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Abstract

Optimisation o f the Total Reflection X-ray fluorescence spectrometer (TXRF) used in this work 
was accomplished by instrumental adjustments of relevant parameters, sample preparation 
and appropriate choice of excitation conditions. The TXRF module used was optimised for Mo 
x-ray tube at 40 kV and the Bremsstrahlung cut-off energy at 20.0 keV. Sample preparation 
method was chosen according to the nature and origin of the sample. Sample excitation 

efficiency depended largely on the homogeneity of the sample material on the carrier surface 
and the x-ray tube operating conditions. Sample preparation by preconcentration technique 
improved the detection limits of certain elements by a factor of over 50, in comparison to direct 
analysis method in which homogeneity and controlled spreading o f the sample on the carrier 
surface rarely exceed a factor of two. In this study, spreading of 10 pi sample was limited to 5-6 
mm diameter by completely drying the quartz sample carrier in a low pressure (350 mbars) 
oven at temperature of 70° C for 10 hours.

Trace element analysis of various water samples that are sold in Nairobi as mineral drinking 
water and tap water was done to assess the environmental pollution from heavy metal 
contamination. For most samples analysed, the levels o f potassium (K) ranged from detection 
limit (0.2 jig/ml) to 28.9 pg/ml, calcium (Ca) 2.2 to 120 pg/ml, titanium (Ti) detection limit 
(11 pg/l) to 60 pg/l, manganese (Mn) detection limit (8 jj.g/1) to 670 pg/l, iron (Fe) 31 to 540 
pg/l, zinc (Zn) detection limit (8pg/l) to 4730 pg/l, bromine (Br) detection limit (8 pg/l) to 248 
pg/l, rubidium (Rb) detection limit (10 pg/l) to 40 pg/l, and strontium (Sr) detection limit (8 
pg/l) to 1000 pg/l. The experimental concentration values for potassium (K) and calcium (Ca) 
for most of the samples were in agreement to predetermined values (label). In general, most o f 
the local mineral water samples contained higher levels of trace elements compared to the 
imported brands. Concentration levels of iron in 50 % of the imported, and 80 % of the local 
samples exceed the WHO maximum limits. Principal Component Analysis of the results for 
water samples revealed three factors of pollution sources. The highest component loading 
clustering include rubidium, strontium and calcium in the first eigenvalue; titanium, iron, 
bromine and zinc, in the second; zinc, manganese and potassium in the third. The percentage of 
total variance explained by the component was 31.4 %, 27.3 %, and 14.8% respectively.

For biological samples, three local food samples consumed by most Kenyans, and some 

certified reference materials were analysed. The samples were: cereal based; raw maize (Zea 

mays) and processed flour; vegetable based; kale (Brassica olaracea ) or locally referred to as 
sukuma wiki, and beverage based; instant and cured tea leaves (Camelia sinensis). The cereal 
based samples contain low levels of trace element compared to vegetable samples. The 
distributions o f trace elements in these samples, to a large extent, are influenced by the type of



the food sample or environmental factors. Trace element intake in the Kenyan diets heavily 

relies on the consumption o f kale that has significant proportion of strontium (107±59) pg/g and 
rubidium (89±25) pg/g, tea leaves with manganese (1060±169) pg/g and rubidium 
(116±26) pg/g. Consumption of maize meal contributes largely to Fe (27±9 pg/g) intake given 
that it is the stable diet. The study also indicated that the concentration levels of the elements in 
the food stuff is modified by processing methods. Principal Component Analyses on the maize 
sample results indicated, 64 % o f the observed total elemental concentration variance, was 

explained by a single factor while for kale and tea samples, the most significant factor 

explained only 45% and 42 % respectively.



CHAPTER ONE 

INTRODUCTION

1.1 Introduction

Energy dispersive x-ray fluorescence analysis (EDXRf) method is an accepted analytical tool 

for elemental analysis of various samples. The technique depends on the emission of the 

characteristic radiation in the 1-60 keV energy range, following excitation o f atomic electrons 

by an external energy source (Bertin. 1975). The elements that can be detected with standard 

detectors such as Si(Li), Ge(Li) and HpGe types range from atomic number 11 (sodium) 

upwards.

The information content o f an energy dispersive x-ray spectrum is among the highest that one 

can obtain in a single measurement. The position and intensity of the spectral peaks provide 

qualitative and quantitative information: where the intensity of the spectral background may 

be used effectively to provide information concerning the bulk composition of the sample 

matrix. Total X-ray Reflection Fluorescence (TXRF) analytical technique is a special variant 

of energy dispersive x-ray fluorescence spectroscopy suited for elemental analysis of minute 

samples, especially those prepared on an optically flat surface and excited under total 

reflection conditions. Aiginger and Wobrauscnek (1974).

Total reflection of x-rays was first described by Compton (1923) in the early 1920’s when he 

demonstrated experimentally that x-ray could be reflected through angles of several 

milliradians by means of polished silver or glass mirrors. The utilisation of the total 

reflection o f x-ray for analytical purposes was proposed by Yoneda and Horiuchi (1971). 

With the realisation that total reflection spectra is sensitive to surface roughness (Parratt. 

1954) and that a mirror in the total reflection mode acts like a low pass filter (Nakana. et al., 

1978), the potential utility of the technique in routine analyses was bom. Instrumental design 

for total x-ray reflection fluorescence progressed quickly after construction of the first basic 

TXRF unit by Aiginger and Wobrauschek (1974). Knoth and Schwenke (1978) 

pioneered the introduction of new instrumental design with automated sample changer. 

Modem versions of the TXRF units combine several mirrors to effect multiple reflection,



resulting in drastic reduction in spectral background and superior detection limits for most 

elements o f interest (Schwenke and Knoth. 1991).

Special window materials that can withstand several atmospheres of pressure are currently 

replacing the detector beryllium window. By replacing the beryllium window of the detector 

with a thin carbon foil and performing all the measurements in vacuum, Streli et al., (1993) 

extended the application of the TXRF technique to determine oxygen in various compounds. 

Because of the transmission properties of these window materials, the measurement of 

elements from boron (Z=5) is possible (Wobrauschek et al, 1991).

Radionuclides and x-ray tubes are often used as excitation sources in conventional x-ray 

fluorescence analysis. TXRF analysis requires an intense, collimated primary beam 

achievable mainly with x-ray tubes for sample excitation. A fine beam x-ray tube is preferable 

to provide a high x-ray flux on the thin sample film (Wobrauschek. 1989). For low atomic (Z) 

element detection, the choice of the anode material, the angles of the incident electrons and 

of the emitted photons are of importance. Synchrotron radiation has recently provided 

superior results (Wobrauschek. 1995), unfortunately it is expensive for most research 

applications. Synchrotron radiation excitation offers better results in comparison to x-ray 

tubes for sample excitation due to the high beam intensity, quasi-monochromatic nature and 

inherent collimated beam.. In earlier studies, synchrotron radiation was applied in the TXRF 

excitation mode to the analysis o f surface contamination in silicon wafers, with detection 

limits better than 1 ppb for metal ions deposited on the polished wafers after a counting time 

of 100 seconds < Atsuo. et al.. 1986). Third generation of dedicated synchrotrons could offer 

low detection limits in the anogram regime (10'15 g), ( Wobrauschek. 1995).

The TXRF module is a special equipment attached to an x-ray tube for total x-ray reflection 

analysis. The collimated primary beam of x-rays from the tube impinges on the surface of the 

sample carrier at angles of only few minutes of arc: below the critical angle for total

reflection (Aiginger and Wobrauschek. 1974). This physical phenomenon of total reflection 

of x-rays is because refractive index of x-rays in the quartz is slightly smaller than one. 

consequently, only a small pan o f the primary beam penetrates the carrier surface and has 

virtually no interaction with the sample carrier. This results in the observed low level of
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scattered radiation and a substantial improvement in the signal to background ratio leading to 

superior detection limits for most elements of interest.

The most prominent features in the TXRF spectra are the characteristic x-ray fluorescence 

peaks originating from the thin sample, the sample carrier and argon peak from air. The 

background is caused incomplete charge collection in the detector and by scattering of the 

exciting radiation which results in very broad Compton peaks. Scattering of the 'white' 

spectrum or the continuous spectrum from the tube is also observed as background.

The problem in detecting elements at the nanogram or sub-ppb level is basically one o f being 

able to obtain a signal that can be clearly distinguished from the background. Typically, the 

low detection limit (LLD) is specified by equation 1.1 (Wobrauschek and Aiginger, 1975),

- ( 1.1)

Where

s = elemental sensitivity in counts per second (cps) per unit mass,

IB = background intensity in cps, 

t = counting live time in seconds

i
A typical TXRF spectrum can have overlaps o f spectral lines of various elements. As a result 

computer based spectrum analyses have become necessary. The method of iterative least 

squares analysis based on non-linear least-squares optimisation algorithm of Marquardt 

(1963) adopted in AXIL, QXAS software package (Kregsamer, 1995) is suitable for spectrum 

deconvolution. This method requires a systematic and accurate description o f all the spectral 

features including energy calibration of the spectrometer and utilises a suitable fitting 

function. The model consists of essentially two cumulative portions, the background and the 

characteristic x-ray photopeak spectrum function. The background function is build up of 

different components, which depend on the excitation mode of the sample (Van Espen el al, 

1977). For total reflection geometry a mathematical background model of exponential 

function of order five or six is used.
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F B(i) = X  a k(Ej-Eo)k+b0e lb,(E,' Eo)+b2(Ei_Eo)2+.........♦ bi<E.-E0)‘l — (1.2)
k=1

Where E = energy, E 0 = suitable reference energy 
This equation can be used to describe the entire spectrum. This function is non-linear in the

parameters b ,,......, fy.

Very little sample material in liquid form (1-10 pi) or as a fine suspension are required for

trace element analysis using TXRF. The sample aliquot is normally deposited in the middle
«

of a polished plane surface of a suitable substrate, usually a disk shaped quartz reflector 

(Suprasil) o f diameter of 30 mm. The characteristic x-ray fluorescence radiation emitted 

from the small sample is collected by large solid angle detector positioned ~5 mm from the 

sample. Typically, the detection limits are in the nanogram range for most environmental and 

biological samples. For aqueous solutions, concentration in the ng/g (ppb) range is obtained 

without complicated sample preparation procedures. Many samples presented for TXRF 

analysis are in aqueous solutions or can be converted into that form by dissolution. Acidic 

dissolution at 180 °C and high pressure is an effective method for sample decomposition. 

Sample preparation techniques in TXRF have been extensively developed in recent years and 

successfully applied for trace analysis at picogram amounts of elements in various kinds of 

materials (Bohlen et al, 1995; Pelpenik, et al., 1993; Ojeda, et al., 1993; Michaelis and 

Prange, 1988; Leland, 1987; Prange, et al., 1985). If the sample cannot be prepared in this 

way, scattering can be suppressed by excitation with linear polarized beam and the 

appropriate x-y-z geometry o f beam-sample-detector positions as presented by 

Wobrauschek (1995) using linear polarized synchrotron radiation.

Currently, the ranges of application o f TXRF is wide and covers estuarine and marine water 

quality management studies, research in air pollution studies, mineralogical investigations, 

chemical oceanography, and medicine. Accordingly, numerous matrices have been handled 

and several sample preparation techniques adopted to TXRF analysis (Prange, 1989). With 

the computerisation of most of the core areas of the TXRF analysis, a lot of precious time 

and money can be saved in routine analysis of bulk samples.



The process of dispersion of trace elements in the biosphere affects the whole ecosystem 

since elements dispersed in the atmosphere do not remain at a point as permanent 

contaminants, but are transported and eventually deposited in the ocean or on land. The 

subject of atmospheric pollution and its consequences on human health has received a great 

deal of attention since World War II (Purves, 1977; Junge, 1963; Magil, et al., 1956). The 

atmosphere is considered mainly as a possible route for the contamination o f the hydrosphere 

and the exposed surface soil. Several elements from industrial activities find their way in 

large quantities into the ocean, but so great is the total volume of water involved that the 

ecological consequences o f such additions are largely restricted to situation where dispersion 

is delayed or restricted (Purves, 1977).

Presently, most trace-element pollution problems involve metals, but problems can arise also 

with non-metals like arsenic and boron. When a potential toxic element is absorbed by a 

living organism at abnormally high concentration, it may cause structural damage or enter 

cells and inhibit enzyme activities to such an extent that normal cell functioning is impaired 

(Mertz, 1979). Every element of the periodic table will produce some detrimental effect on 

man if the level of exposure is sufficiently abnormal. Although it is impossible to quantify the 

hazards and other deleterious effects associated with the exposure to trace elements, some 

elements such as lead, mercury and cadmium, present a greater health risk than others (Mertz. 

1979). Other elements that are o f environmental concern are: chromium, copper, fluorine, 

molybdenum, nickel and zinc. Less severe health effects are occasionally encountered with 

antimony, beryllium, selenium, silver and thallium, although dispersion o f these elements in 

the biosphere is generally low.

Rainwater for example, has proved to be an exceptional form of transport for trace element 

from the atmosphere to terrestrial and aquatic environments. Besides acid rains, many heavy 

metals contribute to the hazards and destruction of forests, lakes and coastal waters, not to 

mention the adverse effects on the aquatic life (Jackella, et al.. 1984; Numberg, et al., 1982). 

