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FURTHER READING MATERIAL 

Introduction to Flame Emission and Atomic Absoprtion Spectroscopy: 

Note: Introduction to Flame Emission and Atomic Absoprtion Spectroscopy has been coverd in intial 

lectures, students must consider that lectures 

 

Atomic absorption and atomic emission spectrometry were the first instrumental techniques to be 

established for elemental analysis. They are based on the pioneering work of Bunsen and Kirchhoff in the 

middle of the 19th century who discovered that elements which are brought into a hot flame emit light of a 

characteristic wavelength. On the other hand, this characteristic emission can be absorbed again by the vapor 

of the same element. These two discoveries formed the basis for atomic absorption and emission 

spectrometry and demonstrate the close interrelation and complementary nature of these two techniques. 

Atomic absorption and atomic emission spectrometry have many theoretical and practical considerations in 

common, and they can be described by the same formalism. The theory of AAS and AES will thus be 

treated together. 

1. Atomic Emission Spectroscopy (Flame Photometry)  FES 

2. Atomic Absorption Spectroscopy (AAS) 

Inductively coupled plasma atomic emission spectrometry is another method for determining the 

concentration of metals. It has a similar method with flame photometry but different materials. The principle 

comes from the fact that excited atoms emit radiation. However, to atomize the atoms, plasma formed from 

argon is used. As the plasma has a high energy, the atoms emit radiation. By using this emitted radiation, the 

concentration of metal ions can be determined. It is more effective method when compared to the flame 

photometer.  

Flame photometry is the origin of analytical chemistry in determining the ion concentration of aqueous 

solutions. It has the very inaccurate results than any of the newly formed methods of spectrophotometry so it 

is important to see how accurate it functions  

Desireable Characteristics of Flame for FES & AAS: 

 

A flame should meet several desirable characteristics for use in flame emission:  

 

 It should provide sufficient energy for the sample to be atomized; for the metals determined 

presently by flame photometry, the propane-air flame is sufficient. 

 The flame should be nonturbulent so that atom population shows the least spatiotemporal variation.  

 By itself the flame should have minimum emission and absorption at the wavelengths of interest, and  

 The flame should be able to operate at low gas velocities so the emitting atoms remain in the view 

volume as long as possible. 

 In addition, the flame operation should be safe and inexpensive.+ 

Atomic Absorption Spectroscopy: 

Since the number of atoms in the ground state far outweighs those in the excited state one would normally 

think that the study of absorption by atoms in a flame will parallel or even precede flame emission 

spectroscopy studies. This in fact has not been the case because in flame AAS we encounter a problem that 

has no parallel in molecular absorption spectrometry. This is that the flame itself emits some (often a lot) of 



light at the wavelength(s) where we are trying to measure light absorption. Moreover, this background 

emission from the flame is not particularly constant over time; a simple subtraction of its contribution is not 

possible. Imagine a flashlight being aimed at a detector in an otherwise dark room. It is not difficult to tell 

when some of this light is 

being absorbed by species present in the light path; this is the situation in molecular spectroscopy. On the 

other if the same experiment is conducted in a brightly sunlit room (and moreover, clouds are occasionally 

passing by, changing the background light intensity), it would not be easy for the detector to tell minor 

changes in the light it is receiving from the flashlight because of the presence of absorbing species.  

Principle of Atomic absorption spectroscopy: 

A simplified functional diagram of the first commercial flame AAS instrument (Perkin Elmer Model 303) is 

shown below. The light source is a hollow cathode lamp that emits at the atomic absorption line of interest 

(more on this later). A mirror-equipped chopper alternately directs the beam through the flame and 

bypassing it, effectively providing a double-beam arrangement and compensating for any source drift. 

Modern AAS instruments mostly do not use such a double-beam arrangement, however. The drift of 

present-day light sources following a warm-up time is much smaller than drifts in the atomizer. Rather, the 

reference reading is often taken just before and after the sample is measured, thus effectively providing a 

double beam in time arrangement. The sample solution is aspirated into a flame as in flame emission 

spectrometry, and the analyte element is converted to atomic vapor. The flame then contains atoms of that 

element. Some are thermally excited by the flame, but most 

remain in the ground state. These ground-state atoms can absorb radiation emitted by the source that is 

deliberately composed of that elementso its characteristic lines are emitted. Atomic absorption 

spectrophotometry is identical in principle to absorption spectrophotometry. The absorption follows Beer’s 

law. That is, the absorbance is directly proportional to the pathlength in the flame and to the concentration 

of atomic vapor in the flame. Both of these variables are difficult to determine, but the pathlength is 

essentially held constant in a given burner and flame conditions and the concentration of atomic vapor is 

directly proportional to the concentration of the analyte in the solution being aspirated. In practice, one 

calibrates the instrument response by aspirating samples of different concentration 

 

Schematic diagram of atomic absorption instrument 

 

Types of AAS Instrumentation: 

Broadly there are two types of AAS instrumentation in present use: 

(a) Line source AAS (LS-AAS) instruments, and 

(b) Continuum source AAS (CS-AAS) instruments 

Either type can utilize flame or a graphite furnace (also called electrothermal) atom source.Walsh originally 

believed CS-AAS instruments would not be possible, not only because single-digit pm resolution is needed, 

but also because even if such resolution could be attained, there would not be enough light from a 



continuum source through such a narrow bandwidth. Technology has advanced to the point, however, that 

such instruments have become commercially available since 2004, equipped with a very high-power water-

cooled Xenon lamp operated in a ―hot-spot‖ mode, a very high-resolution double monochromator, and a 

CCD-array detector. They have the advantage that very many different lamp sources are not needed for the 

analysis of 

different elements. Bernhard Welz, perhaps the most ardent champion of AAS simply calls CS-AAS ―The 

better way to do AAS‖. As in molecular absorption spectrophotometry, the requirements for AAS include a 

light source, a beam path through the analyte (the flame or furnace), a monochromator, and a detector. As in 

molecular absorption spectroscopy with array detectors, the monochromator follows the sample. The various 

components of an atomic absorption spectrophotometer are described as follows. 

Light Sources for AAS: 

The source emits the lines of the element to be measured. These possess the precise energies required for 

absorption by the analyte atoms. 

