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THEORETICAL CONCEPTS
AND DEFINITIONS

THE ATOM AND ATOMIC SPECTROSCOPY

The science of atomic spectroscopy has yielded three techniques for analytical
use: atomic emission, atomic absorption, and atomic fluorescence. In order to un-
derstand the relationship of these techniques to each other, it is necessary to have
an understanding of the atom itself and of the atomic process involved in each
technique.

The atom is made up of a nucleus surrounded by electrons. Every element has a
specific number of electrons which are associated with the atomic nucleusin an
orbital structurewhichisuniqueto each element. The el ectrons occupy orbital po-
sitionsinanorderly and predictableway. Thelowest energy, most stableelectronic
configuration of an atom, known asthe *ground state”’, isthe normal orbital con-
figuration for an atom. If energy of the right magnitude is applied to an atom, the
energy will be absorbed by the atom, and an outer electron will be promoted to a
less stable configuration or **excited state’’. Asthisstateisunstable, the atom wil
immediately and spontaneously return to its ground state configuration. The elec-
tronwill returntoitsinitial, stable orbital position, and radiant energy equivalent
totheamount of energy initially absorbed in the excitation processwill be emitted.
The processisillustrated in Figure 1-1. Note that in Step 1 of the process, the ex-
citation isforced by supplying energy. The decay processin Step 2, involving the
emission of light, occurs spontaneously.

EXCITATION DECAY \
— — ——
(1) Energy + —_— ) — + ,\J
Ground Excited Excited Ground Light
State State State State Energy
Atom Atom Atom Atom

Figure 1-1. Excitation and decay processes.
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The wavelength of the emitted radiant energy is directly related to the electronic
transition which has occurred. Since every element has a unigue electronic struc-
ture, the wavelength of light emitted is a unique property of each individual ele-
ment. Astheorbital configuration of alarge atom may be complex, there are many
el ectronic transitions which can occur, each transition resulting in the emission of
a characteristic wavelength of light, asillustrated in Figure 1-2.

EXCITATION EMISSION
S I A3
Excited Excited ] | -
States States N ~ 22
Ll f'\JM
Ground State Ground State Light Energy

Figure 1-2. Energy transitions.

The process of excitation and decay to the ground state is involved in al three
fields of atomic spectroscopy. Either the energy absorbed in the excitation process
or the energy emitted in the decay processis measured and used for analytical pur-
poses. In atomic emission, a sample is subjected to a high energy, thermal envi-
ronment in order to produce excited state atoms, capable of emitting light. The
energy source can be an electrical arc, a flame, or more recently, a plasma. The
emission spectrum of an element exposed to such an energy source consists of a
collection of the allowable emission wavelengths, commonly called emission
lines, because of the discrete nature of the emitted wavelengths. This emission
spectrum can be used as aunique characteristic for qualitativeidentification of the
element. Atomic emission using electrical arcshasbeenwidely used in qualitative
analysis.

Emission techniques can al so be used to determine how much of an element ispre-
sent in asample. For a‘‘quantitative’” analysis, theintensity of light emitted at the
wavelength of the element to be determined is measured. The emission intensity
at this wavelength will be greater as the number of atoms of the analyte element
increases. Thetechnique of flame photometry isan application of atomic emission
for quantitative analysis.

If light of just the right wavelength impinges on afree, ground state atom, the atom
may absorb thelight asit enters an excited state in a process known as atomic ab-
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Figure 1-3. The atomic absorption process.

sorption. Thisprocessisillustrated in Figure 1-3. Note the similarity between this
illustration and the one in Step 1 of Figure 1-1. The light which is the source of
atom excitation in Figure 1-3 is simply a specific form of energy. The capability
of an atom to absorb very specific wavelengths of light is utilized in atomic ab-
sorption spectrophotometry.

ATOMIC ABSORPTION PROCESS

The quantity of interest in atomic absorption measurementsis the amount of light
at the resonant wavel ength which is absorbed as the light passes through a cloud
of atoms. Asthe number of atomsin the light path increases, the amount of light
absorbed increases in a predictable way. By measuring the amount of light ab-
sorbed, aquantitative determination of the amount of analyte element present can
be made. The use of special light sources and careful selection of wavelength al-
low the specific quantitative determination of individual elementsin the presence
of others.

The atom cloud required for atomic absorption measurementsis produced by sup-
plying enough thermal energy to the sampleto dissociate the chemical compounds
into freeatoms. Aspirating asolution of the sampleinto aflamealignedinthelight
beam serves this purpose. Under the proper flame conditions, most of the atoms
will remain in the ground state form and are capable of absorbing light at the ana-
Iytical wavelength from a source lamp. The ease and speed at which precise and
accurate determinations can be made with this technique have made atomic ab-
sorption one of the most popular methods for the determination of metals.

A third field in atomic spectroscopy is atomic fluorescence. Thistechniqueincor-
porates aspects of both atomic absorption and atomic emission. Like atomic ab-
sorption, ground state atoms created in aflame are excited by focusing abeam of
light into the atomic vapor. Instead of looking at the amount of light absorbed in
the process, however, the emission resulting from the decay of the atoms excited
by the source light is measured. The intensity of this ‘‘fluorescence’” increases
with increasing atom concentration, providing the basis for quantitative determi-
nation.
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The source lamp for atomic fluorescence is mounted at an angle to the rest of the
optical system, so that the light detector sees only the fluorescence in the flame
and not the light from the lamp itself. It is advantageous to maximize lamp inten-
sity with atomic fluorescence since sensitivity isdirectly related to the number of
excited atoms which is a function of the intensity of the exciting radiation.

ATOMIC EMISSION ATOMIC ABSORPTION
0 =m0
Flame Monochromator  Detector Lamp Flame Monochromator Detector

ATOMIC FLUORESCENCE

Q) —)

Lamp Flame Monochromator Detector

Figure 1-4. Atomic spectroscopy systems.

Figure 1-4 illustrates how the three techniques just described are implemented.
While atomic absorption is the most widely applied of the three techniques and
usually offers several advantages over the other two, particular benefits may be
gained with either emission or fluorescence in special analytical situations. This
is especially true of emission, which will be discussed in more detail in alater
chapter.

QUANTITATIVE ANALYSIS BY ATOMIC ABSORPTION

The atomic absorption processisillustrated in Figure 1-5. Light at the resonance
wavelength of initial intensity, lo, is focused on the flame cell containing ground
state atoms. The initial light intensity is decreased by an amount determined by
theatom concentration intheflamecell. Thelight isthen directed onto the detector
where the reduced intensity, |, is measured. The amount of light absorbed is de-
termined by comparing | to lo.
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Figure 1-5. The atomic absorption process.

Several related terms are used to define the amount of light absorption which has
taken place. The *‘transmittance”’ is defined as the ratio of the final intensity to
theinitial intensity.

T=1Ulo
Transmittance is an indication of the fraction of initial light which passesthrough
the flame cell to fall on the detector. The ‘‘percent transmission’ is simply the
transmittance expressed in percentage terms.

%T =100 x I/lo

The *“percent absorption’ isthe complement of percent transmission defining the
percentage of the initial light intensity which is absorbed in the flame.

%A = 100 - %T

These terms are easy to visualize on a physical basis. The fourth term, *“absor-
bance”’, is purely a mathematical quantity.

A =log (Io/)
Absorbance isthe most convenient term for characterizing light absorption in ab-
sorption spectrophotometry, asthisquantity followsalinear relationshipwith con-

centration. Beer’s Law defines this relationship:

A = abc
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where A’ isthe absorbance; “‘a’ isthe absorption coefficient, a constant which
ischaracteristic of the absorbing speciesat aspecificwavelength; ‘b’ isthelength
of the light path intercepted by the absorption species in the absorption cell; and
‘“c”’ isthe concentration of the absorbing species. This equation simply statesthat
the absorbance is directly proportional to the concentration of the absorbing spe-
ciesfor agiven set of instrumental conditions.

This directly proportional behavior be-
tween absorbance and concentration is ob-
served in atomic absorption. When the ab-
sorbances of standard solutions containing
known concentrations of analyte are meas-
ured and the absorbance data are plotted
against concentration, a calibration rela-
tionship similar to that in Figure 1-6 ises-
tablished. Over the region where the
Beer’'s Law relationship is observed, the
calibration yields a straight line. As the
concentration and absorbance increase,
Figure 1-6. Concentration versus nonideal behavior in the absorption proc-
absorbance. ess can cause adeviation from linearity, as
shown.

Absorbance

Concentration

After such a calibration is established, the absorbance of solutions of unknown
concentrations may be measured and the concentration determined from the cali-
bration curve. In modern instrumentation, the calibration can be made within the
instrument to provide a direct readout of unknown concentrations. Since the ad-
vent of microcomputers, accurate calibration, even in the nonlinear region, issim-

ple.
CHARACTERISTIC CONCENTRATION AND DETECTION LIMITS

Characteristic concentration and detection limit are terms which describe instru-
ment performance characteristics for an analyte element. While both parameters
depend on the absorbance observed for the element, each defines a different per-
formance specification, and the information to be gained from each term is dif-
ferent.
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Characteristic Concentration

The “‘characteristic concentration’” (sometimes called ** sensitivity’’) isaconven-
tion for defining the magnitude of the absorbance signal which will be produced
by a given concentration of analyte. For flame atomic absorption, thisterm is ex-
pressed as the concentration of an element in milligrams per liter (mg/L) required
to produce a 1% absorption (0.0044 absorbance) signal.

Char Conc. (mg/L) = Conc. of Std. (mg/L) x 0.0044
measured absorbance

Aslong as measurements are madein the linear working region, the characteristic
concentration of an element can be determined by reading the absorbance pro-
duced by a known concentration of the element and using the above equation.

There are several practical reasons for wanting to know the value of the charac-
teristic concentration for an element. Knowing the expected characteristic concen-
tration allows an operator to determineif all instrumental conditionsare optimized
and if the instrument is performing up to specifications by simply measuring the
absorbance of a known concentration and comparing the results to the expected
value. A known characteristic concentration value also allows one to predict the
absorbance range which will be observed from a known concentration range or
to determine the concentration range which would produce optimum absorbance
levels.

Detection Limits

It should be noted that, while the magnitude of the absorbance signal can be pre-
dicted from the value given for characteristic concentration, no information is
given on how small of an absorbance signal can be measured. Therefore, it isnot
possible to predict the minimum measurable concentration from aknown charac-
teristic concentration value. To determine this quantity, more information on the
nature of the measured absorbance signal must be considered.

The smallest measurable concentration of an element will be determined by the
magnitude of absorbance observed for the element (characteristic concentration)
and the stability of the absorbance signal. An unstable or *‘noisy’’ signal makesit
more difficult to distinguish small changesin observed absorbance which are due
to small concentration differences, from those random variations dueto ‘‘baseline
noise.” Figure 1-7 illustrates the concept of the effect of noise on the quantitation
of small absorbance signals. Signal "A" and signal "B" have the same magnitude.
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However, the much lower

variability ("noise") of sig-

¥ nal "B" permits even

o.oo‘r Abs. I\. smaller signalsto be de-

tected. Thesensitivity of the

A B two signals is the same, but

thereis areal differencein

Figure 1-7. AA measurements near detection detection limits.

limits. The term **detection limit”

incorporates a considera-
tion of both signal size and baseline noise to give an indication of the lowest con-
centration of an element which can be measured. The detection limit is defined
by the IUPAC as the concentration which will give an absorbance signal three
times the magnitude of the baseline noise. The baseline noise may be statistically
guantitated typically by making 10 or morereplicate measurementsof thebaseline
absorbance signal observed for an analytical blank, and determining the standard
deviation of the measurements. The detection limit is then defined as the concen-
tration which will produce an absorbance signal threetimesthe standard deviation
of the blank.

Routine analytical measurements at the detection limit aredifficult, dueto thefact
that, by definition, noise makes up asignificant percentage of thetotal measurable
signal. By definition, the precision obtained at detection limit levelsis+ 33% RSD
(relative standard deviation) when a three standard deviation criterion is used.
Therefore, whileitispossibleto distinguish anal yte concentrations at the detection
limit from zero, for good precision it is necessary to limit routine analytical work
to concentrations higher than the detection limit.



ATOMIC ABSORPTION
INSTRUMENTATION

THE BASIC COMPONENTS

To understand the workings of the atomic absorption spectrometer, let us build
one, piece by piece. Every absorption spectrometer must have components which
fulfill the three basic requirements shown in Figure 2-1. There must be: (1) alight
source; (2) asample cell; and (3) ameans of specific light measurement.

Specific Light
* Sample Cell Measurement
Light Source

Figure 2-1. Requirements for a spectrometer.

In atomic absorption, these functional areas are implemented by the components
illustrated in Figure 2-2. A light source which emits the sharp atomic lines of the
element to be determined is required. The most widely used source is the hollow
cathode lamp. These lamps are designed to emit the atomic spectrum of a particu-
lar element, and specific lamps are selected for use depending on the element to
be determined.

Light Source I Sample Cell Specific Light Measurement

I | |

| | |

I | | |

| o—— I &)—>—mug]

| Source I E I Monochromator  Detector Readout I
Chopper Electronics

| I | |

Flame
(or Furnace)

Figure 2-2. Basic AA spectrometer.
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Itisalsorequired that the source radiation be modul ated (switched on and off rap-
idly) to provide a means of selectively amplifying light emitted from the source
lamp and ignoring emission from the sample cell. Source modulation can be ac-
complished with a rotating chopper located between the source and the sample
cell, or by pulsing the power to the source.

Special considerations are also required for a sample cell for atomic absorption.
An atomic vapor must be generated in the light beam from the source. Thisisgen-
erally accomplished by introducing the sampleinto aburner system or electrically
heated furnace aligned in the optical path of the spectrophotometer.

Several components are required for specific light measurement. A monochroma-
tor isused to disperse the various wavel engths of light which are emitted from the
source and to isolate the particular line of interest. The selection of a specific
source and a particular wavelength in that sourceiswhat allowsthe determination
of a selected element to be made in the presence of others.

The wavelength of light which isisolated by the monochromator is directed onto
the detector, which serves as the “‘eye’”’ of the instrument. Thisis normally a
photomultiplier tube, which produces an electrical current dependent on the light
intensity. The electrical current from the photomultiplier is then amplified and
processed by the instrument electronics to produce asignal which is a measure of
the light attenuation occurring in the sample cell. Thissignal can be further proc-
essed to produce an instrument readout directly in concentration units.

LIGHT SOURCES

An atom absorbs light at discrete wavelengths. In order to measure this narrow
light absorption with maximum sensitivity, it is necessary to use a line source,
which emitsthe specific wavel engths which can be absorbed by the atom. Narrow
line sources not only provide high sensitivity, but also make atomic absorption a
very specific analytical technique with few spectral interferences. The two most
common line sources used in atomic absorption are the **hollow cathode lamp’
and the “‘electrodel ess discharge lamp.”

The Hollow Cathode Lamp

The hollow cathode lamp is an excellent, bright line source for most of the ele-
ments determinabl e by atomic absorption. Figure 2-3 shows how ahollow cathode
lampisconstructed. The cathode of thelamp frequently isahollowed-out cylinder
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of the metal whose spectrum is to be produced. The anode and cathode are sealed

in aglass cylinder normally filled with either neon or argon at low pressure. At

the end of the glass cylinder is awindow transparent to the emitted radiation.
Anode Window

Cathode Fill Gas

Figure 2-3. Hollow cathode lamp.

The emission processisillustrated in Figure 2-4. When an electrical potential is
applied between the anode and cathode, some of thefill gasatomsareionized. The
positively charged fill gas ions accelerate through the electrical field to collide
withthenegatively charged cathode and dislodgeindividual metal atomsinaproc-
ess called **sputtering”’. Sputtered metal atoms are then excited to an emission
state through a kinetic energy transfer by impact with fill gasions.

1. SPUTTERING 2. EXCITATION 3. EMISSION
Art Art
M —p MO+
<. e

Figure 2-4. Hollow cathode lamp process, where Ar" is a positively-charged ar-
gonion, M%is a sputtered, ground-state metal atom, M* is an excited-state metal
atom, and | is emitted radiation at a wavelength characteristic for the sputtered
metal.