Studies of trace elements in some environment and biological samples were neglected in the 

past largely due to problems o f sample contamination and inaccurate analysis at the low

1.2 The Need for Trace Element Studies of Biological and Environmental Samples
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levels involved (The National Research Council, 1977). These problems became even more 

severe as attempts were made to distinguish very small variation in some analytes in the 

samples. Usually, the elemental concentration levels are normally in the ug/1 to ng/1 range 

and the analytical procedures applied are usually based on inverse voltammetry and atomic 

absorption spectrometry as analytical techniques (Pinta, 1978). These techniques allow either 

single element determination or selective determination of not more than three elements 

simultaneously. Various attempts in the past based on these techniques to study trace elements 

in environmental and biological samples are mentioned in some references (Michaelis, 1983; 

Iyengar and Sansoni, 1980; Iyengar and Sansoni, 1978). More recently, multi-elements trace 

studies has been performed quite effectively at low levels of concentration using TXRF 

analytical technique (Prange, et al., 1985; Bohlen et al, 1987; Bohlen et al, 1987; Bohlen et al, 

1988; Pelpenik, et al., 1993; Ojeda, etal., 1993).



1.3 Trace Elements Intake in Human

There is increasing need for up-to-date and accurate data on trace element contents in food 

samples. This is useful in designing therapeutic diets and research on human trace element 

deficiencies and overexposure (The National Research Council, 1977). Because of the 

interactive nature of some elements, multi-disciplinary elemental studies are essential to 

provide data on the patterns and causal relationship between trace element intake and 

health-disease conditions (Pooreboom. 1985).

The task of determining trace element intake in man, including determination of the normal 

range of dietary intake can be simplified by the use of reliable, simultaneous multi- element 

analytical techniques. Trace element content of local indigenous diets and mineral water in 

Kenya is insufficient and lacking. It was therefore the aim of this study to begin tackling this 

problem by analysing some local foodstuffs. The accrued data would help in the assessing 

the nutritional values of some local food products.

The major source of most elements for the body is diet. As such it is important to determine 

the levels o f elements in prepared food in addition to that in raw food samples. In food 

preparation, considerable elemental changes takes place. For example, loss from cooking, 

addition from utensils, and food additives (table salt, seasoning). In addition, the selection of 

some parts of the raw food products, chemistry of the elements and other physiological 

processes, does contribute to the overall effects and the trace element content (Davies and 

Nightingale, 1975). Consequently, the differential availability of trace elements in food 

samples has limited use for determining the nutritional requirements of most diets (Hambidge, 

1974).

Developments in agriculture and technology also does affect the trace element content of 

foods (Davies and Nightingale, 1975). For example, the introduction of new varieties of 

plants, the use of agricultural chemicals and other new techniques designed to increase food 

production and yields are likely to affect the composition of basic food samples. 

Consequently, the major factors which influence the amount of trace elements in food 

consumed are (Davies and-Nightingale. 1975): (i) inherent characteristics of plants as dictated
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bv species; (ii) environmental conditions affecting plants such as soil composition and pH;

(iii) methods for handling, processing, maturity and choice of plant portion harvested.

Water constitutes the next most important source o f elements to man. Its quality is 

particularly o f paramount importance to all people (Hamilton, 1974). In most instances, the 

levels of elements in potable water tend to be low but a water factor yet unidentified, is 

suspected in relation to the incidence of cardiovascular diseases attributed to soft water 

Masirom (1972). According to Masironi, hard water maybe considered to be beneficial and 

soft water harmful. Guidelines for acceptable limits of trace elements in drinking water are 

prepared under the auspices of the World Health Organisation among other concerned 

organisations (The National Research Council, 1977).

Water supplied by commercial undertakings if following strict quality regulations, seldom 

would they give rise to concern for health. The same may not be true for water from natural 

wells and surface waters. However, water sampled from domestic taps can be contaminated 

as a result of contact with plumbing materials or the random presence of suspended solids that 

are present in most natural water systems (Kinyua, 1982). The trace element content of the 

water consumed by many groups o f people in remote parts of Kenya has not been determined. 

For generations, they have been drawing their water from natural springs and taking it 

without any treatment. Other people rely heavily on ram water that is normally collected from 

house roof tops. Most modem houses use corrugated iron sheets for roofing and in many 

instances, the roofs are coated with different sorts of paints most of which contain zinc or 

lead. Over exposure to some of these elements can be hazardous

The existing data on trace element levels in most samples mentioned before were limited 

through the use older analytical techniques For example, most analyses for levels of elements 

m water were accomplished only after the use of some form of pre-enrichment technique, 

which often was a source of contamination (Kinyua, 1982; Hamilton, 1974). Great progresses 

achieved recently in terms of analytical tools and methods for trace element analysis have 

enabled reliable analysis for the essential trace elements in foods. However, more research is 

needed to establish the levels in the indigenous foodstuffs, as a Junction of geographical area 

and the feeding habits
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1.4 Project Objectives

The objectives of this research (study) were:

(i) Optimisation of TXRF spectrometer with a Vienna TXRF prototype module.

(ii) Determine suitable methods for sample preparations for determination o f trace 

element in both environmental and biological samples using TXRF method.

(iii) Quality control of some certified material of biological origin so as to assess the 

suitability of the technique for analyses of'unknown' samples of similar matrices.

(iv) To determine the distribution and concentration o f trace elements, in mineral 

water samples and the possible extent of contamination from heavy metals.

(v) Determine the levels of trace elements in local food samples (maize, kale and tea).
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CHAPTER TWO

BASIC PRINCIPLES OF TXRF

2.1 Properties of X-ray

X-rays are electromagnetic radiation o f wavelength -1 0 °  m to ~ 10'15 m produced mainly as a 

result of velocity change of charged panicles in an electromagnetic field, and during electron 

transitions in the inner shells of atoms. They form a pan of the broad electromagnetic 

radiation spectrum. The very shon wavelength nature of the radiation makes its quantum 

nature more prominent in most interactions with matter. X-ray is treated in quantum theory as 

consisting o f particles known as photons.

X-ray radiation is emitted as continuous spectra or as line spectra characteristic of the 

emitting element. They undergo photoelectric absorption in matter and thereby produce 

characteristic spectra. In TXRF. both characteristic emission and continuous spectra from 

x-ray tubes are responsible for the emission spectra o f a sample. The ability of the energetic 

x-ray photons to induce characteristic x-ray line spectra in sample materials is one of the 

most important property and basis o f x-ray emission spectroscopy.

2.1.1 Continuous Emission Spectra (Bremsstrahlung)

Emission of x-rays with smooth, continuous function of energy is called the continuous 

emission spectra or Bremsstrahlung, (Figure 2.1). The continuum is produced as a result of 

progressive deceleration of high energy electrons impinging upon the x-ray tube anode. 

The shortest wavelength kmin of x-ray is given by the expression:

A-min — 12.396 ------(2.1)

Where V is the acceleration potential in kV.
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The continuum profile is approximated by the Kramers formula (Benin, 1973)

( 2.2)

Where,

k - is a constant;

L - is the intensity of wavelength X;

n̂m* short wavelength limit; 

i - x-ray tube current,

Z - the atomic number of the target.

The effect of the tube target atomic number Z, current I and the potential V on the continuum 

intensity Imt is best expressed by the Beatty formula (Williams, 1987),

Where Iml descnbes the total power in watts; the maximum beam intensity corresponds to 

-I-SX^h from equation 2.2.

2,1.2 Excitation of Characteristic Radiation

When an energetic photon or electron ejects an electron in the K. L or M shells of an atom, a 

vacancy is created. For the atom to gain stability, an electron from a higher level moves to 

occupy the vacancy. This can result in the emission of characteristic x-ray photon. According 

to selection rules of quantum theory, only certain transitions are 'permitted'. The 

characteristic x-ray emission spectra of an x-ray tuoe consist of discrete energies characteristic 

of the emitting target elements (Figure 2.1). The uniqueness o f characteristic emission 

radiation form the basis of qualitative analysis in x-ray fluorescence spectrometry. Besides 

x-ray emission, other competing processes such as Auger and Compton recoil electrons occur 

within the sample ( Benin, 1975).

lint = 1 .4  x 1 0 _9Z iV 2 ■(2.3)
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Figure 2.1 Emission characteristic typical of molybdenum target operated at different 
voltages, (Bertin, 1973).

The energy intensities o f the x-ray spectrum produced as primary beam by an x-ray tube, 

varies with the applied potential according to this expression (Bertin, 1973),

loci  (V-Vw)'1-7 ----------------------------------------------------------------- (2.4)

Where

i = x-ray tube current (mA);

V = x-ray tube potential (kV);

Vk = excitation potential (kV).



2.2 X-ray Interaction with Matter

2.2.1 X-ray Absorption

Considering a monochromatic x-ray beam of initial intensity I,, traversing through a thin layer 

of width Ax there is an attenuation in intensity AI such that, the final transmitted intensity is 

given by Bragg-Pierce Law (Bertin, 1973),

I = i0e x p ( - |iLx) = l0e x p (-u Mp x )---------------------------------- (2.5)

Where,

I = final beam intensity;

I0 = initial beam intensity; 

x = thickness penetrated;

|iM= mass absorption coefficient (pL/p); 

uL = linear absorption coefficient; 

p = density of material.

The mass absorption coefficient o f a sample decreases steadily with increasing energy of the 

incident x-rays. There are sharp discontinuities within the energy-absorption spectrum at the 

absorption edges where an element has a local maximum, corresponding to the characteristic 

energies of the element.

2.2.2 X-ray Scattering

When x-ray photons impinge on an atom, the photons may interact with electrons of the target 

element resulting in scatter of the x-ray photons. Scattered x-ray is one o f the sources of 

background obtained in TXRF spectrum. The inelastic scattered x-rays are mainly due to the 

process of interaction with the outer, weakly held electrons of the elements. There are two 

scattering processes, namely coherent and incoherent scatter (Johns, 1953). Coherent 

scattering is an elastic process whereby the initial x-ray photon does not lose pan of its initial 

energy. Photons are scattered by bound electrons in a process where the atom is neither 

excited nor ionised The scattering from different pans of the atomic cloud combine to
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produce coherent scattering. Coherent scattering cross-section per unit solid angle is 

represented mathematically by (Johns, 1953),

^  = 7(1 + co s29)[F(x, 2)]2 ------------------------------------------(2.6)

Where

r0 = classical electron radius (equal to 2.82 x 10‘13 cm);

9 = scattering angle;

F(x,2) = atomic form factor with x = sin (9/2) / \  and X = wavelength.

The cross section varies according to the energy of the x-ray photon, and may be useful in 

describing the variations of coherent scattering with the energy of the x-ray photons in a beam 

of x-ray. Minimal scattering for low photon energies (<100 keV) is situated at solid angles 

subtended at 90° with respect to the photon beam direction. Excitation mode in total reflection 

x-ray fluorescence allows the solid angle to be subtended at close to 90J resulting in minimal 

scattering to the detector crystal. In inelastic collision, the x-ray photon may lose energy to the 

colliding electron causing it to be ejected from its orbit. The energy loss, assuming a collision 

with a classical free electron, observed due to the Compton scatter results in photon of energy 

given by (Williams, 1987);

^  =  I + O.OOI 96E (,1 -cosd) ( l - T )

Where
/

E = scattered radiation energy;

E = incident x-ray energy;

9 = angle between the scatter and incident x-ray beam.

For 9 = 90°, the Compton energy peak is observed at approximately;

E E
1+ O.OOl 96E keV ( 2 .8)

In terms of Compton scattering, cross-section per unit soiid angle is given by
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da OP O r- 
dCi ~ 3C1 • *"KN (2.9)

Where a0 is the classical Compton scattering cross-section defined as ,

= y(1 + cos29).Fkn ------------- (2.10)

Where FKN is;

i
1 +  (1 -c o s  6)

+ ______ q 2(1 -co s8 ) 2______
[1+ a  (1 -c o s Q )] (1 -cos29)

(Klein - Nishina formula (Johns. 1953))

Figure 2.2 represents a spectrum for scattered primary x-rays collected for 1000 seconds 

from molybdenum x-ray tube. The spectrum shows the Mo - Ka peak, its Compton peak and 

the Argon peak. The background contribution is due to scattering of the continuum.

Figure 2.2 Scattering of air in TXRF showing the characteristic peak of Argon.
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2.3 Total Reflection of X-rays

Incident
beam

Angle of incident
. . .  -~r= -̂---_____  _____- f i t_____ ____  I I \

<-
Window . . - - - • I l f I I

V v  V

_____Sample carrier
___Penetration dept
---1 1 1 1 1  Reflected beam. 
Characterestic radiation

Detector

Figure 2.3 Excitation conditions o f a sample under total reflection mode.

Total reflection of x-rays relies on the fact that the retractive index of x-rays in quartz is 

slightly less than unity (Parrat. 1954). The frequency o f x-ray waves is so much greater than 

that of light waves, that in all cases it exceeds the natural frequency of vibration of the 

electrons in matter As a result, the electron displacements due to the radiation are opposite in 

direction to that of the force exerted, leading to a refractive index less than unity. This results 

is perhaps best described with the aid of Seilmeier’s generalised formula for refractive index q 

(Tolanskv, 1963),

----------------- (2. 11)

Where

ns = number of electrons per unit volume; 

e = electronic charge;

Me = electronic mass;

N = number of different kinds of electron (different bound electrons); 

v, = characteristic frequency of the electron; 

v = frequency of the incident light wave.

