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SYNOPSIS 

Three methods were investigated that would minimize or possibly eliminate the matrix variations in 
the analysis of molybdenum, and possibly simplify the existing method for the analysis of tin and tungsten, 
which often occur together with molybdenum. The three methods involve the use of back-scattered radiation 
in the determination of the mass-absorption coefficient of unknown samples, the use of a background ratio 
with an exponent that minimizes the effect of matrix variations, and the use of an internal standard that 
shows the same matrix variation as the analyte. 

In the first two approaches, the sample preparation and analysis are much simpler than in the third, 
but, for the great variety of mass absorptions encountered, the internal-standard method proved to be the 
most successful. 

The precision of analysis for molybdenum by that method ranges from a relative standard deviation of 
0,06 at 50/xg/g to 0,02 at 1000pg/g. The lower limit of detection is 4/ug/g. 

The recommended laboratory procedure for the method using internal standards is detailed in an 
appendix. 

SAMEVATTING 

Daar is drie metodes ondersoek wat die matriksvariasies in die ontleding van moiibdeen tot die minimum 
sal beperk of moontlik sal uitskakel, en moontlik die bestaande metode vir die ontleding van tin en wolfram, 
wat dikwels saam met moiibdeen voorkom, sal vereenvoudig. Die drie metodes behels die gebruik van 
terugverstrooide straiing vir die bepJing van die massa-absorpsiekoëffistént van onbekende monsters, die 
gebruik van 'n agtergrondverhouding met 'n eksponent wat die uitwerking van matriksvariasies minimeer, 
en die gebruik van 'n interne standaard wat dieselfde matriksvariasie as die analiet toon. 

In die eerste twee benaderings is die monstervoorbereiding en -ontleding baie eenvoudiger as in die 
ander een, maar vir die groot verskeidenheid massa-absorpsies wat teëgekom word, net die intemestandaard-
metode geblyk die suksesvolste te wees. 

Die presisie vir die ontleding van moiibdeen volgens daardie metode wissel van 'n relatiewe 
standaardafwyking van 0,06 by 50/ig/g tot 0,02 by 1000 /tg/g. Die onderste opsporingsgrens is 4/ig/g. 

Die aanbevole laboratoriumprosedure vir die metode wat van interne standaarde gebruik maak, word 
in besonderhede in 'n aanhangsel uiteengesit. 
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1. INTRODUCTION 
The tin and tungsten deposits near Upington in the Cape Province contain potentially economic 

quantities of molybdenum. A method was therefore required for the determination of molybdenum in these 
deposits. 

A successful r .ethod has already been devised for the X-ray-fluorescence determination of tin and 
tungsten in the presence of molybdenum1. This method involves the addition of an internal standard for 
each analyte as a means of overcoming "íatrix variations. The addition of a third internal standaid for 
the determination of molybdenum could also prove worth while. However, the methods of sample preparation 
and the concentrations of the internal standards vary for high and low concentrations of analytes. The 
addition of an internal standard for the determination of molybdenum would necessitate the production 
of two pellets with three internal standards (each internal standard being an interfering element). An effort 
was therefore made to simplify the sample preparation for all three elements by the use of back-scattered 
radiation and a background ratio with an exponent that could be used in the correction for matrix variations. 

2. THE CHOICE OF INSTRUMENTAL PARAMETERS 
Two differences in the instrumental parameters from those of the existing tin and tungsten analytical 

method are worthy of note. Firstly an X-ray tube with a gold target is used in preference to one with a 
rhodium target as used in the tin and tungsten determination. The practical advantages of this can be 
demonstrated by a comparison of the relative standard deviations in the net peak count rates for each analyte. 

1 m 100 (I) 

where 
T jRp-JRb 

el» is the percentage relative standard deviation, 
T is the total counting time (peak counting time plus background counting time), 
R9 is the gross peak counts, and 
R\, is the background counts. 

Therefore, for e to be minimized, (JTf̂ -JTcb) should be maximized. The value (jR~^-jR~i) is therefore taken 
as a figure of merit2. Table 1 compares the figures of merit for the three elements of interest when the 
rhodium and gold target tubes are used. 

TABLE 1 

Figures of merit for the anaiytes when 
rhodium and gold X-ray-tube targets are 

used 

Analyle 
Rhodium 

target 
Gold 
target 

Tin 
Molybdenum 
Tungsten 

10,7 
73,5 
13,4 

14,6 
62,5 
22,9 

The second difference in instrumental parameters between the two methods is that an LiF(200) analysing 
crystal is used for the molybdenum analysis despite the far superior resolution of the LiF(220) analysing 
crystal. A problem arose with the LiF(220) crystal when molybdenum was analysed in the presence of high 
concentrations of tin. A spurious reflection of tin by the analysing crystal, a 'ghost peak'3, seriously overlaps 
the molybdenum Ka peak. The LiF(200) crystal does not produce such ghost peaks. 

