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Abstract

This Master’s thesis focuses on the analysis of the multi-elemental com-
position of commercial coffee powder samples from Croatian supermar-
kets. The coffee samples come from three different categories: pure cof-
fee, pure instant coffee and coffee with additives (e.g. milk, proteins).
The analysis was performed using a Bruker Ranger S2 bench-top energy
dispersive X-ray fluorescence (EDXRF) system and a total reflection X-
ray fluorescence (TXRF) spectrometer custom-built at the Institute of
Atomic and Subatomic Physics, TU Vienna, based on the WOBISTRAX
design. Since there is no certified reference material (CRM) for coffee,
the results obtained were verified and compared with inductively cou-
pled optical plasma spectroscopy (ICP-OES) and flame atomic absorp-
tion spectroscopy (FAAS) measurements. The concentrations obtained
showed acceptable agreement with the reference measurements. One of
the novelties of this study is the detailed discussion of different sample
preparation procedures. For the EDXRF analysis, pellets with and with-
out different amounts of wax added for stabilization were compared to
lose powder samples. For TXRF, we took the digest previously prepared
for ICP measurements and added gallium as an internal standard. For
the quantification of the EDXRF and TXRF measurements, we focused
on the elements K, Ca, Mn, Fe, Cu, Zn, Sr and Rb. We applied a va-
riety of fundamental parameter methods as well as empirical calibration
methods. The obtained spectra and concentrations were then used for
chemometric analysis, namely Principal Component Analysis (PCA) and
Partial Least Square Discriminant Analysis (PLS-DA). The chemometrics
were performed using SPSS, a commercial statistical software package. In
contrast to many previous works on chemical fingerprinting of food sam-
ples, we also obtained chemometric results by inserting the raw spectra
directly into the SPSS algorithms. This has the advantage that elemental

concentrations do not have to be determined beforehand.

Key words: TXRF, EDXRF, coffee grain powders, multi-elemental

analysis, chemometrics
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Zusammenfassung

Diese Masterarbeit untersucht die multielementare Zusammensetzung von
Kaffeepulverproben aus kroatischen Supermérkten. Die Kaffeeproben stam-
men aus drei verschiedenen Kategorien: purer Kaffee, purer Instantkaffee
und Kaffee mit Zusatzstoffen (z.B. Milch, Proteine, etc.). Die Messungen
wurden mit einem energiedispersiven Rontgenfluoreszenzsystem (EDRFA)
von Bruker (Ranger S2) und einem Total-Reflexions-Réntgenfluoreszen-
zspektrometer (TRFA) durchgefiihrt, das am Atominstitut der TU Wien
auf der Grundlage des WOBISTRAX-Designs entwickelt wurde. Da kein
zertifiziertes Referenzmaterial (ZRM) fiir Kaffeepulver existiert, wurden

die RFA Messergebnisse mit Hilfe von induktiv gekoppelten optischen

Plasmaspektroskopie (ICP-OES)- Messungen und Flammen-Atomabsorptions-

Spektroskopie (FAAS)- Messungen tiberpriift und verglichen. Die fiir die
untersuchten Kaffeesorten erhaltenen Konzentrationen zeigten akzeptable
Ubereinstimmungen mit den Referenzmessungen. Eine der Neuheiten
dieser Studie ist die detaillierte Diskussion der verschiedenen Proben-
vorbereitungsverfahren. Fir die ED-RF-Analyse wurden Pellets mit und
ohne unterschiedliche Mengen an Wachs, das zur Stabilisierung hinzugefiigt
wurde, mit losen Pulverproben verglichen. Fiir die TRF-Analyse wur-
den die zuvor fiir die ICP-Messungen vorbereiteten Digests verwendet
und Gallium als interner Standard hinzugefiigt. Bei der Quantifizierung
der EDRFA- und TRRFA-Messungen konzentrierten wir uns auf die El-
emente K, Ca, Mn, Fe, Cu, Zn, Sr und Rb. Wir verwendeten eine
Reihe von Fundamentalparametermethoden sowie empirische Kalibrier-
Methoden. Die erhaltenen Spektren und Konzentrationen wurden an-
schliefend fiir chemometrische Analysen verwendet, insbesondere fiir die
Hauptkomponentenanalyse (PCA) und die Regression der partiellen kle-
insten Quadrate (PLS-DA). Die chemometrischen Analysen wurden mit
SPSS, einem kommerziellen statistischen Softwarepaket, durchgefiihrt. Im
Gegensatz zu vielen fritheren Arbeiten iiber den chemischen Fingerab-
druck von Lebensmittelproben erhielten wir auch chemometrische Ergeb-
nisse, indem wir die Rohspektren direkt in die SPSS-Algorithmen einfiigten.
Dies hat den Vorteil, dass die Elementkonzentrationen nicht im Voraus

bestimmt werden missen.

Stichworte: TRFA, ED-RFA, Kaffeepulver, Multi-elementanalyse,

Chemometrik
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1 Introduction

1.1 General introduction

The first part of this thesis was carried out at the University of Girona, Spain,
as part of an Erasmus+ internship from mid-September 2022 to mid-December
2022. During this period, the energy dispersive X-ray fluorescence (EDXRF)
experiments were carried out. The total reflection X-ray fluorescence (TXRF)
experiments were later performed at the Institute of Atomic and Subatomic
Physics at the TU Wien.

1.2 Why do we analyze coffee-grain samples with X-ray

fluorescence (XRF) analysis?

Coffee is one of the most widely consumed beverages in the world. For 2020/21,
the International Coffee Organization (ICO) estimates global consumption at
164.5 million bags [1]. Given this immense number, it is surprising that lit-
tle research has been done to determine the elemental concentrations of cof-
fees using approaches other than induced coupled plasma (ICP) spectrometry
(e.g. ICP-MS, ICP-OES), flame atomic absorption spectrometry (FAAS) and
related techniques. In contrast to these approaches, X-ray fluorescence (XRF)
techniques are generally non-destructive and do not necessarily require time-
consuming digestion processes [2] [3]. Another advantage is that the exact same
sample can be measured again later if re-analysis is necessary.

As traceability and product transparency become increasingly important in to-
day’s world, there is a growing demand for inexpensive, rapid multi-element
analysis. Consumers and producers want to know what is in their products,
not only to detect potentially toxic elements in coffees (e.g. Cd, Pb and Hg)
from fertilizers or other sources of contamination [4], but also to estimate their
macro- and micronutrient content. The concentrations of certain elements may
be of interest from a health perspective, as Mn, Fe, Cu and Zn, for example,

have antioxidant properties [5].

XRF techniques have proven to be useful tools for the multielemental analysis
of other organic materials such as milk powders [6], wine [7] and blood samples
[8][9]. However, the potential of XRF for the analysis of coffee grain samples
has hardly been explored. Moreover, when XRF approaches are chosen, the

literature often lacks information on why certain measurement conditions and
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sample preparation techniques are preferred over others. Table 1 shows a com-
parison of the studies that have already been carried out using XRF methods
for the elemental analysis of coffee beans. In order to have a broad basis of com-
parison for this study, a fundamental parameter method (FPM) and external
calibration curves with 11 coffees as empirical standards, previously measured
and quantified by ICP-OES, were used for energy dispersive X-ray fluorescence
(EDXRF) and total reflection X-ray fluorescence (TXRF) analysis.

In addition, the elemental concentrations determined can be used as chemical
fingerprints of the samples [10][11]. These plots can then be used for prove-
nance and geographical origin studies. This has already been demonstrated for
coffee by Worku et al. [12] and for bean seeds by Allegretta et al. [11]. For
coffees, chemometric tools such as Principal Component Analysis (PCA), Lin-
ear Discriminant Analysis (LDA) or Partial Least Square Discriminant Analysis
(PLS-DA) have been used for this task, as seen in Table 1. This study also ex-
plores the very novel strategy in the food field of using the raw EDXRF and
TXRF spectra directly from the instrument. This approach eliminates the time-
consuming process of elemental quantification. The use of the raw XRF spectra
in food analysis has only been published in early 2023 [11].

The coffees in this master thesis come from three different categories (pure cof-
fee, pure instant coffee and coffee with additives). In the future, the methods
developed in this work could be used to distinguish not only between these
types of coffee, which intuitively have different elemental compositions, but also
between coffees from e.g. highland and lowland areas, and also between coffees

from different growing regions in a fast and inexpensive way.



(b)

Figure 1: Coffee plantation (a) and dried coffee beans (b) in Monteverde, Costa

Rica (altitude ~ 1300 m). Photos: Matthias Weinberger
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. Chemometric
Type of coffee Analytes Sample preparation XRF system approach Reference
Coffee beans milled to
Organic and Mg, P, Cl,_S7 K, Ca, powder, 40 mm diameter EDXREF, epsilon 5 PCA, Fiamegos et al.,
commercial coffee Cr, Mn, Ni, Cu,Zn, pellets, benchtop- PLS-DA 2021 [13]
Br, Rb, Sr and Ba, 5 g sample mass, system )
no binder
Coffee samples from EDXRF, Rh anode,
different P, S, K, Ca, Mn, Fe, FQFOhOrirel ngreifslzfnizzlsl sample, tube tension: 6-23 kV, Feleke et al
Ethiopian markets Cu, Zn, Se, Br, Rb, & samp ’ tube current: 200 — 900 mA, None "
13 mm diameter, . o ; 2018 [14]
(roasted, Sr 1-2 mm thickness Filter: none, titanium, iron,
non-roasted comparison) scan time: 200-600 s
EDXRF, Ag anode,
. Three pellets of each sample, tube tension: 40 kV;
Commercial coffee 5 o sample mass tube current: 2 mA, Almeida et al
samples from Brazil Mn, Fe, Cd, Pb & b ’ Al 500 g m filter for None - v
. 36 mm diameter pellets, 2021 [15]
(Salvador region) 3 mm thickness Pb, Mn, and Fe;
Cu 300 p m filter for Cd,
scan time: 100 s
K, Ca, Ti, Mn, Fe, Ni,  Air dried at 85 °C, EDXRF, Mo anode, y
. . tube tension: 34 kV Orli¢ et al.,
Commercial coffee Cu, Zn, As, Se, Br, Rb, pressed into pellets, None .
. ) tube current: 18 mA, 1986 [16]
Pb no diameter given .
scan time: 2000 s
WDXRF; Rh tube
for low atomic
weight elements:
Mg, Al Si, P, S, CI, K, Pellets mixed with o tube tension: 25 KV,
. polypropylene wax binding tube current: 160 mA; Worku et al.,
Arabica coffee Ca Fe, Mn, Cu, . . LDA .
Ni. Zn. Rb. Sr agent 1:4, or high atomic 2019 [12]

40 mm diameter pellets

weight elements:
tube tension: 60 kV,
tube current: 66 mA,
no scan time given
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0T

. Chemometric
Type of coffee Analytes Sample preparation XRF system approach Reference
6 replicates of each sample,
vaidiunn as inernal TXEF,
K, Ca, Cr, Mn, Fe, Ni, v EXTRA II TXRF spectrometer PCA, Haswell and Walmsley,

Coffee grain samples

Cu, Zn, Br, Rb, Sr

standard, 10 ul
pipetted on

siliconized reflector
(Serva silicon solution)

(Rich Seifert)
scan time: 500 s

Cluster analysis

1998 [17]

Roasted ground

Samples dried in a vacuum

Hand-held EDXRF system,
Rh anode,

Denni and Joseph,

coffee powders 25 elements oven for 3 h, at 110. G, Olympus Vanta C-sieries, None 2019 [18]
loose powder analysis .
scan time: 60 s
Coffees from local Samples dried at 60° G, Ag anode,
. three pellets of each coffee, ;
markets (Rio de tube tension: 10-50 kV,
R R P, S, Cl, K, Ca, Mn, Fe, 1 g sample mass Machado et al.
Janeiro, Brazil), - tube current: 0,1-0,365 mA, PCA
Cu, Zn, Rb pressed into pellets of 2.2 - R 2023 [19]
roasted and ground . scan time: 200 — 300 s,
2.4 mm thickness and
coffees . 500 pm Cu filter for Z >= 20
25.4 mm diameter
Commercial coffee For coffee ground samples: Portable EDXRF system
powder and ground 60 g of sample was by Amptek, Ag anode, Guazzelli ot al
samples K, Rb, Ca, Cl, S, Sr, Fe  passed by 90° C water, tube tension: 30 kV, None u v

from Brazil,
Venezuela and Peru

afterwards samples were dried

at 100° C for 24 h.

tube current: 0,005 mA,
scan time: 300 s

2022 [20]

Table 1: Summary of research already carried out in the context of coffees and X-ray florescence (XRF) analysis. Abbrevations:
EDXRF = energy dispersive X-ray fluorescence, WDXRF = wavelength dispersive X-ray fluorescence, TXRF = total reflection
X-ray fluorescence, PCA = principal component analysis, PLS-DA = partial least square-discriminant analysis, LDA = linear
discriminant analysis), FP = fundamental parameters. Table used in similar form in [21].
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2 Theory

2.1 Physical background of X-ray fluorescence (XRF)

techniques
2.1.1 Basic principle of XRF

In X-ray fluorescence (XRF) methods, probes are irradiated with an X-ray beam
and, if the beam energy is high enough, a primary photon can eject an inner
electron from the atoms of the probe (inner photoelectric effect). If the
remaining positive holes are then filled with electrons from the outer shells, the
atoms can emit so-called "characteristic X-ray radiation”. The probability
of such an emission is a function of the atomic number Z and has a competing
effect - the Auger-Meitner effect (visualized in Figure 3. The latter is a ra-
diationless transition. When characteristic radiation is emitted, the energy of
the photon is Epnoton = Eprevious — £ foliowing- This transition is, as the name
suggests, element specific because the different possible optical transitions are
unique to each element. A schematic overview of this process and the possible
transitions in Siegbahn and IUPAC notation is shown in Figure 4 and Figure
5. In this thesis the ITUPAC notation is used. These emmited photons are
then detected by a detector system and if the output signal is a function of the
photon energy this is called "Energy-Dispersive X-ray Fluorescence” (EDXRF).
The complementary method, where intensities are plotted over wavelengths, is
called "Wavelength-Dispersive XRF” (WDXRF) [22] [23].

In addition to the X-ray line spectrum, there is also a continuous X-ray spectrum
called the bremsstrahlung spectrum. This type of radiation is produced when
an incoming electron is slowed down by inelastic coalitions with the nuclei of
the anode. The continuous spectrum has an upper limit of F,,,, = e-Up as this
is the final energy the electron reaches when accelerated in an electric field. If
all of the electron’s energy is transferred to a photon, its energy becomes E,, 4.

The range of the bremsstrahlung spectrum is therefore 0 < Epnoton < Emaz-

In XRF experiments, a side window X-ray tube is usually used as the primary
beam source (see Figure 2). An electric current is applied to a filament, usually
made of tungsten (W), which heats up and emits electrons. A high voltage is
applied between the cathode and anode of the X-ray tube and the electrons
reach the energy e - Uy described above. When the electrons hit the anode

11
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High voltage

v

Be window

‘ - X-ray photons
¢

Figure 2: Classical side-widow X-ray tube with a beryllium (Be) window for the
production of X-rays. Figure taken from [24].

Fluorescence yield

0 ! i
0 10 20 30 40 50 60 70 80 90 100
Atomic number Z

Figure 3: The photoelectric effect (black line) and its competing effect, the
Auger-Meitner effect (dotted line). For light Z elements the Auger-Meitner
effect is dominant, for heavier atoms the photoelectric absorption becomes the
primary factor. Figure taken from [22].

material they produce Bremsstrahlung and X-rays characteristic of the anode
material. Both then leave the tube through a thin beryllium (Be) window.
Another common source of X-rays are synchrotrons, which use magnetic fields
to force charged particles such as electrons into circular orbits. As synchrotron
experiments were not part of this thesis, the author refers to the literature for

further information [22].

12
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Figure 4: Schematic overview of the possible optical transitions of a heavy atom.
Figure taken from [22].

v =

Siegbahn IUPAC Siegbahn IUPAC  Siegbahn IUPAC  Siegbahn IUPAC

Koy K-L; Loy L3-Ms Ly L-N, Ma Ms-N;
Kaz K—Lz Lﬂz L3—M4 L}’g L] —Ng MCIZ Mj—Nﬁ
Kp K-Ms L LM, Lys L1—Ns Mp Ms—Ne
KB K-N; Lf, L3-Ns Ly, L1-05 My M;-Ns
Kp! K-N; L Li-M; Ly, Li-0; M¢ M, 5Na 3
Kgs K-M; Lp4 Li-M; Lys L>-N;
Kﬂg K-Ns Lgs L3045 Lys L-04
K, f,l K-N, Lfe LN, Lys L0,
Kpax K-Ny Lp L0y Lyg L>-Ne7
Kpt K-Ms  Lfs  LyNgs Ly L-M,;
Kﬂ? K-My Lps Li—Ms Ll LM,

Lpio L-M, Ls L-M;

Lpis  LsNg Lt Li-M;

Lﬂ 17 L>-M; Lu L3—N(,47

Lv L»—Ns 7

Figure 5: IUPAC and Siegbahn notation of the possible optical transitions of a
heavy atom. Figure taken from [22].

