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S U M M A R Y. 

This thesis includes a description of modifications of the 

Hilger atomic absorption apparatus, which was used for most of the 

work. These modifications were restricted to the atomiser and burner, 

which were replaced by a modified "Eel" flame. photometer at omiser­

burner1 and resulted in improved sensitivity and instrwnental stability 

for the atomic absorption of maGnesium. A comparison of the performance 

of this unit with that of the unmodified Hilger apparatus is given. 

A "Handigas11 (butane-propane mi.xture)-air flame was used for most 

of this work, but a coal-gas-air flame was also studied and found 

to give slightly greater sensitivity. The method was found to be 

subject to interference from many elements. Strontium salts, employed 

as releasing agents to overcome the effect of other element s, were not 

completely effective as milligram amounts of several elements interfered 

even when strontium was present. Among the more serious interfering 

elements are: aluminium, ironJ manganese and zirconium (less than 20 

p.p.m. interfere); the all;:ali and alkaline earth metal salts (more 

than 200-500 p.p.m. interfere); phosphate (more th~• 100 p.p.m. P20~); 

uranium (more than 4,000 p.p.m.); arsenate and vanadate. An attempt is 

made to.explain the mech&11Sm of some of these interferins effects. 

A combli1~tion of strontium salt and acetyl acetone was fow1d to over-· 

come the effects of small amounts of several elements that; form 

complexes with acetyl acetone (e.g. iron and aluminium) far more 

effectively than strontium alone. Larger amounts of many interfering 

elements are removed by a solvent extraction procedure employing 

acetyl acetone and chloroform. Elements which cannot be removed by 

this mea..1s may be separated lr<J anion-exchange 1 volatilisation, 

electrolysis or precipitation. A spiking technique, which compensates 

JT/GB /for •••• 2 ••• 
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for the effects of small amounts of interfering elements, is described 

and enables many samples to be analysed without prior separations. 

The method described has good sensitivity (the limit of 

determination is approximately 1 microgram of magnesium in 50 ml. of 

solution). It has been applied to the analysis of clay samples, 

iron ore, limestone and uranium metal, oxides and processing solutions. 

The coefficient of variation of the method was determined using two 

clay samples and results of 2.0 and 4.6 percent, at magnesium oxide 

concentrations of 0.65 and 0.22 percent respectively, wore obtained. 

The speed of the method compares favourably with others described for 

the det emination of microgram amounts of magnesium, but increases if 

large amounts of interfering cl ements are present. 

3 /INTRODUCTION •• •• 
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1. ~RODUCTION. 

This work was undcrtru~cn in order to establish a reliable 

method for the determination of magnesium, particularly in low concen­

trations. Some of the materials to be analysed include uranium metal 

and uranium concentrates; zirconium metal and concentrates; clay and 

siliceous ore samples and ahuninium metal. Typical magnesium concen­

trations in the metal samples arc frequently 10 p.p.m. or less, while 

most ore samples contain more than 0.01 percent of th\3 clement. Thus in 

the analysis of metal samples it is essential that th0 method should 

be sensitive and be ablo to d0al with reasonably large amounts of sample. 

In the case of ore samples the chief problem is the variable and often 

uncertain composition of the material to be analysed. It is important, 

therefore, that the effects of other' elements on the method should be 

studied and that efficient means of overcoming their interferenc.e 

should be provided. 

A literature survey indicated that the atomic absorption method 

for the determination of magnesium had the desired sensitivity (see 

12ction 2). The effects of other clements were claimed to be easily 

overcome by the addition of a 11releasing agent." Insufficient informa­

tion on the effects of other elements was given, howevc~, for the method 

to be applied without further investigation. Most results available in 

the literature were obtained using a coal-gas-air or air-acetylene 

flame. As it was desired to usc 11Handigas11 in this work a detailed 

investigation of the effects of other elements was necessary. 

/2. LITERATURE SURVEY 
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2. LITfjRA.TUBE strnVF;Y. 

2.1. Methods available for the determination of ffi5SACSium. 

Most existing methods for the determination of macro amounts 

of magnesium employ the precipitation of magnesium ammonium phosphate 

after the separation of calcium and other interfering elements. Smaller 

quantities are usually determined either by titration with EDrA
1

'
2

• 

or by a colorimetric methoq. 

The EDTA titration methods are commonly applied to the 

determination of macro (milligram) amounts of magnesium, although 

methods have been proposed for the estimation of a few micrograms. 

Most interfering elements can be complexed, but the endpoints are not 

sharp if large amounts of interfering elements are present. Usually 

solvent extraction has to be employed to remove interfering elements. 

Titan Yellow3, 4,5• is tho most popular colorimetric reagent,· 

i:~ut attempts by the author to employ it for the analysis of clay samples 

have so far been unsuccessful as consistently low results were obtained. 

i'he cause of this error was not investigated. Xylidyl Blue 6• has also 

been proposed as a color~nctric reagent and is capable of good sensi• 

tivity (l microgram of magnesium per 25 ml.), but the calcium content 

of the final aliquot must be between 10 and 300 micrograms and the 

sodium content must also be closely controlled. 

Tho use of Phena.zo7 • for the colorimetric determination of 

between o. 02 and 0. 7 percent magnesium in duralumin, high silicon 

alloys and other materials has also been described. This reagent, 

like Titan Yellow, depends on the adsorption of the dye onto magnesium 

hydroxide particles and is claimed to be superior to Titan Yellow. The 

sensitivity of this method, however, appears to be insuffi.cient for 

the analysis of aluminium and uranium samples. 

Magon8• gives the desired sensitivity (10 micrograms of Mg in 

25 ml) .; as does Eriochrome Blaclc T. 9., but both these reagonts also 

10 give colours with n:any other clements. Oxine • appears to be the 

most promising colorimetric reagent for low concentrations of magnesium. 

From 10 to 80 micrograms of magnesium can be determinod with an accuracy 

/5 ••••• of 5-10 percent •••• 
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of 5-10 percent in the presence of 0.1 mg. quantities of calcium, 

strontium, barium, tungst0n, zirconium, beryllium, titaniwn, cobalt, 

molybdenum, vanadium, boron, aluminium, iron, chromium, copper and 

manganese, Limited amounts of most heavy metals arc easily separated 

by solvent extraction with exine ov complexed with cyanide. 

Flame photometric methodsll,l2. for the determination of 

magnesium in metallurgical samples have been described, but these 

methods generally suffer from the disadvantage that baclq;round correction 

is difficult. A sensitivity of 1 p.p.m. is claimed.l3, The method 

is subject to interference by several elements, including iron, aluminiumJ 

manganese, phosphate, silicate' and copper. 

The application of atomic absorption techniques to the chemical 

. 14. 5·~ analysis of terrestrial samples was first proposed by Walsh in 19 /I 

although a similar technique had previously been used by astronomers to 

establish the composition of celestial bodies. Shortly after this 

Alkemade and Milatz15• also demonstrated the possibility of using 

atomic absorption measurements for analytical purposes and described 

a dual-beam instrument which they had devised for tho:; purpose. 

Analytica.l procedures for the determination of low concentrations 

of magn~}:;::.1Ln in agricultural materials have been described by 

DavidlG,l7. and Allan;8• Willis has described the determination 

of magnesium in biological materials:-9- 21• Dul"'ing the course of 

this investigation a paper by Lcithe and Hofer22• on tho dGtermination 

of magnesium in cements has :been published, These authors 

also described a procedure23• for the determination of magnesium 

in aluminium metal and alloys by atomic absorption, They used 

calcium as a releasing agent. Andrew and Nichols24• described the 

determination of magnesium in nickel, The nickel in the sample acts 

as a releasing agent from. silica and aluminium, A thu~d procedure 

for the dcto3rmination of magnesium in metallurgical. samples by atomic· 

absorption has been de&eribed by Belcher and Bray;5• who analysed 

cast iron samples, using strontium. salts as releasing agents. 

6.j2.2. Atomic Absorption 



(6) 

2.2 Atomic absorption instrumentation. 

Russell, Shelton and llalsh26• and Alkemadc and Milatz15• 

described double-beam instruments, neither of which is manufactured 

on a comraercial basis. These instruments used chopped light beams 

and a. c. amplification. Box and \talsh27 • have described a simpler single-

beam instrument, which is widely used and is manufactured by Techtron 

Appliances, Melbourne, Australia. This instrument employs a modulated 

light bcrun and a broad-band a.c. amplifier. It is direct-reading, 

the recitified signal being applied to an ammeter. The commercial 

version includes the amplifier and power supplies only; Australian 

workers have used it in conjunction with a Beckman DU rnonochromator20• 

and a modified "Eel" (Evans Electroselenium, Ltd.) flame photometer 

burner and atomiser. 

d 
28. The Hilger instrument is described by Lockyer an Hames. 

It uses an unmodulated light source and is built around the Hilger 

11Uvispek" spectrophotometer, which employs a d.c. system of measurement. 

This instrument like all other employing a d.c. system of measurement, 

has the disadvantage that the effect of emission by the clement sought, 

1n the flame, and of emission by the flame itself is not ahtays ade-

quately s~.lpp;L,essed. It employs a water-cooled burner, constructed from 

brass, which gives a flame approximately 11 om. in length. 

More recently Leon and Attwood29· have described a double-

beam :tnstrumont now manufactured by Perkin-..Elmcr. It is claimed 

that this instrument gives somewhat better precision at low absorption 

than is usual with a single-beam system. 

The Jarrel l-Ash Company also market an atomic absorption 

apparatus30• which employs five passes (with concave mirrors)through 

three Beckman f lame photometer-type burners. It i s a d.c., single 

beam :instrument. 

r1almstadt and Chambers3l. described a null-point instrument. 

Sample and standard are sprayed alternately and the standard concentration 

/7 ••• is ~justcd •••• 
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is adjusted by titration until no difference in absorption from the 

sample is obtained. This system is slow and ctunbersomc 1 but the 

coefficients of variation obtained (0.1 to 0.4 percent) arc better 

than usual. 

Menzies32• described a ratio system, whereby th~ intensities of 

two lines emitted by the source, one of which is absorbed and one of 

which is not, are con~ared. This has the advantage that no beam splitting 

optical system is required, but the ratio of the intensities of the 

two lines does not remain constant when the lamp intensity is varied, 

as generally the two lines have widely different excitation potentials. 

Clinton33. and Willis34• have described burnurs for use 

in atomic absorption ana]Ssis. These burners ar-e of similar design 

both having a 12 em. flame length and operate with air-coal-gas or' air-

acetylene. They are water ... cooled. Clinton observed a slo\'1 decrease 

in sensitivity when an uncooled burner was used continuously for 

Pl"Olonged periods. Clinton constructed his burner from a cast altuninitun 

alloy 1 while lvillis used stainless steel. 

As light sources, holloN cathode lamps or spectral discharge 

lamps have generally been used. · Hollow cathode lamps arc available 

from several sources (inter alia, Ransley Glass Instruments, Melbourne, 

Hilger and vlatts and Westinghouse) and their construction and characteris­

tics have been described by Walsh and his co-workers?5,36• Spectral 

vapour lamps are less commonly used and their application is generally 

confined to the alkali metals. These lamps give improved sensitivity 

when run at currents considerably lower th8n those specified by the 

manufacturers. 

2.3 The interaction of the alicalinc earth elements with other elements 

in the flame. 

2.3.1 !he nature of the mo~ecule responsible for the bgnd CLUSSion 

of the alkaline e·arth clements: 

A considerable amount of work has been done on tho nature 

of the molecule responsible for the band emission of the alkaline 

earth elaments used in flame photomutry. Ja.riles and S.ugdon37 • 

and Gaydon38• proposed that this emission was due to compounds of the 

/8 •••• typc Ca0H1 
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type CaOH, f·1gOH, etc. 1 and produced evidence in support of this 

theory. It is unlikely, however, that these compmmds will be stabl~, 

particularly under flame conditions and it has been suggested that 

these compounds may be the result of collision between allcaline earth 

atoms and hydroxyl radic1es in the flame. Huldt and Lagorquist39. 
1 

attempted to confirm James and Sugden 1 s theory. They passed 

deuterium and calcium into an acetylene flame and reason that CaOD 

should bo formed under thes0 conditions. Observation of the spectrum 

using a spectrograph with high dispersion failed to reveal any isotopic 

wavelength shift for calcium and only a very small shift for strontium. 

These investigators concludod,therefore, that the problem is still 

unsolved. It is probable~ however, that the hydrogen from th0 acetylene 

will swamp the effect of the deuterium in these experiments, as the 

ratio of H:D in the flame is 6:1. It would thus appear that the work 

of Huldt and Lagerquist is of doubtful value and does not disprove 

the theory advanced by James and Sugden and Gayden. 

Huldt and Kna1140• investigated the possibility of the 

formation of polymers of the typo ca2, etc., by calcium and strontium 

in the flame. They conclude that polymers of this typo cannot be 

responsible for the band spectra emitted by these el~;:ments. 

It i .s generally accepted that the very great ma.jori ty of 

7..7 41 
alkaline earth metal in the flame is present as the oxide 1 !10.::> ' • 

This will be proved from thermodynamic data later :in this report. 

2. 3.2 The mechanism of alwninium, phosphate and sili.c.ato inter-

ference in flame photome,try of the alkaline earth clements: 

A considerable amount of work has been done on the nature 

of the interference of phosphate, aluminium and silicate in the flame 

42 photometric determination of calcium. Mitchell and Robertson • attempted 

to explain the decrease in int0nsity of oalcimn e.nission in the 

presence of aluminium salts by tho absorption of energy of excited 

alkaline earth atoms by aluminimn atoms. These investigators used 

strontium salts to suppress this :Interference. This addition restored 

/9 •••• tho calcium ••• 



the calcium emission to within 4 percent of its value in the absence 

of aluminium~ Balcer and Johnson 43• investigated the effect of various 

anions on the emission of calcium il1 an oxy-acetylene flamo. They 

observed an enhancing effect in the presence of perchloric acid1 while 

sulphate, phosphate and chromate depressed the emission, and suggested 

that the depressing effect of phosphate and sulphate, might be due 

to the formation of the pyrophosphate or pyrosulphato. 

Margoshes and Val1Qo44• attribute the int~rfuroncw by phosphate, 

sulphate and aluminium in th~ flame photometry of calcium to the formation 

of compounds with high melting points. They claim that 11 int0rfert.:nces 11 

arc functions of the particular system used for the analyses, and state 

that interference can b~ pr0dictod b0tter by consideration of flame 

temperature and the boiling points of the compounds in tho sample than 

by reliance on published data obtained with a different flame. 

Kohnlein and L~cl<.::c 45• found that there was a linear fall 

in calci~~ emission with increasing phosphate concentration up to a cor-

tain point1 beyond which the omission was independent of tho phosphate 

concentration. In a coal-gas flame 1 the initial fall in emission was 

more pronounced than in ~~ acetylene-air flame and tho final constant 

calcium emission was practically nil. Over the vtholc range of calcium 

concentrations the inflection in the emission curves occured at a point 

where the CaO:P2o
5 

ratio was 1.23:1, and it was suggested that 

a compound of this composition, which was only slight.ly excited in the 

acetylene flame and hardly at all in the coal-gas flame, was fo;:•rnod. 

These investigators also r eported that the depressing influence of 

phosphate on calcium emission was affected by sodium and potassium 

and concluded that emission flame photometry was not a suitable t e chnique 

for the determination of calciwn. 

Lcyton46• confirmed tho eff ect of phosphate observed by 

Kohnlein and LUcke, but found no evidence t o support their claim that 

sodium and potassium infl uence the degree of phosphat e int01->f'erence . 

He attributes their results in the presence of sodium and potassium 

t o the rather inefficient opti cal filter system which they used. 

/lo •••• Lcyton ••• 
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Leyton suggests that the compound formed with calcium and phosphate 

is tri-calcium phosphate, ca
3

(PO!.j)2, whose composition corl"'•csponds 

to the points of inflection. Leyton examined the emission spectra 

of calcium chloride and tri-calcium phosphate and observed only the 

11calcium oxide'1 bands (possibly the CaOH bands, in view of subsequent 

work by James and Sugden). He suggests that the reduced omission 

of the phosphate is due to a smaller degree of dissociation into the 

oxide rather than to a different type of emission. His results were 

all obtained using an acctylone-air flame. 

Huldt47· ex~ined the depression of calcium emission by 

aluminium m the flame and concluded that aluminium and calcium combine 

as their oxides in the gaseous phasa1 i.e. after evaporation of their 

compounds in flame. This conflicts with the theory proposed by 

Margoshes and Vallee and other ~'lorlcers, who considered that this 

interference was due to involatile compounds, which arise directly 

from the solid aluminium and alkaline earth salts. 

Alkemade and Jaukcn48• used a two-atomiser toclLnique in 

investigating these theori~s. They fed separate solutions of calcium 

and aluminium into the samo air-acetylene flame through separate atomisers1 

and compared the results with those obtatned by feeding one solution 

containing both elements into th0 flame through one atomiscr. These 

investigators observed only a slight depression of calcium emission 

when aluminium nitrate was introduced via a separate atomiser and 

concluded that the interference of aluminium nitrate is duo to the forma-

tion of a refractory compound :in the solid or liquid aerosol particle. 

Tests with aluminium chloride, h~rever, led these investigators to 

postulate the formation of an aluminium-calcium complex in tho vapour 

phase in tho presence of chloride. 

Schuhknecht and Schinkel 49· repeated some of tho \'rork of 

Alltemade and JeUken, using a similar technique. They concluded, from 

their results, that there is no fundamental difference 'in the 

mechanism of the interference by various aluminium compounds :in the 

emission of calcium in the flame. They produce evidence disproving 

/ll •••• tho theory ••• 
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the theory proposed by Mitchell and Robertson mentioned earlier. They 

show that tho formation of refractory compounds docs not t~co place in 

the gaseous phase, but rather in tho solid or liquid aurosol particle. 

They also investigated tho effects of silicate and phosphate on the 

emission of calcium and concluded that these were also due to the 

formation of refractory compounds. This theory was supported b.y 

experiments using various types of flames, which showed that the 

interference of th~se substances decreases with increasing flame 

temperature. Those investigators also carne to the conclusi.on that 

the temperature attained by the aerosol particles is not solely 

dependent on flame temperature, but is also influenced by retention 

time of the particle in tho flame and tho size of the part.icles. 

Thus interference under otherwise identical conditions is far less 

in the flame of a burner with a spray chamber than in the flame of a 

total consumption burner. Schuhlcnecht and Schinkel also investigated 

the mechanism of the releasing eff0ct of strontium reported by Mitchell 

and Robertson, and found that it was ineffective when sprayed through 

a separate atomiser to that carrying the solution of calcium and 

interforing element (e.g. aluminium). They, therefore, attribute. 

the releasing action of strontium to the preferential formation of 

strontium aluminate, phosphate or silicate in the aerosol particle. 

At about tho same time Alkemade and Voorhui~50• published a paper in 

which they reported the restu ts of a similar investigation to that 

undertakcm by Schuhknecht and Schinkel. They used similar techniques 

and came to virtually tho same conclusions as the latter investigators. 

In atomic absorption ~ork similar interference effects have 

been obsurved. Thus in the determination of magnesium using a coal-

gas flame aluminium, silicate,phosphate and sulphate have been reported . 

to intcrfcrc22'32• but usually the latter two do not interfere in the 

hotter acetylene-air flame, although David17• reported depression by 

phosphate and sulphate in this flame. It is reasonable to expect 

that the mechanism of these jntcrferences will be similar to those 

with calcium described -.;;!arlicr. In atomic absorption tho cl0mcnts which 

/12 ..... interfere with 
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interfere with magnesium affect calcium to a greatel' extent. 

2.3.3 Methods of overcoming interfering effects. 

Usually these interferences are overcome by adding a competing 

cation, which will combine with the offending anion. The element added 

is commonly called a "releasing agent." The use of strontium, calcium and 

nickel as releasing agents for magnesium in atomic absorption analysis 

has already been described. The use of lanthanum as a releas,ing agent 

was first suggested by Yofe and Finkelstetn,51• who used it in the 

emission flame photometric determination of calcium, Subsequently 

Davidl7. has used lanthanum as a releasing agent for magnesium in 

atomic absorption analysis. Yofe and Finkelstein also used iron 

as a releasing agent in the flame photometry of calcium, but found that 

it was less effective than lanthanum for this purpose. They suggest 

that the following reactions take place in the flam\3: 

CaC12 + H2o +E 1 
. CaO + 2...f!Cl ................ (1) 

CaO + E2 ) Ca + 0 ··············(2) 
2CaC12 + 2H3P04 + E3 ) Ca2P2o

7 
+ 4HC1 + H2o •••••• ·: (3) 

Ca2P2o
7 + E4 ) 2Ca0 + P205 ••••••••••••• ( 4) 

t 
Lac1

3 + H3P~4 + E3 ) La.P04 + )HCl • • • • • • • • • • • • • (3 r) 

They claim that reactions 1, 3 and 31 can take place in the 

' cooler area of the flrune as the heats of reaction E1, E
3

, E
3 

, are 

relatively small, ~hile reactions 2 and 4 can only occur in the hotter 

portions of the flame on account of large endoth0rmic heats of reaction, 

E2 and E4• These investigators consider that the E
3

1 must be less than 

E3 for lanthanum to act ns a releasing agent i.e. lanthanum phosphate 

must be more stable than Calcium phosphate under flame condition~. They 

attribute the greater efficiency ·of lanthanum as a releasing agent to the 

fact that lanthanum phosphate has a greater heat of formation than 

ferric phosphate. 

EDTA has also been used by Willis as a r eleasing agent in the 

atomic absorption determination of magnesium.20• Its action is 

attributed to the complcxing of the magnesium or interforing element, 

thus preventing the formation of the involatile compound in· the flame. 

/13 •••• Willis used it ••• 
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Willis used it in a slightly acidic soluti·on~ 

L1Vov'2• investigated the atomic absorption of magnesium 

and other clements using a graphite tube furnace and an olcctric 

arc in an inert atmosphere to vaporise and decompose a dry sample. 

He operated the furnace at temperatures in the range 2000° - 3000°K1 

which are comparable with th~ temperature of an acetylene-air flame, 

but observed none of the :interfering effec·ts from phosphate 1 aluminium, 

etc. 1 which occur in the flame photometry of the alkaline earths. This 

suggests that oxy-gen may be necessary for the formation of the involatil-'l 

compounds formed with these clements in the flame. It is possible, 

however, that the arc which vaporises the sample will reach a somewhat 

higher temperature than that of thG furnace 1 and thC'.t the refractory 

compounds of the alkaline earths will be effectively decomposed before 

pass ago into the furnace. 

Further literature references will be given at relevant points 

in the text of this thesis. 

I . .. 3. THEORETICAL •••• 
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3. THEORETICAL BACKGROUND. 

The absorption of discrete wavelengths of light, by various 

elements has been known for over a century. An example of this phenomenon 

is folUld in the 11Fraunh8fer lines" in the slU11 s spectrum, which are dark 

bands in tho bright emission spectrum, caused by the absorption of 

these wavelengths by elements in the sun's atmosphere. Astror.omers 

have used these lines to identify the elements in the atmospheres of 

celestial bodius. The wavelengths of light which arc absorb0d c.orrespond 

to emission lines in the emission spectrum of the absorbing clement. 

Walsh's papor14• surveys the theoretical factors involved in atomic 

absorption analysis and gives a-s advantages of this tcchniquo over 

emission flame photometry• (i) atomic absorption is independent of 

the excitation potential of tho electronic transition involved, and 

(ii) it is less subject to temperature variation and interference 

from extraneous radiation or energy exchange between atoms. 

Atomic absorption analytical apparatus consists, essentially, 

of a suitable source of li~1t 0mitting a line spectrum of tho clement, 

a device for vaporising the srunplo1 a means of line isolation (monochromator 

or filter) and photo-electric detecting and measuring equipment. Various 

forms of this apparatus have already been described in th0 literature survey. 

).l Factors affecting scnsitiv~ty in atomic absorption. 

3.1•1. Population of energy l evels. 

The spectral lines used for atomic absorption measurements 

arc all 11resonance lines", i.e. those lines arising from an eleotronic 

transition ending in the ground state, as these lines arc most strongly 

absorbed by the element sought at fl~~ temperatures. nLc absorption 

line corresponding to the emission line used will, naturally 1 be 

caused by an electronic transition which begins in the ground state. 

These resonance wavelengths are listed in a paper by Meggers53. and, 

with the eAception of the rare gases, hydrogen, mercury, tho halogens and 

the metalloids, all elements havG their most Si.msitivc resonance lines 
0 

in the range 2 1 000-9000 A, i.e. at wavelengths which can oo measured by 

conventional spectrophotometcrs. The reason for the greater absorption 
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of resonance lines is found in the denser population of the ground state. 

This becomes apparent on considering the emission of a resonance 

spectrum line due to the transition from an excited state j 1 of_ 

excitation energy EJ~ to a ground state of energy Eo = o. If PJ 

and ?o arc the statistical weights for th.a excited state and ground 

state respectively, the number of atoms in the excited state, 

Nj, is related to the number of atoms in the ground state, No, 

by tho relation: 

. Nj = No fai -Ej/kT 
e , where k = the Boltzmann constant. 

