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PART A 

STUDIES OF ORGANIC SOLVENT ENHANCEMENTS IN FLAME PHOTOMETRY 



CHAPTER I 

INTRODUCTION 

A. Historical Introduction 

Flame photometry i s  gradually becoming accepted as a convenient and 

sensitive method for the determinat ion of a l arge number of elements .  The 

method i s  rapid and offers good accuracy and precis ion in the parts-per­

mil l ion range of concentration . 

In many respects fl ame photometry i s  closely related to emi ss ion 

spectroscopy , both in theory and in practice . The devel opment of spectros­

copy began early in the Nineteenth Century, but it was not until the classic 

studies by Lundegardhl that the attention and interest of chemists were 

drawn to the advantages of fl ame excitation for quantitative analysis . In 

the Lundegardh method, an air-acetylene flame i s  empl oyed as the excitation 

source and the test element solution i s  introduced into the flame by means 

of a spray-chamber type of atomizer . Conventional spectrographic techniques 

are used to isolate and to measure the intensity of the emitted radiation .  

Direct-reading , f ilter flame photometers have been i n  use for a 

number of years . They are designed princ ipal ly for the determination of 

the alkal i and alkal ine earth elements whose emiss ion intensities are quite 

high. Conventional phototubes or photocel l s  are suitable  for the measure­

ment of radiant energy emitted by these elements. However ,  until the advent 

of the photomul tipl ier tube, the flame-photometric technique could not be 

extended to the less strongly emitt ing elements in the periodic table. The 

use of the photomultipl ier tube in conjunction with a strip chart recorder 

permits the direct recording of the fl ame spectra. 
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B .  Fundamental Principles 

The interaction of electromagnetic radiation with atoms and mol e­

cules has yielded a major portion of the present knowledge of atomic and 

molecular structure . Many d ifferent types of interactions are encountered. 

These range from the high energy changes in nuclear structure with the 

accompanying gamma radiat ion to the nucl ear momentum phenomena encountered 

in the radio-frequency range of the spectrum. The region of the spectrum 

of interest in flame photometry extends from the far ultraviolet to the 

near infrared . In this  region, the spectra ari se from the energy associ­

ated with transitions among the outer valency electrons of atoms or mole­

cules . 

Two types of spectra are employed for flame-photometric determina­

tions. Line spectra originate when an excited electron from an upper 

energy level of a neutral atom or a s ingly ionized atom fal l s  back to a 

l ower energy level or to the ground state . Band spectra arise from elec­

tronic transit ions involving molecules, such as the alkal ine earth hydrox­

ides<!·�·· CaOH) . The vibrational and rotational energy change at the 

same time , and these cause the emitted radiation to be spread over a por­

tion of the spectrum rather than appearing as a d iscrete l ine . Continuous 

radiat ion i s  al so emitted from atoms and molecules in the burned flame 

gase s .  The continuum may increase considerably the flame background over 

a considerable range of wavelengths. 

The flame-photometric process is composed of the fol lowing rapid 

sequence of events: 
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1. The solution of the test element is dispersed into a f ine spray 

or mist and the aerosol is uniformly introduced into the f lame. 

2. The energy of the flame vaporizes the solvent leaving minute 

particles of dry salt. 

3. The dry salt is vaporized and part or all of the gaseous mole-

cules are progressively dissociated. 

4. Some of the metal atoms unite with other radicals or atoms 

present in the flame gases. 

5. The vapors of the atoms, or of the molecular species containing 

the metal atom, are excited by the thermal energy of the flame. 

Ionization may occur to some degree. 

6 .  The excited atoms, ions, or molecules revert to lower energy 

levels with accompanying emission of light. 

C. Use of Organic Solvents 

The introduction of an organic aerosol in place of an aqueous 

aerosol is becoming an important technique in f lame photometry. The emis-

sion intensity of the test element may be enhanced markedly and variations 

in the physical properties of the aspirated solutions are minimized. 2 Beck, 

3 4 5 6 
Beverly, Fink, Lady, and Vukanovic have studied some of the f actors 

which influence the intensif ication of emission readings, and Dean
7 

has 

summarized the present position of organic solvents in flame- photometric 

applications. 

A number of alcohols and ketones have been used as diluents in f lame 

photometry. Alcohols and ketones of low molecular weight are particularly 

effective and increase the emission sensitivity 3- to 7-fold. Concurrently, 
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this technique lowers the concentration of potential interferents. Typical 

examples of water=organic-solvent mixtures include the use of water-methanol 

8 
solutions for the determination of boron by Dean and Thompson, of lanthanum 

9 10 
by Menis, Rains, and Dean, of magnesium by Manna, Strunk, and Adams and 

of sodium, potassium, and calcium in blood serum,
4

•
11

•
12

•
13 

and in water 

14 
samples. 

Selective extraction methods are a powerful tool for a�complishing 

analytical separations,
15 

but only recently has this technique been ex-

plaited in flame photometry . After the partition step, the organic phase 

is aspirated directly into the flame . The introduction of an organic 

aerosol produces a flame considerably larger in size and increases the emis= 

sion of metals many-fold. A selective extraction removes the test element 

from the matrix material and reagents that are added in the dissolution and 

preparation of the sample for analysis. In this laboratory, solvent­

extraction methods have been developed for the determination of aluminum,
16 

h 
- 17 18 

d " k 1 
. 

1 
19 . 20 

c romtum, copper, copper, manganese, an ntc e successtve y, tron, 

21 . 22 
d 

. 23 
lanthanum, magnestum, an yttrtum. Gasoline samples, diluted with 

isooctane, are sprayed directly into a flame for the determination of 

lead
24 

and of manganese.
25 

The important role of the solvent in flame photometry is clearly 

emphasized by the data in Table I, a listing of the enhancements which 

have been reported for a number of elements. The data illustrate the 

striking enhancements which are achieved when organic solvents are sub-

stituted for aqueous solutions . Aluminum and chromium could not have 

been determined with sufficient sensitivity in aqueous solutions. 



5 

TABLE I 

TABLE OF ENHANCEMENT VALUES FOR SOME ORGANIC SOLVENTS 

Wavelength, 
Element IIJl Solvent Enhancement Reference 

Al 396.2 MIBKa lOG=-fold 16 

B 518 95% MeOH 17 8 

Cr 425.4 MIBKa 50 17 

Cu 324 . 7  CHCl3 10 5 

Fe 372 . 0  MIBK8 20 3 

La 560 MIBK8 10 21 

Mg 285.2 MIBK
8 

10 22 

Mn 403. 4 MIBK8 10 3 

�BK = 4-methyl-2-pentanone. 
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D. Factors Influencing Intensification of Emission Readings 

The temperature of the excitation source is one of the most important 

parameters which must be considered in any study of emission phenomena. 

Ionization and excitation of atoms, and the formation and dissociation of 

hydroxides, oxides, and other molecular species. whi�h are often present 

when a quantity of metal is introdu�ed into a flame, are all temperature 

dependent. 

The emission intensity of a line or a band is proportional to the 

number of atoms or molecules which are raised to an excited state. Upon 

reversion to a lower energy level, energy is emitted and a line or a band 

appears in emission. The number of atoms in an excited energy level, N*, 

is proportional to the number of atoms on the ground state, N0 , by the 

relation 
�E 

I = eN* = aNoe� (1) 

where I is the intensity of the line or band, E is the excitation energy, 

k is the Boltzmann constant, T is the absolute temperature, and a and c 

are constants of proportionality. A similar expression pertains to dis= 

sociation equilibria" 

At the high temperature of the flame, a significant fraction of the 

metal atoms that are introduced may be ionized. For the reaction 
+ M:f!M + 

the fraction of metal ionized is given by the Saba equation, 
26 

x2p =5040Vi 5 
log T (2) log = 'ilo- �B 

1 � x2 T 2 

e, 

where x is the fraction of metal ionized. P is the partial pressure of metal 

atoms in all forms in the burned gases, Vi is the ionization potential in 
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electron volts, T is the a bsolute temperature in degrees Kelvin, and B is 

a constant4 

The theoretical flame temperature for various fuels range from the 

city gas-air flame with a temperature of 1700° Centigrade to the cyanogen-

oxygen flame with a temperature of 4850° Kelvin. Lower temperature flames 

are useful only for strongly emitting elements such as the alkali and 

alkaline earth metals. For the less strongly emitting elements, hydrogen-

oxygen and acetylene-oxygen flames with temperatures of 2780• and 3350° 

Centigrade, respectively, are commonly employed in flame photometry. 

The temperatures mentioned are for 11dry" flames in which the only 

components are the burned flame gases. The flame temperature changes when 

a solution of the test element is introduced; the degree of change depends 

upon the amount and type of solvent that is introduced. Enhancements 

achieved with organic solvents have been ascribed to an increase in the 

temperature of the flame when an organic aerosol is introduced into the 

3 5 6 
flame in place of water. ' ' 

2. Determination of Flame Temperatures 

The stoichiometric reaction of acetylene burning in oxygen may be 

written as 

( 3) 

At the high temperature of the flame, the reaction products dissociate 

C02 :?: co 1 02 + 
2 

(4) 

H20 it OH + H (5) 

H20 it H2 + 
1 02 2 ( 6) 

and molecular hydrogen and oxygen are in equilibrium with atomic hydrogen 
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and oxygen 

1 H2 � H 2 (7) 

1 02 � 0 2 (8) 

Introduction of an aqueous or organic aerosol will alter the composition 

of the burned gases. An aqueous aerosol abstracts a s ignif icant portion 

of the energy liberated by the flame in order to raise the water to the 

temperature of the f l ame and to dissociate the water into its equilibrium 

products . 

Since an organic aerosol also burns, the fuel oxygen ratio must be 

adjusted in order to supply additional oxygen for the combustion of the 

solvent . The combustion of the organic aerosol supplies some energy to 

the flame . However, the add itional energy may not be suff icient to raise 

the combustion products of the aerosol to the temperature of the ''dry" 

flame and to dissociate them into the equilibrium spec ies . Hence , the or-

ganic aerosol may also abstract some energy from the flame but, because 

of the combustion of the aerosol, the amount abstracted is less  than for 

a corresponding quantity of water. 

Unfortunately, the measurement of a temperature as high as that of 

the flame gases does not yield the prec ision and accuracy which a number 

of physical measurements yield . Flame-temperature measurements are rendered 

even more diff icult because of the large temperature gradients which are 

encountered , part icularly with the small flame of an integral-aspirator 

burner .  

Several d if ferent techniques are used f or the determination of  flame 

temperature . Among the most common are the spectrum-line reversal method , 

optical pyrometry, OH-intensity method, and ad iabatic temperature calculations. 
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a. The spectrum-� reversal method. The spectrum-line reversal 

method employs a bright background source which is focused on a point 

within the flame . A small quantity of metal, generally sodium as sodium 

chloride, is introduced and the spectra line is observed . If the tempera-

ture of the flame is higher than the background source, the sodium line 

will be seen in emission . If the temperature of the background source is 

higher than the temperature of the flame, the line will be seen in absorp-

tion. When the line is seen neither in emission nor in absorption, the 

temperatures of the background source and the flame are equal. The method 

is not easily applied with the equipment ordinarily available in an analyti-

cal laboratory, and corrections must be made for loss of intensity as the 

light passes through the lenses and for self-absorption of the sodium 

line. 

b. Optical pyrometry. A common method for the direct measurement 

of the temperature of flames is optical pyrometry. An optical pyrometer 

is an instrument which compares the brightness temperature of the flame 

with that of a source. The source is generally a tungsten filament lamp. 

