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INTRODUCTION

Studying the state of degradation, alteration and conservation of an
artwork is the starting point of a restoration process. This first step is
commonly known in the field of cultural heritage as "diagnostics".

A careful diagnosis allows choosing the best restoration approach for
a sample under examination. The diagnostics of an artwork permits
not only a complete characterization of materials realized by an artist,
but also the identification of the degradation products generated over
time. These are often due to different causes: physical, chemical, and
biological. Finally, a good choice of the employed techniques allows
also dating and authentication purposes.

A diagnosis can be made in invasive or non-invasive ways: this de-
pends on the techniques available and on what kind of information
the experts want to emphasize. The first choice is always a non-
invasive approach, obtainable with different analytical techniques
such as Raman spectroscopy, X-ray fluorescence, multi-spectral imag-
ing, and luminescence. Sometimes it is necessary to follow a succes-
sion of a first non-invasive diagnostic step and then an invasive one.
The latter requires a micro-sampling from the object under examina-
tion, to obtain, for example, a given stratigraphy, date the artwork, or
confirm the data obtained from the first non-invasive step of investi-
gation.

Therefore, the diagnosis is translatable into the implementation of two
actions: 1) the choice of appropriate diagnostic methodologies, and
2) the interpretation of the obtained results. The former grants the
constant need of developing new non-destructive and non-invasive
methodologies of analysis for cultural heritage.

We will try to conduct this purpose in the overall thesis, and in par-
ticular in chapter 3, where the first studies on a new stratigraphic
analysis method will be presented. This work is carried out in col-
laboration with the research centre FORTH (Crete) and it is based on
the photoacoustic effect coupled with SORS (Spatially Off-set Raman
Spectroscopy). It will be tested on artificial frescoes mock-ups and on
real frescoes fragments, in order to obtain compositional information
and stratigraphic imaging on the samples. This is the first time that
the technique has been used for stratigraphic imaging, and its totally
non-destructive and non-invasive implementation is the final goal of
our future studies.

The interpretation of the experimental data requires a prior and com-
prehensive knowledge of the materials used and their alteration state.
It is not possible to make a definitive diagnosis if there is not the



complete knowledge about the materials under analysis. In addition,
different environmental conditions lead to diverse alteration products,
so the identification of the latter is the essential point to understand
what happened to an heritage object and understand how to preserve
it. Therefore, it is necessary to carry out studies aiming at obtaining
as much information as possible on the process of degradation of each
single element that constitutes the work under examination. In our
case the study we focused our attention on the pictorial layer.

From here comes the intent of facing selective degradation studies
on different pigments (calcium hydroxide, CdS, HgS) to help in the
exhaustive knowledge of the degradation path of pigments, responsi-
ble for chromatic alterations in paintings. As previously stated, the
degradation path is linked to the altering agents to which the work is
subjected and their effects manifest over time.

By monitoring in accelerated protocols the kinetics in which the chem-
ical reactions take place, we can develop new diagnostic non-invasive
procedures aimed at dating purposes. In chapter 1, it will be shown
an example of construction of dating model starting from the kinetics
of alteration of calcium hydroxide, obtained with the use of Raman
spectroscopy.

The main intent of this work is to expand the diagnostic research
both from a descriptive point of view for the degradation process of
the painted surface, and from the point of view of new approaches
and methodologies for diagnostics. For what concerns the first one,
we worked with two main purposes: kinetics studies in the case of
San Giovanni white with the help of a non-invasive technique, pre-
sented in chapter 1; and the characterization of the degradation path
and individuation of the respective alteration products in the case
of Red vermilion and Cd-pigments in chapter 2, always favouring
the choice of a non-destructive techniques, conventional or not, such
as non-linear optics. Regarding the development of new approaches
and methodologies, it will be presented in chapter 3 dedicated to the
photo-acoustic method coupled with SORS as a new tool for stratig-
raphy analyses.



This thesis derives from the reworking of several articles and origi-
nal works.