Po 
If self-absorption and induced ~mission are omitted, the intensity 

of the emission is proportional to Nj. 

1·lal 14• · 1 f Nj/N t t t b t v sh g~ves va u~s o· o a empera ures e ween 

2000°K and jOOO~ for caesium, sodium, calcium and zinc and considers 

the excited state closest to the ground state (i.e. the state \'Tith 

a minimum Ej value) only. These values range from 7.29 x lo-15 for 

zinc at 2000~ to 6.82 x 10-2 for ·caesium at 5000°K, indicating that 

at these temperatures more than 90 percent of atoms are in the ground 

state. Since the amount of light of any wavelength absorbed is proportional 

to the munber of atoms capable of absorbing light of that \'tavelength1 

it is obvious that resonance lines will be far more strongly absorbed 

than any other wavelength. Whilo the percentage of atoms m an excited 

state varies exponentially Nith temperature, it is important to notice 

that the population of the ground state remains virtually constant 

in the t emperature range up to 5000°K. 

Multiplets, resulting from closely-spaced atomic· ·encn~gy-

levels, exist in atomic line spcct~a. If, as for sodium, there is 

only a single ground-state level but a multiplet upper level, all free 

ground-state atoms are capable of absorbmg light of any component 

of the multiplet. However, if, as in the case of transition elements, 

a multiplet ground state exists, tho number of atoms, Nv, available for 

a given transition is diminished according to the exprossion; 
1<'1/1.-ITI N = N Pi e -.w •'-J. 

v . ~ P j e-Ej/ld' 

where N is the total munber of aton1s available 1 Pi and P j arc the 

/16 ••••• s·tatistical •••• 
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statistical weights for tho states involved and Ei and Ej arc the 

excitation energies of the transitions involved. Subscript i refers to 

the transition corresponding to the line absorbed; j covers all transi-

tions for the multiplet •• 

Another factor which influences the sensitivity of an 

atomic absorption method in which a line source is used is the relative 

widths of tho line emitted from the source and the absorption line of the 

mass of atomic vapour. For ma.:dmum absorption the emission should be 

much nari'm"IOr than the absorption line 1 so that peak absorption is 

measured. This is immediately evident from Figure 1 1 where typical 

contours arc depicted. 

FIGURE I. 

Shapes of absorption and emission lines. 

T 
optical 
density 

(1): absorption line 

(2): broad emission line 

(3): narrm-; emission line. 

or intensity 

B 

.... 
v 

::) 

iVa vclono~h 

Intensity and optical 
density scales not iden­
tical. Optical density 
refers to absorption 
linG (1) 1 Intensity 
to emission lines, 2 and 3. 

The narrow emission line (3) will be absorbed in the 

region of m~~imum optical density corr~spondiDg to an optical density 

of A. The region in which tho broader emission linc1 (2), is absorbed 

will be bet\>rcen A and c, \'Tith an average optical density at the point B, 

on account of the diminution of the absorption with increasing distance 

from the centre of the line. 

David
54• states that the following factors deto1~inc the 

width of an absorption line: 

(i) The natural width duo to the finite life-time of an atom .-
in the excited state (sicj~ This statement is not clear from 
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Walsh's treatment of the subject. It would appear that this 

broadening is due to variations in the excited-state lifo-times 

of individual atoms. 

(ii) Doppler broadening due to thermal motions of tho atoms. 

(iii) Lorentz broadening due to collision with foreign gases. 

(iv) Holtsmark broadening due to collision with atoms of the 

sarne kind 

(v) Stark broadening due to electric fields, either internal 

or external. 

Both David and Walsh express 'the opinion that only the first 

four factors will contribute to absorption line width at a low vapour 

pressure of an element in ordinary flames and furnaces, Doppler broadening 

probably predominating. 

According to David, the same factors, as well as broadening due 

to self-absorption, influence the \"lidth of an emission line. How self 

absorption will broaden a spectral line is not clear to the author, but 

a line that is appreciably self absorbed will give reduced sensitivity. 

A good exan~le of this is found L~ the determination of cadmium by atomic 

absorption?5 ~ The resonance line obtained from a cadmiura hollow-cathode 

lamp is appreciably self-absorbed, the amount of self-absorption increasing 

with increasing lamp current. Thus the sensitivity obtainable with 

cadmium decreases sharply \·tith increased lamp current,. 

As the emission line at high lamp current has most of its 

"middlo11 portion missing when appreciable self-absorptio n talws place, 

the reason for the resultant decrease in sensitivity of the atomic 

absorption method in this case is evident from Fig. 1, as the majority 

of tho light in the emission line falls in the regions of low 

absorption. 

According to Jones and Walsh35• the half-width of resonance 

0 
lines obtained from their hollow cathode lamps 't'laS approximately 0. 01 A 

(In order to obtain a comparable line-width from a continuous emittGr 

(e.g. a tungsten lamp) a ~onochro~ator with resolution of at least 1 in 

500,000 and a very intense source would be required). 

/18 •••• The advantages •••• 
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The adVB.J."'ltages of running the hollow cathode lamp a.t tho minimum current 

which will give sufficient li8ht for the detector arc apparent from the 

foregoing considerations, as increased current will result in an increase 

in temperature of the lamp and also give increased self-absorption of the 

emission line. The lifo of a hollow-cathode lamp is also increased by 

operating it at a minimum current. 

The narrowness of the emission line obtained. from a hollow 

cathode source is largely r esponsible for the almost complete freedom 

. from spectral interferru1ce, i.e. interference due to abso~ption or 

emission of light by other elements, obtained in atomic absorption work. 

This is also why atomic absorption methods are generally more specific 

than emission flame photometric prcocdures for the same element: 

resolution is virtually equal to th0 width of the emission line used and 

is not determined by the resolution of the monochromator used • 

. 3.2 Theoretical value of the absorQtion coefficient in atoqic absorption. 

\'/alsh defined the maximum absorption coefficient, kv' 

as follows: 

I = Io e-kvl •••••••••••••••••••••••••••••••(l) 

where I = intensity of light after passage through flame 

I
0
= Initial intensity of light 

1 = length of light path through flame 1 in em. 

1~= absorption coefficient 

This equation is identical to that obtained for molecular absorption 

of light by application of Beerr s Law. Optical density may b0 sub­

stituted for the light intensities, giving the following equation: 

2.303 x optical density= kvl ••••••••••••••• (2) 
. 

The theoretical maximum value of . kv' assuming the width 

of tho emission line to be negligible compared with that of the absorption 

line and that the shape of the latter is determined by the Doppler. ::'b~~aQ:-.::~ing 

only, is giv0n by \·!alsh as: 

- \ 2 r::--:: 2 = ~ j JJ:::.2. • TI e • Nf ••••••••••••••• 
DA n ~ 

(3) 

where = 1. 6'7 J' g__RT - e A 9. e. e •• 4 e ••• •. e e 8 • ..... 

c fiJ 
( 4) 
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In these equations: · 

_.)\ 
0 

= wavelength of resonance line used, in A 
0 

= vlidth of lin.J duo to Doppler broadening-> in A. 

= velocity of light in cm./sec. 

N = concentration of absorbing atoms in flame, in atorns/cm.3 

f = oscillator strength for line ( = 1. ·rt~ for magnesium) 

m = mass of electron in gm. 

e = charge on electron in E ;S. tT. 

R = universal gas constant in ergs./mole/0 0 

M = molecular weight of absorbing species in molecular 

weight units. 

3.3 Factors affecting linear~tz of the calibration curv~. 

Those equations imply linear relationship betw~cn absorption and 

concentration, which is approached in practice only at loN concentration. 

David suggests that the chief reason for this is that factors other 

than Doppler broadening also play an important part in determining the 

width of the absorption line at high concentrations. Ther e are several 

other factors which can also cause departure from lin0arity in the 

calibration, the most important of \'Thich are: 

(i) Another lino close to the resonance lL1c is emitted 

by the ~amp but is not eliminated by the monocr~omator. 

In this case, Io = I1 + r2 ,where r
1 

= intensity of 

resonance line before passage through the flame, a..?J.d r
2 

= intensi·ty 

of unabsorbed interfering line 

-kcl 
I = Ile + I2 

and equation (1) becomes: 

••••••••••••••••••••••••••• (5) 

where kc = k and c = concentration of absorbing species. v 

This is not a linear relationship between concentration and optical 

density (which is log. I
1 

+ I 2 

I 

in this case). 

(ii) Using similar r easoning, Menzies32• calculated that 

inhomogeneity of the flame v-tould also cause a non-linear calibration curve. 

(iii) Russell, Shelton and vlalsh26" ascribe tho departure from · 
/20 •••• lincai~ity at •••• 
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linearity at high concentrations which th.:y observed in tho calibration 

curves of several ,elements to pressure broadening, but do not supply 

mntherratical· proof pf this, 

(iv) The emission of tho resonance line in the flame vlill also causa 

departure from linearity if it is det0cted. In general some emissioin 

will be detected when a d.c, system of measurement is used. The 

departure from linearity in this cas0 may be proved as follcws: 

If r
1 

= intensity of unabsorbed radiation from the larap1 after 

passage through flame 

and r
2 

= intensity of emission of resonance line from the flame 1 

I (as defined in equation (1) = I 1 

In general r
2 

=i: k'c1 where lc' is a prop<'rtionality constant and 

c = cone. of emitting atoms. Equation (1) can be re-written: 

-kcl 
I = Io e 1 where kc = k , 

l v 

Substituting for I 1 an~. I 2.: 

I = Io e -kcl kr (6) + c ••••••••••••••••••••••••••••••• 

This will not give a linear r e lationship bet\wcn optical 

density and concentration. 

The effect of variations in temperature on tho absorption 

coefficient, according to equation 3, should be small, since temperature 

only appears in the equation for Doppler broadening as tho square root. 

N, tho concentration of' ground-state atoms in the flame, "trill, however, 

also be temperature-dependent. This will be particularly true if a 

flame is used, as the combustion products vdll occupy a larger volume 

if the tempcraC.ur•e is .increased, causing dilution of the sample and 

reducing the value of N. Temperature will also have a pronounced effect 

on N if the compound from which the absorbing atoms is .derived is not 

completely dissociated in the flame. In this case increasing temperature 

will generally increase N, the effect being greater the smaller the 

degree of dissociation of the compound. 

3, 4 Masnftude of preSStl£.£ broadening in the flame. 

~~lhen a flame is used to vaporise and dissociate the sa.'11ple 

Loren.tz broadening cannot be neglected in the derivation of the 

21/absorption ••••••• 
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absorption coefficient. Mitchell and Zemansky56• derived the following 

formula for the Lorentz broadening of an absorption resonance line: 

A\) 1,... 1$ 2R ( 
~. L = Pt 1.9"5 X 10 .'!1" T" J. 

~ \Ml 
+ 

-· 
1 \i ·-- 2 
M(J CJL •••••••••••• ('"() 

!'There: ~\)L = pressure broadening, in frequency units. 

P = pressure of 11foreign11 gas, in mm. Hg. 

R = Universal gas constant (8.314 x 107 ergs/mole/0c) 

T = absolute temperature 

M1 = molecular w·eigl1.t absorbing species 

M2 = moleculru~ weight of foreign gas. 

cr 2 = effectivo cross-section for Lorentz broadening. 
L 
The Doppler broadening is given as: 

b \)D = 2 J 2Rln2 \J~j· T-
C M

1 

which simplifies: 

where 

1. 67 [ Jl:£ • . . • • . . . . • • • • . . . • • . • • . • • • • . . • • . . . • . . . . . . ( 8) 

)\ \I !111 

a~ = Doppler broadening in frequency units 
D 

A = wavelen13th of centre of line, in em. 

~ 0 = frequency of c~ntre of line 

R7 .T and M1 d.:;fin0d as before 

Combining equations (7) and (8) gives: 

.o\J L = - 1.168 x 103 AO·i~ P t-! ----1--+-r'l-
1 " J M, ............. . 

-rr 
T 

(9) 

Values of the effective cross-section, (r 2, for certain elements 
L 

are also listed by Mitchell and Zemansky. 

Mitchell and Zcmanslcy define a further constant, a', as folloHs: 

a' s ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 10) 

wherc.~V N = natural width of line, due to finite life of the atom 

in the excited state. 

If a' is known, the value of k' can be d0duced, where v 

k 1 is the absorption coefficient, ko taking both Lorentz and Doppler 
v 

broadening into account) and 1:: is the absorption coefficient when only 
0 
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Doppler broadening determines the shape: of the line, 

Mitchell and Zcmanslcy proved.!I\)N is US\.!ally srr.all compared Hith 

JJ.\)L and equation (10) th::m simplifies to: 

a' - .. ~---J ln2 •••.••••••••••••••••••••.••••••••••••••• , • (lOa) 

The correction to the absorption coefficient for Lorentz 

and Doppler broadening is introduced by considering a frequency 

band at a distance (\i -\1
0

) from the centre cf a line mewing 

only Doppler broadening. A variable distance, S; f 'rom the point 

(\L \}) is chosen and integration is performed over all~. The 
·o 

absorption coefficient i~thcn given by -
, r -y2 

kv a' k / .;;.e ____ d:;;::l.y __ ••••••• , • , ••• , ••••••••••••••• (11) 
- 01 2 2 
n: _J a' + ( (.J- y) 

whore W = 2(\'-V.J Ji~ andy= 

4'\JD 

A solution of this equation is obtained by evaluating by se~ics 

of numerical integration. Fortunately tables of k 
1/ lc values for v 0 

various values of~ and af are given by Mitchell and Zemansky. As 

the tTidth of the emission line from the hollo\<T-cathodc lamps is 

rcputcdly35· very nai'roN (approximate half width = 0.01 A) , the value 

I 
of l~v when ~l = 0 (i.e. \J-V

0
= 0) is of importancu in this work. 

0 
For the magnesium using the resonance line at 2852 AJ employed in this 

work, at a pressure of 620 mm Hg (average atmospheric pressure) and 

temperature of 1900° K (approximate flame tempcratureJ according to 

Dean57·), and assuming the foreign gas to be nitrogen, it may be calculated 

that: 

a' = o.4B 
2 This value is d~rived using the "C valu-3 for sodium 

L 
• 6 -15 2 (6.o9 x 10 em), Hhich is assumed to be equal to that for magnesium, 

as the latter value is not quoted by Mitchell and Zema.nsky. 

This value of a' gives: 

= 0.61 
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This result indicates that the effect of pressure broadening cannot be 

neglected vthen ordinary flames are used. 

3.5 Effect of ionisation of the absorbing atoms. 

The concentration of ground-state atoms in the flame, and hence 

the value of N in equation (3) and the value of the absorption coefficient 

will be reduced if an appreciable amount of the sample is ion+sed in the 

flame. Tho degree 

equation58·:-

of ionisation may be calculated usil1g the Saha 

2 
log. =x .... P._~ 

l - x
2 

= -5040 Vi + 2 log. T- B ·•••••••••••••••••••••(12) 

T 2 

whore: x = degree of ionisation 

P = partial pressure, of all forms of the metal. 

Vi = ionisation potential of the metal,in volts. 

B = constant, 6.49 for alkali metals, 5.89 for alkaline 

earths. 

For magnesium, Vi= 7.61 volts~9· and the concentration of 

all forms ·or the metal in the flame, using a solution containing 0.4 p.p.m • 

... 17 
Mg as the nitrate, will be shown later to be 1.4 x 10 grams per litre. 

At N.T.P., 24.3 grams of magnesium in the gaseous state v1ould occupy a 

l1ypothetical 22.4 litres1 or 191 litres at 1900°K and 620 mm. Hg (using tho 

ideal Gas Laws). Thus the partial pressure of magnesium metal 1n the 

flame under these conditions is 1.15 x lo-16• Using these values ·in the 

Saha equation, the degree of ionisation is found to be: 

-1 x = 1.1 x. 10 , or approximately 10 percent. 

This calculation does not, however, take into account the high 

electron concentration of the hydrocarbon flame~0• and the actual 

degree of ionisation may be expected to be lower in practice. 

This resmU..t shews that ' ionisation may v10 11 ha.ve 

an effect on the absorbance of magnesiwn, particularly if a very high 

temperature flame is used to decompose the sample. 
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4. EXPERII'~'IEN.rAL. 

4.1 Description of the Hilger atomic-absorption apparatus •• 

In the early part of this work the standard Hilger apparatus, 

consisting of a "Uvispek11 spectrophotometer, Hilger atomiser, burner., 

lamp assembly and the necessary power supplies, l'Tas used. The inside 

of the burner was painted Hith a plastic paint, to prevent chemical 

attack. "EpitD.r" . an epo.xy resin paint, \'laS found to give adequate 

protection from acids. No contamination due to attack on the burner 

was detected at any time. 

The burner was operated with 11Hand.igas 11 
( 60 percent by volume of bu-

tane, 40 percent propane) and compressed air. The Handigas was obtained 

from a 20 lb. cylinder and the prussure adjusted by a diaphragm valve. 

A mer~ury manometer i'Tas used to control the pressure 1 and hence the 

fl~r-rato, of the Handigas. Th0 compressed air was obtained from a 

storage taruc fed by a compressor and was filtered before usc. Its 

pressure was measured with a 0:-80 p.s.i. dial-type gauge and adjusted 

with a diaphragm valve. 

The burner is shown in Fig. 2. The similarity of basic design 

of the burner to the Meker pattern should be noted. Not all the aerosol 

formed is drawn up into the burner barrel and hence into the flame: some 

escapes through the holes in the bottom of the chamber surrounding 

the air ports. 

Several jet sizes for tho burner were tried. The original 

jet supplied with the instrument has a diameter of 0.019 inch and 

func·tioned ·satisfactorily, giving a steady flame. A j.;t of 0.032 in. 

diameter \'las found unsatisfactory as it gave a 11ragged11 flame. A jet 

of 0.022 inch diameter operated well and gave fractionally better 

sensitivity than the original: ;it l'l'as used for most of tho -vrork done 

with this burner. The height of the top of the jet in the burner was 

found to be critical; if placed too low an unsteady flame results. The 

original pattern of jet was found unsatisfactory on accotmt of the 

deposition of salt in the screw-driver groove which obstructed the jet, 

causing a steady decrease in absorbance of a solution during operation. 
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This fault was easily remedied by filing the top of the jet flat. 

The efficiency of tho Hilger atomiscr-burncr systen1 '~as 

fonnd to be very low: considerably less than 8 percent of the solution 

drawn through the atomiscr eventually enters the flame. Condensation 

in the spray-chamber and tubing leading to the burner is the chief 

cause of this loss. This may be improved by using hot air to atomise 

the sample, but it was felt that the design of the burner and atomiser 

was basically nnsound, mainly because of a long and tortuous path from 

the atomiscr to the burner and the loss of aerosol at the base of the 

burner, and it was considered best to use a different type of atomiser. 

During this investigation two Hilger hollow-cathode lamps 

were used. The first, used during the early part of this uork only, had 

a magnesium-aluminium alloy cathode, The emission of the magnesium 
0 

resonance line at 2852 A from this lamp fell off with usc. The second 

lamp, used for most of this work, had a cathode made of magnesium 

metal. Its performance was superior to that of the first lamp, but its 

life (less than 500 hours), although longer than that of the first lamp, 

was shorter than the usual life --time of hollow cathode lamps given by 

Jones and Halsh~5. 

4,2 The usc of an "Eel" atomiser. 

Reports by Willis20• and other workers on the use of an "Eel" 

(Evans Electroselenium, Ltd,) flame photometer burner and atomiser indicate 

that somewhat better sensitivity for the determination of magnesium by 

atomic absorption is obtainable with it than with the Hilger apparatus. 

A burner unit incorporating1tho Eel atomiser was dusigncd by the author 

and constructed in the Government Metallurgical Laboratory workshops. 

This unit is shown. in Figure 3. 

A disadvantage of tho Eel atomiser is that it is attacked by fairly 

concentrated solutions of hydrochloric acid as it is made of stainless 

steel, Solutions containing up to 10 percent hydl~ochloric acid bY volume 

have been aspirated with no apparent damage to the atomiscr, but more 

concentrated solutions attack it, particularly if a little nitric 

acid is prfisent as well. The original Hilger atomiser was adapted to fit 

/(26) •••• the Eel ••• 
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the Eel spray chamber when such solutions were analysed. This modification 

reducud the sensitivity of the method by about 50 percent. The flame is 

much larger when the Hilger atomiser .is used on account of the higher 

flow-rate of air with this atomiser. The performance of this burner 

and atomiser unit was c.flilsidorably improved by removing tho gauze and plastic 

mixer from tho Eel spray chamber. Previously an accumulation of l iquid 

on the gauze and "mixer" resulted in a restriction of the free flow 

of the aerosol, causing a progressive decrease j_i1 sensitivity and 

stability during operation. 

4.3 He~t of burner. For someclcments, particularly calcium~2 ~ 

the absorbance varies with the position in the flame at >thich it is 

measured. This because a maximum concentrati!>n of atoms of the 

element sought occurs ih one zone of the flame and best results are 

obtained when as groat a percentage of light as possible . passes 

through this zone. With magnesium optimum sensitivity was obtained 

when tho light beam passed through the base of tho flame; i.e. when 

the burner was raised to a point just below the bottom of the light beam 

from the hollow cathode lamp. Lowering the burner 1 em. reduced the 

opti.cal density reading for a solution containing 0.10 p.p.m. Mg and 

2 percent (v/v) molar strontium nitrate solution by 22 percent, and that 

of a similar solution containing o.4o p.p.m. Mg by 18 percent. Still 

better s0nsitivity can be achieved by raising the burnur until it cuts 

off the lower half of the light beam, but this position v1as not used 

as it necessitated operating the lamp at too high a current. 

4.4 The usc of masks: For operation of the modified burn0r with 

11Handigas11
1 particularly if aqueous solutions are used, it is 

essential to restrict the area of tho light beam so that none of the 

light accepted by the detoctor misses the flame. This Has accomplished 

by masking the focussing and coll-imating lenses of the burner housing. 

Cardboard masks were used, the mask on the lamp-side (collimating) lens 

(called tho 11back mask11
) having a slit 5/1611 x l" and the raask on 

the spectrophotometer side lens (tho focussing lens) (also called the 

"front" mask) having a slit "J-'1 x !". A slightly larger front mask gave 

/27 .••• somewhat ••• 
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somewhat lovwr sensitivity for tho atomic absorption of magnesium. 

Results are given in Tabl.:: I. Using the smaller mask less meter 

fluctuation was observed while talcing a reading than when the 

larger mask ~·1as used. This is probably because some of the light 

passes through the edges of the flame, where conditions arc 

unsteady, when the larger mark is used. 

TABlE I. 

The Effect of masking on sensitivity. 

.. 
Cone~ Mg. Optical density 

(p.p.m.) Larger front mask (~11 X i") smaller mask (-[;" X f) 

0.05 0.062 0.095 

0.10 0.107 0.126 

0.20 - 0.2lJ.3 

0.25 0.236 --
0.5 0.428 0.495 

Coal gas-air flame. Air press. = 30 p.s.i. Lamp current= 15m A. 

for larger mask; 20 for smaller. Slit = 0.1 mm (large maslc): 0. 2 mm. 

(smaller mask). Solutions= aqueous, 1% (v/v) HN0
3

, 2% ~~r(No3 )2 
Coal gas flcwrate adjusted to give maximum optical density. 

The flame which gave maximum sensitivity with the larger mask was 

noticaably larger than tho flame which gave maximum sensitivity when 

the smaller mask was used. This explains the decrease in sensitivit y 

when tho larger mask is used: the greater flow-rate of fuel gas in this 

. . 

instance causes more dilution of t he fixed amount of aerosol in the flame. 

4. 5 Compari.son of the Hilger atomiscr-burner with the modified 11Eel 11 unit: 

Tho first obvious difference between the two syst ems is that the 

flame of tho Hilger atorniscr-burner is far larger than that obtained 

with the modified apparatus . This has already been explained by the far 

greater air flow-rate for tho former atomiser . 

Tho Eel atomiser was found to draw up an aqueous solution at a ratcof 

/(28). ". 8.6 ml •••• 
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8.6 ml/min. at 25 p.s.i. air pressure. · Efficiency of the atomiser, 

determined by collecting tho "condensate" from tho spray chamber after 

aspirating a known volume of t>tator, was found to be 13 per•cent, compared 

with 8 percent for the Hilger atomiser-burner. The Hilger atomiser drew 

up solution at a rate of approximately 12 ml/min. at 20 p. s. i. air 

pressure. Thus solution enters the flame at a rate of approximately 

·1.1 ml./min. in the case of the modified unit, while less than 0.96 ml/min. 

reaches tbe flame of the original Hilger burner. With the latter unit 

some of the 0.96 ml./min. of solution leaving the spray chamber condenser 

in the burner and tubing leading to it. A considerable amount of this aerosol 

never ent ers the burner at all, as it escapes through the bottom of the 

chamber surrounding the burner air-holes. 

