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                    For this project, three different laboratory methods for determination of chloride content 
 are to be presented. This section is dedicated to the theory necessary to understand the 
 basic principles of the methods. Analysis with µ-XRF is to be done by the authors, while 
 analysis with ICP-MS and potentiometric titration is to be performed by others.  



3.3.1  Micro X-ray Fluorescence (µ-XRF) 


Micro X-ray fluorescence is an elemental analysis technique, based on the same 


principles as X-ray fluorescence (XRF). The difference between regular XRF and µ-XRF is 
 the µ-XRFs ability to create small focal spots of just a few micrometres for the X-ray, 
 using advanced polycapillary focusing optics [29]. This allows for a high resolution 
 regarding the elemental composition of a sample. 


The setup, in general, contains an X-ray generating source, a detector which is counting 
 the emitted X-ray fluorescence from the sample of interest and a spectrometer 


(software) for computing. The sample, X-ray source, and the detector are placed in a 
 vacuum chamber. This is to be able to detect lighter elements as air will absorb low 
 energy radiation. Even in a vacuum chamber, no lighter elements than sodium can be 
 detected with XRF [30]. An illustration of the specific setup used in this master thesis is 
 presented in Figure 3-8. 


Figure 3-8: Bruker M4 Hardware. Picture extracted from [31].  


Spectrometer systems that utilize such a tube source are divided into two groups: energy 
 dispersive systems (EDXRF) and wavelength dispersive systems (WDXRF). In our case, 
 we utilize EDXRF, which means that the detector can measure the different radiation 
 energies coming from the sample [30]. This energy comes from the emitted X-ray 
 fluorescence and is characteristic for each element. 


This emitted fluorescence is obtained by irradiating the sample with X-rays from a 
source. This is illustrated in Figure 3-9. 
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Figure 3-9: Illustration of the basic principle of X-ray fluorescence. Picture extracted from [32]. 


If an element is exposed to this radiation, one or more electrons will be ejected from the 
 atoms. With a strong enough radiation energy, electrons from the inner orbital shells 
 could be expelled, making the electronic structure of the atoms unstable. Electrons from 
 higher orbital shells will then jump to the lower orbital shells to fill this void in the atom. 


This jump will cause exciting of X-ray fluorescence equal to the energy difference of the 
 two orbital shells involved. This is a unique number for every atom and can, if detected, 
 be used to determine the atomic composition of the material analysed. This energy is 
 independent of the chemistry of the material which means that the energy level of 
 calcium obtained from 𝐶𝑎𝐶𝑂3, CaO and 𝐶𝑎𝐶𝑙2 will all be equal. 


This method of analysis can be used both for qualitative and quantitative measurements. 


For qualitative measurements, a spectrum with the different elements’ intensities is 
 typically made through deconvolution and background fitting together with the 
 mathematical least squares method [30]. A way of presenting qualitative results is to 
 generate a heat-map of the sample where warmer colours represent higher intensities for 
 the element of interest.  


For quantitative measurements one is dependent on a calibration of the spectrometer, 
 relating intensities to concentrations. This can be done by either a  or 
 standard-less method. The standard method only allows us to analyse an unknown sample with a 
 similar composition to the reference sample, while the standard-less method makes the 
 calibration independent of the unknown sample’s composition [30]. This is done by 
 applying an internal database of intensities to concentration ratios for different elements 
 and use this to quantify the different elements in the composite.   


For µ-XRF analysis, only the surface layer is analysed, and hence, the sample needs to 
be representative and homogenous. Concrete is not homogenous and is also vulnerable 
to matrix-, absorption and enhancement effects [30].  
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3.3.2  Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 


Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass spectrometry, 
 which can detect metals and several non-metals at concentrations as low as one part per 
 quadrillion (10−15). Mass spectrometry is an analytical technique where chemical species 
 are ionized and sorted out based on their mass-to-charge ratio, while an inductively 
 coupled plasma is a plasma that is ionized by inductively heating a gas using an 


electromagnetic coil [33]. These two principles are combined in the ICP-MS. Figure 3-10 
 shows a generic scheme of how ICP-MS work. 


Figure 3-10: Illustration of the principle of ICP-MS. Picture extracted from [34]. 


First, the ICP is sustained in a torch made of three concentric quartz tubes. The end of 
 this torch is placed inside an induction coil supplied with an electric current. A flow of 
 argon gas is added between the two outermost tubes of the torch. An electric spark is 
 then applied for a short time, to introduce free electrons into the gas stream. It is 
 important that the plasma contains enough concentration of ions and electrons so that it 
 is electrically conductive. These free electrons are then subjected to the electromagnetic 
 field of the induction coil, causing them to accelerate in the direction of the frequently 
 changing electromagnetic field. The accelerated electrons collide with the argon atoms 
 and cause these argon atoms to part with one of its electrons, which then gets affected 
 by the electromagnetic field and starts oscillating along with the other electrons. This 
 process continues until the rate of electrons parted from argon atoms is evened out by 
 the rate of electrons recombining with argon ions. This creates a fireball of mostly argon 
 atoms and a small fraction of free electrons, sometimes reaching temperatures of as 
 much as 10 000K.  


Further, the second flow of argon gas is introduced between the central tube and the 
 middle tube to keep the plasma away from the end of the central tube, and shortly after, 
 the third flow of argon gas is introduced to the central tube. This gas flow passes through 
 the centre of the plasma and forms a channel that is cooler than the surrounding plasma. 


The sample we want to analyse is then introduced into this central channel, where it is 
evaporated, its molecules start to break apart, and its atoms ionize, much due to the 
extreme temperatures. The ions are then transferred through a series of cones and into a 
mass spectrometer. The ions are then sorted after their mass-to-charge ratio. A detector 
will then receive an ion signal proportionate to the concentration, and one is then, with 
some calibration, able to determine the concentration of the different particles the 
sample consists of. 
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3.3.3  Potentiometric Titration 


Potentiometric titration is a laboratory test done to determine a concentration from a 
 given analyte.  


Figure 3-11: Principle of potentiometric titration. Picture extracted from [36]. 


Figure 3-11 is illustrating the principle of the method. Often, a silver chloride electrode is 
 used instead of the saturated calomel electrode depicted in the figure above. The titrant 
 is added incrementally to the solution, and the potential of this reference electrode with 
 respect to an indicator electrode is measured for each step. This is then plotted against 
 the known and increasing volume of the titrant. When the potential reaches the end 
 point, as illustrated in Figure 3-12, the titrant and the analyte have reached an 
 equilibrium, and the concentration of the analyte can be determined. 


Figure 3-12: Cell potential to titrant volume plot with end point. Picture extracted from [36]. 
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This chapter outlines the materials and methods used for analysis in this thesis. Section 
 4.1 presents the concrete used during construction of the two structures of interest for 
 this thesis. The cores received by us is presented in section 4.2 while the reference 
 samples used for calibration is presented in section 4.3. Two of the laboratory methods, 
 potentiometric titration, and ICP-MS, is not performed by us, but the methods are 
 described in section 4.4 and 4.5 respectively. The methods of µ-XRF are explained in 
 detail in section 4.6. How these methods were compared is outlined in section 4.7.  


Even though RCT is the standard method of analysing chloride ingress for Equinor, we did 
 not include this method in our thesis. RCT analyses require samplings from a much 


bigger area than what is obtainable from our concrete samples.  
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