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SYNOPSIS 

The increase in mineral processing in South Africa has led to an increasing demand for the 
determination of a wider range of elements at low concentrations, and this in turn has led to the 
greater use of instrumental analysis. The objects of this report are, first, to serve as a guide to the 
various types of instrumentation available for a range of analytical problems and, second, to indicate 
the facilities that are available at the National Institute for Metallurgy for use by industry in sponsored 
projects. 

The analytical techniques available are considered from the points of view of basic principles, 
interferences, precision and accuracy, advantages, limitations, sample preparation, and possible 
applications. 

SAMEVATTING 

Die toename in mineraarverwerking in Suid-Afrika het gelei tot 'n toenemende vraag na die 
bepaling van 'n groter verskeidenheid elemente in lae konsentrasies en dit het op sy beurt weer gelei 
tot groter gebruik van instrufnentele ontleding. Die oogmerk van hierdie verslag is in die eerste plek 
om as leidraad te dien tot die verskillende soorte instrumentasie wat beskikbaar is vir 'n reeks 
analitiese probleme en in die tweede plek, om 'n aanduiding te gee van die geriewe wat daar by die 
Nasionale Instituut vir Metallurgie beskikbaar is vir gebruik deur die Industrie in geborgde projekte. 

Die beskikbare analitiese tegnieke word uit die oogpunt van grondbeginsels, steurings, presisie 
en akkuraatheid, voordele, beperkings, monsterbereiding en moontlike gebruike behandel. 
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1. INTRODUCTION 
In the last decade, the demands made of the Analytical Chemistry Division of the National 

Institute for Metallurgy (NIM), both from within the Institute and from industry, have shown a steady 
increase, a significant aspect being the increase in the number of elements to be determined in each 
sample submitted. The reason for the change in requirements in regard to the number of elements to 
be determined can be ascribed to two principal factors: 

(1) the increasing number of mineral deposits being opened up, many of which have 
mineralogical compositions necessitating the use of special beneficiation processes, and 

(2) the move towards the export of processed or semi-processed materials instead of primary 
materials. 

The first factor leads to a need for the determination of more elements in that the analyses are 
used in the identification of mineralogical composition and in the assessment of possible 
environmental pollution problems from the processing of the ores. Likewise, the treatment of primary 
products to give processed or refined metals usually demands an extensive examination of the factors 
governing each step, and these are often associated with the presence of several minor or trace 
constituents that are capable of exerting a profound influence on the efficiency of each step. 

As most analytical procedures are complementary, a wider range of procedures and increased 
instrumentation are called for as the number of elements to be determined increases. Another factor 
that contributes to the need for adequate instrumentation is the nun\ber of research programmes 
running concurrently, many of which have high priorities and require a daily analytical service. In view 
of the difficulties experienced in the recruitment of suitably experienced and qualified analytical staff, 
the only way to meet these requirements is the use of sophisticated instrumentation that lessens the 
demands on the human element. Frequently such instruments, costing anything from R60 000 to 
R250 000 each, are capable of providing duplicate facilities for some elements. 

A method for the analysis of any material can be judged against a number of criteria. 
(a) Is it sufficiently accurate? 
(b) Is it sufficiently reproducible? 
(c) Is it sufficiently sensitive? 
(d) Is it sufficiently selective or does it require time-consuming preliminary separations? 
(e) Is it applicable to the sample in its original condition or does it require some sort of 

pretreatment such as dissolution? 
(f) Is it rapid? 
(g) Is it suitable for the treatment of large batches of samples? 
(h) Can it determine many elements simultaneously or only one element at a time? 
(i) Does the method give an absolute determination or is it dependent on the availability of 

reference materials; if the latter, how well-matched must these be to the unknown sample? 
No method satisfies all these criteria. It is therefore necessary for an organization such as NIM, 

which deals with a wide variety of materials, to have a number of available techniques, each of which 
satisfies these criteria to a different degree. 

The multi-element or quasi multi-element techniques of analysis available to NIM are 
atomic-absorption spectrophotometry in its various facets, X-ray fluorescence (both dispersive and 
non-dispersive), X-ray diffraction, emission spectroscopy, activation analysis (including irradiation 
with fast, thermal, and epithermal neutrons, and charged-particle activation), spark-source mass 
spectrometry, infrared analysis, and electron-microprobe analysis. In addition to these facilities, NIM 
uses other methods of analysis (including gravimetric, volumetric, spectrophotometric, and 
electrometric) as and when required. The merits of the available techniques are considered in the 
following sections. 

2. INSTRUMENTAL TECHNIQUES 
The instrumental techniques include atomic-absorption spectrophotometry, X-ray-fluorescence 

spectrometry, emission spectroscopy, neutron-activation analysis, spark-source mass spectrometry, 
and electron-microprobe analysis. 

2.1. Flame Spectrophotometry, Absorption and Emission Modes 
In both the absorption and emission modes of flame spectrophotometry, a sample is solubilized, 

and the resulting solution, after any secondary treatment such as dilution, is broken down into a fine 
spray by means of a nebulizer. The spray is carried over into a flame by a flow of air that subsequently 
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mixes with the combustible gas (acetylene or a mixture of acetylene and nitrous oxide), and 
atomization takes place. In the absorption mode, light emitted from a hollow-cathode or 
electrodeless-discharge lamp is absorbed by the atoms in the flame radiating energy of the same 
wave-length and the degree of absorbance is registered relative to that of a blank solution. In the 
emission mode, the energy emitted in the flame is measured direct. Manual and automatic facilities 
are available for use in the correction for background effects, and are employed when the blank 
solution does not adequately match the sample solution in respect of matrix constituents. 

2.7.7. Interferences 
Interferences arise basically from line overlap, the presence of background molecular absorption, 

and, most important of all, mutual inter-element effects. Because the number of resonance lines is 
small in the absorption mode of atomic-absorption spectrophotometry, spectral interferences other 
than the effect of background are uncommon. This is not so in the emission mode, where higher 
wavelengths are generally used and line-rich spectra are observed with much higher background 
levels. These effects can normally be corrected for by choice of a different line, by correction factors 
applied to the calibration and sample solutions, by background measurement, and by matching of 
standard and sample solutions with respect to matrix components. Matching is the simplest approach 
to the correction for mutual inter-element effects. Alternatively, 'releasing agents' can be used, 
elements such as uranium, lanthanum, copper, and cadmium all having been used for this purpose. 
The choice of releasing agent is largely an empirical procedure, the mechanism by which they become 
effective not having been elucidated. A further alternative is the method of additions. The difficulties 
associated with this procedure are the increased time of measurement resulting from the need for a 
series of additions to aliquot portions of samples (or successive very small additions to one aliquot 
portion of the sample), the repetition of measurements, and the relatively high error associated with 
the concentration value obtained by extrapolation from a calibration graph. 

A handbook1 summarizing the in arferences observed at NIM over the past decade has been 
prepared and is available on request. It should be emphasized that the degree of interference varies 
with several parameters including the position of the burner, height, nebulization, components, and 
type of instrument. 

2.7.2. Form of Sample, and Calibration 
The sample is generally in the form of a solution when ready for analysis, although the screw-rod 

technique2 ' can be used for powdered samples for alkali metals, lead, and silver. The filter-paper 
stick, also for powdered samples, has had limited success. The solutions are in an aqueous, acidic, or 
alkaline medium. With conventional burners and nebulizers it is usual to restrict the salt content to 
approximately 2 per cent, although with special high-solids burners this can be increased to 5 or 6 per 
cent. 

If no interferences have been observed, calibration can be carried out from synthetic aqueous 
acidic media; otherwise, if compensation for matrix effects is to be avoided, the standards must be 
matched to the major components. In the analysis of trace constituents (elements present in amounts 
smaller than 10 p.p.m.), the necessity for this matching may introduce a serious problem from 
contamination by impurities in these matrix constituents. If this is to be voided and no releasing agent 
is known, the method of additions must be used to overcome the interference. The optimum range of 
measurements is from 0,200 to about 0,600 absorbance units or, in the emission mode, from 
approximately 25 to 65 per cent transmittance. 

Scale expansion as a means of increasing the sensitivity must be applied with caution because it is 
accompanied by a decrease in the stability of the measurement, particularly the background 
measurement. Experience indicates that better stability can be obtained if the output is coupled to a 
recorder and the recorder amplification is used for increased sensitivity. 

