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CHAPTER I. INTRODUCTION 

The approach usually followed to introduce a dissertation 

on flame spectroscopy involves a historical development of 

flame photometric techniques and understanding. The historical 

development of flame applications is well documented in the 

literature (6l, 92, 96)1 The first recorded observations, 

which bear any relation to flame photometry, date back to the 

middle of the l6th century. For approximately 200 years until 

the mid-1700's, several people described the coloration that 

certain salts imparted to simple flames. During the 1820's, 

Talbot and Herschel used flames for excitation sources and 

suggested a method of qualitative analysis based on the color 

emitted by various salts introduced into alcohol or candle 

flames. Kirchoff and Bunsen correlated spectral lines with 

specific elements in 1855» and in I869 Janssen proposed a 

quantitative analysis technique based on a flame excitation 

source. Beginning in the late 1920's, Lundegardh set the 

basis for modern analytical flame spectrometry by developing 

flame systems as well as the entire spectroscopic apparatus. 

The basic works of Lundegardh, which are still valid today, 

established the starting point for the rapid development of 

improved techniques and equipment, which has continued through

out the world during the last forty years. 
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The preceding discussion merely establishes the fact that 

flames can serve as excitation sources. Nothing is mentioned 

concerning the present state of knowledge regarding the funda

mental flame combustion processes. Thus, one is unmistakably 

led to believe that the combustion processes are trivial or 

too horribly complex to comprehend or discuss in a scientific 

manner. 

Archaeological evidence suggests that fire was first used 

about 6 X 10^ years ago (4?), whereas fire was perhaps first 

created artificially about 3 x 10^ years ago. The first 

scientific discussions regarding fire and flames were con

ducted by the Greeks around 400 B.C. In spite of the great

ness of Alexander the Great, the early Greeks contributed 

virtually nothing to the understanding of combustion. So fire 

and flame remained as very mysterious phenomena, at least until 

1852 when the following quotation appeared in Scientific 

American (41): 

••• It is our opinion that more discoveries will yet be 
made respecting flame and light....we are in the dark, 
yet, respecting one of the most common and simple 
chemical phenomena. 

Following World vVar I, research centers supporting 

combustion research sprang up throughout the world. During 

the post World War II era, the United States Government 

supported combustion research through government contracts. 

However, the mystery of combustion is still not completely 

solved: 
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...Substantial progress has been made in establishing 
a common understanding of combustion phenomena. However, 
this progress of consolidation of the scientific approach 
to the subject is not yet complete. Much remains to be 
done to advance the phenomenological understanding of 
flame processes so that theoretical correlations and 
predictions can be made on the basis of secure and 
realistic models (B. Lewis and G. von Elbe, I96I (88, p. 
v)). 

...There has been a tendency in some groups—particularly 
among chemists interested in reaction kinetics—to dismiss 
flames as being too hopelessly complicated for fruitful 
study in any fundamental way. We believe, however, that 
research progress of the past ten or fifteen years has 
revealed the undue pessimism of this attitude and that 
the progress should be documented (R. M. Fristrom and A. 
A. Westenberg, I965 (4?, p. v)). 

Future progress in combustion chemistry will perhaps be 

directed toward developing a rigorous flame theory consistent 

with detailed experimental studies. Admittedly, the very 

mechanism of flame propagation is at best fuzzy: 

...When I first began the study of chemical kinetics, 
some forty-three* years ago, the understanding of the 
mechanism of combustion reactions was in a very rudimentary 
state....it was clear that some general mechanism must 
be sought capable of giving a global explanation of this 
the oldest and longest studied chemical reaction....in 
particular, it is the conception of the branching-chain 
mechanism which provided the key to the problem, and 
which, since the middle 1920*s, has proved both satisfy
ing in clarifying our ideas, and fruitful in predicting 
new and profitable lines of experiment and research... 
the growth of the chain theory of combustion has followed 
...(the line of seeking) to find the nature of the chain 
centers... .the earlier chemical studies of combustion had 
led to the conclusion that reaction centers are usually 
to be identified with atoms and free radicals, and this 
view is still held,...but it certainly proved difficult 
unequivocally to identify the centers and reactions 
involved....it is not my intention to enter into this 
rather weatherbeaten controversy (namely, the determina
tion of reaction centers)....(R. G. W. Norrish, 1964 (101, 
p. 1)). 
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Although the combustion mechanism is not completely under

stood, flames need not be relegated to serve only as sources 

of life-sustaining heat energy. All enterprising spectro-

scopists realize that flames can serve as stable and reproduc

ible excitation sources, and that flames are cheap to operate 

and simple to maintain. The behavior of analytical species 

introduced into flames can be studied in a fundamental manner 

in spite of the obvious uncertainty in the combustion mechanism. 
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CHAPTER II. CHEMICAL INTERFERENCES 

Introduction 

During the past ten years, simple combustion flames have 

become one of the most useful devices available to the analyti

cal chemist for the quantitative determination of trace 

elements in solution. The usefulness stems from the very 

simple way that flames can release free atoms of various 

elements, which are found in solution. All that is necessary 

is to form an aerosol or spray from the solution and to 

introduce the spray into the flame. As the processes listed 

in Table 1 occur, a fraction of the dissolved sample is 

eventually converted into free atoms of the element being 

analyzed (analyte). 

Table 1. Transformation of sample into atomic vapor 

1. Nebulization of sample solution 

2. Desolvation of wet aerosol 

3» Volatilization of dry aerosol 

4. Formation of molecular, atomic, and ionic species 

Once the free atoms are formed, they can be detected at 

the trace level by three different spectroscopic techniques, 

namely, atomic absorption, atomic emission, and atomic 

fluorescence. 
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In flame photometric analysis, the relationship between 

the spectral emission or absorption intensity and concentration 

of the analyte is often equivocal. The published literature 

on flame emission and absorption spectroscopy contains many 

accounts concerning the influences certain constituents 

(interferents) in a sample may exert on the spectral signal 

of the analyte. These interelement effects are commonly 

referred to as interferences, which have been classified in 

accordance with their mechanism of origin (3i 52| 6l, p. 6l). 

A satisfactory classification (52) of various types of 

interferences common to flame spectroscopy appears in Table 2. 

Table 2. Classification of interferences 

I. Spectral interferences 

II. Physical interferences 

III. Chemical interferences 

A. Vapor-phase interferences 

1. Excitation 

2. Ionization 

3* Dissociation 

B. Condensed-phase interferences 
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Spectral interferences are realized when some flame species 

other than the analyte emits or absorbs radiation sufficiently 

close to the characteristic wavelength of the analyte. 

Generally, spectral interferences are more common in emission 

spectroscopy than in absorption spectroscopy. In the emission 

technique, the spectral region undergoing photometric detection 

is limited by the spectral bandpass of the monochromator. 

However, in absorption spectroscopy, a much narrower spectral 

region is observed when narrow line sources such as hollow 

cathode lamps serve as primary sources. 

Physical interferences are non-specific in nature since 

the physical effects are generally limited to variations in 

the transport rate of the analyte into the flame. A potential 

non-specific interferent exercises the same relative effect on 

various elements and on varying concentrations of a single 

element. Physical interferents, which affect the physical 

properties of the sample solution, act to alter the process 

of aerosol formation either by reducing the quantity of aerosol 

or by changing the droplet-size distribution of the aerosol. 

Chemical interferences include all reactions that are 

specifically dependent on the chemical nature of the analyte. 

Chemical interferences may occur with the vapor-phase or 

condensed-phase forms of the analyte. 
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Excitation interferences are not common in flame spectro

scopy since most flames are in thermal equilibrium beyond the 

primary reaction zone. However, if a combustible solvent 

replaces an aqueous solvent in the sample solution, the flame 

temperature will change and an excitation interference will 

occur. Excitation interferences generally merit more considera

tion in emission spectroscopy than in absorption spectroscopy. 

Ionization interferences are chemically specific mainly 

because of the variation of ionization energies among the 

elements. For an ionization interference to occur, the 

analyte must be appreciably ionized in the flame. Elements 

capable of being ionized in conventional flames are generally 

limited to the alkali, alkaline earth, and rare earth groups 

of metals. An ionization interferent is some species capable 

of altering the free-electron density in the flame, thereby 

shifting the ionization-recombination balance of the atomic 

and ionic forms of the analyte. 

Dissociation interferences are similar to ionization 

interferences in that a shift in a chemical balance is involved. 

A dissociation interference results when an interferent changes 

the relative amounts of an analyte present as atomic and 

molecular vapor. Dissociation reactions are also specific 

since the relative amounts of molecular and atomic analyte 

depend on the chemical nature of the analyte. 
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The condensed-phase or solute-vaporization chemical 

interference is perhaps the most troublesome chemical inter

ference. Historically, many journal articles have described 

solute-vaporization interferences associated with flame 

spectroscopic techniques (52, 6l). A condensed-phase inter-

ferent is one that inhibits the vaporization of the desolvated 

aerosol droplet containing the analyte. The exact mechanisms 

by which solute-vaporization interferences occur are not 

known although many explanations have been proposed to account 

for the interference effect. The published accounts of many 

solute-vaporization interferences are often inconsistent with 

one another in relating the magnitude and the direction of the 

interference; this implies the observed interference also 

includes physical effects dependent on the experimental 

apparatus. The interference investigation described herein 

was initiated in order to find some simple and convenient 

means of eliminating several common condensed-phase inter

ferences. 

The nature of condensed-phase chemical interferences 

The literature contains excellent reviews on the nature 

of condensed-phase interferences (3; 8; 6l, p. 300; 113); 

several points regarding their interpretation have found 

general acceptance among analytical flame spectroscopists. 

The most common condensed-phase chemical interference systems 

include the effect of phosphate, sulfate, and aluminum on the 
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emission and absorption signals of the alkaline earth metals. 

If, for example, the calcium-phosphate interference is studied 

in either a low temperature flame stabilized by an indirect 

nebulizer-burner^ or a flame stabilized by an integral nebulizer-

burner, the literature quite typically describes the inter

ference in the following way (8, 12, 34, 35, 48,89, 91, 132, 

137): The depression in the emission or absorption intensity 

of calcium as a function of increasing phosphate is usually 

reported as being linear up to phosphate/Ca ratios of approxi

mately one. Near molar ratios of one, a bend occurs in the 

interference curve and the analytical signal is not sensitive 

to increasing amounts of interferent beyond the bend. 

In attempts to interpret the experimental calcium-phosphate 

interference curves, a number of investigators hypothesized 

that the decrease in intensity resulted because calcium and 

phosphate formed a refractory compound whose greater thermal 

stability limited the release of free calcium atoms. Credence 

is given to this interpretation by the observation that no 

calcium emission intensity suppression occurred when an 

^An indirect nebulizer-burner possesses an intermediate 
spray chamber between the nebulizer and the flame. A direct 
or integral nebulizer-burner is a single unit that sends the 
entire aerosol directly into the flame without passage through 
any intermediate channels between the nebulizer and the burner 
port. 
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interferent-free calcium solution and a solution of phosphoric 

acid were nebulized separately but simultaneously and then 

introduced into the flame (7» 48, 111). Phenoraenologically, 

the interference mechanism may be outlined as follows (6l, p. 

304)I During the dehydration of the aerosol droplet, the 

calcium has every opportunity to react with phosphorus at the 

combining ratio to form a refractory compound, e.g., Ca2P20y or 

Ca^(P0/|,)2* The bend in the interference curve may then be 

interpreted as the chemical combining ratio of the calcium 

and phosphorous in the refractory species. Any excess phos

phorous beyond the point indicated by the bend evidently 

vaporizes quite rapidly and no further interference results. 

The alkaline earth-aluminum interference systems have 

shared the popularity spotlight with the phosphate interference 

systems. The aluminum interferences, which have also been 

classified as condensed-phase interferences, react to the 

separate nebulization experiments in the same manner as the 

phosphate interferences (7, 48). The magnitude and persistence 

of the alkaline earth-aluminum interferences in relatively 

low temperature flames or flames provided by direct nebulizer-

burners are aptly illustrated in the literature (8» 48; 6l, p. 

303; 91). 

Although the alkaline earth-aluminum interference curves do 

not generally indicate the sharp bend, which is characteristic 

of the phosphate interference, the postulated mechanism of 
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interference also involves the production of an involatile 

compound between the analyte and interferent (e.g., CaAl202^) 

(91, 117)' Another possible cause for the observed inter

ference is the occlusion of the analyte in a stable matrix of 

the interferent (3)« 

The reduction and elimination of condensed-phase chemical 

interference effects 

The acknowledgement of condensed-phase chemical inter

ferences did not severely limit the range of application of 

flame spectroscopic techniques. The major effects of these 

interferences were manifested as gross inconveniences. 

Herrmann et al. (61, p. 320) list nearly twenty pro

cedural methods for reducing (and sometimes eliminating) 

chemical interferences. These methods range from separation 

of the analyte from the interferent to the preparation of 

standards, which simulate the interference system. Certain 

additives (compounds added to the sample solution) have been 

used with some apparent success to provide a means for coping 

with condensed-phase chemical interferences. Buffering 

additives essentially act to dominate the interference, thereby 

saturating the interference effects (52). Releasers and 

protectors act to remove the interference by preventing the 

formation of an involatile analyte-interferent complex (52). 

Releasers have been used quite successfully (26, 2?, 33, 137), 

and a mechanism describing their action has been suggested 
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(33)» Protectors have been used with limited success (133)» 

and their mechanism of action is equivocal (11). However, 

protectors supposedly act directly on the analyte, thereby 

preventing direct interactions between the analyte and inter-

ferent (52, 134). 

One is not of necessity restricted to the addition of 

additives, the preparation of simulated standards, or prior 

chemical separations when attempting to cope with chemical 

interferences. Often these methods are inconvenient and 

inadequate for accurate analytical flame spectroscopy. Other 

factors that facilitate the production of free atoms in flames 

can be optimized to minimize or eliminate chemical inter

ferences. 

