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SUMMARY

The atomic absorption method of analysis is réviewed. The theory
describing theAyarious phenomena such as atomic population, spectral line
shapes, factors ihfluencing absorpfion, analytical graph curvature, etc.
are deduced. |

The practical éSpects of atomic absorption are discussed with

.respect to: Iﬁstrumentation:flame studies and an attempt to develop a
"upivérsal" flame; contaminationg"sources of errors, etc.

The method is applied to the analysis of silica;e matefials.
Problems of sample dissolution and standards preparation are discussed.

Apélications ha§e been made on the determination of ‘the alkali
metals (including lithium isotope determination); magnesium and calcium,

'copper, zinc, iron, manganese, molybdenum and aluminium. Although certain
geochemical aspeéts of these elements are discussed, the analytical problems
are stressed. The interference effects by other elements were tested and
techniques de§e10ped to enable iﬁ;erferencesAto be overcome.

It is.concluded thaf atomic absorption spectrométry has sig—
nificant uses for fhe'geochemist, especiallyxfor the estimation of elements

* of the trace and minor concentration levels.
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ATOMIC ABSORPTION SPECTROMETRY AND ITS

APPLICATION 1IN GEOCHEMISTRY

PART I: INTRODUCTION AND LITERATURE = SURVEY

CHAPTER 1

INTRODUCTION

1.1 AIM OF THE THESIS

In this thesis a study has beeﬁ made of atomic absorption spectrometry with
a view to its application in geochemistry. The study has not been aimed at
solving a particular analytical problem, but rather to investigate the method
for general geochémical applicatioﬁ, and to provide a clearer understanding
of its advantéges and disadvéntages, its séope and its limitation.
For this reason more detailed studies have been made of those
aspects of the subject considereq of.fundamentai'importance, sﬁch as:
(a) The usevﬁf flames and the atteﬁpt to develop a ﬁniveréal flame;
.-(b) a comparison of diséqlution techniques to determine those most
suitablé.for atomic absorption;
- (@) the investigation of interference effgcts most likely to be encoun-
-tered in geochemical analyseés and the means used to overcome them,
. and
(d) the factors like1§ to affect precision and accuracy.
Certain elemén;s have‘been more fuily‘investigated in order to determine their
most suitable.condiﬁions and also because these eléments are represéntative
of the behaviour of othér elements in theif group, |
The final assessment of the methods has been by the anaiysis of .

various rock standards and samples,.

A
a

1.2 GEOCHEMICAL ANALYSIS

Goldschmidt . (1954) has.boihted out that modern géochemistry studies the

distribution and concentration_of elements in all naturally occurring materials.
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This includes all matérial from the earth and the universe, such as water
from the oceans and rivers, rocks andiminerais_from the earth, and meteorites,
from extraéterrestrial sdurces. The gcience of géobhemistry depends signific-
antly on chemicai analysis, aﬁd conéiderable efforts argvbeing made.to improﬁe
existing methods énd developinew‘ones. |
To'those,aéquainted with methods of chemical analysis, the analysis
of the wide variety of geolbgical material that exisfs_such as ocean water,
clayé, rocks, minerals, and soils, is not easy, as yidé variations occur in the
composition of these materials. Chemical techniques, ‘for instance those based
on the chemical beﬁgviour of atoms,'molecﬁles and radicals in solutions, as
well as gfavimetric méthods etc. have been in u;e since the foundation of the
science of geochemistry, and remain reliable'and precise, especially.for the
determination of the ma jor constitpentst The acéurate'detefmination of elements
present in minor and-tface quantities presents difficulties, and it is not
surprisingvthat the sensitive emission spectrogfaphic methods, based on the -
use of the D.C. arc (Ahrens and Taylor, 1961) and the flame (Lundegardh, 1934)
became and remain popular. The geochemist today has the choice of many
methods of analysis. These inciude
'(a) the classical chemical meﬁhods;
(b) the more;mbdern>chemical methods, such as colorimetry, bélar—
graphy, ion exchange, and
(c) physical methodé, such as émfssion spectroscopy,vflamé photometry,
spark;source mass spectroscopy, neutron activation, isotope dilution
and_masé spectrometry and x-ray fluorescence'spectroscopy.
The choice depends on the degree oflaccuracy, precision, speed, sensitivity,
the matrix and number-énd'type of elements to be_deéermined. Many of these
methods overlap-with regard to range of analysis, types of element which may
be determineé, b?ecision and.accufacy‘étc.~so that other factors such as cost,

gpeed and simplicity, may influence the geochemist's choice.
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That géochemical anal&sis is still far from satisfactory has
been well illustrated By tﬁe large.discrepéncies in analytical'data obtained
by tﬁe U S. Geological Sufvey (Stevans et al, 1960), when the two famous rock
standards granite G-1 and diabase W;i were rele;sed for analysis. |

When the relatively néw ﬁethod of atomic absﬁrption‘spectroscopy
4was first suggested by Walsh (1955) there was little rea;tion‘from geochemists.
" Since then, ho&ever, with ité remarkable development and'increasing popularity
in other fields,.this méthod has beeﬁ seen as one thch could well Be,of
congiderable value~to geocheﬁistry.

Durihg the course of investigations by the aufhor_over the last
‘nine years, it has.been found that atomic absorption analytical speétrometry
is extfemeyy compiementéry to other.methods, and in certain cases is more
sensitive and precise;‘ This has also been found:to 5e trué for geochemical
:analysis. .The necessity to dissoive sélid samples is time-consuming but the
methoa.gfficiently fills géps which ére present in other aQailable methods.

Because of its remarkable sénsitiyity coupled with good precision
and accuracy, it will be of fundamental use for the estimation of trace metal
concentrations in many types of geologiéal materials. vThe high specificity
. of the method mékeé it ideally suitable :for use with chemical enrichment tech-
niques to increase gensitiVityy This is of use‘for'thé~ana1ysis of ocean-water
énd natural watefs where.tréce metal concentrations are very low, as well as
for the determination of very low-abundance trace eiements in rocks. .

Although befter suited for trace and minor‘element determination
it has been found that the method may be ﬁsed, with advanﬁage; as a '"rapid"
method for the determination of major elements such as aluminium, iron; cal~
cium, magnesium, sodium and potassium iﬁ silicate samples.

| In Ehese case; one or more of thé methods ayailabie;fbr reducing

gsensitivity may be used,



1.3 LITERATURE SURVEY

1.3.1 'Genérgl

Tﬁe.phénomenon of atomic absorption has been known since.the dark absorption
vlines‘in the spectrum of.the‘sun were studied in detail by Kirchoff (1861),

and the reversai of spectral lines emittédbbj a flame were noted by Bunsen

aéé later flamevspectroscopists.' Apart from astronomeré, who used the
absorption spectra of thé sun and plaﬁets‘for the study of planetary atmos-
pheres, there iﬁvno record of atomié'absorption spectroscopy. having been‘ﬁsed
fof aﬁalytical pufpoées until the briliiané work by Walsh in 1953, By suggest-
ing the use of‘seaied hollow cathode lamps as light sources, he obviated the
need for very high resolution spectrographs and thus opened the way to a method
making uée of simple, inexpensive; low dispérSion spectfometers. In Holland,

~ Alkemade Had been working indepen@eﬁtlyralong similar lines and his publication
with Milatz (1955) followed that of Walsh sﬁortly after,

o Not surprisingly the first épplications of atomic absorption
spectroscopy tovpractical aﬁalyses were made in Australia and New Zealand.
Prominent among the scientists who foresaw the potential of fhe method were
. Willis (1959, 1960a, 1960b, 1962), David (1958, 1959, 1961, 1962) and
Allan (1959, i961, 1962a, 1962b). These applicétions were mainly for the
_ determinationvqf.specific elemeﬁts in biologiéal and agricuitural materials.
SignifiCant advancés'haVe been made during the iast eight years in a;omic
absofptibn speétrometry, not ogly to extend the me thod for the determination
| of various elements in metals (Gidley, 1961), water (Platte'and Marcy, 1965),
cement .(Capacho-Delgado et al, 196?), fertilizers (McBride, 1967), oil (Means
and Ratcliff, 1965), foodstuffs (Slaviﬁ, 1965); wine}(Zeeman. and Butler, 1962),
but also to improvellimits of detection (Fuwa and Vallee, 1963).

Fiames and éémbustion processes (Kirkbright et al, 1968), and
atomizing phenoméné (Willis, 1967) have beeﬂ studied by several scientists,

_as it hés'lbng»been realized that the flame plays‘an important role in affecting
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. precision, sensitivity and accuracy of the method. Perhaps one of the most
significant advanceés made since atomic‘ébéorption was first suggested, has
been the use of the nitréus oxide fiame (Amos and.Willis, 1966; Willis, 1965).
Not only are mény ihterference difficulties overcome, but the use of the flame
has enabled many elements which form refractory'oxides and hydroxides,.to be
determined,

Several techniques have been described to atomize solid samples
(L'Vovf 1961; Wélsh and Gatehouse, 1960), but most of these methods appear to
have practical diéadvantages;

Major advances in the improvement of instrumentation such as
‘hollow-cathode lamps (Dawson and Ellis, 1967; .Manning and lelmer, 196%),
nébulizers (Davies et al, 1965), and burners (Butler, 1962; Manning, 1965),
spectrometers (Kahn, 1966) and readout systemél(Boling, 1965; Keats, 1965)
have been made. = The high intensity lamps of Sullivan and Walsh (1965) aroused
much interest, but these have not been found to improve‘analyses significantly
'except for the elements selenium and arsenic. Selective modulation (Walsh,
1966) and resonance_épectrometers (Sullivan and Walsh, 1966 ) are receiving
much attention at present and it is pfedicted that these devices may well
revolutionize atomic absorption as well as emission specfroScopy within the
next ten years.

The'siﬁultaneoué determination of several elements (Butler and
Strasheim, 1965) has been showﬁ to be possibie, applied mainly to specific
problems, but reséarch in this field éontinues.
| A laser haé been used successfully for the production of an atomic
vapour for atomic'aﬁsorption spectroscopy (Mossotti and Laqua, 1968), and
éolid fuels (Venghiéttis, 1967) have been used for atomizing powdered ores,
giving resulté which could be of use‘fqr rapid, semi-quantitative determinations,

Attehtion has been paid to.thevtheoretical aspects of atomic

~ absorption using flames as emission sources (Rann, 1968). The factors
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influencing the shape of absorption lines have been studied (Lapp and

Gallagher, 1967; Bleekrode, 1967) and it has been shown that the Voigt

profile describes the absorption line shape better than the Doppler profile

suggested by Walsh in his original paper. Attempts have been made to develop

an absolute method using this theory, but have not been generally successful

(Rann, 1967).

Research continues at a feverish pace in atomic absorption spec-

troscopy and its applications, as well as allied fields such as atomic

- fluorescence specfroscopy (Winefordner and Vickers, 1964).

1.3.2 Atomic Absorption in Geochemistry

Astrophysicists are perhaps the oldest users of atomic absorption spectroscopy

for apalytical purposes as this technique has been used for many years to

determine the composition of solar and stellar atmospheres.

(a)

(b).

Ores

One of the first applications of atomic absorption.spectroscopy for
the analysis of geological materials was that of Strasheim e£ al
(1960) who determined copper in ores. Several other scientists have
apﬁlied atomic abéorption to ore analysis. Farrar (1966) has
determined copper, zinc and cadmium in ores of these elements as well
as in lead base ores. Rawling et al.(1960) determined silver in

lead sulphide concentrates and in silver and zinc ores, while Judy

Bowman (1967) determined tin in tin ores and concentrates with a

"nitrous oxide acetylene flame.

Atomic‘absorption is used on a large scale for rapid analysis
(Sampey, 1967) of soils, rocks and ores for geochemical prospecting,

especially in Australia and the U.S.A.

Water~analysis

The method has been applied very successfully to water analyses

probabiy because of the simplicity of sample preparation. Butler and
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Brink (1963) determined magnesium, calcium, potassium, sodium,

_copper and iron in natural water. Burféll (1965a) determined

nickel and cobalt by pre-concentration and solvent extraction, and
'Platté<aﬁd.Marcy (1965) déécribed the atomic absorption method as
a general tool for the water chemist. |
Various elements in ocean water and brines have also been deter-

mined. Angino and Billings (1966).have determined lithium in sea-
water and have very recenély published a useful book (Angino and -
Billingg, 1967) descriBing'the use of atomic absorption spectrometry
invGeology. Fabricand et al (1966) have'determined lithium, mag-
nesium; potassium,‘rubidium and stropfium in sea water and Joyner
and Finley (1966) have determined magnesium and iron.

.-'Solvent extraction is ideal for cbﬁcentrating trace elemenfs
(Mulford, 1966) and eliminating alkali and alkéling earth inter-

ferénces. Lakanen (1962) has- used chelating agents and solvents

such as chloroform for this and Fabricand et al (1962) have used

quinozaline-2, 3-Dithol for determining nickel. A P D C and Oxine
are also well suited for this purpose as mentioned by Mansell and
Emmel (1965). Orren (1967.). has used A P D C successfully for

extraction of trace elements from sea water.

Organic Geochemical Anélysis

Burrell (1965b) has used atomic absorption for determining cobalt,
iron and nickel in organic (asphaltic) fractions in recent sediments,

by extraction of these fractions with chloroform.

Industrial

Cements have successfully been analysed by Manning et al (1963) for
gsilicon, aluminium and titanium. Coal has been analysed by atomic
absorption spectroécopy. Belcher and Brooks (1963) determined

strontium in coal ash and Boar and Sullivan (1967) used a resonance
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monochromator for the routine determination of magnesium in brown
coal. Adams et al have published several papers (Adams, 1961;
Adams, 1965; Adams and Passmore, 1966) on glass analysis by atomic

absorption.

Relatively few papers have been published describing thg use of

atomic absorption for rock analyses and most of these have appeared
within the last three years. Rubeska.et al (1963) determined mag-
nesium in various types of silicate samples. Butler and Mathews

(1966) developed a method using solvent extraction .for the deter-
mination of molybdenum in silicate materials. Trent and Slavin (1964a)
described a method for determining‘sodiuﬁ, potassium, calcium, mag-

nesium, manganese and iron in the two rock standards G~-1 and W-1.

- Surprisingly, very little interference was reported even from silicon

when a fusion technique was used. These authors also described the

use of atomic absorption for the determination of calcium, magnesium,

manganese and ;iron in various types of silicate samples, as well as

copper in G-1-and strontium in G-1 and W-1 (Trent.an& Slavin, 1964b).
Billings has probably made the greatest contribution to the
application of atomic absorption to geochemical analysié. Apgrt from
two very interesting papers (Billings and Adams, 1964; Billings,
1965a) describing some of his work, his recent book (Angino and
Billings, 1967) provides a ‘good source of reference. 1In the first of
the papers; he describes the determination of ribidium, iron, strontium
potaésium, godium and calcium in the silicate minerals plagioclase,
alkali feldspar, and neéheline and in the second discusses the’
accuracy- of atomic absorptioﬁ results. Belt (196%), has applied
atomic absorption methods to thé determination of copper and zinc

in geological materials, and has suggested a method for the partial
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analysis of silicate rocks (Belt, 1967).

Three books have 5één written to date (Elwell and Gidley, 1962;,
Robinsoen, 1966; Ramirez-Munoz; 1968) and another by Slavin (1968) is in
press. An excellent bibliograﬁﬁy is published periodically in the Perkin
Elmer Atoﬁic Absorption Newslette;. |

The conclusion which is reached after the literature survey is
that while atomic absorption spectroscopy has been applied to many
isolated problems, there has been little attempt to assess its use as a
method for ggheral-geochemicallapplication, and fully understand its
scope. Most scientists working on the aﬁplication of étomic absorption
to geochemistry have usea‘ordinéry commefcial'equipment with little
attempt to make'improveménts for the épecial problems encountered in
geochemical analysis.

Some of the wérk presented is similar to work publisﬁed by other
- scientists active in this fie1d5 This is not surprising as atomic
absofptioﬁ is a field which is developing at.an enormous fate and dupli-

cation is inevitable.
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PART II. GENERAL

CHAPTER 2

THE  ATOMIC  ABSORPTION METHOD

2,1 PRINCIPLES OF THE METHOD

Atomic absorption spectroscopy is based on the phenomenon whereby atoms which
are unbound_chemically may absorb electromagnetic radiation at specific wave-
lengths. The energy of these wévelengths corresponds to the energy difference
%

of electronic transitions between allowable levels ‘j and 1

i.e. AE = Bj - Bi = &S

A
where Ej and Ei are the energies of states j and 1,
h .is Planks conétant,
XA - 1is the wavelength of the radiation, and

"¢ 1is the speed of light.

At relatively 1§w flame temperatures (2000 - 3000°K) most atoms are
‘in non-ionized ground statés.and consequently the wavelengths most easily
absorbed are those correspondingvtb thé energy transitions between the ground
étate and the first allowable level. This radiation is usually termed resonance
radiation. An atom will rapidly radiate the absorbed energy at precisely the same
frequency - at ﬁhich:it was aBsorbed.

The experimentai technique usea to harness this phenomenon for ana-
lytical purposes consists of (a) alliéht source, which is usually a hollow
cathode.iamp radiating iight charactefistic of the analytical element, (b) an
absofbing medium, usually a flame into which is nebulized a fine aerosol of the

Sample solution, and (c) a spectrometer for isolating the selected sPegtral

o

% A list of the symbols ﬁsed,is'given at the beginning of this thesis.
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line and measuring its intensity. Fig. 2.1 shows a Scﬁematic diagram of
the apparatus;'

| An analysis is carfied oﬁt by édjusting‘the spectroﬁeter, 1am§

current, flame conditions, and burner to optimum setting, for the element to

be measured. A blank solution is.sprayed and tﬁe spectrometer adjusted to
zero absorbance, ' Then standard solutions, with kno&n concentrations of the
analytical element, are Spfayéd and the absorbance is recorded for each, to
~establish the relationship between concentration and absorbance,'usually-repre—
sented graphically., Sample solutions with unknown concentrations of the

analytical element aréISprayed and the concentrations estimated from the graph.
Theré are many factors contributing towards the proéess of absorption
~and consequently toﬁards the accuracy, precision and sensitivity of the method.

(a) The amount of aerosol which reaches the'flame depends on the nabulizer,
the shape and size of Sprayfchamber, the air or gas pressure, and the

size of burner aperture which determines the gas flow rates.

(B)‘ The number of aerosol droplets which are dehydrated to salt particles

' depends on the droplet Size.distribution,.number 6f droplets, témperg-
ture of the flame, latent heat of fluid_evaporation and velocity of
the flame,

(c) The réte at‘which atoms are produced from the salt crystals depends on
the boiliﬁg point of the éalt, or the dissociation energy of the salt
crystals and on the velocity of the partiéles.

(d) The.final number of atoms which are available for absofption depends
on all tHese'factors as well as on the chemical characteristics of
the element, the combustion properties of the flames gasés, the burn-
ing yelocitiéé,land the flame temperature.

Most 6f the many variables are kept as constant as possible, so
that the fécéors:which would.inflﬁence absorbance for the analytical element
- would be the same fér the standards as for the analyfical element., The

physical parameters which influence absorbance, are generally not difficult to
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keep constant, but not so the chemical effects? esPeéially where ;hé coﬁpo—
sitions of the standards and sample differ markedly., In cases where the
anaiytical element.is not sﬁrongly gffected by the presencé of other elements,
it may be possible to use aqueous sdiutions for standards. This is a significant
vad?antage of the method, as it then becomes a semi-primary method, independent
of pre-analyzed standards."However,‘in cases wHere chemical effects are
present, there are several approaches, viz.:
(a) To use a fléme which reduces or'eliminates_chemical énd“physical
interferences;
(b) to add suppressing or inhibiting agents§
(¢) to eliminate the interferiné element by solvent extracfion, precipita-
tion.or ion exchange; and
(d) to use étandards ﬁhich almost exactly métch the samples in chemical
composition..
All these factors have-been studied in detail and their merits will be discussed

later in this thesis. |

2.2 THEORY

The treatment given here is to expléiﬁ‘cerﬁain phenomena of ‘atomic absorption

‘ spectroscopy and to provide a ﬁathematical model. While the model may fail to
éncompass all the variables (e.g. éhemiqal reactivity) it does form a ba;is for

the understanding of the processes whereby atomic absorption occurs.

2.2.1 Concentration of Neutral Atoms
In an ideal atomié gas in thermal equilibrium the Maxwell-Boltzman thebry
may be applied with success to predict the states of partition of the constituehts
of the gas. This theory is also applicable in atomic absorption flames to
explain the high sensitivify of the method, even though they may be far from the
concept of ideallgaées.

1f the flame is coﬁsidered'tp consist of an ensemble of atoms which

have two allowable energy states Ej and Ez'v'



where Eo9 > El
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then the number of atoms N, in each state, may be given by

Ny

and ) Nz

The ratio is
N2

W

where C

k

T

g

is
is
is

is

_El

Cgl e kT

_.E2

ce, & O

81

a constant independent of E,

the Boltzman constant,

the absolute temperature, and

N ¢

the statistical weight of the energy level.

For a spectral term having a total quantum number

g

2J ¢ 1

In Table 2.1 this formula is applied

to three elements to indicate

that, at low temperatures, many more atoms are in a ground state than in

all the other excited states together,

_For resonance lines

where " h is Planks constant,

¢ is speed of light, and

and

" also

and

0 (the

Ej (the

X 1s the wavelength in air,

ground state)

first energy level)



- 14 -

" TABLE 2.1
o Ny
Ratio-ﬁ— for different temperatures
o
Temperatures*
. L. . &1
Line . Transition E; , ZOOOOK 3000°K!
2 2 -6 -4
Na 5890 s; - %Py | 2 9.86 x 10 5.83 x 10
. | 5 .
|ca 4227 150 - e, 3 | naixw07- 3.69 x 107
Zn 2138 's - ', 3 7.29 x 1071 5.58 x 1070

* : . , ' :
The given temperatures 2000°K and 3000°K are similar to the temperatures

‘of the propane-butane/air (1800°C) and the acetylene/nitrous-oxide (2800°C)
flames respectively.
It can be seen that the number of atoms in the ground state far

exceeds the number of atoms in the first excited state. When calculated for

all higher energy states, i.e. N1, Ny, where Nj<< N, and N, << Nj etc. the
ratio becomes considerably less so that

. j=n

Ny >> N
0 1 ]

e g

h
From these results the foilowing conclusions can be drawn:

(&) Many mére atqmslare.available for absorpfion than for eﬁission,
as absorption involves atoms in the.ground state. Absorption spec=
troscopy should therefore bc more sensitive than emission spectroscopy
at lower teﬁperatures. This has indeed proved to be the case, espe~
cially for eléments having their resonance lines at shorter wave-
1ehgtﬁs, e.g. Zn and cd (2138 and 2288 8).

(b) Ni is so small compared to Né at low temperatures that it can be

N A

assumed 'ﬁi %-0 and that all the atoms may be presumed to be in a
o ' : »
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ground state,

(c) While tﬁe number of atoms 'in the ground state remains fairly-constant
over‘a wide temperature range, thé number of atoms in the energized
or emittiﬁg state varies eprnentia11y with temperature. Absorption
measurements are therefore much less dependeﬁt on temperature.
Matrix, interelémeﬁt, solvent effects énd change in combustion proper-
ties which chaﬁge the teméerature of the flame have much less effect

on absorption than on emission spectroscopy.

2.2.2 Relationship between Absorption and Atomic Concentration

If parallel light from a continuous source passes through an atomic vapour and

a portion is absorbed at a frequeﬁcy v , the Beer Absorption law holds

: K, .1 _
ie. I, =TI .e - R ¢

where I, 1is iﬁtensity of original beam,
I, -is intensit? of fransmifted beam,

K is absorption coefficient at frequency Vv,

1 .is absorption path length,

K, varies with v , and when these two variables are compared
gfaphidally, a Gaussian distribution curve similar to that in Fig. 2.2 is
obtained. The total width of the graph, where K, has fallen to half its
maximum value is c#lled‘the half breadth‘and is denoted by 4, .

Ky and 4 dependvon the nature of'tﬁe atoms, their motion and
their interaction either with one another or with foreign molecules.‘ This will

be discussed more fully in a later section.

2.2.3 | The Einstein Theory in Radiation

Consider an enclosure containing isotropicradiation with intensity I, and with

frequency distribution between v and v + dy © . This radiation passes

through a cloud of atoms capable of being raised from a normal state 1, to an

excited state 2. L



I(V) or k(v)

~FIG.2-2

Change - of Absorption Coefficient
- (or Intensity) with Frequency.

PG4 -1250
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Let Bj., 2-Iv} = probability per second that atom in state 1 will
absorB radiation quantum hv. and pass to state 2,
‘Let“A2+ 1 = probability pér second that atom in stafe 2 will
séontaneoﬁsly emit quantum hv in a ran&om direction
and paés to state 1..
Let By, ;.I, . = ﬁ;obability.per secoﬁd that thé atom will undergo the
| transition 2+ 1 and radiate a quantum hv inAthe

same direction as the incident quanta.

When these reactions are in thermodynamic equilibrium, Einstein
showed that:

3

AZ—» 1 o Zh\) gl
B2 ? 8
B g

~and 2> 1 .= —l

.B1+ 2 87

- where c¢ is light velocity, and
g 1s statistical weight. .

If ¥ is the lifetime of the atom in the resonance state 2, then

if the constants are correctly chosen.

el

B coefficients may be defined either as radiation intensity or as radiation

density, where

—% .B. (intensity)
4

B (density) =

These Einstein probabilities are applied to the absorption by a

layer of atoms dx thick with N normal atoms per ccm of which 6 N are capable
of absorbing radiation between ¥V "and V +d v .-

In this layer there are also Nj excited atoms of which § N7 are

capable of emitting in this-frequency'range,'and neglecting the effect of

spontaneous re-emission in all directions, the energy of the original beam will



_17_
be decreased by:

- N
) Nv'dXJLy°Bbﬂ‘4ﬁ

Iy

o
 =d (Iv {5Q = § Nv.dx.h.v.Bl+sz;

where Eﬁ '~ 1is the intensity bf:the equivalent radiation for
4 : .
which B142 and Bz_*1 -are defined,
- dI
' 1 v by o _ . . 1
- — ¢ 6 = e - X . i
then == . =i 0y =gz (B, SNy =By SN}
From equation 2:
1 dI1,,
| K\).d\) ,- 'R'.t 'a'}"{'_' . 6\)
and by integration
' ' 2
& d Ao .82 N, 1 - g1 N
L% N E: v g, -0
81 v 2 N
‘ N
‘but 1
5 *o i Ny * N,
0 .
. 3 2 g5 . .
then F K od, =-2-+22_ 2 (3)
ARV . :
| g7 - 81 v ‘

This equation gives the relation between the integrated absorption
coefficient K v  and the number of atoms N, For one particular spectral line,

v} ,-'Ao, 81, and gy are constant thérefore

S X, .d, = constant .N.
Since.the iptensitiequf spectral lines are ﬁsually expressed in
terms of oscillatbf strength Qr'f—valueé and not in termé of Einstein coeffi-
cients,'it is necessary to determine the f-value and the 1ifetime ¥ .relgtion-

ship.

2,2.4 Relation between f—vaiues and lifetime
The f-value can be defined as the ability of anéxom'to absorb or émié 1ight at a
specific waveléngth, as cbmpared to the ability of the classical oscillaﬁing
electron to absofB or emit light at the same wavelength.

From the classicél electron theory

4drn. (ng).dv _ o2 .N.f... o ' _ A '(4)

4 Ao : me
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where n 1is refractive index (presumed = 1 for air),
ng  is the electron theory absorption coefficient and is related

to the usual coefficient by

bt (nK)
Ao

e 1s electron charge, -

m 1s electron mass,

Substituting for ng, equation &4 becomes

: _‘ Te | o
Ky.dv = = = N.£f. et eierasascans (5)

If the oscillafor stfeﬁgth f is known, then by substituting in the
above equation, the atomic concentration cén.bevéalculéted'from the integrated
absorptidn coefficient.

The relation betWeen'f—vélue and V¥ caﬁ be calculated from

equations 3 and &4 °

h . .
then  re? N £ =-x°2.52-.’5' e (8
= N.f. S E T

and by‘substituting the values of the constants

1,51 °
‘P .' .'é'I .

This equation allows the 1ife£ime to Be calculated directly from the f-value
which can in turn be calculated from equation 5, a knowledge of the integrated
ébsorption and number of atoms, N. Alternately, knowing all the constants
including .f, N may be calculated, but values for f are only known accurately

for a few lines and then the values are not reliable.

The above theory deals only with the INTEGRATED absorption
/K, d y. The absorption coefficient depends on the shape of the absorption line

A v .
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2,2,5 Line shape and absorption coefficient

In the flame, which is the usual means for obtaining an atomic vapour, the
shape, or broadening of the absorption line (see also Section 3.1.1); is
almost entirely due to o

(a) Doppler broadenihg;

(b) pressure broadening, which includes Lorentz and Holtzmark (Resonance)

broadening.
The Doppler half width df a line may be calculated from the

equation |

23 2 RT, 2
0 -—-I—n——-) ’ R (8>

Ay = (log 2.

D
where Vv is frequency at 1 mc centre,
T is absolute temperature,
R 1is universal gas constant, and
m 1is atomic mass.
Equation (8) has been épplied to calculate the width of a

number of lines.

TABLE 2.2

Values of D at various temperatures

Element A (R) m : A D, (&)
1000°K 2000°K 3000°K
Na 5890 22,3 0.028 0.039 0.048
cu | . 3247 63.6 | 0.0092 0.013 0.016
Zn 2138 65.4 0.0060 0.0085 - 0.010

If a température of 2000°K is required to produce an atomic
vapour then the Doppler linewidth is of the order of 0.0l &, but at 3000°K,

it may be twice to three times that, i.e. 0.03 &.
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The absorption coefficient for Doppler broadening alone is
‘;62( v vo))zi
Kv‘ = Kog A vD A log 2 EPRRERE 9)

where K, is the maximum absorption coefficient at the centre of the

~absorption line,.

Integrating equation (9)

(o]

‘ ' 1 : :
[ KR dy o= ¢ T )2 .K_. b D. ceiereee. (10)

(o}

But equation (5) gave:

[ Kydv = NLJE

If eduations(S) and (10) are combined:

‘ 2
: . . oL m .
K = = Codee 2y el oy ceieee.. (1)
o A\)D . T mc ‘ .

Substifuting the value for V Vp from equation (8) and also

£
xo for Vv o
2 A _
K, o= —— . T L S LR e (12)
| (21R) 2 (T/m)%
or K = Constant. N.F. for a given spectral line and element.

[o}

The ‘essential difference between equations (12) and (3) is that

in equation (3) the integrated absorption { K,dv gives a linear relationship

with the number of atoms, whereas in equation (12) the absorption at the peak

of the absorption line.KO does this,

-

~ To utilize equation (3), i.e. using a continuous radiation

source, would require a spectrograph with very high resolution (500,000 or

more) to resolve the absorption line. If, however, a sharp line source is used,

then equation (12) is applicable..

- "Walsh (1955)“suggested the use of a hollow cathode lamp which is

known to give a very narrow emission line, and in this case it is not necessary
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to resolve the absorption line.

2,2.6 The Voigt Function

Walsh originally suggested that equation (12) could be applied to calculate
the number of atoms N and that this would place atomic absorption spectroscopy
as an absqlute method not requiring the use of standards, but only a knowledge
of the oscillator strength f£.

Rann (1967) has investigated this possibility in some very care-
fully pianned experiments; using silver, cépper and gold as elements which could
be considered:

(a) Fully atomized in the flame;

(b) not prone to any element interferences; and

(¢) with f values reasonably weli known.
Curves of growth using calculated and measured values differed widely. His
results proved that the assumption of absorption line shape being caused by
Dopbler broa&ening alone was erroneous.

Rann (1967) and Lapp and Gallagher (1967) have suggested the use of
the Voigt function, which takes into account broadening processes caused by
collision as well as Doppler and natural effects (see also Mitchell and Zemansky,

1961).

TheiVoigt equation for the absorption coefficient is given by
2
' . =y
K, = Ko.2 . f-w>2 e ~ o .dy T ¢ )
T at ik (w-y)? ‘
1
where y = (108 2)2. _2.__6__
L v vy
w = (log 2)% ¢ )
- D
I AV N +4v
and a = e

" (log 2)? -
- AVD,

by, by L,'aﬁd' Av p are the natural, Lorentz and Doppler half-
widths and & is a variable distance from the point ( § -V o). The parameter

"a'" is proportional to the ratio of collisional to Doppler broadening.
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Av ¢ is so small that it méy be considéred insignificant.

Assuming a Voigt profile'for both emission and absorption lines,
and using a computer to evaluate the integral for various "a" values, Rann
showed that calculated curves of‘growth glosely matched experimental curves
for the three elements mentioned (gold, copper and silver).

 His conclusion, however, was that many controliable_factors would

limit the use of a formula to calculate the concentration of atoms causing

absorption,

2.3 FLAME FACTORS .

All‘the assumptions made in thé model of ;he absorbing medium may be partly
" erroneous when the practi¢a1 factors are considered. |

The most serious cause of error could be that of presuming the
absorbing medium to be a perféct gas, in fhermal equilibrium. In practice, the
absorbing medium is a highly chemically reactive flame into which mény chemical—
ly reactive substances éré being introduced. While conditions of local thermal
equilibrium are presumed for the outer regions of the flame for temperature
measurements, there is little doubt that thermal equilibrium does not exist in
the reactive zones of the flame. The statistical assumptions may therefore be
incorrect. |

The number of atoms in the ground state may be depleted or increased
depending on the presénce of other elements or radicals, and this again may
depend on the factors mentioned in 2.1.

It is therefore postulated that equation (12) may be modified to

K, = C.f. e (FOP) *+£00)) ., )
where the functions £ (6 b) and f (¢ p) describe the influence of
chemical reactiVity of the’analytical element b and the interfering element
or radical p..

These functions may be positive or negative depending on whether

the interference. causes enhancement or depression, and will be different for
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different flames and for different combustion conditioné. In the case where
no interference exists, both functions are zero.
| Thé functions will be difficult to determiﬁe accurately except
in certain isolated éases, andvfbr ﬁfactical purposes this will be unnecessary,
although of interest academically. |
The normal procedure of preparing analytical working cﬁrves is
the acceptable solution to the problem of determining the concentration of

atoms in an unknown sample, and works well.

2.4 CURVATURE OF THE ANALYTICAL GRAPH

One of the‘disadvantages of the atomic absorption method is the relativély
1imited-usefu1 analytical range, which is seldom more than two orders of mag-’
nitude, i.e. 1;0—1001ppm or 0.1-10 ppm.

This 1is cau;ed by curvature from linearity of the graph of absorb-

. . - . 1. .
ance against concentration, (Note: When absorption z is plotted instead of

¥
absérbance, log %, gur&aturevmuét'result as the Beer law is aniexponential
function),

| The reason for deviation may be seen in the Voigt plot of the
absorbing line profile against the emission line profile, Fig. 2.3(a) shows the
Voigt profile for a = 0.0 and various absorbance vélues.

Whereiéhe gmitted line ié broadened by Doppler broadening oniy,
the a value =l0{

This may be presumed to Be the case at low lamp currenté, but as
1émp currents iﬁcrease, the "a" vélues increase because of collision effects.
(Self aﬁsorption will also increase, but for the purpose of this argument it
is presumed that lamp current is not increased to the stage where significant
self reversal occurs in the lamp itself.)

(

The detection wili indicate the signal shown as the shaded

portion (Fig. 2.3(a)). _It.is seen that soﬁe signal will be measured even when

maximum absorption occurs (Kv = 6)., This will be greater for values oﬁ_higher

"a" (Fig. 2.3(b)), which will cause the emission line to broaden.,



(a)

(b)

a=1{0
‘ Kv=0

Absorption.

Kv=l
Kvu=20
Kv=3-0
Ku=60
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w
a=0
(c) (d)
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N |
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FIG. 2-3.
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PG4 —125I




- 24 —

Another factor which causes premature curvature of the analytical
graph is when allvthe light from the cathode doeé not pass through the flame
and'consequently even at maximum absorption (Ky: = 6) a signal is measured.-
This will, in effect, move the‘absorbance away from the éé—ordinate, as
shown in Fig. 2;3(c).

Similarly,. if the soufce haé a high Backgrdund,»the measured
signalIWill be as shown in Fig. 2,3(d). By making the spectral band paés
smaller, the curve can be made more linear; wheﬁ background is high;

The Voigt distribution'produces a symmetricallﬁrofile, whereas
it is:known that line ﬁrofiles become asymmetric and are subjecf to wavelength
shift:at high levels of atomic concentratiﬁn. This may well be a confributory
reason for deviatibn of the working graph from linearity. (See alsé section
3.2.) |

It is postulated that the use of selective modulation of the
light from a hollow cathode lamp by andther_ébsorbingllamp, will impyove the
linearity, and thus the analytical fange of atomic abéorptionﬂ Thisnis readily
seen by studying Fig. 2.3(a). If £he'speétrometer "sees" only the difference
between the graph-wheré K, =6 (i.e..makimum absorbance)laﬁd the actual
" absorbance (K'v'ﬁ 6) the difference Qill be very small and the actuai absorbance;
concentfation graph, shogld be linear tp to total absorbance .of the line at the

centre.



- 25 -

CHAPTER 3

APPARATUS

3.1 THE SOURCE

The source is one of the most important components of atomic absorption

apparatus. This was realized early in the use of atomic absorption in

South Africa, when commercial hollow cathode lamps were extremely , unre-

liable. Not until.hollow cathode lamps were self-built (Strasheim and

Butler, 1962), could dependable results be obtained.

(a)
(b)

(c)

(d)

(e).

3.1.1.

The requirements of the s§urce for atomic absorption are:
Narrow emission line profiie;
purity of spectrum (i.e. no interfering lines from other elements
within the band pass of the spectromeéér);
Sufficient.inténsity;
constancy of emission;

long life and low background.

Spectral Line Shapes

The factors which govern the éhape of spectral lines hold for both emission

and absorption. The processes which contribute are:

(a)

(b)

Natural broadening due to the fact that the finite lifetime of
the-éxéited stéte is not the same  for all atoms. It gives rise
to such a small efféct that for all practical purposes it may be
ignored; |

Doppler broadening is due to the motions of the atoms as a result

of thermal activity. Similarly excited atoms will radiate similar
frequencies, but when they are moving at different velocities in
different directions, .the frequencies reaching the observer will

have a distribution (Maxwellian) with a halfwidth



(¢)

(d)
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. . RT, % . -1
Av = 2=
D 2(2 log 2. — o cm

For a given atom line

bp = 167, - (2-R—::1

X
Const. x T*
If narrow lines are required it is therefore necessary to keep
the temperature as low as possible. This is done by keeping the lamp
current low.. With a properly designed hollow cathode lamp, a current
of 5~-10 mA should provide sufficient intenéity and give little Doppler

broadening.

Lorentz broadening is caused by.collisions of the excited atoms with

foreign gas particles, and, as not all atoms are affected similarly,
broadening and line shift results. Forces acting are of the Van der

Waal type, i.e. inversely proportional to distance ()6'.

It has been seen Gn Chapter 2.2.6) that Lorentz broadening plays an

important role in the flame, but in the hollow cathode lamp where low
gas pressures are used, Lorentz'broédening is relatively small, affecting
the emission line to be broadened little more than O.0L&.

Holtzmark (or Resonance) broadening is also-a collisional effect, but is

. due to collisions of the radiating or absorbing atoms with each other.

At low atomic pressures or low concentrations of atoms, the broadening
effects are relatively small. At higher atomic pressures the collision,
and thus resonance. processes, cause significant broadening and distortidn

of the line shape. In a hollow cathode lamp operating at low current,

Holtzmark broadening is small. In an atomic absorption flame however,

Holtzmark_effécts may cause the absorption line to shift and cause
bending of the analytical graph.
Lorentz and Holtzmark broadening collectively are often called

Pressure Broadening. -
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Stark effect broadening is caused by non-uniform electrical fields

perturbing the energy levels of emitting atoms. Little Stark effect
broadening is found for the absorption line in the flame. 1In sources
where strong electrical field.gradients are present, e.g. high voltage
spark, Stark effect broadening is appreciable. 1In the hollow' cathodé
lamp, howe#er, in the negative glow regioﬁ, the electrical potentiai
gradients are very low, consequently, speétral lines origiﬁating in this

region show little Stark broadening. Stark broadening will cause atoms

with low mass numbers to be affected more than those with high mass num-

bers, e.g. the lines from a lithium lamp are not as éharp as those from
a. gold lamp. Some electricallfields exist in the flame and are caused
by the presence éf ions and electrons (Gaydon, 1957) and'aithough appre-
ciablg, they are randomly distributed.

Self-absorption broadening is dué to absorption of radiation by non-

radiating atoms in the source. - For sources of extended depth such as

- hollow cathode lamps or Geissler tubes, broadening depends on the length

of the non-emitting.atomip ploud through which the -radiation must pass.
Tbe intensity of an emission line, at the centre of the 1ine decreases
and the intensity in the outer regions remains the same.

Thg ﬁalfwidth of a line has already bgen defined as

VQ. = 32
o2

If I, is decreased only at v, Vv becomes larger and the line:
emitted by the source is broadened.

The emitted line may be similar to the lire shown in Fig. 2.3(a)
where K v = 1,

This_fype of broadening is only evident in emission sources and
can be reduced by shortening the source length and vapour concentration.

In hollow cathodg'lamps, self assofption can céuse the line to be

severely changed and this has an influence on sensitivity. TFor this
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reason it is necessary to reduce cathodic sputtering to a minimum by
working at as low a lamp current as possible.

Another means for reducing self absorption is to concentrate the dis-
charge into the centre of the'éathode. This may be done by reducing Ehe
front diameter of the cathdde or limitingvthe discharge with a non-con-

ductive material.

3.1.2 Hollow Cathode Lamps

-

The hollow cathode lamp has been found to be the most satisfactory source for
atomic absorption. A great deal of published data exist (Slavin, 1968),
describing hollow cathode discharges and explaining the various factors of
importance in their design.

| Small»sealed hollow cathode lamps are obtainable commercially from
several overseas firms. Although the design of fhese lamps is similar, per-
formance and lifetime characteristics often differ considerably. As the shelf-
life of hollow cathode 1amés is limited, large stocks of lamps are seldom
held in South Africa.

The abilityuto manufacturejlamps in the laboratory has thus been of
considerable advantage, as new lamps or special lamps caﬁ be méde at short
notice, |

Most of the lamps used for this thesis were self-built. Although
the techniques used h;ve been described in previdus publicafions (Strasheim
and Butler, 1962; Butler, 1963), certain impfovements have been made. The
purpose of this‘section>is to describe these improvements and to sketch the
teéhnical details of.manufacture. As much of the "know-how" is‘not available,

the methods used are the result of many years of experiment.

(a) Lamp construction: The latest design of lamp is shown in Fig. 3.L.
The cathode is formed from a cylinder of the analytical element,
closed at one end, Fig. 3.1(a).

" In cases where the element has a low melting point, the cylinder
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is made from a stable metal such as copper or stainless steel. The
analytical element is then introduced as chips or powder and melted
To prevent molten métal from running out of the cathode; the front is
partly closed. This also haS'the_effect of concentrating the discharge
and reducing spﬁtteriﬁg from the molten metal. When a lamp of a
precioué'metal is required, a thin liner of the megal is placed inside
a carrier cathode as shown in Fig. 3.1(c).

