Journal of Cultural Heritage 29 (2018) 19-29

Available online at

ScienceDirect
www.sciencedirect.com

Heritage

Elsevier Masson France

EM

www.em-consulte.com/en

Original article

X-ray fluorescence investigation on yellow pigments based on lead,
tin and antimony through the comparison between laboratory and

portable instruments

@ CrossMark

Giuseppe Capobianco?, Claudia Pelosi®*, Giorgia Agresti®, Giuseppe Bonifazi®,

Ulderico Santamaria®, Silvia Serranti?

2 Department of Chemical Engineering Materials and Environment, Sapienza-Rome university, Rome, Italy
b Laboratory of Diagnostics and Materials Science, University of Tuscia, Largo dell'Universitd, 01100 Viterbo, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 29 April 2017
Accepted 1%t September 2017
Available online 28 September 2017

Keywords:

X-ray fluorescence spectroscopy
Lead-tin-antimony yellows
Principal component analysis
Multivariate analysis

1. Introduction

This paper presents an investigation of yellow pigments based on lead, tin and antimony through X-ray
fluorescence spectroscopy with the aim of comparing portable and laboratory instruments and discussing
the potential application on artworks. Artificial yellow pigments, based on Pb-Sb-Sn, and produced in
our laboratory, were chosen in order to have a well-known and already characterized sample set. The
differentiation in artworks of these pigments is still a challenge if non-invasive portable X-ray spectro-
meters are used, as commonly occurs in practice. The analysis was performed by using the Bruker M4
Tornado laboratory equipment and the Assing Surface Monitor Il portable apparatus. Scanning electron
microscopy with energy dispersive spectroscopy was also applied for a semi-quantitative analysis of
the chosen pigments. In order to perform a significant statistical comparison of acquired and processed
data, all the analyses have been carried out by using the same sample, the same acquisition set-up and,
at the same time, operative conditions for both instruments. A chemometric approach, based on the
principal component analysis and multivariate analytical tools, was applied in order to verify the spec-
tral differences, and related informative content, between the different produced yellow pigments. The
multivariate approach revealed instrumental differences between the two systems and allowed the com-
parison of the common characteristics of the analyzed pigments set. The potential of this new approach
is also linked to the possibility of differentiating artificial yellow pigments, both in terms of composition
and, above all, in terms of recipes for their production.

© 2017 Elsevier Masson SAS. All rights reserved.

regarding performance dominates debate today [15]. On the other
hand, laboratory XRF based techniques have been a staple of

X-ray fluorescence (XRF) is a diagnostic approach particularly
suited to use in cultural heritage since it falls under the class of non-
destructive and non-invasive analytical tools [ 1-8]. Indeed, among
the variety of non-invasive in situ techniques, XRF spectroscopy
is one of the most widely utilized techniques in cultural heritage
applications despite some intrinsic limitations [3-9]. Moreover, 2D
scanning is possible with more recently developed instruments
allowing the element distribution in a selected area of interest to
be obtained [10-13].

Portable X-ray fluorescence (p-XRF) instruments and their
applications have gained considerable attention within the archae-
ological community in recent years [14], but the skepticism
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archaeological science since the 1960s [16-19]. An appreciable
number of these instruments in the past used radioactive iso-
topes rather than miniaturized X-ray tubes, making them difficult
to transport across borders. So the term “portable” in XRF instru-
ments has varied definitions, ranging from “being able to be carried
by porters” [20] to “handheld” [21]. Portable XRF analyzers have
approximately the size, shape, and weight of cordless drills and
have a similar trigger. Weight and power consumption are also
concerns for field use, however, the device sacrifices performance
to gain portability [14]. The determination of the relationship
between the intensity of the characteristic X-ray emission of an
element and its concentration within a material is not simple and
today it is possible only with benchtop XRF devices. In general, var-
ious effects, including the excitation of lighter elements by X-rays
emitted from heavier elements and matrix effects, occur within a
material, changing the measured intensities. Calibration standards
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(“matrix matched”) can be used to correct X-ray measurements.
This analytical approach permits the quantification of the element
in the analyzed matrix but it necessitates a priori knowledge of
the “unknown material’s” approximate composition. Therefore, the
analyst’s knowledge and experience are critical, in part, to recog-
nize when data may be compromised by inappropriate calibrations
[14-22]. The p-XRF measurement can be considered only for qual-
itative investigation, but recently, the analytical power of portable
instruments has increased dramatically, and they are now fre-
quently applied in mining, soil exploration and in the analysis of
consumer goods [23]. The evolution of XRF devices has enabled
the comparison of benchtop and portable instruments in different
fields of research [24-26]. Modern benchtop XRFs are equipped
with polycapillary optics that allow for generating high fluores-
cence intensities on even very small sample areas. The X-ray optics
can focus tube radiation from a large solid angle to spots of less than
30 wm. Moreover, the vacuum chamber permits better detection
of light elements [27]. In order to compare benchtop and portable
XRF spectrometers efficiently, a multivariate approach is necessary,
as widely discussed in the literature [3,12,28-31]. This approach
makes possible the extraction of information on variance and dis-
persion of many acquisitions and it enables the spectral results
from techniques based on the same physical principles to be under-
stood [32-35]. In addition, a comparison of the signals obtained by
portable and benchtop X-ray spectrometers allows the best set-up
for p-XRF to be chosen in order to obtain signal quality similar to
that of benchtop apparatus.