13
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In addition to the Auger-Meitner process and the inner photoelectric effect, there
are scattering and pair production processes that occur when X-rays interact
with matter. However, pair production is only present when the primary photon
has an energy of at least 1.022 MeV and is therefore irrelevant for the current
study [25]. However, Compton and Rayleigh scattering play an important role,
since the ratio between these two peaks can be used to determine the effective
atomic number Z.;; of the sample matrix [26] [27]. This method is further
explained in section 4.7.2. Figure 6 visualizes these two effects at the atomic
level. The Rayleigh peak has a higher energy because the scattering is elastic in
this case. The primary beam photon collides with a strongly bound inner-shell
electron but does not transfer any energy. Compton scattering, on the other
hand, is an inelastic phenomenon. The primary photons interact with weakly
bound outer-shell electrons and transfer some of their energy to the ejected
electron. The Compton peak therefore has a lower energy than the Rayleigh
peak [24] [28] [29]. The energy loss can be calculated with [28], where ¢ is the
scattering angle in the electron rest system, c is the velocity of light, and m. is
the electron mass.
/
7" o g
(1 + (1 — cos(yp) - W)

Electron
Incoming photon
Scattered photon Incoming phaton o Scattered photon
" 4 - * b
e Q ©
-
®° ° >
G ° - K o e K
Ly
© @ ¢ b @

(a) (b)

Figure 6: Schematic Rayleigh- (a) and Compton-scattering process (b). Figures
taken from [24]

14
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If all the fundamental parameters contributing to the fluorescence intensity of
an element i in a sample are known, it is possible to calculate the fluorescence
intensity of a given line from them. Figure 7 shows the main components of the
equation 2. The red line corresponds to the primary attenuation, the green line
to the secondary attenuation, the yellow line to the sample/detector attenuation

and the blue line to the fluorescence cross section [30] [31] [32] [33].

x=d
x=0
Detector

Figure 7: Contributions to the measured fluorescence intensity of an element i.
Figure taken from [34].
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2.1.2 Total reflection X-ray fluorescence (TXRF)

If we irradiate the samples below the critical angle for total reflection, we get
a double excitation (TXRF). This effect increases the signals for particles by a
factor of ~ 2 and therefore, together with the low background radiation, the
detection limits [35]. Both XRF and TXRF are non-destructive methods [22]
[31].

It is important to note that for X-rays, air or vacuum is optically denser than
solids [22]. The refractive index can be written as n = 1 — ¢ — i3, where ¢ is
the decrement of the refractive index and f is the absorption term (which can
be neglected for total reflection). The critical angle is calculated as suggested
in [35] and [22]:

Z

1.65
Aerit = \/% ~E ZP (3)

where E is the energy of a photon from the incoming beam [in keV], Z is
the atomic number, A is the atomic weight [g/mol] and p is the density of the
substrate material (in our case silicon).
The principle of EDXRF and TXRF measurements is shown in Figure 8: A
polychromatic X-ray beam hits a first spectrum modifier, usually a multilayer
monochromator. The now monochromatic radiation irradiates the sample, which
in TXRF is placed on a reflector with an angle below the critical angle. The
characteristic X-rays emitted are then detected by a solid-state detector system.
A major advantage of TXRF is, that the detector can be placed very close to the
sample without interfering with the measurement. As a result, the solid angles
of the fluorescence signals are very large. This in combination with the double
excitation and the low scattering background leads to low detection limits [3]
[31] [35].
TXRF approaches work best for thin and homogeneous samples [35]. If these
assumptions are fully satisfied and we use a monochromatic excitation, we can
drop the integrals in equation 2. The primary and secondary attenuation as well
as the secondary excitation can also be neglected. If we rewrite the geometry
factor Gy, the density p(z) and the concentration ¢’ as 47T1T2 . d"jx(w) , the equation
2 can be simplified to [32] [33]:

i Jo(B) Lin(e, E) 7 (E)
472 Iy(E)

I(Ej,) =m
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Figure 8: Schematic EDXRF (a) and TXRF measurement setup (b). Figures
designed by S. Pahlke (private communication).

Where m' is the elemental sample mass, [y(g) is the primary intensity, # i

G2(¢)

) Amr2

a geometry factor, f(E% ) the sample deter-
Tk[EE) Wi - pza)

is the photoelectric absorption

the mean standing wave field
mined attenuation and e(Ej ) the efficiency of the detector. (
is the fluorescence cross section, where @
coefficient, w. is the fluorescence yield, and p?, is the emission probability of a

given element depending on the incoming excitation.

The thin film approximation can also be used to determine elemental concen-
trations with relative ease. This is done by using an internal standard with a
known concentration of an element not present in the sample [6] [22]. For ex-
ample vanadium (V), gallium (Ga), rhodium (Rh) and yttrium (Y) can be used
as an internal standard depending on the exciting beam and on the investigated

elements [6]. The sensitivity of an element i is defined as:

r r

¢ omi

s ()

and the ratio of the sensitivity of an element i to the sensitivity of the internal

standard is called “relative sensitivity”: [30]

Si
o (6)

If we now calculate the relative sensitivity of the K L3 lines of the investigated

Srel =
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element and the internal standard, we get

7 st
St = Tt )
KL
The intensities I(F% L3) are calculated with the equation 15 and the geometry
factors as well as the standing wave fields cancel out. What remains is the
formula for the calculation of the element concentration i: [32] [33] [35]
i I(E}(Ls) st 1

¢t = —I(E%Ls) - C .Srel (8)

Another important formula for the analysis of X-ray spectra is the limit of
detection (LOD) [3] [37]:

. 3- Ngack round .
LOD' = — ! v (9)

7
Npeak

For the background counts N 4 usually the total background intensity

ackgroun
is taken. In this work, however, ti]he background value proposed by Margui et
al. [26] for the LOD was chosen. This approach uses the fluctuations on the
background base level instead of the total background value as seen in Figure
9 because the element peaks are often clearly visible despite the relatively high

background base level.

5
mmen_14_21;_peses__2TT27 40 K¢ A S00

I /i

= fr;j/'

3 /r 1.\, full background :
3 / "y, M\ intensity
P N -
1 4 \*w’-\:ﬁ) =
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Figure 9: Proposed value for the background intensity needed to calculate the
limit of detection of a certain element (in this case Fe).
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2.1.3 X-ray reflectrometry (XRR)

The following two subsections are not essential for understanding the con-
cepts used in this paper. However, since Gracing Incidence X-ray Fluorescence
(GIXRF) plays an important role in the Radiation Physics group at the Insti-
tute of Atomic and Subatomic Physics, TU Wien, and because of its general
importance, it should be mentioned. To determine if samples are truly ho-
mogeneous and the thin film approximation is valid, one could use a scanning
electron microscope (SEM) or an atomic force microscope (AFM) to take a close
look at the samples. However, X-ray reflectometry in combination with GIXRF
can also be used, as shown by D. Ingerle [38] [39]. The XRR measurements
provide insight into the layer thickness and roughness of the samples. This is
done by varying the angle of incidence of the X-ray beam and detecting the
resulting interference signal produced by the reflections at the interface of each
layer. Figure 10 shows a typical XRR signal. From the period of the resulting
oscillation pattern, the thickness of the layer can be calculated. The slope of
the oscillation gives the roughness of the interface between the sample and the
substrate material. Since the resulting pattern is directly related to the electron
density of the material, this technique works only for materials with different
electron densities [40][41].

Figure 10: Typical XRR signal with the most important measurement outputs.
Figure taken from [11].

19



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

2.1.4 TXRF signals and sample structure

When the thin-film approximation is satisfied, the information obtained by XRR
can be combined with fluorescence data to overcome the ambiguity problem (=
two or more different solutions for layer thickness and implant distribution result
in good fitting) [38]. Figure 11 shows three possible signals caused by different

structures: [35]

¢ Residue: Residues on the reflector surface behave like particles as their
fluorescence signal doubles up to the critical angle. This is caused by the

total reflected beam and the primary beam resulting in double excitation.

e Surface layer: The signal is similar to that of an XRR measurement
because the reflected X-rays at the surface and bottom of a monolayer
interfere to produce a standing wave field (see Figure 12). Since the inten-
sity of the reflected beam is proportional to the fluorescence yield, this can
result in a maximum almost four times as high as the primary fluorescence

intensity.

e Bulk Material: Usually the bulk material is a quartz reflector made of
S105. The function shown is made of silicon. Up to the critical angle the
bulk is hardly penetrated. The fluorescence intensity increases exponen-
tially near the critical angle as more photons penetrate the surface and
excite silicon atoms. After passing the critical angle, the signal increases

steadily until the refractive maximum of the X-ray beam is reached.

The fluorescence intensity is directly proportional to the intensity of the stand-
ing wave field [35]. The distance between two periodic points is calculated by
Bragg’s law, as it is the prerequisite for constructive interference (equation 10).
Therefore, D is the distance between the nodal and antinodal planes [22]. The
height of the field above the substrate and the decay below the substrate surface

vary as a function of the angle of incidence ¢ (see Figure 12 (b)).

n-A=2-D-sin(p) (10)
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Figure 11: TXRF signal around the critical angle (here just before 2 mrad) from
different structured samples. Figure taken from [30].
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Figure 12: Standing wave field created by the reflected beam at the surface and
the reflections at the interfaces between layers (a) [30]. Different angles result
in different relative intensities above and below the surface of the reflector (b)
[22).
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2.2 Liquid inductively coupled plasma optical emission
spectroscopy (Liquid ICP-OES)

Liquid inductively coupled plasma optical emission spectroscopy (ICP-OES) is
a very popular analytical technique for analyzing the elemental composition
of a wide range of pharmaceutical and environmental samples. However, this
method requires liquid samples '. Therefore, solid samples, such as coffee grain
powder, must be digested with acids such as HNO3, H0O5, HCIl and H2S0,
before measurement.

The schematic principle and its differences to liquid inductively coupled plasma
mass spectroscopy (Liquid - ICP-MS) are shown in Figure 13. For both methods
the liquid sample is pumped into a nebulizer or other sample injection device
such as a spray chamber or drain. Here the sample is converted into an aerosol
and sprayed into an ICP torch. There an argon plasma state is created by
applying radio frequencies (RF) to the argon gas. The two RF generators used
are piezoelectric quartz crystal generators and free-running generators. The
operating frequency ranges from 27 to 56 MHz and is transmitted to the plasma
torch via a load coil. The temperature of the coils is regulated by either gas or
water cooling. For ICP-OES the plasma temperature reaches 8000 - 10,000 K
and, in combination with the high electron density, vaporizes and dissolves the
sample molecules into atoms. In these conditions electrons are easily excited
and ionized and when they fall back to lower energy levels they emit element

specific radiation.

detection unit

polychromator ICP

/

S b 4 | : detection unit

‘J‘ ‘ = aerosol lcf N
aerosol\ c ] \ / P \
-

/ L\ |
nebulizer | ‘ nebulizer Mm/z separ;tion
liquid sample
Liquid ICP-OES Liquid ICP-MS

Figure 13: Schematic principle of ICP-OES and ICP-MS. Figure taken from
[42].

LOther ICP related methods also work with gaseous samples
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This characteristic radiation is then collected by focusing optics (concave lens
or convex mirror) and presented to a wavelength-dispersive detector system.
The incoming light must first be separated in a spectrometer using a diffrac-
tion grating. This grating is implemented in a mirror and the light is scat-
tered at different angles depending on its wavelength (see Figure 14). Shorter
wavelengths and lower line densities of the grating generally result in smaller
reflection angles. Both polychromators and monochromators are used to spread
the incoming white light. Polychromators have the advantage of being able to
analyze all wavelengths simultaneously (typically 20 to 30) and therefore have a
high throughput rate. Monochromators have a lower throughput rate, but are
more suitable when background correction techniques are required. This is due
to the monochromator’s ability to focus on any wavelength within its working

range at any time.

Depletion

Regior:,%ﬁ‘ Sili;on dioxide
\ Ir'd (

S ——
u ,

Silicon‘substrate
(b)

Figure 14: (a) Diffraction grating principle for two wavelengths, where Ay > A;.
Shorter wavelengths and a lower grit density result in smaller deflection angles.
(b) Principle of a charge transfer device (CTD). Figures taken from [13].

The detectors used are photomultiplier tubes, array detectors, photodiode ar-
rays or, from the large class of charge transfer devices (CTDs), charge injection
devices (CIDs) or charge coupled devices (CCDs). Since the Agilent 5100 ICP-
OES system used in this study has a CCD detector, only the CTD class will be

discussed here.

A schematic diagram of a CTD is shown in Figure 14 (b). The substrate is a sil-
icon (Si) crystal with a silicon oxide (Si0-2) layer on its surface, the latter being
non-conductive. This structure is also known as a metal-oxide-silicon (MOS)
capacitor. When light from the diffraction grating hits the crystal, it breaks the
electrochemical bonds between the Si atoms, creating an electron-hole pair. A

voltage is applied to the crystal and the electrons and holes drift in opposite
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directions. This current can be measured and is proportional to the intensity of
the incident light. A CTD detector unit typically contains 512 x 512 to 4096 x
4096 individual MOS capacitors, called pixels. For CIDs each of these pixels can
be read during the measurement process without destroying its charge. How-
ever, CIDs require extensive cooling down to down to 77 K (the temperature of
liquid nitrogen at atmospheric pressure) to reduce the background noise. The
huge advantage of CCDs over CIDs is that they do not require extensive cooling.
[43] [44] [45].

Liquid ICP-MS, as shown in Figure 13, also uses an ICP to ionize and atomize
samples. The most commonly used selection device in ICP-MS is a quadrupole
consisting of four rods. After passing through the ICP torch, the now gaseous
sample is transferred to an electromagnetic quadrupole; a direct bias current
is applied to one pair of rods, an RF field to the other. Depending on these
two fields, only atoms/molecules with a certain mass-to-charge ratio can pass
through the quadrupole configuration and reach the detector. This process is

then repeated for every other possible m/z ratio of the analytes [44] [40].
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2.3 Chemometrics

Chemometrics is an integral part of this thesis; the two methods used were
Principal Component Analysis (PCA) and Partial Least Squares Discriminant
Analysis (PLS-DA). These statistical methods are closely related and have been
used extensively in chemical research to visually distinguish different groups of
samples, creating so-called chemical fingerprints. PLS-DA can be thought of
as an improved version of PCA that takes into account the different labels, or
classes, of each sample [17] [48] [19] [50] [51]. In our case, these classes were

pure coffees, pure instant coffees, and coffees with additives (e.g. milk, proteins,

).

2.3.1 Principal component analysis (PCA)

This subsection follows the article ” From Periodic Properties to a Periodic Ta-
ble Arrangement” by Emili Besalt [50] and its ”Guide for Instructor” in the
Supporting information. For many scientists with no previous experience in
chemometrics, including the author, the concept of a PCA can seem quite ab-
stract if explained only theoretically without an example. The calculations from
the article are slightly adapted and reproduced here to illustrate the principles
of PCA. The goal of this example is to take the atomic properties from Table
2 and transform it into something close to the well-known periodic table of the
elements using the PCA method. However, instead of using 35 elements as in
[50], this calculation includes just elements present in coffee samples employed
in this study, namely: P, S, Cl, K, Ca, Mn, Fe, Cu, Zn, Br, Rb, and Sr. The
transition metals Mn, Fe, Cu, Zn were not studied in [50]. The chosen atomic
properties, however, are the same as in [50]; atomic weight (in amu), covalent
atomic radius, first ionization potential, first electron affinity and electronega-
tivity (see Table 2).

PCA tries to reduce dimensions (in this case we have five dimensions, our atomic
properties) in a way that retains most of the information contained [47] [52].
This allows us to explore relationships that may not have been obvious before.
The goal in this particular case is to reduce the data to a 2D space so that we

can visualize and plot it, while losing as little information as possible.
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Atomic Atomic  Atomic First IP  First EA Electroneg.

No. Number SYmbol Y::f:; R(‘;Crl;‘)‘s (kJ/mol) (kJ/mol)  (Pauling)
1 15 P 30,97 100 1011 72 2,2
2 16 S 3206 100 1000 200 2.6
3 17 cl 35,45 100 1255 349 3.2
4 19 K 3010 220 418 18 0.8
5 20 Ca 1008 180 590 2 13
6 25 Mo 5494 140 717 50 16
7 26 Fe 5581 140 759 16 18
8 29 Cu 63,55 135 785 118 19
9 30 Zn 65,41 135 906 58 16
10 35 Br 79,9 115 1140 325 3
11 37 Rb 8547 235 102 47 0.8
12 38 St 8762 200 548 5 10
Mean value 55,86 150,00 79131 99,17 182
Scaled deviation 6880 15780 916,90 423,60 2,68

Table 2: Atomic properties used for the exemplary PCA. Atomic radii taken
from [53], originally from [54]. The First EA for Mn and Zn was taken from
[55]. Other data taken from [56].

First, the values from Table 2 must be transformed to make them dimension-
less. This requires calculating the mean of each atomic property x) and the

corresponding scaled deviation:

g; —

Then each value is subtracted by the mean of each respective column and divided
by the scaled deviation of that column. The now dimensionless matrix A is
shown in Table 3.