The metal feed through for the electrical:connection to the cathode
or anode has, in the past, béen tungsteﬁ sealed into a pyrex glass
tube., Because of the difficulty of making é satisfactory metal-to-
glass seal, and because of the difference in the expansion properties
of the two materials, an intermediate uranium glass has been used.
Although these seals withstand much 1arger thermal changes, many lamps
still féil because of glass cracking at'ghe seal. Fér this reason
"Kovar" (28% nickel, 18% cobalt, reﬁ. iron) is now being used with a
.specially manﬁfactﬁred élass with similar expansion prbperties.

TABLE 3.1

Coefficient of Expansion for Materials used for
: Hollow Cathode Lamps

Material ‘ _ : Coefficient of Expansion .(Linear)
: for range 20-300°C
Tungsten 4,6
Kovar (28% Ni, 18% Co, 54% Fe) 5.0
Pyrex type glaés _ 3.2
Schott 8243 (special sealing glass) 5.0
Fused quartz "0.54

4The cathode, which is relatively massive, requires a sturdy seal to
provide: rigidity and prevent fracture of the seal,.
The cathode cylinder is attached to the feedthrough by means of

a smallvbrass threaded section which is hard-soldered to the metal
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feedthrough.

The anode is used to hold thé "getter". This metal, zirconium
or titaniﬁm, which absorbs foreign gases at higher temperatures, is
spot welded to the anode féedthrough. If the polarity of the eleétrodes
is reversed and the anode operated as the cathode, it‘becomes very
hot; absorbing any hydrogen or other gases which may have leaked into
the lamp. In this way the background radiation may be reduced and the
lifetime of the laﬁp extended.

An important detail of construction is the sealing of the quartz
plate to the glass tube., Fused quartz has a different coefficient of |
expansion (Table '3.1) from the other materials. If a quartz window
is used, the sealing materdal should havé sufficient plasticity to
prevent cracking and leakage of gas at fhis point; Dow Corning
806A-Resin adhesive has been foundAto work satisfactorily although it
is necessary for the end of the glass tube'to be poliéhed flat and
smooth. Plasticized epoxy resins havé also been used, but.curing time
is relatively long.

At present, experiments are being conducted to replace the adhesive
with é.graded quartz-to-glass seal which will enable the quartz window
to be melted or '"glass soldered" directly onto the tube.

A élass cdnnecfing piece and a vacuum tap enable the lamp to be
connected to a vacuum system.

Lamp filling and conditioning

The cathode is connected to the "feedthrough" inside the lamp. In
cases where the eiement is one which is easily oxidized or readily forms
hydrides, ng. calcium or lithium, the whole procedure of chafging the
cathode with the metal and attaching the quartz or glass window is
done within a special trahsparentAglove box (Plate 1). The box is

evacuated and flushed with dry argon or nitrogen. The lamp may be



PLATE I.

The Glove Box wused for handling
Elements which are Affected by Air
or Almospheric Water Vapour.




- 31 -

partly evacuated in the glove box by means of a rotary pump and_
connecting tubes. Oﬁce the window has been attached, the lamp is
connected to the vacuum system and thoroughly evacuated. The glass
éomponents should be treétea in a vacuum oven at 600°C to drive off
absorbed water beforehand and the lamp should be made as soon as
possible after this.

The cathode is heated by cathodic sputtering to a temperature as
high as possible without meiting the hard solder. Many metals defy
‘outgassing at temperatures below 500°C. under high.vatuum. The ideal
would be to heat the cathode with an inductiod furnace ﬁnder high
vacuum. As an induction furnace is not available, it is héated by
operating the lamps Sn the vacuum system, using a relatively high cur-
‘rent at low gas pressure, While the cathode is ;till hot the lamp is
strongly evacuated. Some elements, notably the alkalis, the alkaline
earths, and metals which absorb gas, require the process to be repeated
séveral times. When no background is seen, the lamp is filled Qith

'spectroscopicaily pure (99.999%) argon or neon at pressures 1.5-2.0
er 5.0-7.0 Torr respectively. The pressure is critical and depends
on the cathode material, cathode dimensions and anode to cathode
distance.

The typevof carrier gas used depends on.the élement being excited.
Although argon has been used for most lamps, neon has been found more
satisfactory for many elements e.g. copper, 1eéd, iron, th only is-
the background lower, but intensity of the resonance lines is higher.
Spectral interference of cafrier gas specfral lines with those of the
analypical elémept, in some cases, prevent one or other of the gases

from béing used,

3.2 THE SPECTROMETER

The requirements for the spectrometer used for atomic absorption spectroscopy



are:
- (a) 1t shohld transmit light frém.at least 2000 & or 1e§s ;oblo,OOO )4

(b) It should have sufficient dispersion to separate ¢losely adjacent
speétral lines. A minimum band péss of about 2 & is necessaryvto
sepagate the resonance lines Qf iron, cobalt, nickel and chromium
from other non-resonant lines. .

(¢) 1t should havé a relétively high apertﬁre to transmit the low light
intensities from hollow cathode 1ampslv.‘ |

(d) The wavelength muét be reproducibly adjustable and have minimum
“backlash.

(e) It.shOuld have reprpduciblé gdjustable slit openings.

(£) It should have a good line to background factor.

Generally the instrumenté sold as acdmic absorption spectrometers
meet most of.these specificatioﬁs. ’
o | Two types qf diSpérsive»media are used in commercial spectrometers,
viz,:
| (a) Prisﬁs. These'provide:felétively uniform intensity over the whole
wavelength range, bﬁt the dispersion changes with wévelength, the
dispersion and resolution being considerably poorer at long wavelengths.
(b) Gratings; Linearvdispersibn over the wavelength range is obtained,
but intensity of reflectance changes!- The intensity depends on the
blaze angle. Brbad blaze gratings have reduced tﬂis difficulty by
spreading the reflectance over a wider range.
During the course Qf several years it has been possible to test
bothltypes of dispersive media using several different makes of spectfometer.
The tests have indicated that;'for tﬁe generél apﬁlication of atomic absorption
to the detection of as many eiements in the periodic table'as‘possible, grating

spectrometers are better suited than prism spectrometers. An example of one

of the tests is given below:
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3.2.1 Test of monochromators

Several solutiohé'were prepared of ainq, copper, calcium, sodium and potassium.
The'resonance spectrgl lines of these elements cover the spectral range from
2138-7665 8. The solutions were sprayéd under identical conditions using two
different monochromators, viz. a Zeiss éMQ II‘énd a Techtroﬁ AA3. This was
done by adapting the Zeiss spectrometerlto work‘with a modulated hollow cathode
lamp . aﬁd inferchanging all fhe components for each set of'measurements, i.e.

_burner, nebulizer and lamp. The results of this test are shown in Table 3.2.

TABLE 3.2

Comparative Absorbance Values of Various Elements Using Grating and
Prism Spectrometers

Techtron Zeiss
Ele~| Wave- Conc. :
ment| length| 'ppm Disp.| Slit Band | Abs. | Disp.| Slit Band |[Abs.
‘2 R/mm | micron| R B/mm | micron

Zn |-2138 | 0.1 | 33 200 | 6.7 | .014 | .19 200. 3.8/.015
: 0.5 o . 066 o . 066

1.0 .133 - B J134
5.0 _ . 641 1. 640
Cu. 3247 0.5 . 33 50 1.7 . 032 92 50 4.6{.030
2.5 .15 o .15

5.0 .30 .29

20.0 .92 , .86

Ca 4228 0.5 33 . 50 1.7 . 035 210 50 . 10.57.025
2.5 145 ) .120

5.0 . 268 N . 219
“10.0 425 ‘ .370

Na 5890 0.5 33 50 1.7 , 067 590 50 29.51..05
2.5 L3315 | .12

5.0 .555 .30

-10.0 . 86 _ .495

0.5 10% 5.94.055

2.5 .24

5.0 L4621

10.0 | ‘ . 656

K 7665 '1.Q 33 200 6.7 .06 {1200 200 240 . 032
5.0 S . 299 ‘ . 145

10.0 .58 : .22

1.0 50% 60 |.045

5.0 ' . 226

.10.0 . 340

- *Minimum slit value at which stable measurements could be made.



- 34 -
The bandpésses used wére fhose recommended for the elements listed.
For the sodium and potassium mea5ureﬁents on the Zeiss, two seté of readings
were taken, one set at the same slit setting.  as the Techtron, and the second
with as narro& a siit as poséible Qithout introducing fluctuations by increas-
ing the gain of the amplifier.
The bandpass of each instrumént was.calculated from:

Dispersion at wavelength (R /mm
Slitwidth (mm) ’

Bandpasé =

Theidisperéion of the Techtron is linear at 33 /mm, and the dis-
'persion.of the Zeiss which varies Qifh'wavelength was read off a graph-ob-
tained from the manufacturefs.

(a) Results: The results of this fest‘show:
(i) Once sufficient reéolutionvis provided to isdlafe the resonance
line, no gain in sensitivity is obtained by increasing resolutioh, .

The resolufion of,;he prism spectrometer is greater at the zinc

- wavelength than the grating spéétromeﬁer, but sensitivity is the

same.

(ii) A considerable increase in.sensitivity is obtained with the grating
spectrometér for potassium aﬁd éodium. The calibration curve is
also far more linear. This may be_attributed to the higher‘
resoldtion:

(iii) Even at those ﬁavélengths, where the dispersion is similar, the
line to background ratio of the grating spectrometer is better than

‘the prism instrument.- ThisAmay,be because of the Littrow méunting

used in the Zeiss, whereas in the Techtron an Ebert mounting is
gsed.
These results indicate'that a grating mbnoghromator‘is better suited for ob-
taining higher -sensitivity and a longer concentration analytical range in the
visible and red regions Qf‘the spectrum.' A dispersion of 30 to 40 2 /mm with

a resolution of 32,000 is considered a minimum.



‘ _ 35 -
For all the work described in thié thesis, two types of atomic
ébsorptiqn'spectrometers were used: .
(a) A Techtron AA-3 which was.later'éonverted to an AA-G.
(b) A Perkin Elmer model 303 double beam.

~ Although other instfﬁments‘were used and‘tested, these two instru-
ments were found to be the most suitable for geocﬁemicalvapplications.

The Techtron AA-4 readout operateé with a. lock-in amplifier.:
The pulse which triggers the lamp (frequeﬁcy 285 gycles/sec) also triggers
the amplifier. This electronic system provides an electronic band which is
very small as only the 285 c&cle frequency is eventually amplified, and
registered on the readout meter. No gmission ffom the flame reaches the
meter, even when a highly luminous acetylene/nitfous-oxide flame is used.

. The Perkin Elmer 303 makes use of a rélatively'broad band ampiifier
(Sobcycles/sec), bﬁt the band pass is not so narrow that flame emission will
normally cause any-difficd#ty; It is‘only'ﬁhen a highly luminous acetylene/
« nitrous-oxide flame is used that care must be exercised to prevent saturation
of the amplifier. if a narrow slit .is used in conjunctidﬁ with this flame
the difficulty is avoided,

The étandard photbmultiplier‘supplied with the Techtxon (Hamamatsu
R 106) was replaced with an R—136,'which has higher sensitivity in the red
region of the speétrum. Hoﬁever, even with this photomultiplier, sensitivity
for the deep red regions is poor. A special holdér was made so thaé when
caesium was determined;'a photomultiplier witHLan S-1 (fed sensitive) cathode
was used. |

The Perkin Elmer has two gratings with blaze angles to give maximum
reflectance gthSOO Q.apd 5000 & respectively. This feature is of decided
advéntage when the alkali metals,bwhich have their most sensitive lines in the
red region of ghe spectrum, are ﬁo be determined.

Apart from the hollow-cathode lamps and burners, the instruments
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used for all the analytical work in this thesis were standard.

. 3.3 THE FLAME

In atomic absorption spectrometfy the flame has éroved to.be the most conve-
nient and popular means for.brihéing a sampie into the required atomic state.
In spite éf its usefulness,.thé flame is the sourcé of most of the difficulties
which aré experienéed in applying this tgchnique to geochemical analysis.

It is not surprising, therefdre, that much attention has been giVen.to the
understanding of the chemical and physical processes of cqmbustion, as well as
4t§ the reactions whichvinvolve metaliic species in flames (Pungor, 1967).

When atomic absorption was first suggested, a pre-mixed coal-gas/air
flame, burning from a éimple Mekef burner, was used. The disadvantages of
‘the burner's short 1engtht thé low flame temperatures, and the difficulty in
coﬁtrolling combustion conditions, fapidly led to tﬁe use of a pre-mixed
acetylene/air.flame burning from»é long, narrow; slot burner. This type of
fléme’has been, and”remains,'the most poéﬁlar for the determination of the
majority.éf elements.

Relatively high temperatqté hydrocarbén/oXygen and alkyne/nitrous
oxide flames havevbeenvéhown to ha&e significanf advantages, especiaily with
"regard to enaBling those elements which form stable refractory oxides, to be
determined. -Forced diffusion or total consumption hydrogen/oxygen flames have
also been used, but these flames‘have nof‘proved to be very successful, mainly
kecause of the difficulty iﬁ controlling combustion, the short flame length
.and interference difficulties.

The use of the lower temperature. pre-mixed flames has the advantages
of high sensifivify (Butler, 1962) - see Section 2.2.1 - and freedom from -
"jonization interference". This interference occurs when an element or radical
with relativély low ionizatidn energy islintroduced into a high temperature
flame, together withvfhe gﬁalytical elemént! The resultant in;rease in

electron pressure causes reactions of the type
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X+ e —> x°

where x+ is an ionized atom of the analytical element. -The result is a shift
in the equilibrium state of ionized and neutral atoms towards the state of
lower energy. (and temperature) and more neutral atoms are available for ab-
sorption. This causes an absorption enhancement. The low temperature
flame suffers from chemical interferences, and certain elements and compounds
fail to be sufficiently atomized at the relatively low flame temperature.

With the use of higher temperature pre-mixed flames, many of the
chemiﬁal interferences experienced wifh low température flames, are overcome.
When acetylene is used as fuel, with either oxygen or nitrous oxide, the
chemical reactions in the flame are conducive to the determination of refrac-
tory elements. However, ionization interference may be a serious obstacle,
especially in geochemical analysis where solutions with relatively high con-
centrations of alkali metals are nebulized into the flame.

‘The aim of the work described in this sectior was to investigate
thoroughly the flames used in atomic absorption to determine théir advantages
and disadvantages. An attempt was also made to develop a "universal" flame,
with temperature and atomic absorption properties intermediaté between the
low and high temperature flame types. This would give a flame which would
combine their advantages and reduce their disadvantages. In practice, such
a flame would redﬁce the number.bf burﬁers and gases which must be kept at
Ahand if a widé'range of elements is to be determined.

The proposed fuel waé‘éoﬁmercial propane-butane gas (sold in South
Africa as "Handigas") consisting of 40% butane and 60% propane. The oxidizing.
gas was nitrbgs oxide.v The flame from this gas combination ﬁas studied in
detail?

Certain tests‘were also carried out on thé.use of acetylene with
nitrous oxide dilﬁted with variéusAamounts of éir. The flame from this mixfure

was described.by Fleming (1967) who showed that several interferences on
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magnesium could be overcome by its use. His results and those obtained from
- the experiments described below indicate that this flame holds much promise

as the envisaged "universal flame",

'3.3.1 Flame Velocity Measurements

lAn important‘consideration regarding the choice of a flame in analytical flame
spectrometry is safety in use. The iower burning véldcity of the acetjlene/
nitrous oxide flame in comparison with the acetylene/oxygen flame has been an
impo?tant factorAin the successful, and safe use‘of this flame. |

The fléme véldbifies of éeveral flames were determined using
standard Techtron burners.v : The method uéed was the partiélé-track method,
described by Lewis and &on Elbe (1951), and Alkemade (1954). A diagram of
the apparatus.is shown in Fig. 3;2._ The burner.wés.positioned side-on to the
optical axis and a clear glass screen interposed between the camera and the

: .

flame to prevent flame fluctuationslcaused by the 3000 rpm rotating disc.
Vefy fine particles of iron were‘introdﬁced into the gas stream énd the re-
vsuiting incéﬁdescent tracers photographed through the rotating disc. 1In
order to obtain an accurate measurement of the tracer lengths, a ruler with
a fine scale was photdgraﬁhed, without the flame bufning, and placed veftically
at the burner slot. Cafe was taken not to distufb the apparatus, and thus the
"magnification,ABefore phqtographiﬁg:thé flamevwith the tracers. The pHotograéhs
showed the-traéers és-a number‘bf short lines separated by dark spaces. The
distance from the start of onevline to the start of the next was used to cal-

‘culate the flame velocities. This was done as follows:

Speed of rotation = 3000 rpm = 50 rev/sec.
The disc has 8 slots .. slots are separated in time by
1, L 1
8 50 © 400 ’
, _ distance (cm)
Velgqlty a time . (sec)
Velocity of particlé = 400 x (length of tracer + dark space)

By enlarging the negative 20 times, the distances could be
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ﬁea3ured to an accuracy of 3%.
| It was assumed that the particle veloéity is the same as the velocity
vof'the gas which carries it.v This assumptidn was founa to bé inaccurate as
s&me 1afger barticles gavellower vélocities than smaller particles. For this
reason, only the highef velocities were cOnsidgred repfesentative-of the
flame velocity. . If an error‘is still present, the measured velocities:should
;be lower than the true velocity of‘fhe fiame. However, meésuréd'values are
highér than the values published by Amos and Willis (1966 ),
o Flame velocity of a given gas combination depends on:
(a) The initial‘temperature of the mixture;’
(B) the size and- shape of the orifice through which the mixture is
issuing, and |
(¢) the heat conductive properties of the Eurner jaws and their
smoothness. )
The results of these measurements are given in Table 3.3 tpgether with

values published by Amos and Willis.

TABLE 3.3

Burning Velocities of Various Flames

Fuel - Support | Height Range of Burning Velocity cm/sec
a A Tracers 2;ove Burner Measured Published
Acetylene | air 100% 1.1 = 3.9 286 ] 160
Acetylene . air 85% ,1.3 - 4.5 317
NoO 15% |
Acetylene air 9% 5.5 - 10.4 | 658
| NyO  91%
Acetylene N,O 100% 5.0 - 8.4 680 180
Propane-butane | N,0 100% | . 0.7 - 5.1 | 296

Discussion of Results

(a) The measured velocities exceed the published values of Amos and
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Willis by a factor of 1.8 for the acetylene/air and 3.6 fér the
acetylene/nitrous oxide flame. This can be attributed to the
different method of measurement and a differénce in the types of
burners.

(b) A large difference exists between the burning velocities of the
acetylene/air (286 cm/sec) and the acetylene/nitrous oxide flames
(680 cm/sec). This difference is strongly supported byvpractice,‘
as the acetylené/nitrous oxide flame will flash-back very readily on
a burner designed for acetylene/air.

The fesults are confirmed by a crude test of burning velocity,
viz. that of reducing the gas flow through the burner until flash-
back occurs and then calculating the gas velocity at the burner
orifice.

(¢) It is seen that the burning velocities of the acetylene/air and the
propane-butane/nitrous oxide flames are similar. This confirms
experience that the 1atter.fléme can burn on a standard acetylene/air
burner with safety.

(d) The burning‘velocity of the "mixed flame" 1i.e. nitroué oxide + air,
increases rapidly as the nitrous:oxide content of the mixture is
increased. For safety reasons it is advisable when using this mixture
to use aAhigH temperature burner.

The reason for the increasé in burning velocity is probably because:
a higher ratio of nitrous oxide gives rise to more molecular oxygen

in the primary combustion zone.

3.3.2 [EMPERATURE MEASUREMENTS

The process Qhereby sémple aerosol droplets, sprayed-into a flame, reach.the
stage of free atoms is not clear. It is ceftain, however, that the temperature
of the flame plays an important role in déhydration of the droplets, and dis-

sociation of the salts. It is also known that droplet size is important for
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the atomizing process (Willisg, 1967).

As temperature is an imporfant pargmeter, measurements of the

temperature gradients in several flames were made, using stanaard burners.

" The method used was the wéllknown spectrum iine reversal method
(Reck et al, 1956: Gaydon and Wolfhand, 1953), using sodium as the elément
introduced into the flame. This technique measures only the effective elec-
tronic excitation temperature, not the translational temperaﬁure;' As departure
from thermal equilibrium is significant mainly in the primary reaction zone,
the method is accepted as reliable for measurements in other flame zones.

It was found that the apparent temperature varied with sodium con-
centration. Above 1000 ppm, temperatures measured in the acetylene/air flame
remained constant with increasing concentrations of sodium. With the propane-
butane/nitrous-oxide and the other "hot" flames:a temperature plateau was not
reached. A concentration of iOOO ppm was thus selected. The temperatures
‘measures in the"hot" flames must therefore be considered relative to the
acetylene/air flame temperatureJ:

A schematic diagram of the apparatus is shown in Fig. 3.,3. The lamp
used was a 24 vqlt 150 watt quartz iodine lamp which could be over-run by
15% without melting the filament. In this way, source temperatures of up to
2900°C could be obtained. It was suspected that this type of lamp might give
rise to a non-confinuéus spectrum, but coﬁparisoﬁ.tests with a standard strip
filament lamp gave identical temperatdres, Both filaments suffered from local
uneven heating, but as a visual spectroscope was used for comparing intensities
of the 5890 and 5897 R sodium lines with the continuum at these wavelengths,
it was possible to select only the bfightest part.of the filament.

Thelfilamenﬁitgmperature was measured by means of an optical pyrometer
calibrated by the "gold-point" method (Carte, 1954).

Errors due to the change inAemiséivity of tungsten with wavelength are -

cancelled out by light losses at the first lens.
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The optical arrangement was found to be critical. It was essential
that the solid angle of light subtended by the filament was identical to that
subtended by the flame. Consequently, a reduced image of the filament could
not be formed in the flame. As a fesult, the temperature values obtained did
not pertain to as small a porticn of the flame as desired. GOVerall precision
‘of measurement was calculated for different temperatures and found to be
approximately + 1%. The values accepted wcre the average cf at least four
measurements.

Fig. 3.4 shows the temperature profiles of the propane-butane/nitrous-
oxide flame under two burning conditions with the acetylene/air flame for com-.
parison. Similar profiles were obtained for the other flames. The maximum

temperatures measured in various flames are shown in Table 3.4.

TABLE 3.4
Maximum Spectroscopic Temperatures of Atomic Absorption
Flames
Flame Type Max. Temp. Height above
oc Burner Edge
(mm)

1. Acetylene/Air, Fuel Rich 2060 8 - 12
Acetylene/Air, Stoichiometric 2150 2.0
Acetylene/Air, lean ' 2145 0.5

2. Propane-Butane/Nitrous-oxide, Rich 2480 10 - 14
Propane-Butane/Nitrous-oxide, Stoichiometric 2550 4

. Propane-Butane/Nitrous-oxide, Lean 2535 0.5

3. Acetylene/Nitrous-oxide, Stoichiometric 2795 4

Acetylene/Nitrous-oxide, Lean 2740 © 0.5

In Fig. 3.5 is shown a diagram of the apparatus developed for the
mixing of the nitrous-oxide and air. The flowmeter tubes used were standard
"Rotameters'", type 7X~aqd 7, with A series floats. By using these tubes,
which have a flow ratio of 8:10, the density factor differences between
nitroux-oxide and air is very nearly compensated, i.e. 0.81 : 1.0 respectively

The linear metric calibration can thus be used to iudicate the relative
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, | © TABIE 3.5

Comparison of Acetylene/Air Flame (Stoichiometric Temperatures,
Measured by Various Methods

Temp: °¢ , Method References
2150 Na 5890, 5896 line reversal | Butler and Fulton (1968) Gl
2237 ' n o . Alekseeva (1947) 9
2232 | " | Shuler (1950) 212
2000 | " | Rann ~ (1967) 9u-

2199 | S | Alkemade (1954) [O
2257 K 4044, 1, 4047.2 line reversal | Alekseeva (1947) 9
2257 Tl 5350.5 line reversal o q
2202 Li 6707.8 line reversal Wolfhard (1939) <2y
2327 OH rotational spectra alg) " ' 27
2247 Galculated the%ﬁodyhamically. | Gaydon  (1948) |03

Discussion of Results

(a) 1t is interesting to note that the maximum measured temperature of the

o acetylene/nitrous—oxidé‘flame is nearly 2800°C. which is lower than the
value of 2950°C meééured by Parker and Wélfhard' (1952). Alfhough‘
this can be attributed toAthe relatively large image of the filament in

"the flame, which results in an "average" temperature that may be lower
than the 1Qcal maximum temperature at the small region separating the
two flame zones, it is feit that the value obtained is not inaccurate.
Ihis has been confirmed by Willis (1968) who measured a similar
temperature,

(b) It is evident that the temperature of the acetylene/nitrous-oxide and
air fléme may be Qaried quite éasily between 2150°C and 2800°C. This
feature‘is of fundamental importance for a "universal" flame, where
temperature can be adjﬁ;ted to provide optimum sensitivity and freedom

from interference for a.particular element.
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(¢) The temperature of the propane-butane/nitrous-oxide flame is inter-
mediate between the acetylene/air and nitrous-oxide. This temperature
is high enough to overcome several types of interferences but not so

high as to cause severe ionization.

3.3.3 Sensitivitz,

The difference between detéction limit and anaiytical sensitivity is often
misunderstood by beginners using a new analytical technique. Early workeré
(Gatehouse and Willis, 1961) in atémic absorption defined detection limit

as the concentration of the metai in water, required to give an absorbance of
0.004 (1%). This definition ddes not take into account any fluctuations in
measurement. While the étabiliﬁy of atomic absorption apparatus is usua11§
such that ba;kground f1UCtuation is usually of the ordér of 0.002 or less,
;ertain elements, e.g. tihland zinc, may have significant background fluc-
tuations. A far better definition of detection limit is that used by many
spectrochemists, viz., a conceﬁtration which give; a siénal equal to twice the
mégnitude'of the background fluctuation.

Unfortunately, unless a recorder is used some difficulty may be
experienced-ﬁith ascertainingAbackground fluétuation. The firét definition,
.therefore, is generally accepted.

Anaiytical sensitivity is more diffigulf to define, as it often depends
upon the presence andlconcentrétions of other elements in the analytical
solution. A certain concentration of an element may give an absorbance value
which is easily measuraBle when a pure aqueous solution is sprayed. However,
in the presence of an element or ion which causes depression, no absorbance
may be measured for the same element concentration. Examples which will be
mentioned later are iithium in the presence of iron, .calcium and magnesium
in the presence of aluminium. Some elemgnté méy cause enhancement of absorp-
tion, thus giving a greater analytical seﬁsitivity, e.g. lanthanum or calcium

in an acetylene/nitrous oxide flame.
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As one of the chief criteria of any analytical technique is sensi-
tivity, measurements were made to compare three flames, viz. propane-butane/
niﬁroux-oxide, acetylene/nitrous-oxide, and the acetylene/nitrous-oxiderair,
with the normal acetylene air flame.

This was done by determining the concentrations of elements in ppm
in an aqueous solution, which would give absorbances ofIO.Ooa and O0.1.
Conditions were adjusted to give optimum absorbance for each element.

The results are shown in Table 3.6,

Discussion of Results

(a) The absorbance values obtained for the acetylene/air flame are of the
same order as those which appear in the literatﬁre (Gatehouse and
Willis, 1961). .

(b) The values obtained for the propane-butane/nitrous-oxide flame are
generally a factor 2 poorer than those of the acetylene/air flame.

. For the elements which form refractory oxides the absorbance 1is
cdnsiderable poorer; and silicon'gives no absorbance at all.

(c) The sensitivity of the acetylene/nitrous-oxide flame is worse than the
acetylene/air flame for most elements except those which form refrac-
tory oxides where the sensitivity is very much better. For -the other
elements the poorer sensitivity may be attributed to the high tempera-
ture.

(d) For the mixed support gas flame, adjusted to optimum setting of air
to nitrous_oxide'for each element, the sensitivity is higher for

" several elements. This is seen in Table 3.6, column 4. The lower the
concentratiqn réquiréd to give 0.1A the higher the sensitivity.
The lower detéétion limit (0.004A) is also significant. For some ele-
ments (copper, gold, zinc, iron) the air + nitrous oxide mixture was
neariy lbO%,air. For others (silicon, aluminium) the oxidant gas

was neérly 100% nifrous-oxide; but for other elements (calcium, strontium,
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-molybdenum) the highest sensifivi;y was obtained with an intermediate
ratio of air to nitrous-oxide.

(e) The analytical graﬁh?for some eiements (e.g. lithium aﬁd calcium) were
found to be far more 1iﬁéar-ﬁith the mixéd support gas flame. This
factor extends the useful analytical réngé.

(f). The mixed flame thus appears to have the advantages of both the acety-
1ene/€ir and acetylene/nitrous—oxide flames plus the added advantage

of higher sensitivity.

3.3.4 Interferences

Although sensitivity is an impbftant factor in any analyticai technique,
freedom ffpm interference effects may be Qf more importance to the pracﬁicing
analyst., vConsiderable atténtioﬁ has been direcped tqwa;ds'the elimination =~ of
interferences; the most common ﬁeans emplpyed'béing the addition of a releasing
or an inhibiting agent. It has.ﬁeén shown however, that certaih interferences

can also be reduced or elimiﬁéted_by the use of the corgeét flame (Amos and
Willis, 1966).

If was hoped that some of the interferences commonly encountered‘in
" the acetylene/air and acetylene/nitrous-oxide flames would be elimiﬁated in
the intermediate temperature propane-butane/nitrous-oxide flame. Many inter-
ference studies were made to test this; . In addition certain typgé of inter-
ferences were_investiéated using the acéﬁylene/nitrous—oxide + air flame.

The results given in this secﬁion afe-general and certain types of
interference, enqounteréd more specificaliy in'silicate analysis, will be
dealt witH more fully in later chapfers.

The same nebulizer was used throughout as Willis (1967) has éhown
' that many interferen;e effects depend on the droplet size and position in the
flamé where absorbance is measured and intérference encountered.

Solutions used for the interference studies &erebprepared by adding

various concentrations of the interféring element to standard solutions of
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in Fig. 3.7 was obtained,

Iron on Lithium and Strontium

No reports could be traced in the literature that iron interferes with

- lithium or strontium in emission or absorption.. Tests have shown however,

o e . . Jo ' .
‘that significant iron absorption interference may be present at high
iron concentrations. This is shown in Fig. 3.9. It is seen that the
interference is almost completely overcome with the use of the propane-

butane/nitrous-oxide flame. The .mixed support gas flame also overcomes

. this interference at a relatively high temperature.

'3,3.5 Discussion on Flames -

The development of a flame which has optimum atomic absorption properties for

general as well as geochemlcal ana1y51s is not easy, as a compromlse must be

achleved between the different parameters viz:

(a)

(b)

(c)

A temperature, Suff1c1ent1y high for proper atomlzatlon of the meta111c

elements in sample solutlons,lwhlch 1nc1udes the dlssoc1at10n of chemical

bondsx’

A temperature low enough to avoid excessive ionization of the analytical

element. High ionization usually results in ionization interference
by other elements or radicals with low ionization potentials,
The optimum chemical environment, This ektends the lifetime of an

atomic species by preventing reactions with other elements or radicals,

thus increasing sensitivity and reducing interference. Although atoms

of an analytical element are extremely diluted in a flame ﬁlasma, the
kineticé of reaction take place at very high rates. It has been
suégested by Amos and Thomas (1965) that the reducing atmosphere which
prevails in a fuel-rlch aceLylene/nltrous oxide flame is due to the.
presence of .incandescent free.carbon in a premixed acetylene/oxygen
flame. In the acetylene’nitrous-oxide flame, however, it is possible

that radicals such as CN, NH, H and CO may be more reactive to promote
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less. oxidizing conditions.

In the propane-butane/nitréus-bxidé flame, the concentration of
reducing species is considerably lower. The suggested reaction for the 60%
propane-407 butane reaction with‘nitrous-oxide is?

2C,Hy, + 130, — 8CO, + 1OH,0
- 3CgHg + 150, —» 9CO, + 12H,0
._'56N20 — 56N2 + 280é

While this formula mayvdescribé the complete reaction, there is
1ittle doubt that the-intermediate‘processés are éomplex. However, the con-
ditions are considerably less réducing and this is the reason why refractory
elements such as aiuminium and silicon cannot be determined with this flamé.

The investigation has shown that the propane-butane/nitrous-oxide
flame meets the requirements of'(é) and (b), bﬁt fails :for (é), especially for
those elements'whicﬁ form refractory oxides. This flame has specific applic-
ation potential for analyses where sénsitivity is less:important than freedom
from interference.. |

' The acetylene/air flame meets the requirements of (b) and (c¢) but
many elements are known to Suffer from inferference difficulties caused by
improper atomization of the primafy saits or reaction produc;é in the flame.

The mixed support gas flame viz. the acetylene/nitrous-oxide+air
complies with all the %equiréments listed. By changing the fatio of nitrous-
oxide to air, the temperature may be changed between 2150°C and 2793°C. The
variation of the chemic#l environmeﬁt by changing the ratio of the support gases
as weli as the_amounﬁ of fuel gaé is a further advantage.

For'applicgpion in geochemistry, it is preferable to use a flame
which will give>higher precision and freedom from interference, rather ﬁhaﬁ
ultimétevsensitivity. (This aspect will be discussed more fully under the
determination of sodiﬁm and'potassium;) ﬁor this reason it is recommended

that the mixed support gas flame be used with the burner designed for the
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acetylene/nitrous-oxide flame.

3.4 BURNERS

In general, the burners designed by manufacturers for atomic absorption

spectrometers are safe and efficient. In some cases, however, improvements -

for specific problems are necessary. Examples. of improvements which have

been made in burner design are:

(a)

(b)

With the Perkin Elmer 303 spectrometer, it was found that when the

standard slot burner was used, zinc absorption readings were unstable.

It was found that the optical systém used caused the light from the

cathode to converge and diverge strongly to the point of focus in the

flame and that much of the light did not pass through the flame. As
the refractive index of the hot gases is high at the wavelength of zinc
(2138&),'the slightest flaﬁe flﬁctuations.caﬁsed the transmitted light
intensity to changéA Consequently, a special broad flame burner was
designed to fit the Perkin Elmer. (See Fig. 3.10.)

This burner can be used with either acetylene/air of propane-butane/
nitrous-oxide gases. The wide flame fully utilizes the fuil width of the
light beam so that‘fluétﬁations of readingé at short waﬁelengths are
reduced significantly and sensitivity is also‘increaséd'for several

elements. This burner has been discussed at some length in a publication

(Butler, 1962) so details will not be given here.

3

Atomic absorption follows the Beer-Lambert law of absorption. It was

seen in equation (2), Chapter 2.2.2, that the absorption coefficient is

dependent on the path length of the absorbing medium.

A convenient means of reducing absorption is to shorten the flame
length., ‘When a wide concentration range in samples is encountered, it
is very convenient to be able to desénsitize the analytical methqd to
enable concentrations outéide the énalytical range to be determined..

This is done quite easily on a Techtron'spectrometer, but not as easily

Ph
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Diagram of Broad Flame Burner.
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on the Perkin Elmer.

‘.The angle of rotatién, which will define the absorption patH-
'1ength is nd@ reproduciblg normally.. This necessitates a new run of
.standards to ré—calibrate'fof a sample outside the analytical range..
A special rotating burnef was designed fo'facilitate.reproducible rotation
ispeedily. The burner body is made of aluminiuﬁ, lined with Teflon (Poly-
tetrafluoroethylene), it'accepts a standard Techtron burner head, but
the head can be rotated abdut a vertical axis by means of an electric
motor. A relatively 1arg§ disc'which rotatés with the burner head
about the burner axis has édjustab1e cams on the disc perifery. When'
the motor is running the burner head rotates until one Qf the cams
touches a small micro-switch. The motor stops, buf the inertia of the
disc is sufficient to carfy the cam beyond the micro-switch. The
result is that the burner may be rotated to any pre-selected angle
Vvsimply”by touching the start switch. It has been found that the burner
angle is reprodﬁcible_to within 1/100°. This means that a set of curves
can be drawn for various angular settings to cover a wider concentration
range. If, dufing é run, a solution is found to be above the limit of
_one range; the.burner motor switch is touched'and'the burner turns to
the required angle. ﬁecause of the high precision of setting, no further
standards néea be measured at this new éngle. The burner is rotated to
its oriéinal setting éftér the.sample’has been measured.

A photograph of the‘burner is seen in Plate 2.

In Fig. 3.1l is shown how the absorption reading for a copper stan-

dard changes with burner angle. This rotatable burner is not always used in

the most precise anaiysis of geological material, but has extended the scope

of the atomic ébsorption method, ‘especially for the routine analysis of a large

number of widely varying samples. It is of particular use for the experiments

which are being conducted on the ‘simultaneous determination of several



PLATE 2.
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elements by atomic absorptign spectrometry.

This rotating bufner éannot be used on a Perkin Elmer 303 spectrometer
because bf the limited Qpace.l Consequently a number of burner heads with
shorter slots wasc constructed. By‘using thése shorter burners the analytical
Arange can&be changed in'a ;imilar way.

.Many different types‘of burners have been used for'atdmic absorption
spectrometry. . Total consumption.burners which are well suited for flame
emission spectroscopy are not generally suitable for afomic absorption because
of their short path'length. In addition, the large distribution of droplet

sizes often introduces interference effects which may not be present with pre-

mixed laminar flow burners.
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ICHAPTER 4 -

PRECISION AND ACCURACY

4,1 GENERAL
With any analytical technique there aré.three fatfors of importance, viz:
(a) Sysfematic error od'bias{
(b) precision or ability to make measurements close together;
(c¢) accuracy or closeness of a result go the "true" value. |
In some cases the first,aﬁd the third‘mugf be considered tégether‘
If the "true" value is known (eig. with synthetic Qamples to which a precal-
‘culated concentration of an element has been added), the bias can be judged.
‘However, in geochemical analysis, accuracy is generélly judged by comparing
a result with fesults of other methods of analysis, thé.reliable mean of wﬁich
is given as the "éccepted value“ (Stevens et al, 1960).
The closeness whereby 'a mean of results can come to an accepted value
is of importance, but of equal importance is the scatter or precision about this
mean. It is by these factofs'thét a ﬁethod of analysis is judged. The contri-

butory phenomena in atomic absorption spectrometry to these, are discussed.

4.2 PRECISION
There are several factors which contribute towards poor precision, both in‘the
instrumental components and in thé analytical method. These have been studied
in ordef to ééséss the method for,traée element determinations as well as for
‘the determination of elements present in higher concentrations in silicate
samples,

Fluctuations in the varicus components of atomic absorptiénvapparatus
each contribute towards the precision of measurement. In general, fluctuations

" may be classified as short and long term.

(a) Short-term fluctuations of five seconds and less are easily seen as

oscillations of the indicator needle. Their amplitude has an influence
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on the limit of detection. These may be reduced quite easily by intro-

“ducing a time constant in the electrical measuring circuit, which will

dampen their amplitude. Where the amplitude.is'continuously varying,
however, the introduction of ﬁvtime constantfmay well introduce the
errors associated with 1oﬁg term fluctuations. These fluctﬁations are
generally far more dangerohs in analytical wofk; The “human eye has a
remarkable agilitylto iﬁtegrate visually between limits, alfhough bias -
may be introduced. .With alCertain amount of experience, hbwevér; it 1is

often more satisfactory to integrate visually rather than electrically.

In Fig. 4.1 1s shown a diagram-of how errors may be accentuated by excess

electrical integration. = Spurious spikes which usuwally result.in rapid
fluctuations of absorbance. are easily discarded visually. These fluctua~

tions are faster than the time constant of the circuit and may be addi-

~tive, usually resulting in a signal higher than that obtained visually

(b)

4.

with.a small time constaﬁéAmeter.

Loﬁg—term fluctuations, 1opger.than five éeconds, often cause errofs in
an analysis'as they are nét-eaSily noticed. When fiuctuations are not
continuous, but occur sporadically during the course of measurements,

significant errors may occur. This is illustrated by the following

~example: For an analysis, standard solutions are sprayed and the absorb-

2.1

ance values recorded, While the'samples are being sprayed, a disturbance
occurs causing a change. in both the slope and the position of the cali-
bration graph. Thé only practical means for detecting this type of drift

is to spray a standard, which falls near the upper limit of the analytical

range, at regular intervals.

Causes of fluctuations

(a) Supply fluctuations: Voltage fluctuations affect the stability of the

lamp supply and the measuring set. The use of a good voltage stabilizer

is advisable.



(b)

(c)
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Air and gas pressure fluctuations influenéé_the combustion conditions
as well as the nebulizing rate,'_Pressure regulator valves will reduce
these_fluctuations. A large reservoir tank should be on the air compressor
to even out pump fluctuationé; An efficient filper is also necessary
between thé coﬁpression and the nebulizer to eliminate dust, oil and
water, These impurities may‘cause blockage of the nebulizer or cause
severe contamination in the flame. The acetylene gas pressure should not
be allowed to drop too-low as.droplets of acetone from the cylindér may
result in ﬁnusual comEustion (Shepherd and Johnson, 1966).

The hollow-cathode lamp: When a lamp has been used for some time, a ‘good

deal of the cathqdic materiai may have sputteréd away. This results in
a decrease of the carrier gas pressure (clean-up). Excessive sputtering
may eveﬁ cause sporadic short-circuiting of the discharge inside the
lamp. The cathode eiement itself may be damaged or the.emitting area
sputtered completely away.

There may also be a siow 1éak of atmospheric gas into the lamp, which
will cause the pressure inside thé lamp, and the background, to increase.
If tﬁe anode ié made of 5 "géttering" material, reversal of the lamp
current may reduce this. ‘; o | ' .

In general, the only reméﬁy for overcoming errors caused by the lamp,
is to reconditioﬂ it, or when this is not possible, to replace it.

Flame fluctuations: Any chénge in the combustion characteristics may

result‘in a change of absorption, especially for elements where the absorb-
ing region and chemical environment are important, e.g. lithium and alp-
minium. It is imperative that proper metering devices are used and that
constant supply-ﬁrgssures are assured.

When fuel-rich flames are -used, soft flémes result. These flames can
be affected easily by air movement around the flame, causing fluctuations

in absorption. The absorbance and thus the refractive index of the flame
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is higher at shorter wavelengths, so that elements with their resonance
1iﬁes in the short~wavelength regiéns are affected more than those in the
longer wavelength regions.' Table 4.1 ghows the coefficients of variation
measured for five elements, WHich have resonant wavelengths iﬁ different
regions of the spectrum. The measurements were made with solutions giving

‘the same absorbance ( 0.1 A), with the same flame (acetylene/air). An
extractor fan near tﬁe apparatus was running to introduce air turbulénce

- in the room. Measuremeﬁts were made with a digitél measuring device ﬁo

eliminate personal bias and an inﬁegration.period of four éeconds was

used, The coefficients of variations were calculated from the absorbance
values.

It is éeen that the variation is greatest fortzinc 21382 where the
flame fluctuations will have the greatest éffecﬁ,'bécause of the high.
absorbance of the flame gases at that region.' .

It is best 'to use as "stiff" a fléme as possiblg to reduce flame
fluctuafions.

