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ARTICLE INFO ABSTRACT

Keywords: Total-reflection X-ray fluorescence (TXRF) is a well-established atomic spectroscopy technique used for the
TXRF. elemental characterization of different kinds of matrixes in several fields. Previous works demonstrated its
Fluorine applicability for the elemental quantification of aluminosilicates and, in particular, clays. However, one of the
(L:lél; clements limits of the previously developed methods was the detection and quantification of light elements, in particular
Rocks for those elements with an atomic number (Z) below 13 (Al).

Geochemistry In the present work a new TXRF-based analytical method for the quantification of light elements in alumi-

nosilicate materials is described, using an in-house built Low-Z TXRF spectrometer equipped with a Cr source, a
multilayer monochromator, an SDD detector equipped with an ultrathin SisN4 window and a vacuum chamber.
Samples were prepared as simple slurries (dispersing 50 mg of powder into 2.5 mL of 1%-Triton X-100 water
solution and adding Ag as internal standard) and 10 pL were deposited onto a quartz carrier and dried before the
analysis. Light elements such as F, Na and Mg were quantified with a limit of detection of 682, 260 and 133 mg/
kg, respectively. Carbon and oxygen could also be detected. The new method allowed a complete analysis of
major elements in aluminosilicates from F to Fe. The method showed a good accuracy in the range of 80-120%
and the results agreed with the data obtained with a commercial TXRF spectrometer (for elements >13) and
WDXRF, employed as reference methods. Despite a lower precision in respect to WDXRF, in some samples the
quantification of F was possible only by using the Low-Z TXRF spectrometer. Finally, the method demonstrated
to be suitable for the analysis of aluminosilicates, in particular when low amounts of sample (few milligrams) are
available.

1. Introduction

Aluminosilicates are the most abundant natural minerals on Earth,
being the main constituents of sediments and rocks. They are also of
great economic and industrial importance in several fields, from build-
ing and construction to the food and pharmaceutical sectors. In addition,
aluminosilicate materials can also be artificially synthetized for indus-
trial purposes such as the production of ceramics, glasses, fibres, geo-
polymers, zeolites, etc. (Lopes et al., 2014). However, for applications in
specific fields, aluminosilicates and aluminosilicate materials need to
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have well-defined characteristics, which must be assessed in advance to
their use or commercialization. Among the chemical characteristics, the
elemental composition is the first information usually needed since,
together with other basic properties (i.e., crystalline structure), it allows
the mineral identification and classification as well as helps researchers
in the understanding of aluminosilicate genesis or history (usually in
combination with petrographic and mineralogical data).

The quantification of Si, Al and Ca in argillites, marnes or other raw
materials is important for the design of the kneading in the production of
concrete (Kunther et al., 2017). The definition of the correct Si:Ca:Na
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ratio is mandatory for the preparation of soda-lime glasses (Martin,
2006). Besides, the presence of specific elements (chromophores) results
in different glass colours (i.e., blue for Fe3™, yellow for Fe™, violet for
Mn3+, etc.) (Carmona et al., 2009). Moreover, when geomaterials are
used in food technology (i.e., bentonites, zeolites, etc.), it is mandatory
to check the presence of potentially toxic elements (Abdelnaby et al.,
2023). In the field of nanomaterials, a precise Ca:Mg:Si ratio is also
requested for the correct synthesis of Mg-doped Si nanosheets (Okamoto
et al., 2011). Aluminosilicate nanoparticles are also used in oil recovery
or for the synthesis of new minerals, and the correct stoichiometric ratio
among the elements should be assessed and measured before their
application (Bing et al., 2022; Yahya et al., 2022). Elemental analysis is
also necessary both for the processing of clay nanocomposites and for
the monitoring of their efficiency in the remediation of polluted soils
and waters as reviewed by Bosu et al. (2023), Han et al. (2019) and Lin
et al. (2023). Finally, in archaeometrical studies, elemental analysis can
shed light on the provenance of archaeological finds (ceramics, glass,
stones, etc.) to help drawing the economic and social portrait of ancient
communities (Hein et al., 2004).

Several analytical techniques are available for the elemental char-
acterization of aluminosilicate materials, among which inductively
coupled plasma sources associated with optical emission spectrometry
(ICP-OES) or mass spectrometry (ICP-MS), atomic absorption spec-
trometry (AAS), neutron activation analysis (NAA) and X-ray fluores-
cence spectrometry (XRF) are the most used ones (Gutsuz et al., 2017;
Hein et al., 2002, 2004; Ndzana et al., 2018).

