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Determination of Boron Content in Surface Paintings From

Historical Stained-Glass Windows

Laura Maestro-Guijarro,™® Mercedes Sedano,” Nadine Schibille,” Trinitat Pradell,

Marta Castillejo,”” Mohamed Oujja,*™ and Teresa Palomar*

Stained-glass windows are often painted with grisailles and
enamels. These glassy materials have a low melting temper-
ature and are fixed to the base glass by firing processes. Lead
and/or boron are commonly added to the painting material to
lower their melting temperature so that they can melt without
deforming the glass support. In the present study, model glass
samples (with well-known boron content), replica and historical
materials were analysed for their composition using Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) and Laser Induced Breakdown Spectroscopy (LIBS). The

1. Introduction

Boron oxide is a common glass former. Its structural units
coordinate with oxygen in triangles and tetrahedrons depend-
ing on the chemical composition of the glass, temperature, and
pressure. Due to its high solubility, it is typically used together
with SiO, in the form of borosilicate glasses. The addition of
B,0; to the silicate glass batch promotes its melting and
reduces the viscosity and surface tension, which also assists the
refining.”’ It also offers good durability and thermal shock
resistance.

Borosilicate glass was discovered at the end of the 19"
century in the Schott & Associates Glass Technology Laboratory
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[c,f]

imprint left on the analysed samples after laser irradiation was
observed using optical profilometry. The feasibility of using LIBS
in situ as a suitable quantitative analytical technique to detect
the presence of boron in historical enamels even in very small
quantities was assessed. Quantitative information on historical
Spanish enamels and grisailles was obtained from calibration
curves generated from the model glass samples with known
boron content. The proposed procedure enables a satisfactory
chemical quantitative study of historical glass materials in situ,
regardless of their size, provenance, and chronology.

in Jena when they began producing a series of new optical
glasses containing boron oxide to solve the problem of
chromatic aberration.>” Nowadays, borosilicate glass is used in
laboratory glassware, pharmaceutical glass tubing, cookware
and kitchen implements, optical equipment, lighting technol-
ogy, etc.

However, elevated boron levels are also known from
historical glass. In the first millennium AD, some glasses
probably produced in Asia Minor had ~1 wt % of B,0,
correlated with Li,O, which could be attributed to the use of
salts from the thermal waters of western Turkey.”*® Boron was
therefore an unintentional component of the raw materials.
Boron was also detected in glaze ceramics produced in Long-
quanwu during the Liao Dynasty and in Qing Dynasty Chinese
glassware from the Museum of Fine Arts, Boston® and the
earliest reference to the use of borax in glass dates back to the
Sung dynasty in China. In his book “Zhufanzhi” (1225), Zhao Ru-
kuo described that the Arabs used borax in glass to withstand
the most extreme temperatures and prevent cracking.” In
Europe, borax appeared as a raw material for glass in the
Bolognese manuscript (15" century) and Darduin’s manuscript
(16™-17™ century)."” Even their use in glass was more limited,
the addition of borax in enamel and glazes was common since
the 17th century in Asia (China, Japan) and Europe.!""'?

Borax (Na,.xLi,B,0,.10H,0), as the raw material of boron, has
been used in enamels thanks to its highly effective fluxing and
fluidifying properties that permit fixing the colored enamel to
the glass surface at a relatively low temperature without
deforming the support glass. Beltran et al.”®*' analysed replica
enamels produced with the historical raw materials found in
the Rigalt i Granell workshop and demonstrated that the
original enamels had B,0; contents between 4 and 21 wt %. In
another work, Beltrdan etal.”™ analysed enamelled glasses
produced during the 19™ and 20" centuries and detected lower
concentrations of B,O; (0-17 wt %), which were attributed to
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Figure 1. Optical profiles on the pits produced by LIBS: a-b) E3-yellow, c-d) E131-blue, e-f) BC3B-purple, and g-h) BC3B-blue. The white dashed line indicates
the area considered for the surface roughness representation.
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Figure 2. LIB spectra of reference glass samples in the 240-290 nm wave-
length range. The LIB spectra correspond to a single laser pulse. The time
delay and gate width were 200 ns and 3 ps, respectively. The assignment of
the line emissions is done using the NIST database.*® The blue arrow
indicates the boron emission at 249,67 nm.

the leaching of boron during the alteration of the glass. Borax
was also occasionally used in historical grisailles."® Pradell
etal” identified boron in grisailles from the Cathedral of
Segovia (Spain) from the 17" century onwards, and Machado
etal® identified boron in two 20™-century samples from
Germany (Glasmalerei Otto Peters atelier) and Sweden (Uppsala
Cathedral). In the latter case, the boron was associated with a
high zinc oxide content and may indicate that an enamel made
from lead-zinc borosilicate glass was used as the base glass
instead of lead-silica glass."”