The effect of aerosol droplet-size The genesis of free 

atoms in a flame must proceed through the various steps listed 

in Table 1; some of the processes noted therein may occur 

simultaneously. The steps listed in Table 1 involve physical 

processes such as nebulization and desolvation, which may 

indirectly contribute to a condensed-phase chemical inter

ference. For example, solute-vaporization interferences are 

notably more severe when integral nebulizer-burners of the 

Beckman type (6l, p. 122) rather than indirect nebulizer-

burners are employed as part of the spectroscopic apparatus 

(6l, p. 301). Several reasons account for this observation. 

The Beckman integral aspirator produces an aerosol whose mean 
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droplet-size (28) is significantly larger than the mean drop-

let-size of the aerosol emanating from an indirect netulizer-

bumer (135)* Since the time required for desolvation is 

proportional to the square of the mean drop size (6; 28; 6l, 

p. 24), evaporation of the solvent requires more time when 

integral nebulizer-burners of the Beckman type are employed. 

Large wet aerosol particles reaching the flame will necessarily 

lead to large dry aerosol particles. The time required to 

vaporize a solute particle is also proportional to the square 

of the mean particle size (6, 11). If the solute particle is 

relatively stable with respect to the volatilization process, 

condensed-phase chemical interferences will appear to be more 

severe for larger aerosol droplets. Therefore, the production 

of free atoms in flames may be enhanced by an efficient 

nebulization process. 

The effect of organic solvents The enhancements in 

absorption or emission signals afforded through the use of 

organic solvents for the sample solution, or the addition of 

organic components to the solution, have been adequately 

documented (6l, p. 22). Systematic studies on the mechanism 

of this enhancement effect have clearly shown that the gain 

in signals depends in a gather complicated and subtle way on 

the combined action of many factors. Clearly, several of the 

factors, which contribute to spectral enhancements, should at 

the same time lead to a minimization or elimination of 
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condensed-phase chemical interferences. In particular, the 

presence of organic components with surface tensions lower than 

that of H2O either as solvents or additions to the solution, 

should lead to the formation of a finer spray by the process 

of pneumatic nebulization (28; 6I, p.22). If the vapor 

pressure of the organic component is at the same time greater 

than that of water, and is combustible as well, the increase 

in the evaporation constant (60) should contribute to a marked 

increase in the overall efficiency of vaporization of the 

aerosol droplet and its residue. 

The effect of flame temperature Another factor, which 

notably affects the rate of solute vaporization, is the 

temperature of the flame. The time required for complete 

volatilization is a direct function of the absolute flame 

temperature (6, 11). The importance of the temperature factor 

in reducing the magnitude of condensed-phase chemical inter

ferences has been demonstrated (6I, p. 74, 308). 

The experimental approach The importance of flame 

temperature and refinement of the sample aerosol in reducing 

the magnitude of solute-vaporization interferences points out 

that there is often not enough time for the aerosol particle 

to vaporize completely during its transit through the flame. 

For example, condensed-phase chemical interferences are found 

to be greatly diminished in magnitude when the spectral signal 

of the analyte is sampled at greater observation heights in 



www.manaraa.com

16 

the flame (8, 48). 

Recent developments in burner design and high temperature 

premixed flame systems have provided the analyst with opportuni

ties to exercise a higher degree of optimization of the variables 

known to reduce the severity of condensed-phase chemical inter

ferences. It is somewhat surprising that little effort has 

been devoted to taking advantage of these developments in 

directly eliminating all vestiges of several important chemical 

interferences, without resorting to the addition of extraneous 

releasers, protectors, or buffers or resorting to prior chemical 

separations. The data to be presented will show that the 

depressant effects exerted by the classical chemical inter-

ferents on the emission and absorption signals of alkaline 

earth metals can be eliminated at interferent concentrations 

normally encountered by taking advantage of the flame systems 

and the optimal nebulization characteristics of the nebulizer-

burners systems described below. 
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Experimental Facilities and Procedures 

Two different nebulizer-burner systems were employed for 

the majority of the investigations of several common condensed 

phase chemical interferences. One of these was the premixed 

O2-N2-C2H2 burner^ (see Figure 1) previously described by 

D'Silva, Khiseley, and Fassel (39)» A second nebulizer-burner 

used herein was the long-path slot burner presented in Figure 

2 (46). In operation, each of these burners refines the 

nebulized aerosol so that a smaller drop-size distribution is 

introduced into the flame. In the premixed O2-N2-C2H2 burner, 

the premixing channel (the hypodermic tubing) in effect serves 

as an extended impact plate and as a spray chamber to lower 

the drop-size distribution formed by the Beckman nebulizer-

burner. 

An unmodified integral Beckman burner (in Figure 1, the 

premix burner without the premixing chimney) was also used 

for one brief experimental study. 

^Premixed burner refers to a burner in which the combustion 
gases are premixed prior to ignition. 



www.manaraa.com

18 

12 STAINLESS STEEL 
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^ nvFPFl nw 
^^TUBE TEFLON ROD 
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RESERVOIR FOR _ 
EXCESS SOLUTION 

TYGON 
TUBE 
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4030 

Figure 1. Cross-sectional drawing of the premixed oxygen-
nitrogen-acetylene burner 
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(A) End-cap assembly showing (a) nebulizer; (b) 
and (d) fuel port and auxiliary oxidant port; 
(c) drain pipe 

(B) Spray-premixing chamber showing flow spoiler 
and blowfout plugs 

(C) Burner head showing tapered walls and cooling 
ducts 

(D) Burner racking assembly 

Figure 2. Cutaway view of long-path slot burner 

I 
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Flame temperatures and pertinent data regarding the gas 

flow rates employed with the respective burner systems are 

listed in Table 3» 

Table 3* Burner operating conditions and flame temperatures 

Burner Gases and flow rates^ Temperature^ at 20 mm 
1 /min °K 

Beckman burner 
(61, p. 122) 

O2 
C2H2 

3;2 
2.1 

~ 3000 ( 99) 

Premixed Oo-No-CpHo 
burner (39) 

O2 
C2H2 

00
00 

•
 .
 

~ 2700 ( 99) 

Slot burner 
(46) 

N2O 
C2H2 

11.3 
6.4 

~ 2800 (136) 

Slot burner 
(46) 

O2 
C2H2 

13.7 
14.2 

~ 2950b 

These gas flow rates and corresponding flame temperatures 
where characteristic of the flames used for analyzing solutions 
whose solvent was 50% EtOH-50?S H2O. When aqueous solutions 
were sampled, the acetylene flow rates for the N2O-C2H2 and 
Oz-CzHz^slot burner flames were increased to 7.4 (Temp. = 
2880 °KD) and 15.O (Temp. = 3OOO lAin, respectively. 

^These are measured line reversal temperatures. The 
principle of the line reversal technique is discussed in 
Chapter III. 

Along with a burner and flame support system, the spectro

scopic apparatus must include some device for wavelength 

selection, a detector, and readout devices. Block diagrams 

listing the components used for performing atomic emission 

and absorption experiments are presented in Figures 3 and 4. 

Details of the individual components are listed in Table 4. 
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Figure 4. Block diagram of atomic absorption system 
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Table 4. Description of components of emission and 
absorption systems 

Component Description 

Monochromators 

Photomultipli er 
detectors 

Detector power supply-

Amplifiers 

1.0 m Czemy-Turner mount 
Jarrell-Ash Model 78-462 scanning 
spectrometer. Effective aper
ture, f/8.7. Gratings, 1180. 
grooves/mm blazed for 25OO A 
and 5000 A. Reciprocal linear 
dispersion, 8.2 A/mm in first 
order 

0.5 m Ebert mount Jarrell-Ash 
Model 82-000 scanning spectro
meter. Effective aperture 
f/8.6. Gratings. 1180 grooves/mm 
blazed for 2500 A and 5000 S. 
Reciprocal linear dispersion, 
16 2/ram in first order 

EMI 6256B. Spectral response 
type, SI3. Approximate useful 
sensitivity range, I650 A-6500 A 

EMI 9558B. Spectral response 
type, S20. Approximate useful 
sensitivity range, 2900 A-8500 A 

Model S-325-RM, New Jersey 
Electronic Corporation (500-2500V 
0-10 mA) 

Princeton Applied Research 
Corporation lock-in amplifier 
model HR-8 

Leeds and Northrup 9836-B micro-
mi croamme ter 

Keithley Model 417 high speed 
picoammeter 



www.manaraa.com

24-

Table 4 continued 

Component Description 

Mechanical chopper Princeton Applied Research 
Corporation Model BZ-1 
mechanical light chopper 

Recorder Leeds and Northrup Speedomax 
G Model S millivolt recorder 

Primary Sources Sylvania type DXL tungsten 
filament lamp, quartz envelope. 
iodine vapor filled 

Hollow cathode tubes 

The ethanol-water and aqueous solutions of the metal 

chlorides or perchlorates were prepared from reagent-grade 

chemicals. Chloride salts (6, 113) as well as perchlorate 

salts are generally readily volatilized in flames. The 

phosphate, borate, and sulfate solutions added to the test 

solutions to provide a range of anion/cation mole ratios 

were prepared from their corresponding acids. Aluminum 

chloride and perchlorate were prepared from aluminum powder. 

A continuously variable infusion pump (model 600-000, 

Harvard Apparatus Co.,Inc., Dover, Mass.) operating at a 

rate of approximately 1 ml/min was used for all experiments 

with the premixed O2-N2-C2H2 burner. 
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The flame conditions employed to study the alkaline 

earth-aluminum interference systems were chosen to maximize 

the sensitivity for barium; other elements were studied under 

the same conditions for comparison purposes. All spectral 

signals were measured at an observation height of 20 mm above 

the burner; aqueous solutions of 25 Mg metal/ml served as 

samples. The ion line intensities recorded on Figures 9-14 

are very nearly proportional to free-ion number densities. 

In the slot burner flames, Ba(I) emission and absorption 

are also proportional to free barium atoms; however, 

sufficient self-absorption was present in the studies with 

Mg, Ca, and Sr so that free-atom emission and absorption 

signals are proportional to the square root of the free-atom 

number densities (63). 
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Results and Discussion 

The allcailLiie earth-anion interference systems 

The? calcium-phosphate interference system was reinvesti

gated Lnitke Beckman burner turbulent flame. In the dis

cussion.. above, attention was called to several severe limita

tions irriiposed by Beckman turbulent flames toward the minimiza

tion of* difemical interferences. In spite of these limitations, 

the reiniivestigation of the depression of the calcium emission 

by incr-e;:asrng phosphate concentrations revealed an unexpected

ly smal-l-lepressant effect when water solvent was used, and 

no dete c :ta.T>le depression for an ethanol-water mixed solvent. 

In Figuj:-e 5f the reinvestigation results are graphically 

compare-d i wi th typical literature data. It is apparent from 

Figure 5 i that up to molar ratios (POzp/Ca) of 100, no inter

ference •* wa.s observed when ethanol-water solutions were em

ployed, : and only a 14^ depression was detected for water 

solvent^:, These observations are in contrast to the 

depress d.ons of the calcium emission signal from 36 to 5^% 

reporte'd 1 by previous investigators. 

The ; absence of significant interference when ethanol-water 

solution-s ajre nebulized may simply reflect the beneficial 

actions • of organic solvents in reducing chemical interference 

effects < Since the oxy-hydrogen flame employed in two of 

the stu'.d.-i&s mentioned in Figure 5 (132, 137) is approximately 
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300 °K cooler than its oxy-acetylene counterpart (6l, p. 77), 

the higher degree of interference in the former flame may also 

be reconciled. However, a comparison of pertinent experimental 

conditions indicated in the publications does not give any 

sound basis for expecting the much lower degree of inter

ference under the environmental conditions employed herein. 

There is, for example, no apparent logical basis for the 

disagreement in the magnitude of the depression for the 

Dippel (34) and Baker and Johnson (12) results for oxy-

acetylene flames. Thus, the alignment of the experimental 

results in Figure 5 strongly suggests that: (a) an observed 

chemical interference effect may be so unique that there is 

little expectation of precise duplication of the degree of 

depression by other investigators, and (b) that subtle 

differences in the experimental conditions may play a very 

significant role in establishing the degree to which a 

chemical interference may occur. 

The focus of the present discussion is not primarily 

concerned with the question of whether quantitative agreement 

on interference effects can be achieved by different investi

gators. Of far greater importance is the question of whether 

an interference can be easily and confidently eliminated. As 

noted above, the recent development of burners capable of 

providing high temperature premixed flames has given the 

analyst a greater opportunity of directly eliminating many 
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interferences of this type. Since these same flames are 

destined to replace the turbulent versions as excitation 

sources, there is a compelling reason for evaluating their 

capability in completely eliminating one of the much publicized 

interferences. 

Figure 6 shows that even at the 200 #ig Ca/ml level, no 

significant depression of the calcium emission signal occurs 

up to P02|/Ca molar ratios of 100 for O2-N2-C2H2» N2O-C2H2, 

and O2-C2H2 flames under the experimental conditions specified 

in the figure caption. At molar ratios greater than 100, 

the solids content of the solution significantly affected the 

physical properties of the solution so that the nebulization 

efficiency was altered. Thus, the depression in emission 

beyond molar ratios of 100 should not be completely assigned 

to a vaporization or chemical interference effect. For com

parison purposes, the interference effects observed in several 

previous investigations are also shown on the figure. Results 

similar to those shown in the top two curves of Figure 6 were 

obtained for aqueous solutions nebulized into the N2O-C2H2 

flame. The calcium-phosphate interference doesn't appear to 

depend on flame stoichiometry or observation height in the 

N2O-C2H2 flame. The interference curves obtained by atomic 

absorption are similar to those obtained by emission, thus 

refuting the claim that flame atomic emission is more 

susceptible to these interferences than atomic absorption 
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Figure 6. Comparison of phosphate interference on calcium. Present investigation: 
premixed slot burner XO), premixed N2O-C2H2 slot burner (•), 
premixed t>urner ((/), all measurements made at 20 mm above 
the burner with ZOO pg Ca/ml in lil ethanol-water nebulizing. From 
reference (8)1 air-CpHo indirect nebulizer burner with II6 /xg Ca/ml in 
water nebulizing at 112 mm ( A ) and 32 mm (V) above the inner cones 
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(134). 