The means of this new dimensionless matrix are zero, and the scaled deviation

becomes:

R
VN V12

To obtain the correlation matrix C (Table 4, which gives information about

o —0.289 (12)

the positive or negative correlation between the atomic properties, we have
to calculate the scalar product of each column with the others. For example,

the scalar product of the atomic weight vector times the atomic weight vector
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Atomic Atomic Atomic

No. Number Symbol weight Radius First IP First EA Electronegativity
1 15 P -0,361 -0,317 0,240 -0,064 0,142
2 16 S -0,346 -0,317 0,228 0,238 0,292
3 17 Cl -0,296 -0,317 0,506 0,590 0,515
4 19 K -0,243 0,444 -0,407 -0,121 -0,372
5 20 Ca -0,229 0,190 -0,220 -0,229 -0,193
6 25 Mn -0,013 -0,063 -0,081 -0,352 -0,100
7 26 Fe 0,000 -0,063 -0,031 -0,199 0,004
8 29 Cu 0,112 -0,095 -0,050 0,047 0,030
9 30 Zn 0,138 -0,095 0,126 -0,097 -0,063
10 35 Br 0,349 -0,222 0,380 0,533 0,441
11 37 Rb 0,430 0,539 -0,425 -0,123 -0,372
12 38 Sr 0,461 0,317 -0,265 -0,222 -0,324

Mean value 0,00 0,00 0,00 0,00 0,00
Scaled deviation 0,289 0,289 0,289 0,289 0,289

Table 3: Dimensionless matrix A obtained by subtracting the mean value z

and dividing by the scaled deviation o;. The mean values now become zero and

the scaled deviation of each column is oy = ﬁ

gives a;; = 1; the atomic weight vector times the atomic radii vector gives
as1 = 0.444, and so on.

The resulting 5 x 5 matrix is symmetric and is shown in Table 4. It is important
to note that the atomic radius is strongly negatively correlated with the first
ionization potential (-0.928) and the electronegativity (-0.895). However, the
first ionization potential is strongly positively correlated with the first electron
affinity (0.771) and the electronegativity (0.966). The electronegativity and the
first electron affinity are also strongly positively correlated (0.848). The corre-

lation between each atomic property and itself is logically 1.

Atomic Atomic

weight Radius First IP First EA Electronegativity

Atomic weight 1 0,444 -0,325 -0,125 -0,330
Atomic Radius 0,444 1 -0,928 -0,555 -0,895
First IP -0,325 -0,928 1 0,771 0,966
First EA -0,125 -0,555 0,771 1 0,848
Electronegativity  -0,330 -0,895 0,966 0,848 1

Table 4: Correlation matrix C.
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It can be shown that a symmetric matrix can be diagonalized with an invert-
ible matrix B with B~'CB = D. The matrix elements a1, as2,...,any of a
diagonalized n x n matrix are its eigenvalues A1, As, ..., A\,. Furthermore, if
A1 # Ay # ... £ A, then the corresponding eigenvectors are linearly indepen-
dent, orthogonal and form a so-called "eigenbasis” [57] [58]. We now want to
transform our correlation matrix C in Table 4 into this new basis. For conve-

nience, we diagonalize the matrix C with an online diagonalization tool [59].

Diagonalize a Symmetric Matrix Eigenvalues and Eigenvectors:
Use as many rows as you need. Leave the rest blank. 0.393651
7 0120169
0.444 1 Eigenvector 3: Eigenvalue=0.376992
-0.377304
-0.32 -0.92 1 0.566127
-0.218009
-0.12¢ -0.55 0771 1 0.699724

-0.000966249

Eigenvector 4: Eigenvalue=0.0284547

-0.33 -0.89 0.96€ 0.848 1

-0.0497458
0.372184
0.820046
-0.0730156
Submit Reset _?Lf?_sf_g_“_
Eigenvector 5: Eigenvalue=0.012302
. -0.0144432
Eigenvalues and Eigenvectors: 0.535017
0.100243
-0.408422
E?genvec!or fLH Eigenvalue: 3.64147 0.732592
0.229244 fes
0.483768
-0.512323
-0.428119
-0.5173563 Calby College Chemistry, 1998

(a) (b)

Figure 15: Online matrix diagonalization tool from Colby College [59]. Through
the diagonalization process we obtain the eigenvalues and eigenvectors.
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Eigenvalues Percentage PC1 PC2

3,641 72,33 0,229 -0,896

0,941 18,82 0,484 -0,144

0,377 7,54 0,512 -0,086

0,028 0,57 0,428 -0,394

0,012 0,25 0,517 -0,120
Sum 5,000 100,00

Table 5: Eigenvalues and their respective percentages (left) and the first two
columns (PC 1 and PC 2) of the loadings matrix L (right).

The eigenvectors and their percentages (cumulated variance) are shown on the
left side of Table 5. The first eigenvalue carries 72.83 % of the total information,
the second eigenvalue carries 18.82 % of the total information. The cumulative
variance of the first two eigenvalues therefore contains an astonishing 72.83% +
18.82% = 91.65% of the total information. Principal component (PC) 1 and
2 are the first two columns of the so-called loadings matrix L. These loadings
are now multiplied by the adimensional matrix A (Table 3) to obtain the score

matrix S:

S = A - L (13)

~—~— ~—

52 5x5 5x2
The entries of the score matrix are now our new 2D coordinates for our initial
data (see Table 6) and vary from -1 to 1. Note that the signs of the eigenvectors

have been changed to get a graph with the same orientation as the periodic table.
We now plot the score matrix and connect the points of the respective groups

and periods of the periodic table. Of course, Figure 16 differs from the original

Figure [60], but the connection is still clearly visible.
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No, Atomic g g  PCL Po2
Number coordinate coordinate
1 15 P 0,405 0,357
2 16 S 0,602 0,207
3 17 Cl 0,999 -0,027
4 19 K -0,612 0,282
5 20 Ca -0,350 0,310
6 25 Mn -0,210 0,179
7 26 Fe -0,068 0,090
8 29 Cu 0,031 -0,104
9 30 Zn 0,005 -0,075
10 35 Br 0,678 -0,576
11 37 Rb -0,822 -0,333
12 38 Sr -0,658 -0,309

Table 6: Score matrix S for the elements P, S, Cl, K, Ca,
Rb, and Sr.

PCA Periodic Table

0,6

Alcali Alcaline

metals earth
metals

P
Transition ®
metals

PC 2 (18,82 %)
°

PC 1 (72,83 %)

Mn, Fe, Cu, Zn, Br,

Halogens

1,5

Figure 16: Plotted score matrix S. The representation is similar to the well

known periodic table of the elements [60].
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2.3.2 Partial least squares-discriminant analysis (PLS-DA)

PLS-DA can be interpreted as an improved version of a PCA, with full knowl-
edge of the class labels used. A PLS-DA must reduce dimensions like a PCA
and also provide a model for prediction, such as the cross-validation leave-one-
out (LOO) procedure. The PCs are called latent variables (LVs) here and are
our new orthogonal axes. In the LLO method, each sample is hidden once
when the model is computed and inserted into the latent variable model to test
whether the classification is accurate for each "unknown” sample. In practice,
two algorithms are used for PLS-DA: PLS-DA1, when there are two classes
involved (e.g., two categories of coffee), or PLS-DA2, when there are three or
more classes, as in our case. The number of discriminant functions obtained
from PLS-DA is n-1, where n is the total number of classes. The algorithms are
iterative, so the results of the previous PLS component become the new input
and output data (the output data in this case is a dummy matrix made up of
the class labels). The final plot of a PLS-DA should show a grouping of the
different classes [51] [61] [62] [63]. The values of the discriminant functions can

be interpreted as a sample belonging to a particular class [64].
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3 Experimental setup
3.1 Agilent ICP-OES 5100 Synchronous Vertical Dual View
(SVDV) Spectrometer at the University of Girona

The key data and operating parameters of the Agilent ICP-OES 5100 used for

our study were:

¢ Sample Aggregate State: Liquid

« Radio Frequency (RF) power: 1200 W
o Plasma Gas Flow Rate: 12 1/min

¢ Torch Configuration: Axial

e« Nebulizer: Concentric

o Analytical lines: K (766.491 nm), Ca (317.933 nm), Mn (257.610 nm),
Fe (238.204 nm), Cu (327.295 nm), Rb (780.026 nm), Sr (407.771 nm for
CRMs and 460.733 nm for coffees), Zn (213.857 nm)

o Gas: Argon (Ar) gas is used for the plasma, the nebulizer and the optics

interface purge. The polychromator assembly can be operated with argon

AGHENT 5100 ICP.0ES

NEW TECHNOLOGIES

ATE RF
W ANALYTICAL STARILITY

iy Technuicgies

32



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

3.2 Bruker AXS Ranger S2 at the University of Girona

The EDXRF analysis was performed with a commercially available benchtop
EDXRF spectrometer (S2 Ranger, Bruker AXS, GmbH, Karlsruhe, Germany).
The anode of the X-ray tube is made of palladium (Pd). The system features
the XFLASH-LE™ Silicon Drift Detector (SDD) with an ultra-thin beryllium
(Be) window. The resolution is typically around 141 eV for the Mn-KL3 line
at a count rate of 100,000 cps. The Ranger S2 has nine primary filters and
can be operated in vacuum or helium flush mode. The X-ray tube requires
no external cooling, which is both convenient and cost-effective. The control
software Spectra EDX also comes from Bruker AXS, GmbH and can perform all
necessary tasks from fitting to deconvolution. It uses intensity correction when
inter-element effects occur and is capable of performing quantitative routines
such as fundamental parameter approaches using varying alpha coefficients. The
specification of the instrument and all measurement conditions are summarized

in the following list [66] [67]:
o X-ray tube anode material: Palladium (Pd), Z=46

¢ Measurement mode: Vacuum mode for pellets, He flush mode for loose

powder samples
¢ Measuring time: 200 s
e Voltage: Range 10-50 kV, 40 kV selected for experiments
e Current: 1-1000 pA, max. 2 mA

¢ Filters evaluated: 5 um Ag, 200 pm Al, 500 pm Al 100 pm Cu, 200

pm Cu, None; primary filter used for experiments: 500 pm Al
o Detector: XFLASH-LE™ Silicon Drift Detector (SDD)

¢ Detector Specifications:

Window: High transmission polymer window
Active Area: 20 mm?2.

— Resolution: Typically 141 eV for Mn-KL3 at 100,000 cps

— Element Range: In theory C (Z=6) to U (Z=92); practically with
the used control unit: F (Z=9) to U (Z=92)

Cooling: Maintenance free electric Peltier cooling
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3.3

Figure 18: Ranger S2 EDXRF benchtop system.

WOBISTRAX at the Institute of Atomic and Sub-
atomic Physics, TU Wien

For the TXRF experiments we used a spectrometer based on the WOBISTRAX
design, developed at the Roentgenlab at the Institute of Atomic and Subatomic
Physics, TU Wien [68] [69] [70]. Figures 19, 20 and 21 show the setup in detail.
The measurement time was set to 1000 s for each sample. The main components
and settings for the WOBISTRAX spectrometer are

X-ray Generator: IfG Control and Supply Unit (CSU) (Adlershof,
Berlin, Germany, now part of Helmut Fischer GmbH).

X-ray Tube: Warrikhoff MCB50-0.7G, 35 W Rhodium (Rh) anode, air
cooled, long fine focus, IfG IMOXS tube housing.

Operating Conditions: 50 kV / 700 uA
Multilayer Monochromator: Diameter: 25.4 mm (1 inch), 100 layers

of Pd/B,C (d = 3.24 nm) on polished quartz SiOy substrate. ¢prqqq=
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0.66 deg.

Sample changer / reflector: The sample changer is mobile and can
hold 12 sample carriers (= reflectors) for sequential measurements. The
reflectors are usually made of quartz (Si0s), but can be any 30 mm di-

ameter reflectors.
Vacuum: Rough vacuum membrane pump (=~ 2 mbar)
Limits of detection: < 100 ng Sr (< 10 ppb for a 10 ul droplet)

Detector: X-123 complete X-ray spectrometer silicon drift detector (SDD)
with a Si-PIN (Amptek Inc., Bedford, MA, USA) with a 25 mm? and 8 um
thick beryllium window collimated to 17 mm?2. It has a 5 mm diameter
silver (Ag) end cap control hole. The resolution is 139 to 260 eV FWHM
at 5.9 keV [71].

Beam Monitor: Fluorescent film in the beamline monitored by a carged

coupled device (CCD) camera connected to the computer.

Electronic safety contact that closes the shutter of the incoming X-ray

beam if the door is accidentally opened while the X-ray beam is on.

Software: Customized WOBISTRAX control software with graphical
user interface (GUI).

(a) (b)

Figure 19: Monochromator adjustable with 3 plane defining screws (a) and
horizontal view of samples inside the sample changer (b).
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From the X-ray tube mounted on the left side of the chamber, the emitted
polychromatic X-rays hit the multilayer, which acts as a monochromator. The
beam then passes through an Al filter, which suppresses the Rh-L lines. The
angle for the first order Bragg reflection of the Rh-KL3 line, according to Bragg’s
law for n=1 and E=20.02 keV, is ¢prqgq= 0.66 deg.

AMPTEK SDD
with a 17 mm?

MCA
Low power Rh ’BI‘: :T‘ ;:':rk /
anode X-ray tube

50 kV /0,7 mA \
\ CCD-camera

Kapton window / beam

(8 pym thick) visualization
Pd/B,C multilayer gl /
L

e height sample
adjustable
slit (50 ym) SiO;-reflector
Membrane
pump (vacuum
=2 mbar)

Figure 20: Schematic layout and beamlines in the WOBISTRAX spectrometer
chamber.

36



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

Figure 21: The WOBISTRAX setup at the Institute for Atomic and Subatomic
Physics at the TU Wien. The marked components are: (1) Rh anode X-ray
tube, (2) Amptek XR-100SDD detector, (3) 3 screws for adjusting the sample
changer plane, (4) motor signal cable, (5) sample changer, (6) CCD camera for
beam monitoring, (7) hose to vacuum pump, and (8) electronic safety contact.
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4 Methods

4.1 Analysis strategy for EDXRF experiments

This subsection can be seen as a graphical summary (Figure 22 and Figure 23) of
this work. Since many publications on coffee powder analysis using XRF meth-
ods (Table 1) did not report the exact measurement conditions and/or sample
preparation steps, we wanted to fill this knowledge gap. The exact process of
developing the experimental methodology is explained in more detail below in

the next subsection.

For the sample preparation for the EDXRF analysis, we compared pressed pel-
lets with and without various amounts of CEROX wax added to loose powder
samples. Loose powders require the least preparation time and were presented
to the Bruker Ranger S2 in a Teflon ring with a transparent film. Since the
loose powder particles could damage the instrument if used in a vacuum, the
helium flush mode had to be used instead. However, the loose powder did not

provide sufficiently precise and accurate results.
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Figure 22: Visualization of the experimental approach for the EDXRF measure-
ments of this thesis. The measurements were carried out at the Department of
Chemistry, University of Girona using a Bruker Ranger S2 benchtop EDXRF
system. The red circles mark the finally chosen modes/configurations.
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In the end, 2 g of pellets with 0.2 g (10 %) of wax added was the best com-
promise between pellet durability and trueness (= precision + accuracy). The
qualified measurement conditions of the Bruker S2 Ranger are 10 kV without
filter; 20 kV without filter; 50 kV with Cu filter and 40 kV with 500 pm Al filter.

The latter were found to be the most suitable.

The quantification process was particularly difficult because coffee powders are,
by their nature, not homogeneous in composition. This is especially true for
the class of coffees with additives (milk, proteins, etc.). To be able to compare
our results in the absence of a certified reference material (CRM), we performed
ICP-OES measurements. For the quantification of the EDXRF spectra, we used
two different fundamental parameter (FP) approaches and one with empirical
calibration curves. For the first FP method, we used a reported coffee extract
formula to calculate the effective atomic number Z.yy, which is required for the
FP calculation software provided by the Ranger S2 instrument. The second FP
approach used the Rayleigh to Compton peak ratio of known materials pressed
into pellets to calculate the Z.ry. However, as expected, the calibration curves
prepared using empirical standards previously measured by ICP-OES showed
the best agreement with the reference ICP-OES results.

Chemometrics were performed using SPSS (Statistical Package for the Social
Sciences), a commercial statistical software package from IBM. Both PCA and
PLS-DA were used to analyze the empirical concentration values and the full
spectra. To date, very few publications have used the full XRF spectra for
chemometrics. The advantage of this approach is, that it is no longer necessary
to first determine the elemental concentrations (by whatever method) if one is

only interested in chemical fingerprints.
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4.2 Analysis strategy for TXRF experiments

The TXRF measurements were performed at the Institute of Atomic and Sub-
atomic Physics at the TU Wien. A custom built spectrometer chamber based on
the WOBISTRAX design was used. We used the digestions previously prepared
for the ICP-OES analysis and added 25 pl of 200 ppm Ga as internal standard
to 1 ml of the digest. This results in a final Ga concentration of 4 ppm. De-
pending on the sample type and element abundance, 10 or 30 ul of sample were
pipetted onto a quartz (Si02) reflector. The chosen measurement conditions
were 50 kV / 700 pA with a 50 pm Al filter. The original plan was to also
prepare suspensions, as these sample types do not require prior time-consuming
digestion processes. However, in order not to go beyond the scope of this work,

this step was omitted and will be tested for a future publication.

TXRF
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Figure 23: Visualization of the experimental approach for the TXRF measure-
ments of this thesis. The measurements were carried out at the spectrometer
chamber based on the WOBISTRAX design, custom-made at the Institute for
Atomic and Subatomic Physics, TU Wien. The red circles mark the finally
chosen modes/configurations.

For the quantification of the TXRF spectra, as for the EDXRF data, we com-
pared an FP approach with empirically derived calibration curves. For the FP
approach we used ATI-QUANT, a software developed at the Institute of Atomic
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and Subatomic Physics, TU Wien. The thin film approximation mode was used.
The empirical calibration curves contained the same standards as the EDXRF
empirical calibration. The spectra fitting for both approaches was done with
PyMeca, an open source software for XRF analysis (developed by the European

Synchrotron Radiation Facility).