Typical r esults obtained with the two atomiser-burner 

units are given in Table 2. 

TABLE 2. 

Comparison of r esults obtained with the original Hilger an~ modified appara-

I 

! Cone. 

l 

~ 

1 HiLger Aooaratus Modified Aooaratus ... 

Mg (p.p.m.) Optical Density Cone. Mg (p.p.m.) Optical Density 

0.51 0.083 0.051 0.044 

1.02 0.160 0.102 0.060 
I 

2.05 0.)16 0.153 ! 0.114 i 
i 

).07 0.431 0.205 I 0. 159 

0. 410 
I 
I 0.321 . ... -'. ~ ~ . 

I 

4.10 0.522 i 
I 
I 

6. 15 0. 632 ' 
' 
: 

8. 2 0 .733 

10.2 0. 801 

Ail" press . = 30 p.s.i. for modified unit, 20 for Hil ger 

Handigas fuel ; Blanks subtracted 

Solns .: 1% (v/v) HNO 
3 

; 2% ( v/v) MSr( l\0, ) 
3 2 

/ 2g ..• .• Thcse data 



(29) 

Tnc sc data show an increase of sensitivity of roughly 5 times 

for the modified unit. This improvement is explained by the greater 

concentration of magnesium in tho fl&nc of the modified burner, resulting 

from increased atom1ser efficiency and the smaller flow-rates of fuel gas 

and air. 

4.6 Comparison of coal-gas and Handigas. 

Tho performance of the modified atomic absorption uni"t; was tested 

with coal-gas and Handigas as burner fuel. Fluctuations in the pressure 

of the municipal coal-gas supply \'lhich was used in this worlc necessitates 

some form of pressure regulator. The results reported hero were obtained 

using a bleed with a constant ~ad (911
) of water. The pressure obtained 

with this system was not absolutely constant, but reproducible readings 

could be obtained by adjusting the coal-gas flow-rate during the measurement 

of each sample until a maximum optical density reading was obtained. Re-

sults obtained for magnesium absorption using the two fuels arc given in 

Table ). 

TA.BIE 3. 

Comparison of results Nith Handiejas and coal-gas. 

T 
I Cone. Mg. (p.p.m.) Optical Density 

Coal-gas Handigas 

" 0.096 0.05 0.074 

0.10 0.127 0.103 

0.20 0.246 0.199 

0.)0 0.321 0.262 

0.4 0.416 0.)41 

0.5 o. 495 o. li{)Q 

Aqueous soluti.ons; 2% (v/v) MSr(No
3

)2; 1% HNOJ 

Air press. = )0 p.s.i. lamp current = 20 m A. Slit = 0.2 mm. 

These results indicate that coal-gas gives a sensitivity 

about 20 percent greater than Handigas for magnesiurn. It also appeared 

that the effect of varying the height of the burner was less pronounced in 

the case of coal-gas than \'Then Hand:i.gas was used. This is evident from the 

results given in Table 4. 

/ {30) •• • • Table 4 ••• 
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TABlE 4, 

Effect of varying tho height of burner (coal-gas flame). 

. 

Cone. Mg. Cone. Sr(No
3

)2 O_ptical Dcnsi~ 

(p.p.m.) % (v/v) Optimum height Burner approx. 1 em. 
lower 

0.1 0 0.082 0.081 

0.2 0 0.134 0.145 

o.4 0 0.202 0.204 

0.5 0 0.234 0.208 

0.1 2 0.127 0.113 

0.2 2 0.416 0.388 

Slit = o. 2 mm.; lamp current = 20 m A, modified burner, air 

prcss.=2"p, s. i. Solutions: aqueous, 1% (v/v) HJ:.ro
3 

During the course of this investigation a Fisher Governor 

type 8100-2, which has an output pressure that can. be varied betw.::en ~~~ 

and 5tt" of \'later, beea.me available. This regulator proved vastly superior 

to the bleed system previously used for coal-gas. It \'Tas . found necessary 

to chock the flow-rate setting about .. once in 10 minutes t·rhcn this 

regulator \'las used and much smaller meter variation \'Tas observed while 

taking a reading. 

Handigas was chosen in preference to coal-gas for this 

investigation as its flow-rate t'las easier to control. At the time when 

this decision was taken the Fisher regulator was not available and 

operation with coal-gas was tc4ious, as the coal-gas flow~rate had to 

be adjus·ted for each sample. A minor advantage of Handigas is that it 

is obtainable in cylinders while coal-gas is not, as a consequence of 

which a method which employs the latter as fuel can only be employed if 

a gasworlcs is close at hand. 

4.7 Flow-rates• of fuel gas and air, 

The flow-rates for the operation of the burner were set by 

trial and error to give maximum optical density while passing a solution 

containing magnesium into the flwnc. Tho flow-rates of fuel gas and 

/ (31) •••• compl"Cssed air ••• 
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compressed air at tho optimum s~ttings were measured by displacement 

of water and the following results obtained: 

1) Coal-gas : 6 litres/min. 

2) Handigas: 630 mls./min. 

3) Air, at 30 p.s.i. : 13 litres/min, 

These figures arc the means of 3 measurements and were 

obtained at a temperature of 22°C and a pressure of 621 n1m. Hg. 

11Handigas11 is a mixture of butane (approximately 60 percent by volume) 

and propane (approximately 40 percent by volume) containing small 

amounts of other hydrocarbons. It is a petroleum by-product, produced 

by the South African Coal, Oil and Gas Corporation, Ltd. (SASOL) and 

its composition varies slightly from batch to batch. On account of 

the difference between the boiling points of butane and propane the 

composition of the gas obtained from the cylinder will vary as the 

gas is used up. The first portions of gas drawn from tho cylinder 

will be relatively rich in propane, while an almost empty cylinder will 

give a gas vc1~ rich in butane. This variation in composition did not 

affect tho results obtained for magnesium noticeably, but as optical 

density readings becqme unsteady after approximately 90 percent of the 

capacity of the cylinder was used, it was replaced at this stage. 

Assuming complc·tc combustion to water and carbon dioxide, 

1 volume of Handigas should require approximately 6 volumes of oxygen, 

i.e. 30 volumes of air. Thus, for complete combustion at a Handigas 

flow-rate of 0. 63 litres/min., one would expeot the fl~·r-rate of air to 

be 19 litres/min. As the observed flow--rate for maximum sensitivity is 

only 13 litrcs/min., it would appear that a fuel-rich flame gives best 

results for the atomic absorption of magnesium. This is in agreement with 

the observations of Allan;-8• \1/ho attributed it to the l"~Cducing action 

of the "rich" flame, resulting in an increase of the magnesium metal 

concentration in the flame at the expense of magnesium oxide. 

Coal gas is a complex mixture of somewhat vcu.,iable 

composition. The following is a typical analysis (f~rcs supplied 

by the Johanncsburg Gasworks). 
/ ( 32) ••• He thane ••• 
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methane : 18.4% (v/v) nitrogen : 8% hydrogen : l~5. 9% 

carbon monoxide: 20.4% ethylene: 2.6% carbon dioxide: 4.1% 

oxygen: 0.6% 

From these figuras it may be calculated that 1 volume of 

ooal-gas requires 4,9 volumes of air for complete combustion. This 

corresponds to an air flow-rato of 29.4- litres/min. Thus maximum 

sensitivity for magnesium is also obtained in a fuel-rich flame when 

coal-gas is used as fuel. From the appearance of the flame it was 

obvious that maximum sensitivity was obtained when the light beam 

passed through the r educing area of the flame. 

At flow-rates of coal-gas slightly above the optimum, 

emission from the flame was detected by the spectrophotometer. This 

was probably due to the strong hydroxyl band emission in tho region 

of the magnesium line. This emission did not affect this VTork 

seriously 1 ho~wver, as the flow-rate of coal-gas was kept be low 

the level where emission was observed. 

4.8 The Usc of organic solvents. 

In view of the improvement r eported by Zeeman and Butler
61

• 

1n the atomic absorption determination of lead using ethanolic instead of 

aqueous solutions, it was decided to t est the effect of acetone and alcohol 

on the absorbance of magnesium. Results obtained with tho Hilger atomiser-

burner are given in Table 5. 

TABLE 5. 

The effect of ethanol and acetone on the atomic absorption of ma,gne'sium. 

pone. Hg. (p .. p.m. ) 1 Cone. or ganic l Nature of 1 Cone. Sr(N0
3

)2 i Optical 
Rcmark .<O 

~solvent (% v/v)! solvent i DensitY* 

0. 51 
I ; 

0 0.058j -
l 

aqueous -
I 

0.51 20 ethanol-H2t 0 0. 117 solution 

I I cloudy 

I 
! I 

0.51 i 20 I 
acetone-~0 

l 0 

I 0.10 ! i -
! i ' l i 0.51 i I 

I 
0.02 f;1 I - ! aqueous 0.073j -I 

I ! ! I 

0. 51 I 20 ethanol-H2o I o. 02 r<I O.l28isoluti on 
' I t I . . cloudy 

' ! 
I l I 

0 125 llarger 0.51 20 i acetone-H20 I 0.02 H ' • tred i 
! I jarea in . i· ! I 

I ; ! I ;f lame 
l 

lthen I ! 

I l I I I 

l t with ! ! 
. 
{ 
·i ,ethanol 

*blames subtracted. Standard Hilger apparatus ; air prcss .~2o p. s .i.; lamp 
CUl, r ent = 25m A. Solutions: 1% (v/v) HN03. Handigas flame,. .33/ ••• 
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The cloudiness of the ethanolic solutions was probably due 

to the presence of benzene in the absolute alcohol used. The results 

obtained indicate that 20 pCl~cont by volume of ethanol and acetone both 

increase the sensitivity of the atomic absorption of magnesium by 

approximately 100 percent in the absence of strontium. In the presence 

of strontium the optical density is increased by approximately 70 percent. 

As both ethanol and acetone enhance the absorption of magnesium to 

approximately the same extent, tho former was chosen for further study 

on account of its lower volatility and the greater solubility of many 

inorganic salts in it. Results for varying concentrations of ethanol 

are given in Table 6. 

TABIE 6. 

The effect of various concentrations of ethanol. 

i 
Cone. alcohol (% v/v) Optical d0nsity Rernarl<s I 

j 
I 

I 
0 0.063 - I 

5 0.097 slightly cloudy I solution l 
) 

10 0.109 more " II I 

solutioj 20 0.125 same as previous 
I 

30 0.144 II II II II 

40 0.163 . solution almost clear 

60 0.197 clear solution 

Standard Hilger apparatus; air pross. 20 p.s.i., Handigas flame. 

Solution: Mg. = 0.51 p.p.m,i HN0
3 

= 1% (v/v); Sr(No
3

)2 = 0.02 M. 
. . . 

T'nesc enhancements may be explained by· atomisation efficiency 

differences, as subsequently also confirmed by Allan~2• The atomiser 

I 
! 

I 
I 
I 
I 

! 

efficiency was tested as described in section 4.5 and the results obtained 

here arc liabla to the same errors as those given in that section. 

The results obtained for mixtures of ethanol and acetone td th water are 

given in Table 7. 

/(3l~) ••• Table 7 ... 



TABIE 7. 

The efficiency of atomisation for organic-aqueous mixtures. 

f 
(% v/v) ! Nature of solvent Cone, of organic solvent Atomisation 

' efficiency (mean 
1 of 3 readings) I 

I 
I <[a ' ' 8 :· l water --
I ethanol-water 20 16 

1 acetone-water 20 20 
' 

Standard Hilger apparatus; air press. = 20 p,s,i. Solutions: 

1% HN03; 0.02 M w.r.t. Sr(No
3
)2 • 

As the feed-rate of solution to the Hilger atomisor is 

unaltered by the presence of acetone and ethanol 1n the above concentrations, 

it is evid0nt from these results that twice as much solution Gnters the 

flame in a given time when 20 percent ethanol is used as w-hen aqueous 

solutions are employed. This explains quantitatively the enhancement 

observed with 20 percent ethanol. 

It was mistakenly assumed that 60 percent ethanol solutions 

would also improve the sensitivity when the modified burner was used, 

and a considerable amount of ttlOrl~ was done on the effect of foreign 

elements on the absorption of magnesium using 60 percent ethanol and the 

modified burner. This, hottrcvor1 was found to be incorrect, as is 

evident from the results in Table 8. The rate at which the ethanolic 

solution (aerosol) entered the flame was determined in an attempt to 

explain this apparent anomaly. The efficiency of atomisation using 60 

percent ethanol was f ound to be 30 percent, but solution was drawn up at 

the r ate of only 3.7 ml./min. at an air pressure of 30 p.s.i., from which 

it may be calculated that the ethanoli c aerosol enters the flame at a rate 

of 1.1 ml./min. It \'fas shown in section 4.5 that an aerosol from an aqueous 

solution also entered the flame at a rate equivalent t o 1.1 ml. of 

solution per minute, Thus it is reasonable to expect almost identical 

results for aqueous and 60 percent ethanol solutions when the modified 

apparatus i s used, The reason for the lower flow-rate of the ethanolic 

solution was not investigated, but it probably results from differences 

in interfacial t ensions as compared with an aqueous solution, Other factors, 
/(35) •• ,principally ••• 
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principally viscosity and density, should favour a hi~1er flow-rate of 

tho ethanolic solution. 

As no advantage was obtained from tho usc of othanolic 

solutions with the modifit:;d apparatus, further work vras done with 

aqueous solutions. 

Cone. 

TABlE 8 . 

Comparison of aqueous and alcoholic solutions with 

modified burner. 

Mg. (p.p.m.) Optical density;:· 

Aqueous solution 60~~ ( v/v) ethanol 
solution 

0.05 0.062 0.068 
' 

0.10 0.108 0.10') 

0.25 0.236 0.224 

0.5 o. 428 . 0.392 

* Blank not subtracted. Air press. = 30 p.s.i., coal-gas fuel. 

Slit = 0.05 mm. lamp curr .. mt = 15 m A. Larger masl~ used. 

Solutions contain 1% m~o3 , 0.02 m w.r.t. Sr(N0
3

)2• 

4.9 The Effect of other elements: 

The effect of oth0r elements was studied by measuring the 

optical densi ty of a standard magnesium solution to t·Thich a known 

amount of foreign eloment was added and comparing the result with the 

optical density given by a solution of the magnesium salt of the same 

concentrat ion. In most cases A. R. grade compounds of t he f oreign 

element were f ound sufficiently pur e f or use in theso tests, but f or 

lit hium even the 11Specpure1' compound was found t o contain t oo much 

magnesium and further purif icat i on had to be carried out. The methods 

empl oyed f or fur.th~r puri ficat i on, wher e necessary, aro given in 

Appendix 2. The modified at omiser-burner was used for these test s . 

Handi gas fuel and aqueous sol utions wer e used excepting wher e indicat ed. 

All solutions employed i n this work wer e pr epared with de-ionised water. 

-

/(36) ••••• 4. 10 Two~atomiscr tests . 
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4.10 Two-atomiser tests: 

Tests using two atomisers were employed in an attempt to 

elucidate the mechanism of some of the inter-el<Jment uffacts observed 

in this work. This approach was suggested by tho \>Jorl~ of Alkemade and 

J-E:\l.ken and other investigators which was described in the literature 

survey. 

For these tests a new back for the Eel spray chamber was 

constructed from a plastic material. It was dasigncd to accommodat...: two 

Eel atomisers which were operated at identical compressed air pressures 

(15 p.s.i.). Unfortunately the atomisers did not 11match11 (i.e. theY 

gave different optical densities for the same solution of magnesium) but 

the results obtained sho~'led the same effect regardless of which atomiser 

was used. The solutions used for these tests were thosu prepared 

for the inter-element effects described in section 4.9. 

37./5. RESULTS AND 
DISCUSSION ••••• 
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5. RESUIJ.rS AND DISCUS~ 

5.1 Calibration of instrument. 

During the oarly part of this work a solution of magnesium 

sulphate (A.R. grade), ~-Thich was standardised by gravimetric ~alysis, 

was used asstandard. During the latter portion of the investigation, which 

includos the interferenc0 tests, a solution of magncsiura chloride prepared 

from ignited A.R. grade magnosium oxide was used as a primary standard. 

The two solutions were check~d against each other after suitable dilution: 

identical readings were obtained for their absorbance. 

Typical calibration curves are given in Figure 4. A 

curved calibration line was always obtained, the curvature being least 

for tho most sensitive systems. Thus magnesium nitratc vdthout strontium 

gave a calibration curve vthich flattened at low concentrations, while 

in the presence of strontium or lanthanum salts the curvature was vastly 

reduced. The calibration curve with a coal-gas flame was less curved 

than that obtained with Handigas. The causes of departure from linearity 

listQd li1 the theoretical section were investigated. In order to test 

if another emission line caused this non-linearity (cause (i)), the light 

from the magnesium hollow-cathode lamp was examined using a Hilger large 

glass-quartz (Littrow type) spectrograph. The lamp was clamped in 

position about 2 inches from thG slit of the spectrograph and operated 

at a current of 30 m A. Light from the lamp was collimated using the 

quartz collimating lens (the 11back11 l ens) from the burner housing. A 

slit width of 20 microns was used and the spectrum photographed on 

an Ilford thin-film, half-tone plate (N 50 emulsion). E;:posure· times 

of 1, 3, 20 and 60 minutes were used and an iron spectrum recorded as 

reference. A photograph (negative) of these spectra is shown in 

0 
Figure 5. The line closest to the magnesium resonance line at 2852.1 A 

was a magnesium line at 2848.4 ~' the intensity of which was a mere fraction 

of a percent of that of the resonance line. ThG magnesium line at 
0 

2851.7 A, listed in most tables of spectra, was not observed. It is 

unlikely that it could have been obscured by the resonance line. The 

resolution of the Uvispel<: spectrophotometer at 0.2 mm. slit width is 

/( 38) ••• insufficient .••••• 
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0 
insufficient to eliminate tho magnesium line at 281:-B. L~ A, but its 

intensity is so low that it is unlikely to have any effect in this 

work. It appears, therefore, that cause (i) is not responsible for 

the departure from linearity of the calibration curve in this work. 

The resonance line did not shov1 any signs of self-absorption (the 

microphotometer showed no decrease in intensity at tho centre of the 

line). 

Cause (iv) (the detection of emission of the resonance line in the 

flame) was examined next. For this purpose the apparatus described by 

Box and Walsh27· was used. With this apparatus steady emission from the 

flame is not detected, as a modulated light source and a.c. amplifier 

is used. It was found, however, that any flicl<er from the flame was 

detcctod when a spectral region of high flame emission intensity was 

examined. This was especially pronounced when an oxy-acetylene flame, 
0 

which emits very strongly at 2852 A and flickers slightly, was used. 

Earthing the input signal to the amplifier through a tuned parallel 

rosonanca circuit (choku and condenser in parallel) aliminated nearly all 

of this emission noise from the flame. This modification resulted in some 

loss of gain in the amplifier, but sensitivity was . still adequate for 

this purpose. With this apparatus the Hilger Uvispek monochromator, 

modified atomiser;-burner (Handigas flame) and RCA 1 P28 photomultiplier 

tube vmre uslJd. The Hilger magnesium hollow-cathodu lamp was used and 

was operated with unsmoothud, half-wave rectified a.-c. current (from 

the mains). The calibration curve obtained with this apparatus is 

included in Figure 4 and shows good linearity. This indicates that 

cause (iv) is probably responsible for the departure from linearity 

of the calibration curve obtained with the d.c. system of detection. 

The day-toq·day reproducibility of the calibration curve 

was generally about 2 percent, providing flow-rates of the gas~s 

war..; controlled carefully. Tho calibration was seriously affected 

by dismantling the atomiser for cleaning. For accurate work it was 

considered essential to measure standards with each batch of samples. 

Strontium salts aro included in the solutions used in 

/(39) •••. this work •••• 



(39) 

this \-Tork as releasing agents (sec literature survey). The nitrate 

or chloride were used in most cases. The A.R. gradv salts w~re 

found sufficiently puro and addition to samples at the rate of 2 perc0nt 

by volume ·of a molar strontium salt solution was found to give best 

results. Strontium was found to enhance the absorbanc~ of magnesium 

as well as "releasing" it from interfering elements. As the magnitude 

of the enhancement is depcpdent on the strontium concentration the 

additio~ of strontium must bo carefully controlled. Details of the 

effect of strontium salts are given later in this thesis. 

5.2 The uffect of othor clem~nts. 

The effects of other elements or compounds arc expressed as 

thu enhancement due to th0 foreign substance, which is defined as 

optical density of (Mg + foreign substance) 

optical density of solution with same concentration of magnesium 

In most cases the foreign substance added contains a 

measurable amount of magnesilun and the optical density due to this must 

be subtracted before calculation of the enhancement • &1 enhancement of 

more than 1 may be interpreted as meaning that the optical density due· 

to a magnesium solution is increased by the introduction of the foreign 

substance, while an 11 cnhanccment11 of less than 1 moans that the cptical 

density due to the magncsiuJn solution is depressed by the introduction 

of the foreign element. 

In this investigation the effect of other clements 

was studied both in tho presence and absence. of strontium salts. 

For purposes~ofcalculating the enhancement in the presence of strontilli~ 

salts thG following definition is used: 

Enhancement = oE_tical densit;r (I"'w; + Sr + fo1~eign substanc..::) 

optical density (same cone. Sr + same cone. Mg) 

Allowance must also be made for the optical density due 

to magnesium contained in the strontium and foreign substance here 

(blank corrections). 
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5.2.1 Mineral Acids. 

The effacts of nitric, hydrochloric, sulphuric, perchloric, 

hydrobromic and hydriodic acids were tested. The results obtained 

are given in Table 9. 

TABLE 9. 

Th~ Effects of mineral acids. 

' ! 

Substance 
! 

Cone. of Cone. t-1g Cone. Sr Optical densitY''" 
added ! foreign (p. p.m.) (molarity) Mg soln. without £nhanc.o~ REIJIARKS 

subst. foreign substance mcnt . . 
I 

HNo
3

(A.R. j 5% ( ,;/v) 0.4 0 0.158 0.582 Mg added as 

grade) i nitrate. Com-
i pared with 

S. G. = neutral Mg : 

1.39 I solution. 

i2o% (v/v) 0.4 0.02 0.292 1.00 Compared with 
neutral Mg. 

: + Sr(No
3

)2soln. 

' 
: HCl(A. R.) ; 5% (v/v) 0.4 0 0.176 1.08 Mg added as 
I 

i 
: chloride. Com-S.G. = I 

I 
I pared l'lith ,1.18 . l ' 

' ' neutral Mg c12• 
! ! 

: i ' I 
l :2o% (v/v) 0.4 ' 

I 
0,02 0.292 o.gg Mg + Sr both 

j as chloride ~ 
i 

. HCl + 100 : 5% (v/v) 0.4 I 0 0.176 0.29 Mg. chlo-as 
; val. ~o2 · of each ride. 

('A. R. ) 
I 

57~ (v/v) ' ! H2so4 0.4 : 0 0.059 0.763 Mg added as 
I i 

. (A.R.) sulphate Com-

~.G.=l. 84 pared with 
neutral ivlg SO 4 

5% (v/v) 0.4 ' HC10
1 

0 0.305 o.g44 Mg added as 
(A. R. ) perchlorate 
70-72!fo compared with 

(w/w) neutral 
! 

I•]G ( Gl 01.) .,. 2 
2aJo 0.4 0.02 0.292 i 0.96 Sr as Sr(Cl04)2 : 

HBr 1.1% (w/v) 0.4 0 o.og6 1.08 Mg added as 
(A.R.) HBr nitrate. CO'"J-• 

S.G.=l.38 pared with 
neutral 
Mg (No ... )2 

o.Ol%(w/v) 
' :; 

0.4 0.02 0.250 0.97 . Sr add0d as 

: 0.05%(w/v) 0.4 
. Sr(No

3
)2 

0.02 0.250 1.00 

: O.ll%(w/v) 0.4 0.02 0.250 0.96 : 

,. - . - . .o..~Lll.l. .!LLj.. .. . .. O.~Da· -··- . .. ·· ·-~-· ~· - · -·~· . ' ... ~ .. " .. -·· 
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TABLE 9 (contd.). 

Substance Cone. of Cone. ~1g Cone. Sr Optical density* ' 

added foreign (p.p.m.) (molarity) Mg. soln. without Enhance- REMARKS 
subst. foreign substance ment 

HI(A.R.) 1.9%(w/v) 0.4 0 0.096 1.07 Mg. added 
S.G.=l. 70 nitrate 

0.019 0.4 0.02 0.250 1.00 

0.097 0.4 0.02 0.250 0.804 

0.19 0.4 0.02 0.250 0.76 
: 

* represents O.D. of Mg. + Sr or La if used. Handigas flame • 

. Air = 30 p.s.i. Lamp current = 20 m A. 

Sr as nitrate, if not otherwise indicated. 

In the absence of strontium, however, the absorbance of 

magnesium is very dependent on the nature of thG anion present 

in solution. For the concentration of magnesium tested, the order of 

sensitivity is perchlorate ) chloride) nitrate) sulphate . 