3. ANALYTICAL APPROACHES 
Three of the analytical approaches possible for the determination of molybdenum by X-i ay-fluorescence 

spectrometry (XRFS) are the use of back-scattered radiation, the use of a background ratio with an exponent 
that minimizes the effect of matrix variations, and the use of internal standardization. 
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3.1. The Use of Back-scattered Radiation for Matrix Correction 
It was first shown in 1958 that the accuracy and reproducibility in X-ray-fluorescence analysis can 

be unproved by the use of scattered radiation as an internal standard*. The authors pointed out that influences 
resulting from variations in the voltage or the current of the tube, and in the position of the sample and 
the sizes of its grains, are considerably reduced in this way. However, more important is the fact that scattered 
radiation allows an analyst to make matrix corrections without a detailed knowledge of the composition 
of the sample. Equation (2) is the well-known formula for the concentration of an analytc: 

C=tf,0xp + M,)/f (2) 

where A is the intensity of the fluorescence, 
fi, is the mass-absorption coefficient for the secondary or fluorescent radiation, 
ftp is the mass-absorption coefficient for the primary radiation, 
C is the concentration of the element, and 
Kt is the constant factor, which depends on the intensity of the exciting radiation; on the geometry 
of the X-ray tube, the sample, and the detector; and on the excitation of characteristic fluorescent 
lines with regard to the energy of the exciting radiation. 

MP = 2MPÍCÍ O) 

where Q is the concentration of the element i. 
UP, is the mass-absorption coefficient of element i for the primary radiation. 

lu = Lm-Ci (4) 

where ji„ is the mass-absorption coefficient of element i for the secondary or fluorescent radiation. 

For qualitative analysis, the value of ft is eliminated by certain manipulations or is determined 
experimentally. In 1963, Reynolds3 described a new method for the determination of the mass-absorption 
coefficient in analysis by X-ray-fluorescence techniques. He found that, at a definite wavelength, XI, the 
mass-absorption coefficient, fi, is a linear function of the reciprocal intensity of a Mo Ka Compton scattered 
line (originating from the tube) of another wavelength, X2. The intensity of the Compton scattering is 
therefore inversely proportional to the mass-absorption coefficient at wavelength \ 2 . Reynolds's method 
involved the extrapolation of the /i value determined at wavelength X2 to the \i value at XI. The extrapolation 
is valid if the wavelength dependence of p for all the major elements in the sample can be described by 
the same function in the spectral region XI to X2. This requirement is fulfilled if the major elements of 
the samples do not have an absorption edge between XI and X2. 

The types of sample encountered in the present work had major concentrations of tin or tungsten or 
both, whereas molybdenum was present in only trace or minor quantities. The 29 scan (Figure 1) for the 
elements of interest shows that the extrapolation is not valid for the Au Lai,2 Compton peak, nor for any 
other Au Compton peak. (Similar difficulties are encountered with the Rh Kai,2 Compton peak.) Therefore, 
the Compton peaks cannot be used for matrix corrections. 

Background radiation originates from two sources: the scattering of primary radiation by the sample, 
and general instrumental .ioise. The scattering occurs in two forms: coherent (or Rayleigh) scattering and 
incoherent (or Compton) scattering, both of which are dependent on the matrix. Since the characteristic 
lines of the X-ray targets, as well as their continua, are scattered by the sample, any chosen background 
can be shown to be inversely proportional to the mass-absorption coefficient, as was demonstrated by Hahn-
Weinheimer et al.6. Unfortunately, a single background position for matrix correction produces the same 
problem as do the Compton peaks. Reynolds7 developed a method that allowed extrapolation of the ft 
value at wavelength X2 to the n value at wavelength XI, even if the absorption edge for a major element 

1 
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FIGURE 1. 28 scan showing the major spectral lines for the tube target and for the major analytes 
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occurs between XI and X2. This was accomplished by the use of a series of simultaneous equations in terms 
of the mass-absorption coefficient at XI, the fluorescent intensities of the matrix elements, the analysis 
of a major element of a standard, and data on the rate of change of fi with each element in the matrix. 
By the iteration of these calculations and appropriate changes in the relevant parameters, /i can be determined 
across a series of major absorption edges. Unfortunately, each iteration introduces new errors (about 4 
per cent7) and, for the types of samples encountered, 3 iterations are likely to be required. This method 
was therefore considered unsuitable for the present work. 