When the temperatures of the filament and the flame are equal, and each 

is a perfect black-body radiator, each will have the same brightness. 

Since neither the source nor the flame is a perfect black-body radiator, 

corrections must be applied . 

c .  Calculation of flame temperature . The mathematical calculations 

27 
of flame temperature have been described by Gaydon and Wolfhard and an 

b . . . 3 
example has een tncluded tn Beverly's thests. The method involves the 

calculation of the equilibrium composition of flame gases at a given 
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temperature. The heat content of the burned gases and the energy liberated 

when the reactants burn to produce the equilibrium products is also cal-

culated. At the adiabatic flame temperature, the energy of the combustion 

will be equal to the energy required to heat the combustion products to 

the assumed temperature of the burned gases. Illustrative calculations 

are included in the "Experimental" section. 

d. OR � intensity measurements. The burned gases from hydro-

carbon fuels or from hydrogen burning in air or oxygen contain large 

quantities of OR radicals. This molecular specie exhibits three prominent 

groups of emission bands between 280 and 295, 306 and 320, and 340 to 

348 my. The OH bands constitute a severe spectral interference in the 

determination of any element whose emission line occurs in the same region 

of the spectrum. For example, the 285.2-m1 line of magnesium is situated 

in the midst of the series of OR bands extending from 280 to 295 m? 

(Figure 21). 

27 28 
Gaydon and Wolfhard and Gaydon have discussed the use of in-

tensity of the OR bands for the determination of flame temperature, and 

2 29 
the recent work of Beck and Foster and Hume suggested the possibility 

of the measurement of the flame temperature by the OR intensity method. 

Beck correlated the temperatures measured with an optical pyrometer to 

the OR band intensity. He placed a zirconium oxide rod in the flame 

and measured the brightness temperature of the rod with an optical py-

rometer. Both he, and Foster and Rume, showed that the OR band intensity 

decreased with an increase in the sample flow rate. Foster and Rume 

worked with aqueous solutions whereas Beck studied aqueous and organic 

solvents. The latter proceeded also to relate the emission intensity 
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of the OH band to the aspiration rate of the organic solvent. 

One facet of the present investigation was to compare the enhance-

ments of organic solvents with the emission intensity of the OH band in-

tensity and to determine whether a relationship existed . 

3 .  Aspiration Rate � Sampl e  Flow Rate 

The rate at which the sample solution is introduced into the flame 

is extremely signif icant. It controls the rate at which both the solvent 

and the test e lement are introduced. 

In an integral-aspirator type of burner, the sol ution capi l l ary is 

concentric with the oxygen annulus. As the oxygen flows out of the annu lus 

and into the f lame, liquid is drawn up the capillary and is dispersed into 

a very fine aeroso l. The f low of the aspirating gas (oxygen) is the primary 

variable that control s  the sample f low rate, except when viscosity ef fects 

are signif icant. The fue l  f low rate has no effect in the case of acetylene 

gas and very little ef fect in the case of hydrogen gas. 

The discussion of f lame temperature pointed out that the introduc-

tion of the test e lement solution abstracts a quantity of energy from 

burned f lame gases and a temperature lower than that of the dry flame is 

the result. Actual ly the f lame temperature decreases as the sample flow 

. 29  30 
rate Lncreases. ' 

If the emission intensity of the test e lement is p lotted against 

the sample f low rate, a relationship that is shown in Figure 11 is observed . 

This relationship is the f unction of two temperature-dependent factors : 

the excitat ion factor and the ionization factor. 
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Equat ion ( 1 ) illustrated the re lationship between the temperature 

and the fract ion of atoms excited to emit rad iant energy. At higher 

sample flow rates , the temperature of the f lame wil l be de creased and , 

thus , a smaller fraction of the test e lement atoms will  be e levated t o  

an exc ited state. The effect of the temperature upon the fract ion of atoms 

ionized is shown by Equation ( 2). Again a smaller fraction of the test 

e lement atoms will  be ionized at the lower temperatures t hat correspond 

to  the higher sample flow rate. 

The init ial increase in the emission intens ity observed w ith larger 

sample f l ow  rate is caused by a larger number of atoms of the test e lement 

pass ing through the area of observati on per unit of t ime. After the maxi� 

mum is reached , the decrease in emiss ion intens ity ar ises from the decreased 

f lame temperature. The posit ion of the maximum is also a funct ion of the 

ionizat ion potential of the test e lement . An emiss ion line from an element 

which has a l ow  ionization potential wi l l  exhibit a maximum at a higher 

sample f low rate . 

Previous stud ies of the emiss ion intens ity as a funct ion of sample 

f low rate have been done util iz ing an aqueous aeros ol and either a 

hydrogen-oxygen f lame29 or a cyanogen=oxygen f lame.31 Lady5 also stud ied 

the effect of sample flow rate upon the emiss ion intens ity with d ifferent 

organic s olvents , but he adjusted the fuel�oxygen rat io in order t o  intro­

duce add it ional oxygen s o  that it would be suf f icient f or the stoichio­

metric combustion of the organic aeros ol . Baker ,  Fuwa , Thiers , and Vallee31 

showed that the opt imum value of the sample f low rate f or an aqueous s olu= 

tion was a smal ler value for the higher�temperature cyanogen-oxygen f lame 

than f or the lower�temperature hydrogen�oxygen f lame. 
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E .  Statement of the Problem 

The present investigation was des igned to study the rel at ionship 

of several parameters upon the fl ame-photometric emission of elements in 

an effort to elucidate the nature of the enhancements observed when an 

element is present in a solution of an organic solvent. I ncluded are the 

calculations of flame temperature ,  measu�ement of OH b and intensities, 

measurement of emission intensity as a function of sample  fl ow rate, 

and the measurement of the emiss ion intensities of several el ements in 

d ifferent flames and solvent systems . 



CHAPTER II  

APPARATUS AND REAGENTS 

A. Apparatus 

1. Flame Spectrophotometer 

A Beckman Model DU spectrophotometer with a Model 9200 flame 

attachment and Model 4304 photomultiplier attachment was used. The 

output of the photomultiplier was fed into a Bristol recorder by means 

of a Beckman Model 5800 recording adapter . The recorder had a 10 mv. 

full=scale response and the pen speed was 2/3 of a second. The chart 

was driven at a speed of 4 inches per minute. A wavelength drive per= 

mitted the wavelength knob in the spectrophotometer to be rotated at a 

speed of approximately 0. 12 revolutions per minute. A 10.5-to-1 gear 

reduction knob was also attached so that the wavelength knob could be 

more accurately positioned manually. 

The excitation source for hydrogen=oxygen flames was a Model 4020 

integral aspirator type burner and a Model 4030 burner was used for 

acetylene=oxygen. The condensing mirror was blocked. 

2. Rotameters 

Two Brooks Sho�Rate "150 .. Model 1356 rotameters were used for the 

measurement of the flow of the flame gases. Tube number 3�15-4 was used 

to monitor the oxygen flow and tube number 4=15�2 was used to monitor 

the fuel flow. These were calibrated by the use of a Precision Wet Test 

Meter. 



3. Prec i s i on Wet Te st Meter 

The Preci s ion Wet Tes t  Meter was used f or the ca l ibrat ion of the 
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gas f l ow  rate s .  The end of t he burner cap i l lary was c l osed of f by a c ork. 

4. Samp le � � As sembly 

A we ighing bott le was closed w ith a tight-f itt ing rubber s t oppe r. 

The capi l lary of the asp irat or , the mi cr oburet , outlet to the pre s sure 

system , and the syr inge containing add it i ona l s ol ut ion were p laced in the 

s t opper. The we ighing b ott le was des icc oated to prevent the solu tion 

from adher ing t o  the s ides of the b ott le as t he leve l fe l l. A vacuum 

pump was used t o  red uce t he pre s s ure over the l iqu id and the increased 

pres sure was obta ined with a tank of n it r ogen. A ba l la s t  tank was con-

nected int o  the system in order t o  reduce pres s ure f l uctuat ions. The 

pres sure was meas ured with a U-tube manometer f i l led with 1,1,2 , 2-tetra-

bromoet hane . 

B .  Reagents 

1. Demineral ize d Water 

Dem ineral ized water was used in the preparati on of a l l solut i ons . 

This was pre pared by pas s ing ord inary d istil led water thr ough Amberl ite 

MB-3 res in .  

2. Methanol 

Reagent grade methanol was used. 

3. Ethanol 

B oth abs olute and drum grade 95 per cent ethanol were used. 



4 .  4 -Methyl-2-pentanone 

P ract ical grade 4-me thyl-2-pentanone was us ed w ithout f urt her 

pur if i cat ion. 

5 .  2-Qctanol 

P ract ical grade 2-octanol was used wit hou t  further pur if icat ion. 

6 .  2-0ctanone 

Pract ical grade 2-octanone was used w ithout f urt her pur if icat ion. 

7 .  2 ,4-Pentaned ione 

Pract ical grade 2 ,4-pentaned ione was used without f urther pur i­

f icat i on. 

8. Al uminum Solut ions 
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A s olut ion of aluminum conta ining 1000 pg .  of a l uminum per ml. was 

prepared by d is s olving 0.4942 g .  of anhydr ous aluminum ch l or ide in 100 m l. 

of methanol . A s o l ut ion in 4-me thy l -2-pentanone c ontain ing 1000 fg. of 

a lum inum per ml. was pre pared by d is solv ing 0.4942 g. of anhyd rous aluminum 

chloride in 20 ml. of 95 per cent ethanol and d i luting t o  100 m l .  with 4-

methyl -2-pentanone. 

9 .  L ithium S olut ions 

A s t ock s ol ut ion of l it hium cont a in ing 1000 ,g. of lithium per ml. 

was prepared by d i ss olv ing 4.6096 g. of l ithium s u lfate mono-hydrate in 

500 m l .  of water. Lith ium s olutions c onta ining 100 )Pg• per ml.  and 10 jlg. 

per ml . of l it hium were pre pared by appropr iate d i l ut i on. A l ithium s olu­

t ion conta in ing 100 Jig• of l it hium per m l. was prepared by d is s ol v ing 0.0611 g. 



of lithium chloride in 100 ml. of absolute ethanol. 

10 . Solut ion of Lithium and Cesium 

A solut ion contain ing 10 ?g. per ml. of l ith ium and 1000 ?g. per 

ml. of cesium was prepared by tak ing 10 ml. of l ithium sol ut ion contain­

ing 100 fg• per ml.  and 10 ml.  of a so lut ion conta ining 10,000 ,g. per 

m l . of ces ium and d ilut ing to 100 ml. The ces ium so lution was prepared 

by d issolving 12.668 g. of cesium chloride in 1 1. of water. 