Analysing the chemical composition of historical glasses,
especially those containing boron, is often a challenge and
related studies are very scarce. Ma et al.”’ analysed a set of Qing
Dynasty glass vessels from the Bristol Museum and Art Gallery
by Electron Microprobe Analysis (EPMA) and detected high
content of B,O; in two samples from the 17th century. Kunicki-
Goldfinger et al." also analysed several glasses with EPMA and
detected contents of B,O; up to 4 wt % in 17th-century glass
vessels, and up to 2.5 wt % in central European potassium
glasses from the post-medieval and baroque periods. In the
case of surface decoration, Van der Snickt et al.? attributed a
high concentration of boron to 20th-century enamels based on
the high content of sodium and the absence of potassium
detected by EMPA, which ascribed to the use of borax. Devulder
et al.”” analysed the boron content and their isotope ratio in
Roman glass fragments with a quadrupole ICP-MS and Multi-
collector Inductively Coupled Plasma Mass Spectrometry (MC-
ICP-MS) by dissolving the glass samples. Beltran et al.">'? and
Pradell et al. [14] used the LA-ICP-MS on Modern and Contem-
porary enamels and grisailles in stained-glass windows detect-
ing B,O; up to 20 wt %. Machado et al."™ used Laser Induced
Breakdown Spectroscopy (LIBS) to identify the presence of
boron in historical grisailles.

Most archaeological glasses are fragments®? that can either
be sampled or are small enough to be analysed in the

[22
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Figure 3. LIB spectra of the enamel replica E107-purple in the spectral
ranges, A) 240-425 nm and B) 425-600 nm. It corresponds to a single laser
pulse. The time delay and gate width were 200 ns and 3 ps, respectively. The
assignment of the line emissions is done using the NIST database.*® The
main detected components are indicated in bold.

laboratory. However, modern and contemporary glasses are
frequently completely preserved objects from which taking a
sample is almost impossible. The most common analytical
techniques for archaeological and historical glasses are X-ray
fluorescence (XRF), Scanning Electron Microscopy - Energy
Dispersive X-ray spectroscopy (SEM-EDS)?? and electron mi-
croprobe  wavelength  dispersive  X-ray  spectrometry
(EPMA).P92% All these three methods collect the X-rays emitted
by the elements present in the sample. SEM-EDS detection
limits are typically in the order of 0.1 wt % and as a result, only
major elements can be measured in glass. XRF penetrates a few
um at low energies and several mm at high energies allowing
better detection limits (10-50 ppm) depending on the element,
beam collimator size, and detector type.”” EPMA has better
(lower) detection limits than SEM-EDS, but light elements such
as boron nonetheless pose a problem. Hence, none of these
techniques can reliably measure the boron contents in glass.
Raman micro-spectroscopy has also demonstrated its potential
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Figure 4. LIB spectrum of the historical enamel sample BC3B-purple in the
spectral ranges, A) 240-425 nm and B) 425-600 nm.. The LIB spectrum
corresponds to a single laser pulse. The time delay and gate width were
200 ns and 3 ps, respectively. The assignment of the line emissions is done
using the NIST database.”® The main detected components are indicated in
bold.

for the non-invasive analysis of enameled glass objects in the
laboratory or in situ with mobile instruments.?**’

The proton-induced X-ray/y-ray emission (PIXE/PIGE) is a
multi-elemental analysis that is suitable for major, minor, and
trace elements. It is characterized by high sensitivity and speed
in obtaining analytical data, the absence of any pre-treatment,
preparation, and handling of samples, and their non-destructive
nature.”® Compared to XRF, the detection limits offered by PIXE
are better by one order of magnitude.”” The sample is normally
placed in a chamber inside the acceleration vacuum for direct
excitation or placed directly in the external beam under
atmospheric pressure for surface analysis but, in case of altered
samples, the analytical error increases. This technique allows
the detection of boron,”® but not the in situ measurements
because it involves a nuclear accelerator, which is a large
infrastructure.