2.7.3. Merits 
These spectrophotometric methods, although not multi-element procedures, are relatively rapid: 

the measurement requires about 15 to 30 seconds for each of the elements, which are measured in 
sequence. However, this advantage is to a great extent lost when the method of additions has to be 
used. The calculations required are often effected by off-line computer facilities, programmes for 
which are available from NIM4. 

The sensitivity is generally high, the limits of determination ranging from 0,2 to 2 p.p.m. in 
solution. The exceptions are arsenic, selenium, tellurium, silicon, vanadium, tungsten, tantalum, 
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niobium, zirconium, and aluminium, forwhkh the limits of determination range from 10 to 100 p.p.m. 
The sensitivity of the emission mode is not as good as that of the absorption mode, being superior only 
for some of the rare-earth elements, the alkali metals, and the alkaline earth metals. 

Calibration is simple, and, because a reasonable dilution often has to be made, synthetic solutions 
containing only the individual element to be determined are usually sufficient. The precision of 
measurement for duplicate measurements can be as high as 0,5 to 1,0 per cent relative to the 
concentration measured. 

2.7.4. Umtations 
The dissolution of the sample results in a loss of sensitivity, and the required measurements may 

necessitate a number of different dilutions. 
The dissolution of complex samples often requires a fusion and, because of the limiting tolerance 

of conventional burners to total salt content (about 2 per cent), this again leads to a loss of sensitivity. 
Whire salt concentrations are relatively high, it is essential to know what mutual interference 

effects exist. If this information is not available, a spiked standard or the method of additions should 
be used to compensate for possible effects—this is specially true for the determination, for example, 
of trace impurities in platinum metals of high purity. 

The emission mode of analysis has the additional problem that instability can increase in terms of 
the signal-to-noise ratio because of the need to use an increased gain fector to back off the high 
background levels. 

2.7.5. Applicability 
These techniques are readily applicable to large or small volumes of analytical work, and to 

constituents in major and trace amounts. Where other multi-element techniques are available, 
atomic-absorption methods can be employed most gainfully when only one or two elements are to be 
determined. Under routine conditions, a precision of 2 to 4 per cent can be expected. 

2.2. Atomic-absorption Spectrophotometry, Non-flame Technique 
Non-flame atomic-absorption procedures have found a certain degree of favour because of the 

exceptionally low limits of determination in solution (0,001 to 0,01 p.p.m.) that can often be achieved. 
Two Varian Techtron carbon-rod analysers are available at NIM. These operate on the principle that 
a few microlitres of sample solution are inserted into an orifice on the top centre or side of a 
pyrolytically coated hollow graphite rod, which is about 9 mm long and has external and internal 
diameters of 5 and 2 Vi mm respectively. After a drying and ashing stage, the sample is volatilized at a 
temperature of between 1500 and 2900°C, depending on the element to be measured, and the 
absorption of light passing through the carbon cylinder from a hollow-cathode lamp is measured and 
related to the concentration of the element concerned in a calibration standard. 

2.2.7. Interferences 
Interferences with this technique have been found to be more serious than those associated with 

flame atomic-absorption spectrophotometry. These can often be attributed to the necessity for the 
taking of measurements in more-concentrated solutions so that lower limits of detection can be 
attained. The interferences can sometimes be diminished or eliminated by use of the method of 
additions and an appropriate choice of ashing conditions relative to the volatility of the element being 
determined and the interfering elements. Another source of error, which can be regarded as an 
interference, is the loss during ashing of the sought- for element as a volatile compound, e.g., silver as 
silver chloride and gold as auric chloride. In this respect, it has been noted that the addition of another 
element, e.g. nickel or copper, can suppress this' olatilization. Volatilization at the atomization stage 
can be suppressed by the presence of another constituent of high boiling point, e.g., the suppressive 
effect of platinum on rhodium. In all these instances, the degree of interference is related to the form 
of the furnace used. 

2.2.2. Form of Sample, and Calibration 
The sample is usually in the form of a solution, which can be an aqueous, acidic, or alkaline 

medium. Only a few microlitres are required,. nd care must be taken that the additions of solution to 
the carbon rod or furnace are consistent The calibration procedure is the same as for 
atomic-absorption spectrophotometry. 
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2.2.3. Merits 
The sensitivity is high for most elements, about 1 to 10>g/l, and, as only a small volume of 

solution is needed, small samples are readily anal) sed. These low limits of determination can often be 
achieved without the need for a separation step. 

2.2.4. Limitations 
Because the precision of any one firing is about 10 per cent, and because the rod deteriorates to a 

certain extent on firing, six to ten firings are often necessary for each determination if a precision 
approaching that of conventional atomic-absorption spectrophotometry is to be attained. High salt 
contents can seriously affect the volatilization of the element to be determined, necessitating dilution 
and consequent loss of sensitivity, whereas sought-after elements and matrix components of 
comparable volatilities can present problems. The limits of determination are lower than those for 
atomic absorption spectrophotometry by at least one order of magnitude. 

With this technique, the elements are measured in sequence, and consequently the speed of 
analysis when several elements have to be measured is not competitive with direct-reading 
multi-element procedures. 

2.2.5. Applicability 
Non-flame atomic-absorption spectrophotometry is especially useful for small samples or where 

high sensitivity is required for the determination of trace elements. Examples of its use at NIM include 
the determinaticn of iron, cobalt, nickel, and zinc (1 p.p.m. or less) in solutions for nickel plating5, and 
of impurities in pure selenium and tellurium'' and in pure zinc sulphate electrolyte solutions7. 

2.3. Atomic-absorption Spectrophotometry with Hydride Generation 
A number of elements previously considered to have a low sensitivity by atomic-absorption 

spectrophotometry can be measured with considerably increased sensitivity after they have been 
converted to volatile hydrides. A report has been issued* on the optimum conditions for the 
production of hydrides, the conditions of measurement, and, most important of all, the interference 
effects associated with the concentrations of matrix components most frequently encountered. This 
report is in contrast to the more academic approach adopted by Smith9. 

After the sample has been dissolved, an aliquot portion of the solution is transferred to a sealed 
flask, and a known volume of sodium borohydride solution is introduced by a syringe through a 
septum in the seal. The hydride generated is flushed out into the flame with nitrogen, and the short-life 
absorption peak is recorded. The increase in pressure in the vessel is accommodated by the expansion 
of the rubber balloon attached to an outlet from the flask. 

2.3.7. Interferences 
The mo«f serious interferences so far encountered with this technique at NIM are those from the 

noble metals rnd from copper and nickel, which are such as to necessitate a prior separation. A routine 
procedure has been adopted for copper and nickeF. The other interferences reduce the determined 
values by up to 30 per cent, but, because of the high sensitivities obtained, the resulting absorption is 
still sufficiently high for accurate measurement and the interference can be corrected for by the 
method of additions. 

2.3.2. Form of Sample, and Calibration 
The sample must be dissolved and the acid concentration appropriately adjusted, halide acids 

being avoided where possible. Calibration is by the use of synthetic solutions containing the 
sought-for element only or, where interference exists or is thought possible, by the method of 
additions. 

2.3.3. Merits 
The sensitivity for arsenic, selenium, tellurium, mercury, bismuth, tin, and lead is high and cannot 

be matched by any other analytical technique except spark-source mass spectrometry. The precision 
of measurement is rtdsonably high, being approximately 5 per cent of the concentration measured, 
and the measurement is rapid. 
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2.3.4. Limitations 
Care is required in the dissolution of the samples if the loss of volatile constituents is to be 

avoided. Before a determination is made, copper and nickel in amounts greater than 0,5 mg must be 
separated, as must the noble metals. 

In theory, elements in relatively high concentrations should be readily determined after the solution 
has been diluted and the interference effects therefore reduced. In practice, it is found that the 
uncertainty in the determination of the blank solution, although leading to a lower but acceptable 
precision in the determination of low concentrations (in parts per million), can have a serious effect on 
the absolute amounts reported after corrections have been made for the dilution. The method should 
therefore be limited to the determination of elements present in concentrations below approximately 
lOOp.p.m. 

2.3.5. Application 
The technique has been applied to sulphide concentrates*, to pure zinc sulphate electrolytes7, and 

to reference materials for international standardization. 