Hollow-cathode lamp (HCL): 

The basic construction of an HCL is illustrated in  It consists of a cylindrical hollow cathode made of the 

element to be determined or an alloy of it, and an anode, usually of W or Zr. Alloying is used where an 

electrode cannot be made easily from the element (e.g., Na, As, etc.), in the case of precious elements where 

significant cost savings are possible without sacrificing performance, and where a superior long-term 

performance is observed from an alloy rather than the pure element (e.g., Cr, Cd, etc.). The alloying 

elements are carefully chosen not to interfere spectrally with the element of interest. The functioning 

cathode elements are typically pressed into a cathode cup, commonly made from steel but other metals may 

be used. The electrodes are enclosed in a borosilicate glass tube with the window material being borosilicate 

glass for wavelengths over 400 nm, special UV transparent glass for wavelengths between 240 (the exact 

low-end cut-off varies with the manufacturer) to 400 nm, and quartz for shorter wavelengths. The tube is 

under reduced pressure and filled with an inert gas, usually neon. Argon is used for those elements where 

interference from neon lines is possible. A high voltage is impressed across the electrodes, causing the gas 

atoms to be ionized at the anode. These positive ions are accelerated toward the negative cathode. When 

they bombard the cathode, they cause some of the metal to ―sputter‖ and become vaporized. The vaporized 

metal is excited to higher electronic levels by continued collision with the high-energy gas When the 

electrons return to the ground state, the characteristic lines of that metal are emitted. The filler gas lines are 

also emitted. ―Boosted‖ HCLs are offered by some manufacturers. A secondary discharge, electrically 

isolated from the sputtering current, excites the already vaporized atoms. This provides a sharper and more 

intense line emission  as a source for atomic fluorescence spectrometry. Single-element HCLs are available 

for some 70 elements. Elements whose emission lines do not interfere with each other can be combined to 

make multielement lamps. Lamps with two to as many as seven selected elements are available. In some 

cases, intensities comparable to single-element HCLs are attained, but in many cases significant intensity 

compromises have to be made to provide the convenience of a multielement source. They may also have 

shorter lifetimes than single-element HCLs due to selective volatilization (―distillation‖) of one of the 

elements from the cathode with condensation on the walls. Most LS-AAS instruments come with a multi-

lamp turret so that a different lamp can be brought online rapidly, whether in manual or automated fashion. 

The second type of line source is an electrodeless discharge lamp (EDL).  

 

Electrodeless discharge lamp (EDL): 



 
An EDL contains a small quantity of the analyte as either the element or often as the iodide salt in a quartz 

bulb. The bulb is filled with an inert gas, typicall Ar, at low pressure. The bulb is surrounded by a radio 

frequency coil The second type of line source is an electrodeless discharge lamp (EDL). An EDL contains 

a small quantity of the analyte as either the element or often as the iodide salt in a quartz bulb (Figure 17.6). 

The bulb is filled with an inert gas, typically Ar, at low pressure. The bulb is surrounded by a radio 

frequency coil. 

When the coil is powered to generate an intense electromagnetic field, an inductively coupled discharge 

occurs in the low-pressure lamp with characteristic line emission of the element. The EDL is a more intense 

source than an HCL and often has a narrower line width. EDLs require a different type of power supply. It is 

particularly for the more volatile elements that the EDL can be attractive: lamps are available for As, Bi, Cd, 

Cs, Ge, Hg, P, Pb, Rb, Sb, Se, Sn, Te, Tl, and Zn. Solid-state diode lasers can be tuned over a (limited) 

wavelength range and have been used in LS-AAS. Many advantages can be seen: The source is readily 

modulated at any desired frequency. With a properly designed reflective geometry, the coherent nature of a 

laser beam can allow multiple passes through the atom source, greatly increasing the sensitivity. Isotopic 

differences in an element make a small difference in the exact position of a transition line; the 670.8-nm line 

shifts by 0.015 nm from 6Li to 7Li, for example. The ability of a diode laser to be scanned over such ranges 

in a highly precise manner, thus provides the opportunity to perform isotopic analysis. Despite these 

advantages, until such lasers become readily available in the deep UV, they are unlikely to be of major 

importance in the general practice of AAS or AFS. 

Especially since many laser sources will still be needed to cover the entire wavelength range of interest, the 

ability to use a single high-power continuum source as discussed below is likely to be increasingly 

attractive.For CS-AAS, the extremely high resolution needed also means that only a very small fraction of 

the total radiant power emitted by the continuum source will reach the detector.  

 

 

 

 

 

 
Fig. Hollow Cathode Lamp (HCL) 

 
 
 

Analyte Atom Sources: 

 

There are several ways to generate atomic vapor for AAS measurements, including various types of flames, 

electrothermal atomizers, and cold-vapor and hydride generation for atomization. 

 

1.  Flame Atomization: 

 
The burners and nebulizers used in flame AAS are the same as those in FP but air- C2H2 (2250◦C) and N2O 

− C2H2 (2960◦C) are essentially exclusively used. In flame AAS, there are additional criteria that the flame 



should meet beyond those required in FP. The flame conditions/fuel-oxidant ratio should permit controlled 

variation to create either oxidizing or reducing conditions in the flame. Different elements exhibit optimum 

sensitivity under different flame conditions; both of the above flame types permit such variation and permit 

low gas velocities (maximum velocity ∼ 160 cm/s) so the residence time of atoms in the flame can be 

prolonged. Note that under a given flame condition, the best sensitivity for a given element may be at 

different observational heights in the flame. Air-propane flames are not hot enough for general use in AAS 

because most elements are not efficiently atomized. However, note that although the N2O–C2H2 flame is 

much hotter than the air- C2H2 flame, it is not necessarily better for all elements because if the temperature 

is too high, some elements begin to significantly ionize. Indeed, this is the reason that in FP the elements 

that are measured are measured with a flame no hotter than propane-air. Air- C2H2 is the preferred flame in 

AAS for The air–acetylene flame is the the majority of elements except for about 30 elements that tend to 

form heat-stable most popular for AAS. The nitrous oxide–acetylene flame is best for refractory 

elements.(refractory) oxides. For these, the N2O–C2H2 flame is preferred. The burner must be suitable for 

supporting the very high temperature N2O–C2H2 flame. A special, thick, stainless steel burner head is used. 

The length of the flame is equivalent to the cell path length in molecular spectroscopy. The Boling design 

provides such a long path. 