Clearly if v >v; then q is less than unity. Furthermore, if v » v .  we have approximately,
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n = -(2.12)

Although this formula was originally derived classically, quantum mechanics methods 

proved that it is still valid since v is very high for x-rays, the refractive indices given by the 

above expression are only slightly less than unity. For example, for quartz, when a 

wavelength o f 0.7A is used, refractive index (t]) s  1-1 O'6 is obtained.

Total reflection occurs when the incident angle is less than the critical angle of reflection. 

This occur when the real part of the refractive index,

n = 1 - 5 - i p  -------------------------------------------------------------------(2.13)

is less than one. p describes the attenuation of x-rays in matter given by,

P = ^  ------------------------------------------------------------------------- (2.14)

Where p is the linear absorption coefficient for the mirror and X is the wavelength of incident 

radiation.

According to the classical dispersion theory, the variation of x-ray radiation energy in regions 

far from any absorption edges of the material is given by,

§ _ n« e2x2 
~ 2it M. c2 (2.15)

and,

n e =
N > p Z

A (2.16)

where, NA = Avogadro's number; 

p = density o f the material;

Z = atomic number;

A = atomic weight o f the material.
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In general, for total reflection of the incident beam of x-rays to occur, then Snell's law is 

applied,

co s4*0 = 1 - 6  ----------------------------------------------------------------- (2.17)

Where '¥c is the incident glancing angle at which the angle of refraction inside the mirror 

material is zero. For small angles, say in the order of a few milliradians. the equation above 

is approximated by.

^ c = /2 6 “ — - (2.18)

By substituting equation (2.15) and (2.16) into (2.18) an expression for the critical angle 

expressed in terms of the wavelength and the physical properties of the reflector material may 

be obtained as,

N Ap - e 2-K Me c2 J (2.19)

After substituting for Avogadro's constant, the electronic mass, electronic charge and the 

velocity of light, a simple expression for the critical angle as a function o f the incident 

wavelength is obtained.

T c = ( 5 . 4 x 10 10f Pa.2) 2 --------------------------------------------------- (2.20)

Where

4,c = angle in mrads; 

p = density of quartz ( 2.5 gcm°);

A. = wavelength of the radiation.

For quartz crystal material, the critical angle for total reflection is,

32.2
E (2.21)
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Where E is the energy reflection cut off in keV. X-ray photons of energies greater than E are 

refracted and those below are reflected. With molybdenum target whose characteristic

radiation energies Ka= 17.5 keV and Kp= 19.6, a cut-off energy at 20 keV is convenient. 

Using equation 2.21, 4^ = 1.6 mrad for a zinc sulphide screen at a distance of lm away. 

Equation 2.21 also gives the upper bound limit for the range of angles where total reflection 

occurs for the incident photon energy from the source. Due to the abrupt drop in the reflected 

beam intensity at the critical angle, the cut-off energy acts as a low pass filter (Parratt, 1954; 

Nakana, et al., 1978).

The reflectivity R o f a material, in terms o f critical angle, attenuation, absorption of the 

material and Fresnel coefficient for reflection (h) is given as (Parratt, 1954);

n _ M'i'H'c),f2(iPTi ________________________ _______ ________ (2.22)
h+cm'e)V2(h-i)

where,

h = CP/H'c)2 + {[(T /T c)2 -  1 ]2 + (P/8)2 ) 4 5 

and other terms are as defined earlier.

4

Figure 2.4. Variation of reflectivity with incident angle for silicon.

A plot of the variation of the reflectivity for silicon as a function o f incident angles for silicon 

is given in figure 2.4 (Schwenke and Knoth, 1982). The curve shows that the reflectivitv of



-20-

silicon drops abruptly after the critical angle of reflection is exceeded making it an ideal 

reflector. The reflectivity is maximum for angles less than the critical angle but decays 

abruptly to near zero immediately the ratio of the incident angle to critical angle passes one 

Parratt. 1954). This property makes silicon a better reflector in comparison with other 

substitutes such as Plexiglass, quartz, germanium and glassy carbon ail of which are the best 

choices for sample reflector materials, because they are reasonably inert to acid attacks. The 

choice of these materials as mirrors are also influenced by the fact that they are relatively free 

from contamination as they can be produced to very high degree of purity. They can be 

machined and polished to a high degree of flatness and smoothness. In TXRF setup, the 

quartz sample carrier has a dual function of being a reflector and sample carrier.

An important feature associated with the reflection is the penetration depth Xp. This is the 

distance in the sample carrier at which the intensity of the incident radiation falls to 1/e of its 

original value and is given by, i.

This relationship is significant in surface and depth studies (Knoth. et al.. 1989). The smaller 

the magnitude of penetration depth, the better is the reflector. For Mo-Ka (17.48keV) 

radiation and the critical angle set at -1.84 mrads for quartz reflector, the typical value of 

penetration depth X is = 73.8 nm.

The TXRF geometry of excitation has the following advantages that makes it more suited to 

analytical work as compared to conventional XRF geometry (Wobrauschek. 1995):-

i. Efficient excitation by both the primary and the reflected beam. The 

fluorescent signal is twice compared to standard excitation geometry at 45° 

incident, and 45° emergent angles.

ii. The spectral background caused by scattering on substrate is reduced 

because the primary radiation scarcely penetrates into the reflector 

substrate (high reflectivity, low transmission of the substrate material).

iii- The scatter contribution from the sample itself is a minimum because of the 90° 

condition between incident and scattered radiation towards the detector.
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iv. The detector is mounted very close to the sample on the reflector surface 

resulting in a large detector solid angle.

v. Only small volumes ( 1-10 pi) of liquid samples of small amounts are required. 

The samples are prepared in such a way that thin film approximation is 

applicable. Therefore no absorption occurs and a linear correlation between 

intensity and concentration of the elements is valid.

In TXRF excitation, the peak signal to background ratio is increased by more than 3 or so 

orders of magnitude as compared to conventionai XRF method of sample excitation 

(Wobrauschek. 1995). Improvement in the detection limits can be expected if the physical 

parameters influencing the minimum detection limits are optimised. From the expression of 

detection limit LLD, given in equation 1.1, the following experimental parameters 

(Wobrauschek and Aiginger, 1975) determine the elemental sensitivity, s :

i. The intensity of the primary excitation beam.

ii. The distances, source to sample and sample to detector.

iii. The detector active area.

iv. The insertion devices in the primary beam path to modify the spectral 

distribution of the excitation radiation by lowering the background without 

necessarily reducing the primary intensity.

The spectral background intensity I„ depends upon:

i. The primary intensity, its spectral energy distribution and the respective 

scattering cross-sections for the scatterers.

ii. The sample mass distribution (for thin samples).

iii. The geometric form and the material substrate, as well as the penetration 

depth of the primary radiation into the substrate and the reflection 

coefficient which is practically one.

iv. Measurements done in air leads to unnecessary scatter of the radiation 

and also contribute to characteristic argon peaks.

v. The actual adjusted angle of incidence.

vi. Solid angle of the detector.



When a sample is excited by a nearly monochromatic primary beam, e.g. Mo-target Ka-lines, 

the intensity o f the spectral line of an element j is given by (Klockenkamper and Bohlen,

1989).

N j *
1-exp(- g ) p t 

C i < (n  Ip) p N c •— 2.24

where

Nj = net intensity o f the element j line ;

Cj =  mass fraction or concentration of the analyte, 

kj = proportionality factor for the analyte line;

(p/p) = mass absorption coefficient of the entire specimen; 

t = thickness of the specimen;

N0 = intensity of the incident monochromatic excitation x-ray beam.

A plot of line intensity >T versus thickness t result in the following typical curve;

A

Figure 2.5 Variation of the line intensity (Nj) with sample thickness (Kregsamer, 1995).

Equation 2.24 is an approximation since the enhancement due to secondary (and tertiary) 

fluorescence is neglected. The equation appears to express proportionality between analyte 

line intensity and concentration, but these quantities are not proportional since the 

concentration Cj is also included in the (p/p) quantity as shown by Figure 2.5 (Benin, 1975). 

For 'infinitely' thin films, the analyte line intensity is directly proportional to the concentration 

Cjand to the thickness of the sample t, so equation 2.24 reduces to.
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Nj = C jK jN0t ------------------------------------------------ (2-25)
«

This relationship allows for evaluation of concentration o f the element of interest. A criterion 

for a sample to be "infinitely" thin requires that the matrix effects be minimised. This can be 

achieved if the exponential term o f equation 2.24 is relatively small. To deduce the critical 

thickness, (CT in Figure 2.5) of a sample with minimal matrix effects, a value of 0.1 is 

chosen (Bertin, 1975; Klockenkamper and Bohlen, 1989) as a close approximation such that 

deviation in the intensity Nj lies within 5 % i.e.

t< 0.1
(n ip) p (2.26)

«

The mass absorption of the entire matrix is obviously composed of the coefficients of the 

various elements,

(p /p) = l [ c j ( £  ) j , Eo.csc(l> + (£)i,E).csc(p]  ----------------------- (2.27)

where,

Cj = concentration of element i;

(p/p)i = mass absorption coefficient of elements i;

<t> = incident angle of the excitation beam;

<p = take off angle of the fluorescent radiation;

E 0 = Energy of the excitation beam;

Ej = Energy of the element j line;

The above expressions are true if the x-ray excitation beam is monochromatic and penetrates 

the sample only once. Experimentally, this is approximately realised in TXRF arrangement if 

(Klockenkamper and Bohlen, 1989):

(i) The Mo -tube is operated at >30 kV, although the L-lines and the Bremsstrahlung 

continuum are also emitted, the K-peaks are by far the most intense lines.

(ii) The experimental arrangement for total reflection shows that the second condition 

is fulfilled before the primary beam is totally reflected, thus the primary beam 

penetrates a flat, homogenous sample almost twice.
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The sensitivity Sj of an element j is defined (Klockenkamper and Bohlen, 1989) with regard to 

its analyte line in the spectrum j as;

St ------------------------------------------------------------------------(2.28)

where Nj is the line intensity given and Cj is the concentration. For a thin sample excited by a 

monochromatic excitation beam in total reflection condition, a factor 2 due to incident and 

reflected beams, is introduced such that (Klockenkamper and Bohlen, 1989);

S j = 2 K jN 0t ------ t---------------------------------------- (2-29)

Where,

N0 = intensity of the excitation primary beam; 

t = thin sample thickness; 

and K, represented by several factors such that,

Sj = 2gL©j~7p(p /p)j, Eo-PCScd>^tl\l0 ------------------------------ (2.30)

Where,

gL = relative transition probability for the particular analyte line in its series;

C0j = fluorescent yield o f the analyte line;

Tj = jump ratio at the absorption edge;

(p)j,Eo = mass absorption coefficient (photoelectric part) of the element for 

the excitation beam of energy Eg,

p = density of the specimen;

(j) = incident angle of the exchation beam with the sample;

Q = solid angle of the effective aperture of the detector;

If originally the thin sample had two elements i and s (introduced as internal standard with 

known concentration), then the two sensitivities can be evaluated and the constants eliminated 

resuiting in a simple quantitative approach for determination of concentration of the unknown 

element i is given by;

-  (2.31)
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where,

cs = concentration of the internal standard element s;

C; = the unknown concentration value of element i;

S; / Ss = relative sensitivities; N;/ Ns = relative line intensity values.

By plotting a graph of relative sensitivities (S/Ss) versus the atomic number Z of the elements 

in multi-elemental standard solutions and performing a curve fitting, it is possible to determine 

the sensitivity o f any other element through inter and extrapolation. The element chosen as the 

internal standard is one whose characteristic peak energy is within the region of interest and 

should be below the detection limit in the samples. Internal reference element is used in TXRF 

analysis because it minimise problems due to sample homogeneity and spreading on the 

carriers (Ninomiya, 1989).

2.4 Detection Efficiency

The detector efficiency e of a Si(Li) detector is a function of energy to which it has been 

exposed. For low energy x-ray radiation there is a loss of efficiency due to attenuation of 

x-rays in the detector entrance window, dead layer and in the radiation air path. This problem 

affects the detection efficiency of mainly the low atomic number elements. At high energies the 

detector itself becomes transparent to photons, allowing the incident radiation to pass through 

the active volume without interaction, and capturing only part of the photon energy, 

i Klockenkamper and Bohlen, 1989). Curves showing the variation of detector efficiency with 

photon energy for different detector window thicknesses, are shown in figure 2.6.

The detector efficiency is described by the following expression (Klockenkamper and Bohlen,

1989);

e = exp(-(£)B.pBetB. -  (p)AupAuf Au -  (£)sipsts]{1 -  exp[-(£)sipsidsi] —  (2.32) 

where

lBe - rAu - lsi = beryllium window, gold-film contact and silicon dead layer 
thicknesses respectively;

(|^P)bc> (t^P)AU> (M-fp)si= mass absorption coefficients of beryllium, gold and
silicon respectively; dSi: = silicon crystal thickness.
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Figure 2.6 Curves of detector efficiency versus energy for various window and detector 
thicknesses (Canberra, 1993).