Using this general overview as a starting point, in the present
paper, we chose to investigate the application of portable X-
ray fluorescence (p-XRF) and benchtop XRF instruments in order
to differentiate lead-tin-antimony based yellow pigments, whose
preparation and composition is well-known, with the aim of mak-
ing a comparison in terms of quality and reliability of the results
on the same analytical sample set. To reach this goal, a com-
parison was carried out between portable and benchtop X-ray
fluorescence devices applied on different types of yellow pigments
based on lead, tin and antimony produced in our laboratory and
characterized by different analytical techniques [36]. The yellow
investigated were prepared according to the stoichiometry ratio
of the chemical elements in the final compounds and according to
the instructions described in “old” recipes [36-40]. Scanning elec-
tron microscopy (SEM) was also applied to the powder samples
for a semi-quantitative analysis. The data obtained by XRF acquisi-
tions were elaborated by principal component analysis (PCA) and
multivariate analytical techniques in order to verify the spectral dif-
ferences and the related informative content among the different
yellow pigments produced [12,41-43]. Principal component analy-
sis was chosen as a preliminary and explorative technique, which is
particularly useful for comparing the results, obtained with the two
spectrometers (benchtop and portable) tested in the research. The
main advantage of PCA is the possibility of evaluating data variance
and, through loadings, of understanding which kind of signal has
been obtained (not only the peaks but also the noise). By using PCA,
it is possible to choose the best pre-processing methods in order to
make the data comparable between the two different instruments.

2. Research aim

The main aim of this work is to evaluate the potential of two
X-ray fluorescence instruments, laboratory and portable, in order
to propose operative procedures in the context of cultural heritage.

In order to evaluate the results from the two different instru-
ments, well-known and characterized yellow pigments based on
lead, tin and antimony were chosen. These pigments, as already
mentioned, were prepared in our laboratory according to ancient

recipes and also according to the stoichiometric ratio of the chem-
ical elements in the final products. Following this strategy, an XRF
based comparison, not affected by uncertain compositions often
associated with commercial pigments, was carried out handling the
resulting spectra by a chemometric approach (i.e. principal compo-
nent and multivariate analysis) with the specific aim of verifying
the spectral differences, and related informative content, between
the different produced yellow pigments. XRF spectroscopy, as pre-
viously outlined, is a technique widely used in painting analysis
due to its non-invasive and non-destructive characteristics. It has
also been used for identifying and differentiating yellow pigments
based on lead, tin and antimony, but some uncertainty remained
due to the similar composition of these yellows and also due to the
presence of other pigments often mixed with yellows, such as lead
white or copper based compounds, which could alter element ratios
and colour characteristics [44-46]. The possibility of differentiat-
ing yellow pigments, especially that based on lead and antimony,
produced according to different recipes, is particularly relevant
in artwork examination through the XRF technique. Indeed, this
makes it possible to gather information on the period of production,
the workshop and the geographical area [44,47-49].

3. Experimental
3.1. Investigated pigments

Eleven pigments samples were selected for the X-ray fluores-
cence spectroscopic investigation (Table 1). The chosen pigments
were prepared according to both the stoichiometric ratios of
the final compounds and the indications supplied by the recipes
[36,38]. The quantities of reagents in the recipes are reported in
Libras (ancient Roman measure equal to 327 g). Some pigments,
one for each typology, were then selected for preparing paintings on
commercial canvas and wood support. Both kinds of support were
prepared by applying a traditional setting made of gypsum and
glue. The commercial canvas may contain additives used to prepare
the support, such as titanium white. The chosen pigments are: PSA2
(lead/tin yellow type I, prepared according to the Pb:Sn=2:1 molar
ratio), PSB3 (lead/tin yellow type II, prepared according to the stoi-
chiometric ratio of Pb and Sn, starting from PSA2 with the addition
of silica), APA3 (lead/antimony yellow, prepared according to the
stoichiometric ratio of Pb and Sn) and APSA (lead/tin/antimony yel-
low, prepared according to the stoichiometricratio of Pb, Sn and Sb).
They were applied by linseed oil and rabbit skin glue binders.