Chemistry—Methods 2025, 5, 202400057 (4 of 11)

The inductively coupled plasma methods (ICP-OES and ICP-
MS) enable the determination of a wide range of elements
(major, minor, and trace elements), high selectivity including
low Z elements such as boron and low detection limits even at
ppb level. The disadvantage is that a smaller amount of sample
needs to be removed for analysis as most devices require the
digestion of the glass into a solution, which is not always
possible with historical glass samples. LA-ICP-MS, on the other
hand, uses a laser beam with a diameter of 20-100 pm to
remove a sample from the glass surface. The ablated material is
then atomized and ionized in the plasma and analysed in the
mass spectrometer. It can therefore be considered a minimally
(micro—) destructive technique that does not require sample
preparation.”” However, high vacuum conditions are needed,
making the analysis of large or voluminous pieces difficult and
in situ analyses are simply impossible.

Among the laser-based techniques to analyse glasses the
most used is LIBS, similar to LA-ICP-MS. LA-ICP-MS transports
the nanoparticles ablated to the ICP-MS to be ionized and
detected by mass-to-charge ratio, while LIBS uses a laser pulse
to create a micro-plasma and excite species from the sample.
When the excited electrons return to natural ground states,
they emit light that is simultaneously detected.”® This method
is a popular elemental analytical technique because of its
micro-destructive nature, speed of detection, no need for prior
sample preparation, and inexpensive hardware. It can be used
to investigate a wide range of materials in solid, liquid, or
gaseous phases.”*” LIBS has demonstrated its potential in
archaeology and cultural heritage conservation due to its
advantageous characteristics for surface and in-depth profiling
analysis.”" Therefore, it is not surprising that LIBS is used for a
wide variety of applications, such as glasses,?>" geomaterial
analysis,"” environmental monitoring,”" forensics,*? biological
identification,”” and even characterization of fossils"*” and
works of art.*

Most of the analytical techniques cited previously need
small-size objects or sampling, which is not recommended for
cultural heritage objects. For this reason, this work aims to
develop a protocol based on calibration curves to determine
and quantify the boron content in paintings on historical
stained-glass windows using the micro-destructive technique
LIBS. This protocol will be useful to be applied insitu in
museums avoiding sampling and transporting the historical
objects to the laboratory.

2. Materials and Methods

A set of ten glasses with different boron contents were
prepared to serve as reference samples. First, a frit was prepared
with PbO: SiO, (3:1) and then mixed with B,O; in different
proportions to obtain the ten reference glasses (Table 1).
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Figure 5. LIBS stratigraphic analysis of the sample (a) E131-blue — enamel replica and (b) EN1 C-yellow - historic enamel based on in-depth profiling of Si
emission at 251.58 nm, Pb emission at 247.68 nm and B emission at 249.73 nm. Ratio values for Pb/Si and B/Si show high stability in the composition of the
enamel replicas ((c) E131-blue), however, the historic enamel ((d) EN1 C-yellow) indicates a significant increase in the boron content from the surface to the

core samples.

Table 1. Theoretical composition and preparation conditions of the ten glass references. For all samples, the preparation time was 2 hours.
Sample Theoretical composition (wt %) Melting Temperature (°C) Annealing Temperature (°C)
B,0; SiO,+PbO

BO1 0 100 800 400

B02 0.25 99.75 800 400

B0O3 0.50 99.5 800 400

B04 0.75 99.25 800 400

BO5 1 29 800 400

B06 5 95 700 400

B07 10 20 700 300

B08 15 85 700 300

B0O9 20 80 600 250

B10 30 70 600 250

2.1. Historical Samples

Two sets of samples were analysed. The first set consists of
enamel replicas made by JM. Bonet Vitralls S.L.. based on
materials of historical enamels from the Rigalt, Granell & cia
and the second includes historical pieces (enamels

workshop"

and grisailles) of Catalan Modernist stained-glass windows.!