In detail, chapter one is based on:

— Francesca Assunta Pisu et al. “Defect Related Emission
in Calcium Hydroxide: The Controversial Band at 780
—1

cm™'”. In: Crystals 10.4 (2020). issn: 2073-4352. doi:
10.3390/ cryst10040266

— Francesca Assunta Pisu et al. “Fresco Paintings: Develop-
ment of an Aging Model from 1064 nm Excited Raman
Spectra”. In: Crystals 11.3 (2021). issn: 2073-4352. doi:
10.3390/cryst11030257

The second chapter is based on:

— Francesca Assunta Pisu et al.”Degradation of CdS Yellow
and Orange Pigments: A Preventive Characterization of the
Process through Pump-Probe, Reflectance, X-ray Diffrac-
tion, and Raman Spectroscopy”. In: Materials(2022), doi:

10.3390/ma15165533;

— Francesca Assunta Pisu et al. “Transient absorption study
on Red Vermilion darkening in presence of chlorine ions
and after UV exposure”. In: analitical Chemistry, (2022),
doi: 10.1016/j.jphotochem.2022.114291.

The third chapter is based on:

— Francesca Assunta Pisu et al.” Stratigraphy of ancient fres-
coes: a new approach with photoacoustic and SORS imag-

ing “. In:Journal of Imaging , (2023), doi: 10.3390/jimag-
ing9010016.






1 CARBONATION OF CALCIUM
HYDROXIDE

Fresco technique boasts ancient origin in centuries of history [1]. It
was already known during the Aegean civilization, and the oldest
surviving fresco paint is dated as approximately in 1600 B.C. The
technique was also used by Greeks, Etruscans, Romans, and during
the middle-ages. As shown by numerous and famous artworks, the
fresco was one of the most employed painting techniques. The fresco
is one of the most durable painting arts because the pigment is linked
to the lime wall when the latter is still wet [2, 3]. The drying process is
related to the carbonation of calcium hydroxide, the main component
of the substrate.
The fresco paint consists of several layers, mainly three of which
can be identified: the rinzaffo, the arricio and the velo.
The rinzaffo is a smoothed layer of mortar, consisting of rather coarse

wall

rinzaffo

arriccio

velo

Figure 1: Fundamental layers of a fresco.

sand, that can extend from one to two centimetres. extend from one
to two centimetres. It is spread directly on the wall with the help of
a trowel and must appear slightly smooth and grainy to the touch, so
that the next layer, the next layer, the arriccio.

The arriccio must be applied with a thickness of a few millimeters
when the rendering is dry. The mortar used has the finest sand grains,
it also has pozzolan or baked clay finely sieved. On this layer, the
preparatory drawing is made. The “velo” is then applied, a very fine
layer like a film, whose mortar may present marble dust to make the
surface smoother.

The velo, also called tonachino or intonachino is the real pictorial
support, the one on which the fresco colour will be applied, it’s spread
with variable thickness ranging between 100 and 400pum, When it was
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applied on the arriccio, being fine and still fresh, it was possible to
detect the underlying layer, hence the preparatory drawing, which
was used by the artist as an aid to spread the colour.

Calcium hydroxide, well-known by the term “hydrated lime”, re-
acts with the carbon dioxide, taken from air and water, leading to the
formation of calcium carbonate. We can summarize the process with
the following Equation (1):