Among the XRF techniques, in the recent years new analytical
methods based on total-reflection X-ray fluorescence spectroscopy
(TXRF) have been developed to analyse aluminosilicate materials with
the aim of overcoming issues connected to sample availability and size
(as in the case of cultural heritage studies, synthetic aluminosilicates,
clay extraction from soils and sediments). In fact, the sample preparation
for TXRF analysis usually requires lower amounts of samples (tens of
milligrams) compared to other methods (from hundreds of milligram to
grams). TXRF methods have been used for the analysis of minerals
(Cherkashina et al., 2013), rocks and sediments (Cherkashina et al.,
2014), clays (Allegretta et al., 2019) and ceramics (Garcia-Heras et al.,
1997, 2001; Maltsev et al., 2021, 2023). However, these methods do not
allow the quantification of some light elements such as Na, Mg, Si and
Al, which are very important in the study of aluminosilicates and
aluminosilicate materials. Only in one of these studies (Allegretta et al.,
2019), Si and Al were quantified, anyway leaving the problem of
detecting or quantifying Na and Mg unsolved. Such analytical issues are
related to two aspects: (i) the difficulty of light elements’ fluorescence
signal to emerge from the sample caused by both the self-absorption of
the matrix and the absorption by the argon (Ar) gas present in the at-
mosphere; (ii) the use, in TXRF commercial instruments, of components
which do not allow the proper excitation and detection of light elements,
in favour of heavy elements. In fact, the fluorescence yields for light
elements (Na, Mg, Al, etc) is very low (<4%) as far as their characteristic
fluorescence energies (1-1.5 keV), thus high absorption will occur by
the sample and by the air in ambient spectrometer. For this reason, the
analysis of light elements requires vacuum conditions, a proper X-ray
tube for efficient excitation of the light elements and a suitable detector
to allow the efficient detection of the low energy fluorescence radiation.

Such difficulty to get information on light elements, in particular on
major elements such as Na and Mg, makes TXRF an uncomplete tech-
nique for the comprehensive elemental analysis of aluminisolicate rocks
and materials. For this reason other analytical techniques which can
provide the quantification of both light and major elements are usually
preferred, even if they need longer sample preparation procedures (ICP-
AES, ICP-MS, AAS), the use of hazardous and polluting chemical (ICP-
AES, ICP-MS, AAS), higher sample amounts (WDXRF) or longer
analytical times (INAA).

However, the recent scientific and technological developments of
TXRF spectrometers’ components nowadays allow the detection and
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quantification of light elements, too. Excluding TXRF instrumentation
developed at synchrotron radiation facilities, the first improvements of
laboratory spectrometers for the detection of light elements dates back
to the end of the ‘90s by Streli et al. (1989, 1993, 1995). In this first
work, apart from the use of a vacuum system (which is mandatory to
avoid the absorption of the light elements fluorescence signal by the
atmospheric Ar), a TXRF spectrometer was implemented by using Cu or
Cr X-ray sources, with the result of exciting light elements down to C.
The implementation of the spectrometer with a 1300 W Cr source and a
multilayer monochromator then allowed the best performances in terms
of elements’ sensitivity and limit of detection (Streli et al., 1995). Af-
terwards, other sources were used for the excitation of light elements
(Mo-L, W-M, Si-Ka, Al-Ka), and even if better performances were ob-
tained in terms of signal-to-noise ratio, one of the disadvantages was the
loss of information on high-Z elements (Streli et al., 1997, 1999). To
overcome this issue, Wobrauscheck et al. (2015) developed a spec-
trometer equipped with two low-power X-ray tubes: one with a Cr target
for light elements and one with a Rh target for heavy elements. Prost
et al. (2018) proposed a dual energy-band excitation with a Rh low
power tube, consisting in the excitation of both low- and high-Z ele-
ments with Rh L-lines and K-lines, respectively, changing the excitation
parameters (voltage and current). Another technological progress was
the implementation of the spectrometers with a Si(Li) detector equipped
with an ultrathin window having a 300 nm polymer windows on a
supporting Si grid, resulting in an improved signal-to-noise ratio in the
low energy range region, compared to silicon-drift detectors (SDDs)
(Sasamori et al., 2009; Streli et al., 2004). Even though the technology of
the spectrometers has been improved and prototype TXRF spectrometers
have been assembled, their application on real samples and in particular
on complex matrices has not been yet fully explored. Preliminary studies
have been carried out on silicon wafers and water standard reference
materials (Streli et al., 2004; Prost et al., 2015, 2018). Hoefler et al.
(2006) investigated Mg in human cerebrospinal fluid and monitored the
growth of bacteria biofilms checking the variation of C signal during 11
days of inoculation. To the Authors’ knowledge, no other studies on the
low-Z element analysis of complex samples and, in particular, alumi-
nosilicates by TXRF are available.

For this reason, this work aims at implementing, for the first time, a
TXRF method able to quantify light elements (such as F, Na and Mg)
together with heavier elements in aluminosilicates and aluminosilicate
materials, requiring only very small amounts of samples (tens of milli-
grams). To fulfil these objectives, a Low-Z TXRF spectrometer developed
at the Atominstitut of the Technical University of Wien (Krstajic, 2022)
was used. The analytical method was developed and validated, and the
results were compared with those obtained with a commercial TXRF
spectrometer and a WDXRF spectrometer, as reference method. The
results of the present paper can be used for the development of new
TXRF spectrometers capable of performing a complete analysis of all the
most important elements in very small amounts of aluminosilicates and
aluminosilicate samples.

2. Materials and methods
2.1. Reference materials for calibration and validation

A series of nine reference geomaterials distributed by SARM-CRPG
(France) was selected for the calibration of the Low-Z TXRF spectrom-
eter and the validation of the analytical method. These reference ma-
terials are all aluminosilicates with different Si/Al ratio and have a
different elemental composition. They allowed calibrating and vali-
dating the method in different elemental concentration ranges. The
calibration set consisted of six aluminosilicate samples: albite (AL-I),
anorthosite (AN-G), basalt (BE-N), dolerite (WS-E), phlogopite (Mica-
Mg) and serpentine (UB-N). Only certified values above the limit of
detection (LOD) were considered for the calibration. The validation set
was composed of other three certified reference geomaterials:
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zinnwaldite (ZW-C), granite (GS-N) and diorite (DR-N).