2. Getting a Little More from the Atoms:  
 

The reason that we are interested in low-flame velocities is that once atoms are formed, they stay around in 

the observation zone longer than at high-flame velocities; a longer time to observe the signal improves the 

signal-to-noise ratio. One way to prolong the residence time of the atoms with an oxygen–acetylene flame is 

to use a slotted quartz tube atop the flame. Such a tube is readily put in, but the gain in S/N is modest (only 

2–3 times). 

Before GFAA became widely used, the use of a tantalum/nickel boat/cup with a handle was popular; this 

was often used in conjunction with the quartz tube shown above. A desired volume of the sample (e.g., 

blood, to measure lead in blood) was put in the boat and the sample was then evaporated to dryness. The 

boat with the sample residue was then put in the flame, and the atoms formed travel into the quartz tube 

placed above and were measured. Obviously, the boat/cup cannot reach a temperature any greater than that 

of the flame; the technique was useful only for the relatively easily atomized elements, but many of these 

elements are of particular interest in biosamples, e.g., Cd, Pb, Hg, Zn, Se, etc. 

3. Electrothermal Atomization: 

Although aspiration into a flame is the most convenient and reproducible means of obtaining atomic vapor, 

it is not a particularly efficient means of converting all the analyte into atomic vapor and have it present in 

the optical path for a long enough time to measure the absorption. From the dissolved molecular/ionic 

entities in solution, as little as 0.1% of the aspirated analyte may actually be atomized and measured. The 

volume of solution required for flame atomization is minimally of the order of a milliliter or more. 

Electrothermal atomization uses some type of a mini-furnace (typically less than 1 cm3 in volume) in which 

an aliquot of the sample is put in and dried. The furnace ismade of an electrically conductive material. While 

tantalum and other substances have had utility in specific applications (e.g., for elements that form 

refractory carbides), presently graphite furnaces are nearly exclusively used. The furnace is then rapidly 

electrically heated (currents in excess of 100 amperes 

and heating rates in excess of 1000◦C/s are common) to a very high temperature to produce an atomic vapor 

cloud. Electrothermal atomizers have conversion efficiencies approaching 100%, so absolute detection 

limits are often 100 to 1000 times improved over those of flame aspiration methods. Our discussion will 

center on resistively heated atomizers (graphite furnace). Although these are not generally useful for 



emission measurements, they are well suited for atomic absorption measurements. A schematic of a typical 

electrothermal atomizer is shown as follows 

 
Photograph of a transversely heated graphite tube with an integrated platform. 

The light beam passes from left to right; electrical contact is between the front and back. The sample 

is introduced through the hole at the top directly onto the platform. (Courtesy PerkinElmer Inc.) 

 

In a typical electrothermal atomization assay, a few microliters of sample are placed inside the graphite tube. 

Ordinary graphite is porous and leads to problems; to address this, the furnace is made of or coated with 

nonporous pyrolytic graphite. Original furnaces were simply a cylindrical tube (often referred to as the 

Massmanfurnace after Hans Massman) but much better results are obtained when the sample is put on a 

platform (often called the L’vov platform) resting within the tube. The furnace is heated resistively by 

passing electrical current through it. The furnace can be heated axially (i.e., the contact electrodes are placed 

on two sides of the long axis of the tube along which the light beam passes) or transversely, at right angles 

to the beam path. The latter arrangement leads to a more uniform axial temperaturedistribution; this is used 

in the high-end instruments. The sample is first dried at a low temperature for a few seconds (∼ 100 to 

200◦C), followed by pyrolysis at 500 to 1400◦C to destroy organic matter that produces smoke and scatters 

the source light during measurement; the smoke from pyrolysis is flushed out by flowing argon gas. Finally, 

the sample is rapidly thermally atomized at a high temperature, up to 3000◦C. The light path passes over the 

atomizer (or through the tube). A sharp peak of absorbance versus time is recorded as the atomic cloud 

forms through the light path  Most commonly, the area of the observed peak, rather than its height,is used 

for quantitation. The heating, of course, is done in an inert atmosphere (e.g.,argon) to prevent combustion of 

the graphite; refractory metal oxides can also form 

if oxygen is present. Electrothermal atomization can be nearly 100% efficient and typically only a few 

microliters of sample are required.Inter-element effects are generally more pronounced in electrothermal 

AAS than in flame AAS. The inter-element effects are typically addressed by using a standard addition 

method in which the sample is remeasured after a known amount of a standard 

is added to the sample. Electrothermal methods are complementary to flame methods. The latter are better 

suited when the analyte element is at a sufficiently high concentration to measure and adequate solution 

volume is available. They provide excellent reproducibility, and interferences are usually easier to deal with. 

On the other hand, electrothermal atomization excels when either the concentrations or available sample 

amounts are very small. Additionally, in many cases it is possible to analyze solid samples directly by 

electrothermal AAS. Method development and calibration of electrothermal methods require more care, 

however. 

 

4. Cold Vapor and Hydride Generation for Atomization: 
 

The best-knownexample in this class is that of mercury. Mercury is easily reduced to the element by 

reducing agents such as SnCl2.When a suitable reductant is added to a sample solution containing mercury, 

it is reduced to Hg(0); simultaneous purging of the solution (typically with argon) flushes the liberated 



mercury into an AAS measurement cell. Sodium borohydride (NaBH4) is a much more powerful reducing 

agent, and it canreduce organically bound Hg to Hg(0). The use of SnCl2 and NaBH4 as respective reducing 

agents allows the measurement of inorganic and total Hg, respectively. Although the vapor pressure of 

cadmium is very low at room temperature, Cd can also be successfully generated as Cd(0) vapor from 

solution by NaBH4. NaBH4 also generates the hydrides of As, Bi, Ge, Pb, Sb, S, Se, Sn, Te, In, and Tl as 

the gases—these are easily decomposed to the element by introducing the generated gas into a flame, a hot 

quartz measurement cell, or even a graphite furnace. The great advantage of cold vapor and hydride 

generation is matrix isolation, meaning that the analyte of interest is totally isolated as a vapor from the 

original sample matrix. There are reports that while many other metals such as Au, Ag, Co, Cr, Cu, Fe, Ir, 

Mn, Ni, Os, Pd, Pt, Rh, Ru, and Zn do not form hydrides, they do form nanometer-sizeelemental aerosols, 

which can be then readily atomized. 