CaCOj3 + heat — CaO + CO,
CaO +H,;0 — Ca(OH);, (1)
Ca(OH); + CO, — CaCO3 + H,0

The carbonation process of lime on painted walls is a crucial phe-
nomenon in fresco artworks, and it is of paramount importance in
the conservation field to consider it both for diagnostic and dating
purposes. The kinetics of carbonation process were studied by sev-
eral authors. Camerini et al. [4] suggested a kinetic model based on
surface boundary nucleation followed by growth and penetration in
depth: the carbonation starts on the surface of the particles (grain
boundary nucleation) and grows along the particles surface, eventu-
ally covering them; finally, carbonated regions coalesce from adjacent
particles. Montes-Hernandez et al. [5] studied the carbonation pro-
cess of commercial lime in high pressure-temperature conditions and
proposed a carbonation model described by a pseudo-second-order
kinetic model. They noted also the earlier formation of amorphous
CaCO3 followed by calcite. Later on, they examined the intensity vari-
ation of OH-stretching band in the absorption spectrum during the
carbonation process, obtaining a good agreement with the proposed
pseudo-second- order model [6]. In addition, Rodriguez-Navarro [7]
studied the carbonation process of nano-limes in humid air at room
temperature. In this case, the carbonation process involves the initial
formation of amorphous calcium carbonate before the final calcite.
The model proposed was a first order kinetic. In [8], the carbonation
of Ca(OH)2 in humid N2 was studied at 60-90°C, and it was well de-
scribed by an asymptotic equation assuming chemical reaction control
and considering the surface formation of calcium carbonate clusters
on calcium hydroxide pores.

Taking into account that these kinds of artworks are in most cases
unmovable, unique, and unrepeatable relics, to develop a dating
model for frescoes the use of a portable, non-invasive, and non-
destructive technique, such as Raman spectroscopy, is the best choice.
Indeed, the exploitation of a portable Near Infrared (NIR) -Raman
technique revealed high potential in its usefulness in a cultural her-
itage field [9-12], and it was previously proposed to study the ag-



ing model of ancient paper [13] and pigments [14]. So, the aim of
this work consists of developing a dating model for frescoes and wall
paintings using information on carbonation processes obtained from
the Raman spectrum of the fresco binder.

In order to develop this study, a complete characterization of the
Raman spectrum of the phases involved is necessary, however cal-
cium hydroxide exhibits a controversial band at 780 cm ™' whose attri-
bution is still debated, mainly because of the excitation dependence.
The behaviour of this band appears correlated to the carbonation pro-
cess, since its intensity presents a progressive decreasing as the time
increases, whilst at the same time the formation of the typical band
at 1087 cm~! of calcium carbonate is observed [15]. This particular
trend can be clearly associated to the reaction of slaked lime to the en-
vironmental atmosphere. For this reason, the mentioned band elicited
our attention as a specific marker for those processes in which a reac-
tion driven by environmental conditions takes place. That is the case
of frescoes or paintings and in general Cultural Heritage Ca(OH),-
containing relics where a possible degradation should be monitored.

In the literature there are several hypotheses on the 780cm ™" band

formation in the Raman spectrum of calcium hydroxide.
For example Schmida and Dariz [16] studied the Raman and lumi-
nescence spectra of CaO, Ca(OH)2, and CaCO3 with three different
excitation wavelengths (514.5 nm, 632.8 nm, and 784.8 nm) and ex-
cluded the vibrational nature of this band, hypothesizing a lumines-
cence effect derived by impurity (rare earth) elements. On the same
grounds, other authors [17] investigated the fluorescence of some cal-
cium minerals, correlating the above mentioned band to rare earth
impurities associated with a particular structure or phase of this com-
pound. Chaix-Pluchery et al. [16, 18] studied the Raman spectrum
of calcium hydroxide (Aexc = 514nm) at different temperatures and
identified the formation of a luminescence band around 1650 cm™
(that is, 562 nm) [18], but no evidence could be found in their spec-
tra of the 780cm ™! band. The possibility that this band derives from
the luminescence of unreacted CaO or from a carbonation product
(CaCO3) was also considered. Actually, the luminescence properties
of CaO are well known, and they show a luminescence band out of
the above-mentioned luminescence range recorded for hydroxide [19].
On the other hand, a study of calcite luminescence [20] suggests that
the emission recorded in the UV range, much more energetic than
the one observed in calcium hydroxide, could be related, once again,
to the presence of Mn; , Ce} , or Euj ion impurities [21]. From the
reported results, it is clear that the possible presence of impurities in
the compounds involved in the calcination cycle could be the origin
of the emissions recorded in the near infrared (NIR) range under 1064
nm laser excitation.