Chemistry—Methods 2025, 5, 202400057 (5 of 11)

2.2. Analytical Methods

15]

The reference glasses, enamel replicas and historical samples
were analysed by LA-ICP-MS, optical profilometry and LIBS.
LA-ICP-MS has been carried out at IRAMAT-CEB in Orléans
(France). The analyses were done using a Resonetics M50E
excimer laser (ArF, 193 nm) equipped with a S155 ablation cell

and a Thermo Fisher Scientific ELEMENT XR mass spectrometer
system. The ablations were typically carried out with a 5m)J
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Figure 6. Calibration curves obtained using, (a) the ratio of the relative
intensities of boron and silicon with lead (I3 / (Is;+ Ip,)) determined by LIBS as
a function of the boron content measured by LA-ICP-MS (first approach), and
(b) the ratio of the relative intensities of boron and silicon with lead
determined by LIBS, as a function of the boron content (unknown)
represented as a function of the content of silicon and lead determined
using LA-ICP-MS (second approach).

energy at 10 Hz pulse frequency in spot-mode and a beam
diameter of 100 um for the base glass. The enamels were
typically analysed on the surface due to insufficient thickness
with a beam diameter of 50 um that was occasionally reduced
down to 25 um when saturation of the signal caused by high
concentrations of transition metals occurred. A pre-ablation
time of either 10 s or 20 s depending on the thickness of the
sample was followed by 30 s signal acquisition, resulting in 10
mass scans. The ablated material is transported to the plasma
torch by an argon/helium flow at an approximate rate of 1L/
min for Ar and 0.65 L/min for He. The ion signals in counts-per-
second are recorded for 58 isotopes (from Li to U). Standard
Reference Material (NIST SRM610) as well as Corning glasses B,
C, and D and APL1 (in-house standard glass) were used for
external calibration, while ®Si was used as internal standard.
Quantitative concentrations were calculated based on the
procedures described by Gratuze.*® Precision and accuracy are
reflected in the repeated measurements of reference glasses
Corning A and NIST SRM612.
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Figure 7. Representation of the obtained error values of LIBS analysis as a
function of the boron content determined using LA-ICP-MS.

The samples surfaces were observed in a Zeta Instruments
optical profilometer model Zeta-20 used as an optical micro-
scope.

LIBS analysis was carried out, at ambient atmospheric
conditions, on the surface and in-depth (stratigraphic study) of
the considered glass samples using laser excitation at 266 nm
(4th harmonic of a Q-switched Nd: YAG laser (Lotis TIlI, LS-2147),
15 ns pulses, 1 Hz repetition rate). LIB spectra were recorded
using a 0.2 m Czerny-Turner spectrograph (Andor, Shamrock
Kymera-193i-A) equipped with a grating of 1800 grooves/mm
(blazed at 265 nm) and coupled to a time-gated intensified
charge-coupled device (ICCD) camera (Andor Technology, iStar
CCD 334, 1024x1024 active pixels, 13 um x 13 um pixel). The
ICCD detector is synchronized with the Q-Switch output
electrical signal that triggers the laser pulse. The laser beam
was directed to the surface of the samples by the use of mirrors
at an incidence angle of 45°. Focusing with a 10 cm focal length
lens allowed fluences in the range of 5-9 Jcm™ to be achieved.
The shot-to-shot laser energy fluctuation was less than 10%. LIB
spectra were recorded in the 240-600 nm wavelength range
using a step and glow mode at intervals of 30 nm. For the
stratigraphic analysis, the spectra were recorded by applying
several laser pulses in the same area of the samples at 30 nm
wavelength intervals centered at 285, 325, 360, 400 and
500 nm. The spectra were acquired at a 0.17 nm resolution with
a gate delay and width of 200 ns and 3 ps, respectively. For
higher wavelengths, a cut-off filter at 300 nm was placed in
front of the entrance window of the spectrograph to reduce the
scattered laser light and to avoid second-order diffractions.
Each LIB spectrum resulted from a single signal acquisition as it
provides good signal/noise ratios.
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2.3. Samples Preparation

For the LIBS technique no sample preparation is needed prior
to their analysis, in fact, it is one of the advantages of this
technique. Using the LA-ICP-MS technique, the reference
glasses and enamel replicas were analyzed on unprepared
samples. In contrast, the historical glass samples were mounted
in resin and analyzed in cross-section after polishing processes.