4.3 Coffee samples

The coffee samples were purchased in Croatian supermarkets and come from
three different categories: pure coffee, pure instant coffee and coffee with addi-
tives (e.g. milk, proteins, etc.). For the EDXRF study 48 coffees were used, 11
of them as empirical standards. Of these 48 coffees, 19 were pure coffee, 8 were
pure instant coffee, and 21 were coffees with additives. For 19 of these 48 sam-
ples, FAAS data were already available for comparison. For the remaining 29
coffees, reference measurements were required as there is no certified reference
material (CRM) for coffee. ICP-OES was chosen for this task due to its avail-
ability at the University of Girona and the reliability of the method. In addition
to these 29 samples, 3 of the first 19 samples were also analyzed by ICP-OES,
since these samples were available in relatively large quantities and had been
extensively studied during the sample preparation test procedure. This results
in 32 coffees that were finally measured by ICP-OES. For each of these coffees,

two independently prepared samples were made.

We produced enough of the coffee digests for the ICP-OES measurement so that
the remaining liquid could be used for the TXRF analysis. Of the 32 coffees
for TXRF analysis, 10 were pure coffee, 7 were pure instant coffee, and 15 were

coffees with additives.
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4.4

Materials

The following materials (other than coffee samples) were used in the study:

Stock solutions of the elements K, Ca, Mn, Fe, Cu, Zn, Rb, Sr
and Ga (internal standard) (1000 mg/L, ROMIL PrimAg® Monocom-
ponent Reference Solutions) for the preparation of calibration standards
for ICP-OES analysis.

Ultrapure deionized water (Millipore Corp., Bedford, Massachusetts,
USA) for diluting stock solutions and coffee sample digests.

Nitric acid (69%, HIPERPUR, Panreac, Spain) and hydrogen perox-
ide solution (30%, TraceSELECT®, Sigma-Aldrich, Spain) for digesting
coffee samples and reference materials for ICP-OES and TXRF analysis.

Hoechst wax C micropowder (Csg H76 NoOs, Merck KGaA, Germany)
to stabilize the coffee pellets and make them more durable for future anal-

ysis, if needed.+

Boric acid (H3BO3, ACS 99.5% Merck KGaA, Germany) to calculate
the calibration curve for the mean effective atomic number (Z.ys) of the

coffee samples for the semi-FP EDXRF approach.

Potassium nitrate (KNO3, ACS > 99.0%, Merck KGaA, Germany)
to calculate the calibration curve for the mean effective atomic number
(Zegy) of the coffee samples for the semi-FP EDXRF approach.

Lithium tetraborate (LioB,O7, > 99.0% trace metal basis, Merck KGaA,
Germany) to calculate the calibration curve for the mean effective atomic

number (Zeys) of the coffee samples for the semi-FP EDXRF approach.

Cellulose (C}2H22011, microcrystalline powder < 20um, Merck KGaA,
Germany) to calculate the calibration curve for the mean effective atomic

number (Zcys) of the coffee samples for the semi-FP EDXRF approach.

4.0 pm-thick Prolene® X-ray film (Chemplex Industries, Inc., Palm City,
FL, USA) to support loose powder samples.
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In addition, in the absence of a CRM for coffee, the following other organic
reference materials for ICP-OES and TXRF measurements were purchased from

the National Analysis Center for Iron and Steel in Beijing, China:
« CBWO07604 (poplar leaves)
« NCS ZC73036 (green tea) and

« NCSZC73031 (carrot)
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4.5 Sample preparation and measurement conditions
4.5.1 ICP-OES

A microwave acid digestion method was used to digest the coffee samples to
make them suitable for ICP-OES analysis. Dalipi et al. [72] have already shown
that this method is reliable for the digestion of vegetation matrices. We took
250 mg of each coffee sample and weighed each one on a microbalance to record
the exact mass. The samples were then transferred to a Teflon vessel and 9 ml of
the aforementioned nitric acid and 1 ml of hydrogen peroxide were added. The
closed vessels were placed in a microwave system (speedwave XPERT, Berghof
Products + Instruments GmbH, Germany, see Figure 24) and digested according
to the following scheme: in a first step (5 min) the samples were heated to 180°C;
in a second step the program stayed at 180°C for 10 min. Finally, after the
cooling phase, the digested sample solutions were transferred to 30 ml vessels
and diluted to this volume with ultrapure water. The exact dilution factor of
each sample was then calculated. One random vessel was always used as a blank
sample. The analysis was performed on the aforementioned Agilent ICP-OES
5100 Synchronous Vertical Dual View (SVDV) spectrometer.

(a) (b)

Figure 24: (a) Speedwave XPERT microwave system and (b) PE-MAN manual
hydraulic press with pellet preparation equipment.

4.5.2 EDXRF

The coffee grain powder samples were pressed into pellets of 40 mm diame-

ter. Since sometimes only small amounts of sample mass were available, we
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finally decided to mix 2 g of powder sample (instead of e.g. 5 g) with 0.2 g
of Hoechst Wax C micropowder for stabilization and durability. We pressed
the 2.2 g mixture at 200 kN (20 metric tons) for 60-90 s in a hydraulic manual
press (PE-MAN, LGC Limited, Teddington, England) shown in Figure 24. For
comparison, loose coffee powder samples were also analyzed by EDXRF (Figure
26). For this, 2 g of coffee powder was transferred into a Teflon cup supported
by a 4.0 pum-thick Prolene® X-ray film (Chemplex Industries, Inc., Palm City,
FL, USA). The helium (He) flush mode of the Bruker S2 Ranger was chosen for
the loose powder analysis to prevent damage to the instrument. To ensure the
quality of the measurements, the system was calibrated daily using reference
standards.

To determine the best measurement conditions available on the Bruker Ranger
S2, a pressed pellet of a pure coffee sample was analyzed. The measurement
time was generally set to 200 s as this seemed to be a good compromise between
repeatability and analysis time. Figure 42 shows a comparison between four dif-
ferent conditions: (1) 50 kV with a 100 pm Cu filter; (2) 40 kV with a 500 pm
Al filter; (3) 20 kV without filter and (4) 10 kV without filter. For the elements
K and Ca, the best signal-to-noise (S/N) ratio was obtained using condition (3),
and for the elements Mn, Fe, Cu, Zn, Rb, and Sr, the best condition was (2).
However, since the focus of this study is on multi-element analysis, condition
(2), 40 kV with a 500 pm Al filter, was selected as the best overall condition.

(a) (b)

Figure 25: (a) Pressed coffee pellet and (b) loose powder sample in a Teflon
cup, coated with a thin film suitable for XRF analysis.
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4.5.3 TXRF

For the TXRF analysis, the same digests were used as for the ICP-OES analysis.
Gallium (Ga) was used as the internal standard. 1 ml of the 1000 ppm Ga stock
solution was diluted with 4 ml of ultrapure water to obtain a 200 ppm Ga
solution. For sample preparation, 25 ul of this Ga solution was mixed with 1
ml of digest. This results in a concentration of approximately 4 ppm Ga in the
sample. The exact weight for this ratio was measured and recorded for each
sample.

Each blank reflector was measured for 100 seconds to ensure that there was no
contamination on the reflector. Prior to pipetting the liquids onto the reflectors,
they were vortexed for one minute to ensure homogeneity. Sample volumes
ranged from 10 pl to 30 pl. This depended on the element concentration of the
sample and whether the droplet actually stayed in the center of the reflector
after drying on an 80°C hot plate. After each 10 pl drop, the reflectors were
dried before the next drop was added.

(b)

Figure 26: A digested coffee sample that appears to be a perfectly clear liquid
(a), but the dried residue on the reflector indicates that it is more likely a
suspension (b).
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4.6 ICP-OES quantification

For ICP-OES quantification, we focused on the elements K, Ca, Mn, Fe, Cu, Zn,
Rb, and Sr for both certified reference materials (CRMs) and coffee samples.
We prepared 8-12 standard solutions for each element with 1000 ppm stock
solutions. The different amounts of stock solutions were mixed with 7 ml of
HNO3 to have more or less the same matrix as the digested coffee samples.
The solution was then made up to volume (15 g) with ultrapure water. The
measured intensities of the stock solution were then plotted against the known
concentrations to obtain empirical calibration curves. The points were then
linearly interpolated. The resulting function of the form y = kx + d must then
be solved for z = ¥ —d, where y is the measured intensity from the K-KL3 line,
k is the slope of the linear function, d is the offset, and x is the corresponding
concentration. In some cases we had to split the calibration curves into different
ranges (low and high concentration) due to the different concentrations within
the samples.

For the quantification of the CRMs, we used the same approach. However, since
the concentration levels were different from those of the coffee samples, a new
set of calibration curves was required, again using two different ranges (low and
high concentration). An example calibration curve is shown in Figure 27. It is
important to note that the concentrations obtained from this curve still need to
be multiplied by the correct dilution factor for each sample (DF' = 60 for coffee

samples and ~ 80 for CRMs) to obtain the correct element concentrations in

the coffees.
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Figure 27: Experimental calibration curve for K for the quantification of the
ICP-OES measurements. Only the higher K concentration range was considered.
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4.7 EDXRF quantification approaches

In absence of a certified standard reference material (CRM) for coffee we chose
a semi-empirical fundamental parameter approach and an empirical calibration

approach for quantification of the EDXRF spectra.

4.7.1 Calibration curves using empirical standards (EDXRF)

For the EDXRF calibration curves for the elements K, Ca, Mn, Fe, Cu, Zn, Rb
and Sr, we selected 11 coffees analyzed by ICP-OES, which provided a wide
range of concentrations for all elements. These 11 coffees are called empirical
standards. Then we created an application using the Bruker Spectra EDX soft-
ware. The intensities of each element were plotted against the concentrations
obtained from the ICP-OES measurements for the selected coffee samples. If a
data point was clearly out of range, it was removed from the plot. The offset
d was set to zero. The final calculations were performed by the software. An
example plot is shown in Figure 28 for potassium (K). The white squares mark
the net intensities and the blue hourglasses mark the corrected values for the
K-KL3 line.
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Figure 28: Experimental calibration curve for K using 11 coffees as empirical
standards.
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4.7.2 Semi-empirical fundamental parameter approach

For this semi-empirical fundamental parameter approach, the Bruker Ranger
S2 software was used. However, the software requires the effective atomic num-
ber Z.s; of the sample matrix for quantification. To determine this Z.;, we
used the ratio between the Compton and Rayleigh scattering peaks of known
materials, since these signals carry information about the sample matrix. This

approach has already been shown by [26]. Z.ys is defined as

Zeff = Zgi(/;VZZ A?i) (14)
where W; is the weight fraction of element k in the compound, Z; is the atomic
number of element k, and A; is the atomic mass of element k in atomic mass units
(amu). To obtain a calibration curve like the one in Figure 29, we calculated the
Zsf according to equation 14 for known materials and measured their EDXRF

spectra using 5 g pellets to obtain the Compton to Rayleigh ratio (x-axis).

16
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Figure 29: Experimental calibration curve with known materials to determine
an effective atomic number (Z.s) for each coffee from the ratio of Compton to
Rayleigh scattering peaks.

The points were then parabolically fitted using Microsoft Excel 365. To obtain
the Z.¢s for each coffee, we calculated the Compton to Rayleigh ratio and en-
tered it into the 2"? order fit function y = Zeyr = 1.38652% — 9.3687x + 21.993.
The materials used were: potassium nitrate (KNOs), boric acid (H3BOs3),
lithium borate (LiaB4Or), cellulose (C19H22011), and Hoechst Wax C mi-
cropowder (C3gH76N203). The range of Z.¢y was from 14.7 (KNOs) to 6.2
(C33H76N2O2).
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4.8 TXRF quantification approaches
4.8.1 Empirical calibration curves (TXRF)

For the empirical calibration curves, the same set of 11 empirical coffee stan-
dards was used as in section 4.7.1. Approximately 4 ppm Ga was added to 1
ml of the digest of the empirical coffee standards. The exact weight of both the
digest and added internal standard was recorded to calculate the concentration
of the internal standard in the sample (Table 30). This factor is needed for an
accurate calculation.

Two independently prepared digests were available for all 11 coffees used as
standards. These 22 coffee standards were then measured with the WOBIS-
TRAX system using the sample preparation techniques and measurement con-
ditions described above. Figure 30 shows a calibration curve used to quantify
the TXRF spectra. Since an internal standard was used, the y-axis is no longer

just the intensity of an element i, but the corrected intensity ;Egﬁ; times the
K

concentration of the internal standard ¢*' (see also equation 8). The mean of
the two independent standards was taken to obtain a point on the calibration

curve. Then the points were fitted linearly again.
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Figure 30: Experimental calibration curve for K using 11 coffees as empirical
standards.

PyMeca was used to deconvolve the spectra. It is important to note that the flu-
orescence peak area for the entire K shell was used instead of just the KL3/KL2
lines. However, this makes no difference when used for all calibration curves

and all samples. This approach does not apply to L-lines and their entire tran-
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sitions which is the result given by PyMca.

To obtain the correct concentration for each element of the coffee samples, the
measured peak area must be divided by the internal standard peak area and
multiplied by the respective internal standard concentration. The final step is
to calculate the mean and standard deviation of each element for each sample.

Microsoft Excel was used to perform the calculations.

4.8.2 Fundamental parameter approach (ATI-QUANT)

The ATT-QUANT software was developed by B. Grossmayer [73], P. Necker [74]
and E. Holub [75] at the Institute of Atomic and Subatomic Physics, TU Wien.
The application is able to perform quantification of TXRF spectra using only
fundamental parameters. We used the thin-film approximation mode, which is

described by the formula explained in section 2.1.2:

s 1o(B) Lil(p,E) 7ic(E)
A Io(E)

I(Bie)=m e -ph-Ga(0)- F(Elg)-€(Bi.) (15)
The software is very easy to use, but not yet publicly available. It allows the
user to precisely describe the measurement conditions such as tube parameters,
information about filters (source and detector) and the detector itself, as well
as to implement known sample compositions, if any. In order to make XRF
spectra usable for ATI-QUANT, they must first be fitted with PyMca. The .fit
files received must then be converted into an .asr file with an in-house program.
If AXIL is used for fitting and peak deconvolution, the fit result is already in
.asr format.

The ATI-QUANT results can be exported to Microsoft Excel. There we have
to correct the results for the internal standard concentration by dividing it by
the Ga result and then multiplying the element concentration by the individual
dilution factor and the internal standard concentration of each sample. Figure
31 shows the ATI-QUANT user interface and Figure 32 shows the calculated

tube spectrum and detector efficiency.
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Figure 31: User interface of the ATI-QUANT software.
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Figure 32: Simulated spectrum of the Warrikhoff MCB50-0.7G X-ray tube with
the selected Rh-KL3 line (a) and simulated detector efficiency (b). Figures
created with ATI-QUANT.
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4.9 Chemometric analysis

We used the IBM SPSS version 28 to conduct the chemometric experiments.
Principal component analysis (PCA) and partial least squares combined with
discriminant analysis (PLS-DA) were chosen as analytical techniques. However,
before the data in the form of .txt files from the spectrometer could be loaded
into SPSS, they had to be processed by an in-house Fortran 95 application
(Lahey/Fujitsu Fortran 95 express v 7.20.00 compiler).
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5 Results and Discussion

5.1 ICP-OES measurements

5.1.1 ICP-OES calibration curves for certified reference materials
(CRMs)

The CMRs had to be further diluted compared to the coffee samples. Therefore,
two different sets of calibration curves were used. The Figures 33 - 36 show the
calibration curves for the quantification of the analyzed certified reference ma-
terials CBW07604 (poplar leaves), NCS ZC73036 (green tea) and NCSZC73031
(carrot) for the elements K, Ca, Mn, Fe, Cu, Zn, Rb and Sr. In the case of
the carrot standards, an extra curve was calibrated for Ca because the concen-
trations were relatively low. The calibration curve for K is already shown in

section 4.6 (Figure 27). The linear regression values R? are all above 0.99.

Ca Ca, carrot

¥ = 36200x + 13887
R'#0,9977

. 14 16 a

Concentration in standard solution [mg/kg]

(a) (b)

Concentration in standard solution [mg/kg]

Figure 33: (a) Calcium (Ca) calibration curve for quantification of ICP-OES
measurements for the poplar leaf and green tea CMRs. (b) Calibration curve
for calcium (Ca) quantification of ICP-OES measurements for carrot CRM using
low concentration Ca standards.
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Figure 34: (a) Calibration curve for manganese (Mn) and (b) iron (Fe) quan-
tification of the ICP-OES measurements using standard solutions.
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Figure 35: (a) Calibration curve for copper (Cu) and (b) zinc (Zn) quantification
of the ICP-OES measurements using standard solutions.
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Figure 36: (a) Calibration curve for rubidium (Rb) and (b) strontium (Sr)
quantification of the ICP-OES measurements using standard solutions.
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5.1.2 ICP-OES calibration curves for coffee samples

The Figures 37 - 41 show the calibration curves for the quantification of the
analyzed coffee samples for the elements K, Ca, Mn, Fe, Cu, Zn, Rb and Sr.
In the case of Mn, Rb and Sr, two calibration curves were used; one for low
and one for high concentrations of the respective element. The linear regression

values R? are all above 0.99.
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Figure 37: (a) Calibration curve for the quantification of the ICP-OES mea-
surements of coffee samples for potassium (K) and (b) for calcium (Ca) using
standard solutions.
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Figure 38: (a) Calibration curve for the quantification of the ICP-OES mea-
surements of coffee samples for low concentrations of manganese (Mn) and (b)
for high concentrations of Mn using standard solutions.
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Figure 39: (a) Calibration curve for the quantification of the ICP-OES mea-
surements of coffee samples for iron (Fe) and (b) for zinc (Zn) using standard
solutions.
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Figure 40: (a) Calibration curve for the quantification of the ICP-OES mea-
surements of coffee samples for low concentrations of rubidium (Rb) and (b) for
high concentrations of Rb using standard solutions.
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Figure 41: (a) Calibration curve for the quantification of the ICP-OES mea-
surements of coffee samples for low concentrations of strontium (Sr) and (b) for
high concentrations of Sr using standard solutions.
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5.1.3 ICP-OES results for certified reference materials (CRMs)

The ICP-OES elemental concentration analysis of the available organic CMRs
with the obtained calibration curves from subsection 5.1.1 showed very good
agreement with the reference data. The results are summarized in Table 7.
Because of the excellent agreement, we decided to use the ICP-OES data of the

coffee samples as reference values.