11. Copper Solutions 
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A so lution of copper in methano l contain ing 1000 yg. of copper per 

ml.  was prepared by d issolving 0. 2116 g. of cupr ic chloride in 100 ml. of 

methanol. A 100 JUg. per ml. solution of copper in methanol was prepared 

by d iluting 10 ml. of the 1000 ?g. per ml. sol ut ion to 100 ml.  with 

methanol .  A 100 yg. per ml. sol ution of copper in methano l-to luene was 

prepared by dil uting 10 m l. of the 1000 /g. per m l .  methanol solut ion to 

100 ml. w ith toluene . 

12. Chromium Solutions 

A chromium so lut ion containing 1000 )lg. per ml. of chromium was 

prepared by d issol ving 0.3054 g. of chromic chlor ide in 100 ml . of methanol .  

Ten ml. of this so l ution was diluted to 100 ml . with methano l to give a 

sol ution containing 100 fg. per ml. of chromium. A 100 fg. per ml. solu­

tion in methanol-tol uene was prepared by d il uting 100 m l .  of the 1000 fg. 

per m l .  methanol sol ution to 100 ml. with tol uene. 

13. To luene 

Reagent grade to luene was used in the preparation of al l solutions. 



CHAPTER Ill 

EXPERIMENTAL RESULTS 

A .  Ca lculation of F lame Temperatures 

1. Method of Calcu lation 

E<:Juations (9) t o  (13) represent the equilibrium constants for tile 

dis sociations and decompositions occurring in th e f lame gases . 

= 

Pco x PH2o 

Pco2 
x PH2 

(9) 

(10) 

(11) 

(12) 

(13) 

The total pres sure of the products must equal the prevailing atmospheric 

pressure� and the ratios of nc/nH an d DQ/nH must be in agreement. To 

obtain the equi librium composition , the system must be s olve d by the 

me thod of succes sive approximations . 

The f ol lowing system is used as an example of these calculations. 

An aerosol of abs olute ethanol was introduced into an acetylene-oxygen 
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flame at the rate of 1.15 milliliters per minute. The flow rates of 

acetylene and oxygen were 1.34 and 3.32 liters per minute, respectively. 

From these quantities, the number of gram atoms of carbon, hydrogen, and 

oxygen entering the flame each minute are 0.149, 0.228, and 0.292, re= 

spectively. 

The equilibrium constants for the reactions numbered (9) to (13) 

are taken from Gayden and Wolfhard27 at a flame temperature of 3200°K. 

Values for the ratio of the partial pressure of carbon monoxide to carbon 

dioxide and for the partial pressure of water are assumed. The partial 

pressures of the components are then rewritten in terms of the assumed 

values for the ratio of carbon monoxide to carbon dioxide (R ) and for the 

partial pressure of water (W): 

PH2 
= 0.1267 RW (14) 

PH = 0.1042 
1 1 

R2W2 (15) 

0.420 
Po2 

= 
R2 (16) 

0.162 
(17) Po = 

R 

0.317 
1 

W2 
PoH "" (18) 

R! 

The rearranged expressions provide an insight into the manner in which 

the partial pressures of the other constituents in the burned gases vary 

with temperature. Whereas the ratio of carbon monoxide to carbon dioxide 

increases with temperature for the same ratios of components, the water 

pressure decreases. 

The calculated composition of the burned gases for the example 

selected is given in Table II. The value assumed for the ratio of carbon 
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TABLE II 

COMPOSITION OF BURNED GASES 

Partial Relative Number Relative Number 
Pressure, of Moles of Moles 

Component Atm. of Hydrogen of Oxygen 

H2 0.0947 0. 1894 

R 0.0903 0.0903 ' 

02 0.0276 0.0552 

0 0. 0416 0.0416 

OR 0.0703 0. 0703 0.0703 

co 0. 3818 0.3818 

C02 0,0979 0.1958 

H20 0.1920 0.3840 0.1920 

0.9962 0.7340 0.9367 
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monoxide to carbon dioxide was 3.90 and 0.192 atmospheres hras the value 

assumed for the partial pressure of water. 

To obtain a heat balance, the total mole number of the burned gases 

must be calculated. The total mole number is the apparent number of moles 

of burned gases that i.s produced in the combustion of 1 mole of acetylene. 

The partial pressures are proportional to the relative mole numbers of 

each component in the burned gases. To obtain the true mole number, the 

number of moles of hydrogen, carbon, or oxygen which is produced in the 

assumed reaction are divided by the appropriate number of moles obtained 

from the summation of the appropriate partial pressures of constituents 

containing the respective element. In the stoichiometric combustion of 

1 mole of acetylene, 3 moles of gaseous products, assuming no dissociation, 

would be produced. The true mole number would be 3. The partial pressure 

of carbon dioxide would be 0.666 and of water, 0.333. The number of moles 

of carbon in the burned gases equals 2, the moles of hydrogen equals 2, and 

the moles of oxygen equals 5 .  The mole number calculated by the method 

employed is then 

2 = 2 = 5 = 3.00 (19) 

However, in the example under consideration, l mole of acetylene yielded 

2 moles of carbon, 3.06 moles of hydrogen, and 3.92 moles of oxygen in 

the burned gases. When divided by the relative number of moles (calculated 

from the partial pressures which are shown in columns 3 and 4 of Table 

II ) ,  these values yield the true mole number of the burned gases for this 

system. 
2 3.06 3.92 

= 4.17 (20) 0.4796 
= 

0.7340 
= 

0.9367 
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The he at libe r ate d by the combust i on i s  c alculated by multiplying 

the he at of f ormati on of e ach product by its part i al pre s s ure , summ ing 

the he at l ibe r ate d f r om  all t he prod uc t s ,  and multiplying the sum by t he 

mole numbe r .  Then the he at of f ormat i on of ace tylene and the r at io of 

the number of mole s of e t hanol t o  1 mole of acet:ylene mult i plied by t he 

he at of f or mat i on of et hanol are s ubtr acte d from the he at of f ormat i on of 

t he products t o  obt ain t he net he at liberat e d  (c olumn 6 of Table II I). 

The he at require d  t o  raise the temperature of t he c ombust i on 

pr oducts t o  the as s umed tempe r at ure is c alculate d f r om  t he t ot al he at 

c ontent of t he c omponent s .  Gaydon and Wolf hard2 7  pr ovide a list of he at 

c ontents wh i c h  were obt a ined f ro m  s e ve ral sour ce s . The se we re plott ed 

aga ins t  tempe r at ure and interpolate d val ue s  were obt aine d .  The he at 

c ontent of e ach individual component i s  mult iplie d by the partial pre s s ure 

of that c omponent and the s um is mult i pl ie d  by t he m ole numbe r to obt ain 

the he at required to raise the burne d gas e s  to the as s ume d tempe rature 

(c olumn 5 of Table III) . 

T he c alc ulati ons outline d are repe ate d at s e veral tempe ratur e s  

and t he f l ame tempe r at ure is det ermined f r om  the point o f  inte r s e ct i on 

of the curve of heat libe r ate d and of the cur ve of heat c ontent (to r aise 

the c ombus t i on produ c t s  to t he tempe rature ) e ach ve r s us tempe rature . 

In the c ase of aque ous ae r os ols , a c orre ct i on mus t be made in t he 

calculat i on of the he at l ibe rate d  by t he c ombus ti on f or the wate r adde d. 

It cannot be as s umed that t he he at l iber ated by the c ombust ion is gre ater 

than if al l t he wate r re s ulte d fr om the c ombus t i on of acetylene . If t he 

numbe r of mole s of hydrogen pre sent as water in the burne d gase s e xcee ds 
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TABLE III 

ENERGY CALCULATIONS OF BURNED GAS ES 

Heat Content, Heat of Net Heat Ne t Heat of 
3200°K . F ormat ion ,  Part ia l Content, F ormat ion, 

Component kcal . /mole kcal . /m ole Pres sure kca l . kca l. 

H2 25 . 0  0 . 0947 2 . 37 

H 1 5 . 9  52 . 09 0 . 09 0 3  1 . 49 4 . 70 

02 42 . 0  0 . 0276 1 . 1 7 

0 1 6 . 2  59 . 1 6 0 . 041 6 0 . 66 2 . 36 

OR 25 . 3  1 0  0 . 0703 1 .  78 0 . 70 

co 26.25 -26 . 42 0 . 38 1 8  1 0. 1 0  - 1 0 . 1 0  

C02 42 . 0  - 9 4 . 05 0 . 09 79 4 . 1 1  -9 . 21 

H20 3 5 . 3  -57 . 8  0 . 1 920 6 . 78 - 1 1 . 1 0 

28 . 37 - 22 . 65 

Heat requ ired t o  raise the b urned gase s t o  3200°K = 

4 . 1 7 x 28 . 37 = 1 1 8 . 2 kca l . 

Heat l iberated in t he combust i on = 

(4 . 1 7 x -22 . 65) - (54 . 2  + 0 . 36 x - 6 6 . 2) = - 1 25 .4 kcal. 



TABLE IV 

ILLUSTRATIVE CALCULATIONS FOR THE CORRECTION FOR ADDITIONAL WATER 
FOR A FLAME FED BY A WATER AEROSOL 

Relative Number of Moles of Hydrogen 
Component Moles of Hydrogena Source Added Per Minute 

H2 

H 

OR 

H20 

0. 1292 H20 0,1602 

0,0745 C2H2 0.1096 

0. 2704 

0.1085 

0. 4900 

0. 8200 

Relative number of moles of hydrogen resulting from combustion = 

0.8022 X 
0.1096 
0.2704 

= 0.325 

From this, the net heat of format ion of water in this systern is 

0. 325 
2 

x -57.80 = -9.40 kcal. 

acalculated from partial pressures. 

24 
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the number of mol es o f  hyd rogen that c ou ld be obtained f rom the acety l ene, 

a correction is app l ied as ill ustrated in Tab l e  IV . On the other hand , 

if the number of mol es of hyd rogen present as H2 , H, and OR in the bu rned 

gases equ i l i brium products is equal to or greater than the number of mol es 

of hydrogen add ed as the aqueous aerosol. no c orrecti on need be app l ied 

becau se it may be assumed that al l the water pres ent originated f rom the 

combustion of the acetylene. 

Water from al l sources must. be u sed in the calculat i on of the heat 

conten t  since i t  must be rai sed to the temperatu re of the f l ame gases. 

2. Flame Temperatu re Values 

Fl ame temperature calcu l ations have been mad e f or several f l ames 

by the method discussed .  The cal cu l ated values f or the heat l i berated 

and f or the heat requ i red to raise the combusti o n  prod u c ts to the assumed 

temperature have been p l otted as a function of the assumed temperature. 

The temperature at which the heat l i berated is equal to the heat requ i red 

has been taken as the temperature of the burned f lame gases. 