As mentioned earlier, a single background position cannot be used for matrix corrections. An attempt 
was therefore made, when only one element was to be determined, to use the background of that element 
in tne correction for matrix variations. This approach eliminates the problems caused by the absorption 
edges of the major elements. Two background positions were used for each element, one on either side 
of the spectral line. The problem with backgrounds adjacent to the spectral lines is that they are likely 
to be overlapped by the spectral lines, particularly when the LiF(200) analysing crystal is used. Therefore, 
before the background intensities can be used for matrix corrections, they must be corrected for any spectral-
line overlap. This overlap was determined by the analysis of a suite of samples containing only one analyte 
in the form of an oxide varying in concentration from 1 to 20 per cent. Two background intensities (B\ 
and B2) and the peak intensity of the analyte (PI) were measured. These intensities were multiplied by 
the theoretical mass-absorption coefficient determined from published tables8 and from a knowledge of 
the elements in the sample. The total mass-absorption coefficient of a sample is given by 

, s i n 0" /«* 
^^ÚÏTS ( 5 ) 

where JIT is the total mass-absorption coefficient, 
6i is the angle of incidence of the X-ray beam, and 
02 is the take-off angle of the X-ray beam for the analyte. 

A Siemens SRS 200 X-ray-fluorescence spectrometer was used for ell the analyses in this study for 
which the angle of incidence and the take-off angle were equal. Equation (5) becomes 

fir = lip + H, (6) 

The primary radiation is composed of the continuum and the tube spectrum, rather than of a single 
wavelength. As an approximation, an effective wavelength is assigned to the primary radiation based on 
the following criterion: 

2 
Xt = --X»dfi, (7) 

where X, is the effective wavelength, 
X«d,» is the wavelength of the absorption edge of the element to be analysed. 

When the K or L lines from the tube can excite the analyte, the following criterion is used: 

Xc = Xiub« K Or Xmbc t (8) 

where Xmi* K is the wavelength of the X-ray-tube K line 
Xiub« L is the wavelength of the X-ray-tube L line. 
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A plot of P l-/t versus (fll + B2)n yields a graph with a slope equal to the lift factor for the background 
of the analyte. By use of this lift factor, the t»ue spectral-line and background intensities can be found 
by iteration, as shown in Figure 2. 

Gross peak intensity - uncorrected background intensity 
= net intensity 

1 
Net peak intensity x lift factor 
= background lift (in counts) 

1 
Uncorrected background intensity - background lift 
= corrected background intensity 

1 
Gross peak intensity - corrected background intensity 
= net intensity 

FIGURE 2. Flowchart showing the iteration procedure used for the true net peak intensity and 
the true background intensity 

The effect on the background for tin was examined by the use of samples containing 0 to 20 per cent 
stannic oxide, molybdenum trioxide, or tungsten trioxide. A plot of the background counts for tin versus 
the inverse of the theoretical mass-absorption coefficient for each set of samples should yield a straight 
line if the method is effective. Three straight-line graphs were obtained, but the slopes depended on the 
element producing the matrix variation, as shown in Table 2. 

TABLE 2 

Straight-line coefficients for plots of l/\x (for 0 to 
20 per cent stannic oxide, molybdenum trioxide, or 
tungsten trioxide/ versus background counts for tin 

Group A R C 

Matrix variant Sn0 2 MoO, WO, 

Slope 
Intercept 
Correlation index 

3,456x10 ' 
-0,0163 

20 

4,289x10"' 
-0,1473 

100 

3,994x10 •' 
-0,0976 

71 

5 
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The effect of these varying slopes on the determination of /i for samples containing 1 to 20 per cent 
tungsten trioxide ;s shown in Table 3. 

TABLE 3 

The use of the different slopes of 1/p 
versus background for tin in the 
determination of u- for samples 
containing I to 20 per cent tungsten 

trioxide 

WOj, W* A B C 

1 2,01 2,04 2,01 
2 2.25 2,36 2,30 
5 3,05 3,57 3.33 

10 4,21 5,99 5.11 
20 5,% 12,34 8,70 

The results in Table 3 clearly demonstrate that the background for tin cannot be used in the correction 
for variations in mass absorption in the analysis for in in the types of samples encountered. This approach 
is no*, suitable for the determination of tin. However, as the main aim of the study described here was 
the determination of molybdenum, the effect of the molybdenum background with varying concentrations 
of tin, molybdenum, or tungsten was examined with a view to the use of this background in the correction 
for matrix variations. A plot of the molybdenum background versus the inverse of the theoretical mass-
absorption coefficient for the samples containing 0 to 20 per cent tin, molybdenum, or tungsten oxide once 
again produced fairly straight lines, but, as with tin, the slopes of these lines varied (Table 4). 