Hollow cathode lamps have afinitelifetime. Adsorption of fill gasatoms onto the
inner surfacesof thelampisthe primary causefor lampfailure. Asfill gaspressure
decreases, the efficiency of sputtering and the excitation of sputtered metal atoms
also decreases, reducing the intensity of the lamp emission. To prolong hollow
cathode lamp life, some manufacturers produce lamps with larger internal vol-
umes so that a greater supply of fill gas at optimum pressureis available.
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The sputtering process may remove some of the metal atoms from the vicinity of
the cathode to be deposited el sewhere. Lamps for volatile metals such as arsenic,
selenium, and cadmium aremore proneto rapid vaporization of the cathode during
use. While the loss of metal from the cathode at normal operating currents (typi-
cally 5-25 milliamperes) usually does not affect lamp performance, fill gas atoms
can be entrapped during the metal deposition process which does affect lamp life.
Lamps which are operated at highly elevated currents may suffer reduced lamp
life due to depletion of the analyte element from the cathode.

Some cathode material s can slowly evolve hydrogen when heated. Asthe concen-
tration of hydrogen in the fill gas increases, a background continuum emission
contaminatesthe purity of theline spectrum of the element, resultingin areduction
of atomic absorption sensitivity and poor calibration linearity. To eliminate such
problems, most modern hollow cathode lamps have atantalum **getter’’ on the an-
ode which irreversibly adsorbs evolved hydrogen as the lamp is operated.

The cathode of the hollow cathode lamp isusually constructed from ahighly pure
metal resulting in a very pure emission spectrum of the cathode material. It is
sometimespossible, however, to construct acathode or cathodeinsert from several
metals. The resulting ““multi-element’” lamp may provide superior performance
for asingle element or, with some combinations, may be used as a source for all
of the elements contained in the cathode alloy. However, not all metals may be
used in combination with others because of metallurgical or spectral limitations.

Special consideration should be given before using a multi-element lamp as ana-
Iytical complications may result. Often the intensity of emission for an element
in a multi-element lamp is not as great as that which is observed for the element
in asingle-element lamp. Thisloss of intensity could be a disadvantage in appli-
cations where high precision or low detection limits are required. The increased
spectral complexity of multi-element lamps may require that alternate wave-
lengths or narrower dlits be used, which may also adversely affect sensitivity or
baseline noise.

Each hollow cathode lamp will have a particular current for optimum perform-
ance. In general, higher currents will produce brighter emission and less baseline
noise. As the current continues to increase, however, lamp life may shorten and
spectral line broadening may occur, resulting in areduction in sensitivity and lin-
ear working range. The recommended current specified for each lamp will usually
providethe best combination of lamp life and performance. For demanding analy-
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ses requiring the best possible signal-to-noise characteristics, higher currents can
be used for the lamp, up to the maximum rated value. Lower lamp currents can
be used with less demanding analyses to prolong lamp life.

Confusion over exactly what current is being used for ahollow cathode lamp may
occur dueto the method used for lamp modulation. Asexplained earlier, the source
for atomic absorption must be modulated in order to accomplish selective ampli-
fication of the lamp emission signal. This can be accomplished mechanically by
using a rotating chopper or electronically by pulsing the current supplied to the
lamp, asillustrated in Figure 2-5. Both methods produce similar results; however,
in some instruments the use of electronic modulation may create the impression
that alower lamp current is being applied than is actually the case.

Current
Actual 7
Measured i ééé%é% D: %
Time MECHANICAL MODULATION
Current

AN

Actual A
ng o—=a————-
Measured / a

ELECTRONIC MODULATION

Time

Figure 2-5. Mechanical vs. electrical modulation.

The causefor the apparent difference in measured currentswith mechanically and
electronically modulated systems is also shown in Figure 2-5. For mechanical
modulation, the lamp isrun at a constant current. Under these conditions, an am-
meter reading of lamp current will indicate the actual current flow. For electronic
modulation, the current is switched on and off at a rapid rate. An ammeter nor-
mally will indicate the time-averaged current rather than the actual peak current
which is being applied.

While some instruments are designed to apply a correction factor automatically
to electronically modulated lamp current readingsto providetrue peak current val -
ues, many do not. For electronically modulated systems without such correction,
the actual peak current can be approximated from the measured current by divid-
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ing it by the **duty cycle”, the fraction of timethat current is applied to the lamp.
For example, for aduty cycle of 40% and a measured lamp current of 10 milliam-
peres, the actual peak operating current for an electronically modulated systemis:

10 milliamperes/0.4 = 25 milliamperes

Specified lamp current settings may appear to be lower for atomic absorption in-
struments which modulate the source electronically and do not apply correction.
The only valid basis of comparison between the current settings used by two dif-
ferent systems is one which includes compensation for the duty cycle, as shown
above.

The Electrodeless Discharge Lamp

For most elements, the hollow cathode lamp is a completely satisfactory source
for atomic absorption. In afew cases, however, the quality of the analysisisim-
paired by limitations of the hollow cathode lamp. The primary cases involve the
more volatile elements where low intensity and short lamp life areaproblem. The
atomic absorption determination of these elements can often be dramatically im-
proved with the use of brighter, more stable sourcessuch asthe**electrodel essdis-
charge lamp’'.

Figure 2-6 showsthe design of the Perkin-Elmer System 2 el ectrodel essdischarge
lamp (EDL). A small amount of the metal or salt of the element for which the
sourceistobeusedissealedinsideaquartz bulb. Thisbulbisplaced insideasmall,
self-contained RF generator or “*driver’’. When power is applied to the driver, an
RF field is created. The coupled energy will vaporize and excite the atomsinside
the bulb, causing them to emit their characteristic spectrum. An accessory power
supply isrequired to operate an EDL.

Figure 2-6. Electrodeless discharge lamp.
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Electrodel essdischargelampsaretypically much moreintenseand, in some cases,
more sensitive than comparable hollow cathode lamps. They therefore offer the
analytical advantages of better precision and lower detection limits where an
analysisisintensity limited. In addition to providing superior performance, the
useful lifetime of an EDL istypically much greater than that of a hollow cathode
lamp for the same element. It should be noted, however, that the optical image for
the EDL isconsiderably larger than that in ahollow cathode lamp. Asaresult, the
performance benefits of the EDL can only be observed in instrumentswith optical
systems designed to be compatible with the larger image.

Electrodel essdischargelamps are availablefor awide variety of elements, includ-
ing antimony, arsenic, bismuth, cadmium, cesium, germanium, lead, mercury,
phosphorus, potassium, rubidium, selenium, tellurium, thallium, tin and zinc.

OPTICAL CONSIDERATIONS

Photometers

The portion of an atomic absorption spectrometer’ soptical system which conveys
the light from the source to the monochromator is referred to as the photometer.
Three types of photometers are typically used in atomic absorption instruments:
single-beam, double-beam and what might be called compensated single-beam or
pseudo double-beam.

Single-Beam Photometers

The instrument diagrammed in Figure 2-7 represents a fully functional **single-
beam’ atomic absorption spectrometer. It is called ““single-beam’ because all
measurements are based on thevarying intensity of asingle beam of lightinasin-
gle optical path.

- _‘ ' @_I>_ 0000
Source

ch D Monochromator ~ Detector Readout
oppe! Electronics

Sample Cell

Figure 2-7. A single-beam AA spectrometer.
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The primary advantage of a single-beam configuration is that it has fewer com-
ponents and is less complicated than alternative designs. It is therefore easier to
construct and less expensive than other types of photometers. With asinglelight
path and a minimum number of optical components, single-beam systems typi-
cally provide very high light throughput. The primary limitation of the single-
beam photometer is that it provides no means to compensate for instrumental
variations during an analysis, such as changes in source intensity. The resulting
signal variability can limit the performance capabilities of a single-beam system.

Double-Beam Photometers

An alternate photometer configuration, known as **double-beam’’ (Figure 2-8)
uses additional opticsto divide thelight from thelamp into a**sample beam’” (di-
rected through the sample cell) and a‘‘reference beam’ (directed around the sam-
ple cell). In the double-beam system, the reference beam serves as a monitor of
lamp intensity and the response characteristics of common electronic circuitry.
Therefore, the observed absorbance, determined from aratio of sample beam and
reference beam readings, is more free of effects due to drifting lamp intensities
and other electronic anomalies which similarly affect both sample and reference
beams.

Reference Beam

Sample Beam

Q-

Monochromator Detector Readout
Chopper Electronics
Sample Cell

Source

Beam Recombiner
Figure 2-8. A double-beam AA spectrometer.

Modern atomic absorption spectrometers are frequently highly automated. They
can automatically change lamps, reset instrument parameters, and introduce sam-
plesfor high throughput multielement analysis. Double-beam technology, which
automatically compensates for source and common electronics drift, allowsthese
instruments to change lamps and begin an analysis immediately with little or no
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lamp warm-up for most elements. Thisnot only reducesanalysistime but al so pro-
longslamp life, since lamp warm-up time is eliminated. Even with manual analy-
ses, the ability to install alamp or turn on the instrument and start an analysis
almost immediately is a decided advantage for double-beam systems.

Double-beam photometers do divert some source energy from the sample beam
to create the reference beam. Since it is the signal:noise ratio of the sample beam
which determinesanalytical performance, modern double-beam instrumentstypi-
cally devote amuch higher percentage of the source emission to the sample beam
than to the reference beam. For example, a modern double-beam system which
uses a beam splitter to generate sample and reference beams may use 75% of the
source emission for the samplemeasurement and only 25% for thereference meas-
urement. Using such techniques, modern double-beam instruments offer virtually
the same signal-to-noise ratio as single-beam systems while enjoying the high-
speed automation benefits and operational simplicity of double-beam operation.

Alternative Photometer Designs

There are several alternative system designs which provide advantages similar to
those of double-beam optical systems and the light throughput characteristic of
single-beam systems. Such systems can be described as compensated single-beam
or pseudo doubl e-beam systems. One such design usestwo mechanically-adjusted
mirrorsto alternately direct the entire output of the source through either the sam-
ple path (during sample measurements) or through a reference path (Figures 2-9
and 2-10).

These aternative photometer designs provide light throughput comparable to that
provided by single-beam photometer systems. They also compensate for system
variations in a manner similar to that of double-beam photometers—similar, but
not the same. Thistype of photometer performs compensation for drift much less
frequently than do double-beam systems, typically only once per analytical read-
ing. Double-beam systems typically provide drift compensation at rates in excess
of 50 times per second. The lower compensation frequency limits the ability of
alternative photometer systems to compensate for large, quickly changing vari-
ationsin source intensity such asthose that frequently occur when asourceisfirst
lighted.
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Figure 2-9. A compensated single-beam system with source light directed
through the sample path.
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Figure 2-10. A compensated single-beam system with source light directed
through the reference path.

Optics and the Monochromator System

As previously discussed, an important factor in determining the baseline noisein
an atomic absorption instrument is the amount of light energy reaching the
photomultiplier (PMT). Lamp intensity is optimized to be as bright as possible
while avoiding line broadening problems. The impact of single-beam and double-
beam photometer systems has been discussed above. But theimpact of other com-
ponents must also be considered to determine the capabilities of the complete
optical system.
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Light from the source must befocused on the sampl e cell and directed to the mono-
chromator, where the wavelengths of light are dispersed and the analytical line of
interest is focused onto the detector. Some energy is lost at each optical surface
along theway. Front-surfaced, highly reflective, mirrors can be used to control the
focus of the source lamp and the field of view of the light detector precisely and
with minimal light loss. Alternately, focusing can be accomplished by refraction
instead of reflection by using alens system. Since thefocal length of alensvaries
with wavelength, additional optics (which may further reduce energy throughput)
or complex optical adjustments must be used to obtain proper focus over the full
spectral range for atomic absorption.

Particular care must be taken in the monochromator to avoid excessive light loss.
A typical monochromator is diagrammed in Figure 2-11. Wavelength dispersion
is accomplished with a grating, areflective surface ruled with many fine parallel
lines very close together. Reflection from this ruled surface generates an interfer-
ence phenomenon known as diffraction, in which different wavelengths of light
divergefromthegrating at different angles. Light from the source entersthe mono-
chromator at the entrance slit and is directed to the grating where dispersion takes
place. The diverging wavelengths of light are directed toward the exit dlit. By ad-
justing the angle of the grating, a selected emission line from the source can be
allowed to pass through the exit dlit and fall onto the detector. All other lines are
blocked from exiting.

Exit Slit

O\ﬁ_l ~ —\

- P |

\

Grating

Photomultipler

712

Entrance Slit

Figure 2-11. A monochromator.
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Entrance Slit Exit Slit Entrance Slit Exit Slit

mh LI

Lamp Image Lamp Image

Figure 2-12. Advantages of high dispersion.

The angle of dispersion at the grating can be controlled by the density of lineson
the grating. Higher dispersion will result from greater line density, i.e., more
lines'mm. High dispersion is important to good energy efficiency of the mono-
chromator, asillustrated in Figure 2-12.

The image of the source focused on the entrance slit and dispersed emission lines
at the exit dlit are shown for both alow-dispersion and a high-dispersion grating.
Inorder toisolateadesired linefrom nearby lines, it isnecessary to useanarrower
exit dlitinthelow-dispersion examplethanisrequired in the high-dispersion case.
Good optical design practices dictate that the entrance and exit slits be similarly
sized. The use of alarger entrance slit will overfill the grating with the source im-
age, while the use of a smaller entrance dlit restricts the amount of light entering
the monochromator. Both reduce the amount of energy available at the exit dlit.
For a low dispersion grating, this means that the size of the monochromator en-
trance dlit islimited to the narrow size demanded of the exit slit to exclude nearby
lines. Thus, much of the availablelight energy is prevented from ever entering the
monochromator. In contrast, the greater wavelength separation provided by a
high-dispersion grating allows the use of wider dlits, which make use of more of
the available light without any sacrifice in resolution.

To afirst approximation, the energy throughput of a monochromator is propor-
tional to the illuminated ruled grating area and inversely proportional to the re-
ciprocal linear dispersion. To obtain the full energy benefit of high dispersion, it
is necessary to use a grating with a ruled surface area large enough to capture all
of the light from the magnified slit image. Large, quality gratings of high disper-
sion aredifficult and expensiveto make. Therefore, theincentiveisgreat to accept
smaller gratingswith lesser line densitiesand poorer dispersion for atomic absorp-
tion instrumentation. However, better instruments take advantage of the superior
energy throughput afforded by larger gratings.
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Figure 2-13. Grating blaze angle.

Another factor affecting the optical efficiency of the monochromator is the blaze
angleof thegrating, whether it ismechanically ruled or holographically generated.
Anillustration of a mechanically-ruled blaze angle appears in Figure 2-13.

Mechanical grating rulings are in the form of V-shaped grooves carved into the
surface of the grating. As discussed earlier, an interference phenomenon causes
light of different wavelengthsto diverge from the grating at different angles. The
particular wavelength which diverges from the blazed surface at an angle corre-
sponding to specular reflectance (i.e., angle of reflection equals angle of inci-
dence) will suffer the least loss in intensity as a result of the diffraction process.
A grating can be constructed for a blaze at any desired wavel ength by controlling
the angle of cut during ruling. The farther removed a given wavelength of light is
from the wavelength for which a grating is blazed, the greater will be the extent
of monochromator light loss at that wavelength.

The useful atomic absorption wavel ength range runsfrom 189 to 851 nanometers.
With one grating blazed somewhere in the middle of thisrange, significant energy
fall-off occursat thewavelength extremities dueto energy inefficienciesinthedif-
fraction process. One technique used to overcome this problem and to provide en-
hanced energy throughput at the wavel ength extremitiesisto equip theinstrument
with two gratings, one blazed in the ultraviolet and the other blazed in the visible
region of the spectrum. Then by choosing the grating blazed nearest the working
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wavel ength, the optimum energy throughput can be achieved. Alternately, asingle
““dual-blazed” grating can be used, with two regions blazed for the two spectral
regions. As the dual blazed grating rotates from one wavelength extreme to an-
other, the region blazed for the current working wavelength is brought into align-
ment with the optical beam, thereby offering improved efficiency compared with
asingle grating blazed at one wavelength.

