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Abstract Total reflection X-ray fluorescence (TXRF)
analysis is an excellent tool to determine major, minor and
trace elements in minuscule amounts of samples, making
this technique very suitable for pigment analysis. Collect-
ing minuscule amounts of pigment material from precious
works of art by means of a cotton swab is a well-accepted
sampling method, but poses specific challenges when
TXRF is to be used for the characterization of the unknown
material.

1 Introduction

The technique of TXRF is based on irradiating material
that was applied on a flat sample carrier, e.g. a quartz disc,
with grazing incidence conditions obtained with a 0°-90°
excitation geometry, causing total reflection of the incident
monochromatic X-ray beam [1, 2]. As a result, the spectral
background is dramatically reduced so that trace elements
down to ppb level of concentration can be detected [1, 3].
Quantification is greatly simplified, as the thin layer
approximation can be applied [4, 5]. Major, minor and
trace elements concentrations can be obtained in minute
amount of samples [3, 6]. Typical fields for application of
TXRF are environmental, geological, biological and med-
ical sciences, and the semiconductor industry [7, 8]. Since
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more than two decades, TXRF is also being used for
archaeometrical investigations [4, 5, 9-20].

Elemental analysis of inorganic pigments helps in a
better understanding of the painter’s palette, as regards
both pure pigments and complex mixtures; later interven-
tions could be identified thanks to the presence of key
elements related to pigments which are incoherent with the
chronological attribution of a work of art (some examples
are zinc and titanium white [18]). As a result of correct
pigment identification, more detailed chronological infor-
mation can be achieved, as well as a deeper insight into
potentially harmful degradation processes [9, 14, 18].

Various elemental and molecular analytical techniques
are now established in the field of archaeometry.
Portable instruments for non-destructive analysis are now
available for many techniques [21-23]. For TXRF analysis,
however, only a minuscule sample is required. Pigment
sampling for dry TXRF analysis of particles can be carried
out in a virtually non-destructive way, by means of care-
fully rubbing with a dry cotton swab on a non-varnished
surface [5, 18]. This sampling is different from the tradi-
tional scalpel-, or needle, based acquisition. It can only be
performed on unvarnished surfaces to ensure that pigment
material is actually collected, leaving no visible trace on
the object [9]. Collecting only micrograms amount of
material on the cotton swab, even lower amounts (ng) are
then transferred on the sample carrier in a next step [5, 14].
Von Bohlen and Klockenkdmper et al. [4, 14] report that a
simple and accurate quantification is possible, as long as
the deposited weight of the particles does not exceed 50 g
in total and the particle size is only a few pm. Sampling
with a cotton swab allows for multiple sample collection,
improving the representativity of the analysis [5, 9].
Curators accept such sampling, but still these rare samples
are very precious in that respect.
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Obtaining microscopic pigment particles on a cotton
swab poses some specific challenges, when characterizing
the used pigments and mixtures using the TXRF method-
ology [3, 5, 6, 9, 11]. Considering the very small amounts
of material to be characterized with the TXRF method, one
needs to take extra care to prepare the necessary “clean”
sample carriers. In this respect, the determination of
instrumental (spectroscopical) artefacts was necessary.
During this period of study, the manufacturer of the used
G.N.R. TX2000 TXRF spectrometer altered its sample
chamber, so that the influence of this instrumental change
could also be evaluated. In addition to the qualitative
identification of the pigments, (semi)quantitative informa-
tion can be obtained as well from the spectroscopical data.
In order to verify the commercial quantification software
SinerX delivered with the G.N.R. TX2000 spectrometer, a
quantification scheme was set up for convenience, as
reported by [5]. The peak and background intensities for
these calculations were obtained by means of AXIL [24].
The transfer of the precious material from the cotton swab
to the sample carrier right at the correct position on the
sample carrier, so that the incoming X-rays can optimally
excite it, is of major concern. Because the actual physical
deposition of particulate material from the cotton swab to
the sample carrier is not physically fully controllable, the
imperfect positioning on the sample carrier was subject to
study, in order to better understand the influence it may
have on the TXRF results.

The final goal of the evaluation of all the steps described
above will help to better understand the influence of the
different experimental parameters when performing TXRF
investigation of pigment particles sampled with cotton
swabs, especially when the traditional liquid sample
preparation methods conventionally used in TXRF analysis
are not applicable [25].