2.4. X-ray-fluorescence Spectrometry 
X-ray-fluorescence analysis can be carried out by the use of wavelength-dispersive, 

non-dispersive, or energy-dispersive techniques. The first two techniques are practised at NIM, and 
experience was gained in the last technique during an overseas visit. 

2.4.1. Wavelength-dispersive X-ray Fluorescence 
The technique is based on the measurement of the characteristic emission of secondary X-rays 

from a sample bombarded with primary X-rays from an X-ray tube having a target of one or other of 
the following metals: copper, chromium, tungsten, gold, molybdenum, silver, rhodium. Two 
instruments are available at NIM, one a Phillips manual PW 1450 and the second a semi-automatic 
Phillips PW 1220. The latter instrument was upgraded10 at NIM to a fully automatic instrument 
coupled to a Texas mini-computer and automatic sample-loading device, and is controlled by a 
programme that sets the instrumental parameters and enables samples and standards to be measured 
in any sequence required. Provided the memory capacity of the computer is sufficient, programmes 
can be run in sequence. 

2.4.2. Non-dispersive X-ray Fluorescence 
The non-dispersive instrument (Telsec LAB-X 250 Analyser) is portable and has a^Pm isotope 

as the source of X-rays; wavelength separation is by means of balanced filters, rather than crystals as in 
conventional instruments. Measurements are made with twin sealed gas-filled detectors, and a 
multiple-filter turret permits the rapid sequential determination of several elements". The filters, 
which are placed adjacent in the turret, enable the sample and background counts to be made 
simultaneously, thereby eliminating the time that would be required for a difference count, i.e., the 
total count through the filter of higher atomic number minus the background count through the filter 
of lower atomic number. Filters are available for the determination of copper, iron, lead, and zinc. 

2.4.3. Interference Effects In X-ray Fluorescence 
Interferences arise from particle-size and mineralogical effects, from line overlap, and from 

variations in mass absorption due to variations in matrix composition. These factors affect both the 
wavelength-dispersive and the non-dispersive techniques. 

Particle-size and mineralogical effects can be reduced by fine grinding, but it has been found at 
NIM that this is effective only if the particle size is reduced to less than 1 O^m in a micro-ionizer, and it 
is doubtful whether this would be an economic proposition. Where these factors cannot be 
compensated for by the use of matched standards, the simplest solution is fusion of the sample, 
followed by pressing of a glass disc, or powdering of the fused material and briquvtting, or use of a 
loose layer of powder. 

Variation in matrices resulting in variations in mass-absorption and inter-element effects can be 
compensated for as follows: 

(1) by the use of a heavy absorber such as lanthanum, which gives excellent results for silicate 
analysis alt' lough there is a loss of sensitivity, 

(2) by the calculation of influence factors'2 from fundamental parameters or by the empirical 
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derivation of these influence factors from the use of metal oxide discs, which makes the 
system suitable for the analysis of a wide variety of material, 

(3) by the use of matched standards in conjunction with a fusion to form a glass disc, which, 
although it is the procedure most commonly followed, requires a wide range of chemically 
analysed standards or the spiking of a limited number of standards to give the required 
concentration ranges, 

(4) by the addition of an element as an internal standard and measurements made relative to the 
X-ray peaks of this element, the disadvantages being that the line for the internal standard 
and that for die sought-for element should fall on the same side of the absorption edge of the 
sought-for element without any absorption edges in between, 

(5) by dissolution of the sample followed by measurement of the solution, measurement of equal 
volumes of the solution and a reference solution of the element to be meaured, and 
measurement of the reference solution itself3, from which the concentration of the elements 
can be calculated free from matrix effects, or 

(6) in the determination of trace elements, by the use of the thin-film technique, in which the 
matrix effects are eliminated by separation of the sought-for element with chelating 
compounds and collection as a thin layer on a micropore filter14, which is then used as the 
sample. 

The interference effects that were discussed under wavelength-dispersive X-ray fluorescence 
also apply to the non-dispersive technique. In addition, the use of a filter system leads to interference 
effects in that, because of the relatively broad bandpass of the filter, X-rays are transmitted from 
elements other than the element being determined. These effects are most pronounced when 
elements in low concentrations are being determined. 

2.4.4. Form of Sample, and Calibration 
The sample can be used in the form of fused-glass discs, briquettes with and without backing or 

binder, loose powder, or solutions. 
The calibration for fused discs is by matched standards or metal oxides, together with a correction 

for influence factors; for loose powders, by matched standards of similar particle size as the sample; 
and, for solutions, by synthetic standard solutions. The last is the easiest procedure, but there is some 
loss of sensitivity and it is somewhat time consuming for multi-element analysis, requiring 
approximately 20 minutes of measuring time for each element. 

In non-dispersive X-ray-fluorescence work, the sample should be in the form of a finely ground 
powder. Calibration is effected by the use of chemically analysed standards with, if the number of 
standards in use is to be limited, corrections for matrix effects based on the use of influence factors or 
multiple regression analysis. In the latter case, a fresh set of calibration standards is required whenever 
the origin, and therefore the matrix composition, of the test material changes. 

2.4.5. Merits 
X-ray-fluorescence procedures can achieve a high precision of measurement for major 

constituents of atomic number 9 and higher, and special windowless counters can be used to extend 
the range of elements. The precision is a function of the total count rate, which increases with increase 
in concentration and atomic number. With an automatic instrument, full use can be made in 
instrument time by overnight counting, no operator being required. The solution technique can be 
used when an immediate answer to a problem is required with the minimum of investigational work; 
this would usually be in the form of a scan as a check for line overlap. 

If the transmission characteristics of the filter system are known, a rapid analysis can be obtained 
for the major components >f a sample by the use of non-dispersive X-ray-fluorescence techniques. 
The corrections and calculations can be simplified by the feeding of the difference count to an on-line 
computing system. 

2.4.6. Limitations 
The sensitivity is only moderately high, approximately lOOp.p.m. for the lighter elements, and 

10 p.p.m. for elements having a higher atomic number than that for chromium but depending on the 
matrix of the sample. Corrections for matrix variations involve a significant amount of calculation, and 
use of the influence-factor procedure demand* the determination of all the major elements in a 
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sample even if only two or three are required. Trace elements can best be determined with accuracy 
after they have been separated by the thin-film technique. This is a lengthy procedure and would be 
used only for elements like tungsten, tantalum, niobium, and hafnium for which alternative 
procedures may not have the required sensitivity, or only if required as an individual determination 
for reference purposes. 

The limitations applying to wavelength-dispersive X-ray fluorescence also apply to 
non-dispersive techniques, with the additional limitation that the sensitivity is much lower than for 
wavelength-dispersive techniques because of the lower energy of the source. 

2.4.7. Applicability 
Wavelength-dispersive X-ray fluorescence is primarily used at NIM in the analysis of the 

following materials: slags, silicates", chromites, ferro-alloys, tungsten" and tin ores, anode slimes17, 
sulphide concentrates"', and geological samples for uranium" in minor to trace amounts (down to 
5 p.p.m.). It is also applied to the determination of minor and trace amounts of elements such as 
hafnium, thorium, tungsten, tin, niobium, and tantalum, to the determination of noble metals in high 
concentrations20 by the solution technique, and to the qualitative examination of samples. 

The portable non-dispersive wavelength instrument is used for the rapid determination of iron, 
copper, lead, and zinc in beneficiation products from pilot-plant tests on sulphide ores. The precision 
obtainable with this instrument is about 5 per cent relative for concentrations higher than 10 per cent, 
and 0,5 per cem absolute at lower concentrations. It is not suited to the determination of elements in 
concentrations of less than 1 per cent. 

2.5. Emission Spectroscopy 
Emission spectroscopy is based on atomization or ionization of the elements in a sample and 

measurement of the energy emitted as discrete radiations characteristic of that element. The 
atomization or ionization is achieved by the passage of an electric current between the sample and a 
counter electrode. The discharge may result from the passage of a d.c. or a.c. arc (thermal 
atomization), of a high-voltage spark giving a high concentration of moderately sensitive but highly 
reproducible ionized lines, of a glow discharge when excitation is from ground-state atom lines, and of 
various forms of plasma torches operating at high temperatures (8 to 10 000 K). Such plasmas include 
d.c.-arc argon plasma, microwave plasma, and induction-coupled plasma, the first and last of which 
are available at NIM and upon which it is hoped to build up comprehensive rapid multi-element 
analytical procedures. Two induction-coupled plasma torches will «hortly be available: one will be 
coupled to a Rank El 000 direct-reading spectrometer having an initial capability of 45 elements, and 
the second to a 3,4 M Ebert mounted-grating photographic spectrograph. Additional instruments 
available are a large Hilger quartz-glass photographic spectrograph and an MBLE 1,5 m 
direct-reading spectrometer of limited measuring capability, the limitations being largely imposed by 
the first analytical programme for which it was used — aerial survey work for trace elements. 