Figure 7 shows that no significant interference effect of 

phosphate ion on magnesium, strontium, and barium emission was 

observed below molar ratios of 500 in the premixed O2-N2-C2H2 

flame when 1:1 EtOH-H20 solvent was employed. Analogous 

results were obtained in the N2O-C2H2 slot burner flame in 

emission. For comparison purposes, the typical depression 

effect observed in Beckman turbulent flames are shown in the 

figures. In a paper published after the initial disclosure 

(42, 43) of the results summarized above, Mossotti and Duggan 

(98) presented data obtained with a N2O-C2H2 premixed total 

consumption burner, which are in complete accord with the 

observations reported herein. Thus the Mossotti and Duggan 

results and the experimental data summarized in Figures 5 to 

7 clearly show that one of the most notorious chemical inter

ferences effects, whose description has occupied so much 

space in the literature, may be either completely eliminated 

or reduced to negligible proportions through the proper 

selection of environmental conditions. It is of interest to 

note that certain reports in the atomic absorption literature 

(9t 87» 120) confirm some of the emission observations 

summarized above, whereas other absorption reports (10, 90) 

indicate that phosphate enhances calcium absorption rather 

than exerting the classical depressant effect. 

The depression of calcium emission by increasing 
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Figure 7. Comparison of phosphate interference on Mg, Ba and Sr 

O This investigation! observations in interconal zone of premixed 
Og-Ng-CgHg flame; 25 pg of metal/ml in lil ethanol-water 

• From reference 3^ and 

0 From reference 137 
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concentrations of sulfate and "borate ion has also been recorded 

in the literature. In Figure 8, the degree of depression of 

calcium emission by sulfate as observed in the premixed 

®2~^2"^2% flame is compared with observations made by various 

investigators in Beckman burner turbulent flames. Again the 

present investigation shows that no interference is evident 

below a sulfate/calcium molar ratio of 500. Analogous results 

were obtained with the N2O-C2H2 slot burner flame with lil 

ethanol-water solutions nebulizing. The borate interference, 

which has been reported to be similar to the sulfate inter

ference in its depressant effect (36), is also virtually 

non-existent in the premixed 02~^2'^Z^Z fl&me and N2O-C2H2 

slot burner flame. 

The alkaline earth-aluminum interference systems 

The alkaline earth-aluminum interference systems present 

a more formidable challenge for those interested in coping 

with condensed-phase chemical interferences. The magnitude 

and persistence of this interference in relatively low 

temperature flames or flames provided by direct nebulizer-

burners are aptly illustrated in the literature (8, 36, 91). 

The persistence of the alkaline earth-aluminum interferences 

is manifested by the rather insensitive dependence of the 

magnitude of the interference on the height of observation at 

which the interference studies are made (8, 48); the magnitude 

of most common alkaline earth-anion interference effects is 
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strongly dependent on the observation height (8, 48). The 

use of high temperature flames in combination with indirect 

nebulizer-burners has led to the mitigation of the magnesium-

aluminum solute vaporization interference (10, 56, 100), 

However, magnesium doesn't behave as the other alkaline earth 

metals in the presence of aluminum. A fairly severe calcium-

aluminum interference has been reported in the N2O-C2H2 slot 

burner flame (110). 

An investigation of the calcium-aluminum interference 

system in the nitrous oxide-acetylene slot burner flame 

resulted in the interference curves presented in Figure 9* 

The data in Figure 9 indicate a slight enhancement in the 

calcium free atom density at low aluminum concentrations. 

Such enhancements are not a characteristic of condensed-phase 

interferences; however, the precipitous decrease in the 

calcium ion population suggests that a second process is 

occurring which affects the interference curves. Evidently 

an ionization effect as well as a solute-vaporization effect 

is responsible for describing the interference system. Since 

the ionization energy of aluminum is only 5*96 eV (53)» 

aluminum is capable of increasing the electron density in 

the flame. The relative increase in the electron number 

density shifts the ionization-recombination balance of the 

calcium toward the formation of increased amounts of free 

calcium atoms. A solute-vaporization inhibition would tend 
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Figure 9* Al on Ca interference in the NoO-CoHo slot burner 
flame. Ca(I) ( X= 422? A) emission^tO) and 
absorption (#)• Ca(II) ( X= 3934 A) emission 
( A ) and absorption ( • ) 
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to decrease the calcium atom and ion number densities as a 

function of interferent concentration, whereas an ionization 

effect would tend to increase the calcium atom number density 

and decrease the calcium ion number density. 

The ionization effects can be separated from the solute-

vaporization effects in order to determine the relative 

importance of these two processes in the description of the 

interference curves. If the analyte and interferent are 

introduced into the flame using the separate nebulization 

technique (7* 48), the solute-vaporization effect is 

virtually non-existent and only ionization effects should 

describe the interference curves. If the intrinsic ioniza

tion of the analyte is buffered by the addition of an excess 

amount of some easily ionizable element (e.g., potassium), 

then under this condition of complete analyte ionization 

suppression the addition of some interferent (e.g., aluminum) 

will not affect the ionization of the analyte; only the 

solute-vaporization effect will appear in the interference 

curve# These two techniques, separate nebulization and 

ionization suppression, allow the determination of the 

relative contribution of solute vaporization and ionization 

to the description of the interference curves. 

Figure 10 shows the importance of ionization and solute 

vaporization in the description of the calcium-aluminum 

interference system. Tftider the condition of separate 
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nebulization, the calcium atom concentration increases monotoni-

cally as expected. Aluminum starts to inhibit the vaporization 

of the aerosol droplet at a mole ratio of 20 (approx. 300 ug 

Al/ml). If the ionization curves in Figure 10 are corrected 

for the vaporization effect determined by the ionization 

suppression method, the curves presented in Figure 9 result. 

For the determination of the ionization suppression curve in 

Figure 10, the addition of the buffer may be accomplished by 

either direct addition to the sample solution or by the 

separate nebulization technique. 

Ionization effects can be handled very simply by the 

analytical spectroscopist. The addition of an ionization 

buffer (e.g., KCl) in excess amounts can completely pre

dominate the ionization picture while offering no additional 

apparent solute-vaporization problems. To further reduce 

solute-vaporization effects, a higher degree of optimization 

of certain flame parameters must be considered. Figure 11 

presents the calcium-aluminum vaporization interference in 

the oxy-acetylene flame. The vaporization effect is 

negligible up to aluminum concentrations in excess of 1000 

llg Al/ml. 

The behavior of other alkaline earth-aluminum interference 

systems is not similar to the calcium system. The relative 

enhancements in free-atom emission or absorption depends on 

the initial fractional ionization of the analyte. Table 5 
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lists the fractional ionizations of the four analyte metals 

studied here. 

Table 5» Fractional ionizations for 25 Mg metal/ml at an 
observation height of 20 mm in the N2O-C2H2 slot 
burner flame 

Mg Ca Sr Ba 

A .
 

0
 

.30 .68 .85 

^The determination of fractional ionizations is discussed 
in Chapter III« 

The solute-vaporization effect of aluminum on barium and 

strontium is similar to the calcium-aluminum system. However, 

ionization should play an increasingly important role for 

the strontium and barium interference systems since the free 

atom populations should undergo greater relative changes as 

the analyte ionization is being suppressed by the interferent. 

The strontium-aluminum and barium-aluminum interference 

curves are presented in Figures 12 and 13» 

The magnesium-aluminum interference system is remarkably 

different from the other alkaline earth-aluminum interferences. 

Magnesium is ionized less than Z% in the nitrous oxide-

acelylene flame and in the oxy-acetylene flame (see Table 5)* 

Thus the magnesium-aluminum interference curves which are 

presented in Figure 14 should not indicate an enhancement in 

the Mg(I) signal at increasing interferent concentrations. 
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Figure 12. A1 on Sr interference in the N2O-C2H2 slot 
burner flame. Sr(I) (X= 460? A) emission or 
absorption ( # ) « Sr(II) (X= 4078 8) emission 
or absorption (A). Separate nebulizationi 
Sr(I) (O) and Sr(II) (A) emission. Ioniza
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Figure 13» A1 on Ba interference in the N2O-C2H0 slot 
burner flame. Ba(I) (X= 5535 A) emission or 
absorption (# ), Ba(II) (X= 4554 &) emission 
or absorption (•)• Separate nebulizatiom 
Ba(l) (O) and Ba(II) (A) emission. Ionization 
suppression * Ba(I) emission (—) 



www.manaraa.com

46 

r—/ h 

en 

10' I02 
MOLE RATIO (Al /Mg) 

Figure 14. Al on Mg interference in two slot burner flames. 
Mg(I) ( A = 2852 A) emission or absorption (O): 
00-0202 and N2O-C2H2 flame. Mg(II) (X = 
2796 A ) emission: Oo-CoHo flame (•} and NoO-
C 2 H 2  f l a m e  ( A )  
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The precipitous decrease in Mg(II) emission results because 

the magnesium ion number density represents a small fraction 

of the total magnesium present. The magnesium free-ion number 

density is more sensitive to added aluminum in the nitrous 

oxide-acetylene flame than in the oxy-acetylene flame. Evi

dently the relative increase in the electron number density 

upon the addition of aluminum is greater in the flame. 

If the electron concentration in the unsalted O2-C2H2 flame 

significantly exceeds that in the N^O-CgHg flame, an ioniza

tion interferent would sensibly affect an analyte's ionization 

to a greater extent in the N2O-C2H2 flame. The complete 

elimination of the magnesium-aluminum vaporization inter

ference in the nitrous oxide-acetylene flame has been reported 

by other investigators (10, 100) and is in marked contrast 

with the behavior of other alkaline earth-aluminum vaporiza

tion interferences under similar e3q)erimental conditions. 

The variation in the aluminum vaporization interferences from 

magnesium to the other alkaline earths is difficult to 

rationalize since aluminum emission, at high concentrations 

where a calcium-aluminum vaporization interference exists, is 

not affected by small amounts of calcium or magnesium. 

The interference investigation described herein proves 

that several of the so-called condensed-phase or solute-

vaporization chemical interferences can be eliminated by 

optimization of several experimental variables. However, 
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the ionization of metals, which are introduced into flames, 

becomes increasingly important as steps are taken to reduce 

or eliminate condensed-phase chemical interferences. Thus, 

the chronology of events leads to the experimental investiga

tion of metal additive ionization presented in Chapter III. 
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CHAPTER III. IONIZATION 

Introduction 

The observation of charged species in hydrocarbon flames 

dates back to the early part of the last century (19, 94). 

The early experimenters noted that hydrocarbon flames were 

deflected by strong electric fields and that these flames 

were capable of conducting an electric current. The 

identification of ions and electrons in flames led to the 

supposition that these species were important in the flame 

propagation processes (50, p. 314; 94). Flame ions are now 

known to exist in many unsalted or "clean" flames as well 

as in salted flames. 

The experimental investigation described in this chapter 

considers the observed ionization of metals in the nitrous 

oxide-acetylene flame in relation to equilibrium ionization. 

Since metal ionization is influenced by the ionization of 

natural flame species, the electron number density in a 

clean flame must also be considered in an analysis of metal 

ionization. Considerable background material regarding 

ionization in flames as well as equilibrium considerations 

will be presented in order that the subject of flame 

ionization and related effects may be more fully discussed. 

If thermodynamic equilibrium prevails in flames, the 

mechanism of ion formation is designated as thermal and 
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the ionization conforms to the Saha equation (115). The 

concentrations of the stable ions can then be calculated 

by applying the Saha equation to the equilibrium amounts of 

the combustion products, which are calculable from thermo-

chemical data. However, general thermodynamic equilibrium 

does not prevail in chemical flames (5; 50, P* 228; 66; 6?). 

The following criteria must be met in order for thermo

dynamic equilibrium to be established (38)* 

1. The velocity distribution function of all particles 
is Maxwellian. 

2. The population density of the excited states is 
Boltzmannian. 

3« The distribution of the molecules and their 
dissociation products obeys the mass action law 
of Guldberg and Waage. 

4. The distribution of the atoms and their ionization 
products obeys the Saha-Eggert equation. 

5. The electromagnetic radiation field has a Planckian 
distribution, where the radiation temperature equals 
the kinetic temperature of the reacting particles. 

The preceding criteria may be summarized by stating 

that a volume of gas is in thermodynamic equilibrium at a 

given temperature when this temperature describes: (a) the 

distribution of energy in the internal and external forms 

or "degrees of freedom" of the gas, (b) the degrees of 

ionization and dissociation of the gaseous species, and 

(c) the radiation density in the volume of gas (66). 



www.manaraa.com

52 

Of the five criteria, which define thermodynamic equili

brium in a plasma, the requirement of Planckian radiation is 

most obviously not met by the flame gases. A Planckian 

radiation distribution is only possible for a blackbody 

radiation source. If a flame were a blackbody source, flame 

spectroscopy would not be feasible. Over most of the wave

length region of interest to flame spectroscopists, the 

flame gases are nearly transparent or optically thin. Only 

in narrow wavelength ranges within which strong emission 

or absorption occurs can the Planck function be approached. 

Thus the flame gases must be optically thick in order for 

the plasma to radiate as a blackbody. 

Even though the Planck function fails to describe the 

radiation from a flame, a single temperature can still 

describe the chemical balance reactions and the partitioning 

of energy over the various degrees of freedom. If collision-

induced reactions are much more frequent than radiative 

ones, the actual population of excited states becomes, in 

effect, the same as that predicted by the Boltzmann equation 

(5)« Therefore, if the rate of energy transfer from the 

flame is slow relative to the rate at which energy can be 

partitioned over the various forms, local thermodynamic 

equilibrium (LTE) can characterize a system at a local 

temperature. 
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The state of a chemical flame can now be discussed in 

terms of local thermodynamic equilibrium. In a preraixed 

flame, two distinct main regions can be discerned. The 

primary reaction zone, which is generally very restricted in 

extent, is the region where the main part of the combustion 

occurs. The sudden burst of energy released in the primary 

reaction zone leads to high concentrations of reactive 

species, which exceed the equilibrium amounts (50, p. 228; 

6?I 127). Local thermodynamic equilibrium cannot possibly 

describe the state of the primary reaction zone since the 

chemical energy released in the oxidation process is not 

equally partitioned over the various degrees of freedom 

(50, P' 320). The requirements of LTE are more likely to 

be approached in the secondary reaction zone where the 

violence of the chemical reactions is much subdued. 