Increasing nitric, sulphuric and perchloric acid concentrations 

decrease the absorbance of magnesium, while increasing hydrochloric 

acid concentration has the opposite effect. Excess pcrchloric acid 

has the smallest cffvct on the absorbance while sul~~uric acid is tho 

most powerful depressant. 

The mechanisms of these intar-element effects are best 

explained by considering the decomposition of these acids and their 

salts in the flame. At flame temperatures nitric acid decomposes into 

nitric oxide, steam and oxygen according to tho reaction: 

+302 .................... (.5) 

Magnesium nitrate decomposes on heating as follows: 

2 Mg(N03)2 ----~) 2Mg 0 + 4 NO + 3 02 ••••••••••••••.••.•• (6) 

Sulphuric acid also decomposes with liberation of oxygen: 

Magnesium sulphate first forms basic sulphatcs .on heating the 

hydrate. These do not give the anhydrous salt on heating, but eventually 
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decompose yielding magnesium oxide, oxygen ana. sulphur dioxide. 

The decomposition of purchloric acid by heat also involves 

the liberation of oxygen, steam and oxides of chlorine, which are 

unstable. Magnesium perchlorate decomposes at appro:;d;nately 300°C 

according to the equation : 

Hydrochloric acid and magnesium chloride, hot.,.ever, react 

differently in the flame. Some of the reactions t'l'hich may be 

expected to take place in the flame arc : 

4 HCl + o2~ 2 H20 + 2 c12 - (the Deacon Process reaction) •• (9.~ 

2 Mg Cl2 + 0~ Mg 0 + Cl2 • ••••••••••••••••••••••••••••••••••• ( 10) 

Mg Cl
2 

+ H
2

0 ~Mg 0 + 2 HCl • , ................ , ........... , ..... (11: 

Mg Cl2 + IVJgO ~r~~O Cl
2 

•••••••••••••••••••••••••••••••••••••••• (12) 

Mg 0 ' p, . ·Mg 

Mg Cl2 ~ Iv'.g 

l + 2 02 ••........•......• . •.•••.•.•.•••.••••• (13} 

+ Cl2 •.....• ••• .•••.•.•.••..•..••.•••••••• I •• ( 14 ·; 

As all these acids give rise to somG oxide in the flame, by one or 

othur of the above reactions, reaction (13) will tru>e place no matter 

which acid is prascnt in the solution. Reactions (10), (11), (12) and 

(ll~) Hill also taku place in perchloric acid solutions, which give rise 

to chloride in the flame. 

The concentration of magnesium atoms in the flame, which determines 

the absorbancy will be affected by the above reactions. Gaydon and 

Wolfhard
60

• point out, however, that it is unlikely that true chemical 

equilibrium is achieved in the flame, basing thoir statement on the 

fact that the concentration of electrons in the flame is far greater than 

that predicted by equilibriuru values. If this is true, exact calculations 

based. on equilibrium constants may be misleading. Evon if true equilibrium 

is not attained in the flame, the above reactions should still sho\'r a 

trend and explain some of the observed phenomena. 

Any factor ~rthich reduces the free oxygen concentration in the 

flame should increase the concentration of magnesium atoms according to 

reaction (13), and consequently increase the absorbancy of magnesium. 
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Thus increasing hydrochloric acid concentration increases the sensitivity, 

as would be expected from reaction (9). Conversely inc~easing nitrate, 

sulphate and perchlorate concentrations increase the oxygen concentration 

of tho flame and depress the absorbance of magnesium. Peroxides, which 

decompose with the liberation of oxygen in the flame, dopress the absorption 

of magnesium (present as chloride), as expected from reaction# (13). 

If the magnesium is present as nitrate or sulphate, 

all will decompose to form the oxide, wl1ich may undergo further reaction. 

The greater sensitivity of the chloride and perchlorate may be explained 

by the existence of a certain amount of magnesium chloride, which decomposes 

to give the metal more readily than the oxide in tho flame and by a 

decrease in the oxygen concentration of the flame due to reactions (9), 

(10) and (11). Haber and Flcischmann63• showed that the hydrolysis 

reaction (11) is more nearly complete at higher temperatures and is VOl""f 

slow to approximately 500°C. Thus it is likely that req.ction (11) Hill 

still be in progress in the hotter portion of tho flame. This means 

that at least some magnesium chloride will roach the hotter region of the 

flame , where it can dissociate directly to the fre e clement. 

The fact that magnesium perchlorate gives better sensitivity 

than an equimolar solution of magnesium chloride is anoqalous. According 

to reaction (8) the perchlorate should behave lilcc the Qhloride with 

excess oxygen, i.e. it should give lower sensitivity fo~ magnesium than 

the chloride. - It is suggested, therefore, that tho mecnanism of 

decomposition of magnesium perchlorate in tho flame must differ from 

that of the chloride. As perchl orat es frequently decompose violently on 

heating, the explanation 1nay lie in an explosi ve decomposition of tho ~ 

s~osol particle (Magnesium perchl orate decomposes at approximately 270 to 

300°C, at which temperature tho particle should be dry). Such a decompo-

s iti6n would result in smaller particles of magnesium chloride then v1ould 

be formed by evaporation of the aerosol fr·om the chloJ•ide solution. As 

the concentration of magnos ium salt is very low, howev0r, it is not 

reasonable to expect large aerosol part~cles af~er evaporation of moisture 
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and this explanation does not seem plausible if size reduction is the 

only factor involved. It is possible, however, that the exothermic 

decomposition of the perchlorate will heat the aerosol particle to a 

higher t emperature than oth~rt-Jise attained in the flame and that the 

magnesium chloride formed tvill be more completely dissociated to the 

fre8 metal. 

The very low magnesium absorbance observed in the presence 

of sulphate cannot be explained in terms of liberated oxygen alone, 

as nitrate, which should yield the same amount of oxygen in the flame, 

gives much greater sensitivity. Possibly this is due to the formation 

of basic magnesium sulphates, which do not decompose readily, in the 

flame. 

Comparison of the results obtained wi.th and without strontium 

salts shows that strontium increases the absorbance of magnesium when 

present as magnesium ni tr•ate, chloride, and perchlorate, the effect 

being least for perchlorate and greatest for nitrate. The effect of 

strontium on the absorbance of a magnesium sulphate solution was not 

tasted on account of the insolubility of strontium sulphate. It will 

be shown later (under tho effects of strontium) that the enhancement due 

to strontium in perchlorate medium is virtually ·1, i.e. strontium has a 

negligible effect if the magnesium is present as tho perchlorate. It is 

very lil{ely that the effect of strontium in the prcscmce of nitrate 

and chloride is due to a reduction in the free oxygen concentration of 

the flrune. It will be shown later, from thermodynamic considerations, 

that this is theoretically possible. 

The results obtained for hydrobromic ru1d hydriodic acids 

show that, in the abs~ncc of strontium, an approximately 1 percent (w/v) 

solution of either acid enhances the absorbance of magnesium slightly. 

In tho presence of strontium nitrate small amounts of these acids 

depressed the absorption, the threshold for interference by hydrobromic 

acid (approximately 0.1 percent (w/v) being considerably higher than that 

for hydriodic acid (about 0.05 percent). As varyin~ concGntrations of 

hydrogen ions do not affect the absorbance of magncsiwn significantly 
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this effect is probably due to bromide and iodide ions. The effect of 

these ions is not likely to be serious in the d8tcl~minat:ton of mag..11.csium 

in oro and metallurgical samples, as they can be removed easily by fuming 

with perchloric acid on the rar8 occasions whontheyru~c encountered. 

5.2.2 The alkali metal~ 

The results obtained for the absorbance of magnesium in the 

presence of various amounts of several of the alkali metals are g.iven in 

· Tablo 10. 

TABIE 10. 

Effect of the alkali metals. 

Subst. Cone. Cone. Mg Cone. Sr Optical ; 

added foreie;n (p.p.m.) salt Density Mg Enhancement Graph, REMARKS 
subst. (molarity) so ln. \'lith- No. ; 

' out foreign i ' 
subst,. 

! 

Li as 5 lllG Li/ 0.4 0 0.071 1.75 Fig.6 ~ Mg added as 
chloride 50 ml. chloride 

(l'urified) . 
10 II " 0.4 0 0.071 2.10 ' - ' . 20 II II 0.4 0 0.071 2.25 

50 11 II I 

0.4 0 0.071 2.25 
; 

' 5 II II 0.4 0.02 0.258 1.00 

:1o " II 0.4 0.02 0.258 0.952 

t20 u II 0.4 0.02 0.258 0.82 
' 

;50 II II 0.4 0.02 0.258 o.93L~ 

' Na as ·10 mg. Na/ 0.4 l 0 o.o84 1.36 Fig.6 Ng added as 
: nitrate 50 ml. nitrate 

(A.R.) 
20 mg. II 0.4 0 0.084 1.52 . 

-50 II II 0.4 0 0.084 1.13 
100 II II 0.4 0 0.084 1.46 ' I 

II 500 II 0.4 0 0.084 0.7.5 : l 

1000 II 11 0.4 0 0.084 0.52 
I 

' 
10 11 11 0.4 0.02 0.325 0.98 : : 

20 II II o.4 0.02 0.325 0.90 I 

50 II 11 0.4 0.02 
: 

0.325 0.83 . 
100 II II 0.4 0.02 0.325 0.65 : 

. 
. 500 " II 0.4 0.02 0.325 0.36 l .' 

; 

1000 II II 0.4 0.02 0.325 0.29 
: 

Table contd. /46 ..•. 
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Subst Cone. Cone. Mg Cone. Sr Optical Enhance- Graph REHARKS 
added for0ign (p.p.m.) salt Density r.J!g mont No. 

sub st. (molaL•i ty) solution with~, 
out foreign 

subst. 

K as 10 mg.ry' 0.4 0 0.069 1.71 - -
chloride 50 ml. : 

; 

(A.R.) ' 

-
K as 

chlo-
ride 

(A.R. 

Rb as 
·car£o-, na e 

' II II 0.069 1.58 _50 0.4 o. 
: : 

100 If II 0~4 0 0.069 1.50 

500 II " 0.4 0 : 0.069 1.45 
I 

1000 II II o.4 0 o.o69 0.87 

10 II II o.4 0.02 0.296 1.00 : 

' 100 II 1111 0.4 0.02 0.296 0.82 . 
500 II 

II 0.4 ' 0.02 0~296 0.58 

1000 II 
II 0.4 l 0.02 0.296 0.5l~ 

' 
2 mg.R.b/ 0.4 ' 0 0.0'"(0 0.16' ' Mg added as i 
50 ml. nitrate-

' orange-
2 II II 0.4 0.02 0.254 1.03 

; coloured 
flame 

Same conditions as Table 9. 

In tbe absence of strontium the absorbance of magnesium is 

enhanced by lithium in the concentrations tested, maximum enhancement 

occurring at a Mg:Li ratio of 1:1000. Low concentrations of sodium and 

potassi1.llll also enhance the absorbance of magnesium in the absence of 

strontium, but higher concentrations act as a depressant. The behaviour 

of rubidium is anomalous, as a large depression \'Tas observed in the presence 

of only 40 p.p.m. of rubidium. Too few readings were taken to be able 

to suggest a reason for this effect. 

In the presence of strontium moderate amounts of the alkali 

metal salts tested depressed the absorbance of magnesium. The threshold 

of this effect occurred at 10 p.p.m. of lithiw~1, 200 p.p.m. of sodium, 

200 p.p.m. potassium and 1norc than 4 p.p.m. of rubidiwn. The depression 

observed with potassiwn was lees than that produced by an equal concentra-

tion of sodium. 
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The results obtained for sodium contradict previous work 

done \'lith the original Hilger apparatus, using a Handigas flame, where 

no inte:t-ference was observed from 4,000 p.p.m. of sodium in the presence 

18. of strontium. Allan reports that sodium do0s not affect the absorbance 

of magnesium, even when present at a concentration of 17,000 p.p.m. 

The magnesium concentration used in his tests was 2 p.p.m. and he employed 

an air-acetylene flame. 

The reason for the depression of the absorbance of magnesium 

in the presence of strontium by soditirn and potassium \•ras not investigated., 

but it seems likely that it may be due to changes in the properties, 

particularly the melting point and size, of the solid aerosol particles. 

Sodium is known to cool an electric arc discharge~L~. probably on account 

of ionisation, and it may also be axpected to reduce the flame temperature, 

but the fact that moderate concentrations of sodium have an enhanci.rlg effect 

in the absence of strontium suggests that temperature lowering is not the 

explanation of the effect observed in atomic absorption worlc. 

The enhancing effect of these elements in the absence of 

strontium may be due to a reduction in the free oxygen. content of the flame 

(Na2o has a free energy of formation of -4o Ca.l. per mole at 1900'1<:)~5. 

but free energy values indicate that reactions of tho type: 

2 !11 + l\1g0~M2o + Mg 

have unfavourable cqui.librium constants at flarnc temperatures. It 

seems likely that this enhancement is, therefore, due to changes in 

the properties of the solid aerosol particles. 

5.2.3 The alkaline earth clements. 

The effect.s of calcium, strontium and barium salts were 

tested. Beryllium was excluded on account of the poisonous nature of its 

compounds. Results obtained arc given in Table 11. 
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FIGURE 7. 

~ Effect- of cal::d~ on the absorbance of magnesium. 
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'T'ABIE ll. 

Effect of other · alkaline earth elemehts. 

I : 

' Subst. · Cone. Cone. Mg Cone, Sr O. D. ~1g, soln Enl1atlC0~ Graph. 
REMARKS added · foreign ;(p.p.m.) salt (r.1olarity) 

without mont No. I 

f subst. foreign ' 

' 
I subst. I 

I I 

Ca, as ni- 12 mg. 0.4 0 0.071 4.02 Fig. 7 Mg added as 
trate (ex lea/50 m1 nitrate 
"~pecpure' • 

lcaco
3

: 5 II II 0.4 0 0.071 4.49 Red Ca colour 
in flame 

10 II II 0.4 0 0.071 4.64 

50 tl II 0.4 0 0.071 4.60 
' 

100 II II 0.4 0 0.071 4.25 

200 II 11 0,4 0 0.071 . ). 71 

10 II II 0.4 0.02 0.248 1.00 ' 

20 It II 0.4 0.02 0.248 0.97 

: 
Sr, as 8.76 7 0.4 -- 0.077 1.39 Fig. 8 Mg added as 
dtrate Sr/50 ml nitrate. 
. (A.R.) 17.5 II 

II 0.4 -·· 0.077 1.3o Bri811t red 
' colour due 

lJ.), 8 II II 0.4 -- 0.077 2 •. 06 to Sr 'in 
flame 

87.6 II Tl 0.4 -- 0.077 3.09 I 

438 II II 0.4 - 0.077 ).83 

' 87.6 mg 0.4 -- 0.077 4.59 j 
Sr/50 ml 

87.6 It II 0.4 -- 0.069 4-. 1!·7 

175 II 11 0.4 -- o.o69 4.)0 

350 II II 0.4 ~- 0.069 3.70 I 

' 

526 II II 0.4 0.069 :;.44 --
3'"(6 II 11 0.4 -·· 0.069 2.96 I 

1. 75 g.Sr/ 0.4 -- 0.069 2.39 
50 ml, 

( 
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-
FiGURE 8. 

The Effects of strontium and bar1.um on the absorbance o_f magnesium. 
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Subst. 
added 

Sr, as 
ClC4 

Ba, as 
chloride 

-~~--~-L~ 

Cone. Cone. Mg 
foreign (p.p.m.) 
subst, 

: 

' 

87,6 mg Sr/ 0.4 
50 ml. 

[o. 0137 mg Ba/ o.48 
50 ml. 

(49) 

TABIE 11. 

Cone. Sr .O.D. Mg soln. 
salt without 
(molarity) foreign 

sub st. 

-- 0.305 

0 0.091 

Enhance• Graph 
mont No. REr'JARl<S 

0.99 -- ·~added as 
perchlorate 

' > 

1.03 Fig.8 Mg added as 
nitrate 

(A.R.))0,02~( II II 0.48 0 0.091 1.12 

0,068 II II o.L!B · 0 0.091 1,1~1 
' 
; 

0.137 II 
II 0.48 0 0.091 1. 75 

:0.2'"(4 II II 0.48 0 0.091 1.90 

·o.68 II " 0.48 0 0.091 2.06 

1.37 II 1111 o.t~ 0 0.091 . 2.22 
! 

O.l3'T II II 0.48 0.02 0.271 1.00 : 

1.37 II tr 0.48 0.02 0.271 ' 1.01 : 
•\ ! 

10 II " 0.48 0.02 0.271 1.00 
~ 

i\"50 
II II o.4B 0.02 0,271 . 0. 96 

Same conditions as in Table 9. 

The results in Table 11 show that calciUJJ, strontium and 

barit.un all enhance tho absorbance of magnesium. In the case of calcium 

and strontium maximura enhancement was observed at a inolar M++ 

Mg 
concentration ratio of about 1000, larger conc0ntrations giving a 

decr eased enhancement. The t ests wit h bcu:•ium Her e not performed over 

as wide a range of concentrations as with ca l c ium and strontium and, 

consequently, t he peak in enhancement was not obser-ved. 

In t he presence of 0,02 M strontium salt moder at e concentrations 

of both cal cium and bariUJn have a depressing eff ect on the absorbance 

of tnagnesium. This effect i s obser ved .at concentrations of greater 

than 200 p.p.m. Ca and about 400 p.p.m. Ba. 

/ '50 ..•. The concentrat ion, • , • 

-

• 

.. 



(50) 

The concentration of magnesium in most lnaterials containing 

high percentages of calcium is fairly high and separation will not be 

necessary in many instances. On occasions where the calcium concentration 

in tbe final solution exceeds 200 p.p.m. it may be separated by double 

precipitation as calcium oxalate. 

\~en the barium concentration exceeds the tolerance of the 

method it is best separated by precipitation as the sulphate. Care must 

be taken not to add an excess of sulphate, as this will form a precipitate 

vlith the strontium salt added later as releasing agent. 

The effects of thes0 alkaline earth elements were also tested 

usu1g 60 percent ethanol solutions and a coal-gas fl~ne. The results 

obtau1ed were very similar to those reported in Tabl0 11. 

In order to gain an understanding of the mechanism of the enhanc :lng 

effect observed with these clements two-atomiscr tests were conducted. These 

tests have been described in the literature survey and in section 4.10. 

The validity of the conclusions drawn from these tests depends on the 

assumption that the aerosol particles from the two atomisers do not coalesce. 

This was proved by passing separate_, fairly concentrated, solutions 

of ferric chloride and potassium ferrocyanide through separate atomiscrs 

into the "Eel" spray chamber and allowing the aerosol issuing from the 

unlighted burner to impinge on a piece of paper, held approximately 1 inch 

above it, for 30 seconds. Equal portions of the tHo solutions were mixed 

and diluted approximately 5 times. This solution Has sprayed through 

both atomisers sinrul taneously and the spray from the burner was allovled 

to impinge on a second piece of paper, held in the same position as the 

first 1 for 30 seconds. T'ne two pieces of paper were examined under a 

microscope (X72 magnification) and the number of blue specks on the first 

pice~ was found to be considerably less than 10 percent of that on the 

second, proving that at most only a small arnotmt of coalescence takes 

place. Quite possibly the few blue specks on th0 first sheet were due to 

a droplet from atomiser A impinging on a spot where a dropl•et from B 

had struck previously. The specks produced on each shuct were well 

separated and clearly defined under the microscope. The results of these 

tests 
/51 ... are given ••• 
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tests are given in Tabla 12. 

TABIE 12. 

Two-atumiser tests with strontium. 

Solution thru' Solution thru' Optical Enhancement REMARKS 
atomiser A atol"'!isor B density 

~.04 N Sr(No3),2 H20 0.003 -- ---
~0 O.Ol~ t•1 Sr(No

3
)2 o.oo4 -- ---

l p.p.m. ~0 0.074 
Ivig (as NO-) 

3 
o.o4 N Sr(No

3
)2 0.169 2,28 1 p.p.m. Mg ... . 

H20 1 p.p.m. Hg 0.110 --- ---
O,Ol~ H Sl"(N0:3)

2 
1 p.p.m. r.1g 0.287 2.61 --.. 

•.002 !>1 Sr(N0:;)2 
1 p.p.m. ~:1g 0.229 2.08 ---

: 

~0 1 p.p.rn. f;i}g 0.100 --- readings tal;:en 
:!; 3 .h:cs. after 

~0 1 p. p. r,J. II'Jg those- r<3portcd 
+ 0. 002 iVI 

i 
0.324 ).2lt above 

Sr(N0
3

)2 

~0 1 p.p.m. Mg 0.319 3.19 
+ O. 04 I'1 
Sr(No

3
)2 

The r0sults indicate that the enhancement of the absorption of 

maGneSium by strontiwn is principally a vapour phase effect, as it is 

observed bath when tHo atomisers aro usad and whon only one atomiser is 

cmployl::!d. There is a difference between the enhancements observed Hith 

one and two atomisors, vlhen solutions of the same concentrations of 

strontium and magnesiwn wer~ atomised. These may be du~ to concentration 

differences in tho flame as a result of the different flow-rates of the 

two atomiscrs. Possibly a ~reatcr strontium concentration in the in~cdiate 

vicinity of the aerosol particle when one atomiser is used is also paL~tly 

responsible for this diff..:;:cencc in enhancement. It should be borne in rn:L'I'ld 

that the aerosol particles in the. flame will be solid; both magnesiwn 

oxide and strontium oxide have melting-points considerably higher than the 

flame temperature. 
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It is suggGsted that this enhancement is due to a reduction 

1r. the free oxygen concentration of the flame. In tho flame a little 

strontium oxide is decomposed as follows: 

SrO(s) ........,sr(g) + ~ o2 (g) ••••••••••••••••••••.•. : • •••. ~5) 

It will be shown later that the amount of strontium ox.idc 

decomposed at flame temperature is very small) but its concentration in 

these tests far exceeds that of magnesium. Thus the concentration of 

strontium (metal) in the flame may approach that of magnesium atoms ~·rhcm 

0.02 M strontium salt is used. Magnesium oxide V<ill tend to decompose 

in the flame according to r eaction (lj). 

Mg 0 (s) ' Mg(g) + t 02(g) .......................... (13) 

It is suggested that the strontium atoms in the flame will 

produce ~greater concentrat ion of magnesium atoms, as the concentration 

of oxygen that can exist in equilibrium with strontiun1 and strontium oxi de 

is smaller than the equilibrium oxygen concentration for magnesium oxide 

and reaction (lj) will proceed further to the right. This is equivalent 

to reaction (16): 

Mg O(z; + Sr (g)~Sr O(s) + Mg (g) •••••••••••••••••• (16) 

It will be shown later that this r eaction has a favourable 

equilibrium constant at the assumed flame temperature. 

One of the disadvantages of this mechanism is that it seems 

that strontium cannot remove more oxygen from tho f l ame than is introduced 

as a result of reaction (15) J which is the r eaction uhich leads to the 

presence of strontium atoms in the flame . Unless sor.1c other reducing 

agent) e.g. the fuel, removes at least some of tho oxygen produced by 

the dissociation of the strontium oxide it is difficult to sec how this 

mechanism will account for the observed enhancement. 

The mechanism of tho enhancement observed with calcium and barium 

is probably similar to that '!t/ith strontium. It Vlill later be shown that 

tho reaction: 

Mg o(s) + Ca(g) --~ CaO(s) + Mg(g) ••••••••••••••••••• (17) 

also has a favourable equilibrium constant. 

/53 ..•• Yet another, •• 



~i'IGURE 10. 

The effect of variations in concent ra:tion of stront i,.wm ¢ t ra.te 

on 1l1ter fer ence by aluminium. 
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Yet another difficulty raised by this mechanism is the reason 

fo~ the depressing effect of calcium in the presence of strontium. If 

both calcium and strontium enhance the absorbance of magnesium by a gaseous 

phase process when present alone 1 it is not reasonable to expect a nll.rture 

of the two to enhance to a lesser extent. The r.1ost probo.ble explanation · 

of this lies in the variation of melting point of the solid aerosol particle 

~·rith changing composition and concentrations. 

5.2.4 Aluminium. 

As has been sh~1n in the literature survey, the interference 

of aluminium in both the emission and absorption flrune photometry of the 

alkaline earth elements has been extensively investi¢ated. Results obtained 

in this work are given in Table 13. 

TABLE 13. 

The Effect of Aluminium. 

I Form of Al 
I 

Enhance-! Graph I 
Cone. Cone. Sr O.D. fvlg soln, 

added A1(mg/50 ml.) salt without REMARKS 
(molarity) foreign subst. ment 1 

' 

A.R.-grade 0.01 0 0.233 1.11 I Fig.9 Cone. f.1g 
nitrate ==_ 0.51 

p.p.m. 
0.02 0 0.233 1.5 
0.05 0 0.233 0.82 

0.10 0 0.233 0.28 coal-gas 

0.20 0 0.233 0.12 flame 
used for 
these 
tests 

A.R.-grade 0.1 0.02 0.292 0.87 Fig. Cone. Mg 
nitrate 0.2 0.02 0.292 0.80 110( i) = 0.4 

+ p.p.m. 
0.5 0.02 0.292 0.69 Fig. 