3. Results and Discussion
3.1. LA-ICP-MS

The LA-ICP-MS analyses of the reference glasses revealed a
composition that deviates somewhat from the nominal chem-
ical composition theoretically calculated (Table 1 and Table 2),
probably because of the liquid immiscibility of the compounds
at higher contents of boron” The relatively high alumina
content was attributed to the use of porcelain crucibles during
melting.

The enamel replicas showed a high content of SiO,, B,0,,
ZnO and PbO (Table 2). SiO, was the former of the glass
network together with B,0; and PbO that decreased the glass

transition temperature (T,). This enables the enamels to be fixed
to the surface of the glass without any deformation effect. The
presence of ZnO also lowers the melting temperature, while the
coefficient of thermal expansion increases, thereby increasing
the resistance to thermal shock. The replicas have 16-21 wt%
B,0; 40-53 wt% PbO and, 11-14 wt% ZnO except for sample
E3-yellow that has lower B,O; (7 wt%) and ZnO (0.1 wt%) but
higher SiO, (~30 wt%) (Table 2). The different coloration of the
enamels is due to minor elements such as MnO, Cr,0;, CuO, or
CoO. The MnO is related to purple and brown, Cr,0; was
detected in the brownish enamels, while CuO and CoO are
responsible for blue (Table 2).

Compared to the enamel replicas, the historical pieces have
lower B,O; (3-15 wt%) content (Table 2). A high concentration
of ZnO was observed only in two of the samples, BC3B-blue
and EN1 C-yellow. These differences could to a certain extent
be the result of surface alterations in which the water from rain
and condensation leached the boron."” Regarding the chromo-
phores, the historical glasses have relatively high concentrations
of MnO, Fe,0,, Cr,0;, CuO, and CoO.

Chemical composition (wt %)

Table 2. Chemical composition of the different glass-based samples determined by LA-ICP-MS.