The absorption o f x-rays by air on their path between the sample and the detector can be 

neglected for energies above 8 keV but increases strongly for lower energies (Canberra, 

1993). The transmission is described by,

T = e x p [-(p /p )apad a] ..............................................................................(2.33)

where

(p/p)a = mass absorption coefficient of air;

pa = air density, (pa= 0.0012 g/cm3);

da = path distance (da < 1.0 cm for typical TXRF settings).

Transmission factor of low energy x-ray in air is low, hence molybdenum L lines are 

normally not observed in the spectrum with molybdenum excitation tubes. This factor is 

incorporated into equation 2.32 to get the ultimate detection efficiency of an analyte line.
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CHAPTER THREE 

TXRF INSTRUMENTATION

3.1 Experimental TXRF Spectroscopy and Optimisation

TXRF instrumentation used consisted of an x-ray tube in type-D housing, TXRF moduie, 

detector and other peripherals which includes x-ray generator, electronic modules for signal 

processing and a personal computer for spectral data storage and analysis. Figure 3.1 shows a 

typical block diagram of the TXRF instrumentation setup.

Figure 3.1 Block diagram of a typical TXRF spectrometer

The x-ray generator supplies the high voltage and current required by the x-ray tube for the 

production o f the x-rays. The tube output voltage varies from 20 to 55 kV (internal maximum 

set to 53.5 kV) and the output current varies from 5 to 40 mA. The Vienna prototype TXRF 

module (Wobrauschek. 1989) is attached to the x-ray tube house. The x-rays produced are 

subjected to collimation. reflection and cut-off in the TXRF module before exciting the thin 

trim sample on the reflector. A Canberra Si(Li) detector with an area 30 m m ' and thickness 5 

mm was used for x-ray radiation detection. The detector crystal is located at a distance of 5



- 28-

mm from the beryllium window of thickness 25 um and is cooled by liquid nitrogen in a 

cryostat. The detector is biased at -800 V by the ORTEC 456 Power Supply (0-5 kV). The 

detector resolution was determined to be 170.0 eV for 5.9 keV manganese Ka peak at pulse 

shaping of 12 us time. The Canberra 2026 .Amplifier (gain 0.5-Ik) used incorporates the 

pile-up rejector (PUR) option and pulse shaping. The amplifier has necessary electronics for 

pulse shaping and linear amplifying to enable precise pulse height analysis (PHA). The 

amplifier outputs are converted by the Canberra 8075 ADC to digital form and transferred to 

an CBM compatible 486/33 PC interfaced to muiti-channel analyser (Canberra System-100). 

The multichannel analyzer sons the different pulses of the ADC according to pulse height and 

accumulates them in their respective memory channels. The spectral data is stored and 

analysed by use of the PC.

The Vienna prototype TXRF module used consists of collimating slits, a cut-off reflector 

mirror and sample reflector holder in Figure 3.2. .An aluminium base piate (100 mm by 20 mm 

and 450 mm) is mounted on the horizontal piate of the L-suppon fixed to the x-ray tube 

housing and acts as the optical bench for the collimator, the reflector, and the sample reflector 

holder. On one end is a circular opening 60 mm diameter through which the detector is 

inserted. The sample reflector holder is supported on two sliding bearings in brass turrets set 

along a diameter of the circular opening. Three micrometers (two in position 4 and one in 

position 3 of Figure 3.2) allow for adjustments of the sample reflector. The module is attached 

to Siemen's type-D x-ray tube housing.

Brass
co llim ato r Sample re flector holder

3 , ,—, 4
X-ray excitation path

>

Mirror
Beam stopper

Sample reflector 
substrate

1 . 2 -  Ad justm ent screws 
3, 4 - M icrom eter screws 
5 - Aluminium base plate

Figure 3.2 Various parts of a basic Vienna prototype TXRF module
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3.2 Attachment of the Prototype TXRF Module

The x-ray tube housing is-mounted upright with a 6 degrees deviation from the vertical line. 

This is due to the emission angle o f  the tube type, thus the emitted x-ray beam propagates in 

the horizontal plane. The base plate is fixed with screws to the housing o f the tube. The 

L-shape support is mounted on the base plate and the four coarse adjustment screws used for 

vertical coarse height adjustment within the alignment groove. The assembly of the TXRF 

attachment with the Type-D housing is presented in Figure 3.3.

3.2.1 Brass Collimator

The beam collimator is placed close to the tube housing window where the x-rays emerge. It 

is a brass tube with collimating slits (tantalum) of 1 mm separation located at the ends. The 

brass collimator is fitted into the tube line focus window of the tube housing. The brass 

collimator is adjusted by lowering or raising the L-support, while fine adjustment is 

accomplished by the four screws o f the brass plate (Figure 3.3). Rotations of the slit 

collimator is done to allow parallel adjustment of the emitted beam. For optimum adjustment, 

an intense rectangular shaped, sharp contrast beam should be observed on the fluorescent 

zinc sulphide screen located ~50 cm away.

3.2.2 Cut-Off Reflector

The cut-off reflector (50 x 20 x 5 mm) consists of a flat brass piece with the reflector at its 

centre. The reflector is o f Duran-type quartz with a surface quality o f X/20 and a mean 

roughness o f a few nanometers. Three screws with steel springs allow for adjustment to the 

desired angle o f  reflection. The brass piece is pressed with the steel springs against the screw 

heads and once the reflector is in the correct position, stability is easily maintained. With the 

zinc sulphide screen positioned at a distance o f ~0.5 m away, precise position setting of the 

reflector is determined. When the reflector is above the beam only a single beam is visible on 

the screen but on adjusting the reflector first parallel to the beam, then lowering it carefully 

using the front screws, a reflected beam is observed slightly below the direct beam.



(Dimension in mm)

■ 4

Figure 3.3 Assembly of TXRF attachment with th
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3.2.3 Beam Stopper

Once the two parallel intense beams are distinctly well separated on the screen, the direct 

beam which contains the high energy photons is 'stopped' by a tantalum absorber such that 

the reflected beam is propagated alone as shown in Figure 3.4.

Beam stopper 
(absorber)

ZnS
screen

Figure 3.4 Total reflection of low energy x-ray photons and absorption o f the high energy 
non-reflected radiation.

3.2.4 Sample Reflector Holder
»

The sample reflector holder consists of an aluminium plate with three micrometer screws, the 

spring load fixing mechanism for the sample carrier, the glides and rotation pieces. The 

glides fit into the vertical channel o f the turrets mounted on the aluminium base plate. This 

allows vertical and rotational movements for angular adjustment for optimum performance. 

Once set, further disturbance can be avoided by locking the glides with the over head screws. 

Sample reflector holder is adjusted to move downwards by turning the micrometer screws 

counter clockwise. Angular adjustment is accomplished starting from a parallel position of 

the sample reflector holder where the beam just impinges on the reflector. The adjustment of 

the sample holder is similar to the cut-off reflector, but the beams having been reflected is 

going in the opposite direction. To minimize on the scattered radiation from the edges of the 

sample carrier, the detector is shielded with a lead cap with a narrow opening and the edges 

coated with indium to absorb the lead (Pb) lines from reaching the detector. This cap 

restricted the minimum sample carrier-detector distance that could be achieved to ~5.0 mm 

distance.
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3.3 TXRF Module Optimization

3.3.1 Setting of the Tube Current and Voltage

A control sample consisting of titanium, cobalt and strontium was irradiated at different 

voltage settings at a fixed current o f  20 mA. The x-ray tube current value was carefully 

selected after it was realised that the system overheats at high current values because of 

inefficient cooling system.

3.3.2 Cut-off Energy Reflector

This is used to isolate the high energy x-ray spectrum from the main excitation beam, using a 

quartz reflector at the base o f the cut-off reflector. It occurs when the energies of the incident 

photons are above the critical angle (equation 2.21). With the zinc sulphide screen positioned 

at a distance o f ~0.5 m away, precise position and settings of the reflector is determined 

using the adjustment screws. When the reflector is above the beam only a single beam is 

visible on the screen. By first adjusting the reflector parallel to the beam, then rotating it 

carefully using the front screws ('2' in Figure 3.2), a reflected beam is observed slightly 

below the direct beam.

3.3.3 Sample Reflector Holder

The same principle described in 3.3.1 is applied to adjust the sample carrier bearing in mind 

that the main purpose of radiation beam at these stage is to excite the sample film deposited 

on the reflector surface. The highest signal to background ratio is expected when total 

reflection o f the incident beam occur, resulting in the dual excitation o f the sample by the 

incident and the reflected beams (Equation 2.30). Experimentally, this was observed when 

the two beams on screen were just about to overlap.

3.3.4 Stability of the X-ray Generator during Sample Irradiation.

The stability o f the generator is vital in TXRF analysis for reproducibility of the results. 

Practically, the sensitivity is function of tube high voltage. It is for this reason that different
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tube voltages result in different values of sensitivities for the control sample. Normally, it is 

recommended that the x-ray generator is powered on for several minutes before any 

measurements are done. This is to allow the system to come to its acquiescent state.

3.3.5 Reduction of Background Radiation through Modification of Excitation Beam 
using Zirconium Filter.

The primary excitation beam may be modified by filtering it using the housing filters of the 

tube. This has sometimes been used to improve the detection limits o f certain elements due to 

its lower background of the scattered excitation beam. The resultant excitation beam is more 

monoenergetic.

3.4 Sample Preparation for TXRF Analysis

Before any sample is subjected for TXRF analysis , appropriate preparation procedures are 

required depending on the nature and matrix of the sample. Recent application areas are 

summarised in Table 3.1.

Table 3.1 Recent fields o f TXRF application (Stobel and Prange, 1985)

Rain water Air dust Lung Tissue
River water Fly ash Blood serum
Sea water Hair
Suspended particulate matter Minerals
Sediment Nodules Fine roots
Algae Needles
Mussel Food Wood

One of the major advantages of using TXRF as mentioned earlier is that it requires minute 

quantities o f a sample. Samples for TXRF analysis, are normally o f two types; aqueous and 

solid materials, each of which is prepared accordingly as summarised in the following sample 

preparation flow charts of figure 3.5 and 3.6.
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v
Direct
measurement

Aqueous samples

(Aliquotation of the sample 
and internal Co- standardization)

Preconcentration

Freeze drying

Separation and Freeze-drying

Leaching of the 
residue with 
dil. Nitric acid

with a complexing reagent

Chromatographic adsorption 
of the metal complexes

Elution of the complexes 
with organic solvent

JEvaporation of an aliquot on the sample 
and subjecting it to TXRF analysis

Figure 3.5 Aqueous sample preparation for TXRF analysis (Stobel and Prange, 1985)
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Solid samples
(weighing of a aliquot)

T
Nitric/ HF acid 
170 C, 3 hrs

y
Dilution w ith 
ultrapure water

y
Nitric/ HCL acid 
90 C, 3 hrs

i
y

Dilution with ultra 
sonic treatment

l
Internal Co-standardization/ 
correction of the wet mass

i
Evaporation of an aliquot on the sample 

carrier and subjecting it to TXRF analysis

Figure 3.6 Solid sample preparation for TXRF analysis (Stobel and Prange, 1985)

3.4.1 Aqueous Sample Preparation Techniques

ffVEBSmr OF NAIROBI LlItA tT
In most cases, these types of samples require simple preparation techniques such as direct 

measurement or a physical concentration like freeze drying. This is applicable for samples 

with no or only small amounts of matrix elements present as in the case for rain water or river 

water with no organic matter. In cases of high concentrations of low atomic number 

elements in the matrix, preconcentration procedures are recommended for trace element 

analysis. A reliable technique for separation o f alkalis and alkaline earth elements and the
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enrichment o f  the trace elements is the reverse phase technique with sodium 

dibenzyldithicarbamate as complexing reagent (Prange, et al., 1985). For natural water 

samples with higher content of organic matrix, this technique is not directly applicable. 

Competing reactions associated with natural complexing reagents and/or natural hydrophobic 

substances affect the complex formation and the hydrophobic adsorption o f the carbonate 

complexed on the reverse phase column. To overcome this, digestion is done prior to the 

separation and preconcentration (Stobel and Prange, 1985).

3.4.1.1 Sample Preparation Technique for Direct Measurement and After Freeze Drying

There are typical applications which take advantage o f particular features o f TXRF such as 

the ability to use minute quantities of the sample and the use o f internal standard. These 

applications include direct measurement of such samples as rainwater (Stobel el al, 1985), 

river-water (Prange, et al., 1985; Michaelis, 1983), certain ultrapure fluids or radioactive 

solutions, where no or minute amounts of matrix elements occur (Prange, 1989). For direct 

measurement, an aliquot o f a few millilitre of an aqueous sample is spiked with a few pi of a 

internal standard. After a thorough mixing, an aliquot o f  this solution is spiked on the sample 

carrier and vacuum dried for analysis. Freeze drying technique for sample preparation is 

recommended for near matrix free samples of low element content such as rain water, ultra

pure fluids e.g. acids and organic solvents (Prange, 1989).
«

In direct measurement, an aliquot o f a few millilitre o f an aqueous sample with a few 

microlitre o f standard reference solution added, is thoroughly mixed and an aliquot of (10-50 

pi) spiked on a siliconized quartz sample carrier and vacuum dried for TXRF analysis.