TABLE 4 

Straight-line coefficients for plots of I/p (for 0 to 
20 per cent stannic oxide, molybdenum tri tide, or 
tungsten irioxide) versus background counts for 

molybdenum 

Group D E F 

Matrix variant SnOj MoO, WOj 

Slope 
Intercept 
Correlation index 

4.995x10' ' 
-0,328 

22 

2,151x10"' 
-0,029 

21 

2 , 4 4 4 x 1 0 ' 
-0,064 

62 

The effect of varying slopes on i..? determination of the mass-absorption coefficient for samples 
containing 0 to 20 per cent stannic oxide is shown in Table 5. 

Once again, the determined mass-absorption coefficients, as shown in Table 5, demonstrate that the 
chosen background cannot be used in the correction for matrix variations when molybdenum is being 
determined. 

Logarithmic functions9,10 have been used to describe the relationship between scattered radiation and 
mass absorption, but it was found that these functions show variations similar to those of the linear function. 

None of the attempts in which ba:kground or tube lines from the Compton scattering were used as 
a means of matrix correction was successful. These approaches proved most successful in the determination 

6 
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TABLE 5 

The use of the different slopes of l/\i 
versus background for molybdenum 
in the determination of nfc samples 
containing 0 to 20 per cent stannic 

oxide 

SnOj, % D E r 
0 5,47 5,24 5,39 
3 6.17 5,50 5.71 
5 6,63 5.66 5.90 

10 8,41 6,12 6.49 
20 11,70 6.72 7.2Ó 

of trace amounts of he9" y elements in a light matrix, although major elements were also determined. 
Generally, these approaches seem to fail if there is a large difference in atomic number between one or 
more varying elements in the matrix". 

3.2. The Background-exponent Method of Matrix Correction 
Internal standardization by the use of scattered X-rays has been described by Andermann and Kemp4, 

who demonstrated empirically the effectiveness of a simple ratio of the fluorescent pea!» to the adjacent 
background in correcting for a wide variety of instrumental or operational errors and those arising in the 
sample itself. A modification to the method in which the background is raised by an exponent T has been 
shownw to improve most existing techniques if the value used for T is other than the previously assumed 
unity or zero. 

If 

/ B oc (Jcofc + flncoh) (9) 

where /B is the background intensity, 
/cod is the coherently scattered portion of the background, 
/incoh is the incoherently scattered portion of the background, 
H is the linear mass-absorption coefficient, and 
p is the density of the sample, 

then, 

(/cob + / i n « . h ) « Z ( 1 - 2 ) 

where Z is the atomic number, 

and 

p/p * Z* 

IK * /-* 

where /A is the intensity of the analyte spectral line. 

Therefore, 

/ .«z-»- 2 ' 

(10) 

(11) 

(12) 

(13) 

7 



DETERMINATION OF MOLYBDENUM 

and 

/AAÍB « Z - « ' - 2 ) (14) 

A comparison of equations (12) and (14) shows that the ratio is much less dependent on atomic number, 
and therefore on matrix composition, than the intensity of the radiation from the analyte is. Furthermore, 
if the background intensity is raised by a suitable exponent, the dependence on the matrix can be reduced 
further. This exponent can be determined as follows13: 

I*/IBT = KCA (15) 

where K is constant, and 

CA is the concentration of the analyte. 

The logarithm of equation (IS) is 

log/A- T\ogIB = K' + logCA, (16) 

where K is a constant. 

By rearrangement of equation (16), 

log/A-logCA = K + r-log/i, (17) 

The exponent is determined by the analysis of a set of samples, of known concentrations and known 
mass-absorption coefficients, that show similar variations from the types of samples likely to be encountered. 

For the determination of tin in this study, two possibilities were examined: firstly, major concentrations 
of tin in samples in which the matrix variations are the result of varying tin concentrations and, secondly, 
minor concentrations of tin in the presence of major concentrations of tungsten in samples in which the 
matrix variations are the result of varying concentrations of tungsten. The graphs in Figures 3 and 4 show 
curvature owing to absorption. By application of equation (17) to the data on intensity and concentration, 
two separate exponen's were obtained: 1,2930 for trace concentrations of tin in major concentrations of 
tungsten, and 1,1993 for major concentrations of tin. The application of equation (IS) to the respective 
exponents, intensity data, and concentrations produces the graphs shown in Figures S and 6. These graphs 
are almost without the curvature resulting from absorption. Although the exponents are different, they 
represent the two extremes that are likely to be encountered. The error introduced by the averaging of the 
exponent values is negligible, as shown by a comparison of the fit of the ds>t«i, which is indicated by the 
c irrelation indices, obtained fom the separate exponents and the average. The indices were not significantly 
different, indicating that the same level of matrix correction was achieved when the average value was used 
for the exponents. 