2 Experimental and methods

The TXRF measurements were performed with a state-of-
the-art G.N.R. TX2000 total reflection X-ray fluorescence
spectrometer. The selected monochromatic X-ray source is
the result of monochromatizing (Si/W multilayer reflector)
the Mo-Ka line from a long fine-focus (0.4 x 12 mm)
high-power (3 kW) Mo/W anode. The characteristic radi-
ation induced in the sample is collected using a Peltier-
cooled silicon drift detector (SDD) with 30-mm” active
area. The energy resolution for Mn-Kao is 140 eV. A
sample carousel allows automated batch measurements of
12 samples. All measurements were performed operating
the tube at 40 kV/30 mA, with 1000 s measurement time.
It should be noted that during the period of this study,
G.N.R. replaced the measurement chamber in order to
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improve the measurement conditions. The software pack-
age SinerX, delivered with the instrument, was used for
data processing of TXRF spectra.

The availability, and use, of “clean” sample carriers
seems trivial for a TXRF methodology, but the delivery of
batches of effectively clean sample carriers may not be
such a trivial task in practice for an instrument that pro-
mises ppb levels of limit of detection. In order to reveal the
power of detecting trace elements, the NIST SRM 1640a
(trace elements in natural water) was measured.

The procedure to obtain clean quartz sample carriers used
in this work is described by Klockenkédmper for the cleaning
of digestion vessels [3]. The use of a subboiling device
(vessel cleaner by ANALAB Sarl, France) allows the
preparation of vast numbers of carriers in an unsupervised
way, and with reduced reagent consumption. The prepara-
tion steps are as follows: (1) any residue of previous analysis
is removed with paper and Disinfectol®; (2) the sample
carriers are inserted in a specifically designed 24-slot Teflon
holder [3, 6], which is suited for use in combination with a
perfluoroalkoxy alkanes (PFA) subboiling device; (3) the
sample carriers are exposed to supra pure nitric acid vapours,
obtained by setting the heating unit to 145 °C; (4) the sample
carriers are rinsed with MilliQ water; (5) the sample carriers
are exposed to MilliQ water vapours, obtained by setting the
heating unit to 115 °C; (6) same as step 4; (7) the sample
carriers are vacuum dried on their support; (8) finally, they
are transferred to Petri dishes for temporary storage. For each
batch, one sample carrier was prepared with a 10 pL droplet
of a diluted multielement standard and measured together
with the batch.

The influence of the cleaning procedure duration was
investigated by cleaning batches of sample carriers with
varying treatment times for steps 3 and 5 (12, 2 or 1 h each,
for a total cleaning time of, respectively, 24, 4 or 2 h).
After this procedure, each batch of sample carriers was
measured five times each for 1000 s.

When preparing multielement standard solutions (Multi
Element Standard Solution IV, Merck, Germany), and the
NIST SRM 1640a (trace elements in natural water) sam-
ples, a surfactant (Triton) was added to prevent the 10 pL
drop from running on the sample carrier and to ensure it
will dry in a circular shape (ca. 8 mm in diameter) in the
centre of the sample carrier [6, 26-28]. A blank solution
containing Triton was prepared and studied to check it was
not adding unwanted elements to the samples under study.

Lower limits of detection (LLD) were calculated from a
1 ppm multielement standard solution and the NIST SRM
1640a measured for 1000 s (5 repetitions), according to the
following formula [3]

Cin/Irkg,j

Ij

LLD, = 3 x
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where C; is the concentration of the selected element j, with
I1kgj and I;, respectively, the background and the net peak
area, as obtained by AXIL [24].