2.2. Analysis with the Low-Z TXRF spectrometer

All the samples were prepared using a procedure slightly modified
from that reported in Allegretta et al. (2019). Briefly, 50 mg of powder
were poured into a plastic tube and dispersed in a 2.5 mL 1% Triton X-
100 water solution. Fifty microlitres of Ag 1000 mg/L (Sigma Aldrich
CHEMIE GmbH, Germany) standard solution were added to the slurry in
order to achieve a final Ag concentration of 1000 mg/kg and the pre-
pared slurries were suspended in an ultrasonic bath for 10 min. Differ-
ently from Allegretta et al. (2019), Ag was used instead of Se as internal
standard, being the Se K-lines not detectable by the Low-Z TXRF spec-
trometer. Ag L-lines (2.98 keV), which overlap Ar-Ka from the air, can be
easily detected under vacuum conditions as there is no Ar present. Then,
the slurries were shaken again with a vortex for 30 s and 10 pL of the
suspension were deposited with a micropipette onto a quartz reflector.
Finally, the disks were placed on a heating plate (50 °C) under a laminar
flow hood for drying. Three disks for each suspension were prepared and
analysed for 1000 s of live time, each.

The analyses were carried out with a low-Z TXRF spectrometer
developed by the Atominstitut of the Technical University of Wien
(Austria) (Krstajic, 2022). The instrument is composed of a long fine
focused Cr X-ray source (30 kV, 10 mA), a Ni/C monochromator, a beam
collimating slit system and an Amptek C2 SDD detector equipped with
an ultrathin SisN4 window and a magnetic field electron trap to suppress
the noise due to Auger-Meitner-, photo- and Compton electrons. Ana-
lyses were performed under vacuum (100 Pa) conditions. Acquisitions
were done at half the critical angle of quartz (0.17°), which was deter-
mined each time during angle scan.

For the calibration, the sensitivity of Ag was considered equal to 1,
and the relative sensitivity (S,) of each element was determined as the
slope of the line obtained by plotting the certified concentration versus
the product N.C;;/N;s where N, is the net counts of the fluorescence peak
of the element e, C;s and Njs are the concentration and the fluorescence’s
peak net counts of the internal standard, respectively. Peak deconvolu-
tion was performed using PyMCA (Solé et al., 2007).

After the calibration of the spectrometer with the calibration set, the
samples of the validation set were analysed. For the validation, two
parameters were studied: accuracy and precision. The accuracy was
expressed in terms of recovery (R) in respect to the elements’ concen-
tration of the reference materials, expressed in percentage. The precision
was defined in terms of relative standard deviation (%RSD). In addition,
the limit of detection (LOD) for each studied element was determined
according to Klockenkamper and von Bohlen (2015):

G
NV Niack

net

LOD =3

where C; is the certified concentration of the i element, Ny and Npqck are
the net counts and the background underneath the peak, respectively.

2.3. Analyses with Mo-TXRF and WDXRF spectrometers

The results obtained with the Low-Z TXRF spectrometer were
compared with those determined with WDXRF, as a reference analytical
technique, and a commercial TXRF spectrometer.

For WDXRF analyses, samples were prepared as beads by mixing 5.0
g of powder with 2 mL of 2%,,,y Elvacite® 2046 (PANalytical B.V., The
Netherlands) solution in RPE grade acetone (Carlo Erba Reagenti Spa,
Italy) in an agate mortar. After acetone evaporation, the mix was
transferred into a 45 mm-aluminium cup containing 5.0 of boric acid
(Carlo Erba Reagenti Spa, Italy). Then, samples were pressed (25 t for 5
min) to obtain uniform disks. The analyses were performed with a
Supermini 200 WDXRF spectrometer (Rigaku Corporation, Japan). The
instrument was equipped with a Pd source (50 kV, 4 mA), a Zr filter, a

Applied Clay Science 251 (2024) 107326

o0

Vom 25%Ha v T ¥ O = S
106 4+ ¢ T [ ] T ]
E U] [ O 1 1 1
10 T SR | i '

o gl < |
e b |
10541 ! TREE !
) 10 1 [ 1
=] [ 1 [ 1
2 D paaeaie b . :
(&) v 1 1 LorE 1 1
104 4 ! - . : :
FEE] A 1 v 1 1 1
P A o AW 1 1
1 [ [ i AV 1 1
S 0 s Vo i |
10° 3 AT 1 A :
MY 0 1 1 1 1 1
|l||||||||,|l |II |‘ 1 . 1

1 2 3 4 5
Energy (keV)

Fig. 1. TXRF spectra of the samples UB-N (black) and Mica-Mg (red) and the
identified elements peaks. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

slit system, three analysing crystals (LiF, PET, and RX25), a scintillator
detector, and a proportional counter. Analyses were performed under
vacuum conditions (<12 Pa).

A commercial TXRF spectrometer (Mo-TXRF) S2 Picofox (Bruker
Nano GmbH, Germany) equipped with a Mo source (50 kV, 600 pA, 30
W) and a 30 mm? SDD (resolution <150 eV at Mn-Ko) was employed.
Samples were prepared as described by Allegretta et al. (2019), and the
analysis were performed for 1000 s of live time in air and under envi-
ronmental pressure.