For the determination of molybdenum, the two extremes in matrix composition that are likely to be 
encountered are trace concentrations of molybdenum in major concentrations of tin or tungsten. These 
matrices were examined, a; were various major concentrations of molybdenum. Figures 7, 8, and 9 show 
graphs of molybdenum concentration versus net intensity for the three matrices under examination. 

Figure 7 demonstrates that the intensity of the molybdenum spectral line is unaffected by major 
concentrations of tin. In this instance, equation (17) cannot be used in the determination of an exponent 
because the results for intensity and concentration are not affected by the varying matrix. A computer 
programme was written that repeatedly performed a least-squares fit on the plot of the peak-to-background 
ratio (raised to an exponent) versus the concentration of the analyte; the programme also changed the 
exponent at each step, and recorded the quality of the fit by the correlation index. This yielded an exponent 
value of 0,279 for the optimum fit, although the quality of fit was not significantly better than that obtained 
when the net intensities were used alone, i.e. an exponent of zero. 

Figures 8 and 9 aga>". demonstrate absorption effects. The application of equation (17) to the data 
on intensity and concentration yielded an exponc. of 1,3140 for major concentrations of molybdenum 
and of 1,5705 for trace concentrations of molybdenum in the presence of tungsten. 

8 
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Figures 10 and 11 show that the curvatwe resulting fom absorption is virtually absent when equation 
(IS) is applied to these exponents and their respective intensity and concentration data. There is considerable 
variation in the optimum values of the exponents, and it was found that, when average values were used, 
the correction for matrix variations was not adequate. Therefore, the background-exponent approach is 
not suitable for the analysis of molybdenum in the types of matrices encountered. 

The assumptions made in the derivation of equation (IS) are associated with the isolated-atom scatter 
theory and with the derivation of net fluorescence intensity, and are as follows: secondary fluorescence 
is absent, the sample is perfectly homogeneous, the wavelength of the analyte spectral line is less than that 
of a major absorption edge within the sample, diffraction phenomena are negligible, and the component-
scattering intensities are additive and unaffected by chemical bonding. Ideally, the values of the exponent 
should range from 1,0 (for incoherent or Compton scatter alone) to 2,0 (for coherent or Rayleigh scatter 
alone), with a valufi somewhere between the two for a general combined background. This explains why 
the method works well in the determination of tin, the exponents being between 1,0 and 2,0, but not in 
the determination of molybdenum, and therefore not in the determination of tungsten; for these two analytes, 
the analyte wavelength is not always less than that of a major absorption edge within the sample, when 
the exponent is less than 1,0. 

3.3. Internal Standardisation for Matrix Correction 
Internal standardization is used very widely for matrix compensation or correction. Since absorption 

and enhancement effects are caused by the interference arising from the close proximity of characteristic 
spectral lines and absorption edges, they can be overcome by the addition of an internal standard having 
a fluorescent radiation that is affected in a similar manner to the way the analysed fluorescent radiation 
is affected. Internal standardization also minimizes the effects of variation in the packing density of briquetted 
powders (the type of sample employed in this study). Spectral-line intensities (I) are measured for the analyte 
(A) and the internal standard (IS) for all the samples and standards, and a calibration curve of /A:/IS (i.e. 
the net intensity ratio) versus the concentration of the analyte is produced from the standard data. The 
practical consideration in the choice of an internal standard is that the internal standard and the analyte 
spectral lines and absorption edges should have wavelengths as close as possible. It is apparent from a study 
of wavelength tables that the best choice of an internal standard is to be made from elements with an atomic 
number similar to that of the analysed element. It is essential, however, that the wavelength of the spectral 
line for the internal standard should be on the same side of the absorption edge of the absorbing element 
as the spectral line for the analyte, and that the absorption edges of the internal standard and the analyte 
should lie on the same side of the spectral line for the absorbing element. This is demonstrated in Figure 12. 