3.2. Scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS)

Yellow pigments were examined by SEM-EDS by using a ]SM
5400 system with SIRIUS-SD 10128 LE electron probe micro anal-
ysis supplied by iXFR Systems. The crystal area is 10 mm?2 and the
work distance 20 mm. The probe operated at 25 kV and 80 mA.

3.3. X-ray fluorescence spectroscopy set-up

X-ray fluorescence analysis was performed with the following
instruments:

e Bruker Tornado M4 equipped with a Rh tube, operating at 50 kV,
500 A, spot 25 pm obtained with polycapillary optics [50];

¢ Assing Surface Monitor II equipped with Au tube, operating at
50kV, 300 pA, spot 2 mm.

For each sample powder, 20 points of measurements were exe-
cuted at three different acquisitions times: 30s, 60s and 240s. In
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Table 1
Description of the samples used for XRF analysis.

Sample abbreviation Production conditions

Pigment

PSA2 Pb304 (3.0g), SnO, (1.0 g), Pb:Sn=2:1 molar ratio, 800°C in porcelain Lead/tin yellow type I (stoichiometric ratio of Pb and Sn)
crucible
CPbSnA1 Metallic Pb (9.8 g) and Sn (10.8 g), 800 °C for 5 hours in refractory crucible Calcined lead and tin by Danzica manuscript recipe 13/c 3.v

CPbSnD Metallic Pb (1.30g) and Sn (0.32 g), 800 °C for 5 hours in refractory crucible Calcined lead and tin by Cipriano Piccolpasso
PSB3 PSA2 (2.0g), SiO, (0.2 g), 800°C for 5 hours in porcelain crucible Lead/tin yellow type II
(stoichiometric ratio of Pb and Sn)
PSMSBZA Calcined lead/tin (CPbSnD, 6.54 g), paternoster (6.54 g, recipe 272 of Zallolin de depentori, recipe 273 of the Bolognese
Bolognese Manuscript), Pb304 (8.18 g), SiO, (1.63 g), 800 °C on terracotta Manuscript
plate
APA3 Pb304 (5.94 g), Sb,05 (3.79¢g), 900 °C on terracotta plate covered by paper Lead antimonate (Naples yellow). Stoichiometric ratio of
Pb and Sb
PSAPPA1 Sb,03 (1.30g), Pb304 (1.90g), C4H5KOg (lees, 0.30g), 800 °C for 5 hours on Zallolin by Piccolpasso and Passeri common recipe
terracotta plate
PSAPZ1 Sb,03 (3.27 g), Pb304 (4.91 g), C4H5KOg (2.76 g), NaCl (2.76 g), 800 °C for Zallolino A by Piccolpasso
5 hours on terracotta plate
PSAPZB1 Sb,05 (0.66g), Pb304 (0.98g), C4H5KOg (0.32g), NaCl (0.01g), 800°C for 5 Zallolino B by Piccolpasso
hours on terracotta plate
APSA PbO (1.78 g), SnO,, (0.60 g), Sb,03 (0.58 g), 925 °C for 5 hours on terracotta Lead/tin/antimony yellow (stoichiometric ratio of Pb, Sn
plate and Sb)
APSABR Pb,03 (3.27 g), SiO; (1.14 g), Sb,05 (0.32 g), calcined lead/tin (CPbSnA1, Giallo in corpo by Danzica Manuscript 123 (c. 30r)

0.49g), PbO (0.82 g)

total, 1320 spectra were obtained, 660 for portable instrument and
660 for laboratory apparatus. The choice to perform the analysis on
20 points was due to the variability in composition of the pigments,
especially of those prepared according to the recipes, as revealed
by morphological and chemical analysis made by scanning elec-
tron microscopy coupled with energy dispersive spectroscopy. The
paintings were analysed with the two instruments by acquiring 20
points for each pigment and binder selecting time 60 s, on the basis
of the results obtained by the XRF analysis on powders.

Moreover, the laboratory instrument was also used to perform
a mapping of the painting samples. The conditions for mapping are
the following: width 672 pixel, height 426 pixel, pixel size 100 um
and pixel time 6.53 ms. The low acquisition time allows for cre-
ating a distribution “hypermap” of elements where each pixel is
composed of XRF spectrum. This modality can be considered as
complementary to point analysis and it allows the distribution of
each investigated element to be gathered.