2.5.7. Interferences 
Interferences arise from two principal sources: line overlap, which is particularly serious for 

elements such as uranium, thorium, tungsten, zirconium, ruthenium, and rhodium; and matrix effects, 
which are most serious in the d.c. arc and are negligible in the high-powered induction-coupled 
plasma. Matrix effects are also relatively small foi solutions when the high-voltage spark is used for 
excitation. The mineralogy of the sample may often be important, and must then be compensated for 
by the matching of standards or the mineralogical form of the sample must be destroyed by a fusion. 

2.5.2. Form of Sample, and Calibration 
Where high sensitivity is required, the solid sample is mixed with a buffer (or a carrier such as 

silver, fluorine, or sodium fluoride when the volatile constituents have to be separated from a 
refractory matrix) and is excited in a d.c. arc. 

Powdered samples can be briquetted (or fused, ground, and then briquetted) with a conducting 
medium such as graphite and then excited with a uni-arc or a high-voltage spark. Metals are arced or 
sparked direct, preferably in the form of chill-cast samples. A solution of the sample is required for 
excitation by the various plasmas, and here the total salt content has to be taken into account, although 
this requirement is not as critical as in atomic-absorption spectrophotometry. Solutions can be 
introduced into a high-voltage spark discharge or an a.c. arc by means of a rotating electrode or a 
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porous cup, but these procedures lack the sensitivity attained with an induction-coupled plasma torch 
and are not free from matrix effects. 

The calibration for solutions is simple and, where an induction-coupled plasma torch is used, 
need include only the elements to be determined and the appropriate amount of alkali salt (if any/ 1 to 
be used in the dissolution of the sample. Other solution techniques preferably require an average 
matching of the calibration solution to that of the matrix composition of the sample. Geological 
materials can usually be analysed for trace elements by the d.c. arc with standards prepared from the 
metal oxides. Exceptions are the analysis of sulphide concentrates, where synthetic standards must be 
prepared with the major constituents as sulphides22, and the determination of impurities in noble 
metals of high purity, where a solution is prepared and evaporated to dryness, after which the salts are 
reduced to the metal under hydrogen23. 

All these analyses incorporate an internal standard — frequently scandium — and all the 
measurements are made relative to this standard. A computer programme24 is used to calculate the 
plate characteristics and to convert intensity ratios to concentrations. 

2.5.3. Merits 
The spectrographic technique using excitation by d.c. arc has a high sensitivity for most elements, 

the exceptions being selenium, arsenic, uranium, tungsten, antimony, phosphorus, sulphur, and 
carbon, although the sensitivity for some of these can be improved by the use of a vacuum instrument. 
A small sample, in milligram amounts, is required, and with photographic recording the spectrum can 
be scanned for a large number of elements. 

Solut; 3n techniques can be easily calibrated, generally give & high precision of measurement, and 
have no or very few matrix effects when the induction-coupled plasma torch is used. The sensitivity 
with the induction-coupled plasma torch is often higher than for flame atomic-absorption 
spectrophotometry, the limits of determination being as low as 0,01 p.p.m. in solution. 

All spectrographic procedures are multi-element and are therefore relatively rapid in 
comparison with other procedures, including other multi-element techniques such as neutron 
activation and mass spectrometry. Compared with other techniques (except mass spectrometry), 
emission spectrography has shown the greatest capability for a wide range of elements252". 

2.5.4. Limitations 
Because homogeneity is very important, the preparation of powdered standards can be time 

consuming, but they can be prepared in bulk and serve for a considerable period. The absence of 
standards for metals, e.g., the noble metals and manganese to name but a few, is something of a 
problem, necessitating the production of spiked samples by vacuum-fusion techniques, followed by a 
considerable amount of chemical analysis. It is hoped that the introduction of a vacuum spectrometer 
will enhance the sensitivity for some elements, thereby eliminating the necessity for alternative 
techniques. A significant effort should be devoted to the assessment of the best procedures for the 
dissolution of samples with minimum loss of sensitivity. In this respect, the possible excitation of solid 
samples in an induction-coupled plasma torch is being considered. 

2.5.5. Applicability 
Under suitable conditions, spectrographic methods are applicable to a wide range of materials 

and to elements in a wide range of concentrations. They are generally suitable for analytical work of 
large volume where several elements have to be determined. Examples of recent applications of 
spectrochemical methods are as follows: by d.c. arc, the analysis of geological materials25, and trace 
impurities in silver, gold, selenium, tellurium, zirconium27, platinum and palladium2''; in the form of 
briquetted pellets with spark excitation; analysis of slags; in the form of solutions with 
induction-coupled plasma torch, the determination of major elements in sulphide concentrates, 
matte-leach residues2", and anode sludges. 

2.6. Neutron-activation Analysis 
Two irradiation facilities are available: irradiation with fast 14 MeV neutrons generated by the 

bombardment of a tritium target with deuterons in a neutron generator, and irradiation with thermal 
or epithermal neutrons with various flux strengths in the facilities provided at the Safari I reactor of 
the Atomic Energy Board, Pelindaba. A fast-neutron generator is available at the University of the 
Witwatersrand. The various facilities at Pelindaba include poolside and hydraulic irradiation, and a 
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system for short irradiations with rapid transfer facilities for the counting of the short-lived isotopes so 
produced. Counting involves the use of germanium lithium-drifted detectors coupled to multichannel 
analysers. The output from the analysers is recorded on magnetic tape, which is then processed in an ' 
IBM 375 computer for peak pulling and corrections for distance effects, dead time, decay, etc. 
Medium-lived isotopes are generally counted after a decay of 3 hours to 3 days, and long-lived 
isotopes after a decay of 3 to 30 days, with strict control of the geometry of the counting set-up. 

2.6.1. Interferences 
Interferences occur when isotopes of similar energies are produced and when associated 

elements have such a high activity that a long decay period is necessary before counting can begin, 
during which time the activity of the element to be measured may have decayed to such an extent that 
accurate measurement is no longer possible. 

In irradiation with fast neutrons, interference may occur from the production of the same 
isotopes from different reactions. 

2.6.2. Form of Sample, and Calibration 
1 lie sample is irradiated as a solid or a powder, and, for the Safari I reactor, solutions must be 

evaporated, usually onto a quartz matrix. Short irradiations are usually carried out in polyethylene 
vials, whereas samples for long irradiations are sealed into quartz ampoules. Irradiation of volatile 
compounds, e.g., ammonium chlorosalts, frequently results in volatilization because of the heat 
generated on irradiation, with consequent bursting and loss of sample. 

Calibration is effected by reference either to the sought-for element r • .he form of the metal or as 
a salt, or by use of suitable natural reference samples. Currently, multi-e! ment standards are being 
prepared by evaporation of solutions onto a pure-quartz base, the combination of elements in each 
standard being chosen so as to avoid interference effects. 

2.6.3. Merits 
Irradiation with fast neutrons and thermal neutrons for short periods enables rapid 

multi-element analyses to be made. Fast-neutron irradiation is particularly suitable for the rapid 
determination of oxygen and such elements as silicon, zirconium, and aluminium, and the 
instrumentation is immediately available. Depending on the neutron cross-section of the element to 
be measured, and on the neutron flux and irradiation times used, sensitivities on a mass scale of as high 
as 1 x 10~9g can be obtained with thermal irradiation. The precision of counting can normally be 
adjusted to be lower than 1 per cent of the total counts. Rapid procedures can be developed with 
long-lived isotopes. Neutron activation is a multi-element non-destructive technique. The technique 
offers extremely low limits of detection in terms of the absolute amount of the element detectable, e.g. 
single grains of minerals can be analysed. Coupled with radiochemical separations, the technique can 
be used in the determination of elements that are present in concentrations in the parts per billion 
(10"9) range. 