Student’s t-test was used to compare the concentration values ob-
tained with the Low-Z TXRF spectrometer and with the other two
techniques. A confidence level of 95% was chosen. Before applying the t-
test, Fisher F-test on the standard deviations was applied using, also in
this case, a confidence value of 95%.

3. Results and discussion
3.1. Calibration of the Low-Z TXRF spectrometer

The first step of the study was to qualitatively understand which
elements could be detected in this kind of samples with the Low-Z TXRF
spectrometer. According to the literature, the analysis of light elements
with a Low-Z TXRF spectrometer was never performed before on com-
plex matrixes but only on water solutions (Prost et al., 2015, 2018).
Fig. 1 clearly shows the complexity of the TXRF spectra of the two
aluminosilicate samples (UB-N and Mica-Mg) used for the calibration of
the spectrometer. In particular, the fluorescence K-lines of all the ele-
ments from Z = 6 (C) to Z = 24 (Cr) can be detected. The L-lines of Fe, Cu
and Ag (added as internal standard) can be also observed. The Cu-signal
comes from the electron trap (made of Cu). All those fluorescence lines
were detectable because of a series of factors: i) the vacuum pump
removed air nearby the sample, thus removing Ar interference; ii) the
Si3Ny ultrathin window allowed the detection of the fluorescent signal of
very light elements, including C; finally, iii) the Cr target as X-ray source
(5.42 keV) together with a high power tube provided a better excitation
of light elements with low energy fluorescence lines, as compared to the
typical targets used in commercial TXRF instruments (Ag, Rh, Mo, etc)
which, on their turn, provide a higher excitation energy (around 20
keV). The same detection capabilities cannot be achieved with
commercially available TXRF spectrometers, which in the best case can
detect only Al or Mg when they are present at high concentrations in this
kind of matrices (Allegretta et al., 2019; Maltsev et al., 2021). The
escape peaks of Ca and Ti can also be observed in the spectra.

For each spectrum of the calibration set, the limit of detection (LOD)
was calculated and the average LOD of the detected elements is reported
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Table 1
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Limit of detection of the elements detected in the certified reference materials expressed as element and oxide concentrations.
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Fig. 2. Relative sensitivity calibration of the elements expressed as elements (for F, S and Cl) or oxides.
Table 2

Relative sensitivity (S,) of the elements analysed with the Low-Z TXRF spectrometer.

S, (for elements)

F Na Mg Al Si P S Cl K Ca Ti Fe
0.005034 0.051312 0.068872 0.174679 0.286952 0.433296 0.619055 1.26874 2.588742 3.89684 5.678461 0.000852
S, (for oxides)
Na,O MgO Al,O; Si0, P,0s K,0 CaO TiO, Fe,03
190.3684 415.297 924.05 1340.065 1523.102 21,357.12 27,862.41 34,042.37 5.960053

in Table 1.

Based on the certified concentrations of the elements in the reference
materials used for the calibration set, the S, of each element (F, Na, Mg,

Al Si, P, S, Cl, K, Ca, Ti and Fe) was determined in respect to Ag. Only
the certified concentrations of the elements (and not just proposed)
whose value was higher than the LOD were considered for the
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Fig. 3. (A) Fitting of the TXRF spectra of the Mica-Mg sample showing the overlapping of the F (green line) and Fe (dashed orange line) fluorescence peaks, and (B)
fitting of the BE-N spectrum illustrating the effect of the Ca escape peaks (dashed blue line) on the deconvolution of P (orange line) and S (green line) fluorescence

peaks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Quantification of the elements concentration in the reference materials DR-N, GS-N and ZW-C performed with the Low-Z TXRF spectrometer (n = 3).
Oxide DR-N GS-N ZW-C
m s Cert R %RSD m s Cert R %RSD m s Cert R %RSD
wt% % wt% % wt% %
NaO 2.93 0.70 2.99 98 24 4.17 0.29 3.77 111 7 0.46 0.09 0.33 139 20
MgO 4.08 0.86 4.40 93 21 2.45 0.12 2.30 107 5 0.14 0.03 0.16 87 21
Al,03 15.66 3.14 17.52 89 20 15.21 0.65 14.67 104 4 20.99 3.83 18.45 114 18
SiO, 51.94 11.67 52.85 98 22 73.22 4.74 65.80 111 6 61.78 2.43 54.00 114 4
P,0sg 0.11 0.01 0.25 42 11 0.12 0.02 0.28 44 17 <LOD - 0.03 - -
K0 1.70 0.23 1.70 100 14 4.98 0.10 4.63 108 2 7.93 1.56 7.72 103 20
CaO 5.73 1.04 7.05 81 18 2.36 0.12 2.50 94 5 0.35 0.07 0.37 94 20
TiOy 1.01 0.15 1.09 93 15 0.81 0.03 0.68 119 4 0.05 0.01 0.05 100 20
Fe,03 11.20 2.57 9.7 115 23 3.63 0.48 3.75 97 13 14.72 2.96 9.46 156 20
Element DR-N GS-N ZW-C
m s Cert R %RSD m H Cert R %RSD m H Cert R %RSD
mg/kg % mg/kg % mg/kg %
F <LOD - 500 - - 998 48 1050 95 5 54,794 10,031 54,500 101 18
S 299 26 350 86 11 151 14 140 108 9 340 82 300 113 24
Cl 417 58 400 104 14 524 16 450 116 3 118 2 30 393 2

m = average.

s = standard deviation.
Cert = certified value.