Next to the use of the commercial SinerX software,
delivered with the TX2000 instrument, the following
quantification calculations were performed. Instrumental
relative sensitivities (R;s) needed to be calculated from
multielement standard analysis. R;;s were obtained from
the known elemental concentrations C; in the multielement
standard and the measured peak intensities /; for each
element j, referred to an internal standard element (/S), for
example, Fe or Ga, according to the formula [3]

I; x Cis

IS =
IIS X Cj

From the derived sensitivity curves for K and L lines, the
relative sensitivities for elements not present in the multi-
element standard could be obtained by simple interpola-
tion. Once the R;;s are calculated, quantification was
performed by applying the following formula, as reported
by Klockenkémper [3]

o IJ X CIS
! Iis X Rj1s

where Cig can be either the concentration of the added
internal standard (e.g. Ga) or the arbitrary concentration
given to a present element, which acts as an internal
standard (e.g. Fe = 1 ppm). This latter approach, referred
to in this work as Qcalc, was used in this study both for the
NIST SRM 1640a and for pigment particles, to obtain
semiquantitative information. In order to be able to com-
pare the results of the SinerX processing, and of Qcalc with
the certified values of NIST SRM 1640a water sample,
concentration ratios to Fe were calculated.

The correct positioning of microscopic particles on the
sample carrier for TXRF analysis is not trivial, ant it seemed
interesting to study. Conventional liquid samples, when
additioned of a surfactant, or when applied on adequately
prepared sample carriers, can be easily positioned in the centre
of the sample carrier and dry in a circular shape [6]. On the
contrary, particles suitable for TXRF analysis pose some
issues, and it seemed relevant to investigate the measured area
of the sample carrier. The sampled pigment particles are not
visible by naked eye, and they are trapped between the fibres
of the cotton swab. Also, because the size of a droplet of
surfactant-containing multielement standard as small as
10 pL is extremely hard to control, even after correct pipetting
on centre of the sample carrier, it was decided to use a mate-
rial, such as a commercial felt-tip eyeliner (Cosnova, Frank-
furt, Germany), with which samples of controllable size (ca.
1 mm dots) and position (0, 2 and 4 mm from the centre of the
round sample carrier) could be achieved. Each prepared

sample carrier was also rotated in four steps of 90° (n = 3 for
each position), to take into account instrumental geometry
effects. As a final test, samples of Kremer (Germany) pigment
particles were prepared by means of dry cotton swabs
(Deltalab, Spain), transferred on a clean sample carrier and
immediately analysed. Following the data presentation com-
monly reported in archaeometrical literature regarding TXRF
analysis of pigments, the obtained concentration values as
ppm from SinerX and Qcalc were easily converted into per-
centages to the total of detected elements by normalization to
100%, as no internal standardization can be performed in the
case of pigment particles analysis [3-6, 10, 11, 14, 15].

3 Results and discussion

After applying the cleaning procedure based on the use of a
subboiling device, contaminants such as K, Ca, Fe, Ni, Cu,
Zn, Pb might still appear. Ni, Cu and Zn are of instrumental
origin, while the other elements come from external con-
tamination/handling. Multiple sets of sample carriers
cleaned for 24, 4 or 2 h in total (step 3 + step 5) were
measured before chamber replacement, and the obtained
intensities are shown in Fig. 1. The results of the shortest
cleaning procedure are comparable with the longest one, on
the condition that sample carriers showing potential con-
tamination are removed from the calculations and from
further use. Contaminated sample carriers appear

1000
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Intensity (counts)

o
S

0.01
20 26 28 29 30

Z (atomic number)

[124h cleaning A 4h cleaning
4h unsuccesful cleaning [@2h cleaning

Fig. 1 Effect of duration of cleaning time. Observed intensity of
residual elements after cleaning for different times (step 3 + step
5 =24, 4 or 2 h), measured 1000 s, as a function of cleaning time,
versus the atomic number. The standard deviation s; is shown for each
cleaned batch, measured five times. All the measurements were
performed before chamber replacement. One standard deviation s; is
indicated

@ Springer



1051 Page 4 of 10

A. Coccato et al.

Table 1 Effect of chamber
replacement on the intensity of
some elements on cleaned
sample carriers (five repetitions,

