
 

 

 
 

Characterisation of the GNR TXRF 
spectrometer and optimisation of a 
methodology to investigate 
Daphnia magna. 
 
 

 

 

  

 

 

 

 

 

 

 

 

FACULTEIT INDUSTRIELE 
INGENIEURSWETENSCHAPPEN 

CAMPUS GENT 

Promotor: Prof. E. Courtijn  
 

Co-promotor: Dr. B. Vekemans 
 

 

Melisa VAN DRIESSCHE 

Masterproef ingediend tot het behalen van  

de graad van master of Science in de 

 industriële wetenschappen: Chemie 

Academiejaar 2013-2014 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
© Copyright KU Leuven 
 
Zonder voorafgaande schriftelijke toestemming van zowel de promotor(en) als de auteur(s) is overnemen, kopiëren, gebruiken 
of realiseren van deze uitgave of gedeelten ervan verboden. Voor aanvragen tot of informatie i.v.m. het overnemen en/of 
gebruik en/of realisatie van gedeelten uit deze publicatie, wend u tot KU Leuven campus Gent, Gebroeders De Smetstraat 1, 
B-9000 Gent, +32 9 265 86 10 of via e-mail iiw.kaho.gent@kuleuven.be. 
 
Voorafgaande schriftelijke toestemming van de promotor(en) is eveneens vereist voor het aanwenden 
van de in deze masterproef beschreven (originele) methoden, producten, schakelingen en programma’s voor industrieel of 
commercieel nut en voor de inzending van deze publicatie ter deelname aan wetenschappelijke prijzen of wedstrijden.



 

 

 

FACULTEIT INDUSTRIELE INGENIEURSWETENSCHAPPEN 
CAMPUS GENT (@KAHO Sint-Lieven) 

Gebroeders De Smetstraat 1 
9000 GENT, België 

tel. + 32 9 265 86 10 
fax + 32 9 225 62 69 

iiw.kaho.gent@kuleuven.be 
www.iiw.kuleuven.be 

 

  



 

 

 

 

ACKNOWLEDGEMENTS 

 

Met dit eindwerk sluit ik mijn vijf jarige studentenperiode af aan het KaHo Sint-Lieven te Gent. 

In 2009 vatte ik mijn studies aan als professionele bachelor in de chemie. Gezien deze drie jaar 

vlot verlopen waren besloot ik verder te studeren en het schakelprogramma naar industrieel 

ingenieur te volgen. Hoewel het einde dikwijls veraf leek te zijn sta ik nu voor het laatste 

onderdeel van mijn opleiding. 

Voor het maken van mijn bachelorthesis mocht ik werken met X-stralen technologie. Gezien 

deze stage mij zeer goed bevallen was ging ik voor mijn masterthesis op zoek naar een nieuw 

boeiend onderwerp met X-stralen. Al snel kwam ik uit bij de Universiteit van Gent. Hier bleek 

een nieuwe X-stralen spectrometer te staan die werkt volgens het principe van totale reflectie. 

Gedreven door mijn nieuwsgierigheid om meer bij te leren over deze technologie begon ik er 

mijn stage. 

Gezien een eindwerk meestal geen individueel project is wil ik enkele mensen bedanken die me 

geholpen en begeleid hebben. Allereerst wil ik mijn begeleiders, Dr. Bart Vekemans en Prof. 

Eddy Courtijn bedanken voor het beantwoorden van al mijn vragen en het in goede banen leiden 

van dit eindwerk. Naast mijn begeleiders stond ook Sylvia Lycke steeds klaar om mij te helpen. 

Bedankt om mij op te vangen gedurende de eerste stageweek en dat ik steeds op jouw steun 

mocht rekenen. Tot slot ook nog een dankwoord voor doctoraatsstudente Jennifer Hochmuth, 

van de groep Ecotox van UGent, voor het mij bevoorraden van watervlooien en voor de steeds 

snelle feedback. Gezien zij binnenkort haar doctoraat zal beëindigen: veel succes! 

Omdat een stage meer is dan het labowerk alleen wil ik ook de leden van de XMI groep 

bedankten voor de leuke sfeer. Dankzij jullie kwam ik met plezier elke morgen naar de S12. Een 

extra bedankje voor de doctoraatsstudenten Eva, Brecht, Pieter en Lien voor de gezellige bureau 

en voor het helpen indien ik in de knoop zat met mijn computer.  

Een speciaal bedankje gaat ook uit naar Elisabeth en Joyce, twee andere thesisstudenten 

waarmee ik grote delen van mijn tijd doorbracht. Bedankt Elisabeth om mij op de eerste dag mee 

op sleeptouw te nemen en bedankt Joyce voor de leuke uren samen in het labo. 

Aangezien dit eindwerk niet tot stand zou zijn gekomen indien ik de vorige vijf jaar niet 

doorsparteld zou hebben, bedankt ik ook al mijn klasgenoten van deze afgelopen vijf jaar. We 

waren een fijne groep die elkaar steunden en hielpen waar nodig. Een extra bedankje aan Fred 

voor het nalezen van mijn eindwerk. 

Tot slot wil ik uiteraard mijn ouders bedanken die mij de kans gaven om mij dit schakeljaar te 

laten volgen. Dankzij jullie vertrouwen ben ik gekomen tot waar ik nu ben. En last but not least 

ook een grote bedankt voor mijn vriend Dieter die de afgelopen vijf jaar mijn steun en toeverlaat 

geweest is.  

 

Ertvelde, 8 juni 2014 

Melisa Van Driesssche 



 

 

 

 

ABSTRACT 

 

Key words: TXRF, Daphnia magna, trace elements 

 

This internship took place at the XMI group of the department Analytical Chemistry at Ghent 

University. As a result of an internal UGent collaboration between the Department of 

Archaeology and Analytical chemistry a new total reflectance X-ray fluorescence spectrometer, 

the TX2000 of GNR, has been installed. By applying the total reflection X-ray fluorescence 

methodology, this instrument should be capable of achieving very low detection limits, possibly 

reaching the level of only few tenths of ppb for an element such as zinc. The primary goal of my 

internship was to study the methodological parameters that may influence the performance of 

this new spectrometer. 

However, in order to have a practical example, the TXRF methodology was studied and 

optimized by applying it to investigate Daphnia magna. These crustaceans live in fresh water 

systems all over the world and are the lowest level of the food guide pyramid. The Laboratory 

for Environmental Toxicology and Aquatic Ecology (ecotox) of UGent studies the mechanisms 

of uptake (intake) of metals by these minuscule organisms, which are used as environmental  

bio-indicating monitoring systems. Until now, the ecotox laboratory determines the metal 

concentration using atomic absorption spectrometry (AAS). Because this technique requires a 

certain amount of sample, ten daphnids are digested at the same time and measured all together. 

Afterwards the average concentrations of the elements are calculated. Since the TXRF 

methodology promises detection of very low amounts of material, this particular example of 

investigating single daphnids was chosen in order to study the performance of the GNR TX2000 

spectrometer. During this internship there will be worked with differently adapted daphnids 

which were cultivated in control medium, medium contaminated with zinc, medium 

contaminated with cadmium and a medium contaminated with both zinc + cadmium. 

 

As a final conclusion there can be stated the TXRF technique gives promising results for the 

elemental analysis of daphnids. The quantification of the element cadmium with the TX2000 is 

difficult since the cadmium Lα-line is heavily interfered from the potassium Kα-line. Because 

each daphnid is an individual organism and the results sometimes shown high standard 

deviations, only trends can be discussed. To confirm these trends at least thirty daphnids per 

treatment should be analysed.  
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INTRODUCTION AND OUTLINE 

As the result of an internal UGent collaboration between the Department of Archaeology (prof. 

Peter Vandenabeele) and Analytical Chemistry (prof. Laszlo Vincze), a very new state-of-the-art 

scientific instrument, the GNR TX2000 (GNR, Novara, Italy), has been installed. The TX2000 

works according to the principle of X-ray fluorescence analysis, also called XRF analysis. XRF 

analysis can be used as a technique to determine the chemical composition of all kind of 

materials. The materials can be solid, liquid, powder or appearing in another chemical structure. 

The method is fast, accurate, non-destructive and usually requires only a minimum of sample 

preparation. Applications are very broad and include metal, cement, oil, polymer, plastic and 

food industries, along with mining, mineralogy and geology and environmental analysis of water 

and waste materials. XRF analysis is also a very useful technique for research and pharmacy. [6] 

By applying the total reflection X-ray fluorescence (TXRF) methodology, this instrument should 

be capable of achieving very low detection limits, possibly reaching the level of only few tenths 

of ppb for an element such as zinc. The primary goal of my internship was to study the 

methodological parameters that may influence the performance of this new spectrometer.  

However, in order to have a practical example, the TXRF methodology was studied and 

optimized by applying it to investigate Daphnia magna. These crustaceans live in fresh water 

systems all over the world and are the lowest level of the food guide pyramid. The Laboratory 

for Environmental Toxicology and Aquatic Ecology (ecotox) of UGent studies the mechanisms 

of uptake (intake) of metals by these minuscule organisms which are used as environmental  

bio-indicating monitoring systems. The possibility of studying cloned populations that are 

cultivated under different environmental conditions, e.g. exposed to specific metals, allows to 

measure the effects on the populations. Until now the ecotox laboratory determines the metal 

concentration using atomic absorption spectrometry (AAS). Because this technique requires a 

certain amount of sample, ten daphnids are digested at the same time and measured all together. 

Afterwards the average concentrations of the elements are calculated. Since the TXRF 

methodology promises detection of very low amounts of material, this particular example of 

investigating single daphnids was chosen in order to study the performance of the GNR TX2000 

spectrometer. 

 

In chapter one more information is given about the X-ray Microspectroscopy and Imaging (XMI) 

group. This is the research group of the Department Analytical chemistry where the internship 

took place.  

 

In chapter two to four some theoretical background is given about the used methodology. 

Chapter two briefly explains the fundamentals of X-ray fluorescence analysis.  

The next chapter handles about a more specific form of X-ray fluorescence analysis namely total 

reflection X-ray fluorescence analysis. In this chapter the instrumentation of the TX2000 is 

explained.  

Chapter four describes some sample preparation methods used to measure daphnids with TXRF. 

 

Chapter five contains all experimental information.  

At first, a better insight in the used instrumentation is given such as the used software and the 

balance. The balance is an important factor that might influence the results of the TX2000 since 

it is used to make standards and to weigh the added internal standard. Is the balance accurate and 

more important, is it precise?  

Next some cleaning procedures of the carriers are tested. When a measurement with the TX2000 

is performed, a drop of the sample needs to be put on a carrier. These carriers have a very equal 
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surface in order to totally reflect the X-ray radiation. The carriers need to be reused which means 

they must be absolutely clean. Therefore cleaning procedures will be tested at their cleanness and 

duration because time is also important.  

In the third part of the experimental section the lower limits of detection are discussed. When 

testing the previous parameters it is important to know the lower limits of detection of the used 

method. There is no meaning in reporting results below this detection limit.  

As following a linearity and recovery test are done. These tests give a better insight in the 

interpretation of the obtained results.  

Subsequent some additional tests are done. Not only instrumental factors are important but also 

human errors can be made. The drop of the sample need to be in the middle of the carriers. But 

what happens if, by accidence, the drop is at the edge of the carrier? Will this have a big 

influence on the measuring results? What if a sample is prepared but measured a couple of days 

later, will these results be trustworthy i.e. is the monster stable over time?  

The last part of chapter five contains the results of the investigated application, the Daphnia 

magna. Within this species there will be worked with daphnids that are adapted to the control 

medium (CE), daphnids that are adapted to zinc (Zn) and original non-adapted daphnids (CS). In 

the groups of these three different adapted daphnids there will be one group that is exposed to the 

control medium, one group that is exposed to a medium with 560 µg/l Zn, one group that is 

exposed to 4.6 µg/l Cd and one that will be exposed to both zinc + cadmium. By analysing single 

daphnids it would be possible to see the different accumulation effects in the different daphnids. 

 

Finally, chapter six contains the conclusions which can be made by the results obtained during 

this internship.  
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1 XMI GROUP 

This work is the result of my internship (February - June 2014) guided by the X-ray 

Microspectroscopy and Imaging (XMI) research group of the Analytical Chemistry department 

of UGent. This research team uses X-ray based methods in order to study a variety of samples, 

using a variety of instrumentation: handheld XRF, portable XRF/XRD instrumentation, 

commercial and in-house developed laboratory micro-XRF spectrometers and synchrotron 

radiation (SR) based specialized spectrometers for microscopic/nanoscopic two- and three-

dimensional (2D and 3D) XRF imaging. The XMI team’s participation in NASA’s Stardust 

project for microscopic material captured by aerogel medium was published in Science in 2006. 