CBW07604 NCS ZC73036 NCS ZC73031
Element
(Poplar leaves) (Green tea) (Carrot)
ICP-OES [ppm] Reference [ppm] ICP-OES [ppm] Reference [ppm] ICP-OES [ppm] Reference [ppm]

K 13400 £ 100 13800 + 700 15600 4 1500 15500 4 700 9900 £ 1000 10800 + 400
Ca 17600 & 1600 18100 £ 1300 11200 + 600 12100 4 300 2500 £ 100 2500 £ 100
Mn 38.8 + 0.3 45 £ 4 1258 £ 97 1170 £ 60 10.8 +£ 0.9 12.1 £ 0.5
Fe 290 + 26 274 + 17 357 £ 12 322 + 23 171 £ 12 148 £ 15
Cu 9.1 +£0.1 9.3 £ 1.0 259 £4.7 24+ 1 4.4 +0.3 4.1+0.3
Zn 372 +2.0 37+ 3 33.6 £ 2.0 35+ 2 11.7 + 1.0 11.2 £ 0.5
Rb 7.88 £ 0.05 7.6 £ 0.8 83.9 £ 8.5 89 £9 8.0+ 0.4 6.9 & 0.5
Sr 192 £ 18 1549 29.0 £0.9 362 19.0£1.4 22+£2

Table 7: ICP-OES results of our main analytes K, Ca, Mn, Fe, Cu, Zn, Rb and
Sr of our three CRMs compared to their respective reference data. Table also
used in [21].

5.1.4 ICP-OES results for coffee samples

The results for the ICP-OES measurements are implemented in the following
subsections 5.2.5 (ICP-OES vs. EDXRF) and subsection 5.3.3 (ICP-OES vs.
TXRF). They are also listed in detail in Appendix A and B.
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5.2 EDXRF measurements
5.2.1 Measurement conditions

To evaluate the different measurement conditions available: 100 pm Cu filter
at 50 kV, 500 um Al filter at 40 kV, no filter at 20 kV, and no filter at 10 kV,
we measured the spectra of a pressed coffee pellet for 200 s with the Ranger
S2 system. The maximum intensity was automatically set to 100,000 cps. The
result is shown in Figure 42. Note that the y-axis represents the logarithmic
intensity. The effect of the filters is clearly visible as elements with Z less than
K are almost completely blocked. When the Cu filter is used, the signal of
the main elements K and Ca is drastically reduced. If no filters are used, the
characteristic radiation of the light elements reaches the detector unhindered.
However, the heavier elements such as Rb and Sr are hardly visible (poor signal-
to-noise ratio). Therefore, since this study focuses on multi-element analysis,
the mode with the 500 pm Al filter at 40 kV was chosen as the final measurement
condition. It clears the spectrum of light elements not of interest in this study,
but still allows strong K and Ca signals and allows the detection of heavier

elements as well.
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Figure 42: Effect of four different measurement conditions on the spectra of a
pressed pellet: pm Cu filter at 50 kV (blue), 500 pm Al filter at 40 kV (green),
no filter at 20 kV (red) and no filter at 10 kV (yellow). Figure in similar form
used in [21].
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5.2.2 Sample preparation

In addition to analyzing the chemometric and quantitation approaches, this
study also focused on the different sample preparation options. As shown in
Table 1, there is no general consensus on the best way to prepare coffee powder
samples. Most studies use pressed pellets with and without wax as a binder.
The advantages of wax are that it is an organic compound and that it helps
to stabilize samples [76]. This is also useful when re-measurement is required.
However, it is also possible to present the loose powder to the instrument. This
approach is less time consuming as it requires little sample preparation. Both
approaches have been tested, as well as the effect of different amounts of wax (in
percent of sample mass). The latter is shown in Table 8 (mean values, n=2). The
data show a steady decrease in signal-to-noise ratio with increasing amount of
wax. This is particularly problematic in the case of trace element analysis in the
category of coffee with additives, since the element concentrations are already
very low and can be below the limit of detection. This effect can be explained
by the dilution of the sample as the wax content increases (see Figure 43). In
addition, since wax is composed of light elements, it can increase scattering and
thus contribute to a higher background intensity. The sample mass was set at
2 g for all samples because many of the coffees studied were only available in
small quantities. Better overall results could be obtained by using 5 g due to

the indefinite-thickness-of-sample approximation then in use.

Element Instant coffee Pure coffee Coffee with additives

0% 10% 20% | 0% 10% 20% | 0% 10% 20%
K 50.6 44.9 36.7 | 44.8 389 29.5 | 23.0 155 14.8
Ca 8.7 5.3 4.0 7.4 5.7 5.0 13.1 8.7 7.5
Mn 2.9 1.9 1.9 2.5 1.9 1.5 1.4 0.4 N.D
Fe 5.4 3.3 3.2 9.2 9.9 7.8 2.9 1.0 0.9
Cu 2.4 1.8 1.9 5.0 4.8 49 | ND N.D N.D
Zn 2.2 1.1 1.1 2.9 1.8 1.6 2.1 0.9 0.7
Rb 1.8 0.9 0.7 14 0.5 0.4 1.2 0.1 0.08
Sr 1.1 0.8 0.8 1.1 0.6 0.6 | NND N.D N.D

Table 8: Effect of different amounts of wax binder (0%, 10% and 20% of sample
mass) on the signal-to-noise-ratio for the elements K, Ca, Mn, Fe, Cu, Zn, Rb
and Sr for pure instant coffees, pure coffees and coffees with additives. Table
also used in [21].
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The results of the loose powder analysis are shown in Figures 44 and 45 for
the trace elements Mn, Fe, Cu and Zn. The fundamental parameter approach
was chosen for quantification as it was the first method available at this early
stage of the study. Both the powder and the pressed pellet (10% wax) show
large deviations from the mean ICP-OES values. However, because Mn was
once undetectable by the powder method, despite being present in relatively
large amounts, the pressed pellets with 10% wax added were chosen as our final

sample preparation technique for EDXRF measurements.
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Figure 43: Comparison of different sample preparation techniques (from highest
to lowest curve): (1) pellet with 0% wax, (2) pellet with 10% wax, (3) pellet
with 20% wax, and (4) loose powder sample.
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Figure 44: Comparison of FP quantification results for Mn (a) and Fe (b) for
loose powder samples and pellets with 10% wax added with ICP-OES values.For
means and SD of all ICP-OES data and pellet data for samples 12 and 17: n=2.
For means of powder samples and pellet data for sample 14: n=5.
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Figure 45: Comparison of FP quantification results for Cu (a) and Zn (b) for
loose powder samples and pellets with 10% wax added with ICP-OES values.
For means and SD of all ICP-OES data and pellet data for samples 12 and 17:
n=2. For means of powder samples and pellet data for sample 14: n=5.
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5.2.3 Limits of detection

Detection limits have not been extensively studied in this work, but it is in-
teresting to show the difference in results from different forms of background
calculations (as described in Figure 9). The comparison is shown in Figure
46. For Mn, Fe and Cu, the conventional background calculation gives about
five times higher detection limits compared to when the standard deviation of
5-6 background points is inserted into the equation 9. For Zn the difference is
smaller, but the detection limit still drops by 50%. The latter approach can be

understood as a subtraction of the background level from the fluctuations.
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Figure 46: Different results for the detection limit of Mn, Fe, Cu and Zn of a
pressed pure coffee pellet with added 10% wax: (a) LOD calculation using the
full background intensity and (b) LOD calculation using the standard deviation
of different points of the background intensity.
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5.2.4 Calibration curves for EDXRF

The Figures 47 - 50 show the calibration curves for the quantification of the
analyzed EDXRF spectra of coffee samples for the elements K, Ca, Mn, Fe, Cu,

Zn, Rb and Sr. The linear regression values R? are all between 0.88 and 0.99.
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Figure 47: (a) Empirical calibration curve for potassium (K) using 11 coffee
samples as empirical standards.(b) Empirical calibration curve for calcium (Ca)
using 11 coffee samples as empirical standards.
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Figure 48: (a) Empirical calibration curve for manganese (Mn) using 10 coffee
samples as empirical standards.(b) Empirical calibration curve for iron (Fe)
using 9 coffee samples as empirical standards.
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Figure 49: (a) Empirical calibration curve for copper (Cu) using 8 coffee samples
as empirical standards.(b) Empirical calibration curve for zinc (Zn) using 9 coffee
samples as empirical standards.
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Figure 50: (a) Empirical calibration curve for rubidium (Rb) using 11 coffee
samples as empirical standards.(b) Empirical calibration curve for strontium
(Sr) using 11 coffee samples as empirical standards.
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5.2.5 ICP-OES vs. EDXRF quantification approaches

For the semi-empirical fundamental parameter approach, we used the Bruker
Ranger S2 software, which requires a Z.fs. Therefore, we estimated this num-
ber using the method described in section 4.7.2. We calculated the Compton to
Rayleigh peak ratios of 19 samples which resulted in a Z.;; for pure coffee of
6.9240.16 with n=10, for pure instant coffee in a Z.s; of 7.01 £0.13 with n=2
and for coffee with additives in a Z.y; of 6.88 £ 0.19 with n=7). Since there
were hardly any differences, we chose a mean Z.f¢ of 6.916 (n=19). However,
the software requires a chemical formula, so we created a dummy matrix using

the equation 14 of exactly this Z.rr, namely Cos H32N10O12.

The results of this semi-FP approach were then compared with the results of
the empirical approach using calibration curves (section 4.7.1). Both sets of
data were plotted against the reference ICP-OES values. These plots can now
be analyzed using a linear regression method, also used in [21]. The ideal lin-
ear curve should have an R? value of 1, a slope of 1 and an intercept of 0. It
is obvious that neither of the two approaches satisfies these conditions. Par-
ticularly problematic are the trace elements Mn, Fe, Cu and Zn, which were
greatly overestimated by the semi-FP approach. Zn and Fe were also overesti-
mated by the empirical calibration method. However, the empirical calibration
method showed better results overall compared to the semi-FP approach. The
following plots show the results in detail, the blue curves mark the results of
the EQUAE measurements?, the orange curves mark the concentrations of the

empirical calibration approach.

2EQUARE is the name of the semi-FP application on the Ranger S2 system
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Figure 51: Comparison between the EDXRF results obtained by the semi-
empirical FP approach (EQUAE, blue) and the empirical calibration curves
(orange) for the elements K (a) and Ca (b).
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Figure 52: Comparison between the EDXRF results obtained by the semi-
empirical FP approach (EQUAE, blue) and the empirical calibration curves
(orange) for the elements Mn (a) and Fe (b).
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Figure 53: Comparison between the EDXREF results obtained by the semi-
empirical FP approach (EQUAE, blue) and the empirical calibration curves
(orange) for the elements Cu (a) and Zn (b).
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Figure 54: Comparison between the EDXRF results obtained by the semi-
empirical FP approach (EQUAE, blue) and the empirical calibration curves
(orange) for the elements Rb (a) and Sr (b).
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5.2.6 Chemometric results EDXRF

PCA

PCA can be used in a variety of contexts for XRF analysis, see for example [77]
or [78]. Also for coffee analysis by XRF, PCA has been used relatively often
for chemometric analysis, as shown in Table 1. For the PCA with the classical
approach of using the mean values of the elemental concentrations, we used the
EDXRF data of 37 samples obtained by the empirical calibration method (see
table 20). The result are given in Figure 55 (a) next to the PCA result of the
1570 energy channels as variables Figure 55 (b).

In the case of the concentrations used as variables, the first three principal
components contain about 86% of the total variability. Looking at the loading
matrix shown in Table 9, we see that the first PC is strongly defined by the K,
Mn, Fe, Cu, Rb and Sr contents, but weakly correlated with Ca and Zn. The
latter two variables almost exclusively define the second PC. The clustering of
the samples is clearly visible. The category of coffee with additives is the most
dispersed, since its composition depends strongly on the additive (milk, choco-
late, ...).

Using the raw spectra, we gain only 42% of information within the first 3 PCs.
The clustering disappears and therefore this strategy is not usable for raw spec-

tra analysis.
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W Sibliothek,

Variable PC1 PC2 PC3

K 0,799 -0,162 0,475
Ca 01 0915 0,328
Mn 0,902 0,082 -0,199
Fe 0,797 0,098 -0,441
Cu 0,819 0,086 -0,499
Zn 01 0,969 -0,053
Rb 0,687 -0,031 0,198
Sr 0,75 -0,103 0,617

Table 9: Loadings matrix for the first three PCs.

PCA EDXRF (concentrations)

PCA EDXRF (raw spectra)

PC1(476%)
PC1{223%)

30 29 10 <3E
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Figure 55: Score plot of the PCA of the elemental concentration obtained by the
EDXRF empirical calibration approach (a) and by presenting the raw spectra
to the algorithm (b). The blue dots represent coffees with additives, the red
dots represent pure coffees, and the green dots represent pure instant coffees.
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PLS-DA

Since the PCA method was not able to cluster the raw EDXRF spectra, we tried
to develop a PLS-DA approach using leave-one-out (LOO) cross-validation for
this task. The PLS-DA of the raw EDXRF spectra was performed using 3 and
5 latent variables. We used all 37 available spectra for this analysis. The results
are shown in the Figures 56 and 57. It can be seen that Function 1 separates
coffees with additives from pure coffees. Function 2 separates instant coffees
from pure coffees. Using 3 LVs results in less precise clustering than using 5
LVs. It was very surprising to the author that when PLS-DA was performed
with bad labeling (incorrect labeling of the three categories, which happened by
chance), both approaches still produced similar plots to the Figures 56 and 57.
This is probably due to the immense amount of data available to the algorithm,

which is then able to find a seemingly good model.
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Figure 56: Training/fit of PLS-DA with 3 latent variables using the energy
channels of the raw spectra as variables. The blue dots represent coffees with
additives, the red dots represent pure coffees, and the green dots represent pure
instant coffees
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Figure 57: Training/fit of PLS-DA with 5 latent variables using the energy
channels of the raw spectra as variables. The blue dots represent coffees with
additives, the red dots represent pure coffees, and the green dots represent pure
instant coffees

However, when it comes to making predictions, the bad labeling fails miserably.
The predictions were done by hiding one sample at a time from the input data
and computing the model without it. Then, the hidden sample is inserted into
the model and the data point is plotted. The result is the LOO cross validation
shown in Figure 58. The process was automated with an in-house Fortran 95
code. This approach worked best for 3 LVs. A sample belongs to the additive
category if its Function 1 value is above 0.5 and its Function 2 value is below
0.5. A sample belongs to the pure coffee category if both its Function 1 and 2
values are below 0.5. A sample belongs to the instant category if its Function
1 value is below 0.5 and its Function 2 value is above 0.5. As can be seen in
Figure 58, all predictions were successful. The additive category is again the

least compact and the most widely spread.
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5.3 TXRF measurements

For the TXRF measurements the custom-built WOBISTRAX spectrometer was
used. Figure 59 shows a typical registered spectrum with logarithmic y-axis. Re-
markable is the very low background intensity. Table 10 shows the deconvoluted
peak area for each element (full K-shell) obtained by PyMca.

W K-KL3

1000 | K-KM3 + Ca-KL3 Ga-KL3 AN-KL3 o kL3

Si-KL3
{reflector) 5.

log. Counts /dE

Figure 59: TXRF spectrum of a coffee sample, with Ga as internal standard.

Elements of interest Peak area (PyMca)

(K-shell)
K 77646
Ca K 5155
Mn 469
Fe 620
Cu 477
Zn 189
Rb 3130
Sr 510
Ga 11818

Table 10: Deconvoluted peak areas for the TXRF spectrum seen in Figure 59.
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5.3.1 Validation of TXRF measurements

The only approaches completely independent of ICP-OES are the FP approaches.

To validate our thin-film FP used by the ATI-QUANT software, we analyzed
the digests of all three available CRMs (carrot, poplar leaves and green tea).

Duplicates were used for the analysis. Deviation is defined as

DEV =100 - (Cmeasured - Creference)/creference (]—6)

Carrot standard

Figure 60 shows a comparison between elemental concentration reference values
from the data sheet, ATI-QUANT results, and ICP-OES data for the carrot
standard. The comparison shows acceptable agreement with the reference and
ICP-OES concentrations with deviations less than 30% for all elements (see
Figure 61). The highest deviation is seen for the elements K and Ca with values
significantly lower than the reference. This indicates some sort of self-absorption
effect. The suspense nature of the solution (it is not a perfectly clear digest) is
also problematic when pipetting, leading to variations in the amount of sample

pipetted.