The cal cul ated values f or f l ames of tw o d i f f eren t acety l ene-oxygen 

ratios are; shown in Figure I. A flame comp osed of 1. 34 1 .  per m in. of 

acety l ene and 3 . 32 1 .  per min. of oxygen gave a cal cul ated flame tempera� 

ture of 3317"K, whereas a temperature of 3365"K was obta ined f or a 

f l ame of the same oxygen f l ow but l.. 83 1. per min. of acetylene:. 

The calcu l ation of the temperature of f l ames comp osed of 1 . 34 I. 

per min. of acety l ene and 3. 32 1. per min . of oxygen and f ed w i th water 

and ethan o l  aerosol s  has been mad e. The data f or 1.00 m l .  and 1 . 45 m l .  

of water per min . are shown i n  Figure 2 ,  and 1 . 1 5 m l .  o f  ethanol per min. 
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0 = 1 . 34 1. /min . of acetylene, 3 . 32 1./min . of oxygen 
� = 1 . 83 1 . /min . of acetylene, 3 . 32 1 . /min .  of oxygen 
s olid points, heat l iberated 
open points , heat required 

3300 
Temperature, Degrees Kelvin 

3400 

Figure 1 .  Heat l iberated and heat required as a funct ion of assumed 
temperature for dry acetylene-oxygen flames . 
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Acetylene flow rate = 1. 34 1. /min. 
Oxygen flow rate = 3. 32 1./min. 

0:::: 1. 45 ml./min. of water 

6. = 1. 00 ml. /min. of water 
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Figure 2 .  Heat liberated and heat required as a function of assumed 
temperature . Acetylene-oxygen flame plus water aerosols . 
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Figure 3. Plot of heat liberated and heat required as a function of 
assumed temperature. Acetylene-oxy gen flame plus an ethanol aerosol. 
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is shown i n  F igure 3. The wate r-fed f lame s gave calculated tempe ratures 

of 3 1 23°K f or 1 .45 ml . per min., and 3200°K f or 1 .00 m l . pe r min. 

The ethan o l -fed f lame gave a c a l cu lated temperature of 3223°K. 

B .  OR Band Intens ity Measurement s 

1 .  OR Spe ctrum 

The p orti on of the OR s pe ctrum which extend s  f r om 3 0 5  to 3 1 0  m� 
I 

i s  s h own in F igure 4. The intens ity measurements of the OR band, s hown 

in Fugure s 5 through 9 ,  were taken as the net read ing of t he peak 
'
at 

3 06 . 7  mp d imin i s hed by the background read ing taken at 305 mp . A l though 

the 309 . 6-mp peak is s l i ght ly more intense t han the 306 . 7-mp peak, t he 

prox imity of the 306 .7-mp peak t o  the conven ient backgr ound at 3 0 5  mp 

provided t he reas on f or t he  choice of the 306 . 7-mr pe ak. No var iat i on 

in the re l at ive intens it ie s  of t he s e  two peaks detected as t he f l ame 

c ond i t i ons we re varied. 

2. I nstrument Sett ings 

The phot omu l t i p l ier sens it iv ity was 52 volt s per dynode f or a l l  

OR band me asurement s . The s l it wid th was 0.03 0  mm .  f or the intens ity 

me asurement s  shown in F i gure s 5 through 8 .  The burne r was mounted in 

the normal pos i t i on but the condens ing mirror at the rear of the burne r 

hous ing was b l ocked in order to e l iminate any e f f e cts f r om  the variat i on 

in the s ize of the f lame. The .. per cent adjus t*' knob on t he recorde r 

was set at 3.75 f or the data in F igure s 5, 6 ,  and 7. A sett ing of 2.00 

was used f or the data shown in F i gures 8 and 9 .  The data p lotted in 
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F i gure 8 has been ad justed so t hat the inte ns ity me asurement s in F i gures 

5 ,  6 ,  7 ,  and 8 f a l l on the s ame s cale . The value s  p l ot ted in F igure 9 

were obta ined w ith a s l it width of 0 . 025 mm .  

3 .  Sys tems Stud ied 

The OR intens it ies which were measured in a d ry f lame and a f lame 

int o wh ich wate r , e thanol . 4�me thyl� 2�pentanone , me than ol , 2-oc t anol , 

2�octanone , and 2 , 4�pentaned ione were aspirated ind ivid ual ly are s h own 

in F igure s 5 and 6 .  The ace ty lene f l ow  was var ied f r om  0 . 9  to 2 . 42 l. 

per min. whi l e  the oxygen f l ow  was ma int a ined at a c ons tant val ue of 

3 . 5 7  l .  pe r m in . 

The OH intens it ie s  wh ich were me asured f or a dry f l ame and a f l ame 

int o wh ich wate r ,  e t hanol , 4=me thy l�2�pe ntanone , and me thanol were 

aspirated ind ividual ly are s hown in F i gure s  7 and 8 .  The acetylene f l ow  

was var ied f r om  0 . 9  t o  2 . 42 1 9  pe r min . ; the oxygen f l ow  was ma inta ined 

c onstant at 3 . 1 8 l .  per min . in F igure 7 and 4 . 09 l .  pe r min . in F i gure 

8 .  

A p l ot of the OR band intens ity as a f unc t i on of acety lene f l ow 

at c onstant oxygen f l ow of 3 . 5 7  l .  pe r min . f or a dry f lame and f or a 

f lame int o which was aspirated 1 . 44 , 1 . 14 ,  and 0 . 45 ml . of wate r per 

min . i s  s h own in F igure 9 .  

C .  Meas urement of Lit h ium and Ce s ium Intens ity 

1 .  L ithium S pe ctrum 

The 6 7 l �my l it h iu m  l ine was used in these measurements .  
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2 .  Instrument Sett ings 

The instru ment se t t ings used were as f ol l ows : photomu l t ip l ier 

sens it ivity , 60 volt s pe r dynode ; s l it width , 0.030 mm . ; per cent 

adju s t , 7 . 00 .  

3 .  Systems S tud ied 

The l ith ium intens ity of 1 0  pg. per ml. of l ithium and one c ontain­

ing 1 0  yg .  per ml . of l it hium and 1 000 pg .  pe r ml . of ces ium was measured 

as a funct i on of hydrogen f l ow  at a constant oxygen f l ow rate . The hydro� 

gen f l ow rate varied from 5. 95 to 9.65 1. per min . and the oxygen f l ow  

was 2.53 1 .  per min. The resu l t s  are s h own in F i gure 1 0 .  

D .  Meas urement of Lit hium Inten s ity as a Funct ion 

of Sample F l ow  Rate 

1 .  L it hium Spe ctrum 

The 67 1-� l it hium l ine was used . 

2 .  Sample F l ow Rates 

The device used f or vary ing the s amp le f l ow rate was des cr ibed 

in Chapter I I . The emi s s ion intens i ty of t he l it h ium l ine was measured 

c oncurrent ly as the samp le f l ow  rate was be ing measured . This was 

accomp l ished by plac ing the l ithium s o l ut i on in the sample ve sse l and 

all ow in g  t he sample to be aspirated unt i l  ces sat ion of asp irat ion . 

Then a known amount of the same s olut i on was added f r om  a microburet 

and the measurements made of the int ens ity as the t ime requ ired t o  

aspirate a f ixed quant ity of the s olut i on was measured . Seve ra l  de ter-



minations of the emission intensity could be made as one measurement 

of the sample flow rate was made. Replicate measurements of sample 

flow rate and emission intensity were made at each particular sample 

flow rate. 

3 .  Instrument Settings 

The instrument settings for the water studies were : slit width, 

0. 020 mm . ; per cent ad just, 7. 00 ;  photomultiplier sensitivity, 52 volts 

per dynode. Settings used f or the ethanol solution were : slit width, 

0.020 mm . ; per cent ad just, 3.00 ; photomultiplier sensitivity, 52 volts 

per dynode. 

4. Systems Studied 
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The emission intensity was studied as a function of sample flow 

r�te for lithium in water and in ethanol . The lithium concentration was 

100 fg •  per ml. in each case. Hydrogen and oxygen were the flame gases 

used. The emission intensity of the aqueous solution as a function of 

sample flow rate at 1.95 and 2. 53 1. of oxygen per min .  and the hydr ogen 

flow at 5 .95 1 .  per min . is shown in Figure 1 1 .  The same relationship 

for lithium in ethanol is shown in Figure 12. The oxygen flow rates 

were 1.95, 2. 53 , and 3.33 1. per min. ; the hydrogen flow rate was 5.95 1 .  

per min. 

E .  Aluminum Intensity Measurements 

1. Aluminum Spectra 

The emission spectrum of aluminum exhibits a doublet at 394.2 ml 
and 396. 2 mf and an oxide band at 484 mf · Neither the line nor the band 
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possess sufficient sensitivity to be determined by flame methods in 

other than organic solvents . 

2 .  Instrument Settings 

For the study of the aluminum line , the following instrument 

settings were employed: slit width, 0 . 025 mm . ; per cent ad just , 3 . 25 ;  

photomultiplier sensitivity , 5 2  volts per dynode . 
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Settings employed f or the band were : slit width, 0. 030 mm . ; per 

cent adjust, 7 . 0 ;  photomultiplier sensitivity , 60 volts per dynode . 

3 .  Systems Studied 

The �mission intensity of the alqminum line at 396 . 2  mp and the 

oxide band at 484 my were measured as a function of acetylene flow rate 

at a constant oxygen f low rate for concentrations of 1000 pg .  of alum­

inum per ml . in methanol and in a solution containing 20 volume per cent 

of ethanol in 4-methyl-2-pentanone . The emission intensity of the 396 . 2-

my line in these two solutions at acetylene f lows from 0 . 9  to 2 . 12 1 .  

per min . is shown in Figure 13 . The oxygen f low was 3.57 1 .  per min. 

The same relationship for the 484-my oxide band at acetylene f lows from 

0 . 9 to 1 . 83 1 .  per min. is shown in Figure 14 . The oxygen f low was 

3 . 57 1. per min . in this case also . 

F .  Study of the Emission Intensity of Copper and Chromium 

1 .  Spectra 

The copper line used in this study was the line of the resonance 

doublet at 324 . 7  �· The chromium line was the f irst member of the ultra-
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2 . 4  2 . 6  2 . 8  

F igure 13. Emi s s ion intens ity of 3 9 6 . 2�� aluminum l ine as a funct i on of 
acetylene f l ow r ate . 
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F igure 1 4 .  Emi s s i on intens ity of 4 84-mf aluminum ox ide band as a f unct i on 
of acety lene f l ow rate . 



4.5 

viole t  tr iple t at 357 . 9  mf • 

2 .  Instrument Sett ings 

A s l it w idth of 0 , 040 mm . was used t hr oughout this study . A l l 

intens ity me asure ments us ing ace tylene we re made at a phot omult ipl ie r  

sens it ivity of 4 2  volts pe r dynode . The pe r cent ad jus t was set a t  3 . 0 .  

A l l  stud ie s d one in hyd r ogen we re car r ied out at a phot omu lt ip l ie r  

sens it ivity o f  52 volts per dynode and the pe r cent ad j us t  s e t  at 3 . 0  

w ith the e xce pt i on of the stud ies made of the emis s i on intens ity of 

chromium in me than o l . This was d one at a phot omu l t ipl ier sens it ivity 

of 60 volts per dynode and per cent ad just s e t t ing of 1 . 0 .  