And recently in 2014, a Nature publication appeared for which the XMI team performed 3D 

XRF analysis on an inclusion within a natural diamond originating from deep Earth. 

With the installation of the GNR TX2000 TXRF spectrometer in its X-ray lab, the XMI research 

team has direct access to an instrument with ppb level elemental detection capabilities.  
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2 FUNDAMENTALS OF X-RAY FLUORESCENCE 

The GNR TX2000 spectrometer is based on a specialized X-ray fluorescence (XRF) technology. 

Similar to conventional laboratory XRF instrumentation, this spectrometer consists of an X-ray 

tube, a sample stage positioning system, and an energy-dispersive (ED) detector. However, in 

contrast to conventional XRF instrumentation, the incident X-ray source is monochromatized by 

X-ray optics, so that the monochromatic X-ray radiation can then be directed under total 

reflection conditions towards the sample on a specific carrier. The different hardware 

components are described in chapter 3. In this chapter, some theory regarding XRF analysis is 

given, explaining the phenomena that practically result in the acquisition of XRF spectral data. 
 

For routine XRF analysis, two major approaches are distinguishable based on the type of 

detector used to measure the characteristic X-ray emission spectra. Wavelength-dispersive  

X-ray fluorescence (WDXRF) analysis depends upon the use of a diffracting crystal to determine 

the characteristic wavelength of the emitted X-rays. Energy dispersive X-ray fluorescence 

analysis (EDXRF) utilizes energy dispersive detectors that directly measure the energy of the X-

rays by collecting the ionization produced in a suitable detecting medium. Since WDXRF will 

not be used during the internship only EDXRF will be discussed. [5] 

 

2.1 X-RAYS 

2.1.1 Definition of X-rays 

X-rays, or Röntgen rays, are electromagnetic radiations having wavelengths within the range 

from 0.1 to 100 Å. This wavelength is inversely proportional to the energy which corresponds 

between 125 and 0.125 keV, calculated via the equation below: [4] 

  
   

   
 

E  = energy (eV) 

h  = Planck constant (6.626 × 10
-34

 Js) 

c  = speed of light in vacuum (3 × 10
8
 m/s) 

e  = charge of an electron (1.602 × 10
-19 

C) 

λ  = wavelength (m) 

 

At the short-wavelength end X-ray radiation overlaps with γ-ray radiation and at the  

long-wavelength end they approach ultraviolet radiation. 

X-ray photons generated in an X-ray tube are produced by an acceleration of highly energetic 

electrons and/or by electron shift in the inner orbital's of an atom. This is what happens in an  

X-ray tube. The spectrum leaving the tube is represented in Figure 2-1. Two types of radiation 

are detected: continuous radiation and characteristic radiation. [4] 
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Figure 2-1: Example of an X-ray spectrum of Rh, measured with 60 kV and 50 mA [4] 

2.1.1.1 Continuous radiation 

When accelerated electrons, or other high-energy charged particles, loose energy when passing 

through the Coulomb field of a nucleus, continuous X-rays are produced. A synonym of this type 

of radiation is called Bremsstrahlung. This phenomenon can be explained in terms of the classic 

electromagnetic theory. According to this theory the acceleration of charged particles should be 

accompanied by emission of radiation. In the case of high-energy electrons striking a target, they 

must be rapidly decelerated as they penetrate the material of the target and such a high negative 

acceleration should produce a pulse of radiation. During these interactions a continuum of X-ray 

energies will be noticed since the energy loss of the electron can vary between zero and his 

initial maximum energy. The continuous X-ray spectrum generated by electrons in an X-ray tube 

is characterized by a short-wavelength limit, λmin. This wavelength can be calculated from the 

Duane and Hunt equation: [4] 

     
   

          
 

         

  
 

λmin  = wavelength (m) 

h  = Planck constant (6.626 × 10
-34

 Js) 

c  = speed of light in vacuum (3 × 10
8
 m/s) 

qe  = charge of an electron (1.60 × 10
-19

C) 

V0  = operating voltage (keV) 

 

This equation states the minimum wavelength is inversed proportional to the operating voltage of 

the X-ray tube. When higher voltages are used, the continuum will shift to the left and reach a 

higher intensity as shown in Figure 2-2. [4] 
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Figure 2-2: Intensity of continuous X-rays as a function of direction for different voltages [5] 

The wavelength of maximum intensity, λmax, is approximately 1,5 times λmin. However, the 

relationship between λmax and λmin depends to some extent on voltage, voltage wave form and 

atomic number. 

When X-rays interact with mater, no continuum spectrum is obtained because X-rays can only be 

reflected or absorbed. When X-rays are absorbed, they can create secondary X-rays and give all 

of their energy to the electron. X-rays experience stepwise deceleration, unlike electrons. [5] 

2.1.1.2 Characteristic radiation 

When electrons are expelled from the inner levels of the atom and electrons from higher levels 

fill these vacancies, characteristic spectral lines occur. Each electron transition is attended with 

an energy change in the atom from a higher to a lower energy state. The energy difference 

between the two atom states is emitted as an X-ray photon. The energy required to remove an 

electron is equal to the energy the ion has over the normal state of the atom. The characteristic 

radiation from an X-ray tube originates from the element on the anode. An overview of all types 

of characteristic radiation is shown in Figure 2-3. 

When an electron is ejected from the K shell, by electron bombardment or by the absorption of a 

photon, the atom becomes ionized and the ion is left in a high-energy state. If the electron 

vacancy is filled by an electron coming from an L shell, the transition is accompanied by the 

emission of an X-ray line known as the Kα line. This process leaves a vacancy in the L shell. On 

the other hand, if the atom contains enough electrons, the K shell vacancy might be filled by an 

electron coming from a M shell that is accompanied by the emission of the Kβ line. The L or M 

state ions that remain may also give rise to emission if the electron vacancies are filled by 

electrons falling from further orbits. [3][5] 
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Figure 2-3: Overview names characteristic radiation [4] 

 

2.2 INTERACTIONS OF X-RAY PHOTONS WITH MATTER 

X-ray fluorescence analysis is based on the irradiation of a sample by a primary X-ray beam, in 

most cases, produced in an X-ray tube. Alternatively the source could also be a synchrotron or a 

radioactive material. The primary X-ray beam interacts with the sample, exciting the inner 

electrons of the atoms. This produces a 'hole' in a shell, putting the atom in an unstable excited 

state with a higher energy. The 'hole' in the shell is also called the initial vacancy. The atom 

wants to restore the original configuration, and this is done by transferring an electron from an 

outer shell. Since electrons from outer shells have higher energies, the energy offset is emitted 

producing secondary X-rays. These secondary X-rays can be detected and recorded in a 

spectrum. Each atom has its specific energy levels, so the emitted radiation is characteristic for 

that atom. An atom emits more than a single energy because different vacancies can be produced 

and different electrons can fill these in. The collection of emitted lines is characteristic of the 

element and can be considered as a fingerprint of the element. By measuring the intensities of the 

emitted energies it is possible to determine the amount of each element in the sample. This step 

is called the quantitative analysis. [1] [4][6] 

An important factor to interpret the results of an analysis is the escape depth of X-ray photons. 

Escape depth tells something about the expected intensities from the respective elements and 

also gives some insight about possible interaction with the matrix. When X-rays interact with 

matter a part of the radiation is absorbed and a part is reflected. The reflected radiation is 

subdivided in Compton scatter and Rayleigh scatter. The absorbed part of the radiation can 

interact in three different ways, which will be explained in 2.2.3.  
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2.2.1 Escape depth 

The escape depth is the maximum depth from where the emitted X-ray photons can leave the 

sample. This depends on the atomic number: the higher the atomic number, the longer the escape 

depth. 

Induced characteristic radiation from light elements, e.g. sodium, can only pass a short distance 

through the sample surface towards the ED-detector. While due to the higher energy, the 

fluorescent radiation from heavier elements such as iron is less absorbed so that information of 

iron can be obtained from deeper in the sample. However, in case of TXRF experiments for 

which a very thin sample layer is fixed on a support carrier, the effect of absorption by the 

sample itself can be considered to be negligible, facilitating the interpretation and evaluation of 

the acquired XRF spectra, and simplifying quantification procedures. 

 

2.2.2 Compton and Rayleigh scatter 

Compton scatter occurs when a photon hits an electron and bounces away. The photon loses a 

fraction of its energy, which is absorbed by the electron. The fraction of the energy that is lost 

depends on the angle at which the electron was hit. This type of scatter is called Compton or 

incoherent scatter. 

Another phenomenon is Rayleigh scatter. This type of scatter occurs when photons collide with 

strongly bound electrons. The electrons stay in their shell but start oscillating at the frequency of 

the incoming radiation. Due to this oscillation, the electrons emit radiation at the same frequency 

as the incoming radiation. This gives the impression that the incoming radiation is reflected by 

the atom. This type of scatter is called Rayleigh or coherent scatter. [6]  

An overview of these two types of scattering is given in Figure 2-4. 

 

Figure 2-4: Overview Compton (left) and Rayleight (right) scatter [6] 

 

2.2.3 Inter-element effect 

When X-ray photons are emitted, three interactions can occur. In the first case, the radiation 

leaves the sample and interacts with the detector. In the second case, the radiation is absorbed by 

an element in the matrix. In the last case, the radiation is absorbed by another element of the 

matrix and causes an secondary excitation. This phenomena is called enhancement. 
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The sum of absorption and enhancement is called the inter-element effect. The formula to correct 

for this effect is: 

                       

 

   

 

Ci  = Concentration of element i 

Ei  = Direction coefficient of the calibration line of element i  

Di  = Cross point with x-axes of element i  

Ri  = Nett measured count speed of element i 

αi,j  = Alpha of element j on element i 

Cj  = Concentration of element j 

 

Inter-element correction factors, also called alphas, are calculated by special software based on 

many physical data such as mass absorption coefficients (see below), the primary tube spectra, 

the geometry of the spectrometer and the physical data of the sample such as height, density... 

 

Because alphas depend on the matrix, the height of the sample and the applied kV's, every 

method requires its own unique set of alphas. The alphas are only valid for a limited 

concentration-range.  

A variant of alphas are fundamental parameters. With fundamental parameter software the alphas 

are calculated for each sample individually by the XRF software the spectrometer uses. 

Fundamental parameters have longer linear working ranges.  

The most important factor in the alpha or fundamental parameter calculations is the mass 

absorption coefficient. This coefficient increases with the atom number of the absorbed element.  

In Figure 2-4 the mass absorption coefficient of nickel, iron, manganese and chromium is plotted 

against the wavelength. For each element the mass absorption coefficient increases as a function 

of the wavelength. In this area all the incoming radiation will be absorbed by the element. Then 

the mass absorption coefficient drops down. This means the incoming radiation is used to emit 

an electron of the K-shell. The line does not drop to zero because there are still electrons of the 

L-shell that can absorb radiation. After the decrease, the mass absorption coefficient starts to 

increase again till the radiation has enough energy to emit the electron of the L-shell. 
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Figure 2-5: Mass absorption coefficient plotted against wavelength [12] 

When looking at the elements iron and chromium, the Fe Kα radiation seems to be strongly 

absorbed by chromium, while Cr Kα radiation is absorbed by iron in only very low levels. If 

samples with different levels of iron and chromium are radiated with X-rays and the received 

intensities are plotted against the level of iron and chromium, following graphs are obtained. 