R = recovery.
%RSD = relative standard deviation.
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calibration. Only in the case of S, for which element the concentrations
were not certified, the proposed value was considered for S, calculation.
The lack of information about the concentrations of C and O in the
reference materials made the determination of the S, of these two ele-
ments not possible. All the calibration curves are shown in Fig. 2 and the
calculated S, values are reported in Table 2, expressed both for oxides
and elements. The regression coefficient (R%) ranged between 0.94 and
1.00, with the only exception of Fe, because the less sensible L-lines were
considered, also partially overlapping with F K-lines. Indeed, fluorine
was detected only in BE-N and Mica-Mg and the two points which
deviate from linearity in the Fe;Og calibration curve are exactly related
to these two reference materials (Fig. 2), confirming the issue of the Fe L-
line peak deconvolution when the F fluorescence peak is also present
(Fig. 3A). Another issue may occur when Ca concentration is very high.
In this case, Ca escapes peaks of both Ka and Kf can emerge with an
intensity equal to or higher than the fluorescence peaks of P and S,
respectively, increasing the LOD of these two elements (Fig. 3B).

3.2. Method validation

After the calibration of the relative sensitivity, the validation of the
method was performed by the analysis of the three reference materials:
ZW-C, GS-N and DR-N. As shown in Table 3, the recovery (R) is in the
range 80-120% for all the major elements, with the only exceptions of
P05 in DR-N and GS-N, and NapO and Fe;O3 in ZW-C. The wrong
estimation of PoOs concentration could be attributed to the high in-
tensity of the Ca Ka escape peak (see previous paragraph). In the sample
ZW-C, the certified concentration was lower than the LOD of P50s, and
for this reason it couldn’t be quantified even if the CaO concentration
was very low (0.35 wt%). The strong F fluorescence peak in ZW-C (the
concentration of F in this sample is 5.45 wt%), which overlaps the less
intense peak of Fe L-lines, do not allow obtaining a good accuracy for
Fe;0j3 (see previous paragraph). In the case of NayO, the certified con-
centration for ZW-C is 0.33 + 0.10 mg/kg but, considering that statis-
tically the real value is within three standard deviations, the
quantification obtained with the Low-Z TXRF spectrometer could be
considered acceptable, even if the Na,O concentration for this reference
material cannot be considered accurate. Differently, in the other two
reference materials the recovery is about 98 and 111%, which means
that Na,O is accurately quantified. A good accuracy was obtained for all
the minor elements (F, S and Cl), with the only exception of Cl in sample
ZW-C, where the recovery was 393%. In this case, the certificate of
analysis reported only a proposed value (30 mg/kg) with no standard
deviation, therefore we cannot completely rely on it.

Despite the good accuracy of the method, the %RSD is often >10%
for all the elements, resulting in a low precision of the method. In gen-
eral, geological samples are multiphase and not homogeneous materials
and this can lead to a variable deposition of the powder onto the quartz
disk, which may result in locally-enriched or -depleted areas for some
elements. Only in the case of the sample GS-N, %RSD is lower than 10%,
demonstrating a good precision, with the exception of P,O5 and Fep0s3.

3.3. Comparison with other analytical techniques

The results obtained with the Low-Z spectrometer were compared
with those obtained with a widely-used commercial instrument (Bruker
S2 Picofox, Mo-TXRF) and with a WDXRF spectrometer (Table 5). It is
important to underline that, individually, the two TXRF spectrometers
cannot providethe complete information about the elemental composi-
tion of all the most important elements in aluminosilicates. In fact, the
Low-Z TXRF spectrometer does not allow the P,Os5 (as discussed in the
previous paragraphs) and MnO quantification. For MnO, the problem is
that aluminosilicates do not usually contain very high amounts of MnO
and its concentration is not enough to allow the Mn L-lines (0.637 keV)
to emerge from the baseline. On the contrary, the excitation of the Mn K-
lines, which are more sensitive than L-lines, by the Mo target installed on
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Table 4
Summary of the methods used for the quantification of fluorine in
aluminosilicates.

Paper Method Description Performances
Ingram Potentiometry Sample preparation: heat a Fluorine
(1970) (specific ion mixture of 100 mg of sample, concentration:
electrode) 500 mg NaCO3, 100 mg ZnO from 250 mg/kg
at 900 °C for 30 min. Add 30 to 5.72%;
mL of water and steam-bath LOD: N.A;
for overnight. Filter with One day for the
Whatman n.42 and dilute preparation of
with a 6 M HCl. Remove CO, the sample;
and dilute with water. Dilute 15 min for the
10 mL with 10 mL of 0.2 M analysis.
sodium citrate-0.2 M
potassium nitrate solution.
Analysis: Measure the
potential with the fluoride
electrode.
Jagner Titration Sample preparation: the same  Fluorine
and of Ingram (1970). concentration:
Pavlova Analysis: Standard addition 180-250 mg/kg;
(1972) titration adding NaF solution LOD: N.A;
and recording the potential One day for the
after equilibrium. preparation of
the sample;
15 min for the
analysis.
Havranek INAA Sample preparation: none. Fluorine
et al. Analysis: Irradiation of the concentration:
(2004) sample with fast neutron 500 mg/kg;
fluence rates of 9-10'% and LOD: at least
2:10"% n-.em™2 s~ 1. Counting 1000 mg/kg;
time of 10, 15 and 20 s. No sample
preparation;
Few minutes for
the analysis
RPAA Sample preparation: alkaline-  Fluorine
oxidative fusion (500 mg concentration:
NaOH, 7 g Na;0,at 900 °Cfor  N.Aj;
2 min), dissolution with LOD: 0.5 mg/kg
H,S04, extraction with Zr- estimated on
DEHPA in hexane, addition of  biological
H,S04, fluorine strimming sample;
with NH40H + 30 min for the
acetone-+tributylphosphate. sample
Analysis: Irradiation at 20 preparation;
MeV for 5 h. 5-8 h for the
analysis.
PIGE Sample preparation: none. Fluorine
Analysis: Irradiation of the concentration
sample for 4-10 min with a 471 mg/kg;
proton fluence between 3 and  LOD: 4-6 mg/
30 pC. kg;
No sample
preparation;
Few minutes for
the analysis.
Kuz’mina WDXRF Sample preparation: Fluorine
et al. 1) Fusion: 150 mg of sample, concentration:
(2023) 600 mg lithium metaborate, from 0.13 to
1.2 g lithium tetraborate at 6.9%