Carrot reference standard (NCS ZC 73031)
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Figure 60: Comparison of the obtained elemental concentrations of K and Ca
(a) and Mn, Fe, Cu, Zn, Rb and Sr (b) of the carrot standard with the reference
values; n=2.
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Figure 61: Deviations from the certified reference values of the carrot standard
for the concentrations obtained by ICP-OES and ATT-QUANT; n
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Poplar leaves standard

The evaluation of the poplar leaf standards showed similar results to the carrot
standard with a deviation below 20% for K, Ca, Mn, Cu and Zn (see Figures
62 - 64). The concentrations obtained for K and Ca were again lower than the
reference data, which can be explained by self-absorption effects. However, the
deviation for Fe is immense with more than 60%, which could indicate some

kind of Fe contamination of the samples.

Poplar leaves reference standard (CBW07604) Poplar leaves reference standard (CBW07604)
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i
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§ 8288

Figure 62: Comparison of the obtained elemental concentrations of K and Ca
(a) and Fe and Sr (b) of the poplar leaves standard with the reference values;
n=2.

Poplar leaves reference standard (CBW07604)
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Figure 63: Comparison of the obtained elemental concentrations of Mn, Cu; Zn
and Rb of the poplar leaves standard with the reference values; n=2.
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5.3.2 Empirical calibration curves (TXRF)

The Figures 65 - 68 show the calibration curves for the quantification of the
analyzed TXRF spectra of coffee samples for the elements K, Ca, Mn, Fe, Cu,
Zn, Rb and Sr. The linear regression values R? range between 0.89 and 0.99.

Potassium (K) Calcium (Ca)
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Figure 65: (a) Empirical calibration curve for potassium (K) using 11 coffee
samples as empirical standards. (b) Empirical calibration curve for calcium
(Ca) using 11 coffee samples as empirical standards.

Manganese (Mn) Iron (Fe)
0,18 2
0,16 ¥ = 0,4314866x + 0,0121903 . o 18 ¥ = 0,7616116x + 0,0058775 i
* Q9634 f O 16 2 = 0,961
6\ 0.14 R =09634895 o N o R? = 0,9613431
v ; Yia
s o1z » 512
9 01 = 1
£ 0,08 .. S 08
~ . 0.6 .
£ 0,06 ° & 06
2 ¥ g £ 04 -
£ o v =02 o ®
0,02 & 0 -
0 0,00 0,50 1,00 1,50 2,00 2,50 3,00
000 005 010 015 020 025 030 035 040

ntrati L
Concentration (ppm), ICP Concentration (ppm), ICP

(a) (b)

Figure 66: (a) Empirical calibration curve for manganese (Mn) using 10 coffee
samples as empirical standards. (b) Empirical calibration curve for iron (Fe)
using 11 coffee samples as empirical standards.
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Figure 67: (a) Empirical calibration curve for copper (Cu) using 11 coffee sam-
ples as empirical standards. (b) Empirical calibration curve for zinc (Zn) using

11 coffee samples as empirical standards.
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Figure 68: (a) Empirical calibration curve for rubidium (Rb) using 11 coffee
samples as empirical standards. (b) Empirical calibration curve for strontium

(Sr) using 10 coffee samples as empirical standards.
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5.3.3 ICP-OES vs. TXRF quantification approaches

The results of the ATI-QUANT FP approach are compared with the results
of the empirical approach using calibration curves in the same way as for the
EDXRF concentrations in section 5.2.5. Both data sets are again plotted against
the reference ICP-OES values. These plots are analyzed using the linear regres-
sion method. The ideal linear regression curve should have an R? value of 1, a
slope of 1, and an intercept of 0. Again, neither approach meets these condi-
tions. However, the empirical TXRF concentration values have a higher overall
trueness (= accuracy + precision). The trace elements Mn, Fe, Cu and Zn are
again problematic, as they are strongly overestimated by the FP approach, but
show relatively good agreement with the empirical TXRF approach. The fol-
lowing plots show the results in detail, the blue curves mark the results of the
ATT-QUANT measurements, the orange curves mark the concentrations of the

empirical calibration approach.
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Figure 69: Comparison between the TXRF results obtained by the FP approach
(ATT-QUANT, blue) and the empirical calibration curves (orange) for the ele-
ments K (a) and Ca (b).
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Figure 70: Comparison between the TXRF results obtained by the FP approach
(ATI-QUANT, blue) and the empirical calibration curves (orange) for the ele-
ments Mn (a) and Fe (b).
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Figure 71: Comparison between the TXRF results obtained by the FP approach
(ATI-QUANT, blue) and the empirical calibration curves (orange) for the ele-
ments Cu (a) and Zn (b).
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Figure 72: Comparison between the TXRF results obtained by the FP approach
(ATI-QUANT, blue) and the empirical calibration curves (orange) for the ele-

ments Rb (a) and Sr (b).
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5.3.4 Chemometric results TXRF

PCA

As stated in section 5.2.6, PCA works best when using mean values of concen-
trations (see Table 31). The results are shown in Figure 73 and in the loadings
matrix (Table 11). 21 samples were used for this analysis. In this case, almost
92 % of the variability is contained in the first 3 PCs. The first PC is defined by
all element concentrations except Ca. The second PC is again dependent on all
elements except Mn, and again not on Ca, which almost exclusively defines the
third PC. The score plot shows a good clustering of the three coffee categories,

but the instant coffee category is not as separated from the pure coffee category

as in section 5.2.6.

Variable PC1 PC2 PC3
K 0,872 -0,461 -0,083
Ca 0,144 -0,073 0,957
Mn 0,928 0,147 -0,113
Fe 0,81 0,493 -0,081
Cu 0,715 0,606 -0,164
Zm 0,47 0,654 0,341
Rb 0,807 -0,573 0,018
Sr 0,872 -0,462 0,056

Table 11: Loading’s matrix for the first three PCs.
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Figure 73: Score plot of a PCA using TXRF concentration data. The blue dots
represent coffees with additives, the red dots represent pure coffees, and the
green dots represent pure instant coffees.
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PLS-DA

Unfortunately, at the time of writing, it was not possible to complete the chemo-
metric analysis of the raw TXRF spectra. This analysis will be included in
another planned publication. However, it is interesting to show the PLS-DA
training/fit using elemental concentrations (Figure 74) instead of the raw spec-
tra analysis in section 5.2.6. The clustering is accurate, but as for the PCA

score plot in Figure 73, the difference between instant and pure coffee is small.
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Figure 74: Training/fit of PLS-DA with 3 latent variables using the elemental
concentrations of 21 samples from TXRF analysis. The blue dots represent
coffees with additives, the red dots represent pure coffees, and the green dots
represent pure instant coffees.
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5.4 Comparison of all quantification approaches

The Figures 75 - 82 compare all 21 coffee samples quantified by ICP-OES, FP
approach for TXRF (ATI-QUANT), empirical calibration method for TXRF,
semi-empirical FP approach for EDXRF and empirical calibration method for
EDXREF. For Cu, the semi-empirical FP approach for EDXRF results are not
shown because they are much too high and interfere with the analysis. It is
important to note that the FP approaches are the only ones that are completely
independent of the ICP-OES results.

All the techniques used give results with deviations up to £30% from the refer-
ence values, except for the EDXRF FP approach whose deviations can be much
worse. In general, the variations are probably due to the samples themselves.
The grain size of the pellets may be too large, and the TXRF samples are sus-
pensions rather than perfectly clear digests. The ICP-OES experiments have
the advantage of using several ml of sample. For TXRF the sample mass is in
the low pul range. In general, the more sample mass used, the more represen-
tative the result. However, TXRF results could be improved by increasing the
vortexing time to 2 minutes and then pipetting the samples immediately onto
the reflectors. We also increased the volume pipetted from 10 ul to 3 x 10 = 30
ul.

Coffees with additives generally show lower concentrations of all elements be-
cause they are more diluted. Cappuccino samples show higher Ca concentra-
tions, probably due to the added milk. Cappuccino Hazelnut shows higher
concentrations of all elements except Rb compared to the other coffees with
additives. Instant coffees show higher concentrations of K, Ca, Rb, Sr.

For unknown reasons, the metals Mn, Fe, Cu and Zn show much too high con-
centrations when analyzed with ATI-QUANT. Deconvolution and fitting have
been checked several times and are fine. The ATI-QUANT results deviate not
only from the ICP-OES values but also from the TXRF empirical calibration
method. These latter deviations must be due to the evaluation itself, since both
use the same spectra as a basis. Perhaps the empirical calibration method takes
into account different sample properties that the FP approach cannot. This
should result in lower elemental concentrations due to self-absorption, as seen
for example in the deviations of K and Ca of the carrot standard (Figure 61).
However, what we see for Mn, Fe, Cu and Zn is the exact opposite, namely

much too high estimates when quantified with FP approaches.
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The three categories pure coffee, pure instant coffee and coffee with additives
show large differences in the concentrations of K, Ca, Rb and Sr. This allows a

possible grouping for e.g. K (from highest to lowest range):
e Pure instant coffee: 25000 - 35000 ppm
e Pure coffee: 15000 - 20000 ppm

o Coffee with additives: 5000 - 12000 ppm
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Figure 75: Comparison of the concentrations obtained with their standard de-
viation for K.
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Figure 76: Comparison of the concentrations obtained with their standard de-
viation for Ca.
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Figure 77: Comparison of the concentrations obtained with their standard de-
viation for Mn.
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Figure 78: Comparison of the concentrations obtained with their standard de-
viation for Fe.
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Figure 79: Comparison of the obtained concentrations with the standard devi-
ations for Cu. The semi-empirical EDXRF FP approach is not shown because
the values are too high and therefore interfere with the analysis of the other
approaches.
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Figure 80: Comparison of the concentrations obtained with their standard de-
viation for Zn.
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Figure 81: Comparison of the concentrations obtained with their standard de-
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Figure 82: Comparison of the concentrations obtained with their standard de-
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6 Final conclusion

In this diploma thesis, an EDXRF and a TXRF method were developed for the
multi-element (K, Ca, Mn, Fe, Cu, Zn, Sr and Rb) analysis of coffee samples
of different categories (pure coffee, pure instant coffee and coffee with additives
such as milk, proteins, etc.).

In addition to elemental quantification and chemometic analysis, the sample
preparation procedure was also studied in detail, as there was nor is a gen-
eral consensus in the scientific literature. Evaluation of sample preparation
for EDXRF showed best results with pellets of 2 g coffee grain powder with
0.2 g wax added (10% of sample mass). The TXRF approach used the digest
previously prepared for ICP-OES analysis with the addition of 4 ppm Ga as
an internal standard. The ICP-OES measurements were necessary because no
CRMs are available for coffee and reference values were needed.

For both the TXRF and EDXRF methods, elemental quantification worked best
using empirical calibration curves for the respective spectrometers. These curves
used a set of coffee samples as empirical standards that had been previously an-
alyzed by ICP-OES but were not otherwise included in the study. Comparison
with the ICP-OES data showed acceptable agreement. The FP quantification
approaches studied were promising, but particularly problematic for the trace
elements Mn, Fe, Cu and Zn.

The chemometric approaches used to classify the coffee categories were PCA
and PLS-DA. PCA showed a good clustering of the coffee categories when the
elemental concentrations were used as variables, but not when the raw spectra
were used as input. PLS-DA, on the other hand, worked well with the raw
EDXRF spectra. The big advantage of this is that there is no need to quantify
the spectra before analysis, which saves time. The author hopes that the results
presented in this work can be used as a basis for further EDXRF and TXRF
analyses not only of coffee but also of other organic materials in the future. The
chemometric approaches may also provide the potential for origin analysis of

coffees.
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V1T

Potassium (K)

Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP
A N2 4427 314 7260 -64 4347 2
A J2 8663 89 12100 -40 10670 -23
A 1G5 9013 127 12200 -35 9285 -3
A J1 9153 813 11400 -25 9648 -5
A N1 8384 73 10200 -22 7329 13
A F1 11404 423 14400 -26 12312 -8
A A3 4973 199 8080 -62 5607 -13
A 1G6 4458 112 7000 -57 3978 11
A 1G4 5695 177 12500 -119 9409 -65
A 12 4151 271 6230 -50 2923 30
1 B 27154 701 28000 -3 27548 -1
I A 36071 232 35400 2 33742 6
I P 29831 1370 29800 0 30989 -4
I 17 24023 1294 24600 -2 24986 -4
P G 15431 e 18600 -21 17224 -12
P N 18613 120 21800 -17 21675 -16
P F 16577 13 18000 -9 17831 -8
P M 17050 1762 22300 -31 21483 -26
P K 19986 521 21200 -6 21588 -8
P H 15535 39 18900 -22 18392 -18
P 14 15039 167 17900 -19 17948 -19

Table 12: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for K. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.



Calcium (Ca)

Sample Sample Mean SD EDXRF Deviation (%) EDXRF
type code ICpP ICP FP EDXRF FP / ICP emp.

Deviation (%)
EDXRF emp./ ICP
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1T

A N2 625 1 672 -8 537 14
A J2 1235 6 1670 -35 1221,1 1
A 1G5 436 2 283 35 487,2 -12
A J1 1546 70 1880 -22 1522.,6 2
A N1 1710 16 2190 -28 1723,3 -1
A F1 377 7 169 95 623,8 -65
A A3 259 10 79 69 348,8 -35
A 1Ge 677 26 680 0 644,2 )
A 1G4 1411 16 2820 -100 2066,9 -46
A 12 1156 31 1370 -18 1132,9 2
I B 1046 7 1220 -17 1164,2 -11
I A 920 15 957 -4 1323,3 -44
1 P 918 6 852 7 1345 -47
I 17 911 12 844 7 1069,4 -17
P G 842 ) 855 -2 798 5
P N 891 6 926 -4 950,9 -7
P F 864 12 960 -11 841,1 3
P M 822 32 896 -9 984,5 -20
P K 938 10 908 3 1004,2 -7
P H 856 10 827 3 889,8 -4
P 14 878 20 872 1 856,7 2

Table 13: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Ca. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.
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Manganese (Mn)

Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP

A N2 129 005 ND - 0,3 77
A J2 3,65 0,04 1 201 6,5 78
A 1G5 1,82 0,01 11 -505 0,3 83
A J1 1,06 0,06 9 747 2.3 117
A N1 1,76 0,03  N.D - 0,3 83
A F1 1,35 0,01 8 -494 2 -49
A A3 0,73 0,03 b) -587 1,5 -106
A 1G6 0,63 0,02 7 -1004 0,3 53
A 1G4 0,75 0,00 8 -969 0,3 60
A 12 121 0,05 4 -231 0,8 34
I B 20,79 0,48 38 -83 20,2 3

I A 708 0,03 21 -196 9 27
I P 821 0,05 18 -119 8,1 1

I 17 1984 0,65 29 46 19,9 0

P G 17,98 0,58 31 72 16,4 9

P N 20,71 0,12 34 -64 18,1 13
P F 17,81 0,26 35 -97 16,9 5

P M 14,55 1,40 27 -86 16 -10
P K 1842 0,11 28 52 19,3 -5

P H 1717 0,02 31 81 18,3 7
P 14 11,51 0,07 24 -108 14,5 -26

Table 14: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Mn. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.
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Iron (Fe)
Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP

A N2 429 0,71  N.D - 2 53
A J2 28,50 0,62 52 -82 36,4 28
A 1G5 5,27 0,42 14 -166 2,4 54
A J1 476 0,07 14 -194 3,6 24
A N1 474 0,16 11 -132 1,9 60
A F1 5,74 0,17 12 -109 2,2 62
A A3 4,78 0,15 10 -109 4,3 10
A IG6 3,69 0,20 12 225 0,5 86
A 1G4 3,20 0,08 11 -243 2,4 25
A 12 513 0,17 9 75 N.D -

I B 19,07 0,00 38 -99 19,5 -2
I A 16,51 0,42 39 -136 16,3 1

I P 11,02 0,29 22 -100 12,7 -15
I 17 1931 0,43 32 66 21,9 13
P G 29.39 0,11 50 -70 325 11
P N 32,46 0,18 55 -69 40,8 -26
P F 40,40 5,94 62 53 41,7 -3
P M 26,80 2,80 49 -83 32,4 21
P K 27,70 0,22 48 -73 35,5 -28
P H 28,72 0,88 48 -67 34,3 -19
P 14 44,09 3,73 82 -86 61,6 -40

Table 15: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Fe. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.
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Copper (Cu)

Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP

A N2 0,33 0,09 9 -2631 0,9 -173
A J2 3,00 0,03 14 -366 4 -33
A 1G5 0,32 0,02 11 -3391 1,3 -313
A J1 044 0,02 12 -2641 1,7 -288
A N1 028 0,00 10 -3454 1,2 -326
A F1 0,26 0,01 11 -4116 1,3 -398
A A3 0,25 0,03 10 -3917 1,3 -422
A 1G6 0,34 0,04 11 -3090 1,1 -219
A 1G4 0,28 0,00 11 -3890 1,2 -335
A 12 0,25 0,00 9 -3440 1,1 -333
I B 0,26 0,01 11 4146 2,1 711
I A 057 0,03 15 2511 2.4 -318
I P 0,68 0,35 10 -1368 2,9 -326
I 17 784 0,10 9 15 1,9 76
P G 931 015 2 179 7.9 15
P N 828 0,01 99 -166 7.8 6