3.4.1.2 Sample Preparation by Preconcentration with Sodium Dicthyldithiocarbamnte

This procedure is used to preconcentrate aqueous samples using sodium 

diethlydithiocarbamate complexing reagent as described by Prange et al. (1985). This 

technique allows only selected trace elements to be preconccntralcd and may not be 

appropriate for elements that cannot be complexed.



3.4.2 Sample Preparation of Solid Samples

For solid samples preparation, digestion procedures are recommended, (Holynska, 1996). 

Sample digestion procedures are well developed and widely used in such areas as atomic 

absorption spectrometry (AAS) and inductively coupled plasma atomic emission 

spectrometry (ICP-AES), (Sansoni and Iyengar, 1980). For TXRF applications the digestion 

does not have to be complete, but should give at least fine suspension. However, in the case 

of combination with subsequent separation and preconcentration, complete digestion is 

necessary. Complete sample digestion is achieved using pressure digestion Teflon bombs.

3.4.2.1 Pressure Digestion using Teflon Bomb

The samples for digestion are pulverized, thoroughly homogenized and dried to constant 

weight. Aliquot portion o f mass 0.1-0.3 g are placed in the Teflon bomb with proportional 

amount o f nitric acid, sealed tightly and kept in the oven for about 3 hours at about 165 °C 

(Holynska, 1996). After which the sample is removed and cooled, an internal standard is 

added and an aliquot portions of 5-10 microlitre spiked on the sample carrier for analysis.

3.5 TXRF Energy Spectrum

|

Apart from the photopeaks of the sample elements observed in a typical TXRF energy 

spectrum, a number of other peak structures are observed as a result o f the artifacts in the 

detection mechanism. Since these peaks are not caused by interactions of the sample 

constituents, have no analytical use and tend to obscure the information content of the 

spectrum. These peaks include silicon peak from the sample carrier, gold peaks as a result of 

interaction between the incident radiation and the detector gold contacts. Tungsten peaks may 

be observed if  the Vienna type TXRF module is used. Sum peaks and pile-up effects 

originating from the electronic pulse counting circuitry are also observed. Sometimes though 

rare, second order effects from the sample may appear as peaks in the energy spectrum; these 

include Raman scattering and the radiative Auger effect (Van Espcn, 1980).
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CHAPTER FOUR

EXPERIMENTAL PROCEDURES

4.1 Optimisation of TXRF Instrumentation

4.1.1 Tube High Voltage

In this section, the procedure used to optimise the x-ray tube high voltage using a control 

sample at tube constant current of 20 Amps is described. The tube voltage was varied between 

20 kV to 50 kV in steps o f 5. Intensities of the control sample elements (titanium, cobalt, 

strontium) were evaluated at different voltages. Intensity values were plotted against the tube 

voltages. The obtained intensity values were normalised such that values corresponding to the 

highest voltage (50 kV) were assigned a unit value and the intensities of other voltages were 

normalised with respect to'the values obtained at 50 kV.

4.1.2 Cut-off Energy

Good cut off energy was easily achieved with the cut-off reflector at high tube voltage of 50 

kV and 10 .Amperes The cut-off reflector screws were adjusted uniformly to lower the quartz 

reflector until the incident x-ray beam grazed the reflector surface as noted on the ZnS screen 

by the abrupt loss of beam intensity. At that point, the '2‘ screws of the cut-off reflector 

(Figure 3 2) were very carefully adjusted clockwise to rotate the cut-off reflector to obtain 

maximum separation and maximum intensities for the reflected and direct beams on the ZnS 

screen

4.1.3 Beam Stopper

Once the two intense beams were well separated (section 4.1.2), it was easy to cut off the 

upper direct beam. The beam stopper was lowered to cut across the two beams It was then 

slowly raised until only the lower reflected beam was transmitted. The beam stopper screws 

were then adjusted uniformly so that the reflected beam intensity on the ZnS screen was more 

intense and uniform while ensuring the total absorption o f the direct beam.
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4.1.4 Adjustment of Sample Reflector Holder

The same principle of adjustment for the cut-off reflector was applied for the sample carrier 

holder, bearing in mind that the main purpose o f the now modified beam at these stage is to 

excite the thin sample film deposited on the reflector surface. The highest signal to 

background ratio was achieved when the reflected and direct beams were just about to overlap 

on the zinc sulphide screen placed about 0.5 metres away. This was when the sample reflector 

holder w as set such that the angle of the excitation beam was at its minimum.

4.1.5 M odification of Excitation Beam for Spectral Background reduction

To achieve modification of the primary beam, the tube housing filters were used. This was 

achieved by positioning the desired filter material in the beam path. Two positions of

zirconium filter and no filter were selected. Zirconium was chosen because its characteristic
*

energy line is close to that of Molybdenum, thus offering a good filter for low energy 

Bremsstrahlung radiation.

4.1.6 X-ray Generator Stability

A control sample was irradiated for a maximum of 2000 seconds and analysed at 300 seconds 

interval. No other experimental parameter was changed during the course of sample 

measurement. The stability o f the x-ray generator was evaluated from multivariate statistical 

considerations for 'noise' or anomaly o f obtained spectral data measurements.

4.1.7 Surface Distribution and Sample Homogeneity

An attempt was made to establish the most ideal and suitable way of improving the sample 

homogeneity and limit the spreading on the sample carriers without introducing a possible 

contaminant. In siliconization of sample carriers, about 10 pi of silicon solution (Serva) was 

spiked on cleaned sample carrier and left to dry in the oven for 3 hours at about 85 °C. In the 

technique adopted for this research, the sample carriers were oven dried at about 60° C

-39-
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4.1.8 Long Term Stability of TXRF Measurements

Long term stability of the TXRF system used was determined from measurements of strontium 

intensity in a control sample at the start and end of daily measurement sessions for 70 days.

4.1.9 Calibration of TXRF Spectrometer for Elemental Sensitivity and Quantitative 
Analysis

To carry out qualitative and quantitative analysis, the TXRF spectrometer was calibrated for 

elemental sensitivity and spectral energy. Calibration o f the spectrometer for quantitative 

analysis was performed using multi-elemental standards o f which 10 p.1 solutions were spiked 

on 5 different sample carriers and irradiated for a 1000 seconds at tube settings of 40 kV and 

20 mA. From spectra data, elemental sensitivity calibration was obtained, using QXAS- 

Simple Quantitative Analysis (using an internal standard method) program for K and L-lines. 

Cobalt was used as the internal reference element in ail cases for evaluation of analyte 

concentrations.

4.2 Cleaning Procedures' of Sample Containers. Sample Carriers and Teflon Bombs

4.2.1 Sample Containers

Prior to any sample preparation, a clean working environment was ensured. Polyethylene or 

polypropylene containers used were thoroughly cleaned to reduce the risk of sample 

contamination (Iyengar and Sansoni, 1980). Each container was rinsed and then filled with 

double distilled water followed by the addition of ethyienediaminetetraacetic acid (EDTA) to 

make a 1-3% solution. Five drops o f ammonia was added to raise the pH o f the solution to 

about 9. This solution was heated at 80° C for 1 hour. The solution was then poured out and 

'-he container thoroughly nnsed until the pH of the water used in cleaning was 6 The 

containers were filled with about 6 % ultrapure nitric acid and kept at 80° for 1-2 hour, and 

then nnsed thoroughly with the double distilled water, and finally vacuum dned The 

containers were closed and kept in a safe dust free environment.
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4.2.2 Teflon PTFE Digestion Bomb

The cleaning procedure used to clean the PTFE bomb was the same as for the sampling 

containers except for a few modifications. The Teflon cup was thoroughly rinsed with double 

distilled water. It was then filled with hot 1-3 % freshly prepared basic EDTA solution and 

kept closed for 2-3 hours in the oven at 85 JC. The cup was then rinsed thoroughly until the 

pH 6 of the double distilled water used was achieved. Better results were obtained when 

cleaning was done while the cup was still hot. Depending on the holding capacity of the cup, 

Suprapure nitric acid was added in the ratio l ml of the acid to 8 ml of cup volume. Other 

metallic parts o f the bomb were fitted together as described by the supplier and placed in the 

oven at 170 °C for 3 hours. After which the bombs were removed and allowed to cooled for at 

least six hours on a metallic surface for faster heat dissipation. .After the bomb had cooled, the 

contents were shaken, opened and 10 pi of the acid spiked on a clean sample carrier. The 

bomb 'blank" sample carrier was dried in an oven at room temperature and pressure lowered 

drastically to about 500 mbar to accelerate the process. The bomb "blank" sample was then 

irradiated for 1000s. If the spectrum obtained from the sample carrier showed any traces of 

contamination, the cleaning procedures were repeated until a 'clean' spectrum of the bomb 

'blank" sample was obtained after which the acid was poured out and the bomb rinsed 

thoroughly until it attained pH 6 of the double distilled water. The bomb was kept closed in a 

safe environment for sample digestion.

4.2.3 Sample Carriers

The method used was more less the same as the one described in 4.2.2 above with slight 

modifications The sample carrier was initially thoroughly cleaned with a white soft Kleenex 

paper tissue and plenty of double distilled water from a wash-bottle until there was no 

observable visual stain on their surfaces. Both sides o f the carriers were cleaned but 

emphasis was given to the sample side. Holding each of the earners with clean plastic 

tweezers, they were rinsed with plenty of double distilled water after which thev were 

arranged in an arrayed stack, without their surfaces being in contact with each other and 

placed in a clean polyethylene beaker filled with hot basic freshly prepared 1-2 % EDTA 

solution. All the carriers were immersed frilly in the solution and oven dried at 90 dC for two
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hours. The carriers were then removed and immediately thoroughly rinsed with plenty of 

double distilled water while held by clean plastic tweezers until the final pH of the water 

used remains constant. Again, the sample carriers were arranged in an arrayed stack, with no 

two surfaces in contact with one another and immersed in a clean polyethylene beaker filled 

with 5-10% Suprapure nitric acid solution, and oven dried at 85 °C for another hour. On 

extracting the carriers from the hot solution, they were thoroughly rinsed with plenty of 

double distilled water while held by clean plastic tweezers. They were then arranged on a 

clean plate with the sample deposition side facing up, placed in the oven at about 60 °C and 

pressure lowered to 400 mbar for 10 hours for drying. The carriers were then kept in a clean
4

covered petri- dish, with the sample side still facing up.

All the sample carriers were screened for contamination by irradiating them for 1000s. If 

any unexpected peaks were observed in the resulting spectrum, cleaning was repealed until 

no trace o f contamination was observed.

4.2.4.1 Reproducibility of TXRF Analytical Results

A multi-element standard solution was prepared from the stocks o f the available standard 

solutions. Ten replicates of 2-10 |il volume of the sample were spiked on the sample carriers
4

and dried in low pressure chamber. They were then analysed using the same experimental 

conditions described earlier.

4.2.4.2 Sample Contamination

Because of the high sensitivity of TXRF technique, and the small amounts o f  sample usually 

required, extra precaution is necessary at all the stages o f  sample preparation due to external 

contamination o f  the sample. In a case study, a prepared sample on a carrier was left exposed 

for two weeks in the lab after the initial analysis. It was then re-analysed to determine the 

extent o f contamination from dust particles during the course of this time.
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4.3 Sampling and Sample Description

4.3.1 Sampling

4.3.1.1 Water Samples

Water samples were bought randomly from various stores within and outside Nairobi. Tap 

water was also sampled from a running tap for four consecutive days for this study. Mineral 

samples bought were contained in polyvinylchloride (PVC) bottles with no visible suspended 

matter. In Table 4.1 the trade name, codes as well as other details are presented.

Tabic 4.1 Water samples and their Description

Trade Name Code Description given on the label
Local samples

Safari A Deep water well from within Nairobi area

Peria B Deep water well from the environs o f  Nairobi

Mountkcn C Deep well water from within Nairobi area

Wozone I) Spring water from within Nairobi area

GreatRift E Natural hot spring water from the Rift Valley

Highland F Natural spring water from Central Kenya

Aquanova G Pure mountain spring water from Central Kenya

Keringet H Natural spring water from high altitude conservation zone in Kenya's Rift 
Valley

Mt
Kilimanjaro

I Natural spring water from the slopes o f  Mt Kilimanjaro (Mzima)

Imported samples

Mount
Frankline

K Natural spring water from near a mountain in Australia

Ice Mountain L Fountain spring water from Alton, North America;

Evian M Natural spring water from the French Alps

| Vittel N Spring water from a conserved site in Vosges region, Eastern France

4.3.1.2 Maize Samples

Three 2 kg packets of the three major brands of maize flour: Hostess, Jogoo and Ugali were 

bought randomly from various supermarkets. Each packet was homogenized with a clean
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constant weight to eliminate the moisture content. A portion of the sample -1 gram was 

weighed for digestion. Three different kinds of fresh maize grains were dried to constant 

weight and later grounded to powder form and digested.