High temperatures favor high effective collision rates. 

For this reason, the principles of LTE are commonly applied 

to electrically generated inert gas plasmas, which are 

characterized by temperatures on the order of 10,000 kelvins 

(103). However, the temperatures of most chemical flames 

are approximately 3OOO °K or less. Therefore, the time 

available for the chemical reactions to occur is of 

primary importance when considering the approach to LTE 

in flames. 
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In order for LTE to be established in the secondary 

reaction zone, the energy released in the primary oxidation 

must be equally partitioned over the various forms, and 

chemical reactions must occur rapidly relative to the rise 

velocities of the gas molecules through the flame. A 

typical rise velocity for flame gas molecules is 10 m/s©o. 

Since measurements are performed at observation heights 

of approximately 10 mm above the burner tip, flame molecules 

spend about 1 msec in their chemical environment before 

their properties are measured. In flames at atmospheric 

pressure, a flame molecule makes about a million collisions 

with surrounding molecules in a time interval of 1 msec. 

The exchange of translational and rotational energy is 

very effective; equilibrium distributions for these two 

types of energy should be attained after about one to ten 

collisions (5)« The distribution of energy over vibrational 

forms is a slower process than the exchange of translatibnal 

or rotational energy. However, serious deviations from an 

equilibrium distribution of vibrational energy are not 

expected (5; 4-9, p. 201). The mechanism of formation of 

electronically excited atoms and molecules in combustion 

flames is somewhat unsettled. Transfer of translational 

energy from flame molecules or electrons to the species of 

interest is unlikely to account for appreciable excitation 

(5; 50, p. 218; 71). Transfer of internal vibrational 
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energy from molecular species is probably the most important 

mechanism of electronic excitation. Small amounts of 

translational and rotational energy may accompany the vibra

tional energy in order to make the available-energy distri

bution more continuous. If the energy is equi-partitioned 

over the vibrational forms of energy, the energy may also be 

considered to be distributed over electronic degrees of 

freedom in an equilibrium manner (124). 

The preceding brief survey concerning energy exchanges 

suggests that the non-equilibrium energy distributions in the 

primary reaction zone are rapidly equilibrated in the secondary 

reaction zone. The Boltzmannian and Maxwellian distribution 

functions will describe the distribution of internal and 

translational energy if lags in the chemical balance re

actions do not appreciably affect the energy distributions. 

The slight radiation disequilibrium inherent in flame was 

previously discussed in terms of deviations of a flame from a 

blackbody radiator. In most hydrocarbon flames, radiative 

disequilibrium affects the Boltzmann population distribution 

by only a few per cent (71). If the Boltzmann and Maxwell 

relationships hold in the secondary reaction zone of a flame, 

"thermal equilibrium" exists in this region. 

The non-equilibrium amounts of reactive species formed 

in the primary reaction zone of many flames must approach 

their respective equilibrium amounts in the secondary 
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reaction zone if the remaining criteria for establishing LTE 

are to be fulfilled. Over-equilibrium amounts of radicals, 

which exist in the primary reaction zone (5; 50, p. 228; 

67î 127Î 138), generally react in one of two ways» (a) rapid 

bimolecular exchange reactions result in steady-state 

balances of the radicals while causing no net change in the 

total radical concentrations (77) and (b) relatively slow 

termolecular recombination reactions (49, p. 202) decrease 

the radical concentrations until equilibrium amounts of the 

radicals exist. However, the equilibrium amoiants of the 

radicals change continuously with time and full equilibrium 

with respect to the chemical reactions of natural flame 

species may never be attained. 

The deviations that exist between the observed amounts 

of reactive radicals and the equilibrium amounts in the 

primary reaction zone suggest that the ionization products 

may not be equilibrated in this region of many flame 

systems. If the ionization relaxation processes are 

sufficiently slow, the effects of non-equilibrium ionization 

will be observed in the secondary reaction zone too. The 

ionization of natural flame species will be discussed in 

light of information published in the literature. Metal 

ionization in salted flames will be discussed in a review 

of the literature as well as in an experimental study of 

metal ionization in the nitrous oxide-acetylene flame. 
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Literature Review of Natural Flame Species Ionization 

Introduction 

Increased emphasis has been placed on flame ionization 

research during the past two decades• Undoubtedly, the 

investigation of combustion products in rocket exhaust gases 

benefited flame ionization research. Free electrons in the 

exhaust gases are responsible for the attenuation and re

flection of communication signals. Chemical kineticists 

have derived information regarding ion-molecule reactions 

in flames. Flames are particularly convenient for studying 

chemical kinetics because the temperature, composition, 

and pressure of flame systems are easily controllable. 

Ions in flames may originate through two mechanisms; 

the most familiar mechanism is equilibrium or "thermal" 

ionization. The micromechanisms of thermal ionization need 

not be known to evaluate the thermal ionization constant or 

Saha constant; knowledge of the temperature and only a few 

basic properties of the ionizing species are required. 

The early theories of ion formation in flames,favored 

the thermal or equilibrium mechanism. Galcote (22) and 

van Tiggelen (130) indicated that the ion precursor for 

thermal ionization must possess an ionization energy between 

about 2 to 4 eV in order to account for the temperature 

dependence of ion number densities. The thermal theory was 

always somewhat nebulous since no direct evidence for species 
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possessing sufficiently low ionization energies was presented. 

Possible ionizable flame species includei (a) impurities, 

(b) equilibrium or non-equilibrium amounts of flame molecules 

and radicals, (c) long chain carbon-hydrogen compounds, and 

(d) carbon particles. Ionization of impurities can be 

ruled out since they don't exist in sufficient quantity (19)» 

Flame molecules and long chain hydrocarbons are improbable 

precursors to thermal ions because of the extremely high 

ionization energies of these species. The ordinary equili

brium flame gas molecules such as O2, N2, H2O, CO, CO2, OH, 

H, 0, etc., are characterized by ionization energies ranging 

from 12 to I6 eV (50, p. 303)• Instable radicals such as 

CH and possess ionization energies that range from 11-13 

eV (19). The ionization energies of hydrocarbons decrease 

with increasing molecular weight and increasing unsaturation 

(50, p. 322). However, equilibrium amounts of high carbon-

number hydrocarbons are generally insignificant in non-

luminous flames and low carbon-number hydrocarbons possess 

ionization energies that approach the ionization energies 

of flame radicals. 

Another possible source of thermal ions is carbon 

particles. In luminous premixed flames, carbon conglomerates 

or soot particles are probably created by surface decomposi

tion of hydrocarbons on active carbon nucleii (49, p. 189), 

which appear to be formed from carbon radicals and acetylene. 
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The intermediate reactions leading to carbon formation 

involve polyacetylene compounds as well as polycyclic 

aromatic compounds (70). The soot formation process, which 

is non-equilibrium in nature, leads to partly-cyclic com

pounds, which contain carbon and trace amounts of hydrogen 

and oxygen (44). If the carbon particles become sufficient

ly large, the soot should have a characteristic ionization 

energy approaching that of graphite (4.35 eV) (85). The 

electron density is indeed appreciably greater in luminous 

or soot-forming flames than in non-luminous flames (128); 

however, most ion-producing flames are not operated under 

the conditions required for soot formation. Graphitic 

carbon is virtually non-existent in stoichiometric hydro

carbon flames where ion number densities approach values 

of 10^2 cm"5 (85). Thus, the lack of appropriate thermal 

ion precursors in flames has placed the thermal ionization 

mechanism in jeopsordy. 

A second mechanism, which must be responsible for the 

ionization of natural flame species, is referred to as 

chemi-ionization. Chemi-ionization may be defined as a 

mechanism by which energy available from a chemical reaction 

produces ionization and rearrangement of the reactants (94). 

Although an abundance of information in the early literature 

suggested that chemi-ioni zation was indeed the mechanism 

of ion formation in un sal ted flames, H. P. Calcote (19) was 
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the first to insist on such a mechanism. Three general 

processes, which describe the reactions of chemi-ions, includei 

(a) primary ion formation, (ID) ion-molecule reactions, and 

(c) recombination, Primary ion formation and ion-molecule 

reactions occur exclusively in the primary reaction zone of 

ion-producing flames. Recombination is a slower process and 

occurs throughout a major portion of the secondary reaction 

zone. 

In order to investigate the chemi-ionization processes, 

the Langmuir probe technique (24) and mass spectrometric 

analyses (21, 29, 30» 82, 84, 85) were employed in follow

ing ionization reactions in flames. The mass spectrometer 

was originally considered a panacea for all unresolved 

problems associated with ionization in flames. Although 

detailed ion profiles indicated dominant ions and precursor 

ions, the whole issue was further complicated by the very 

large number of ionic species observed. 

Primary ion formation 

A mass spectrum of ions existing in the primary reaction 

zone of hydrocarbon flames indicates that the ion formation 

processes are indeed very complex. Mass peaks occur at 

nearly every mass number from about mass 15 to mass 150. 

, In searching for a plausible primary ion formation reaction 

then, attempts were made to identify only the dominant ion 

formation process. 
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The reactants in a chemi-ionization reaction should meet 

several criteria that includei (a) large heats of formation, 

(b) simple species known to exist, (c) species derived from 

fuel and oxidant, and (d) species that give rise to simple 

ions, which have been confirmed mass spectrometrically (22). 

If the reactants possess large heats of formation, the 

chemi-ionization reaction will approach thermo-neutrality; 

this factor leads to an increased effective collision rate. 

The listing of possible chemi-ionization reactions in 

unsalted flames can be shortened by noting that there is no 

significant ionization in O2-H2 and Og-CO flames. A previous 

report of appreciable ion formation in O2-N2-H2 flames (84) 

was later explained on the basis of the ionization of hydro

carbon impurities {57)» Ions are formed in 02-CH^ and 

02-CH^0H flames, whereas insignificant ionization occurs in 

O2-HCHO and O2-HCOOH flames (I30). Presumably the exo-

thermicity of the formation of the CO double bond liberates 

an appreciable part of the required ionization energy. From 

the remaining suggested chemi-ionization reactions, one must 

be selected that agrees with experimental observations and 

the criteria for reactants previously listed. 

Most of the experimental observations that led to the 

currently accepted mechanism of primary ion formation came 

from studies of the ionization of trace amounts of hydro

carbons added to O2-N2-H2 flames (18). The concentration of 
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ions formed by adding equimolar amoimts of paraffin hydro

carbons to O2-N2-H2 flames is linear with respect to the 

number of carbon atoms per molecule. Since methane follows 

this proportionality too, the chemi-ionization process 

probably involves a reactant containing a single carbon 

atom. Fuels such as CO and CS2 generate an undetectable 

number (less than 10^ cm"^) of ions in O2-N2-H2 flames. 

This negative evidence suggests that hydrogen must be present 

in the reactant containing a single carbon atom. Since 

acetylenic and olefinic hydrocarbons as well as paraffins 

yield flame ions, only one hydrogen atom must be required 

in the carbon-hydrogen reactant. If alcohols serve as 

additives for 02"^2"^2 fewer chemi-ions result than 

can be obtained with a paraffin of the same carbon number. 

For example, equimolar amounts of propanol and ethane 

generate the same yield of chemi-ions. The implication now 

is that oxygen is not present in the original carbon-hydrogen 

precursor to chemi-ionization. Therefore, one reactant 

almost certainly must be CHj the fuel molecules must be 

shattered into fragments containing single carbon atoms as 

the fuel passes through the reaction zone. 

The maximum ion concentrations in non-sooting hydrocarbon 

flames exist at a nearly stoichiometric ratio of the fuel 

and oxidant. The second reactant in the chemi-ionization 

reaction must therefore be derived from the oxidant. 
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Interpretation of several experimental observations suggested 

that the second reactant must be atomic oxygen (18, $4). 

The determination of the reactants, which participate in 

the predominant primary ion formation process, leads to the 

following chemi-ionization mechanism proposed by Calcote 

(20): 

(III. 1) CH + 0 - CHO"'' + e", AH ~ 1 eV 

The Calcote mechanism has found general acceptance with 

other flame ionization researchers, and the mechanism is 

consistent with mass spectrometric data (5^)» The CH radical 

in reaction (III. 1) is very likely in the ground electronic 

state (15, 93)' 

The early appearance of the ion in the flame ion 

profile suggested that may also be a primary flame ion 

(23, 94). The C^Hg^ ion is the only chemi-ion whose con

centration maximizes in a fuel-rich flame. The following 

reaction has been suggested for the formation of the alleged 

primary ion C^H^* (23, 94); 

(III. 2) CH* + C2H2 -* C^^H;)"^ + e~, ah ~ -1 eV 

However, reaction (III. 2) is not consistent with all 

experimental observations (93)» other mechanisms, which have 

been proposed to account for C^H^"*" formation, must be classi

fied under ion-molecule reactions. 
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The fact that chemi-ionization doesn't occur in the H2 

or CO flames suggests that these flames should be convenient 

for studying the ionization of metal additives. If the 

number density of metal ions is equivalent to the number 

density of electrons in the flame, one variable can be 

eliminated in the interpretation of the ionization phenomena. 

Ion-molecule reactions 

The large variety of ions detected mass spectrometrically 

indicated that ion-molecule reactions occur to produce 

secondary chemi-ions (23» 9^)« The predominant chemi-ion 

generated by natural flame species in all but nearly luminous 

fuel-rich flames is the H^O"^ ion. Since the CHO"^ ion is 

very likely a primary ion, the following ion-molecule reaction 

must occur rapidly (20): 

(III. 3) CHO+ + H2O - + CO, AH ~ - 2 eV 

Other chemi-ions appearing in appreciable amounts include 

the hydrates of H^O"^ as well as C^H^^, C2H^0'*', CH^O"*", and 

CH^D"''. The carbon-containing secondary chemi-ions may be 

formed by proton transfer or CH^ transfer from the primary 

ion, CHO^. Thus, most secondary ions of major importance 

may be formed in the following reactions, whose reactants 

include species known to be combustion intermediates (23, 

93. 9̂ )1 
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02^2 + RCH+ + R 

CgHgO + CHO"^- C2H2O+ + CO, AH ~ -2,7 eV 

CHgO + CHO+ -CH^O"^ + CO, --0.4 eV 

CH3OH + CHO+ - CH^O"*" + CO, AH --2.8 eV 

Except for the CHO^ ion, all carton-containing chemi-ions 

are observed only in the primary reaction zone of nearly 

stoichiometric hydrocarbon flames. These secondary chemi-

ions presumably react by oxidative ion-molecule reactions 

that result in the formation of the predominant ion, H^O"*" 

(93). 