Sample B,O, Na0O ALO, SO, CaO Cr,0, MnO Fe,0, CoO CuO ZnO SnO, PbO
Reference glasses BO1 0.0 0.0 7.4 21.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 71.2
BO2 0.3 0.0 58 235 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 69.4
BO3 0.5 0.0 5.2 233 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.0
B04 0.7 0.1 53 224 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.8
BO5 1.1 0.0 53 22.7 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 70.1
B0O6 4.5 0.0 9.7 243 0.6 0.0 0.0 0.1 0.0 0.0 0.0 0.0 60.4
BO7 9.6 0.0 10.3 23.6 0.5 0.0 0.0 0.1 0.0 0.0 0.0 0.0 55.4
B0O8 17.1 0.0 9.3 26.2 0.2 0.0 0.0 0.1 0.0 0.0 0.0 0.0 46.8
B09 233 0.0 8.6 23.7 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 43.8
B10 31.8 0.0 8.0 221 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 374
Enamel replicas" E3-yellow 7.0 5.1 0.3 304 2.6 1.2 0.0 0.1 0.0 0.0 0.1 0.0 53.0
E14-purple 211 2.1 0.3 8.6 0.9 0.0 0.0 0.1 0.0 0.0 11.2 1.8 53.2
E23-red 16.5 0.8 0.3 9.3 0.5 0.0 0.0 0.0 0.0 0.0 14.0 7.6 40.8
E107-purple 19.8 0.9 0.2 8.9 0.6 0.0 0.0 0.1 0.0 0.0 13.8 26 52.6
E119-yellow 20.3 1.1 0.2 8.2 0.5 0.5 0.0 0.1 0.0 0.0 139 14 53.4
E131-blue 213 1.5 0.5 9.3 0.7 0.0 0.0 0.0 0.1 0.0 129 13 52.0
Historical pieces! BC3B-blue 5.2 4.9 3.6 28.3 1.2 1.8 0.4 1.8 1.6 0.0 8.0 0.0 42.2
BC3B-purple 5.7 6.9 1.1 29.2 1.9 0.1 1.4 49 0.1 0.0 0.9 5.6 40.2
BC3B-brown 0.2 125 13 53.2 6.1 0.0 1.4 52 0.0 0.0 0.1 0.0 18.9
BC3 C-green 7.5 6.3 1.9 26.5 7.1 29 0.1 04 1.5 1.6 2.2 0.0 40.5
EN1 A-green 15.7 1.4 0.8 15.8 0.8 0.2 0.0 0.1 0.0 1.6 1.9 0.0 61.3
EN1 A-grisaille 0.4 103 0.3 58.1 9.8 0.0 1.6 2.9 0.0 1.1 0.9 0.0 6.8
EN1 C-yellow 14.5 1.5 0.5 15.0 1.0 1.3 0.0 0.0 0.0 0.0 74 0.0 58.4
PG2 C-purple 35 6.8 0.7 41.6 5.8 0.0 0.9 34 0.0 0.0 0.2 59 27.9
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Table 3. Summary of the boron content determined using the calibration curves from the two considered approaches based on LA-ICP-MS and LIBS
measurements. * without LA-ICP-MS.
Sample Considered [B] by LIBS intensities First approach Second approach
laser pulses LA-ICP-MS I/l + lpy,) (Is/(si+1pp)) s VS [Bliaicp-ms (Is/ (s + o)) uss Vs [BI/([Si] + [P aicp-ms
for LIBS analysis
Calculated [B] (wt %) Deviation Calculated [B] (wt %) Deviation
E3-yellow 2-20 7.0 0.54 3.6 34 37 33
E14-purple 2-20 21.1 1.12 27.7 6.6 253 43
E23-red 2-20 16.5 1.03 217 5.1 15.7 0.8
E107-purple 2-20 19.8 1.06 237 39 21.3 1.5
E119-yellow 2-20 20.3 1.09 254 5.1 23.0 26
E131-blue 2-20 213 1.18 31.7 104 29.1 7.8
BC3B-blue 6-20 5.2 0.51 3.1 2.1 2.7 2.5
BC3B-purple 7-20 57 0.37 13 44 1.0 4.7
BC3B-brown 11-20 0.2 0.26 0.5 0.3 0.4 0.1
BC3 C-green 7-20 7.5 0.56 39 35 33 4.2
EN1 A-green 14-20 15.7 0.99 19.3 3.6 214 5.7
EN1 A-grisaille 7-20 0.4 0.29 0.7 0.2 0.5 0.1
EN1 C-yellow 11-20 14.5 0.98 19.0 4.6 20.0 5.5
PG2 C-purple 9-20 35 0.64 5.7 2.2 5.1 1.6
BC2 C-blue 16-20 * 0.70 7.5 - * -
BC3B-grisaille 9-20 * 0.17 0.2 - * -
EN1 C-grisaille 6-20 * 0.16 0.1 - * .
PG2B-blue 5-20 * 0.26 0.4 - * -
PG2B-brown 5-20 * 0.25 0.4 - * -
PG2B-grisaille 11-20 * 0.25 0.4 - * -
3.2. LIBS very irregular, which is probably due to the original hetero-

3.2.1. Laser Ablation Effects

The laser irradiation induces the ablation of the samples surface
creating a pit of @ ~350um with the material ejected
accumulating around its border (Figure 1 a, ¢, e and g). It is also
possible to observe iridescence effects due to the material
vaporization and deposition in the crater surroundings without
ruling out the melting effects producing the optical phenomen-
on of light dispersion. In the enamel replicas, a different
behaviour was observed as a function of the chemical
composition (Figure 1 a—d). In sample E3-yellow, with a higher
sodium content, a homogeneous pit was created with a small
hole depth (~2 um) (Figure 1 b). In the samples with a higher
boron content such as E131-blue, the pits appeared irregular
with an aspect of melted material (Figure 1 c). This behaviour is
consistent with the glass transition temperature (T;) of the
materials, where higher content lowers the T, and the heating
generated by the laser can therefore cause the material to melt.
Additionally, the pits were deeper, and more debris accumu-
lated around them (Figure 1 d).

In the historical pieces, the diameter of the laser spot was
~350 um with a depth of ~7 um (Figure 1 e-h). Iridescence
effects were likewise observed in the accumulated material
around the pit. In contrast to the enamel replicas, the hole is
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geneity of the historical enamel. This, in turn, is influenced by
the painter’s artistic method, the presence of a very thin layer
of grisaille with metallic grains, and the surface of the base
glass. The morphology of the laser spot is similar to sample E3-
yellow (Figure 1 a-b), since they have a high SiO, content
(Table 2), and, therefore, the Tg is higher.