P F 7,28 0,02 27 =271 7,4 -2

P M 6,99 0,66 21 -200 7,6 -9

P K 6,87 001 20 -191 7.7 -12
P H 9,11 0,29 24 -163 9.4 -3

P 14 6,26 0,08 19 -203 6,1 3

Table 16: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Cu. Deviation
is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.
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Zinc (Zn)
Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP
A N2 1,63 1,1  N.D - 0,8 51
A J2 841 027 14 -66 9.8 -16
A 1G5 1,65 0,07 6 -264 2,1 =27
A J1 437 0,19 9 -106 5 -14
A N1 1,03 0,01 4 -289 1,1 7
A F1 1,40 0,17 5 -257 1,1 22
A A3 1,24 0,17 4 999 0,8 36
A IG6 2,61 0,30 7 -168 2,5 4
A 1G4 4,50 0,06 11 -144 7,2 -60
A 12 0,92 0,02 3 =227 1,3 -42
I B 2,88 0,70 5 -74 2 30
I A 248 0,10 9 -263 2.8 -13
I P 1,61 0,01 4 -148 1,6 1
I 17 241 0,22 5 -108 2 17
P G 487 1,04 9 -85 43 12
P N 379 0,02 7 -85 43 -14
P F 4,15 0,15 13 -213 44 -6
P M 372 0,22 8 115 4.4 -18
P K 3,66 0,02 7 -91 3,7 -1
P H 3,90 0,06 9 -131 4,6 -18
P 14 432 0,60 8 -85 4,9 -13

Table 17: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Zn. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.
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Rubidium (Rb)

Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP

A N2 387 0,21 7 -81 2,2 43
A J2 491 0,01 9 -83 5,6 -14
A 1G5 6,49 0,08 10 -54 7,5 -16
A J1 562 0,39 8 42 5,2 7

A N1 5,68 0,10 10 -76 4.8 15
A F1 531 0,02 7 -32 47 1
A A3 3,18 0,20 5 57 3,7 -16
A 1G6 3,12 0,05 3 4 N.D -

A 1G4 3,88 0,07 7 -80 ) -29
A 12 3,79 021 6 .58 2,5 34
I B 50,01 1,28 50 2 52 -2
I A 70,70 2,63 68 4 67,4 5

I P 43,97 1,61 39 11 46,1 -5
I 17 39,30 1,98 35 11 42,8 -9
P G 12,83 0,58 23 79 21,1 65
P N 20,02 0,01 30 -3 31,6 9
P F 11,92 0,05 19 -59 19,3 62
P M 10,84 1,25 19 75 18,5 71
P K 25,20 0,79 22 13 24,1 4

P H 11,29 0,01 18 -59 18,6 65
P 14 10,98 0,08 17 -55 21,8 -99

Table 18: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Rb. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.
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Strontium (Sr)

Sample Sample Mean SD EDXRF Deviation (%) EDXRF Deviation (%)
type code ICpP ICP FP EDXRF FP / ICP emp. EDXRF emp./ ICP

A N2 387 0,21 7 -81 2,2 43
A J2 491 0,01 9 -83 5,6 -14
A 1G5 6,49 0,08 10 -54 7,5 -16
A J1 562 0,39 8 42 5,2 7

A N1 5,68 0,10 10 -76 4.8 15
A F1 531 0,02 7 -32 47 1
A A3 3,18 0,20 5 57 3,7 -16
A 1G6 3,12 0,05 3 4 N.D -

A 1G4 3,88 0,07 7 -80 ) -29
A 12 3,79 021 6 .58 2,5 34
I B 50,01 1,28 50 2 52 -2
I A 70,70 2,63 68 4 67,4 5

I P 43,97 1,61 39 11 46,1 -5
I 17 39,30 1,98 35 11 42,8 -9
P G 12,83 0,58 23 79 21,1 65
P N 20,02 0,01 30 -3 31,6 9
P F 11,92 0,05 19 -59 19,3 62
P M 10,84 1,25 19 75 18,5 71
P K 25,20 0,79 22 13 24,1 4

P H 11,29 0,01 18 -59 18,6 65
P 14 10,98 0,08 17 -55 21,8 -99

Table 19: Concentrations obtained by ICP-OES, semi-empirical FP EDXRF and empirical EDXRF in ppm for Sr. Deviation

is defined as (Mean ICP value - EDXRF value)/Mean ICP value * 100.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Sample

Sample

K Ca Mn Fe Cu Zn Sr Rb
type code
A N2 4347 537 0,3 2 09 08 23 22
A J2 10670 1221,1 6,5 36,4 4 98 57 56
A IG5 9285 4872 03 24 13 21 08 75
A J1 9648 15226 2,3 3,6 1,7 5 0 5,2
A N1 7329 17233 0,3 19 12 11 33 48
A F1 12312 623.8 2 22 1,3 1.1 22 47
A A3 5607 3488 15 43 13 08 2 3,7
A IG6 3978 6442 0,3 05 1,1 25 0 0
A 1G4 9409 20669 0,3 24 12 72 14 5
A 1 5806 3978 3,8 35,7 33 69 36 34
A 2 7956  508,2 0,9 41 12 1 1,1 16,1
A 3 6098 4309 15 09 1,1 09 72 17
A 4 5037 3452 03 1,1 14 11 06 0,1
A 9 2717 6286,3 7,1 10,1 1,8 157 6,1 4,6
A 12 2923 11329 08 0 1,1 13 22 25
A 19 15908 4808 10,5 13,1 42 19,1 16 26,4
I B 27548 1164,2 202 195 21 2 85 52
I A 33742 1323,3 9 16,3 24 28 106 674
I P 30989 1345 81 12,7 29 16 64 46,1
I 11 30952 1305,7 5,5 11 27 2 6,5 34,7
I 17 24986 1069,4 199 219 19 2 57 428
P G 17224 798 16,4 325 79 43 93 211
P N 21675 950,9 18,1 40,8 7.8 43 11,3 31,6
P F 17831 841,1 16,9 41,7 74 44 46 19,3
P M 21483  984.,5 16 324 76 44 71 185
P K 21588 1004,2 19,3 355 7,7 3,7 3,3 241
P H 18392 889,8 18,3 343 94 46 51 18,6
P 5 17293 820,5 155 36 87 45 59 233
P 6 17567 8359 18,1 36,2 9 4,7 5 22,2
P 7 17520 830,8 16,9 38 82 45 38 219
P 8 17423 8374 18,9 28,7 9,1 43 6 19,2
P 10 20751 953 19,7 344 82 36 11,5 30,3
P 13 17099 8458 16,5 299 74 41 23 157
122
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Table 20 continued from previous page

Sample Sample

Ca Mn Fe Cu Zn Sr Rb

type code
P 14 17948 856,7 14,5 616 6,1 49 52 218
P 15 16327 7515 24,8 235 86 4,9 23,5 295
P 16 15345 772,56 32,9 26,9 85 56 4 17,4
P 18 20401 909,8 20,7 31,1 79 39 71 294

Table 20: Concentrations in ppm obtained by the EDXRF empirical calibration
method used for PCA and PLS-DA.

B Appendix: TXRF

123



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Vel

Potassium (K)

Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP
A N2 4427 314 9567 978 10 -26 3606 886 25 19
A J2 8663 89 8458 1544 18 2 7246 1832 25 16
A 1G5 9013 127 9398 66 1 -4 8538 9 0 5
A J1 9153 813 7893 104 1 14 6746 224 3 26
A N1 8384 73 7311 1782 24 13 5627 2251 40 33
A F1 11404 423 12076 330 3 -6 11946 146 -5
A A3 4973 199 6489 82 1 -30 4342 168 4 13
A I1G6 4458 112 4720 81 2 -6 2752 143 5 38
A 1G4 5695 177 5347 622 12 6 3091 664 21 46
A 12 4151 271 5360 179 3 -29 3535 264 7 15
1 B 27154 701 27154 5493 20 0 31061 6882 22 -14
I A 36071 232 32949 3507 11 9 38144 4543 12 -6
I P 29831 1370 25393 909 4 15 27635 1199 4 7
1 17 24023 1294 23730 440 2 1 26624 454 2 -11
P G 15431 e 15647 1658 11 -1 15742 2278 14 -2
P N 18613 120 19741 5) 0 -6 21465 50 0 -15
P F 16577 13 16562 1865 11 0 17591 2659 15 -6
P M 17050 1762 15184 1130 7 11 15152 1628 11 11
P K 19986 521 18704 252 1 6 19594 158 1 2
P H 15535 39 16775 823 5 -8 17732 1142 6 -14
P 14 15039 167 16308 2048 13 -8 16996 1093 6 -13

Table 21: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for K. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.
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Calcium (Ca)

Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP

A N2 625 1 674 122 18 -8 625 87 14 0
A J2 1235 6 1375 161 12 -11 1132 121 11 8
A 1G5 436 2 379 23 6 13 403 14 3 7
A J1 1546 70 1716 218 13 -11 1372 162 12 11
A N1 1710 16 1816 286 16 -6 1420 198 - 17
A F1 377 7 355 20 6 6 385 5 1 -2
A A3 259 10 178 3 1 31 249 13 5 4
A 1G6 677 26 655 35 5 3 600 27 5 11
A 1G4 1411 16 1368 54 4 3 1108 42 4 21
A 12 1156 31 1424 88 6 -23 1161 63 ) 0
1 B 1046 7 1266 376 30 -21 1042 276 26 0
1 A 920 15 1132 137 12 -23 954 95 10 -4
I P 918 6 952 49 ) -4 813 32 4 11
1 17 911 12 1124 26 2 -23 945 23 2 -4
P G 842 5 835 36 4 1 727 15 2 14
P N 891 6 1021 19 2 -15 875 16 2 2
P F 864 12 962 66 7 -11 841 57 7 3
P M 822 32 807 18 2 2 703 14 2 14
P K 938 10 993 21 2 -6 836 9 1 11
P H 856 10 994 40 4 -16 855 33 4

P 14 878 20 979 111 11 -11 845 30 4 4

Table 22: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Ca. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.
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9¢1

Manganese (Mn)

Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP
A N2 129 005 295 1,20 A1 “128 032 084 259 75
A J2 365 0,04 654 1,00 15 -79 3.97 0,71 99 10
A 1G5 1,82 0,01 3,45 1,06 31 -90 0,89 0,78 88 51
A J1 1,06 0,06 2,75 0,20 7 -159 0,42 0,12 28 60
A N1 1,76 0,03 246 0,24 10 40 0,22 0,38 - 88
A F1 135 001 270 045 17 -101 033 0,52 155 75
A A3 0,73 0,03 2,52 0,55 22 -246 ND i ] -
A IG6 063 002 1,71 0,25 15 -169 ND - - -
A 1G4 075 000 165 0,12 7 ~120 ND - _ -
A 12 121 005 321 0,70 22 -165 0,62 0,66 106 48
I B 20,79 048 30,16 6,03 20 45 21,89 4,69 21 -5
I A 708 0,03 1341 146 11 -89 8,65 1,23 14 22
I P 8,21 0,05 12,87 0,03 0 -o7 8,15 0,06 1 1
I 17 1984 0,65 30,62 1,61 5 54 22,18 1,19 5 -12
P G 1798 058 2558 5,18 20 42 1808 4,18 23 1
P N 20,71 0,12 27,51 0,38 1 -33 19,67 0,32 2 5
P F 1781 026 2643 0,49 2 48 18,99 0,66 3 -7
P M 1455 140 1848 0,66 4 _27 1333 049 4 8
P K 18,42 0,11 25,39 1,25 ) -38 17,99 0,90 ) 2
P H 1717 0,02 2426 0,37 2 41 1713 0,37 2 0
P 14 1,51 007 1977 231 12 72 1354 0,69 5 18

Table 23: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Mn. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.
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LC1

Iron (Fe)
Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP
A N2 1,20 0,05 295 1,20 41 -128 0,32 0,84 259 75
A J2 365 0,04 654 1,00 15 -79 397 0,71 99 10
A 1G5 1,82 0,01 3,45 1,06 31 -90 0,89 0,78 88 51
A J1 1,06 0,06 2,75 0,20 7 -159 0,42 0,12 28 60
A N1 1,76 0,03 2,46 0,24 10 40 0,22 0,38 - 88
A F1 1,35 0,01 2,70 0,45 17 -101 0,33 0,52 155 75
A A3 0,73 0,03 2,52 0,55 99 -246 ND - _ ]
A 1G6 063 002 1,71 0,25 15 -169 ND - - -
A IG4 075 000 1,65 0,12 7 -120 ND - - -
A 12 121 005 321 0,70 99 -165 0,62 0,66 106 48
I B 2079 048 30,16 6,03 20 45 2189 4,69 21 -5
I A 708 003 1341 1,46 11 -89 8,65 1,23 14 29
I P 8,21 0,05 12,87 0,03 0 -o7 8,15 0,06 1 1
I 17 19,84 065 30,62 161 5 54 922,18 1,19 5 -12
P G 1708 058 2558 518 20 42 18,08 4,18 23 1
P N 20,71 0,12 27,51 0,38 1 -33 19,67 0,32 2 )
P F 1781 026 2643 0,49 2 48 18,99 0,66 3 -7
P M 1455 140 1848 0,66 4 27 13,33 0,49 4 8
P K 18,42 0,11 25,39 1,25 ) -38 17,99 0,90 ) 2
P H 17,17 0,02 2426 0,37 2 41 17,13 0,37 2 0
P 14 11,51 0,07 1977 231 12 72 1354 0,69 5 -18

Table 24: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Fe. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.
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8¢T

Copper (Cu)

Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP
A N2 0,33 0,09 0,82 0,50 61 -148 0,07 0,23 316 78
A J2 300 0,03 540 0,67 12 -80 2.79 0,38 13 7
A 1G5 0,32 0,02 0,84 0,09 11 -165 0,15 0,04 28 54
A J1 0,44 002 0,58 0,15 26 -31 ND - - -
A N1 028 000 0,77 0,18 24 -174 ND - - -
A F1 0,26 0,01 1,36 0,38 28 -423 0,46 0,19 41 -75
A A3 0,25 0,03 0,79 0,36 45 -216 0,12 - - o1
A I1G6 0,34 0,04 0,83 0,11 13 -142 0,16 0,06 37 55
A 1G4 0,28 0,00 0,66 0,06 9 -139 0,03 0,02 78 90
A 12 0,25 0,00 0,63 0,13 21 -147 ND - - -
1 B 0,26 0,01 0,84 0,25 30 -223 0,16 0,14 89 38
I A 0,57 0,03 2,15 0,66 31 -275 0,90 0,38 42 -57
I P 0,68 0,35 0,96 0,06 6 -40 0,20 0,04 22 71
I 17 7,84 0,10 13,95 0,69 5 -78 7,79 0,39 ) 1
P G 9,31 0,15 17,35 3,27 19 -86 9,76 1,94 20 -5
P N 8,28 0,01 14,02 1,19 9 -69 7,82 0,70 6
P F 798 002 1331 0,66 5 -83 7.46 0,29 4 -9
P M 6,99 066 1191 1,03 9 70 6,40 0,88 14 9
P K 6,87 0,01 11,73 1,35 11 -71 6,49 0,77 12 5
P H 911 029 1560 1,58 10 71 8,73 0,90 10 4
P 14 626 008 11,06 1,02 9 78 6,13 0,13 2 2

Table 25: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Cu. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

6¢1

Zinc (Zn)
Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP
A N2 1,63 1,11 291 1,75 60 78 1,57 1,13 72 4
A J2 841 027 11,72 1,62 14 -39 7,01 0,99 14 17
A 1G5 1,65 0,07 3,42 0,48 14 -108 1,87 0,30 16 -13
A J1 4,37 0,19 7,07 0,41 6 -62 4,15 0,25 6 5
A N1 1,03 0,01 1,79 0,59 33 -74 0,88 0,40 45 14
A F1 140 0,17 295 008 3 111 158 0,07 4 13
A A3 1,24 0,17 2,24 0,20 9 -80 1,20 0,22 18 4
A 1G6 2,61 0,30 4,02 0,63 16 -54 2,25 0,38 17 14
A 1G4 4,50 0,06 6,53 0,06 1 -45 3,79 0,03 1 16
A 12 0,92 0,02 1,83 0,09 5 -100 0,93 0,01 1 -2
I B 288 0,70 529 2.64 50 -84 3.04 1,64 54 6
I A 248 0,10 478 0,14 3 -93 2,71 0,08 3 -9
I P 1,61 0,01 2,99 0,21 7 -85 1,59 0,14 9 2
I 17 241 022 457 0,24 5 -90 2,58 0,14 5 7
P G 4,87 1,04 10,87 6,33 58 -123 6,48 3,94 61 -33
P N 3,79 0,02 6,47 1,04 16 -71 3,75 0,64 17 1
P F 4,15 0,15 6,57 0,29 4 -58 3,84 0,13 3 7
P M 372 022 6,90 0,39 6 85 3.85 0,00 0 4
P K 3,66 0,02 5,80 0,33 6 -99 3,34 0,19 6 9
P H 3,90 0,06 6,85 0,84 12 -76 3,99 0,51 13 -2
P 14 432 0,60 6,68 0,40 6 55 3,89 0,54 14 10

Table 26: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Zn. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.
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0¢T

Rubidium (Rb)

Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP
A N2 3,87 0,21 8,14 1,12 14 -111 2,68 1,30 49 31
A J2 4,91 0,01 8,90 1,32 15 -81 3,38 1,08 32 31
A 1G5 6,49 0,08 11,69 0,22 2 -80 6,16 0,10 2 5
A J1 5,62 0,39 10,45 0,21 2 -86 5,15 0,33 6 8
A N1 568 0,10 1020 0,85 8 -80 473 0,88 19 17
A F1 5,31 0,02 9,10 0,69 8 -71 3,77 0,24 6 29
A A3 3,18 0,20 5,91 0,43 7 -86 0,62 0,50 80 80
A IG6 312 0,05 521 0,41 8 67 ND - - -
A 1G4 388 007 6,62 0,13 2 71 117 027 23 70
A 12 3,79 0,21 8,21 0,96 12 -117 2,94 0,97 33 22
I B 50,91 128 5693 9,10 16 -12 4903 849 17 4
I A 70,70 2,63 72,20 5,76 8 -2 63,09 5,63 9 11
I P 43,97 1,61 41,11 1,03 3 6 33,69 0,85 3 23
I 17 3930 198 4287 245 6 -9 3561 2,14 6 9
P G 1283 058 2468 3,64 15 292 1826 3,83 21 42
P N 29,02 0,01 32,54 1,27 4 -12 25,65 1,13 4 12
P F 11,92 0,05 2411 0,93 4 -102 1780 0,57 3 -49
P M 1084 125 19,62 1,55 8 81 12,00 2,60 20 -19
P K 25,20 0,79 27,88 2,12 8 -11 21,44 1,78 8 15
P H 11,20 001 2221 0,36 2 97 1592 0,17 1 41
p 14 10,98 0,08 2211 2,14 10 -101 1568 0,51 3 -43

Table 27: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Rb
value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.