 

Figure 2-6: Absorption and enhancement illustrated with iron and chromium [7]  

When looking at the left figure, there can be noticed that when iron gets radiated, the intensity 

curve is negatively diverted. This is explained because the emitted Fe Kα-radiation is absorbed 

by the chromium. This results in a negative error on the result of iron. On the other hand when 

referred to chromium in the figure on the right, the curve is positively diverted. This is because 

the emitted Fe Kα-radiation liberates secondary X-rays of chromium. This results in a positive 

error on the result of chromium. [4] [5] [7] 
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3 TOTAL REFLECTION X-RAY FLUORESCENCE ANALYSIS 

3.1 PRINCIPLE 

As illustrated in Figure 3-1, TXRF is a variation of energy-dispersive XRF with one significant 

difference. In contrast to EDXRF, where the primary beam strikes the sample at an angle of 

about 45°, TXRF uses a glancing angle of less than 0.1°. Owing to this grazing incidence, the 

primary beam shaped like a strip of paper is totally reflected. [1] 

 

Figure 3-1: Difference of instrumentation between EDXRF (left) and TXRF (right)[1] 

One of the major problems that inhibits the obtaining of good detection limits in small samples 

with classical EDXRF is the high background due to scatter from the sample. A suggestion to 

overcome this problem is using total reflection of the primary X-ray beam. The basis of TXRF is 

an interesting property of X-ray radiation in that, at low glancing angles, incident radiation is no 

longer scattered, but is absorbed within the specimen or substrate. This effect is called total 

reflection. The angle at which internal reflection occurs is called the critical angle φkrit. The value 

of this angle is calculated via the law of Snellius as seen below: 

                  

 
 

Figure 3-2: Law of Snellius 

 

n1 = index of refraction of medium 1 

n2 = index of refraction of medium 2  

θ1 = angle of incidence and refraction in medium 1 

θ2 = angle of incidence and refraction in medium 2 

 

http://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=0Lh3MT4pTKDUAM&tbnid=jNWEEGW4tY3Z8M:&ved=0CAUQjRw&url=http://www.agilegeoscience.com/journal/2011/2/2/great-geophysicists-2-snellius.html&ei=TSSTU8DCOPH74QTBx4HwDQ&bvm=bv.68445247,d.ZGU&psig=AFQjCNFUi7lWYm7uVh4vk5pOASvUUJEPwA&ust=1402238360070395
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The highest value of the angle is 90 degrees in the medium with the lowest index of refraction. 

The related angle in the substance with the highest index of refraction is called the critical angle. 

As seen in the top of Figure 3-3 three scenarios are listed. In each case a beam strikes the 

scatterer at an angle φ. In the first case, φ is lower than φkrit, normal scatter occurs. In the second 

case φ is equal to φkrit and internal reflection occurs. In the third case, φ is bigger than φkrit and 

absorption occurs. The influence on the background is shown in the main body of the figure. 

Once the critical angle is reached the background drops dramatically.  

 

Figure 3-3: Influence angle incoming radiation on background scatter 

The sample to be measured with TXRF is typically a thin film on the optically flat surface of a 

quartz carrier. Because the primary radiation of the X-ray tube enters the sample at an angle just 

less than the critical angle for total reflection, this radiation barely penetrates the substrate media. 

Thus, scatter and fluorescence from the substrate are minimal. Because the background is so low, 

picogram amounts can be measured or concentrations in the range of a few tenths of a ppb can 

be obtained. Therefore the TXRF technique is a valuable technique for trace analysis. [5] 

One disadvantage of this technique is the sample needs to be in liquid state. If for example a soil 

sample needs to be analysed, intensive sample preparation is required.  
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3.2 INSTRUMENTATION 

3.2.1 X-ray Tube 

The X-ray tube used in the TX2000 of GNR is a W/Mo dual anode side window tube of 

PANalytical. These tubes have a beryllium window on the side of the tube housing as illustrated 

in Figure 3-4.  

 

Figure 3-4: Basic design of a side-window X-ray tube [6] 

In general every X-ray tube consists of the same basic elements. It contains a filament (wire) and 

an anode (target) placed in a vacuum housing. An electrical current heats up the filament and 

electrons are emitted. A high voltage is applied across the filament and the anode, which 

accelerates the electrons towards the anode. The electrons decelerate when they hit the anode, 

which causes the emission of X-ray photons. This radiation is called Bremsstrahlung, explained 

in 2.1.1.1. A fraction of the electrons that hit the atoms in the anode will expel electrons from 

these atoms, causing emission of characteristic radiation. The energy of this radiation is 

determined by the elements in the anode, in this case W and Mo. The main difference between 

an X-ray tube used for TXRF and an X-ray tube used for EDXRF is the power. The X-ray tube 

in the TX2000 had a power of 3000 Watt while most X-ray tubes used in EDXRF spectrometers 

have only a power of 9 Watt or 50 Watt. This high power is needed because TXRF instruments 

use multilayers, explained in the next chapter, which absorb lots of radiation. [6] 

 

3.2.2 Multilayer monochromator 

The primary X-ray beam needs to be slightly monochromatic, which can only be realized by a 

monochromator. Therefore Bragg reflectors (natural crystals) or multilayers can be used. The 

TX2000 of GNR works with a multilayer. Multilayers are artificially made and have higher 

interplanar spacings than natural crystals. They are used to select a K- or L-line of the anode 

material of an X-ray tube, e.g., the Mo-Kα or W-Lβ line. For a chosen photon energy, the angle 

between the multilayer and the X-ray beam can be calculated by: [1] 

         
     

   
  

α = angle (°) 

E = energy of the photon (keV) 

d = interplanar spacing of the reflector in use (nm) 
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The Bragg angle for common multilayers is about 1° and for natural crystals is on the order of 

10° due to the smaller spacing d. Corresponding d-values and glancing angles are listed in Table 

3-3-1. Note: LiF(200) and C(002) are Bragg reflectors and W/Si and Mo/B4C are multilayers. 

Table 3-3-1: d-values and glancing angles of some crystals and multilayers [1] 

 

The various crystals and multilayers differ in efficiency when acting as a monochromator. The 

most important characteristics are the peak reflectivity and the spectral bandwidth. The peak 

reflectivity is about 10% for natural crystals and about 90% for multilayers. The bandwidth of 

natural crystals has been estimated ranging from 5 to 200 eV and that of multilayers from 200 to 

1000 eV.  

Consequently, multilayers can separate the Kα and Kβ or the Lα and Lβ peaks of a primary beam 

but not the doublets Kα1, Kα2 or Lα1, Lα2. These doublets, however, can be separated and 

selected by most natural crystals. In most cases, natural crystals will be used if a high spectral 

selectivity is needed in preference to intensity. Multilayers provide a superior intensity at the 

expense of selectivity.  

Multilayers can be used as simple low-pass filters. For that purpose, the glancing angle should be 

reduced below the critical angle of total reflection, i.e., from about 1° down to 0.1°. The upmost 

layers will then act as a totally reflecting mirror with a low-pass effect. Multilayers thus have the 

advantage of being usable as both a monochromator and a low-pass filter. [1] 

The multilayer monochromator is only used in the TXRF instrumentation and is absent in 

EDXRF instrumentation.  

3.2.3 Silicon drift detector 

The use of the energy-dispersive type of detector allows the XRF technique to simultaneously 

measure the signals of all detectable elements of the sample. In this paragraph, the description of 

the hardware of the latest type of ED detector, the silicon drift detector, is given. The 

performance of the detector has a direct impact on the quality of the obtained data and the 

derived results. 

 

Detectors used for EDXRF analysis are based on a semiconductor diode structure. There are two 

major types, the solid state detector (also called lithium drifted silicon or germanium detector) 

and the silicon drift detector. These detectors are the same in EDXRF instrumentation and TXRF 

instrumentation. For the detection of X-ray photons in the TX2000 a silicon drift detector is 

used, also called a SDD, therefore the solid state detector will not be discussed.  

 



15 

 

 

 

The SDD is constructed with a body of the semiconducting material silicon. By definition, a 

semi-conductor is a material that is a very poor conductor of electrical charge. The use of this 

type of material as a radiation detector rests on the fact that absorption of radiation in the 

material makes it momentarily conducting, i.e. will produce an output pulse. [4] 

 

 

Figure 3-5: Schematic diagram of the silicon drift detector [11] 

The bulk of the detector crystal, as shown in Figure 3-5, consists of high resistivity n-type Si. 

The side of the entrance window consists of a continuous p
+
 electrode, for improved soft  

X-ray detection. The other side consists of small rings of p
+
 electrodes with SiO2 in-between, 

which creates local potential minima for the electrons. An inverse DC voltage is applied, called a 

reverse bias. The total configuration is cooled to a temperature of -25°C to reduce the thermal 

leakage current. This current is the signal generated by thermal electrons, when no  

X-ray photons are present. To cool the detector, Peltier cooling is used. This thermoelectric 

cooling uses the Peltier effect to create a heat flux between the junction of two different types of 

materials. [1] [8] 

As shown in Figure 3-6, the silicon crystal is connected to a copper rod immersed in liquid 

nitrogen for cooling purposes. Since the TX2000 of GNR uses Peltier cooling, Figure 3-6 differs 

from the actual situation. A field-effect transistor (FET) is used as a preamplifier, which is 

needed to further process the signal. This is installed between the detector and the cooled copper 

rod. The inner device is encapsulated in an outer metallic case locked by a thin window, in this 

case a beryllium window. The Be window itself can be traversed by X-ray photons with a fairly 

low attenuation and it protects the crystal against air, dust, moisture and light. It also maintains 

the vacuum within the detector. [1] [4] 

 

n-type Si 

p-type Si 

p-type Si  
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Figure 3-6: Cross section of the front end of a lithium drifted silicon detector [1] 

When a photon reaches the active volume of the detector crystal, it normally interacts by 

photoelectric absorption to create an inner shell vacancy together with an energetic photoelectron 

in the semiconductor. Due to the electric unbalance between anode and cathode, the electrons 

will drift to the small anode, positioned in the center of the device, producing several ionization 

events on its way. The generated vacancies will be absorbed by the p
+
 junctions. The result of 

these multiple ionization processes is the production of a large number of free electron-vacancy 

pairs. These free charge carriers are then collected by the applied field as a current pulse. The 

number of these carriers is directly proportional to the energy of the X-ray quantum incident on 

the detector by following formula: [3] 

  
 

 
 

n  = number of the electron-vacancy pairs produced 

E  = photon energy of incident X-ray (eV) 

e  = 3.8 eV/electron-vacancy pair for Si  

The charge produced is collected in the field effect transistor and the output voltage pulse has an 

amplitude proportional to n, i.e. proportional to the X-ray energy, E. These detector pulses are 

translated into counts per second (CPS). The pulses are segregated into channels according to 

their energy via the multi-channel analyzer (MCA) creating an EDXRF spectrum. The energy of 

the peak identifies the element (qualitative) and the intensity of the peak is proportional to the 

concentration of the element (quantitative). [4] 

Like every detector, the silicon drift detector has a dead time. The term dead time is used to 

describe counting losses of the detector and the amplifier system due to its inability to detect a 

photon while processing the previous one. The dead time is different for different detectors and 

instruments. The software compensates for the dead time but the total dead time should not 

exceed the 30%. A too high dead time correction can be reduced by reducing the electric current 

of the X-ray tube. Using this approach, the number of counts is reduced since there is a direct 

relationship between the applied current and the fluorescence yield. 
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3.3 SPECTRAL INTERFERENCES 

Since the TXRF methodology requires a specific sample preparation, the interferences as 

discussed in point 2.2 need to be reconsidered.  

Samples measured with TXRF analysis need to be in liquid state. If not, special sample 

preparation is required to make it liquid. A drop of the liquid sample is transferred on a plastic or 

quartz carrier and dried using vacuum. The prepared sample is thus a very thin layer. Therefore 

the escape depth and the inter-element effect are negligible so no interferences are coming from 

the matrix. The background deriving from X-ray scatter of the matrix of the sample is relatively 

low due to the fact the sample is a very thin layer.  

The most important interference is line overlap. Line overlap occurs when the energies of two 

emission lines are too close to each other the detector has difficulties to make a complete 

separation. This results in a positive error for the interferent. For example the energy of the iron 

Kβ line is close to the energy of the cobalt Kα line. This means when the sample contains a high 

concentration of iron, the interfering element, and a low concentration of cobalt, the interferent, a 

higher concentration of cobalt is measured than represent in the sample.  

Next to line overlaps, there also has to be dealt with some artefacts related to the fact an ED-

detector is used. These artefacts are: 

 Shelf and tailing: this is an elevation of the spectrum on the low energy side of major peaks 

 Pile up peak or sum peak: this phenomenon occurs when two photons strike the detector at 

the same time. The fluorescence is captured by the detector and recognised as one photon 

with twice its normal energy. A peak appears in the spectrum at twice the element's energy 

 Escape peak: silicon atoms of the crystal can be excited by the impinging fluorescent 

radiation. Since there is a limited chance that the resulting photons escape from the crystal, a 

peak can be observed in the spectrum at an energy 1.74 keV lower than element’s line peak 

 

These artefacts are represented in Figure 3-7. Due to these interferences and artefacts one needs 

a dedicated spectrum evaluation software to deconvolute the spectral data. 

 

 
Figure 3-7: EDXRF spectrum with artefacts 

Iron 
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4 DAPHNIA MAGNA 

The fresh water crustacean Daphnia magna is an important and frequently used model organism 

to investigate toxicity, uptake, elimination and detoxification processes associated with the 

exposure to transition metals (e.g., Cu, Zn and Ni). Aquatic biota regulate their internal 

concentrations of essential metals through active regulation, storage/detoxification or a 

combination of both. The Daphnia magna is shown in Figure 4-2. [10]  

 

 

Figure 4-1: Optical image of Daphnia magna swimming in a small drop of water [13] 

To determine heavy metal accumulation in aquatic biota, ICP-MS, ICP OES and AAS are 

commonly applied. The use of these analytical techniques normally requires larger quantities of 

biological sample material. Biotest experiments of micro crustaceans like single Daphnia 

organisms are therefore hardly possible using standard procedures.  