THE ATOMIC ABSORPTION ATOMIZER

Pre-Mix Burner System

The sample cell, or atomizer, of the spectrometer must produce the ground state
atoms necessary for atomic absorption to occur. This involves the application of
thermal energy to break the bonds that hold atoms together as molecules. While
thereare several alternatives, the most routineand widely applied sampleatomizer
isthe flame.

Figure 2-14 shows an exploded view of an atomic absorption burner system. In
this*‘premix’’ design, samplesolutionisaspirated through anebulizer and sprayed
as afine aerosol into the mixing chamber. Here the sample aerosol is mixed with
fuel and oxidant gases and carried to the burner head, where combustion and sam-
ple atomization occur.

FLOW SPOILER

MIXING CHAMBER
WITH BURNER HEAD

Figure 2-14. Premix burner system.
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Fuel gasisintroduced into the mixing chamber through the fuel inlet, and oxidant
enters through the nebulizer sidearm. Mixing of the fuel and oxidant in the burner
chamber eliminates the need to have combustible fuel/oxidant in the gas lines, a
potential safety hazard. In addition to the separate fuel and oxidant lines, it is ad-
vantageous to have an auxiliary oxidant inlet directly into the mixing chamber.
This allows the oxidant flow adjustments to be made through the auxiliary line
while the flow through the nebulizer remains constant. Thus, for a burner system
with an auxiliary oxidant line, the sample uptake rateisindependent of flame con-
dition, and the need to readjust the nebulizer after every oxidant flow adjustment
is eliminated.

Only a portion of the sample solution introduced into the burner chamber by the
nebulizer is used for analysis. The finest droplets of sample mist, or aerosol, are
carried with the combustion gases to the burner head, where atomization takes
place. The excess sample is removed from the premix chamber through a drain.
The drain uses aliquid trap to prevent combustion gases from escaping through
thedrainline. Theinside of the burner chamber iscoated with awettableinert plas-
tic material to provide free drainage of excess sample and prevent burner chamber
“memory.” A freedraining burner chamber rapidly reaches equilibrium, usually
requiring less than two seconds for the absorbance to respond fully to sample
changes.

Impact Devices

The sample aerosol is composed of variously sized droplets asit is sprayed into
the mixing chamber. Upon entering the flame, the water in these dropletsis va-
porized. The remaining solid material must likewise be vaporized, and chemical
bonds must be broken to create free ground state atoms. Where theinitial droplet
sizeislarge, the sample vaporization and atomization process is more difficult to
completein the short timein which the sampleisexposed to the flame. Incomplete
sampl e vaporization and atomization will lead to increased susceptibility to ana-
Iytical interferences.

Impact devices are used to reduce droplet size further and to cause remaining
larger droplets to be deflected from the gas stream and removed from the burner
through the drain. Two types of impact device are used typically, impact beads and
flow spoilers.
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Impact bead systems are normally used to improve nebulization efficiency, the
percentage of sample solution converted to smaller droplets. The impact bead is
normally aspherical bead made of glass, silicaor ceramic. Glass or quartz impact
beads may belesscorrosion resistant and may cause more contamination problems
than more chemically inert ceramic beads.

The impact bead is positioned directly in the nebulizer spray asit exits the nebu-
lizer. The sample spray contacts the impact bead at high speed, causing some of
the larger dropletsto be broken up into smaller droplets. The design and position-
ing of the impact bead are critical in determining how well it will work. Properly
designed impact bead systems will improve nebulization efficiency and remove
many of the remaining large droplets from the spray. However, poorly designed
or positioned impact beads may have little or no effect on nebulization efficiency
and may be very inefficient at removing larger droplets from the spray. The in-
creased population of large dropletsin the aerosol may create undesirable effects,
including poorer precision and increased interferences. Additionally, burner sys-
temsusing an impact bead may exhibit memory problemswith high concentration
solutions or solutions with high dissolved solids content.

Thequality of animpact bead system can frequently be determined by theincrease
in sensitivity it providesfor selected elements. A poorly designed system will pro-
videimproved sensitivity for easily atomized elements simply because more sam-
pleistransported to the flame and less to the drain. However, there normally will
be little or no improvement in sensitivity for the less easily atomized elements. A
properly designed impact bead system will provide improved nebulization effi-
ciency and improved sensitivity for all elements.

Flow spoilers normally do not improve nebulization efficiency. The primary use
of aflow spoiler isto removetheremaining large dropletsfrom the sample aerosol.
The flow spoilers used in atomic absorption burner systems normally are placed
between the nebulizer and the burner head. They typically havethree or morelarge
vanesconstructed from or coated with acorrosion resistant material. Smaller drop-
letsaretransported through the open areas between the vaneswhilelarger droplets
contact the vanes and are removed from the aerosol.

For routine atomic absorption analyses where maximum sensitivity is not re-
quired, use of an efficient flow spoiler alone will provide the required analytical
stability and freedom from interference. A burner system optimized for maximum
sensitivity and performance should include both ahigh nebulization efficiency ce-
ramic impact bead and an efficient flow spoiler.



Atomic Absorption Instrumentation 2-17

Nebulizers, Burner Heads and Mounting Systems

Several important factors enter into the nebulizer portion of the burner system. In
order to provide efficient nebulization for al types of sample solution, the nebu-
lizer should be adjustable. Stainless steel has been the most common material used
for construction of the nebulizer. Stainless steel has the advantage of durability
and low cost but has the disadvantage of being susceptible to corrosion from sam-
ples with a high content of acid or other corrosive reagents. For such cases, nebu-
lizers constructed of a corrosion resistant material, such as an inert plastic,
platinum alloys or tantalum should be used.

Burner heads typically are constructed of stainless steel or titanium. All-titanium
heads are preferred as they provide extreme resistance to heat and corrosion.

Different burner head geometries are required for various flame or sample condi-
tions. A ten-centimeter single-slot burner head is recommended for air-acetylene
flames. A special five-centimeter burner head with a narrower slot is required
when anitrous oxide-acetyleneflameisto be used. Burner headsalso areavailable
for special purposes, such as use with solutions that have exceptionally high dis-
solved solids contents.

In addition to theflame, there are several optionsfor atomic absorption atomizers.
These options are discussed in detail in Chapter 4. Most of these options require
removal of the premix burner system and replacement by an alternate atomizer in
the spectrometer sample compartment. Since these alternate atomizers offer com-
plementary and extended analytical capahilities, it is likely that the analyst will
want to alternate between the use of flame AA and one or more of the other sys-
tems. A “‘quick change’” atomizer mount isan important item to facilitate conven-
ient changeover from one device to another without the use of tools. In addition
to convenience, a ‘‘quick change” mount may reduce or eliminate entirely the
need for realignment of the atomizer when it is replaced in the sample compart-
ment.

ELECTRONICS

Precision in Atomic Absorption Measurements

We have already discussed the effects of light energy on the precision of an atomic
absorption measurement. Theanalyst will havelittle control over these optical fac-
tors, as they are an inherent part of the instrument design. However, the analyst
can exercise some degree of control over precision by proper selection of integra-
tion time with flame atomic absorption.
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Observed precision will improve with the period of time over which each sample
is read. Where analyte concentrations are not approaching detection limits, inte-
gration times of one to three seconds will usually provide acceptable precision.
When approaching instrument detection limits where repeatability is poor, preci-
sion can be improved by using even longer integration times, up to 10 seconds.
In most instances; however, there is little advantage to using integration times
longer than 10 seconds. (To afirst approximation, improvement in signal:noisera-
tio is proportional to the square root of the ratio of integration times.)

Since the detection limit is defined based on the observed precision, the detection
limit also can be improved by increasing the integration time. The analyst, there-
fore, has control over the priorities for a particular analysis, maximum speed or
optimum precision and detection limits.

Currentinstruments offer statistical functionsfor averaging and cal cul ating stand-
ard deviation and relative standard deviation or coefficient of variation of replicate
measurements. These functions can be used to determinethe precision under vari-
ous experimental conditions, allowing the analyst to optimize method parameters
for each individual requirement.

Calibration of the Spectrometer

Most modern atomic absorption instruments include microcomputer-based elec-
tronics. The microcomputer provides atomic absorption instruments with ad-
vanced calculation capabilities, including the ability to calibrate and compute
concentrations from absorbance data conveniently and accurately, even for non-
linear calibration curves. In the linear region, data on aslittle as one standard and
ablank may be sufficient for defining the relationship between concentration and
absorbance. However, additional standards are usually used to verify calibration
accuracy. Where therel ationship becomes nonlinear, however, more standardsare
required. The accuracy of a calibration computed for a nonlinear relationship de-
pends on the number of standards and the equations used for calibration.

For the equation format which optimally fits atomic absorption data, it has been
experimentally shown that accurate calibration can be achieved with a minimum
of three standards plus a blank, even in cases of severe curvature. Figure 2-15il-
lustrates the accuracy of microcomputer-calculated results for cobalt with single
standard “‘linear’”” and three-standard “‘nonlinear’’ calibrations. After the instru-
ment was calibrated using the specified procedure, a series of standardswere ana-
lyzed. Figure 2-15 shows plots of the actual concentrations for those standards
versus the measured values for both calibration procedures. The results obtained
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with **linear” calibration are accurate only where the absorbance:concentration
relationship islinear, up to about 5 ng/mL. The results obtained with three-stand-
ard “‘nonlinear’’ calibration are still accurate at 30 ng/mL, significantly extending
the useful working range. For versatility, current instrumentsallow fitting of more
than three standards to these same basic equations.
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Figure 2-15. Cobalt Calibration Accuracy

AUTOMATION OF ATOMIC ABSORPTION

Automated Instruments and Sample Changers

One of the greatest contributions to the efficiency of the analytical laboratory is
the automated atomic absorption spectrometer. Automatic samplerswerethefirst
step infreeing the analyst from the monotonoustask of manually introducing each
and every sample.
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However, the real advancement in analysis automation came in the late 1970’s,
when automated multielement atomic absorption was introduced. In addition to
automatic sample introduction, these instruments offer automatic setup of instru-
ment parametersto preprogrammed values. Theseinstrument ‘‘programs’’ can be
accessed sequentially, making it possibleto analyze atray full of samplesfor mul-
tiple elements, without any operator intervention.

Automated Sample Preparation

While automated instrumentation has meant considerabl e time savingsto the ana-
lyst, analytical throughput (i.e., the number of samples which can be analyzed in
agiventime) frequently islimited by thetimerequired to preparethe sample. Even
when the sampleis available in a suitable solution form, there often are pretreat-
ment steps which must be performed prior to analysis. The introduction of com-
mercial systems based on techniques such as flow injection have directly
addressed the need for automated sampl e preparation capabilities. Flow injection
techniques can be used to automate relatively simple procedures such as dilution
or reagent addition. They can also be used to automate complex chemical pretreat-
ments, including analyte preconcentration and cold vapor mercury and hydride
generation procedures.

The Stand-alone Computer and Atomic Absorption

Stand-alone and personal computers have extended the automation and data han-
dling capabilities of atomic absorption even further. These computers can inter-
face directly to instrument output ports to receive, manipulate, and store data and
print reports in user selectable formats. Also, data files stored in personal com-
puters can be read into supplemental software supplied with the system or third
party software such as word processor, spreadsheet and database programs for
open-ended customization of data treatment and reporting.



CONTROL OF ANALYTICAL
INTERFERENCES

THE FLAME PROCESS

Atomic absorption is known as a very specific technique with few interferences.
The ultimate analytical method which isabsolutely free of any interferencesfrom
the nature of the samplewill probably never exist. Thenext best thing to not having
interferences is to know what the interferences are and how to eliminate them or
compensate for them. The interferences in atomic absorption are well-defined, as
are the means for dealing with them. In order to understand these interferences
thoroughly, we will examine what goes on in the flame atomization process of
atomic absorption.

In order to get the atomic absorption processto occur, we must produce individual
atoms from our sample which starts out as a solution of ions. This processisdia
grammed in Figure 3-1. First, by the process of nebulization, we aspirate the sam-

ple into the burner chamber,
M+ A (Solution) | where it mixes as a fine aero-
1) Nebulization . sol with the fuel and oxidant
. MT+A (Aerosol) | gases At thispoint, themetals

2) Desolvation - L :
MA (Solid) are still in solution in the f!ne
3) Liquefaction - o aerosol droplets. Asthesetiny
o MA (Liquid) droplets pass into the heat of
4) Vaporization MA (Gas) the flame, the process of
5) Atomization = evaporation or desolvation re-
M° + A° (Gas) moves the solvent and leaves
6) Excitation B . tiny solid particles of sample
N onizati M (Gas) material. As more heat is ap-
) lonization M+ e (Gas) plied, liquefaction will take
place, and additional heat will

vaporize the sample. At this
Figure 3-1. The flame process. "M™ is a metal point the metal of interest,

cation and "A™ is the associated anion. called the analyte, is still
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bound up with some anion to form a molecule which does not exhibit the atomic
absorption phenomenon we wish to measure. By applying still more heat energy,
thismolecule is dissociated into the individual atoms which make it up.

Sincethethermal energy from theflameisresponsiblefor producing the absorbing
species, flametemperatureisanimportant parameter governing theflame process.
Temperatures for some flames that have been used in atomic absorption are listed
in Table 3-1. Cooler flames are subject to more interference problems resulting
from insufficient energy for complete atomization. The two premix flames now
used almost exclusively for atomic absorption are air-acetylene and nitrous ox-
ide-acetylene. Whilethe air-acetyleneflameis satisfactory for the mgjority of ele-
ments determined by atomic absorption, the hotter nitrous oxide-acetylene flame
is required for many refractory-forming elements. The nitrous oxide-acetylene
flame is also effective in the control of some types of interference.

Table 3-1
Temperatures of Premix Flames

Oxidant-Fuel Temp., °C

Air-Methane 1850-1900
Air-Natural Gas 1700-1900
Air-Hydrogen 2000-2050
Air-Acetylene 2125-2400
N20O-Acetylene 2600-2800

The number of ground state metal atoms formed in step 5 of the flame process
(Figure 3-1) will determine the amount of light absorbed. Concentration is deter-
mined by comparing the absorbance of the sampleto that of aknown standard con-
centration. The relationship between the number of atoms in the flame and the
concentration of analyte in solution is governed by the flame process. If any con-
stituent of the sample alters one or more stepsof thisprocessfrom the performance
observed for astandard, an interferencewill exist, and an erroneous concentration
measurement will resultif theinterferenceisnot recognized and corrected or com-
pensated.

NONSPECTRAL INTERFERENCES

Interferences in atomic absorption can be divided into two general categories,
spectral and nonspectral. Nonspectral interferences are those which affect thefor-
mation of analyte atoms.
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Matrix Interference

Thefirst placein the flame atomization process subject to interference isthe very
first step, the nebulization. If the sample is more viscous or has considerably dif-
ferent surface tension characteristics than the standard, the sample uptake rate or
nebulization efficiency may be different between sample and standard. If samples
and standards are not introduced into the process at the same rate, it is obvious
that the number of atomsin thelight beam and, therefore, the absorbance, will not
correlate between the two. Thus, a matrix interference will exist.

An example of thistype of interference is the effect of acid concentration on ab-
sorbance. From Figure 3-2, it can be seen that as phosphoric acid concentration
increases (and the sample viscosity increases), the sample introduction rate and
the sampl e absorbance decrease. Increased acid or dissolved solids concentration
normally will lead to a negative error if not recognized and corrected. Matrix in-
terferences can also cause positive error. The presence of an organic solvent in a
samplewill produce an enhanced nebulization efficiency, resulting in anincreased
absorption. One way
of compensating for
this type of interfer-
ence is to match as
O Mg@x 105 m) closely aspossiblethe
A\ Cu(8x10-5m) major matrix compo-
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Figure 3-2. Matrix interference from viscosity effects. and blank in similar

concentrations.

Method of Standard Additions

There is a useful technique which may make it possible to work in the presence
of amatrix interference without eliminating the interferenceitself, and still make
an accurate determination of analyte concentration. The technique is called the
method of standard additions. Accurate determinations are made without elimi-
nating interferences by making the concentration calibration in the presence of the
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matrix interference. Aliquots of a standard are added to portions of the sample,
thereby allowing any interferent present in the sample to also affect the standard
similarly.

The standard additionstechniqueisillustrated in Figure 3-3. The solid line passing
through the origin represents atypical calibration line for a set of aqueous stand-
ards. Zero absorbance is defined with a water blank, and, as the concentration of
analyte increases, alinear increase in absorbance is observed.