Fluctuations caﬁsed by the nebulizer may be classified wiph.flame.
fluctuations, Chief causes of change in the rate of nebulization are
blockage of the capillary tube, air capillary (already dealt with) and
corrosion. Care should be exercised, especially with silicate samples,

- that all ﬁinéral particles have been dissolved,. With certain types of
samples, e.g., certain chondrites, carbon or other non acid-soluble par-
ticles remain in suspensiqn. In these cases it is advisable to filter
.the solutions before spraying. Strong acids in the final solution should
be avoided. 1In particular.aqua regia ér nitric acid are known to attack
stainless steel éapillaries. - Some pneumatic nebulizers have rhodium
capillariés which resist. attack, but both the Techtron and the Perkin
Elmer épecgrometers use stainless steel_nebulizérs of the E.E.L. design..

These are prone to acid attack. - Fluctuations caused by the flame are
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of the order of 2%, depending on the conditions and the element.

(d) Spectrometer fiuctuation;fl If the monochromator is temperature sensitive,
it may éausé the spectral‘liné fo drift off.ﬁhe élit._ This ufﬁally takes
place slowly, and is ﬁot easily’dgtedfed. The waveleﬁgth adjLstment should
be checked from time to timé; The.Perkin Elmer spectrometef was found to
be more sensitive to temperature drift than the Techtron. This difficulty

can be minimized by using a wider slit to make the wavelength setting less

sensitive, -

A "hoisy" photomhltipligr can cause sigﬁifican£ fluétuationé when the
supply voltage is_relativgly-Hiéhy An increase in voltage may become
necessary when a vefy narrow slit.ié used or when the lamp intensity
is low, e.g. for chfomium or nickel a narrow slit is necessary for maximum
sensitivity. With a potassium ho11ow cathéde lamp aé'source, the reflect-

" ance of thé grating at'the potassium wavelength is poor forzthe Techtron.
On fhé Perkin Elmer a luminouélflame éan cause over-saturation of thé
photbmultiplief and amplifier. For work with phis flame a very narrow
slit should be used'or_gévere fluétuations will result. Overall fluc-

tuations of the spectrometer and source are usually less than 0.5%.

(e) Analytical fluctuations: As solutions must bée made of solid samples,
all the errors usually encountered with wet chemical techniques are found
in atomic absorption. -These include. weighing errors, volumetric errors,

sample inhomogeneity and incomplefe dissolution or sample loss.

4,2.2 Statistics

‘Weir and Kobluk (1967) and Meddings and Kaiser (1967) have compared precisions

.obtained by atomic absorption methods with chemical methods and have shown

that volumetrié errors are small, Precision for atomic absorption is poorer

than for "prgéise" chemical methods but'bet£er thén for rapid chemical mefhods.
Thé calculation of precisioﬁ for atomic absorption results may be

done in several ways. In this thesis the standard deviation S is calculated

EY
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As many separate weighings as was practiéally poséible were made and separate
solutions prepared of each. These solutions were each analysed a number of
times (usually a minimum of 3), the mean taken as one determination, and the
precision calculated on the differéntvdeterminations. No gnalysis of variance
was made on‘the large bulk ofvaﬁalyses.

Laubsche? (1968) has applied the one-way faﬁdbm model of analysis
of variance to show the-relationship_which exists'betwéen the number of
samples and the number of-determinations on each sample. The theory is applied
where a specific confidence limit islrequired. There is a-significant improve-
ment in the confidence interval és_the number of samples is increased from
2 to 4, but replicate‘determinatiéns do not give much imprdvement.

As will be seeﬁ in later sections, preéision of observations obtained
on a single solution of most eleménts is betweeﬁ 0.5 aﬁd 3%'coefficienp of
variation. -15 or more observationé are usually made. Variation between
solutions; however, as a result of sampling, contamination;aﬁd'chemical errors.

may be higher.

4.3 ACCURACY
Analytical results can néver be more éccurate than they are precisé, but
precise results give no indication oflaccuracy,

The accuracy of atomic abéorption methods is.very much dependent
on the element to be determined, its concentration, and the concentration of
other eleﬁents present in the sample. ‘In génerai,’atomic absorption results
are accurate because of-the relative lack of interferences. In cases»where
interferences a;e known not to exist, it is possible to use accurately prepared
aqueous standards.

For ﬁhe determination of some elements, notably the alkaline earths
in complex sampies, the concentration of non-analytical elements may be high,
and many interferences found. 1In these céses, either synthetic standards or

pre-analyzed standards with composition similar :to the samples, are used.
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Interferences have already been discussed in Section 3.3.5, but
will be treated more generally in this section. Interference effects are the
main limitations of the atomic absorption method, especially in its application
to geochemistry.

If in a flame, X atoms of an anayytical element reach the stage of
being atomized,

then X° are in the groun& state and available for absorption,
and X are in excited or ionized states and thus not available
for absorption,

1
i.e. X = X9 +X

4.3.1 Physical Interference includes temperature variation in the flame.

This could be caused by the spraying of combustible solvents. Temperature
effects are more noticeable in hot flames wheré‘appréciably more atoms are
in excited or ionic states. A change in temperature changes the state of
equilibrium, and results in a change of the ratio —2. .

. : : X

When the hollow cathode lamps radiate the lines of more than one

element and the lines are not resolved by the spectrometer, some interferences
may exist, e.g. for caesium determinations an argon filled lamp should prefer-

"ably not be used as the afgon 8521.44 & line is not resolved from the

caesium 8521.10 R line.

4,3,2 Chemical and Ionization Interference
Depression or enhancement of the absorption signal may result if one or more
foreign elements, I, or oxygen or some other radical take part in the reactionm,
causing
(a) depression:
o ! | '
X+ X +1 ->XI + X or XI
or X0 + X' + 10 »X0 + I
(b) enhancement:
X0+ X +I 7 X" +X +1 +e ™ XV +1

or X+ X0+ I * X°+ I0
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4.3.3 Methods for Overcoming Interferences

(a)

(b)

(c)

The use of a flame which prevents the interfering element from upsetting

the equilibrium, or

the addition of a suppressing agent.

If a suppressing agent, S, is added.for overcoming depression, the
reaction may be:
! o ]
X°+X +I+8 — X°+X +1S
1
or X°+X 4+4I+8S— XI+S—X+1IS
'I
or X9+X +I0+S— X0+ I+ S —X+ ISO
and for overcoming enhancement interference the reaction may be:
o - ! . o 1 1 o 1
X+X +I+8 —X"+X +1+S8S +e —X +1+ 8
(s having a low ionization pbtential and being added to both standards
and samples),

or X+X0+I+S8S —> X+ X0+ IS

Common suppressing agents are: Strontium chloride;

Lanthanum chloride;
EDTA;

Rubidium chloride;
Caesium chloride;

sometimes Potassium chloride
Table 4.2 shows how the addition of lénthanum suppresses the effect of
aluminium on magﬁesium in various flames..
The use of thé technique. of additioms.

Known concentrations of the analytical element are added to separate

‘aliquots of the sample solution. The absorbance is measured for each

addition as well as for the sample to which only water has been added.

‘The concentration of the element in the sample may be determined graphic-

ally by plotting absorbance against added concentration and reading the
concentration value where the graph cuts the negative concentration axis.

In applying the additions method, it has been found that results are not
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always as accurate or precise as desired.' The reasons for this are
that éxtrapolation of a graéh is always difficult, especially if the
-graph is not linear. 1In many cases where interference effects exist:

the analytical graph may cuxve appreciably and thus make extrapolation

very difficult.

A useful means of establishing whether interference exists in
a sample is to plot the additions graph on the same paper as the plot of

aqueous standards. If the two graphs are parallel, interference effects are

absent.
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TABLE &4 2

Magnesium Concentration

Absorbance

Concentration (ppm)
La Al CZHZ/air CZHZ/NZO Prop.-but. /N,0
0 0 . . 660 . 148 . 305
0 2.5 .650 .150 .305
. 0 25 . 590 .148 .303
0" 50 . 570 .152 . 300
0 100 .530 . 149 285
0 250 470 . 144 . 265
2 0 . 660 .151 . 305
2 2.5 .650 151 .304
2 25 v 590 . 151 . 305
-2 50 . 580 151 . 300
2 100 . 570 . 147 . 285
2 250 .490 142 . 265
20 - 0 .660 . 156 . 305
20 2,5 . 660 . 156 . 305
20 25 . 640 .156 . 305
20 50 . 600 .156 . 300
.20 -100 . 570 . 156 . 285
20 250 . 530 .151 . 275
1200 0 . 660 .156 .305
200 2.5 . 660 .156 .305
200 25 . 660 . 157 . 305
200 50. . 660 .160 . 305
200 100 . 660 .156 . 305
200 250 . 590 .156 . 305
2000 0 .660. . 167 . 305
2000 2.5 ,660 .167 . 305
2000 25 .660 .167 . 305
2000 . 50 . 660 . 167 . 305
2000 100 . 660 .167 . 305
2000 250 . 660 .167 . 305
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CHAPTER 5

SAMPLE PREPARATION AND STANDARDS

5.1 SILICATE POWDER DISSOLUTION

In the application of atomic abéorption techniques to the analysis of solid
geological material, rapid and efficient dissolqtioﬁ pfocedures.are required.
The dissolution of silicates has received considerable attention
from analysts aﬁplying classical chemical techniques, and femains iﬁpdftant
fbr many ‘modern instrumental methods, e.g. spectrophotomeﬁry. Most of the
successful diésolution techniques are applicable'for‘atomic absorption purposes.
During this investigation, several different methods of dissolution
were exélored. Although particle size.of the sample plays an important role
in the dissolution of silicates, this effect was not studied in detail, All
samples Qere>received already c%ushéd énd ground to less than 120 mesh.
Cruéhing téchniques were not studied and will thus not be discussed in tﬁis
thesis,
Bearing in mind the limitations of the atomic absofption techniques
.and the analytical objectives;.the dissolution methods sﬁould;
(a) Be rapid to save.timé;
(b)' allow éomplete dissolution of all sample matter;
(e) assdre.homogeneity of the sample throughout the final solution;
(d) be stable to eﬁable storage;‘
(é) be ecdnomicallof re—-agents and laboratory ware;
(f) should not introduce contaminants.
In.addition, where trace elements are to be detected in the ppm range,
relétively concentratéd solutions should be possible,
The dissolutién methods should also allow as many elements as possible.

to be determined in one solution or simple dilutions thereof.
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5.1.1 Acid Dissolution

Hydrofluoric acid has 1oﬁg‘been recognized as a decomposing agent for silicate
rocks. The hydrofluoric acid reacts with silicon to form tetrafluorosilicate
whichlbecome gaseous at less than 50°C, and is easily driven off.

Hillebrand (1919) preferred fusion methods fof his'classical scheme
of analysis. His reason for this was that fluorides interfered with the
precipitation of the mixed oxide group of elements.

It is common practicé to add an oxidiziﬁg acid with the hydrofluoric
acid when digesting silicates. A two-fold benefit is obtained. The oxidizing =~
acid oxidizes cations to a higher ionic state. 1In this form the minerals are
dissolved more readily in weak acids. A stfong acid will also replace a
weaker acid radical from its‘salt,’e.g. a fluoride plus sulphuric acid forms
a>su1phate and hydrofluoric;acid. The hydrofluoric écid is thén_evaporated
away. If the process of adding sulphuric acid and evaporafing to dryness is
repeatedvtwice, the fluorides will almost all be.converted to sulphates
(Selch, 1915). |

Hydrofluoric acid digestion has several advantages for thé dissolution
of rocks for atomic absorption analysis: |

(a) -The sample'size is reduced byvdriving off the silicon and a more
concentrated solution éf rock' may be obtained. In addition no
dilution of the rock in a flux occurs. This is of particular use
for trace element detérminations. |

(b) Solutions are stable. Silicon often forms gels orwcauses deposits in
solﬁtions ﬁade from fusions.

(c) The procedure is simple and digestion can take place overnight.

Disadvantagés of acid digestion are:
(2) Several minerals do not dissolve rapidly. Hoop (1964) showed that when

a standard hydrofluoric-sulphuric-acid dissolution method was used,
rutileé, zircon, and alurite, kyanite, corundum, graphite, gold and

pyrite remain almost unattacked. Other minerals are attacked very
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slowly. v
(b) Some salts may precipitate and'rem;iﬁ insoluble. Hoop mentionec
barium sulphate and also stronﬁium and lead sulphate, However,
~chlorides and nitrates are generally soluble.
(¢ Some acid combinations destroy platinum-ware, e.g. hydrofluoric
and nitwic acids will attack platir - "rh PTFE or teflon crucibles

this dificulty may be obviuted.

(d) The chance of contamination is greater «...: acid vnem with
fusion,
(e) Acid d:,. ction is time consuming, especiaiiy where sevei.. Sorrs

must ve made.

~

w; ..uorlc acid may be used alone (La-gmnybhr and Kringstad,
but it is ¢sue. ..» use it in combinatic. - .. L . &, nitric, perchi:

or hydrochlor:+ .cids or mixture: of taes

Ir 2T to test the most sultable &« o it .worue < mLd T
atomic absor;: , some tests were'conducted OTi L melamorphic Lun .- i L7 e
sample whi.. . known to contain minerals difi.c..ic to dissolv. .
left a considerable residue when trsared with ..o zrluorie aci. . 'f;;;"
examination of this residue zhowed tu. _fesens. . taicium, WL
and iithium indicating the presence of garnec. .cmination ¢ .
various types of acid ..ssolution might thus g.- i indicatic. . o oo

o. tne dissolution {: - this rock. In addition ct. .his the disso.anise

and .residue was car Jsily observed.

The acidé. ... wvolumes, treatments, ovd results arc
~ie 5.1,
The procedure used %as to.vweigh ou. ag of the powcer o
crucible and dampen it with water. The oxidi:  acid was T e s
which the hydrofluos .. acid was ucded. The u. © was hesu. .
70°C and more. strong’ ¥ aftef the reaction had . -ased.  Whoo

dry it was heated st: ..;ly unti. it had stoppe. “uming. This

repeated, The residue . . 47: .ved finally irn Zi hydrochloric

[



up to final volume.
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Lol This o9
TABLE 5.1

Test of Efficiency of Acid Dissolution

Sample: Metamorphosed eclogite EK43.

‘Weight: 500 mg,(Less than 120 mesh)

HF Acid |Vol. Number of Vol. HCl | Final Li detn. Av.
Vol. treatments Vol. : -
10 ml | H,50,| 3 ml 2 20 ml - 50 ml | 5.9, 5.2, 6.1 5.7
10 ml | HNO3 | 5 ml 2 20 ml 50 ml | 3.0, 5.6, 4.9 4.5
10 ml HClO4 5 ml 2 20 ml 50ml |{7.0, 7.2, 7.1 7.1
10 ml " " | 1plusl | 25ml 50 ml | 7.4, 7.4, 7.4 7.4
BOMB treat- g '
ment of
residue
Notes 1. The sulphuric acid treatment was the slowest and left the most

residue (white powder).

All acids were metered with plastic medical disposable syringes.

" Their very low cost accuracy and freedom from interference make

them-&ell.suited for this work.

Teflon beakers were used for the nitric acid test, The method
suggested by Belt (1967) wés used. Iron formed a heavy brown
precipitafe with this method, In suBsequent tests Qith other
samples, it was found that lower iron samples formed a brown

solution which did not precipitate. Heating of teflon beakers

-‘had to be done by infra-red lamps as well as on a hot plate,
. The hot plate alone heated only the base and the evaporated acid

condensed on_tﬁevcpol walls of the beaker. Solutions evaporated

more slowly with teflon beakers or crucibles.
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4, Perchloric acid gave the clearest solution and least residue,
(Care was always taken that perchloric acid did not come into
contact with organic materials and did not get hot.) An extractor

fan of 100 cubic ft./min. was used to remove fumes.

The results of these tests and experiehce over several years, hé.ve
shown the perchloric acid digestion ﬁethod to be fhe mére suitable. Léngmyhr
“and Sveen (1965) have shown that most minerals dissolve with this aqid'coﬁ~
bination. Minerals which dissolve'slowly.are beryl, kyanite, topaz, staurolite,
drote, pyrrhotite, and chalcopyrite; .Garnet, zircons ana others are also
known to dissolve slowly (Ito, 1962). However, these may be dissolved quite
easily with high pressure methods. |

It is essentiai that all the material i; ﬁaken up as low readings may
résuit if even a small portion of a mineral remains undissolved, e.g. garnet

contains calcium, magnesium, iron, chromium, nickle, cobalt and lithium. .

5.1.2 High Pressure Techniques

' Some ultrabasic rocks, notably eclogites and kimberlites; defied complete
dissolution‘with hydrofluoric and pefchloric acid;veven after many treatments.
.Further grinding of the sample to less than\BOO'mesh improved the dissolution
rate but it‘wég felt that the greater chance of contaminationvaﬁd the longer
time.taken for grinding did not make this advisable. The use of high ﬁressure
and temperature techniques was théréfore explored.

Ito.(1962) decomposed a large number oftréfractory mineralsfusing a
feflon lined and'segied steel cﬁamber;or "bomb",:which could be heated to
2409C, Very high'pressures (above 300 p.s.i.) cduld not be achieved because of
the tendencylof Teflon to déform and leak ét high ﬁemperatures and pressures,

The Mofey type bomb described by May and Rowe (1965) appeared more
attractive as pressures of 6000 p.s.i; and temperatures of 450°C can be used.
It is claimed by thembthat ﬁosf refractory minérals are decomposed &ithin 4
to 6 hour; ét 375—425°C.

A platinum lined bomb'wés.accordingly bdiit'with dimensions slightly



larger than that of May and Rowe. By increasing the volume of the platinum
crucible from 3.5 to 5.0 ml and scaling other components up accordingly, the
" same safety factor was assured, But larger sample weights of up to 200 mg
could be used. It was planned to éubject the whole sample to high pressure
~ treatment., As'concentrated solutions.are reqﬁired, 200 mg Qés considered
a.minimum?quantity.

A diagram of the bomB is shown in Fig. 5.1; The platinum crucible
(1) is formed inside a ﬁichrome holder (2) frbm 0.016" platinum sheet.

As 'suppliers of Hastaloy, used'forlthe base (35 could not supply the
metal bf desired dimensioﬁs, a different nickel al1oy, Nimonic 90, was sub-
stituted. Although the composition of this alloy is different from that 6f
Hastaloy C, the expansion coefficient is the same (i.e. 12.7 x 1079),

No details of the other materials used éduld be obtained from the
publication or privéte correspondence, so these were selected by virtue of
their properties of strength. Details are given in Fig. 5.1..

It was found that a proper seal could_not be maintained at tempera-
tures above 200°C and pressures above 100 bars (1500 p.s.i.). The reasons-
could bg either a fault in design, or a mismatching oflexpansioﬁ coefficients,
The latter reaéon would result in the plunger 5 expanding at a slower rate
" than the nﬁt 6, thus causing the pressure on the crucible cap to be reduced,

Two methods for overcoming this have been appliedf

(a) Inserting a powerful diSCfSprihg or Bellvile washer 7, between the
plunger shoulder and the.inner.face of the nut. The pressure which
can be exerted oﬁ the crucible face is calculated as follows:

If the length of the 'spanner is 5 ft and'the force exerted
rmangally ZOoﬁlb}

5 x 200 1b-ft -

then the moment M

,Momenf M

force on crucible

afeg of crucible x Tan (angle of thread)
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_ 1000
-2 1
(9.82.x_10 ) x 7%
_ 25 x 10000
9.82

26,000 p.s.i.

This figure is well in excess of the maximum pressure of
6000 p.s.i. required in the bomb., If a temperature of 200°C is
not exceeded the elastic properties of the steel washer are retained.
This method offers a safety measure in that the pressure is released
if for some reason it should exceed the safety test value of.30,000
p.S.i.

v(b) Inserting a spacer washer of a metal with a higher expansion rate
than that of the nut between the plungef and the nut. As the bomb
heats up the more rapid expansion of the spacer -ensures a continual
‘high pressure on the Crucible face, The metal used for these washers

is duraluminium.

In both cases an annealed copper washer 4 is placed between the steel
plunger and the platinum lid. This washer will deform slightly to maintain
uniform contact of the platinum cap with the crucible lip.

¢

To prevent the cap and crucible from welding together, both surfaces
are coated with a thin,vuniform 1ayer'of Aquadag,.a graphic compound in
solution, Tﬁe pressures in the bomb at specific volumes and tempefatures
tare determined from tables by Holzér and Kennedy (1958).

A special vertical tubular muffle-furnace with a ni-chrome wire element
- was designed fo be used with.the bomb.. A chain and counterbalance enable the
hot furnace to‘be 1owéred and raised with ease. The furnace, counterwéight,
dismantlea bomb, temperature ﬁeter and the Chromel-Alumel thermocouple '"cold
joint" (in iqe in the "Thgfmoé" flask), ;re seen in Plate 3. Cooling of the

bomb, after removal, was expedited by a jet of cold compressed air.



PLATE 3.

The Platinum -Lined High -pressure "Bomb”

(lower centre) with the Vertical Furnace

(left), Counterweight (upper right), Temperature

Meter (centre), and Chromel/—Alumel Cold
Joint (in Flask )
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Although the bomb is seldom used for normal silicate rocks, it is
very useful when analyzing rocks that contain minerals which defy dissolution.
The most suitable procedure found when dissolving unknown rocks was to apply
the normal hydrofluoric-perchloric acid techhique. If undissolved material
remained, the hydrochloric acid dissolved sample was carefully removed with
a pipette and the residue transferred to the bomb. 2 ml of hydrofluoric acid
were added and the bomb 1eft'overnight in the furnace at 300°C. On cooling
the residue was usually dissolved. The solution was transferred to a platinum
dish and heated to dryness and taken up in the normal way with hydrochloric
acid, Most rocks, other than ultramafic types presumed.to come from the
upper mantle, dissolved completely with the normal hydrofluoric-perchloric
acid method,

The bomb has obvious advantages, but in its present form it does not
lend itself to rapid analysis. The steel nut and "Nimonic 90" base corrode
easily, thus providing a source of contamination. When the bomb was first
made it was envisaged that the whole sample would be dissolved in the bomb,
hence its large volume. As a result of the dissolution procédure adopted
here, however, very small amounts of residue are treated in the bomb'and it
‘could therefore be considerably smaller, For these reasons a new type of bomb

is being designed.

5.1.,3 Fusion Techniques

Many fusion techniques are available to break down silicates and enable their
dissolution. Some of tﬁe better known fluxes described by Russel (1967) as
fusing agents are:
| Sodium carbonate,

sodium carboﬁate ana sodiﬁm borate,

sodium peroxide and sodium hydroxide, -

sodium fluoride (and bifluoride)’

lithium fluoride.and boric acid,

lithium metabofate!

lithium tetraborate,

potassium bifluoride.
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Of these the sodium carbonate fusioﬁ,appears to have found the
widest applicatioﬁ iﬁ wet chemical techniques. The lithium tetraborate
technique has been used extensively for the preparation of silicate samples
for X-ray fluorescence analysis.

The lithium metaborate solution technique described by Suhr and
Ingamels (1966) and Suhr (1967) has the advantage that the melt is readily
dissolved in nitric acid and thus provides a rapid method for dissolving
rocks. Although it was developed for preparing solutions for emission spec-
trochemical analysis, this technique is well suited for atomic abso;ption
analysis,

The method used is as follows:

200 mg powdered sample are mixed with 1 g of lithium metaborate in

a graphite crucible and fused for 15 minutes in a furnace at 1100°C.
In the meanwhile 200 ml of a 3% nitric acid solution have been placed
in a Teflon or polypropyléne beaker.én a magnetic stirrer, The melt
in the graphite crucible is removed from the furnace, swirled around
to gather uncoalesced beads and poured directly into the nitric acid
solution. The solution is stirred without further heating and the
melt rapidly dissolves. The solution is made up to the required
volume,

The fusion can also be caéried out in platinum or 957 platinum-
5% gold alloy crucibles. It should be remembered however, that iron, parti-
cularly ferrous iron, has a strong affinity for platinum (Russell, 1967).
Iron results can be low as a result of this and platiﬁum corrosion may result.

The fusion method results in a greater eventual dilution (flux
f6 sample ratio 4:1) énd.is therefore better suited for the determination of
elements at higher concentrations,

The high concentration of lithium precludes the determination of
this element, As lithium salts are seldom found without other alkali metals

as contaminants, it is advisable 'to test each new batch of chemicals and to run
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blanks to detect contamination for sodium and potassium, When the alkali
metals ére present as traces in the unknown, fusiﬁn techniques are not recom-
mended.

‘The scheme which has been adopted for the dissolution of rock
samples for various types of anaiysis is given in Fig; 5.2, Table 5.2 gives
gpnvenient weights and volﬁmés'for ﬁhe dissolﬁtion scheme Shggeéted.

Graphite crucibles of high purity areApfactically more suitable.
They may be re-used often and as many as 50 fusions havé been made in one
cpucible, Similar to the platinum-gold crucibles, they do not "wet" and are
ﬁhus easily cleaned. .In addition when platinum-gold crﬁcibleé are used, they
are more difficult to handle and to remove tﬂe "last drOp"Aof the melt.
However; the more oxidizing conditions with the metal crucible promotes-tﬁe

dissolution of refractory éompounds, e.g. chromites (Suhr, 1967).

TABLE 5.2

Weights and Volumes used for Dissolution

A. Fuéion

Method Wt. of Sample: . Wt. of Flux Vol. Final Soln.
' : ‘ ' 37 HNO3 Vol. Factor
F~1 "~ 200 mg - . 800 mg 100 ml 100 ml .27 (. 500x)
F -2 100 ‘mg 400 mg 100 ml | 500 ml] 0.02%(5000)
F - 3 10 ml of F-2 diluted to 50 ml - 50 ml| 0.004%(25,000)

B. Acid Dissolution

Method | Wt. of Sample Acid Vol. | yo1, Final | Soln,

' HC10, HF 2NHC1 Vol, Factor
A-1 © 500 mg " 5 10 | 20 . 50 17 (100x)
A~-2 500 mg 5 10 I 20 200 | 0.25%7 (400x)

- (or dilute A-1 4x)
A-3 500 mg 5 | 10 |.20 25 27 (50%)




FUSION ACID DISSOLUTION

(FOR MAJOR ELEMENTS) ~ ( FOR MINOR AND TRACE ELEMENTS)
<1204 " ROCK SAMPLE < 200 #
. oy e — e ) .
WEIGH SAMPLE 200 -500 mg. WEIGH SAIMPLE_ 200-500mg.
P1 -Au dish
LiBO, 800 -2000mg.
I o 5mi HCIO4
graphite crucible ' o IOml HF :
' HE AT 40 min (80°C)
.2ml HCIOg ~———
) _ iOmi HF
HEAT 5 min. - ' HEAT TO DRYNESS

uoooc : ’ : (FUME)

~ 20ml 2NHCI —~]

HEAT TO DISSOLVE

3%HNO3 200mi- L . RESIDUE ~ RESIDUE
| — | —
STIR fo mins. ﬂ TRANSFER TO BOMB
o , -
MAKE UP TO VOLUME ami H ——{ 2mi HCIO4
| HEAT 300° OVERNIGHT e (Omi HF
MAJOR ELEMENTS |- — — — TRANSFER TO DISH
| i l 'HEAT TO DRYNESS
Al ' HEAT TO DRYNESS _
Si | ‘5ml 2N HCI—-—-i n Smi
Fo : HEAT TO Dl'lSSOLVE | -~ 2N HCI
Ca A | . =i —
Mg . : ——————- MAKE UP TO VOLUME
Na : : TRACE
K , | ELEMENTS.
~ Mn L I ~ AND
Ti  FURTHER DILUTION MINOR
' IF NECESSARY ELEMENTS
4
SOLUTION NOT STABLE SOLUTION STABLE
DO NOT STORE FOR e - (STORE. IN POLYTHENE)
MORE THAN 3 DAYS | ‘
FIG. 5-2:

General Procedure for Oissolution of
Silicate Rocks for Analysis by Atomic -

Absorption Spectroscopy.

OZALID-C. [S.A.) 64277 (6/67)
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5.2  STANDARDS

The accuracy of results is essentially depéndent on the standards used for
relating absorbance to concentration. It has been mentioned (Section 4.2)
that various types of standards may be used, including natural standards.

One of the advantages of atomic absorption is that many elements
may be determined, using simple.aqueous standards. However, it should be
realizgdﬁthat if care is not exercised in the preparation of these standards,
significént errors may result.

it is good practice to use the pure metal of the element wherever
possible for the preparation of fhe stock solution. In cases where metals
are not available, stable salts, without wéter of crystallization are satis-
factory. If some doubt exists about the metal content in the reagent it is
preferable to have the solutions standardized chemically or as a last measure,
to compare standards prepared from various salts.

Fresh réagents should be used, as reagents may change with time.
Anlexample of this change was found when certain calcium values, based on
standards prepared from "specpure" calcium oxide were repeatedly lower than
the chemical values. Eventually, it was discovered that the reagent used
was old and a portion of the oxide had changed to fhe carbonate. Firing the
chemical in an oven at 1200°C reconverted all the calcium to fhe oxide~énd
further results were correct.

Stdck solutions of convenient concentrations are prepared‘and stored
in’narrow-necked polyethylene Bottleé.. When standard solutipns areirequired,
these stoék'solu;ions are diluted 10 or 20 times. Further standards are
made By diluting'the.solﬁtion 1:1 with double.distilled water.

It is conyepient to have stock concentrations.of 640 ppm, or
multiples thereof. On dilution, standards of 64, 32, 16, 8, 4, 2, 1 are ob-
tained, These valués are more satisfactory fo? the plotting of the analytical
graph, as congentrations Vith decimals (e;g. 1.25 ppm) require estimation of
the point on the linear graph paper.:>It-is very useful to prepare inte?mediate

‘'standards in the higher concentration ranges, e.g. 64, 48, 32, 24, when the
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interval is too large for the accurate estimation of the graph (if it is not
linear), |

" When standards are preparéd from the pure metal, fresh_filings, dril-
lings or>turnings should be used because they dissolve more rapidly because
of tﬁeir larger surface area. Metals which oxidize or form hydroxides rapidly
often present difficulty, e.g. lithium. In these cases the ;urnings may be
weighed in a beaker filled with argon or the metal converted to a salt of
known metal content. During the course of the determination of lithium and
lithium.isotOpe ratios, only lithium metal isotopes were available. Standards
were prepa;ed by converting the metal and metal hydroxide to the chloride
form, and.standardizing these solutions (see later). Only in this way could
acgurate standards be prepared.

Most standard dissolutions are made iq hydrochloric acid as most
chlorides are soluble and give little or no interference in the flame. As
little acid as possible is used. If acid concentrations are to be matched
wiﬁh samples, this is done at a later stage. Other acids are used for those
‘elements which have insoluble chlorides (e.g. silver) aﬁd those which do not
dissolve iﬁ hydrochlorié acid (e.g. gold).

Table 5.3 gives the source of standards for the various elements and
‘suggested methods of preparation.

Silicon standards were prepared from silicon &ioxide which had been
heated to 600°C tb drive off adsorbed water vapour. Dissolution was then
carried out using the lithium metaborate fusion technique. This méant that
iithium,and boron were present in these solutions, but as the samples were

treated in the same way, this was no obstacle,

5.3 CONTAMINATION

Due to the high sensitivity of the atomic absorption method for most elements,
scrupulous care must be exercised to prevent samples and standards from being
contaminated with the elements to be determined. Contamination dangers exist

-mainly in the sample and standard preparation steps.
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5.3.1 Sources of Contamination

(a) Instrumental

)

It is possible for contaminants to be introduced into the flame.

through burner (Gidley, 1961) and nebulizer corrosion, With most.
commercial apparatus, however, stainless steel parts. are used which
give little, if any, contamination difficulty. Contamination can be

introduced from deposits inside the burmer too (Butler, 1962). Although

generally seen as a "memory" effect when blank solutions are sprayed,

the high acid content of sample solutions may cause the deposits to

- dissolve rapidly and cause erroneous readings. .

Contamination may also be introduced thrOugn the gas and air supplies
(already discussed.in Section 4.1.1(a))._

Régnlar cleaning of the burner and care with fhe acid content of
snlutions will prevent these causes of confamination.. Cleaning of the

burner slot is especially important when the acetylene/nitrous-oxide bur-

- ner is used,

Water contamination

Distilled water is used for all dilution of samples and standards.

Before using singly distilled water, tests were conducted to determine

the nature -and concentration of impurities. This was done by concen-
trating the waner 100 times, by evaporation, and spraying the concen=-
tréte. Elements determined wefe: o %

copper - ‘Of01 -~ 0,05 ppm

‘sodium - 0.005 - 0.1 ppm

lead .- 0,001 - 0,005 ppm

'The level nf these elemenﬁs did not remain constant and depended .

on the length of time that the_water‘remained in the tin-coated ccpper
contniner.

All water used for standatds was therefore doubly distilled or
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de-ionized through a mixed bed de-ionizer. The doubly distilled
water was fourid more convenient, as a larger volume could be produced
daily,

Acid contamination

All reagents and acids used in the investigations were at least of

Manalar" grade purity. Unfortunately, some difficulty was experienced

in obtaining supplies of guaranteed purity hydrofluoric and peréhloric

acids. Over the period of four years several makes of acids were used.

Certain makes were found to contain significant amounts of lead and
zine. .

When a new acid was used, it was analyzed to determine the level
of metallic impurities,.

Qualitative spectrographic tests were also made on the purest
grades.. The procedure similar to that suggested by Edge (1960) was
followed: . 10 ml volumes of acid were evaporated in platiﬁﬁm dishes

to about 1-2 ml. The acid was then transferred to ultra high purity

graphite cup electrodes and slowly heated until dry. The sample elec-

trodes were dried with blank electrodes and the spectra examined for the

sensitive lines of various metals.
- The results are shown in Table 5.4.
AlthOugh methods exist for the purification of hydrofluoric, per-

chloric and hydrochloric acids, the methods are most tedious. It was

therefore preferred to test for the level of contamination by running

blank solutions and correcting for the specific elements.

Atmospheric contamination

Pérticles of dust and other matter in the air are a serious source of
contaminétion. In the small laboratory used for sample preparation,
sevéfal:other laboratory'activities are carried out, including part
of the preparation of samples for X-ray fluorescence spectroscopy.

Lithium and sodium dust was therefore often found to be present in the



- 81 -

1ab6ratory.

A special filter was fitted into the side sf the fume cupboard.
When the extractor fan was on and the door closed, all the air entering
the fume cupboard passed through the filter. 997 of all particles
larger than 5 misron and 70% of all particles larger than 1 micron are
removed from the air. After tﬁe introduction qf this filter and the
building of special perspex baffles to prevent dust from.falling back
into the fume cupboard from the overhead cover and pipes, very little
further difficulty from contaminatisn from tﬁis source was experienced.‘

Plate 4 shows the filter in position in the side of the fume cup-
board. In the foreground are two of the disposable plastic syriﬁges.

(e) Laboratoryware contamination

For an extended period zinc results on silicate rock solutions were
obviously contaminatedf The contamination was erratic and difficult

to srace. After useful suggestions by Orren (1967) tests were made‘

‘on the polyethylene 100 ml bottles used for storage of the prepared
solutions. It was found that some bottles had considerable quantities
of zinec. Orren has suggested that this is as a result of zinc stearate
lbeing used in the manufacture of these bottles. All bottles were there-
fore rinsed with hot concentrated hydrochloric acid before usage, but

in spite of this zinc contamination was encountered When zinc was to be

determined therefore, the solutions were metered into pyrex volumetric
flasks, and then part of the solutions transferred to polyethylene bottles.
Zinc was determined on a small amount retained in the glass volumetric

flask.



;
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~ PLATE 4. |
The Fume Cupboard Filter.
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TABLE 5.4

Qualitative Examination of Acids and Singly

Distilled Water

HF H,0 : HC1 HC10y,
Mg
2795.53 I (A - IID 111
2802.70 - - - III III
2852,13 - - o ' I1I 11T
Ca
3933.67 I II I LIIT
4226.73 - I IT . - II
3968.47 T I - I
Cu
3247.5 11 I II -
3273.96 I I I -

F. .
Al
3092.7 % - I -
l’[_r_l
2794,77 I - - -
2798.2 I - - -
..I.\E
5890 II - I I
3302 - - - -
Note: I‘rindicates lines very weak, barely visible
II indicates lines distinct
ITI indicdtes :lines strong
indicates

Iv

lines very strong, i.e. more than trace
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Preparation of Standards

Element Stock Procedure Resultant| Grams Stock
compound stock value
per litre ppm
Group IA
Li LipCO4 Dry in oven at 110°G§ dissolve in LiCL 1.656 640
dilute HC1=%
Li metal Dissolve in excess HCl; evaporate to LiCL 3.910 640
dryness; weigh out chloride; standar- (chloride)
dize
Na NaCl Dissolve in freshly distilled water and NaCl 1,627 640
stored in polyethylene containers
K KCl Dissolve in distilled water, after KCl 1.2210 640
drying at 110°C
KNO4 - do - KNO3 1.655 640
Rb RbU Dissolve in water. Standardization is RbU . 9055 640
recommended: Pipette 25 ml to Pt dish,
add 1 drop H2S50,, evaporate to dryness,
and heat to constant weight
Group ITA
Mg Mg Dissolve metal in minimum amount appro- MgCly 0.640 640
priate acid¥ (if HC1)
Ca CaCo3 Dry at 110°C; dissolve in minimum amount| CaCljp 1.598 640
HC1 dil. (As Ca0, strength is 1,400 ppm)
Sr SrCoj3 Dissolve 1,6848g SrCO4 in 300 ml water SrCljp 1.078 640
plus 2 ml conc. HC1¥ and dilute to vol,
Ba BaCljp Dissolve 1.523 g anhydrous BaClj dried BaCl, .9747 640
at 250°C for 2 hr, dilute to volume ‘
BaC03 Dry at 1109C; dissolve in dilute HCI® BaClD , 9196 640
Group VIB
Cr KoCr20y Dissolve in water, dilute to volume K2Cro0 1.4611 640
Cr metal Dissolve in H3l, or dil. HySO,* CrCly 0.640 640
Mo (NH4)gMo7094, | Dissolve in water and add few drops (NH, ) gMo7024 1.1777 640
4HA0 anmonia soln., to make alkaline and
2 standardize by gravimetric method
®

Use as little acid as

possible
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1 K P d Resultant Grams Stock
Element Stoc rocedure compound stock value
per litre| ppm
Group VIIB
Mn MnO, Dissolve in conc. HC1¥ MnCl, 1.013 640
Group VIII
Fe Fe Dissolve fresh iron fillings (or pure | FeCl, 0.640 640
iron wire) in 11 ml 6NHCl and dilute
to volume ‘
Co Co Dissolve fresh turnings in 6NHC1® and | Coll, 0. 640 640
dilute to volume .
Ni Ni Dissolve fresh turnings in minimum © Ni(NO3), 0.640 640
amount nitric acid and dilute to vol,
Pd Pd 2:szzive fresh metal filings in aqua PdCl, & 0.640 640
& Pd (NO3)
Pt Pt = do - PtU, & 0. 640 640
Pt (NO3)2
Group 1B
Cu CuS0y, 5H0 Dissolve fresh crystals in water CusS0y 2,523 640
Cu Dissolve fresh fillings in dilute Cu(N03), 0.640 640
HNO3® plus a few drops HC1
Ag AgNO4 Dissolve in freshly distilled water AgNOjg 1.007 640
Ag Dissolve fresh turnings in conc. AgNO3 0.640 640
HNO3*
Au Au Dissolve metal in aqua regia® AuCl, & 0.640 640
|Group IIB
Zn Zn Dissolve metal in dil. HCL® ZnCl,p 0.640 640
Cd Cd ~ do -~ CdCl, 0.640 640
Group IIIA
Al Al Dissolve Al wire freshly prepared Alcl 0. 640 640
turnings or filings in minimum amount \gb
HC1 '

®Use as little acid as

possible
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t Gran Stock
Element Stock Procedure Ei;;iziz Sii:; va?ﬁe
per litre| ppm
GrouE VIIB
Mn MnO, Dissolve in conc. HC1¥* MnCl, 1.013 640
Group VIII
Fe Fe Dissolve fresh iron fillings (or pure | FeCl, 0.640 640
iron wire) in 11 ml 6NHCl and dilute
to volume ‘
Co Co Dissolve fresh turnings in 6NHC1®™ and | Coll, 0. 640 640
dilute to volume ,
Ni Ni Dissolve fresh turnings in minimum -Ni(NO3)2 0.640 640
amount nitric acid and dilute to vol.
Pd Pd stizive fresh metal filings in aqua PdCl, & 0. 640 640
& Pd (NO3 )
Pt Pt —do - PtU, & 0.640 640
Pt (NO3) 2
Group IB
Cu CuS0,,5H,0 Dissolve fresh crystals in water CuS0y 2.523 640
Cu Dissolve fresh fillings in dilute Cu(NO3)2 0.640 640
HNO3* plus a few drops HCl
Ag AgNOq Dissolve in freshly distilled water AgNO4 1.007 640
Ag Dissolve fresh turnings in conec. AgNOj3 0.640 640
HNO3%
Au Au Dissolve metal in aqua regia® AuCl, & 0.640 640
|Group IIB ‘
Zn Zn Dissolve metal in dil. HCL® ZnCl,p 0.640 640
cd cd - do - cdcCl, 0.640 640
Group IIIA
Al Al Dissolve Al wire freshly prepared AlCl 0.640 640
turnings or filings in minimum amount \55
HC1 ’

®Use as little acid as

possible
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TABLE 5.3 CONTINUED

ltant Gran Stock
Element Stock Procedure Ei;;ouzg Sig:i va?ﬁe
per litre| ppm
GrouE VIIB
Mn - MmO, Dissolve in conc. HC1¥® MnCl, 1.013 640
Group VIII
Fe Fe Dissolve fresh iron fillings {or pure | FeCl, 0.640 640
iron wire) in 11 ml 6NHCl and dilute
to volume
Co Co Dissolve fresh turnings in 6NHC1®™ and | Coll, ' 0.640 640
dilute to volume ‘
Ni _ Ni Dissolve fresh turnings in minimum ' Ni(NO3), 0.640 640
amount nitric acid and dilute to vol.
Pd Pd 2zszzive fresh metal filings in aqua PdCly & 0. 640 640
& Pd (N03)5
Pt Pt —do - PtU, & 0.640 640
Pt (NO3)2
Group 1B
Cu CuS0,,5H70 Dissolve fresh crystals in water CuS0, 2,523 640
Cu Dissolve fresh fillings in dilute Cu(NO3)9 0.640 640
HNO3* plus a few drops HC1
Ag AgNOq Dissolve in freshly distilled water AgNQO3 1.007 640
Ag Dissolve fresh turnings in conc. AgNO3 0.640 640
HNO3*
Au Au Dissolve metal in aqua regia® AuCly & 0.640 640
Au (NO3)
|Group IIB _
Zn Zn Dissolve metal in dil., HCI® ZnCl,y 0.640 640
Ccd Cd - do - ' CdCl,y 0.640 640
Group IITA
Al Al Dissolve Al wire freshly prepared AlCl 0.640 640
turnings or filings in minimum amount ;Eb
HC1 ’

*Use as little acid as possible
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PART III. ANALYTICAL APPLICATIONS.

CHAPTER 6

LITHIUM

6.1 INTRODUCTION

Lithium has Been the subject of considerable study in the field of geochemistry.
The preliminary work of Goidschmidt and Peters (1933) who outliﬁed the geo-
chemical rules governing the behaviour of lithium, has been followed by many
papers, notably those of Strock (1936), Wager and Mitchell (1943), and more
recently by‘Horstman (1956) and the review by Heier and Adams (1964).