Total reflection X-ray fluorescence analysis is a relatively economical micro-analytical method 

allowing simultaneous multi-element analyses with detection limits in the low pictogram range. 

This way there is the promise that single daphnids can be analyzed. Because of the 

inhomogeneous element distribution within a single species and the difficulty of handling living 

material, special preparation procedures are required. There are three preparation methods as 

describes below. [2] 
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4.1 SAMPLE PREPARATION METHODS 

The performance of the TXRF methodology highly depends on the success of preparing samples. 

In practice, a very thin film of sample material is put on a carrier support made from a specific 

material in order to meet the experimental conditions described in paragraph 3.1. Moreover, the 

delicate handling of miniscule organisms requires additional treatment in order to successfully 

retrieve the requested experimental results. Work of author [2] indicates the following sample 

preparation methods concerning the treatment of small organisms: the classical, the dry and the 

wet method. 

 

4.1.1 Classical method 

Using the classical method, daphnids are rinsed three times with filtered water and frozen in 

liquid nitrogen. After freeze drying, 100 mg daphnids are weighted and digested in a microwave. 

After this destruction, the daphnids are ready to be measures with TXRF. [2] 

4.1.2 Dry method 

The start of the dry method is similar to the classical method. The daphnids are washed three 

times with filtered water and frozen in liquid nitrogen. After freeze drying, individual daphnids 

are selected, measured and weighed. Next, single daphnids are put onto quartz glass carriers 

together with 10 µl pure water and air dried. Finally, 5 ng gallium is added as internal standard. 

The individual daphnids are digested with 10 µl HNO3 suprapur while the quartz glass carriers 

are placed on a hot plate and dried once more. The element concentrations are determined by 

TXRF.  

The dry method is a good alternative to the classical method for highly sensitive element 

analyses of crustaceans. For the first time it allows the muli-element detection of individual 

micros crustaceans specimens. [2] 

4.1.3 Wet method 

The wet method also starts by rinsing the single daphnids three times with filtered water. Next, 

the individual daphnids are put onto quartz glass carriers together with 10 µl of filtered water. 

After air drying, the body length is measured. The dry weight of the daphnid is calculated using 

the body length-dry weight relationship previously established on the freeze dried species. After 

the preparation of the daphnids on the carriers, the remaining sample preparation follows the 

previously described dry method.  

The wet method is suitable for qualitative field studies where shock freezing techniques are not 

available or samples are difficult to handle. Because the dry weight must be calculated from 

known body length-dry weight relationship, the wet method yields less extract information on 

the element content in single daphnids than the dry method. [2] 

An overview of the three preparation methods is given in Figure 4-2. This scheme is used to 

analyse daphnids from a lake in southern Chile. The daphnids used during this internship 

originate from the Laboratory of Environmental Toxicology and Aquatic Ecology at UGent. 

Therefore filtered water is used to rinse the daphnids instead of filtered lake water.  
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Figure 4-2: Sample preparation methods of daphnids for TXRF analysis [2]  

http://www.sciencedirect.com/science/article/pii/S0584854701003251
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5 EXPERIMENTAL  

 

5.1 INSTRUMENTATION 

5.1.1 Sample preparation 

Since the TXRF instrument uses the principle of total reflection, the sample need to be a thin 

film on a quartz or plastic carrier. The drop of the sample has to be in the exact middle of the 

carriers and therefore a template is used. Three cleaned carriers are put into a petri dish and are 

placed on the template as shown in Figure 5-1. It is important that the carriers are placed 

precisely onto the template so the exact middle of the carrier can be determined. The petri dish is 

used to easily move the samples with a minimum of contamination. The sample is transferred by 

means of a micropipette with a volume of 10 to 100 µl. All samples made for this internship are 

prepared by using a drop of 10 µl. After spotting, the samples are dried using vacuum.  

 

Figure 5-1: Spotting carriers 

 

5.1.2 TXRF instrument 

During the internship, the TX2000 of GNR is used, as shown in Figure 5-2. The instrument is 

equipped with a carousel that holds up to twelve sample carriers. The positioning of a sample 

carrier is done by rotating the specified sample carrier to the position right under the 

measurement head, after which a piston pushes the sample carrier into the measurement 

chamber. When the measurement is finished, the sample carrier is going down back into its 

position in the carousel, so that it can be rotated to measure the next sample etc. The 

measurement of the samples in the carousel is fully automated once the experimental conditions 

(angles, x-ray tube power, measurement time) are set properly and practical software information 

(target directory, filename convention for the spectra to be saved, …) is given. All this is done by 

the control software that was delivered with the TX2000. After the analysis of each sample, a 

spectrum is obtained in which the counts/channel are plotted against the channel number. These 

spectra are saved in *.spe-files. 

Carrier 

Spotted 

sample 
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Figure 5-2: TX 2000 of GNR 

 

5.1.3 Software 

The results from the GNR TXRF methodology are obtained by using the SinerX software that 

was delivered with the instrument. A crucial step in the quantification method using the SinerX 

software is the identification of the peaks of the observed elements, possibly obscured by 

interferences and artefacts that were previously discussed in paragraph 3.3. Since the software 

functionality of SinerX for the peak identification, i.e. qualitative analysis, is quite limited, it was 

opted to proceed this step by using the AXIL software that is a dedicated software to evaluate 

XRF spectral data in a very interactive manner. Both software's, SinerX and AXIL are described 

in the following paragraphs. 

 

5.1.3.1 Qualitative analysis 

If an unknown sample is analysed, a first step is to determine which elements are present. The 

AXIL software is used to perform this qualitative analysis. This software is especially developed 

for the evaluation of energy-dispersive X-ray spectra. AXIL is the abbreviation of Analysis of  

X-ray spectra by Iterative Least squares and operates in an Linux-environment. The program 

works with various mathematical functions to calculate the intensity of the peaks present in a 

spectrum. These mathematical functions will not be discussed in this thesis, only the general 

working principles of the program.  

A first step is to upload the spectra of the sample (the *.spe-file) in the AXIL software. Next, the 

region of interest (ROI) needs to be set up. This means that the lowest and highest channel 

number that needs to be analysed are defined. Further the peaks of the spectra are investigated 

with a function that tells which channel number corresponds to which X-ray lines. This way, the 

peaks in the spectra can be identified. The names of the X-ray lines present in the spectra are 

manually added into the software. Subsequently a correct background function is chosen. This is 

very important since it has a big influence on the fitting of the peaks. The function is obtained by 

the trail-and-error method. A first estimation of the background function is made and fitted in the 

Carrousel 

  

Screw 
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spectrum. The fitted area turns red so the downside of this area shows the shape of the 

background. It is important that the background is not over- or undercompensated (as shown in 

Figure 5-3). If the background is overcompensated, a negative error occurs on the peak area, if 

the background is undercompensated a positive error occurs. 

 

Figure 5-3: Wrong background in the AXIL software 

If the background is not correct a second estimation is made. This process continues until a 

proper background fitting is obtained. The achieved configuration can be saved as a model. If 

other spectra of the same sample need to be analysed, it is adequate to upload the model so all 

previous steps don't have to be repeated.  

The fitting in the AXIL software is based on the non-linear least squares strategy to minimize the 

χ² value between the experimental data, y, and a mathematical fitting function, yfit. The formula 

used is shown below.  

    
 

   
 

             

  
 

 

χ²  = chi square  

n  = total number of channels in the fitting window 

m  = number of parameters of the fitting function that are estimated during the fitting process 

yi  = observed content of channel i in the spectrum  

yfit (i)  = the calculated value of the fitting function in this channel 

The program iterates the value of yfit till a minimum of χ² is found.  

 

 

Undercompensation 

Overcompensation 
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5.1.3.2 Quantitative analysis 

After the qualification of the sample, a quantification is performed. The quantification software 

delivered with the instrument is SinerX. Also here the spectrum needs to be loaded into the 

quantification software. A screen as shown in Figure 5-4 is obtained.  

 

Figure 5-4: Start screen of the SinerX software, multi-element spectrum 

The first step after uploading the spectrum is to perform the energy calibration. This allows the 

SinerX software to identify the peaks. This is done by pushing on button No. 1 represented in 

Figure 5-4. During this internship the energy calibration is done with silicon on channel 55, 

chromium on channel 153 and gallium on channel 255 as shown in Figure 5-5.  

 

Figure 5-5: Energy calibration in the SinerX software 

To ensure the calibration is performed correctly, the channel of the molybdenum peak is 

checked. Therefore the buttons Peak analysis and then Identify elements are used, so the  

SinerX software identifies the peaks. If the calibration is correct the Mo-Kα peak should be at 

channel 474. 

1 

2 

3 

4 
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After the energy calibration, the sample composition needs to be modified by clicking on button 

No. 2. In this setup the elements are included that are present in the sample and needs to be 

quantified. As shown in Figure 5-6, also the name of the sample is added here. Not all elements 

that are present need to be inserted, only the ones that are of interest. 

 

Figure 5-6: Modify sample composition in the SinerX software 

The last step is to insert the concentration of the internal standard in the place indicated by No. 3 

in Figure 5-4. During the internship, gallium is used. Gallium is a popular internal standard since 

it is normally absent in the samples to be analysed and its atomic number is in the centre of the 

commonly analyzed elements. After pushing button No. 4: Get Concentrations! a screen as 

shown in Figure 5-7 is obtained. On the right side, the concentration of all included elements are 

presented.  

 

Figure 5-7: Quantification of a spectra with the SinerX software 
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5.1.4 Balance 

 

 

 

 

 

 

 

 

Figure 5-8: Mettler-Toledo microbalance 

A microbalance of Mettler-Toledo is used during the internship. The balance has a readability of 

1 µg with a maximum weight of 52 g and a tolerance of 0.006 mg. It is very important to know 

the accuracy and the precision of the microbalance since there will be worked with daphnids 

with an average weight of approximately 0.150 mg. Standard weights are used to test these 

parameters. The weights are weighed 50 times on different days so the drift of the microbalance 

and the influence of temperature, humidity and air pressure can be investigated as well. The 

weight is placed on two different positions on the balance, in the middle and at the edge as 

shown in Figure 5-8. The daphnids will be weighed on a quarts carrier of around 5 g and 

therefore the standard weight of 5 g is intensively tested. Two extra standard weights of 1 g and 

50 g are tested as well to have extra information. Detailed results are not represented in this 

thesis, only the conclusion. 

5.1.4.1 Accuracy 

The accuracy is of minor importance as there will be worked with relative values, but it is 

interesting to check. A weight of 5 g is weighed 50 times on 6 different days at two different 

positions. The results of the average weights of each day are represented in Graph 5-1. The 

average weights were calculated after rejecting outliers using the Dixon test.  

As shown in the graph, the measured average weights at the edge are higher than in the middle. 

This means an error is induced if the sample is not placed properly in the middle of the balance. 

A second observation is that the results from the middle of the balance are more stable then the 

results from the edge. To see if the variance on the measurements are due to external elements, 

each day the air pressure, the humidity and the temperature where registered. From this 

information no clear relation can be seen, so further research is needed to make a conclusion.  

 

Position in the middle 

of the balance 

  Position at the edge of 

the balance 
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Graph 5-1: Measured average weight over time 

First an F-test is done to know if the difference between measuring at the edge of the balance or 

in the middle of the balance is significant different, followed by a T-test. The results are shown 

in Table 5-1. To be significantly different at the 95% level the T-value must be higher than 2.008 

and at the 99% level higher than 2.680. 

Table 5-1: Difference of the average of measuring in the middle or at the edge of the balance 

  Difference middle and edge 

Day T-value average 

1 17.646 significant 

2 28.398 significant 

3 60.829 significant 

4 18.874 significant 

5 32.187 significant 

6 39.623 significant 

 

The differences between the results on different days are also investigated by a T-test. Only the 

results of the middle of the balance are used and they are shown in the table below.  

Table 5-2: Difference of the average over time in the middle of the balance 

average Difference between the days: middle 

Day 1 2 3 4 5 6 

1   N. S. N. S. S. N. S. S. 

2 N. S.   N. S. S. S. S. 

3 N. S. N. S.   S. S. S. 

4 S. S. S.   S. S. 

5 N. S. S. S. S.   S. 

6 S. S. S. S. S.   

 

5000.006 
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Most of the time there is a significant difference between the results obtained on different days. 