3 .  Systems Stud ied 

The emis s ion intens it ie s of coppe r  and chr omium we re stud ied as 

a funct i on of fue l f l ow  rate in hyd r o gen and acetylene f l ame s . These 

e lement s  were pre sent in c oncent rat ions of 100 pg .  per ml . in methanol 

and in 10 volume per cent me thanol=toluene s o lut ions . 

An oxygen f l ow rate of 3 . 3 3 1 .  per min . was used f or a l l  me as ure­

ments in hyd r ogen and an oxygen f low rate of 2 . 48 1 .  per min . was used 

f or ace ty lene . 

The emis s i on intens ity of c oppe r at the 324 . 7 -mp l ine as a func­

t ion of hydr oge n f l ow in the se two s olvents is  s hown in F igure 1 5 ; the 

s ame re l at i onship f or an ace tylene f l ame is shown in F igure 1 6 .  

T he  p l ot of t he emiss ion intens ity of the 3 57 . 9-my chrom ium l ine 

as a funct i on of hydr ogen f l ow is s h own in F igure 1 7 ; t he s ame type of 

p l ot f or t he acety lene f lame i s  shown in F i gure 1 8 . 
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1 2 

F i gure 1 5 .  Em i ss i on intens ity of 324 . 7-mp c oppe r l ine as a f unc t i on 
of hyd r ogen f l ow  rate . ) 
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F i gure 1 6 .  Emi s s i on intens ity of 324 . 7-my c oppe r l ine as a f unc t ion 
of ace tylene f l ow  r ate . 
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CHAPTER IV 

DISCUSSION OF RESULTS 

A .  Flame Temperature Calculations 

The values obtained in the temperature calculations agree with 

those reported by Edward s, Smith , and Brinkley .
32 

These worke rs 

obtained a value of 3358 . 5 °K for an acetylene oxygen ratio of 1 : 2 . 5  

and 3386.5 °K for a ratio of 1 : 1. Values obtained in this study were 

3317°K for a ratio of 1 : 2 . 48 and 3365°K for a ratio of l: l. 8l. The 

agreement is satisfactory. 

The calculated values of the flames fed by aerosols showed the 

expected decrease in temperature . The water-fed flame gave a lower 

calculated flame temperature than did the ethanol-fed flame. Both 

calcu lations were made for an acetylene oxygen ratio of 1 : 2. 48. The 

flame fed by 1. 15 ml. of ethanol per min. gave a calculated tempera­

ture of 3223°K. The values for a water-fed flame of the same fuel 

oxygen rat io were 3 133°K for 1 . 45 ml. of water per min. and 3200°K for 

the flame fed by 1. 00 ml. of water per min . 

These values show that the temperature of the organic-fed flame 

is higher than that of a water-fed flame, but that temperature difference 

is insufficient to give the enhancements which are encountered. As suming 

the temperature of a water-fed flame to be 3150°K and the temperature of 

the or ganic-fed flame to be a maximum of 100° hi gher , thermal enhance­

ments of 1 2, 27, 44, and 62 . 5  per cent would be obtained for elements 

with excitation potentials of 1, 2 ,  3, and 4 electron volts. 
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B .  Me as urement of OH Band Intens it ie s 

The work of F oster and Hume 29 and Be ck2 have su gge sted the p oss i­

b i l ity of emp l oy ing the emi s s i on intens i ty of the OH bands t o  as certain 

the opt imum c ond i t i ons f or d if fe rent s ol vent s and e leme nts . It was 

f e l t  that the emi s s ion intens it ie s  of the OH bands might e lu c idate the 

nature of the or gan i c  s ol vent enhan cements . 

The study of the OH bands t o  obtain the tempe rature of f l ame s 

and the d i str ibut i on of the OH intens ity w it h in the f l ame has been 

d one . 33 The d i str ibut i on was not d one in this study be cause the item 

of inte re st was the re l at ion of the OH b and intens i t ie s t o  the inten­

s it ie s  of e lements in the same re g i on of observat i on w i thin the f lame 

mant le . M ost f l ame phot ome ters d o  not p osse s s  the expe r imental means 

f or ob serv ing d if ferent re g i ons of the f lame . 

Me asurements were made under a var iety of c ond it i ons . The re sults 

are shown in F i gures 5-9 . S i gn i f i cant d iffe rence s in mole cu l ar we i ght , 

structure , and solvent prope rt ies were c ons iderat ions in the choi ce of 

the organ i c  s ol ve nts . 

At l ow  acetylene f l ow  rate , a gre ater OH band intens ity is 

observed f or the organ i c  s olvents than is obse rved f or the dry f lame . 

On the othe r hand ; at high ace ty lene f l ow r ates , the OH emi s s i on inten­

s ity of the organ i c  s olvents is  le s s  than that of the dry f l ame . A 

water-fed f l ame give s  a l owe r  OH band intens ity than a dry f l ame thr ough­

out the range of acetylene f l ow  rate s stud ied . The s hape of the curve 

of t he  water-fed f lame paral le l s  that of the dry f lame . 
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The shape s of the organ ic solvent curve s do not paral lel that of 

the dry flame curve . For t he organic solvents , the OR intensity reaches 

a maximum at a lower acetylene flow rate than for the dry flame or for 

the water- fed flame in every case. 

These results show that the emission intensity of the OR band is 

not a measure of the optimum flame cond it ions for the emission of elements . 

At the higher acetylene flew rates , the OR band intensit y of the water-fed 

flame is greater than that of seve ral of the organic solvents, yet the 

emission intensity of the elements in the latter s olvents is many fold 

higher . Also, the optimum flame cond itions for which t he OR band inten­

sity is maximum will not yield maximum emis sion intensity cond itions for 

the elements. The aluminum intensit y curves for both line and molecular 

band emissions (Figures 13 and 1 4 )  il lustrate this very strikingly . 

The emiss ion intens ity of the OR band in an acetylene-oxygen flame 

decreases with an increase in the f low rate of the water samp le , as has 

been reported for hydrogen-oxygen. This de crease is independent of the 

fue 1-oxygen ratio in the regions of acetylene flow rates stud ied . Figure 

10 shows the OH emiss ion intensity as a function of acetylene flow rate 

for a dry flame and for three amounts of water being fed into the flame. 

The nature of the organic solvent enhancements could not be re­

lated to the OR band intens i ty meas urements. Beck2 reported that the 

OR band intensity decreased with increasing samp le flow rate for a 

hydrogen- oxygen flame. The present study shows that the relationship 

of the OR band intensity to the sample flow rate must be made with a con­

s ide rat ion of the acet ylene� oxygen ratio . The sample flow rate of water 



is le s s  than that of the organic solvents but the OR band intens ity 

of the or ganic solvents may be greater or les s  than that of water de ­

pending upon the flame conditions employed. 

C. Ionization 

Figure 10 shows the emission intensity of the 67 1-mp lithium 

line as a function of the hydrogen flow rate for a solution containing 

only lithium and for a solution which contains lithium and cesium. 
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This study was made t o  investigate the effect of the presence of a large 

quantity of electrons arising from the ionization of cesium atoms upon 

the emission intensity of the lithium at different hydrogen flow rates . 

The optimum conditions of the em ission intensity of the elements vary 

from solvent to solvent and the effect of ionization could contribute 

to this variation. Althou gh the emission intensity of the lithium is 

enhanced by the ces ium, the hydrogen-oxygen ratio at which the maximum 

emis sion intens ity of the lithium is observed is the same both in the 

presence of and in the absence of cesium. 

D .  Sample Flow Rates 

Studies of the emission intensity of the alkali metals as a func­

tion of sample flow rate have been made for an aqueou s solution in a 

hydr ogen-oxygen flame . 29 For the alkali metals, th� optimum sample 

flow rate is inversely proport i onal to the ionization potential of the 

element. I t  was thought advisable to study the emiss ion intensity of 
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an e lement as a f unct ion of the s ample f l ow rate f or an aque ou s s ol ut i on 

and an organic s olut ion .  Lith ium was ch osen be cause it pos s e s se s  t he 

h ighe st ion izat i on potent ial among the a l ka l i  me t a l s . Because of t he 

increased f lame temperature , the opt imum samp le f l ow  rate s h ould be 

s h ifted to a higher value in an organ i c  s olvent than in wate r .  The 

emi s s i on inte ns ity of the 67 1-� l ithium l ine in a hydr ogen- oxygen f lame 

as a funct ion of the sample f l ow rate of water and of e thanol is shown 

in F igures 1 1  and 12 . 

The opt imum samp le f l ow  rate in a water- fed f l ame ( F i gure 1 1 )  d id 

n ot show a s ignif icant dependence upon t he hyd r ogen- oxygen rat i o  f or t he 

two rat ios emp loyed . After the max imum intens ity was att a ined , furthe r  

incre ase i n  the samp le f l ow  rate caused a s imilar de c l ine in emis s i on 

intens ity f or the f ue l  rat i os used . The de cre ase is due t o  d imin i s hed 

thermal exc itat i on wh i ch in turn re su lted f r om the l owe r ing of the f lame 

temperature through the c ool ing ef fect of the large r  quant ity of water 

asp irated . At the h i gher hyd r ogen- oxygen r at i o ,  the maximum emis s ion 

intens ity is 1 . 5  t imes the max imum intens ity atta ined in t he f l ame of 

the l owe r rat io . 

F r om  the results obta ined f r om  the e thanol -fed f l ame ( F i gu re 12) , 

two very s ignif icant d ifference s in the re l at ionship of em iss i on in­

tens ity and s ample f l ow rate between water- and the e th anol-fed f lames 

were observed . F irs t , the opt imum sample f l ow rate of the e thanol-fed 

f l ame de pended more upon the f lame cond it ions than it d id f or a wate r­

fed f lame . Second , the max imum intens ity depended le s s  upon t he f l ame 

gas rat i o  than it d id f or the water-fed f l ame . 
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In the ethanol-fed flame ,  the thermal contr ibut ion of the combust ion 

of the ethanol caused a shift to larger opt imum sample f l ow  rates with de­

creas ing hydrogen-oxygen rat io .  The presence of a quantity of oxygen in 

excess  of the stoichiometric amount needed to burn the hydrogen yie lded 

enough oxygen f or ethanol combustion so that no decrease in the emiss ion 

intens ity was observed with the l owest hydrogen-oxygen rat io employed . 

In f l ames  of higher hydrogen to  oxygen ratio ,  there was le ss than a stoi­

chiometric amount of oxygen pre sent and the cool ing effect of the un­

burned ethanol became apparent . 

E. Aluminum Intens ity Measurements 

The emis sion intens it ies of the 396 . 2-� aluminum line and the 

484-my aluminum oxide band are shewn in Figures 13 and 14 . These measure­

ments were made in a methanol s olut ion and a solution of 20 volume per 

cent of ethanol in 4-methyl-2-pentanone . In each case , the emiss ion in­

tens ity increases as the acetylene f low rate increases .  