2.6.4. Limitations 
Fast-neutron irradiation is of limited sensitivity and is therefore applicable to the determination 

of only a few major and minor constituents. Irradiation with thermal neutrons has the disadvantage 
that the relatively long decay times result in long elapsed times for analysis. The sensitivity obtainable 
is often a function of the matrix composition, and is very poor for a number of elements that are 
commonly determined by other methods, e.g. nickel, iron, lead, boron. 

2.6.5. Applicability 
Because of its capacity for large volumes of analytical work, the most obvious application of 

neutron-activation analysis is multi-element analysis of geological materials to establish the 
distribution pattern of the mineralization. Routine applications such as the determination of tungsten, 
manganese, vanadium, and aluminium29, the determination of individual rare earths*" with and 
without the use of radiochemical-separation techniques, the analysis of anode sludges31, the rapid 
determination of uranium by the delayed-neutron technique12, and the determination of trace 
elements in sulphide ores'3 and zirconium metaF" have all met with a certain measure of success, 
although the relatively long elapsed time and the limited availability of irradiation facilities mitigate 
against the routine use of neutron-activation analysis. These techniques have, however, found use in 
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confirming results obtained by other techniques in the analysis of new materials, and is invaluable for 
the determination of oxygen". 

2.7. Spark-source Mass Spectrometry 
NIM recently acquired a GEC MS702 spark-source mass spectrograph and its associated 

direct-reading microphotometer and computer facilities for the conversion of transmission 
measurements to concentrations. The instrument utilizes photographic recording. 

The sample is ionized in a vacuum by use of high-frequency discharge. The different mass/charge 
(m/e) species formed are then separated in a magnetic field and recorded as a series of line spectra on a 
photographic plate. Unlike emission spectroscopy, spark-source mass spectrometry produces 
relatively simple spectra. 

2.7.1. interferences 
The principal sources of interference arise from the overlapping of ions that have a similar mass 

owing to insufficient resolution of the instrument and to the production of various polyatomic carbides 
when a carbon or graphite matrix is used. 

2.7.2. Form of Sample, and Calibration 
The sample must be in a solid form so that it can be clamped in the electrode system, powders 

usually being fashioned into rods 1 to 2 cm long and about V* cm in diameter. All the samples must be 
conducting and, if not naturally so, can be mixed with very fine silver or copper powder or high-purity 
graphite before being compressed into rods. Calibration can be effected in several ways: 

( l )by use of chemically analysed standards, e.g., metals or synthetically prepared powder 
mixtures that are commercially available, or by the spiking of samples with a solution of the 
element to be measured; 

(2) by the use of sensitivity factors that are based on the ratio of the sought-for element (of known 
concentration) in a standard to that of an internal standard; once this has been determined, 
repeated calibrations can be avoided; 

(3) by the use of isotope-abundance ratios when the composition of one of the elements of a 
compound is known and the other is required; or 

(4) by use of isotopic dilution procedures, which is regarded as an absolute method. 

2.7.3. Merits 
The sensitivity of this technique is uniformly high for all elements, the limits of detection being 

better than 1 x 10~» g. Calibrations are linear over wide ranges of concentration, and the spectra are 
simple and generally easily identified. The technique is not seriously affected by matrix effects and 
offers a high capability for the simultaneous determination of many elements. 

2.7.4. Limitations 
Several exposures are made for each sample so that the line densities will be suitable for 

measurement, resulting in a long overall exposure time (1 to 3 hours). Time (about Vi hour; is also 
required for a suitable vacuum (10"7 torr on the vacuum gauge of the instrument) to be reached in the 
source unit, with overnight degassing of the analyser unit with a full magazine of photoplates. When 
diffusion pumps are used, the withdrawal of a magazine from the already evacuated analyser requires 
a degassing period of about 2 hours before the required vacuum for further work is attained. Memory 
effects in the electrode system due to sputtering necessitate frequent cleaning or the use of spare 
electroiie units, and, because a specific shape of electrode is used, preparation of the electrodes may 
be time consuming. The technique has a limited applicability to work in which a short analysis time is a 
prerequisite. In the analysis of ultra-trace elements, considerable care must be exercised if 
contamination is to be avoided. 

2.7.5. Applicability 
It is generally expected that this technique will be used in the analysis of a small number of 

samples for a large number of elements, especially when maximum sensitivity for light and heavy 
elements is required. The mass spectrograph will also be used for the determination of impurities in 
materials3* that give intense spectra by other techniques, where contamination by dissolution and 
dilution are to be avoided. The technique is ideal for the analysis of materials that are not available in a 
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pure form when these are being studied for their interference effects with other procedures. In this 
application, sensitivity factors can be used. The technique can also be used for the determination of 
volatile elements and non-metallic elements that are not conveniently determined by other 
procedures. 

2.8. Electron-miToprobe Analysis 
This technique is capable of providing topographical and morphological information on crystals 

and small grains within a sample, and of indicating the distribution and composition of the elements in 
the sample area. It is based on the excitation of X-rays as a result of the bombardment of small sample 
areas (about Ifim) with a beam of electrons from a focused electron gun, and on the analysis of the 
emitted X-rays by a series of curved-crystal scanning and fixed-position spectrometers, readout 
electronics, and energy-dispersive techniques. Topographical and morphological displays are 
obtained by the use of secondary electrons of energies less than SO eV; the yields of these electrons do 
not vary systematically with atomic number but are a function of their angular distribution on the 
sample surface. Such displays are obtained when the scanning electron-microscope mode is used. No 
X-ray analysis ran be done in this mode because of the angle of tilt of the sample, the low beam current 
used, and the absorption of the X-rays by the coating of gold and platinum applied to the sample. 
Back-scattered electrons from the specimen have energies ranging from SO eV to that of the primary 
beam energy. Because their total number is an increasing function of atomic number, they are used for 
atomic-number contrast images. The instruments available at NIM are the ARL EMX manual 
instrument and the ARL scanning electron-microprobe quantometer. 

2.8.1. Interferences 
Interferences arise from the overlapping of higher-order spectral lines with the wavelength 

selected for analysis, and can be limited by the use of a high-resolution instrument, a single-channel 
pulse analyser, and different crystal systems. Inter-element effects such as absorption, fluorescence, 
and those due to differences in atomic number are corrected for by a computer programme, which also 
accumulates counts at selected positions. Because of the limited memory of the computer (16 K), a 
matrix with the necessary correction factors for the specific analysis must be given for every analysis. 
An alternative method of correction is for the computer to give the ratio for sample counts divided by 
standard counts corrected for dead time, and for these ratios to be inserted into an existing programme 
on an IBM computer (at the University of the Witwatersrand) that incorporates the necessary 
correction factors. 

2.8.2. Form of Sample, and Calibration 
The sample should be in the form of a polished section and, if non-conducting, must be coated 

with a film of carbon or of gold and platinum, depending on whether X-ray determinations or 
secondary-electron detection for scanning electron microscopy is required. If the determination of 
carbon is required, the samples should be coated with aluminium. 

In quantitative analysis, standards of suitable composition and homogeneity on a micro-scale are 
required. If this is not possible, the use, for example, of an oxide rather than the pure metal would be 
preferred in silicate analysis. 

2.8.3. Merits 
The electron microprobe can produce topographical and element-distribution displays and X-ray 

analyses over small sample areas with the one instrument. Sensitivity on a localized scale is high: the 
limit of detection, expressed as a mass based on a sample area of 1 jum, is approximately 10~"j,. 
Expressed for tiie whole sample, this limit would be between 20 and 100 p.p.m. Most work is 
conducted at percentage concentrations. It is the only method to yield a full quantitative analysis of 
particles as small as 5 jim and to identify particles down to 2 /«m, and it determines the distribution and 
migration of elements on a microscopic scale. The method is a rapid multi-element technique, 
requiring, after standardization of the instrument, only 3 minutes for the analysis of 10 elements. The 
precision of measurement is about 1 per cent of the quantity measured. 

2.8.4. Limitations 
The equipment is expensive, and its use is limited to elements with atomic numbers greater than 

5. The results obtained may be affected by obscured phases lying below the polished surface of the 
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sample, and, because of the corrections to be applied to the information obtained, the standards 
should compare as closely as possible with the samples. Organic substances and aqueous solutions 
cannot be analysed because of the heat generated by the electron beam and because a vacuum system 
is used. The technique is not suitable for the analysis of large numbers of samples. 