3.4. Data treatment and chemometric analysis

The spectral data analysis was carried out by standard chemo-
metric methods. PLS_Toolbox (Version 7.8 Eigenvector Research,
Inc.) running inside Matlab (Version 7.11.1, The Mathworks, Inc.)
was used. In particular, principal component analysis (PCA) was
applied. PCA is a powerful and versatile method capable of pro-
viding an overview of complex multivariate data and it is widely
adopted to treat XRF data both from in situ analysis [51-54] and
laboratory applications [55-57]. PCA can be used to reveal rela-
tions between variables and samples (i.e. clustering), detecting
outliers, finding and quantifying patterns, generating new hypothe-
ses as well as many other applications. It is used to decompose the
processed spectral data into several principal components (PCs),
linear combinations of the original spectral data, embedding the
spectral variations of each collected spectral data set [58]. Accord-
ing to this approach, a reduced set of factors is produced. Such a set
can be used for exploration, since it provides an accurate descrip-
tion of the entire dataset. The first few PCs, resulting from PCA,
are generally used to analyse the common features among samples
and their grouping: in fact, samples characterized by similar spec-
tral signatures tend to aggregate in the score plot of the first two or
three components [59]. Spectra could be thus characterized either
by the intensity of peaks at characteristic X-ray line energies (KeV),
or by their score on each PC in the PCs space. Samples exhibiting

similar spectra are grouped in a region of the score plot in rela-
tion to the first two or three PCs, whereas samples with different
spectral features will be clustered in other parts of this space. The
advantage of using PCA concerns the possibility of exploring a large
data set and so of comparing the results obtained by the two differ-
entinstruments (portable and laboratory). The differences between
instruments and data variability cannot be obtained with the aver-
age spectrum. Finally, loadings of each model show information
about the characteristics of the spectra and their variability.

Pre-processing was adopted to emphasize the obtained results.
Concerning the data gathered by p-XRF spectrometer with different
acquisition times, pre-processing consisted of variable alignment,
performed to reduce the shift effect of peak, normalize and mean
center in order to center the data. Pre-processing for benchtop XRF
data was normalized and mean centered.

Concerning the analysis of the painting samples, a baseline cor-
rection, to reduce the noise related to organic binders, followed
by normalization and mean center pre-processing was applied.
Finally, for the mapping of elements on the painting samples,
smoothing was applied in order to reduce the effect of data noise.
Moreover, normalize and mean center were used.

4. Results and discussion
4.1. SEM-EDS analysis on sample powders

The produced powders were characterized by SEM-EDS on dif-
ferent points layered on the stubs for SEM. The results of SEM-EDS
analysis are summarized in Table 2. By considering the general
results, it can be assessed that the pigments prepared according
to the ancient recipes contain mixtures of compounds.

SEM-EDS analysis on sample CPbSnA1 (lead/tin yellow type I,
prepared according to the Danzica manuscript) reveals the pres-
ence of an excess of tin. Generally tin oxide was detected by
micro-Raman spectroscopy in almost all powders obtained follow-
ing the indications of the recipes [36]. Only the calcined lead/tin
pigment obtained by Piccolpasso recipe (sample CPbSnD) has
homogeneous composition, in terms of chemical elements, and it
is constituted by the compound Pb,SnOy4 [36].

According to this result, lead and tin yellow type Il was prepared
by using the compound CPbSnD. The SEM-EDS analysis performed
on the obtained sample (PSMSBZA) has homogeneous composition
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Table 2

Results of SEM-EDS analysis in terms of molar proportion.
Sample SEM-EDS (molar proportion) Notes
abbreviation
PSA2 Pb=2;Sn=1.1 Pb,Sn04 can be

hypothesised

CPbSnA1 Pb=1.2;Sn=4.7 Evident excess of tin
CPbSnD Pb=2.6;Sn=1.5 Mixture of compounds
Pb=3.1;Sn=1.6
PSB3 Pb=2.3;Sn=1.5;Si=1.5 PbSnO; or PbSn;_SixO3
can be hypothesised
PSMSBZA Pb=3.2;Sn=1.5;Si=1 PbSnO; or PbSn;_,SixO3
can be hypothesised
APA3 Pb=2.2;Sb=2.3 Mixture of compounds
Pb=1.4;Sb=3.9
PSAPPA1 Pb=2.4;Sb=2.4;K=0.2 Mixture of compounds
Pb=2.3;Sb=2.5; K=0.2
Pb=2.3;Sb=3.1; K=0.2
PSAPZ1 Pb=2.2;Sb=3.2; Na=0.5 Mixture of compounds
Pb=1.7; Sb=4.0; Na=0.08
PSAPZB1 Pb=2.0; Sb=3.1; K=0.1 Mixture of compounds
Pb=2.5;Sb=2.6; K=0.2
Pb=1.8; Sb=3;K=0.1; Na=0.1
APSA Pb=2.7; Sb=1.0; Sb=1.0 Pb,SnSbOg 5 can be
hypothesised
APSABR Pb=2.0; Sb=0.5; Sn=0.3 Evident excess of lead

in terms of chemical elements and so it can be associated to the
formula PbSn_,SixO3 [36].