Negative ions have also been detected mass spectrometri-

cally in flames (45, 83). In hydrocarbon flames negative 

ions predominate near the base of the primary reaction zone 

where the total negative ion concentration approaches that 

of the positive ions (22, 45). However, in the final reaches 

of the primary reaction zone and in the secondary reaction 

zone, the total positive ion concentration approaches the 

electron concentration. Mass spectrometric profiles of 

negative ion concentrations suggest that electron attach

ment as well as ion-molecule reactions may be responsible 

for negative ion formation. In acetylene flames operating 

at pressures above 10 torr , the C2H" ion is the first 

negative ion to appear in the flame front. In lower pressure 

acetylene flames ( <10 torr ), the Cg" ion appears early in 
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the flame front and decays rapidly in the primary reaction 

zone. These facts, along with the observation that the 

total negative ion concentration maximizes in the fuel-rich 

flame, suggest that C2" and CgH" are primary negative 

chemi-ions (23). Possible reactions, which may be responsible 

for the formation of primary negative chemi-ions, include 

(23, 94): 

CgHgO* + e- - Cg" + HgO, AH ~ -2 eV 

HCgO* + e" - Cg" + OH, AH ~ -0,1 eV 

HCgO + e OgH + 0, Ah ~ —1 eV 

Other negative ions that have been observed in the primary 

reaction zone may be formed via ion-molecule reactions such 

as the following (94): 

Cg" + OH - CgH +0", m ^ 1.1 eV 

Cg" + HgO - CgH + OH", Ah -1.3 eV 

Since most negative ions are characterized by low ionization 

energies (126), the negative ions are quickly transformed 

into neutral molecules and electrons. It is not likely that 

negative ions significantly affect metal ionization in the 

secondary reaction zone of combustion flames. 
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Recombinati on 

The only positive ion that is present in significant 

amounts in the secondary reaction zone of nearly stoichio

metric hydrocarbon flames is the ion. recombines 

with negative ions or electrons until equilibrium amounts 

of these species are established. Recombination of 

with a negatively charged radical has been suggested (50). 

However, the electron concentration exceeds the negative 

ion concentration by about a factor of 1,000 in the secondary 

reaction zone (81). Thus, recombination with an 

electron is more plausible. The following dissociative 

recombination is generally accepted as the major recombina

tion reaction (20)i 

(III. 4) + e" - H2O + H, AH 6.3 eV 

or H + H + OH, AH 1.2 eV 

The measured rate constant for reaction (III. ̂ ) (20) 

indicates that non-equilibrium amounts of H^O^ persist 

well into the secondary reaction zone of ion-producing 

flames. The non-thermal amounts of electrons accompanying 

H^O^ must be considered in an investigation of metal 

additive ionization. 
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Ionization of Metals in Salted Flames 

Introduction 

If metal ionization parallels the behavior of flame 

radicals and natural flame ions, which are generally present 

in non-equilibrium amounts throughout the flame gases, 

deviations from equilibrium metal ionization will be ob

served. However, if metal ionization parallels the effective 

dissociation reactions of some gaseous metal monoxide 

molecules, which are known to be rapid equilibrium reactions 

(67, 129), Saha ionization of the metal will be established. 

The usual approach in the consideration of metal 

ionization in flames is to assume that the ionization 

constant (K) for the ionization-recombination balance 

Z M+ + e-

is directly calculable from the Saha equation. Then 

[M+] [e-] 
K = Ks(aha) = 

where the brackets refer to absolute concentrations usually 

expressed as either partial pressures or number densities. 

The Saha equation relates Ihe thermodynamic equilibrium 

constant (Kg) to the total partition functions of the 

reacting species as follows (97): 
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(III. 5) Kg = 2^2 exp (-Ei/kT) 

where» Kg = Sah? jonstsMt = P(M^)P(e~)/P(M°) 

P( ) -- ;>artiai pressure 

Qi» Q,>» Q-, = tntal partition function for the ion, 

electron and atom 

= ionization energy 

k = Boltzmann constant and 

T = temperature (kelvins) 

Only the translational and electronic partition functions 

need be considered for metal atom ionization. Thus, (III. 

5) reduces to: 

(III. 6) KQ (atm ) = 6.56 x 10"? -I exp(-E-/kT) 
Qa 

The major problem in applying the Saha equation is the 

determination of an accurate temperature of the system. 

Accurate values for the ionization energies of metals are 

known. Since the second ionization energies of most 

elements exceed 10 eV (37, p. 3^)» only the singly ionized 

species need be considered in the common chemical flames. 

The electronic partition functions of the ion and atom, 
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q| and Q®, are directly calculable from information presented 

in atomic energy level tables since the series in the 

partition function expression neatly converges at temperatures 

typical of most flames. 

Literature review of metal additive ionization 

T. M. Sugden and associates studied metal ionization 

primarily in O2-N2-H2 flames. In these flames, the major 

alkali-containing ion is M"*" whereas the predominant alkaline 

earth-containing ion is MOH^ (82), The early experiments 

concerned with alkali ionization indicated that a steady-

state balance between ionization and recombination was 

established. The apparent deviation between the experimental 

ionization constant and the Saha constant was explained by 

considering the formation of OH". Therefore, the ionization 

of alkalis in the O2-N2-H2 flame was considered to be 

thermal at this point in the evolution of Sugden*s metal 

ionization research (74, 121-123). 

In 1958t Knewstubb and Sugden (86) reported the first 

observations of infra-thermal amounts of ionization in 

O2-N2-H2 flames. Cesium and potassium were thermally ionized 

whereas sodium and lithium ionization lagged the equilibrium 

amount. Sodium ionization approached thermal predictions 

more closely than lithium ionization. 
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The establishment of Saha or equilibrium ionization does 

not suggest a mechanism for ion formation and recombination. 

One suggested mechanism of alkali ionization in the O2-N2-H2 

flame (IO7), 

M + OH z + OH" 

has been ruled out because OH" is not stable in the secondary 

reaction zone of hydrogen flames (I05). At one time, the 

activation energy for the ionization of sodium was reported 

to be about 2 eV below the ionization energy of sodium in 

hydrogen flames. The following mechanism for sodium ion 

formation was proposed to account for the discrepancy between 

the activation and ionization energies (58, 106, 125, 126)1 

Na + H2O - Na"*" • H2O + e" (slow) 

Na+ • HgO + X - Na+ + H2O + X (fast) 

In the preceding ionization scheme, X represents a third 

body such as N2. The hydration energy of Na"*" is thought to 

be on the order of 2 eVi the discrepancy between the activa

tion energy of sodium ionization and the ionization energy 

of sodium can therefore be reconciled (106). Hydrated 

alkali ions have been observed mass spectrometrically (82); 

however, the activation energy discussed above is believed 

to be in error (76), Moreover, another report indicates 

that the activation energy of sodium ionization equals the 



www.manaraa.com

72 

ionization energy of sodium in the O2-H2 flame (130). 

The ionization rates of alkali metals in the primary-

reaction zone of hydrogen flames diluted with one percent 

acetylene apparently are "boosted by the following reaction 

(58, 59, 106, 126): 

M + - M"*" + H2O + H 

However, in the secondary reaction zone of hydrogen flames, 

hydrocarbon diluents do not affect alkali ionization, which 

is consistent with reaction (III. 7) (58, 76, 106, 126). 

(III. 7) M + X - M'^ + e' + X 

The ionization of gallium, indium, and thallium is con

sistent with reaction (III. 7) too (78). The apparent 

collisional cross sections associated with reaction (III. 7) 

that are calculated from kinetic theory exceed the expected 

cross section values by several orders magnitude (76, 78). 

However, the calculated cross sections are considerably 

lower if ionization from electronically excited atomic 

states is considered (68). 

The ionization of alkaline earth metals in O2-N2-H2 

flames appears to follow a different mechanism than the one 

consistent with alkali ionization (116). Most alkaline 

earth metals possess ionization energies that exceed those 

of the alkalis; however, alkali metals provide fewer ions. 
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The following mechanism for strontium ionization is consistent 

with experimental data (116)i 

Sr + OH fî SrOIf^ + e" 

ori SrO + H - SrOH+ + e" 

followed "by t SrOHt + H Sr+ + H2O 

The ionization work of Sugden and co-workers can be 

summarized by stating that the ionization of alkali metals 

results from energy transfer from a predominant flame species 

such as Ng or HgO in the secondary reaction zone of O2-N2-H2 

flames whereas charge transfer from a natural flame chemi-

ion may occur in the primary reaction zone. Alkali metals 

apparently are not over-ionized in hydrogen flames; equili

brium ionization is approached from the under-equilibrium 

ionization side with the ionization rates for the various 

alkalis decreasing in the order Cs >K >Na >Li. 

Hofmann and Kohn (64, 65) concluded that several alkali 

and alkaline earth metals were thermally ionized in 

air-C2H2 and air-N20-C2H2 flames. 

Alkemade (2) originally favored the thermal mechanism 

of metal ionization in flames; however, a more thorough 

analysis of alkali ionization in O2-N2-CO flames led to a 

reconsideration. The important observations concerning 

alkali ionization in O2-N2-CO flames are as follows (68, 

69)* ®ie ionization and recombination processes were 
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thermally equilibrated several centimeters downstream of the 

primary reaction zone; the transfer of vibrational energy 

from CO2 and Ng accounted for the ionization. However, 

above 30 mm in the O2-N2-CO flame, the temperature de

creased rapidly with height, and the recombination reaction 

was too slow to follow the equilibrium amount of ionization 

exactly. The lag in the ion-electron recombination was 

manifested as supra-thermal ionization. Alkali ionization 

near the primary reaction zone appeared to be infra-thermal 

although some chemi-ionization was occurring. The rate of 

Saha ionization attainment for the various alkalis de

creased in the order C s>K>Na. 

The various reports regarding the question of equilibrium 

metal ionization in flames are not consistent in their final 

conclusions. This apparent uncertainty prompted an experi

mental investigation of metal ionization in the N2O-C2H2 

flame, which hitherto has not been employed for such a study. 

The fact that the proponents of non-thermal metal ionization 

in flames performed their experiments in low temperature 

flames (temp <2400 °K) is worthy to note. The higher gas 

temperatures attainable in the N2O-C2H2 flame (temp ~2900 °K) 

favor higher effective collision rates; metal ionization in 

the N2O-C2H2 flame may be remarkably different from the 

non-thermal metal ionization observed in low temperature 

flames. The following investigation also provided an 
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opportunity to test several new methods for determining 

experimental ionization constants and clean flame electron 

pressures. 

An experimental study of metal additive ionization in the 

nitrous oxide-acetylene flame 

Experimental facilities and procedures The slot burner 

and accompanying spectrometrie apparatus employed for this 

investigation were discussed in Chapter II. The gas flows 

into the burner were set to provide a fuel-rich flame with 

an unburnt acetylene to nitrous oxide mole ratio of 0.65; 

the flame was not luminous at this mixture strength. The 

premixed flame was characterized by a primary reaction zone 

extending only a few millimeters beyond the burner nozzle 

and a secondary reaction zone visibly extending a few 

decimeters. No photometric measurements were made in the 

primary reaction zone. The secondary reaction zone, which 

is a stable region of the flame, is suitable for making 

photometric measurements. When the N2O —C2H2 flame is 

operated under fuel-rich conditions (i.e., C2H2:N20 = O.65), 

the secondary reaction zone is characterized by a red-colored 

zone extending for about two centimeters above the primary 

reaction zone. The red-colored zone is a highly reducing 

region of the flame; metal monoxide and hydroxide molecules 

exist only in reduced amounts in this interconal zone (25). 
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Aqueous solutions of metal chloride salts were prepared 

from reagent grade chemicals. Halide anions do not compli

cate the ionization study since gaseous halogens possess 

relatively low electron affinities (37, p. 116). 

The flame gas rise velocity, which is cited in Figure 21, 

was determined by high speed cinematography. A fine aluminum 

powder was introduced into the flame through the pneumatic 

nebulizer. The hot, incandescent A1 particles were tracked 

through the flame with a high speed motion picture camera 

(Fastax, model WF-3, Wollensak Optical Co., Rochester! N. Y.) 

operating at approximately 4000 frames per second. 

Experimental approach The experimental approach 

employed to investigate metal ionization centers primarily 

about the following single equation: 

Kgxp = [rt Ce-]/[M°] 

The constant, Kgyp» which describes the steady-state 

ionization-recombination balance between the metal atoms, 

metal ions, and electrons, is not a representation of the 

equilibrium ionization constant, Kg. An account of the 

experimental methods, which will be presented later, indicates 

that Kgxp values for a particular metal can be determined 

by measuring the absolute number density and fractional 

ionization of the metal atoms in the flame. Deviations 

between the observed metal ionization and equilibrium 
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ionization will be determined by comparing values with 

Ksaha values, which are calculable by applying the measured 

flame temperature to equation (III. 6). If the reactants in 

the ionization-recombination steps are in local thermodynamic 

equilibrium, and if the rates of these two steps are large 

relative to the transit velocity of the metal through the 

flame, will necessarily equal Ksaha* -Any observed 

deviations of Kg^-p from Ksaha must then be ascribed to either 

finite ionization-recombination rates or disequilibrium in 

the reactions or both (68, 69)• Chemi-ionization is a 

non-equilibrium reaction. 