For the 396 . 2-my line , the emiss ion intens ity in the ethanol-4-

methyl-2-pentanone was greater than the emiss ion intens ity in methanol 

at each acetylene f low rate empl oyed . However , the rate of increase in 

the intens ity with increas ing acetylene f low rate was greater in methanol 

and the emis s ion intens it ies were appr oximate ly the same at the highest 

acetylene f low rate used . 

A s imi lar re lationship was f ound for the emiss ion intens ity of the 

484-m� band in these two solvents . The emission intens ity of the aluminum 

in the methanol solution was greater at the higher acetylene f l ow  rate s 
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and less at the lower acetylene f l ow  rates . 

From Equat ion ( 1) ,  it is seen that a plot of the logar ithm of the 

emiss ion intens ity versus the re ciprocal of the temperature wil l yie ld 

a straight l ine whose s lope is proport ional to  the exc itation energy of 

the trans it ion .  S ince the temperature is proport ional to the acetylene 

f l ow rate , a plot of the logar ithm of the emission intens ity versus the 

reciprocal of the acetylene f l ow  rate has been made . Fair ly good straight 

l ines resulted . These latter plots , shown in Figures 1 9  and 20 , il lus-

trate quite clearly the interact ion of the solvent with the flame gases . 

The exc itat ion energy of the band is 2 . 55 e .  v . ; of the l ine , 3 . 14 e .v . 34 

The s l opes are tabulated be l ow :  

Emiss ion System 

396 . 2-� line 

484-� l ine 

Methanol 

-2 . 40 

-2 . 08 

Ethanol•4-methyl-
2-pentanone 

- 1 . 50 

- 1 . 30 

These s lopes ind icate that the emis s ion intens ity of the system stud ied 

is more dependent upon the solvent employed than upon the exc itat ion 

energy of the transit ion ,  The rat io of the s lopes , l ine to band , i s  

the same for each solvent . This is an ind icat ion that the solvent affects 

each trans it ion in a s imi lar manner .  

F .  Chromium and Copper Emi s s ion Intens ity Measurements 

The emission intens it ies of the 324 . 7-� copper l ine and the 357 . 9-

my chromium l ine as a function of fue l f l ow rate are shown in Figures 15 , 

16 , 1 7 ,  and 18 . Two solvents  were used , pure me thanol and a s olut ion 
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F igure 19 . Log emis s ion intens ity of 396. 2-� aluminum band versus 
rec iprocal of acetylene flow rate . 
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cont ain ing 10 vol ume pe r cent of e than ol in to luene ; and two f lame s , 

hydroge n-oxygen and acetylene=oxyge n . The re s u l t s  are summar ized in 

Tab le V .  
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The se sys tems we re chosen f or seve r a l  re asons . F ir s t , the d ry 

f l ame tempe rat ure of a stoi chi ometr i c  hydr ogen- oxygen f lame is ab out 

500" lower t han that of a dry acety lene� oxy ge n  f l ame . Enhancement s 

observed with the organ ic s olve nt s are d ue part ly to the incre ased f lame 

tempe rature of t he  organ i c-fed f lame a s  compared w it h  a wat er-fed f l ame . 

Be c ause of t he s i gn if icant tempe rature d if f erences provided by thes e  

f l ame s as compared w ith t he sma l ler temperatu re chan ges ob s erved when 

or gan ic s olvents are empl oye d , corre l at i ons of the emi s s ion intens i t ie s  

of e lements i n  or gan ic s o lve nt s  c ould be at tempted . 

S e c ond , the choice of s olvent s pe rm itted ob se rvat ion of the e f f e ct 

of rad ic a l s  c ontain ing carbon wh ich are pre sent in l a r ge quan t i  t ie s  in 

f l ame s fed by ar omat ic hydrocarbons . S i gni f icant ly large backgr ound 

r ad iat ions or i ginate f r om the se r ad ical s  when ar omat i c  s ol ve nt s are burne d . 

The s olub i l ity of the compound s f rom whi .::h the stand ard s ol ut ions we re 

prepared ne,:e s s itated the add it ion of a sma l l  quant ity of methan ol t:o the 

toluene . 

Third , t he e lements were selected on the bas i s  of intens if icat i ons 

wh ich have been re por te d . The se are 10-f old f or c opper and 50- f o ld f or 

chr om ium . The exc itat ion ene r gy of t he chr omium l ine i s  3 . 46 e le ct r on 

vol ts ; f or the coppe r l ine , 3 . 8 1 e le ctron vol t s .
34 

F i gu re s  1 6  and 1 8  s how the emi s s i on intens ity of c opper and chr omium 

as a funct i on of ace tylene f l ow r ate at a c onstant oxyge n  f l ow rate . From 



TABLE V 

RELATIVE EMISSION INTENSITY OF COPPER AND CHROMIUM IN ACETYLENE-OXYGEN 
AND HYDROGEN-OXYGEN FLAMES INTO WHICH WERE ASPIRATED METHANOL AND 

1 0  PER CENT METHANOL-TOLUENE SOLUTIONS 

Rat io of Re lat ive 
Element Flame Solvent Emiss ion Intens ity 

Cr H2 MeOH 1 . 0  

Cr H,2 MeOH-Tolue ne a 1 . 8 

Cu H2 MeOH 2 . 0  

Cu H2 MeOH-Toluenea 2 . 3  

Cr C 2H2 MeOH 6 . 4  

Cr C2H2 MeOH-Toluenea 8 . 3 

Cu C2H2 MeOH 6 . 6 

Cu C2H2 MeOH�Toluenea 8 . 6  

alO volume per cent methanol . 

6 0  



the se f igu re s , it is seen that the emi s s ion inte ns ity of the e lement s 

depended more upon the s olvent emp l oyed than upon the e xc i tat ion ene r gy 

6 1  

of the e le ment . The peak intens i t i e s  of the e lement s occu rred a t  appr ox i­

mate ly the same acety lene f l ow  rate in a given s olvent , and the magnitude 

of the emi s s i on inte n s it ie s  was approx imate ly equa l .  I n  methanol the 

emi s s i on intens ity de cre ased at the h i gher acety lene f l ow rate s .  No de­

cre ase was ob served f or the me thanol-tol uene s olut ion , but the s hape s of 

the curve s ind i cated that a de crease mi ght oc cur at h i ghe r acetylene f l ow 

rate s . 

The emis s ion inten s it ie s  of the two e lements as a func t i on of hyd r o� 

gen f l ame rate are shown in F igure s 17 and 1 9 . The re l at i onship between 

the emis s i on and the fue l f l ow  rate was s i gn if i cant l y  d iffere nt than in an 

acety lene f l ame . In me than ol-t oluene , c opper exh ib ited an emis s i on in� 

tens ity wh ich was 1 . 1 5 t ime s  greater than that f ound in me thanol . The d if­

fe rence in the fue l f l ow rate at whi ch t he peak em is s i on intens ity occur red 

f or t he two s olvents was gre ater in the hyd rogen f l ame than in the acetylene 

f lame .  The max imum intens ity in me thanol was ob se rved at a hyd roge n  f l ow 

rate s l ightly greater than 6 l iters pe r minute . 

I n  the two solvent s , the re lat i onsh ip between em is s i on intens ity 

and fue l f low rate f or chr omium d iffe red marked ly in the two f l ame s . The 

peak emi s s ion intens i ty in methan ol-toluene was 1 . 8 t ime s the pe ak emiss i on 

intens ity in methanol . I n  the f orme r s olve nt , the peak occurred at a much 

sma l ler hydr ogen f l ow  rate . 

Al though the se re su l t s  s h ow  that the f l ame tempe rature p l ays an im­

portant part in the excitat i on proce s s ,  interact i ons among the s olvent , the 

e lement , and the c omponents in the f l ame gase s are s i gn if icant . 
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Abnormally high reversal temperatures have been reported f or certain 

e lements in the reaction zones  of f lames . 35 The work was done at low 

pressure to  broaden the react ion zone . It has been suggested that these 

abnormal reversal temperatures resulted from chemiluminescence . 

Pad ley and Sugden36 stud ied the emis sion re lationships and proposed 

that the actual intens�ty of a l ine is the sum of the chemical and the rmal 

excitat ion . Gaydon and Wolfhard35 suggested that excitat ion by chemi-

luminesence resulted from a three-body col l is ion involving the metal atom 

and unspecif ied free rad icals .  A mechan ism , as il lustrated by Equat ions 

( 2 1 )  and ( 22) , is proposed by Pad ley and Sugden . 36 

a + H + Na � H2 + Na* ( 2 1 )  

H + OH + Na � H20 + N� ( 22) 

Broida and Shuler36 favored a react ion of the �pe 

CH(CH2) + 0 + M � co + M* + H(H2 ) � ( 23) 

where M is water , oxygen , hydrogen or acetylene and the excitat ion occurs 

by M* + A -+ M  + A* , where A is a metal atom . 

The rad ical ly different emis s ion intens it ies which were observed 

f or copper and chromium may be caused by chemiluminescence . It  is unreas on-

able to assume that these d if ferences could result f rom thermal proces ses . 

The proposed increase due to chemiluminescence in the react i on zone 

permits an interpretat ion of the enhancements observed with organ ic solvents . 

With organic solvents , the inner cone , which includes the react ion zone , is 

def inite ly lengthened . Also ,  the droplets may be observed burning even in 

the outer mant le . The burning of the droplet s may actual ly yie ld cond it ions 

wh ich are equ ivalent to many small react ion zone s spread throughout the 
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f lame mantle. By contrast , f lames f ed by water solutions d o  not have these 

extra reaction zones nor even an extended inner cone . 

The unusual enhancement of chromium lends credance to the view that 

some s ort of chemical process is involved . The chemiluminescence could 

arise if the chromium is present in a water-fed flame primarily as a molecu­

lar compound , such as the hydroxide ; perhaps chemiluminescent dissociation 

proce s ses render an additional number of free atoms available f or thermal 

or chemical excitation subsequently . 

G .  Suggestions for Fur ther Study 

The results of the present investigation have shown that it is 

probably a chemical effect which gives rise to the large enhancement when 

an or gan ic solvent is burned. Thermal effects alone will not provide the 

enhancements which have been found. 

The f ollowing procedure could be applied to a f lame photometric 

measurement t o  ascertain separately the eff ect of temperature and droplet 

combust ion. 

Alkemade and Voorhuis39 have shown many c onc omitant effects are 

negligible unless the two ions are in the same solution. When phosphate 

was added to a f lame by means of a separate atomizer, interference in the 

calcium emission is not encountered. 

The same experimental procedure might elucidate the enhancements 

achieved with or gan ic solvents. Water and the organic solvent could be 

introduced int o the f lame by means of separate atomizers .  The test element 

would be intr od uced alternately in each solvent and a comparison made of 
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the emiss ion intens ity . If  the emis s ion intens ity is h igher when the te st  

e lement is d is solved in the organic solvent , then the enhancement is due 

to  the chemical reaction involving the combust ion of the droplet around 

the test e lement sal t .  