4. EXPERIMENTAL PROCEDURE 
4.1. Choice of Internal Standard 

Examination of the periodic table shows that niobium is the only feasible internal-standard for 
molybdenum, and it fits the criteria for an internal-standard element. As shown in Figure 13, the Mo /031,3 
spectra] lines lie between the Mo and Nb K absorption edges. Therefore, the intensity of the Nb Kai,2 
spectral line will be enhanced by molybdenum. This common occurrence is unavoidable, but ideally the 
internal standard should be heavier than the analyte element. Then, the internal standard in the samples 
and the standards, whose concentration remains constant, will enhance the analyte element by a constant 
amount. As no readily available element occurs with an atomic number that is 1 or 2 greater than the atomic 
number of molybdenum, niobium must serve as the internal standard. 

4.2. Interferences 
As already mentioned, the LiF(220) analysing crystal cannot be used because o' the presence of a ghost 

peak (for tin) that overlaps the molybdenum Ka spectral line and the background. The poorer-resolving 
LiF(200) crystal, which is not affected by ghost peaks, is used as an alternative. 

The close proximity of the spectral line for the analyte and that for the internal standard results in 
mutual interference, and both spectral lines overlap the background positions. 

An X-ray tube with a gold target was used in this work. When an X-ray tube with a rhodium target 
is used, a correction must be made for the overlap of the Rh Ka Compton spectral line on the Mo Kai,2 
spectral lines and the background. 
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FIGURE 12. Ideal positions of the fluorescent spectral lines and of the absorption edges of the 
matrix (M), the analyte (A), and the internal standard (IS) when internal standards 
are used for matrix correction 

4.3. Calculation of Net Intensities 
The spectral lines and the background occur on a portion of the tube continuum where the slope varies 

with the composition of the matrix. The background factors, which are calculated by measurement of the 
intensity at the background and spectral-line positions on blank specimens, followed by the ratioing of 
the intensities obtained, vary with the matrix; therefore, the background is calculated by coordinate geometry 
according to equation (18): 

BA = 
jAA-AB,)B2 + (AB2-AA)Bl 

(A*-ABI)+(AM-AA) ' 
(18) 

where B* is the background at the position of the analyte spectral line, 
A A is the 28 angle of the analyte spectral line, 
ABI is the 29 angle of the background position on the short-wavelength side of the analyte spectral line, 
An is the 20 angle of the background position on the long-wavelength side of the analyte spectral line, 
B\ is the background intensity at position A%\, and 
Bl is the background intensity at position Am-

The net intensities of the peaks are corrected for background and spectral-line overlap by an iteration 
procedure according to the following equations: 

IMO KO net = /MO Ka — BM0 — ^Nb Mo' fob Ka 

fob Ka nei = /Nb Ka~ Btib— LMO Nb'/Mo Ka • 

(19) 

(20) 

where /, M l is the intensity of the spectral line corrected for background and spectral-line overlap, 
A ka is the intensity of the Ka spectral line at the 2$ angles (gross intensities), 
Br is the background intensity calculated by use of equation (18), and 
L,, is the correction factor for the spectral-line overlap of element i on element j . 

The lift factor L\} is the overlap of the net spectral intensity of element i on the net spectral intensity 
of element j . This is a much simpler approach than the separate determinations of the lift on the background 
and on the spectral lines of the element. 

The initial value of fob na net in equation (19) is fob Ka- This value is then refined by equation (20), 
and is then substituted into equation (19). Five iterations generally produce no further change in the refined 
values. 
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FIGURE 13. 26 scan showing the position of the molybdenum and niobium Ka and K|3 spectral 
lines and the K absorption edges 

4.4. Calibration 
Calibration standards ranging from 10/tg/g to 1000/tg/g were measured with the instrumental 

parameters given in Table 1-2 of the Appendix. The measured spectral-line intensities were used in the 
calculation of the ratio of the spectral-line intensities, Mo:Nb, from the equations given in Section 4.3. 

The effectiveness of internal standardization is demonstrated by the calibration graphs shown in Figures 
14, IS, and 16. In Figure 14, which shows the net intensity of the Mo Kai.2 spectral lines plotted against 
the concentration, there is a considerable scatter of the points because of matrix variations. This scatter 
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is greatly reduced by internal standardization (Figure IS), although there is still a noticeable trend in the 
scatter as a result of random matrix variations. Figure 16, which shows the resu» s for a sequential rather 
than a random variation in the matrix, produces an excellent calibration. The standard error of the estimate 
is reduced from 48 (Figure 14) to 22 (Figure IS) to 2 (Figure 16), but the calibration is not necessarily correct 
for the sample matrices under examination. It is therefore advisable for the matrix variations to be reduced 
as much as possible by dilution. Because internal standardization cannot completely correct for matrix 
variations, a briquette 20g in mass and 32mm in diameter was used in preference to the usual lOg briquette 
of 40 mm diameter; this ensured that the sample was 'infinitely' thick and that no unnecessary errors were 
introduced. 