4.3.1.3 Tea Samples

Nine 100 grams packet of Kenya tea leaves (Ketepa) were bought randomly from various 

shops. Each packet was homogenized with a clean plastic spoon before taking an aliquot of 

1-3 grams for oven drying at 90 °C to constant weight. The amount needed for digestion was 

weighed and digested. Three tin containers each 100 grams of instant tea were also purchased, 

from which 1-3 gram of sample were taken from each tin and dried to constant mass before 

digesting.

4.3.1.4 Kale Samples

Ten fresh vegetables kale leaf samples were purchased randomly from different vendors in 

Nairobi. They were rinsed thoroughly with double distilled water before they were dried at 

oven at 90 ’C to constant weight. The samples were later grounded to fine powder with a 

pestle and a mortar before digestion.

4.3.2 Sample Preparation for Analysis

4.3.2.1 Water Samples

The procedure used for water sample preparation was as follows: One millilitre of the sample 

was pipetted onto a clean vial. A few mis of the sample were used to rinse the vial into which 

the sample was to be placed. Also to minimise contamination, the pipette used was rinsed 

three times with the same sample. 10 ill of prepared (100 ug/g) cobalt internal standard was 

added i.e. corresponding to internal standard concentration of 1 M-g/g cobalt to 1 mi of the 

sample. The content of the vial was mixed thoroughly by shaking and 10 p.1 was spiked on a 

clean sample earner It was observed that the samples spread to about 6 mm in diameter This 

was dried in a low pressure at room temperature (23 °C) before measurement. The samples 

■were prepared in tnplicates.
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4.3.2.2 Preconcentration with Sodium Diethlvdithiocarbamate (NaDDTC)

The following procedure was used for preconcentrating the mineral water samples (Holynska, 

1996): A 100 ml sample was taken, an internal standard and a carrier added then the pH 

adjusted to between 5 and 6, and 10 ml of freshly prepared 2% sodium diethlydithiocarbamate 

(NaDDTC) solution was added and content the thoroughly mixed. After 15 minutes, the 

precipitate formed was filtered through Millipore filter o f pore size 0.4 pm. The filter with 

the precipitate was placed in clean beaker and dissolved out in a clean container using 1 ml of 

Methyl Iso-butyl Ketone (MIBK). After the precipitate had completely dissolved, the filter 

was removed. A solution-of 10 pi from this preconcetrated sample was spiked on a clean 

sample carrier for analysis.

4.3.2.3 Maize, Tea and Kale Samples

The pulvenzed and dried samples were thoroughly homogenized using clean non-metallic 

tools. Between 0.1-0.3 grams (in the ratio of 0.1 grams to 4.0 ml of Suprapure nitric acid of 

the sample) was put into the Teflon bomb cup, sealed tightly and heated in the oven for about 

3 hours at about 170 °C. This ensured that there was adequate vapour space when fully 

charged to enable the digestion to proceed without unusual hazards. After cooling, an aliquot 

of 10 pi of sample was taken for measurement to check for cobalt. The volume of cobalt 

internal standard added depended on the initial dry weight of the sample and the expected 

elemental concentrations of sample. A homogeneous mixture of the sample and the internal 

standard was ensured by thorough mixing. Three replicates of 10 pi portions of the digested 

samples were prepared for the analysis.

4.3.2.4 Sample Irradiation

Because of the inefficient cooling system of the x-ray tube encountered at the initial stages of 

the research when operating at high currents, the following x-ray tube operating conditions 

were used: 40 kV for high voltage and 20 mA for current. Samples were irradiated for 2000

seconds.
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 O ptim isation Results

5.1.1 T ube High Voltage

Figure 5.1 shows how the tube high voltage affects the peak to background ratios of the 

control sample elements.
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Figure 5.1 Variation of normalised peak to background ratio of titanium, cobalt 
and strontiunvat different operating voltages, current set at 20 mA.

From Figure 5.1, high voltage tube settings significantly influence the strontium and cobalt 

peak intensities in the control sample. Titanium photopeaks located in the lower part of the 

energy spectrum (~4.5 KeV) is least affected by variation of the tube voltage. The 

characteristic energies of the elements in the control sample range from low to high in the 

typical TXRF spectrum energy. Optimum operating conditions for the tube voltage which 

resulted in high signal to background ratio were observed at over 35 kV.
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5.1.2 Cut off Energy for Bremsstrahlung Radiation

The cut off energy achieved was 20.0 KeV with little or no counts on the upper part of 

energy spectrum after optimisation o f the various components of TXRF module. Figure 5.2. 

show the peaks from the control sample carrier.

5.1.3 X-ray Generator Stability

iable 5.1 shows the results of analysis of a sample at various counting times. The results 

show that a high deviation (8%) in analyte concentration values occurs within the first 300 

seconds of counting. This may have been due to low peak counts and high statistical errors 

of the determined concentration or instability o f x-ray generation. For high counting times, 

the deviations in concentration values were within 2% standard deviation.
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Table 5.1 Variation of analyte concentration (|ig/ml) with time in seconds.

Time 
; Element

300 600 900 1,200 1,500 1,800 2,000 Mean 
± lsd

k 20.7±1 18.8±1 18.8±1 19.1*1 19.3±1 I8.9±l 19.0±1 19.2*0.7

Ca 46.2±2 42.2±2 41.8*2 43.3±2 43.6±2 43.3±2 43.5±2 43.4±1.4
Ti 3.3±0.2 3.1±0.2 3.0±0.2 3.1 ±0.2 3.1 ±0.2 3.1*0.2 3.1±0.2 3.1±0.1
Mn 3.3±0.2 3.0±0.2 2.9±0.2 3.0±0.2 3.0±0.2 3.0±0.2 3.0±0.2 3.1 *0.1
Fe 37.4±2 33.9±2 33.5±2 34.7±2 34.9±2 34.6±2 34.9±2 34.8*3.6
Cu 1.5±0.l 1.4±0.1 1.4*0.1 1.5*0.1 1.4±0.1 I.4±0.1 1.4±0.1 1.4* 1.3
Zn 3.4±0.2 3.0±0.2 3.0±0.2 3.1 ±0.2 3.1 ±0.2 3.0±0.2 3.1 ±0.2 3.1*0.1
Br 0.11 ±0.01 0.09±0.01 0.08*0.01 0.09*0.01 0.09±0.01 0.08±0.01 0.08±0.01 0.09±0.01
Sr 0.19±0.01 0.18*0.01 0.18*0.01 0.17*0.01 0.16±0.01 0.16*0.01 0 .16±0.01 0.17*0.01

IPb 0.36±0.2 0.36±0.2 0.35±0.2 0.38±0.2 0.39±0.2 0.38±0.2 0.39±0.2 0.37±0.02
Normalised/ 
weighted mean 1 0.92 0.90. 0.93 0.93 0.91 0.92

5.1.4 M odification of Excitation Beam for Spectral Background Reduction

The effect o f the filter on the excitation beam is demonstrated in Figure 5.3 in which lower 

limit o f detection values for various elements in the standard reference sample are plotted 

against the atomic number. From the results, two elements (gallium and zinc) showed 

improved lower limit of detection values, when a filter is placed in the beam path. One major 

problem associated with use of the filter is the overall loss in spectral data intensity which 

inundates its low background.
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Figure 5.3 Variation of detection limits in pg with (+) and without (-) zirconium filter 
for molybdenum tube excitation source in TXRF
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For low atomic number elements (Z), excitation is mainly due to the low energy photons of 

the excitation beam consequently the filtering effects o f  the zirconium filter attenuates the 

radiation resulting in the increases o f the lower limits o f detection values.

5.1.5 Surface Distribution and Sample Homogeneity

The major problem with sample carrier siliconization is inherent sample conglomeration 

which results in high spectral background. The spreading was limited to less than a 

millimeter radius yet this is a critical factor for effective sample excitation. For efficient 

sample excitation, the sample needs to spread to less than 7 mm in diameter on the sample 

carrier. The consequence o f the sample conglomeration results in low intensities of the 

analytes and enhanced scattering by the sample which increases the detection limits (Figure 

5.4).

G a a - f e C b N  2 i G 6 S e 9 -  Y

Bernert

Figure 5.4 Variation of detection limit (in pg) for a standard solution, on 
siliconized carrier (+) and non siliconized (-) (Time 1000s).

I he sample preparation method used throughout this work (drying the sample carriers at 60 

L overniuht at low pressures of -4 0 0  mbars) resulted in a natural silicnnizniion o f ilm
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carriers, such that samples spiked were homogeneously spread in thin film to 5-6 mm.. 

Comparison o f the lower limit of detection values obtained from sample carriers dried under 

these conditions and those subjected to siliconization indicates improved values for most 

elements by a factor o f 2-3.

5.1.6 Long Term Stability ofTXRF Measurements

Figure 5.5 shows the variation of intensities o f the strontium-K.ee counts during two busy 

months. The variation from the mean value (3730) within the period does not exceed two 

standard deviations (2%). Changes to the sample carrier settings normally adversely affect 

photopeaks located close to the scatter peaks. Strontium K-lines are strategically located near 

the molybdenum peaks and are good indicators of possible disturbance in the measuring 

system.
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Figure 5.5 Variation of strontium-Ka  net peak counts over a 70 day period for 
the control sample.

Further investigation carried out established that the observed instability was probably 

caused by the orientation o f the sample carrier to within two standard deviations. Similar 

trends were observed when the sample carrier with the control sample, was rotated through

small armies un to 360 decrees.
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5.1.7 Sensitivity Calibration for the TXRF Measurements

Figure 5.6 shows variation o f the relative elemental sensitivities (K-lines) against their atomic 

numbers. Elemental sensitivity is observed to increase with atomic number up to zinc 

thereafter tending to a constant value. Concentrations o f unknown analytes in the sample are 

evaluated according to equation 2.31 presented earlier.

Figure 5.6 Variation of relative elemental sensitivities with the corresponding atomic 
number for K-lines.
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5.1.8 Cleaning o f the Sample Carriers

Figure 5.7 shows a spectrum o f a blank (cleaned sample carrier)

0.5 5 1 0 1 5 20
Energy in KeV

Figure 5.7 Spectrum of a clean sample carrier.

With the 'clean' sample carrier, it was possible to analyze mineral water samples for low iron 

concentration as 20 j.ig/1 (ppb) to within 5-10% error after correction for the blank value. 

The sample films deposited on the carrier are least influenced by blank iron values due to a 

small penetration depth in the sample medium by the excitation beam under TXRF 

conditions. Following these results, iron concentration measurements in the samples were 

accurate enough without necessarily correcting for blank values.

5.2 Results o f TXRF Analysis o f Samples Prepared by Preconcentration 
Technique with NaDDTC

This technique is selective o f a few trace metals and is therefore inappropriate to the study 

where the interest is wide. In the determination of trace metals o f samples prepared by 

preconcentration technique, the limits o f detection were greatly improved as compared to 

direct analysis method for a sample o f mineral water (Table 5.2). Though recovery 

corrections were not applied to the elemental concentrations obtained from preconcentration 

technique, iron concentration values were above detection limits in both cases:
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Table 5.2 Comparison of results for direct and preconcentrated sample preparation 
techniques in pg/g for sample J.

Element Direct measurement LLD* Preconcentrated LLD*
Cr <17 17 2.0±0.4 0.8
Ti 30±4 10 11±2 0.5.
Mn <9 9 6.0±0.7 0.4
Fe 230±60 8 205±10 0.3
Cu <8 8 2.0±0.3 0.3

* Lower Limit of Detection

Figure 5.8 and 5.9 shows spectral data for the mineral water samples analysed directly and 

precnncentrated. In Figure 5.9 most elements are virtually invisible in the spectrum of the 

preconcentrated sample in which nickel is used as a 'carrier'.

5.2.2 Reproducibility of TXRF Analytical Results

To test for reproducibility of the TXRF analysis, a multi-element solution was prepared from 

the stocks of available standard solutions. Ten sample carriers were each spiked with 10 pi

of the multi-element solution and analysed. The results obtained are summarized in Table

5.3

Table 5.3 Comparison o f experimental and expected values of multi-elemental 
standards solutions (n=10).

Element Experimental 
value (pg/ml)

Theoretical 
value (pg/ml)

% Error

Fe 9.6±1.5%* 10.0 -4.4
Ni 4.02±0.7% 4.0 +0.5
Cu 1.95±2.0% 2.0 -2.5
Zn 3.00±1.3% 3.0 0.0.
Sr 1.09±2.8% 1.0 +9
Ag 25.0±8.0% 20.0 +25
Sn 9.4±3% 10.0 -6

T3a 16.0+5.0% 6.0 0.0.
Pb 3.10±1.6% 3.0 +3.3

* standard deviation determined from 10 replicates (%).

■ he results show good precision, reproducibility and accuracy for most of the analytes to 

within 6% error margin except for strontium and silver whose values were relatively poor, 
9% and 25% respectively.



Figure 5.8 A spectrum of mineral water collected for 1000s using direct method of 
measurement.

Zn

f igure 5.9 Spectrum of the same sample under similar conditions but preconcentrated.

I he characteristic x-ray energy line for silver overlaps with that of argon and the error 

observed could be a result of poor energy peak deconvolution.



5.2.3 Sample Contam ination

Table 5.4 shows the alterations in mineral water sample on a sample carrier after exposure to 

floor dust in the lab.