Ni-Ka Cu-Ka Zn-Ka

Average counts s5;  Average counts s;  Average counts s

1000 s), for 4 and 2 h total
cleaning time

randomly, independently to the total cleaning time, in all
the cleaned batches, and are most likely related to inac-
curate handling of the sample carriers after cleaning and/or
dust particles accidentally deposited. A selection procedure
was still needed, as no cleaning procedure could ensure a
100% success rate in giving clean sample carriers. Figure 1
shows as well the unsuccessful cleaning of a sample carrier
cleaned for a total of 4 h (Ca contamination estimated to
approximately 2 ppm). During this study, the measurement
chamber was replaced, causing a decrease in Cu interfer-
ence and the simultaneous slight increase in the signals of
Ni and Zn (Table 1), related to the detector’s design. No
further tests were performed in the old setup, i.e. prior to
chamber replacement. In the present conditions, Ni, Cu and
Zn remain stable and can be considered as instrumental
background, corresponding to contamination levels of
approximately 50-100 ppb of Ni. Ca and Fe are, on the
other hand, related to the cleaning procedure or to han-
dling. As regards the cleaned sample carriers, Fig. 2 shows
the intensities (A) and spectra (B) of sample carriers
cleaned for a total of 2 h. The iron concentration on a
sample carrier showing contamination could be estimated
in the range of few hundreds ppb. LLD below 10 ppb are
observed for elements between Cr and Sr (24 < Z < 38),
both in a 1 ppm multielement standard and for the NIST
SRM 1640a, LLD = 2 ppb are achieved for Sr-K and
4 ppb for Bi-L lines (1 ppm multielement, 1000 s, Fig. 3).
As an example of the selection of clean sample carriers,
being the LLD for Fe = 7 ppb, the contaminated sample
carrier shown in Fig. 2a, b has to be discarded from further
use, being its estimated Fe content approximately few

4 h, before chamber replacement 78 15 251 64 5 6
4 h, after chamber replacement 409 93 63 8 122 10
2 h, before chamber replacement 42 16 180 28 19 23
2 h, after chamber replacement 266 12 68 24 136 24
1000 =
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1
z
S 10
o
K
2
2
8 1
£
0.1 ™
0.01 —
20 26 28 29 30
Z ( atomic number)
B
12h cleaning @ Triton [ 2h unsuccessful cleaning
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> 150 N = = = 2h unsuccessful cleaning ]
g C Fe ]
S T / 1
~ 100 {— n —
= - " 4
(2] [ 1y n
& " ]
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hundreds ppb. From a 10-ppm multielement standard
spectrum, it was also possible to calculate the relative
sensitivities values (K and L lines, Fig. 4a, b, respectively)
to Fe and Ga for the elements of interest (19 < Z < 38;
48 < Z < 95) based on their concentration in the standard
and on the recorded net intensities [3, 6]. Interpolation was
performed to obtain information on the elements not pre-
sent in the multielement standard.

Based on the Qcalc method, spectra of the NIST SRM
1640s water sample were processed to obtain the concen-
tration values of the elements of interest, based on a given
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X-ray Energy (keV)

Fig. 2 a, b Study of the effect of surfactant (Triton). Observed
intensity of residual elements after cleaning for 2 h (step 3 + step 5),
and of a blank solution of surfactant (Triton). A clean sample carrier
(full line), a cleaned sample carrier showing Fe contamination
(dashed line), and a blank (Triton, dotted line) are compared in terms
of elemental intensity (a), and of spectral data (b). The standard
deviation s; for five repeated measurements of 1000 s is given. One
standard deviation s; is indicated
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Fig. 3 Calculated LLD (ppb) for 1000 s measurement time. The
given data correspond to the calculated LLD from a 1 ppm
multielement standard solution (full circles), and to the calculated
LLD for the studied NIST 1640a water sample (empty circles). For
the multielement standard elements not shown (L lines), the LLD are:
Cd = 52 ppb, Ba = 24 ppb, Tl =5 ppb, Pb = 4 ppb, Bi = 4 ppb.
For the NIST SRM 1640a elements not shown (L lines), the LLD are:
Ba = 36 ppb, U = 2 ppb

A

1

K-lines relative sensitivity
(arb. units)

0
19 21 23 25 27 29 31 33 35 37 39

Z (atomic number)