Like the othef alkalis, lithium is a lithophile element, but
bécause the radius of Li* is smaller than the radius of the other alkali metal
cations (seeATable 6.1) its geochemical behavidur is unlike that of the other
alkalis. 1In spite of charge similarities it will not substitute for sodium
and potassium.in minerals of these elements. It tends to be associated with
magnesiuh and iron because of the similarity of ionic radii, i.e. Mg2+ 0.668%,
Felt 0.748. On the other hand, because of charge differences, several magne-
.sium-iron minerals (e.g. olivine) do not réadily accept iithium into theif
~structure, In these minerals, and consequently in rocks largely composed of
tHese and similar minerals, concentrations of lithium as low és 1 ppm or less

are found. T
TABLE 6.1

Relative Abundances of the Alkali Metals

Element lonlc Crystal |Granite |Diabase Ultrabasic Shales |[Sandstone
radius | average |G-1 W-1 (2) (1) (1)
] (1) (1) (1) , .
Li 0.68 : 20 24 - 12 0.X¥ 66 | 15
Na 0.97 28,000 | 24,600 | 15,400 | 4,200 9,600 3,300
K - {1.33 | 25,900 | 45,100 5,300 40 26,600 10,700
Rb |1.47 90 220 .22 0.2 140 60
Cs 1.67 3| - 1.5 1.1 0.x¥ 5 0.X*

(1) Mason (1966)
(2) Turekian and»Wedepohl_(l961)

¥ 0.x indicates an order of magnitude
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However, lithium does form its own minerals, e.g. lepidolite, petalite
and spodumene, in which several percent of lithium may be present. Host minerals
to lithium are mainly micas, e.g. biotite in granites may have several hundred

ppm. The average crystal abundance of 20 ppm (Taylor, 1964) is low. The

granite, G-1 and diabase W-1 have values of 24.énd 12 ppm respectively.

Higher concentrations are present in sedimentary rocks, mainly bé—
cause lithium rich minerals, notably biotite, do not weather easiiy (Goldich,
l1938) and, whereas the absolute amount of other alkalis present in focks is re-
duced by weathering, lithium shows no such trend‘(Butler, 1953, 1954).

Some average abundances are shown in Table 6.1 together with other
data on 1ithium;' |

Sensitive, ﬁrecise and accurate methods of analysis are required
because -

(a) 1lithium has low abundances in most rocks, and
(b) its transport from one rock type to another is indicated by very

small concentration differences (Sttnck;1936).

The D.Cf arc emission method ié usually used for the determination
of lithium (Ahrens and Taylor, 1961).. Strock (1936) used cathodic layer
excitation and fhe Li 6707 line, and was abie to achieve a detection limit of
1.0 ppm. .A'detectibn limit of 0;1 ppm was claimed by Taylor and Heier (1958)
- when determining 1ithiuﬁ in alkali feldspars., The limitation of these methods
is that the précision obtained, using the D,C, arc and photographic recording,
is seldom better than a relative deviation of 5-10%.

Because of its low atomic number, lithium is not determined by X-ray
fluorescence methéds. Although sensitive by emission flame spectroscopy in
pure adueousvsolutiéné'it is subject- to line reversal and interference by otﬁer
alkali and alkaline earth elements in the flame, and relatively complicaéed
chemical proéedu?es must be used fo eliminate fhese (Horstman, 1956). Lithium may,
: however, be determinéd with comparafive ease by atomic absorption spectrometry

‘using the strongly absorbentv67083 line, This technique has been'émployéd by
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Angino and Billings (1966) for the determination of lithium in seawater, by
Fishman and Downs k1966), for its determination in lake water, and Price and
Ragland.(1966) for lithium determination in quartz;,‘The methods described
indicated good precision and sensitivity,.but no mention was made of the best
flame conditions and no interfereﬁce effects were reported.

For the purpose 6f determining lithium in various types of silicate
rocks, a critical study was.made of the best flaﬁe-conditions and the inter-

ferences likely to be encountered.

%

6.2 EXPERIMENTAL

6.2.1 Flame Studies

Several differént types of flame were tested. Bowﬁaﬁ.(1967) usédia town gas/air
flame, while instrument handbooks appear to différ considerably with regard to
the recommended flame fo? 1ifhiﬁm.
Fig. 6.1 shows absorbance profiieslfor lithium in threé different
flames; under different burning conditions. It is seen that maximum absorbance .
is found at the baseiof a highly oxidiziﬁg,orAfuel—lean.acetylene/air flame.
The explaﬁationlfqr tﬁis"ﬁay be ﬁhe strbng tendégcy'for lithium to form ﬁydroxides,
i.e.  Li+ Hy0 > LiOH + B '
Cor Li+ OB - Liol
The e#aét mechanism by which lithium is released and recombined with
OH radicals is'not clear, but is obviously dependent on:
(a) The temperature of the flame wbhich causes lithium hydroxide:to
digsociate; .
(b) ‘the concentration of free OH radicalsvin the flame.
In the primary‘zone of a highly oxidizing acetylene/air flame, the
' temperature is high and ﬁhé OH concentration low.
~As the acetylene content of'the.acetylene/air flame is increased,
'ﬁhe combustion.reacfion‘resuits in a higher concentration of OH radicals
(Mavrodineanu and Boiteaux, 1965). The LiOH'compound is relatively stablé and

the reverse reaction is unlikely to occur higher up in the flame because of



013

Couzk LITHIUM CONCENTRATION
. O ppm |
Q STOICHIOMETRIC o
C2H2/'A|R ' A C2H2/ N20+ AIR
o= , 0%\0 ,
o Q.
0l |
OXIDIZING
Y, CoHa/AIR
" | OXIDIZING
o 0091 | PROP-BUT/ AIR
< X~ ‘x\ o, ?
@] . '
D 008 Q X\
< . X 0O
// | < | O o)
oot O \ o
STOICHIOMETRIC ‘
PROP-BUT / AIR
0-06

-6 0 6 2 8 24
BURNER HEIGHT BELOW OPTICAL AXIS (mm.)
FIG. 6-1. '

Absorbance for Lithium in various
| Flames.

OIALID-C, [S.A) 64277 16167}



- 89 -

higher OH content,

This explanation also holds for the propane-butane flames. In the
high temperature propane-butane/nitrous-oxide flame, the concentration of
free OH is high, even in the primary zone. Lower sensitivity for lithium re-
sults, Similarly the low temperature and higher concentration of OH in the
propane-butane/air flame results in an even loﬁer sensitivity.

In the acet&lene/nitrous—oxide flame, the temperature is high
(2795°C) so that the lithium hydroxide is.dissociated, but the lithium neutral
atom population is also depleted through excitation and ionization of the atoms.
Interference_tests,'described later, confirm this, |

Thé best flame for maximum sensitivity is thus a highly oxidizing
(fuel-lean) acetylgne/air flame with the light beam passing through as much of
the primary combustion zone as possible

Many experiments were carried out to determine the best conditions
when hotter flames (i.e. the acetylene/nitrous;oxide + air) were used. Iron
interference could be reﬁoved and reasonablersensitivity obtained on lithium-
iron solutions in a flame with 91% nitrous-oxide and 9% air (temperature‘about
2640°C) .

These results are quite unlike those obtained for the other alkali
metals, where cooler flames (2000°C) are more sensitive. The best overail con-
ditions for lithiﬁm determination are given in Table 6.2,

TABLE 6.2 | | \

Most suitable conditions for the determination of Lithium

Condition

Flame® ' :-C2H2/air. Highly oxidizing (fuel lean)

Burner : 10 cm laminar flow CoH,/air burner

Slit . 100 micron (48 bandpass)-

Lamp current': © 5 mA, (Currents above 10 mA result in sensitivity

decrease as well as a decrease in light intensity through
- self reversal)

* Note: The burner is adjusted without the flame burning so that it
 cuts off 107 of the hollow cathode lamp light.
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6.2.2 Interferences

A careful study was made bf'the eiementé present in most igmeous rocks which
would interfere with the absorbance of 1ithium;

Fig. 6.2 shows the éffecf of sodium and potassium. With these fwo
elements about a 107 enhancemént-is found for.the acetylene/air flame above
100 ppm. The hotter acetylene/nitrous-oxide + air flame causes considerably
more enhancement, AA saturation point is reached for sodium at 80 ppm, but
for potassium enhancement continues to 400 ppm and beyond,

In Fig., 6.3 is seen the effects of magnesium, calcium and aluminium.
Slight depression occurs in the acetylene/air flame. In the acetylene/nitrous-
oxide flame continued enhancement is seen for the three elements.

Fig. 3.9 (Section 3) shows the significant‘depression which was
caused by iron at high concentrations in the acefylene/air flame and how this
could be eliminated by using a hotter flame. The iron interference is again
shown in Fig. 6.4 with the acetylene/air flame burning under optimum conditions
(Curve A), and under fuel-rich conditions (Curve B). It shoﬁld be noted that
these tests werelmade with pure iron solutions containihg only lithium.

When interference tests were made with mixtures of the interfering
elements, it was found that iron, in the presence of more than 100 ppm sodium,
had virtually no effect of lithium absorbance in the lean acetylene/air flame.,
(Fig. 6.4, Curve C). 50 ppm sodium were not enough to suppress this inter-—
ference completely (Curve D). In the'hbt flame, however, severe enhancement
of lithium absorption occurred.

These resulfs indicate that if lithium is to be determined in
silicate material where both iron and sodium are present, especially where iron
is present above 37 (ih the solid), it is‘necessary for lithium standards to

‘contain 100f200.ppm sodium. The mixed support gas flame may be used for the
determinatioﬁ(bf.lithium in silicate samples, but was not often used for.rock
énalyses mainly because satisfactory results were obtained with the standard

acetylene/air flame and 'sodium doped standards.
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It is suggested that the iron interférence in the sodium free

solutions is caused by the formation of stable lithium ferrite. The hot flame

- dissociates this compound. When sodium is present, a preferential reaction of

the iron with sodium takes place thus releasing lithium,

i.e. Li,Fey04 + 2Na - Na,FepO, + 2Li

The enhancement of lithium in the hot flame is caused by ionization

suppression.

6.2.3 Analysis

(a)

(b)

(c)

Sample dissolution. Fusion techniques were found to be unsatisfactory
for lithium and other trace element determinations. Lithium fusion

salts are obviously excluded, and the other alkali fusion salts could

not be obtained in bulk in pure enough form. In addition, the flux

dilution caused too much loss of sensitivity, especially for those
rocks where lithium values were below 20 ppm. The most satisfactory
dissolution method found was Technique A-1 (Table 5.2).

The limit of detection for 1ithium in solution was found to be 0.02 ppm

(0.005A), although a value of 0.04 ppm (0.0l1A) was considered the lowest

_practical determination limit. With a 17 solution, concentrations of

4 ppm in rocks could be determined; In cases where concentrations
iower than this were encountered, stronger solutions (27 or 5%) were
made), tﬁus‘exténding the limit to 0.8 ppm in the solid.

A ﬁearly linear analytical graph was obtained up to an absorbance

of 0.8A (4 ppm) after which the graph curved slightly. Absorbance

- reading of up to 1.0 could be taken, but if concentrations of lithium

were so high, iﬁ was preferred to dilute the sample or to turn the

burner. .

Precision. Repeated.measﬁrements~wére made on single solutions. The

coefficienﬁs of variation‘were calculated and are shown in Table 6.3(a).
Several dissblutions,werevmade of a Karroo dolerite and lithium

determined in the separate solutions by the author and a colleague.
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The results are given in Table 6.3(b). It is seen that the precision

obtained on the aqueous solutions and on the rock sample solutions

is satisfactory,

TABLE 6.3

Precision Tests

(a) _Aqﬁeous solutions of LiCl (optimum conditions)
Spectrometer Concentration _Number-of . ‘Coeff.xof
(ppm) determinations Vgr.
“|PE 303 ‘005 o 25 3.0
S 0.25 - 25 1.2
. {Techtron 0.05 . _ .3 .25 3.6
0.25 25 1.0
: 2.5 - 25 0.9
e
(b) Separate dissolutions of rock powder
< Rock: Karroo Dolerite D/S 95
- HF : HC10, 17 solution (0.5 g to 50 ml)
Mean Conc. (ppm) No. of deter- . Coeff, of Var.*
' ' minations (P.E. 303) | - o .
Author : "34.7 8 1.4
Colleague: 34,7 8 2.2

Note: These tests were made to test the precision of dissolution and deter-

‘mination only,

Standards were aqueous and were not accurately prepared.

Later results yielded different values for this sample. (See Table 6.4).

® Coefficients of variation were calculated as indicated in Chapter 4.

separate value read off the concentration graph was considered 'a

"determination" for (a) and the average of 3 separate observations

taken as a determination for (b).

One
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(d) Accuracy., The tests for accuracy were made by analyzing powdered inter-
national rock standards. The results of these analyses are given in
Table 6.4(a).

‘ .vResults for lithium on several other types of rocks are given in
Table 6.4(b). Only some éomﬁarative valﬁeé are available but the
atomic absorption values are.listed for record pﬁrposes.

' The results in Table 6.4(a) appear to be acceptable, although tﬁe
vatue for G-1 is a little low., Considerable difficulty was experienced
in obtainiﬁg accurate lithium stan&ard solutions. When dried lithium
chloride was used, low analytical values resulfed; Standards prepared
from lithium carbonate gave higher values, but it was not until
lithium standards were prepared from lithium metal that fully reliable
values were obtained. This Qas done by dissolving lithium metal in water,
The hydroxide content was then determined by titration with standar-
dized hydrochloric acid and the lithium conteat calculated. The same
.proceduré was used for the preparation of lithium 6 and lithium 7
standards., |

Further results were obtained for G-1 and W-1 using synthetic rock
powders as the base for sténdards and adding lithium.‘ The results ob-
tained were very similar to those indicated in Table 6.4(a) and are

shown in Table 6.4(c).

6.2.4 Discussion
The abundance data of Turekian and Wedepohl listed in Table 6.1, shows the
‘relative lack of data on the lithium content: of ultrabasic rocks. The level
of less than 1'ppm.is indicated. Fﬁr the ultramafic rocks provided by
J. Gurney, the lowest iithium determined is 2.8 ppm.

Thé atoﬁic absorption method is sénsitive down.to less than 1 ppm
of lithium in rocks, and this method ﬁay well enable new data to be obtained

on lithium abundances in ultrabasic rocks.
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TABLE 6.4

Results of Lithium Determinations

(2a) Comparison with International Standards

: Atcepted value Atomic No. of deter
Standard ! — absorption minations®’

! ppm Ref.
Granite G-1 24 (1) 23.2 | 6
Diabase W-1 12 0 12.1 8
Granite G-2 30 - 75 (2) 36.5 6
Granodiorite  GSP-1 30 - 44 (2) 32.0 6
Andesite AGV-1 8 - 15 (2) 12.4 6
Peridotite PCC-1 <2 (2) <2 6
Basalt BCR~1 12 - 20 (2)(3) 14.4 6
Tonalite T-1 14.0 6
Granite GH 29 - 60 (3) 42.5 4
- .

%A determination is considered as the average of results on a particular
Where 6 determinations are indicated, 6 separate sample aliquots

solution.
were dissol

ved.

(b) Analyses of samples®

Sample Value determined Method Atomic Ab- No. of deter-
by other workers(3) etho sorption minations

ET3/169 2.2 Emission 4.4 6
ET3/270 2.3 4,4 6

5087 4.1 5.9 8
DS 95 28.3 29.0 16

7228 4.1 4.9 6
NOR-1 20.0 22.8 C4
NOR-2 59.6 4
RV 374 8.0 4
KRV 7 10.2 6
KRV 13 20,0 4.
RV 377 11.0 2
KDB 10 4.8 4 |
KDB 12 5.1 4 j
Bult 8 2.8 2 ;
Bult 11 3.0 2 :
Bult 16 3.6 2 ;
AA S 2.8 6 i
Ash 1 6.7 4 '
EK 43 7.8 8 i
Tan 503 4.2 4

ama
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TABLE 6.4 (continued)

(c) International standards by method of addition

A . '
Standard ccepted value Atomic No. of deter-
' ppm Ref absorption minations®
Granite G-1 24 (1) 22,1 4
Diabase W-1 12 (D) 11.5 b

(1) Fleischer (1965)
(2) Flana'g'an.; (‘1966) RV

' (3) Erlank (1967)

®For refereﬂce to the origin. of these samples see Appendix II

6.3 LITHIUM ISOTOPES

6.3.1 Introduction

The relatively large difference in atomic_maés for the two isotopes of lithium
makesiit possible for them to be sepafated-in nature. This separation may take
place through natural ion exéhange précesses leading to an enrichment of one

or other of the isotopes (Taylor anq Urey, 1938) in minerals or rocks. This
fractionation is of considerable interest geochemically, but has not received
very much atteﬁtiq& (Heier and Adams, 1964). The reason for this could well be
the hiéhly soﬁhisticatedlinsﬁrumentétion usually required for isotopé abundance
measurementé.

Mass spectrometric techniques are usually eﬁployed for‘the determina—-
tion of isotopic ratios of lithium (Gillieson and Thorne, 1955; Shima and
Honda, 1966). Emission spectrographic techniques have also‘been used (Brody
and Tomkins, 1958) but a high resolution spectrograph or interferometer is
needed to separate the doublét. The position is complicated by the overlapping

of the isotope comﬁonents, and doubtful assumptions must be made regarding the

relative intensities of the doublet.
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In his original publication Walsh (1955) éuggested the possibility
of conducting isotopic determinations by atomic absorption spectrometry.
This is only possible if the isotopic shift of the resonance lines is greater
than the absorption line width. Abéarption line-widths have been calculated
to be of the order 0,03 & (Section 2.2.5). Only elements at either end of the
periodic table have isotopic separations large enoﬁgh to enable the atomic
absorption method to be applied for the determinétion-of relative isotope
concentrations,
| 0.158 separates the wa&elengths of the two lithium isotopes 6Li and
7Li. . While this shift is adequate to resolve the absorption lines, the
position is complicated.by the doublet nature of the lithium resonance line

2

. ' . o .
6707.8, The transitions ZSZS% - 2p2P% and 2528% - 2p“P,, typical of the

39
alkali metal spectra, have a wavelength separatisn of only 0.158 in the case of
lithium, (With sodium it i; much larger - 5.968). This causes tﬂe maiﬁ compo-
nent of the lithium 6 line to be superimposed on the weaker component of the
“1ithium 7‘1ine, the wavelength difference being very nearly that of the
isotopic shift. Plate 5(a) shows a photograph of the doublet for lithium 6,
lithium 7 and normal lithium". The shift is clearly seen. These spectra
were recorded on a 2 meter R.S.V. spectrograph using a grating with 1200 lines/mm
in the second o;der and having a theoretical resolution of 460,800. This instru=-
ment also has a difecf;reading adapter-which enables the spectra to be scanned
with a photomultiplier and slit. The tracing in Plate 5(b), taken'photo—electric—
ally on the same spectrograph, shows the doublet structure of lithium 7.
Because‘of'this overlapping of the two isotope lines, the atomic
absorption measurement of the separate isotopes is complicated. If a lithium 6
lamp is used and a sbiﬁtion containing only lithium 6 is nebulized into the

flame, normal absorbance will be recorded. If a solution of only lithium 7 is

¥ The intensity of the weaker component of the lithium 6 is of course very wesl
in the total lithium exposure, If the exposure is increased, the component
is seen, but the other lines are then overexposed,
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: tis sprayed, however, some absorbance will also be recorded, because of the
.'j'line component ovérlap. This is illustrated in Fig. 6.5 where the éepérate
- components of the isotope doublets and their relative positions in emission

are shown., With the lithium 6 lamp:in position and lithium 7 solutions'being
nebulized (Fig. 6.5(b)), the right leg of the gmission line is paftly absorbed
by the left leg of the lithium 7 absorption line: This means that if a simple
speétrometer is used to record line intensity some decrease will be indicated
although no lithium 6 is present. (The shaded area is “seén" by the spec-
trometer,) |

In a similar way, Fig. 6.5(c) shows the conditions when a litﬁium
7 lamp is in posifion and lithium 6 solution is nebulizea.

In order to overcome this diffiéulty, Zaidel and Korennoi (1961) used
only a lithium 6 hollow cathode lamp as source. They measured the absorbance
in a flame for>é series of standards with ratios of lithium 6 to lithium 7
varying between 2 and 457. A graph of lithium 6 absorbance was plotted against
this ratio. Manning and Slavin (1962) used a flame as a source. When solutions
of lithium 6 and lithium 7 were sprayed into this flame, absorbance could be
measured in a normal-atomic absorption flame. Sensitivity was about half of
that from a hollow cathode lamp. Absorbance ratios of lithium 6 to lithium 7 were -
plotted for a wide range, 0-100Z, but no analyses were done. A de-mountable
Schiller-Golnow holiow~céthode lamp was used by Goleb and Yokoyuma (1964) as a
méans for producing an atomic cloud, Lithium samples were dried in the catﬁode
of this lamp. Spuftering of the materiél in the cathode enabled both lithium 6-
and lithium 7 absorbances to be measured. Goleb plotted the absorbance ratios
against the isotope ratios #ﬁd‘obfained a straight line. He détermiﬁed,the

natural lithiumlabuﬁdance in lithium hydroxide,‘

6.3.2 ’Experimehtalu

Three lithium hollow cathode lamps were made. One contained lithium 6, one
lithium 7 and one natural lithium. The metallic isotopes were purchased from

the Oak Ridge National Laboratory and were stated to be 987 pure. Unfortunately,
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concentration scale. The 1lithium 6'abundance was then read from the absorbance

ratio:concentration graph,

TABLE 6.5

Standards preparation scheme for the determination of
lithium 6 to lithium 7 isotope ratios

Sol., No. . Li Conc. 6Li/7Li Solution

Al 8 ppm 1 :19% 5ml of 8 ppm 6Li - 95 ml 8 ppm 714
A2 " 2:18{10ml """ " " -90ml " " "
A3 " 4 :16{20ml "M " M _gomin v
A4 " 6 :14{30ml "™ " " -70ml " " "
AS " 8:12(40ml "™ " M —oml " M "
A6 " 10:10|50m "" " " -50ml" " "
B1 4‘ppm 1 : 19 Dilute A1 1 : 1 with water v
B42 " 2 .18 " A2 1:1 1" "

B 3 " 4116 " A3 1:1 " "

B 4. " 6 : 14 o A4 11" "

B 5 " g:12| " A5 1:1 " "

B 6 " . | 10:10 A6 1:1l " "

c1 2 pﬁm 1 :19 | Dilute B1 1 : 1 with water

C 2 " 2:18] " B2 1:1 "™ "

c3 " 4 : 16 " g3 1:1 " "

Cé " 6 : 14 " B4 1 :1 " "

cs5 w812 " BS5 1:1 " "

C6 .o 10:10}. "™ B6 1:1 " "

D series | 1 ppm' As C Diluting ¢ 1 : 1 with water

E series ~.0.5 ppm ‘ As D Diluting D 1 : 1 with water

Fig. 6.6 shows typical calibration graphs. Absorbance ratios
of lithium 6/lithium 7 are plotted against the lithium 6/lithium 7 concen-

trations.
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Because interferences are mutual to both isotopes, no undue

. care was taken to prevent interference. However, care was exercised to ensure
' thét fhe flame conditions and lamp conditions remained identical when measur-
ing lifhium 6 and lithium 7 solutiéns. - It is essential that the.absorétion

coefficient remains the same for both sets of readings.

6.3.3 Analyses
‘A number of measurements was made on the two international standards G-1 and
W-1 for which the isotope ratios are known. The results, together with a

number of results on shale samples are shown in Table 6.6,

_TABLE 6.6

6

7Li:°Li for a number .of samples determined by

-atomic absorption spectrometry

Sample - AR 1 Average Accepted

¢ -1 7.7, 6.4, 7.6, 10.4 8.0 ‘ 8.22

W1 | | 9.3, 7.0, 9.6, ‘7.3 8.3 | 8.21

19a 6.1, 6.1, 6.0, ‘5.6 6.0

32a 5.1, 4.7, 4.8 4.9

0a 6.1, 6.8, 8.2

60a 5.6, 5.9, 7.5 6.3

63a 6.6, 6.6, 5.9, 6.4 6.4

G-2 8.4, 8.0, 8.8 8.4 "' {

It should be noted that precision of measurement is not good
because of the fluctuations in the lithium 6 lamp. If a good lamp is used,
there is no reason why ﬁrecision of measurement should not be within 5%, pro-

vided the lithium concentration is not too low.

6.3.4 Conclusion

From the measurements made it appears that atomic absorption offers a rapid
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and inexpensive method for measuring 1ithium isotobevratiqs.. Because of the
_relaﬁiveiy flat graph obtained in Fig. 6.6, it is better suited for determining
wide ratio differences. The natural abundance ratio is of the order 12.1
(7Li:6Li) but geological déviationévfrom this value may be appreciable

(Heier and>Adams,'1964). In order to achieve‘the highest accuracy to

establish small deviationé, ﬁhe utmost care must be takeﬁ to obtain precise
readings., Maximum sensitivity is-requiréd to obtaiﬁ as steep an'absorption
ratio:concentrafién graph as possible; At this stage it appears that the
accuracy of atomic absorption‘isotope determinatién is 1ess‘than that of the
mass spectrometer. However, it can be compared in accuracy with spéctrographié
methods and is probably more precise‘than these (Brody and Tomkins, 1958).

Its simplicity makes i; a mosﬁ'attractive method,. and this

may enable the'geochgmist to study the fractionétion of lithium 6 and lithium 7
in various.typés of igneous rocks and minerals. Because of this a simple
”lithium isthpe.analyser which makes use of a;omic absorption methods has been

designed>and is 'described in Appendix 1.
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CHAPTER 7

SODIUM, 'POTASSIUM, "RUBIDIUM AND CAESIUM

7.1 .INTRODUCTION

‘The individual treatment of lithium in this thesis has been necéssitated by
its somewhaf different behaviour in the flame as well as its geochemical
characteristics., However, the remaining alkali metals, sodium,-potassium,
'rubidium and caesium have similar atomic absorption and flame properties and
_ the studies made of these elements are accordingly presented togéther in this
chapter,

‘Sodium and potassium are considered to be major constituents in
most geological matter. They occur relatively abundantly in large numbers of
silicate minerals typically associated with igneous rocks, as well as in a
large variety of dissolved or soluble salts in seawater and deposits.  Sodium,
with an ionic radius of 0.68% is not 'as closely associated with potassium
(radius 1.33%) és with calciuﬁ (radius 0.998) in many silicate minerals of
igneous rocks as would be expected (Day, 1963). In general, the concentration
"vof sqdium remains fairly uniform in common igneéus rocks (excluding ultramafic
varietieé) whéréas the concentration of potassium may vary consi&erably,

e.g. potassium, levelé may be as low as 0,17 in basalts and as high as 6% in
granites, Sodiuﬁ’conCentrations are usually of the order of 1-27Z (Heier and
Adams, 1964);'

In sedimentary materials such as ciays, etc,, sodium poncentrations
are usually low because of the high solubility of sodium salts. -When sodium
is present it is'usually due to minute grains of albite (NaAlSi3Og). Potassium,
however, is less easily hydrated and because of its larger ionic radius is
absorbed onto colloids. Potassium feldspars tend to be more resistant to
weathering fhaﬁ sodium, so that in sedimentary deposits and soils, potassium
concehtratipns are relativély high.

Rubidium has much lower abundances than potassium - potassium/

rubidium ratios a;e'genera11§ of the order 200-1000. Caeéium'is even less
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abundant and(thg ratio potassium/caesium generally varies from 2000-20,000.

The lowest concentrations of all fhe alkali metals ére found in
iron and magnesium rich'mineraIS'and'rocks'such‘as byroxené (pyroxenite), olivine
(dunité) and other ultramafic varietigs;

Whilé sodium and potassiﬁm form a large number of minerals, apart
from the rare caesium mineral polluciﬁe; (Cs,Né)AlSi206.nH20, the heavylalkali '
metals form no minerals of their own."Their large ionic radii (Table 6.1) cause
them to be sﬁbstituted quite easily for potassium in potassium minérals; It
1is theréfore in potassium minerals such as feldspar, mica or lepidolite; that
rubi&ium'and caesiﬁm levels are high. |

 Table 671 in Chapter_6 gives abundaﬁce data‘together with the
ionic radii of the alkali métalsf

The geochemistry of the alkalis has been thoroughl& reviewed by
.Heier an& Adams (1964) and the-nged for their éécurate defermination sfressed.

The determination of the common alkali metals by gravimetric tech-

. _ : : N

‘niques (Lawrence;Smith, 1871) as well as'by'the Groves (1935) method is time-
consuminé..”lnstrumental methods based on physical characteristics of atoms

have largely superceded chemical methods iﬁ the.determination of the alkalis,
Methods such‘as X-ray fluorescence (for sodium, potassium and rubidium),

neutron activation (for all the élkalis), isotope dilution and mass spéctrometry
(for potassium, rﬁbidium and caesium) aﬁd gaﬁﬁ;-ray spectrometry (for potassium)
are precise and aécuréte, although sometimes expensive and»fime—conSUming.

They have been used especially for radiometric ageAdeterminations (potassium~
rubidium method). Spectrometric methods are also employed, D.C., arcs or flames
being used as sdqrces; The use of the arc for élkali metal determinétion is ade-
quately reviewed by Ahrens and Taylor (1961). Flame photometric techniques

have also begn usgd férlmany yeérs for these elements and remain poppIar
(GilBert, 1961). lHowever,,they are liable to present difficulties in certain
instances.v.Ruséell (1966) has péintéd out that when simple filter flame phéto-
meters such as the E E L are used, .iron gnd manganese radiation may lead to

falsely high readings for sodium. This situation is aggravated when’
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hotter acetylene/air, acetylene/oxygen or hydrogen/oxygen flames are used.

In addition other tyﬁeé of fadiative‘interference such as that from calcium
(Rﬁbeska et al, 1963) may affect flame emission results, espécially foﬁ sodium
and potassium,

The atdmic absorption technique has been applied with.considerable
success to the determination of sodium and potassium in all spheres of analyses.
DaQid (1960) has concluded that in soil and plant analysis, atomic absorption
s?ectrosc0py results are at least as accﬁrate and precise as emission tech-
niques. . Accuraté results for the determination of sodium and potassium in rocks
by atomic absorption have been reported by Billings (1963), Trent and Slavin
(1964), and Belt (1967). Various metﬂods of sample preparation were used,
and the results were similar regardless of whether fusion or acid dissolution
techniques were used. Acid dissolution (hydrofiuoric and sulphuric or‘per—
chloric) appears to be more popular for alkali metal determinations, probably
because.of the difficulty in obtaining fusion salts free of sodium.

While sodium and potaésium are major elements in most rocks, they
do.occur as minor elements and traces in certain minerals and ultramafic rock§
(e.g. pyroxene and plaéioclase). In addition, their concentrations afe low
in chondrites.A In order to extendvatomic absorption techniques to -these lower
concentrations, aé well as to the determination of rubidium and caesium, for
which ultimate‘seﬁsitiﬁity is required, a study was made of the most suitable
flames, as weil as of the interferences likely to be encountered in them,
Dissolution techniques.were also studied to determine which wére the most suit-
able for thé detefmination'of the alkalis, not only in low concentrations but

also when sodium and potassium are present as major constituents,

7.2 EXPERIMENTAL .

7.2.1 Flame Studies

Earlier publications (Gatehouse and Willis, 1961) listed a relatively cool '
flame (townm gas/air) as the most suitable for the determination of the alkalis.

The low excitation and ionization potentials of the alkalis (Table 7.1) result
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in the ground state being depleted rapidly as the flame temperature increases,
so that high temperature flames, such as the acetylene/nitrous-oxide generally

are not suitable for. alkali metal determination by atomic absorption.

TABLE 7.1

Excitation and Ionization Potentials of the Alkalis

Ionization Resonance Lines Excitation

Element Pot.- Wavelength 2 Pot.
Lithium 5.40 6708 1.84 ev
Sodium | 5.14 ev. 5890 2.0 eV
' 5896 ' 2,09 eV
3303 3.74 eV
Potassium 4,34 e v 7699 1.60 eV
' 7665. 1.61 eV
4044~ ' 3.05 eV
Rubidium 4,17 e v . 7948 1.55 €V
B : 7800 1.58 eV
Caesium - 3.89 e v - o 8949 1.38 eV
' ' 8521 1.45 eV

From Ahrens and Taylor (1961)

A broad-flame burner was designed for both the Perkin-Elmer and
the Techtron spectroﬁeters to allow propane-butane gas to ﬁe burnt with air
(Butler, 1966)., Impréved sensitivity was obtained with this relatively cool
flame (1960°C) when compared with a standard acetylene/air flame (élSOOC).
‘This is shown in Table 7.2. The reasons for the improvement in sensitivity
are not only the lower temperature but also tﬁe fuller utilization of the
light from the hollow cathode lamp.. The broad flame also prevented entrained
air from reaching th; inner regions of tﬁe flame, thus giving a large, cool,
interconal zone,  The flame from this burnér was "softer" than the acetylene/
air flame sé.that it was more prone to atmospheric éir movement. The flame

temperature:is of the order of 1900°C.
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" TABLE 7.2
Concentrations of Alkali Metals required to give 0.004 Absorb=-

. ance with the.Broad Flame. (Propane-Butane./Air and the Normal
o Flame Acetylene/Air)

' " . Concentration ppm
Element
Prop.-but, = .
(broad-flame) acetylene/air

Na - 0.007  0.08
K 0.01 o
Rb | o0.03 o
Cs. | 0.08 0.7

- In the analysis of rocks'for sodium and potassium high sensitivity
ié éeldom rgquired. The standard acetylene/air burner is, therefore, more suit=-
-abie than the broad flame.burnér because interferéﬁce effects are reduced with
the hotter flame (next section) and also_Because much better preciéion is ob-
tained when fhe stiffer aceﬁylene/air burner (slbt'type) is turned side-on
to.ﬁhe‘light from the lamp. A gréater_analytical';ange can thus be covered.
| When rubidium and caesiﬁm are té be detéfmined in rock éolutions,
the hotter acetylene/air flame ié‘pfeferred because of its greater freedom
from interference. 'Unfortunateiy,_sensitivity is much reduced. If‘the cool
flame ig used,:howéver, the higher sénsitiviﬁy enables addition teéhniqueé
to be applied.
| The most:suitable flame conditions fér maximum sensitivity as well

. as freedom from interference, for the determination of sodium, potassium,

rubidium and caesium, are‘given in Table 7.3.

7.2.2 Interferences

Interference studies were.made using both propane-butane/air and acctylene/air
flames., Various concentrations of the elements aluminium, irom, calcium,

magnesium and alkalis, sodium and potassium which are the major elements found
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""TABLE 7.3

Most .suitable..conditions.for .the.determination of
sodium, potassium, fubidium and ceasium

Note: As the flame conditions are not critical, no data on gas flow
are given :

(a) Maximum Sensitivity

Sodium Potassium Rubidium Caesium
Burner Broad-flame Broad-flame Broad-flame Broad-flame
Fuel Gas Prbp.-but.' Prop.-but. Prop.-but, Prop.-but. -
Support Gas Air 30 psi: Air 30 psi Air 30 psi Air 30 psi
Wavelength 5890 7665 7800 8521
Analytical 0.01 - 6.0 | - 0.03 - 6.0 0.1 - 10.0 0.15 - 10.0
range (ppm) '

(b) Maximum Freedom from Interference

Sodium Potassium Rubidium Caesium
Burner " Slot Slot Slot Slot
Fuel Gas C2H2 C2H2 CoHoy C2H2
Support Gas Air 25 psi Air 25 psi Air 25 psi Air 25 psi
Wavelength 5890 . 3303 7665 4044 7800% 8521%
Analytical ' _ l
range @pm) | 0.1-6.0 10-500|0.1-6.0 20-1000 0.3 - 20.0 0.5 - 20

¥Add excess strontium to overcome enhancement by Scdium and Potassium

3
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'in rocks, were added to a fixed concentration of the analytical element,

 (a)

RO

Sodium,  Fig. 7.1 shows the effect of the interfering elements on

.sodium in the acetylene/air flame. Potassium causes slight enhancement,

but generally the interferences are negligible. The slight depression
by iron and aluminium tends to cancel the potassium enhancement.,

Note: The same absorbance scale is used for all the figures.

Fig. 7,2 shows the effect of the same elements in the propane-
butane flame. Iron, aluminium and magneéium dépress absorbance severely.
Calcium and potassium also cause depression, but to a lesser degree.
(whére the graph goes off the page, the absorbance readings are given.)
This evidence, as well as that obtained when analyses were carried
_ouﬁ, indicated that while the cooler flame givesihigher sensitivity,
the acetylene/air flame is preferred for sodium analyses because of its
freedom from interference effects.
Potassium. Fig. 7.3 shows interference on potassium in the acetylene/
air flame. Sodium causes enhancement, a result reported by Willis
(1960), while aluminium and iron cause slight depression, Magnesium
‘has'no effect, while calcium enhances potassium above 500 ppm. l
The effects of interféring elements-on pbtgssium in the cooler flame
are shown in.Fig. 7.4, No enhancements occur, but all the elements
depress potassium absorbance. Depression by aluminium, iron and magne-
sium is sevefe.v Both sodium and calcium cause some depression.

The overall effect in the cool propane-butane/air flame of the

elements present in rock solutions is one of significant depression,

a result which pfecludes the use of aqueous or simple sténdardsvif
this_flame,is-goAbe used. |

The enhancement caused by‘sodium in the acetylene/air flame
necéésitates the use of potassium standards with an excess of sodium to
matchrfhe.enhancemént effects,

A useful means for overcoming enhancing interferences is to add
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an excess of an element with a low ionization potential such as strontium
t0'both'standard§ and éaméle:,similar to the technique described by
Butler and Brink (1963): |
~ However, when the concentrations of so&ium and potassium are high,

a far more elegant technique is that suggested by Belt (1966). The
potassium 4044% and sodium 3303% lines are used,'and although they are
many times less sensitive in the acetylene/air flame, absorption is
affected far iess by the interfering elements. This result is shown
in Fig. 7.5 for both sodium and potassium. When these lines were used
for analyses, results were far more reproducible and closér to accepted
valueé, and sémples did not have to be diluted excessively to bring them
into the analytical.range.

It should be noted that the hollow cathode lamps must be run at.
higher cuffents to provide sufficient intensity of these higher cxcitation

energy lines., For the same reason, sensitivity with the acetylene/air

flame is greater for these lines than with the propane-butane flame,

Rubidium.. Similar interference tests were conducted for rubidium.

These are shown in Fig. 7.6 (acetylene/aif) and Fig, 7.7 (propane-
butane/air). As is expected, the effect of sodium and potassium is
enhancement in the hotter flame. Enhancement by potassium is more
severe, becéuse.of the higher degree df rubidium ionization at the
temperaturé of the acetylene/air flame. The lower temperature flame

tests (Fig. 7.7) showed that potassium, sodium and calcium had no effect’

on rubidium, but that aluminium and iron depressed absorption. It

should be noted that with the lower temperature flame the absorbance

reading for rubidium was 2.5 times greater than with the acetylene/air

_ flame.'

The choice of the best flame is difficult and depends essentially
on the concentration of rubidium in the sample, The most interference

free conditions are obtained with the acetylene/air flame. The addition
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of 2000-5000 ppm strontium (or potassium) to the sample and standards
effectively overcomes enhancement by other elements. An alternéte
method which was used with success was the use of synthetic standards
containing the same concentfétions of iron and aluminium with the
propane-butane flame: Tﬂe method of additions may also be used with
this flame.

Caesium. The same tests were conducted for caesium and the results are
shown graphiﬁally in Figs. 7.8 and 7.9 for acetylene/air and probane-
butane/aif respectively, 1In Fig. 7.8 it is seen that potassium enhances,
that sodium enhances less aﬁd that calcium, aluminium, magnesium and
iron have little effect on caesium in the hotter flame. In the cooler
flame (Fig. 7.95 it is seen that no enhancement occurs, but that all

the elements cause varying degrees of deﬁression. In view of the better

sensitivity and the very low concentrations of caesium usually encountered

in common rocks, the cooler propane-butane/air flame appears to be more

suitable for the determination of caesium. For normal rocks, separation

and concentration techniques are required as the -abundance of caesium

.is usually too low to determine directly. ' The separation of the alkalis

is complex and has been the subject of considerable investigation.

(Toerien, 1967); Strelow et al, 1968).

Analyses

Sample dissolution. Many rocks were analysed for sodium and potassium

. at various concentration levels, Both fusion and acid dissolution

techniques were applied (F-lhor F-2 and A-2: Table 5.2) and found to

be equally successful. The lithium metaborate fusion was far more rapid
but some‘earliér results werevnot as close to the acéepted values as
would héye 5een preferred. On invesﬁigation it was found that lithium
had qﬁite a significant influence on both sodium and potassium absorbance,
whenbﬁéing the sodium 5890 and 3303 as well as the potassium 7800 and

4044 lines. This efféct is shown in Fig. 7.10. By ekercising care in
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the weighing of the. lithium metaborate‘andvﬁatching standard lithium

‘concentrations with samples, this difficulty was overcome and accurate

results obtained,

Acid dissqlutions were ﬁore:time-consuming and did not always
provide accurate’ and precise results. . Considerable care had to be
taken with acid dissolution to prevent sodiqm contamination, As most
reagents contain this element, duplicate or triplicate analyses were
alﬁays made and triplicate:blank solutions were treated in the same
way as the samples,

For tﬁe determination of rubidium and caesium the highest céncenf
trations were required and the technique of acid dissolution A-3 in

Table 5.2 was used,

Limit of detection, The limits of detection on aqueous solutions were

"given in Table 7.2, When analysing rock samples, it was found advisable

to set the limit of determination at least three to five times higher

than this value, The preferable determination limits for the most suitable

flames are ‘given in Table 7.3,
Precision, Repeated measurements were made on -aqueous and rock

" solutions and the results are given in Table 7.4. It should be noted

that the precision‘of measurement taken with the burner at an angle is

better than shown in this table, The precision measurements for caesium

were made on rock solutidns with caesium added, as the natural concen-

tration in the rock was too low for detection.

The precision measurements were made under optimum conditions as
listed in Table 7.3(a). It is éeen that for aqueous solutions the
precision for all the elements is acceptable. TFor the rock dissolu£ions
however it is seen that the value for sodium is unusually high. The
reason fﬁrlthis is the difficultyAwhich was experienced with contamination,
For t50se precision tests no blanks were run, and as mentioned in
Section 5.3.1 difficulty was éxperienced with hydrochloric and hydrofluo-

ric acid, The poor precision is thus almost certainly due to
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TABLE 7.4

Precision measurements: made.on..the. alkali
metals’ .