11A Nitrate 
0.7 0.02 0.292 0.67 solution 

1.0 0.02 0.292 0.66 Handigas 
flame 

5 0.02 0.292 0.59 Sr colou:. 

lO 0.02 0.292 0.39 
in flame 
becomes 

20 0.02 0.292 0.34 paler as 

30 0.02 0. 292 . 0.36 cone. Al 
increase~ 

4o 0.02 0.292 0.32 

I 
60 

I I 0.02 0 . 292 

I 
0.20 I 

I J 

100 ! 0.02 0.292 0.08 l 

I I 
I I I 

/54 ••• Table l) ... contd. 



FIG. 11. 
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TABLE l ) .(cont d. ) • 

. 
Form of Al Cone. Cone. ri]g Cone. Sr O.D. fVJg soln. 

added Al (mg./50 ml~ (p . p. m. ) salt without Enhance- Graph Remarks (molarrty 
f or e i gn subst. mont 

perchlorate l 0.4 0.02 0.270 0.78 Fig. Pcrchlorat~ 

0. 4 0.02 0. 270 0.64 llB solutions: 
5 Al and Mg 

10 0.4 0.02 0.270 0.63 added. as 

20 o. 4 0.02 0.270 0. 59 
nitrate , 
converted 

30 0. l~ 0.02 0. 270 0. 54 to perchlo-. 

4o 0. 4 0.02 0.270 0. 53 
rate by 
ftmling wi t:r.. 

50 0. 4 0.02 0 . 270 0.50 A. R. HClOL!. 

70 o.4 0.02 0.270 o.4Q 
Sr col our 
again de-

100 0,4 0, 02 0. 270 0 . 28~ creases wi tL 

l 0 . 4 0 0. 265 o.4o 
increasing 
IAl 

5 0.4 0 0.265 0.24 

-
0.386 0. 86 

. 
A.R. nitrat~ l 0.5 0 . 02 Fig. Coal - gas 

llc : flame, 
2 0. 5 0. 02 0. 386 0.78 nitrate 

5 0.5 0. 02 0.386 0, 71 solutions 

10 0 . 5 0. 02 0. 386 0. 54 
I 15 0. 5 0.02 0. 386 0.55 
: 

20 0.5 0. 02 0.386 0.57 . 
25 0. 5 0. 02 0. 386 0.65 

! 
30 0.5 0 ,02 0. 386 0.66 

' I 

40 0. 5 0. 02 0.386 0. 66 I 

: 

50 0.5 0, 02 0,)86 0.52 ; 

100 0.5 0. 02 0.)86 0.22 
: 

? 

A. R. nitrat e l 0.5 0 0. 476 0. 96 Fig. . coal-gas 

2 0.5 0 0 , L~76 0.93 
l~d · flame 

La. (NO.,J 
i 5 0.5 0 o. t.q6 0.89 addcd.Ja~ 

10 0.5 0 O. LJ.76 0 . 70 releasing 
! agent: 

20 0.5 0 0.476 0. 42 . Solns . o . o~. 

' 25 0.5 0 0. 476 0.32i f'•1 w.r.t. 
; 

. La.(N03)3 ! 
: 

I 4o 0.5 0 0. 476 0. 18 
! 

Conditions as in Tablu 9 (oxcopting where another fuol specified) . 

These data show t hat in the absence of st rontium low concentrations 

of aluminium enhance the absorbance of magnesium consider ably, maximum 

enhancement being obtained at an apprc:x:i mat e l y equimolar concentration 

/ ~~ •• •• of the two • • •• 
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of tho two elements. Hi~1er concentrations of aluminium depress the 

absorbance, which falls off asympototically to almost zero with 

inc:ceasing aluminium concentration. The enhancement by aluminium has 

not been reported by other investigators. The sharp peak in the graph 

of enhancement versus concentration ratio t 1 falumini~} concentra-a a mo arrmagnesium] 

tion ratio of 1 is rather suggestive of compound formation. An 

0 di 66,67 •. d' t t t' examination of the Mg0-Al2 3 
,phase agram ~ 1ca es a eu eo 10 

at this .. concentration ratio. The difference bet\'iCen the melting-points 

of this eutectic mixture and the· most common magnesium alun'linate, 

Mg (Al o2)2 , is only l00°C, which would seem too small t o account entirely 

for this pronounced e~~ancement. 

The results given in Table 13 indicate that the interference 

by aluminium is not adequately suppressed by the addition of a r e l easli1g 

agent. Even 2 p.p.m. of al uminium i nterfere seriously in the presence 

of s t r ontium as a r e l easing agent, us ing nit r at e so~utions. The r esults 

obtained using a coal-gas flame with lanthanum as releasing agent i ndicate 

that the effect of l ow concentr.ations of aluminium is l ess pronounced 

when this system is used . The threshold of al v.minium interfer ence in t hi s 

case is approximatel y 10-20 p. p.m., but at 4o p. p. m. of aluminium tho 

depressing effect is greater than with a Handigas f lame and strontium 

as rel easing agent . Comparison of the interfcr 0nce by aluminium using 

Handigas and coal-gas f lames indicates that the degree of depression i s 

somewhat l m'l'er 'VIhen the latter is used, but the gener a l shapes of tho 

opt ical dens ity-aluminiun concentration graphs arc very similar . 

The reduced depres sion of the magnesium absorbance by aluminium in 

perchlorate medi um, particular at higher aluminium concentrat ions , supports 

t he t heory proposed for the great er sensitivity of magncs i urn per chlorate 

(viz , explosi ve decomposition) , as higher tcmperat'lu'cs can be expect ed to 

decompose mor e magnesium aluminate . 

The infl uence of various flame conditions on t he effect of 

aluminium in t he presence of strontium was also st udied and the resul ts 

are given graphically in Fi gure 12. I t i s evident from t his graph t hat 

variations in the Handigas flmt-rate do not affect tho shape of the 

opt ical density - aluminium concentrati on graph s i gnifi cantly, but some 

/56 ••• of t he ... 
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of the maxima in the gruph obtained at optimum Handi£;as flo'l'r-rate were not 

prcsont at a slightly · higher flow-rate. No significance is attached to 

this, however, as overallscnsitivity was reduced considerably at the 

hi~~er flow-rate. 

The results of variations in strontium contont are given in 

Figure 10. It is important to note that the maxima A, B and C in 

curves (i), (ii) and (iii) respectively, all occur at a molar 

strontium concentration ratio of appr.cximately 1. As other 

aluminium 
allrnline earth oxides Hith .a,luminium oxide give a eutectic point in their 

phase diagrams66, 67· at this concentration ratio, it is reasonable to 

expect that this point will correspond to a eut~ctic concentration for 

aluminium oxide and strontiuu1 oxide as well. 

EDTA was tested as a releasing agent for magn0sium from 

aluminium. A concentration of 5,000 p.p.m. EDTA (di-sodium salt) 

was add0d to solutions containing 0.4 p.p.m. Mg and 200 p.p.m. Al and the 

pH set at values ranging from 1 to about 10. The same absorbance was 

obtained for this solution as for the blank (optical density l~ss than 

0.01). The failure of EDI'A as a releasing agent is in contradiction to 

the favourable reports by other investigators, mentioned in the literature 

survey. Iron was also tested as a releasing agent from aluminium, but 

was not effective. 

A possible advantage of strontium as a releasing agent for magnesium 

from aluminium is that a 11plateau11 is formed in tl1e optical density -

aluminium concentration curve. Thus if the approximate concentration 

of alwninium in. the sample is known and if it lies in the "flat" portion 

of the graph, an equivalent amount can be added to the standards. This 

method of correcting for aluminium interference reduces the sensitivity 

of th..: method and has the added .disadvantage that in most cases the 

aluminium concentration is Wk~own. For these reasons it was decided to 

rather remove the aluminium b0fore determination of magnesium. Work done 

on this separation is described later in this report. 

Two-atomiser tests were also performed with aluminium. The results 

obtained are given in Table 14. 

/57 •••• Table 14 ••• , 



Solution thru 1 

atomiser A 

H20 

2 mg Al/100 ml 

4 mg Al/100 ml 

10 mg Al/100 ml 

s-O mg Al/100 ml 

I H20 

I 
I H2o 
I 

I 

(57) 

TAJ3LE 14. 

'1\ro·oatomiser tests with alumin~~ 

Solution thru 1 

atomiser B 

1 p.p.m. 
f-1g (as NO;) 

1 P·l'·m. r.1g 

1 p.p.m. Mg 

1 P·l),m, rfJg 

1 p.p.m. Mg 

1 p.p . m. 
Mg + 2 mg Al/100 ml 

j Optical 

density 

0.106 

0.087 

0.079 

0.074 

0.05'5 

0.009 

! ~P/'i~~ Al/100 mlt 0.005 
I ! 

Enhancement 

0.82 

0.74 

o. '"(0 

0.52 

o.o8 

0.05 

Remarl(s 

Al added as nitrate 

These data show that interference by aluminium is vastly reduced 

when the magnesium and aluminium solutions are sprayed by separate 

.ntomisers. This in agreement with the res\.l.lts of similar tests, using 

calcium instead of magnesium; conducted by othei.~ investigators (see 

literature survey for details), and indicates that the interference 

by aluminium is probably due to the formation of a refractory compound 

with magnesium in the solid aerosol phase. The depression observed 

when the aluminium and magnesium solutions were atonised separately is 

probably due to a snmll ~~ount of coalescence of theaerosol particles 

from the two atomisers. It may also be due to the combination of 

magnesium and aluminiurn t o a s light extent in the gaseous phase, 

although this seems unli kely in view of the \'lark of Schuhknecht and 

Schirk~el and others. 
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4,25 Iron: 

The results of interference tests with iron are given in Table 15. 

TABIE 15, 

The Effect of Iron. 

- .. 
; Form of Cone. Fe Cone. Mg Cone, Sr O,D, lVJg soln. Enhance- Graph 
! Fe added (mg./50 ml) (p.p.m,) salt !without ment No. Remarl~s i 

' (molarity, foreign 
; subst, 

I 10 0.4 0 0,075 2.9 Fig. Nitrate solutions 
I 13 Strealcy' flam\3 
fe(N03)3 50 0.4 0 0.075 3.2 (straw-coloured). 
: (A.R.) 100 0.4 0 0.075 2.36 Streaks deepen in 

0,4 0 0.075 0.56 
colour with in-

500 creasing Fe cone. 
I 

1000 0, L~ 0 ·o.075 0.29 ! 
T 
te{N03)3 0,1 o.4 0,02 0,249 0.92 

! (A,R.) 0 .• 2 0,4 0,02 0.249 0.88 

l 0.5 0.4 0.02 0.249 0,83 
I 

1 0,4 0,02 0.255 o .• 79 I 

2 0,4 0.02 0.255 0.67 

5 0,4 0,02 0.255 0.57 

I 
10 0.4 0.02 0.26o 0.35 Red colour .of 

! 0.4 0,02 0.260 0.29 Sr in flame wea-
I 50 ' kens with : 

100 0.4 0.02 0.260 0 .• 28 increasing Fe and 

500 0,4 0,02 0.260 0,11 finally dis-
: appears at 500 mg 

i · Fe/50 ml. 
: .. - ~ 

I 2 0,4 o. 0.290 I 0.99 0.02 M.La(No
3

)
3 

a;: i 
i . 

10 0.4 0 0.295 ! 0,81 releasmg 
i agent ··streaky l ' ' 

0.4 I 
0,73 yellowish flame I i ~0 0 0.295 I ' I i 

I 

: ' 

Same conditions as Table 9. 

These results shot" thnt fairly low concentrations of iron enhanoef tho 

absorbance of magnesium strongly in the absence cf strontiu11, "but 

larger amounts of iron have a. depressing effect. The maximum enhancement 

was observed at a molar Iron 
concentration ratio of about 500, 

tviagnesium 

In the presence of strontium even 2 p,p,m, of iron had a significa~t 

depressing effect on the absorbance of magnesium, The strontium colour 

in the flame became fainter with increasing iron conc-:mtration, which is 
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suggestive of the formation of a refractory strontiwn-iron compound in the 

solid aerosol particle. 

Two-atomiser t0sts were conducted to elucidate the mechanism of 

the interference by iron. The results obtained arc given in Table 16. 

TABIE 16. 

Two- atomiser tests with iron. 

Solution Solution Optical 
through through 

atomiser A atomiser B density 
Enhancement REMARKS 

' ; 

H20 l p.p.m. : 0.103 
fv'Ig (as No;) 

I 

10 mg Fe/100 ml 1 p.p.m. Mg I o.l54 
l 

1.50 
i 

50 mg Fe/100 ml 1 p.p.m. Mg i 0.208 
l 

100 mg Fe/100 ml l p.p.m. Mg ! 0.224 2.12 
! 

~000 mg Fe/100 ml 1 p.p.m. 
I 

Mg ; 0.185 1. 74 

I 
I 

I . I 
----~--··----:--~-..J....,~-·--...---·. _ .. ..,- - . --~,- ·--· ·-------- --~---------- - -- -----.; --- - · -----~------..,------1....1-

l p.p.m. i 0.319 I Sr as nitrate 
_ Mg + 0. 04 M. Sr \ I 

500 mg Fe/50 ml 1 p.p.m. 0.225 !' 
r~g + o.o4 M.Sr 

0.71 

. -- . . . -· .. 

HZO 

H
2

0 

H
2
o 

H
2
o 

. .. .... . - -..... . .. . ... . .. . ....... ·---·· - ·- · · · ~ -'-- .J.. '" '" '" ' ··· ·· ·- --· . . ·:' · -- -· -- -- -- ----.. - --- - --- ----.... 
l p.p.m. 

lVIg + 10 mg Fe/100 
ml. 

1 p.p.m. 

0.337 

Mg + 50 mg Fe/100 ml 0.323 

1 p~p.m. 
Mg + lOOmg Fe/100 ml o. 295 

1 p.p.m. 
Mg + lOOOmg Fe/100 0.102 

ml. 

o.86 

0.99 

i 

Enhancement with respect 

:to reading at top of 

1list (0.103). 

These data suggest that the enhancement by iron is due t o 

a gas~ous phase process. The maximum enhancement observed when the 

iron and magne sium were atom1aod separately is considerably l ower than' 

that obtained when only one atomiser was used. This may indicate that a 

solid phase process is also involved, but it is far more likely t o be 

due to differences in flov,r-rates of the atomisers and the higher l ocal 

iron (vapour) concentration around the magnesium oxide aerosol particle 

when one atomiser i s used. It i s probable that the mechanism of the 

/6o •• ••• enhancement ••• 
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enhancement. by 1ro11 is similar to that of strontium, i.e. it is also 

due to a shift in the equilibrium of reaction (13): 

MgO t==" . l"!g 

The fact that a much smaller depression of th0 absorbance of 

magnesium was observed ~'lh,m iron was atomiscd scparat.:;ly from a soluticn of 

magn0sium and strontium indicates that this ofL~ct is probably due to tho 

formation of a refractory strontium-iron compound in the solid aerosol 

particle; which prevents tho decomposition of magn0sium oxide in the flam~. 

Thus when one atomiscr is used two competing proc.:::ss.:;s, viz. enhanccm.mt 

due to a vapour phase process and depression duo to a solid aerosol 

phose process .::tre in operotion . The former predom:l.natos at low iron concan~ 

trations and the latter at higher concentrations. 

The depression of magnesium absorbance at high iron concentrations 

was not observed when thv magnesium and iron solutions were atomised s~~ 

paratcly. Possibly this effect is due to increase in size of the ~J 

aerosol particle with conscqu0nt reduced decomposition of the magncsima 

oxide in the flame . 

The addition of ascorbic acid to reduc0 the iron, or of citric 

acid or EDTA to complex it did not alter the pattern of the interference. 

It appears, therefore, that iron must be remov0d bcfor>J the determination of 

magnesium by atomic absorption. The extraction of iron with acetyl acetone 

is described in section 6 of this thesis. It may also be removed by m8rcury 

cathod~ electrolysis. 

5.2.6 ~ Chromium. 

Two chromium compounds, chromic chloride and chromic acid, 

were tested. Results arc given in Table 17. 
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TABLE 17. 

Eff~ct of chromium. 

-
l ; 

I Form of Cr Cone. Cr. I Cone. ! Cone. Sr ;O.D. Mg so ln. 
i I 

! add0d 
i 
' ! 

r.R. grad,, 
Cr Cl) 

i 
I 

' i 
f 
i 

l 
I 
I 
I 

: 

: 
; 

. 

~2Cr207 
!ex cra3 
' 

.irng Cr/'50 ml~ (.Mg , p.p.m~- : salt :without for<)iQl Enhance- RE~·'IARKS 
I ' 

1 
~ (molarity)! substance ment ' 

i i t I I l ! 

: ' I ! t'o I ! 0.5 o.Lf. 0 I 0.075 2.0 Mg addod as 
i 

I 
' i nitrate I 

' 1 I 2 0. '"' ! 0 
I 

0.075 ),l"i ; 

l I I I 

I 100 0 . 4 I 0 i 0.075 l. 70 Straw-coloured i 
I i ' 

: 

i i I streaky flar.1e I I I 

I I i I I 0.5 0.4 ' 0.02 ' 0.255 1.00 Ye 11 ow strcal~s in ! I I I f I I red flarnc, yell oN-/ ! 1 i o.L} 0.02 i 0.25'5 1.00 ' ! ish colour bccom~ i I I ' l 
0.4 ' ing IDOl'() intense I 2 I 0.02 l 0.25'5 0.92 \ I 

i l ! ' with incr-..Jasing 
I i 5 o.t~ 0.02 0 . 255 0.91 , 

I chromiur,J i I ! l ' 
50 o.t:. ' 0.02 0.255 o. 4o I I ! I 

I ' 

! 
I , 

I ! 50 
I 

0.4 I 0 0.084 0.50 I I 
I ~ 

I l o. t~ i 
0.248 50 . 0.02 i 0.57 ' ' i l i ' j : . 

Same conditions as Table 9. 

The results obtain.;d with chromic salts in thv absence of strontium 

shovT that chromic chromium has an enhancing eff oct on the absorbance of 

magnesium. The ma..'Cimum enhancement was obtained at a molar 'chromiwn 
magnesium 

concentration ratio of about 100. Larger concentrat ions gave a rcducod 

enhancement. A similar concentration of chromitun, added as chromic acid, 

depressed the absorbance. 

In the presence of strontium both forms of chromium depresse:d tho 

absorbance of magnesium. The tolerancG for chromiw,J (as chromic chloride) 

in the presence of strontium was fo'f.lild to be a.pproximutely 20 p.p.m. Cr. 

When the concentration of chromium in the final sarr:ple exceeds this 

valuo it may be removed by volatilization as chroqyl chloride, using 

perchloric and hydrochloric acids. Chromium may also be removed by 

m0rcury cathode electrolysis, 
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5. 27 Lanthanum. 

Purified lanthanum nitrate was t.:;st-.ld: th<.J results obtain0d 

are gi von in Table 18. 

TABLE lts. 

Th.J cff8ct of lanthanum. 

\ 

Form of Cone, La Cone. Mg Cone. Sr O.D. Mg 
I 

La added ( n1g/50 ml.) salt so ln. Enl1ance- REMARKS 
(p.p.m.) 

: molarity without · incnt 
I f'oreign_ subst . 

I 

Purified : 1).97 La/50 ml. O.lf8 0 0.086 1.24 Mg addad as 
C.P. : nitrate 

)nitrate ' 27.8 " II II 0. !:.8 0 0.086 1.61 
I 

69.5 If II 1111 0.48 0 0.086 Len 
i 

139 II II II 0 t•'· 0 0.086 2.2S , • K.J 
I 

l 278 II II II 0.48 0 0.086 ).20 

I 695 II II II o.L:8 0 0.086 3-53 ! 

i 1. jS, mg La/'50 ml 0. L:.t\ 0 0.086 ).88 

l 34·, 7 II If II II 0. l~8 0 0.086 ).95 I 
I 139 II II II " O.liO 0.02 0.262 0.99 ! 

l 

Same conditions as Table 9. 

These results shOfjl that lanthanum enhances the absorbance of 

magnesium strongly in the absence of strontium. It appears that 

lantl1anum enhances the absorbance of magnesium more st~ongly than an 

equivalent amount of strontiwn. This is supported by rvsults obtained 

with lanthanum given in Tables 13 and 15. Its propcrti\.:s as a releasing 

agent vwre not investigatod extensively, but for iron and aluminitun it 

~~auld appear at least as c::ffcctive as .strontium. 

In the presence of strontium 2,700 p.p.m. of lanthanum did 

not affect the absorbance of magnesium. 

5.2.8 Zirconium. 

The results obtained for tests en the effect of zirconium arc 

givun in Table 19. 
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T} .. 22:TB 19. 
The Effoct of Zirconium. 

' i 
Form Zr ,pone. Zr Cone. Ng. Cone. Sr O.D. Mg soln. i : 

Enhance- REMARKS I 
' I I added lrog Zr/50 ml.) (p.p.m.) (molarity) without foreign I j r.1Gnt 

I substance 
j 

I 

I . 
1 0.4 0 0.080 i l. 73 Mg added as i r Zr OC12 I I A.R. 

nitrate 
0.1 0.4 0.02 0.246 1.01 I grade_ I 

0.246 
I ! 

I 0.5 0.4 0.02 ' 0.95 ; 
I 

I 1 0.4 0.02 0.246 0.89 : 
I I 0.24( ' 0.65 10 o. t:. 0.02 . 

; i 
i 

Samo conditions as Table 9· 

These rasults shol1 that zirconium enhances the absorbance of 

magnosium in the absenc0 of strontium but more than 1!- p .p.m. of zirconium 

has a depressing effect Hhcn strontium is present. Tests· performed 

with 60 percent ethanol solu-tions and a coal-gas flaue sho-v;ed that a 

plateau similar to tho.t obtn.ined with n.lumfuium existed in the enhc::.:ucement~ 

zirconium concentrn.tion grn.ph (strontium present). 1. This 

11 plateau" was also observed when the effect of zirconium was studied using 

aqueous _solutions, a Handigas flame and the standard Hilger apparatus. The 

absorbance of a magnesitun solution was constant over the zirconium 

concentration range 1,4oo p.p.m. to 2}800 p.p.m. usin~ 0.04 M strontium 

nitrate. The plateau occurred at half the zi:;.~conium concentration v1hcn 

the strontium concentration was halved. 

The interference ty zirconium could be overcome by working in the 

concentration range of the "plateau" and adding an equivalent amount of 

zirconium to the standards} but thi s has the same disadvantages as 

dcscrib0d for aluminium. It vtas decided to remove zirconi um by liquid~· 

liquid extraction with acetyl acetone. This separation is described 

later in this thesis . 

5 .2.9 Uranium. 

The r esults obtained for th8 effect of uranimJ on the 

absorbance of magnes iW11 aro given in Tabl e 20. 
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TABLE 20. 

The eff~ct of uranium. 

Cone. U Cone. i>ig Cone. Sr O.D. Mg so1n. I 
(mg U/50 ml. (p.p.m.) salt without enhance-\ REMARI~ 

I I 

(molarity) uranium ment I 

100 0. ~- 0 0.080 o. 4'5 Straw- coloured 
streaks in l flame. 

100 O.ll- 0.02 0.264 0.99 Red Sr colour of I flame becomes 
200 0.~- 0.02 0.264 1.01 I paler \ii th 
500 0,4 0.02 0.264 0.59 I increasing UJ 

1000 0.4 0.02 0.264 0.40 
i finally g.Jt 
j orange-·y.Jllow 
i streaky flame 

Conditions same as Table 9. 

These results show that 2)000 p. p.m. of uranium depress the absorbance of 

magnesium in the abs.:mc0 of strontium. In the pres.:mco of strontiwn 

up to L~,ooo p.p.m. of uranium has no effect, but greater concentrations 

d~prcss the absorbance. These results are similar to those obtained 

Nitll 60 percent e'th.."'..l'lOl solution and a coal"gas fla1:1c. With this 

system it was found t:ba.t the tolerance for uraniUii1 uas doubled by 

doubling the strontium concentration. 

As uranium is roadily soparated by liquid-liquid extraction 

with acetyl acetone and chloroform, as will be described later in 

this thesis, the interf~rcncc of uranium in larg0r concentrations is 

not a serious disadvantage. 

5.2.10 Cerium, thorium and titanium. 

Results of tho tests of the effects of those olements arc given in 

Tablo 21. 
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TABLE 21. 

The effect of cerium, thorium and titanium. 

i 
I Foreign Cone. Cone. Conc.Sr O.D. Mg soln. i 
I substance foreign Mg 

(molarity) without foreign Enhancement REMARKS 

i 
subst. (p.p.m.) 

