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We consider two types of optical atomic spectrometric methods that use similar techniques for 

sample introduction and atomization. The first is atomic absorption spectrometry (AAS), 

which for half a century has been the most widely used method for the determination of single 

elements in analytical samples. The second is atomic fluorescence spectrometry (AFS), 

which since the mid-1960s has been studied extensively. By contrast to the absorption method, 

atomic fluorescence has not gained widespread general use for routine elemental analysis. 

Thus, although several instrument makers have in recent years begun to offer special- purpose 

atomic fluorescence spectrometers, the vast majority of instruments are still of the atomic 

absorption type.  

 

 Sample Atomization Techniques 
 

We first describe the two most common methods of sample atomization encountered in AAS 

and AFS, flame atomization, and electrothermal atomization. We then turn to three specialized 

atomization procedures used in both types of spectrometry. 

 

 Flame Atomization 
 

In a flame atomizer, a solution of the sample is nebulized by a flow of gaseous oxidant, mixed 

with a gaseous fuel, and carried into a flame where atomization occurs. As shown in Figure, a 

complex set of interconnected processes then occur in the flame. The first step is desolvation, 

in which the solvent evaporates to produce a finely divided solid molecular aerosol. The aerosol 

is then volatilized to form gaseous molecules. Dissociation of most of these molecules produces 

an atomic gas. Some of the atoms in the gas ionize to form cations and electrons. Other 

molecules and atoms are produced in the flame as a result of interactions of the fuel with the 

oxidant and with the various species in the sample. As indicated in Figure, a fraction of the 

molecules, atoms, and ions are also excited by the heat of the flame to yield atomic, ionic, and 

molecular emission spectra. With so many complex processes occurring, it is not surprising 

that atomization is the most critical step in flame spectroscopy and the one that limits the 

precision of such methods. Because of the critical nature of the atomization step, it is important 

to understand the characteristics of flames and the variables that affect these characteristics. 

 



 
 

 

 

 

 

 

 Types of Flames 
 

Table 9-1 lists the common fuels and oxidants used in flame spectroscopy and the approximate 

range of temperatures realized with each of these mixtures. Note that temperatures of 1700°C 

to 2400°C occur with the various fuels when air is the oxidant. At these temperatures, only 

easily decomposed samples are atomized, so oxygen or nitrous oxide must be used as the 

oxidant for more difficult to atomize samples (refractory samples). These oxidants produce 

temperatures of 2500°C to 3100°C with the common fuels. The burning velocities listed in the 

fourth column of Table 9-1 are important because flames are stable only in certain ranges of 

gas flow rates. If the gas flow rate does not exceed the burning velocity, the flame propagates 

back into the burner, giving flashback. As the flow rate increases, the flame rises until it reaches 

a point above the burner where the flow velocity and the burning velocity are equal. This region 



is where the flame is stable. At higher flow rates, the flame rises and eventually reaches a point 

where it blows off the burner. With these facts in mind, it is easy to see why it is very important 

to control the flow rate of the fuel-oxidant mixture. This flow rate very much depends on the 

type of fuel and oxidant being used. 

 

 

 

 
 

 

 

 Flame Structure 
 

As shown in Figure 9-2, important regions of a flame include the primary combustion zone, 

the interzonal region, and the secondary combustion zone. The appearance and relative size of 

these regions vary considerably with the fuel-to-oxidant ratio, the type of fuel and oxidant, and 

the type of burner. The primary combustion zone in a hydrocarbon flame is recognizable by its 

blue luminescence arising from the band emission of C2, CH, and other radicals. Thermal 

equilibrium is usually not achieved in this region, and it is, therefore, rarely used for flame 

spectroscopy. The interzonal area, which is relatively narrow in stoichiometric hydrocarbon 

flames, may reach several centimeters in height in fuel-rich acetylene-oxygen or acetylene–

nitrous oxide sources. Because free atoms are prevalent in the interzonal region, it is the most 

widely used part of the flame for spectroscopy. In the secondary reaction zone, the products of 

the inner core are converted to stable molecular oxides that are then dispersed into the 

surroundings. A flame profile provides useful information about the processes that go on in 

different parts of a flame; it is a contour plot that reveals regions of the flame that have similar 

values for a variable of interest. Some of these variables include temperature, chemical 

composition, absorbance, and radiant or fluorescence intensity. 