. The deviation is defined as (Mean ICP
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1€1

Strontium (Sr)

Type of Sample Mean SD Mean SD RSD (%) Deviation Mean SD RSD (%)  Deviation
TXRF TXRF TXRF TXRF TXRF TXRF TXRF TXRF
coffee code ICP 1CP FP FP FP FP /ICP emp. emp. emp. emp. / ICP

A N2 1,29 0,06 127 0,16 13 1 ND - - -

A J2 3,11 0,06 3,21 0,58 18 -3 2,97 0,81 27 5

A IG5 220 011 215 0,07 3 2 143 0,06 4 35
A J1 221 016 2,33 0,01 0 -5 1,76 0,04 21
A N1 222 0,04 2,29 0,12 5 -3 1,61 0,18 11 27
A F1 193 006 202 0,09 4 4 125 028 22 36
A A3 0,94 0,02 1,05 0,11 11 -13 ND - - -

A 1G6 1,03 001 1,23 0,02 1 -19 0,10 0,01 7 90
A 1G4 124 004 1,12 0,08 7 10 ND - - -

A 12 122 004 1,53 0,01 0 226 0,50 0,08 15 59
1 B 9,15 0,15 9,18 2,07 23 0 12,10 3,09 26 -32
I A 13,65 0,16 10,78 0,45 4 21 14,38 0,76 5 -5
I P 7,53 0,34 6,05 0,19 3 20 7,22 0,25 3 4
I 17 733 024 693 0,24 3 5 8,63 0,29 3 218
P G 4,13 0,16 3,76 0,04 1 9 3,80 0,08 2 8

P N 6,36 0,01 6,31 0,27 4 1 7,63 0,38 ) -20
P F 395 0,11 4,16 0,12 3 -5 441 0,09 2 -12
P M 458 039 471 0,07 1 -3 5,26 0,16 3 -15
P K 5,15 0,15 4,73 0,30 6 8 5,31 0,37 7 -3
P H 475 0,0 534 0,21 4 13 6,17 0,24 4 -30
P 14 418 019 448 0,22 5 -7 483 0,15 3 -16

Table 28: ICP-OES, FP TXRF and empirical TXRF concentrations in ppm for Sr. The deviation is defined as (Mean ICP

value - EDXRF value)/Mean ICP value * 100; RSD = SD TXRF/Mean TXRF * 100.
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Sample Sample [g] Vessel [g] Total [g] Digest [g] DF
12,7 0,2506 11,7490 27,3863 15,6373 62,40
12,8 0,2576 11,6837 27,4669 15,7832 61,27
14,1 0,2540 11,7609 28,7936 17,0327 67,06
14,9 0,2540 11,7268 28,8512 17,1244 67,42
17,2 0,2502 11,6975 27,1470 154495 61,75
17, 1 0,2517 11,6601 27,9504 16,2903 64,72
AT 0,2551 11,7486 28,9231 17,1745 67,32
A,8 0,2521 11,7395 27,7982 16,0587 63,70
A2, 1 0,2538 11,7470 28,4230 16,6760 65,71
A2, 2 0,2544 11,6958 28,2637 16,5679 65,13
A3,3 0,2508 11,6584 28,1467 16,4883 65,74
A3,4 0,2555 11,8208 27,2235 15,4027 60,28
B, 1 0,2549 11,7740 27,1352 15,3612 60,26
B,2 0,2526 11,7738 27,3099 15,5361 61,50
C, 4 0,2518 11,8292 28,2130 16,3838 65,07
C,5 0,2584 11,7626 29,1351 17,3725 67,23

Carrot standard, 3 0,2079 11,7748 29,3532 17,5784 84,55
Carrot standard, 4 0,2047 11,7756 29,4379 17,6623 86,28
Carrot standard, 5 0,2190 11,7968 28,9577 17,1609 78,36
D, 6 0,2556 11,7872 28,5915 16,8043 65,74
D, 7 0,2508 11,7066 29,9883 18,2817 72,89
E, 7 0,2572 11,7197 27,7537 16,0340 62,34
E, 8 0,2528 11,6371 27,6362 15,9991 63,29
F,10 0,2543 11,7856 28,8070 17,0214 66,93
F,9 0,2533 11,6228 28,6967 17,0739 67,41
F1,5 0,2538 11,6271 28,5634 16,9363 66,73
F1,6 0,2536 11,7138 26,7743 15,0605 59,39
G, 1 0,2564 11,6987 27,6997 16,0010 62,41
G, 5 0,2526 11,7273 29,2169 17,4896 69,24
Green Tea, 6 0,2075 11,7457 28,1168 16,3711 78,90
Green Tea, 7 0,2045 11,7143 28,6219 16,9076 82,68
Green Tea, 8 0,2151 11,6783 29,0997 17,4214 80,99
H, 10 0,2547 11,7136 28,0815 16,3679 64,26
H, 9 0,2545 11,6314 28,7019 17,0705 67,07
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Table 29 continued from previous page

Sample Sample [g] Vessel [g] Total [g] Digest [g] DF
I, 2 0,2511 11,6950 27,3724 15,6774 62,43
I3 0,2568 11,6675 27,9974 16,3299 63,59

IG 5,1 0,2520 11,5796 27,8800 16,3004 64,68

IG 5, 11 0,2532 11,6865 27,5578 15,8713 62,68

IG 6, 10 0,2586 11,7765 27,5385 15,7620 60,95

1G 6, 9 0,2511 11,7705 27,3483 15,5778 62,04

1G1,1 0,2534 11,6830 27,9720 16,2890 64,28
1G1,2 0,2506 11,6890 27,5285 15,8395 63,21

1G2, 3 0,2515 11,7433 27,9203 16,1770 64,32

1G2, 4 0,2545 11,7902 28,3059 16,5157 64,89

1G3, 10 0,2504 11,7302 28,6469 16,9167 67,56

1G3, 9 0,2572 11,7065 27,9623 16,2558 63,20

1G4, 5 0,2571 11,5888 29,0412 17,4524 67,88

1G4, 6 0,2509 11,7816 28,1504 16,3688 65,24
J, 11 0,2514 11,7605 27,9623 16,2018 64,45
J, 12 0,2545 11,7931 28,2331 16,4400 64,60
J1,3 0,2512 11,7264 27,5280 15,8016 62,90
J1,4 0,2573 11,6651 27,1960 15,5309 60,36

J2, 10 0,2559 11,8177 28,2353 16,4176 64,16
J2,9 0,2533 11,7000 28,7412 17,0412 67,28
K, 3 0,2560 11,6745 28,5498 16,8753 65,92
K, 4 0,2572 11,7157 27,6227 15,9070 61,85
L,5 0,2513 11,7865 27,9669 16,1804 64,39
L,6 0,2592 11,7006 28,1032 16,4026 63,28

Leaves, 10 0,2181 11,7288 26,9310 15,2022 69,70
Leaves, 11 0,2114 11,7537 27,7442 15,9905 75,64
Leaves, 12 0,2201 11,6443 28,5739 16,9296 76,92
M,1 0,2525 11,7102 29.1417 174315 69,04
M, 2 0,2540 11,7947 278117 16,0170 63,06
N, 11 0,2533 11,7374 28,2596 16,5222 65,23
N, 12 0,2518 11,7006 28,4286 16,7280 66,43
N1,5 0,2531 11,6718 27,6898 16,0180 63,29
N1,6 0,2505 11,7643 28,0031 16,2388 64,83
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Table 29 continued from previous page

Sample Sample [g] Vessel [g] Total [g] Digest [g] DF
N2, 11 0,2550 11,7448 28,0617 16,3169 63,99
N2, 12 0,2538 11,7217 28,9155 17,1938 67,75
N3, 3 0,2562 11,7809 28,3068 16,5259 64,50
N3, 4 0,2615 11,6602 27,3970 15,7368 60,18

P, 7 0,2511 11,7226 28,7760 17,0534 67,91

P, 8 0,2529 11,7864 28,4109 16,6245 65,74

Table 29: Dilution factors for coffee sample digests and CRMs.

Sample Digest [g] Digest + IS [g] IS [g] IS conc. [ppm]
12,7 1,2532 1,2790 0,0258 4,10
12,8 1,2147 1,2399 0,0252 4,13
14,10 1,2560 1,2825 0,0265 4,20
14,9 1,2397 1,2644 0,0247 3,97
17,1 1,2361 1,2620 0,0259 4,17
17,2 1,2641 1,2892 0,0251 3,96
A7 1,2213 1,2464 0,0251 4,09
A,8 1,2590 1,2842 0,0252 3,99
A2,1 1,2469 1,2721 0,0252 4,03
A2,2 1,2664 1,2912 0,0248 3,91
A3,3 1,2383 1,2636 0,0253 4,07
A3,4 1,2477 1,2726 0,0249 3,98
B,1 1,2509 1,2761 0,0252 4,02
B,2 1,2474 1,2753 0,0279 4,45
C,4 1,2456 1,2692 0,0236 3,78
C,5 1,2186 1,2427 0,0241 3,94
Carrot standard, 3 1,2275 1,2527 0,0252 4,09
Carrot standard, 4 1,2052 1,2279 0,0227 3,76
Carrot standard, 5 1,2004 1,2246 0,0242 4,02
D,6 1,2382 1,2634 0,0252 4,06
D,7 1,2167 1,2423 0,0256 4,19
E,7 1,2037 1,2278 0,0241 3,99
E,8 1,1734 1,1988 0,0254 4,31
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Table 30 continued from previous page

Sample Digest [g] Digest + IS [g] IS [g] IS conc. [ppm]
F,10 1,2151 1,2399 0,0248 4,07
F,9 1,1663 1,1909 0,0246 4,20
F1,5 1,2367 1,2637 0,0270 4,34
F1,6 1,2815 1,3042 0,0227 3,54
G,1 1,2486 1,2736 0,0250 3,99
G,5 1,2099 1,2352 0,0253 4,16
Green Tea, 6,1 1,2629 1,2862 0,0233 3,68
Green Tea, 6,2 1,2505 1,2756 0,0251 4,00
Green Tea, 7,1 1,2477 1,2703 0,0226 3,62
Green Tea, 7,2 1,2488 1,2719 0,0231 3,69
Green Tea, 8,1 1,2429 1,2679 0,025 4,01
Green Tea, 8,2 1,2429 1,2679 0,025 4,01
Green Tea, 8,3 1,2477 1,2728 0,0251 4,01
Green Tea, 8,4 1,2477 1,2728 0,0251 4,01
H.,10 1,2495 1,2749 0,0254 4,05
H.9 1,2446 1,2700 0,0254 4,07
L1 1,245 1,2699 0,0249 3,99
1,2 1,2503 1,2752 0,0249 3,97
IG1,1 1,2239 1,2491 0,0252 4,10
1G1,2 1,2555 1,281 0,0255 4,05
1G2,3 1,2435 1,2688 0,0253 4,05
1G24 1,2396 1,2656 0,0260 4,18
1G3,10 1,2285 1,2532 0,0247 4,01
1G3,9 1,2505 1,2757 0,0252 4,02
1G4,5 1,2235 1,2483 0,0248 4,04
1G4,6 1,1897 1,2150 0,0253 4,23
1G5,1 1,2146 1,2394 0,0248 4,07
1G5,11 1,1804 1,2055 0,0251 4,23
1G6,10 1,1782 1,2030 0,0248 4,19
1G6,9 1,1382 1,2004 0,0248 4,19
J,11 1,222 1,247 0,0250 4,08
J,12 1,2472 1,2723 0,0251 4,01
J1,3 1,2597 1,2852 0,0255 4,03
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Table 30 continued from previous page

Sample Digest [g] Digest + IS [g] IS [g] IS conc. [ppm]
J1.,4 1,2482 1,2718 0,0236 3,77
32,10 1,2395 1,2640 0,0245 3.94
J2,9 1,2171 1,240 0,0229 3,76
K,3 1,1966 1,2218 0,0252 4,19
K,4 1,1966 1,2212 0,0246 4,10
L, 6 1,1723 1,1978 0,0255 433

L5 1,1918 1,2169 0,0251 4,19
Leaves 10 1,0908 1,1167 0,0259 4,72
Leaves 11 1,2325 1,2580 0,0255 4,12
Leaves 12 1,2182 1,2409 0,0227 3,72

M, 1 1,2075 1,2326 0,0251 4,14

M,2 1,2731 1,2964 0,0233 3,65

N,11 1,2503 1,2755 0,0252 4,02

N,12 1,2475 1,2728 0,0253 4,04

N1,5 1,2543 1,2800 0,0257 4,08

N1,6 1,2155 1,2405 0,025 4,10

N2,11 1,2462 1,2711 0,0249 3,08
N2,12 1,2210 1,2465 0,0255 4,16
N3,3 1,2482 1,274 0,0258 412
N3,4 1,2590 1,2845 0,0255 4,04

P,7 1,2423 1,2672 0,0249 4,00

P,8 1,239 1,26422 0,0252 4,05

Table 30: Concentrations of the internal standard (Ga) in ppm in the digested
coffee samples and in the digests of the certified reference materials.

136



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Coffee

Sample

K Ca Mn Fe Cu Zn Rb Sr
type code
A N2 3606 625 0,32 2,60 0,07 1,57 268 0,00
A J2 7246 1132 3,27 21,27 2779 7,01 338 297
A IG5 8538 403 0,89 331 0,15 1,87 6,16 143
A J1 6746 1372 0,42 3,00 0,00 4,15 515 1,76
A N1 5627 1420 0,22 238 0,00 088 4,73 1,61
A F1 11946 385 0,33 5,22 046 1,58 3,77 1,25
A A3 4342 249 0,00 280 0,12 1,20 0,62 0,00
A I1Ge6 2752 600 0,00 1,73 0,16 2,25 0,00 0,10
A 1G4 3091 1108 0,00 163 0,03 379 1,17 0,00
A 12 3535 1161 0,62 3,01 0,00 093 294 0,50
I B 31061 1042 21,89 17,03 0,16 3,04 49,03 12,10
I A 38144 954 8,65 14,54 0,90 2,71 63,09 14,38
I P 27635 813 8,15 10,26 0,20 1,59 33,69 7,22
I 17 26624 945 22,18 17,87 7,79 2,58 35,61 8,63
P G 15742 727 18,08 29,81 9,76 6,48 18,26 3,80
P N 21465 875 19,67 26,59 7,82 3,75 25,65 7,63
P F 17591 841 18,99 37,98 7,46 3,84 1780 441
P M 15152 703 13,33 25,30 6,40 3,85 12,90 5,26
P K 19594 836 17,99 2244 6,49 3,34 2144 5,31
P H 17732 855 17,13 28,94 8,73 3,99 1592 6,17
P 14 16996 845 13,54 39,15 6,13 3,89 15,68 4,83
P G 17224 798 16,4 325 79 43 9,3 21,1
P N 21675 9509 18,1 40,8 7,8 43 11,3 316
P F 17831  841,1 16,9 41,7 74 44 4,6 19,3
P M 21483  984.,5 16 324 76 44 7,1 18,5
P K 21588 1004,2 19,3 355 7,7 3,7 3,3 24,1
P H 18392 889,8 18,3 343 94 46 5,1 18,6
P 5 17293 820,5 15,5 36 87 45 5,9 23,3
P 6 17567 8359 18,1 36,2 9 4.7 5 222
P 7 17520 830,8 16,9 38 82 45 3,8 21,9
P 8 17423 8374 18,9 287 91 4,3 6 19,2
P 10 20751 953 19,7 344 82 36 11,5 30,3
P 13 17099 8458 16,5 299 74 4.1 2,3 15,7
137



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

Table 31 continued from previous page

Coffee Sample

Ca Mn Fe Cu Zn Rb Sr
type code
P 14 17948 856,7 14,5 616 6,1 4,9 5,2 21,8
P 15 16327 7515 248 235 86 49 235 295
P 16 15345 7725 329 269 85 56 4 17,4
P 18 20401 9098 20,7 31,1 79 39 7,1 294

Table 31: Concentrations in ppm obtained by the TXRF empirical calibration

method used for PCA and PLS-DA.
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