L et usnow take equal aliquots of the sample. Nothing isadded to thefirst aliquot;

a measured amount of standard is added to the second; and a larger measured

amount isadded to thethird. Thefirst volume of added standard isusually selected

to approximate the anal yte concentration in the sample, and the second volumeis

normally twice the first

Absorbance No volume. However, for

7 Interference the method of standard

Spiked additions to be used ac-

Sample

curately, the absor-

sdueous  pances for all of the

solutions must fall

within the linear portion

of the working curve.

Finaly, all portions are

diluted to the same vol-

ume so that the final

20 20 o 0 w0 concentrations of the

Concentration original sample con-

stituents are the same in

each case. Only the

amount of added analyte

differs, and then by a
known amount.

Figure 3-3. The method of standard additions.

If no interference were present in this sample, aplot of measured absorbance ver-
sus the concentration of added standard would be parallel to the aqueous standard
calibration, and offset by an absorbance value resulting from the analyte present
in the unspiked sample. If some material is present in the sample which causes a
matrix interference, the number of ground state atoms producing atomic absorp-
tion will be affected, as will be the absorbance from the analyte in the unspiked
sample. However, the absorbance increase from added standard will also be
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changed by the same proportional amount since the concentration of interferent
isthe samein each solution. Therefore, astraight linewill still result, but because
of the interference, its slope will be different from that observed for the aqueous
standards.

In this situation, if the absorbance of the unspiked sample were to be compared
directly to the agueous calibration, an error would result. If, however, the slope
determined by the standard additionsto our sampleisused asthe calibration slope,
an accurate determination of the sample concentration can still be made. By con-
tinuing the concentration calibration on the abscissa backward from zero and ex-
trapolating the calibration line backward until it intercepts the concentration axis,
the concentration responsible for the absorbance of the unspiked sample isindi-
cated. An accurate determination has been made by calibrating in the presence of
the interference.

Properly used, the method of standard additions is a valuable tool in atomic ab-
sorption. The presence of aninterference can be confirmed by observing the slope
of the spiked sample calibration and determining whether or not it is parallel to
the agueous standard line. If it isnot, an interferenceis present. If an interference
is present, the method of standard additions may allow an accurate determination
of the unknown concentration by using the standard additions slope for the cali-
bration. Caution should be used with the technique, however, asit can fail to give
correct answerswith other typesof interference. The method of standard additions
will not compensate for background absorption or other types of spectral inter-
ference, and normally will not compensate for chemical or ionization types of in-
terference.

Chemical Interference

A second place whereinterference can enter into the flame processisin step num-
ber 5 of Figure 3-1, the atomization process. In this step, sufficient energy must
be available to dissociate the molecular form of the analyte to create free atoms.
If the sample contains a component which forms a thermally stable compound
with the analyte that is not completely decomposed by the energy availablein the
flame, a chemical interference will exist.

The effect of phosphate on calcium, illustrated in Figure 3-4, is an example of a
chemical interference. Calcium phosphate does not totally dissociate in an air-
acetylene flame. Therefore, as phosphate concentration is increased, the absor-
bance due to calcium atoms decreases.
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There are two means of deal- Ca + POy + 1000 pg/mL La

ing with this problem. One is L N
to eliminate the interference
by adding an excess of another
element or compound which
will also form athermally sta-
ble compound with the inter-
ferent. In the case of calcium,
lanthanum is added to tie up
the phosphate and allow the 0.7
calcium to be atomized, mak-
ing the cal cium absorbancein-

dependent of the amount of 0 o5 70 15 2.0
phosphate. Hg/mL P as POy

0.9

0.8

Hg/mL Ca

Thereisasecond approachto Figure 3-4. Interference of phosphate on
solving the chemical interfer- calcium.

ence problem. Since the prob-

lem arises because of insufficient energy to decompose athermally stable analyte
compound, the problem can be eliminated by increasing the amount of energy; that
is, by using ahotter flame. The nitrous oxide-acetylene flameis considerably hot-
ter than air-acetylene and can often be used to minimize chemical interferences
for elements generally determined with air-acetylene. The phosphate interference
on calcium, for instance, is not observed with a nitrous oxide-acetylene flame,
eliminating the need for the addition of lanthanum.

lonization Interference

There is athird mgjor interference, however, which is often encountered in hot
flames. Asillustrated in Figure 3-1, the dissociation process does not necessarily
stop at the ground state atom. If additional energy isapplied, the ground state atom
can be thermally raised to the excited state or an electron may be totally removed
from the atom, creating an ion. As these electronic rearrangements deplete the
number of ground state atoms available for light absorption, atomic absorption at
the resonance wavelength isreduced. When an excess of energy reducesthe popu-
lation of ground state atoms, an ionization interference exists.

| onization interferences are most common with the hotter nitrous oxide-acetylene
flame. In an air-acetylene flame, ionization interferences are normally encoun-
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tered only with the more easily ionized elements, notably the alkali metalsand al-
kaline earths.

lonization interference can be eliminated by adding an excess of an element which
isvery easily ionized, creating a large number of free electrons in the flame and
suppressing the ionization of the analyte. Potassium, rubidium, and cesium salts
are commonly used as ionization suppressants. Figure 3-5 shows ionization sup-

pression for the determination o5

of barium in a nitrous oxide-

H 553.5nm
acetylene flame. The increase o0al eyt
in absorption at the barium ' /*/
resonance line, and the corre- Y, /' 55350 RESONANCE
sponding decrease in absorp- z W’ B“R'UM{455'.3':\Tn ION LINE
tion at thebariumionlineasa § /
function of added potassium, g 0%y
illustrate the enhancement of [ \

- 0.1
Fhe ground' state speciesasthe ~, as5.40m
ion form is suppressed. By TTT—— o
adding 1000 mg/L to 5000 0 500 1000 1500 2000 2500 3000

mg/L potassium to all blanks,
standards and samples, the ef-
fectsof ionization can usually Figure 3-5. Effect of added potassium on
be eliminated. ionization.

pg/ml POTASSIUM ADDED

SPECTRAL INTERFERENCES

Spectral interferences are those in which the measured light absorption is errone-
ously high dueto absorption by a species other than the analyte element. The most
common type of spectral interference in atomic absorption is **background ab-
sorption.”’

Background Absorption

Background absorption arises from the fact that not all of the matrix materialsin
asample are necessarily 100% atomized. Since atoms have extremely narrow ab-
sorption lines, there are few problemsinvolving interferences where one element
absorbs at the wavel ength of another. Even when an absorbing wavelength of an-
other element falls within the spectral bandwidth used, no absorption can occur
unlessthe light source produces light at that wavelength, i.e., that element is also
present inthelight source. However, undissociated molecular forms of matrix ma-
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terialsmay have broadband absorption spectra, and tiny solid particlesintheflame
may scatter light over a wide wavelength region. When this type of nonspecific
absorption overlaps the atomic absorption wavel ength of the analyte, background
absorption occurs. To compensate for this problem, the background absorption
must be measured and subtracted from the total measured absorption to determine
the true atomic absorption component.

While now virtually obsolete, an early method of manual background correction
illustrates clearly the nature of the problem. With the *‘two line method’’, back-
ground absorption, which usually varies gradually with wavelength, was inde-
pendently measured by using a nonabsorbing emission line very close to the
atomic linefor the analyte element, but far enough away so that atomic absorption
was not observed, asillus-
trated in Figure 3-6. By sub-
tracting the absorbance meas-
ured at the nonabsorbing line
from the absorbance at the
atomic line, the net atomic ab-
sorption was calculated.
Nearby, nonabsorbing lines
are not always readily avail-
able, however, and inaccura-
cies in background correction
will result if the wavelength
for background measurement
is not extremely close to the
resonance line. Therefore, for Wavelength

accuracy, as well as conven-

ience, adifferent method was Figure 3-6. Two-line background correction.
needed.

Absorbance

Continuum Source Background Correction

Continuum source background correction is atechnique for automatically meas-
uring and compensating for any background component which might be present
in an atomi ¢ absorption measurement. Thismethod incorporates acontinuum light
source in amodified optical system, illustrated in Figure 3-7.

The broad band continuum (*‘white”’ light) source differs from the primary
(atomic line) source in that it emits light over a broad spectrum of wavelengths
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Figure 3-8. Atomic and background absorption with a primary (line) source and
a continuum (broadband) source.
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instead of at specific lines. From Figure 3-8, it can be seen that atomic absorption,
which occursonly at very discrete wavel engths, will not measurably attenuate the
emission from the continuum source. However, background absorption which has
very broad absorption spectra will absorb the continuum emission as well as the
line emission.

As shown in Figure 3-7, light

Primary Continuum Primary Continuum from both the prl mary and
continuum lampsis combined
50 57 BG BO and follows a coincident path
<<% <<% through the sample, through
AA AA themonochromator, and to the

N\ detector. The two lamps are
observed by the detector alter-
nately in time, and as illus-
trated in Figure 3-9,
instrument electronics sepa-

— rate the signals and compare
the absorbance from both
Figure 3-9. Simplified timing diagram. sources. An absorbance will
be displayed only where the
absorbance of the two lamps
differs. Since background ab-
sorption absorbs both sources
equally, it isignored. True
atomic absorption, which ab-
A sorbs the primary source
emission and negligibly ab-

sorbs the broad band contin-
1ppm Pb uum source emission, is still
i measured and displayed as

5% La usual.
as Lag0O4

in 25% HCI Figure 3-10 shows how back-
| ground absorption can be

I R automatically eliminated
Time — from the measured signal us-
ing continuum source back-
ground correction. In the ex-

Absorbance »

5% K
as KCI

Blank

B

Absorbance -

Figure 3-10. Automatic background correction.
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ample, alead determination is shown without background correction (A) and with
background correction (B). Both determinations were performed at the Pb 283.3
nm wavelength with 15x scale expansion and a 10-second integration time.

Continuum source background correction is widely applied, and except in some
very unusual circumstances, isfully adequatefor al flame AA applications. There
are some limitations to continuum source background correction, however, which
especially impact graphite furnace atomic absorption, to be discussed in later
chapters. These limitations are summarized in Table 3-2.

Table 3-2
Limitations of Continuum Source Background Correction

1. Requires additional continuum light source(s) and electronics.

2. Requires the intensities of the primary and continuum sources
to be similar.

3. Two continuum sources are required to cover the full wavelength
range.

4. Requires critical alignment of the continuum and primary sources
for accurate correction.
5. May be inaccurate for structured background absorption.

The fact that continuum source background correction requires two sources (pri-
mary and continuum) imposes convenience, economic, and performance consid-
erations on the use of the technique. The convenience and economic factors come
from the fact that the continuum source has afinite lifetime and must be replaced
on aperiodic basis. The performance factor originates from the fact that the back-
ground component of the absorption signal is measured from one source, while
the total uncorrected signal is measured with another. Thisleadsto the possibility
of inaccurate compensationif thetwo sourcesdo not view exactly the same portion
of theatom cloud, especially at higher background absorptionlevels. Finally, since
the two sources are spectrally different, background absorption exhibiting fine
spectral structure may attenuate the two sourcelampsto different degrees, leading
to inaccuracies in background correction for such cases.

Introduction to Zeeman Background Correction

For those applicationswhere the limitations of the continuum source approach are
significant totheanalysis, the Zeeman background correction system may be pref-
erable. Zeeman background correction usesthe principlethat the el ectronic energy
levels of an atom placed in astrong magnetic field are changed, thereby changing
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Figure 3-11. The Zeeman effect.
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Figure 3-12. Zeeman effect background
correction.

the atomic spectrawhich area
measure of these energy lev-
els. Whenanatomisplacedin
amagneticfieldanditsatomic
absorption profile observed
with polarized light, the nor-
mal single-line atomic ab-
sorption profileis split into
two or more components sym-
metrically displaced about the
normal position, asillustrated
in Figure 3-11. The spectral
nature of background absorp-
tion, on the other hand, isusu-
ally unaffected by a magnetic
field.

By placing the poles of an
electromagnet around the at-
omizer and making alternat-
ing absorption measurements
with the magnet off and then
on, the uncorrected total ab-
sorbance (magnet off) and
““background only’’ absor-
bance (magnet on) can be
made, asin Figure 3-12.

The automatic comparison
made by the instrument to
compensate for background
correctionissimilar to that for

the continuum source technique, except that only the one atomic line source is
used. Asaresult, there are no potential problemswith matching source intensities
or coincident alignment of optical paths. Also, background correction is made at
the analyte wavel ength rather than across the entire spectral bandwidth, as occurs

with continuum source background correction.

With Zeeman background correction, the emission profile of the line source is
identical for both AA and background measurements. As a result, most complex
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Figure 3-13. Zeeman vs. Continuum Background Correction. From
Letourneau, Joshi and Butler, At. Spectrosc. 8, 146 (1987).

structured background situations can be accurately corrected with Zeeman back-
ground correction. This can be seen in Figure 3-13, where background absorption
due to the presence of aluminum in agraphite furnace determination of arsenicis
completely compensated using Zeeman correction but produces erroneously high
results with continuum source background correction. Table 3-3 summarizes the
advantages of Zeeman effect background correction.

Table 3-3
Advantages of Zeeman Effect Background Correction

1. Corrects for high levels of background absorption.

2. Provides accurate correction in the presence of structured
background.

3. Provides true double-beam operation.

4. Requires only a single, standard light source.

5. Does not require intensity matching or coincident alignment
of multiple sources.

The examples used above to illustrate Zeeman effect background correction are
based onthe use of atransverse AC Zeeman system, the type most commonly used
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with commercial AA instrumentation. However, there are three types of Zeeman
effect background correction systems available on commercial atomic absorption
instruments: DC Zeeman, transverse AC Zeeman and longitudinal AC Zeeman.
These systems differ in the way the magnetic field is applied and by the means
used to measure the combined (atomic absorption plus background absorption)
and background absorption only signals. DC Zeeman systems use a permanent
magnet and a rotating or vibrating polarizer to separate the combined and back-
ground only signals. AC systemsuse an el ectromagnet, and measure the combined
and background only signals by turning the magnetic field on and off. The dif-
ference between transverse (magnetic field applied across the light path) and lon-
gitudinal (magnetic field applied along the light path) AC Zeeman systemsisthat
transverse systems uses afixed polarizer, while the longitudinal system does not
requireapolarizer. Theadvantagesand limitationsof each type of Zeeman system
are summarized in Tables 3-4 and 3-5 on the following page.

Other Spectral Interferences

If the atomic absorption profile for an element overlaps the emission line of an-
other, a spectral interferenceis said to exist. As has already been mentioned, this
is an infrequent occurrence, because of the very wavelength-specific nature of
atomic absorption. Even if an absorption linefor an element other than the analyte
but also present in the sample falls within the spectral bandpass, an interference
will occur only if an emission line of precisely the same wavelength is present in
the source. Asthetypical emission line width may be only 0.002 nanometers, ac-
tual overlapisextremely rare. The chancesfor spectral interferenceincreasewhen
multi-element lamps are used, where the source may contain close emission lines
for several elements. Particular care should be exercised when secondary analyti-
cal wavelengths are being used in a multi-element lamp. Procedures for circum-
venting spectral interference include narrowing the monochromator slit width or
using an alternate wavelength.

INTERFERENCE SUMMARY

The major interferences in atomic absorption include: (1) matrix interference, (2)
chemical interference, (3) ionization interference, and (4) background absorption.
For the first type, special considerations in sample preparation or the use of the
method of standard additions may compensate for the problemsgenerated. For the
second and third, addition of an appropriate releasing agent or ionization buffer
or changing the flame type used will normally remove the interference. For the
fourth, background absorption, aninstrumental correction techniquewill automat-
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ically compensate for the biasing effects. Application of the techniques described
here will make possible accurate atomic absorption determinationsin very com-
plex samples.

Table 3-4
DC Zeeman Systems

Advantages:
Less expensive to operate (lower power consumption)
Disadvantages:
Has poorer sensitivity and analytical working range relative
to AC Zeeman systems.
The polarizer reduces light throughput by as much as 50%,
affecting analytical performance.
A mechanical assembly is required to rotate or vibrate the
polarizer.