Determination of flame temperatures The sensitivity 

of Saha ionization constants to the flame temperature 

requires that the ionization investigations be conducted in 

a flame region that can be characterized by a uniform, 

accurate temperature. The slot burner, flame, and experi

mental approach described herein fulfill these requirements 

to a high degree. The effects of vertical and lateral 

temperature gradients in the flame can be minimized by 

allowing the photometric detector to sample a narrow beam 

of radiation that focuses to an area 1 mm x 0.05 mm at the 

center of the burner slot. The effects of temperature 

gradients near the ends of the observed path length can be 

minimized by viewing the long-path, slot-burner flame end-on. 

The slot burner employed herein provides a longer slot than 
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most commercial slot burners. The importance of end effects 

can be tested by making line reversal temperature measure

ments as a function of indicator-element concentration (124). 

All temperature measurements were made by applying the 

spectral line reversal technique, a convenient and commonly 

employed method (50, p. 234). The apparatus used to perform 

the line reversals has been described (I36). The principle 

of the line reversal method is discussed theoretically and 

described practically in Appendix A. 

The results of the line reversal temperature measure

ments appear in Table 6. 

Table 6. Line reversal temperatures for the fuel-rich 
N2O-C2H2 flame 

Indicator element Concn of Temp (°K) determined at 
(resonance line) element. #s/ml 10 mm 20 mm 30 mm 40 mm 

(X = 

( X = 

( X = 

(x = 

Ca Q 
4227 A) 

Sr o 
4607 A) 

Na ^ 
5889 &) 

Li o 
6708 %) 

1000 2890 2875 2840 2830 
500 2890 2875 2840 

2830 

250 2875 2840 
1000 2885 2880 2845 ' 2830 
500 2885 
250 2885 

1000 2860 2850 2815 2800 
500 2875 2860 2825 2815 
250 2885 2870 2835 2820 
100 2890 2880 2845 2830 

1000 2855 2825 2800 2785 
500 2830 
250 2870 
100 2880 
50 2880 
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The reversal temperatures determined with the alkaline 

earths and low concentrations of the alkalis serving as 

indicators were in good agreement with one another. Evi

dently thermal equilibrium prevailed at the flame loci 

considered, at least up to a certain excitation energy. At 

high concentrations of the indicator-element, the flame 

becomes optically thick at the spectral regions of the 

emission lines, and the measured reversal temperatures favor 

the portion of the flame nearest the photometric detector. 

Since the temperatures measured with the alkaline earths 

serving as indicators were virtually invariant with respect 

to element concentration, the populations of free alkaline 

earth atoms were greatly reduced at the relatively cool ends 

of the slot burner flame. Free alkali atoms experienced 

minor variations in temperature at the ends of the flame 

since the alkalis indicated temperatures that deviated by 

a maximum of 50 °K to a minimum of zero ®K from the 

temperatures indicated by the alkaline earth metals. 

Determination of absolute number densities of 

free atoms Nearly all approaches to the evaluation of 

absolute number densities (N) of free atoms in flames lead 

to the determination of the Nf^l product. The absorption 

path length (1) can be measured easily; however, a literature 

value for the absolute oscillator strength (f^) must be 

selected in order to derive a value for N. Two procedures. 
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which were employed for determining the Nf^l product, are 

discussed below; relevant data for the elements selected for 

the ionization investigation are presented in Table 7» 

Table ?. Selected properties of the metals included in the 
ionization study 

Metal Wavelength, £ ^Qa /§i —Oscillator strength 
Value reference(s) 

Ca 4227 1.00 1.60 (102) 
Sr 4607 1.00 1.54 (104, 108) 
Na 5889 1.00 0.66 (1) 
Li 6708 1.00 0.75 (55» 72) 

= electronic partition function = S g. exp(-E-/kT). 
J- J J 

Fitting a theoretical curve of growth to an experimental 

curve of growth (73» 131) allows the determination of the 

Nfgl product. This technique, which is described in detail 

in Appendix B, was employed to measure the number density 

of free calcium atoms in the flame. 

The growth curves methods was not used for the determina

tion of Sr, Na, and Li free atom number densities in the 

flame. In order to apply the growth curves method outlined 

in Appendix B, the spectral line of the element under study 

must be described by a single, symmetrical profile, which 

can be generated by the Voigt function. The Voigt function 

(Appendix B) does not present an accurate description of 
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the Li and Na resonance-line shapes since hyperfine structure 

components must be considered (13I). Moreover, Li, Na, and 

Sr are ionized to a greater extent than Ca; this factor makes 

efficient ionization suppression more difficult, particularly 

at the relatively high metal concentrations required to 

produce the slope one-half regions of the growth curves. 

A second method based on a continuum absorption technique 

was selected to determine absolute free-atom densities of 

Sr, Na, and Li. This method is described in Appendix C. 

The results of the determinations of free atom absolute 

number densities are summarized in Table 8. 

Table 8. Absolute free atom number densities for selected 
metals at an observation height of 20 mm in the 
N2O-O2H2 flame 

Metal^ 
Metal 
M.g/ml 

concentration in soin, 
rel. molarity x 10^0 N X 10-10,Gm-3 

Ca 1.0 .882 .882 
Sr 1.0 .403 .392 

Na 1.0 1.53 1.58 

Li. 0.5 2,54 1.57 
Cub 10 5*65 5.80 

Sufficient ionization buffer was present in each sample 
solution to efficiently suppress the ionization of the test 
species. 

bpor Cu 3247 X. fo = 0.34 (139). 
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In Table 8, the relative molarity of calcium was selected 

to "be equal to the calcium free atom density. The relative 

molarities for the remaining four elements were calculated 

from their respective metal concentrations in solution and 

the relative molarity of calcium. The last two columns of 

Table 8 indicate that equimolar solutions of Ca, Sr, Na, and 

Cu yield equal number densities of free atoms, at least 

within the precision of the measurements and accuracy of 

the oscillator strength values. These observations strongly 

imply that the atomization of these four metals is complete 

(i.e., no compound formation occurs). Lithium does not 

follow the above mentioned trend for some inexplicable 

reason. Sodium (123) and copper (139) have previously been 

selected as reference standards denoting complete atomiza

tion. 

Determination of fractional ionizations In the 

earlier discussion, the importance of the experimental 

determination of fractional ionizations was mentioned. The 

fractional ionization, a, of a gaseous metal in the flame 

is defined as followsi 

(III. 8) a = F(lt)/P 

where: P = P(ivr'') + P(M°) 

A common method of evaluating fractional ionizations 

is based on the ionization suppression technique; The 
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relative integrated atomic line intensity of a metal intro

duced into a flame is proportional to the number density of 

the free metal atoms if a correction for self-absorption 

is made. If an excess amount of a second metal with a low 

ionization energy is introduced into the flame, the 

ionization of the first metal is essentially quantitatively 

suppressed. The ionization suppression increases the 

relative integrated atomic line intensity of the first metal 

by an amount proportional to the initial free ion number 

density of the first metal. The fractional ionization of 

the first metal can be evaluated from the two relative line 

intensity measurements. 

Compound formation in the flame could conceivably 

introduce an error into the ionization suppression technique 

for the determination of fractional ionizations. If free 

metal atoms participate in two competing quasi-equilibriums 

such asI 
X 

MX t; M® s; M + e' 

suppression of the metal ion (I^) formation would not only 

produce more metal atoms (M°), but the amount of the stable 

compound (e.g. M^) would increase too. Thus» the addition 

of an ionization buffer to a system such as the one above 

would increase the atomic line intensity of M® by an amount 

that is not simply related to the original free metal ion 
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number density. However, compound formation for the metals 

studied herein appears to be negligible in the fuel-rich 

N2O—CgHg flame # 

Experimental methods for the determination of Kg^ and 

f Three different experimental methods were devised to 

determine values for metals in the N2O-C2H2 flame. 

Two of the methods derive absolute values for and the 

clean flame electron pressure, f. A third method derives a 

Kgyp value for one metal relative to a value for a 

second ionizable species. 

The following equation provides the basis for all three 

of the experimental methods described herein1 

(III. 9) = P(M+) [P(M+) + f]/P(M°) 

where * P(ivr*') = partial pressure of metal ions, 

= partial pressure of electrons 

contributed by the metal, 

P(M°) = partial pressure of metal atoms, 

and f = partial pressure of electrons 

contributed by the natural flame 

species. 

In the application of (III. 9), f was assumed to be invariant 

with respect to metal additive at a given flame locus. This 

assumption has been made previously with some experimental 

justification (2, 68) and is consistent with the experimental 
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data presented later. 

The first experimental method uses the fractional 

ionization relationship to good advantage. Substitution of 

(III. 8) into (III. 9) yields the following equation: 

(III. 10) aP = (l-a)/a - f 

The experimental evaluation of the absolute free-atom 

concentration (P) and fractional ionization (a) have 

previously been described. If a values are determined at 

various concentrations of the metal additive, sufficient 

information is obtained to plot aP on the ordinate versus 

(l-a)/a on the abscissa, thereby yielding values for 

and f directly. 

The second procedure is based on the quantitative 

evaluation of ionization interference effects, which have 

been discussed qualitatively in Chapter II. One variation of 

this method has previously been discussed (2). Basically, 

calculated ionization interference effects are compared 

with the experimental ionization interference effects. 

The "best" fit between the calculated results and the 

experimental results selects a value for f, which auto

matically fixes the value for the metal under study. 

The experimental ionization interference curves are obtain

able by plotting relative integrated line emission intensi

ties (corrected for self-absorption) as a function of 
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interferent concentration. The calculated ionization 

interference curves are evaluated at various f values as 

followsI The initial fractional ionization (no interferent 

present) and absolute free atom number density are experi

mentally determined for the element under study. These two 

quantities, along with a reasonable estimate for f, are 

inserted into (III. 10) in order to fix the value. 

A modification of equation (III. 9) permits the calculation 

of the change in the fractional ionization of the metal 

under study (e.g., Ca, Sr) upon the addition of increasing 

amounts of an interferent (e.g., Cs, K), which increases the 

electron concentration in the flame. The calculated ioniza

tion interference curves are prepared by plotting the 

relative fractional ionization (a), or 1-a as the case may 

be, as a function of increasing interferent concentration. 

This particular ionization interference method does not 

derive any basic information regarding the ionization 

nature of the interferent, which serves solely as a source 

of electrons whose absolute numbers are calculable. In 

principle, the ionization interference method can be 

employed to study alkali and alkaline earth metal ionization; 

however, the application of this method was restricted to 

the investigation of calcium and strontium ionization. 

With alkaline earth metals, ion lines as well as atom lines 

can be observed by flame spectroscopy. Since the calculated 
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ionization interference curves predict changes in free-atom 

number densities as well as free-ion number densities as 

a function of increasing interferent, the curve matching 

procedure can consider relative changes in free atoms and 

free ions. Thus, for the alkaline earths, each f value 

leads to two dependent calculated ionization interference 

curves, which must simultaneously fit two experimental 

curves. 

The third method allows for the determination of 

for one metal relative to for a second metal. If a 

solution containing two ionizable metals is sampled and 

introduced into the flame, the two pseudo-equilibrium 

constants that describe the ionization are given as followst 

(III. 11) = P(Mj)[ P(Mi) + PdVIg) + f] / P(Mi) 

(III. 12) 2 = P(MJ)C P(MI) + P(M2) + f] / P(M°) 

Ratioing (III. 11, 12) and retaining the definition of 

ai 

K ao 1-0,1 S — : 
Only two fractional ionization values must be measured to 

apply (III. 13) since the ratio of the values is 

independent of the amounts of the metals in the flame. 
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Results and Discussion The experimental ionization 

constants, which were determined for Ca, Sr, Na, and Li, 

have been compared with the Saha ionization constants, and 

reasonable explanations are presented to account for the 

deviations between the observed ionization and equilibrium 

ionization. The clean flame electron pressures are dis

cussed in terms of absolute numbers, and the decay in f as a 

function of time is compared with relevant information in 

the literature. 

Experimental values for Kg^p and f The fractional 

ionization plots (aP vs. (l-a)/a) for the determination of 

Kgjjp and f for calcium and strontium are shown in Figures 

15 and 16. Observations of the ionization of Ca and Sr 

were not made at heights greater than 20 ram above the burner 

since experimental evidence suggested that significant 

compound formation occurred beyond this point. Although there 

is considerable scatter of the experimental points in the 

calcium curves (Figure 15)* least squares treatments of the 

data from replicate experiments provided and f values 

that deviated by only 10 per cent. For the calcium and 

strontium data, the linearity of the curves confirms that f 

indeed may be considered constant, irrespective of the metal 

additive concentration. The results obtained by applying 

the fractional ionization method are listed in Table 9» 
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Figure 15. OP plots for calcium at observation heights of 20 mm ( O )  and 10 ram (D) 
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Figure 16. aP plots for strontium at observation heights 
of 20 mm (O) and 10 ram ( • ) 
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Table 9* Experimental ionization constants for Ca, Sr, and Li and clean flame 
electron pressures in the N2O-C2H2 flame 

Method 
Observation 
height (mm) 

Ionization buffer K 
or interferent 

Ca 

exp * 
(atm) 

Sr 

107 

Li 

f X 

Ca 

10^ (atm) 

Sr Li 

fractional 
ionization 10 K .27 1.0 .34 .37 

ionization 
interference 10 K .26 .35 

10 Ga .26 .97 .35 .35 

fractional 
ionization 20 K .23 .96 .49 .19 .23 .21 

ionization 
.24 interference 20 Cs .24 .95 .23 .23 

20 K .24 .23 

20^ K .23 .22 

20^ K .23 .21 

fractional 
ionization 30 K .38 .14 

40 K .31 .10 

^The calcium concentration was 10 /ig/ml. 

^The calcium concentration was 25 pg/ml. 
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Typical calculated and experimental ionization inter

ference curves used to derive information on the ionization 

of calcium and strontium appear in Figures 17-20, The 

results obtained by applying the ionization interference 

method are listed in Table 9; the solution concentration of 

the metal under study was 5 Mg metal/ml unless noted other

wise. In this group of figures» the calculated curves are 

based on f values differing by about 20 per cent. The 

ionization interference method is not extremely sensitive 

to changes in the f value; however, the sensitivity is 

improved for small concentrations of the element under study. 