11
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Another possibility is the formation of some kind of defects during
the carbonation/calcination cycle itself. Indeed, depending on the en-
vironmental conditions (humidity and temperature), the cycle could
re-start and proceed. Dubina et al. [22] reported that the lime con-
version to calcium hydroxide and its subsequent carbonation strongly
depends on the relative humidity (RH) at which the samples are held
for 24 h in moist air at 80°C. Below 20% RH, the lime converts to port-
landite without carbonation, while for a higher RH concentration the
partial carbonation becomes relevant. However, the conversion pro-
cess and its connection, if any, to the origin of the mentioned bands,
is not ascertained.

In order to discriminate the origin of this band, assigning it to a
definite luminescent or vibrational conclusive feature, the fist step
of this work presented in next section consists in the characteriza-
tion the lime paste by analyzing Raman spectra excited with visible
and NIR excitations and carrying out different thermal treatments
of the samples, also under different environment conditions, to sup-
port the assessment of a luminescence defect related to the carbona-
tion/calcination cycle. A complete understanding of the nature of this
band can be useful in the field of Cultural Heritage for dating pur-
poses, as well as to determine the conservation state of mural relics to
prevent the possible activation of degradation processes.

The second step will focus on developing a kinetic model of the
carbonation process, evaluating the relative variation of the two Ra-
man bands associated with the hydrate and carbonate phase over
time, looking for a match with carbonation kinetics previously demon-
strated in the literature.

1.1 MATERIALS AND METHOD

1.1.1  Analytical methodology

To construct a kinetic model on the carbonation process of Ca(OH);
based on its Raman spectrum, two basic steps will be followed. The
first step is to characterize the nature of the band at 800cm™' found
in the literature and in industral calcium hydroxide (synthesis involv-
ing a storage time). We proceeded with its synthesis starting with
marble powder, heated it up to 1000°C, and then hydrated the CaO
produced with distilled water. The sample obtained does not show
the aforementioned band. In order to speed up the drying process
and eliminate the presence of unbound water in the Raman signal,
we subjected the sample to different heat treatments and in different
environments to verify the role played by gases such as CO; and O,
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Figure 2: Schematic representation of the methodology followed for (a) the
identification of the 780cm ™! band and (b) the creation of carbon-
ation kinetics.

in the formation of this band. The use of different Raman excitation
wavelengths is necessary to identify the nature of this band, the Ra-
man signals are independent from the excitation wavelength. The
samples synthesized were stored under standard conditions for three
months, to evaluate the intensity ratio variation between the band
associated with the carbonate phase (1087cm™") and the large band
located at 780cm ™" associated with the hydrated phase at different
day steps. This method permits to obtain the kinetics of the entire
carbonation process.

The second step is to build a “dating” model of frescoes starting from
the same experimental law obtained in the first step. A model was
constructed in years by taking data from the literature, belonging to
frescoes covering a period of approximately 2000 years, and applying
the same kinetics to these data.The final aim was to impose an ac-
curacy band for taking into account different sources of error in this
“theoretical “ model such as the variation of carbonation rate as a func-
tion of depth. Therefore, a thicker sample was made using the same
methodology as above, heated at 200° C for 1 h , with a cylindrical
shape and with the edges isolated to avoid unwanted penetration of

13
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CO; from the sides. Five different depth levels were studied. This ac-
curacy band, obtained in laboratory time-scale, can be then converted
in years using the kinetics parameter (tau) evaluated for the literature
points model.

1.1.2 Samples used for the thermal treatment

CaCO, powder were obtained by crushing pure commercial calcite
stone (Sigma Aldrich, 99.95% Suprapur). The samples were calcinated
at 1000 °C for two hours in order to obtain CaO powder. The prod-
uct was then wetted with distilled water and mixed to complete the
reaction. Finally, the obtained Ca(OH), was heated at different tem-
peratures (90—200-300—400-500°C) for 1 h to allow the formation of
the 780 cm ™! band. The thermal treatment at 300°C was carried out
both in air and in nitrogen atmosphere. The reported thermal treat-
ments were carried out to achieve the same effect as the time decanta-
tion usually performed on slaked lime for several months (at least six
months or more) in wide tanks in order to have a complete reaction of
slaked calcium oxide with water and a complete oxygen substitution.