Table 3-5
AC Zeeman Systems

Advantages:
Offers better sensitivity and expanded analytical working
ranges relative to DC Zeeman systems.
No polarizer is required, so it provides higher light throughput
and improved analytical performance. (Longitudinal AC
Zeeman systems only)
Requires no additional mechanical devices.
Disadvantages:
Requires more electrical power than DC Zeeman systems, so has
higher operating expenses.
The polarizer causes reduced light throughput by as much as 50%,
affecting analytical performance. (Transverse AC Zeeman
systems only.)






HIGH SENSITIVITY
SAMPLING SYSTEMS

LIMITATIONS TO FLAME AA SENSITIVITY

Flame atomic absorptionisarapid and precise method of analysis. Determinations
of analyte concentrations in the mg/L concentration region are routine for most
elements. However, the need for trace metal analyses at ng/L and even sub ng/L
levels calls for a more sensitive technique.

For atomic absorption to occur, free ground state atoms must be placed in abeam
of light of awavelength corresponding to an appropriate el ectron transition of the
analyte. Any sampling process conceived must therefore address the process of
creating ground state atoms and directing them to the spectrometer light path.

In examining the flame AA process, we can find a number of areas limiting the
sensitivity of the technique. The absorbance depends on the number of atomsin
the optical path of the spectrometer at a given instant. The nebulization process,
which draws sample solution into the burner chamber at approximately 3-8 mil-
liliters per minute, limits the sample introduction rate, and, therefore, the amount
of sample available for transport to the flame. Further, the premix burner design,
which has been universally adopted due to its many desirable characteristics, has
the undesirable characteristic of being very wasteful of sample. Only asmall frac-
tion of the sample nebulized ever reaches the flame, with the remainder being di-
rected to the drain. Finally, that sample which is introduced into the flame is
resident in the light path for only a fleeting moment asiit is propelled upwards
through the flame.

Thesensitivity of atomic absorption can beimproved by addressing the limitations
of flame sampling. By improving the sampling efficiency and/or constraining ana-
lyte atoms to the light path for a longer period of time, a greater absorption for
the same analyte concentration can be achieved.
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THE COLD VAPOR MERCURY TECHNIQUE
Principle

Since atoms for most AA elements cannot exist in the free, ground state at room
temperature, heat must be applied to the sample to break the bonds combining at-
oms into molecules. The only notable exception to thisis mercury. Free mercury
atoms can exist at room temperature and, therefore, mercury can be measured by
atomic absorption without a heated sample cell.

In the cold vapor mercury technique, mercury is chemically reduced to the free
atomic state by reacting the sample with a strong reducing agent like stannous
chloride or sodium borohydridein aclosed reaction system. Thevolatilefree mer-
cury is then driven from the reaction flask by bubbling air or argon through the
solution. Mercury atoms are carried in the gas stream through tubing connected
to an absorption cell, which is placed in the light path of the AA spectrometer.
Sometimes the cell is heated slightly to avoid water condensation but otherwise
the cell is completely unheated.

Asthe mercury atoms pass into the sampling cell, measured absorbance risesin-
dicating theincreasi ng concentration of mercury atomsin thelight path. Some sys-
tems allow the mercury vapor to pass from the absorption tube to waste, in which
case the absorbance peaks and then falls as the mercury is depleted. The highest
absorbance observed during the measurement will be taken as the analytical sig-
nal. In other systems, the mercury vapor isrerouted back through the solution and
thesamplecell in aclosed loop. The absorbancewill riseuntil an equilibrium con-
centration of mercury isattained in the system. The absorbance will thenlevel off,
and the equilibrium absorbance is used for quantitation.

Theentirecold vapor mercury process can be automated using flow injection tech-
niques. Samplescan be analyzedin duplicate at the rate of about 1 sample per min-
ute with no operator intervention. Detection limits are comparable to those
obtained using manual batch processes. The use of flow injection systems also
minimizes the quantity of reagents required for the determination, further reduc-
ing analysis costs.
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Advantages of the Cold Vapor Technique

The sensitivity of the cold vapor technique isfar greater than can be achieved by
conventional flame AA. Thisimproved sensitivity isachieved, first of al, through
a 100% sampling efficiency. All of the mercury in the sample solution placed in
the reaction flask is chemically atomized and transported to the sample cell for
measurement.

The sensitivity can be further increased by using very large sample volumes.
Since all of the mercury contained in the sampleisreleased for measurement, in-
creasing the sample volume means that more mercury atoms are available to be
transported to the sample cell and measured. The detection limit for mercury by
this cold vapor technique is approximately 0.02 ng/L. Although flow injection
techniques use much smaller sample sizes, they provide similar performance ca-
pabilities, asthe entire mercury signal generated is condensed into amuch smaller
time period relative to manual batch-type procedures.

Where the need exists to measure even lower mercury concentrations, some sys-
tems offer an amalgamation option. Mercury vapor liberated from one or more
sample aliquotsin the reduction step istrapped on agold or gold alloy gauze. The
gauze is then heated to drive off the trapped mercury, and the vapor is directed
into the sample cell. The only theoretical limit to thistechnique would be that im-
posed by background or contamination levels of mercury inthereagentsor system
hardware.

Limitations to the Cold Vapor Technique

Of all of the options available, the cold vapor systemisstill the most sensitive and
reliable technique for determining very low concentrations of mercury by atomic
absorption. The concept is limited to mercury, however, since no other element
offersthe possibility of chemical reduction to avolatile free atomic state at room
temperature.

HYDRIDE GENERATION TECHNIQUE

Principle

Hydride generation sampling systems for atomic absorption bear some resem-
blancesto cold vapor mercury systems. Samples are reacted in an external system
with areducing agent, usually sodium borohydride. Gaseousreaction productsare
then carried to a sampling cell in the light path of the AA spectrometer. Unlike
the mercury technique, the gaseous reaction products are not free analyte atoms
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but the volatile hydrides. These molecular species are not capable of causing
atomic absorption. To dissociate the hydride gas into free atoms, the sample cell
must be heated.

In some hydride systems, the absorption cell is mounted over the burner head of
the AA spectrometer, and the cell isheated by an air-acetyleneflame. In other sys-
tems, the cell is heated electrically. In either case, the hydride gas is dissociated
in the heated cell into free atoms, and the atomic absorption rises and falls as the
atoms are created and then escape from the absorption cell. The maximum absorp-
tion reading, or peak height, or the integrated peak areaistaken as the analytical
signal.

Advantages of the Hydride Technique

The elementsdeterminable by hydride generation arelisted in Table4-1. For these
elements, detection limitswell below the ng/L range are achievable. Like cold va-
por mercury, the extremely low detection limits result from a much higher sam-
pling efficiency. In addition, separation of the analyte element from the sample
matrix by hydride generation is commonly used to eliminate matrix-related inter-
ferences.

Table 4-1
Hydride Generation Elements

As Bi Ge
Pb Sbh Se
Sn Te

The equipment for hydride generation can vary from simpleto sophisticated. L ess
expensive systems use manual operation and a flame-heated cell. The most ad-
vanced systems combine automation of the sample chemistries and hydride sepa-
ration using flow injection techniques with decomposition of the hydride in an
electrically-heated, temperature-controlled quartz cell.

Disadvantages to the Hydride Technique

Themajor limitation to the hydride generation techniqueisthat it isrestricted pri-
marily to the elementslisted in Table 4-1. Results depend heavily on avariety of
parameters, including the valence state of the analyte, reaction time, gas pressures,
acid concentration, and cell temperature. Therefore, the success of the hydride
generation technique will vary with the care taken by the operator in attending to
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the required detail. The formation of the analyte hydridesis also suppressed by a
number of common matrix components, leaving the technique subject to chemical
interference.

GRAPHITE FURNACE ATOMIC ABSORPTION

Principle

By far the most advanced and widely used high sensitivity sampling technique for
atomic absorption is the graphite furnace. In this technique, a tube of graphiteis
located in the sample compartment of the AA spectrometer, with the light path
passing throughit. A small volume of sample solution isquantitatively placed into
thetube, normally through a sampleinjection holelocated in the center of the tube
wall. Thetubeisheated through a programmed temperature sequence until finally
the analyte present in the sample is dissociated into atoms and atomic absorption
OCCuUrs.

As atoms are created and diffuse out of the tube, the absorbance rises and fallsin
a peak-shaped signal. The peak height or integrated peak areais used as the ana-
Iytical signal for quantitation.

Advantages of the Graphite Furnace Technique

Detection limits for the graphite furnace fall in the ng/L range for most elements.
The sampleisatomized in avery short period of time, concentrating the available
atoms in the heated cell and resulting in the observed increased sensitivity. Even
though this technique uses only microliter sample volumes, the small sample size
is compensated by long atom residence times in the light path. This provides de-
tection limits similar to the techniques discussed above which use much larger
samples.

The graphite furnace is much more automated than the other techniques. Even
though heating programs can be very sophisticated, the entire processisautomated
once the sample has been introduced and the furnace program initiated. Automat-
ic samplers make completely unattended operation for graphite furnace AA pos-
sible.

Early experiences with the graphite furnace were plagued with interference prob-
lems, requiring detailed optimization proceduresfor every sample to obtain accu-
rate results. However, extensive studies into the theory of the furnace technique
combined with the development of improved instrumentation have changed fur-
nace AA into a highly reliable, routine technique for trace metal analysis.
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The final and most obvious advantage of the graphite furnace isits wide applica-
bility. The graphite furnace can determine most el ements measurable by AA ina
wide variety of matrices. The importance of this technique requires a more de-
tailed discussion in the following chapters.



INTRODUCTION TO GRAPHITE
FURNACE ATOMIC ABSORPTION

CONSIDERATIONS IN ULTRA TRACE ANALYSIS

Performance Criteria

Differences in graphite furnace performance characteristics require redefinition
of some basic AA performance criteria. Since the magnitude of the graphite fur-
nace signal observed depends on analyte mass rather than concentration, the term
““characteristic mass'’ isused as ameasure of the sensitivity of the furnace. Char-
acteristic mass is analogous to characteristic concentration for flame AA except
that mass, rather than concentration, is related to absorbance. The characteristic
mass of an analyte is defined as the mass of analytein picogramsrequired to pro-
duce a peak height signal of 0.0044 absorbance or an integrated peak area signal
of 0.0044 absorbance-seconds (A»).

Similar to characteristic concentration for flame AA, characteristic mass may be
used asan indicator of instrument optimization. Typical characteristic massvalues
for a properly adjusted instrument are usually given in the instrument documen-
tation. Experimental values for characteristic mass (mg) can be determined for
comparison by measuring the peak area absorbance of a known mass of analyte
and calculating mg according to the following equation.

Mo (pg) = Sample vol. () x Analyte Conc. (hg/L) x 0.0044 AL
Observed Peak Area (A%s)

Note that for this equation to be valid, the analyte mass used to measure mg must
produce asignal inthelinear range of the calibration curve. By comparing the ex-
perimental value obtained from this equation to the reference value given in the
instrument documentation, the state of instrument optimization can be evaluated.
If the calculated mg is significantly greater than the reference value, adjustments
should be made to improve the sensitivity of the measurement. Calculated values
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for mg which are significantly lessthan the reference val ue, suggesting better than
specified sensitivity, may infact be awarning sign of analyte contamination in the
standard.

Another term characterizing graphite furnace instrument performance is *‘detec-
tion limit”’. Similar to flame AA, the detection limit is an indicator of the lower
limitsof analytedetectability andislimited by theinstrument signal-to-noiseratio.
Graphite furnace detection limits are usual ly stated in mass units (pg) rather than
concentration units, again reflecting the furnace signal’ s dependency on analyte
mass, rather than concentration. However, in real analytical situations the detec-
tion limit will depend both on the system sensitivity (characteristic mass) and the
maximum sample size which can be accommodated.

Graphite Furnace Applications

The sensitivity of graphite furnace atomic absorption makesit the obvious choice
for trace metal analysis applications. Routine determinations at the ng/L level for
most elements make it ideal for environmental applications. Advances in instru-
mentation and techniques have made it possible to analyze very complex sample
matrices, such as those frequently found in biological and geological samples.
The microliter sample sizes used offer additional benefits where the amount of
sample available for analysisis limited, asin many clinical analyses.

COMPONENTS OF THE GRAPHITE FURNACE SYSTEM

The graphite furnace is made up of three major components, the atomizer, the
power supply, and the programmer. The atomizer is located in the sampling com-
partment of the atomic absorption spectrometer, where sample atomization and
light absorption occur. The power supply controls power and gas flows to the at-
omizer under the direction of the programmer, which is usually built into the
power supply or spectrometer. A description of each of these major components
follows.

The Graphite Furnace Atomizer

A basic graphite furnace atomizer is comprised of the following components:

- graphite tube

- electrical contacts

- enclosed water cooled housing
inert purge gas controls



Introduction to Graphite Furnace Atomic Absorption 5-3

A graphite tube is normally the heating element of the graphite furnace. The cy-
lindrical tube is aligned horizontally in the optical path of the spectrometer and
serves asthe spectrometer sampling cell. A few microliters (usually 5-50) of sam-
ple are measured and dispensed through a hole in the center of the tube wall onto
the inner tube wall or a graphite platform. The tube is held in place between two
graphite contact cylinders, which provide el ectrical connection. An electrical po-
tential applied to the contacts causes current to flow through the tube, the effect
of which is heating of the tube and the sample.

Theentireassembly ismounted within an enclosed, water-cooled housing. Quartz
windows at each end of the housing allow light to pass through the tube. The
heated graphite is protected from air oxidation by the end windows and two
streams of argon. An external gas flow surrounds the outside of the tube, and a
separately controllableinternal gasflow purgestheinside of the tube. The system
should regulate the internal gas flow so that the internal flow isreduced or, pref-
erably, completely interrupted during atomization. Thishel psto maximize sample
residence time in the tube and increase the measurement signal. Figure 5-1 illus-
trates one type of atomizer assembly, a longitudinally-heated furnace.
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Figure 5-1. Longitudinally-heated graphite furnace atomizer.
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The tube in Figure 5-1 is heated by passing electrical current from the graphite
contacts at the ends of the tube through the length of the tube. Thistype of furnace
issimilar to the original design of Massmann, whichisthe basisfor most currently
available commercial graphite furnace systems.

The longitudinally-heated furnace hasamajor liability. The electrical contacts at
each end of the tube must be cooled. Asaresult, there must always be atempera-
ture gradient along the length of the tube, the tube ends adjacent to the electrical
contactsbeing cooler than the central portion. Thistemperature gradient can cause
vaporized atomsand mol eculesto condense asthey diffuseto the cool er tube ends.
This may produce interferences, the most common type being the incompl ete re-
moval of analyte or matrix from the tube. Incomplete removal of matrix during
pyrolysis can increase the magnitude of background absorption during atomiza-
tion. Incomplete removal of analyte during atomization ismore serious. It creates
"carryover" or "memory", wherein a portion of the analyte in the current sample
remainsin the tube and contributesto the analytical signal for the following sam-
ple. This produces erroneously high analytical results and poor precision.

To minimize carryover, most longitudinally-heated furnace heating programs use
one or more cleanout steps after the atomization step. A cleanout step involvesthe
application for several seconds of full internal gas flow and a temperature equal
to or greater than that used for atomization to remove residual sample components.
While this technique works well for the more easily atomized analytes, it is not
always successful with those analytes that require higher atomization tempera-
tures. The use of a high temperature cleanout step may also reduce tube lifetime.

The transversely-heated graphite furnace eliminates many of the problems asso-
ciated with the longitudinally-heated furnace. The graphite tube of the trans-
versely-heated furnace, shownin Figure5-2, includesintegral tabswhich protrude
from each side. These tabs are inserted into the electrical contacts. When power
isapplied, thetubeisheated acrossits circumference (transversely). By applying
power in this manner, the tube is heated evenly over its entire length, eliminating
or significantly reducing the sample condensation problems seen with longitudi-
nally-heated furnace systems.

An additional advantage of thetransversely-heated furnaceisthat it allowstheuse
of longitudinal Zeeman-effect background correction. Asdescribed in Chapter 3,
longitudinal Zeeman offersall of the advantages of transverse Zeeman correction
without the need to include a polarizer in the optical system. This providesasig-
nificant improvement in light throughput.
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Figure 5-2. A graphite tube for a transversely-heated furnace.