3.2.2. Qualitative Analysis

LIB spectra showed the elemental composition of the inves-
tigated samples according to the emission lines of the major
and minor components, including the chromophores which are
responsible for their colour. The reference glasses exhibit a
small number of emission lines due to the limited number of
elements used as raw materials in their preparation (Table 1).
Emission peaks of Si, Pb, B, Al, and Mg are evident (Figure 2).
The emission of B at 249.73 nm (indicated with a blue arrow in
Figure 2) showed a progressive increase of its intensity in
accordance with the increase of boron concentration of the
different prepared samples (as observed by LA-ICP-MS, Table 2).

The spectra of the enamel replicas, for example, E107-purple
(Figure 3), contained lines of Si, B, and Pb like the reference
material, but also of other elements such as Zn, Ca, Mg, Al, Na
and Ba related to the presence of stabilizers or Sn, Fe and Cr
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due to chromophores and opacifiers. The high intensity of the
main elements (Si, Pb, B, Zn) corresponds to their highest
concentration, as determined by LA-ICP-MS (Table 2).

The LIB spectra of the historical pieces are richer in line
emissions because they contain a higher number of elements in
their composition (Figure 4). In addition to the main elements
B, Pb, Mn, Sn, and Si, elements such as Mg, Ca, Al, Zn, Sr, Ti, Fe,
Ba and Na appeared as minor ones. Fe, Cu, Cr, and Mn can be
assigned to the presence of chromophores or be part of the
thin layer of grisaille."”

The comparison with data from LA-ICP-MS (Table 2) reveals
that LIBS can detect the presence of most elements identified
by LA-ICP-MS without prior sample preparation.

3.2.3. Boron Degradation Profiling

To study the effects of corrosion on the surface composition of
the glass samples, several consecutive laser pulses were applied
on the same spot of the sample. LIB spectra were recorded after
each impact up to 20 pulses and provided useful information
about possible changes in the chemical composition. The
enamel replicas, such as E131-blue (Figure 5 a and c), show the
same chemical composition of the main elements (Si, B, and Pb)
from the surface to the core. This means that the chemical
composition of the material remains stable and unaltered. The
enamel replicas have been never exposed to the external
environment and are therefore perfectly preserved." In
contrast, the historical enamels (e.g. EN1 C-yellow) show a loss
of boron in the outer layers as a consequence of its solubility in
the surrounding water™® (Figure 5 b), without ruling out the
contribution of its surface loss at the firing temperature during
enamel production."? The ratio between lead and silica shows
that the lead has also suffered a slight loss (Figure5 d),
probably because the element has a larger ionic radius and its
leakage is not favoured.

These examples demonstrate the importance of strati-
graphic analyses of historical glass before their analysis to
determine if the surface is altered. Stratigraphic study is
therefore of fundamental importance for the development of
analytical methodologies because the presence of alteration
layers or a leached surface can drastically modify the core
chemical composition, making it impossible to relate the results
of non-destructive analyses of the surface to the glass core.

3.2.4. Determination of Calibration Curves

To perform quantitative LIBS analysis of boron in unknown
samples, we constructed calibration curves using the boron
emissions from the reference samples whose composition had
been established by LA-ICP-MS (listed in Table 2). For this
purpose, the line intensities corresponding to boron in the
reference samples at 249.73 nm were normalized to the Si | and
Pb | emissions at 251.58 and 247.68 nm, respectively, which
were used as an internal standard. This procedure is a common
approach in LIBS analysis and serves to minimize the fluctua-
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tions that can arise from matrix effects and laser
instability.?****” On the other hand, the peaks selected for the
calibration curves (B at 249.73 nm, Si at 251.58 nm, and Pb at
247.68 nm) were nearer in the LIBS spectra to avoid alterations
in the emission intensities due to possible effects caused by the
detection system (spectrograph and ICCD detector).