1050 °C for 12 min. Grind the
sample and add ethanol and for fusion, 200
press into a 3 cm-diameter mg/kg for
tablet. pressing.

2) Pressing: 300 mg of 30 min for the
sample, 60 mg of polystyrene. ~ sample

Grind, add ethanol and press preparation;
into a 3 cm-diameter tablet. Few minutes for
Analysis: AXIOS WDXRF the analysis
(PANanalytical B.V.) Rh (only fluorine
source (3 kW, 30 mA, 100 concentration).
kV), proportional and

scintillator counters.

LOD: 700 mg/kg

(continued on next page)
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Table 4 (continued)

Paper Method Description Performances
This work TXRF (Low-Z Sample preparation: 50 mg of  Fluorine

TXRF sample dispersed into 2.5 mL  concentration:

Spectrometer) of 1% Triton X-100 solution, 0.1-5.5%;
50 pL of Ag standard solution ~ LOD: 682 mg/
(1000 mg/L). Deposition of kg;
10 pL of suspension on a Few minutes for
quartz reflector and dryingon  the sample
a heating plate. preparation;
Analysis: Low-Z TXRF 17 min for the
spectrometer with a Cr source  analysis (for all
(300 W, 10 mA, 30 kV), the elements)
Amptek C2 SDD detector
equipped with an ultrathin
Si3N,4 window.

WDXRF Sample preparation: 5 g of Fluorine
sample mixed with 2 mL of concentration:
2%w/V Elvacite® 2046 in 4.5%
acetone. Pressing into 45 mm-  LOD: 4856 mg/
aluminium cup. kg
Analysis: Supermini 200 Few minutes for
EDXRF spectrometer the sample
(Rigaku), Pd source, (200 W, preparation;

4 mA, 50 kV), proportional
and scintillator counters.

Few minutes for
the analysis
(only fluorine
concentration).

the commercial instrument allowed the correct quantification of MnO.
On the other hand, the Mo-TXRF spectrometer cannot quantify light
elements such as Na, F, S and, when the concentration is very low (i.e.
ZW-C), also not Mg. This is mainly connected to the configuration of the
spectrometer which does not work under vacuum and is not equipped
with both a sensitive detector for light elements and a source which can
efficiently excite these elements. Even if the quantification of PoOs was
performed, it is quite far from the certified concentrations (0.35 wt% for
DR-N and 0.26 wt% for GS-N). In addition, in this case, the overlapping
with the Ca escape peak hindersthe correct deconvolution of the P
fluorescence peak. For S, the problem is due to the overlapping of the Mo
L-lines, the presence of Ca escape peaks and an increase in the back-
ground in this spectral region (Allegretta et al., 2019). This last aspect
also affects the quantification of Cl, in particular in ZW-C sample, where
Cl concentration is lower than in the other reference materials (the

Table 5
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proposed value is 30 mg/kg). WDXRF can detect and quantify all the
elements, including P, which was not correctly quantified with both
TXRF spectrometers. Indeed, the results for P;Os are accurate consid-
ering the certified values of 0.25, 0.28 and 0.025 wt% for DR-N, GS-N
and ZW-C, respectively. This is due to the lack of Ca escape peaks in
WDXRF spectra. In fact, the formation of escape peaks is connected with
energy-dispersive XRF systems and not with wavelength-dispersive XRF
instruments (Beckhoff et al., 2006). Fluorine was only quantified in ZW-
C while in the other samples it was not detected. Differently, F could be
quantified in both ZW-C and GS-N with the Low-Z TXRF instrument,
showing a lower detection limit for F compared to the WDXRF system
(4856 mg/kg). The possibility of quantifying fluorine in aluminosilicates
with TXRF is very important, because there are very few methods
capable of performing this kind of analysis (Table 4). WDXRF is one of
these methods but, according to the sample preparation startegy, it can
require from 150 mg to 5 g of material. The preparation of fused beads
generally leads to higher limits of detection than pressed pellets. Kuz’-
mina et al. (2023) quantified them as 700 and 200 mg/kg, respectively.
However, they determined the LOD on pure fluoride samples (NaF, CaFg
and MgF5) thus allowing a lower LOD. Using of a WDXRF with a higher
source power respect to the one used in the present paper could reduce
the WDXRF LOD, because a more intense signal is produced in the same
time of analysis. Among other methods for the quantification of F in
aluminosilicates, Havranek et al. (2004) tested instrumental neutron
activation analysis (INAA), photon activation analysis with radio-
chemical separation (RPAA) and photon induced y-ray emission (PIGE).
With INAA, 100-150 mg of sample were used and the analysis lasted
maximum 30 s. However, the overlap of the 28Al activity increased the
LOD according to the Al concentration, which of course is a big problem
in aluminosilicates. On the contrary, with RPAA, F signal did not suffer
any interference and the LOD was 1-2 mg/kg. However, the sample
preparation was quite complex and the analyses lasted for hours. Finally,
only using PIGE, Havranek et al. (2004) were able to quantify F in a soil
sample obtaining a LOD of 4-6 mg/kg. Fluorine can be measured also
using a specific ion electrode (Ingram, 1970) or by titration (Jagner and
Pavlova, 1972). Even if these methods allow the quantification of very
low concentrations of F (from 40 to 800 mg/kg), in both cases a very
complex and time-consuming extraction procedure is required (Table 4).
The present TXRF method is surely faster than these methods and even if
the LOD for F is higher compared to PIGE and the two above-cited
chemical methods, its performances are better than WDXRF and the