The Graphite Furnace Power Supply and Programmer

The power supply and programmer perform the following functions:

- electrical power control

- temperature program control
- gas flow control

- spectrometer function control

The power supply controls the electrical current supplied to the graphite tube,
which causes heating. Thetemperature of thetubeiscontrolled by auser-specified
temperature program. Through the programmer the operator will enter asequence
of selected temperatures vs. time to carefully dry, pyrolyze, and finaly atomize
the sample. The program may also include settings for the internal inert gas flow
rate and, in some cases, the selection of an alternate gas. Certain spectrometer
functions, such as triggering of the spectrometer read function, also may be pro-
grammed and synchronized with the atomization of the sample in the furnace.

SUMMARY OF A GRAPHITE FURNACE ANALYSIS

A graphitefurnaceanalysis consists of measuring and dispensing aknown volume
of sampleinto the furnace. The sample isthen subjected to a multi-step tempera-
ture program. When the temperatureisincreased to the point where sample atomi-
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zation occurs, the atomic absorption measurement is made. Variables under op-
erator control include the volume of sample placed into the furnace and heating
parameters for each step. These parameters include:

1) temperature final temperature during step

2) ramp time time for temperature increase

3) hold time time for maintaining final temperature
4) internal gas gas type and flow rate

In addition to the above, spectrometer
control functions can be programmed
to occur at specified times within the
graphite furnace program. While the
number of steps within each program
isvariable, 6 stepsmake up thetypical
graphite furnace program. These
stepsinclude:

2500

2000 Step \

1500 —

Temperature (°C)

1) Drying 1000
2) Pyrolysis Ramp
3) Cool down (optional)
4) Atomization 500 [~
5) Clean out Ramp
6) Cool down

N et . e st
Figure 5-3 illustrates atypical graph- Dry Pyrolyze  Atomize
ite furnace program. The following Time —»-
paragraphswill discuss each operator
controlled variable, and how they
may affect the analysis.

Figure 5-3. A graphite furnace
temperature program.

Sample Size

Since the graphite furnace signal depends on analyte mass, the operator has an ef-
fective degree of control on measured absorbance by controlling the sample vol-
ume. Larger volumes of sample solution contain more analyte and result in greater
signals. The analytical range of furnace analysis can therefore be controlled, to
some extent, by varying sample volume. For very low concentrations, the maxi-
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mum volume of analyte can be used, while for higher concentrations, the sample
volume can be reduced. Smaller sample volumes can a'so be used where sample
availability islimited or where background absorption is excessively large.

The maximum volume of sample usable will depend on the tube configuration.
Wherethegraphite platformisnot used, samplevolumesupto 100 nl can be used,
depending on the type of tube and sample. With the platform in place, a sample
volume of lessthan 50 nl isrecommended. A convenient sample volumefor most
analysesis 20 nlL. Wherelarger volumes arerequired, i.e., for improved detection
limits, multipleinjections can be used with appropriate drying and pyrolysis steps
between each injection to increase the effective sample size.

The use of an autosampler is strongly recommended for dispensing samplesinto
agraphite furnace. While skilled operators may obtain reasonabl e reproducibility
by manual injection on a short term basis, autosamplers have been proven to pro-
vide superior results. With many graphite furnace systems, autosamplers can al'so
generate working standards from stock standard solutions; add appropriate re-
agents; and provide method of additions analyses or recovery measurements, all
automatically.

The Drying Step

After thesampleisplaced inthefurnace, it must be dried at asufficiently low tem-
perature to avoid sample spattering, which would result in poor analytical preci-
sion. Temperatures around 100-120 °C are common for agueous solutions.

Useof atemperature*‘ramp’’ providesavariabletime over which thetemperature
isincreased. A longer ramp time provides a slower, more ‘‘gentle’” increase in
heating. When a platform is used, the temperature lag of the platform versus the
tubewalls providesanatural *‘ramping’’ effect. Therefore shorter ramp times are
usually used with the platform. Longer ramp times are used when the sample is
to be atomized from the tube wall.

After the temperature ramp, the furnaceis held at the sel ected drying temperature
until drying iscomplete. Since only afew microliters of sample are used, the dry-
ing ““hold” timeisusually less than a minute.

During thedrying process, theinternal gasflow normally isleft at itsdefault maxi-
mum value (250-300 mL per minute) to purge the vaporized sol vent from the tube.
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The Pyrolysis Step

The purpose of the pyrolysis step (sometimesreferred to asthe ashing, char or pre-
treatment step) is to volatilize inorganic and organic matrix components selec-
tively from the sample, leaving the analyte element in a less complex matrix for
analysis. During this step, the temperatureisincreased as high aspossibleto vola-
tilize matrix components but below the temperature at which analyte loss would
occur.

The temperature selected for the pyrolysis step will depend on the analyte and the
matrix. Suggested temperatures normally are provided in the documentation sup-
plied with the graphite furnace. Theinternal gasflow isagain left at 250-300 mL
per minutein the pyrolysisstep, to drive off volatilized matrix materials. For some
sampletypes, it may be advantageousto changetheinternal gas, e.g., to air or oxy-
gen, during the pyrolysis step to aid in the sample decomposition.

The Pre-atomization Cool Down Step

With longitudinally-heated furnaces, it isfrequently advantageousto cool the fur-
nace prior to atomization since the heating rate is a function of the temperature
rangeto be covered. Asthetemperature rangeisincreased, therate of heating also
increases. The use of acool down step prior to atomization maximizesthe heating
rate and extends the isothermal zone within the tube immediately after heating.
The extended isothermal zone has been shown to improve sensitivity and reduce
peak tailing for anumber of elements, including those which characteristically are
difficult to atomize in the graphite furnace.

A pre-atomization cool down step normally isnot required for transversely-heated
furnaces as the isothermal zone extends the length of the tube with that type of
system.

The Atomization Step

The purpose of the atomization step isto produce an atomic vapor of the analyte
elements, thereby allowing atomic absorption to be measured. Thetemperaturein
this step isincreased to the point where dissociation of volatilized molecular spe-
Cies occurs.

The atomization temperature is a property of the analyte element. By following
recommended proceduresof analysis, itisusually possibleto usethetemperatures
provided in the graphite furnace documentation without further optimization.
Care should betaken to avoid the use of an excessively high atomization tempera-
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ture, asthe analyte residence time in the tube will be decreased and aloss of sen-
sitivity will occur. Also, the use of excessively high atomization temperatures can
shorten the useful lifetime of the graphite tube.

For atomization, it isdesirable to increase the temperature as quickly as possible.
Therefore, ramp timesnormally will be set to minimum val uesto providethe high-
est heating rate. It also isdesirableto reduce or, preferably, to totally interrupt the
internal gas flow during atomization. This increases the residence time of the
atomic vapor in the furnace, maximizing sensitivity and reducing some interfer-
enceeffects. At the beginning of thisstep, the spectrometer “‘read’’ functionistrig-
gered to begin the measurement of light absorption.

The Clean Out and Cool Down Steps

After atomization, the graphite furnace may be heated to still higher temperatures
to burn off any sample residue which may remain in the furnace. An optional cool
down step then allows the furnace to return to near ambient temperature prior to
the introduction of the next sample. With some systems, a preset cool down step
isautomatically included in each furnace cycle, and need not be programmed sepa-
rately.

FAST FURNACE ANALYSIS

The most time consuming portions of a graphite furnace AA analysisare the dry-
ing and pyrolysis steps. Analysts have long sought some meansto reduce or elimi-
nate the time required for these pretreatment stages. For years, an inability to
compensate for the high background signals generated with incompl ete pretreat-
ment and matrix-related interferences precluded reducing the time required for
these steps.

The situation changed dramatically with the introduction of two developments:
Zeeman effect background correction and Stabilized Platform Graphite Furnace
(STPF) technology, which isdescribed in detail in Chapter 6. Zeeman effect back-
ground correction is far superior to continuum source background correction in
its ability to correct accurately for high levels of background absorption. The use
of STPF technology provides almost constant characteristic mass values inde-
pendent of sample matrix. The combination of these two techniques was the key
to providing faster graphite furnace analyses.
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In fast furnace analysis, the pyrolysis step and matrix modification are usually
eliminated. The drying step is minimized by injection of the sample onto a pre-
heated platform. Drying time is also minimized by using as small a sample size
as possible consistent with the required analytical precision and detection limits.

To further reduce the furnace program time, the cool down step at the end of the
program is frequently reduced or eliminated. Thisis possible since most furnace
systems typically require 20 seconds or more between the end of a temperature
program and the point at which the next sampleisready to be introduced into the
furnace. That 20 second period is usually sufficient to allow the furnace to cool
reproducibly to the preheated drying temperature required for the next sample.

Using these procedures, typical furnace program times frequently can be reduced
from 2-4 minutesto 30 seconds or |less per determination, aconsiderabletime sav-
ings, without sacrificing analytical precision or accuracy.

Fast furnace analysis techniques are not compatible with all AA instrumentation.
Tofully realizethe benefits of fast furnace analysis, the instrumentati on used must
provide Zeeman background correction, be capable of handling very high absor-
bance measurements and be compatible with the requirements of STPF technol-
ogy. Also, thefast furnace technique may not be compatiblewith all sampletypes.
Very complex matrices may still require at least a short pyrolysis step and use of
amatrix modifier for optimum results.

MEASURING THE GRAPHITE FURNACE AA SIGNAL

Nature of the Graphite Furnace Signal

In flame atomic absorption, the absorption signal is steady state. That is, aslong
as solution is aspirated into the flame, a constant absorbance is observed. For
graphite furnace analyses, however, the signal istransient. Asatomization begins,
analyte atoms are formed and the signal increases, reflecting the increasing atom
populationinthefurnace. Thesignal will continuetoincreaseuntil therate of atom
generation becomes|essthan therate of atom diffusion out of thefurnace. At that
point, the falling atom population results in a signal which decreases until all at-
oms are lost and the signal hasfallen to zero. To determine the analyte content of
the sample, the resulting peak-shaped signal must be quantitated.
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Peak Height Measurement

For many years, measuring the height of the transient signal wasthe only practical
means for quantitating furnace results. The constantly changing signal was moni-
tored on a strip chart recorder, and peak height was measured manually in chart
divisions. Later instrumentation allowed peak height to be measured directly by
electronic means.

While peak height does depend on the analyte concentration in the sample, it is
also affected by other factors. Peak height isonly ameasure of the maximum atom
population which occurred in the furnace during atomization. If matrix compo-
nents in the sample affect the rate of atom formation, the maximum atom popu-
lation and the peak height are also affected, as shown in Figure 5-4 for the
determination of lead in blood. While the two solutions contain identical amounts
of lead (0.2 ng), the peak shapes and appearance times are dramatically different.

o

/ Blood (0.2 ng) 0.075 A's

_— Standard (0.2 ng) 0.074 A's
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Figure 5-4. Effect of matrix on peak height and area.

This susceptibility to matrix effects makes graphite furnace AA vulnerableto in-
terferences when peak height measurement is used for quantitation. Therefore,
peak height measurements are seldom used with modern graphitefurnace AA sys-
tems.
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Peak Area Measurement

M odern instrumentation providesthe capability to integrate absorbance during the
entire atomization period, yielding asignal equal to the integrated peak area, that
is, the areaunder the peak signal. If the temperature in the furnaceis constant dur-
ing the measurement process, the peak areawill represent acount of all atomspre-
sent in the sample aliquot, regardless of whether the atoms were generated early
or late in the atomization process. Integrated peak area measurements (A-s) are
independent of the atomization rate, and are therefore much less subject to matrix
effectsas shown in Figure 5-4. Asaresult, peak areais preferred for graphite fur-
nace analysis.

SOLID SAMPLING WITH THE GRAPHITE FURNACE

The ability to analyze solid samples directly with little or no sample preparation
offersanumber of potential benefits. It reducestotal analysistime, minimizesthe
potential for contamination or analyte loss, and reduces the cost of sample pre-
treatment reagents and their disposal.

The first published information on the use of graphite furnace AA for the direct
analysis of solid samples appeared in 1971. However, the technique was fraught
with problems. The small sample sizesrequired (1-2 mg) frequently were not rep-
resentative of the original sample due to inhomogeneous distribution of the ana-
lyte. Samples were difficult to handle as insertion of the sample into the furnace
was a cumbersome, manual procedure. Analytical results frequently were not re-
producible as each replicate had to be sampled, weighed and transferred sepa-
rately. Finding a suitable means of calibrating the determination varied from
difficult to impossible. Aqueous standards or the method of additions frequently
could not be used. Matrix-matched standards (if available) wererequired for many
determinations.

Today, many of the problems associated with solid sampling with the graphite fur-
nace have been overcome. The key to removing the previous limitations was the
development of slurry sampling. With slurry sampling, the sample is reduced to
afine powder, usually by freeze-drying or grinding depending on the sampletype.
The powder isweighed directly into an autosampler vial, and a measured amount
of liquidisadded. Thevial isthen placed into the tray of the furnace autosampler.
Just prior to the analysis, the mixtureisagitated to form aslurry. Most commonly,
the agitation is performed using an ultrasonic probe. The slurry is then sampled
by the autosampler capillary.
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Slurriescan be analyzed exactly asthough they weretrue solutions. Replicatescan
bemeasured from the same samplevial. Matrix modifiersand spikes can be added.
Sample size can be varied conveniently. True Stabilized Temperature Platform
Furnace (STPF) conditions are maintained, allowing calibration against simple
agueous standards.

Even with slurry sampling, however, some limitations remain. Although alarger
portion of the original sampleisweighed relativeto direct solid sampling, sample
homogeneity problems can still occur. Particle size may affect reproducibility and
accuracy if it isinconsistent or too large. The degree to which the solvent used
may extract the analyte can also affect analytical results. However, the major hur-
dles to solid sampling with the graphite furnace have been overcome.






CONTROL OF GRAPHITE
FURNACE INTERFERENCES

INTERFERENCES AND THE GRAPHITE FURNACE

Intheearlier daysof thetechnique, graphitefurnace atomic absorption waswidely
recognized as a highly interference-prone technique. In spite of this, much good
analytical work was done on the furnace by careful method development and at-
tention to the potential interferences. Therole of the graphite furnace asaroutine
analytical tool, however, was severely impaired by its susceptibility to interfer-
ence.

At first, the interferences were accepted as being an unavoidable part of the tech-
nique, and procedures were developed for observing and compensating for the bi-
asing effects. L ater research into the mechanismsof thegraphitefurnacetechnique
resulted in a better understanding of the causes of the interferences. New instru-
mentation and analytical procedures were developed which avoided the condi-
tionsfound to be the source of theinterference problems. With today’ s procedures
and instrumentation, the graphite furnace has, in fact, become a relatively inter-
ference-free technique.

Itisimportant to note that the successful solution to theinterference problem does
not involve just a change in instrument design. Many of yesterday’ s graphite fur-
nace proceduresinvolved recommendationswhich areactively discouraged today.
Itistheauthors' observation that asignificant population of graphitefurnaceusers
is applying yesterday’ s procedures to today’ s instrumentation, thereby failing to
realizethefull benefit of the newer devel opments. The following discussionis of -
fered to provide insight into the factors affecting furnace measurements, in the
hopethat thisunderstanding will result in amorewidespread realization of the po-
tential inherent in current graphite furnace technol ogy.

The discussion of interferencesis divided into two broad categories, spectral and
nonspectral interferences. Spectral interferences are those resulting from light ab-
sorption by molecules or by atoms other than those of the analyte element. Non-
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spectral interferences are those which affect the production or the availability of
analyte atoms which create the measured atomic absorption.

SPECTRAL INTERFERENCES

Emission Interference

Emission interference ariseswhen ‘‘black body’’ radiation (the intense light emit-
ted by the hot graphite tube or platform) reaches the instrument’s light detector,
the photomultiplier tube (PMT). This problem is manifested by increased signal
variability (noise) which degrades analytical performance. In severe circum-
stances, emissioninterference may temporarily blindthe PMT, resulting in erratic,
meaningless readings at atomization.