INTERFERENCES IN AAS 

 
These fall under three classes, spectral, chemical, and physical. We will discuss these briefly and point out 

their relative effects in emission and absorption measurements 

1. Spectral Interferences: 

 

Atomic absorption lines are very narrow and absorption lines from different elements almost never overlap; 

amuch more common problem is molecular absorption. Such absorption can be caused by flame 

gases/combustion products, undissociated sample-derived molecules and also scattering by particles that 

may be generated from the sample, especially in electrothermal atomization or in flame AAS when the 

aspirated sample has much dissolved solids, making it difficult to atomize all of the sample. Unless 

corrected for, this erroneously measured high absorbance can lead to a gross overestimation of the analyte 

concentration. The effects of such background absorption can be corrected for by making sequential 

measurements of the absorbance due to the background and that due to the analyte + background and 

determining that due to the analyte by difference. The most common way of doing this is to use an 

additional light source, a continuum source such as a D2 lamp, . Such a continuum source background 

correction method takes advantage of the fact that the background absorption is broad across the entire 

wavelength span that passes through the slit-monochromator combination. When a mirror switches the light 

source from the HCL to 

the D2 lamp, the average absorbance is measured across the wavelength region. The atomic absorption line 

is so narrow compared to this passband that the absorbance due to the analyte atoms is considered 

essentially negligible. On the other hand, when the absorbance is measured with the HCL, it measures the 

absorbance due to the analyte atoms as well as the background absorbance at that wavelength. Typically a 

rotating mirror automatically switches between the two light sources and the difference signal is 

electronically generated; separate manual measurement or correction is not necessary.A D2 lamp does not 

provide enough energy above 330 nm, and a quartzhalogen lamp needs to be used; low-end instruments do 

not often provide the ability to use another switchable lamp. The continuum source correction method is far 

from perfect; mismatches in the correction beam geometry with that of the HCL and lack of uniformity in its 

spatial and spectral energy distribution and contribution of atomic absorption in the background 

measurement process, all cause difficulties in high-accuracy measurements. However, it is relatively 

inexpensive to implement and 

convenient to use. 

2. AAS Ionization Interference: 

An appreciable fraction of alkali and alkaline earth elements and several other elements may be ionized in 

very hot flames. Since we are measuring the un-ionized atoms, both emission and absorption signals can 



be decreased. In the present practice of flame photometry, only flames of modest temperatures are used, so 

ionization interference is not a problem. Much hotter flames are used in flame AAS, however, and ionization 

of easily ionizable elements do occur. If a fixed fraction of the element of interest is ionized, this would 

largely bIonization can be suppressed by included in its calibration behavior, except that the sensitivity and 

the linear dynamic adding a solution of a more easily ionized element, for example, potassium or cesium. 

range may suffer some. The main problem comes from the effects of one ionizable element upon another. 

Consider that we wish to measure calcium by flame AAS and a calibration curve was constructed with pure 

calcium standards. There is some ionization of the calcium, but this is accounted for in the calibration. The 

samples, on the other hand, contain significant and variable amounts of sodium. The sodium ionizes easily, 

increasing the free electron density in the flame and in turn suppressing the ionization of calcium, thus 

increasing the calcium atom/ion ratio and causing a positive measurement error. Ionization interference can 

usually be overcome either by adding large amounts of the interfering, easily ionizable, element to both the 

samples and the standards, to make the enhancement constant and ionization minimal. Ionization can usually 

be detected by noting that the calibration curve has a positive deviation or curvature upward at higher 

concentrations because the free electron density in the flame increases sufficiently at high analyte 

concentrations so that a lesser fraction of the atoms are ionized compared to that at lower concentrations. 

3. Refractory Compound Formation:  

The sample may contain constituents thatform a refractory (heat-stable) compound with the analyte element 

of interest. For example, when determining calcium, the presence of phosphate in the sample can cause the 

formation of calcium pyrophosphate, Ca2P2O7 that is not easily broken down to the atoms at flame 

temperatures. The lack of complete atomization of calcium thus causes a negative error in its determination. 

The best way to handle such interference is chemical intervention; in the above example, a high 

concentration (ca. 1%) ofstrontium chloride or lanthanum nitrate can be added to the solution. Called a 

releasing agent, the strontium or lanthanum will preferentially combine with the phosphate and prevent its 

reaction with the calcium. Alternatively, a high concentration of EDTA can be added to the solution to form 

a chelate with the calcium; this prevents its reaction with phosphate. The calcium–EDTA chelate is 

decomposed in the flame to Refractory compound formation is give free calcium atoms. A hotter flame such 

as the N2O–C2H2 flame also successfully avoided by addition of a chemical competitor or use of very high 

temperatures. atomizes many compounds that are not easily decomposed at lower temperatures. In flame 

AAS, some elements, e.g., Al, Ti, V, Mo, etc., react with flame species, notably O and OH, forming 

refractory oxides and hydroxides that can only be decomposed in a N2O–C2H2 flame. The flame is usually 

operated in the reducing (fuel-rich) condition in which a large red feather-like secondary-reaction zone is 

observed; this zone arises from the presence of CN, NH, and other highly reducing radicals. These (or the 

lack of oxygen-containing species), combined with the high temperature of the flame, decompose and/or 

prevent the formation of refractory oxides. Electrothermal atomization of some elements can suffer from 

interferencesas well. Chemical modifiers, for specific elements or specific types of samples, have been 

developed. Volatilization of NaCl from highly saline samples such as seawater is a problem, and addition of 

NH4NO3 solves this by forming volatile NH4Cl and NaNO3, which are easily thermally decomposed. 

Specific recommended additives for the analysis of different elements have been widely tabulated, see, e.g., 

http://www.chem.agilent.com/library/usermanuals/public/gta_analytical_methods _0848.pdf. The formation 

of refractory carbides can cause serious problems. 