(mg/50 ml) subst. 

l I Ce, as 10 0.4 0 0.097 . 2.9 ... ( 
! Ce c13 
)Cc. P. grade) 10 0.4 0.02 0.278 0.99 . 
I 

i Th, as 100 0.4 0 0.096 1.12 
;purified 
p.P.Th(No

3
)4 100 0.4 0.02 0.278 0.99 

i Ti, as 2(Ti02) 0.4 0. 0.084 0.61 Mg added as 
sulphate nitrate 

!<e~ C.P.gradejl(Ti02) 0.4 0.02 0.283 . 1.00 · slight ppt . 
1 Tl.Ofi' fused I I , of SrSOL1 formed 
1 wit ' (Sr adde-d as 
i K2S2[!)7 ) nitrate) 
I 

I 

Conditions as for Tabl~ 9. 

These results show that cerium enhances the absorbance of magnesium 

strongly in the absence of strontium. Thoritun enhances the absorbance only 

very slightly, while ,titaniunt has a depressing effect. The effect of titanium 

may bo partly attributed to the presence of sulphate 

but the amount of sulphato present is insufficient to account for the 

Gntir~ depression. 

In the presence of 0.02 M strontium nitrate the concentrations 

of foreign elements tested did not affect the absorbanc~ of magnesium. 

Titanium may be removed by liquid-liquid extraction with 

acetyl acetone and chloroform. 

The effects of other rare earth clements may be expected to 

rcs0mble those of cerium and lanthanum. 

5.2.11 ManganesP.. 

The results obtained for the effect of manganese on the 

absorbance of magnesium are given in Table 22. 
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TJI..BLE 22. 

The effect of mang~. 

Form of ! Cone. .Mn .cone. f.'lg I Cone. Sr 
Mn addGd : .mg./50 ml·~t(p.p.r.J.) i salt 

• (molarity) 

500 0.4 0 

:0. D. JVJg soln. , 
; ttli thout j Enhance­
; foreign subst. ! m0nt ! 

REMARI<S 

0.071 0.65 iMg as nitrate MnC12 
ex A.R. :K pres.:;nt as well 

0.1 0.4 0.02 0.246 0.96 jas Mn 
K r•mo~. 

0.'5 0.4 0.02 0.246 0.86 \Cone. K 
+ HCl = 0.71 cone. Mn 
(contains ; 
Itl) 500 0.4 0.02 0.246 0.10 

Conditions same as Table 9. 

The results in Tabl~ 22 are complicated by th~ presence of 

potassi~~ chloride in the manganous chloride solution. Other manganese 

salts available at the time of this investigation co~-rcained too much 

magnesiwn for us~ in this work. Tho depression of th~ magnesium 

absorbance by 10,000 p.p.m. of manganese in th-.: abs...:ncu of strontium 

is d.3finitely due to th0 manganes..::, as a solution containing the 

same amount of potassiura chloride alone was found to have an enhancing 

In thG pres.::nc0 of strontium more than abvut 1 l).p.m. of manganc:sc 

doprosscs the absorbanc0 of magnesium. Manganesu may b~ partially 

removed by liquid-liquid oxtraction with acetyl accton.3. A more 

cfficLmt separation is off -.;Ct8d by mercury cathod,:) •..:lcctrolysis at 

pH 2.75 in sulphate medium. 

5.2.12 Copper, silver and gold: 

Only oue concentration of each of those 0l0m~nts was tested. 

Th0 r0sults obtained ar~ 6ivon in Table 2). 
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TABlE 23. 

li:ffacts of copper, silver and gold. 

' ~one. Sub- f'.1g Cone. Sr O.D. of Mg 
stance 

l Cone. 
· foreign (p.p. m. ) salt solution 

addud subst. (molarity) without Enhancement 
mg/"50 ml) foreign 

I subst. 
i 

Cu, as ')00 0.4 0 0.084 2. 4o 
chlol~idc 

(A.R.) 500 0.4 0.02 o. 283 0.9) 

Ag, as 500 O,lf. 0 0.084 3.90 
IA.R. nitra-

to ~00 0.4 0.02 0.283 1.01 

Au) from 10 0.4 0 O.Obl 3.2') 
:.pure 
metal 10 0.4 0.02 0,257 1.04 
and 
aqua 
regia 

Conditions as in Table 9. 

In the absence of strontium all these elemunts Gnhance the 

absorbance of magnesium. T'.a.is phenomenon cannot bu o;~plained by a 

reduction of the fre~ oxygen content of the flrun~ as th~se elements 

do not form particularly stabls oxides. Silver do~s dissolve oxygen, 

even at its melting-point (960°C)?where the solubility is 20 volumes 

of oxygen (at atmosphc;ric pressure) per volume of mota1. 59• . The 

volume of silver metal in the flame is so small, how..;vcr, that this is 

not likely to have a notic0able effect on the oxygen concentration. 

In thepresenc0 of strontium 10,000 p.p.m. of copper had a slight 

dapressing effect on the absorbance of magnesium. Th0 effect ' of 

10,000 p. p.m. of silver was negligible. 200 p. p.m. of gold enhancE:d. 

of th.J absorbanca very slightly. All these elem~nts may be removed by 

el....,ctrodeposition when their concentration is excessive. Copper is · 

also removed by acetyl-accton~ liquid-liquid extraction. 
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~.2.13 Zinc, Cadmium and Mercury. 

Only one concentration of each of thGSC 0;.ements, viz. 

10;000 p.p.m., was tested. ~ne results obtained arc given in Tablo 24. 

TABLE 24. 

Effects of zinc, cadmium and mercury. 

Sub- Cone. Cone. r1g Cone. Sr O.D. of Mg so ln. 
stance foreign (p.p.m.) salt without Enhancement added subst. (molarity) foroign 

~rncy''50 ml) substance 

Zn as ")00 0.4 0 o.o8l~ 3. 4'5 
Zn(N03)2 ex 

500 0.4 0.02 0.279 0.9'5 Zn +·HNo
3 

Cd, as '500 0.4 0 0.071 l. 31 
~dC12 

500 0.4 0.02 0.288 0.96 (A.R.) 

Hg as '500 0.4 0 0.084 0.92 
~gCl2 (A.R.) 

500 0.4 0.02 0.298 1.04 

In the absence of strontium zinc enhanced tho absorbance of 

magnesium strongly, cadmium enhanced it slightly and mercury had a 

slight depressing effuct. In the presence of strontium, the concentration 

of zinc and cadmiwn tested had very slight depressing effects, whilo 

mercury enhanced the absorbance slightly. Zinc is ~artially removed 

by acetyl acetone extraction and mercury is eliminat...:d by ignition 

of tho dry sample at approximately 900oc. 

5.2.14 Nickel and cobalt. 

The results obtained for the effects of thcs0 elaments are givon 

in Table 2<). 
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TABlE 25. 

The Effects of cobalt and nickel. 

I l' 
Foreign Cone. Cone. Sr O.D. of Mg soln. Enhance-

substa.nc;:; foreign salt without fore ign mcnt Remarks 
subst. 

(mg,/50 ml) 
(molarity) substance 

Ni, as 100 0 0.071 l.i-.35 ochre, strcalcy 
A.R. flame 

lnitrat;;; 10 0.02 0.249 l.Ol orange, stroalcy 
flame 

20 0.02 0.249 o.b6 

')0 0.02 0.249 o.D6 

Co, as 100 0 0.071 ). LJ.5 greenish-yellow 
A.R. flame 

10 0.02 0.250 0.93 orange, stroalcy, I chlOi.~ide 
l yellow-edged 

\ 20 0.02 0.2'50 0.74 flame 

I '50 0.02 0.250 0.52 

Cone. of Mg = 0,4 p. p.m. 

In the absence of strontium both th0sc clcm~.mts enhanced 

the absorbance of magnesium strongly when present at a concentration of 

2,000 p .p.m. In the pr..::scnce of strontium more than 200 p.p.m. of 

nickol or 100 p.p.m. of cobalt depressed the absorbance, Nickel and 

cobalt are most conveniently r 0moved by • electrodcposition or 

m.:rcury cathode electrolysis. 

5.2.1') Tin and l eaq. 

The results obtain.::d for the effects of th~se elements arc 

given in Table 26. 

• Foreign 
!substance 

I sn, as 
A.R. SnCl 

2 

TABLE 26. 

The Rffoct of tin and lead. 

i Cone. f oreign 'leone. Sr ; 0. D. of Mg so ln. i f 
1 

subst. salt I without for~i2;11 'Enhance-~ 
(mg./'50 ml). (molarity) substance ment REMAR1\S 

--~--------~--------------~------~~ ~---------------
500 0 0.080 1.03 j MgC12 and CrCl2 used to avoid 
0 . '5 0 ,02 0 . 248 0 . 95 !nitrates 

I l 0 . 02 I 

I 2 0 . 02 I 0 . 2 43 0. 92 

0 . 248 0 . 93 

I· I 5 o . o2 1 o .24B o.o8 
j I 200 0.02 l 0.248 : 0.94 I 
~' ----~·--'5=o~o-----~~~o~.m~--·--~o~ •. ~.,. ~·r~·-··~· 1~~ ; -----~--~ 770 ..•. Tabb c.o;rt.d. , • 
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TABLE 26 (contd.). 

Forc.;:ign ~ 
forei0I'J. Cone. Cone. Sr O.D. of Mg soln 

substance subst. salt without foreign Enhance-
REMAR1\S (mg./'50 ml.) (molarity) substance mont 

Pb, as ') 0 0.071 L~. 23 
nitrate, 
ex A.R. 5 0.02 0.285 0.89 
Pb shot 
and HN0

3 

Cone. of Mg = ~.4 p.p.m. 
These results show that tin, presont at a concentration of 

10,000 p.p.m., has a negligibl0 effect on the absorbanc0 of magnesiu~ 

in the absence of strontiurn. Lead at 100 p. p.m. enhances the absorbance 

strongly under these conditions. 

In the pros~nce of strontium even 10 p. p.m. of tin d~prcsscs 

tho absorbance of magn0sium. The degree of deprossion is almost constant 

over a wide range of tin conc0ntrations (20-10,000 p.p.m.). Tin may be 

conveniently removed by volatilization with ammonilli:i iodide or by mercury 

cathode 0lectrolysis. 

In the prcs0ncc of strontium, lead a·t th.:J concentration 

testud (100 p.p.m.) depressed the absorbance of magnesium. It would 

appear that the tolerance of the method for load is 1·rell below this 1-Jvcl, 

probably at about 20 p.p.rn. These results disagree vTith those obtained 

using 60 percent ethanol and a coal-gas flame, where up to lOJOOO p.p.m. 

of lead did not affect the absorbance in the presence of strontium. kad 

may be removed by mercm~y cathode electrolysis when its concentration 

exceeds the tolerance. 

Phosphate, arsenic, antimony and bismuth. 

The results obtained for these dlemcnts are given 

in Table 27. 
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TABIE 27. 

The effect of phcsphate 1 arsenic, antimoey and bismuth. 
' 

r- -
Foreign Cone. for~ign Cone. Sr salt O.D. f>jg soln. 

subst. substance (molarity) 
without Enhance-

{ms/'50 ml.) foreign subst. ment REivlARKS 

p2o
5 

as 5 (P205) 0 ' 0.075 0.8~ 
t 1 

NH4H2Po4 '5 0.02 0.251 
I 

0.99. Sr colour in 
I 

(A.R.) 
' 

flame becomes 
10 0.02 0.251 0.9~ paler with 

! increasing 
50 0.02 0.251 0.8(:{. P205 

I ' 
As, as 10 0 o.oEn 1.35: 

!A.R. As2o5 1 0.02 0.251 1.or 
1 
in H20 

I I 

I 2 0.02 0.251 0.9~ 

I i 

'5 0.02 0.251 0.91 
I 

I 

I 

\ 
10 0.02 0.251 0.89; 

T 
2.101 \ Sb, as '5 0 0.071 

.I Sb c13 5 0.02 0.263 1.03. 

I 
o. o.o~6 0.79 Very faint I Bi, as 10 

I yellow colour I Bi ON03 5 0.02 0.2l:.6 1.01 in flame from 
! in dil. · 10 0.02 0.273 0.95 Bi soln. · 
I ! HNo3 

I 

·' 

Cone. of Hg = 0.4 p.p.m. 

In the absence of strontium 100 p.p.m. of ~)hosphate 

(as P2o
5

) depressed the absorbance of magnesium. Mor e than 100 p.p.m. 

of phosphate also had a depressing effect in the pr es0nce of stronti um. 

The sep~ation of larger amounts of phcsphat e from magnesium is most 

easil y effect ed by anion exchange . 

200 p. p. rn . of ar sanic as arsenic acid had a s light enhancing 

effect on t he abs orbance of magnesium in the absence of strontium. In 

the pr esence of stronti um mor e than 20 p.p. m. of arsenic acted as a 

depr essant. The separation of l arger amounts of ar senic i s eas ily 

accompl ished, either by vo1ati1i z;ation or by anion exchange . 
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In th~ absence of strontium 500 p.p.m. of antimony enhanced the 

absorbance of magnesium moderately strongly, but this concentration of 

antimony had a negligible cff~ct when strontium \"las )resent. 

Bismuth had a depressing effect on thv abso::-banee of magnesium 

in the absence of strontil.un. l:Jhen stronti.um was present more than 150 

p.p.m. of bismuth also acted as depressant. Bismuth ii1ay be removed by 

mercury cathode electrolysis. 

5.2.17 Vanadium and mol,;ybdonum. 

The results obtained for the effects of these elements arc 

given in Table 28. 

TABLE 28. 

The Effect of vanadiJl[D and mgJybdcm~!Tk 

I Foreign Cone. foreign 'Cone. Sr salt O.D. Mg soln. 
subst, substance (molarity) without Enhance-

(mg/'50 ml) for eign subst. ment RE.f\1/JU\S 

' V as '50 0 0.080 o. '50 yellow-
NH4vo3 

ochre, 

(A.R.) 5 0.02 0.240 0.98 strealcy 
flame 

10 0.02 0,248 0.96 

50 0.02 0.248 o.6o 
. ' 

~·10' as '500 0 0.071 0.75 yello,·r·~ 

A.R. ammo- ochre 
niv.m molyb- 10 0,02 o.2n 1.02 flame 
date 

I 
"iO 0,02 0.2'""(1 0.99 

100 0.02 0.271 0.98 
I 
I 
I 500 0.02 0.287 0.08 ye llo~'l-ochre 
! flame, no Sr 

colour 

Cone. of .f\'Ig = 0.4 p.p.m. 

In the absence of strontium 1000 p. p,171, of vanadium and 

10:000 p.p.m. of molybdcnura both had a depr essing effect. In the presence 

of strontium more than 100 p.p. m. of vanadium or 2,000 p.p.m, of 

molybdenum depressed the absorbance of magnes iun1. Tri- and quidrivalent 

vanadium are separated from magnesium by liquid- liquid extraction with 

acetyl acetone and chloroform. Vanadate and molybdate may also be removed 

by anion exchange. 
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5.2.18 Boron: 

Boric acid Haz usGd to test the effuct of boron. The 

results are given in Table 29. 

TABLE 29. 

Tho Effect of boron. 

' Form of boron Cone. boron Cone. Sr salt O.D. Hg soln. 
added (mg B/50 ml) (molarity) without Enhancement 

foreign subst. 

!.,.R. grade 10 0 o.o7S 1.72 
H~BO-:; ) 100 0 0 .0"(5 3.23 

5 0.02 o. 21:.() 1.00 

10 0.02 0.2LID 1.00 

20 0.02 0.21!-8 0.88 

50 0.02 0.240 0.70 
; 

i 100 0.02 o. 2l~[j 0.61 i 
I 

' I 

Cone. of i'lg = Q,l!- p.p.m. 
These results sho1·r that boric acid cnha.1c0s the absorbance 

of magnesium strongly in tho abs.:lnce of strontium. · f.1o1~c than 200 p. p.m. 

of borcn (as boric acid) depress the absorbance in the l)rcsence of 

strontiwn. Removal of boron is most easily accomplisi1cd by volatilization 

as lilcthyl borate or anion cxchanga. 

5 .2,19 Silica: 

The results obtained for thc effect of sodi\..ui'l silicate are given 

:i.l1 Table 30. 

TABLE 30. 

The effect of silica. 

I Form of Si Cone. s ilica Cone. Sr O.D. jVI_g solo. 
Enhance:-added (mg Si0/50 ml; salt without forcigr. REMiUU\.S 

(molarity) substance 
mont 

Na
2
Si0_ 0.5 0 0 .075 0.17 0. 2 ml EJ.'JO _ added 

) 
to all srun~lcs to from C.P. l 0 0.075 0.12 

grade Si 0
2 

neutral i se 
2 0 0 . 075 O.ll . Na2co-;o:. fused 

with 0 . 5 0 02 0.280 1.00 I cone • .., 
Na2co~ and 

l 0 02 0.280 0.93 
INa = 1."1 " S i02 

lcach6d with cone. 

lH20 2 0 02 0.280 0 . 86 

Cone. of f'I¢ = 0 . 4 p. p.m. 
/'T 1!-•• , • The r esults ••• , 



The results given in Table 30 for the effect of soluble 

silicat-3 on the absorbance of magnesium should not be affected by the 

sodium present, as the sodium concentration is w-.:11 below the tolerance 

of the method for it. 

Even 10 p.p.m. of silica has a strong depressing effect on the 

absorbance in the absenc~ of strontium, while more than 10 p.p.m. of 

silica also act as d0prescant in the presence of strontium. This is 

probably due to the fm:•mation of magnesium and strontitun silicates with 

high melting points in the flame. These results shm.,r the necessity of 

removing silica almost quantitatively when determinin[S magnesium by 

atomic absorption. The most convenient method of so)a.J•ation is by 

volatilization with hydrofluoric acid. 

5. 2. 20 Ammonia and sul~Jba tu. 

The results of interference tests ~·Ji th an11nonium chloride and 

ammonium sulphate al'o given in Table 31. 

TABI.E 31. 

Effect of arrononia and sulphatl3. 

I Foreign Cone. fo:r>ei,gn Cone. Mg Cone. Sr O.D. of Mg 
substance substanc~ (p.p.m.} salt soln. with- Enhancc·~REI~ 

(mg./50 mL) (mola~ityJ out foreign ment 
substance 

I NH + '500 (NH4) 0.4 0 0.081 1.12 --
as X~R 

I NH4Cl 500 0.4 0.02 0.248 1.00 _ ... 
' I so4= 1 (804 =) 0.4 0.02 0.251 0.99 

~ (NH4)2- 2 0.4 0.02 0.251 1.00 slight j SO!J.' 
5 0.4 0,02 0.251 1 00 ppt. of • A R grade:: 

I • • • Sr SOL~ 
I 

These results shoYI that lOJOOO p,p.m. of aJJJ'.10nium ion has a 

sli~1t enhancing effect in tho absence of strontiun1. This is possibly due 

to th-.: presence of chlorid~. In the presence of st~ntium1 however) no 

change in absorbance of magnesium was observed upon the addition of this 

concentration of ammonium chloride. 

The effect of sulphate was tested in the prosonce of stronti~~ 

only in order to establish the maximum concentration that could be 

present without formation of a precipitate of strontiwn sulphate. 
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(The effect of sulphate in the absence of strontiwn has been discussed 

earlier in this thesis). Up to 100 p.p.m.of e.ulf:l:o.tc did not affect the 

absorbance of magnesiu::t, but larger concentrations .3avo a prccipitat'-'• 

Sulphata in excess of this concentration can be removed by anion exchrmge. 

5.2.21 Rhenium, thallium and indium. 

As th-:s0 cl.ztilonts a1~o seld.om encountered in the samples to be 

analysed by this method, only one concentration of each Nas tested. . The 

results obtained arc given in Table 32. 

TABLE 22. 

&.£J'...;ct of 1 .. heniwn, thallium and in;~ 

F . Conc.foreign orengn substance 
substanct: (mg/50 ml) 

Re, as , 1 
A.R.g:cad.:: 
nitrate l 

Tl, as 10 
sulphate 

In as 
nitrate 

in dil. 
HNO_ 

") _, 

10 

5 

5 

Cone. Sr 
salt 

(molarity) 

0 

0.02 

0 

0.02 

0 

0.02 

O.D. of Mg 
soln. without Eru1ancement 
foreign subst. 

REW.RKS 

0. 08l~ 1.06 

0.256 1.01 

0.070 0.76 light pinl.: flam 

0.257 1.03 

0.070 1.03 light orange·-
pink flame 

0.2'57 1.00 

Cone. of Mg = O.l p.p.m. 
The effects of 20 . p.m. of rhenium 200 p. ~).m. of thallium or 

100 p. p.m. of indiwn on th;,: abs rbancc of magncshljn in the presence of 

strontium were found to be negl gible. In the absence of strontium ~ 

rhenium and jndiurn vnhanced the absorbance very slightly, while thalliw~1 

sulphate acted as a depressant. This effect of thallium, however, may 

be partly due to the presunce < f sulphate, which acts as a depressant 

in the absence of strontiurn. 

5.2.22 Selen1um and tellurium1 
As those clo3mcnts are also rare in tho samples to be analysed 

by this method, their effects were not extensively investigated. The 

results obtained are 3iven in Table 33. 
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TABLE 32· 

The effect of selenium and tellurium. 

I ~ 
I 
I Foreign Conc.foreign 'Cone. Sr salt O.D. of Mg soln. 

I I 
substancE subst. (molarity) without foreign Enhancement 

(mg/'50 ml) substance I 

I 

Se, as 2 0 o.o8t,t 1.50 
H

0
Se0_ 

L.. ) 2 0.02 0.25'+ 1.00 

. Te as 5 0 o.oB4 ! 2.21 
so ln. of 
t ho 5 I 0.02 0. 244 1.03 

i cl ement I I ' d' l I J.n ~ • 

i ID-10'7. I 

I :J ! 
I I 

Cone . of Mg = o .l~ p.p.m. 

Both s el enium (at 4o p.p.m.) and telluriwn (at 100 p. p.m.) 

enhancGd the absorbance of magnesium in the absence of strontium. In 

the pr esence of stronti um tho effect of thes e el ements at the above 

concentnations was·negligible , 

5 .2.25 Fluor i de. 

The r esults obtained f or the effect of fluoride on the 

abs orbance of magnesiwn are given in Table 34. 

TABLE 34. 

Tho Ef f ect of fluoride. 

; 
Form of pone. F- Cone. Mg Sr O.D. of Mg Cone. 

~fluoride used (mg F/ 50 m1) (p.p.m.) salt solution Enhance-(molari t y ' without 
fltlOl'"'ide ment REMARKS 

! A. R. NaF 10 0. 4 0 o. o8o 1. 50 Na cone. = 
l.2xF 

I cone . 

i 5 0. 4 0. 02 o. 2T6 0. 98 
i 
' 10 0.4 0.02 0. 276 0.71 
t 

The enhancement observed i n t he absence of strontium is pr obably 

due to t he sodium added ~lith the fluor ide . The depression of the 

absorbance of magnosiwn i n tho presenne of stronti~~ is gr eat er t han can be 
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accounted for by the presoncG of sodium alone. The tolerance for fluoride 

in the presence of strontiv~ is,therefore, about 100 p.p,m. Amounts of 

fluoride in excess of this may be removed by fuming llith perchloric 

or sulphuric acid. The presence of fluoride in this ttork is also 

objectionable as, in the slightly acidic solutions used, it would 

cause contamination due to attack on the glassware. 

5.2.24 Ruthenium, plat~um and palladium. 

The results of intereference tests with thesG elements are 

given in Table 35. 

TABLE 3'5. 

The Effs;cts of Ruthenium. o&lladium a..YJ.c! ;platinum. 

Foreign!conc. foreign 
subst.! subst. (mg/50ml) 
added 

! 

Ru, as 1 

Cone. Sr salt I o.n. of P/jg .I 
(molarity) soln. without Enhance• 

foreign subst. ment REMJ\RKS 

0 0.085 2.72 Yellmt-
chloride I orange flame: 

1 0.250 1.00 even in 
presence of 
SrJ sugges~ 

I tive of Na 
contaminatioft 

FdJ as 1 
~itrate in 
ldil. HNO) 1 

' 0.08) 0 

0.02 0.254 

:2.06 

1.00 I ---
! 
' Pt, as 5 I Pt Cll~ 

1 ! I 
I I 

I 
t 5 I 

0 0.080 

0.02 0.245 
j 

' i 0.02 ; 0.21:-5 ! j 
I 

1. 46 Faint yelloH 
colour in 

1.00 flame 

0.98 l 
I . ..... 

All these elements enhanced the absorbance of magnesium in the 

absence of strontium. Ruthenium and palladium wer e t ested at 20 p.p.m. 

and platinum at 100 p.p.m. In the presence of strontium 20 p.p.m. of 

ruthenium and palladium did not affect the absorbw1cy but more than 100 

p.p.m. of platinum had a depr essing effect. 