Table 5.4 Concentration variations in pg/ml observed for a contaminated water sample.

| Element uncontaminated contaminated % change
'K 2.3‘±0.1 19.2±1 735
Ca 27.3±1 43.4±2 60

ffi 0.03±0.002 3.1=0.2 10,233
Mn 0.02=0.001 3.1 ±0.2 15,400

f c r 0.42±0.02 34.8=2

VOooT—
ir

O
O

Cu <0.008 1.4±0.1 ?
;zn 2.63±0.1 3.1 ±0.2 18
• Br <0.009 0.09±0 005 r?
Sr 0.12±0.01 0.17±0.01 42
Pb <0.015 0.37±0.02 12__________ 1

(? - undeterminable)

This results indicate that the lab is contaminated with mostly manganese, iron and titanium 

that mainly originates from the dust. As such, prepared samples should be stored in a closed, 

clean environment to minimise potential source of contamination.

Rev- Its of TXRF Analysis

5.3.1 S tandard  Samples

The results of the analysis of the reference standard materials are presented in the following 

Tables (5.5 - 5.10). Statistical Paired T-test of the experimental and certified values for all the 

samples showed no significant difference at 95 % confidence level.



Table 5.5 Comparison of experimental and certified values in pg/g for Lyophiiised
Pig Kidney (BCR No. 186). (n=3)

Element • Experimental value Certified value LLD*
Mn 7.4±0.4 8.5±0.3 0.7

1 Fe 275±11 299±10 0.8
Cu 31.6±0.5 31.9±0.4 1.4
Zn 134±6 128i3 1.4
Se 9.7±0.5 10.3x0.5 F4 j

(* Limits of Detection)

Table 5.6 Comparison of experimental and certified values of concentration in pg/g for 
Chinese Human Hair (GBW 09101). (n=3)

Element Experimental value Certified value LLD*
Ca 1022±69 1090±721 2.7
Cr 3.2±0.3 4.8±0.4 0.9
Mn 3.6±1.0 2.9±0.2 0.7
Fe 71.0x5 /1 .z±6.b 0.8
Ni 3.4±0.2 3.2±0.4 L3
Cu 23.0±0.8 23.0±1.4 1.4
Zn 194±5 189±8 1.5
Sr 5.7±0.5 4.2±0.1 2.4
Pb 11±1 7.2x0.7 5.2

(* Limits o Detection)

Table 5.7 Comparison of experimental and certified concentration values in pg/g 
concentration for Rye Flour (L4£A/ V-8). (n=3)

Element Experimental value Certified value

K
2320±191 1925±135 1.3

Ca 142±4 149±10 0.5
Mn 2.1±0.1 2.06±0.12 0.1
Fe 5.3±0.5 4.1±0.7 0.1
Cu 0.75±0.03 0.95±0.19 0.3
Zn 2.65x0.2 2.53±0.33 0.2
Br 0.31i0.1 0.38i0.07 0.2
Rb 0.55±0.04 0.48±0.07 0.2

(* Limits of Detection)



Table 5.8 Comparison of experimental and certified values in pg/g for 'Rice-unpolished'
(NIESNo. 10(a)). (n=3)

Element Experimental value Certified value LLD* |
K 1875±73 2800±80 5
Ca 100±4 93±3 3
Mn 31.3=0.7 34.7=2 0.5
Cu 7.9±0.2 (?) 3.5±0.3 0.6
Zn 24.8±0.5 25.2±0.8 0.6
Rb 4.4±0.4 4.5=0.3 0.6

(* Limits of Detection)

Table 5.9 Comparison of experimental and certified values o f concentration in pg/g for 
Japanese Tea (NIES No. 7). (n=3)

Element Experimental value Certified Value LLD*
K 18850±784 18600±700 10
Ca 3131±22 3200±120 7
Mn 627±10 700±25 1.4
Ni 4.6±0.3 6.5=0.3 1.4
Cu 6.3=0.3 7.0±0.3 1.4
Zn 35.8±1 33.0±3 1.4

(* Limits of Detection)

Table 5.10 Comparison of experimental and certified concentration values in pg/g for 
Kale reference standard (IAEA/ S636F). (n=3)

Element Experimental value Certified value LLD*
K 25909±2922 24370=145^ 13
Ca 38914±4383 41060±2220 9
Mn 15.4±0.8 14.8=1.68 2
Fe 81.5±8 119.3=14.8 2
Cu 3.4±0.9 4.9=0.63 2
Zn 32.0±2 32.3=2.8 2
Br 15.0±2 24.9=2.5 2
Rb 57.3±5 53.4=5.5 2
Sr 76.4±6 75.7=29.3 1

(* Limits of Detection)

The results of analysis of certified reference standards indicated that the analytical technique 

used is suitable for elemental analysis of digested samples of biological origin with no 

significant differences at 95% confidence level. For most of the samples analysed, the 

elemental concentration determined lie within the range o f the certified values (>90%) except 

for a few cases. Notable ones are, copper in the Rice- unpoiisned' and bromine in the Kale 

standard. The discrepancies in concentration levels in these of the samples may be attributed
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to the following reasons:

i i) Sample preparation method used; for example digestion procedure is known to lower 

the concentration levels of bromine in most samples;

(ii) Sample homogeneity;

■ iii) Assumption of a thin sample; in cases of high concentration of sulphur, calcium, 

potassium or similar atomic number elements nioduy die calibration curve, 

i iv) Assumption of homogenous internal standard, this can result in a systematic error, 

easily detected in cases where all the experimental values shift higher or lower than 

the certified values with equal magnitude.

(v) sample contamination, most likely to occur on the sample carrier due to dust or other 

chemicals in the laboratory.

5.3.2 Food Samples

(a) Maize Flour

Th elemental concentrations levels in raw Maize were in most cases higher when compared 

to the processed Maize flour, especially for potassium, zinc and rubidium. In the analysis of 

the three brands o f processed Maize flour and raw Maize, it was observed that the levels for 

most o f the elements seemed to follow the quality of processing. Hostess, the highest quality 

in terms of processing contained the ieast levels ci elemental concentration. The brand is 

highly priced on the local market at a cost of Kshs 65 in comparison to Jogoo and ugali. 

(Kshs 50 and Kshs 46 respectively). The relatively high concentration levels of calcium and 

iron in the jogoo brand were probably caused by other factors not related to Maize sifting 

processing (Table 5.11 and Figure 5.10).
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Table 5.11 Results of analysis for three brands of processed Maize Flour with 
Fresh Maize in pg/'g after sample digestion.

Element Hostess (n=3) Jogoo (n=3) Ugali (n=3) Raw Maize (n=3)
K 1489*299(2.0)* 1821±163(2.1) 2057*166(2.1) 3613*60 (2.5)
Ca 26±2(1.5) 32±3(1.6) 43±5(1.6) 30.0*1 (2.0)
Ti 1.7*0.2(0.5) 2.3±0.6(0.5) 2.9*0.5(0.5) 2.9±0.3 (0.6)
Mn 1.9=0.4(0.4) 2.9*0.410.4) 3.3*0.4(0.4; 3.3=0.3 (0.3)
Fe 19*3(0.4) 28=6(0.4) 39*6(0.4) 29.0*0.3 (0.3)
Ni 0.6±0.2(0.4) 0.7±0.2(0.4) 0.5=0.2(0.4) 0.9*0.4 (0.3)
Cu 0.9*0.1(0.4) 1.2*0.3(0.4) 1.0*0.1(0.4) 1.3±0.4 (0.4)
Zn 7.0=0.2(0.5) 10±2(0.5) 13*1(0.5) 24*3 (0.4)
Rb 1.9*0.1(0.5) 2.4=0.7(0.5) 2.3±0.2(0.5) 7.3*0.3 (0.4)

(* Limits of Detection)

10000 ,

Element

Figure 5.10 Comparison of concentrations in pg/g for the unprocessed Maize (raw) 
and the mean value for processed brands (Sifted).

The sifting processing of Maize suppresses the concentration levels o f potassium, zinc and 

rubidium by order o f magnitude 50, 60 and 70% respectively.



b)  Tea Leaves

Table 5.12 Concentration levels of trace elements in pg/g o f instant and normal Tea 
brands

Element Normal Tea leaves ±1 s.d.(n=9) Instant Tea ±1 s.d.(n=3)
K 16965±3636 (9)* 77234±1601 (20)*
Ca 3367x399 (5) 403±4U (12)
Ti 30±9 (1.6) <3.5
Mn 1060±169 (1.6) 3007±80 (3.5)
Fe 345±76 (1.6) 83±20 (3.5)
Ni 3.54x1.3 (1.6) 8±1 (3.5)
Cu 13.5±2.7 (1.6) 55±3 (3.5)
Zn 3A±6 (1.6) 543±15 (3.5)
Rb 116x26(1.6) 4±1 (3.5)
Sr 42±8 (1.6) <3.5

(* Limits of Detection)

The results (Table 5.12 and Figure 5.11) show that there are significant differences in the 

elemental concentration levels of two grades of Tea samples.

Figure 5.11 Comparison of analysis results of concentration in pg/g for normal and 
instant Tea.

This is probably due to the processing o f the original Tea leaves to yield the different 

qualities of Tea. For example, in production of instant Tea. potassium, manganese, nickel, 

copper and zinc concentration increased by a factor of 4.6, 2.8, 2.3, 4.1 and 175 times 

respectively. Calcium, titanium, iron, rubidium and strontium reduced by over 8, 10, 3, 29
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and 12 times respectively. Titanium was below detection limits in instant Tea. One 

consequence of the elevated levels of potassium concentration in the instant Tea sample was 

the increase in detection limits by a factor of over two.

c) Kale

The results of analysis of Kale samples are presented in Table 5.13.

fable 5.13 Concentration levels in pg/g of elements in various Kale 
samples unless otherwise indicated (n=10)

Element Concentration range Mean Concentration LLD*
K 2.20 - 4.20% 2.95± 1 % I3±3
Ca 1.67 - 4.25% 3.05±0.7% 9±2
Cr 2.0-5 .9 3.27±0.9 2±0.5
Mn 30-105 56.5±28 2±0.5
Fe 55-141 93.7±24 2±0.5
Cu 1.5-4.2 2.4±0.9 2±0.5
Zn 42.3- 155 96.5±44 2±0.5
Sc LED-3.4 <3 3±0.5
Mr LED -65 <3 3±0.5
Rb 50-129 89.2±24 2±0.5
Sr 31.6 - 239 107±56 1±0.2
Y ELD - 1.6 0.7±0.4 0.8J-.0.4

(* Limits of Detection)

Based on the results of the analysis of the Kale and Maize samples, an estimate of dietary 

intake o f these trace elements through consumption was done. On average an adult person 

consumes 1 g of I ea. 100 g of Kale and 400 g of Maize meal per day. The implication of 

this is that he takes an average of 4000±600 mg of potassium; 3062±700 mg of calcium;

1 2±0.2 mg of titanium; 0.33±0.1 mg o f chromium; 7.8±2 mg of manganese, 20.4±3 mg of 

iron; 0.24±0.1 mg of nickel; 0.66±0.2 mg of copper; 13.7±3 mg of zinc; <0.250 mg of 

selenium; 2.1 ±1 mg o f bromine; 9.8±2 mg of rubidium; 10.9±3 mg of strontium; 0.07±0.04 

mg of yttrium per day. What is assimilated by the various organs is a subject of further 

studies. From these results evidently the biggest proportions of trace element's intake arc 

derived mainly from Kale, though the amounts indicated could be far less compared to other 

cereal meals. A comparison between trace element intake in Kenya common diets based on 

the above facts, and the UK (Hamilton and Minsk. 1972/3) showed that Kenyans consume 

much of manganese, rubidium, strontium and yttrium are largely due to high consumption of
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Kale in their diet. Food processing mechanisms reduces the levels of some of the trace 

elements. Alternatively, the Britons consume more cereal based food enriched with 

potassium, calcium, titanium and bromine and fewer amounts of rubidium, strontium, 

yttrium (Figure 5.12). However, the high bromine level could be a result of either table salt or 

sea foods. The determined concentration levels of trace elements in raw food in Kenya are a 

close approximation since most people rarely add additives to their diets other than the 

common table salt and probably a little fat! The latter of which causes an increase bromine 

intake.

Element

Figure 5.12 Comparison of trace element intake in mg/day for food stuff in UK 
(1973) and average content in common raw food in Kenya.

5.3.3 Mineral Water Samples

The results of the analysis of the water samples are presented in Table 5.14 for thirteen 

mineral waters; local (A-l), imported (K-N) and tap water (J).



Table 5.14 Analysis results for different water samples.

(* Limits of Detection)

It is observed that local mineral water brands (A-H) have higher proportion of the trace 

elements compared to most imported brands. Mineral waters with the highest number of 

elements were sampled from natural springs close to volcanic mountain areas of Mount 

Kenya and Mount Kilimanjaro (G, I). An imported water sample (K) from a spring close to a 

mountain in Australia had the least number and concentration levels o f trace elements. Water 

samples from Central Kenya (G. F. and C) had relatively high proportion o f zinc. All the 

waters analysed have jace element levels within the WHO limits except for one sample (H) 

whose manganese value was above 100 pg/1 and the iron values <300 ug/1 for 30 % of the 

total samples analysed (WHO. 1989).