4.5. Results 
The precision and accuracy of the method, which is detailed in the Appendix, were assessed from an 

analysis of an international standard reference material supplied by Canmet, Canada. (Very few reference 
materials of molybdenum are available.) 

The analysis is given in Table 6. Each replicate was a briquette freshly prepared and analysed on the 
same day. 

TABLE 6 

Analysis of a molybdenum reference material 

Reference 
material 

Certified 
value, V» 

XRFS mean 
value, %• 

Relative standard 
deviation 

No. of 
results 

Mo ore PR 1 0,594 0,596 0,021 10 

* Sample diluted 10 times 

5. TIME FOR ANALYSIS 
The overall time required for the analysis from the time the sample is taken to the time the result is 

available is approximately 3 hours for a batch of 10 samples and standards, or approximately 1 hour for 
a single sample and standards. 

For a batch of 10 samples, the time is broken down as follows: 
Weighing of 4 components 20min 
Grinding (with a 6-bowl swing mill) 20min 
Pressing of briquettes 20min 
Measurement of samples and standards 120min. 

The calculation is done on-line. 

6. CONCLUSIONS 
Many of the successful analyses in which scattered radiation was used for matrix correction seem to 

have been the result of a convenient or pragmatic selection of wavelength and type of scattering. The use 
of a combination of coherently and incoherently scattered radiation for matrix correction proved unsuccessful 
in the present work. The use of a background ratio with an exponent for matrix correction was found to 
be a better approach than the direct use of scattered radiation in the determination of mass-absorption 
coefficients, but the widely varying matrices encountered did not allow for adequate matrix correction with 
either approach. 

The internal standard method is capable of giving very high precision, but it cannot compensate for 
greatly varying matrices. Care must therefore be taken that matrix variations are minimized by dilution 
as well as by internal standardization. 
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APPENDIX 

E.1. Molybdenum 

THE DETERMINATION OF MOLYBDENUM, BY X-RAY FLUORESCENCE SPECTROMt TRY, IN C ES, 
CONCENTRATES, AND RESIDUES OF TIN AND TUNGSTEN 

(LABORATORY METHOD NO. 42/12) 

1. OUTLINE 
The sample is mixed with river sand (if necessary) and with the internal-standard mixture to give a 

total mass of 18 g for each sample, to which 2g of binder is added. After being ground to a fine powder, 
the mixture is pressed into a briquette. Appropriate measurements are made of the background and spectral-
line intensities for the analyte and internal standard. The net intensity, /„,, is determined after corrections 
have been made for background and spectral-line overlap. Calibration graphs of the net-intensity ratio versus 
the concentration are then plotted, and the calibration constants are determined. 

2. APPLICATION 
The method is applicable to the determination of molybdenum in materials such as ores, concentrates, 

and tailings containing scheelite, cassiterite, or wolframite. 
The lower limit of detection is 4/tg/g, and the limit of determination is three times this, i.e. 12/ig/g. 

The relative standard deviation is 0,06 at 50/ig/g, and 0,02 at 1000/tg/g. 

3. AMOUNT OF SAMPLE 
The amount of sample and appropriate additions of river sand, internal-standard mixture, and binder 

for various concentrations of molybdenum are given in Table Í-I. 

TABLE 1-1 

Variation of sample with the concentration of molybdenum 

Conditions: Mass of internal standard 
mixture 0,5 g 

Mass of binder, 2g 
Estimated Mass of Mass of river-sand 
Mo, /ig/g sample, g diluent, g 

Oto 1000 17,5 -
1000 to 2000 8 9,5 
2000 to 4000 4 13,5 
4000 to 8000 2 15,5 

4. REAGENTS 
(1) Inert Diluent 

River sand free of molybdenum. 
(2) Wax Binder 

A mixture of 1 part of Sasolwax N3 and 9 parts of polystyrene copolymer EMU 120FD (supplied 
by Badische Analin- und Soda-Fabrik A.D.). 

(3) Molybdenum Trioxide and Niobium Pentoxide 
Place the oxides in platinum dishes, and dry in a furnace at 400 °C for 1 hour. Cool and store 
in a desiccator. 

(4) Tungstie Trioxide and Stannic Oxide 
These dried oxides, after being mixed in a ratio of 1:1, are milled to ensure homogeneous mixing. 
This mixture is used to simulate matrix variations in the standards similar to those expected in 
th° samples. 