5.3 G~neral notes on interfer ence effedts . 

It is not ;;morthy t hat on no occasion Has an apprGciabl e 

eru1ancemunt of magnesium absorbance observed in the pr es ence of 0.02 molar 

strontium nitrate or chloridG. Thi s may be mis talwnly int~rpreted as m;;;aning 

that enhancement is at a naxinrum in 0.02 molar st:;.~ontium nitrat e solution. 
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N~~crous elements, hmrcvcr1 enhance the absorbance of magnesium more 

strongly than strontium. 

If the enhancing effect of other elements is due to a 

reduction in the free oxygen content of the flame, the observed enhancements 

should be proportional to the free energies of formation of the oxides of the 

elements which exhibit this effect. The correlation of free energy and 

enhancement is given in Table 36. Unfortunately the optimum enhancement 

is not always available; figures from the interference tests are used. 

TABLE ;6. 

Correlation of enhancement and f~ec energy 

of formation of oxides. 

I 
Elemcnt!Enhance .... 

!ment 
; ( obsct•ved) 

I 

+* Calcium 

strontium 

nickel~~ 

lead'f­

lanthanum+ 

silver~:-

I Cobalt'~­
' 'Zinc·::-

gold" 

boron·::-
( I iron 
I chromiunP~ 
i Cerium':· 
l 

4.65 
4.5 

4.3.'5 

4.23 
4 

3.9 

3.45 

3.45 

3.25 

3.23 
3.2 

3.15 

2.97 

I ' 
! 0 !! 
~Gat 1900°K l' 
- in IC cals/mol1 

Element 

-100.2 

~ 92.6 

-13 
-81.5 

-287 

largeJ 
positivo 

-82.5 
-20.2 

large, 
positive 
-200.1 

-120 

~153.8 

-284 

I + ! Ruthenium 
I ., 
}{Copper>·· .. 
IJbarium+~' 

II 
I 
!lithium . 

1 antimony-;~ t 
i palladium I ! z ire onium·:~ f 

!potassium I 
:sodium f 

!;aluminium ~ 

1 I cadmium~~ 

\lthoriunr~ ! 
' 

Observed 
Enhance-

1;1ont 

2.40 

2.3 

2.25 

2.1 
2.1 
1. 73 
1. ~(l 

1.5~ 

1. 5 '! 

1.31 

1.12 

l 
1 large positive. 

l-11.6 
-90 

-77 
-50.2 
large, positive 
-172.~ 

small, not;ativc 

-40.9 

-254.5 

j+4,4 
; 

l-200.9 

~c Best result not available - usually only 1 concentration tested. 

+ Probably a higher figure would have been obtained at a different 

concentratiw. 

These results indicate that the correlation is certainly 

not straight-forward. ~lhere an element gives a lO\'lCr enhancement than 

would be expected from the free energy of formation of its oxide, tho 

discrepancy may be duo to the formation of a refracto~J compound in the 

solid aerosol phas~:J. EAamples of this are found in -the cases of aluminium, / 

zirconit~~ and thori~~. Far more difficult to explain is the abnormally 
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high enhancement obsarved with certain elements Hhoso oxides have a low 

negative, or even positive, free energy of for·mation, e.g. nickel, silver) 

copper, gold1 platinum, palladium, ·ruthenium and zli1c. The enhancing 

effect of other elements is not due entirely to a reduction of the free 

oxygen content of the flame, however, and certain abnormally high 

enhancements may be duo to the formation of eutectic mixtures in the solid 

aerosol phase. The enhancement observed with low concentrations of 

aluminium appears to confirm this. It is also possible that the mechanism 

proposed for the enhancement by strontium, viz. reduction in oxygen 

content of the flame, is incorrect: no direct evidence in support of this 

has been obtained. Th-3 catalytic properties of nicl~ol and the platinu.11 

metals in particular in gaseous phase reactions load one to wonder if thesG 

may not also be responsible for the abnormally hi[71 enhancements observed 

with these elements. 

It is convenient at this stage to surrlrt1ai~ise the toleran.ces 

for other elements in tabular form. This is done in Table 37. Results 
0·02 

are given for solutions·lhich ~ ere"'molar with respect to strontium. 

Element 

TABLE 37. 

Mrudmum permissibl e amounts of forci.e;n, elements. 

Tolerance (p.p.m.)! 
! 

Suggested separation when present in 
excess 

Bromide 1000 Fume with pel"chloric acid 

iodide 

lithium 

sodium 

potassium 
I 
rubidium 
I 

!calcium 

ltarium 
; 

ammoni\lm salts 

aluminium 

iron 

500 

100 

200 

200 

/40 

200 

400 

" 1 10,000 

II II II " 

i double precipitation as cxalate 

I 
I 
I 

I 
I 
I 
l 

Precipitation as sulphate 

Heat dry sample 

acetyl-acetone solvent extraction 

II 11 It II 
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Element 

chromium 

lanthanum 

cerium 

thorium 

zirconium 

manganese 

rhenium 

titanium 

copper 

silver 

gold 

zinc 

cadmium 

mercury 

nickel 

cobalt 

uranium 

silica 

tin 

lead 

phosphate 

arsenic 

antimony 

bismuth 

vanadium 

molybdenum 

boron 

(80) 

TABLE 37 ( contd. ) • 

l 
Tolerance (p. p.m.) I Suggested separation when present 

! in excess 

20 

> 2,800 

1 2"o 

> 2,000 

10 

2 

±1,000 

)1o,cco 

> 200 

±5,000 

±5,000 

)10,000 

200 

100 

4,000 

20 

> '500 

150 

100 

2,000 

200 

I 

I 
I 

I, 

volatilize as chromyl chloride 
(HC104 + HCl) 

acetyl acetone solvent extraction 

mercury cathode electrolysis; 
acetyl acetone solvent extraction 

acetyl acetone solvent extraction 

electrolysis, or acetyl-acetone 
solvent extraction 

electrolysis 

elerotrolysis 

Ignition of dry sample 

Electrolysis 

Mercury cathode electrolysis 

acetyl-acetone-chloroform solvent 
extraction 

Volatilization with HF 

Volatilization with NH~.I or 
mercury cathode electrolysis. 

Mercury cathode electrolysis 

Anion exchange or volatilization 

Ignition of dl'y sample 

mercury cathode electrolysis 

~· anion exchange 

i 
I Volatilize as methyl borate I or 
! anion exchange 
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TABLE~? (contd.). 

Element Tolei•ance p.p.m. Suggested separation when present 
in excess 

thallium )200 

indium 1 wo 

sulphate 100 anion exchange 

selenium )4o Volatilize by heating dry sample 

tellurium ..... 100 / I 
fluoride 100 I 

I anion exchange or by fumillg with 

I 
HCl04 

ruthenium )20 j') 
palladium ) 20 precipitation 

1 ( H2S 
platinum 100 II 

).l~ Theoretical considerations. 

In this section an attempt will be made to obtain theoretical 

justification for some of the theories proposed earlier. A comparison 

of the observed sensitivity with that expected in theory will also be 

attempted. Activity coefficients will be neglected in these calculations 

and simple concentrations used. 

5.4.1 Degree of dissociation of magnesium oxide in the flame. 

Consider the fQj_~rnation of magnesium oxide from its elements: 

Mg (g) + ~2(g) MgO(s) 

The standard free energy of formation, o.t l900°K, A G 
0

, is given as 

-81.37 Kcals/mole~5 · The .equilibrium consta..'1t 1 K1 , for the formation 

of magnesium oxide i s defined as: 

.................. (A) 

where the P terms represent partial pressUl"es. From thermodynamic 

considerations the free energy of formation of a compound is l"elated 

to the equilibrium constant by the equation: 

Log K == -b. G0 

2. )03 RT 

, where R = universal gas constant 

in cals./0K/mole 

and T = absolute teml)e:i.~ature 
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Substituting in ti1is equation, it may be deduced that 

Kl = 2.24 X 109 

Dean68· gives the t~1eoret:i.cal partial pressure of oxygen in the 

stoichiometric air-acetylene flame as 0.016 atmospheres for moleculru:• 

oxygen (0
2

) and 0.0022 atmospheres for atomic oxygen (0). This value 

is based on theoretical calculations of equilibria at flame temperature. 

This oxygen concentration will be used (as an a1)pro~c.imation) in this 

calculation, althou~1 it is reasonable to expect the oxygen concentration 

in the lower-temperature Handigas 1flame to differ somewhat from this 

value. Furthermore the oxygen concentration is lil~ely to vary with 

the position in the flame at which it is measured. 

Calling the degree of dissociation x and substituting in 

equation (A) gives: 

2.2~ x 109 = (1 - x) P 

X P.O.l27 

v1here P is the hypothetical partial pressure of solid MgO in the 

flame. (Equal to the vapour pressure of MgO in the flame) 

Since X (5.1, (1 ~ ;<:) ~ 1 1 and X = 3.5 X 10-9 

· Thus only a minute fraction of the total amount of magnesium 

oxide in the flame is decomposed to elementary magnesium at the assumed 

temperature and oxygen concentration. 

The degree of dissociation of magnesium oxide increases Hith 

temperature. At 2500°K it is 2.16 x 10-~, while at JOOO~ it is 

6r -2 approximately {. C:S x 10 • As the temperature of an oxy-acetylene 

flame is of this order57 • (approximately 2600°C, Hl1en aspirating \.Yater), 

one would eXPect a large increase (at least a factor of 105) in the 

sensitivity of the atomic absorption of lnagnesitm,,compared with an 

ail·-Handigas flame ,if an oxy-acetylene flame is used, other things being 

equal. Naturally, there are factors that will counteract this increase. 

Chief among these are: (i) an increase in volume of combustion 

products, due to the higher temperature, which 1"1'ill cause a redu.ction in 

the magnesium concentration of the flame; (ii) an increase in the 

degree of ionisation of magnesium in the flame; (iii) an increase in 

the Doppler broadening of the absorption line. (iv) an increase .in the 
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oxygen concentration of the flame. 

The effect of ionisation appears to outt:reigh all the others, 

-16 At a partial pressm.,e of magnesium metal in the flame of 10 (t,lhich is 

the concentration in the Handigas-air flame when a solution containing 

0. L~ p.p.m. of magnesium as the nitrate is atomised), the Saha equation 

predicts that 100 percent of the metal will be ionised at 3,000°K. This 

result will be reduced by the high electron concentration of the 

hydrocarbon flame, but the degree of ionisation will, nevertheless, be 

very large. 

Two oxy-acetylene burners, viz. a Beckman flame I:Jhotometer 

burner and a Warren-type burner~9- were testt~d Hith magnesium. Both 

these burners have smaller flame lengths (about 1 em. and 8 em. respect.ively) 

than the modified burner used for most of this wor!~. With the Bec!>rnan 

burner optical density readings of less than 0.01 were obtained for tvto 

solutions containing 0,4 p.p.m. of magnesium, one t-Tith and one without 

strontium. The \l>iarren-type burner gave optical densities of about 0.03 

for the same two solutions. The reason for this reduced sensitivity 

appears to lie largely in the ionisation of the mac;nesiurn in the oxy-

acetylene flame. It rr.ay be calculated that the total effect of the 

other three factors contributing to reduced sensitivity at the higher 

te:i1)erature will be small. 

5. 4,2 Concentration of magnesium in the flame. 

The vol~T.e of combustion products arising from 13 litres of air 

and 600 ml. of Handigas is approximately 108 litres at flame temperature 

(1900~) and atmospheric pressure (620 mm. Hg), The volume of solution 

entering the flame in the same time i s 1.1 ml. This will give r i se to 

10.6 litres of s t erun in the flame. Thus the total volume of combustion 

prodttcts per minute at flame temperat ure is 119 litres, For purposes 

of this calculation a figt~e of 120 litres will be used. This is justified, 

as the calculation of combustion product volwnes does not take into 

accotmt the dissociation of carbon dioxide, s-tea.ra, etc ,, at the flame 

temperature. 
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Consider a solution containing 0.4 9.p.m. of magnesium as the 

nitrate. This solution carries 0.44 micrograms of magnesium per minute 

into the flame. Thus the total concentration of masnesium in the flame 

is approximately 0.0037y/litre. The concentration of magnesium atoms 

in the flame is given by the product of the total quantity of magnesium 

in all forms in the :flame and the degree of dissociation of magnesium 

oxide. It is assumed that all the magnesium is initially present as 

oxide in the flame and that chlorides, etc., are absent. The concentratiorl 

of magnesium atoms in t.he flame is, therefore: 

1.) x lo-17 g Mg/litre 

As 6.023 x 1023 (Avogadro's number) of magnesium atoms weighs 24.3 g, the 

concentration expressed in atoms/litre is: 

3.21 x 105 atoms Mg/litre 

It says much for the sensitivity of the method that so small a concentration 

of absorbing species gives an appreciable reading. 

5.4.3 Comparison of theoretical and observed absorption Coefficients. 

The value of the absorption coefficient, 

in equation (2·) is: 

kv = 2.303 x optical density 

length of flame 

kv 1 as def:ined 

As a solution containing 0.4 p.p.m. of magnesium as the 

nitrate gave an optical density of 0.16, the value of lc for this solution, 
v 

usL~ an 11 em. flame, is: 

kv = 2.303 x 0.16 

= 0.034. 

This is the observed value of kv• 

Naturally the value of . 'kv will depend on the composition 

of the solution tested. The result for magnesium nitrate was ~ed as the 

nitrate is sure to produce pure magnesium oxide in the flame. Chloride, 

perchlorate or strontium would oilly complicate the issue. 

The theoretical value for kv' trueing Doppler broadening 

into account, is given by equations (3) and (4). Substituting 

3.21 x 10
2 

atoms Mg/cc. for N, 1.74 for f) 1900~ forT and 2852 R 
fo:c A gives: 

kv = 0.207 85./ ·correcting ••• 



Correcting for ~:>Pessure broadening gives 

k 1 = 0.207 X 0.61 v 

= 0.126 

This is till more than 3 times the observed ··.ralue. It is lil~ely 

that this discrepancy is due to the approximations used in this calculation, 

especially the assumptions of flame temperature and o;cygen concentration. 

The accuracy of the tenperature value is particularly important. It may 

be shmm that at 18o0°K the equilibrium constant fOl~ the formation of 

magnesium oxide drops to ).02 x 1010 and the value of l~v 1 
at this 

temperature is only 0.0097. 

) . 1}. LJ. The effects of strontium and calcium: 

The enhancing effects of strontium and. calcium salts can be 

explained thermodynamically. The equilibrium consta-'1t for the formation 

of strontium oxide from its elements at 1900'1<:, i.e. the reaction: 

Sr (g) + ~ o2(g) ---+} Sr O(s) 

may be calculated in t.he same v1ay as that for the corresponding reaction 

for magnesium. Since the free energy of formation of strontium oxide is 

-92.6 K cals/mole at 1900°K, the equilibrium constant, JS1 for the · 

formation of strontium oxide is 4. 33 x 1010 = PSrO ) 
1 

P 0 .P
0 

2 
.::>I' 2 

where the symbols have the same significance as for magnesium. 

Combining this 1·riti1 the equilibrium constant K
1

) for the 

formation of magnesiwn oxide, . He get: 

K3 = K2 = 4.38 X 10
10 

= PSrO'PMSi = 19.5 

Kl 2.24 X 109 PSr'PMgO 

K
3 

is the equilib~ium constant for the reaction: 

MgO (s) + Sr (g)~~ Sr O(s) + Mg (g) 

The value obtained for K
3 

indicates that, under flame conditions, 

there \'wuld be a tendency f or str ontium to reduce li1a8,nesium oxide to the 

metal; and hence increase the absorbance of magnesium. 

If the activities of the solid phase components; magnesium oxide 

and strontium oxide; are talmn as J.or if they ure equul ~ the equation 
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for K
3 

simplifies to: 

= 19.5 

Thus, if equilibrium "tere reached, one would expect tha magnesiwil 

atom concentratin in the flame to be doubled by doubling the concentration 

of strontium atoms. The graph of optical density (wi1ich is roughly 

proportional to the elementary magnesium concentration) versus total 

strontium concentration is curved, but the early portion of the graph 

approximates to a straight line of slope 1. 26 (instead of a theoretical 2). 

Possibly the reason why the enhancement by st~rontiwa never reaches its 

theoretical value is that.,since theconcentration of strontium atoms 

in the flame is exceedingly low, it cannot reduce the free oxygen content 

of the flame by a si3I1ificant amount. 

The effect of calcium can be treated in an analogous manner. 

l . t '' '"7 11 Ca c~um oxide has a s ability constant, K4, of 3.~ x 10 

(derived from the free energy of formation of calcium oxide) \·thich gives 

rise to an equilibrium constant, K5, of 155 for the reaction: 

Ca(g) + Mg O(s)~ Ca O(s) + Mg(g) 

The enhancement of the absorbance of magnesiUlil by calcium is only 

fractionally greater than that observed with strontium, which is contrary 

to the predictions from K5 alone. It must be remembered, however) that, 

at equivalent solution concentrations, the concentration of elementary 

calcium in the flame is still lower than that of stront·ium, W"lioh in turn 

1 is only20 of that of magnesium when equilibriurn is attained. 
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G. ACETYL ACETONE SOLVEl-Tr EXTRAGriON. 

On account of the large number of elements uhich were found to 

interfere in the determination of magnesium by atomic absorption, it was 

felt that some form of separation was essential if the method were to be 

of any use in the analysis of ore samples. The se)aration by extraction of 

cl.tpferrides at pH5 \'lith chloroform seemed promising, but no more than a 

few milligrams of interfering elements could be e;:::tracted on account 

of the formation of a bullcy precipitate. 

Acetyl acetone 70· is reported to eJctract alurainium, beryllium, 

cerium, chromic chromium (l'lith refluxing), copper, iron, molybdenum, 

titanium, uranium, vanadiUJi1J zinc, zirconium and manganese. It was 

decided to test this extraction, t-dth particu1a1~ emphasis on alumini1..l!i1. 

6.1 Purity of rea5ent: A C.P.-grade acetyl acetone \-Tas found to give 

high blank values (optical density 0.05-0.06) when used as extract~1t. 

The A.R. grade reagent used subsequently gave someuhat lower blanl<s 

(optical density 0.03 - 0. Ql.~) .A.R. grade chloroform was used. 

It was found that the neutral and allmline solutions used in 

this work dissolved magnesium from the glass-\'Tare if soda-glass apparatus 

was used, but no contamination was observed if sli~htly acidic solutions 

were stored in soda-glass volumetric flasks for l~ hours. For this 

reason it was decided to perform the extraction in Pyr~x separating 

funnels and to acidify the solution before transfer to volumetric flaslc. 

Either hydrochloric acid or nitric ' acid (generally the latter) was used 

to acidify the so+ution. 

6.2 Extraction conditions. 

The optimum pH value for the extraction of ahuninium was first 

determined. In these tests, the aqueous solution containing 100 mg Al as 

nitrate was diluted to approximately 15 ml.in a 100 ml. separati11g 

funnel, a few drops of methyl red and 5 ml. acetyl acetone were added 

and the pH was adjusted, using universal indicator paper, by the addition 

of ammonia or ni trio acid. This solution was sha.!~en to mix the tHo phases, 

10 ml. chloroform was added and the solution again shaken for 1 minute. 

The phases were alloHed to separate and the chloroform layer was discarded. 

Tl1e extraction was repeated with 10 ml. of 5 percent acetyl acetone in 
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chloroform. The aqueous phase was then acidified uith nitric acid, 

filtered through a wet Hhatman no. 541 filter~paper and diluted to 

50 ml. A '5 ml. portion of this solution was fumed 1·rith nitric and 

perchloric acids to destroy organic matter and the aluminium was 

determined by a s~Jectror:>hoton:etric method using 11Alluninon11 as 

colourimetric reagent. The results obtained are given in Table 38. 

TABLE )8. 
Effect of 'JH on extraction of aluminium. 

Approximate pH Residual aluminiu~ (mg Al), 

3 

4 

7 

8 

9 

9.5 

10 

0.67 

0.1 

2.6-;:-

0.3 

0.6 

~~ Result doubt­
ful. 

The extraction appears to be fairly constant over the pH 

range from 7 to lC. The adjustment of pH in the v;.·esence of aluminium 

is easy, using metJ..yl red as indicator. Hhen colotu.•ed solutions are 

encountered, the pH nJaY be adjusted using universal indicator papel". 

The optimum shaking time was also determined and it was 

found that the extraction was constant for shald.n£; times of more than 

)0 seconds. It was d ecided to use a shaking time of l minute. 

The number of e;;:tracti ons necessary for efficient separation was 

tested, starting with 200 mg. of aluminium and u s ing similar conditions 

to those described for the previous test, exce;')ting that the pH was 

adjusted by adding ru:llnonia until the methyl r ed turned yellow (pH approximate-

ly 7) and 20 ml. of chloroform were used for the fj.rst extraction. 

Intermediate extractions were performed with 10 ml . of 10 percent acetyl 

acet one in chlorofo1•r,1 and the · solution was finally Hashed 11Jith 10 ml. of 

chloroform, which Has al so counted as one extraction. The results obtained 

are given in Table .59. 
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TABLE )_2. 

Effect of number of extractions. 

Number of extractions Residual Alu"Jinium (mg Al) 

2 3 

3 o.':? 

4 0.2) 

5 0.1 

As these j:•esul ts indicate that the percentage of aluminium 

extracted decreases irhen more than 3 extractions are used, it was 

decided to use 3 extractions. 

The ef~'ect of various intervals bet\'leen the pH adjustment 

and the first e:>..-tl•action with chloroform was also tested, as it Has 

felt that possibly the con1plex formation vras slou. Results indicated 

that this tt1as not the case and that the first chlo:L"'oform extraction could 

be performed innnediately after the pH adjustment. 

6.3 Effect of residual aluminium. 

As these runotmts of unextracted aluminium are above the threshold 

of aluminium interference, the effect of residual aluminium on the absorbance 

of magnesium was determined. 5 ml. of acetyl acetone were used and the 

extractions performed as described previously, excepting that 10 ml. 

of 30 percent acetyl acetone w·ere 1.:.sed for the second extraction. Three 

extractions were perfopmed, The results obtained m"'e given in Tabl e 4o. 

TABLE 40. 

Effect of residual aluminiura. 

Cone. Mg (r/50 ml) Amount Al 
(mg) 

0 (not extracted) I 0 

I 20 ( II II ) 0 

20 {extracted) I 0 

l 20 ( II ) 100 I 

0 ( II ) 100 

added . Resi- I O>tical 
dual JDensity 
Al(mg) 4 

0 
I 

0.009 I 

0 0.292 

0 0.310 

0.25 i 0.301 

' ( 0. 25) : 0. 047 
~ 

O.D. sample -
O.D. blank 

--
0.283 

I t 0.265 l 
I 

I o. 251~ 
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TABLE 40 ( contd. ) . 

Cone. Mg (y/50 ml) 
~ 
t Amount Al added 

~ f i 
I Resid.ual! Optical!' 0~ D. sample 

Al (mg )j density 0. D. blanlt (mg) 
1 l I 

(extracted) 
l r o. 25!~ 20 200 0.62 : 0.303 
t 

0 II 200 (0.62)1 0,049 

I 20 II 300 1. 45 1 o. )01 0.257 

0 II 300 ( 1. 45 )1 0. 050 
I 

The results shm-.r that a fairly constant recovery of magnesium 

is obtained ov.er a fairly wide range of aluminium concentrations. P:i."eviously 

(see Tabla 13) 0.1 J!lg Al/50 ml was found to reduce the absorbance of 

magnesium by about 13 percent, while 1 mg. Al/50 ml reduced it by about 

jL~ percent. Clearly the residual aluminium after extraction must be in some 

for:a 1n which it cannot l'eact with magnesium after the acetyl acetone 

extraction. Probably the residual alu.rninium is still present as the 

acetyl acetone chelate ~fter acidification (just enough concentrated 

nitric acid was added to turn the methyl red red)J and this chelate 

apparently does not react uith magnesium to give a refractory compound. 

The direct addition of 0,1 . ml. of acetyl acetone to a solution 

containing 5 mg. Al and 20 ylf~50 ml. in acidic solution did not 

reduce the interference at all; it appears the complex must first be 

formed in neutral or alkaline solution. 

This was tested using standard magnesium solutions to which 

an impurity and acetyl acetone were added. The solution was made just 

alltaline to methyl red with ammonia, re-acidified after about 3 minutes 

Nith concentrated hydrochloric acid, diluted to volume and the 

absorbance measured. Results ·are given in Table 41. 
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TABLE 41. 

Effect of acetyl acetone on interfei•ence by certain 

elements. 

, 
' Nature Conc.foreign 

(//50 ml.) 
Cone. acetyl J Cone. 
acetone (ml/50ml strontium foreign 

I 
element Enhancement 

1 nitrate element ( rog/50 ml. ) 
% v/v 
IM soln. 

I 

l 
20 0.2 t 2 Al(as NO~) 1 0.96 

) 

20 0. 1 2 Al(as N03) 5 0.69 
J 

' 0.87 20 0 . 2 I 0 Al( It II ) 1 

20 0.2 
I 

0 Fe(as NO:;) 2 1.26 

20 0 . 2 2 Fe( II \ 
) 2 0.9) 

20 0.2 0 Hn(as Cl) 2 1.00 

I 20 0.2 I 2 l Mn( It It ) 2 0.95 
I i 

The addition of 0.2 ml. acetyl acetone to a solution containing 

O.L!· p.p.m. magnesiur:l did not affect the absorbance, both in the presence 

and absence of strontium nitrate. 