® Ri,Fe-Klines ¢ Ri,Ga-Klines

L-lines relative sensitivity
(arb. units)
(=Y

0
47 52 57 62 67 72 77 82 87 92

Z (atomic number)
®Ri,Fe-Llines ORi,Ga-Llines

Fig. 4 a, b Calculated relative sensitivities (to Fe and Ga, full and
empty symbols, respectively) for elements of interest present in a
10 ppm multielement standard solution (1000 s measurement time):
a K lines, b L lines

value of 1 ppm for Fe. Figure 5 shows the quantification
results for both methods, when no internal standard is
added, and Fe, originally present in the sample, is given a
value of 1 ppm in order to perform the calculations. The
SinerX-based quantification overestimates strongly all the
present elements, except potassium, while Qcalc yields
results closer to the expected values, with some exceptions.
Ca is not optimally estimated, as expected from its low
relative sensitivity to Fe. V is not considered, as it is pre-
sent at the LLD level. For Ni, Cu and Zn, it is important to
remember that some instrumental background contributes
to their signal, making their quantification inaccurate when
they are present at the tens of ppb level, as in the present
case. However, when using the Qcalc method, it would be
possible to correct for such a problem, so that the correct
concentration is calculated. As regards the quantification of
elements whose L lines are present in the spectrum, Cd is
not quantified, as it is present below LLD. Ba quantifica-
tion is problematic with both methods. Pb, although present
in detectable concentration levels, could not be identified in
the spectra processed with AXIL. Finally, both methods
overestimated the content of U. It appears that the stan-
dardless analysis gives better results when Qcalc is used. In
general, a different excitation source (for example, W) and
the selection of a multielement standard containing dif-
ferent elements might be successfully used to improve the

m
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Fig. 5 Comparison of elemental concentration ratios to Fe for NIST
1640a water sample. Fe was used as internal standard (1 ppm). Dotted
bars refer to Qcalc, slant lines to SinerX, vertical lines to the NIST
SRM 1640a. The calculated elemental ratios via both methods are
compared to the reference material data. One standard deviation s; is
indicated
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results of quantification for elements such as Cd, Ba and for
other elements Z > 80.

As regards the effect of sample positioning on the
quantification results, Fig. 6 shows the elemental counts
ratio between Fe and Mn, used to evaluate the measured
area of the sample carrier. The lowest relative standard
deviation of the ratio sgen, (7 = 3) is observed for centred
samples (4%), while it increases to 14% at 2 mm and to
17% at 4 mm from the centre. On the other hand, the effect
of rotations (0°, 90°, 180°, 270°) is not clear. Elemental
ratios are still acceptable for samples placed in an 8-mm &
area in the centre of the sample carrier, even though the
relative standard deviation increases with distance from the
centre.

Thanks to the small particles’ size and the low density of
pigment particles on the sample carrier surface, it can be
considered that matrix effects are strongly reduced. No
internal standardization can be applied to such pigment
samples, as the exact weight of the analysed sample cannot
be determined [5, 6, 9, 11, 14]. However, a relative
quantification is possible. This is an approximation, as
matrix effects are absent only for very fine (0.1 pm) grains
and for little amounts of material on the sample carrier
surface (<10 pg cm~2). Moreover, the quantification
excludes the low-Z elements, as they are not detected, and
the given results will be relative to the total of detected
elements [3-6, 10, 11, 14, 15]. Si is also excluded from the
calculations, as the quartz sample carrier contributes to the
signal, and elements such as Sn and Sb, which are relevant
for the study of pigments, are also not considered at this
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Fig. 6 Study of the effect of distance from the centre and angle. Fe/
Mn intensity ratio of commercial eyeliner when measuring ca. 1-mm-
diameter dots at angles of 0°, 90°, 180°, 270° (from a reference
position) as a function of distance from the centre of the sample
carrier. The standard deviation s; was obtained by three repeated
measurements of the same sample carrier
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point, based on the results of multielement standard anal-
ysis with the Mo source, as explained in the previous
paragraph. In the case of pigment analysis, the quantifica-
tion can only rely on relative quantification of detected
elements based on one selected element as internal stan-
dard (i.e. Fe), which are then normalized to 100%, and
finally converted to percentages of detected elements
[3-6, 10, 11, 14, 15]. Also, no certified values from the
producer are available regarding the minor and trace ele-
ments in the selected pigments (http://kremer-pigmente.
com/, last visited on 23 May 2016), so the comparison here
regards three different samples for each selected pigment,
processed via Qcalc or via the commercial software Sin-
erX. The results (in percentages of detected elements) are
summarized in Tables 2, 3 and 4. The results of quantifi-
cation on the studied pigment samples are comparable for
both the Qcalc and the SinerX calculations, the greatest
discrepancy between the results being ca. 5.5% on the main
element (Pb in lead tin yellow I). For the minor and trace
elements, differences could be observed, for example, Ca
in yellow ochre, which is quantified by SinerX as twice the
amount resulting from calculations, or of many impurities
in magnetite, not identified by the commercial software.
The qualitative identification of pigments based on the
presence of key elements can successfully be performed,
on the condition that conclusive identification is well
supported by complementary analysis, especially in the
case of lead-containing yellow pigments, arsenic- and
copper-containing pigments, and lapis lazuli/ultramarine.