Comparison of the results obtained with the Low-Z TXRF. Mo-TXRF and WDXRF spectrometers. Results are expressed in terms of average concentration + standard

deviation (n = 3).

Oxide  DR-N GS-N ZW-C

Low-Z TXRF Mo-TXRF WDXRF Low-Z TXRF Mo-TXRF WDXRF Low-Z TXRF Mo-TXRF WDXRF

wt%
Na,0 2.93 +0.70 * - 2.78 + 0.44 417 £0.29 * - 3.70 + 0.60 0.46 + 0.09 * - 0.26 + 0.02
MgO 4,08 + 0.86 ** 4.94 + 0.30 5.21 + 0.03 2.45 +0.12 =* 2.02 + 0.21 2.85 + 0.02 0.14 +0.03 * - 0.09 + 0.00
Al,O;  15.66 + 3.14 ** 16.60 £ 0.95  15.84+1.89 1521 +£0.65** 1544 +0.31 1557 £0.34  20.99 + 3.83 **  2210+1.40  19.20 + 0.03
Si0, 51.94 + 11.67 **  51.69 +3.09  52.96 + 0.82 7322+ 4.74*% 6724 +254  68.14+0.53 61.78 +2.43 48.60 +3.20  55.30 + 0.38
P,0s - 0.40 + 0.09 0.24 + 0.00 - 0.11 + 0.02 0.26 + 0.00 - - 0.02 + 0.00
K0 1.70 £ 0.23 *# 1.67 + 0.09 1.66 + 0.07 4.98 +0.10 * 4.70 + 0.12 4.54 + 0.02 7.93 + 1.56 *# 8.60 + 0.40 7.88 £ 0.01
CaO 5.73 + 1.04 *# 7.11 + 0.43 6.29 + 0.62 2.36 £ 0.12 =% 2.48 + 0.07 2.16 + 0.01 0.35 + 0.07 *# 0.33 £+ 0.02 0.32 £ 0.01
TiO, 1.01 + 0.15 *# 1.10 £ 0.08 1.13 + 0.01 0.81 + 0.03 0.67 + 0.05 0.65 + 0.01 0.05 + 0.01 # - 0.05 + 0.00
MnO - 0.22 + 0.02 0.21 + 0.00 - 0.05 + 0.00 0.06 + 0.00 - 0.90 + 0.10 0.96 + 0.00
Fe,03  11.20 + 2.57 *# 9.81 + 1.27 10.22 £ 0.37  3.63 + 0.48 =¥ 3.71 £ 0.16 4.02 + 0.09 14.72 + 2.96 **  8.80 + 0.50 10.49 + 0.11
Element mg/kg
F 998 + 48 54,794 + 10,031% 44,900 + 1970
S 299 + 26 372+ 4 151 + 14* 173+6 340 + 82 289 + 2
cal 417 + 14* 397 + 24 508 + 12 524 + 16* 454 + 53 464 + 11 118 + 2 71+ 4

* 95% confidence level (Low-Z TXRF vs Mo-TXRF).
# 959% confidence level (Low-Z TXRF vs WDXRF).
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Fig. 4. Comparison of the recovery obtained with the three spectrometers for the analysis of the samples DR-N, GS-N and ZW-C.

other neutron spectroscopies (Table 4). Last but not the least, with TXRF
the amount of sample needed is only 50 mg, much lower than the
amount required for all the other methods (Table 4).

In general, the results produced with the two TXRF spectrometers
show higher standard deviations compared to WDXRF. This can be
explained by the very different amount of sample used for the analyses.
In fact, for TXRF only 50 mg of material were used for the preparation of
the suspension, from which just few microlitres were deposited on the
reflector. On the contrary, in the case of WDXRF, 5 g of powder were
employed (100 times more) and a large area (=7 cm?) of the bead was
analysed, thus reducing the variability caused by the well-known het-
erogeneity of geological samples.