CHAPTER V 

S l.ll-iMARY 

The present invest igati on has been concerned w i t h  t he study of 

several parameters which inf luence the f lame phot ometr ic emi s s ion of 

e l ement s in an e f f ort to e l uc idate the nature of the intens i f icat i ons 

obse rved w it h  organ ic s olvents . P aramete r s  s uch as f l ame temperat ure , 

OH band intens i t y , i on iz at i on ,  sample f l ow rate , and t he emis s i on  in­

tens it ie s  of d if fe rent e lement s  in d if ferent s olvents have been s tudied . 

Tempe rat ure c a l cu l at i ons have shown that t he tempe r at ure of an 

organ ic-fed f lame i s  s l ight l y  h igher t han that of a water-fed f l ame but 

that t he temperature d if fe rence is n ot l ar ge enou gh t o  give t he intens i­

f icat i on s  f ound . Ne ithe r  c ould the OH band intens ity meas urements be 

re l ated to t he in tens if i cat ions . C ompar is on of OH intens i t ie s  among t he 

d i f ferent s o lvents s howed l a r ge var iat i ons with change s  in the acetylene­

oxygen rat i o .  

The e f fe ct of a l arge quant ity of e le ctrons upon the emi s s i on 

intens ity of l it h ium was stud ied with re spe ct to  f l ame cond it ions . How­

ever , an opt imal hydrogen-oxygen rat i o  was f ound to be opt imum b oth in 

the pre sence of and the absence of the e lement furn ishing the l ar ge 

quant ity of e le ctrons . 

The emis s ion intens ity of l it h ium was stud ied as a funct i on of 

s ample f l ow r ate in wate r and in e thanol . The ef f e c t  of the c ombus t i on 

of the e t han ol upon the emis s i on intens ity is shown quite c lear ly . The 

tempe rature contribut i on of the burning et hanol s h if ted the opt imum 
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sample f low rate to  a larger value . 

Stud ies of the emission intens ities of several e lements in different 

solvents have sh�n that the emission intensity of each e lement depended 

more upon the solvent than upon the excitat ion energy of the trans it ion .  

The intens if ications are postulated as ar is ing from chemiluminescence 

in the react ion z ones of the burning s olvent droplets . Rather than 

be ing conf ined to a narrow region of interconal gases , the react ion z one 

is enlarged and extended into the f lame mantle when an organic s olvent is 

employed . 
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PART B :  STUDIES OF THE EXTRACTION AND FLAME EMISSION OF MAGNESIUM 



CHAPTER I 

HI STORICAL 

A .  Introdu c t i on 

S in ce the f und ame ntal work on f l ame phot ome try by Lunde gardh , 1 

the emis s i on of magne s ium in a f l ame has been w ide ly used f or it s quant i­

t at ive d e te rm inat i on .  The d e term inat i ons ut i l i zed e ithe r the l ine emis­

s i on at 285 . 2  my or the band emi s s ions at 371 and 383 � ·  The l ine has a 

d e te c t i on l imit of 0 . 1 5 p . p . m .  and the b and s have dete c t i on l imits of 3 

p . p .m .  in a water-fed oxygen-acetylene f l ame .
2 

The l ine posse s ses t he advantage of be ing s ituated in a port i on of 

t he s pe ctrum in wh ich the re are no s pe ctral int e r f e rence s f r om  other 

e leme nt s . I t  d oe s , howeve r , h ave t he d i s advantage s of be ing strongly 

s e l f ·  abs orbed and be i ng in a re g i on  of the spe ctrum in wh i ch there are a 

s e r ie s  of re l at i ve ly s t r ong OH band s ( F i gure 2 1 ) . B a se � l ine b ackgr ound 

c or re ct i ons are made with d if f i cu lt y  and it i s  qui te advanta ge ous t o  

emp l oy a re c ord ing f l ame s pe ctrophotome te r .  

Magne s ium emi s s i on i s  p l agued by many ser i ous rad iat i on interference s 

and many of t he s e  are p re sent in s am p l e s  in which it is de s i rab le t o  d e te r­

mine the magn e s ium c onten t . The se have been extens ive l y  inve s t igate d .
3

•
4

• 5 

The u se of organ i c  s o lvents in f l ame phot ometry f or t he pur p ose of 

incre as ing the em i s s i on sens it ivity i s  we l l  known . Seve r a l  procedures have 

been app l ied t o  magne s ium . I ke d a
6 s tud ied the use of 5 0  per cent me thanol 

s ol ut i on s  and f ound t hat he was able to d e termine as l ittle as l )lg .  of 
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magne s ium pe r m l . 
7 

Manna , Strunk and Adams used 80 pe r cent acet one s olu-

t i ons and de termined magne s ium in the range of 1 to 6 pg .  pe r ml . 

Or gan ic extract ion te chnique s have bee n e xtens ive ly u sed in t h i s  

l ab oratory f or t he f l ame -ph ot ome t r i c  determinat i on o f  e leme nt s . Th i s  

te chn ique of f e r s  the advant age of removing the te s t  e le me nt f rom the matr ix 

mate r ia l  c onta ining pos s ible int e rf e rants and at the s ame t i me great ly in� 

creas ing the emis s i on sens it iv ity . 

8 9 Luke and Campbe l l  and Luke have empl oyed an extract i on sys tem of 

8-qu inol inol - c h l or of orm f or t he c o l or ime tr i c  d e te rminat ion of magne s ium in 

e le ct r on i c  n icke l . The s ame type of procedure was t o  be emp l oyed f or the 

f l ame photome tr ic de term inat i on of magne s ium . 

B .  S t atement of t he P r ob l em 

The pre sent inve s t i gat i on was undertaken to inve st i gate ce rtain 

em i s s i on c har ac te r i s t ics of the 285 . 2-� magne s ium l ine in water and in 

4-methyl - 2-pentan one . An extr act i on pr ocedure f or the determ inat i on of 

magne s ium was t o  be inve s t igated . 



CHAPTER II  

APPARATUS AND REAGENTS 

A .  Apparatus 

1 .  Flame Spectrophotometer 

The f lame spectrophotometer has been descr ibed in Part A .  In 

this portion ,  the burner height was varied by means of a rack and pinion 

type of arrangement . A sett ing of 1 0  mm . is equal t o  the normal he ight 

and higher port ions of the f lame are observed with increas ing setting in 

mm . 

2 .  Gas Flow Rates 

The measurement of gas f l ow  rates has been des cr ibed in Part A .  

A Beckman Model H-2 pH meter was used for a l l  pH measurement s . 

B .  Reagents 

1 .  Demineral ized Water 

Demineral ized water was prepared by pass ing ord inary d ist il led water 

through Amberlite MB-3 res in .  

2 .  4-Methyl-2-pentanone 

P ractical grade 4-methyl�2-pentanone was used without further pur i-

f icat ion . 



3 .  Standard Magnes ium Solut ions in Water 
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A standard magnes ium s olution containing lOOO yg .  of magnes ium 

per ml . was prepared by d is solving 1 . 6579 g .  of reagent grade magnes ium 

oxide in a minimum amount of glac ial acetic acid and d iluting to one 

l iter with water .  Other standards were prepared by appropriate d ilut i on .  

4 .  Standard Magnes ium Solut ions in 4-Methyl�2-pentanone 

A standard magnesium solut ion containing lOOO �g .  of magnes ium per 

ml . was prepared by d is solving 0 . 1658 g .  of reagent grade magnesium oxide 

in a minimum amount of glac ial acetic ac id and d i lut ing to 100 ml . with 4� 

methyl-2�pentanone . Other standards were prepared by appropriate d ilut ion . 

5 .  Ammonium Rydroxide�Ammonium Chloride 

A s olut ion of 2 � with respe ct to both ammonium chloride and ammonium 

hydroxide was prepared by dissolving 77 g .  of ammonium chloride and 133  ml . 

of concentrated ammonium hydroxide in one l iter of water .  

6 .  8-Quinol inol Solution 

A 5 per cent (w/v) solution of 8-quinol inol was prepared by d is solv­

ing 5 g .  of 8-quinol inol in 1 1 . 5  ml . of glacial acetic acid and d i luting to 

100 ml . 

7 .  Extraction Solut ion 

The extract ion s oluti on was prepared by d is solving 0 . 6  g .  of 8-

quinol inol in 4-methyl-2-pentanone , adding 20 ml . of tri( iso-octy l ) amine , 

and d ilut ing to  100 ml . with 4-methyl-2�pentanone . 
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8.  Extract ion Solvent 

The extract ion solvent was prepared by d i lut ing 20 ml . of tri( iso= 

octyl ) amine to  100 ml . with 4·-methyl-2-pentanone . 

9 .  Tri( is o-octyl ) amine 

The tri( iso-octy l )amine used was obtained from Union Carbide 

Chemicals Company and was used without further pur if icat ion . 



CHAPTER III  

EXPERIMENTAL RESULTS AND DISCUSSION 

A .  Flame Spectrum 

The f lame spectrum of the 285 . 2-my magnes ium l ine is  shown in 

Figure 21 . This spe ctrum was run with 100 yg .  of magnes ium present per 

ml . of water . The sever ity of the OR band interfe rence upon the magnes ium 

emission is  clearly shown in Figure 21 . The magnesium l ine is s ituated 

between two OR peaks and at suff iciently high magnes ium concentrat ions 

the OR peaks are pract ically masked by the magnes ium l ine . At low con­

centrations , the magnes ium l ine appeared as a widening of one of the OR 

peaks . With these changes  in the appearance of the spectrum ,  the choice 

of a base l ine was d iff icult . The s ol id line drawn and labe led background 

in Figure 21  was found most sat isfactory for background correction . For 

quant itat ive measurements ,  it is des irable to  employ a base l ine correc­

tion which will  yie ld a cal ibrat ion curve that passes through the or igin . 

The base l ine employed d id not give a cal ibrat ion curve that passed through 

the or igin but it remained constant with  respe ct to the magnes ium emiss ion 

as cond iti ons varied . In  some measurements of the emis s ion character istics 

of magnes ium, only magne s ium was present and a solvent blank provided a 

sat isfactory background correction . 
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B. Emi s s i on Intens ity of Magne s ium in Water S olut ion as a Funct ion of 

Acetylene F l ow  Rate at Var ious Burner He i ght s 

I n  Figure 22 , the emi s s ion intens ity of magne s ium is shown as a f unc­

t i on of t he acetylene f l ow  rate at d iffe rent burner he ights . The oxygen 

f l ow  rate was 2 . 16 1 .  per min . and the acetylene f l ow  r ate was var ied from 

0 . 9  t o  2 . 60 1 .  per min . Instrument sett ings were as f ol l ows :  per cent 

ad just , 3 . 00 ;  s l it w idth , 0 . 04 mm .  The magne s ium concentrat ion was 1 0 0  yg .  

per ml . A f ixed wave length of 285 . 2  � was used and the background corre c­

t i on was made wit h  water . 