These results shotr/ that the effects of some foreign elements 

are partially overcome by the addition of a little acetyl acetone to 

the solution, providin.[:; that the solution is first i:Jade alkal ine 

to form the acetyl acetone complex. 

6. L~ The extraction of other elements. 

The extraction of several other elements ~1as tested under 

slightly different conditions. 10 ml. of acetJrl acetone were used and 

the pH adjusted to pH 6-8 111ith ammonia . The solution was extracted 

with 20 ml. of chloroform and a second . extraction performed with 10 ml. 

of 5 percent acetyl acetone 1n chloroform. The aqueous phase was filtered 

through a wet Whatraan No. 541 filter paper before acidification. The 

results obtained are given in Table 42. 
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TABLE .42. 

The extr:ac.t,ion of several elements Nitl: acetyl 

.. acetone-chloroforJi1. 

Element tested A!nount taken 

Fe~ as nitrate 200 mg Fe 

II " tl )00 mg Fe 

Al~ as nitrate 

Ti02 , as sul- 100 mg Ti0
2 phate 

Zr, as chloride 200 mg Zr 

II II II 

U, as · · .· 
(NOC>!- + C.1.-) 

J 

U, as nitrate 

.)00 mg Zr 

300 mg U . 

1 g u 

Amount unextracted 

<o.o5 

(o.o5 

me; 

mg 

o. 4 l'!lg 

/ 
\ 0.25 mg 

( 0.01 me 

o.o6 mg 

1 mg 

0.7 mg 

A trace of ppt. in 
aqueous phase ... removed 
by filter 

I Mn, as chloride 200 mg r.m 
I 

_,. 
)O mg Required 35 ml 

J CHC13 for lst extracti01. 

I 
These results indicate that the extraction is useful for the 

removal of aluminiw:a, titanium, iron, zirconium and uranium in quit e large 

amounts. In a furthe:;." test conducted with uranium, 1.5 g U was found to 

be removed almost quantitatively using 5 ml. of acetyl acetone and 20 ml. 

chloroform for the first extraction; 10 ml. )0 percent acetyl acetone in 

chloroform for the second and a final scrub vrith 10 ml. of chloroform. 

Unfortunately~ the extraction of manganese is not efficient enough to 

overcome its interference as even 0.1 mg. of ma~ganese per 50 ml. of solution 

has a significant effect on the absorbance of rJagnesium. 

6, 5 Losses of magnesium dur.lf:lg extraction: 

To test the loss of magnesium dUl"in,_; the extraction procedul"e, 

5 to 3'5/' aliquots of magnesium were transferred to Pyrex separating funnels, 

a drop of methyl red added and the solutions diluted to approximately 15 rnl. 

5 M:l. of acetyl acetone v1ere added and anunonia added until the indicate:;." 

turned yellow. The solutions were then diluted to approximately 25 ml., 

shal~en to mix and 20 ml. of chloroform added. The solutions to/ere then 

shru~en for 1 minute, the phases allowed to sepat"ate for 15 minutes and the 
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(lmter) organic layer discarded. This extl~actic.:n t'l<ls repeated with 

10 ml. of 20 percent acetyl acetone in chloroform and finally with 

10 ml. of chloroform. A further drop of indicator was added to each 

solution and nitric acid added until the indicator just turned red. 

The solutions vfere then filtered through a 1·ret W1atman 541 filter paper 

( 9 em. ) directly into a 50 ml. volumetric flask. 1 ml. of molar 

stpontium nitrate solution was added, the solutions diluted to 50 r.11.. and 

mL~ed. The absorbance of these solutions was measured in the usual 

manner (see Appendix 1 for details) and the results compared 1r1ith similar 

solutions of magnesium 1r1hich had not been extracted with acetyl acetone. 

The results obtained are given in Table 43. 

TABLE 4;. 

Recovery of maggesium after s olvent extra0tion. 

Ng Cone. ( r Mg/50 ml,) 

5 

10 

15 

20 

)0 

~~Recovery 
(o.D. extl~acted soln.-O.D.blanl~) x lOQ) 

!O.D. unextracted soln.-o.D,of its 
blank.) 

100, 95.7 

96.o, 91.t-.o 

95.6, 93.7 

These results indicate that the percenta;;e recovery of magnesium 

is fairly constant over the concentration range studied. Discarding 

the values for the 51 aliquot (these are like ly to be less accurate 

than the others as a 0.5 ml. portion of s t ndard r:1agnesium solution 1r1as 

tal:~en for this solution, using a microburette), a mean recovery of c;; t~. 3 

percent is obtained, Later work on actual samples showed that this 

r ecovery varied with the concentration and type of other salts present 

in the solution. The recover,r is best determined separately for each 

sample in accurate \'rork, particularly if the samples are of variable 

composition. This may be done by spiking a separate aliquot portion 

of the sample solution with a lcnown amount of magnesium before extraction 

and calculating the percentage recovery of the added magnesium. 
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We thus have t;·;o sources of erPor introduced by this eJ:traction: 

viz. the intl~oduction of me.gnesium from rea[£ents ~"'ld apparatus, corrected 

by the blank, and .::-.. :n~oportional loss of magnesiw.:, corrected by a S)i:~ing 

technique. 

If the calibration curve were lineru·, ru1d if errors due to the 

de!?ressing effect of othe1~ elements l'lere proportio~ul.l to the magnesil.ll;l 

concentration then ·~~1e err:JPS could be correctec.i. by spiking and 

ext:;.:•apolation, as er.lpl-::>yed in emission flame ilhotc• .. :etry. Where a non-

linear calibration clL.~ve is obtained spild.ng may still be used, but 

each optical density readillti must be conve1·ted tc <=". magnesium 

concentration froi1l the calibration curve. Often a fixed amount of 

im;,Jurity causes a de~)ression which is proportionaJ. to the magnesiu..J 

content over a wide range of magnesium concentrations. In this ca;.;e 

a cvl"rection factor can be calculated from the recovery of added r~:agnesiUl'•l 

in a spiked sample 1 and the effect of foreign ele1;1ents compensated i'Y'J 

applying this factOj .. "• That foreign elements bei.1.ave lite this was )roved 

by !:1easuring the absorbance of solutions of mClg1"1esi\c;1 to which soclium, 

iron, aluminium or mac;nesiu;n was added. The l,eiultfJ obtained are .:;iven 

in Table 44. 

TABLE 44. 

Effects of foreign elements in presence, of varying amoun~s 
of magnesium. 

Cone. Mg , Cone. foreign ! 
I • • added • eler,1ent : 

( y/50 ml) (mg/50 ml.) . 

10 1 

20 l 

nature foreign 
element 

Al, as nitrate 
II II II 

II II " 

I M~;;n:esiurn found l 
I (/• of mg added)! 

I I 
! 

77j 
75lAll solutions con"!' · . 

7'5itain 1 ml 
l--....,.:;..;"----41---------+---------1-----.lo..."- ~M.Sr(No7.) /50 1,11. 

. :;C! 
)0 1 

10 1 

20 1 

30 l 

10 1 

20 1 

30 1 
10 I.Jo 

20 40 . I 
I 

)0 1 40 ! . 

Fe as nitrate 75lResults co~rected 
75

jtor blanl: II II 

II II 

lV'J.U as 
II 

II 

Na as 
II 

It 

II 

II 

chloride 
II II 

II II 

chloride 
II II 

II " 

. 761 

941 
95 i 
g6~ 
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These results show that the effect of the fiJ~ed amounts of the 

foreign elements tested is to give an apparent magnesium concentration 

whicJ.1 is virtually a fixed percentage of the true concentration over a 

fairly wide range of magnesium concentrations. This justifies the use 

. ..;f a factor, obtained by determination of the l~ecovery of added magnesium, 

to correct the sample result for the effect of foreign elements, as the 

recovery of added magnesium will be equal to the ma~esium recovery in 

the sample. 

/96 ..• 7 .. The •• 



7. THE ANAIN.SIS OF SAMI?I.ES. 



(96) 

7. THE ANALYSIS Qli' SAMPIES. 

To test the accui."acy of the method, sev:;:.'al standard samples, 

including clay samples, a magnetite and a uraniwn plant 

processing solution (actually a purified uranyl nitrate solution 

called an "O.K. Liquor11
), and a limestone we1"e analysed. The results are 

given in Table 45. 

TABIE 45. 

Analytical results by proposed method. 

: ! 
Sample Certificate no. of Mean Coeff. 

value deter- Result varia- Spike recovery 
minations tion 

Flint Clay 0.26% MgO 10 0.223% 4.6% A)9.4y from lOy Mg 
no. 97 MgO B)l9.2y from 20; 

Plastic Cla~ O. 72% !VJgO 10 o.65o% 2.0% A)lo.4r from 10; 
no. 98 MgO B)20.4y from 20y 

' 
Iron ore 0.095% MgO 4 0.09o% -- 10.2y from lOy Mg 
29a MgO 
(magnetite) 

Cupro- 0.02% l\1g, 4 0.016% -- -- * * nickel Mg 
II All 

Limestone 2.19% MgO 2 2.21% -- ..... •:* * 
"A" MgO 
(argilla-
ceous) 

O.K. Liquor -· 3 3.4(2) -- A)4.8y from 5Y Mg 
AW 216 I p.p.m. B)lO.ly " lOy 

iMg* c)l4. 8r " 15y 
I 

~· Result calculated on uranium basis. 

**Where spike.recovery not reported, 6% loss assumed and result 

corrected for loss. 

The procedure followed in the analysis of these samples 

is described in Appendix I. Dissolution procedtwes followed for 

various types of samples naturally differ. 

The iron ore, clay and argillaceous limestone samples are 

all U.S. Bureau of Standards standard samples. The cupro-nickel 

sample is a British Chemical standard, prepared oy the Bureau of 

Analysed Samples, Ltd. No grea·t accuracy is claimed for the magnesium 
/97 .•. figure •• 

1 
l 
' 

I 

1 



(97) 

fi.gUl."'e given in the cel"'tificate for this samplei only one significant 

figure is quoted. 

The acetyl acetone-chloroform solvent extraction was used 

in the analysis of all these samples and the observed standard deviation 

is Pl"'obably due largely to errors resulting from this step. 

The difference between the cE.rtificate and observed results 

for the clay samples in 10-15 percent, which is abnol"mally large in 

view of the coefficient of variation and spike recoveries obtained. 

As classical methods of analysis were used to obtain· the magnesium 

results quoted in the certificate 1 it is quite ponsible that the 

certificate results, rather than the atomic absorption results, are 

at fault. 

The experimental results for the other samples agree fairly 

well with the certificate values. 
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8. CONCWSIONS. 

This investigation shows •that the i.nter- eJ.ement effects involved 

in the determination of magnesium by atomic absorption are very complex. 

\·There possible, theories have been proposed for the mechanisms of these 

interferences. Most of these theories have not been conclusively proved 

in this investigation and must accordingly be accepted with caution, 

The use of strontium salts to overcome the interference by other 

elements was thoroughly investigated. It was found that strontium alone was 

not completely effective as a releasing agent. Small amounts of several 

substances, e.g. aluminium and iron, interfere even in the presence of 0.02 

molar strontium nitrate. A combination of acetyl acetone and strontium salt 

was found to be more effective as a releasing agent for magnesium from 

interfering elements that form complexes with acetyl acetone than the 

strontium salt alone. vlith many elements, however, even this mixture did 

not fully restore the magnesium absorbance to its value in the absence of the 

interfering element. This is particularly true of manganese, iron and 

alwninium. A spiking tecm1ique is proposed to overcome this residual 

interference, which is generally small. 

The agreement between the theoretical and observed absor~)tion 

coefficients obtained in this work leads one to conclude that equilibrium 

conditions are possibly attained in the flame, b1 spite of the views of other 

investigators, reported in the literature survey. 

A solvent extraction procedure employing acetyl acetone and 

chloroform was developed and found to be useful in the removal of moderate 

amounts (up to about 0.) gram) of several interferb1.; elements, including 

alwninium, iron, uranitun, zirconium and titanil.un. This separation has the 

disadvantage of lengthening the determination and increasing the bl~~ 

correction, but is essential for the determination of magnesium in aluminium 

metal, uranium metal, and several other materials where the magnesium 

concentration is very low and the concentration of interfering elements is high. 

Other methods of separation are proposed for most of the elements studied. 

These are usually standard procedures and were not investigated in this work. 

As a result of this investigation a method for the determ~iation 
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of microgram quantities of magnesium in a wide variety of materials has 

been develqped. Even when solvent extraction or some other means of 

separation of interfering elements has to be employed, this method is 

probably at least as rapid as most others available for the determination 

of microgram amounts of magnesium. The precision of the proposed method, 

including solvent extraction, was determined using tHo standard clay 

samples. Coefficients of variation of 2.0 and 4.6 percent, at magnesiun1 

oxide concentrations of 0.65 and 0.22 percent respectively were obtained. 

TI1e solvent extraction procedure is probably responsible for most of this 

variation on account of the relatively large and somewhat variable blank 

correction resulting from it. The precision of the method as judged 

from these results, is adequate for most purposes. 
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APPENDIX I. 
I • ..............: 

Procedure for tl1e determination of pla$Aesium. 

Q!ittline of method: The sample is dissolved, preferably by attack with 

acids, and} if necessary} interfering elements are removed by liquid-liquid 

extraction with acetyl acetone-chloroform, mercury cathode electrolysis 

or anion exchange. Strontium nitrate is added ru1d the absorbance of the 

solution is measured after dilution to a suitable volume. Standard 

magnesium solutions are measured with the samples and optical densities 

plotted against magnesium concentration on linear graph paper. 

Application: This method is applicable to the determination of more 

than 1 p.p.m. of magnesium in uranium metal, oxides and processing 

solutions; clay and siliceous ores; limestone; aluuinium metal; iron ore; 

zirconium metal, concentrates and processing soluticns and may also be 

adapted to the analysis of other materials. 

Water: De-ionised water must be used. Store in polythene containers. 

A<?id~: hydrochloric, sulphuric, nitric, perchloric and hydrofluoric. 

A.R. grade acids must be used. 

Strontium nitrate solution, molar: Dissolve 212 g. A.R. strontium 

nitrate (Anhydrous) in de-ionised water and dilute to 1 litre. 

Ammonium hydroxide: A C.P. grade reagent was found sufficiently pure 

and may be used. 

Acetyl acetone,: Use ~ A.R. -grade reagent. Riedel de Hagn brand was 

found satisfactory. 

Methyl red solutiop.,; 0.1% (w/v): Dissolve 0.2 g. of the acid form 

of the indicator in 200 ml. hot de-ionised vrater. 

Chloroform: A.R. grade. 

Standard magnesium solut~ Heat A.R. grade magnesium oxide at 

ll0u°C in an electric muffle furnace for 2 hours to remove carbor.ate. 

Cool in a well-sealed desiccator for approximately 30 minutes, weigh 

out 1.658, add approximately 25 ml. water and dissolve in a minimum 

amount of A.R. grade nitric acid (If the magnesium oxide effervesces 

the solution must be discarded and the magnesium oxide re-heated to 
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remove residual carbonate). Dilute to 1 litl"e. This solution 

contains 1.000 mg. magnesium per ml. Prep~~e a solution containing 

l(fy Mg/ml. by diluting 10 ml. of tnis solution to 1 11 tre 1·ri th 

1 percent (v/v) nitric acid. This solution is stable for at least 

1 month. 

Other Reagents: ma.y be necessary for some samples. Use A.R. grade 

wherever possible. 

Amount of samole: 

Optimum quantities aliquot samples are given in the following table. 

If the magnesium concentration is very lOI'T, particularly if it 

is below 10 p.p.m., there will frequently be too much interference 

from other elements if the optimum amount of sample is used. 

SAMPLE SIZE. 

J I i 
I 

Dilution! Aliquot Estimate wt. of Dilution ' Aliquot(l) (2) Final volume 
(% Mg) sam- vol. (1) (ml) vol. (2) (ml) (ml) ple{g) _(ml.) JmlJ 

3-6 0.2 100 5 100 5 50 

1.5-3 0.2 100 10 100 5 50 

o. 7 .. 1. 4 0.2 -- .... 500 5 50 

0.3-0.6 0.2 -- -- 250 5 50 

0.1..0.2 0.2 -- -- 100 5 50 

0.05-o.l 0.2 -..... -- 100 10 50 

0.02-0.04 0.5 -- -- 100 10 50 

0.01-0.02 0.5 -- -- 50 10 50 

0.005-0.01 1.0 -- -- 50 10 50 

0.002-0.00~ 1.0 -- I 
.... "50 25 50 

0.001-0.00~ 1.0 Take all\, 50 -- I --
0,0005·0.001 2.0 -- -- Ta.~e alL 50 l 

I I 
0.0001-0.00~15.0 

I 
I Talce alll I 50 i -·· • --

i 
I I 

I ! I 

' 
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PROCEDURE: 

1) Dissolution of sample: (a) Clays and silica·tes: 

Transfer a suitable weight of sample to a platinum basin or 

crucible. Add approximately 5 mJl.. water, 2 r,11. perchloric acid, 

1 ml. 1:1 sulphuric acid and 5 ml. of hydrofluoric acid for samples 

of up to 0.5 g. For larger samples increase the amounts of sulphuric, 

perchloric and hydrofluoric acids in the proportion of the sample tq~ight, 

but the hydrofluoric acid added should not exceed 25 ml. Evaporate 

slowly on a sand-bath; with occasional SNirling1 until the sample fumes. 

Cool, add a further runount of hydrofluoric acid equal to that used 

initially and evaporate until fuming ceases. Cool, add 5 ml. nitric 

acid and heat to almost boiling. Transfer the sample to a small pyrex 

beaker, washing r·fith water and using a policeman to remove any \.lil­

dissolved residue adhering to the basin. Boil until all soluble salts 

dissolve. 

If the insoluble rea.idue is large, filter the solution 

and wash the paper about 6 times with hot, approximately 1% (v/v) 

nitric acid. Burn off the paper in a platinum crucible, fuse \'lith 

a minimum amount of sodium carbonate (note 1), and leach with a little 

dilute nitric acid. Combine this solution r,-lith the filtrate and dilute 

to a suitable volume, if it is necessary to tal~e an aliquot of the sample. 

b) Uranium metal or oxides: Transfer a suitable weight of deSl~eased 

uranium metal or oxide (not exceeding l. 5g U) to a pyrex beaker and 

dissolve in a minimum amount of nitric acid. Cool and dilute to a 

sui.table volume if it is necessary to take an aliquot portion of the 

sample. 

c) Limestone: Disso1ve a suitable weight of the sample in 1:1 

hydrochloric acid in a covered pyrex beaker. If a large insoluble 

residue remains, filter the solution and fuse the residue as described 

L~ (a). If it is necessary to take an aliquot of the solution, dilute 

to a suitable volume. 

d) Other solid sruuples: These must be considered individually. It is 

best, where possible, to use an acid attacl.: in preference to a fusion 

as moderate amounts of the alkali metals interfere. Samples containing 

/l07 •••• organic matter ••• 



(107) 

organic matte~, arsenic, sulphides, etc., should be ignited 

before dissolution in order to destroy organic material and 

drive off the volatile impurities. 

2) §2lvent extraction {Note 2). 

Transfer an aliquot of the sample solution, preferably 

containing between 10 and 25')' Mg1 to a 100 ml. pyrex separating 

funnel. Add 5 ml. acetyl acetone, 2 drops methyl red indicator, 

dilute to approximately 20 mL 1 stepper 1 and si1alte for a fe\'l seconds 

to mix. Add ammonium hydroxide with S~'Virling until the indicator 

just turns yellow. If the solution is hi~1ly coloured adjust to 

pH 7 using unive:L ... sal indicator paper, Add 20 ml. of chloroform, 

shake for l minute and allow the phases to separate for about 

15 minutes. Discard the chloroform layer. Repeat the extraction 

using 10 ml. of 20 percent (v/v). acetyl acetone solution in chloroform. 

Finally add 10 ml. chloroform, shru(e for 30 sees. and allow the 

phases to separate. Discard the chlorofol"I-:1, Add. 1 drop of methyl 

red and just acidify the solution with nitric acid. Filter the 

solution through a wet 9 em. ifuatman no. 5l~l paper 1 and collect the 

filtrate in a 50 ml. volumetric flask. Rinse the paper 3 times with 

water, add l uu, of molar strontium nitrate solution, dilute to the 

mark and ·mix. 

3. 11Spiked11 sample: To a portion of sample identical in size to 

that taken in paragr~ph 2, add lOy Mg (from the standard magnesium 

solution). Treat in exactly the same ·l·my as the sample. 

4. Blank determination. 

Prepare a total blank solution; commencing from paragraph 

(l) and follo~~Ting exactly the same procedure as described for the 

sample. 

5. Preparation of standards: 

Transfer aliquots of the standard magnesium solution 

containing : 0, 5, 10, 15, 20, 25, 30 and 55?' Ivlg to 50 ml. 

volumetric flasks, add l ml. molar strontium nitrate solution, 

dilute to the mark and mix. 
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6. Measure the absorption of the srunples and standards in optical 

density unit according to instructions supplied with the instrument. 

Use a magnesium l1oJ.low cathode lamp and set the wavelength to the 

peak at 2852 ~. 

Calculation of result: 

1. Plot the results for the standard solutions on linear graph pa~er. 

Use this graph to convert the optical density readings of s~nple, 

spike and blaffi( to the corresponding magnesiun1 concentrations. 

2. Calculate a correction factor = F given by: 

F = Magnesium in spiked sample (y) - magnesiura in sample (y) 

10 
(NarE 3). 

3. Calculate true magnesium content of sample sclution, given ~J: 

Maf!,nesium in sample- magnesium in blanl;: 

F 

and use this result to obtain the magnesi~n concentration of 

the sample. 

NOTES: 

l. The amount of sodium carbonate used must be such that the sodium 

content of the f:inal solution will not exceed 10 mg. Na per 50 ml • . 
As the magnesium content of A.R. gl"ade soditUil carbonate is 

appreciable, a similar· amount of sodium carbonate must be· added 

to the blank solution. 

2. Liquid-liquid extraction with acetyl-acetone is necesaary only 

when extractable interfering ions are present in more than 

their tolerab1e amount. Samples whose final aliquots contain 

more than about 2 mg. of aluminium or inon must always be extracted. 

When solvent extraction is not employed, the following procedure 

must be adopted: 

i) TI·ansfer the final aliquot of the sample t~ a 50 ml. volumetric 

flask. Add 0.2 ml. acetyl acetone, 1 ml. molar strontium nitrate 

solution and 1 drop of methyl red. Add ammonia, with thorough 

mixing, until the indicator just turns yellow (or adjust the 

pH to 7 V<ith indicator paper). Allow to stand for approximately 

5 minutes. 
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ii) Add hydroc~1loric acid until the indicator just turns red 

(or pH 3-4) J dilute to the mark with water and mix. Proceed 

as from paragraph 3 in the Procedure. 

This modification of the Procedure ~rill overcome the 

interference of 2 mg. of aluminium. 

3. A factor of less than 0.70 is undesirable as it can cause 

inaccuracy in the result. When the spilce recovery factor falls 

below this levelJ separation of impurities causing it is indicated. 

In very accurate Harle, spike and sample determination should be done 

at least in duplicate. 
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APPENDIX 2. 

Purification of salts. 

1) Lithium chloride: 11 Specpure 11 lithium carbonate was found to contain 

0. 03% of magnesium, vfhich is too much for it to be used in interfer:ence 

tests. A solution of lithium chloride of sufficient purity was 

prepared from this lithium carbonate as follovrs: 

About 8 g. litl1ium carbonate was dissolved in a minimum of 

A. R. hydrochloric acid} the solution evaporated to dryness and the 

residue redissolved in approximately 150 ml. of vfater. This solution 

was passed sloHly over about 25 ml. of Amberlite IR-120 resin in the 

hydrogen form a.Yld t he effluent collected and evaporated to dryness. 

This lithium chloride t-ras used for the ·cests l"eported in Table 9. 

2) Lanthanum nitrate: Only a C.P. grade salt was available and this 

\lfaS purified by double precipitation with amr:1onia. The hydroxide 

was redissolved in A.R. grade nitric acid. 

3) Uranyl nitrate: A solution of uranyl nitrate t-ms prepared from 

purified u
3
o8 and A.R. grade nitric acid. This u

3
o8 was prepared 

from a sample of impure u
3
o8 (approximately 90 percent pure), obtained 

from Calcined Products, according to the methud described in 11Assay 

Practice on the t"litwatersrand. n7l. 

4) fhorium nitrate: A C.P. grade salt was available} but contained 

too much magnesium for use in interference tests. It was purified 

by double precipitation \'lith arrnnonia. The hydro:~ide was redissolved 

i n concentrated nitric acid. 
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