As already pointed out in the previous paragraph, as
some elements of relevance in pigment analysis are not
successfully excited by the Mo tube, the obtained ele-
mental composition on some yellow pigments such as lead
tin yellow types I and II and Naples Yellow is limited to
lead, and to other detectable minor elements. In that case,
as well as for arsenic-based pigments, a different approach
(molecular techniques, such as Raman spectroscopy [29])
could be more suitable and give better results. Among the
iron-based pigments, yellow ochre and green earth showed
a more varied composition, including K and Ca as well, as
expected from the mineralogy of these materials. For the
ultramarine and lapis lazuli blue pigments, as expected, no
specific key elements can be identified by means of XRF-
based techniques. Misidentification of green pigments
based on copper, or of mixtures of Cu-containing blue
pigments with (organic) yellow materials, is very likely to
happen, when only using elemental analytical techniques.
The TXRF analysis is anyway fast and does not consume
material, which allows for further analysis, such as
microscopy and micro-Raman spectroscopy [4, 11-13, 15],
preferably done after TXRF measurement, in order to
minimize the exposure of the sample to airborne contam-
ination and unnecessary handling.
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Table 2 Analysis of Kremer pigment particles sampled with a cotton swab, processed by Qcalc and SinerX. Results of pigment analysis (white

and yellow/orange)

Pigment Lead white Lead tin yellow I Lead tin yellow II Naples yellow Realgar Orpiment  Yellow ochre
2PbCO;-Pb(OH), Pb,SnO, PbSn,_,Si, 03 Pb,Sb,04 AsySy As,Ss Fe;05-H,0 + clay + SiO,
V4 % s % s % 5 % S; % s;i % s;p % s
19  Qcalc 0.0 0.0 6.9 0.6
SinerX 5.9 0.4
20 Qcalc 0.2 0.0 0.6 0.1 0.5 0.1 02 00 04 0.2
SinerX 0.0 0.0 22 0.1 04 0.0 0.1 01 09 0.0
22 Qcalc 0.0 0.0 2.0 0.0
SinerX 3.5 0.0
24 Qcalc 0.0 0.0 0.0 0.0 0.0 0.0 00 00
SinerX 0.0 0.0 0.0 0.0 00 00 0.0 00
25  Qcalc 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00
SinerX 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 00
26 Qcalc 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 00 00 00 90.0 0.5
SinerX 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0.0 00 88.0 0.4
27 Qcalc
SinerX
28 Qcalc 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.1 02 00 02 00 01 0.0
SinerX 0.1 0.0 0.1 0.0 0.2 0.0 0.2 0.0 01 00 0.1 00 0.0 0.0
29 Qcalc 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.1 01 00 01 00 02 0.0
SinerX 0.1 0.0 0.1 0.0 0.2 0.0 0.2 0.0 01 00 01 00 09 0.0
30 Qcalc 0.1 0.0
SinerX 0.0 0.0
33 Qcalc 99.6 00 99.5 0.0
SinerX 99.7 0.0 99.7 0.1
37 Qcalc
SinerX
38  Qcalc 0.0 0.0 0.0 0.0 0.0 0.0
SinerX 0.2 0.0 0.3 0.0 0.3 0.0 0.0 0.0
48  Qcalc 7.1 0.8 0.4 0.1 6.4 0.3 6.1 3.9
SinerX 3.6 0.3 35 0.3 1.9 0.4 1.9 0.8
80 Qcalc 0.2 0.0 0.0 0.0
SinerX 0.3 0.0 0.4 0.1
82 Qcalc 92.1 0.7 99.0 0.1 92.8 0.3 93.6 4.0 0.2 0.0
SinerX 88.3 0.6 93.5 0.3 97.0 0.4 97.5 0.8 0.9 0.0