Magnes ium emi s s i on was f ound t o  vary s ign if icant ly with acetylene 

f l ow rate and with t he port ion of t he f l ame viewed by t he entrance s l it 

of the spectrophotometer . As t he re gion of ob servat ion was changed t o  

higher portions of t he f lame , t he acetylene f l ow  r ate y ie ld ing the max imum 

emiss ion intens ity increased . At the burner hei ght s wh ich corresponded t o  

the h ighes t  p ort ions of t he f l ame be ing i n  the re gion of observat ion ,  the 

emiss ion intens ity d id not reach a max imum at the h ighe st acetylene f l ow  

rate stud ied . P re sumably , max ima would also be reached at these he ights 

w ith suff icie nt ly , high acetylene f l ow  rate s .  The value s  of the max imum 

emis s i on intens it ie s reached f or the systems exh ib it ing maxima were 

appr ox imately t he same . This ser ie s  of measurements i l lustrated the f act 

that s ome of the var iab le s  in f l ame  photometry are very c l ose ly interrel ated 

and t he effect on the emiss i on intens ity of a change in one may we l l  be 

c ompensated f or by a change in anothe r . 
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C .  Var iat i on in the Em iss ion Intens ity of Magne s ium in 4-Methy l -

2-pentanone S olvent with Acetylene F l ow  Rate 

The emi s s ion intens ity of magnes ium in 4-methy l - 2-pentanone is 

shown in F i gure 2 3 .  The s olut ion conta ined 1 0  p g .  of magnes ium pe r ml . 

The instrument ope rat ing cond it i on s  were as f ol l ows :  per cent ad just , 

3 . 00 ;  s l it widt h ,  0 . 05 mm . ;  burne r he i ght , 10 mm .  The oxygen f l ow rate 

was 2 . 1 6 1 .  per min . A f ixed wave l en gth of 2 8 5 . 2  my was used and the 

backgr ound c orre ct ion was made with 4-methyl-2-pentanone asp irated into 

the f lame . 
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I n  4-methy l - 2-pentanone , the ace tylene f l ow  r ate a t  wh ich the max i� 

mum emi s s i on intens ity of magne s ium was ob served was le s s  than the ace ty­

lene f l ow rate f or max imum emi s s i on in wate r  at the s ame oxygen f l ow  rate . 

4-Methy l- 2-pentanone enhance s the emiss i on intens ity appr oximate ly 1 0- fold , 

ThE) fue l -oxygen rat io at wh ich the maximum magne s ium emis s ion was obse rved 

was the s ame as the rat io obse rved f or the maximum emis s i on intens ity of 

t he 306 . 7-mp OR band ( F i gure 5 ) .  Th is ind icate s that the OH bands ( f lame 

backgr ound emis s ion) are varying in the s ame manner as the magnes ium emis­

s ion and that a change in f lame c ond itions w i l l  n ot br ing about a more 

f avorab le OR to magne s ium emis s ion intens ity r at i o .  

D .  E f f e ct o f  Burner He ight Up on t he  Ca l ibrat i on Curve of Magne s ium 

The emis s i on in tens ity of magne s ium s olut ions contain ing 25 , 5 0 , 7 5  

and 1 0� )lS . o f  magne s ium per ml . have been me asured a t  burner he i ghts of 

1 0 ,  2 0 , 30 , and 40 mm .  The oxygen f l ow  rate was 2 . 1 6  1 .  per min .  and the 
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acetylene f low rate was 1 . 58 1 .  per min . The instrument settings empl oyed 

are tabulated be low: 

Burner He ight , S l it W idth , Per Cent 
mm . m.m .  Ad just 

10  0 . 03 6 . 5  

20 0 . 04 6 . 5  

30 0 . 05 6 . 5  

40 0 . 06 8 . 0  

The results are shown in F igure 24 . Background correct ions were made by 

the use of a base l ine . Different base l ines were employed at each burner 

he ight because the spectral emiss ion of the background changed with burner 

he ight . The OH bands were less intense with respect to the magnes ium in-

tens ity as the higher portions of the f lame were observed . Thus background 

interference from the OR bands could be minimized but only at the loss of 

magnes ium sens it ivity . 

Se lf-abs orpt ion appeared to inf luence the emiss ion intens ity quite 

marked ly . A plot of the logar ithm of the emission intens ity :yersus the 

logar ithm of the concentrat ion gave s lopes of 0 . 394  f or burner he ights of 

10 and 20 rnm . , 0 . 490 f or a he ight of 30 mrn . , and 0 . 552  for a he ight of 40 

mm .  There is a region of constant se lf-absorption d own to 25 Jlg .  per ml . 

E .  Extract ion of Magnes ium 

The use of an extract ion system which extracted magnes ium from an 

aqueous solut ion into 4-methyl-2-pentanone has been stud ied . The extrac-

t ion may be carr ied out by e ither of two procedures .  
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F igure 24. Emis sion intens ity as a function of concent ration at various 
burner he ights . 
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F ive mil l i l iters of a s olution 2 ! with respect to both ammonium 

hydroxide and ammonium chlor ide was added to 10 ml . of a s olut ion contain­

ing lO yg. of magnes ium per ml . The pH of the solut ion was adjusted to  10  

with concentrated ammonium hydroxide and the solut ion transferred to  a 

separatory funnel .  Ten mil l i l iters of the extract ion s olution was added 

and the phases equil ibrated . After separat ion of the phases , the 4-methyl-

2-pentanone layer was aspirated d irectly into the f lame . The emiss ion in­

tens ity of the magnes ium l ine at 285 . 2  m)l was compared to a standard s olu­

tion of magnes ium in 4-methyl-2-pentanone . This standard contained 10 pg .  

of magnes ium per ml . Results indicated extracti on to be complete in one 

equil ibrat ion . 

Phosphate prevented the extraction of the magnes ium by the above 

procedure but an alterat ion in the extract ion procedure c ircumvented this 

d iff iculty . When phosphate was present , 2 ml . of a 5 per cent solution of 

8-quinol inol was added to  the test solution .  Concentrated ammonium hydroxide 

was added unti l  the excess 8-quinolinol d issolved . The s olution and the 

precipitate were transferred to a separat ory funne l and equil ibrated with 

10 ml . of the extract ion solvent . In this manner , 1 0 , 000 pg . per ml . of 

phosphorus ( as phosphate ) can be tolerated when lO yg .  per ml . of magnes ium 

are present . 

Calcium was coextracted and enhanced s l ightly the magnes ium readings , 

approximate ly 3 . 5  per cent f or 500 Jlg . of calc ium per m l .  in presence of 5 

pg . of magnes ium per ml . 

The results of the method are pre cise even though complete extrac­

t ion may not be achieved . Anion interferences are virtually e l iminated . 
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The e xtrac t i on me t hod l imits t he int e r f erence f r om othe r  met a l s  t o  those 

which c oextract and aff e ct the emis s i on inten s ity of the magne s ium or t hose 

wh i ch inh i b i t  t he extract i on of the magne s ium . Th i s  is an advantage which 

the u su a l  c ol or imet r i c  8-qu ino l inol method d oe s  not p o s se s s . In the c o l or i­

me t r i c  me thod , any of the nume r ou s  me t a l s  whi c h  f orm c oextract ab l e  quin­

o l inate s inte rfere seve re ly .  Furthe rmore , inte r fe r ence f r om  c a l c ium i n  

t he  f lame -ph ot ome t r ic extract i on met h od  i s  le s s  s evere t han i n  the t it an 

ye l l ow method . Aluminum mus t  be absent be cau s e  alum inum qu inol inate pre c ip i­

t ated and tended t o  c l og t he c ap i l l ary of the at omize r . 

Extract i on te chnique s emp l oy ing e r i och r ome b l ack T and p-n itr obenzaz o­

u-naphthol were inve st i gated b r ie f l y  but f ound uns at i s f act ory . 



CHAPTER IV 

SUMMARY 

The emiss ion intensity of the 285 . 2-my magnes ium l ine has been 

measured as a function of the acetylene f low rate under a var iety of 

cond itions . A higher acetylene f low rate was required to give the maxi� 

mum emiss ion intens ity as higher portions of the f lame were observed . 

As a result of s olvent combust ion ,  magnes ium �olut ions in 4-methyl-2-

pentanone required le s s  acetylene to give maximum emiss ion intens ity 

than d id aque ous solutions of magnes ium . 

A study of the cal ibrat ion curve of magnes ium showed se lf abs orpt ion 

to be severe in the d ifferent regions of the f lame .  A plot of the l oga­

r ithm of the emiss ion intens ity versus the logarithm of the concentrat ion 

was l inear down to  at least 25 pg .  per ml . 

An extract ion procedure for magnes ium showed that s ome of the inter� 

ferences which hinder f lame-photometric methods could be e l iminated or 

minimized . 



B IBLI OGRAPHY 



BIBLIOGRAPHY 

1 .  H .  Lundegardh , "Die Quant itative Spe ctralanalyse der E lemente , "  
Parts I and II , G .  F is cher , Jena , 1929 and 1934 . 

2 .  P .  T .  G ilbert , Jr . ,  Beckman Instruments , Inc . ,  Bul letin 753 .  

3 .  G .  C .  Horn , "Some Factors Affect ing the Accuracy of the F lame 
Spectrophotometr ic Determinat ion of Magnes ium in Soil s , "  Ph.D . 
Thes is ,  The University of Flor ida , Gainesville , Florida ,  1956 . 

4 .  .J . H .  Jeffers on ,  "The Flame Spectrophotometr ic Determinat ion of 
Magnes ium , "  Ph.D . The s is , The Univers ity of Wiscons in , Mad ison ,  
W is cons in ,  1955 . 

5 .  K .  E .  Knutson ,  Analyst . ,  82 , 241 ( 1957) . 

6 .  S .  Ikeda ,  S cience Repts . Resear ch � · Tohoku Univ. Ser .  �· � ·  9 
( 1956) i £ · �- . 50 , 12736 ( 1 956) . 

7 .  L .  Manna , D .  H .  Strunk , and S .  L .  Adams , Anal . Chem . , 29 , 1885 ( 1957 ) . 

8 .  C .  L .  Luke and M .  E .  Campbe ll , Anal . � · ·  26 , 1778 ( 1954) . 

9 .  C .  L .  Luke , Anal . Chern . , 28 , 1443 ( 1956) . 



VITA 

Jack Hudgens Knox , Jr . was born in Sal isbury , North Carolina on 

September 20 , 1933 . He was educated in the e lementary schools of that 

c ity and was graduated from Boyden High School in June 1 95 1 ;  The f ol low-

ing September ,  he entered Davidson College and was graduated in May 1955 . 

In September 1955 , he entered the Graduate School of the Univers ity of 

Tennessee hold ing at var ious t imes a graduate as s istantship , a teaching 

ass istantship , the du Pont Teaching Ass istantship , and a summer research 
' 

grant from the Monsanto Chemical Company . 

�he author is a member of the Amer ican Chemical Soc iety and 

S ignta Xi . 


	Part A: Studies of Organic Solvent Enhancements in Flame Photometry; Part B: Studies of the Extraction and Flame Emission of Magnesium
	Recommended Citation

	tmp.1415221179.pdf.Ih405