2.8.5. AppScabHity 
The application of the electron microprobe is limited to topographical and morphological 

displays for samples of small grain, crystals, or phases of a material. Quantitative scans can be carried 
out on such materials, the elemental distribution can be determined, and quantitative measurements 
can be made simultaneously for 9 or 10 elements. 

3. CHEMICAL METHODS OF ANALYSIS 
The chemical methods of analysis practised at NIM involve gravimetric, photometric, 

spectrophotometric, and electrometric techniques, and the use of ion-selective electrodes. 

3.1. Gravimetric and Volumetric Procedures 
The object of a gravimetric determination is separation of the constituent by precipitation as an 

insoluble salt or, in many instances, as an insoluble complex with a chelating agent, thereby increasing 
the mass to be weighed. 

Volumetric analysis is based on the determination of the volume of a solution of accurately 
known concentration, which is required to react quantitatively with the solution of the substance being 
determined. The equivalence point may be indicated by means of an auxiliary reagent (dye, etc.) or by 
potentiometry, colorimetry, or radiometry. Reactions for volumetric titration include acid-base, 
complexometric (EDTA), precipitation, and redox reactions. 

3.1.1. Interferences 
Interferences are usually overcome by the use of masking agents, which form complexes with the 

interfering ions, thereby preventing them from taking any part in the reaction. Alternatively, the 
interfering ions can be separated by various means such as precipitation at a different pH value, 
suitable adjustment of the pH value of the solution, or liquid-liquid extraction. 

3.1.2. Form of Sample, and Calibration 
The sample may be in the form of a solid or a solution, but must ultimately be reduced to a 

solution. The analyses are usually carried out in conjunction with the analysis of internationally 
accepted reference materials of similar composition, or of high-purity primary elements or 
compounds, as confirmation of the accuracy of the procedures, which give absolute values for the 
element being determined. 

3.7.3. Merits 
The principal advantage of these procedures is the high degree of accuracy—usually 0,5 per cent 

absolute or better — and the high degree of precision obtainable. 

3.1.4. Limitations 
The determination generally takes much longer than that by instrumental procedures, and 

requires a much higher degree of skill. Gravimetric procedures are frequently superseded by X-ray 
fluorescence. 

3.7.5. Applicability 
These methods are most frequently used for the accurate determination of single major 

constituents of a sample (for example, silica in a wide range of materials) and for the determination of 
ions with different valencies, Fe s + , loss on ignition, carbon dioxide, and nitrogen, most of which 
cannot readily be determined by instrumental procedures. They are also used for the analysis of 
standards for the calibration of instrumental techniques. Volumetric procedures are often used for the 
determination of single major constituents and have in many instances been replaced by 
atomic-absorption spectrophotometry in the determination of elements present in lower 
concentrations. 
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3.2. Spectrophotometry 
Spectrophotometry is based on the measurement of the absorption, ideally of monochromatic 

radiation, at one or more specific wavelengths by a complex of the sought-for element with a 
chromogenic agent or by the element itself in a particular oxidation state. Alternatively, the 
absorption characteristics over the ultraviolet-wavelength range can be determined by scanning of a 
solution and recording of the spectra. 

3.2.1. Interferences 
Interferences are removed by the additi-j:. of masking agents, by adjustment of the pH value of 

the solution, or by prior separation. 

3.2.2. Form of Sample, and Calibration 
The sample should be reduced to a solution, and calibration is usually effected by the use of 

standard solutions prepared from pure metals, oxides, or salts, the measurements being made relative 
to a reagent-blank solution taken through the procedure. In some instances, the measurements are 
made relative to a sample-blank solution to which no reagent has been added, or to a sample-blank 
solution in which the coloured complex has been destroyed by the addition of a reducing agent, so as to 
give a measure of the absorption, at the required wavelength, of the other constituents of the sample. 

3.2.3. Merits 
Spectrophotometry procedures frequently have high sensitivities and give limits of 

determination for the solution measured of between 1 and 10 p.p.m. The precision of measurement is 
usually high—about 1 per cc;i! of the concentration measured. 

3.2.4. Limitations 
The technique is invariably used for the determination of single elements, and a considerable 

time may be required for the separation step and for the full development of the coloured complex. 

3.2.5. Applicability 
Many of the spectrophotometry procedures ha» e been replaced by atomic-absorption 

spectrophotometric methods and other instrumental procedures that do not require the separation 
step invariably associated with spectrophotometry. It is a useful procedure for the determination of 
such elements as silicon, phosphorus, germanium, selenium, tellurium, arsenic, and bismuth, which 
have a poor sensitivity by most instrumental techniques, and for the determination of elements such as 
tungsten, uranium, thorium, and zirconium, where speed of analysis is not an overriding factor. 
Examples of such determinations are nickel in pure zinc sulphate electrolytes7, boron in zirconium 
and aluminium'17, uranium in geological samples3''-39, germanium and phosphorus in sulphide 
concentrates40, and chloride in fluorspar following a prior distillation4'. 

The recording of ultraviolet absorption spectra is used in the identification of species in 
compounds, salts, reagents, etc., which often facilitates the solution of problems arising in the 
development of analytical methods. 

3.3. Electrometric Procedures 
Electrochemistry is concerned with reactions in which one or more electrons are transferred from 

one species to another. Electro-analytical methods can be classified according to whether they affect 
the measurement of electrical potential, resistance, or current, or some combination of these. The 
most useful of these techniques are based on the classical laws or equations of Nernst (pH 
potentiometry), Fick (polarography), Faraday (coulometry, electrodeposition), and Kohlrausch 
(conductivity). 

3.3.1. Potantiomatric Titrations 
In these titrations, the change in concentration of one of the ions involved is observed by means of 

an indicator electrode and the true event of the system is measured by use of a potentiometric circuit 
rather than a voltmeter. The advantage of such a technique is the ease with which coloured and dilute 
solutions can be titrated. Acid-base, precipitation, redox, and complexometric titrations can all be 
measured in this way in aqueous or non-aqueous solvents. 
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3.3.2. Electrolytic Techniques 
Electrolytic techniques are used where an e.m.f. is applied externally to a cell, and cathodic 

reduction and anodic oxidation take place simultaneously. The applied voltage is then equal to the 
sum of the back e.m.f. of the cell, the over-voltage required to cause the reaction to proceed, and the 
voltage required to overcome the resistance of the cell. As the current flows, E,.,.„, E,IV, and iR will 
change with time owing to changes in the ionic concentration within the cell. When one or more of 
these is maintained constant, the following special electrotechniques can be used. 

3.3.2.1. Electrogravimetry 
As the metal of an electrolyte is being deposited, the concentration of the metal ion decreases and 

End increases, as does E d P P if a constant current is to be maintained. If the current is maintained for a 
sufficient length of time, the concentration of the metal can be determined by weighing the metal that 
is deposited. The procedure is used for the separation and determination of copper, among other 
metals, but is of limited usage because a clean separation from another metal is possible only if the E,,v 

values are sufficiently different. 

3.3.2.2. Voltammetry or Controlled-potential Electrolysis 
Voltammetry (or controlled-potential electrolysis) involves the control of EIIPp at a constant but 

sufficiently high value until complete deposition of the required metal, but not high enough for the 
deposition of a second metal. It is achieved by the coupling of a reference electrode to the cathode or 
anode, and utilization of the potential difference between them as a control of the applied voltage. The 
current decays exponentially to a residual value, and the quantity of electricity is measured with a 
coulometer. 

3.3.2.3. Coulometry or Controlled-current Electrolysis 
In this procedure, the current is maintained constant, and the time taken for completion of the 

electrolysis is measured, and the mass of electro-active ions liberated from or released into the 
solution is determined from Faraday's law. This holds if only one ion is involved in the reaction at each 
electrode. Because the Faraday constant is known very precisely, this is a very accurate procedure for 
the determination of a major constituent and could have application in the analysis of standard 
reference materials. Coulometric titrations involve the generation of the titrating agent by electrolysis 
in the titration cell, and the end-point is measured potentiometrically, e.g., by titration of the sulphate 
ions with iodine liberated electrolytically from iodide ions. Acid-base, redox, precipitation, and 
complexometric titrations can be effected in this way, and elements in concentrations down to 10~4 M 
can readily be determined. This procedure is well suited to the analysis of very small amounts of the 
elements, but higher currents must be used for larger amounts if the titration time is to be reduced. 