A more complex situation can be found in the case of lead
antimonate yellows. In all powders, different molar proportions
were obtained in the points examined by SEM-EDS, suggesting the
presence of various compounds as previously found and widely
discussed in the literature [36-39,44,47,60-62]. Also sample APA3,
prepared according to the stoichiometric ratio of Pb and Sb in the
final compound (Pb;Sb,0-), contains other compounds due to the
different molar proportions, in respect to that expected, found in
some examined points. In these points, the presence of rosiatite
(PbSb,0g) was hypothesized in accordance with the excess of Sb
compared to Pb [36,62].

In the samples prepared according to the recipes, potassium
and sodium were also detected by SEM-EDS, due to the use of lees
and/or NaCl as ingredients.

Lastly, SEM-EDS on lead/tin/antimony yellow prepared accord-
ing to the stoichiometric ratio of the chemical elements, gives
molar proportions compatible with the compound Pb,SnSbOg 5
[36,44,62]. On the other hand, the sample prepared according to
the recipe 123 of Danzica manuscript (APSABR) exhibits molar pro-
portion of the chemical elements characterised by excess of Pb in
respect to Sn and Sb. This result seems to suggest the probable pres-
ence of other lead compounds in addition to the expected pigment
(szSI’leOG_S )

In conclusion, SEM-EDS analysis revealed that lead/tin yellows
and lead/tin/antimony yellows with the expected formula seem to
be produced if a stoichiometric ratio of the elements is used. Oth-
erwise, mixtures of compounds were obtained. On the other hand,
lead/antimony yellows always consist of mixtures, as previously
observed by various authors [36-39,44,47,60-62]. On the base of
this result, it was decided to perform the XRF analysis on several
points (twenty) of the powder samples in order to account for this
variability.

4.2. Analysis on sample powders and comparison between p-XRF
and benchtop XRF

The results of our approach are now described in terms of acqui-
sition times and the XRF equipment used. With regard to 30s
acquisition time, the PCA applied to the data obtained from the
p-XRF shows good separation by using three principal components

(Fig. 1A). The score plot highlights five different clouds correspond-
ing to five different compositions of the examined powders. The
combination of the first and second component allows for separat-
ing APSABR from CPSbA1, while the second component makes it
possible to separate APSA from the lead-tin samples (CPSnD, PSA2,
PSMBZA, PSB3) and from lead-antimony samples (APA3, PSAPZ1,
PSAPPA1, PSAPZB1). The combination of the three components
emphasizes the differences between sample APA3 and the other
ones based on lead-antimony. Moreover, it allows for highlight-
ing differences between samples PSA2 and CPSnD and the others
containing lead and tin in their composition.

The first loading shows the variability of the peaks at 10.6 KeV
and 12.7 KeV related respectively to Lo and Lf3 of lead for the posi-
tive value (Fig. 1A). The variability of the peak at 3.5KeV, 25.5KeV,
and 28.8 KeV are related respectively to Lo, Ko and Kf3 of tin.

The second component is mainly influenced by tin (positive) and
antimony (negative) peaks (Fig. 1A). The peaks at 3.9 KeV, 26.6 KeV
and 30.0KeV are related respectively to L3, Ko and K3 of antimony.
The variability in the loadings plots allows the separation of yel-
low samples on the base of peak ratios over 10 KeV. However, the
model exhibits low sensitivity when separating samples containing
light elements, such as silicon, sodium or potassium (PSB3, PSMS-
BZA, PSAPZB1), in this case, the clouds are superimposed. Sample
CPbSnA1, prepared according to the recipe of Danzica manuscript
(Table 1), is clearly different from the other ones, due to the pres-
ence of an excess of tin in the produced powder (Fig. 1A blue
triangles), so it can be easily differentiated from the other pigments
based on lead and tin. The third component is mainly influenced
by lead and tin, on positive values, and by lead and antimony, on
negative values, with a similar pattern observed for PC2 loading.
The loadings of PC2 and PC3 show a shift effect for the peaks at
10.6 KeV and 12.7 KeV due to La and La of lead. P-XRF spectrome-
ter working in the air condition is not capable of determining light
elements. On the contrary, benchtop the XRF spectrometer, operat-
ing in a vacuum, is also able to analyse light elements. The loading
plot highlights this difference, and it reveals better signals of the
portable instrument for energy values over 10 KeV.