This fact must be taken into account for the interpretation of the results. The manufacturer states 

there is a tolerance of 0.006 mg but this value is exceeded. This means the balance is not 

accurate and needs to be recalibrated. This is no problem since there will be worked with relative 

values. 

For the weights of 1 g and 50 g there is also a clear difference between measuring at the edge of 

the balance and in the middle of the balance. The measured values at the edge of the balance are 

higher and this difference is the largest when measuring the 50 g weight. This means, the higher 

the measured weight, the higher the error of measuring at the edge of the balance. The measured 

values for the 1 g standard weight are in the tolerance range of 0.006 mg but the measured value 

of the 50 g standard weight exceed this value, even with a higher value than the 5 g weight. 

5.1.4.2 Precision 

The precision of the balance is of big importance for this internship. Because there will be 

worked with very small weights it is important to have an idea of the deviation on the 

measurements. The TXRF instrument works with very low detection limits so it is important to 

have an estimation of the errors made during the sample preparation. The precision of the 

balance is tested by looking at the standard deviations, represented in Graph 5-2. 

 

Graph 5-2: Measured standard deviations over time 

From this graph can be seen day four is an exception because the standard deviation is way 

higher than the other days. The standard deviation at the edge and in the middle of the balance on 

the same day are not very different. An F-test is done to see if the difference between measuring 

at the edge or measuring in the middle of the balance is significant. The results are shown in 

Table 5-3. To be significantly different at the 95% level the F-value must be lower than 0.564 or 

higher than 1.773 and at the 99% level lower than 0.870 or higher than 2.130. 
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Table 5-3: Difference of the standard deviation measuring in the middle or at the edge of the balance 

  Difference middle and edge 

Day T-value stdev 

1 1.647 not significant 

2 0.228 significant 

3 1.589 not significant 

4 2.244 Significant 

5 2.705 significant 

6 2.023 Sign. at 95%, not sign. at 99% 

 

From these results can be seen that for most days there is a significant difference in the standard 

deviation between measuring at the edge or in the middle of the balance. The F-test is also done 

for the measurements in the middle of the balance between the different days. 

Table 5-4: Difference of the standard deviation over time in the middle of the balance 

stdev Difference between the days: middle 

Day 1 2 3 4 5 6 

1   S. S. S. N. S. N. S. 

2 S.   S. S. S. S. 

3 S. S.   S. S. S. 

4 S. S. S.   S. S. 

5 N. S. S. S. S.   N. S. 

6 N. S. S. S. S. N. S.   

 

Also here, almost every day a significant difference is observed. The manufacturer states the 

tolerance is 0.006 mg and as can be seen in Graph 5-2, all measurements are within this range. 

There is no problem with the precision of the balance. 

For the standard weights of 1 g and 50 g there is also no big difference between the standard 

deviation of measuring at the edge of the balance and in the middle of the balance. The standard 

deviation of 1g in the middle lies always beneath 0.002 mg and for 50 g beneath 0.006 mg. Also 

here the standard deviation becomes bigger by increasing weights, but since the balance has a 

maximum weight of 52 g, the value of 0.006 mg is never exceeded. A final conclusion is that the 

precision of the balance is good over the whole working range. 

 

5.2 TESTING OF THE CLEANING PROCEDURES 

The TXRF instrument uses carriers on which the sample needs to be spotted. Because the 

TX2000 works with very low concentrations it is very important that these carriers are clean. 

Therefore some cleaning procedures are tested. 

The results in following chapters contain all traced elements on the carriers except argon, silver 

and silicon. These results are not present because they are not relevant. The measured argon 

originates from the air in the measuring chamber. The calculated concentration of silver 

originates from argon since the Ag-L lines overlap with the Ar-K lines. If the result of silver is 
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important, measurements have to be performed using vacuum. The traced silicon originates from 

the quartz discs. It is therefore impossible to measure silicon using the quartz carriers. An 

alternative is the use of plastic carriers. 

5.2.1 Plastic carriers 

The use of quarts carriers takes lots of time because the cleaning procedure is very long. When 

an analysis must be performed very quickly, plastic carriers are used. These carriers are meant to 

throw away after measurement. Each carriers is covered with a foil on both sides which needs to 

be removed before use. In this part some cleaning procedures will be tested on the plastic 

carriers. During the internship no plastic carriers will be used, so the tests on these cleaning 

procedures are restricted. 

5.2.1.1 No cleaning procedure 

Because plastic carriers are only used when a fast measurement is required, a first test is 

performed without applying a cleaning procedure. A considerable amount of time is won but will 

there be any elements detected that could influence the measuring results? The foil of carriers 1 

to 6 is removed with bare hands and the foil of carriers 7 to 12 is removed wearing gloves.  

 

Graph 5-3: Results plastic carriers no cleaning procedure 

For the carriers where the foil was removes with bare hands Ni, Cu and Zn are detected. For only 

one carrier even Cr and Fe are detected. The carriers where the foil was removes with gloves 

also contained Ni, Cu and Zn but for some carriers also Cr, Fe, Ti and Ca was detected. From 

these results can be concluded that it is better to remove the foil with bare hands because than 

less contamination is detected. Since there will be worked in most cases with acids during the 

sample preparation it is not safe to work with bare hands and therefore gloves are worn all the 

time. These are the results of carriers with no cleaning procedure so the problem of the additional 

elements of wearing gloves will probably disappear during a cleaning procedure.  
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5.2.1.2 Short cleaning procedure 

Since the plastic carriers are not clean enough to use directly for the TXRF instrumentation, a 

cleaning procedure is required. The cleaning procedure of the quartz carriers takes a very long 

time, therefore a short cleaning procedure is tested to reduce this time. 

The short cleaning procedure consists of rinsing each plastic carrier three times with a HNO3 

solution of 5% (v/v) and in between three times with milliQ water. The last step is rinsing the 

carriers with a ethanol-water solution of 1:10. This step is not especially for cleaning but more to 

reduce the drying time. The carriers are dried using vacuum.  

 

Graph 5-4: Results plastic carriers cleaned with the short cleaning procedure 

The results obtained with this cleaning method are in some points better and in some points 

worse than the results from the carriers that are not cleaned. The advantage is that the elements 

chromium, iron, titanium and calcium are removed, but on two carriers the element sulphur is 

added. Since sulphur was not present in the carriers that were not cleaned, the sulphur might 

originate from a step in the cleaning procedure. The disadvantage is the obtained intensities for 

copper are a bit higher than when no cleaning procedure is performed.  

5.2.1.3 Quartz cleaning procedure and influence of the boiling time 

As a last step the plastic carriers are cleaned with the cleaning procedure of the quartz carriers. 

The quartz cleaning procedure is explained below: 

 boil the carriers for half an hour in HNO3 5% (v/v) solution 

 boil the carriers for half an hour in HNO3 3% (v/v) solution 

 wash 2 times with milliQ water 

 wash 1 time with milliQ water + 1 ml ethanol 100% 

 put the carriers in vacuum to dry 
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To check if it is really necessary to boil for half an hour, four plastic carriers are boiled for 10 

minutes, four carriers are boiled for 20 minutes and four carriers are boiled for 30 minutes. With 

these measurements it is possible to have an idea of the importance of the boiling time. 

 

Graph 5-5: Results plastic carriers cleaned with the quartz cleaning procedure 

As can be seen from Graph 5-5, the boiling time has no clear influence on the cleanness of the 

carriers. Also here the same three elements are traced: nickel, copper and zinc. On some carriers 

also sulphur, iron and titanium are detected.  

From these three test there can be concluded that less contamination occurs when the plastic 

carriers are not cleaned and the foil is removed with bare hands. Attention must be paid that none 

of the surface of the carrier is touched. Since the chances of accidental contamination are too 

high and gloves must be worn due to safety reasons, the short cleaning method is recommended.  

5.2.2 Quartz carriers 

The application for the TXRF instrument that will be described during this internship is the 

analysis of daphnids. For this application quartz carriers are used. These carriers have a more 

smooth surface compared to the plastic carriers. Quartz carriers are very expensive and need to 

be reused, which means that the cleaning method is very important. In this chapter the cleaning 

method of the quartz carriers is investigated. The carriers were spotted each with 10 µl of a  

250 ppm multi-element standard solution before they were cleaned. This allows to check which 

elements are removed by the cleaning method en which elements are not removed. 

5.2.2.1 Vessel cleaner 

A first cleaning method which is tested is the use of the vessel cleaner. A vessel cleaner is a 

plastic construction, as shown in Figure 5-9, with boiling nitric acid of 68% at the bottom.  
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Figure 5-9: Vessel cleaner 

The carriers are placed in the vessel cleaner on a plastic support so they do not have direct 

contact with the acid. The acid evaporates and condensates on the carriers and drains back to the 

bottom of the vessel cleaner. The vessel cleaner is kept at a temperature of 145°C and the 

carriers need to be in the cleaner for three hours. After the carriers are removed from the vessel 

cleaner, they are rinsed three times with water and in the last step ethanol 100% is added to 

speed up the drying process. The results of the analysis of the carriers are shown in Graph 5-6. 

 

Graph 5-6: Results quartz carriers cleaned with the vessel cleaner 

The TXRF analysis shows that chlorine, cadmium, iron, copper, zinc and nickel are present on 

the quartz carrier. Chlorine is not certified in the multi-element standard but most elements are 

present in the form of chlorides so for this reason chlorine is measured. The cadmium seems to 

be a problem to remove by the vessel cleaner on most carriers.  

5.2.2.2 Quartz cleaning procedure and influence boiling time 

The same cleaning procedure as in 5.2.1.3 is tested on the quartz carriers. Also four carriers are 

boiled for 10 minutes, four carriers for 20 minutes and another four carriers are boiled for half an 

hour. 
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Graph 5-7: Results quartz carries cleaned with the quartz cleaning procedure 

Similar to the results obtained with the plastic carriers, there is no clear difference between the 

applied boiling times. Since the obtained intensities from this cleaning method are lower than 

these from the vessel cleaner, the cleaning method with the vessel cleaner is rejected.  

An internal standard is added to determine the quantity of the pollution on the discs. The carriers 

were prepared all over again. The exceptional result of carrier 12 in the previous graph is not 

repeated. The used standard is a single element gallium standard of 1.03 ppm. From the results 

below there can be concluded the pollution is lower than 0.30 ppm. In this series of carriers also 

thallium was detected. The results of thallium are due to a line overlap of the gallium Kβ-line 

and the thallium Lα-line. This means no thallium is present on the cleaned quartz carriers. 

  

 

Graph 5-8: Quantitative results quartz carriers cleaned with the quartz cleaning procedure 
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Since the observed pollution on the carriers is very low, a better insight in the lower limits of 

detection of the used method is needed as results reported below these detection limits are not 

relevant.  

 

5.3 DETERMINATION OF THE LOWER LIMITS OF DETECTON  

5.3.1 LLD based on spectral data 

The following formula is used to determine the lower limits of detection as obtained from 

spectral data: 

    
                       

         
 

LLD  = lower limit of detection (ppm) 

Iback  = intensity of the background (cps) 

conc std  = concentration of the measured standard solution (ppm) 

Inet peak = net intensity of the peak (cps) 

  = intensity of the peak - intensity of the background  

To determine the influence of the concentration of the standard solution, two multi-element 

standards are measured: one of 1 ppm and one of 113 ppm. The peak and background intensities 

are calculated using the SinerX software. Following detection limits are obtained: 

Table 5-5: Lower limits of detection 

  
LLD (ppm) 

Element Line 1 ppm 113 pm 

K Ka 0.38 3.59 

Ca Ka 0.46 3.47 

Ba La 1.39 2.75 

Cr Ka 0.24 0.69 

Mn Ka 0.18 0.70 

Fe Ka 0.16 0.72 

Co Ka 0.14 0.72 

Ni Ka 0.11 0.59 

Cu Ka 0.10 0.51 

Zn Ka 0.08 0.41 

Ga Ka 0.06 0.31 

Tl La 0.09 0.38 

Pb La 0.08 0.42 

Bi La 0.08 0.44 

Sr Ka 0.05 0.26 

 

The results above show that the detection limits increase with the concentration of the measured 

sample. 
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The results of the quartz cleaning method are compared with the lower limits of detection of  

1 ppm in Table 5-6. 