Two approaches for the determination of calibration curves
were evaluated. In the first, the ratio of the corresponding
relative intensities of boron and silicon with lead, determined
by LIBS measurements was represented as a function of the
boron content (in wt%) measured by LA-ICP-MS (Table 2).
Figure 6 a, presents the calibration curve showing a fairly good
linearity, with correlation coefficients near unity (0.98). For
better visualization of the calibration curve, the axes were
represented in logarithmic mode (Figure 6). In the second
approach, the ratio of the relative intensities of boron and
silicon with lead obtained by LIBS was represented as a function
of the ratio between the amount of boron and silicon with lead
obtained by LA-ICP-MS to minimize the possible errors in the
determination of the amount of boron (Figure 6b). In this case,
the calibration line showed a similar regression value as the
previous approach (R*>0.98). For this second approach, the
determination of the amount of the main elements, silicon and
lead, of the glass matrix is necessary and requires the use of an
additional quantitative analytical technique, such as LA-ICP-MS,
XRF, and SEM-EDS.

From the minimum measurable relative intensity of B to Si
and Pb lines, it is estimated that the calibration performed
herein allows the reliable detection of boron contents even at
very low quantities. This indicates that LIBS is a very sensitive
technique for detecting the presence of boron in historical glass
objects.

3.3. Validation Tests and Case Studies

To validate the two approaches, they were applied to estimate
the boron content of enamel replicas and historical pieces.
Table 3 summarises the concentrations of boron determined in
each case. The values obtained for the different samples studied
using LIBS (enamel replicas and historical pieces) are in very
good agreement with those obtained by LA-ICP-MS.

The error in the calculations of the boron content tends to
be higher when using the first approach than the second one
(Table 3), since in the latter the contents of silicon and lead
were taken into account for estimating the boron content. The
errors increase at higher boron concentrations (Figure 7). The
first approach presents an average error of +4.0 wt%, it remains
always <7 wt%, except for the sample E131-blue (error=
10.4 wt%), which is the sample with the highest content of
boron (Table 2). A similar behaviour was observed using the
second approach. The average error is +£3.2wt%, being
<6.0 wt% except for the sample E131-blue in which it was
measured 29.1 wt% instead of 21.3 wt% (Table 3).

Some areas of the historical pieces were analysed by LIBS
but not by LA-ICP-MS (Table 3). The blue area of BC2 C-blue
showed a concentration of boron similar to some of the other
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enamels (e.g. PG2 C-purple). The grisailles in BC3B, EN1 C and
PG2B presented boron contents below 0.5 wt%. This low
concentration is common in historical grisailles that use lead as
flux instead of boron." Finally, the enamels in PG2B blue and
brown areas showed a similar content of boron to the PG2B-
grisaille (~0.4 wt%), which probably corresponded to the
grisaille layer that covered the sample to shade the light.

4. Conclusions

This work validates the use of LIBS for qualitative and
quantitative determination of boron content in enamels and
historical glass samples. For this purpose, a selection of
reference glasses with a well-known boron content was used to
create the calibration curves based on two approaches (see
section 3.2.4). The most representative elements of the
paintings on glass samples (Si, Ca, Na, K, and Pb) and some
chromophores (Mn, Cr, Fe and Cu) were identified by the LIBS
technique.

By applying successive laser pulses on the same area of the
samples studied (enamel replicas and historical pieces), LIBS
provided information on the possible changes in their chemical
composition induced by corrosion effects. In this way, it was
possible to carry out a correct quantitative analysis of the
different components without interferences from the corrosion
layers. However, this technique still has limitations when
dealing with severely corroded or deteriorated samples, which
may affect the data accuracy.

The quantitative boron analyses in the enamel replicas and
historical pieces by LIBS were validated by comparison with the
results from LA-ICP-MS, using calibration-based approaches
relying on reference laboratory glasses with well-known boron
content. The calibration curves showed a good linearity with
low deviation. The first approach referred to LIBS and LA-ICP-
MS results, but the second requires the use of another
quantitative analytical technique (LA-ICP-MS, XRF, SEM-EDX,
etc.) to determine the amounts of the main elements of the
painting material (in this case silicon and lead) to normalise the
calculated amount of boron.

The present study demonstrates that LIBS is a useful,
promising, and alternative technique for investigating boron
content in historical glass samples, especially those with
corrosion layers, and more generally for the in situ investigation
of non-destructible cultural heritage materials. The speed of
analysis of this technique facilitates the analysis of samples in
the field, at excavation sites, or in museums, galleries, or cultural
institutions. Also, the availability of portable LIBS devices alone
or in combination with other analytical techniques such as XRF,
enables the analysis on-site, without sample preparation and
size limits of a huge number of component elements of cultural
heritage objects.
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