The PCA, applied to the data obtained by the laboratory instru-
ment with 30s acquisition time, shows a better separation of all
different mixtures (Fig. 1B). The PCA score plot shows four main
clouds, using the first two principal components: sample with
excess tin (CPbSnA1), sample with lead-tin-antimony (APSABR),
samples containing only lead and tin (APSABR, PSA2, CPbSnD,
PSB3, PSMSBZA) and samples based on lead and antimony (PSAPZ1,
PSAPPAT1, PSAPZB1, APA3). The combination of the three principal
components (total captured variance 98.11%) allows the separation
of all samples according to the different ratio of the chemical ele-
ments (Fig. 1B). The loading of PC1 shows the variability at 3.3 KeV
and 3.6 KeV due to La1 and LB1 of tin. The variability of the peak at
2.3KeV, 10.3KeV and 12.7 KeV are due respectively to Mo, Lae2 and
LB of lead. The second component shows the variability of tin, for
positive values, and antimony, for negative ones. The loadings of
PC2 show the variability at 3.3 KeV related of La2 of antimony and
3.8 KeV due to L of tin. The third component shows the variability
of lead concentrations in all samples; PC3 loading is characterised
by the variability of peaks at 2.3 KeV, 10.3 KeV and 12.7 KeV related
respectively to Ma, La2 and L of lead. By examining the variance
in the loadings, it is possible to derive that the distribution of sam-
ple CPbSnA1 in the score plot is influenced by the high content of
tin, the distribution of sample PSAPZ1 is influenced by the pres-
ence of antimony, while the distribution of sample PSA2 is mainly
influenced by the intensity of lead peak. The combination of the
three principal components also allows samples with different con-
centration ratios, such as APSABR to be identified. This sample,
in fact, contains an excess of lead and may be clearly separated
from the other samples based on lead-tin-antimony. The results



G. Capobianco et al. / Journal of Cultural Heritage 29 (2018) 19-29

23

B
@) % (B) 2 "
F . 5005, - k;
2500 - . O B R * -
/ " e = S o e

. 2000 | P e . 8 0 & » "'-' F 3
g 1500 e ’g AR T g . e 3
< 1000 e '—‘{!.' .“‘ 2.005 & ' SN
Q 500 - ke 8 bA s, N
5 © e 04. " i s
5 -500- . ..75- :. e ‘ : ]
] - / v s

#1000 % 3 /" 2000 0.15.

1500 -

. 0.2 \\ b
~— 0 L
i -soobf\" e S -2000 0.2\‘\\ <
o T 4 PO 0.06
5000 /74000 Scoreson PC 2 (21.71%) 04 N mmesS o0z %%
Scores on PC 1 (76.38%) T p0e 0047
Scores on PC 1 (72.35%) Scores on PC 2 (13.05%)

¢ APSA a CPbSnA1 PSA2 ¢ PSAPZ1 a PSB3
= APSABR CPbSnD PSAPPA1 m PSAPZB1 w PSMSBZA * APA3
< Variables/Loadings Plot s Variables/Loadings Plot
S 05 " . . " " — 0.25 . : : . .
;‘/ ~——PC 1 (72.35%) © 02} ~———PC 1 (76.38%)| |
P 04 ——PC2(21.711%)|1 & ‘ ———PC 2 (13.05%)
6 PC 3 (4.10%) & PC 3 (8.68%)
& 03 g 0.15¢
9 < 04
T 02 5
ﬁ. 01 o 0.05¢
: - (\\l’ 0 \’/.‘/._\.\H A 'L o 2 St
8 O AR 4‘(‘ g5 \" ‘\_'] " \\3 V_. V’;' !('j)_ -0 05
~ | ~~
201 | X
8 V % -0.1
§-02 R .-0.15}
S -0.3 - . . : . : 6 -0.2 - : - - - -
o 5 10 15 20 25 30 o 5 10 15 20 25 30

KeV

KeV

Fig. 1. Score plot of PCA and loadings (PC1, PC2 and PC3) applied to the detected XRF peaks for acquisition time 305, portable (A) and laboratory (B) instruments.

of the PCA model agree with the compositional data obtained
by SEM-EDS.

Comparing the results obtained with the two different instru-
ments, it is possible to observe that a good separation of yellow
pigments based on antimony and lead (APA3, PSAPZB1, PSAPPA1,
PSAPZ1) can be reached with the laboratory instrument and not
with the portable apparatus (Fig. 1). For the other mixtures, the
results gathered with the two spectrometers are similar.

The results obtained with the acquisition time set to 60 s show
variability and characteristics similar to those gathered for 30s, in
particular concerning the portable instrument (Fig. 2). On the other
hand, the laboratory system shows better resolution at acquisition
time 60 s compared to 30s, with an overlay of spectra for the pig-
ments of the same class (Fig. 2A). The second component has greater
variability for high values of tin (see the outlier CPbSnA1, Fig. 2B).
The third component allows for the evaluation of the variance of
lead for each spectrum. By observing the score plot for the portable
instrument, it is possible to see good separation between pigments
containing lead and antimony (PSAPPA1, PSAPZ1, PSAPZB1, and
APA3)and between pigments based only on tin and lead (especially
CPbSnD, PSA2, PBMSBZA, PSB3). The distribution observed for the

data collected by portable XRF are confirmed with the laboratory
instrument highlighting the same grouping (Fig. 2A and B).