 
Table 5-6: Comparing lower limits of detection to cleaned carriers 

Element Line LLD 99% (ppm) Cleaned (ppm) Reported (ppm) 

K Ka 0.26 0.38 < 0.38 

Ca Ka 0.02 0.46 < 0.46 

Ba La 1.06 1.39 < 1.39 

Cr Ka 0.18 0.24 < 0.24 

Mn Ka 0.07 0.18 < 0.18 

Fe Ka 0.03 0.16 < 0.16 

Ni Ka 0.01 0.11 < 0.11 

Cu Ka 0.04 0.10 < 0.10 

Tl La 0.00 0.09 < 0.09 

Pb La 0.04 0.08 < 0.08 

 

As the measured contamination of the carriers is lower than the detection limits, the carriers can 

be considered clean.  

 

5.3.2 LLD based on analysis 

Practical LLD's can also be calculated based on the obtained standard deviation from multiple 

blank analysis. Blanks are samples that contain all steps of the sample preparation except the 

sample itself, in this case the daphnid. In general, the LLD is calculated as three times the 

standard deviation on a blank (99% level). The LLD calculated as two times the standard 

deviation (95% level) is also given for information. 

A multiple analysis of a single sample preparation gives information regarding the LLD's on 

instrument level, while an analysis of multiple sample preparations gives information regarding 

the whole procedure (sample preparation steps + instrumental bias). 

The sample preparation used to prepare the daphnids is listed below: 

1. Air dry the daphnid for 48 hours in an oven of 40°C 

2. Record the weight of the daphnid  

3. Transfer the daphnid on a quartz disc 

4. Add 10 µl milliQ water and dry using vacuum 

5. Add 10 µl pure HNO3 and put on a hot plate until the daphnid is digested 

6. Add 10 µl internal Ga standard of 1 ppm and dry using vacuum 

7. Measure with the TXRF instrument 

The daphnids originate from the Environmental Toxicology Unit of Ghent University. As the 

people in that unit have more experience in drying and weighing daphnids, the first two steps are 

completed at their lab.  

For the blanks only the last 4 steps are accomplished, except the use of the hot plate.  
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5.3.2.1 LLD's calculated from one sample preparation 

By measuring one blank several times information regarding the instrumental bias is obtained. 

The results of the standard deviation of measuring one blank 12 times are represented in Table 

5-7. 

Table 5-7: Results lower limits of detection calculated from one sample preparation 

Element Line stdev (ppm) DL 95% (ppm) DL 99% (ppm) 

K Ka 0.06 0.12 0.18 

Ca Ka 0.01 0.02 0.03 

Ba La 0.03 0.05 0.08 

Cr Ka 0.06 0.12 0.18 

Mn Ka 0.01 0.02 0.03 

Fe Ka 0.01 0.01 0.02 

Co Ka 0.02 0.03 0.05 

Ni Ka 0.01 0.01 0.02 

Cu Ka 0.01 0.01 0.02 

Zn Ka 0.01 0.02 0.03 

Ga Ka 0.00 0.01 0.01 

Tl La 0.00 0.00 0.00 

Pb La 0.02 0.05 0.07 

Bi La 0.01 0.02 0.04 

Sr Ka 0.01 0.01 0.02 

 

The formulas used to calculate the lower limits of detection (LLD) are: 

            

            

LLD = lower limit of detection (ppm) 

σ  = standard deviation (ppm) 
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5.3.2.2 LLD's calculated from eleven sample preparations 

By measuring eleven separate prepared blanks, information regarding the instrumental bias and 

the sample preparation is obtained. The results are shown in Table 5-8. 

Table 5-8: Results lower limits of detection calculated from eleven sample preparations 

Element Line stdev (ppm) DL 95% (ppm) DL 99% (ppm) 

K Ka 0.09 0.17 0.26 

Ca Ka 0.01 0.01 0.02 

Ba La 0.35 0.71 1.06 

Cr Ka 0.06 0.12 0.18 

Mn Ka 0.02 0.05 0.07 

Fe Ka 0.01 0.02 0.03 

Co Ka 0.07 0.14 0.21 

Ni Ka 0.00 0.01 0.01 

Cu Ka 0.01 0.03 0.04 

Zn Ka 0.02 0.05 0.07 

Ga Ka 0.02 0.05 0.07 

Tl La 0.00 0.00 0.00 

Pb La 0.01 0.03 0.04 

Bi La 0.02 0.04 0.06 

Sr Ka 0.00 0.01 0.01 

 

The LLD's obtained by measuring eleven blanks are higher than these obtained by measuring 

one blank. This is as expected as more steps will induce a higher LLD (more possibility of 

accidental contamination or pollution). 

 

The LLD's obtained by analysis are lower than the ones obtained by using spectral data. For the 

further course of this thesis LDD's obtained by using spectral data are taken into account. 

 

A spectrum of one of the blanks is plotted with a spectrum of a 1 ppm multi-element standard. 

The result is shown in Figure 5-10. 
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Figure 5-10: Overplot spectra of a blank with a 1 ppm multi-element standard 

The red spectrum is the one obtained by measuring a blank and the green of measuring a 1 ppm 

multi-element standard. As can be seen the red spectrum is for all elements below the green 

spectrum, except for the element silicon. Silicon originates from the quartz carrier and as the 

carrier with the blank is less loaded than the carrier with the 1 ppm multi-element standard (more 

elements that cover the surface), the silicon of the carrier gets more irradiated and the radiation is 

less absorbed by other elements. That is why silicon gives a higher peak in the blank spectrum.  

 

5.4 LINEARITY AND RECOVERY 

Two important parameters for the validation of an analytical test method are linearity and 

recovery. Linearity gives insight regarding the accuracy of results obtained on different parts of 

the calibration curve whilst recovery is directly linked to the accuracy of the test method. 

5.4.1 Linearity 

A following parameter that is tested is the linearity of the tested method. Since the instrument is 

calibrated with 1 ppm and 10 ppm multi-element standards, the linearity is tested between this 

range. During the internship higher concentrations can be reported, so a verification of a 

reporting level above 10 ppm is required. Two higher concentrations are tested as well. 
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Table 5-9: Results linearity test 

  r² 

Element Line 1 - 5 - 10 ppm 1 - 5 - 10 - 50 - 100 ppm 

K Ka 0.9926 0.9998 

Ca Ka 0.8182 0.9987 

Ba La 1.0000 0.9961 

Cr Ka 0.9989 0.9978 

Mn Ka 0.9991 0.9976 

Fe Ka 1.0000 0.9993 

Co Ka 0.9991 0.9990 

Ni Ka 0.9992 0.9994 

Cu Ka 0.9997 0.9997 

Zn Ka 0.9978 0.9997 

Ga Ka 1.0000 0.9999 

Tl La 0.9865 0.9955 

Pb La 0.9999 0.9930 

Bi La 0.9996 0.9938 

Br Ka 0.9700 0.9936 

Sr Ka 1.0000 0.9765 

 

For nearly all elements the linearity is good (r² > 0.99).  

5.4.2 Recovery 

A recovery test is performed in order to verify how much of the original concentration of the 

element is traced back by the instrument. The results of this test are present in Table 5-10. 

Table 5-10: Results recovery test 

  
Recovery (%) 

Element Line 1.03 ppm 5.24 ppm 9.97 ppm 51.08 ppm 113.78 ppm 

K Ka 8.47 12.81 15.66 14.12 14.19 

Ca Ka 67.17 72.90 42.85 43.55 46.01 

Ba La 81.47 93.10 94.90 86.98 103.17 

Cr Ka 87.29 87.32 82.70 76.09 86.37 

Mn Ka 92.94 92.61 88.08 78.79 89.84 

Fe Ka 100.53 87.92 86.10 78.08 84.24 

Co Ka 88.53 88.66 84.46 77.40 84.56 

Ni Ka 91.88 94.27 90.33 84.57 91.05 

Cu Ka 97.44 94.63 91.66 86.38 91.65 

Zn Ka 100.44 103.35 96.20 92.90 98.09 

Ga Ka 100.00 100.00 100.00 100.00 100.00 

Tl La 94.53 87.43 72.96 102.56 92.30 

Pb La 93.47 100.14 102.60 112.50 96.73 

Bi La 101.94 105.83 102.81 111.80 96.97 

Sr Ka 123.57 131.38 131.92 179.49 136.40 
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The recovery for the elements potassium and calcium are not according to the expectations. As 

the calibration is a factory calibration, no adjustments can be made. However we have to keep 

this in mind for further interpretation of the test results.  

 

5.5 ADDITIONAL TESTS 

5.5.1 Stability over time 

To test the stability over time a 113 ppm multi-element standard sample, which was made at the 

beginning of the internship, is measured on twelve different days. The stability depends on both 

the instrument and the sample. If a drift is observed this can indicate an instrumental drift but 

this can also indicate the sample is not stable over time. The sample is stored in a desiccator to 

reduce the risk of contamination. 

The spectra of six measurements are plotted in the figure below. 

 

Figure 5-11: Overplot spectra stability over time 

As can be seen, no drift is observed. This means samples can be stored for at least one and a half 

month without loss of stability, if stored in a dessicator. It also shows that the instrumental drift 

over this period is neglible. This is expected, as X-ray spectroscope analysis techniques are in 

general very stable over time.  
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5.5.2 Comparing the AXIL and SinerX software 

As both software's are used during the internship, it might be a good idea to compare the 

obtained results of these two software's. This allows us to have a better insight if the results of 

both software's can be used simultaneously.  

5.5.2.1 Fitting 

The AXIL software is used for a qualitative analysis of the samples and the SinerX software is 

used for the quantitative analysis. The AXIL software fits the element peaks and calculates 

intensities based on the raw spectrum (the so called deconvolution). The SinerX software can 

also do this, but the program also calculates the concentrations based on the concentration of the 

internal standard that is added. To see if the fittings of both programs are similar, results 

obtained from both software's are compared using a T-test. 

A 113 ppm multi-element standard is measured 12 times. The results of the twelve 

measurements are fit in the AXIL and in the SinerX software. For each element an F-test is done 

in order to compare the obtained standard deviations. This is necessary to know which T-test 

must be used. The results of the T-tests are present in Table 5-11. To be significantly different at 

the 95% level the T-value must be higher than 2.201 and at the 99% level higher than 3.106. The 

values of the areas are represented in appendix I. 

Table 5-11: Comparison fitting of the AXIL and the SinerX software 

Element Line T-value S. 95% S. 99% 

K Ka 10.401 Yes Yes 

Ca Ka 8.686 Yes Yes 

Cr Ka 6.950 Yes Yes 

Mn Ka 5.081 Yes Yes 

Fe Ka 9.972 Yes Yes 

Co Ka 10.220 Yes Yes 

Ni Ka 8.324 Yes Yes 

Cu Ka 6.866 Yes Yes 

Zn Ka 1.246 No No 

Ga Ka 1.599 No No 

Sr Ka 4.906 Yes Yes 

Ba La 10.746 Yes Yes 

Tl La 2.952 Yes No 

Pb La 3.246 Yes Yes 

Bi La 1.087 No No 

 

As can be seen, the fittings from the AXIL and the SinerX software are significantly different for 

most elements except for zinc, gallium, bismuth and thallium (at the 95% level). 

From the obtained results it is interesting to check if these differences are still present after the 

concentrations are calculated. 
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5.5.2.2 Concentration calculation 

The AXIL software is a qualitative software and can't calculate concentrations. Still it is possible 

to make an estimation of the concentrations from the obtained information of the software via the 

law of return.  

If X is the average peak area of gallium and it is known that the sample contains  

113.78 ppm Ga, the concentrations of the other elements are calculated according to the formula 

below: 

                      
                 

                 
        

The obtained concentration is expressed in ppm. 

An F-test and a T-test are performed. To be significantly different at the 95% level, the T-value 

must be higher than 2.201 and at the 99% level higher than 3.106. The results are presented in 

Table 5-12. The concentrations of this test are represented in appendix I. 

Table 5-12: Comparison concentrations of the AXIL and the SinerX software 

Element Line T-value S. 95% S. 99% 

K Ka 1.577 No No 

Ca Ka 22.740 Yes Yes 

Cr Ka 54.978 Yes Yes 

Mn Ka 48.821 Yes Yes 

Fe Ka 42.328 Yes Yes 

Co Ka 35.985 Yes Yes 

Ni Ka 20.716 Yes Yes 

Cu Ka 14.987 Yes Yes 

Zn Ka 8.967 Yes Yes 

Ga Ka 0.003 No No 

Br Ka 10.326 Yes Yes 

Sr Ka 17.506 Yes Yes 

Ba La 57.427 Yes Yes 

Tl La 19.178 Yes Yes 

Pb La 11.990 Yes Yes 

Bi La 17.964 Yes Yes 

 

There can be concluded only the concentration of potassium and gallium are both equal in the 

SinerX software and the AXIL software. This confirms the AXIL software is a qualitative 

software, rather than a quantitative software.  