83  Qcalc 0.2 0.0
SinerX 7.2 0.9

The given values are calculated based on a given concentration of Fe = 1 ppm and are expressed in percentage of detected elements. The

standard deviation s; is calculated on three measurements per sample

The rows in italic refer to results obtained via the Qcalc method. The main element(s) for each pigment are marked in bold

4 Conclusions

The G.N.R. TX2000 instrument is a highly performing
TXRF spectrometer, showing LLD as low as 2 ppb for
Sr (K lines). The detection power of the instrument was
demonstrated by analysing trace elements in natural
water (NIST SRM 1640a). For the study of microscopic

particles sampled on a dry cotton swab, the effect of
positioning is of primary importance, as deviation of the
results because of mispositioning is to be expected.
Elemental count ratios (Fe/Mn) of a sample deposited in
a controlled way, as regards both size and position on
the sample carrier, show a relative error of 4% for
centred samples, increasing to 17% at 4 mm from the

@ Springer
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Table 3 Analysis of Kremer pigment particles sampled with a cotton swab, processed by Qcalc and SinerX. Results of pigment analysis (red

and blue)
Pigment Fe oxide red Cinnabar Vermillion Co blue Lapis lazuli Ultramarine Azurite
Fe,05 HgS Co0-AlL,04 Nag[AlsSic0241S, 2CuCO;-Cu(OH),
V4 % 8; % s % S; % ) % By % s % 8
19 Qcalc 1.2 04 0.2 0.4 3.2 0.1 0.7 0.1
SinerX 04 0.0 2.1 0.1 0.2 0.0
20 Qcalc 0.1 0.0 4.4 33 96.8 0.7 92.7 0.1 0.7 0.1
SinerX 0.0 0.0 4.2 02 953 0.5 94.0 0.1 0.4 0.0
22 Qcalc 02 0.1 0.4 0.2 0.7 0.0 0.4 0.0
SinerX 02 00 1.0 0.2 1.0 0.0 0.3 0.1
24 Qcalc 0.3 0.0 0.0 00 0.0 0.0 3.7 2.7 0.0 0.0
SinerX 1.0 0.0 00 0.0 0.0 0.0 5.5 0.0 0.1 0.0
25 Qcalc 0.2 0.0 0.0 0.0 0.2 0.0 0.0 0.1 0.1 0.0 0.1 0.0
SinerX 0.6 0.5 0.0 0.0 0.4 0.2 0.0 0.0 0.1 0.0 0.1 0.0
26 Qcalc 99.1 0.1 1.1 0.0 0.1 0.0 2.1 1.8 1.0 0.1 3.2 0.1 2.6 0.0
SinerX 974 0.4 06 0.1 0.1 0.0 0.1 0.0 0.8 0.1 2.3 0.1 1.2 0.0
27 Qcalc 84.4 11.7
SinerX 80.0 0.4
28  Qcalc 0.0 0.0 0.1 00 0.1 0.0 0.3 0.2 0.3 0.1 0.0 0.0 0.1 0.0
SinerX 0.1 0.0 0.1 0.0 0.7 0.3 0.5 0.2 0.0 0.0 0.1 0.0
29 Qcalc 0.2 0.0 0.1 00 0.2 0.0 0.4 0.3 0.9 0.1 0.1 0.0 95.8 0.1
SinerX 1.0 0.0 0.1 00 0.1 0.0 0.7 0.2 1.5 0.1 0.2 0.0 96.7 0.2
30 Qcalc 0.0 0.0 0.1 0.1 4.6 3.4 0.1 0.0 0.0 0.0 0.3 0.0
SinerX 0.0 0.0 03 01 7.8 0.2 0.2 0.0 0.0 0.0 1.0 0.1
33 Qcalc 0.0 0.0 0.1 0.1 0.2 0.0 0.0 0.0
SinerX 0.0 0.0 0.1 00 0.3 0.3 0.2 0.1
37 Qcalc 0.0 0.0
SinerX 0.0 0.0
38  Qcalc 0.0 0.1 0.0 0.0
SinerX 0.2 0.0 0.1 0.0
48 Qcalc
SinerX
80  Qcalc 981 02 994 0.0
SinerX 98.1 0.1 994 0.3
82  Qcalc 0.1 0.0 0.0 0.0 0.0 0.0
SinerX 04 0.2 0.1 0.0 0.0 0.0
83 Qcalc
SinerX