Lastly, the loadings plots of PCA data are reported in Fig. 3 for
acquisition time 240 s. Regarding the laboratory instrument, a sig-
nificant reduction in variability of the 10.6 KeV and 12.7 KeV peaks,
due to Lo and L of lead, can be observed, if compared to the same
data at 30s and 60s acquisition times. For this reason, the infor-
mation regarding lead can be gathered only by the negative area of
PC1 and PC3.

By observing the score plots (Fig. 3A), it can be derived that
the 240 distribution exhibits no significant changes in terms of
separation of pigment groups, compared to the 60s one. The lab-
oratory instrument (Fig. 3B) allows a clear separation of the lead
antimonate yellows and lead/tin yellows.

As previously underlined, the benchtop XRF, operating under
vacuum, allows better detection of elements under 10 KeV, so with
long acquisition times (60s and 240s), high quality of each spec-
trum is observed. PCA applied on data from benchtop instruments
makes it possible to obtain good separation of all examined pow-
ders whereas the differences in signals at 60 s and 240 s gathered
from p-XRF are not so evident.
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Fig. 2. Score plots of PCA and loadings (PC1, PC2 and PC3) applied to the detected XRF peaks for acquisition time 60, portable (A) and laboratory (B) instruments.

4.3. Simulation of paint layers

4.3.1. Analysis on paint layers and comparison between p-XRF
and benchtop XRF

When investigating real paintings, several factors should be
evaluated, such as pigment layer thickness, matrix effects, pres-
ence of different pigments, presence of setting layers and support.
All these factors make the quantitative characterization of a specific
pigment in real artworks difficult. However, if on the one hand, it
is very difficult to gather quantitative measurements, on the other,
it is possible to obtain qualitative information on the different ele-
ment ratios in an investigated pigment. For this reason, in order to
evaluate only the variance that can be attributed to the pigment and
not that due to the elements in the setting layers or in the support,
the energies from 3.5 to 5 KeV were excluded.

Starting from the results of XRF analysis on powders, some
paintings, prepared with chosen yellow pigments and binders
applied on different supports were examined. The selected acquisi-
tion time for the painting samples, considering the results obtained
for the pigment powders, was 60 s (Fig. 4). PCA score plot of p-XRF
measurements shows a good separation between samples APSA,
APA2 and PSA2/PSB3 without a distinction between PSA2 and PSB3
(Fig. 4A). On the contrary, the analysis performed by benchtop
XRF gives four separated clouds corresponding to the four dif-
ferent yellows (Fig. 4B). The analysis of loadings from p-XRF and

benchtop XRF on paintings shows a variance of the data similar to
that observed for powder pigments in the same spectrum regions:
this result was made possible by excluding peaks associated with
the elements of the support (calcium and titanium). The high sensi-
tivity of benchtop XRF detector, combined with the measure under
vacuum conditions, shows better silicon peak resolution and allows
the PCA model to separate PSB3 from PSA2 (Fig. 4B).

4.3.2. Mapping on painting samples by benchtop XRF

Taking the results obtained by a multipoint approach as a start-
ing point, the paintings were acquired in mapping modality by
micro-XRF. The data were then elaborated by PCA. The study of
mapping modality, possible in this case only with the benchtop
instrument, aimed to investigate the real situation of a painting
layer whose thickness and pigment concentration are not known.
In the mapping approach, all spectra are analysed to evaluate the
variability of the data for each paint layer. The composition of the
setting layer (containing calcium, sulphur, or titanium) has a low
variability in comparison to that of the elements in the investigated
yellow pigments. Therefore, it can be affirmed that the variability
in the PCA model depends mainly on the thickness and composi-
tion of yellow in the layers. The mapping mode is complementary
to point analysis and allows the identification of the distribution of
chemical elements in the pictorial layer and the evaluation of the
differences due to the thickness of the pictorial layer and due to the
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Fig. 3. Score plots of PCA and loadings (PC1, PC2 and PC3) applied to the detected XRF peaks for acquisition time 240 s, portable (A) and laboratory (B) instruments.

concentration of pigments inside medium. Greater thickness of the
painted layer cause a reduction of the peak intensity attributable
to the setting layer; lower concentration of the pigment in the
medium decreases the intensity of the peaks associated with the
pigment itself, so in order to evaluate the combination of these fac-
tors, in addition to the variability of each pigment, an exploratory
approach such as PCA can be useful.

Concerning the oil and glue paintings on canvas, titanium is con-
tained in the white layer of the commercial canvas (Fig. 5). This
element exhibits great variability, so that, in order to better inves-
tigate the variability of only the yellow paintings, it was necessary
to select PC1, showing mainly the variability of Ti as positive val-
ues and lead as negative values, and PC3 highlighting the combined
variability of lead, tin, antimony and silicon. Indeed, PC2 has a high
influence of titanium. For PSB3, the scores plot shows a distribution
mainly influenced by the positive values of the first component. The
separation of the other yellow paintings occurs along the third com-
ponent. Sample APSA is positioned in the centre of the score plot;
PSA2 and APA3 are influenced by the positive and negative values
of PC3, respectively.