To compare the average elemental concentrations obtained with the
Low-Z TXRF spectrometer with the data obtained with the other two
methods, Student’s t-test was used as a statistical tool (Table 5). The
average concentrations obtained with the Low-Z TXRF spectrometer can

be considered significantly comparable to those determined with the
other spectrometers, with a 95% of confidence level. This result suggests
that the Low-Z TXRF spectrometer can be successfully used for the
chemical characterization of aluminosilicates, as an alternative to
WDXRF, which is the reference analytical technique in this field. In
terms of accuracy, the recovery calculated for all the quantified elements
with the three analytical methods are quite similar. For MgO, AlyOs,
Si0,, K50, CaO, TiO, and Fey0g3, all the three methods showed a re-
covery in the range 80-120% (Fig. 4). Chlorine was overestimated with
WDXRF in DR-N and with both WDXRF and Low-Z TXRF in ZW-C. A low
accuracy was observed for NapO in ZW-C using both Low-Z TXRF and
WDXRF. MgO was overestimated in the case of GS-N by WDXRF. Finally,
FeoO3 was overestimated with the Low-Z TXRF spectrometer in the case
of ZW-C, which was caused by the overlapping of the strong F fluores-
cence peak in this sample. However, Fig. 4 pointed out that a good re-
covery was obtained for Fe;O3 in ZW-C by using Mo-TXRF. Moreover,
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Mo-TXRF allowed to accurately quantify also MnO which cannot be
determined with the Low-Z TXRF spectrometer. Fig. 5 shows side-by-
side the spectra obtained with the Low-Z TXRF spectrometer and with
the Mo-TXRF instrument. It is evident that the two devices provide
different pieces of information on the chemical composition of the same
sample, and therefore could be used jointly for a complete analysis of
aluminosilicates, for both major and minor elements. The fluorescence
signal from 5.89 keV (Mn) to 16 keV could be recorded by using the Mo-
TXRF instrument (Fig. 5A), giving information on elements not consid-
ered in the present work, such as Ni, Cu, Zn, Ga, Pb, Se, Rb and Sr.
Besides, the Low-Z TXRF spectrometer could be used to collect the
fluorescence signals below 6 keV (Fig. 5B), providing information on the
major light elements. Indeed, only the Low-Z TXRF spectrometer allows
recording a spectrum below the Al-Ka fluorescence signal.

3.4. Strategies for instrumental implementation

Practically, the issues related to the detection and quantification of
Mn and Fe with the Low-Z TXRF spectrometer could be overcome by
installing a second X-ray tube (such as Rh or Mo) on the spectrometer in
order to excite the K-lines of Mn and Fe. Such a spectrometer would
allow the full elemental composition of aluminosilicate materials to be
quantified, alike WDXRF. Spectrometers equipped with two targets (Mo
and W bremsstrahlung) are already available on the market and in this
case the second target (W) is usually used for the excitation of the K-lines
of heavy elements (i.e., Cd, Ag, Sn, etc). Wobrauscheck et al. (2015)
proposed a TXRF spectrometer equipped with a Rh and a Cr source
providing good results for the analysis of water solutions. The same
configuration could be proposed for the analysis of aluminosilicates and
in general for complex matrixes.

Other strategies for the analysis of both light and heavy elements
with TXRF consisted in the use of both K and L-lines of a Rh target (Prost
et al., 2018) for elements excitation. Even if good results were obtained
on water solutions (the lightest detected element being Na), preliminary
studies (data not shown) on aluminosilicate materials did not give
encouraging results to consider further its applicability to this kind of
matrix. An explanation might be the fact that in this spectrometer a not
monochromatized Rh-L radiation was used for the excitation, but a re-
flected pink beam cut-off above the Rh-L radiation. This led to a higher
background, especially when using this type of matrices. Despite the
better performances of WDXRF (which remains the main analytical tool
for the elemental characterization of geological samples) for the analysis
of aluminosilicate materials, as demonstrated by Allegretta et al. (2019),

TXRF can be successfully used when only low amounts of sample are
available (about 100 times less than the amount used for WDXRF). In
this sense, TXRF spectrometry is suggested for quantification of ele-
ments, both light and heavy, in those fields in which the sample avail-
ability can be a problem such as for example, cultural heritage studies,
mineral and material synthesis, clay characterization, sorption-
desorption studies, etc.

4. Conclusions

In the present work, a new method based on TXRF for the detection
and quantification of light elements in aluminosilicates and alumino-
silicate materials was developed. The main findings can be summarized
as follows:

- For the quantification of light elements in complex matrixes, a
particular instrument equipped with a vacuum chamber, a Cr source,
a multilayer monochromator and an SDD detector with an SisNy4
window was needed.

Quantification of light elements from fluorine (F) to iron (Fe) in
aluminosilicates was achieved as well as detection of carbon (C) and
oxygen (0O).

Manganese (Mn) and other heavier elements could not be quantified,
but the implementation of the spectrometer with a second X-ray
source (i.e., Rh, Mo, etc) could overcome this problem.

For the first time, TXRF was successfully used for the quantification
of light elements in a complex matrix. In fact, to the authors’
knowledge, only tests on water solution have been performed before.
This is an important step, because it opens the possibility to analyse
light elements not only in aluminosilicate materials, but also in other
complex matrixes such as composites, soils, sediments, ores, and
other environmental and biological samples.

Compared to other methods (titration, potentiometry and RPAA),
fluorine can be quantified in a faster way, without performing
extraction, using a very simple sample preparation and with limits of
detection comparable to PIGE and WDXRF.

The present method required only 50 mg of sample, making this
method applicable to fields in which the procurement of sufficient
amounts of sample could be difficult (cultural heritage, archaeology,
microsynthesis, sorption-desorption tests, etc).
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