 

4. Physical Interferences: 

 

Most parameters that affect the rate of sample uptake in the burner and the atomization efficiency can be 

considered physical interferences. This includes such things as variations in the gas flow rates, variation in 

http://www.chem.agilent.com/library/usermanuals/public/gta_analytical_methods


sample viscosity due to temperature or solvent variation, high and variable solids content, and changes in the 

flame temperature. Sample surface tension changes can affect the size of the nebulized droplets. These can 

generally be accounted for by frequent calibration, use of internal standards, or standard addition 

 

 

Flame Emission Spectrometry: 
 

In this technique, the source of excitation energy is a flame. The sample is introduced into the flame in the 

form of a solution. A flame is a low-energy source, and so the emission spectrum is simple and there are few 

emission lines. In practice, the technique is inexpensive and attractive for only a few elements. As a direct 

result of the work of Kirchoff and Bunsen in the early 1860s, the analytical utility of measuring the 

characteristic radiation emitted by specific elements excited in flames was realized. The earliest such 

instrument was used for the measurement of sodium in plant ash using a Bunsen flame. The difficult part in 

such an instrument was how best to introduce the sample into the flame. It wasn’t until 1929, when 

Lundegardh utilized a nebulizer to introduce a significant fraction of the sample reproducibly into the flame, 

that a breakthrough was made. Characteristic atomic emission lines were dispersed by a quartz prism 

spectrograph and recorded photographically. Use of optical filters and electrical photodetectors improved 

convenience and precision in later years, and such instruments became widely useful for measuring Na, K, 

Li, and Ca. Work on many other elements then became possible with the use of grating spectrometers 

equipped with more sensitive photomultiplier detectors. But the commercial development of the more 

broadly applicable AAS technique in the 1960s essentially restricted the scope of flame emission 

spectrometry and arrested its further development. 

Most commercial instruments in use today are dedicated to the measurement of Li, Na, K, Ca, and Ba, using 

interference filters centered at 670, 589, 766, 622, and 515 nm, respectively, and thus they are commonly 

called flame photometers. Calcium is actually measured by the emission of molecular CaOH, as this 

emission at 622 nm is more intense than the emission by atomic Ca at 423 nm. A propane-air flame 

(temperature 1900–2000◦C) is commonly used. Butane-air or natural gas-air flames can also be used; these 

flames are not as hot and the measurement is less sensitive. With a propane-air flame, the best of current 

instruments claim LODs of 0.02 mg/Lfor Na and K to 10mg/L for Ba. Most analyze one element at a time; 

the filter is manually changed to switch the target element, but some, such as the BWBTech XP Flame 

Photometer, are capable of providing simultaneous multiple readouts using multiple detection channels. The 

formation of CaOH is much affected by the presence of Ba, however, and the two generally cannot be 

simultaneously determined. The atomic emission line of Ca at 423 nm is less susceptible to interference by 

Ba but is not commonly used because of lower sensitivity. Many such shortcomings of flame emission 

measurement can be overcome with higher temperature and more reducing flames such as air-acetylene and 

higher-resolution spectrometric detection. In many ways, flame emission as practiced today in the form of 

flame photometry (FP) is a step backward from the heights previously attained because incorporation of 

high temperature flames and high-resolution spectrometry is not cost competitive relative to the more 

broadly applicable flame AAS technique 

 

 

BURNERS USED FOR FLAME SPECTROMETRY AND DESIRABLE FLAME 

CHARACTERISTICS 
 

In one type, the fuel (propane/acetylene) and the oxidant (air/oxygen/nitrous oxide) are premixed and the 

solution is nebulized by the flow of the premixed gas before the flame. This is the type of arrangement 



pioneered by Lundegardh. Much of the liquid that is aspirated by the nebulizer actually tends to form large 

droplets and simply drains from the burner. In the second type of burner, often called a total consumption 

burner, the fuel and oxidant gases are not premixed. The design is basically that consisting of three 

concentric tubes that terminate in a nozzle. The outermost typically carried the fuel, the next one the 

oxidant, and the central tube, a capillary, was the sample inlet. The Venturi suction created by the fuel-

oxidant flow aspirates the sample into the flame; the name derives from the fact that the entire aspirated 

sample enters the flame. 

Notwithstanding the superiority the ―total consumption‖ name may imply, the premix burner, sometimes 

called the laminar flow burner, ultimately produces better results. It is the only type of burner in present 

use. The primary reason for the difference is the sample droplet size generated. Whereas the direct sample 

injection process in the total consumption burner results in larger droplets of size ∼7 nL, the premix burner 

nebulizer produces droplets of size as small as 0.05 nL. The smaller droplets evaporate and eventually 

atomize much more easily. A three-slotted burner head, originally due to Boling, as shown in the figure, is 

the most common. It produces a wide flame, sufficient to accommodate the widest probe beam cross section. 

Atmospheric oxygen enters only the edges of the flame, permitting optimum reducing conditions in the 

central portion of the flame. The atom population is uniform with height over a significant portion of the 

flame, making adjustments simple. Three-slot burners have been shown to exhibit less noise and clog less 

easily with samples of significant dissolved solute content than most other designs. Past the nebulization 

point, most burner/nebulizer assemblies have baffles in their path that effectively remove the large droplets; 

these do not atomize as efficiently and result in local cooling of the flame.  

A flame should meet several desirable characteristics for use in flame emission applications: 

 (a) it should provide sufficient energy for the sample to be atomized; for the metals determined presently by 

flame photometry, the propane-air flame is sufficient, (b) the flame should be nonturbulent so that atom 

population shows the least spatiotemporal variation, (c) by itself the flame should have minimum emission 

and absorption at the wavelengths of interest, and (d) the flame should be able to operate at low gas 

velocities so the emitting atoms remain in the view volume as long as possible.  

In addition, the flame operation should be safe and inexpensive. 

 

Properties of Flame: 

 
When a nebulized sample is carried into a flame, desolvation of the droplets occurs in the primary 

combustion zone, which is located just above the tip of the burner, as shown in Figure 28-12. The resulting 

finely divided solid particles are carried to a region in the center of the flame called the inner cone. Here, in 

this hottest part of ~he flame, the particles are. vaporized. and converted to gaseous atoms, elementary 

ions, and molecular species. Excitation of atomic emission spectra also takes place in this region. Finally, 

the atoms, molecules, and ions are carried to the outer edge, or outer cone, where oxidation may occur 

beforethe atomization products disperse into the atmosphere. Because the velocity of the 

fuel/oxidant mixture through the flame is high, only a fraction of the sample undergoes all these processes; 

indeed, a flame is not a very efficient atomizer. 

