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CHAPTERS 


INSTRUMENTATION 


5.1 INTRODUCTION 


Detailed infonnation on ICP-OES systems can be obtained from the works ofMoore (1989), 


Boss&Predeen(I999), Thompsonetal (1983), Tissue (l996) and Townshendetal (1995). A 


brief description from these sources follows. 


Inductively coupled plasma analysis usually involves the introduction, in liquid fonn, of the 

elements to be analysed in an argon plasma, induced by a high-frequency field and realizing 

temperatures in the region of 8 000 K. With the aid ofa stream of argon gas, a nebulizer 

transfonns the liquid into an aerosol. Separation of the large droplets is achieved in a spray 

chamber. The aerosol! argon mixture passes through an injector tube into the plasma. There the 

aerosol is atomised and excited. 

When the atoms of an element are excited, their electrons change energy levels by absorbing 

energy, and light with a characteristic wavelength is emitted when the electrons return to their 

ground state. The energy required to excite the atoms or ions is supplied by a radio frequency 

generator. High frequency radiation is used to ionise a stream ofargon, which forms a plasma via 

an induction coil. The sample within the plasma is mostly reduced to an atomic or ionic state and 

the atoms are excited by the plasma. 

Discrimination between these wavelengths is performed by a spectrometer which can take the 

form ofa monochromator orpolychromator. The beam oflight is focussed onto the primary slit 
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A Meinhard concentric nebulizer with a 3 mlI minute flow rate and a Schott double pass glass 

spray chamber were used. All the work was carried out using a demountable torch. 

5.2.1 The Monochromator 

Accoding to Moore (1989), sequential instruments are designed to move sequentially from one 

wavelength to the next during the measuring sequence. It therefore measures the elements in the 

sample one after the other. Faster results are obtained with simultaneous (measuring all the 

elements at the same time) instruments. The main reason that sequential instruments are used is 

to save costs but there is also increased flexibility. An almost unlimited range ofanalytical lines 

can be used. 

In sequential instruments, a monochromator enables a ~;pecific spectral band to be selected. The 

emission spectrum of an ICP plasma is composed primarily ofspectral lines over a continuous 

background and is very complex. Each element emits radiation at characteristic wavelengths and 

so the precision of the analytical results depends on the separation of the spectral lines. 

The JY-24 utilises a 0.64 m focal length monochromator with a plane interferometric 

(holographic) grating. A wavelength drive is used with a computer-controlled stepper motor. A 

schematic representation ofthe Czemy-Turner mounting is presented in Figure 5.3 (Thompson 

et aI, 1983). The grating is rotated and the spectrum is moved across the exit slit. 

 
 
 



 
 
 



 
 
 



Page 41 of136 

for the work described here was I kW. The generator also has an automatic plasma ignition 

system and protection against leaks and outside radio :frequencies. 

5.2.3 The Torch 

The demountable ICP torch consists oftwo concentric quartz tubes (connected to the argon 

source) which surround the central injector tube. The injector tube is connected to the nebulizer 

via the sheath gas system and is constructed of alwnina, quartz or sapphire. A 3 mm alumina 

tube was used in all the experimental work. When solutions oftungsten carbide are analysed by 

ICP-OES, a black deposit builds up on the quartz torch. The deposit cannot be removed and 

eventually makes the quartz brittle, causing it to flake offthe edges. Alumina was found to remain 

smooth in spite ofthe deposit. A schematic representation ofthe demountable torch is shown in 

Figure 5.5. 

One argon inlet on the torch supplies cooling gas and supplies the plasma itself, while another 

supplies auxiliary (argon) gas, required during the analysis of samples containing organic 

solvents. There is also an inlet from the nebulizer and a sheath gas supply. The latter two are 

used for the formation, transport and injection ofthe sample aerosol into the heart ofthe plasma. 

An argon flow rate of 14 if min was used for the cooling! plasma generation supply. Argon flow 

rates for the sheath gas and nebulizer were set at 0.2 fI min and 0.3 il min, respectively. The 

auxiliary gas supply was not required. 