The given values are calculated based on a given concentration of Fe = 1 ppm and are expressed in percentage of detected elements. The

standard deviation s; is calculated on three measurements per sample

The rows in italic refer to results obtained via the Qcalc method. The main element(s) for each pigment are marked in bold

centre. The cleaning procedure using a subboiling
device, which allows for the cleaning of vast numbers of
sample carriers, requiring limited human intervention
and little reagent consumption, still cannot ensure for a
cleaning success rate of 100%. This requires the
checking of the sample carriers, to identify possible
contaminated ones, to be discarded based on the
instrumental LLD. Moreover, from the cleaned sample

@ Springer

carriers analysis, it appeared that instrumental interfer-
ences of Ni, Cu and Zn occur, causing overestimation of
such elements at the moment of quantification. The final
quantification test performed on Kremer pigments by
means of Qcalc and SinerX showed that both approaches
correctly quantify the samples, the greatest uncertainty
being related to the correct positioning of the micro-
scopic pigment particles. The present study allowed a



Pigment particles analysis with a total reflection X-ray fluorescence spectrometer: study of... Page 9 of 10 1051

Table 4 Analysis of Kremer pigment particles sampled with a cotton swab, processed by Qcalc and SinerX. Results of pigment analysis (green
and black)

Pigment Malachite Verdigris Cu resinate Green earth Viridian Magnetite
CuCO;3-Cu(OH), Cu,(CH3CO0), Cu salts of abietic K[(Al,Fe)(Fe,Mg)], Cr,05-2H,0 Fe304
(OH),.-nH,O acid (AlSi3,Si4)01o(0OH),
VA % Y % S; % s % by % 5 % 5;
19  Qcalc 2.7 0.1
SinerX 1.7 0.1
20  Qcalc 0.0 0.0 82.2 0.1 0.5 0.8 0.67 0.10
SinerX 0.0 0.0 84.1 1.0 0.1 0.1 0.00 0.00
22 Qcalc 0.9 0.1
SinerX 0.8 0.1
24 Qcalc 0.0 0.0 0.0 0.0 99.0 0.0 0.12 0.01
SinerX 0.0 0.0 0.0 0.0 993 0.1 0.00 0.00
25  Qcalc 0.5 0.0 0.43 0.00
SinerX 0.9 0.1 0.99 0.00
26  Qcalc 0.1 0.0 0.1 0.0 0.4 0.1 13.0 0.3 09 0.0 9934 0.02
SinerX 0.0 0.0 0.0 0.0 0.2 0.0 10.7 0.7 04 0.0 99.01 0.00
27  Qcalc 0.1 0.0 0.0 0.0
SinerX 0.0 0.0 0.0 0.0
28  Qcalc 0.2 0.0 0.1 0.0 04 0.0 0.0 0.0 0.0 0.0 0.01 0.00
SinerX 0.2 0.0 0.2 0.0 0.3 0.1 0.1 0.0 0.0 0.0 0.00 0.00
29 Qcalc  99.5 0.1 99.6 0.1 99.0 0.1 0.3 0.0 0.1 0.0 0.06 0.01
SinerX 99.4 0.1 99.2 0.1 98.6 0.2 0.5 0.0 0.1 0.0 0.00 0.00
30 Qcalc 0.2 0.0 0.1 0.0 0.3 0.1 0.0 0.0 0.0 0.0 0.04 0.00
SinerX 0.3 0.1 0.6 0.1 0.6 0.1 0.0 0.1 0.0 0.0
33 Qcalc
SinerX
37 Qcalc
SinerX
38 Qcalc 0.3 0.0
SinerX 1.1 0.1
48 Qcalc
SinerX
80 Qcalc
SinerX
82  Qcalc 0.3 0.1 0.0 0.0
SinerX 0.3 0.1 0.1 0.0
83 Qcalc
SinerX

The given values are calculated based on a given concentration of Fe = 1 ppm and are expressed in percentage of detected elements. The
standard deviation s; is calculated on three measurements per sample

The rows in italic refer to results obtained via the Qcalc method. The main element(s) for each pigment are marked in bold
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