 

 

 

 

 



 
 

 

 

Types of Flames Used in Atomic Spectroscopies: 
 

The common fuels and oxidants employed in flame spectroscopy and the approximate range of temperatures 

realized with each of these mixtures is given in the table. Note that temperatures of 1700°C to 2400°C are 

obtained with the various fuels when air serves as the oxidant. At these temperatures, only easily excitable 

species such as the alkali and alkaline earth metals produce usable emission spectra heavy metal species, 

which are less readily excited, oxygen or nitrous oxide must be employed as the oxidant.  

 
 
 
 
 
 
 

Effects of Flame Temperature on absorption and emission: 

 

Both emission and absorption spectra are affected in a complex way by variations in flame temperature. In 

both cases, higher temperatures increase the total atom population of the t1ame and thus the sensitivity. 

With certain elements, such as the alkali metals, however, this increase in atom population is more than 

offset by the loss of atoms by ionization. To a large extent, flame temperature determines the efficiency of 

atomization that is, the fraction of the analyte that is desolvated, vaporized, and converted to free atoms or 

ions, or both. The t1ame temperature also determines the relative number of excited and unexcited atoms in 

a flame. In an air/acetylene flame, for example, the ratio of excited to unexcited magnesium atoms can be 

computed to be about 10-8, whereas in an oxygen/acetylene t1ame, which is about 7000e hotter, 

this ratio is about 10-6. Hence, from an excitation standpoint, control of temperature is very important in 

flame emission methods. For example, with a 25000e flame, a temperature increase of 100e causes the 

number of sodium atoms in the excited 3p state to increase by about 3%. In contrast, the corresponding 

decrease in the much larger number of ground-state atoms is only about 0.002%. Therefore, at first glance, 



emission methods, based as they are on the population of excited atoms, require much closer control of 

flame temperature than do absorption procedures, in which the analytical signal depends on the number of 

unexcited atoms. In practice, however, because of the temperature dependence of the atomization step, both 

methods show similar dependencies. The number of unexcited atoms in a typical flame exceeds the number 

of excited atoms by a factor of 103 to 1010 or more. This suggests that absorption methods should show 

lower detection limits than emission methods. In fact, however, several other variables also influence 

detection limits, and the two methods tend to complement each other in this regard. 

Absorption and Emission Spectra in Flames: 
 

Both atomic and molecular emission and absorption can be measured when a sample is atomized in a flame.. 

Atomic emissions in this spectrum are made up of narrow lines, such as that for sodium at about 330 nrn, 

potassium at approximately 404 nrn, and calcium at 423nm. Atomic spectra are thus called line spectra. Also 

present are emission bands that result from excitation of molecular species such as MgOH, MgO  and OH. 

Here, vibrational transitions superimposed on electronic transitions. 

 

Ionization in Flames: 

 

All elements ionize to some degree in a flame, which leads to a mixture of atoms, ions, and electrons in the 

hot medium. For example, when a sample containing barium is atomized, the equilibrium is established in 

the inner cone of the flame. The position of this equilibrium depends on the temperature of the flame and the 

total concentration of barium as well as on the concentration of the electrons produced from the ionization of 

aLL elements present in the sample. At the temperatures of the hottest flames (>3000 K), nearly half of the 

barium is present in ionic form. The emission and absorption spectra of Ba and Ba + are, however, totally 

different from one another. Thus, in a high-temperature flame, two spectra for barium appear: one for the 

atom and one for its ion. Flame temperature again plays an important role in determining the 

fraction of the analyte ionized. 

 

 

 

 

 

 

FLAME PROCESSES OCCURRING IN TYPICAL FLAME PHOTOMETRY 

When a sample  solution ofis aspirated into the flame. The solvent evaporates from the fine droplets, leaving 

the dehydrated salt. The salt is dissociated into free gaseous atoms in the ground state. A certain fraction of 

these atoms can absorb energy from the flame and be raised to an excited electronic state. The excited levels 

have a short lifetime (1–10 ns) and drop  back to the ground state, emitting photons2 of characteristic 

wavelengths, with energy equal to hν. Only electronic transitions are involved and very narrow emission 

lines are observed. Some of the atoms also ionize by thermal excitation; a fraction of them is excited by 

thermal energy to form excited ions. In the case of measuring calcium by flame photometry, side reactions 

in the relatively low-temperature propane-air flame result in largely CaOH formed in the flame, which is 

excited and the emission from this excited molecule (much broader than atomic emission lines) is measured 

in typical filter flame photometers. For all the other metals, the emission from the excited atom is measured. 

As indicated in the figure, side reactions in the flame may decrease the population of the desired emitting 

species and hence the emission signal. The intensity of emission is linearly proportional to the concentration 



of the analyte in the solution being aspirated only at the low end of the calibration curve. For a number of 

reasons (including the fact that there is a much greater population of the atoms in the ground state that can 

reabsorb the emitted radiation) the signal at higher analyte concentrations is less than 

In this technique, the source of excitation energy is a flame. The sample is introduced into the flame in the 

form of a solution. A flame is a low-energy source, and so the emission spectrum is simple and there are few 

emission lines. In practice, the technique is inexpensive and attractive for only a few elements. As a direct 

result of the work of Kirchoff and Bunsen in the early 1860s, the analytical utility of measuring the 

characteristic radiation emitted by specific elements excited in flames was realized. The earliest such 

instrument was used for the measurement of sodium in plant ash using a Bunsen flame. The difficult part in 

such an instrument was how best to introduce the sample into the flame. It wasn’t until 1929, when 

Lundegardh utilized a nebulizer to introduce a significant fraction of the sample reproducibly into the flame, 

that a breakthrough was made. Characteristic atomic emission lines were dispersed by a quartz prism 

spectrograph and recorded photographically. Use of optical filters and electrical photodetectors improved 

convenience and precision in later years, and such instruments became widely useful for measuring Na, K, 

Li, and Ca. Work on many other elements then became possible with the use of grating spectrometers 

equipped with more sensitive photomultiplier detectors. But the commercial development of the more 

broadly applicable AAS technique in the 1960s essentially restricted the scope of flame emission 

spectrometry and arrested its further development. Most commercial instruments in use today are dedicated 

to the measurementof Li, Na, K, Ca, and Ba, using interference filters centered at 670, 589, 766, 622, 

and 515 nm, respectively, and thus they are commonly called flame photometers. Calcium is actually 

measured by the emission of molecular CaOH, as this emission at 622 nm is more intense than the emission 

by atomic Ca at 423 nm. A propane-air flame (temperature 1900–2000◦C) is commonly used. Butane-air or 

natural gas-air flames can also be used; these flames are not as hot and the measurement is less sensitive. 