(a) Aqueous Standards (acetyiene/air flame)

determination,

Caesium added to each solution as natural concentration too low for

Concentration Number of Coeff. of Var.-
Element . . g do ] .
, ~in solution (ppm) determinations A
Sodium 0.1 15 1.7
1.0 1.0
5.0 0.9
Potassium 0.1 15 2.2
1.0 1.6
5.0 1.5
Rubidium 1.0 15 2.1
10.0 2.0
Caesium 1.0 15 3.5
10.0 2.3
(b) Rock solutions Granodiorite GSP-1
HF HC104 dissolution
Element Line C9nce?tra- Mean Number Coeff. of
: : tion in ‘ . . of
. conc. detn. var. 7%
solution detns.
Sodium 5890 .01% 1.90% 9 6.16
Potassium 7665 .017 4.38% 8 0 2.21
Rubidium 7800 | 1% 675 ppm 8 ©2.81
Caesium® 8521 1% 1100 ppm 8 7.0
*
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contamination,

(d) Accc;ccy; Accuracy was tested b§ comﬁaring results with those obtained
by other methods and alsO'analycingAinternational standards. Results
.ére shown in Table 7;5 for the international standards and in 7.6
for other samples of rccks; some of upper mantle origin. Sodium and
potassium were determined on most of the samples and rubidium on some
international standards, Caesium could not be determined directly
by the atomic absorption method on these rocks.

It is‘seen that the accuracy obtained for the international standards
is good, The results obtained with lithium metaborate fusioc and the
use of the Na 3303 and K 4044 lines are particularly satisfactory.

These conditions have been sﬁown to be virtually interference free

and the results confirm this, There is little doubt that this is the
method to be recommended for the determination of sodium and potassium
in normal rocks,

The accuracy for rubidium also appears acceptable although not as

satisfactory as for sodium and potassium.

7.2.4 Discussion
Atomic absorpcion appeafs to be satisfactory for determining the alkali metals
lithium, sodium, potassium and rubidium in rocks. Precision appears to be
satisfactory ahd provided due care is taken with sodium to prevent contamination,
low vaiues ﬁoﬁn to about 10 ppm) of these elements may be estimated. For the
.estimation of caesium in rocks by atomic absorption chemical concentration
and extraction are necessary, as the abundances are too low and interference
effects too sevefe for direct determination.

When considering the results presented in Table 7.5 and 7.6 it
is seen that accuracy fcr sodium and potassium is acceptable at higher values.
At low values of potassium (and sodlum) however, large dlfferences occur for
some samples, notably ET3/169 and ET3/270 (Table 7.6). These discrepancies

may be due to the fact that they were done in the carly stages of the project.
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TABLE 7.6

Comparison of Results

for Sodium and Potassium on Rock Samples

Sample¥* Rock Tyﬁe " Sodium (58908) 7|  Potassium (76658)
-.Other...| Ref, -AA.....| Other Ref. AA
values o values
ET3/169 | Pyroxenite 0.56 |1 0.63 | 0.034 | 6 0.12
ET3/270 | Pyroxenite 0.10 |1 0.15 | 0.012" | 6 1 0.06
M-19A Hornfels , 1.70 11 1.60 - 2,92
M-41 Hornfels 1.94 |1 1.90 | 1.95 1 1.71
5087 Norite 1.75 |1 1.75 | 0.17 6 0.18
NORI/PLAG | Plagioclase 4,22 1 4,10 | 0.26 1 0.24
‘ min., sepa- :
rated from -
| norite
D/s 95 Karroo 1.65 1 1.75 | 0.60 1 0.53
dolerite :
Bult 8 Peridotite 0.15 | 0.16 2 0.15
|Bult 11 " 0.22 | 0.06 2 0.07
KDB 10 Kimberlite 0.22 | 0.49 2 0.41
kDB 12 " 0.17 | 0.42 | 2 0.35
J-3 Serpentinite- 0.03 | 3 0.026| 0.015 | 5 0.0098
0.027 | 4 0.025 | 4 :
135 Peridotite 1.21. [ 3 | 1.20 | 0.67 5 0.65
' 1.24 | 4 0.53 4
|3-6 Tremolite Ac-| ~ 2.40 | 3 2.64 | 0.25 5 0.29
tinolite Schigt, 2.67 4 0.33 4

¥gee Appendix II for source of samples

(1) Erlank (1968) (X-ray and flame emission)
(2) Gurney (1968) (X-ray)

(3) Kellerman (1966)

(4) Steel

(Flame emission)

(1966) .. (Flame emission)
(5) Strasheim and Brandt (1967) (X-ray)
(6) Erlank et al (1968) (Various)
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" CHAPTER 8

MAGNESIUM - AND CALCIUM

8.1 INTRODUCTION

The alkaline earth‘elements;'magnesium and calcium, are known for the diffi-
Culties‘which are experienced with their determination by flame spectrometr&.
Their ability to form stable refractory compounds with other species results
in severe interferences from other elements or radicals which may be present
in the sample matrix.

Particular difficulty'is experienced in the flame spectrometric '
determiéhtion of these alkaline earth elements in rocks where the matrix
composition can vary over wide ranges of concentrations.

Geochemically, magnesium and calcium’ are considered important
elements and are included in most rock analyses. Their determination is- of
importance for rock classifiéation as well as for geochemical studies of
minerals -and rocks,

The magnesium and calcium content of rocks may vary over wide
" concentrations, e.g. thelmagnesium content of rocks of igneous origin may be
as high‘as 20%, and as low as a few hundred ppm. Calcium qoncentrations can
be low (léss than 0,1%7) in magnesium rich rocks such as dunites, but in gabbros,
basalts and>anortﬁesites, concentrations may rise to levels of 10% or more,

Abundance data plaée magnesium as fourth highest in concentration
ig the earth as a whole at 20% (Mason, 1966). This high figure is due toithe
large mass of the earth's mantle, estimated to coﬁsist largély of ferro-
magnesium silicates. For crustal rocks, however, calciﬁm-is generally found
to be more abundant.-. Table 8.1 lists the average abundances in various types
of silicate materials.

Magnesium and calcium form a large number of minerals, in most of
which both glements are bonaed to oxygen; a few halides are known.

‘ Magnésium is usually associated with divalent iron, because of the

similarity in their ionic radii Mg2+ﬂ0.668 and Fe?* 0.748. Ultramafic rocks
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are composed largely of ferro-magmesium minerals; typical examples are
" olivine, pyrqxine,'hornblende,"épc;"Ordinary'basic rocks such as gabbrds
and basalts also contain magnesium silicates.
" "TABLE 8.1

Abundances of Magnesium and Calcium

.. .(percent. Magnesium .and Calcium)

Element 1Ionic Crustal | Granite | Diabase | Ultra- Shales Sand-
Radius Av. (1) G-1(1) W-1(1) basic(2) (1) stones
g | @
Magnesium| 0.66 | 2.09 .24 | 3,99 20.4 1.50 .70
Calcium 0.99 -3.63 .99 7.83. 2.5 2,20 3.91

(1) Mason, 1966

(2) Turekian and Wedepohl, 1961

Calcium tends to be concentrated in the basic and intermediate types

of igneous rocks. Ca2*

is associated ﬁith ﬁagnesium and ferrous iron, e.g. in
pyroxiﬁe and amphibole minerals typical of gabbro, basalts, dolerites, etc.
Because of the similarity of the caléium 2+ iopic radius (0.998) with those of
several other elements, e.g. sodium® (0.978), mgnganese2+ (0.918, strontium®*
(1.122), these elements may often replace calcium in a mineral or vice versa.
In addition, calcium miﬁerals may act as hosts for rarer cations (Goldschmidt,
1954). |
Magnesium and calcium minerals are susceptible to decomposition by
weathgring and are thus presenﬁ inrelatively high concentrations in'sedimentary
rocks.” In residual sediments (sandstone) the concentrations of magnesium and
calcium are low, but.in carbonates (dolomite) they are high.
Maﬁy methods exist for the estimation of magnesium and calcium con-
centrations. Classical chemical methods ﬂHillebrand énd Lundell, 1953) are
time-consuming and not always reliable when concentrations are low. Emission

spectrographic techniques have been used with success (Kvalheim, 1947;

Ahrens and Taylor, 1967). Howeﬁer, precision obtained with the D.C. arc and
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photographic recording is seldom high- enough t0'be.écceptable.
| Sﬁafk—Solﬁtiéﬂ (Sﬁhf'and Inéamellé,'l966); spark-powder

(Gévindaraju; 1963), aﬁd séark—tape machiﬁé (Danieiiéon, 1959) methods have.
largely superceded the D.C. érc qu major’elémenf determinations., X-ray
fluoresce-nce méthods are aiso gﬁccessful althdugh some difficulty is some-
times experienced with low concentrations of ﬁagnesium because of the low
counting rate of this relatively light element,
- ,

LA rapid and accurate method, which is suitable for the estimation v
of magneéium and calcium at low as well as higher concentrations is obviously
an advantage. |

The atomic absorption.ﬁethod_is‘used for magnesium and calcium
determinations in a wide variety of matérials, such as plant materials, blood
plasmas, fertilizers, etc. Severai appliéationé'to the geochemiéal field have
been published (Billings and Adams, 1964; ‘Trent and Slavin, 1964; Belt, 1967)
vetc. Itvwas reported that interferences frqmvaluminium were serious but could
be ovefcome by fhe addition of reléasing agents,. In all cases, the acetylene/
air flame was used. Nesbitt (1966) used én acetylene/N20 flame buf added no
releasing agent,

rDuriﬁg the course éf work for this thesis it was évident that the
atomic absorptibn method could be applied with success to the determination of
magnesium and calcium especially at low concentrations. FIt was felt, however,
that a careful.investigation of all the,possible.interferences and the use of
Various'flaﬁes.to overcome them was justified. Part of the flame studies have
already been mentioned in Chapter 3. While sbecial?flames were studied, this
chaﬁter.is 1imited.to the uée of "normal" flames used iﬁ standard atomic

absorption apparatus.

8.2 EXPERIMENTAL

8.2.1 Flame studies -

Many of the interference effects reportéd in the literature -can be éoupled
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with the types of flames and gases used'for:emiséion or atomic absorption
spectroﬁett&jv-

As both magnesium and calcium form refractory oxi&es, the chémical
state of the flame is important;: Caléium absorbance depends markedly on the
type of_fuel‘gas used and 5130'6n itS';ontent.in the flame, e.g. fhe pfopane~
butane/air flame gives very poor absorption for calciuﬁ (see Fig. 3.7). .
Calcium absorbance in thevacetylene/air flame will be at a maximum with a
fuel-rich (highly luminous) flame. Magnesium is not as critical as calcium,
and an acetyleneyair flame burning under stoichiometric or'slightlyAlean
conditions is preferred for maximum aBsorbanqe.

While absorbance sensitivity is dependent on chemical environment,

interference from other elements and radicals appears to be depeﬁdent on both
temperature aﬁd environment.(Willis,.i968).

In the literature it is reported that calcium is prone not only to
interfefences from other metallic species such as aluminium, but also from
sulphates and phosphates (Alkemade and Jeunken, 1957; Menzies, 1960). Inter-
ferences depend on the flame used and also on the type of burner, e.g. Galle
and Angino (1967) reported interferenée on calcium by nitrate when using a
hydrogen/air fotal-conéumption burﬁer, én effect not reported by anyomne else.
Butler and Brink (1962). found interference from magnesium, potassium and
sodium in the bropane/éir flame; but little interference from these elements
in the acetyléne/air flame when strontium was added,

While éhé acetylene/air flame gives lower sénsitivity for calcium,

interference from aluminium, silicon, iron and phosphorus is evident, even

Ca Ca 1

T)'-", 'A—l- 0" T6 (Dav1d, 1959,

at relatively loQ concentration ratios, i.e.
Willis, 1960; .Sprégﬁé, 1963). The interference is depressive and almost
certainly a result of tﬁe formation of a calcium + interfering ion complex
with the possibility thaﬁ oxygen plays an activé role.

Magnesium is subject to similar interference from these elements

but to a lesser degree.

.
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The tyﬁes'ofvreaCtion likelyitO'take'ﬁlaée have been discussed
at length by’ Alkamade and Voorhuls (1958) and Firman (1965) The inter-
: ference from a1um1n1um, phosphorus and silicon may be eliminated by the
addition of avreleasing aéent; i:élian agent which fofms a preferential
reaqtion with the interfering sﬁecies;‘e,g. without a releasing agent the
reaction may have the form:

Ca + PO, —> Ca0 + P03

or Ca + PO, —» CaPQ, (refractory)

With a releaéing agent, e.g. La or Sr

N~ Sr . St
Ca + La + POA-—-a Ca + LaQ + P03
S Sp

or —> Ca + LaPO4
The most coﬁmon relea51ng or suppressing agents used are lanthanum or

strontium chlorlde. Other ‘types of relea31ng agents are ammonium chloride
(Allan, 1958), lanthanum + E D T A (ethylene ditetra—acetic acid) (Adams
and Passmore, 1966) . The mechanism whereby these agents work may not be the
same as suggested for lanthanum.and stréntium. They do, thevef, inhibit
‘the formation of refractory calcium-oxide or calcium+interfering species+
oxygen comp0uqas.

| In a high temperature flame these cOmpoundé are known to break
down. Fuwa et al (1959) used a.high'temperature cyanogen-oxygen flame to show

this.

8.2.2 Interference Tesﬁs

Tests were carriéd oﬁt to determine the effects of the other major elements

on magnesium and calcium absorbance. Silicoﬁ interference was not tested

‘as this element is ea;ily obviated (ChapterIS). Both acetyléne/air and
.acefyléhe/nitroqs—qxide flames weré used, 'interférence effects for both magne-
sium and calcium appeared similar.fof-similar rat?os of interfering element.to
‘ énalytical‘eiément.'>1ﬁterference studies,were consequently limited to one

concentration of-magnesium (1 ppm) and calcium (5 ppm).
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Calcium absorbance depended markedly dn the region of the flame
: thrbugh'WHiCh'the'liéﬁt'éé;séd'and'oﬁ the'fuel'flqwl  In general; conditions
wefe set to giye maximum absorbance: but conditions were ﬁot always reproduced
and optimized accurately. | |
The'interférence on magnesium is shoﬁn in Fig., 8.1, It is seen that
for calcium and iron a sharp enhancement is found in the air/acetylene flame
"up to a concentration of 100 ppm,:after which absorbance is constant.
The alkali metals cause no interference. .In the acetylene/ﬁitrous—dxide flame,
interferences are considerably less, but absorbance is much lower. It should
be noted that ﬁhe ébsorbance scales used are different from those used in the
figures of Chapter 7.

In Fig, 8.2 ére shown the interference effects of other matrix
elements on calcium, Iron causes enhancement sﬁarply up to 50 ppm after which
dépression occurs,

‘ Both sodium and potassium‘cause enhancement. The effect is less with
the higher temperature flame.

By far the most serious effect is produced by aluminium which is
shown in Fig. 8.3. Severe depression of both magnesium and calcium is seen
even at rélati&ely low concentrations of aluminium. While the effect is reduced-
when using the acetylene/nitrous-oxide_flame, it is not overcome completely
at higher aluminium'cdncentrations..‘ The reaction which takes place is ob-
vibuslyvthe férmation of a highly'stable calcium or magnesium aluminate.

The slightest change in the concentration of any of the matrix
elements will cause serious errors in any anaiysis, if aqueous standards are
used, Even if éfnthetic or natural rock standards are used, the composition
would have to matcﬁ the samples very closely if accurate results are to be
obtained, | | |

THe‘aédition of é‘reléésing agent has been known to enable these
interferences to be overcome. Trent and Slavin (1964) suggest a concentration

of 1% lanthanum to be added to all solutions to be analysed for calcium in an
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~

acetylene/air flage; Tests'were conducted in both flames for vafious con-
ceﬁtratidﬁs éf laﬂfﬁaﬁ;ﬁ,'éﬁd‘afe éhOWﬁ'iﬁ Fig§: 8I4: for magnesium and"
8.5 for calcium;- |

In Fig, 8.4 it is seen tﬁat witﬁ'é ratio of 400:1 (Al:Mg), 200 ppm
lanthanum are required‘to‘overéome depressiqn]' In the acetylene/nitrdus—oxide
flame, however, much less lanthanum is necessary. Magnesium absorbancé is
" reduced for the nitrous—oxide flame.
- In Fig; 8.5 the aluminium interference is seen to be‘far more
severe. In the acetyléne/air flame, 2000 ppm lanthanum are required to tolerate
an aluminium to calcium ratio of 200:5. With the acetngne/nitfous-oXide flanme,
however, the lanthanum is seen to be approximatély 10 times more effective so
that at the same ratio of aluminium té calcium (200:5) 200 ppm lanthanum
suppresses interference. At 1000 ppm‘lanthanum; all interferences disappear.
. It is seén, too, that the lanthanum enhances calcium absorbance significantly.

‘Fig. 8.6 shows the effects of iron, sodium, potassium,:magnesium
and calcium with 1000 ppm lanthanum added for both acetylene/air and acetylene/
nitrbus-oxide fiameé. It is seen that virtually no interferenée.exists.

The résults of these tests lead to the conclusion that“the addition
of lanthanum aﬁd the use of the nitrous-oxide flame is imperative if inter-
ference effects are to be overcome. When aluminium:magnesium.and aluminium:
calcium ratios;aré relétively small ( 10:1), as little as 200 ppm lanthanum
would suffice; However, if these ratios become larger, it is recommended that
1000 ppm lanthanum be added.

The most suitable conditions for the deterﬁination of magnesium

and calcium in rocks are summarized in Table 8.2.
! ’ '

8.3 ANALYSES

8.3.1 Dissolution

A number of internationalAstandards was analysed for magnesium and caléium.
The dissolﬁﬁion methods used includea acid digestion as well as lithium

metaborate fusion. Results-obtained with the different dissolution methods
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TABLE 8.2 .

Conditions for the determination of magnesium and

calcium in silicate rocks”™ =

" ""Magnesium Calcium
Wavelength: 2852-8_ 422? g
Lamp Hollow cathode 5-10 mA Hollow cathode 5-10 mA
A
Slit 50 or 100 micron 50 micron .
(2 - 48 band-pass) (2 & band-pass)
Flame Max, sen- | Max. freedom Normal con- | Max. freedom
sitivity from interfer- |dition from interfer-—
ence ence
C2H2/air C2H2/N20 C2H2/air C2H2/N20
Burner 10 cm slot | 5 em slot add 10 cm slot 5 cm slot add .
200-1000 ppm La 1000 ppm La
Flame-setting Lean or Slightly fuel=- |Fuel-rich Fuel-rich bright
stoichio- rich (short red |luminous red feather
metric feather)
Support pressure{25 p s 1 25 psi 25 psi 25 ps i
Burner height |5 mm 10 mm 10mm 12 mm (light
(below opt. passes above red
axis) feather)
Analytical .02 - 5,0 | .2~ 20 ppm .1 - 20 ppm |.03 - 15 ppm
range (in solu- ppm
tion)
Detection limit |.005 ppm .03 pﬁm .01 ppm

(conc. for
.0044)

0.04 ppm

With burner at full length and conditions set for maximum absorbance
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.were essentially similaf, provided the required amount of 1anthqnum was
added; fhié reéﬁlt’indiéateé'that‘iﬁtérfeféﬁte froﬁ'silicon; which is
retained.duriﬁé thé'f;sioﬁ dié;olﬁfiéﬁ: i; alss'éffecfively overcome by
the added lanthanﬁﬁ.' Theifﬁsioﬁ methods:'Fl'or F2, which are more rapid
are more suitable for rapid analféés:, Lantﬁanum oxide can be premixed with
thé flux, The 1anthanﬁm o#ide:aésiétS‘in the:oxidation'process requifed
to break-down the silicates. | |

When édded to the solution -after aéid digestion, lanthanum oxide
is first dissolved iﬂ hydrochlorig'agid and then édded ét the required
~.dilution,

Sample and standard‘conéehtratiohs Weré made to fall well within
‘the linear region of absorbancé.' Beéauserf_the diffefence in absorbance
sengitivities for calcium and magnesium, the solution was diluted to suit the
calcium anélytical graph, Magnésium.was determinéd on the same solutionrand

except when concentrations were low, the burner was turned side on to reduce

absorbance to the linear range.

8.3.2 Limit of Detection
The limits of detection for both elements under the most semsitive conditions

are givén in Table 8.2,

8.3.3 Pfecision
The precision of the afomié absorption method fof the determination of mag-
nesium and caicium was tested. Precision tests are shown in Table 8.3.‘

.The statistical tests madé on a rock sample indicate that the
precision obtained for calcium and magnesium is éimilar to that obtained for
other elements. Magnesium.results were generally more reproducible, probably
because of the stiffef, more oxidizing flame, and the less critical dependence
on flame.conditions; Thé precisiopvof the determinétion on the rock standards
would have béen:bétter but for'oﬁe df‘the.dissolutions thch showed low mag-
'nesium'andicalcium values;;

The .better precision for calcium in the nitrous-oxide flame may
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" TABLE 8.3

Precision measurements made on magnesium and calc¢ium -

(a) Aqﬁeous solutions -

" Element - Flame -Conc. in so- | Number of deter- Coeff. of
lution ppm-- | minations - Var. 7
Magnesium CoHy/air 0.5 17 - 1.10
' 2.0 17 0.93
CoHy /N0 0.5 17 1.41
» 2.0 17 1.2
Calcium CZHZ/air 1.0 17 2,10
| | 10.0 17 1.71
CoHy/N30 1.0 17 1.67
10.0 17 1,50 .
" (b) Rock solutions® =~ Granite : GH
: HF + HC10, dissolution
Element Flame Conc. in so- | Number of deter-— Coeff, of
lution ppm minations Var. 7
Magnesium | CoHy/air 2.1 7 1.92°
CoHp /M50 2.1 7 2.09
Calcium Csz/air.' 13.3 7 3.98
CoHy/NoO '13.3 7 2.89
¥Note: (i) 1000 ppm lanthanum added to solutions.

- © (ii) - Each determination is a separate dissolution

of the sample.
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be attributed‘tO‘the'Stiffer;'brOader]flamé;' The fuel—fich acetylene flame,
' negessary for maxiﬁﬁm abQOfbénée:'gi&és'ﬁotiéeébl& ﬁore fluctuations. If
the conditions were ﬁot éét‘fof méxiﬁ;ﬁ ébgorbénéé: precision with the
acetylene/air flame w&ﬁld”iﬁﬁrQQé.‘
8.3.4 Accuracy
The U.S. Geological Survey stanaards and three of the French rock standards
were analysed for magnesium.and caléium. The results are shown in Table 8.4.
A considerable spread ié reported in the literature for lower
values of magnesium and calcium, The atomic absorption values fall well within
this spread.' | |
‘Except for a few examples, atomic absorption magnesium values are
slightly lower than the accepted vélues. Belt (1967) and Nesbitt (1966) re-
ported results which were also lower than the aécepted value. The "accepted"
value for the graﬁite GH is strongly influenced by two unusually high chemical
.vaiues (Roubault et al, 1966). If these are ignored and the more reliable
values accepted (as Qas done by Nesbitt), the atomic absorption figures agree

remarkably well,

Calcium results also appéar to be close to the accepted values.

8.3.5 Diséussion
The accuracy obtained.with the atomic ébsorption method appears to be acceptable.
While the preéisibn may not be quite as good as X-%ay fluorescence .and colori-
metric methods, it is similar to that obtained by emission spark methods
‘(Suhr_and Ingamells, 1966; Govindaraju, 1963). This fact together with the
fact that the precision is maintainéd to very low.conCentrations of magnesium
and calcium in'rocks,.makes the method attractive for geochemists. The low
determination levels of 1 ppm for magnesium and 10 ppm for calcium enable
theselelements;to:be determined in minergls with' very low abundances.

 The interferenée effects:seén in the various flames lead to
some interesting‘spéculafion into the nature of the processes taking place.

The lower sensitivity for magnesium in the acetylene/nitrous-oxide flame is
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" TABLE 8.4

‘Analysis.of.international rock standards for magnesium and

calcium

Magnesium Oxide 7% _ Calcium Oxide % -
Standard
¢ No. of - | No. of
Ref. Accepted AA Detn. Accepted| AA Detn.
Granite G-1 |1 0.41 0.35 ]0.40 4 S 1.360 | 1.32 | 4
Diabase W-1 1 6,62 6.52 6.50 4 10.92 10.86 4
Granite G-2 | 2 0.75 0.78 | - 3 1.95 |1.91 | 3
Granodiorite 2 0.97 0,95 2 2.06 1.97 2
(Gsp-1)
Andesite 2 1.50 1,46 2
(AGv-1)
Basalt BCR-1 | 2 3.47 3.30 2
Dunite DTS~1 0.03-000| 0.026 | 2
Peridotite 0.40 0.39 2
(PCcC-1) ~
Granite GR 3 2,41 2,40 |2.37 2 2.50 2.50 2
Granite GA '3 0.95 0.97 (0.93 2 2.48 2.50 2
Granite GH 3 (0.03)* 0,07 {0.025| 7 0.68 | 0.41 | 7

References:

1. Fieischer (1965)
n (1967)

2. Flanaga

3. Roubault et al (1966)

®There 'is considerable spread in the results and the recommended value for

Mg is generally not accepted.

(Nesbitt, 1

966) .

’

The value of 0.03%7 is usually quoted
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explained by the more reducing condi;ions and the higher temperatures
(2750°C) in this flame.."

Higher temperatureé'aléo‘eXélain the decrease of interference
for both elements, The addition of ianthanum stabilizes the flame by ioniza-
tion and the saturation of. the flame with'électroﬁs. It also reacts preferen-
tially with molecule-forming foreign species.

The enhancement of both calcium and magnésium absorbance by iron
at low concentrations (Figs. 8.1 and 8.2) is less easily ekplaingd. Ionization
cannot be the cause, as sodium, which is more easily ionized, does not show
the same result. It is suggested that iron reacts with calcium either before
entering the flame or shortly after entering the primary zone to form a calcium
ferrite. This reduces the number of atoms‘reacting with oxygen. When the
calcium ferrite reaches the high temperature interconal zone it dissociates,

but as this region of the flame is highly reducing, the calcium atoms do not

combine with oxygen and are thus available for atomic absorption.

‘An enhancement results.

This theory is partially substantiated by tests made under various
flame conditions. 1In strongly fuel-rich flames, the enhancement is reduced,

while in an oxidizing flame the enhancement peak is more pronounced.
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* CHAPTER 9

COPPER AND ~ ZINC

9.1 INTRODUCTION:'

Copper and zinc are two e;eﬁénté‘for wﬁiéh thé atomic absofption method is
ideaily'suitgd.‘ Not oﬁl& i§.Sen§iti§ity‘high;Abut both' elements are known
to be relatively free from interference effecﬁS’(Strasheim et al, 1960;
. Farrar, 1965; 'Billings, 1967).' The method has béen used fof the'deterﬁination
of both elementstin'a wide Qariety of'materia1$, iﬁclﬁding gedlogical samples
(Bowditch et al, 1966; Slévin, 1965)._';: | |
| Both COpber and zinc are élassified asltrace elements in rocks.,
It iévnot surprising ghat the high.sénsitivity of’étomic absorption spectro-
metry has been:useful for the determination of'fhese elements in geological
aﬁd.aéricultufal materials., | |
| Copper and éinc,are eleﬁenté of considerable geochemical interest

for‘aqadémic and economic reasoﬁs,.e;g..copper ié;used extensively as an
_electrical conductor énd.cqnsequently current mafket prices are high., It is
in the field of geochemical prospecting that the gﬁqmic absorption determination
of copper and éinc has probably been applied‘most extensively (Bowditch et al,
1966; Sampey, 1967). |

Copper has'a relafively low terrestrial abundénce.v Acidic rocks
tend to-have iower concentrations than the more bésic.rocks but even at higher
concentrations, the copper values in commén rocks éeldom exceed 200 ppm.
Table:9.l lists. the average abundance data for both é0pper and zinc. In spite
of the low abundénce figures, the availability of the group 1B elements
(copper, silver and gold) as well as zinc, is high, mainly because they are
fbund in concehtréted sﬁoradic deposits., |

The geéchemistry.of cbpper is well known (Goldschmidt, 1954)
and is characterized by the highly.cﬁalCOphilic naturé of the element. As

such, it occurs mainly in the form of sulphides and does not contribute
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significantly to rock-forming silicate minerals.  Oxy- and halide salts also

occur, but these-are generally: found 'in oxidized zones of copper deposi;g.

More than 150 minerals of copper, including the raw metal, exist. Copper

is associated with iron and sulphur in magmatic deposits, Chalcopyrite

(CuFeSy) is probably the most' common mineral of copper, but bornite (CusFeS4)

is often found in large quantities.

TABLE- 9.1

.Abundances of Copper and Zinc:

“(Comnceritrations in ppm)

Element { Ionic . | Crustal Granite | Diabase | Ultra- Shalesl d
Radius | Averagel 1 w-11 mafic ales™ | Sand-
G-1 stones
Copper 0.96 55 13 110 10 45 very low
Zinc 0.74 70 45 82 50 95 16

1. Mason (1966)

2, Turékian and Wedepohl (1961)

Zinc is a metal which is found in both lithophile and chalcophile
associations in the upper lithosphere, but in magmas it tends to be concen-

Having an ionic radius of 0.748 it can

2+

trated in the sulphide phases,
enter the lattices of Fe2+ (0.748), Mg (0.668) minerals, and is consequently
widely distributed ip most rock types as a trace element, Zinc concéntrations
are generally lower in gcid type rocks and highef in basic and intefmediate
igneous rocks, In feldspars the zinc concentfations are extremely low
(0.1 = 1.0 ppm). ".Zinc minerals in fprn seem to have an unusual capacity for
capturing othervmetals; e.g. éphalerife'(ZnS) is known to harbour the gﬁest
elements'cdppe£, cadmium, mercury, gallium,'indiuﬁ,'germanium, iron, manganese
and cobal; (Goldschmidt, 19545. It is known that in many zinc deposits, lead
and even coﬁﬁgf are found'(bay,'l963).

éoépef and zinc saltS'are'genérally highly soluble in water or weak

acids, and their minerals are prone to weathering. Argillaceous sediments thus
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TABLE" 9,2

. Conditiona for the determination of copper and zinc in silicate rocks

Wavelength
Lamp
Slit

-Flame

Burner
Flame set-
ting
Support

pressure

Burner
height

Analytical
range (ppm}

Detection
limit (ppm)

(a)

3247 R

Max. sen~
sitivity

prop.~but./
air

Broadflame

stoichio~
metric

30 psi
8 mm
0.02 - 4.0

0.005

Hollow cathode 5-10 mA

‘50 or 100 micron (2-4 R)

(b) Max. freedom
from inter- -
ference
Csz/air

10 cm slot
stoichiometric
25 psi
4 mm
0.05 - 10.0

0.1

200 micron

{a) Max. sen-
sitivity

prop.but,/air

Broadflame"
" stoichio-
“metric
(slightly rich
30 psi
8 mm

0.01 - 2.0

0.001

2138 &
Hollow cathode 5-10 mA

(8R)

(b) Max. free-
dom from in-
terference

 CoHy/air

‘ 10 cm slot
slightly fuel
rich
)
25 psi
10 mm

0.05 - 4.0

0.01
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cooler propane-butane/air flame (1950°C)]than in the acetylene/air flame
(2150°C);‘ (See'QISO'CHaﬁﬁer'Zl Table‘Z:l;i the population of neutral atoms
is‘decreased with a chéﬁée in teﬁberatupe:)

The broad~f1amé‘burﬁefvwés ﬁsed for the lower temperature flgme{
Both‘elements‘gave stéﬁlé:abgorbance ;eadinés in,thié flame. When the
vslot burner, supplied for the pfoéane;butane/air flame by the manufacturers,
was used, severe fluctuations occurred for zinc. Flame conditions were not
critical and absorbance did not change signifiéantly for a change in bufning

conditions.

9.2,2 Interference‘Testé

The effect of the major elements present in rocks was tested on zinc and
copper. Both pfOpane—butane/air and acetylene/gir flames were used under
conditions which gave the highest sensitivity, |

The results of the interfe:ence studies are indicated grapﬁically.
Fig. 9.1 showé the effects of the major élements'oﬂ copper with the pr&pané—
butane flame, énd Fig. 9.2 shows the effééts with the higher temperature |
acetylene/air flame. 'If it seen that'some depression results for both
elements at higherlconCentrations of the intérfering element in the propane-
bﬁtaﬂe/air flame. A slight enhancement by calciﬁm, magnesium and sodium is |
seen,

| Fig.'9p3 shows the effect of other elements on zinc with>the lower

temperatufe flame, Slight depression by magnesium is shown. Otherzelements
have a slight depressivé effect too,

Fig. 9,4 shows that intg:ference for all eleﬁents is virtually

( .
the chloride) causes

eliminated with.thg acetylene/air flame. Magnesium (as
a slight depression, “

The light scatter effect reportéd by Billings (1965) was noticed
“and found té be more severe .in the éooier'flame., In the acetylene/air flame

slight corrections were made to' correct for this. As a self-built zinc-copper

lamp was used for most analyses,.a non-resonant copper line at 2179 & was used
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for this purbose; 
Aé a fesult‘of‘thesé'teQES‘it.wgs decidedAtb‘use only the
acetylene/air flame for anal?tiéal wo;k:' Although Sensitiviﬁy'is lower,
especially for’ziﬁc: fe;dltS'are}faf ﬁére‘feliable:. This result confirms
the work of Bowditch et‘al: 1966:;§ﬁo‘also.prefer'the acetylene/air flame

for zinc determinations.:

9.3 ANALYSES |
9.3.1 Dissoluﬁién
The.highest-sensitivity'is réquired;fér the determination of copper and zinc
in rocks. For this reason and also beéause.it is desirable that silicon
be removed, the hydrofluoric aci&‘ﬁethod A-1 (or A-3) is recommended. This
dissolution méthod was used forlaii estimationéiof coppef and zinc repérted
in this thesis. |

| " The g?eat difficult& ekperienced'with zine analyses should again
bbe stressed here. Results obtaiped_were extrémely'haphazard until the conta-
minatioﬁ from thelpolythene bottlés‘waé poinfed out. (See Chapter 5.3.)

When zinc was to be determined in a réck, oﬁly part of the
solution was transferred to a pblyfhéﬁe bottle from the volumetriclflask. The
portion left was‘used for the zinc determinations.. |

It'is1on1y in cases where all the silicates aré to be dissolved
that hydrofluoric-perchloric acids need to be used. When rapid dissolutiqn
is required, other acids can be used.‘ Slavin (1965) described a method
whereby an hydrochloric-nitric acid mixture.is used and then sulphuric acid
added. Farrar (1965) described the use of sodium hyposulphate followed by
fusion, vCertain‘minerals aﬁd elemental copper'are dissolved more easily b&
weak nitric acid. This‘characferistic-is used by prospecting geochemists to

obtain an indication of the mineral type (Sampey, 1968).

9.3.2 Detection Limit

The detection limit for copper and zinc in both flames is given in Table 9.2,

A
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|

These figures refer to aqueous solutions.

TABLE 9.3

Precision measurements for copper and zinc

(a) Aqueous Solutions

Element Flame Conc. in so- | Number of deter- | Coeff. of
' - lution ppm . | minations Var. %
Copper Prop.but./air " 0.63 ' 12 | 0.92
' 2,5 : 12 1.11
CoHy/air 0.63 12 | 1.60
2.5 12 ' 1.85
Zinc Prop.but./air - 0.5 , 12 © 2,25
2,0 - 12 2.13
CoHy/air 0.5 12 '1.10
2.0 12 0.98
(b) Rock Solutions Granodiorite - GSP-1
HF - HClO, dissolution 1%
1 : Coric, in so~- | Number of deter- Coeff, of
Element Flame . . . _
lution ppm minations Var. 7% _
Copper | CoH,/air 0.35 10 - 3.7
Zinc CoHp/air , 0.95 10 8.6

9.3.3 Precision

The precision with which determinationé can be made was tested by measuring
absorbance for aqueous copper and zinc aqueous solutions in both the acetylene/
air and propané-butané/air flames. The reéults of these tests are shown #n
Tablé'9.3(a);
It is seen that the precision'with the propane—ﬁutané flame is
poorerrthan'with:thé acet&lene/air flame for copper and more so for zinc..

Precisions in the acetylene/air.flame are much better. This can be attributed
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. . :
to the higher burning velocity and consequent "stiffness", It was shown in

Section AI(Table 4,1) that because of the change of refractive index flame
movement will influence the Zn 2138 more strongly.than the Cu 3247 line.

Several dissblutiops of é rock powder sample were made ana zinc
and cbpper determined. The results for the acetylene/gir flame are shown
in Table 9.3(b).

In spite of careful precautions taken in the metering'of acids,
precision for zipc is far from satisfactory. The relatively high blank values
obtained indicate the presence of zinc in the acids or solution and it is
thought that this may be the cause of poorer pfecision.' The precision

obtained for copper is more satisfactory.

9.3.4 Accuracy

Various international standard rocks were dissoived and analysed for cbpper
and zinc, Results are shown in Table 9.4(a).

vSome samples analysed by other workers were also analysedland the
results are shown in Table 9.4(b). Resulté shoﬁn without comparative
figures are included for record purposes,

In order to check results and also to obtain higher senmsitivity,
an extraction method was applied to determine copper in some standard fock
solutions.

The.well knéwn ammonium.pyrolidine“dithiocarbonate (APDC)
technique‘of Malissé and Schaffmﬁn (1955) was used; The method is as follows:

20 ml of the rock solﬁtion (which has a 5N concentration of hydrochlofic
acid) are thorougﬁly.mixed with 4 ml of a 17 AP D C solution to complex
the copper. '

5 ml of:iso—butyl methyl ketone (M I B K) are added and the sample
islshaken‘for,Z minutes to dissolve the copper complex in the ketone.
After standing to allow the two phases to separate, the ketone is sprayed
into the ééétyléne/air flame.-

- Standards with various copper concentrations should be treated in the

same way as the samples.



- 137 -

TABLE 9.4 (a)

Analysis of international rock standards for copper and zinc

Copper (ppm) Zinc (ppm)
Standard Accepted Ref Atomic Accepted Ref Atomic
value ‘| Absorption value | ReL Absorption
Value {No. of Value |{ No. of
detns. detns,
Granite G-1 13 1 45 1
Diabase W-1 110 1 112 4 82 1 82 2
116 2 83 2
Granite G-2 9 - 14 3 13 4 3 76 A
6.7 2 77 2
Granodiorite
GSP-1 34 - 60 |3 33.5 8 - 1 : .
. 33 2 108 2 114 4
Andesite 55 - 100 | 3 54 4 . 1 98 4
AGV-1 52 2 ‘ ' 87 2
Basalt BCR-1 |21 - 35 |3 | .15 | 4 1 128 4
o 13 2 115 2
Dunite DTS-1 3 -9 3 8 4 1 55 4
‘ 6.1 2 - 61 2 | ,
Peridotite 5-16 |3 10 | & 1 | 48 4
pPCC-1 9.0 2 42 2
Granite GA |10 - 16.6| 4 13 | 6 | |
' 33 - 94 |4 63 3
. Granite GH 9 - 15 4 13 6 60 - 97 4 83 6
Granite GR | 270 - 440| 4 (56) |4 58 6
Basalt BR 65 - 74 | 4 68 4 | 80 - 1754 166 6

1

2

3., Flanagan
i .

. -Raubault et al (1966)

Fleischer (1965)
Brunfelt et al (1967)

(1966)
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TABLE 9.4 (b)

Analysis of samples forx copper and zinc

(Concentrations in ppm)

Sample ock Type Copper No. of | Other (Ref. Zinc No. of | Other Ref.
Detns. values Detns. values
ET3/169 [Pyroxenite 28 4 79 4
ET3/270 " 26 4 61 4
5087 Norite 6 2 50 4
D/S 95 [Karroo 152 2 107 4.
dolerite
7228 Pyroxinite "5 3 50 4
NOR-1 [Norite 220 2 9
NOR-2 " (450) 344% 4 (52)¥ 11 2
RV 374 |Eclogite 155 2 1 53.' 2 1
KRV 7 |[Eclogite 47 2 1 75 4 1
KRV 13 Kimberlite 24 2 1 45 4 36 1
RV 3 " 187 2 1 40 4 32 1
KDB 10 " (55)% 44 2. 1 56 2 '54 1
KDB 12 " (53)¥ 44 2 1 56 2 55 1
BULT 8 Peridogite (12)* 4 2 1 20 4 30 1
BULT 11 " 3 2 1 30 3 28 1
BULT 16 " 2. 2 1 32 4 34 1
AA 5 M 2 2 1 29 4 31 1
ASH 1 Melilite 86 2 1 110 4 104 1
basalt
EK 43 |Eclogite 24, 8 1 (95) ™ 78 1
TAN 503| 28 4 1 37 31 1

See Appendix II for locality of samples

l'

Gurney (1968)

x 3 3 ‘ - . - ‘ [d
Two sets of dissolutions gave considerably different results., Both values are given.

KK cees . . . . . . .
Severe difficulties experienced with EK 43 dissolution. Result is that obtained
from "bomb" dissolutions.
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An enhancement of sensitivity'Qas obtainéd when the drganic
* solvent was sprayed. This and the concentration factor of 4 enabled copper
as low as 0.1 ppm in rocks to bé detefmined. A higher concentration factor
can easily.be obtained with this mé?hqd. Certain rock standards were analysed
in this way and the results are shown in Table 9.5. It is seen that reéults
are similar to those obtained with the direct aspiration of the aqueous
solution. For very low concentrations, the extraction proceduré is thus
recommended’. Unfortunately no analysed samples with very low copper coﬁcen-

trations were available to enable the techniqué to be tested to its limit.

9.3.5 Discussion

When the relatively low concentration levels in rocks are considered, the
accuracy for both copper and zinc is acceptable. Blank solutions mustbbe
prepared at the same time that the samples are dissolved because reagent
solutions may be contaminated with zinc. The 1owest.concentratioﬁ which may
be determined is limited by‘thé'amount of‘zinc impurity in the reagents

used. Vélues lower than the blank concgntration cannot be determined.

In these teéts the blank content wés of the order of 0.0l ppm (in solution).
The poorer precisioﬁ obtained for zinc (becéuse.of contamiﬁation) suggests
that samples should be analysed inltriplicafg, at 1east,.if reliable results

are to be obtained.
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TABLE 9.5

and M T B K extraction

Sample Accepted Ref, Atomic Absorp- No. of
tion (extract.) detns.
Granodiorite 34 - 60 1 34 4
GSP -1 33 2
Andesite 55 - 100 63 4
AGV - 1 52 2
Basalt 21 - 35 1 27 4
BCR ~ 1 13 2
Dunite 3-9 1 4.0 4
DTS - 1 6.1 2
Peridotite 5~ 16 .1 8.0 4
PCC - 1 9.0 2

1. Flanagan (1966) (various)

2, Brunfelt et al (1967) (atomic absorption)l
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'CHAPTER 10

MOLYBDENUM -

10,1 INTRODUCTION

The determination‘of molybdenum isjof interest  for several reasons:

(a) Because of its relétirely'low'ebundance in nature and the difficulties
which are associated with its detérmination, there is much to be learnt
about its geochemicallbehavieur.; |

(b) 4Molybdenum ores are of importance in the steel industry and demand high
prices; the depdsits are few ehd far between; the U,S.A. apparently
produces'nearly 307 of world molybdenum. ‘It is consequently a metal
much sought after.v

“(e) Molybdenuﬁ is an essential trace eleﬁeht.for plant metabolism, and thus
often determined in plant materials, soil extracts and natural waters.
(d) Molybdenum-diéulphide is one of the‘test knoﬁn dry lubricants. It is

used especially in high temperature aircraft jet engines.

Molybdenum has low naturai ebundences and its determination is not
easy by instrumental methodé. Ahrene and Taylor (1961) dote that normal con-
centrations border on the spectrochemical deteetion limit (about 1 pém). ,
Chemical enrichment methods are normeily used for estimating lower concen-
 trations in soils‘and plants'(Mrtchellnand Scott, 1957). .