5.5.3 Error of spotting 

The drop of the sample needs to be in the middle of the carrier. This is because the X-ray beam 

has to irradiate the whole sample spot and the X-ray beam is concentrated in the middle of the 

carrier. As it is unknown how large the irradiated area is and what happens with the results of the 

concentrations if the spot is not in the middle, the influence of the positioning is tested.  
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A 5.24 ppm multi-element standard is spotted 7 times in the middle of the carrier and 4 times at 

the edge of the carrier (to created an accidental wrong spot). The results of the average 

concentrations and the obtained standard deviations are given in Table 5-13. 

Table 5-13: Comparison concentration and standard deviation of a spot in the middle and at the edge 

    average (ppm) stdev (ppm) 
 Element Line middle edge middle edge error % 

K Ka 0.67 9.80 0.28 10.95 1458.83 

Ca Ka 3.82 66.62 2.19 65.12 1744.04 

Ba La 4.88 89.77 0.93 56.55 1840.04 

Cr Ka 4.58 21.18 0.31 18.74 462.77 

Mn Ka 4.85 17.74 0.45 5.59 365.56 

Fe Ka 4.61 87.93 0.29 112.13 1908.61 

Co Ka 4.65 7.02 0.37 4.66 151.05 

Ni Ka 4.94 13.51 0.21 7.92 273.48 

Cu Ka 4.96 44.90 0.16 26.17 905.40 

Zn Ka 5.42 5.61 0.33 2.64 103.63 

Ga Ka 5.24 5.24 0.00 0.00 100.00 

Tl La 4.58 11.77 0.48 10.58 256.80 

Pb La 5.25 9.21 0.24 7.62 175.52 

Bi La 5.55 13.68 0.55 11.59 246.72 

Sr Ka 6.88 23.45 0.81 18.17 340.56 

 

To have an idea about the difference of the peak areas a spectrum of a sample spotted at the edge 

and a spectrum of a sample spotted in the middle are plotted in Figure 5-12, represented on the 

next page. 

From this spectral overlay can be observed the obtained peak area's from the drop spotted at the 

edge of the carrier (red) are smaller than the peak area's from drop spotted in the middle (green). 

This is as expected since the X-ray beam can't irradiate the edge of the carrier.  

The obtained concentrations of all elements are higher when the spot is at the edge of the carrier. 

This is because the internal standard method is applied. If the sample and the internal standard 

are spotted at the edge of the carrier, a smaller peak for Ga is measured. In the quantification 

software SinerX the concentration of Ga is set on 5.24 ppm so a huge positive error is made on 

the calculated concentrations. In Table 5-13 can be seen the error is very different for each 

element and reaches very high values. 

If an error of the sample spotting occurs and the spot is not in the middle of the carrier the results 

can't be used. It is impossible to correct for since the error % is way too high.  
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Figure 5-12: Spectra of a drop spotted at the edge and a drop in the middle 

 

5.6 DAPHNIA MAGNA 

The daphnids are cultured in the ecotox lab of Ghent University. For this internship the specie 

Daphnia magna will be used. Within this species, daphnids that will be adapted to the control 

medium (CE), daphnids that will be adapted to zinc (Zn) and original non-adapted daphnids (CS) 

are used for further experiments. Some of the CE and the Zn daphnids might be genetically 

identical (i.e. clones, as they were randomly picked out of aquaria's after a 10 week natural 

selection experiment). The daphnids from CS are all different individuals because they were kept 

in monoculture (one clone per cup) ever since they were first hatched. In the groups of these 

three different adapted daphnids there will be one daphnid that is exposed to the control medium, 

one daphnid that will be exposed to a medium with 560 µg/l Zn, one daphnid that will be 

exposed to 4.6 µg/l Cd and one that will be exposed to both zinc + cadmium. Within the different 

adapted daphnids there will also be worked with different aquaria's. An overview is given in 

appendix II. Each daphnid is measured three times. Unfortunately the quantification of the 

element cadmium with the TX2000 is difficult since the Cadmium Lα-line is heavily interfered 

from the potassium Kα-line.  

Before the daphnids are air dried they are placed in a cup with a clean medium (i.e. metal free) 

for four hours. During these four hours no food is given, this allows the metals that are still in the 

food in the intestines of the daphnid to be removed. As a next step the daphnids are rinsed with 

an EDTA solution to remove metals that remained on the surface of the daphnid. The metals 

form complexes with the EDTA and precipitate.  
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5.6.1 Methodology 

As described in chapter 5.3.2 the sample preparation is as follows: 

1. Air dry the daphnid for 48 hours in an oven of 40°C 

2. Record the weight of the daphnid  

3. Transfer the daphnid on a quartz disc 

4. Add 10 µl milliQ water and dry using vacuum 

5. Add 10 µl pure HNO3 and put on a hot plate until the daphnid is digested 

6. Add 10 µl internal Ga standard of 1 ppm and dry using vacuum 

7. Measure with the TXRF instrument 

The most important factor in the analysis of the daphnid is the digestion. The daphnid requires a 

complete digestion and a flat sample surface. The methodology suggested in [2] states the 

daphnid can be digested by adding a drop of nitric acid on the quartz carrier and further putting 

the carrier on the hot plate. This method is tested on its efficiency by using test daphnids. These 

daphnids are no part of the investigation since these are males and ecotox only uses female 

daphnids for their experiments. 

5.6.1.1 Digestion with a drop of nitric acid on the carrier 

After testing, this method seems a little hard to handle. If the hot plate is put on 130°C the nitric 

acid evaporates before the daphnid is totally digested. Extra drops have to be added to flatten the 

daphnid but the daphnids are never 100% flat. If too many drops are added the sample-roughness 

again increases by the dried remnants of the nitric acid. 

The results of the four daphnids that were digested using this method are present in Table 5-14. 

Table 5-14: Results of the concentrations of daphnids digested with a drop of nitric acid 

  
daphnid 1 daphnid 2 daphnid 3 daphnid 4 

Element Line ppm ppm ppm ppm 

K Ka 1062.2 397.8 592.3 961.2 

Ca Ka 40890.2 15533.2 5144.7 44616.0 

Mn Ka 77.7 70.3 10.3 72.8 

Fe Ka 661.7 228.2 165.1 209.7 

Ni Ka 25.0 4.5 8.1 10.0 

Cu Ka 72.6 17.1 32.5 53.6 

Zn Ka 97.5 117.4 50.2 250.2 

Se Ka 49.1 8.0 21.4 21.1 

Br Ka 69.8 10.8 38.7 10.3 

Rb Ka 75.5 17.5 71.4 58.8 

Sr Ka 34.6 18.5 6.8 39.5 

 

daphnid 1: cultivated in a control medium 

daphnid 2: exposed to zinc 

daphnid 3: exposed to cadmium 

daphnid 4: exposed to zinc and cadmium 
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Considering the element zinc there can be observed daphnid 2 and 4 have a higher concentration, 

which corresponds to the exposure. Since this digestion method doesn't give flat samples a 

second digestion method is tested.  

5.6.1.2 Vapour phase decomposition 

One of the problems was if too many drops were added, the sample wasn't flat anymore due to 

the remnants of the nitric acid. In the second digestion method these drops are avoided by 

working with vapours of nitric acid. The used construction is shown below in Figure 5-13. 

 

Figure 5-13: Instrumentation of a digestion with vapour phase decomposition 

A crystallising dish without spout is placed on a hot plate with a petri dish in the middle. The 

petri dish is filled with 10 ml of nitric acid and six carriers are placed around it. The hot plate is 

put to 140°C so the nitric acid vaporizes and condensates on the watch-glass. Because of the 

curved form of this glass the nitric acid drops roll to the centre of the glass and fall back in the 

petri dish. This process continues until all nitric acid is in the vapour state. Because the watch-

glass doesn't seal the construction completely some of the vapours escape. The digestion is 

finished if all vapours left the crystallising dish. This procedure is repeated in case the daphnid is 

not flat enough. The time to digest a daphnid depends strongly on its size. Small daphnids can be 

digested within two hours but to digest larger ones it sometimes takes up to three or four hours. 

If there is a shortage of time and the daphnid is not completely digested, but the bulk is, one 

might consider adding a small drop (max. 10 µl) of nitric acid.  

The same four daphnids analysed in previous chapter are put in the crystallising dish and 

digested further until the samples were completely flat. The results of these analyses are shown 

in Table 5-15. 
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Table 5-15: Results of the daphnids digested with vapour phase digestion 

  
daphnid 1 daphnid 2 daphnid 3 daphnid 4 

Element Line ppm ppm ppm ppm 

K Ka 1497.57 541.58 1398.31 1082.97 

Ca Ka 52633.37 18708.10 9515.16 46172.62 

Mn Ka 82.26 78.79 15.22 65.49 

Fe Ka 806.61 253.44 290.81 279.40 

Ni Ka 10.95 2.62 7.70 6.70 

Cu Ka 42.14 13.00 27.59 40.32 

Zn Ka 115.57 132.87 78.12 229.17 

Se Ka 1.73 1.12 2.29 6.07 

Br Ka 2.31 1.89 2.70 5.23 

Rb Ka 101.67 22.37 124.19 64.26 

Sr Ka 51.88 23.00 11.99 51.13 

 

Also here there is a difference between the zinc concentrations of the four daphnids. Figure 5-14 

represents an overlay of the spectra of the digestion of daphnid 1 with the drop of nitric acid and 

with the vapours. 

 

Figure 5-14: Spectra of daphnid 1 digested with a drop of nitric acid and with vapour phase decomposition 

The red spectrum represents the digestion with a drop of nitric acid and the green spectrum with 

vapours of nitric acid. From this spectral overlay can be observed the spectra are equal for most 

elements, except for selenium and bromine. These two elements are too volatile for applying the 



49 

 

 

 

vapour digestion method. As these elements are not of interest during this internship, this 

observation is not considered as a disadvantage. For some of the elements, e.g. potassium and 

calcium, a small increase of the peak is noticed. This is probably due to absorption effects. If the 

sample is digested with a drop of nitric acid it is not 100% flat. This means some of the outgoing 

X-ray photons can be absorbed, resulting in a lower potassium and calcium peak. 

The method with the vapour digestion is easier to handle, so this method is preferred.  

After the above described tests six more test daphnids were digested only by using the vapour 

digestion method. The obtained results confirmed that this method works properly and the results 

are acceptable to continue the project. The results are present in appendix III. 

5.6.2 Results  

The daphnids were digested in batches of six and each day two batches were measured. Due to 

an error with unknown reason the results of two batches, which were measured on the same day, 

can't be used. The peak of the internal standard gallium was not detected which made it 

impossible to quantify the results. Fortunately there are enough data to proceed.  

A list of the measured daphnids and their concentrations are present in appendix IV. 

5.6.2.1 Visualisation of the results 

To see if there are some significant differences between the exposed daphnids and the control 

daphnids, several graphs are made. In following graphs the average is taken of the aquaria with 

the same adapted daphnids e.g. the result of zinc in daphnid CE in the control medium is the 

average of aquarium CE1.6, CE3.1 and CE4.2. To have an idea of the deviation of these results, 

each time the standard deviation is added in the form of an error bar. 

In Graph 5-9 the concentration of zinc in the different daphnids is represented.  

 

Graph 5-9: Results of the zinc concentration in the daphnids 
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For all three groups of daphnids there is an increase of the zinc concentration for the daphnids 

that were contaminated with zinc and with both zinc + cadmium. All control daphnids contain 

more or less the same concentration of zinc.  

The CE daphnids show the highest concentration of zinc when contaminated. This could indicate 

that since they are adapted to the control medium, they are more sensitive for environments other 

than the control medium. The CS daphnids show a lower concentration when contaminated with 

zinc but a concentration higher when contaminated with both zinc and cadmium. This results 

requires a careful interpretation as the standard deviation is rather high. The Zn-adapted 

daphnids show the lowest concentrations. This could indicate they have evolved a mechanism to 

decrease the uptake of zinc or to increase the elimination rate. 

Normally the exposure to metals leads to a weight reduction since the daphnids are not cultivated 

in optimal conditions. In order to confirm this, Graph 5-10 is consulted.  

 

Graph 5-10: Results of the weight of the daphnids 

For the CE daphnids there is a clear reduction of the weight of those which were contaminated 

with zinc or with both zinc + cadmium. Since the daphnids contaminated with cadmium show no 

clear reduction there can be concluded that only zinc has an influence on the weight of these 

daphnids.  

The CS daphnids show less variation in their weight except when exposed to  

both zinc + cadmium. This could mean these daphnids can live in a limited contaminated 

environment but suffer when the contamination is too high.  

The Zn-adapted daphnids show the least variation in their weight. Contaminated with both  

zinc + cadmium, their weight has a minimum. 