Figures 17 through 20 along with the information presented 

in Table 9 lead to the following conclusionsi The f values 

are reassuringly independent of the element under investiga

tion. The and f values derived for calcium appear to 

be independent of the calcium concentration; evidently the 

assumption of a constant f is valid. The choice of the 

interferent (Cs or K) is not critical; this indicates that 

the evaluation of the electron number density generated by 

the interferent is accurate. The decrease in f as a 

function of increasing observation height is in harmony 

with the information presented in the earlier discussion of 

natural flame species ionization. 
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Figure 17. Ionization interference for K on Ca at an 
observation height of 20 mm. Experimental: 
relative Ca° ( O ) and relative Ca"*" ( A ), 
Calculated* f = 0.22 x 10"' atm (——) and f = 
0.18 X 10"' atm (—-) 
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Figure 18. Ionization interference for Cs on Ca at an 
observation height of 20 nun. Experimentali 
relative Ca° ( O ) and relative Ca"*" ( A ). 
CalculatedI f = 0.22 x 10"" atm ( ) and 
f = 0,18 X 10-7 atm ( ) 
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Figure 19* Ionization interference for Cs on Sr at an 
observation height of 20 mm. Experimental: 
relative Sr° ( O ) and relative Sr"*" ( A ), 
CalculatedI f = 0.22 x 10~7 atm (• ) and 
f = 0.18 X 10~7 atm (—-) 
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Figure 20. Ionization interference for Cs on Ca at an 
observation heigkt of 10 mm. Experimental: 
relative CaP (and relative Ca+ (A). 
Calculated! f = 0-35 x 10"' atm ( ) and 
f = 0.41 X 1ÏÏ~7 gftm (—) 
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For the determination of ratios via equation 

(III. 13), four different combinations of metal concentrations 

were chosen. The ratios from the ratio method, which 

are listed in Table 10, represent the average of four 

determinations, which deviated by approximately IO-159S. 

The good agreement between the ratios obtained via (III. 13) 

Table 10. Kgxp ratios for selected metals in the N2O-C2H2 
name 

Kgyp ( )/T^qxo ( ) Ratios from ratio method and (ratios 

ratio from Table 9) at 

10mm 20mm 30iMtt 40mm 

Sr/Ca 3.6 (3.7) 4.3 (4.1) 

Li/Ca 1.3 2.2 (2.1) 

Li/Sr .36 .49 (.51) 

Na/Ca 5.6 10.4 

Na/Sr 1.5 2.3 

Na/Li • 5.2 4.7 4.6 

and those obtained from the information in Table 9 is 

apparent by inspection. The ratios in Table 10 are also 

internally consistent. For example, the Li/CaiLi/Sr quotients 

agree favorably with the Sr/Ca ratios. 
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Comparison of Kg^p and Kg^ha The focal question 

now is this: Are the values listed in Tables 9 and 10 

in harmony with the equilibrium ionization constants that 

were calculated by inserting the line reversal temperatures 

into equation (III. 6 )? The answer is provided by the 

information presented in Figure 21; however, before this 

figure can be properly interpreted, several precautionary 

comments are in order. High in the flame, the ̂ ^Q^/^Saha. 

curve for Li should approach unity from above the unit level 

if the results in Figure 21 are to be consistent with 

previously established facts (see discussion on page 74 

and (68, 69)), Although the cause of the slight disposition 

of the Kexp )/Ksaha curve has not been unequivocally 

identified, several sources of error in the experimental 

measurements can readily account for a vertical adjustment 

on the Kexp/Ksaha axis. A ten per cent error in the 

determination of the KQJ^ values is very reasonable. The 

accuracy of the temperatures is approximately ten kelvins, 

and Saha constants change approximately one per cent for 

each degree of temperature change. 

In Figure 21, the position of the Li and Na points at 

10 mm indicates that Na reaches thermal ionization more 

rapidly than Li. The rates at which alkali metals reach 

Saha ionization have previously been reported to decrease 

in the order Cs> K> Na> Li (86) in air-H# flames and in 
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Figure 21. Comparison of values with Kg^ha values 

at various observation heists. Vertical 
temperature profile 
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the order Cs>K>Na (68, 69) in air-CO flames. The high 

^exD (Na)/Ksaha value at 20 mm must result from some chemi-

ionization process since Kg^ha decreases only ten per cent 

from 10 Iran to 20 mm. At observation heights exceeding 20 mm, 

chemi-ionization must become less important, and at heights 

of 30 mm and ^0 mm, Kg^^p/Kgaha values exceed unity because 

of the slow rates of the ion-electron recombination pro

cesses relative to rate at which Saha constants change as 

a function of the decreasing temperature. The recombination 

rates of alkali icns and electrons decrease in the order 

Li > Na> K > Rb > Cs (80) and are approximately two orders of 

magnitude smaller than the recombination rate of natural 

flame chemi-ions and electrons. 

The observations that the ionization behavior of calcium 

and strontium departs significantly from the behavior of 

the alkali ionization can be reconciled by considering 

chemi-processes, which become increasingly important relative 

to thermal processes for reactions characterized by high 

activation energies (51)» If the energy released in the 

chemical rearrangement of the reactants exceeds the ioniza

tion energy of the metal atom, chemi-ionization, which is 

virtually insensitive to the metal ionization energy, can 

occur. Several plausible chemi-ionization reactions are 

listed below. In contrast, however, thermal ionization rates 

decrease exponentially with increasing metal ionization 
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energies. The observation that calcium, which has an 

ionization energy of 6.12 eV, exhibits greater supra-thermal 

ionization than strontium, which has an ionization energy 

of 5*70 eV, is also in harmony with this interpretation. 

The alkaline earth ionization mechanism (116) previously 

discussed on page 73 should not be applicable in the N2O-C2H2 

flame since the chemical environment is not favorable for 

the existence of the species MO, MOH, and MOH^. 

The rationale behind the production of supra-thermal 

amounts of metal ions by cherai-ionization may be explained 

by considering the following example : In the O2-N2-CO 

premixed flame, supra-equilibrium amounts of flame radicals 

(i.e., CO, 0) are known to exist in the primary reaction 

zone and persist for a few milliseconds beyond this zone 

(68, 69). The reaction schemes (III, 14, 15) can account 

for chemi-ionization of the metal, M (68, 69). 

(III. 14) CO + 0 + M ^ CO2 + + e-

(III. 15) CO + 0 + X z CO2 + X* 

M + X* z # + e- + X 

where X* is a supra-thermally excited third 

body 
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The CO2 species in the above reactions is a major constituent 

of the flame gases and is not significantly affected in amount 

by changes in the concentrations of CO and 0, which are minor 

constituents (5)* Consequently, the ion-electron recombination 

processes outlined in (III. 14, 15) would tend to create 

equilibrium numbers of the metal atom, whereas the ionization 

reactions would necessarily lead to supra-thermal amounts of 

metal ions. Therefore, chemi-ionization processes lead to a 

steady-state balance between reactants and products rather 

than the establishment of Saha equilibrium. 

The data collected in the present study do not provide 

definitive bases for identifying the exact mechanisms lead

ing to chemi-ionization of metal additives in flames. Chemi-

processes are particularly difficult to identify in complex 

hydrocarbon flames. Gaydon and Wolfhard point out that 

abnormally high excitation and ionization in flames may be 

related (50, p. 323; 51)» The similarities in the experi

mental conditions that lead to chemi-ionization and chemi-

luminescence suggest a close relationship between these two 

phenomena. For example, a direct proportionality exists 

between the effectiveness of chemi-ionization and chemi-

excitation and the energy associated with the complete 

oxidation of the carbon in the fuel (15). The predominantly 

thermal nature of excitation and ionization in O2-H2 and 

O2-CO flames along with the commonly observed chemi-excitation 
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and chemi-ionization of natural flame species and metal 

additives in hydrocarbon flames further suggests a close 

relationship between the two chemi-processes (15» 17» 22, 

79» 128). Several reactions, which provide sufficient energy 

for the observed chemi-processes, have been postulated. 

Broida and Shuler (14) suggest the following chemi-excitation 

process, which closely resembles mechanism (III. 1) for 

primary chemi-ion formation: 

(III. 16) CH(CH2) + 0 + M - CO + H(H2) + M* 

However, reaction (III. 16) is not entirely consistent with 

all experimental information (17, 51)* The supra-thermally 

excited species, whether it be M* or an intermediate such 

as X*, should be produced by a bimolecular reaction such as: 

(III. 17) CH + 0 - CHO* (18) 

or (III. 18) CH + 0 - CO* + H (15) 

The active species in (III. 17, 18) could be responsible for 

either chemi-ionization or chemi-excitation of a metal 

additive. The very strong parallel between chemi-ionization 

and chemi-excitation of metal additives has also led to the 

postulation of the following mechanisms: 

(III. 19) CH + 0 + M - CO + H + ivr^ + e" (17) 

and (III. 20) R+ + M - !«+ + e" + R (17, 22, 106) 
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where R"*" is a natural flame species chemi-ion. In order for 

cherai-excitation of metal atoms to accompany reactions (III. 

19, 20), the following two-body reaction assumedly occurs (17): 

1VI+ + e- - M* 

The preceding listing of chemi-reactions merely points 

out several suggested mechanisms, which can lead to chemi-

ionization and chemi-excitation. However, fuel-rich hydro

carbon flames generally produce small concentrations of 

radicals in the primary reaction zone (44, 75). In the post 

primary reaction zones of flames containing excess hydro

carbons, flame radicals allegedly recombine via fast bi-

molecular reactions rather than the more common, slower 

termolecular processes (44), The apparent lack of supra-

thermal quantities of flame radicals beyond the primary 

reaction zone suggests an explanation for the observed con

finement of chemi-luminescence of metal additives to the 

primary reaction zone of hydrocarbon flames (17, 51). The 

observation of supra-thermal amounts of metal ions in the 

secondary reaction zones of hydrocarbon flames (17, 80, 128) 

does not suggest a major break in the similarities between 

chemi-ionization and chemi-excitation. The recombination 

of metal ions and electrons is much slower than the quenching 

of electronically excited species. Thus, supra-thermal 

quantities of metal ions formed in the primary reaction zone 
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of a hydrocarbon flame may extend well into the secondary 

reaction zone as equilibrium amounts of these species are 

being established. However, if chemi-ionization of metal 

additives does indeed occur in the secondary reaction zone 

of a fuel-rich hydrocarbon flame, reaction (III. 20) is a 

likely mechanism since natural flame chemi-ions are known 

to persist in this region (85), 

Clean flame electrons The clean flame electron 

pressures and number densities listed in Table 8 and Figure 

22 are in reasonable agreement with typical values reported 

in the literature (2, 112, 119). The presentation of clean 

flame electrons in Figure 22 suggests that a second order 

recombination process accounts for the electron removal. 

A reaction such as: 

kr 
R+ + e~ > products 

where P(R'^) = P(e~), is consistent with Figure 22 and the 

previous discussion of natural chemi-ion-electron recombina

tion, which considered: 

kr 
(III. 4) H^O"^ + e" > products 

The ion is indeed the dominant ion downstream from the 

primary reaction zone in nearly stoichiometric acetylene 

flames. The measured recombination coefficient, k^, for 

reaction (III. 4) is 2 x 10""7 cm^ sec*"^ (20, 94). The slope 
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Figure 22. Time-decay of the "clean" flame electrons 
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from the curve in Figure 22 indicates a recombination 

coefficient of 2 x 10"® cm^ sec"^. The apparent disagree

ment in the recombination coefficients can be reconciled by-

recalling that the predominant chemi-ion in the secondary-

reaction zone of a fuel-rich ace-tylene flame bordering on 

luminosity is not but rather is (85). Although 

the number density of chemi-ions in a fuel-rich flame is 

generally reduced from the number density in a nearly 

stoichiometric flame, the chemi-ions persist approximately 

ten times longer in the former flame (85). Thus, the 

apparent chemi-ion-electron recombination lag in the fuel-

rich flame can readily account for the difference between 

the typical literature values for and the value derived 

herein. 
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Appendix A 

The line reversal method for temperature determinations 

A line reversal temperature is one quantity that describes 

the population of excited states. If the Boltzmann equation 

holds in a small flame volume characterized by a single 

translational temperature, the reversal temperature will 

equal the translational or "true" temperature in this region. 

However, the slight amount of radiative disequilibrium present 

in all conventional flame systems does account for deviations 

from the Boltzmann equation. Fortunately, most hydrocarbon 

flames are blessed with an abundance of molecules capable 

of efficiently quenching electronically excited states. 

Efficient collisional deactivation reduces the effects of 

radiative disequilibrium on the Boltzmann equation so that 

population temperatures in hydrocarbon flames approach 

translational temperatures within a few kelvins (124). 

The theoretical basis for the reversal technique can be 

outlined in the following way. The integrated emission 

intensity of a spectral line is given by: 

(A. 1) (95) 

whereI ly (Tf) = intensity of a blackbody at 
o frequency and flame 

temperature Tjf (°K) 

= peak frequency of the spectral line; k( v) 

= absorption coefficient and 1 = absorption path 
length 
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For the line intensity in an optically thin source, (A. 1) 

reduces to: 

SinceI 

(A. 3) 

andt 

andi 

I, (A. 2) I Igj„(i/)dv = I k(i/)l dy em' 
line o «/line 

k(y)l dv = mc N^f^l (95) 

*^ine 

whereI e = charge of the electron 

m = mass of the electron 

= number density of atoms in the lower 
state 

c = speed of light 

f^ = oscillator strength for the transition 

2 .2 
^0 (95) 

where: g^, g^ = statistical weights of the upper 
and lower states 

XQ = wavelength of the transition and 

A = Einstein transition probability 

.bb , , Snhu^^ _ ^^o 
(A. 5) Iv (Tf) = "5 e" kTf (40) 
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whereI h = Planck constant and k = Boltzmann 
constant 

and: 

equations (A. 3-6) can be substituted into (A. 2) to arrive 

at the following standard equation for a spectral line when 

self-absorption is negligible (62): 

Note that equation (A. 5) is referred to as Wien's law. 