Other methods which have Been used for the determination of molyb-
denum are neutron activatien (To&ell et al, 1965) and mass spectrometry
(Taylor, 1965).

Table 10.1 1iste abgndance data for molybdenum. It should be noted
that G-1 shows an abnormally high concentration of molybdenum,

Moiybdeﬁum and‘tungsten are closely related crystallo-chemically
because of their similar atomic and ionic radii.

However, molybdendm usually'occurs as-the sulphide MoS,, while tung-

sten is usually found in combination with oxygen. The most common mineral of
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" molybdenum is molybdenite MoS,, occurring mainly in granites, syenites, and
their pegmatites. Small amounts of molybdenum may also occur in basic

gabroid magmas such as norite.

TABLE - 10.1

Abundances of Molybdenum
(ppm)
Tonic radius Crustal Granite Diabase Ultra: Shales Sandstone
average G-1 W-1 ‘basic ¢D) ¢9)
' (1) (1) (2)
M06+ 1,5 7.0 0.05 0.3 2.6 0.2
0.623

(1) Mason (1966)

(2) Turekian and Wedepohl (1961)

The behaviour of molybdenum during weathering processes is not
well known, but iﬁ appears to dissolve under some.conditions and may be
accummulated in' oxidate sedimenté, particularly those containing manganese.
However, the concentration of molybdenum in natural waters is very low, 0.0l ppm
in sea-water, so highly sensitive methods must be used for its determination.

David (1961) made a comprehensiVe study of the factors influencing
the determinationiof molybdenum by atomic absorption spectroscopy and achieved
a detection limit of the order of 0.5 ppm in aqueous solutions. A fuel rich,
acetylene/air flame was used. This detection 1imi£ is not low enoughbfor the
determination of molybdenum in most silicate rocks, soils or natural water.
Moreover, there are elements present in these samples. which David found inter-
fered with molybdenum.abéorptiog.

Butler and Mathews'%1966) used 1iqﬁid-1i§uid extraction techniques
to determine moindenum iﬁ natural waters, plant materials and the rocks
G-1 and W—lﬁ',This method,hés been found to be highly satisfactory. It is

described in this chapter with slight modifications and new results are given.
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10,2  EXPERIMENTAL

10.2.1 Flame Studies

Da&id:stressed.ﬁhe importance of using only a small region of the atomic
_absorptioﬁlflame. This can be dcné-by placing apertures ét_the lenses, but
with the optical arfangemgnt on the Techtron tﬁis resylts in a considerable

loss of light. It was found that a similar effect could be obtained when a

' smaller image of the cathode was formed by .moving the hollow cathode iamp

and the first lens further from the flame. In tﬁis way the regidn of ﬁaximum

~ absorbance in the acetylene/éir flame could be -isolated.

The relative sensitivity, when uéing an acetylene/air flame under
.extfeme fuel-rich conditions and the acetylene/nitroué-oxide flame, were found
to be éimilar. Maximum absorbance occurred in the‘"Black—cone"lof the
nitrous-oxide flame, which was also required to ‘burn under fuel-rich conditions.
Measurements with the nitrous-oxide flame were faf noisier, however, and the
acetylene/air flame was preferred, esbeciallylfor spraying égganic‘solvents.
Table 10.2 lists the most suitable conditions for the determination

"
of molybdenum.

TABLE 10.2
Conditions for the determination of molybdenum in aqueous

solutions

Wavelength - 3133 & :

Lamp o Hollow cathode 15 - 20 mA

Slit : '_ . | 50 micron (2R bandpass)

Flame : l~, o CZHZ/air C2H2/N20

Burner : . | Slot 10 cm  Slot 5 cm

Settings . : V. fuel rich h Fuel rich

' . _ , (luminous) . (luminous at tip of red feather)| -

Burner below 10 - 15 mm . 15 - 25 mm

optical axis ‘ _

Determination 1,0 - 100 ppm : _ 1.0 - 100 ppm

range (aqueous)

Detec ion limit : 0.5 ,m' 0.3 ppm

(0.0ozlgbsorbance) 2 PP L : P
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10.2.2 Interference Studies
Severée depression of molybdenum absorbance was found by iron in équeods
solutions in .an acetylene/air flame, This interferenée was not as strong
in the acetylene/nitrous-oxide flame, but was still too severe to enable the
determination of molybdenum at the concentrapibns bccurring'in rocks withdut
‘the removal of the interféring species.

Interference effects on the extréction method developed, are given

in Section 10,2.4(c).

10.2.3 Sample Dissolution
ﬁoth fusion techniques and acid digestion wéfe used. The fusion method used
was in addition to that described in Chapter 4. A éodium hydroxide and
sodium peroxide mixture was used (1.5 g : 2.0 g respecfively) with a 0.5 g
samplé in platinum at 470°C (for 30 minutes). ?latinum corrosion from iron was
obviated by first leaching the éample with hydrochloric acid and then filter-
'ing.'_The.residue was fused and thé filtrate was recombined with it, The
lithium metaborate fusion method also worked well and.was.used on several
occasions, o |

The results obtained from acid digestipn were slightly lower
ﬁhan from fusibn methods., These are shown in Table 10.3. Both methods
gave nearly 1007 recovery on rock solutions fo which mqubdenuﬁ had bgen
added. 1In view of the greater concentration factor possible with acid digestion
and the conseduent lower limit of detection, acid dissolution of rock semples
was preferred.. For the analysis of ultramafic rqcks,.however, where the
molybdenum might be ‘included in the crystal lattices of acid—defying‘minerals,
the fusion meﬁhods would be preferred. Solutiorms were made to give 5-102

(weight of solid (gm) per 100 ml) solutionms.

10.2.4 Extraction
It was obvious that some form of extraction method would have to be used to
eliminate interfering ions and concentrate molybdenum to a determinable

level. Liquid-liquid techniques are more satisfactory for atomic absorption
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purposes because of the ease with which certain organic solvents burn in the
~ flame,
TABLE 10.3

Comparison of results using acid digestion and fusion
of rock powder

" Mo determined on G-1 ppm

1. Acid digestion 10.7
2, Fusion (Naj0 + NaOH) . . : ' 13.0
3. Fusion'(LiBoz) = . 12.1

Malissa gndnSchﬁffmann-(l955) have reported the chelating of many
heavy metals, including molybdenum, by ammonium pyrollidine dithiocarbamate
(APDC). This extraction technique was, however; found to be unsuitable for
samples with high iron contenf, because of the preferential extraction of
this element, |
Mitchell and Scott (1947) reported the use of 8-hydroxyquinoline
} as a compléxing agent for molybdenum and other'metals with sﬁbsequent deter-
mination by emission spectroscopy. With certain modifications this method
was found to.bé more suitable for silicate materials where iron concentrations
are high, Willié}(i962), Allan (1961), and Robinson (1960).have shown that
considerable eﬁhaﬁceméﬁt in sensitivity may be achieved by spraying an organic.
solvent containing the analytical elgmént, into the flame. Combinations of
these methods, viz. liquia—liquid organic extraction with subsequent deter-
mination of molybdenum in the organic phase, héve satisfactorily Been uéed for
the déterminatioﬂ of molybdenum. o
" "(a) Method. . Methyl isobutyl ketone -(MIBK) has a relatively high solubility

in ﬁatef (1.8g/100 ml). which is not.desiréble if a high concentration
factaf ié fequired. .Amyl'methyl ketone is less soluble in water
( 0.5 g/100 ml) and separatés-mbre easily from the aqueous phase.

because of its lower density). .This solvent burns well in the acetylene/
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air.flame and was consequently used as the solvent for dissolving
the molybdenum chelate.
The extraction ;échnique,is as follows:
The pH of the éolutions (standards and samples) is adjusted to 1.0
after adding 25 ml of a 47 B?hydroxyduinoline'solution. The.solution
- 1is then thoroughly mixed. The amyl methyllketone is then added to give
‘a concentration factor of 10 to 20, The mixture is shaken for 4
minutes and the two phases allowed to separate: (A special separating
flask was designed to enable the organic ﬁhase to be sprayed without
funning off the aqueous phase. This flask has a narrow opening and
a broad opening. The organic phaée.accumulates in the narrow neck
when the flask is turmed upside down. .Fig. 10.1 shows a.diagram
of thé flask.) Aqueous standards with known concentrations of molyb-
K denum are treated in'the same way as the samples. The specfrometer

should be zeroed with pure ketone.

(b) Extraction efficiency. The effect of pH on the extraction of molybdenum

‘from various solutions was tested. Tests on aqueous solutions indicated
.thathQZ extraction is obtained at a:ﬁH of 2.0, Fig, 10;2 shows the
extraction curve for48-hydroxyquinoline. Unfortunately, when rock
solutions Qere‘tested at this pH, it was found that a heavy dark pre-
cipitate formed. vSpeétrog:aphic examination showed this to be ﬁainly
iron, which.had precipitated in the presence of excess 8-hydroxyquinoline.
- When a pH value of 1.0 was used, the extraction was. only 92% efficient,
but thg precipitate did not form. As sensitivity can easily be increased
by using a higher_concentration factor, the less efficient extraction is
not serious. vIt'is impértant, however, to adjust the pH accurately.
In cases where'tﬁe fusion method was used and the silicon content
of theAsample was high;,an émulsion sométimés formed WheﬁAtﬁe samples

were heated to drive off excess liquid. Although the addition of
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hydrofluoric acid eliminated this, it was found more simple to work
so that sample solutions did not require concentration, but only
dilution to bring them to volume,

Recovery tests were carried out on two samples. These are shown .
in Table 10.4. Analyses'ofzqueous standards carried out by colori-

metric chemical methods showed close agreement. These are shown in

Table 10.5.

(c) 1Interference tests: The influence of major elements on the efficiency
of extraction and determination was tested, Fig. 10.3 shows that no
interference is evident at the concentrations normally found in rocks.

TABLE " 10.4
Recovery  Tests:
Sample Mo present | Mo added Mo recovered Recovery 7
: (ppm) (ppm) -~ (ppm)
Sulphide 4.0 2.0 5.8 98
ore A
4,0 ' 4.0 : 8.0 100
4.0 110.0 13.9 99
TABLE 10,5
Comparisbn of results with chemical values
(Values in ppm) . ‘
Sample - © A A value Colorimetry
0.010 - 0.011

0.048" | o 0.052

0.091 - 1o 0,091
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10.3 ANALYSES

10.3.1 Detection Limit -

- 148 -

The limit of detection in aqueous‘solutions is given in Table 10.2. The

limit of detection for the organic'extraction depends on the concentration

factor. Working from 5% solids in solutions and using a 20x factor a limit

of detection of about 0.1 ppm of molybdenum in the solid, is realized.

10.3.2 Precision

Several series of precision tests were carried out on aqueous standards, on

aqueous standard extractions, and on rock samples. Results are shown in

Table 10.6 (a), (b), and (c) respectively. It is seen that the precision is

generally good., The precision obtained for the extractions is surprisingly

good when all the chemical‘steps are taken into account.

TABLE 10.6

Precision Tests

(a) Aqueous Solutions

Sample Concentration No. of determinar Coeff.’
(ppm) " tions - of Var.7Z
1 1.0 15 3.5
2.0 15 1.8
10,0 15 1.6
(b) Aqueods Solutions Extracted
ISam 1 Concentra- Conc. in No. of Detecmi=- ICoeff. of
pve tion (ppm) Ketone (ppm) nations - Var. 7%
1 0.01 0.1 5
2 0.05 0.5 5
1.0 1.0 5
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TABLE 10;6 (Continued)

(¢) Rock Standards

Sample Mean Conc. . Conc. in No. of Determi~ Coeff. of
' Ketone nations Var. %
Granite 12.6 6.3 8 4,0
Sulphide ore 4,0 2.0 8.1
Andesite 2,05 1.03 8 5.1

10.3.3 Analysis of Samples

Table 10.7 shows the results obtained for the analysis of several rbck

standards. The value for G-1 is higher than the éccepted value, while that

for W-1 is lower than the accepted value.

No reliable comparative values are

available for the newer series of standards from the U.S. Geological Survey.

TABLE 10,7

Analysis of Rocks

Sample Accepted value Ref. Value obtained No. of determi~
) nations
Granite G-1 7.0 (14.0)(4) ¢H) 10.7 (12.6)% 8 (8)
Diabase W-1 0.5 ¢S] 0.2 8
Sulphide ore 10.0 “(2) 4.0 8
vGranite_G;2 < 2.0 (3) 2.0 P2
Granodiorite | < 2.0 (3> 0.6 ‘2
GSP-1 : : ' :
Andesite 4.0 (3) 2.1 8
AGV-1 : L
Basalt BCR-1 9, 6, 6 (3) 2.0 2
Dunite DTS-1 | < 2.0 (3) 0.2 2
Peridotite | < 2.0 (3) 2.8 2
PCC-1

¥yalue obtained from fusion

(1)
(2)
(3)
(&)

Fleischer (1965) (various)
Webber  (1961) "
Flanagan (1966) ° "

Stevens et al (1960)

'(chémical value)
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10.3.4 Discussion

The results for G-1 and W-1 do not differ radically fro& the latest accepted
values. Comparison with a value of 14 ppm published previously {Stevens et
al, 1960) is better. Recovery tests indicate that'recpvery of molybdenum is
good and that if values are too low this is probably due to minerals such as

zircon, which contain molybdenum not dissolving.
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CHAPTER 11

1RON . AND MANGANESE

"11.1. INTRODUCTION .

Iron and manganese sre important elemeuts in_rocks‘and'minerals. Both
elements are usually included in whole rock aualyses, and the highest.sccuracy
and pfecisipn are required in their determinstion.A
| Although chemical methods are recognized for the determination of

these elements, rapid instrumental methods such as X-ray fluorescence and
emission spectrometry have become accépted; For low consentrations, emission
techniques may be more accurate than shemical msthods (Ahrens and Taylor, 1961).

Iron and manganese may be détermined by atomic absorption spectrome-
try, snd sensitivity is good:for both elsments., Interference effects are re-
ported to be low (Allan, 1959; David, 1962). It was decided to include thess
eleﬁents in this study as the atomic absorption method could be useful as an
inuependent method especially for the"determinaﬁion of iow concentrations.

The geochsmistry of iron shd manganese is complex and is thoroughly
discussed by Goldschmidt (1954) and Rankama and Sahama (1950).

Iron is a major element and may exist in a variety of forms, viz:
Free metallic iron, primary oxides in several valency states, sulphide hinerals,
primary silicate minerals and secondary compounds of iron. Instrumental methods
usually determine total iron and separate tests.must be made to distinguish
ferrous aud ferric iron, | »

Manganese is considered a strongilithophile element, hut has some-
chalcuphile tendencies. The ionic radius of the Mn3* ion (0.708) 1is siﬁilar
to ﬁhat of Fel* (0.748) and. the two elements.are often found together in
crystal lattices.  As other elements such as calcium and magnesium have similar
ionic radiiv(0.99x and'0.668‘respectiue1y), iron and manganese dre associated
with a widevvariety of rocks ahd minerals; iron either as abmajor or minor

element and manganese as a minor or trace element.
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Manganese is related to iron and follows its manner of occurrence
in nature., Concentrations are highest in ultramafic rocks and lowest in
acidic rocks. Table 11.1 shows the abundances. The ratio MnO:FeO in igneous

rocks is remarkably stable. (Rankama and Sahama, 1950).

TABLE 11.1

Abundances of iron and manganese

(Concentration in % iron and

manganese)
Element éogiﬁs Crustal Granite Diabase Ultra- Shales Sand-
ag . - |Average G-1 | W-l1 mafic (1) stone
(1) (1) (1) _ (2) (1)
Iron Fe2'0.74 | 5.0 1.37 © | 7.76 | 9.43 | 4.72 | 0.98
+
Fe3 0.64
Manganese |Mn2%0,91 0.095 | 0.023 1.32° | 0.162 0.085 | 0.00X*
Mn3+0;70
Mn4*0.52
7+
Mn’ 0.46

(1) Mason (1966)

(2) Turekian and Wedepohl (1961)

EX denotes an order of magnitude

Iron and manganese have been determined by atomic absorption
épéétrometry in many types of materials, including geological matter such
.as sea water (Fabricand et al, 1962), fresh water (ﬁutler and Brink, 1963) and
silicate foéks (Trent and Slavin, 1964b; Billings, .1965a; Bowditch et al,
1966; Belt; 1967); These workers have shown fhat'the estimation of iron én&
manganese presents n6 difficulties and that accuracy of this method is-high.

The tests carried out in this study confirm this conclusion.

11.2 EXPERIMENTAL

11.2.1 Flaﬁe Studies

The acetyiene/éir flame is usually recommended for maximum sensitivity for

e
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iron‘while'a'1owef‘tempera£ure flame givés highest sensitivity for manganése.
'Tests show that a slightly'fuel rich,acetyléne/air.fléme gives the best
absorbance signal. for irom. Aithough'ﬁanganese absorbance is highéf in the
propane-butane/air flame, interference from iron was ﬁoted. As tﬁe sensitivity
in the écetyiehe/air flame.is satiéfactory, and‘iﬁte;ferenée is considerabiy
reduced, this flame was uéed;. Table 11.2 gives the seﬁsitivitieé obtained

for iron and manganese under the most suitable conditioms.

. TABLE 11.2.

Conditions for the determination of iron and manganese

in rocks
Condition - : ~ Iron : h '_ Manganese
: “Sens. factor | Sens. factor
Wavelength & ' 2483.3 T | 2795
I 2522.8 0.5 .} 4030.8 0.1
3020.6 . 0.2
3719.9 0.
3589.9 . . 0.05
Lamp -  ' ' Hollow cathode 10 mA - | Hollow cathode 10 mA
Slit. 125 micron. (1 A Band—pass) 50 micron (2 A Band—paés)
Flame N . CoHy/air 4 . ‘ C2H2/air prop.but./air
K o ' (for max, (for max,.
freedom for sensitivity
‘ interference)
Support pressure . 25 p s i - 25 psi _ 30psi
Bﬁrner height . - 10 mm - : , 15 mm : 25 mm
Analytical range 0.2 -25 ' | 0.1 -10 0.05 - 5
o (ppm) L : '
Detection limit 0.1 - : .+ . 0.05 - 0.02

Sensitivity factor indicates the approximate amount that other lines are
less sensitive than the most sensitive line. ' '

Analytical range and detection limit are given for the most sensitive line.
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11.2.2 Interferences

Interference studies of the ﬁajor elements' in rocks oﬂ iron and manganese
wére madé. For iron, only the aéét}léne/air flamé was used, but for ménganese,
both the acetylene/air and the propane;butane/air flameé'were tested. The
results of the tests are shown in Figs. 11.1 for irén and 11.2 and 11.3 for
manganese,

Interference on iron iSvmogtly enhancement and is sﬁall. A fuel
ricﬁ flame shows less enhancemenf and'gives‘a'higher absorbance signal,

‘In Fig; 11:2.it is seen.that iron causes a depreséion of manga-
:nese absorbance in.the.propane-butané/aif flame which disappears in the
acetylene/air flamé.v The interference effect is dependent on the flame region,
and the best .position for maximuﬁ absorbance and minimum interferencg is just
above the primary reaction zone. “Above this,'bbth aluminium andliron cause
‘dépression which iﬁcreaSes with~fléme height;‘.It has been reported that
" .silicon iﬁterferéé with manganese (Piatte and Mércy, 1965){yJWhen analyses were’
made on international'rock standards using.stibn techniques, very little
depressibn‘of manganése absorbance was noted. Lanthanum, which.ﬁas pfésent

in the solutions, probably eliminated this interference.

@
11.3 ANALYSES

11.3.1 Dissolution

Both fusion and acid digestion have been found suitable for the determination
- of iron and manganese., For basic rocks where‘concentrationsrare high, con-
siderable dilution is necessary for iron, but for acid rocks, a dilution
factor bf 100 or 1000 usually suffices. ?or fusion of ultramafic rocks, F-3

is suggested and acid digestion A-2 for acid rocks.

11.3.2 Detection Limit

Beth determination and detection limits are listed in Table 11.2. As both
iron and manganese show high sensitivity either the burner must be turned

side-on or less sensitive absorption lines used. These lines are also shown
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in Table 11.2. Because iron coricentrations are normally higher than
manganege; solutions are diluted‘tO'suit the manganese determinations.
11.3.3 Precision

Precision measurements on aqueous solutipns.and'rock samples are shown in
Tablé.11.3. The precision measurements for the burner -turned side-on are
seen to be better. This could account for the high precision-for these

elements,

11.3.4 Accuracy-

International standards were analysed and thelreSults are given in Table 11.4. -
These show the ﬂigh accuracy of the atomic absorption méthod. ’Unfortunately,'
very low values of iron were not available and the method could thus not be
teSted,at the lowest concentrations. Manganese.results also compare well with
accepted values, |

TABLE 11.3

. Precision measurements for iron and manganese
(a) Aqueous SolutTons

. Concentra-— '
Element Wave- Flame tion in No. Of. Coeff..of
. determl- Variation
length Solution :
(ppm) : nations _ %
Iron . |2483.3 | CyH,/air 1.0 15 1.4
' o 5.0 15 0.9
3719.9 CoHy/air 10.0 15 0.90
' 50.0 15 0.93
Manganese 2795 CpHy/air 0.5 15 2.1
' 2.5 15 1.4

(b) Rock Solutions
Granite G-H  HF - HC104 dissolution (17 solutions)

. {Element |Wave- ‘ Flame Mean con- No. of Coeff. of
length ™ , cent:ratioln]'E determi=- Variation
(ppm) nations 4
Iron (total)™ 2483.3 | C,H,/air 9430 8 2.9
Manganese -1 2795 C2H2/air 402 8 : 2.6

*Mean .concentration is the average concentration of the”element,-calculated to
the solid.

XXTron was determined with the burner turned side on.,
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Analysis of rock standards for iron -and
' . manganese - o

Iron (Z Fe)

Manganese (ppm)

Sample :
' Accepted | Ref, Atomic Accepted | Ref. Atomic
value absorption value ' absorption
Value | No., of Value { No. of
detns. ‘ . | detns.
: . : , ]
Granite G-1 1.22 1. |1.30 5. 230. 1 241 5
1.34 |4 ' ’ '
Diabase W-1 7.69 |1 7.80 | 8 1320 1 | 1347 3
7.99 |4 : '
Granite G-2 1.82 2 1.90 4 212+14 5. 250 4
Granodiorite 2,92 |2 |2.96 | 4 264+16 5 300 2
GSP-1'
Andesite AGV-1. | 4.51 2 4,69 4 640+30 | 5 .| 750 2
Basalt BCR-1. - | 7.06 |2 [8.91 | & | 1300470 | 5. | 1200 | &
Dunite DTS-1 6.01 |2 5.97 2 840-1100 | 2 800 4
Granite GA 1.92 |3 |2.01 2 698 3 | 720 4
Granite GH 0.90 |3 0.94 3 388 3 408 4
Granite GR 2,83 |3 2.81 2 300-430 | 3 441 2

-1, Fleischer (1965)

4, Huffman (1965) (atomic absorption values)

Flanagan (1966)

Raubault et al .(1966) (preffered mean)

Gordon et al.(1968) (neutron activation analysis)

(Suhr and Ingamells preferred values)

(Average of Conventional Chemical Values)
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11.3.5 Discussion

The lack of intérference aﬂd fhe high accuracy obtainéd with the atomic
absorption method show it is well suited for the determination of iron and
manganese, The method is useful fof any schemeé where independent estimations
are required or where other methods féil, either through a lack of reliable

pre-analysed standards or because of low sensitivity.
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CHAPTER 12

ALUMINIUM

12.1 INTRODUCTION

Aluminium is the third most abundant eleﬁent in the crust of the earth,

coming after oxygen and silicon. The common igneous roéks, basalt (plus’
related varieties) and granite (plus related varieties) contain h{gh aluminium
contents, whereas the ultramafic vérieties have low concentrations (<vl1.G Z).
It may be noted also, that the Al contents of most'meteorites, including the
choﬁdrites (the commonest type) isvusually low (1% or less). Table 12,1 lists

abundances of aluminium in various types of rocks.

TABLE 12,1

Abundance of Aluminium .

(Values in ppm)

TIonic Crustal1 Granite1 Diabase1 Ultra2 Shales 1 Sandstonel
Radius & Average G-1 W-1 basic v
A13%0.51 18,300 | 78,300 78,600 20,000 | 80,000 25,000

(1) Mason (1966)

(2) Turekian and Wedepohl (1961)

Aluminium may be determined by several methods, including chemical
(gravimetric, colorimetric, complexometric, etc.), x-ray fluoreégence,‘and
emission spectroscopy. These methods are not always accurate when the con-
centrations of aluminium are low, e.g. the wide spread of results for aluminium
in meteorites has long beenva source of cbncérn to geochemists énd a real
need hasAexisted for acéurate methods for determining this element (Ahrens,
1968).

In view of the‘developments in atomic’absorption high tempevature

flames, it was decided to study the application of atomic absorption
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spectrometry fér the determination of aluminium in silicate rbcks.

Aluminium may be considered to be representative of other
refractory elements, and Bowman : and Willis (1967) have shown that the atomic
absorption behaviour of titanium and vanadium is similar to.that of aluminium.
These eleménts form highly stable refractory Qkides and it was not until the
development of the acerylene/nitrous-oxide flame'rhat they could be determined
with reasonable ease and sensitiﬁity.

Robinson (1962) showed thatvif a spark was used in a flame,
'aluminium oxide Qas dissociated and gave an atomic absorption signal. Shortly
after this, several workers (Chakribarti er al, 1963; Slaving and Manning,
1963) obtained absorption signals for aluminium, using acetylene/oxygen total-
consumption burners., It was fouﬁd.thét if aluminium was dissolved in an
organic solvent (4-methyl-2-pentanone), sensitivity was improved. Precision
was poor, however. ‘ . | 7. » ‘ .

The real break-through in the determination of refractory elements
.by atomic absorption spectrometry came when Amos and Thomas (1963) used a mixture
of oxygen and nitrogen pre-mixed with acetylene in 2 fuel-rich flame to deter-
mine aluminium, A detection limit of 1.7 pﬁm was obtained. It was stressed
that avpre-mixed flame and the right gas combination were essential to obtain
the correct chemical environment, Theyvsuggested that AlO was reduced by the
free carbon in the flame.

Later work by Amos and Willis with the écetylene/nitrqug—oxide
flame resulted in a flame with low burning velociry and thus a safe means .
for determining refractory elements such as aluminium, silicon, titanium, as
well as most of the rare earths by atomic absorption;

Since then, several papers have been published on tﬁevdetermin;tion
of aluminium; Its determination in cement together with silicon and titanium
(Capacho—Delgadé and Manning, 1967) has been an imporrant development. Aluminium
has been determined in soils (Laflamme, 1967). A recent publication by

Van Loon (1968) describes the determiqation of aluminium in high silica mate-

rials by atomic absorption. In all cases good agreement with accepted
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chemical results is reported.

Mallett et al (1967) reported that other elements in silicate
rocksvinterfered so severely with aluminium that an extraction with cupferron
was necessary to reduce or eliﬁinate‘interferences. These authors apparently

did not fully explore the use of releasing agents.

12.2 EXPERIMENTAL

12,2.1 Optimizing of Conditions

As the conditions for algminium'determination_are critical, the various
factors pertaining to flame settings were ihvestigated. It was found that
absorbance was strongly dependent on the amount of acetylene in the flame.
When a fuel—riéh flame was adjusted to be strongly luminous, aluminium absorbance
was at a maximum. The regibn of the flame thfbugh which the light from the
hollow cathode passed was also critical. Because of this, the cathode.image
was reduced and the detection limit was reduced below that reported in the
literature (1 ppm, Amos and Willis, 1966). Addition of a releasing agent
reduces the detection limit even more,
Under the fuel-rich conditions ﬁecessary for ﬁaximum absorbance,
a carbon lip rapidly forms at the burner jaws. The reason for this is probably
that a certain degree of turbulence exists at this point and carbon is con-
densed from the flame on the comparatively cool metal. As this carbon builds
up, a slightly hiéhérlabsorbance signal is recorded. Thomas (1968) mentioned
an improvement by undercutting the jaws to give a sﬁoother flow to the entrained
air, When this was doné, it did not improve matteré, but the carbon debosit
was more easily removed while the flame was burning with this type of burner.
Before conducting analyses, it was found necessary to allow the
burner to warm'upvfof.about 15 minutes, It should be noted that a slit of
less than 100 micron is deéirable to prevent over-saturation of the photo-
mﬁltiplier from the highly luminous flame. At this slit.setting, the ﬁavev
length shouldlbe checked ;t regular intervals to prevent drift off the line.

Another point to be stressed is that there are several less sensitive lines
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of aluminium which may be used for higher concentrations of aluminium,

The best -conditions are shown in Table 12.2.

" TABLE 12.2

Conditions for the determination of aluminium

Analytical lines

Lamp

Slit
Flame
Burner

Flame sétting

“optical axes)

Detection limit ppm
(conc. for .004 A)

Burner height (below

. . Without La
Analytical range ppm

Wavelength 2 Sensitivity Factor
~3092,7 1.0

3961.5 0.78

3082.2 0.70

- 3944.,0 0.50

2373.4 0.30

2367.1 0.25

2575.4 0.12

Hollow cathode 10 mA (about 20 mA on Perkin
Elmer 303" ‘ »

50-100 micron (2-4 & banﬁpass)
CaHp/Ng0 |

5 em slot burner -

" Luminous fuel-rich

20-25 mm adjust for max. absorbance

With La (1000 ppm)

- 3.05-500 1.0-200

0.90 - ‘ 0.6

12.2.2 Ihterference Effects and Flame Studies

The effect of various elements on aluminium absorbance was tested. Aluminium

solutions were prepared by dissolving pure aluminium metal in hydrochloric

acid and making up a stock solution. The effect of hydrochloric acid was

tested as conflicting reports appear in the literature about its effect.

Van Loon (1968) reports significant depression while Mallett et al report no
.effect, ‘Only concentratioﬁs below 2 N were tested and very little effect was

noted. All other elements added gave an enhancement of aluminium absorbance.

The results are shown in Fig. 12.1 .
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If was founa tﬁat the enhanéement effect was not only dependent
.on flame typé, but also position iﬁ the'flﬁme{ e.g. 1if fhe flame was set to be
stoichibﬁetric,'not only;was absorbance 1éés, but.sodiumvand potassium gave a
~greater degree of enhancement,

Ionization ofvfhé aluminium in thg relatively high temperature
flame almost certainly océurs ;hq the enhancing effect could be due to ionization
‘suppreséion.by the other elementé. Ihisvwas prdvéd by using the mixed air +
nitrous—oxidelflame at various ratiqs,-as describéa in Section 3.3.4. - Potassium
at two different'concentrationé, 250 ana 500 pbm, was added to an aluminium
solution and the absorbandermeasﬁredAat Qarious'ratios of the two gases;A The

B : : .

acetylene was adjusted always to give the same tYpe.of flame, viz. slightly
fuel;rich, Fig. 12.2 shows that as thevnitrous-oxidé content and thus the
temperaturevincreaées, the enhancing‘effect of potassium also iﬁcreases;

It is also séeh.that the sensitivity‘for:alumihium increases with
the nitrous—oxide content. Maximum seﬁsitivity was obtained in the pure nitrous-
oxide flame. |

‘Experiments wére'coﬁducted to determine a flame temperature where
the'ionization'enhancemeﬁt efféét could‘be overéome, éimilar to the calcium-
phosphorus experiment described in Section 3.3.4. Each of the enhancing elements
was investigaﬁed individually ahd.in mdét cases tﬁé enhancement could be over=
éome. Unfortunatély,.the gas ratios were different for each element and it
was found that the éas ratio only held for one cohcentfation.of aluminium.
When the aluminium concentration changed, enhancement once again appeared.
The results of the test are summarized in Table 12.3: In view of this dif-
ficulty and the décre;se'in sensitivity with the mixed flame, the idea of uéing
it for analytical purposes was abandoned.

The use of feleasing agents was next ihvestigated. Ruhidium was
used at first because of its low ionizatién poténtial (4.17 eV). Itlwas found
that rubidium.enhanced aluminium absorption by appfoximately 207 (depending on

the flame conditions). The other elements had no further effect on aluminium.
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"TABLE 12.3

Summary of tests with mixed nitrous oxide and air

flame .

Interfering 50 ppm Aluminium
Remarks
Element . . . .
Maximum Conc. NZO: alr ratilo
Tested (ppm)*® where int. eli-
minated
Calecium 2500 0.73 Int. eliminated for
one conc, of Al only
Magnesium 3000 0.73 Int., eliminated for
one conc., of Al only
Sodium 2500 0.67 Int. plateau reached.
Different for differ-
ent Al concentrations
Potassium 500 - - 0.71 Int. plateau reached.
: No further interference
Iron 2000 0.78 Int, eliminated for
- low concs. of Fe

®XLower concentrations were tested but the most pronounced effects were obtained
for the maximum concentrations,

- The same tests were conducted using lanthanum (ionization poten-

‘tial 5.6 eV) which proved useful for»reducingAdepreSSion and enhancement with

the alkaline earths (Chapter 8). The same result as for rubidium was obtained,

viz. no enhancement by foreign elements above the maximum absorbance caused by

lanthanum. The results of this test are shown graphically in Fig. 12.3. Iromn

-is seen to

cause slight depression.

When the same tests were conducted with a lower temperature flame,

it was found that the lanthanum did not fully suppress enhancement by the

alkalis. At the lower temperature the alkali metals, potassium and sodium are

more easily ionized than lanthanum, and still have an effect on a2luminium.

When the acetylene/nitrous-oxide flame is used, the temperature is
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sufficiently high to ionize both lanthanum and the alkalis. The acetylene/
nitrous-oxide flame was accordingly used and IOOQ'or more ppm lanthanum added
‘to solutions. Under these conditions the detection limit was better and

interference effects virtually eliminated.

12,3 ANALYSES

12.3.1 Dissolution

Because it was felt that fusion dissolution'techniQUes would be more useful
for rapid analyses, tests were made on the effect of .silicon on aluminium
absorbance. A melt was made of silicon dioxide in lithium metaborate. The
lithium metaboraté content was kept‘constant and various amounte added to
an aluminium solution.

When these solﬁtions were nebulized .the reading did not remain
constaht, but decreased continuously with time. When the carbon depoéit was
femoved, the absprbtion was re-established but rapidly decreased again.

It appeéred as if the lithium inter-acted with the carbon lip at the burner
mouth, but no definite explanation is offered for this effect. When the
lithium concentration was dééréased, the effect was coﬁsiderably reduced.

This result indicates that for very low concentrations of aluminium,
the fusion technique is not recommended. For high aluminium concentrations,
however, the fusioh method is satiéfactory. If the lithium metaborate content
in the solution is below 0.17, the effect is almost eliminated. Aluminium
concentrations above about 5% can thus be determined with the fuéioh method.

Whenvthe interference tests for silicon were repeated with Othe;
siiicoﬁ compounds, it was found that silicon had very little effect on aluminium
in the presenée of a ;eleasing agent,

Dissolutién methods (Iable 5.2)Arecommended are:

‘;For aluminium tAl) 0 - 67 : A-1, or A-2;

6% or more: F-2, or A-2 diluted.
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12.3.2 Detection Limit

The limits of detection with and without a releasing agent are listed in
Table 12.2, The analytical range may be extended by using less sensitive

lines‘oriusing a less fuel-rich flame, but this latter course 1s not recommended.
12.3.3 Precision

The normal precision measurements were made and are shown in Table 12.4,

TABLE 12.4

Precision measurements for aluminium

(a) Aqueous solutions (1000 ppm La added)

Concentration (ppm) No. of determinations Coeff. of Varia~-
. tion 7%
12,5 | - 15 - 3.8
50 S ' 15 . | 1.6
125 . 15 o 2.16

(b) Rock solutions‘ Granite G-H
' HF :HC10,4 dissolution

Flame ' Mean Conc. (ppm) No. of detér—> : Coeff. of Varia-
in solution® minations tion 7

C2H2/N20 | ' ‘ 170.5 . 8 3.6

(luminous) '

¥Mean concentration is the average of the ‘values read off the absorbance:
" concentration graph. '

Best precision was ébtained.when a fﬁel—rich flame was ﬁsgd. It was difficult’
to stabilize the reading when a slightly fuel-rich flame was used. The reason
could be that the flow ﬁeter ball was off scale and that it caused a degree

of turbulence to the acetylene flow. All precision measuzements were accord-

ingly made with a luminous fuel-rich flame.
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12.3.4 Accuracy
Diffiéulty was initially experienced in obtaining éccurate results. This
was traced to the standards. As a test, granite'G—l was used as the standard
and diluted to give various éoncentrations of aluminium. When the other rock
.solutions were read off the analytical curve obtained in this way, good agree-
ment with the accepted vaiues was obtained, especially'for the high values.
Whén the aqueous standards were standardized, results were far more acceptable.
Although particular attention was paid to the determination of low
concentrations.of aluminium, a useful method tias been used for high concen-
trations., This.method is in effect an extention of the absorbance scale at
the absorbance.valge of the'sample and was receﬁtly described in a personal
communication by Thomas (1968). .The procedure is as follows:
Standards are prepared which straddle the concentrations of aluminium in
the sample, The lowest of these is sprayed. It will give a high absorbance
‘but this is backed off by adjusting the gain of the amplifier to give a
reéding of nearly zero oﬁ the absorbance écale. The other standards are
now measured and they will cover gearly the full.absorbénce scale. When
the sample is sprayed, it will fall within the range., It is important
to have several standards as the analytical curve is usually curved.
This method was used for the higher concentrations of aluminium
shown: *By selecting the best cdnditibns, the brecision obtained was very much
higher than wiﬁh the normal method.

The results of rock analyses are given in Table 12.5.

12.3.5 Discussion

The results of this investigation suggest that atomic absorption is a suitable
method for aluminium déterminatiopq The sensitivity obtained indicates that

the lowest concentrations found in rocks may be determined. The high concentra--
tions found in acid rocks may alsé be estimated. The precision appears to be éf
the same order as other methods and is probably better for low concentrations

than for chemical methods.
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TABLE 12,5

Analysis of international rock standards for zluminium

(Values given in A1203)

: ‘ Atomic absorption
Sample . Accepted- Ref. value No. of deter—

: value . .

minations

Granite G-1 14.08 1 14,15 4
Diabase W-1 - 14.94 . 1 15.01 < 4
Granodiorite 15.35 2. 15.27 - 4
Gsp-1 . , '
Peridotite PCC-1 0.77 A I 0.533 4
Dunite DTS-1 0.31 b2 0.133 2
Basalt BCR-1 ‘ 13.7 2 14.45 ' 4
Granite GH 12,63 : 3 ' 12.88" 4
Granite G-1 15,42 . 2 15.33 4
Granite GA 14.61 | 3 | 14.06 4

1. Fleischer (1965)
2. Flanagan (1966)

3. Roubault et al (1966)
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Other instrﬁmental méthdds such as X-ray fluoresggnce probably
give better precision'howeﬁér; o
| The étqmic abSérptioﬁ-résults fbrAﬁigher'aluminium cqncentrations are
generdllf safisfactory but consideréble diffefencéé are evident for the lower
conéentfafions of the pe;idotite'?CC—l énd the.dunité DTS-1, No‘explanation
can be offered for this difference;‘ The scatter'of'étomicjabsbrétion results
at this low level was apprbximatély 152f

‘The ability.fo determine aluminium at fhe iz level, 1is of particular
interest to geochemists., Iherevis‘ébnsiderable current interest iﬁ the
ﬁpper mantle and its compositiOnI(Whitg,'1968)._ quAconcentrations of aluminium
in ﬁltramafic rocks and xenolithé;'thoughf to. originate in the upper mantle,
underline the need for accurate methods.‘ Atomig agsorption spectrometry may -

~well fulfil this need.
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CHAPTER 13
CONCLUSION

13.1 GENERAL

in reviewing the fesulfs obtained fqr the eiements'discussed‘in this thesis,
as well as for other elements which have ?een determined, but not mentioned
here, the generai conclusion reached is that atomic absorptioﬂ spectrometry
i1s an. extremely useful tool for fhe analysis of rocks and minerals, The‘

particular fields in the earth sciences to which it is applicable are:

A(a) Wholé rock analyées, The maih'eiements in rocks which are deteriiined
in whole rock analyses éré>si1icon, aluminium, iron, calcium, magnesium,
sodium,'potassium,:manganeée, titanium andibhOSphorus.' With the excep-
tion of silicon, titaﬁiumfand phosphorus, these elements have been.
discussed and it has been found that,fheir determination presents no
difficulties providing thé neceésary p;ecéutions afe taken. Silicpn
has been determined, but has not been inéluded in this dissertation
because precision and accuracy are not yét.acceptable.' Titanium
can bé determined under:conditions similgr to alumiﬁium.v Phosphorus
cannot be determined directiy.

The atomic absorption method has thus provided the geochemist with
a simple means for analysing rocks at low cost. The fagt that pre-
Vanalyéed‘standards of material similar in matrix to the samples are
generally‘not required is a particularly attractive feature., - It puts
the method in the‘same category as wet cﬁemical analysis, viz..a primary

~

method.

(b) Trace elemenf'analysis. The very high sensitivity of the method

makes it ideally suited for the determination of trace and minor elements
such as copper, zinc, etc. in rocks and minerals. This fact has already
been realized by many geochemists and the method is finding widespread

application for geochemical prospecting. However, the academic
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geochemist will find the method useful for the determination of
elements, not necessarily of économic interest, e.g. lithium and lithium

isotope determinations.

* (¢) Micro-trace element determination..  'The high specificity of the
method enables chemical concentration techniques such as liquid-liquid
extraction and ion exchange methods to be applied to the accurate

estimation of elements present in low concentrations, e.g. molybdenumn,

However, it is in the field of trace and minor element determinations
that atomic absorption is of the.greatest use to the geochemist at present.
As has been shown, atomic absorptién fesuitsvare not aiways as accurate or
precise as other methods for some elements; e.g. rgbidiuﬁ, is determined down
to 1 ppﬁ by X-ray fluorescence. - In ‘some instances, e.g. iron and manganese,
many other methods exist which may equal the precisipn and accuracy of atomic
absorption. When the various factors whereby a method of analysis is weighed,
are conéidered, such as initial cost, analysis cost (running), convenience,
precision, aCCuradf, sensitivity_and versatility, it is coﬁcluded that atomic
hsorption spectrometry is indeed.a technique which can be of invaluable
assistancé to the geochemist, It shduld‘be_ldoked upon as cdmplementary to
other techniques and 2fficiently fills-a gap which haslldng existed in analytic-

al labcratories.

13.2 FUTURE DEVELOPMENTS

Methods for the determination of silicon ghouldlbe'finalized to provide the
précision and accuracy required by geochemists. There ié little doubt that
this will be done.

The‘detérmination of the noq-metalé in rocks and minerals and other
materials by atomicvabsofption remains a probleﬁ. ‘However, the devélopment of
non-flame atomizing techniques would enable phosphorus, chiorides, fluorides,
oxygeh, carbon, ;ulphur, eté. to be determined. It 1s postulated that this

vdevelopment will take place.