As mentioned above, the analysis of tungsten carbide samples was found to cause a black 

deposit to build up on the quartz outer torch tube. This outer tube is shown in Figure 5.5. When 

other types of sample were analysed on the same instrument, the demountable system allowed 
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alumina was found to withstand continuous use better than quartz, remaining smooth even when 

a deposit fonus on the tip. The alumina injector tube could be used over a period of several 

months before it had to be replaced. However, dissolved solids may cause clogging in the 

injector tube. To overcome this problem, the N-24 has a sheath gas system. The sheath gas 

device produces a stream of argon which perfectly 'sheaths' the sample and prevents the 

aerosol from coming into contact with the sides of the tube. This reduces memory effects from 

the tube and prevents clogging. 

For sodium only two lines are generally reconunended, 588.995 nm and 589.59 nm, and for 

potassium only the 766.49 nm line is used. Since these elements also behave differently from 

other elements, it is important that conditions for these elements are optimised. Sodium and 

potassium are measured using atom lines and they have lower ionisation potentials than other 

elements. The best emission intensities are obtained higher in the ICP plasma, where the degree 

of ionisation is lower (Thompson and Walsh, 1983). Therefore, when alkali elements are 

analysed, the sheath gas is automatically adjusted to give optimum sensitivity for these elements 

(Jobin Yvon Emission Instruments S.A.). 

The sample introduction system ofthe N-24 ICP-OES is shown in Figure 5.9. 
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carbon line at 193.026 run was chosen because it is possible for the instnunent to measure 

atmospheric carbon dioxide (and so no special sample needs to be introduced though the 

nebulizer). 

The entrance slit ofthe monochromator was set at 20 motor steps and the exit slit at 25 steps. 

As each motor step corresponds to 0.001 run, the slits are effectively 0.020 run and 0.025 run 

wide. This is the recommended setting for measurements in the concentration range 0.5 to 50 

mgJ 1!. for the N -24 instnunent. The resolution ofthe monochromator is defined by the width of 

the slit used. The narrower the slit, the better the sensitivity and resolution but a higher integration 

time when measuring is also required (Jobin Yvon Emission Instnunents, SA.). 

For the data acquisition (measurement) phase of the analysis, the 'Gaussian' mode was 

selected. The software scans around the theoretical position of the peak and determines a 

gaussian curve corresponding to these points. This mode can compensate for small variations in 

the peak position. The integration time for each point is short (0.5 s) because a relatively large 

number ofdata points were chosen. For the measurement, 9 data points were selected while the 

calculation of the gaussian curve was based on 5 points. This setting gives the best compromise 

between measurement speed and precision. When 11 measurement points and 7 calculation 

points are selected, for example, the measurement would be slower but precise. A choice of7 

measurement points and 5 calculation points would result in a faster but less precise 

measurement. 
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5.4 REAGENTS AND REFERENCE MATERIALS 

Certified stock reference solutions of tungsten, cobalt, tantalum, titanium, vanadium and 

chromium were obtained as 1000 mg! f solutions from Merck Chemicals. The cobalt solution 

used to matrix match the calibration solutions was prepared from the dissolution ofpure cobalt 

sponge (BDH) in dilute hydrochloric acid. 

The stock solutions were diluted with 8.2 Mn.cm deionised water and analytical reagent (AR) 

grade hydrochloric acid. 

The hydrogen peroxide used for the dissolution step was BDH analytical grade and the tartaric 

acid Merck AR grade. 

5.5 STATISTICAL TREATMENT 

Several statistical methods were used during the evaluation of the results and were applied 

mainly to assess the precision, accwacy and confidence limits. The work of Miller & Miller 

(1993) was used as a guide. These methods were also used to compare the results of two 

different sets of measurements. Only statistical methods which were used in the evaluation of 

experimental results are discussed, and this section is not intended as an exhaustive guide to 

statistics. 