1.1.3 Samples Used to Evaluate the Carbonation in Depth

Marble stone powders were heated to 1000°C for 2 h. Distilled wa-
ter was added to CaO compound in the stoichiometric ratio 1:1 and
dried at 60°C for 1 h. Then, it was ground with mortar and pestle,
the obtained powder was heated in oven at 200°C for 1 h inside a
large container in order to expose a large thin layer of powder and
to produce a homogeneous luminescent band in all the powder (the
luminescent band obtained after a heated treatment involves only a
superficial layer of 1.5 mm). Then, the treated material was compacted
adding distilled water (1:1) to form a cylindrical shape with a height
of 1 cm and radius of 2.5 cm. The edges were carefully isolated from
COz2 absorption with an impermeable coating.

1.1.4 A list of samples used for a natural aged model, taken from
Experimental Works found in Literature

The collected spectra were digitized and managed for applying the
kinetic model. Two samples were experimentally studied by the au-
thors:

Palazzo Farnese fresco (ca. 500 years old) [23];

Sala Vaccarini wall paintings (ca. 400 years old) [24];



Entombment of Christ” fresco, ca. 1175 AD (ca 8oo years old)
[25];

Lime walls of Southwell Minster (ca. 750 years old) [25];

Winchester Cathedral fragment of wall painting (ca. 875 years
old) [26];

Sherborne Abbey fragment of wall painting (ca. 850 years old)
[26];

Ermita de San Pelayo fresco (ca. 9oo years old) [27];
Palace at Jerico (ca. 2100 year old) [28];

Romano-British wall-paintings (ca. 1850 years old) [29];
Monastery of San Baudelio (1000 years old) [30];

San Giuseppe Church’ s fresco dated around 1750-1850 (ca. 220
years ago) [31]— Experimental study.

Branice Castel fragment (ca. 400 years old) [32];

Amorites civilization wall painting fragment from Tell Atchana
escavation—Ashmolean Museum Oxford (ca. 3500 years old)
—Experimental study.

1.1.5 Experimental set-up

Raman set-up

NIR micro Raman scattering measurements were carried out in
backscattering geometry with the 1064 nm line of an Nd:YAG laser.
Measurements were performed in the air at room temperature with
a compact spectrometer (BWTEK, Newark, NJ, USA) i-Raman Ex in-
tegrated system with a spectral resolution, as declared by the con-
structor, of less than 8 cm~!. The spectra were collected with differ-
ent acquisition times between 20 s and 8o s and power excitations
between 20 and 40 mW concentrated in a spot of 0.3 mm? on the
surface through the BAC151B Raman Video Micro-Sampling System
equipped with a 20 Olympus objective to select the area on the sam-
ples.

Visible micro Raman scattering measurements were obtained in
backscattering geometry through the 532 nm line by a wavelength
stabilised diode module (LASOS DPSS series) coupled with a Reflect-
ing Bragg Grating (Optigrate-Braggrade 405) to narrow the laser line.
Measurements were performed in the air at room temperature with a
triple spectrometer Jobin-Yvonne Dilor integrated system with a spec-
tral resolution of about 1 cm™'. Spectra were recorded in the Stokes

15
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region by a 1200 grooves/mm grating monochromator and a charge-
coupled device (CCD) detector system.

Photoluminescence (PL) and Photoluminescence Excitation (PLE) Mea-
surements

Samples were excited with different laser sources at 405 nm, 532 nm,
and 632.8 nm to collect the luminescence through a detection sys-
tem composed by the spectrometer BWTEK (Newark, USA) with a
spectral 1040-1460 nm IR range (corresponding to a 100-2500 cm ™!
Raman shift). The emission signal was collected in front face mode by
a wide spectral range optical fiber of 200 m diameter. In addition, we
performed PLE measurements by selecting the light of a laser driven
Xenon lamp (EQ- 99X) with a set of filters of 10 nm bandwidth and col-
lecting the emission signal by means of the previous detection system.
All the emission spectra were recorded in the air at room tempera-
ture, and proper longpass filters (in wavelength) were applied when
needed to remove the residual scattered excitation signal.