The potential for observing emission interference varieswith analyte wavelength,
increasing at longer wavelengths. Asseenin Figure 6-1, theemission fromthefur-
nace is a continuum, with maximum intensity in the near infrared wavelength re-
gion. Elements determined at UV
wavelengths, such aszinc at 213.9
nm, are not particularly suscepti-
ble to emission interference. How-
ever, chromium, at 357.9 nm, and
calcium, at 422.7 nm, are more
greatly affected. Barium, at 553.6
nm, is especially vulnerable.
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Whileinstruments are designed to deal effectively with the emission interference
problem, analyst attention to furnace alignment and maintenanceis still required.
If the graphite furnaceis misaligned in the spectrometer optical path, the graphite
tube wall or platform may be brought back into the field of view of the PMT,
thereby negating theinstrument’ s optical design and causing areoccurrence of the
emission problem. Cleanliness of the graphite furnace and spectrometer sample
compartment windows al so must be maintained to prevent light scattering, which
might deflect black body radiation into the line of sight of the PMT. Finally, and
possibly most important, the atomization temperature used should be no higher
than required for efficient analyte atomization. Thiswill minimize the black body
emission from the tubewall and platform and also prolong the lifetime of the tube
and platform.

Background Absorption

The most severe spectral interference problem encountered with graphite furnace
analysesis ‘‘background absorption’’. Background absorption is anonspecific at-
tenuation of light at the analyte wavelength caused by matrix components in the
sample. Unlike atomic absorption, background absorption is broad band, some-
times covering tens or even hundreds of nanometers. This broad band absorption
normally is due to molecular absorption or light scattering caused by undissoci-
ated sample matrix components in the light path at atomization.

Since background absorption is broad band, the chance of overlap with adesired
analyte wavelength is significant. Techniques for controlling background absorp-
tion must, therefore, be applied for ailmost all graphite furnace work. These tech-
niquesinclude reduction of background absorption through sasmpletreatment (i.e.,
matrix modification) and furnace control procedures, and spectral compensation
for background absorption through optical background correction techniques.

Background Reduction Techniques

The purpose of the pyrolysis step in the graphite furnace program is to volatilize
matrix components from the sample. If this process were 100% efficient, that is,
if all of the matrix could be driven off during pyrolysis, there would be no back-
ground absorption since the sample components which cause background would
beremoved prior to atomization. Analyte atoms, however, must not belost during
pyrolysis. Therefore, the pyrolysis temperature and the effectiveness of the pyro-
lysisstep in matrix removal are limited by the temperature at which analyte atoms
arelost.
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The degree of completeness of matrix removal during pyrolysis will depend on
the relative volatilities of the matrix components and the analyte. It is desirable
that the matrix be more volatile than the analyte, so that the bulk of the sample
material can be driven off at a pyrolysis temperature where no analyte islost.

The relative volatilities of the matrix and analyte can frequently be controlled
through a procedure known as ‘‘matrix modification’’. Through matrix modifica-
tion, areagent or “‘matrix modifier” is added to the sample. The matrix modifier
is selected to generate either an increased matrix volatility or decreased analyte
volatility.

One of the first published matrix modification procedures is illustrated in Table
6-1. While superior matrix modifiers have since been identified for the removal
of NaCl (e.g., ammonium phosphate), this early example provides a clear illus-
tration of how matrix modifiers function. The procedure involves the addition of
ammonium nitrate to samples with a high sodium chloride matrix. Sodium chlo-
rideisarelatively nonvolatile compound, requiring pyrolysis temperatures which
would result in theloss of many analytes. By adding ammonium nitrate, however,
the sample matrix is converted to more volatile components which can be driven
off with high efficiency at lower pyrolysis temperatures.

Table 6-1
Matrix Modification Using NH4NO3

Reaction: NaCl + NH4NO3 ® NaNO3 + NH4Cl

Decomposition Temperatures (°C):

NaCl 1400
NH4NO3 210
NaNO3 380
NH4Cl 330

Other classical procedures for matrix modification involve addition of a matrix
modifier which renders the analyte less volatile, allowing the use of higher pyro-
lysis temperatures for more thorough matrix removal. One such example, illus-
trated in Figure 6-2, is the addition of nickel nitrate for selenium determinations.
Selenium as an analyteis highly volatile in most media. In the presence of nickel,
however, selenium can be heated to temperatures of 900 °C or more without |oss.
Thiscan allow removal of the sample matrix, which could otherwise not bedriven
off without loss of selenium.



Control of Graphite Furnace Interferences 6-5

020
B
A
(] -
o) 0.15
prad
3
¢ 0.10 |-
O .
g A=2ng Se in
< 005 |- Deionized Water
B= A+ 20ug Ni
| | | | 1 | 1 J

200 400 600 800 1000 1200 1400 1600
CHARRING TEMP. °C

Figure 6-2. Ni matrix modification for Se determination.

The use of mixed modifiers, such as palladium plus magnesium nitrate, isnow rec-
ommended for many graphite furnace determinations. Mixed modifiers may pro-
vide superior results and, while not universally applicable, frequently can be used
effectively with avariety of different elements.

Varying the samplevolumeisalso an effective means of background control when
sensitivity isnot limited. Larger sample volumes contain agreater number of ana-
lyteatoms, and therefore, improvethe ability to detect |ow analyte concentrations.
However, larger sample volumes contain more of the other sample components,
aswell. Where high background absorption is limiting the quality of the analysis,
it is frequently desirable to reduce the sample size, thereby reducing the mass of
the background-producing matrix components with a corresponding reduction in
background absorption.

Another procedure that can minimize the effects of background absorption in-
volves modification of the atomization step of the furnace temperature program.
For example, one might use a different atomization temperature to remove the
sample components that contribute to background absorption prior to the analyte
atomization.

Asthe degree of background absorption is wavelength dependent, an alternative
technique to minimize background absorption is to use a different absorption
wavel ength where one exists and sensitivity requirementswill allow. Asageneral
rule-of-thumb, background absorption is usually greater at lower wavelengths.
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Automatic Instrumental Background Correction

Seldom will the analyst be successful in completely eliminating background ab-
sorption through the techniquesdescribed above. Therefore, itisusually necessary
to compensate for residual background to obtain unbiased analytical results, as
discussed in Chapter 3.

Continuum source background correction was the first automatic means of com-
pensating for residual background. Continuum source background correction em-
ploys the use of a continuum source to measure the contribution of background
to thetotal measured signal. I nstrument el ectronicsthen automatically removethe
unwanted background contribution, providing a background corrected AA result.

Most good continuum source background correction systems can be used with
combined atomic absorption plus background absorption signals up to 2 absor-
bance units. However, for best analytical resultsit normally is desirable to main-
tain background absorption below 0.5-1 absorbance. At higher background
absorption levels instrument noise increases and poorer analytical precision and
accuracy may result. For complex matrices, therefore, it is advisable to optimize
the furnace program, sample volume, and other procedures carefully to reducethe
observed background to reasonable levels.

Zeeman-effect background correction offers a number of advantages compared
with continuum source background correction. Properly designed Zeeman-effect
background correction systems measure the background absorption signal at ex-
actly the samewavel ength and absorption bandwidth asthe atomic absorption sig-
nal. Zeeman correction systems can therefore correct for higher and more
spectrally complicated background absorption and provide more precise and ac-
curate analytical results. They are also usablefor all elementsat all wavelengths.

Interpolated Background Correction

Regardless of the background correction system being used, the spectrometer al-
ternates between measuring the background signal and the uncorrected back-
ground plus AA signal. The corrected AA signal isthen calculated as:

[AA] = [AA+BG] - [BG]

Itisimportant to note that the uncorrected [AA+BG] and background [BG] meas-
urements are not made at precisely the same point in time, asillustrated in Figure
6-3. For flame AA thishaslittleimpact, since flame signals are steady state. How-
ever, with the graphite furnace, background and atomic absorption signals are
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changing rapidly as the at-

omization process pro- Primary Continuum Primary Continuum
ceeds. This means that the
background measured in 77 2% e pe
the uncorrected total signal <<<< <<%
[AA+BG] and the back- AA AA
ground during the back- N
ground only measurement
[BG] arenot necessarily the
same. Therefore, the cor-
rected signal [AA] calcu-
lated according to the =— —
previous equation may not
be accurate if a correction
for the timing offset is not
made.

To compensate for this timing problem, an interpolation technique, similar to that
illustrated in Figure 6-4, can be used to determine the background present at the
time that the total uncorrected signal was measured. With an interpolation tech-
nique, [BG] readings taken before and after the [AA+BG] reading are used to
mathematically estimate the[BG] reading at the sametime asthe [AA+BG] read-
ing. Thistechniqueimprovesthe accuracy of correction when the background ab-
sorption varies
significantly with time.

Figure 6-3. Background corrector timing diagram.

With an interpolation tech-
nique, the corrected atomic
absorption signal is repre-
sented by:

[AA] = [AA+BG] - [BGin] \ Interpolated
_ Background
where[AA+BG] isthetotal
uncorrected AA reading Reading
between two background
absorption readings, BG1
and BG2; [BGjnt] isthein-
terpolated background

Figure 6-4. Interpolated background correction.
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correctionreading at thetime of the[AA+BG] signal; and [AA] isthenet corrected
AA reading.

Interpol ated background correction must be employed if accurate background cor-
rection isto be expected for rapidly changing signals such as those observed with
the graphite furnace.

NONSPECTRAL INTERFERENCES
Definition

In order for atomic absorption to occur, free atoms of the analyte element must be
present in the spectrometer light path. Nonspectral interferences result when di-
verse componentsin the sample matrix inhibit the formation of free analyte atoms.
Nonspectral interference is generically represented by the following equation:

M+ X°0 MX

where M° = free analyte atoms and X° = diverse matrix component atoms.

Historically, nonspectral interferencewas ascommon to graphite furnace analyses
as background absorption. Unfortunately, accurate compensation for nonspectral
interferences is not as easy as compensation for background absorption.

Method of Standard Additions

An often used approach to compensate for nonspectral interference is known as
the ““Method of Standard Additions’”. In the method of standard additions, de-
scribed in Chapter 2, a known amount of analyte (spike) is added to an aliquot of
the sample. The absorbance values of the unspiked and spiked samples are meas-
ured and compared to the added analyte. By calculation or plotting the results and
extrapolating to zero absorbance, the analyte content in the original, unspiked
sample is determined.

The major problem with the method of standard additions is that it assumes that
the matrix components affecting the formation of free analyte atoms originally
present in the sample will similarly affect free atom formation for analyte which
is added to the sample. If this does occur, then the method of standard additions
isvalid. However, this assumption is frequently untrue.
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Sometimes, by adding additional analyte, the equilibrium illustrated in the pre-
vious equation is changed. Other times, the interfering reaction is a slow process
and does not immediately compete with free atom formation for added analyte.
In either case, the calibration established by the method of standard additions is
inaccurate, and, therefore, the results determined by this technique are corre-
spondingly inaccurate. The method of additions al so failsto compensate for spec-
tral interferences such as background absorption.

A major weakness of the technique is that no indication of inaccuracy will be ob-
tained. Perfectly straight lines for the method of standard additions plot may be
observed, even though the results may betotally incorrect. It isfor thisreason that
compensating for nonspectral interference through the method of standard addi-
tionsisafar lessdesirable option than eliminating the presence of theinterference.
Current graphite furnace technology makes this latter option realistic.

Theremainder of thischapter will addressinstrumental factorsand analytical pro-
cedures designed to lead to the elimination of nonspectral interference.

The Graphite Tube Surface

The nature of the graphite tube surface makes graphite furnace analyses suscep-
tible to certain types of nonspectral interferences, especially carbide formation.
A number of elements tend to form nonvolatile carbides by interaction with the
graphite surface.

A reduced tendency toward carbide formation is observed where a more dense
graphite surfaceisused. A pyrolytically coated graphite tube offersamore dense,
impervious surface than an uncoated tube. Uncoated tubes are porous, allowing
sampl e solution to soak into the structure of the graphite during drying. In addition,
atomic vapor which comesin contact with the hot graphitetubewall at atomization
interactswith aporous surface much more readily than adense surface to produce
analyte carbides, thereby decreasing free atom population. Therefore, the use of
a good quality, pyrolytically coated graphite tube is an important first step to
avoiding nonspectral interferences. Pyrolytic coating can also increase the useful
lifetime of the graphite tube.

The L’vov Platform

A goal of any techniqueto control nonspectral interference should beto delay the
appearance of the analyte in the furnace atmosphere until the furnace has reached
the actual temperature set for the atomization step of the furnace program. This
favors free atom formation, maximizing sensitivity and producing a constant sen-
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sitivity regardless of sample matrix. Theroleof the L’ vov platformin accomplish-
ing this goal is described below.

B. V. L’vov, one of the pioneersin graphite furnace atomic absorption, devel oped
the use of a small platform made from aflat piece of solid pyrolytic graphite or
pyrolytically-coated graphite which is placed in the bottom of the graphite tube
(Figure 6-5). Sample is pipetted into a shallow depression in the platform. The
presence of the L’ vov platform helpsto eliminate nonspectral interferencesin sev-
eral ways.

GRAPHITE
FRONT VIEW TUBE SIDE-ON
oy VIEW
-
————
PLATFORM
TOP VIEW

Figure 6-5. The L’'vov platform.

The platform surfaceissolid pyrolytic graphite, and therefore resistsany tendency
for sampl e solution to soak into the surface prior to or during drying. The platform
also tolerates high acid concentrations. But the benefits of the L' vov platform far
exceed that of just providing a dense surface to receive the sample solution.

To understand the contribution of the L’ vov platform, let us first consider what
happens when analyte is atomized directly from the graphite tube wall when no
platform is used. At the beginning of the atomization step, the temperature of the
tube wall rises rapidly. The sample, which isin direct contact with the tube wall,
will immediately experience theincreasein wall temperature. When the tube wall
reaches the temperature at which analyte atoms are produced, atoms are rel eased
from the hot tube surface into an inert gas atmosphere, the temperature of which
lags behind that of the tube walls and which is cool relative to the surface. This
sudden cooling inhibits atomization of the vaporized molecul ar species, and non-
spectral interference results.

By contrast, when sampleis placed on aL’vov platform, the sample experiences
the temperature of the platform, not the temperature of the tube wall. Since the
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platform is, by design, in poor physical contact with the round tube surface, the
platform isheated primarily by radiant rather than conductive energy. This means
that the platform will heat more slowly than the graphite tube. During the rapid
heating in the atomization step, when the platform does finally reach the atomi-
zation temperature for the analyte, atoms are rel eased into a furnace environment
the temperature of which issimilar to that of the platform, as shown in Figure 6-6.
Under these conditions, dissociation is favored and recombination is minimized.

Figure 6-6 compares the atomi-
Internal gas  zation signals of a sample vola-
temperature  tjlized from the tube wall and

o from aL’vov platform versus

= tube temperature. When the wal|

g Atomizat Atomizati of the furnace tube reaches a

E ormizaion omizallon - temperature at which the analyte
o from wall from platform . . C

= will vaporize, the metal isdriven

from the surface into the gas

phase. Both the temperature at

Time whlc'h'the analyte first starts tp

volatilize and therate at which it

Figure 6-6. Tube wall and platform volatilizes will depend on the

temperature profiles. quantity and the specific nature

of the matrix constituents.

Since the platform is heated by radiation from the walls of the tube, the tempera-
ture of the sample on the platform is delayed relative to the wall of the tube and,
therefore, to the vapor within the tube. Instead of volatilizing the analyte as the
temperatureis changing, appropriate conditions can befound to volatilizethe ana-
lyte after thetubewall and the gas phase have reached amore stabl e or steady state
condition.

Matrix Modification

Matrix modification was introduced earlier in this chapter as a technique for en-
hancing the ability to remove matrix materials from the sample, during the pre-
treatment step. It also has another use. By adding a matrix modifier which
stabilizes the analyte, the appearance temperature, i.e., the temperature at which
the analyte absorption signal first appears, will be increased. This delays the re-
lease of the analyte into the furnace, allowing additional time to establish a con-
stant furnace temperature before atomization occurs. The recommendations for
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almost every element will suggest a matrix modifier. When recommended, a ma-
trix modifier should always be used to improve resistance to nonspectral interfer-
ences.