3.3.2.4. Polarography 
If a micro-electrode is incorporated in a cell, the current becomes polarized in that it is dependent 

on the rate of diffusion of ions to the electrode rather than on the potential of the cell. A steady state is 
reached when the rate of discharge at an electrode equals the rate of diffusion from the bulk solution. 
Polarography is therefore the study of the relation between a reference anode and the current voltage 
in a cell comprising a micro-electrode, the simplest such electrode being a dropping-mercury or a 
rotating platinum cathode. EH„„ is varied continuously, and the very small diffusion currents, 10~4 to 
10~* A, are measured by means of a damped galvanometer. The midpoint of the steeply rising portion 
of the current-voltage relation (halfwave potential) is characteristic of a given element and can be 
used for qualitative identification. The height of the wave is directly related to the concentration of the 
reducible species. 

In the application of this technique, the conditions must be standardized, the temperatures 
closely controlled, and the reduction of substances other than metals prevented, e.g., oxygen must be 
eliminated by the bubbling of nitrogen through the cell, and organic matter must be first destroyed. 
The technique has been used for the determination of such elements as arsenic, cadmium, tin, and 
lead, but the tendency is for this procedure to be replaced by equally sensitive, more rapid 
instrumental techniques such as atomic-absorption spectrophotometry with or without hydride 
generation. However, polarography can extend the range of volumetric titrations to below 10" 'M if 
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the end-point is detected from the sudden changes in wave height on the addition of titrant at the 
equivalence point, known as amperometric titrations. It is then necessary only to make measurements 
on either side of the equivalence point, which, when plotted, give two straight lines that intersect at the 
equivalence point, e.g., in the titration of Pt/ + with Cr20?~. 

3.4. Techniques Using Ion-selective Electrodes 
Many materials, usually inorganic crystals or liquid organic ion-exchangers, can be used as 

membranes in ion-selective electrodes because of their capability to conduct by ion migration, thereby 
providing a convenient potentiometric method for the measurement of ions in low concentrations. 
These electrodes are always used with an external reference electrode to form an electrochemical cell, 
and measure the electrode potential developed in response to the activity of the ion for which the 
electrode is selective. This potential should be measured with a high-input resistance digital voltmeter 
with a sensitivity of 0,1 mV. 

Ion-selective electrodes are not generally specific for one ion; nevertheless, electrode systems 
have been designed for a number of trace elements, especially in simple aqueous phases. In complex 
media, the method of additions42 has proved extremely useful. These electrodes respond over a wide 
concentration range, e.g. 10~s to 1 M, the limit of detection being determined by the solubility of the 
solid-state or liquid ion-exchanger. The precision obtainable is approximately 2 per cent for 
monovalent ions and 4 per cent for divalent ions. The samples need little treatment, although 
buffering with a total-ionic-strength buffer (TISB) may be necessary in some cases. The technique is 
versatile in that both cations and anions can be determined — at least 37 ions have so far been 
selectively detected43. Some membranes deteriorate more rapidly than others, but they can be 
replaced, for example when the Nernst factor (59,16 at 25° C forn = 1) has dropped significantly. 

Ion-selective electrodes suffer from interference when interfering ions enter the membrane and 
contribute to the diffusion process. This does not occur with solid-crystal electrodes because of severe 
restrictions of the lattice. Surface reactions can occur, and, in general, solid-state electrodes cannot be 
used in solutions containing large quantities of an ion that reacts to form an insoluble compound with 
the membrane itself. Tne solution must then be modified first by adjustment of pH value, complex 
formation, or precipitation. 

At NIM, ion-selective electrodes are principally used for the determination of ions that are not 
amenable to measurement by multi-element techniques, i.e., Cl~, F~, and NHÍ often in complex 
media7. 

3.5. Preparation of Samples for Chemical Analysis 
Preparation involves the proper taking of an aliquot portion of the sample for analysis, the 

dissolution of the sample, and any subsequent separation step required before the final measurement 
can be made. 

Samples are normally ground to smaller than 200 mesh either by hand or in a mechanical swing 
mill (Siebteknik). At that particle size, samples of 0,5 g or more can be taken, but, for a particle size of 
less than 60 mesh, the minimum mass of sample is 1 g. The choice of grinding medium (agate, 
Colmonoy, tungsten carbide) is related to the elements and concentration levels at which they have to 
be determined. Where comparative tests have to be carried out by different methods, a spinning riffler 
is used to reduce the material to a series of small homogeneous samples. 

After the sample has been dissolved, it may be necessary for one group of elements to be 
separated from another. For example, noble metals and rare earths are separated from base metals, 
and trace elements from a specific matrix (zinc, copper, or lead). This separation usually leads to a 
concentration of the required elements and thus to lower limits of detection and determination. 
Separation techniques such as ion exchange, partition and reverse-phase chromatography, 
coprecipitation, and liquid-liquid extraction (including three-phase liquid-liquid extraction) can be 
applied. Considerable expertise has been gained at NIM in the concentration of noble metals from a 
wide range of platiniferous materials by fire-assay procedures, and attention has been brought to bear 
on various defects in some long-established practices. With the advent of techniques such as those 
involving the use of the induction-coupled plasma torch, in which there is very little interference in the 
form of matrix effects and the sensitivity is high, it can be expected that there will be less need for such 
separations. Consequently, the analytical procedures will be simpler when a wide range of materials 
has to be analysed. 
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4. STRUCTURAL METHODS OF ANALYSIS 

4.1. Infrared Techniques 
Spectra in the infrared wavelength region 1 fita to 40/4m are concerned with the vibrational and 

rotational transitions of molecules, the frequency and structure of each infrared absorption band 
being determined by the masses of the vibrating atoms or groups, the strengths of the bands, and the 
symmetry proportions of the molecules. As all covalent bonds vibrate, the infrared spectra of related 
compounds can be examined according to the concept of localized group frequencies and many of the 
absorption bands can be correlated with the bonding structure responsible for the vibration. Bonds 
with heavy terminal atoms, e.g., carbon-halogen, and multiple bonds also give characteristic spectra. 
In multiple bonds, the frequency is localized in the strongest bond, the force constant increasing from 
single to double to triple bonds. A Perkin-Elmer instrument covering the wavelength range 2,5 to 
40/im is available at NIM. 

4.1.1. Interferences 
Provided that a suitable atlas of spectra of known pure compounds is available, infrared 

spectroscopy is a convenient means for identification of an unknown compound simply from the 
complexity of the spectra; any two compounds are unlikely to have entirely the same spectra even 
though there may be some overlapping of the bands. 

4.7.2. Form of Sample 
The sample is usually in the form of a liquid, e.g., an organic compound dissolved in a suitable 

solvent. Some solids transmit infrared radiation over restricted wavelengths, and some mineral 
structures can therefore be identified if the solid is incorporated in, for example, a potassium bromide 
disc. 

4.1.3. Advantages 
Identification is usually positive, and a scan over the wavelength range required can be made in as 

little time as 15 minutes, / . i well as being used for identification purposes, infrared spectroscopy is a 
useful tool for the determination of structural features, and for the quantitative determination of 
compounds both of an organic and inorganic nature. It can be a non-destructive method of analysis. 

4.1.4. Limitations 
The extinction coefficients are usually lower in the infrared-wavelength region than in the 

ultraviolet, and the accuracy obtainable is also lower. The infrared spectra of a compound can be 
altered more or less extensively by the conditions under which it is observed, and caution must 
therefore be observed in the use of tables and charts recording the bands and spectra of the 
compounds. 

4.7.5. Applicability 
The technique finds use in the identification and determination of such compounds as phenols, 

amines, alcohols, unsaturated hydrocarbons, and water in the near-infrared region (0,7 to 2,5 pm) 
and in the identification of multiple bonds in the 4 to 6,5/am region. The structures of clay minerals 
and other minerals can be identified in the 5 to 20/xm region, and vibrational structures involving 
heavy atoms and groups of atoms can be identified in the 25 to 40/um region, i.e., far infrared region. 

Infrared techniques are widely used at NIM for the identification of intermediate products in the 
synthesis of reagents. Another field of application is the identification of the reaction products of 
xanthates with specific minerals during the flotation of these compounds. Multiple reflection 
techniques are used in gas analysis44, and attenuated total reflectance can He used in the examination 
of solids and thin liquid films. 