The mean was calculated according to the formula: 

(5.1) 

in order to report a single representative value from a series ofmeasurements. 
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The standard deviation, s, 

(5.2) 

gives a measure of the spread of the results around the mean value. The standard deviation is 

used in many calculations (e.g. confidence and tolerance intervals, significance tests, evaluation 

ofproficiency studies). If the data tends towards a nonnal distribution, the standard deviation 

may be used to estimate the confidence limits ofthe mean. The rule ofsuch distribution predicts 

that 95% of the measurements will fall within 2s of the mean, while 99% ofthe results will be 

within 3s of the mean. 

The standard deviation is sometimes expressed as a percentage, i.e. 1 OOsrx, and is called the 

relative standard deviation (RSD) or the coefficient of variation (CV). The RSD has the 

advantage of enabling the comparison of the spread of different sets of results with differing 

means. 

The confidence limits ofthe mean are generally calculated from the fonnula 

(5.3) 

which is especially appropriate for small sample sizes. In practice the t-values provided by 

statistical tables or by computer software are related to the number of degrees offreedom 

(usually given the symbols dJ. or the Greek letter v) involved in the calculation. Confidence 

levels of95% were employed throughout. 

 
 
 



Page 52 of 136 

Rearrangement ofequation 5.3 gives 

- J; I~-.ul 
t= I x-.ul- or t=-- (5.4) 

s s/..Jn 

and allows the comparison ofthe mean of an experiment with a reference value. The calculation 

is nonnally done in a 2-tailed fonD, since it is not known beforehand whether the mean will be 

higher or lower than the expected ('true') value. The t-tests were performed with the aid of 

Microsoft Excel spreadsheets. 

The estimated standard deviation, sxo, on the concentration values, XQ, can also be calculated to 

obtain a measure ofthe uncertainties involved. According to Miller ani Miller (1993: 113) it 

can be shown that the optimum number ofstandards in a calibration curve is seven.ln this study, 

four-point calibration curves were used, since the samples were analysed in a routine laboratory 

where the best quality results are balanced with tum-around time and cost reduction. The 

calculation of ~ gives an estimate of the error in the measurement, but other effects, such as 

sampling, sample dissolution and dilution errors also affect the uncertainty. At least two aliquots 

of each sample were dissolved and analysed, mostly at two analytical lines, and equation 5.3 

was used as an approximation of the combined measurement uncertainty. The recent 

international trend towards comprehensive uncertainty calculations would certainly require thata 

more complete estimate be produced. 

The F-test, conveniently performed with the help ofa Microsoft Excel spreadsheet, is used to 

compare the standard deviations oftwo samples, i.e. relating to the precision ofthe results. F is 

given by 
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(5.5) 

The null hypothesis is that Ho: 0/ = (J22 thus the equation 5.5 becomes: 


F=s)2/s/, or s2
2/s]2 (5.6) 


with F always larger than 1. Values of F greater than the critical values (Microsoft Excel 


provides probability values directly) indicate that the ratio ofthe variances calculated is larger 


than would be expected at the confidence level in use (normally 95%), and hence that the null 


hypothesis ofequal variances can be rejected. 


The least squares principle was used for the regression statistics, where the least squares straight 


line is given by 


y= bx + a (5.7) 


and 


(5.8) 

The correlation coefficient was calculated from the formula 

(5.9) 

but the coefficient ofdetennination (i) was used tlrroughout this text to estimate the linear fit to 

the data. The data was plotted and linearity confirmed by visual inspection. 

The random error in x and y of the regression line: y = bx + a was found from 
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(5.10) 

The error ofthe slope was calculated from 

(5.11 ) 

while the error in the intercept is given by 

(5.12) 

The limit of detection (LOD) was calculated as the analyte concentration giving a signal equal to 

the blank signal, YB, plus three standard deviations of the blank, SB: 

LOD=YB+ 3sB (5.13) 
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