 



 
 

 

 Flame Absorption Profiles. 
 

 Figure 9-4 shows typical absorption profiles for three elements. Magnesium exhibits a 

maximum in absorbance at about the middle of the flame because of two opposing effects. The 

initial increase in absorbance as the distance from the base increases results from an increased 

number of magnesium atoms produced by the longer exposure to the heat of the flame. As the 

secondary combustion zone is approached, however, appreciable oxidation of the magnesium 

begins. This process eventually leads to a decrease in absorbance because the oxide particles 

formed do not absorb at the observation wavelength. To achieve maximum analytical  

 
 

 

sensitivity, then, the flame must be adjusted up and down with respect to the beam until the 

region of maximum absorbance is located. The behavior of silver, which is not easily oxidized, 

is quite different. As shown in Figure 9-4, a continuous increase in the number of atoms, and 

thus the absorbance, is observed from the base to the periphery of the flame. By contrast, 



chromium, which forms very stable oxides, shows a continuous decrease in absorbance 

beginning close to the burner tip; this observation suggests that oxide formation predominates 

from the start. These findings suggest that a different portion of the flame should be used for 

the determination of each of these elements. The more sophisticated instruments for flame 

spectroscopy are equipped with monochromators that sample the radiation from a relatively 

small region of the flame, and so a critical step in the optimization of signal output is the 

adjustment of the position of the flame with respect to the entrance slit. 

 

 Flame Atomizers 
 

Flame atomizers are used for atomic absorption, fluorescence, and emission spectroscopy. 

Figure 9-5 is a diagram of a typical commercial laminar-flow burner that uses a concentric-

tube nebulizer. The aerosol, formed by the flow of oxidant, is mixed with fuel and passes a 

series of baffles that remove all but the finest solution droplets. The baffles cause most of the 

sample to collect in the bottom of the mixing chamber where it drains to a waste container. The 

aerosol, oxidant, and fuel are then burned in a slotted burner to provide a 5- to 10‑cm high 

flame. Laminar-flow burners produce a relatively quiet flame and a long path length for 

maximizing absorption. These properties tend to enhance sensitivity and reproducibility in 

AAS. The mixing chamber in this type of burner contains a potentially explosive mixture that 

can flash back if the flow rates are too low.  

 

 

 

 



 

 

 Fuel and Oxidant Regulators.  
 

An important variable that requires close control in flame spectroscopy is the flow rate of both 

oxidant and fuel. It is desirable to be able to vary each over a broad range so that optimal 

atomization conditions can be determined experimentally. Fuel and oxidant are usually 

combined in approximately stoichiometric amounts. For the determination of metals that form 

stable oxides, however, a flame that contains an excess of fuel is often desirable. Flow rates 

are usually controlled by means of double-diaphragm pressure regulators followed by needle 

valves in the instrument housing. A widely used device for measuring flow rates is the 

rotameter, which consists of a tapered, graduated, transparent tube that is mounted vertically 

with the smaller end down. A lightweight conical or spherical float is lifted by the gas flow; its 

vertical position is determined by the flow rate. Newer AAS instruments feature computer 

control over fuel and oxidant flows and flame ignition. In addition, computer control enables 

many safety features to be implemented such as not allowing ignition under many unsafe 

conditions. 

 

 Performance Characteristics of Flame Atomizers.  
 

Flame atomization is the most reproducible of all liquid-sample-introduction methods that have 

been developed for AAS to date. The sampling efficiency of other atomization methods and 

thus the sensitivity, however, are markedly better than in flame atomization. There are two 

primary reasons for the lower sampling efficiency of the flame. First, a large portion of the 

sample flows down the drain. Second, the residence time of individual atoms in the optical path 

in the flame is brief (,10–4 s). 