Because the weight of the daphnid is related to the amount of calcium this element is also 

presented in a graph as seen below. 
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Graph 5-11: Results of the calcium concentration of the daphnids 

The outer layer of a daphnid consists of calcium. This means if a daphnid is smaller, due to a 

contaminated environment, this should result in a lower amount of calcium. As seen in Graph 

5-11 the CE daphnids show an inverse relationship between the contamination and the 

concentration of calcium. A possible explanation would be that the smaller daphnids contain 

more calcium in relation to their weight than bigger daphnids. Since the obtained results are 

corrected for the total weight of the daphnid this should result in a higher concentration of 

calcium. The CS and Zn daphnids show no clear relationship between the calcium concentration 

and the contaminations. These results require a careful interpretation since the recovery test of 

calcium was rather low. 

The last element which is viewed in detail is iron, represented in Graph 5-12. 

 

Graph 5-12: Results of the iron concentration of the daphnids 

For the CE daphnids there is a clear reduction of iron for the contaminated daphnids, especially 

the ones exposed to zinc.  
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The CS daphnids show very different results, the iron concentration increases when 

contaminated with zinc and cadmium but decreases when contaminated with both  

zinc + cadmium. The results of the contamination with both zinc + cadmium also have a very 

high standard deviation. 

Looking at the Zn-adapted daphnids, a decrease of the iron concentration is obtained when 

contaminated. The decrease is the same for all different contaminations. 

As seen in some of the graphs for some groups of daphnids, the standard deviation is rather high. 

The clustering of the results with a PCA analysis may give a better insight in this phenomenon. 

5.6.2.2 PCA 

PCA is the abbreviation of Principal Component Analysis. It is a statistical procedure that uses 

an orthogonal transformation to convert a set of observations of possibly correlated variables into 

a set of values of linearly uncorrelated variables called principal components. This way it is 

possible to reduce data. 

In following graphs the results of the PCA plots are represented.  

 

Graph 5-13: Loading plot pc3 versus pc2 

This plot confirms some of the previous observations. The first observation which is confirmed 

is the relation between zinc and iron. If the daphnids are contaminated with zinc, and thus have a 

higher concentration of zinc, less iron is detected. This is seen in the plot because zinc and iron 

are on the opposite sides of the plot.  

Another observation is the missing opposite relation between zinc and calcium. Normally a 

decrease of the calcium concentration would be expected if the concentration of zinc increases. 

Daphnids don't grow large when cultivated an contaminated environment. Since the outer layers 

of the daphnid consist of calcium, this should result in an decrease of this element. This would 

mean that in the plot calcium and zinc should be at opposite sides, but in fact the two elements 

are positioned relatively close to each other.  

By using the results of the plots it is also possible to look at the variation of the same adapted 

and contaminated daphnids of the different aquaria. This could explain some of the high standard 

deviations from previous graphs. 
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In Graph 5-14 the results of the daphnids which were adapted to the control medium are 

represented. 

 

Graph 5-14: Score plot of the to control medium adapted daphnids (CE) 

From this plot there can be clearly seen the daphnids who were contaminated with zinc and both 

zinc + cadmium contain more zinc than the others. The daphnids that were cultivated in the 

control medium and were contaminated with cadmium seem to contain more iron.  

If the variation of the different aquaria is investigated there can be seen the most variance is 

present in the group of daphnids that were cultivated in the control media. This variation can 

explain the rather high standard deviation in Graph 5-11. 

The score plot of the initial Daphnia population that wasn't adapted is investigated in following 

graph. 

 

Graph 5-15: Score plot of the non adapted daphnids (CS) 
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The differences between the different contaminated daphnids is less clear but still, the control 

daphnids and the ones that were contaminated with cadmium are positioned more to the right and 

the other daphnids more to the left. 

The variance between the different aquaria within the same contamination also seems to be 

higher except for the ones that were cultivated in the control medium. This can be explained by 

the fact the CS daphnids are different individuals (all different clones) so they have a higher 

genetic variability to respond to contamination. There must be taken into account that from the 

daphnids contaminated with both zinc + cadmium, there are only two results. This explains some 

of the high standard deviations in previous graphs. The high standard deviation for the element 

iron when the daphnids are contaminated with cadmium is also visible on the score plot. 

Finally the score plot of the daphnids that were adapted to zinc is investigated.  

 

Graph 5-16: Score plot of the to zinc adapted daphnid (Zn) 
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6 CONLUSION 

The TX2000 of GNR is an instrument that is capable of measuring very low concentrations. In 

these lower concentration ranges it is very important to have an insight of the causes that can 

affect the measuring results. 

First the used instrumentation is considered. An important instrument is the balance. Research 

shows the accuracy of the balance is not according to the accuracy as stated in the precision 

tolerance of the balance, but the precision is fine. The accuracy of the balance is of less 

importance since relative values are used.  

Next the cleanness of the carriers is checked. During the internship there will be worked with 

reusable quartz carriers. Therefore the cleaning procedure is very important. The obtained results 

show the classic quartz cleaning method is the best option and the boiling time has no influence 

on the cleanness of the carriers. The contamination on the carriers was lower than the lower 

limits of detection which means the carriers were considered clean.  

The sample preparation also has a big influence on the results of an analysis. To see if the 

preparation of the daphnids wouldn't affect the results, blanks were analysed. The calculated 

LLD's based on these analysis were lower than the calculated LLD's based on spectral data 

which means the sample preparation has no significant effect on the results of the measurements.  

When samples are prepared they can be stored for at least one and a halve month without 

degradation. The results of the measurements can be processed by two software's, the AXIL 

software and the SinerX software. The AXIL software gives qualitative information while the 

SinerX software gives quantitative information. Still an estimation of the concentration can be 

made using information obtained from the AXIL software by the law of return. These results are 

significantly different than these of results calculated by the SinerX software. Quantitative 

results from both programs can't be used simultaneously.  

It is very important the drop of the sample is positioned in the middle of the carrier. If not, the 

main part of the sample is not irradiated by the X-ray beam, which leads to a decrease of the 

peak areas and an huge positive error on the concentration results. There can't be corrected for 

this error as it depends strongly for each elements and the percentage of error and the standard 

deviation are too high. 

The daphnids are digested using nitric acid. In a first attempt the daphnids were digested using a 

drop of nitric acid directly on the sample and treatment on a hot plate. Since the acid evaporates 

before the digestion completes no flat sample surface is obtained. Adding more drops results in 

an increase of the sample roughness due to the remnants of the dried acid. An alternative method 

is that the daphnids are digested using vapour phase decomposition. Using this method there is 

no direct contact of the liquid acid with the sample and so the dried remnants are avoided. This 

method can't be used if selenium and bromine are important parameters since these two elements 

seem to evaporate.  

Three different adapted daphnids were measured. The first group was adapted to the control 

medium (CE), a second group wasn't adapted (CS) and a third group was adapted to zinc (Zn). 

From each group daphnids were taken from different aquaria. Per aquaria one daphnid was 

cultivated in the control medium, one was contaminated with zinc, one with cadmium and one 

with both zinc + cadmium. Unfortunately the quantification of the element cadmium with the 

TX2000 is difficult since the cadmium Lα-line is heavily interfered from the potassium Kα-line. 

Therefore only conclusions regarding the zinc accumulation can be made. 
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A first conclusion is that all control daphnids of all three the groups contain nearly the same 

amount of zinc. When contaminated with zinc the CE daphnids seem to have the highest uptake 

of this element. This could be explained by the fact these daphnids are only used to the control 

medium. When exposed to a different environment they have difficulties to adhere. The zinc 

adapted daphnids show the lowest concentration of zinc. This could be due to less uptake of the 

element or a faster elimination. The zinc adapted daphnids show the same zinc concentration 

when cultivated in control medium, which means in this case the uptake is the same. This could 

indicate the zinc adapted daphnids are better in eliminating zinc rather than reducing the uptake. 

The zinc concentration of the CS daphnids is situated in the middle. Because they have a higher 

genetic variability they might cope better with zinc contamination than the CE daphnids. 

Globally the iron concentration of the daphnids decreases when cultivated in an contaminated 

environment. The only exception are the daphnids that weren't adapted, here the iron 

concentration increases when contaminated with zinc and with cadmium. The results show a 

relatively high standard deviation so to make reliable conclusions more daphnids should be 

analysed.  

Normally the weight of the contaminated daphnids is lower when cultivated in control medium. 

This is because the contamination has an influence on the growth. The CE daphnids clearly show 

this relationship when contaminated with zinc and both zinc + cadmium. The weight of the 

control daphnids and the ones contaminated with cadmium is more or less the same. This means 

only zinc has an influence on the weight of the daphnid. The CS daphnids only show a decrease 

of the weight when contaminated with both zinc + cadmium and the zinc adapted daphnids show 

no clear relationship in function of the contamination. To make reliable conclusions more 

daphnids should be measured.  

When looked at the different aquaria within the CE daphnids there can be concluded the highest 

elemental deviation is observed within the control daphnids. The CE daphnids are clones so they 

are genetically identical. There would not be expected any elemental deviation within this group 

especially not in the group cultivated in the control medium. When cultivated in an contaminated 

environment the results of the different aquaria show a decrease of the elemental deviation. This 

means the clones react in the same way to the contamination. 

In the group of the CS daphnids the least elemental deviation is observed within the control 

daphnids. When contaminated, higher differences in the elemental deviations are measured. This 

is a logical consequence since these daphnids are different individuals and no clones. The 

daphnids react on their own way to the contamination. 

The group of daphnids which were adapted to the zinc show the least elemental variation of the 

three groups. Although when contaminated with zinc the daphnids also show an elemental 

deviation. Since only two daphnids were measured no reliable conclusions can be made. 

As a final conclusion there can be stated the TXRF technique gives promising results for the 

elemental analysis of daphnids. The quantification of the element cadmium with the TX2000 is 

difficult since the cadmium Lα-line is heavily interfered from the potassium Kα-line. Because 

each daphnid is an individual organism and the results sometimes shown high standard 

deviations, only trends can be discussed. To confirm these trends at least thirty daphnids per 

treatment should be analysed.  
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APPENDIX I 

 

Table 0-1: Comparison of the fitted area and of the concentation from the Axil and the SinerX software 

 
Area Concentration 

Element Line AXIL SinerX AXIL SinerX 

K Ka 3886.58 984.61 6.09 10.81 

Ca Ka 5611.83 4158.45 8.79 50.73 

Cr Ka 19272.67 17670.38 30.19 94.10 

Mn Ka 23506.58 21976.41 36.82 91.55 

Fe Ka 31203.67 27790.61 48.87 93.03 

Co Ka 37118.33 33175.70 58.14 91.63 

Ni Ka 47288.50 42034.73 74.07 98.13 

Cu Ka 52009.83 48682.02 81.46 98.27 

Zn Ka 59391.42 58602.42 93.02 104.23 

Ga Ka 72645.50 71421.10 113.78 113.78 

Sr Ka 210421.50 226022.04 329.57 251.18 

Ba La 5681.25 4933.46 8.90 154.30 

Tl La 59174.00 55564.46 92.68 129.14 

Pb La 78738.17 74897.43 123.32 166.44 

Bi La 44989.00 45854.78 70.46 97.30 
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APPENDIX II 

 

 

Figure 0-1: Overview of the different types of measured daphnids 
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APPENDIX III 

 

Table 0-2: Overview of the concentrations of the test daphnids digested with vapour phase decomposition 

 

  

  
daphnid 1 daphnid 2 daphnid 3 daphnid 4 daphnid 5 daphnid 6 

Element Line ppm ppm ppm ppm ppm ppm 

K Ka 1119.07 1510.72 1777.76 2252.36 990.99 1324.08 

Ca Ka 35436.27 40051.15 4836.37 47334.04 24687.23 31675.00 

Mn Ka 48.63 131.02 46.66 85.99 40.74 49.94 

Fe Ka 159.77 182.84 397.58 141.26 98.86 148.99 

Ni Ka 3.34 3.30 155.67 4.60 1.75 2.27 

Cu Ka 10.70 28.39 12.32 15.58 13.77 11.66 

Zn Ka 65.37 218.85 84.88 162.09 143.09 126.40 

Rb Ka 81.58 73.54 89.30 86.35 54.65 55.96 

Sr Ka 36.32 44.52 5.48 47.58 34.49 40.61 
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APPENDIX IV 

 

 

Table 0-3: Overview of the concentrations of the daphnids that were adapted to the control medium (CE) 
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Table 0-4: Overview of the concentrations of the daphnids that weren't adapted (CS) 
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Table 0-5: Overview of the concentrations of the daphnids that were adapted to zinc (Zn) 


