each element.
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• The amount of light absorbed is directly related to the
concentration.

• By measuring the absorbance of light of a particular
wavelength by an atomized sample, we can determine the
concentration of an element even when many other
elements are present.

• In AES, the optical approach involves exciting the electrons
in an element by heating and then measuring the intensity
of the light that is emitted when the electrons fall back to
the ground state or a lower energy state.
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• The energy differences between excited and lower energy
states are unique for each element.

• Each element will emit light of a unique wavelength.

• ICP-MS instruments are designed to measure (count) ions
directly.

• This requires that the atoms in a plasma be separated
according to their masses.

• Atomic spectroscopy is a powerful tool for the quantitative
measurement of elements in foods.
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MASS SPECTROMETRY



• Mass spectrometry (MS) is unique among the various
spectroscopy techniques in both theory and instrumentation.

• MS works by placing a charge on a molecule, thereby
converting it to an ion in a process called ionization.

• The generated ions are then resolved according to their mass-
to-charge ratio (m/z) by subjecting them to electrostatic
fields (mass analyzer) and finally detected.

• The result of ion generation, separation, fragmentation, and
detection is manifested as a mass spectrum that can be
interpreted to yield molecular weight or structural
information.
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• The method is used for both detection and identification of an
unknown compound.

• The most common application is the interfacing of the mass
spectrometer (MS) with gas chromatography (GC) in
which the MS is used to confirm the identity of compounds
as they elute off the GC column.

• The use of high-performance liquid chromatography
(HPLC) with the MS also has recently become more
routine.
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• The MS performs three basic functions.

• There must be a way to ionize the molecules, which occurs
in the ion source by a variety of techniques such as electron
impact, matrix-assisted-laser-desorption, or atmospheric
pressure ionization.

• The charged molecular ion and its fragments must be
separated according to their m/z, and this occurs in the
mass analyzer section (quadrupoles, ion traps, time-of-
flight (TOF).

• Finally the separated, charged fragments must be monitored
by a detector.
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SUMMARY

• MS is fairly simple when examined closely.

• The basic requirements are to
(1) somehow get the sample into an ionizing chamber where ions

are produced,

(2) separate the ions formed by magnets, quadrupoles, drifttubes,
electric fields,

(3) detect the m/z, and

(4) output the data to some type of computer.
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• MSs are routinely coupled to GCs and HPLCs.

• The interface for GCs is versatile and easy to use; the
extensive sample preparation required for GC–MS analysis
makes its utility cumbersome.

• The use of LC–MS has grown rapidly, since the MS is a
universal detector for both qualitative and quantitative
information.

65