(5) Internal Standard 
Weigh 0,5722 g of the dried niobium pentoxide into a beaker, and make up to I00g with river 

26 



DETERMINATION OF MOLYBDENUM 

sand. Mix and transfer the mixture to a steel bowl, and mill for 5 minutes in a Siebtechnik mill. 
Store in a desiccator. 

(6) Molybdenum Stock Solution, 2000 fig/g 
Weigh 6,0013 g of molybdenum trioxide into a beaker, and make up to 100 g with river sand. Mix 
and transfer to a steel bowl, and mill for S minutes in a Siebtechnik mill. Take 5 g of this mixture 
and dilute to lOOg with river sand. Repeat the milling and mixing process, and store the final mixture 
in a desiccator. 

5. PREPARATION OF CALIBRATION STANDARDS 
Weigh out the masses of molybdenum stock, diluent, internal standard, binder, and 1:1 tin:tungsten 

mixture to give a range of standards of molybdenum from 10 to 1000 fig/g with 0 to 10 per cent 1:1 
tin:tungsten mixture. Mix and transfer to 100ml carbon-steel bowls, and grind for 270 seconds. Transfer 
the ground material to a die 32 mm in diameter and form into briquettes at a pressure of 9,8 N in a Herzog 
press. 

6. INSTRUMENTAL PARAMETERS 
A fuiiy automatic sequential Siemens SRS200 X-ray-fluorescence spectrometer is used. The spectrometer 

is interfaced to a Data General Nova IV minicomputer through a Siemens LC200 logic controller. The 
spectrometer is coupled to an 80-sample loader. 

The instrumental parameters, analytical spectral lines, and background positions are given in Table 1-2. 

TABLE 1-2 

Operating parameters 

Spectrometer Siemens SRS200 and LC200 logic controller 
Voltage 60kV 
Current 45 mA 
X-ray tube Gold target 
Detector Scintillation 
Radiation path Air 
Collimator 150/tm 
Bragg crystal LiF(200) 
Discriminator 100 per cent 
Analytical line Mo Ko 20,33° 
Internal standard line Nb Ka 21,40° 
Background angles 19,70°, 23,00° 
Counting time 100 seconds 

7. PROCEDURE 
a. Weigh the appropriate mass of sample, diluent, internal standard, and binder as indicated in Table 

1-1, and prepare briquettes as for the calibration standards (Section 5 of this Laboratory Method). 
b. Using the operating conditions given in Table 1-2, measure the intensities of the analyte and internal-

standard spectral lines, and of the backgrounds. 
c. Calculate the net intensities, and then plot the ratio of the net intensities of the analyte and internal 

standard against the concentration of the sample. 
d. Calculate the sample concentrations by use of the calibration constants. 

8. CALCULATION 
The spectral lines and background positions occur on the tube continuum, the slope of which varies 

with the composition of the matrix. The background is therefore determined by coordinate geometry 
(equation 1-1) rather than by the normal determination of background factors for blank samples. 

B* {AA-ABQB2 + (ABI-A*)B\ 
( / 4 A - / 1 B I ) + (>1B7-/1A) ' 

(I-D 
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where BA is the background at the position of the analyte spectral line, 
AK is the 2Í angle of the analyte spectral line, 
.4«! is the 20 angle of the background position on the short-wavelength side of the analyte spectral line, 
/4*? is the 20 angle of the background position on the long-wavelength side of the analyte spectral line, 
B\ is the background intensity at position /4Bi, and 
92 i.« the background intensity at position Ami. 

The net intensities of the analyte spectral lines are corrected for background and spectral-line overlap 
by an iteration procedure according to the following equations: 

/MO Ka HM = /MO Ka — Bt*o — Lnb Mo*'N» Ka an. (1-2) 

A » Ka met^Itib Ka~ A » — Z-Mo N » ' / M O Ka act. (1-3) 

where J» net is the intensity of the spectral line corrected for background and spectral overlap, 
h Ka is the intensities at the 20 angles (gross intensities), 
B, is the background intensity calculated using equation 1-1, and 
L„ is the correction factor for spectral overlap of element i on element j . 

The lift factor, Lij, is the overlap of the net spectral-line intensity of element i on that of element j 
This is a much simpler approach than separate determinations of the lift on the background and on the 
element spectral lines. 

The initial value of /N» K S M in equation (1-2) is /«•» Ka- This value is refined by equation (1-3) and 
is then substituted into equation (1-2). Five iterations generally produce no further change in the refined 
values. 
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