Multiple element methods and instruments have already been
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developed, but it is_suggesteé thet these will'elso be developed for whole
foeks analyses by atomic absorption épectrometry;
~ Atomic fluoreSCence may.weil fihd'applicatioh for rock analysis.,
'This_method.has high sensitivity fer.meny eiements and has the advantage
of'haQing a wider analytical range.
Selective mddulatioﬁxand VeryAsimple instruments based omn this

technique should also appear within the next few years.
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APPENDIX I

A PROPOSED INSTRUMENT -FOR DETERMINING THE
ISOTOPIC RATIO OF LITHIUM 6 TO LITHIUM 7

An iﬁstrument has Been dgsigned and built'whereby the isotopic
ratio of lithium 6Li : 7Li may'bé déterminéd speedily'in solutioﬁs with
high precision and accuracy.-'iﬁe analytiqal method used is‘similar to that
described in Chapter 6.3. |

‘A diagram of the optical arraﬁgement is shown in Fig; A-I-1.

Two hollow cathode laﬁps,'oné with a lithium 6 and the other
with lithium 7 cathode are mouﬁted'at‘right-angles. " On the éptical path
.of the one lamp (lithium 6'in.thé figu;e) is a normal atomic absorption
arrangemenﬁ of‘a lens to fécus the cathode image in the fiame,Aand arother
lens.to focus this'imagevoﬁto thé’cathode of_a photomultiplier tube. An in-
térfereﬁce filter with a half-bandwidth‘transmiésion of 40.8 isolates the
lithium resonance line at 6708 &.

The image of the other lamp (lithium 7 in the.figure)'is'also
focussed onto a pﬁotomultiplier with a similar filferl This photomultiplier
is mgrked A and the one behind the flame is ﬁérked B. |

- A sector which rotateé at slightlyvless thén 3000 r.p.m. 1is
placed at 45° fo the‘optical axes. This sector has tﬁe.form shown in the
figure., It is provided with three mirrors'aluminized on both surfaces and
three similar shaﬁed openings. Both mirrcrs and openings are large enough
not to vignette‘the light beams. On the perimeter of the sector are cut-away
portions for the timing'mechanism;

As the sector rotates and when a holé is in pdsition, the light
- from the lithium 6 lamp will pass thrqugﬁ the flame onto photomuitiplier B and
tﬁe light from thg lithium 7 lamp will pass onto photomultiplier A. At the
next instant, when the mirror is in positioh; the light from the lithium 6
lamp will be refleéted onto_photémultiplier A and the lithium 7 light will be
reflected through the flame onto photomultiplier B. 1In this way the lithium 6

and lithium 7 light beams will be measured alternately by photomultipliers
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;A and B and will.give signals as éhown invthe figure, at a frequency of
approximately 285 c.p.s. The amplitude of the pulseévfrom B will be lower
than f;om A depending on the concentrationé of lithium 6 and lithium 7 in the
flame. No épectrbmetervis requirea Because the absorption line~widths aré
smaller than thevisotopic line separation. |
A prefoéussed torchlémp and avphototrénsistor provideAthe
timing mechanism;‘ As the disc rotates thevphototrahsistor:is periodically
‘illuminate& and this gives a signaiIWHich switches the lﬁck—in amplifier system
connected to the outputAof each photomultiplier.frA.field efféct transistor
éwi;ches eéch alternate pulse to itslown integrating circuit so that four
separate sigﬁals are recorded viz: |
A, 1, Lithium 6 - unabsorbed 
2. Lithium 7 - unabsorbed
~B. 3. Lithium 6 - absorbed”
v 4.-Lithiuﬁ 7 - absorbed
By-forming the ratio 3:1 and 4;2 the absorption signals of each
isotope are monitored with respect to their originél intensityi A much
more constant signal is assured byvintegrating-ali'the signals for a
definite periéd. The collector.cufrents ffom each photomultiplier should be

the same,

The iéotopic ratios lithium 7 : lithium 6 can be calculated by
forming the ratio le. This can be done electronically with relative ease.
/2 '

In this way the lithium isotope ratio may be obtained ¢n a single spraying of
a lithium solution, and thus provide the means, using the techniques described
in Chapter 6, for rapidly estimating isotopic ratios for lithium with very

high precision and accuracy.
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APPENDIX 1II

DATA ON SAMPLES

a. Supplied by A.J. Erlank Esq., Department of Geochemlstry, University
of  Cape Town. :

1.

-10.

11.

12.

13.

14.
15,
16.

17,
18.
19.

20.

21,

ET3/270
ET3/169
5087
DS/95
7228
NORI - PLAG
' NOR2 - PLAG.
M - 19A
M - 32
M- 34
M - 36
M - 40
M - 41
M - 60
M - 63
M - 64
Me - ib
Me - 11
k-1
K -2
K - 10.

Great Dyke pjroxgnite..

Bushveld pyroxenite, lower critical zone, Marikana,

Western Transvaal.
do.
Bushveld noritey

Bon Accord Quarry. near Pretoria.

Karroo dolerite from dyke, Spitskopyvlei area, C.P,

West side of Great Dyke,
Rhodesia, ' ’

Calcic plagloclase (separated from NORI rock norlte)

o' Oklep, C.P.

- do.
Malmesbury hornfels inclusion. Sea Point contact.

Microgranite vein, Bantry Bay, C.P.

Pprphyritic_Cape granite, Clifton, C.P.

Aplite'vein; Kuilsfiyier, C.P.

Malmesbury shale. Beliville'Quarry, C.P.

Malmesbury'siltstone,J‘ ~ do.-

éranitised Malmesbury xenolith, Bantry Bay, C.P.
do. |

Malmesbury.inclusion,

Bantry Bay, C.P.

Anorthosite; Messum igneous compiex, S.W.A.

Eucrite (gabbro); same locality as Me - 10.
Malmesbury hornfels, Kloof'Quarry, Cape Town.
do.

Microgranite, Kloof Quarry, Cape Town.
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b. Supplied by J. Gurney Esq.,.Department of Ggochemistry;.University

1.

10/

11,
12,
13.

14,

of Cape Town,

XRV 374
KRV 7
KRV 13
RV 3

KRV 377
KDB 10
KDB 12
Bult. 8
Bult 11
Bult 16
AA S

Ash 1

“EK 43

¥Tan 503

Eclogite, Robert Victor Mine, Boshoff, C.P.

Eclogite; _ do.:

kimberlite, B do. 
¢ Eclogite, - do.

Eclogite, - ' do.

Kimberlité, de Beers Mine, Kimberley.
do.-
Pefidotite from Bultfontein Mine, Kimberley.‘
do.
do.
Pefidbtite, unknown_séﬁrce, Kimberley.
Melilite bésalt; Ashton, C.P.
Metamorphic eclogite, Norway (Eskolé).'

Eclogite from Dodoma Mine, Tanzania.

¥ From Williams (1932) Collectiom.



THE DETERMINATION OF MAGNESIUM,
CALCIUM, POTASSIUM, SODIUM, COPPER AND
IRON IN WATER SAMPLES BY ATOMIC
ABSORPTION SPECTROSCOPY

L. R. P. Butler* and Denise Brinkf

The Council for Scientific and Industrial Research is
currently engaged in a chemical survey of water supplies
in South Africa. The analysis of various types of water
samples such as those obtained from rivers, boreholes
and wells and also industrial and sewage effluents plays
an important role in this survey. The metallic elements
of interest are calcium, magnesium, sodium, potassium
and iron which occur in widely varying concentrations,
and also the trace elements copper, zinc, chromium,
etc. The atomic absorption method of analysis seemed
to be particularly suited for this problem for the
following reasons:

(1) The samples must be in the form of a solution,
and as the samples submitted in this project are
solutions, little sample preparation is required.

(2) The method is very sensitive for a large number of
elements.

(3) The analyses are speedily effected and a large
number of samples can be analysed daily.

(4) Interference effects are less serious than with
flame emission spectrometry and are often more
easily subdued. ,

(5) Theapparatus is relatively inexpensive and simple
to use.

The atomic absorption technique has previously been
applied to the analysis of biological samples, such as
blood serums! and wine?, but there is no record of its
being used for the wide variety of water samples
expected in this programme. Flame photometric tech-
niques are used successfully for the determination of
sodium and potassium in water samples, but it was
decided to include these elements in the project for
the purpose of comparison.

This paper describes the development of the apparatus
which was built to meet the special requirements of the
problem, the analytical method, and the investigation of
. the interferences experienced with certain elements.
These interferences were overcome by the addition of
strontium chloride?,

EXPERIMENTAL
Apparatus
A Zeiss PMQ II spectrometer, operating from a
Wandell and Goltermann voltage stabilizer was used to
isolate and measure the analytical absorption lines.
Hollow cathode lamps, manufactured in the laboratory
were used as light sources for all elements except

2

potassium and sodium, where Phillips laboratory
discharge lamps were used. Silica-quartz lenses were
used to pass parallel light from the source through the
flame, and to refocus the image of the source on the slit
of the spectrometer.

The concentrations of some of the elements in water
samples vary over a wide range. One of the failings of the
atomic absorption method is that it is accurate over
only a relatively small range of concentration depending
on the experimental conditions. The most convenient
way in which the analysis range can be changed is by
changing the flame path length. An alternate method? is
to use a less sensitive absorption line, but with many
elements this method is not practicable as the difference
in sensitivity between the two lines is too great.

In this project the former way was chosen as being the
most convenient, and a special perspex burner was
designed for this purpose. This burner is shown in
Fig. 1. The upper portion of the burner can be rotated
through fixed angles to give varying and reproducible
flame lengths without extinguishing the flame.

The burner plate was made of brass with 1 mm. holes
drilled to the form shown. Transverse holes were drilled
to circulate cooling water through the hottest regions
of the plate. It was found that, when this burner-top
was turned side-on to the light beam the 2 cm. path
length was still too long and absorption readings were
too high for some samples. A fishtail burner-top also
shown in Fig. 1 was therefore built and was found to
give a very stable flame. When this burner-top was
used side-on with a 2 mm. slit width a very short
absorption path was presented to the light beam. In this
position the wide, stable flame completely filled the
optical aperture and very steady absorption readings
were obtained. Both burners can be used with either
“Handigas™ or acetylene, but with acetylene the fish-
tail burner slit-width must be reduced to | mm. to
prevent flash-back.

Even though these burners allowed the analysis of a
wider range of concentrations, the atomic absorption
method is so sensitive for some elements (e.g. sodium)
that dilutions still had to be made when these elements
were present in high concentrations.

* National Physical Research Laboratory
t National Institute for Water Research, Council for Scientific and
Industrial Research, Pretoria.
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Fig. 1

Dzagram of plastic burner with
broad and narrow flame
burner tops.

Fig. 2

Effects of gas sorts and pressures
on absorption of the different
analytical elements.
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TABLE 1
Experimental Constants

Element Wavelength Slit Lamp Current Atr Pressure Fuel Gas

Calcium 4227 A I mm 20 mA 15 1b./sq. in. Acetylene

_ Magnesium 2852 A 1 mm 20mA 15 1b./sq. in. Acetylene
Sodium 5890 A 05 mm. discharge 15 1b./sq. in. Handigas*
Potassium ... 7665 A -2 mm, lamp 15 1b./sq. in. Handigas*

. Copper 3247 A 1 mm. 25 mA 15 1b./sq. in. Handigas*
Iron 2483 A 07 mm. 30 mA 15 1b./sq. in. Acetylene

*Propane-Butane

TABLE 11
Interference Effects
) Concentration of Percent change in absorption
Analytical element Interfering element interfering element
p.p.m. without strontium* with strontiumy
CALCIUM Magnesium 250 + 2-7 + 3-5
16 p.p.m. 2500 — 14-3 ~ 4-0
Sodium 250 — 10 0
2500 — 82-4 + 27 ..
Potassium 250 — 125 - 1-0
2500 — 55-0 — 8-0
Phosphate 10 — 20-0 0
POy) 60 — 80-0 0
Aluminium 30 - 305 0
60 — 82-8 0
SODIUM Magnesium 250 - 0-68 0
4 p.p.m. . 2500 — 10 0
Calcium 250 + 33 0
2500 + 50 0
Potassium 250 0 0
2500 0 0
MAGNESIUM
4 p.p.m.
POTASSIUM
4 p.p.m. No Interference
COPPER
IRON J
* These values are taken relative to an aqueous solution of the analytical element.
+ These values are taken relative to a solution containing 1500 p.p.m. of strontium, and the analytical element.
TABLE III
Coefficients of Variation*
CALCIUM MAGNESIUM SODIUM POTASSIUM IRON COPPER
coeff. coeff. coeff. coeff. coeff. coeff.
conc. of var. conc. of var. conc. of var. conc. of var. conc. of var. conc. of var.
p.p.m. % p.p.m. % p.p.m. % p.p.m. % p.p.m. % p.p.m. %
1 7-4 1 2-2 1 4-8 1 36 1 4-3 0-5 6-1
4 7-4 4 1-6 4 1-6 4 1-6 8 0-72 2 1-4
12 1-5 12 7-4 8 3-6 8 1-4 16 0-86 8 0-98
32 0-88 16 0-76

* Calculated on ten repeat readings.

4
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TABLE 1V

. Recovery Tests

A Zeiss atomizer was used to aspirate the samples and
a glass spray chamber to separate the larger droplets,

and to feed the fine aerosol into the burner. None of the
p.p.m. p.p.m. p.pm. samples were strongly acidic and no contamination
Element added detected recovered difficulties were experienced.
CALCIUM 0 142 0 Further experimental details are given in Table I.
16 30-0 15-8 Preparation of Standards
32 46-5 32-3 . .
The standards were prepared by dissolving spectro-
MAGNESIUM 0 9-8 0 scopically pure salts of the elements in as little acid as
12 é 7-6 78 possible and making stock solutions. These stock
30 15:2 solutions were then further diluted and strontium
POTASSIUM 0 3.5 0 chloride solution added. to give a range of standards
4 76 4-1 containing 1,500 p.p.m. of strontium and various
8 11-5 8:0 concentrations of the desired element.
SODIUM 0 10-4 0 Preparation of samples .
8 18:6 82 All samples were carefully filtered to remove larger
COPPER 0 0-64 0 particles of organic and other matter which could block
1-0 1-63 0-99 the atomizer. When the source of the sample was known
40 4-63 3-99 it was possible to estimate in what concentration range
. the analytical elements occurred. River and borehole
IRON 0 11-3 0 . .
4 15-4 4-1 waters usually have relatively low concentrations of the
8 19-4 8-1 analytical elements. For sodium, potassium, calcium and
16 27-2 15-9 magnesium determinations the samples were diluted
1:1 with 3,000 p.p.m. strontium chloride solution.
TABLE V
Results of Analysis of Various Water Samples
All values in p.pan.
SAMPLE CALCIUM MAGNESIUM SODIUM POTASSTUAM
At. Chem. [ Chem. At. Chem. | Chem. At. Flame At. Flame
Abs. (H* @t Abs. (D* @t Abs. | Photo. | Abs. | Photo.
I.  Vaal Dam I 18-4 22-4 181 216 19-6 15-4 16-0 16-5 4-7 5-7
2. Vaal Dam Il . 28-0 27-6 27-3 19-8 19-6 15-4 312 310 20-7 230
3. Sewage Pond 5 ... 35-0 35-7 33-3 23-8 17-0 16-5 100-2 105-0 16-0 16-5
4. Scwage Pond 7 ... 33-0 35-3 40-9 23-8 17-0 16-5 88-0 93-4 15-5 16-5
At. At. Abs. At. At. Abs. At. Flame At. Flame
Abs. by Add. Abs. by Add. Abs. Photo. Abs. Photo.
5. Pienaars River I 9-4 9-4 6-6 6-0 15-2 17-0 1-37 1-99
6. Dam II .. 4-2 4-] 2-7 2-5 7-3 8-4 0-5 0-80
7. Sewage Pond 14-2 14-3 9-8 9-2 19-6 20-5 1-72 2-30
CALCIUM MAGNESIUM
At Abs. Chem.% At. Abs. Chem.%
8. Sewage Pond B ... 34-5 38-5 19-5 199
9. Moereletta River 17-6 17-6 7-5 8-8
10. Apies River 59-6 62-5 29-0 29-2
11.  Moereletta + 56-0 58-0 22-0 23-0
40 p.p.m, Ca +
14-4 p.p.m. Mg.
COPPER IRON
At Abs. At. Abs. by Add. At. Abs. At. Abs. by Add.
12.  HCL soil extract 0-63 0-64 22 226
13. Sewage Pond B ... 0-15 0-14 0-8 0-72

* National Chemical Research Laboratory (EDTA titration).
+ National Institute for Water Research (EIDTA titration).
+ National Chemical Research Laboratory (gravimeuric method and EDTA titration).
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For the trace elements, such as copper and iron the
samples were evaporated to reduce their volume and to
concentrate the impurities. No strontium is necessary
for these elements. The sewage and industrial effluents
have high concentrations of impurities. These samples
were diluted to the required concentration range and
strontium chloride added to obtain 1500 p.p.m.
strontium. _

It was found that a white precipitate containing
calcium and magnesium, formed with some water
samples after standing. This precipitate was not always
noticeable and had a very marked influence on results.
After some investigation it was suggested that the pre-
cipitate was caused by a change in pH due to biological
activity. For this reason, it was found advisable to add
approximately 2 ml. of formaldehyde per 5 litres of
water soon after the samples were taken. This prevented
the precipitation and the results became much more
reproducible.

Analytical procedure

Once the standards and samples had been prepared
the standards were sprayed in ascending order of
concentration and an analysis curve of absorption
against concentration drawn. The samples were then
sprayed and the absorption values converted to concen=
tration with the analysis curve obtained from the
standards. Each sample was analysed a number of times
to obtain an average of values.

Interference effects :

It has been reported by other workers® that inter-
element effects are present with some elements. The
interference effects most likely to occur were investi-
gated. It was found that magnesium and calcium
interfered with sodium, and magnesium, sodium,
potassium, phosphates and aluminium interfered with
calcium. The addition of strontium at a concentration
of 1500 p.p.m. almost eliminated these effects. The
results of this investigation are given in Table 1I. No
definite reason has been obtained as to why strontium
eliminates the interferences. Tests made with barium
chloride showed that even though it did reduce the
interferences it did not eliminate them.

RESULTS

The precision of the method was tested by analysing
different concentrations of the analytical elements. The
coefficients of variation were calculated on the absorption
values and are shown in Table III.

It can be seen that the precision of the method is
generally good. When high concentrations are to be
analysed the dilutions should be made to fall in the
region of higher precision.

To test the accuracy of the method recovery tests
were made, and a number of samples analysed. Where
possible these samples were also analysed by other
methods to obtain comparative values. The results of
these tests are given in Tables IV and V. The chemical
values for magnesium and calcium were obtained by
EDTA titration and gravimetric methods, as shown,
while the sodium and potassium results were obtained
by flame emission photometry. Not all the results

could be verified chemically and the method of additions

was used to see if any biases were present.
At first there were some differences between the
atomic absorption magnesium values and the chemical

6

magnesium values. Once the magnesium stock solutions
had been standardized chemically, however, these
differences disappeared.

It can be seen that the magnesium values obtained
are slightly higher than the EDTA values. Willis!, who
experienced similar differences, suggested that this
difference was due to the presence of proteins or organic
matter which prevented magnesium in organic molecules
from being determined by the EDTA titration.

The atomic absorption method was also used to
analyse different extracts of a soil sample for magnesium
and calcium. The EDTA procedure which is commonly
used for the determination of these elements, requires
that the extracts be treated in the following way to
remove ammonia and iron. The ammonium chloride
extract, which is made by eluting the soil with ammon-
ium chloride solution, is taken to near dryness and then
redissolved in nitric acid. The hydrochloric acid extract,
obtained by shaking the soil with hydrochloric acid is
treated to remove iron by precipitation. From Table VI
it can be seen that there is little difference between
the results of treated and untreated extracts, so that,
if analysed by the atomic absorption technique the
extracts do not require further treatment.

TABLE VI
Atomic Absorption Analysis of Soil Extracts
Type of Extract Calcium p.p.m. Magnesium p.p.m.
NH,CI (untreated) 77-6 33-6
NH,CI (treated) 69-0 34-4
HCI (untreated) 100-5 99-2
HCI (treated) 106-0 116-0
CONCLUSION

It is debatable whether the atomic absorption method
offers any advantages over the flame emission method
for sodium and potassium determinations where speed
and convenience are concerned. It has been found,
however, that the atomic absorption results are less
-easily affected by changes in sample composition, and
gas and air pressures, and are more reproducible.

The recovery tests and comparison of results with
those obtained by other méthods show the method to be
accurate. This together with the acceptable precision
and high speed with which analyses can be made, makes
the method particularly suitable for routine analyses.
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Multiple element atomic absorption analysis

L. R. P. BuTLER and A. STRASHEIM
" National Physical Research Laboratory, Council for Scientific and
Industrial Research, Pretoria, South Africa

(Recetved 13 October 1964)

Abstract—Apparatus has been developed for doing simultaneous atomic absorption measure-
ments. Descriptions are given of the special moveable detector direct reading head and of the
methods used to bring the light from several cathodes onto the optical path. It is shown that
the precision of results may be improved when absorption readings are ratioed with an internal
standard or with a non-resonant monitor line. The method has been tested by analysing gold
and copper-base metals. Some of the difficulties encountered are discussed.

INTRODUCTION

SINCE the introduction of atomic absorption spectroscopy as an analytical method
in 1955 [1, 2], there has been a remarkable increase in the number of problems
to which the method has been applied. Generally u.v. spectrometers with light
dispersive systems allowing only single element determinations are used. There
appear to have been only a few attempts [3, 4] to extend the method to multiple
element determinations. The reasons for this appear to be: (a) the difficulty
of efficiently directing the light from several elements along the optical axis of
the absorbing system, (b) the inflexible commercial direct reading spectrometers,
set. to predetermined analytical programs, which do not allow any adjustment
of the analytical program, and (c) the limited number of spectral lines available
for atomic absorption measurement and the close proximity of some of them.
This means that if a spectrometer designed on conventional lines is to be used,
a high dispersion would be required, making it an expensive proposition.

In order to do multiple element atomic absorption measurements and to in-
vestigate the interesting possibilities which this offers, a versatile, movable
detector, direct reading attachment was built to fit a Hilger medium quartz
spectrograph. Methods for passing the light from several elements efficiently
along the optical axis of the absorbing system were also investigated. This paper .
describes the apparatus and some of the experiments which were carried out
to determine the advantages to be gained from multiple element atomic ab-
sorption analysis. )

{11 A. WaLsH, Spectrochim. Acta 7, 108 (1955).

[2] B. J. RussgLL, J. P. SeEeLTON and A. WatsH, Spectrochim. Acta 8, 317 (1957).

(3] A. C. MeNzIES, Anal. Chem. 32, 898 (1960).

(4] J. L. SauxNDERSON, Pittsburgh Conference on Analytical Chemistry and Applied Spectros-
copy (March 1962).
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|
APPARATUS I!

1208

The darect reading attachment |

With a medium dispersion spectrograph the photoelectric measurement of
closely adjacent spectral line intensities is often hampered by the physical di-
mensions of the exit slits. In Fig. 1 are shown thé more sensitive absorption
lines of 33 elements marked against the wavelength scale of a medium prism
spectrograph. The close proximity of many lines is evident especially in the

|
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Fig. 1. The wavelength scale of a medium spectrograph with the more sensitive
absorption lines of 33 elements marked.

vicinity of 3300 A and 2850 A. The s1multaneous atomic absorption determi-
nation of several elements such as copper and!silver, iron and palladium ete.
would be severely hampered with conventionally designed exit slits placed side
by side. i

In the direct reading attachment developed, use is made of the upper-lower
arrangement of exit slits shown schematically lin Fig. 2a. This system allows
two closely adjacent lines to be measured or if vequired, two simultaneous meas-
urements to be made on the same line. Each slit is mounted on a shaped light
duct attached to a movable photomultiplier housing. By shaping the ducts as
shown in Fig. 2b, it is possible to bring two adjacent slits to within 4 mm of each
other. The two mirrors M, (plane) and M, ('conca)ve) reflect the transmitted
light to the photomultiplier cathode |

Figure 3 shows the general details of the attachment, without the scale pro-
jection system, which is attached to the front cover plate (not shown). There
are four photomultiplier tube units (1) with their respective ducts and slits (2),



Fig. 3. Photograph of direct reading attachment without scale projection assembly.

I. Photomultiplier tube units. 2. Ducts and slits. 3. Upper guide rods. 4.

Lower guide rods. 5. Steel tapes for transporting units. 6. Bearing blocks.
7. Anti-backlash gearboxes. 8. Wavelength scales.
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Fig. 4. Wavelength scales of each tube projected onto screen.
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two moving along the upper pair of guide rods (3) and two along the lower guide
rods (4). Smooth, accurate movement is achieved by means of linear ball races.
The photomultiplier tube housings are remotely moved by means of steel tapes (5)
attached to the bearing blocks (6), and driven from four, two-speed planetary
gearboxes (7) with anti-backlash devices. The coarse 1 : 1 ratio allows the slit

\v Light Duct
e— Focus—Line
{ Photomultiplier
Housing
Mirror M|

Centre - Line

Photomultipliers

Concove —
Mircor M2

a. b.

Fig. 2a. Schematic diagram of Fig. 2b. Top view of adjacent light ducts
upper-lower arrangement of and exit slits.
movable photomultiplier tube

and exit slit assemblies.
and tube housing to be brought into the approximate region of the spectrum
quickly, and the fine 150 : 1 ratio allows a precise profile of the spectrum line
to be made. One revolution of the 6 cm adjusting knob moves the tube and slit
530 p on the fine setting.

The positions of the exit slits with relation to the spectrum are read off a
glass screen onto which images of scales (8), calibrated in wavelength units,
are projected. There is a scale attached to each housing and when projected onto
the screen, the scales are seen as in Fig. 4. The positions of the exit slits in relation
to the spectrum may be read as accurately as with any single channel spectrometer.
No difficulty has been experienced in locating a spectral line which is resolved
by the spectrograph. '

Prism spectrographs have inherent line curvature. Although a curved entrance
slit was available to “‘straighten’ spectral lines, it was found more convenient
to retain the adjustable 18 mm long entrance slit and have 85 mm long, 60 u
wide exit slits. With entrance slit settings of up to 40 p there was no loss of
light as a result of curvature and there was sufficient resolution to carry out
the analyses.

Electronics

E.M.I. 13-stage, end-on photomultiplier tubes were used because of their high
sensitivity. The spectrograph was found to be so light strong, even when hollow
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cathode lamps were used at low currents, that the high voltage supply to the
photomultipliers was seldom set to exceed half the permitted maximum.
Carlsson electronic console* modified to give higher photomultiplier voltage,
was used. Although no scale expansion device was used, readings taken
on a large display micro-ammeter gave sufficient precision. The electronic
system, being of the d.c. type, required the use of a non-modulated light source.
An a.c. converter has since been built to reduce flame emission.

TANDEM  MOUNTING

——+— - LIGHT FROM
ST AT T ——e--BOTH CATHODES

LENS
-

FIRST LAMP ' SECOND LAMP

Fig. 5. Tandem mounting of hollow cathode lamps.

Hollow cathode lamps

Cathodes made from alloys of metals have been used for obtaining the radia-
tion from several elements. However, few alloys appear to give constant emission
for all the constituent elements, as one element tends to subdue the emission
from the others [5].

A system of using semi-transparent mirrors placed at 45° to the optlcal axis
has been used in this laboratory to determine potassium, sodium, calcium and
magnesium in plant ash solutions. This system is limited by the appreciable loss
of light and was only successful because of the high intensity radiation from sodium
and potassium discharge tubes.

Another method, that of tandem mounting of lamps, has been used suc-
cessfully. This requires the use of specially made lamps [6] mounted as shown
in Fig. 5. By attaching a quartz lens onto the rear neck of the front lamp a slightly
reduced image of the rear cathode may be formed in the front, open-ended cathode.
When more than 3 lamps are used this system becomes impracticable because
of light losses and alignment difficulties.

The method proposed by MassMax [7] gives constant emission for a number
of elements depending on their sputtering rates and melting points. This type
of cathode is made up of concentric metallic rings pressed into a thin copper or

* Sold by Hilger and Watts.

[6] W. G. JoxEs and A. WALsH, Spectrochim. Acta 16, 249 (1960).
[6] A. StrasEEIM and L. R. P. BuTLER, Appl. Spectrosc. 16, 109 (1962).
[71 H. Massman, Z. Insir. 8, 225 (1963).
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steel sheath as shown in Fig. 6a. Emission intensities may be varied by having
longer or shorter rings of the elements. As many as four elements have been used
together viz. nickel, iron, copper and manganese, but it is usual to have only two
or three rings in one cathode.

MULT! - ELEMENT CATHODES

A)FOR HIGHER MELTING POINT BIFOR LOW MELTING POINT
ELEMENTS ELEMENTS

I ] I Y U

RIETSIKET]
KSR

BOOXRRRR

ELEMENT ELEMENT ELEMENT ELEMENT | ELEMENT 2
! 2 3

Fig. 6. Multiple element cathodes.
(a) For elements with higher melting points e.g. iron, nickel, chromium.
(b) For elements with low melting points e.g. lead, calcium, zinec.

80,
=

70l 70 TPb Zn lamp current: 14 mA
&
- 60
Fa Pb
w
[«
L 50
L=t

401

70

Lamp current: 28 mA

2 6ol '
. Cu

; 0 K e
Z
S i
[=4
= 40} Ay oo oo —o—a—0—0 ~—Fe
3% I z 3 3 3 3 7 8 3 TR 2
Time, hr

Fig. 7. Change of light intensity from multiple element cathodes with time.

When low melting point elements are required, the cathodes shown in Fig. 6b
may be constructed with divisions in the sheath separating the globules of metals.
Emission from metals with low melting points is more inclined to change with
time than that from the solid ring cathodes as is shown in Fig. 7. These lamps
are usually run so that the metals are not molten during operation.
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" Emission is generally more constant from multiple ring cathodes.than from
lamps in tandem, and this system has the added advantage that only one power
supply is required. When the light from several elements of widely different
characteristics is required, a combination of the two methods (lamps in tandem
and ring cathodes) works satisfactorily.

Absorption equipment

All work was done with a relatively low temperature premixed propane
butane/air flames. Flame lengths could be varied by rotating the water-cooled -
aluminium burner top in much the same way as proposed by CrintoN. [8] To .
reduce flame emission the system of passing parallel light through the flame was
used. An EEL atomizer and a glass spray chamber were used to obtain a fine,
uniform spray of the sample solutions.

EXPERIMENTAL
Integration tests - _
To determine optimum exposure times absorption s1gnals were integrated for
various periods of time with three different solutions of copper being sprayed

30 -
) 25
g 20
<
@
< .
> 154
('8
o : . .
0] \ I ppm > \_f____
('8 - —
[V
I\
Q05 Visuol observation of obsarption signol
for S to 10 secand period
0 5 o 5 20 25 30

INTEGRATING TIME (SECONDS)

Fig. 8. Coefficient of variation for various integration times compared to coefficients
of variation obtained by visual observation. (Time constant of meter: 1 sec.)

into the flame. The precisions were calculated and compared with those obtained
from visual observation of absorption for the same solutions on a direct indi-
cating meter (time constant 1 sec) for 5 to 10 sec.

The results are shown graphically in Fig. 8. The precisions obtained from
visual observations are better than those obtained by integrating for periods of
less than 15-20 sec. This is obviously due to the ability of the operator to dis-
: rega.rd severe deflections. For all further parallel absorption measurements a
minimum integration time of 24 sec was used.

[8] O. E. CrinToN, Spectrochim. Acta 16, 985 (1960).
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Improvement of precision by the use of ratios

Double beam atomic absorption spectrometers [9] have been shown to reduce
lamp fluctuations and warm up time by separating the light from the hollow
cathode lamp into two beams, one passing through the flame and one around it,
and amplifying the difference. In this laboratory it has been found that when the
lamp current is well stabilized, lamp fluctuations are not serious, but that flame
and sprayer fluctuations are the greater causes of poor precision, especially when
the parallel light system is used. To test whether the use of ratios improved
analytical results, solutions containing gold as the internal standard and copper
as the analytical element were analysed repeatedly by six different operators
under conditions where the flame was fluctuating more than would normally be
tolerable. The following spectral lines were measured: Cu 3247, Au 2428 (internal
" standard) and Au 3122 (non-resonant monitor line), a single lamp, containing a
copper—gold—silver ring cathode was used. The concentration of the gold was
chosen so that the absorption was of the same order as that of the copper. Three
analytical curves were constructed plotting copper absorption and the ratios
copper/internal standard and copper/monitor line against concentration. The
standard deviations for the final analytical results are shown in Table 1. From
Table 1 the following conclusions may be drawn:

Table 1. Improvement in precision by the. use of ratios

Copper Ratio copper line Ratio copper line
absorption non-resonant gold line resonant gold line
Person results
coefficient of Coefficient of Improvement Coefficient of Improvement
variation variation factor - variation factor
1 159 6-0 2-65 9-3 171
2 26-4 10-6 ) 2-49 11-2 2-36
3 139 7-3 1-90 4-5 3-09
4 17-5 56 313 13-6 1-28
5 14-9 7-1 2-10 10-8 1-38
6 12-2 4-5 271 9-6 1-27
Average improvement factor 2-5 1-85

All readings were obtained by integrating signals for 24 sec.

(i) The higher precision obtained by certain operators with the copper ab-
sorption readings alone, reflects their more precise timing ability.

(ii) The monitor line ratios give higher precision generally than the internal
standard line ratios. This indicates that the gold resonant line is susceptible to
more fluctuations than the monitor (non-resonant) line. As the monitor line is
only affected by changes of the refractive index of the flame, while the internal
standard line is also affected by changes in the atomic gold concentration in the
flame, this is to be expected.

(iii) Tn all cases there has been a significant improvement in precision when
ratios are used for analytical purposes instead of the absolute measurements.

[9] H. L. Kan~ and W. Svavin, Appl. Optics 2, 931 (1963).



1214 L. R. P. BuTLer and A. STRASHEIM

Multiple element analysis

The simultaneous determination of several elements was tested by analysing
gold bullion and certain copper-base samples.

(1) Gold analysis. Samples of gold bullion were dissolved in aqua regia, the
solutions taken to near dryness and the residue taken up in nitric acid to convert
the chlorides to nitrates in order to prevent precipitation of silver chloride. Silver
is usually the main impurity element in gold bullion and is present in much higher
concentrations than copper. Because of this it was found expedient to use different
dilutions for silver and copper determinations, and also to use two silver lines
with different sensitivities. The spectrometer was set to measure the non-resonant
gold line Au 4756, the copper line Cu 3247, and the two silver lines Ag 3281 and
Ag 3383.

Absorptions were measured and results were calculated with and without
the gold line as monitor. Both methods of calculation give similar results although
the ratioed values gave a higher degree of precision. The atomic absorption
values for copper and silver were added to indicate total impurities present in
the gold and to enable comparison with the fire assay values as is shown in Table 2.

Table 2. Analysis of gold bullion

Atomic absorption
- - Fire assay

Sample Copper Silver Sum Difference Au value %,
ppm ppm ppm %
1 3384 96 3480 99-65 99-66
2 3717 . 163 3880 99-61 99.-62
-3 4015. 125 . 4140 99-58 99-58
4 4530 160 4690 99-53 99-54
Standard '
deviation +0-05 +0-012

(ii) Copper-base analyses. Several analysed standards and samples were
dissolved in nitric acid and simultaneous determinations of lead, nickel and iron
made. Because of the high sensitivity of zinc two different sample dilutions
were necessary. The burner was also turned to give a path length of 1 cin for the
zine determinations. Copper could not be used as an internal standard because
of its variation in concentration in the samples, but absorption measurements
were ratioed with a non-resonant copper line. The spectrometer was set to measure
Pb 2833, Ni 2320, Fe 2483 and Cu 2618 and for the zinc determinations, Zn 2138
and Cu 2618. Two separate hollow cathode lamps were used in tandem, the front
lamp having copper, nickel, and iron rings and the rear, lead and zinc globules
in a copper sheath. The results shown in Table 3 were calculated by plotting the
ratios of measurements against concentrations for aqueous standards.

Discussion

The simultaneous determination of several elements by atomic absorption
spectroscopy appears to be a practical possibility. The saving in time and, in
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THE DETERMINATION OF TRACE QUANTITIES OF MOLYBDENUM
BY ATOMIC ABSORPTION SPECTROSCOPY

L. R. P. BUTLER anp PHYLLIS M. MATHEWS

National Physical Reseavch Labovatory and National Institute for Watev Reseavch, Council for
Scientific and Industvial Reseavch, Pyetovia (South Africa)

(Received April 25th, 1966)

There has recently been an attempt to extend geochemical methods of pros-
pecting to the analysis of water samples from boreholes, springs, and rivers. In view
of the low solubility of certain elements such as molybdenum, chromium, and lead,
highly sensitive methods, capable of determining concentrations as low as 0.001
p.p.m., and having sufficient accuracy to detect trends and anomalies, are required.
An atomic absorption method for the determination of molybdenum in these low
concentrations has been developed. Not only is the determination of this element of
interest to geochemists in water and rock samples, but also to agricultural chemists in
plant and soil samples:

Davip! made a comprehensive study of the factors influencing the determina-
tion of molybdenum by atomic absorption spectroscopy and achieved a detection
limit of the order of 0.5 p.p.m. in aqueous solutions, when a fuel-rich air-acetylene
flame was used. This detection limit is not low enough for the determination of
molybdenum in natural waters (o to 0.005 p.p.m.), silicates and soils (o to 20 p.p.m.),
and plant materials (o to 10 p.p.m.). There are, moreover, several elements present in
these samples, which Davip found interfered with molybdenum. Liquid-liquid
extraction methods were investigated which simultaneously concentrate the molyb-
denum and eliminate most of the interfering cations. There do not appear to be any
previous attempts to combine organic solvent extraction with atomic absorption
spectroscopy for the determination of trace quantities of molybdenum.

MALISsA AND SCHOFFMANN? have reported the chelating of many heavy metals,
including molybdenum, by ammonium pyrollidine dithiocarbamate (APDC). This
extraction technique was, however, found to be unsuitable for samples with high iron
content, because of the preferential extraction of this element. MITCHELL AND ScoTT3
reported the use of 8-hydroxyquinoline as a complexing agent for molybdenum and
other metals with subsequent determination by emission spectroscopy. With certain
modifications this method was found to be more suitable for silicate materials where
iron concentrations are high. WiLris4, ArrLan3.6 and RoBiNson? have shown that
considerable enhancement in sensitivity may be achieved by spraying an organic
solvent containing the analytical element, into the flame. Combinations of these
methods, wviz. liquid-liquid organic extraction with subsequent determination of
molybdenum in the organic phase, have satisfactorily been used for the determination
of molybdenum.

Anal. Chim. Acta, 36 (1966) 319-327
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EXPERIMENTAL
Apparatus

Initially a Zeiss PMQ II spectrophotometer with self-built atomic absorption
attachments was used with a flat-topped, water-cooled type of burners, the premixed
flame and sample aerosol issuing from a number of 1.0-mm diameter holes. Davip!?
stressed the importance of using only a small region of the air-acetylene flame. For
this reason the light beam through the flame was controlled by apertures as is shown
in Fig. 1. Under optimum conditions a detection limit of 2 p.p.m. could be achieved,
which indicated that this type of burner was not sultable for the determination of low
concentrations of molybdenum.

oV \m/LW\W \/W\W W

CATHODE LAMP

PHOTOMETER

Fig. 1. Position of light beam.

TABLE 1

OPTIMUM INSTRUMENTAL PARAMETERS

Spectrometer Perkin Elmer 303.

Atomizer EEL at 25 1b/sq. in. air pressure.

Gas Acetylene at 10.0 on flowmeter.
Supplementary air at 7.5 on flowmeter.

Burner Slit, laminar flow type, gap 0.025 in., length 4.2 5 in. Height set 4+ 3 mm below
centre of optical axis.

‘Wavelength 3133 A.

Slit width 0.3 mm. )

Light source Self-built Mo hollow-cathode lamp run at 15 mA ‘stabilized D.C. power supply.

At this stage a Perkin Elmer 303 atomic absorption spectrometer was acquired.
Optimum conditions using this instrument are shown in Table I. It has a slit-type
burner and with a slightly luminous (fuel-rich) flame, a detection limit of 0.1 p.p.m.
was obtained for molybdenum with aqueous standards. Figure 2 shows some of the
calibration curves obtained with this instrument, using both aqueous solutions and an
organic solvent. Also shown is the best curve obtainable with the flat-topped burner.

When spraying a combustible organic solvent, careful adjustment of the supple-
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Fig. 2. Calibration graphs.

mentary air supply should be made to obtain optimum combustion. The flame tends
to blow off when the ketone is not being sprayed and it is advisable to spray a blank
ketone between samples.

Preparation of samples and standards

The samples and standards are prepared as follows.

Water samples. These requirelittle preparation apart from acidifying and partial
concentration by evaporation. It was found convenient to evaporate 500 ml to approx-
imately 40 ml and then to add 2 ml of hydrochloric acid to dissolve any precipitate
that formed. As iron is present in relatively small quantities in most natural water
samples, it can be prevented from interfering by adding 5 ml of a 109, solution of
citric acid, which complexes the iron. The pH is adjusted to 2.0 and after transferring
the mixture to a separating funnel, 5 ml of a 29, solution of APDC are added. After
addition of 10 ml of #n-amyl methyl ketone, the mixture is shaken and allowed to
stand for 5-10 min to allow the two phases to separate. The aqueous phase is dis-
carded and the organic phase containing the molybdenum is transferred to a 10-ml
beaker for convenient handling.

Plant samples. After drying and grinding, 5-10 g of plant material are ashed at
500°. The ash is dissolved in as little concentrated hydrochloric acid as possible and
diluted to 40 ml with distilled water. It is then treated in the same way as the water
samples.

Silicate samples. Finely crushed material (0.5 g of 200 mesh) is fused with 2 g of
sodium peroxide and 1.5 g of sodium hydroxide at 470° for 30 min in a platinum
crucible®. Platinum corrosion may occur if the iron content of the sample exceeds 59%,.
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This can be prevented by first leaching the sample with hydrochloric acid, filtering,
and igniting the filter paper before fusion. The fusion product is dissolved in hydro-
chloric acid and recombined with the filtrate. As APDC forms preferential complexes
with iron, 8-hydroxyquinoline (25 ml of a 4%, solution) is added before adjusting the
PH to 1.0. The procedure of ketone addition etc., follows as described above.
Standards. Standard ketone solutions are prepared by following the extraction
procedure on aqueous standards containing known concentrations of molybdenum.
These aqueous standards are prepared by dlssolvmg ammonium molybdate in distilled
water and making up the volume to form a stock solution (2oo p.p.m. Mo) from which
further dilutions are made.
Extyaction procedure '
Because of the deviation from reported procedures an investigation was carried
out to determine suitable pH extraction ranges and to test interference effects.
Methyl isobutyl ketone has a relatively highll solubility in water (1.8 g per 100
ml), which is not desirable when the concentration factor (1o x) is large. Amyl methyl
ketone is less soluble in water (+0.5 g per 100 ml) and separates more easily from the
aqueous phase because of lower density. This solvent was therefore selected as being
the most suitable for extraction.

20

19 A )

181 CURVE A i"

174 X X =.

16 4 X CURVE A 10ppm Mo (APDC)

X

15 CUR‘IVE 8 4ppm Mo

4 ARVE B ‘.' (8- HYDROXYQUINOLINE}
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12 '

" '

g 1
E 10 - |
e 9 '
2 :
2 e '. ,
< 74 '
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Fig. 3. Extraction efficiency graphs.