4.2. X-ray Diffraction 
The wavelengths of X-rays are of the same order of magnitude as the interatomic distances in 

crystals and are thus diffracted by crystals; gratings cannot be ruled sufficiently finely for this purpose. 
Since the waves reflected at successive crystal planes must pass twice across the space between the 
planes, the relation for the diffraction of light from a grating becomes n\ = 2dsin0 for the diffraction 
of X-rays from a crystal. The simplest way in which an X-ray-diffraction pattern can be produced is the 
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irradiation, with a parallel beam of monochromatic radiation, of a powdered sample in the centre of a 
circle of photographic film. A series of lines corresponding to the diffracted rays from all the sets of 
planes in the crystals because of their random orientation will then be recorded symmetrically about 
the undeviated X-ray beam. From the measured distance of the lines to the central spot, which 
corresponds to 0, and the order and wavelength of the incident beam of X-rays, the lattice spacing can 
be calculated and correlated with a particular crystal structure. Various crystal deformations and 
defects can lead to a broadening of the lines, the degree of broadening under special circumstances 
being used in an assessment of the stress and strain that result in the deformation of a crystal. 

4.2.1. Interferences 
The possibility of line overlap is determined basically by the resolution obtainable with the 

collimating and slit systems in use. 

4.2.2. Form of Sample 
The sample should be in the form of a fine homogeneous powder that can be mounted on a 

non-crystalline supporting material (such as fibre or paper) with some form of organic adhesive. Flat 
or cylindrical solid specimens can be used, and the sample can be rotated to ensure that all the crystal 
faces are presented to the incident X-ray beam. 

4.2.3. Advantages 
As the '•ifrared technique is used as a means of fingerprinting organic compounds, so X-ray 

diffraction is used to fingerprint crystalline inorganic materials and structural modifications to them. It 
can be.used quantitatively if suitable internal standards, such as boehmite, can be incorporated into 
the matrix. It is essentially a non-destructive method of analysis. 

4.2.4. Limitations 
X-ray diffraction does not record amorphous material, only that in a crystalline form. The 

recording of spectra and their measurement can often be rather lengthy and are dependent, as in 
infrared spectroscopy, on the availability of reference materials and reference files of diffraction 
patterns. 

4.2.5. Applicability 
X-ray diffraction is used at NIM for the identification of the crystal structure and form of minerals 

present in a wide range of materials and, with some difficulty, in the assessment of the stress and strain 
in crystals. 

5. METHODS OF ANALYSIS NOT AVAILABLE AT NIM 
Because of the emphasis at NIM on the solution of problems associated with metallurgical 

processing, certain types of instrumentation are not available, e.g. equipment for gas analysis and 
microchemical analysis. Of these, analysis for gases in metals, as distinct from analysis for gas in the 
atmosphere, is becoming of importance to NIM now that programmes on the electrowinning of metals 
and the production of metals by other processes are receiving greater attention. 

The application of energy-dispersive X-ray-fluorescence techniques has been considered, and 
could offer a very rapid means of qualitative examination. Tests have shown the quantitative 
possibilities of the technique, but, as with wavelength-dispersive X-ray fluorescence, the required 
standardization and corrections for matrix effects call for extensive computer software, which is 
expensive. 

Limited facilities for certain nuclear techniques of analysis are available to NIM through i's 
Activation Analysis Research Group at the Nuclear Physics Research Unit, University of t íe 
Witwatersrand. Included in these is equipment for analysis by particle-induced X-ray emission and 
charged-particle activation. The technique holds the promise of rapid analysis with lower limits of 
determination (about 10~ , ng). Interferences can be limited by the appropriate choice of particle 
energy 

6. A COMPARISON OF ANALYTICAL TECHNIQUES 
Certain features of the available techniques determine their application. Where high accuracy 

and precision for one, or possibly two, elements are required, gravimetric or volumetric procedures 
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would probably be used at NIM. Where such requirements arc related to a large volume of work, and 
possibly a larger number of elements, X-ray fluorescence would be used. 

For a large volume of work on one or two major elements where low levels of precision and 
accuracy are acceptable, current practice would call for the use of atomic-absorption 
spectrophotometr This method would also be used for minor and trace elements, but could give way, 
when the new spectrometer has been installed, to analysis by direct-reading spectrometer, which 
involves little preparation time. Where multi-element analysis is required under these conditions, 
spectrographic or, under special circumstances, spark-source mass spectrometry would be used. 

Analyses not readily made by instrumental techniques, e.g., those for selenium, tantalum, 
uranium, and tellurium, would be carried out by one or other of the special methods designed 
specifically for those elements, possibly even in a specific matrix. In this respect, spectrophotometric 
methods, or atomic-absorption spectrophotometry coupled with hydride generation, are often used. 

Table 1 attempts to summarize the relative merits of the analytical procedures available at NIM. 

TABLE 1 

Comparison of analytical methods available at NIM 

Approximate 
limit of Usual concn Mo. of elements Relative 

Sample form Di lnor concn determination measured determined precision, % Speed of analysis 

Gravimetric Sofn - - % 1 tmI:vidiMlly < 1 Slow 
Volumetric Soln - - % 1 mdividuaily < 1 Slow 
Electromcthc Soln Possible dtln > 1 p.p.m. 

depending 
on method 

p.p.m. or % 1 individually < 1 t o 5 Slow to moderate 

Spectrophotometry* Soln Sepn and drl» 
or concn 

eo 1 p p.m. in 
soln 

p.p.m. or % 1 individually 1 to 2 S'ow to moderate 

Atomic absorption Soln Diln 0,1 to 100 
p.p.m. 

p.p.m. or % Many sequentially 2 to 4 Rapid for single -
sample single deter
minations, less rapid 
for high-vol. (multi
element) work and 
where method of 
additions 
must be used 

Atomic absorption + Soln Diln > 0,01 p.p.m. < 0 . 1 % 7 individually 2 to 10 Mod. rapid, mod. 
hydride generation vol., special 

elements 
Non-flame atomic 5ofn Dtln > 0,01 p.p.m. < 0 , 1 % Many individually 5 to 20 Mod. rapid, mod. 
absorption vol.. special 

elements 
OES + ICP Soln Diln 0,01 to S p.p.m. pp.m. or % Many simultaneously 3 I D 5(pt»otographic) 

1 to 3 (direct 
reading) 

Rapid, high vol. 

OES, high-voltage. Solid - 0 , 1 % % Many simultaneously 3 to 5(photographic) Rapid, high vol. 
spark 1 to 3 (direct 

reading) 
OES, d.c. arc Powder Diln 

with buffer 
0,1 to 50 p.p.m. < 0 , l % Many simultaneously 5 to 15(pbotograpmc) 

3 to lOfdtrect 
reading) 

Rapid, high vol. 

X-ray fluorescence Solid Powder direct 
or diln by 
fusion 

10 to 100 p.p.m. % Many sequentially 1 to 3 (major con
stituents) 

Mod. rapid, high vol. 

X-ray fluorescence Soln Diln > 100 p.p.m p.p.m. to % Many sequentially 1 to 10 Slow to moderate, low 
vol., used where 
calibration is a 
problem 

Neutron activation Solid, powder 0.01 to 
300 p.p.m. 

p p.m. to % Many simultaneously f to 10 Variable with high 
capacity in some 
cases, elapsed time 
for analysis often 
long except when 
short 'lived isotope» 
used 

SSMS Solid, powder - > 0,001 p.p.m. p-p.b. or 
p.p.m. 

Many simultaneously 5 to 20 Slow, multi-element, 
low volume 

Electron Polished conduc - > 10 to M * g % on total 10 simultaneously 1 to 2 Rapid analysis, tow-
mtcfoprobc ting section oft focalized 

«mplc 
MfflpfC vol. because of 

sample prepn time 

OES * optical emmiofi spcclrograpfcy 
SSMS » tpark-tmiicc maw «pcclroiMiry 
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Because other factors often dictate the technique to be used, it is necessary for alternative techniques 
to be available. Briefly, these factors are as follows: 

(1) total analytical work load and availability of staff, 
(2) number and size of research projects running simultaneously and degree of priority, 
(3) number of elements required in relation to the determination and time allowed, 
(4) precision and accuracy required, 
(5) changes in processing procedures, necessitating changes in the analytical methods and 

techniques used, and 
(6) availability of instrumentation. 
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