With a propane-air flame, the best of current instruments claim LODs of 0.02 mg/L for Na and K to 10mg/L  

for Ba. Flame Photometer, are capable of providing simultaneous multiple readouts using multiple detection 

channels. The formation of CaOH is much affected by the presence of Ba, however, and the two generally 

cannot be simultaneously determined. The atomic emission line of Ca at 423 nm is less susceptible to 

interference by Ba but is not commonly used because of lower sensitivity. Many such shortcomings of flame 

emission measurement can be overcome with higher temperature and more reducing flames such as air-

acetylene and higher-resolution spectrometric detection. In many ways, flame emission as practiced today in 

the form of flame photometry (FP) is a step backward from the heights previously attained because 

incorporation of high temperature flames and high-resolution spectrometry is not cost competitive relative 

to the more broadly applicable flame AAS technique.  



 



 

 



 

 

 

 

 



 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



Interferences: 

 

 

 

 

 

 



Chemical Interferences 

 



 



 



 

 



 

 

 

Evaluation Methods: 

 



 

Preparation of Sample Solution: 

 



 

Preparation of standard Solution: 

 

 

 

 

 

 

Concentartion Units: 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Further material on Hydride generation methods and Cold vapor 

Techniques 
 

Eight elements including germanium, tin, lead, arsenic, antimony, bismuth,selenium, and tellurium form 

volatile, covalent hydrides. Hydride generation can be employed both to separate these elements from the 

main sample matrix before their introduction into the light path of the instrument, and to convert them into 

an atomic vapour once they are there. Hydride generation methods involve three or four successive steps 

depending on the technique used: (i) The hydride is generated by chemical reduction of the sample; (ii) The 

formed hydride may be collected in the 

batch type methods; (iii) The hydride is entrained in a gas stream into the atomizer; (iv) The hydride is 

decomposed in the atomizer to form the atomic vapour, and the absorption signal is measured. A number of 

methods in use are based on this principle, but they differ in the means of reduction, atomization, and 

sample introduction. Reduction Methods. Early methods used a zinc-hydrochloric acid reduction (Gutzeit 

method), together with some kind of collecting device for the hydrides formed: 

 
Zn(s) + 2 HC1 = ZnC12(aq) + 2 H+ = MH,(g) + H2(excess) (65) 

M is the analyte and m may be equal to  or not (for example, As"' and AsV are both reduced to AsH3). 

Hydrides were collected in U-tubes in a nitrogen trap or in rubber balloons. Titanium( 111) chloride-

hydrochloric acid and magnesium-zinc reductants were used to extend the hydride method to bismuth, 

antimony, and tellurium. For some elements, especially tin, lead, and tellurium, the hydride formation 

reaction is relatively slow and hence the collection vessel is necessary. In addition, arsenic(v) must be 

reduced to arsenic( 111) by tin( 11) chloride or potassium iodide before the actual hydride generation when 

a metal-acid reduction is employed. Sodium borotetrahydride is now generally used as the reductant in 

various hydride generation methods. The reduction may be illustrated by the following reactions: 

 
NaBH4 + 3 H20 + HC1 = H3B03 + NaCl + 8 H+ = MH, + Hp(excess) (66) 

 

The hydride is generated by first adding the sample to a HCl solution (0.5-5.0 moll-') and then NaBH, (about 

1% solution). The hydride formation by NaBH4 is very fast and the hydride vapour may be flushed 

immediately or after reaction times of 10 to 100 seconds into a silica tube atom cell at carrier gas flow rates 

of 20 to 100 ml s-l. 

Advantages of sodium borotetrahydride as the reductant are: (i) The reaction time is fast (varies from 10 to 

30 seconds); (ii) NaBH4 can be Atomic Absorption Spectrometry 119 employed to produce all the eight 

volatile metal hydrides; (iii) NaBH4 can be added in solution form. Sodium borotetrahydride hydrolyses in 

aqueous solutions in the following way. 

NaBH4 + 2 H20 = 4 H2 + NaB02 (67) 

The hydrolysis may be prevented by addition of some potassium or sodium hydroxide. The 1% NaBH4 

solution may be stored for about 3 weeks. 6.2.2 Apparatus. Initially in the hydride generation methods, 

atomization was performed mainly in argon/hydrogen diffusion flames, and later these were replaced by 

graphite furnaces or heated quartz tubes. Nowadays, commercial hydride generation sys tems use almost 

exclusively either electrically heated or flame heated quartz tubes for atomization. The basic systems are 

represented in principle in Figure89. In each case a standard. atomicabsorption spectrometer is used. A 

quartz absorption tube is either positioned above the burner (Figure89A) or the burner assembly of the 

spectrometer is replaced with a quartz tube which is heated electrically by a coiled wire (Figure 89B). The 



hydride vapour is atomized in the quartz tube and the resulting atoms are detected by the radiation beam 

from the hollow cathode lamp (or EDL) which passes down the axis of the tube. Non-specific 

background absorption is almost unknown with this technique when heated quartz tubes are used. Another 

widely used hydride generation system is represented in Figure 90. A small oxygen-hydrogen flame burns 

inside an unheated quartz tube. The hydride vapour is flushed by a stream of hydrogen into the tube where it 

is atomized in the hot oxygen-hydrogen flame. Excess hydrogen is burnt at the ends of the tube. The flow 

rate of hydrogen is about 1.5 lmin-' and that of oxygen about 6 ml min-' . In this technique oxygen-hydrogen 

and air-hydrogen flames cause background absorption which must be corrected. Two modes of operation 

can be applied for the hydride generation technique: (i) In the normal 'batch' system, the whole sample is 

reduced in a hydride generator and the hydride formed transported in a carrier gas stream to an absorption 

tube; (ii) In the flow injection (FIA) technique all stages of the hydride generation method take place in a 

fully automated closed system. 6.2.3 Atomization Mechanisms. The relatively easy atomization of the 

gaseous hydrides in heated quartz tubes and the increase in sensitivity with increasing atomizer temperature, 

led to a conclusion that atomization of the hydrides is a simple thermal dissociation. However, on the basis 

of a series of later observations it has been shown that thermal dissociation is not the only atomization 

mechanism of the hydrides. Dedina and Rubeska investigated the atomization of selenium hydride in a cool 

oxygen-hydrogen flame burning in an unheated quartz tube. They concluded that atomization is brought 

about by the free radicals (OH and H) that are produced in the primary reaction zone of the flame. The 

concentration of H radicals is several orders of magnitude higher than that of OH radicals. Thus, most 

probably atomization takes place via a two-step 

mechanism with the predominating H radicals: 