 

 

 Electrothermal Atomization 
 

Electrothermal atomizers, which first appeared on the market in the early 1970s, generally 

provide enhanced sensitivity because the entire sample is atomized in a short period, and the 

average residence time of the atoms in the optical path is a second or more. Electrothermal 

atomizers are used for atomic absorption and atomic fluorescence measurements but have not 

been generally applied for direct production of emission spectra. They are also used for 

vaporizing samples in inductively coupled plasma emission spectroscopy, however. In 

electrothermal atomizers, a few microliters of sample is first evaporated at a low temperature 

and then ashed at a somewhat higher temperature in an electrically heated graphite tube similar 

to the one in Figure 9-6 or in a graphite cup. After ashing, the current is rapidly increased to 

several hundred amperes, which causes the temperature to rise to 2000°C to 3000°C; 

atomization of the sample occurs in a period of a few milliseconds to seconds. The absorption 

of the atomic vapor is then measured in the region immediately above the heated surface. 

 

 

 

 

 

 

 



 Electrothermal Atomizers 
 

Figure 9-6a is a cross-sectional view of a commercial electrothermal atomizer. In this device, 

atomization occurs in a cylindrical graphite tube that is open at both ends and that has a 

central hole for introduction of sample by means of a micropipette. The tube is about 5 cm long 

and has an internal diameter of somewhat less than 1 cm. The interchangeable graphite tube 

fits snugly into a pair of cylindrical graphite electrical contacts located at the two ends of the 

tube. These contacts are held in a water-cooled metal housing. Two inert gas streams are 

provided. The external stream prevents outside air from entering and incinerating the tube. The 

internal stream flows into the two ends of the tube and out the central sample port. This stream 

not only excludes air but also serves to carry away vapors generated from the sample matrix 

during the first two heating stages. Figure 9-6a illustrates the so-called L’vov platform, which 

is often used in graphite furnaces. The platform is also made of graphite and is located beneath 

the sample entrance port. The sample is evaporated and ashed on this platform. When the tube 

temperature is increased rapidly, however, atomization is delayed because the sample is no 

longer directly on the furnace wall. As a result, atomization occurs in an environment in which 

the temperature is not changing so rapidly, which improves the reproducibility of analytical 

signals. Figure 9-6b and c shows the two ways of heating the graphite furnace while it is held 

in the optical path. Traditionally, the furnace was heated in the longitudinal mode illustrated in 

Figure 9-6b, which provides a continuously varying temperature profile as shown in the figure. 

The transverse mode, shown in Figure 9-6c, gives a uniform temperature profile along the 

entire length of the tube. This arrangement provides optimum conditions for the formation of 

free atoms throughout the tube. Recombination of atoms to molecules, atom loss, and 

condensation on the cooler tube ends exhibited in the longitudinal mode are thus minimized in 

the transverse heating mode. Experiments show that reducing the natural porosity of the 

graphite tube minimizes some sample matrix effects and poor reproducibility associated with 

graphite furnace atomization. During atomization, part of the analyte and matrix apparently 

diffuse into the surface of the tube, which slows the atomization process, thus giving smaller 

analyte signals. To overcome this effect, most graphite surfaces are coated with a thin layer of 

pyrolytic carbon, which seals the pores of the graphite tube. Pyrolytic graphite is a type of 

graphite that is deposited layer by layer from a highly homogeneous environment. It is formed 

by passing a mixture of an inert gas and a hydrocarbon such as methane through the tube while 

it is held at an elevated temperature. In addition to graphite furnaces, several other 

electrothermal devices have been proposed and tested. Coils and loops made from platinum 

and tungsten have been the subject of several studies. The tungsten coil atomizer is perhaps the 

most successful of these and has the advantages of low power and simplicity. Enclosed furnaces 

made from tungsten have also been studied. 