Samples D (local) and N (imported) were unique in their iron and strontium content 

respectively. Iron was relatively low (31 pg/l) in sample D and strontium quite high in 

sample N as compared to the rest of the samples. Apart from some few other anomalies in 

concentration levels of some elements in the water samples, the general trends showed a 

strong correlation to the crustal rock compositions and less of the sea (Burbigde. 1957).
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Figure 5.13 Typical spectrum of mineral water sample (G) with relatively
high concentration of zinc elements. Cobalt was used as internal standard 
and silicon is from the sample carrier used.

In the analyses o f the mineral water samples, the values for potassium and caicium. 

predetermined (Labeled values) for some samples, and the experimental values, agreed at 

0.95 significant level. However variation of over 100% in elemental concentration are 

observed for some samples (K in D, M ) and ( Ca in G. M ) as shown in table 5.15.

Table 5.15 Comparison of experimental and predetermined values of potassium 
(K) and calcium (Ca) in |ug/mi for some samples.

Sample A ' D E G I M N
K, Experimental value 13.1±0.3 7.9±0.2 9.7±0.2 11.6=0.1 28.9±0.5 <0.3 5.6±0.9

Predetermined value 2.4 9.5 - 23 1 4.9
C a. Expenmental value 8.8=0.2 10.5=0.2 11.4±0.2 24±0.2 23.6±0.2 21.4±0.5 131±13

Predetermined value 6.5 9.05 18 68 24 78 91

The experimental values of potassium were generally higher than the predetermined (label) 

values whereas calcium values were less in majority of the samples. The source of variation 

between the experimental and the predetermined values was probably caused by non 

uniformity in the distribution of these elements with time (seasonal) of the samples at the 

source. It was observed during the course of study, that the concentrations levels of the 

various elements contained in tap water varied with its usage or recharge (Figure 5.14). In the



analysis, it noted that potassium and calcium values were constant in the four consecutive 

days of measurement and the K:Ca ratio averaged 3 over a longer period (1 year). The 

variation of trace elements in the water samples could also suggest the recharge rate of the 

water source as illustrated by the tap water sample. Tap water elemental concentrations levels 

varied with time for a running water tap opened 10 hours daily. Sampling o f the water was 

done at the end of eacii day to minimise the ettects assuciated to plumbing system.

1.1 -

Figure 5.14 Relative concentration variation of trace elements in a running tap.

The predetermined iron values for sample A was 60 pg/1 and 200 pg/1 tor sample G. while 

the experimental values are 530 and 540 (ig/1, respectively. Manganese and zinc in the same 

sample (G) was given as 20 jj.g/1 and 200 pg/1 respectively, compared with the experimental 

values o f 31 pg/1 and 4730 pg/1 respectively, suggesting contamination from components 

used during bottling, filtration or from other secondary sources iike the bottle material. The 

duration of water storage in the bottles (containers) may have affected the water quality. 

.Analysis of the PVC container of sample D contained the following trace elements: iron = 

1.0±0.1 pg/g, copper = 23±2 pg/g, zinc = 10±1 pg/g, lead = 8±1 pg/g, based on the side of 

bottle originally in contact with the water sample. However, copper and lead levels in this 

particular water (sample D) were below the limits o f detection vaiues, 8 and 15 ug/1 

respectively. This fact rules out the possibility of contamination by the PVC containers.



5.3.3 Principal Component Analysis (PCA) of Analytical Results

Principal Component Analysis was done to try and explain the contributing factors causing 

the difference in concentration levels in the samples (Evanston, 1989) . Significant factors 

whose eigenvalues exceeded 10% of the total observed variance are presented below for 

Maize. Tea and Kale for the various elemental loading. The use of correlation matrix was 

adopted in determining the elemental loading because it minimises systematic errors 

associated with sample preparation through concentration standardization. The sensitivity of 

this technique is limited by those values near or below limits of detection (Bradley et al, 

(1982). To alleviate this problem, detection limit values were used in place of zero for 

concentration values below the limits of detection (Tables 5.16-5.18).

Table 5.16 Component loading of elements by some factors in Maize samples and their 
contribution to the total variance (%).

Element Factor 1 (64 %) Factor 2 (17.5 %) Factor 3 (10 %)
Fe 0.97 -0.09 0.02
Mn 0.97 0.04 | 0.18
Zn 0.96

VOO
i

o

Ca 0.95 p 1 p £
K 0.94 0.14 -0.11
Ti 0.83 -0.36 0.09
Rb 0.67 0.58 0.19
Cu -0.15 0.8 0.5 i
Ni 0.09 -0.64 0.73

The results showed that the first factor with high loading on the elements (iron, manganese, 

zinc, calcium, potassium, titanium, and rubidium) describes the inherent elements typical of 

'lie Maize flour. The second factor clustered (nickel, rubidium, copper) which probably 

correlates the various sub species of the Maize plants. The third factor brings those elements 

probably due to environmental pollution (copper and nickel).
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Table 5.17 Component loading of elements by some factors in Tea samples and their 
contribution to the total explained variance (%).

Element Factor 1 (41.5 %) Factor 2(30 %) Factor 3(17 %)
Cu 0.96 -0.09 -0.17
Rb 0.94 0.11 0.02
K 0.9 0.32 -0.23
Zn 0.75 -0.07 0.4
Fe 0.63 -0.72 0.12
Ti 0.39 -0.86 0.11
Ca 0.28 0.81 0.28
Ni 0.02 -0.81 0.39
Mn 0.33 0.51 0.75
Sr 0.49 0.11 -0.81

Tea leaves are characterised by the elements (copper, rubidium, potassium, zinc, iron, and 

strontium), attributed to factor one. Factor two. is probably the environmental condition 

affecting the availability of the elements (calcium, manganese, titanium, nickel, iron) to the 

Tea plant. The third factor involving the elements (manganese, strontium) is probably due to 

the processing mechanism used in Tea leaves preparation.

Table 5.18 Component loading of elements with significant factors in Kale sample 
and the factor contribution to the total explained variance (%).

Element Factor 1 (44.8 %) Factor 2 (20.2 %) Factor 3 (17.3 %)
Y 0.84 -0.18 0.26

Mn 0.84 0.16 O.-o
Rb 0.83 0.44 0.04
Zn 0.80. 0.15 0.49
Cr -0.62 -0.72 -0.13
K 0.59 -0.16 -0.41
Ca -0.59 0.43 0.51
Sr -0.56 0.77 0.01
Cu 0.54 0.26 -0.78
Br -0.51 0.72 -0.25
Fe 0.48 0.21 -0.53

The factors correlating the elements o f high loading in Kale are not easily explained. The first 

factor is probably a mixed factor of the inherent trace element's characteristic of the Kale 

leaves (yttrium, manganese, rubidium, zinc, potassium, copper, and iron) and the 

environmental conditions affecting them (chromium, strontium, and bromine). A likely 

explanation was the possibility that the Kale leaves were contaminated by soil on which they 

were grown. This contamination was not completely removed by the initial rinsing in double
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iistilled water before the samples were analysed. The second factor clustering (strontium, 

bromine and chromium) was probably an environmental factor with chromium being 

introduced as a result of environmental pollution. The third factor seemed to cluster those 

elements that correlate the.different sub-species of Kale.

The results given by the factor analysis showed that Kale, Maize and Tea, have three factors 

exceeding 10 % which explained over 90 % of the total concentration variance in the 

elemental concentration. Unlike the other two samples, the Kale had a negative correlation 

in the first factor, indicating that the inherent factor for the trace elemental concentration 

profile in Kale was compounded by another factor.

Principal Component Analysis was applied to explain the factors contributing to the observed 

elemental concentration profile in the water samples. The results showed that four significant 

factors that could explain more than 10% of the total sample variances (Table 5.19).

Table 5.19 Component loading of elements with significant factors in water samples.

Element Factor 1 
(31.4%)

Factor 2
(27.3%)

Factor 3 
(14.8%)

Factor 4 
(11%)

Rb 0.88 0.21 0.07 -0.30.
Sr

OOooo

-0.37 0.18 0.21
Ca 0.86 0.42 o .n 0.22
Ti -0.31 0.78 0.28 0.58
Fe 0.40. 0.72 0.17 0.49
Br 0.39 0.61 -0.48 -0.40.
Zn 0.24 0.58 -0.50. 0.14
Mn -0.14 0.15 0.67 -0.18
K 0.19 0.49 0.50. -0.46

The component loading of the first factor reflects the chemistry of these three elements 

'rubidium, strontium and calcium) showing that hydrochemistry elements play an important 

"0!e in trace element distribution in water samples, the second factor reflects the nature of the 

crustal composition at the source o f the sample (soil composition and pH) based on the 

duster of element's titanium, iron, bromine and zinc. The third factor that clustered 

manganese is probably the water sample pH factor. These three factors contributed close to 

~5 % of the total variance of the concentration results obtained for the trace element content 

of water.



The detection limits o f elements in water samples just like the other analysed samples, were 

found to be quite sensitive to the presence of low Z matrices, mainly chlorine, phosphorus, 

potassium and calcium. For the samples with high concentrations of these elements, Tea and 

Kale samples, the limits of detection are higher than those of lower concentrations, Rye 

Flour. 'Rice unpolished', Maize samples. For water samples with high concentrations of 

some of these elements (G, I, N), had higher lower limit of detection than those with 

relatively lower concentrations, (K and L). Other factors which affected the lower limit of 

detection were noted as uncontrolled spreading and sample volume spiked. Lower limit of 

detection was noted to deteriorate with the number o f times a sample earner is used. This 

was noted to affect mainly elements in the energy region >7.0 KeV. For example, lower 

limit of detection o f strontium was initially 9 p.g/1 , but increased to almost 13 p.g/1 on the 

25th re-use of the sample carrier. This may be attributed to the surface etching of the carrier 

surface during cleaning and the consequent loss of reflectivity.



CHAPTER SIX

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

♦ Relatively clean sample carriers could be achieved using a simple cleaning procedure.

♦ One of the major problem of sample homogeneity in TXRF analysis was improved by 

drying the sample carriers at 60 nC for 10 hours. This enabled the samples to spread on 

the carrier to about 6 mm in diameter.

♦ Water samples from different places have different elemental composition depending on 

the parent crustal rocks, but may also be modified by the geochemistry o f  the source, 

preparation or storage.

♦ Most o f the Kenyan mineral water samples contained relatively higher levels of 

potassium, iron, zinc, bromine, rubidium and strontium compared to the imported brands.

♦ I XR1 measurements indicate that Fe concentration levels in 50 % of the imported and 80 

% of the local water samples exceed the WHO limits (<300 pg/1).

♦ loxic elements(Pb, Hg) levels were below detection limits (15 pg/l) in all (he analysed 

samples.

♦ Volcanic water sources seem to have high elemental composition.

♦ I race element intake in Kenyan's major diet^is enhanced by Kale consumption (Brassica

olaracea ), especially for the elements strontium (107±59 pg/g) and rubidium (89±25

Hg/g). lea leaves (Cornelia sinensis) contribute substantial amounts of manganese

< 1060i 169 pg/g) and rubidium (116±26 pg/g) whereas Maize meal (Zea mays)
1

contributes high proportions of iron (27±9 pg/g).



♦ Food processing mechanism affects the trace element levels.

♦ Principal Component Analysis of the water results revealed three significant factors with 

the highest loading clustering rubidium, strontium, calcium in the first eigenvalue; 

titanium, iron, bromine, zinc, in the second: zinc, manganese, potassium in the third.

♦ Principal Component Analyses o f the ten Maize samples showed that, 64% of the 

observed total elemental concentration variance, was explained by a single factor 

(elements of highest loading (iron, manganese, calcium, titanium and rubidium). For 

Kale and Tea samples, the most significant factor explained only 45 % (elements of 

highest loading copper, rubidium, potassium, zinc and iron) and 42 % (elements of 

highest positive loading yttrium, manganese, rubidium and zinc) respectively. For the 

case of the water samples, results revealed three significant factors with the highest 

component loading clustering o f rubidium, strontium, calcium in the first eigenvalue 

(31.4 %); titanium, iron, bromine, zinc, in the second (27.3 %); zinc, manganese, 

potassium in the third (14.8 %).

♦ There is no significant difference between certified values and the experimental values for 

most elements analysed.



6.2 Recommendations

♦ Proposed improvement on sensitivity of the TXRF technique:

□ Use of evacuated sample-detector chamber

□ A finer beam x-ray tube for increased flux intensity to the sample.

□ Ultra trace element studies require efficient sample preparation by preconcentration 

procedures.

□ Low angles of incident radiation give better sensitivities for samples containing low 

concentration of low atomic number elements (dark matrix).

♦ Because of the interactive nature of elements both in the body, multi-disciplinary 

elemental studies are essential, to provide data on the patterns and causal relationship 

between trace element intake and health-disease.

♦ The analysis has confirmed that processing alters trace element content of food. Thus 

more research is needed to determine the extent of alteration in all types of processed 

food and the ultimate consequence to human health.

♦ The introduction of new varieties o f plants, the use o f agricultural chemicals and other 

new techniaues designed to increase food production are likely to affect the absorption ot 

trace elements by the basic food crops. A further study is therefore recommended.

♦ TXRF is a reliable tool for water quality control quality and assessment and therefore 

useful to the authorities enforcing the maximum acceptable levels of trace elements in 

drinking water.
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