Maximum Power Atomization

Whereas a matrix modifier can be added to delay atomization until higher tem-
peratures are reached, an alternative technique isto heat the furnace morerapidly.
In our discussion of the graphite furnace program in the previous chapter, we
pointed out the desirability of rapid heating (zero ramp time) for the atomization
step. The reason for this can now be addressed.

Before the introduction of the L'vov platform, it was observed that rapid heating
at atomization produced better peak height sensitivitiesfor most elements. Inlight
of the above discussion, the reasons for this can be understood. Rapid heating, or
maximum power atomization, increases the temperature of the tube atmosphere
morerapidly, and analyteisvolatilized into ahotter environment. Asaresult, more
energy is available to atomize the sample resulting in an increase in free atoms
and enhanced sensitivity. However, even with the use of maximum power atomi-
zation, the temperature of the tube atmosphere is not in equilibrium with the tube
wall temperature when the sample isvolatilized directly from the tube surface.

Itisin combination with the L' vov platform that maximum power atomization of -
fersitsgreatest benefits. By increasing the temperature of the furnace at the maxi-
mum possible rate during atomization, the tube wall and atmosphere are heated
much faster than the platform, thusinsuring astabilized tube atmosphere tempera-
ture at the time of analyte volatilization, as shown in Figure 6-7. Thishelpsto as-
sure that this desirable stable condition will be established before the release of
even the most volatile analyte forms. The release of analyte atoms into the same
furnace environment for all analyte forms is the prerequisite for elimination of
nonspectral interference.

A few words should be said about the way maximum power heating is achieved.
To produce the fastest possible heating rate, the full, or maximum power capabili-
ties of the furnace power supply are applied to the graphite tube at the beginning
of the atomization step. If this power level wereto be applied continually, thefinal
temperature would reach levels which would virtually destroy the graphite tube.
Therefore, the application of maximum power is reduced to the level required to
hold the selected atomization temperature whenever that temperature is reached.
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The point at which maxi-
mum power isreduced tothe

holding level is controlled 2500 — B
by one of two means. Some
furnace systems employ an
. 2300 — A
optical temperature sensor,
which sends a signal to the
furnace power supply when- ¢ 2190 -
ever a preset tube tempera-
tureis reached. In other 1900 - | sec.
cases, the time for maxi- =
mum power heating is pro- 1700 -

grammed into the furnace
power supply based on the 1500 -
final atomization tempera-
ture desired. In either case,
the morerapid attainment of
the final atomization tem-
perature is the desired re-
sult.

TIME, SECONDS —

Figure 6-7. Normal (A) vs. "Max Power" (B) tem-
perature profiles.

Peak Area Measurement

The combination of maximum power heating and the L’ vov platform go along
way toward eliminating nonspectral interferences. However, one potential prob-
lem still exists. Therate at which atomsarerel eased from the platform surfaceinto
the furnace environment will still be controlled by the sample matrix in which the
analyte resides. Any measurement technique which depends on atomization rate
would therefore show matrix effects.

As discussed previously, the use of peak height to quantitate furnace absorption
signals may be affected by the atomization rate, which in turnisinfluenced by the
sample matrix. Peak height actually measures the maximum concentration of ana-
lyte atoms occurring in the furnace during the atomization process. If atoms are
formed rapidly, that peak concentration will be greater than if atoms are released
more slowly, allowing thefirst atoms produced to diffuse out of the furnace before
the later atoms appear.

Peak area, on the other hand, depends not on the maximum concentration of atoms,
but rather isameasure of the total number of atoms passing through the light path
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during the atomization process. As long as the residence time of each individual
atom in the light path is the same, it is **counted’” with the same weight as any
other atom, regardless of when it was volatilized. By using the techniques de-
scribed above to establish stable furnace conditions prior to the release of any at-
oms, theresidence time, or **counting sensitivity’’ of each atom will be the same.
The measured signal is, therefore, independent of sample matrix, and nonspectral
interference is eliminated.

Fast Electronics and Baseline Offset Correction

In order to provide accurate analytical results, agraphite furnace AA system must
be capable of accurately quantitating the peak absorbance signal. One of the po-
tential limitationsisthe speed of theinstrument’ selectronics. Theinstrument must
provide a sufficient number of readings to provide accurate quantitation of the
peak absorbance signal. The rate at which readings are taken must therefore be
based on the duration of the shortest peak signal.

In general, peak height measurementsrequire agreater number of readingsduring
the peak lifetime than peak area. The more stringent requirements for peak height
are necessary because the accuracy and reproducibility of the determination de-
pends entirely on making the measurement at exactly that point in time where the
peak reaches a maximum. Even slight deviations from the peak maximum can
cause significant reductions in the measured absorbance and degradation of ana-
Iytical performance. In contrast, peak area integration is dependent only on ob-
taining a sufficient number of integrated readings to accurately define the peak
area.

One complication with peak area measurement has been the exaggerated effect of
baseline drift. Peak areais measured by summing all observed signals over the
measurement period. While current instrument electronics are very stable, the ef-
fect of even aslight baseline change becomes noticeabl e when summed over sev-
eral seconds. Automatic zero adjustmentsimmediately prior to atomization could
be used to compensate for such offsets. However, baseline zero adjustments nor-
mally are used to compensate for sample or reagent blank readings. As the drift
compensation must be performed just prior to atomization, it isimpossibleto per-
form both the baseline compensation and the blank compensation with the same
adjustment.

To eliminate this potential problem, **baseline offset correction” (BOC) was de-
veloped. BOC isatotally separate function which complements an automatic zero
function. The automatic zero function is used to provideinitial signal balance and
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compensatefor any blank reading. When BOC isinuse, it measurestheinstrument
baseline reading immediately prior to atomization. Each reading during the peak
areaintegrationisthen automatically corrected for thisbaseline offset. Thiselimi-
nates all drift effects and improves the accuracy of peak area measurement while
al so maintaining the correction for sample blanksimplemented with the automatic
zero adjustment.

Mathematically, the relationship between the uncorrected peak areareadings, the
BOC reading, and the corrected peak areareadings is as shown below:

A% = [S(AN-BOC)]/f

where A% is the corrected peak area reading in absorbance seconds, AN are the
individual areaintegrations, BOC is the baseline offset correction measurement,
and f isthe sampling frequency, i.e., the number of integrated readings per second.

STABILIZED TEMPERATURE PLATFORM FURNACE (STPF)
The Goals

Having examined the detail s of anumber of factors which can affect the outcome
of a graphite furnace analysis, it is now time to bring these factors together and
evaluate the current status of the graphite furnace as an analytical technique.

To be at all usable, an analytical technique must deliver accurate measurements.
Tobepractical, it must be easy to use. Thegoalsfor an analytical technique should
be to have all interferences under control and to be able to use straightforward,
standardized procedures when applying the technique. Let us see how graphite
furnace atomic absorption lives up to these goals.

The STPF System

Earlier in this chapter, we discussed the benefits of eliminating interferences as
opposed to compensating for them. We have examined a number of techniques,
which contribute to desirable analytical conditions. Each of these techniques does
its part to avoid complications which lead to interference problems.

When all of the techniques are applied together, with each contributing its share
in maintaining the conditions required for an interference-free analysis, an ana-
lytical system results. Thissystem hascometo beknown as, ** Stabilized Tempera-
ture Platform Furnace’” (STPF). The system is made up of a collection of
instrumental factorsand analytical procedures. Every part of the systemiscrucial
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to the effectiveness of the system in providing accurate results. The function of
each element comprising the STPF system islisted in Table 6-2.

From the background we have developed, we can see how strict adherence to
STPF conditions will favor an interference-free analysis. It does this by estab-
lishing stable and repeatable conditions for an analytical measurement. This sta-
ble, repeatable environment offers another benefit. Under STPF conditions,
graphite furnace performance is remarkably consistent. The observed charac-
teristic mass, for each analyte, in ailmost any sample, normally will compare
closely to that obtained from reference solutions where STPF isin use.

Matrix-independent performance meansthat all samples can be treated similarly,
for graphitefurnace analysis. Therefore, under STPF conditions, graphite furnace
analysishasbecomevery routine. A typical analysisinvolves setting up the graph-
ite furnace program recommended in the reference manual, and establishing all
analysis parameters according to STPF recommendations. Whilethe wary analyst
would never claim absolute interference-freedom for any analytical technique,
STPF has been demonstrated to approach that status.
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Table 6-2
The “Stabilized Temperature Platform Furnace” Concept

High quality pyrolytically-coated graphite tubes:

provide an impervious, non-reactive surface

L’vov platform:

delays atomization until stable temperature conditions are achieved

Maximum power atomization:

hastens establishment of stable atomization temperature and
enhances the temperature lag between heating of the tube wall
(and atmosphere) and the platform

Internal gas stop:

maximizes residence time of atoms in the furnace

Fast spectrometer electronics:

provide accurate measurement of rapidly changing signal

Peak area measurement:

guantitates all analyte atoms passing through the furnace
independent of matrix-dependent analyte volatilization rates

Baseline offset correction:

improves accuracy of peak area measurement by compensating for
small changes in the baseline

Matrix modification:

improves matrix removal during pretreatment
delays analyte volatilization allowing additional time for stabilization
of the gas phase temperature

Zeeman effect background correction:

corrects for high sample background, structured background
absorption and spectral interferences for all elements at all
wavelengths






ALTERNATE ANALYTICAL
TECHNIQUES

Atomic absorption is a mature analytical technique. Its interferences are well
documented and, for the most part, easy to control. The various atomizer aterna-
tives make atomic absorption one of the most versatile analytical techniques, ca-
pable of determining a great number of elements over wide concentration ranges.
Even so, there are competing techniques which should be considered as alterna-
tives or complements to AA for certain applications. In this chapter, we will ex-
amine the advantages and disadvantages of these techniques compared to atomic
absorption. A summary comparison is givenin Table 7-1.

DIRECT CURRENT PLASMA (DCP) EMISSION

DCP is an atomic emission technique. Sample is aspirated into a premix spray
chamber through anebulizer using asystem very similar to that for atomic absorp-
tion. However, instead of combustible gases, argon is used as a transport gas for
the sample. The sample aerosol in a stream of argon is directed at a set of elec-
trodes, acrosswhich ahigh voltage el ectri-
cal potential isapplied. Theresulting elec-
Electrode trical discharge between the electrodes
suppliesenough energy toionizetheargon
\ B < into a*‘plasma’ of positively charged ar-
Cathode block .

/ gon ions and free electrons. The thermal
Excitation region energy of the plasma, in turn, atomizes
Ceramic sample constituents and creates excited
state atoms, which emit their characteristic

atomic emission spectra.

argon DCP was the first plasma technique ap-
N . : . .

\ plied to routine atomic emission analyses.
Initsearly days, it was an especially valu-
able complement to atomic absorption in
Figure 7-1. The DCP Torch that DCP provided good detection limits




7-2 Concepts, Instrumentation and Techniques

for the refractory elements, for which atomic absorption was not particularly sen-
sitive. DCPisalso capable of simultaneous multielement analysisand qualitative,
aswell as quantitative, analysis.

DCP carries with it some significant disadvantages, however. The electrodes
which form the DC arc are continually eroded and burned away during operation.
Thisimposes amaintenance problem of continual adjustment and replacement of
the electrodes. In addition, the very high temperatures for which plasmas are
known are not fully realized in the DCP design. Due to a highly resistant **skin
effect’’, the sample does not penetrate into the hottest part of the plasma, but is
instead deflected around it. The analytical measurement normally ismadejust un-
derneath the hottest part of the plasma, where temperatures are hot enough to pro-
vide good sensitivity for refractory elements but not hot enough to eliminate
chemical and ionization effects. Procedures for reagent addition usually are pre-
scribed to deal with theseinterferences. Becausetheselimitationsare not normally
encountered with inductively coupled plasma (ICP) systems, ICP emissionisnor-
mally a preferred emission technique.

INDUCTIVELY COUPLED PLASMA (ICP) EMISSION

Similar to DCP, ICP is an atomic emission technigque using an argon plasmaas an
excitation source. However, the design of the sourceiscompl etely different. Sam-
pleis again introduced into a premix
. spray chamber, whereit is directed up
;N the central tube of the ICP “‘torch”. The
( } torch consists of concentric tubes with
@@ independent argon streams flowing
through each. Thetop of thetorchiscen-

tered within a radio frequency (RF) in-

duction coil, which is the source of
energy for the system.

[o]o]e)
000

After ignition, the plasmais propagated
through inductive coupling with the RF
field generated from the coil. Unlike
DCP, there are no electrodesto maintain
PLASMA andreplace. Further the ICP torchisde-
ARGON  gigned specifically to promote penetra-

e

Figure 7-2. The ICP torch.
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tion of the plasma skin by the sample, allowing sample atoms to experience the
full energy of the plasma source.

The high temperatures provided by the ICP provide excellent sensitivitiesfor re-
fractory elements and also essentially eliminate chemical interferences. Like all
emission techniques, there are no source lamps. By monitoring several wave-
lengths, either all at once or in a programmed sequence, many elements can be
determined in one automated analysis. ICP emission, therefore, offers significant
speed advantages over atomic absorption for multielement analyses. Except for
the refractory elements, which may be substantially better than even graphite fur-
nace AA, ICP detection limits are comparable to flame atomic absorption.

The high temperatures of the ICP carry one disadvantage. The plasmais so effec-
tivein generating excited state species that the rich emission spectra produced in-
crease the probability of spectral interferences. High resolution monochromators
and sophisticated software for background and interelement correction are used
todeal withthispotential problem. Another limitation of ICPemissionistheinitial
cost of the instrumentation. The price for basic ICP systems starts at about the
same level asthe pricesfor top-of-the-line automated AA systems. More sophis-
ticated instrumentation can cost two to four times the price of basic systems.

INDUCTIVELY COUPLED PLASMA - MASS SPECTROMETRY (ICP-MS)

ICP-MSisoneof agrowing number of ‘‘hyphenated techniques’”, where the out-
put of one technique becomes the input of another. For ICP-MS, the ICP is used
as the ion source for a mass spectrometer. The ions are then spatially separated
according to their mass and charge, and measured individually.

The major attractiveness of ICP-MSisits exceptional sensitivity combined with
high analysis speed. For most elements, | CP-M S offers detection limitswhich are
comparable to or better than those of graphite furnace AA. But ICP-MS can de-
termine many elementsin the time required for the determination of one element
by graphite furnace AA. ICP-MS aso offers the ability for isotopic analysis.

Aswith the other techniques, ICP-MS also has its limitations. The relative new-
ness of ICP-MS means, while the required instrumentation is well developed,
many developmentsin analytical methodology are yet to be made. Thistranslates
into additional effort for the analyst in adapting the technique to his or her par-
ticular analytical needs. Since ICP-MS is not a spectroscopic technique, spectral
interferences do not occur. I nterferences from mass overlaps dueto other isotopes
and polyatomic species do occur, however, and may provide erroneous results un-
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less properly corrected. The major limitation of ICP-MS at this time, however,
may be its cost. ICP-M S systems typically are two to four times as expensive as
basic ICP emission systems. However, the unique abilities of ICP-MSto provide
graphite furnace detection limits with the analytical speed of ICP emission and to
perform isotopic analysis capabilities frequently provide the justification needed
to overcome cost limitations.

SUMMARY

While other analytical techniques may offer specific advantages over atomic ab-
sorption, it can be seen from the above comparison that no single technique offers
all of the advantages. The versatility, moderate cost, and established methodol ogy
of atomic absorption will continue to make it avaluable tool for the laboratory.
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Relative Cost:

Flame AA
Furnace AA
DCP

ICP
ICP-MS

Table 7-1
Comparison of Analytical Techniques
Maturity:
Flame AA well established
Furnace AA well established
DCP superseded by ICP
ICP established and growing
ICP-MS new and growing
Speed:
Flame AA fast (single-element)
Furnace AA slow (single-element)
DCP fast (multi-element)
ICP fast (multi-element)
ICP-MS fast (multi-element)
Sensitivity:
Flame AA moderate; poor for refractories
Furnace AA excellent; limited for refractories
DCP moderate; very good for refractories
ICP moderate; excellent for refractories
ICP-MS excellent
Interferences:
Flame AA few; well understood
Furnace AA many; controlled with STPF
DCP many
ICP spectral
ICP-MS moderate, mass overlap

low to moderate
moderate to high
moderate to high
moderate to very high
very high
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