 

 



 
 

 

 

 

 Performance Characteristics of Electrothermal Atomizers 
 

Electrothermal atomizers offer the advantage of unusually high sensitivity for small volumes 

of sample. Typically, sample volumes between 0.5 and 10 μL are used; under these 

circumstances, absolute detection limits typically lie in the range of 10-10 to 10-13 g of analyte. 

The relative precision of electrothermal methods is generally in the range of 5% to 10% 

compared with the 1% or better that can be expected for flame or plasma atomization. 

Furthermore, because of the heating-cooling cycles, furnace methods are slow—typically 

requiring several minutes per element. A final disadvantage is that the analytical range is 

relatively narrow, usually less than two orders of magnitude. As a result, electrothermal 

atomization is the method of choice only when flame or plasma atomization provides 

inadequate detection limits. 

 

 

 



 

 

 Analysis of Solids with Electrothermal Atomizers 
 

In most methods based on electrothermal atomizers, samples are introduced as solutions. 

Several reports, however, have described the use of this type of atomizer for the direct analysis 

of solid samples. One way of performing such measurements is to weigh the finely ground 

sample into a graphite boat and insert the boat into the furnace manually. A second way is to 

prepare a slurry of the powdered sample by ultrasonic agitation in an aqueous medium. The 

slurry is then pipetted into the furnace for atomization. 

 

 

 

 Specialized Atomization Techniques 
 

By far, the most common sample-introduction and atomization techniques for atomic 

absorption analyses are flames or electrothermal vaporizers. Several other atomization methods 

are used occasionally, however. Three of these are described briefly in this section. 

 

 

 

 Glow-Discharge Atomization  
 

A glow-discharge device produces an atomized vapor that can be swept into a cell for 

absorption measurements. A glow-discharge cell that can be used as an accessory to most flame 

atomic absorption spectrometers. It consists of a cylindrical cell about 17 cm long with a 

circular hole about 2 cm in diameter cut near the middle of the cylinder. An O-ring surrounds 

the hole. The sample is pressed against this hole with a torque screw so that it seals the tube. 

Six fine streams of argon gas from tiny nozzles arranged in a circular pattern above the sample 

impinge on the sample surface in a hexagonal pattern. The argon is ionized by a current 

between an anode supporting the nozzles and the sample, which acts as a cathode. As a result 

of sputtering, six craters quickly form on the sample surface. The sputtered atoms are drawn 

by a vacuum to the axis of the cell where they absorb radiation from the spectrometer source. 

For this technique to be applicable, the sample must be an electrical conductor or must be made 

into a pellet with a powdered conductor such as finely ground graphite or copper. Solution 

samples have also been analyzed by deposition on a graphite, aluminum, or copper cathode. 

Detection limits with this type of device are reported to be in the low parts-per-million range 

for solid samples. Glow-discharge devices find many additional applications in atomic 

emission spectrometry and in atomic mass spectrometry. 

 

 

 

 

 

 

 

 

 

 



 

 Cold-Vapor Atomization  
 

The cold-vapor technique is an atomization method applicable only to the determination of 

mercury because it is the only metallic element that has an appreciable vapor pressure at 

ambient temperature. The determination of mercury in various types of samples is of vital 

importance currently because of the toxicity of organic mercury compounds and their 

widespread distribution in the environment. One popular method for this determination is cold 

vaporization followed by atomic absorption spectrophotometry. To perform a determination of 

this type, mercury is converted to Hg2+ by treatment of samples with an oxidizing mixture of 

nitric and sulfuric acids, followed by reduction of the Hg2+ to the metal with SnCl2. The 

elemental mercury is then swept into a long-pass absorption tube similar to the one shown in 

Figure 9-9 by bubbling a stream of inert gas through the reaction mixture. The determination 

is completed by measuring the absorbance at 253.7 nm. Detection limits in the parts-per-billion 

range are achieved. Several manufacturers offer automatic instruments for performing this 

determination. 

 

 