SeH2 + H = SeH + H2 (68) 

SeH + H = Se + H2 (69) 

Correspondingly, reactions with OH radicals are also possible, but because of their low concentration these 

reactions are negligible. However, recombination must also be taken into account: 

Se + H = SeH (70) 

After a sufficiently large number of collisions with H radicals there is equilibrium between reactions (68), 

(69), and (70). The probability of the formation of free Se atoms from SeH2 is proportional to the number of 

collisions with free H radicals and the efficiency of atomization should increase with increasing number of 

radicals. Analogous conclusions can be drawn for atomization of selenium hydride and other volatile 

hydrides in hydrogen diffusion flames. In heated quartz tubes oxygen plays an active role in the atomization 

of gaseous hydrides. If measurements are performed with the exclusion of air (oxygen), all other hydrogen 

forming elements except bismuth exhibit either no measurable signal or distinctly reduced sensitivity at 

1000-1 100 K. With increasing temperature, sensitivity of all elements increases. In contrast, in 

the presence of oxygen maximum sensitivity is obtained at 1000 K and further increases in temperature do 

not bring further signal increases. When there is adequate oxygen and hydrogen (from the reaction of 

NaBH4 with the acidified sample solution) in the quartz tube, it is conceivable that similar reactions to those 

in a fuel rich hydrogen flame take place. Arsenic hydride (arsine) is not measurable when atomized in a pure 

argon atmosphere, even in a quartz tube heated up to 1300 K. The hydride is 

thermally decomposed, but its dissociation does not lead to free arsenic atoms. Probably the stable tetramer 

As4 or dimer As2 is formed. Atomization takes place as soon as hydrogen is mixed with the argon. 

Maximum sensitivity is attained at about 900 K when some oxygen is also introduced (argon with 1 % 

oxygen). Hydrogen is essential for the atomization of gaseous hydrides in a heated quartz tube and oxygen 

plays a supporting role at least at lower temperatures. 



 

 
 

 

 

 

 

 

 

Cold Vapor Techniques: 

 
The determination of mercury is possible by the cold vapour technique, since it is based on the unique 

properties of this element. Mercury has an appreciable vapour pressure at ambient temperatures (0.16 Pa at 

293 K) and the vapour is stable and monoatomic. Mercury can easily be reduced to metal from its 

compounds. By selective reductions of inorganic mercury( 11) compounds and organomercury compounds, 

it is possible to determine successively the inorganic and organic mercury fraction in the same sample. 

The mercury vapour may be entrained in a stream of an inert gas or in air and measured by the atomic 

absorption of the cold vapour without the need of either flame or flame atomizers. 

Dynamic Method: 

 
 In the simple dynamic method (Figure 92), air is circulated by a small pump through the reaction vessel, 

spray trap, and absorption tube with the longest path length and minimum volume possible. A length of 15 

cm and a diameter of 0.75 cm would be suitable for many AAS instruments. The cuvette is usually made of 

glass with ultraviolet transmitting windows (quartz). After the determination, mercury is collected, for 

instance, in an active carbon trap. Mercury is usually reduced to metallic mercury by tin(r1) chloride: 

Hg2+ + Sn2+ = Hg" + Sn4+ (71) 



Hypophosphoric acid, hydrazine, or sodium borotetrahydride may also be used as reductants. The procedure 

is as follows: A clear sample solution, containing 0-300 mg of mercury, is transferred to the reaction vessel 

and the reductant is added. For example, 2 ml of 10% SnC12 solution. The bottle head is immediately 

inserted and the circulating pump switched on. Reduced mercury is liberated and swept through the 

absorption cuvette. The absorbance value rises to a plateau. When the constant absorbance value has been 

reached and recorded, mercury vapour is collected in a trap or allowed to escape through the extraction 

hood. When the absorbance returns to zero the next sample or standard can be inserted and reduced. 

The repeatability of the dynamic system depends on the constancy of the total volume of the circulating air. 

Thus, the flask and sample solution volumes should be exactly the same during a particular analysis run 

The time required to liberate mercury increases with increasing sample volume and the increasing mercury 

content of the sample. In practice, a suitable sample volume is about 30-50 ml. For example, 50 pg of 

mercury may be liberated in 15 seconds from a sample volume of 30 ml, and 2 pg of mercury may be 

liberated in 10 seconds from a sample volume of 10 ml, whereas from 500 ml the time required is 4 minutes. 

When the circulating rates are too high the sample solution starts to foam, and when they are too 

small the liberation of mercury takes too long time. The inorganic and organic mercury fractions of a sample 

may be determined in the following way: Inorganic mercury, Hg" compounds, are reduced by 10% SnC12 

solution. The liberated mercury vapour is circulated until the stable maximum absorbance value is reached. 

The vapour is then circulated through an active carbon trap until the absorbance returns to zero. After that a 

desired amount of a standard mercury solution is added to the reaction vessel and its absorbance reading 

recorded in the same way. In order to reduce organomercury compounds, SnC12-CdC12 solution is added 

to the reaction vessel. The calibration for the organomercury fraction is carried out by a standard methyl 

mercury solution. 

 
Fig: Principle dynamic cold vapor method 

 

 

Static Method: 

 
In the static method, the reduction of mercury is performed as in the dynamic method. The mercury vapour 

is passed first through a vacuum flask, and then via a gas pipette to the absorption cuvette (Figure 93). In 

practice, the precision of the static method is better than that for the dynamic one since the mercury vapour 



is not circulated through the absorption cuvette. Hence the circulating rate does not affect the results, and it 

is not necessary to measure standards so often. 

 

 
 

Fig: Principle of static cold vapor method 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Atomic Absorption Experiments 

 



 



 
 

 

 

 

 

 



Flame Emission Experimets: 
 

 

 
 



Mass Spectrometry 

 
 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 



 



 
 

 

 

 

 

 

 

 

 

 

 

 



 
 