The mapping results of the glue and oil paintings on wood are
reported in Fig. 6.

The first loading shows the variability of tin and antimony as
positive values, and that of lead as negative. The second loading
highlights the combined variability of lead, tin and antimony and to

alesser extent those of calcium and silicon. For PSB3, the scores plot
shows a distribution similar to that observed in the previous case,
mainly influenced by the positive values of the first component. The
other painting samples are separated along the third component.
Sample APSA appears in a central position of the scores plot, as
observed for painting on canvas. At last, PSA2 and APA3 paintings
are influenced respectively by the positive and negative values of
the third component.

5. Conclusions

In this study, two XRF spectrometers were used to investigate
the possibility of discriminating a group of yellow pigments based
on lead, tin and antimony prepared in our laboratory according to
both stoichiometric ratios of the elements and to ancient recipes.
In particular, a portable instrument supplied by Assing S.p.A. (i.e.
Surface Monitor Il portable unit) and a laboratory apparatus by
Bruker (i.e. Tornado M4 laboratory unit) were tested in order to
make a comparison between the spectrometer performances and
also to find the most appropriate acquisition time. This last topic is
of particular relevance in the case of in situ analysis that generally
requires short times of acquisition. So, the possibility to obtain the
“right” acquisition time is fundamental in cultural heritage analysis
using the XRF technique.
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Fig.4. Scores plots of PCA and loadings by portable (A) and laboratory (B) instruments obtained for the three different binders (linseed oil, glue and egg) and supports (canvas,

wood, mortar).

The experimental data, collected both by portable and labo-
ratory spectrometers, were elaborated by PCA and multivariate
tools to verify the spectral differences and the related informa-
tive content among the different produced yellow pigments. The
use of loadings plots for PCs representation, as a function of ener-
gies expressed in KeV, was useful to highlight the variability of
the elements and to stress the relevance of each XRF peak. The
portable instrument showed a better spectral resolution for energy
values over 10 KeV whereas the laboratory micro-spectrometer has
a better resolution for energy values less than 10KeV. The com-
parison between the data obtained at the three acquisition times,
demonstrated that the results gathered with 60 s and 240 s are not
significantly different, suggesting 60 s as the best acquisition time
for XRF measurements.

Yellow pigments based on lead and antimony, but pro-
duced according to different recipes, can be well differentiated
through XRF analysis applied in this work with the described
approach. This result is interesting from a practical point
of view because it demonstrates the possibility of gathering
information, through non-invasive analysis, on the period of pro-
duction, the workshop and the geographical area of antimonate
yellows.

The experimental approach used in the present work, also
demonstrated the possibility of differentiating pigments, based on
tin and lead, produced according to different recipes (see for exam-
ple lead/tin yellow produced according to the Danzica manuscript)
and procedures: type I and type II are well separated in the score

plots of PCA especially at 60s and 240 s times of acquisition, both
for portable and laboratory apparatus. A good separation was also
obtained for the two yellows based on lead, tin and antimony (APSA
and APSABR).

The analytical approach used for pigment powders was tested
on paintings applied by different binders on two kinds of sup-
port. The analysis on the paintings was clearly more complex to
perform due to the presence of other elements (Ca, S and Ti) not
contained in the yellow pigments. In this case, further elaboration
and data treatment were necessary to eliminate the contributions
of these elements. The scores plot, obtained by portable and lab-
oratory instruments applied on paintings, showed the possibility
for good separation of the lead antimonate yellow (APA3) and
lead/tin/antimony yellow (APSA), whereas lead/tin yellows type |
and type II are not well differentiated, especially with the portable
instrument.

Finally, a mapping approach was utilized to investigate the pos-
sibility of discriminating the paintings by applying the specific tool
of the Bruker micro-spectrometer.

Despite the complexity of the system, due to the presence of
peaks attributable to the support and to the setting layer, it was
possible to identify, through PCA, spectral differences between the
examined paintings. This result is particularly relevant, in our opin-
ion, because it allows for the evaluation of the variability and the
distribution of each examined pictorial layer. Mapping demon-
strated the possibility to clearly discriminate lead/antimony and
lead/tin/antimony yellows in the score plot of the PCA model.
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Lead/tin yellows are more difficult to differentiate. A large vari-
ability of data, related to the thickness of the painting layers and to

the concentration of
been observed.

the pigment in the different binders, has also

The mapping approach can be considered as a preliminary pro-
cedure requiring further tests to confirm its validity, also with
reference to different pigments. Nevertheless, the preliminary
results presented in this paper encourage the continuation of this
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research in order to verify the possibility of developing and fully
utilizing automatic classification models for the identification of
pigments.
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