The effect of pH was tested by carrying out the extraction procedure with

known standards and APDC at pr values varying from 1.5 to 6.0. Graph A in Fig. 3 |

shows that optimum recovery (949%) takes place between pH values of 1.5 and 2.5.

Similar tests made with 8-hydroxyquinoline (Graph B, Fig. 3) indicate that
optimum extraction (99%,) takes place at a pH value of 2.0. Unfortunately at this pa
value a heavy precipitate forms, probably due to iron in the presence of excess
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8-hydroxyquinoline. For this reason extraction is done at a px value of 1.0, extraction
efficiency being 98%.

Interference with the determination of molybdenum, by other elements likely
to be present in the sample, was investigated by adding these elements at various
concentration levels to known standards and extracting molybdenum using both the
APDC and the 8-hydroxyquinoline procedures. The results of the investigations are
shown in Tables IT and ITI. It may be seen in Table II that with the APDC extraction,

TABLE II

THE INFLUENCE OF Cu, Zn, Pb, Na, Mg, Ca aND Fe ON THE EXTRACTION AND ABSORPTION OF
MOLYBDENUM USING APDC EXTRACTION

ppm. Mo Elements added to 50 ml of aq. soln. Mo absorbance
aftev extraction
2.0 Nil 0.090
1.0 p.p.m. Cu i 0.090
5.0 p.p.m. Cu 0.088
2.0 Nil 0.089
0.5 p.p.m. Zn 0.089
1.0 p.p.m. Zn 0.088
2.0 "Nil 0.089
0.2 p.p.m. Pb 0.089
o.5 p.p-m. Pb ) 0.088
2.0 Nil 0.090
30 p.p-m. Na, 100 p.p.m. Mg, 200 p.p.m. Ca 0.086
300 p.p.m. Na, 400 p.p.m. Mg, 800 p.p.m. Ca 0.084
2.0 Nil 0.085
o.10 p.p.m. Fe 0.085
o.20 p.p.m. Fe 0.082
o.50 p.p.m. Fe 0.076
1.0 p.p.m. Fe 0.065
2.0 p.p.m. Fe 0.059
5.0 p.p.m. Fe 0.042
2.0 Nil 0.089
10 p.p.m. Fe 4 citric acid 0.086
20 p.p.m. Fe 4 citric acid 0.086

copper, zinc, and lead have no effect; sodium, calcium, and magnesium at high con-
centrations depress the absorbance slightly. Iron, however, in excess of 0.2 p.p.m.
depresses molybdenum absorption markedly, probably because of preferential
extraction or complex formation and flame interference. The prior addition of citric
acid to complex the iron and thus prevent its extraction was successful for concentra-
tions up to 2o p.p.m. For higher concentrations of iron, 8-hydroxyquinoline was used
for extraction at a pH of 1.0. Table III shows that iron, even at a concentration of
5000 p.p.m. in solution, has no effect on the extraction and determination of molyb-
denum. Other elements, at concentrations most likely to occur in rock samples were
also tested for interference. The results are shown in Table III.
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TABLE III
THE INFLUENCE OF Mg, Ca, K, Al, Cr, Mn, Ni, Co AND Fe ON THE EXTRACTION AND ABSORPTION
OF MOLYBDENUM USING 8-HYDROXYQUINOLINE

p.p.m. Mo Elements added to 50 mi of aqueous solution Mo absovbance
after extraction

2.0 Nil 0.084
100 p.p.m. Mg, 100 p.p.m. Ca, 100 p.p.m. K 0.084
250 p.p.m. Mg, 250 p.p.m. Ca, 250 p.p.m. K 0.084
2.0 Nil 0.084
100 p.p.m. Al 0.084
250 p.p-m. Al ' . 0.084
2.0 Nil 0.084
20 p.p.m. Cr 0.080
2.0 Nil 0.084
20 p.p.m. Mn 0.083
50 p.p.m. Mn 0.082
2.0 Nil 0.084
8o p.p.m. Ni 0.084
200 p.p.m. Ni . 0.084
2.0 Nil 0.084
20 p.p.m. Co 0.083
50 p.p.m. Co 0.081
2.0 Nil 0.084
2000 p.p.m. Fe 0.082
5000 p.p.m. Fe 0.082

RESULTS

Precision tests were carried out on borehole water samples to which molyb-
denum had been added, and on 2 geological samples. The results are shown in Table IV.
Recovery tests and chemical analyses were used to determine the accuracy of

TABLE IV
PRECISION TESTS
Type of sample ' No. of samples p.p.m. Mo Avevage Coefficient
analysed absorbance of variation
(%)

Borehole water 22 0.050 0.049 1.9
Silicate rock Gt 10 13.0 0.034 4.0
Sulphide ore 1 10 4.0 0.0I1 10.0
TABLE V
RECOVERY TESTS
Type of sample p.pom. Mo p.p.m. Mo p.p.m. Mo Recovery

present added vecovered (%)
Borehole water 0.050 0.010 0.061 102

0.050 0.025 0.075 100

0.050 0.050 0.100 100
Sulphide ore 1 4.0 2.0 5.8 98

4.0 4.0 8.0 100

4.0 10.0 13.9 99
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TABLE VI

COMPARISON OF RESULTS OBTAINED FOR WATER SAMPLES ANALYSED BY ATOMIC ABSORPTION
SPECTROSCOPY AND COLORIMETRY

Sample p.p.m. Mo
Atomic absorption Colovimetry
spectvoscopy .
I 0.048 0.052
I 0.091 : 0.091
IIT 0.010 0.0II
TABLE VII

COMPARISON OF RESULTS OBTAINED FOR PLANT SAMPLES ANALYSED BY ATOMIC ABSORPTION
SPECTROSCOPY AND OTHER METHODS

Sample p.p.m. Mo
Atomic absorption Spectrographic Chemical
spectvoscopy
Peach leaves 4A 0.33 0.1 0.1
0.04
0.05
0.2
0.1
0.13
Beetroot leaves 4C 1.19 0.85 2.7
0.67
0.85
0.74
0.4
0.76
Lucerne 3 0.27 0.27
Lucerne 4 7.5 6.6
Lucerne 13 1.84 1.0
Lucerne 26 0.18 0.05

the method. The results of the recovery tests are given in Table V. Comparisons of
atomic absorption determinations on a variety of samples with those obtained by
chemical and spectrochemical methods are given in Tables VI, VII and VIII.

DISCUSSION

If due care is taken, the precision of the method is acceptable. Results ob-
tained for plant and rock samples, however, were less precise than those obtained for
water samples. It was felt that this could be explained by non-homogeneity of the
sample, as comparatively small weights of material were used. Nevertheless, the
precisions obtained on these samples compared favourably with those obtained by
other methods.

The results of the recovery tests shown in Table V indicate that the extraction
procedure is reliable.

The comparison values of plant samples given in Table VII show the atomic
absorption values to be somewhat higher than those of the other methods. The large
spread of values obtained by other methods makes it difficult to assess these results
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TABLE VIII

COMPARISON OF RESULTS OBTAINED FOR SILICATE ROCKS ANALYSED BY ATOMIC ABSORPTION
SPECTROSCOPY AND OTHER METHODS

Sample p.p.m. Mo
Atomic absorption Spectrographicl0 Chemicall?
spectroscopy
Gie 13.0 6 14
(£o0.7) 6 6.5
5 6.7
4
11
10
4
9
7
6
7
9
Wi <o0.2 5 5
<4 0.5
0.4
0.5
Sulphide ore 1 4.0 10 —
(+0.6)

& The latest accepted mean value for this standard is 7.0 p.p.m.

conclusively. The sensitivity of the method for plant material is of the order of o.1
p.p.m. using the weights mentioned previously. There is little doubt that this limit of
detection could be improved by increasing the initial sample weight. The detection
limit of 0.1 p.p.m., however, is probably sufficient to meet the requirements of most
plant chemists.

Table VIII shows the values obtained with 3 standard rock samples. It is
interesting to note that relatively few values are available for molybdenum for the
much analysed G1 and W1. Comparison values!® show a marked spread, but atomic
absorption values are well within the order of magnitude of values obtained by
other methods.

The limit of detection for silicate samples is about T p.p.m. This limit could
probably also be improved by the use of larger sample weights.

CONCLUSION

The methods developed appear to be satisfactory from the point of view of
accuracy and precision. Although the chemical steps are time-consuming, many
samples can be analysed daily. The method appears to be at least as rapid and accurate

as any other method at present in use.

The authors are indebted to Mrs. D. B. DE VILLIERs for help with the manu-
script.

SUMMARY

A procedure is described for the determination of trace quantities of molyb-
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denum by atomic absorption spectroscopy. Molybdenum is complexed with ammoni-
um pyrollidine dithiocarbamate or 8-hydroxyquinoline and extracted into #-amy!
methyl ketone. Molybdenum is then determined by atomic absorption spectroscopy.
Intetferences have been eliminated and detection limits of o.002 p.p.m. for water
samples, 0.I p.p.m. for samples of dried plant material, and 1 p.p.m. for silicate rock
samples have been obtained.

RESUME

Un procédé est décrit pour le dosage de traces de molybdéne par spectroscopie
par absorption atomique. Le molybdéne est complexé au moyen de pyrollidine dithio-
carbamate d’ammonium ou d’hydroxy-8-quinoléine et extrait dans la #-amylméthyl-
cétone. On procéde ensuite au dosage par spectroscopie par absorption atomique.
Limites de détection: 0.00z p.p.m. pour eaux, o.I p.p.m. pour des échantillons de
plantes séchées et 1T p.p.m. pour des échantillons de silicates.

ZUSAMMENFASSUNG

Es wird ein Verfahren fiir die Bestimmung von Spuren Molybdidn mit der
Flammenabsorptionsspektroskopie beschrieben. Das Molybddn wird mit Ammonium-
pyrollidindithiocarbamat oder 8-Hydroxychinolin komplexiert und mit N-Amyl-
methylketon extrahiert. Molybdin wird dann mit der Flammenabsorptionsspek-
troskopie bestimmt. Stérungen konnten eliminiert werden. Es wurden Nachweis-
grenzen von 0.002 p.p.m. fiir Wasserproben, 0.1 p.p.m. in getrocknetem Pflanzen-
material und 1 p.p.m. in Silikatgesteinen erhalten.
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A BROAD-FLAME BURNER FOR THE PERKIN-ELMER
ATOMIC ABSORPTION SPECTROMETERS

ABSTRACT S0

A water-cooled, flat-top burner for
atomic absorption,that produces abroad
fiame through holes instead of slots, is
described. The burner is suitable for
acetylene and air or propane-butane and
air, It allows the use of a softer flame
without instability or danger of flash-
back, and yields higher sensitivities,
increased precision, and lower detection
limits for several elements, including
sodium, potassium, rubidium, cesium,
zinc, copper, gold, silver, and
manganese.

L. R. P. Butler

National Physical Research Laboratory

Pretoria, South Africa

RESUME

Description d'un brileur refroidi a 1'eau
pour absorption atomique comportant un
plat percé de trous au lieu de fentes &
la partie superieure et produisant une
flamme large. Ce brileur convient aux
mélanges air-acetyléne et air-propane-
butane. Il permet I'emploi d'une flamme
plus douce sans instabilité ou danger
de retour de flamme, donne de mei-
lleures sensibilités, une plus grande
précision et des limites de détection
plus basses pour plusieurs eléments y
compris le sodium, le potassium, le
rubidium, le cesium, lé zinc, le cuivre,

ZUSAMMENFASSUNG

Ein Brenner mit Wasserkihlung und
einer flachen Oberflache, der eine
breite Flamme durch Locher anstatt
Schlitzen erzeugt, wird beschrieben.
Der Brenner ist fir Azetylen, Propan,
oder Butan mit Luft brauchbar. Er er-
laubt die Benutzung einer weicheren
Flamme ohne Schwankung oder Riick-
schlagsgefahr, und ergibt hhere Empf-
indlichkeit, bessere Genauigkeit, und
niedrigere Nachweisgrenzen fir mehrere
Elemente, darunter Natrium, Kalium,
Casium, Zink, Kupfer, Gold, Silber, und
Mangan.

l'or, l'argent et le manganése.

INTRODUCTION :

Analysts making use of atomic absorption spectro-
scopy are generally aware that the various elements
require differing flame conditions to attain maximum
sensitivity (1) or freedom from chemical interferences.
For this reason several manufacturers of atomic ab-
sorption equipment offer a range of burners capable
of burning various gas mixtures., Probably because of
manufacturing ease and cost, slot-type burners are
usually made, the slot width and burner rigidity depend-
ing on the gas mixture to be burnt. For example, the
burner offered by Perkin-Elmer for acetylene and
nitrous oxide is a rigid casting with thick stainless-
steel jaws to prevent distortion of the narrow slot at
high temperatures,

Slot burners provide relatively long, thin, laminar
flames, in which the various flame zones are clearly
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WATER COOUNG
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defined and controllable. This is ideal for the deter-
mination of certain elements such as molybdenum or
lithium (2), where absorption is confined to a critical
zone in the flame. For some elements, notably the
other alkali metals and zinc, low-temperature, low-
velocity (soft) flames give higher sensitivities than do
hard, high-temperature flames. However, soft flames
are susceptible to even slight room air movements,
and if the light beam utilizes most or all of the flame
area, flame fluctuations may cause severe absorption
noise and so limit sensitivity (3) and precision.

A flat-top burner capable of burning mixtures of
acetylene and air or propane-~butane and air has been
built, which gives higher sensitivity for a .number of
elements and which may be exchanged quickly and easily
with the conventional Perkin-Elmer burners. This
burner has been used successfully for a number of
years and is based on a previous design (4),

SCALE :

Ot 2 3 45

cm.

RUBBER GASKET

SECTION A-A

Fig. 1 — Diagram of broad-flame burner,
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CONSTRUCTION

A diagram of the burner is shown in Figure 1. The
burner body is made from stainless-steel tubing of the
same diameter as in the conventional Perkin-Elmer
burner. The burner top is a flat, 1/4-inch-thick stain-
less-steel plate with holes 1.1 to 1.5 mm in diameter
{depending on the fuel gas used) drilled through it
according to the pattern shown. Aluminum plates have
also been used, but these tend to corrode when highly
acidic solutions are sprayed. Holes of alarger diameter
are drilled transversely between the banks of small
holes, and pipes are attached by soldering or glueing
to provide water cooling., This is necessary, as this
type of burner becomes very hot. By adjusting the water
flow through the burner so as to keep it moderately
warm, little or no condensation of the aerosol will
occur on the underside of the burner plate. The burner
plate is held down onto the body with clamps as shown,
care being taken not to obstruct the light beam across
the burner top. A thin silicone or ‘‘Gayco’’ rubber gas-
ket provides a seal between burner top and body.

Blow-out plugs may be provided on the ends, although

this has never been found necessary. As with any burner,
the normal lighting and extinguishing procedures should
be followed to reduce the chances of flaghback, the
fuel gas always being turned on last and off first.
Although designed primarily for burning propane-
butane as fuel gas, the burner works well with acetylene,
However, care should be taken not to allow the flame
to become too soft, .as flashback may then occur,
Smaller-diameter holes (about 1.1 mm) reduce the
chance of this happening with acetylene, '

.
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Fig. 3 - The change of potassium absorbance with air flow
(token os o0 measure of flome stiffness), An otomizing pres-
sure of 30 psi wos used. The supply of fuel gas was od-
justed to give the same type of flame for each reading.

PERFORMANCE

The flame obtained from this burner is broad enough
to more than fully utilize the full light beam, which
converges to the image point near the center of the
flame and then diverges again on both the Models 303
and 290. Because of this .and because of the nature of
the flame, vertical and horizontal positioning of the
burner is not critical. Figure 2 shows the change of
potassium absorbance with horizontal and vertical
adjustment.

The gas and air mixture is normally adjusted so that
the flame burns to give small blue-green cones about
2 mm high above each hole, The secondary combustion
regions of these flames tend to flow together, partic~
ularly along the center of the burner, the effect being
accentuated under fuel-rich conditions, This region down
the center of the burner has a relatively uniform tem-
perature (from thermocouple temperature measure-
ments) and probably has a low oxygen content because
of the lack of secondary entrainable air. The outer
surface of the flame presents the normal flame appear-
ance,

An important feature of this burner is that with
propane-butane a very soft flame can be obtained,
without the danger of flashback, which gives remarkably
stable absorption readings, Figure 3 shows how the
sensitivity for potassium decreases with increasing
flame velocity (or ¢stiffness’’). For these measure-
ments, the supplementary air supplied was taken as
a relative measure of flame velocity, the fuel gas being
adjusted in each case to give the same type of flame
(blue-green cones). The atomizing air pressure was
maintained at 30 psi.

One probable reason for the increase in sensitivity
is that the dwelling time for neutral atoms in the opti-
cal path is greater, and thus also the absorption
probability.

SENSITIVITY ‘ ‘

Analytical curves were drawn for a number of ele-
ments with the use of both the Perkin-Elmer standard
slot acetylene-air burner and the broad-flame burner
with propane-butane-~air and acetylene-air. The steep-
ness of the curves may be taken as a measure of sen-
sitivity. Figure 4 shows that the sensitivities for
potassium and zinc are better with the low-temperature
propane-butane flame, Sodium, cesium, rubidium, gold,
silver, and manganese behave similarly. The broad-
flame burner using acetylene is also more sensitive
for these elements than is the slot-type burner (with
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acetylene). This is probably due to the more efficient
utilization of the light beam, as with the three-slot
. Boling burner (5). '

Figure 4 shows that for molybdenum, the slot burner
gives far higher sensitivity, because this element has
a critical region in the flame where absorption takes
place (5). This would also be the case for other ele-
ments such as chromium, lithium, etc., where absorp-
tion is critically dependent on the flame region.
Obviously the broad-flame burner is not suited for
these elements.

Table I gives sensitivities for some elements tested
with this burner, It should be noted that although these
are given in the conventional way (ppm to register 19
absorption), much lower absorption can be measured
because of the stability of the readings.

TABLE |
Some Sensitivities Obtained with the Broad-Flame Burner,
Burning a Propane-Butané. Air Mixture

Element ppm for 1% Absorption*
Na ' 0,007

K . 0.011

Rb (discharge lamp) 0.03

Cs . ] 0.2

Zn : 0.01

Cu 0.005

Au 0.05

Ag . 0.05

Mn 0,05

* The atomizing air pressure was set to give optimum absorp-
tion, viz. 28 psi, The best absorption for most of these
elements occurred just above the primary combustion zone
of the flame,

INTERFERENCES

As this burner is used mainly for the determination
of the alkali metals in geological samples, the investi-
gation of interferences has been limited to other al-
kalis, alkaline earths in considerably higher
concentrations, iron and aluminum, and anions, using
propane-butane as the fuel gas.

It was found that the enhancing effects which some
alkali metals have on one another were very much re-~

ATOMIC ABSORPTION NEWSLETTER
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duced in the cooler propane-butane air flame. The
depressing effect of calcium, and to a lesser extent
magnesium, on potassium and sodium absorption was
slightly greater. Interference by iron depression was
also slightly greater than with the acetylene air flame.

Anions (nitrates and chlorides) had no effect on ab-
sorption, nor did aluminum.

CONCLUSION )

The interference effects noted are in keeping with
the findings of other workers, and it is doubtful whether
burner design will have much effect on chemical inter-
ferences inherent in a flame, providing these effects
are not dependent on a particular flame region. How-
ever, the burner described has enabled the determina-
tion of far lower concentrations of those elements
requiring a low-temperature flame, with a greater
degree of precision than is possible with conventional
slot burners,

Higher absorption can be obtained for several ele-
ments when acetylene is burned as fuel in the broad-
flame burner than in a slot burner. The flame from
this burner is broad enough to intercept the full light
beam,

Although the broad-flame burner is probably not
universally as acceptable as the less expensive slot
burner, it may nevertheless be of use to those analysts
who are working near the detection limit in the deter-
mination of certain elements and who would appreciate
more sensitivity and reading precision,
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Table 3. Analysis of brass

Values

Sample Lead Nickel Iron Zing

At. abs. Chem. At.abs. Chem. A, abs. Chem. At.abs. Chem.

NBS 124b 4-65 4-64 0-76 0-75 0-261 0-260  5-39 539
NBS 37d 0-95 0-94 0-58 0-58 0-076 0-076  26-70 26-65
BCS 183 1-85 1-83 0-041 0-040 0-072 0-070 1-88 1-86
Phosphor

no. 1

Bronze 0-16 0-15 0-95 0-93 — — 0-12 0-10
Phosphor

no. 2

Bronze 011 0-11 0-10 0-11 — — - 0-032 0-030
60/40 Brass 0-11 0-10 0-10 0-10 0-76 0-75 37-5 37-3*

* Zinc determined by difference.

certain circumstances, the improvement of precision, would make it particularly
useful in a routine or semi-routine laboratory. There are still many problems to
be solved and it is more than likely that each analytical problem would have to
be investigated individually. ,

Some of the problems which have been encountered during the investigations
can be summarised as follows:

Lamps. The success of the multiple ring cathodes for the simultaneous deter-
mination of a number of elements by atomic absorption, is unfortunately hampered
by the choice of metals which can be used in combination. The tandem system
often requires that the relative change in intensities from separate lamps be
compensated for by periodic adjustment of detector sensitivity, especially soon
after switching on. The change of emission intensity from the different elements
in a ring cathode is generally far less, and only small periodic adjustments to
detector sensitivities are required.

Flames. Different elements often require different flame conditions for op-
timum absorption. This is especially the case with highly refractory elements
where fuel-rich conditions are preferred. The height above the burner at which
maximum absorption occurs is also often critical [10]. With the upper-lower
system of exit slit mounting this was carefully investigated, but although the
degree of absorption was sometimes different for upper and lower channels, it
was reproducible. The channels could usually be arranged to suit the analytical
conditions.

Widely differing concentrations of elements. When several elements with widely
differing concentrations or absorptions are analysed, it is often difficult to arrange
conditions to obviate the preparations of two or more dilutions of the sample.
Less sensitive absorption lines [11] may be used where possible, but the choice is
often limited. Another useful means of attenuating sensitivity is to change the

[10] D. J. Davip, Analyst 86, 730 (1961).
[11] B. M. GATEHOUSE, and J. WiLLIs, Spectrochim. Acta 17, 710 (1961).
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burner path length. A rather unorthodox method sometimes used to reduce
sensitivity is to adjust the exit slit slightly off the peak of the spectral line. This
method is, however, not generally recommended.

Spectrometer. In spite of the ability to measure four spectral lines simulta-
neously, it would have been convenient in some cases to measure five or six. For
this reason a six tube version of the attachment has been designed.* The close
proximity of the lines in the 3300 A vicinity sometimes presented some difficulty.
It was generally possible to arrange experimental conditions to suit the problem
in hand.

The work on the simultaneous determination of several elements by atomic
absorption is being continued and it is hoped that a further report on this work
will be published in the near future. '
Acknowledgement—The authors would like to record their thanks and appreciation to Mr. R. L.
Carr for his efforts and ingenuity in the development of the four tube direct reading attach-
ment, to Mr. T. J. pE WET and Mrs. E. C. FEasT for technical assistance and to Mrs. D. B.
DE VILLIERS for help with the manuscript.

* Commercially available from Hilger and Watts, London.
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THE DETERMINATION OF COPPER BY MEANS OF ATOMIC
ABSORPTION SPECTROSCOPY*

by
A. STRASHEIM, F. W, E, STRELOW and L. R. P. BUTLER.

OPSOMMING

Die bepaling van koper in ertse, konsentrate en in ertsafal met behulp van atoomabsorpsie,
word beskryf. ‘n Vinnige ekstraksieprosedure om die kopererts ens. in oplossing te bring, met
behulp van gemengde sure, maak die metode geskik vir produksiekontrole. Vir koperkonsentrasies
wat varieer van 0-18 tot 249, is die noukeurigheid van die metode beter as 79%,.

SUMMARY

The determination of copper in ores, concentrates and tailings by means of atomic absorption,
is described. A rapid extraction procedure to bring the copper ores etc. into solution, using acid
mixtures, allows the method to be used for production control. The accuracy of the method is
better than 79, for copper concentrations varying from 0-18 to 24%,.

INTRODUCTION

The use of atomic absorption spectroscopy for analytical purpcses was revived
by Walsh?! and furthered by Russell, Shelton and Walsh. 2 Other authors?® ¢ have
since been equally successful in developing analytical methods based on this principle.
Atomic absorption spectroscopy, when used for analytical purposes, has certain
advantages over other methods, viz.:

(@) It can be used for absolute determinations.?

(b) It does not require standards in the same physical condition, but does require
that samples and standards should be in solution.

(c) It is not affected by self reversal or self absorption.
(d) The very stable hollow cathode excitation gives good accuracy.

These advantages suggested its use as a routine method for the analysis of copper
in sulphide or silicate ores. Methods have been described for the estimation of copper
by emission flame-photometry,® but they have the inherent difficulties experienced
with this type of analysis. In this paper a method is discussed for using atomic
absorption spectroscopy for determining copper in solutions prepared from ores, con-
centrates or tailings. .

EXPERIMENTAL

Apparatus. A Hilger and Watts Uvispek spectrometer together with atomic
absorption attachments, was used.

The jet in the water-cooled burner was replaced by one having a 0-027 inch
diameter hole to enable it to be used with Handigas fuel. It was found that if tap
water was used to cool the burner, this became too cool and vapour condensed on
the lower face, causing contamination and less efficient vaporisation. These difficulties
were overcome by circulating water from a 5 litre reservoir through the burner top

*A paper read in Stellenbosch at the I'ourteenth Annual Convention of the S.A. Chemical
Institute on February 11, 1960.
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by means of a Stuart-Turner centrifuge pump. During use, the temperature of the
water rose to approximately 60°C and then remained constant. The burner was
positioned approximately $ inch below the optical axis. This position was found by
adjustment of the burner height to obtain maximum absorption.

The performance of the spectrometer was appreciably improved by stabilising
the mains supply to the hollow cathode and Uvispek power supplies with a Wandel
and Golterman voltage stabiliser.

Principle of the method. The principle of the method has been fully described by
Walsh and others 12 3.4 and will only be briefly mentioned here. The light from the
cathode passes through the flame into the spectrometer which is set at the wave-
length of one of the resonant lines of copper, viz. 3247A. 1f now a solution containing
copper is sprayed into the flame, sufficient heat is available to break up the solution
into an atomic vapour. A large number of free neutral copper atoms will then be
present in and around the flame mantle. These atoms absorb the characteristic
radiation of copper coming from the hollow cathode lamp, and the spectrometer
measures the decrease in light intensity at this resonant wavelength.

General analytical procedure. In the atomic absorption method using the Uvispek
spectrometer the analytical results are based on single absorption measurements.
Constancy of the apparatus is, therefore, a stringent prerequisite. New analysis
curves must thus be prepared when the instrument has to be used for a new analysis
or a new series of analyses and standard solutions have also regularly to be sprayed
into the flame to check the instrument. Readily available material for standards,
which can easily be prepared, is thus a necessity. A primary standard solution for the
preparation of the analytical curves and for checking the instrument was prepared by
dissolving a weighed quantity of specpure copper in warm dilute hydrochloric acid.
This solution was made up to volume to give a standard stock solution containing
1000 p.p.m. of copper. Further standards were prepared by dilution from this stock
solution. '

The general analytical procedure was as follows: After allowing sufficient time
for the instrument to warm up, a series of standards was sprayed through the flame,
the different density readings recorded and the analytical curve prepared (a typical
curve is illustrated in Fig. 1). The solutions containing the unknown amounts of
copper were then sprayed into the flame, the density readings recorded and the
unknown concentration values read from the analytical curve.

It was found unnecessary to rinse the spray chamber after each solution, as
fresh solution removed contamination within a few seconds.

The operating data of the instrument are given in Table I. The settings were
found by adjusting all components to optimum conditions.

TABLE I
Standard analytical conditions

Element line Cu 3247 A
Slit 0-20 mm
Meter sensitivity setting 6

Air pressure 20 Ib/sq inch
Handigas pressure 0-75 1b/sq inch
Sample consumption 20 ml/min
Anode current of hollow cathode 40 mA

(a) Factors affecting atomic absorption results.

(i) Influence of gas and air {ressures. The temperature of the flame is not very
dependent on the air pressures applied to the atomiser (varying from 15 to 30 1b per
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square inch). For air pressures above 30 1b per square inch the angle of the curve is
lowered as is illustrated for a pressure of 35 Ib per square inch in Fig. 2. Although
30 Ib per square inch gave the steepest curve, a pressure of 20 b per square inch was
chosen as standard operating condition, because of the lower rate of sample consump-
tion and the more reproducible results. The curves illustrated in Fig. 2 also indicate
that low concentrations of copper are less affected by changes in pressure. This fact
should be borne in mind when doing routine analysis. These results also suggest the
use of two dilutions when determining unknown samples. In this way a check can be
achieved on the results.
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In contrast to flame-photometric spectroscopy ® 7 where high temperatures are
now preferred, the temperature of an atomic absorption unit should only be sufficient
to vaporise the sample and dissociate the molecules into neutral atoms. When the
gas pressure to the burner is changed from 0-25 to 1 Ib per square inch, the total
variation possible, the temperature increases from 950 to 1390°C. As no difference in
the evaporation or dissociation of the copper molecules could be detected with
variation in gas pressure, 0-75 Ib. per square inch was chosen as the standard analytical
condition.

(13) Influence of anode curvent of hollow cathode lamp on analytical curve. ¥ig. 3
shows the effect of the anode current of the hollow cathode lamp on the analytical
curve. The lower the anode current, the steeper and the more linear the analytical
curve becomes, A decrease in the anode current results in a decrease in the cathode
temperature. Under these conditions the copper line is narrowed and more effective
absorption of the copper resonant radiation can be expected, as absorption occurs
in a very narrow band of wavelengths.

The line intensity of the hollow cathode lamp is unfortunately related to the
anode current and the sensitivity of the spectrometer limits the use of anode currents
which are too low. These findings are in agreement with those of Allan.3

(iit) Influence of extrameous elements and acids. One of the drawbacks of flame-
spectroscopy is that chemical combinations occur in the solution and in the flame.
This prevents the atoms from coming into the flame in a free neutral form. In order
to test the influence of extraneous elements, a series of solutions was prepared con-
taining varying concentrations of Ca, Na, Fe, K, Al and Co, the elements most likely
to occur as impurities in copper ores and associated materials. The influence of acids
was also tested and the results in Table 11 show that no influence could be detected.

(b) Procedure for the analysis of copper ores. The success of an analytical method
when used for production control generally depends on the “lapse of time” before
results become available. A rapid extraction procedure to bring the copper ores etc.
into solution was thus sought. Various methods of dissolving the samples were tried.
The most successful acid mixtures to dissolve a 0-5 gram sample were, in order of
merit:

(i) 10 ml 40% HF -+ 10 ml conc. HNO,,

(i) 10 ml cone. H,50, -+ 10 ml cone. HNO, and
~ (ii1) 10 ml conc. HC] 4 10 ml conc. HNO,

The general extraction procedure is as follows: The samples are weighed and
transferred to platinum crucibles. After adding the HF-HNQ, mixture, the crucibles
are heated on a hot plate. The solution is then transferred to a 200 ml volumetric
flask and made up to volume. This solution is filtered, the first 20-30 ml discarded and
the next 20-30 ml used for the analysis. If the copper content of this solution is too
high, the necessary dilutions are made.

With some flotation samples a little black carbonaceous or sulphurous matter
remained undissolved after the acid treatment. The amount of copper present in this
residue was found to be negligible.

To determine the optimum extraction time, three samples containing 19-6,
27-5 and 30-64%, copper were digested for varying times. The copper concentrations
in the extracted solutions were then determined using the atomic absorption pro-
cedure. These results are shown in Table III. From these results it is evident that:

(i) for full extraction a digestion time of about 40-60 minutes is required,
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(ii) for routine use of the method an extraction time of 20 minutes may suffice,
if relative standards are used for the preparation of the analysis curves.

In the latter case, normal routine samples of known copper content can be used
as standards. The advantage of this method is that the standards and unknown
samples are subjected to the same chemical treatment.

TABLE III
Influence of extvaction time on analytical values.

Concentration of Cu

based on mine Extraction time Atomic ab- % Difference between
chemical values for for atomic ab- sorption values, chemical and atomic
Samples ores, 9, Cu sorption, (min) % Cu absorption values
426 19-6 5 155 —21-1
3677 27-5 13 —52:9
3685 30-64 22-8 —25-5

Average —32-2
426 19-6 10 17-5 —109

3677 27-5 25 — 91
3685 30-64 27-44 —10-5

Average —10-2

426 19-6 20 185 — 57
3677 27-5 26-1 — 52
3685 30-64 28-54 — 67

A Average — 59

426 19-6 40 19-4 — 1-02
3677 27-5 257 — 671
3685 30-64 29-14 — 4-88

Average — 4-20

426 19-6. Treatment A 19-6 — 0:135

3677 27-5 60 26-6 — 3-27

3685 30-64 29-5 — 383
) Average — 2-41
426 19-6 Treatment B 183 — 6-39

3677 27-§ 60 27-9 + 1-35
3685 30-64 30-38 — 0-84
Average — 1-9

Treatment A: Ores dissolved directly and treated for 60 min.
Treatment B: Ores ignited first in porcelain crucible then treated as in A.

RESULTS

From the analytical curve illustrated in Fig. 1, it is evident that the linear
portion of the curve extends to approximately 30 p.p.m. of copper. Above this value
accurate results are still obtainable, but as concentrations become higher, they
become less reproducible. The lower limits of analysis are limited by statistical fluctua-
tions inherent in the apparatus.
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From Table IV it can be seen that a concentration of 0-1 p.p.m. of copper can be
detected. At this concentration the coefficient of variation is, however, above 109,
From 1 to 50 p.p.m. the average coefficient of variation is 1-76%,, while at about
100 p.p.m. this value increases to about 39%,.

TABLE 1V
The change of coefficient of vaviation with different concentvations of copper solution

Concentration Coefficient of
of Cu in solution, | wvariation on 5
p.p.m. repeat analyses
0-106 11-8 %
0-128 14:3 9,
0-182 10-1 9%
0-32 84 9
0-44 97 %
0-68 57 %
1-19 3-809%,
1-88 2:319%,
2:4 1-16%,
2:6 2-609,
33 1-209,
45 1-699%,
95 0-809%,
19-03 1-409%,
38-0 1-07%,
47-8 2:599%,
96-94 2919,

When analysing solutions with high copper concentrations, dilutions have to be
made. Personal error in measurement is magnified under these circumstances. Very
concentrated solutions should also be avoided as these gave consistently low readings.
This is probably due to poor spraying in the atomiser.?

The day to day reproducibility of the analytical curve is good, provided that all
components are adjusted to optimum conditions.

Information in connection with the accuracy of the method may be gained from
the results tabulated in Tables V, VI and VII. The chemical values are based on
results of a standard chemical method ® using the iodide-thiosulphate titration with
starch as indicator. From these results the following may be concluded:

(i) Using a 20-minute extraction procedure and relative standards, copper
concentrations in ores can be determined with an accuracy of 5-3%,. This accuracy
seems satisfactory when compared with the results obtained by the two chemical
methods.

(i) Using absolute standards, low values are recorded for high copper concentra-
tions. The X-ray fluorescent method, however, gives results which are in agreement
with the atomic absorption results. The accuracy of the method under these condi-
tions is --6-2%, for copper concentrations varying from 0-18%, to 249, copper.

(iii) The atomic absorption method seems especially suitable for the determina-
tion of copper in ores with concentrations varying from 0-1%, to 5%, when absolute
standards are used. With proper extraction techniques, the results given in Table VII
seem to indicate that with the use of relative standards, copper concentrations as
high as 25%, can very satisfactorily be determined.

(iv) The chemical method as used at the mines seems unreliable for low copper
concentrations.
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TABLE V

Comparison of chemical analysis of oves and atomic absorption anal'ysz's of solutions obtained with
20 minute extraction using velative standards. Results given in percentage copper

C.S.I.LR. Atomic Percentage difference
Sample | chemical { absorption | between chemical and
No. values values atomic absorption
(rel. stds) values
1 2418 24-18 0
2 19-58 19-58 0
3 9-58 8-81 — 8:04
4 4-16 442 4 625
5 412 4-00 + 291
6 3-34 3-67 + 9-88
7 270 2-80 + 370
8 2-38 2-30 — 336
9 1-95 1-95 0
10 0-81 0-76 — 6:17
11 0-54 0-595 +10-19
12 0-37 0-35 — 541
13 0-26 0-285 + 9-62
14 0-21 0-20 — 476
15 0-18 0-17 — 556

Percentage standard deviation = 528

TABLE VI

Comparison of results obtained with different analytical methods. All atomic absorption results were
obtained with the use of absolute standards. Results are given in percentage copper. Values marked *
weve nol included in the calculation of standard deviation

19€0, Deel X111

Percentage dif-
X-Ray ference of 40 Percentage
Atomic fluores- min. extraction difference
absorption cence atomic absorp- between
Extrac- values values C.S.L.R. Mines tion values from | C.S.I.R. and
tion chemical | chemical | C.S.I.R. chemi- | Mines chémi-
time 20 min | 40 min | 40 min values values cal values cal values
Sample
No
1 226 23-78 22-81 24-18 24-69 — 1-65 — 211
2 18:1 1843 18:0 19-58 19-77 — 5-87 — 097
3 7-63 9:06 9-48 9:58 9-57 .— 543 + 0-10
4 3:59 3-95 35 4:16 4:15 — 5-05 + 0-24
5 3.97 4-01 4:12 3-99 — 2-67 + 316
6 3-40 325 3-34 3:19 — 2-69 + 449
7 2:59 2-57 2-70 2:6 — 4-81 + 370
8 2-12 2:15 2:38 2-35 — 966 + 1-26
9 1-87 1-82 1.95 1-86 -— 6-67 + 462
10 0-773 0-83 0-81 0-84 + 2-47 — 370
11 0-564 0-60 0-54 0-69 +11-11 —27-78*
12 0-339 0:35 0-37 0-45 — 541 —24-32*
13 0-262 0-25 0-26 0-35 — 3-85 —34-62%
14 0-206 0-23 0-21 0-22 + 9:52 — 476
15 0-177 0-186 0-18 0-19 + 3-33 — 555
Percentage standard deviation 6-23 3-56
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TABLE VII

Comparison of results obtained by chemical analysis with those from atomic absorption using a
standard chemical extraction method®

Atomic
Chemical | absorption %
Sample values values Difference
1 24-18 23-4 —3-23
2 19-58 18-6 —5-01
3 9-58 9-22 —3-76
4 4-16 399 —4-09
5 4-12 394 —4-37

Percentage standard deviation =4-629,

CONCLUSION

It is evident from the results given in this paper that atomic absorption spectro-
scopy provides a relatively quick method for the analysis of copper in solutions and
in materials containing copper that can be brought into solution. Analysis of copper
ores, concentrates and tailings can be done satisfactorily for production control
using a 20-minute extraction.* For accurate analytical results, atomic absorption
measurements at two different concentration values are recommended. Satisfactory
results were also obtained using the Zeiss spectrometer with the Hilger Atomic
Absorption ‘Attachment.

Thanks are due to Messrs. Hilger and Watts for the loan of the Uvispek spectro-
meter, to Misses M. C. Maskew and R. E. Rethemeyer, Mrs. C. J. C. Bothma and
Messrs. E. J. de Villiers and R. P. M. Procter, of this Laboratory, for technical
assistance; to Dr. A. J. Rossouw, of Rand Mines, Ltd. for his help with the X-ray
fluorescence results and to Dr. J. N. van Niekerk, of this Laboratory, for the ore
samples.
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One of the most important items of equipment neces-
sary for atomic absorption spectroscopy (I-3) is the hol-
low cathode lamp. Of all light-sources available, it has
been found to give the narrowest spectral lines with
reasonable intensity, and it has the added advantage that

Fic. 1. DiagraM oF THE HorLLow CATHODE Lamp
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it also provides very constant light output. Several types
of hollow-cathode lamps have been developed in the past.
The gas circulating system described by Tolansky (4)
is not necessary, since sealed off hollow cathode tubes have
successfully been made (2, 5). In these cases efficient
outgassing of tubes has been achieved by the use of getters,
but Walsh (6) has shown that, provided pure gas is used
and careful cutgassing of the tube is achieved, the use of
a getter is not essential. Zeeman and Butler (7) described
a lead lamp with a water cocled cathode, which could be
dismantled. This lamp proved to be so successful that a
similar type of lamp, using other cathodes which were not
watercooled, was designed and built. In Fig. 1 a diagram
of this new type of lamp is shown.

The body of the lamp, 1, is a 750 ml pyrex flask.

-Walsh (6) found that the life of a lamp could be ap-

preciably increased by using lamps with large volumes.
The flask is provided with a high-vacuum tap, 9, and
joint, 8, for connection to the vacuum system. A 34/45
joint, 4, is connected to the neck of the flask. Another
3 cm-diam. neck is attached, onto which a quartz win-
dow, 7, is cemented. A 1.5 mm-tungsten rod, 6, is sealed
into a 34/45 stopper to provide electrical connection to
the cathode. The cathode is a cylindrically shaped metal
electrode, 20.0 mm long, with an inside diam. of 9.0 mm
and a wall thickness of 1.3 mm. The cathode is attached
to a short rod which can be screwed onto a brass rod, 3,
which in turn is encased in a glass tube, 2. Should the
element to be investigated be suitable, the cathode can
be machined directly from stock consisting of this element.
In most cases however the cathode is machined from cop-
per, and a cylindrical liner inserted into the copper cylin-
der, being held in position by swaging over the ends of
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the liner. In the case of metals having low melting points
(e.g., Pb) ‘a cuplike cathode, 54, can be used.

The lamps are evacuated by means of a simple vacuum
system with a rotary pump and a two-stage mercury dif-
fusion pump. Liquid air traps prevent mercury vapor from
entering the lamps. Silicone grease is used on all ground
glass joints. The lamps are degassed in much the same way
as described by Walsh (6). It was also found that a getter
is not necessary. The best argon gas pressure proved to be
1.2 mm Hg. The rate of sputter at this pressure is fairly
high, but due to .the fact that the lamps can be easily and
cheaply reconditioned, and because the discharge is very
stable, this pressure is used. It was found that when the
gas pressure is correct, there is a linear relationship be-
tween voltage drop across the lamp, and the anode current.
Figure 2 shows the voltage-current characteristics of a
lamp at different gas pressures. With all the cathodes
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tested this linear relationship was evident, and it proved to
be very usdful as a means for determining the correct
pressure in the lamp.

The main advantages of this type of lamp are: (a) it
can be dismjantled, cleaned, and the cathode reconditioned
or changed very easily, and (b) a watercooled cathode
can be intrfoduced by replacing the 34/45 stopper with a
Watercooleé metal stopper onto which the connecting
rod, 3, has been attached. In this case, mica guards are
necessary to prevent sporadic discharges to the metal.

It is suggested that if more than one element has to
be determined simultaneously (e.g., with direct reading
spectrograph), a second projection, 10, be made at the
rear of th¢ lamp and provided with a quartz lens instead
of the quartz window. The image of the cathode of a
second lamp, mounted in tandem behind the first lamp,
can then be projected into the cathode of the first lamp,
and both | characteristic spectra then passed through the
absorbing |flame. :

The authors gratefully acknowledge the contribution
made by Mr. G. J. Wessels in noticing the linear voltage-
current rélationships of the lamp during its development.
They also thank the workshop staff for their willing and
able help.
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