Wien's law, which is satisfactory for the blackbody distri 

butions required herein, reduces to Planck's blackbody 

distribution for small values of XT* 

Beer's law for light absorption states that: 

(A. 7) ) = I°(y) exp(-k(y)l) (95) 

where: = transmitted intensity and 

1° = incident intensity 

Prom (A. 7), the integrated absorbed intensity is: 

if the incident intensity is constant over the frequency 

range of the spectral line. The source of the incident 

intensity (1°^) can be characterized by a brightness 
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temperature (T^) at a particular radiation frequency iv^), 

The brightness temperature of a source is defined as the 

temperature at which a "blackbody emits the same spectral 

intensity of radiation as the source (109). Thus, equation 

(A. 8) can be expressed as follows: 

In performing a line reversal, light from a primary source 

is focused on an emission source that in turn is focused on 

the entrance slit of a spectrometer. The emission source, 

a flame for the purposes herein, is generally salted with 

an indicator-metal that emits the spectral line used for 

the reversal. The primary source (Projection Lamp, type 

EDW-I8A-6V, Westinghouse Electric Corp., Bloomfield, N.J.) 

is generally a tungsten strip and the electric current 

passed through the strip determines the intensity of the 

strip's radiation. The current through the tungsten ribbon 

is varied until the light emission from the flame is balanced 

with the light absorption from the primary source. At this 

point, the value of the ratio in (A. 10) becomes unity, and 

k(y)l 

Ratioing (A. 1) and (A. 9)» 

(A. 10) 
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the flame temperature equals the brightness temperature of 

the source• 

An optical pyrometer (Automatic Optical Pyrometer, 

model 8641, Leeds and Northrup Co., Philadelphia, Pa.) was 

used to determine the brightness temperature of the tungsten 

source. Since the resonance wavelength of the spectral line 

usually differs from the peak wavelength of the pyrometer's 

spectral bandpass (6500 R), the variation of tungsten 

emissivities with wavelength (32) must be considered in the 

evaluation of the flame temperature from the brightness 

temperature of the tungsten at 65OO £, 
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Appendix B 

The determination of Nfol by the growth curves method 

An experimental curve of growth is a double logarithmic 

plot of integrated emission (or absorption) intensity versus 

metal concentration in solution. The proportionality between 

integrated emission and integrated absorption can be seen by 

comparing OV. 1) and (A. 8). If a growth curve is constructed 

for a metal capable of forming ions, the intrinsic ionization 

of the metal must be quantitatively suppressed. The experi

mental growth curve for calcium (shown by the points in 

Figure 23) was derived by measuring the integrated emission 

intensity of the Ca(I) 422? % line as a function of the 

calcium solution concentration. Integrated emission (or a 

proportional quantity) can be determined by measuring the 

apparent peak emission intensity when certain conditions 

are fulfilled. If the mechanical slits of the monochromator 

are sufficiently large to keep the total slit function 

constant over the spectral region of the emission line, 

the peak intensity of the recorded output is indeed pro

portional to the integrated emission intensity (109). If the 

slit width is too small to meet this requirement, the 

experimental growth curve does not reach the theoretical 

limiting slope of one-half. Reaching the correct theoretical 

limiting slope is also reassuring from the standpoint that 

complete vaporization of the aerosol droplets and linearity 
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of aerosol production is implied. 

Theoretical growth curves are constructed by evaluating 

the integrated absorptivity ( I l-e"k(^)ldy ) and plotting 
"line 

this integral (or a proportional quantity) as a function of 

the Nfgl product or absolute number density if an oscillator 

strength value is selected from the literature. The pro

portionality between integrated emission (or absorption) and 

integrated absorptivity is evident from (A. 1, 8). The 

calcium solution concentration is also sensibly proportional 

to the number density of free calcium atoms in the flame. 

Therefore, it is reasonable to compare experimental and 

theoretical curves of growth on a double logarithmic plot. 

The absorption coefficient (k(y)) or the "line shape" 

must be known to evaluate the integrated absorptivity. For 

isolated spectral lines that don't possess hyperfine or 

isotopic structure, Doppler broadening and collisional 

broadening predominate in the description of the absorption 

coefficient (4). For a spectral line broadened only by the 

Doppler effect, the absorption coefficient is: 

k(i/) = ̂ 4 if" Vo exp-(2(y- y^jknZ/^^^)^ (95) 

where; = frequency of line center and 

Ùi^-Q = full width at half maximum (or half-
width) for a pure Doppler line 
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(B. 2) = ̂  8kTln2/Mc^ v 
0 

whereX M = mass of the emitter or 
absorber 

Equation (B. 1) has been normalized to meet the requirement 

stated by (A. 3), The original theory of collisional or 

pressure broadening was treated by Lorentz in 1906 (95)» 

Collisions reduce the lifetime of an excited state thereby 

leading to an increased half-width of the spectral line. 

The absorption coefficient for a pure Lorentzian spectral 

line isJ 

whereI = half-width for pure Lorentzian 
line 

= 1 

TTT 

whereI T = mean life of excited species 

Since k(y ) and k(i/ ) describe the total absorption coefficient, 

the pure Doppler distribution is convoluted with the 

Lorentzian distribution to generate the total absorption 

coefficient given by the following Voigt function : 

(B. 3) k( y ) = 

1 + 

L 

(95) 

L D 
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(B. 5) 
 ̂ flî  exP-(2Vto2' t /  

f — CD 

^ .dt 
2(y- t/p-t)! 

. J 
1 + 

whereI t = integration variable 

By introducing: 
2Yî^t 

y = 

2(y- i/„) )|ln2' 
CO = " 

% 
, 

(B. 6) a = >f ln2 and 

equation (B. 5) reduces toi 

' -y^) dy 
(B. 7) k(W = kX ^ ) / (^y)2 '• 7) k(W = k: ̂  

The integral in (B. 7) must be solved numerically; the method 

suggested by Rann (114) was used herein. 

The cross sections for collisions between excited species 

and flame gas constituents vary as a function of the flame 

chemistry and generally are not known for many reactions. 

As a result, the Voigt function (B. 7) is evaluated as a 
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function of the a parameter. The theoretical curves appear 

as solid curves in Figure 23. 

The growth curves are characterized by three distinct 

regions. The slope = 1 region prevails at low optical 

densities, i.e., when self-absorption is negligible. In 

this region the integrated absorptivity does not depend on 

the line shape. At extremely high optical densities, the 

slope = 1/2 region is attained. At intermediate values for 

the optical density, the transition regions between slopes 

1 and 1/2 possess distinctly different curvatures for 

different a parameter values, thereby creating a region that 

allows the "best" fit between the experimental curve and one 

theoretical curve to be determined. The relationship between 

calcium solution concentration and number density calcium 

atoms in the flame can be determined from Figure 23. 

An extra feature of the growth curve method is the 

evaluation of the a parameter. Since line half-widths for 

Doppler profiles can be calculated from (B. 2), the mean-life 

of the excited species between collisions can be determined 

by applying (B. 2) and (B. 4-) as follows: 

1 = a TT ^ p 

T \fl^ 

Now, 1/T is the rate constant for collisional deactivation of 

the excited state of a certain species; similarly A is the 
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rate constant for radiational deactivation. A comparison 

of 1/T with A for the particular calcium transition under 

consideration indicates that the collisional deactivation 

rate exceeds the radiational rate by a factor of approximately 

100. This bit of evidence supports the claim that radiative 

disequilibrium does not significantly affect the Boltzmann 

equation in the N2O-C2H2 flame. 



www.manaraa.com

120 

Appendix C 

The determination of Nf^l "by a continuum .absorption method 

If the spectral region encompassing an absorption line is 

scanned by advancing the wavelength selector on the mono-

chromator, the total area indicated as an absorption on the 

recorder tracing is proportional to the integrated absorptiv

ity when a continuum serves as the primary source (109). 

Generally, these areas are measured by the rather tedious 

and irreproducible planimetering technique. An alternative, 

more convenient, continuum absorption technique was em

ployed to measure the integrated absorptivity. 

Since monochromators do not in general, possess very 

large resolving capabilities relative to spectral line 

widths, the concept of slit functions must be introduced. 

The total slit function: 

s( \ v *  ' V  I )  

essentially says that the instrument indicates some response 

at frequency when it is set at frequency £ 109), If 

light from a continuum , source illuminates the entrance slit 

of a monochromator, the photometric signal (P^) proportional 

to; 
) 

1° s( ] v * - V  1) d%/' 
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If the primary source radiation is passed through a flame 

salted with some analyte while the wavelength selector of 

the monochromator is peaked at the absorption frequency, the 

apparent absorbed intensity (P^) becomes with the help of 

The fractional absorption (Ap) is defined as the ratio of 

P2 to 

Experimentally, the geometrical size of the entrance slit 

w a s  s e t  e q u a l  t o  t h e  e x i t  s l i t .  T h u s ,  s ( I -  y  |  )  i s  a  

triangular function (I09, 118). Large entrance and exit 

slits on the monochromator were selected in order for the 

slit function to be essentially constant over the spectral 

region of absorption. Under these conditions, (C. 1) reduces 

(A. 8): 
/I 

1° s(f i/'-i/ I) [ 1 - e-k(")l] dv* 

(C. 1) Ap 

toi I J line 1 - erk(y)l d y 

(C. 2) Ap 

where: = half-width of slit function or 
spectral bandpass 
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If self-absorption is insignificant in the absorption 

cell, (C. 2) can be written as follows» 

TTe^ 
( c .  3 )  V o ^  =  

where Ap can be measured by the dc absorption technique (64). 

Usually Ai/g is evaluated by multiplying the reciprocal linear 

dispersion of the monochromator by the geometric slit width 

(64). However, for a poorly adjusted instrument, this 

approach may introduce an error. The following technique 

was used to evaluate the spectral bandpass of the mono

chromator: From the calcium growth curves, the absolute 

absorptivity for Ca was known at many calcium solution con

centrations. Measurement of Ap for a calcium sample and 

the application of (C. 2) allowed the determination of 
—a 

at the calcium resonance wavelength of 422? A. Since ^ g 

is constant over a wide spectral range, ùu^ values were 

calculated at the resonance wavelengths of Sr, Na, and Li. 

The free-atom number densities of Sr, Na, and Li were 

determined via (C. 3) after Ap values were measured for 

these three metals. 
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CHAPTER IV. SUMMARY 

Chemical interferences commonly encountered in analytical 

flame spectroscopy were investigated in premixed flames of 

acetylene and air, oxygen, or nitrous oxide. Condensed-phase 

or solute-vaporization chemical interferences have been 

discussed at great lengths in the literature mainly because 

of their magnitude, persistence, and wide occurrence. The 

purpose of this research was to find some simple, convenient, 

and effective means of confidently eliminating the effects 

of several common condensed-phase chemical interferences. 

Condensed-phase chemical interferences are classified 

as chemically specific interferences because their mechanism 

of origin purportedly rests in the formation of a thermally 

stable analyte-interferent chemical compound or matrix. 

Physical effects may also be manifested as apparent solute-

vaporization interferences, and for this reason the observed 

interferences appear to be critically dependent on several 

experimental variables. An abundance of information suggests 

that the transformation of the sample aerosol into free 

analyte atoms in the flame is kinetically controlled. 

Therefore, the factors of primary importance that must be 

considered in the elimination of chemical interference effects 

are those that affect the rate of the aerosol desolvation 

and vaporization. 
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It is not possible to describe the behavior of the 

aerosol droplets at elevated flame temperatures by extra

polating from the equilibrium laws and solution chemistry. 

Insufficient information regarding the pyrochemistry of the 

aerosol in the flame prohibits a comprehensive analysis of 

the free-atom formation processes. However, certain factors 

are known to facilitate the vapori&ation of the desolvated 

aerosol and the production of the gaseous analyte. Experi

mentally, high temperature flames and a refinement of the 

sample aerosol have led to the mitigation of several chemical 

interference effects by increasing the rate of the aerosol 

vaporization process. 

Recent developments in burner design and flame systems 

have provided the opportunity to exercise a higher degree of 

optimization in refining the aerosol reaching the flame and 

providing higher flame temperatures. This experimental 

study demonstrates that the solute-vaporization effects of 

phosphate and sulfate on the release of alkaline earth atoms 

in the flame can be virtually eliminated if the burner and 

flame systems described herein are employed. The alkaline 

earth-aluminum interferences, which are classified as solute-

vaporization interferences, were also eliminated at inter

fèrent concentrations normally encountered by providing 

smaller aerosol particle size distributions and higher flame 

temperatures. However, the occurrence of ionization 
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interferences became increasingly important as the magnesium-, 

calcium-, strontium-, and barium-aluminum interferences were 

investigated in the N2O-C2H2 slot burner flames. Ionization 

interferences can be eliminated by buffering the intrinsic 

ionization of the analyte with an excess of a salt such as 

KClf which doesn't significantly affect the vaporization of 

the aerosol particle. 

The increased importance of ionization in high temperature 

flames prompted an investigation of metal additive ionization 

in the nitrous oxide-acetylene flame. The purpose of this 

ionization study was to test the validity of Saha or equili

brium ionization of metal additives in a high temperature 

flame, which hitherto has not been employed for such a study. 

The plan of attack involved the evaluation of experimental 

ionization constants and a comparison of the observed 

ionization with equilibrium ionization. 

Three experimental methods were devised to determine 

the experimental ionization constants; two of these methods 

also yielded values for the electron pressure in an unsalted 

flame. To determine the experimental ionization constants, 

absolute free-atom number densities were measured by the 

growth curves method and continuum absorption method and 

fractional ionizations of the metal vapor were measured by 

the ionization suppression technique. 
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Equilibrium irri^at'on constants were calculated by 

applying the Pleasured line reversal temperature to the Saha 

equation. 

The observed ionization of calcium, strontium, sodium, 

and lithium deviated significantly from equilibrium ioniza

tion at various observation heights in the flame. These 

deviations were attributable to either slow ionization-

recombination processes or chemi-processes or both. 

The values derived for the electron pressure in an 

unsalted flame were in good agreement with results obtained 

in independent ionization investigations. The time-decay 

of the electron concentration in the unsalted flame was 

consistent with a second order recombination process. The 

rate constant of the recombination process was in good 

agreement with the published values for the rate constant 

in a fuel-rich flame. 
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