Finally, the modifications of the spectra were monitored for a period
of 9o days to check the aging effect on the calcium hydroxide sam-
ples under standard environmental conditions (average temperature
20°C, average pressure 1 atm, and 60% of average RH). This time pe-
riod was estimated to be enough to evaluate the kinetic of the studied
processes

DTA/TG Measurements

DTA/TG measurements were performed through the system
PerkinElmer TGA7-DSCy (PerkinElmer, Waltham, MA, USA) varying
the temperature in a controlled ramp of 10°/min. The analyses were
performed in N2 and O2 atmosphere ranging the temperature from
25°C to 600°C. Isothermal DTA/TG in N2 and Oz atmosphere was
executed keeping the samples for 1 h at 200°C, simulating the same
experimental condition of proposed synthetic samples.

X-ray Diffraction Measurements

XRD analysis was obtained by a diffractometer Rigaku Ultima IV
(Rigaku, Tokyo, Japan). The XRD pattern was collected using as ex-
citation the Cu-K (40 KV, 40 mA), varying the angle 0 in the range
10°-60°C with resolution of 0.2° step/s. Obtained patterns were ana-
lyzed by EVA database in order to identify all the phases present in
the starting material.
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1.2 RESULTS

1.2.1  Thermal studies for the identification of 780 cm~! band

The starting point is the vibrational spectrum of unheated fresh
Ca(OH), samples under different wavelength excitations (532 nm,
632.8 nm, and 1064 nm). In Figure 3, we compare a reference spec-
trum excited at 532 nm [33] to the spectra of our synthesised samples
excited at 532 nm (fig.3a) and 1064 nm (samples not subjected to ther-
mal treatments — fig.3b). The reference spectrum displays two narrow
bands at about 252 and 357 cm ™' and a large composite band peaked
at about 680 cm~!, already assigned to the vibrations of the OH -
against the cations (two translational and one rotational E4 and Ay
modes) [34]. As reported in the figure, the spectra of our samples

1.0
0.5 p—
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c
3 0 4
_Q. T T T T T T T
= 200 400 600 800 1000
2 1.0
i | | Ca(OH),-532 nm |
[
2 05+
= ] a
® 0
g I i I i I v |
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g 3 . | Ca(OH),- 1064 nm
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Raman shift [cm™]

Figure 3: Raman spectrum of the lime paste: reference obtained with 532
nm excitation and the experimental sample, without thermal treat-
ment, and with excitation at (a) 532 nm and (b) 1064 nm.

excited both in the visible and NIR range report the same vibration
bands (the same result also holds for the 632.8 nm, not reported here
for the sake of brevity). The spectrum excited at 1064 nm evidences a
large band peaked at about 936 cm ™!, previously ascribed to the O-H
out-of-plane bending mode of unbound water [35, 36]. The reported
spectra do not show any contribution in the 700-800 cm™' range irre-
spective of the laser excitation exploited, in contrast to the literature
spectra of aged calcium hydroxide gathered under 1064 nm excita-
tion.
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To support these results, we analysed the PLE measurements by
monitoring the IR emission range, with no evidence, also in these ex-
periments, of any contribution around 1170 nm (corresponding to the
780 cm™~' Raman band under 1064 nm laser excitation). These obser-
vations support the idea that the Raman band in the 700-800 cm ™'
range reported in some literature spectra [16] does not belong to vi-
brational features nor to luminescence characteristics of fresh pure
calcium hydroxide.

To further analyse the origin of these optical findings, we consid-
ered the carbonation/calcination cycle reported in the introduction.
As already observed, the Raman spectrum excited with 1064 nm exci-
tation (Figure 3b) shows a large contribution of the band at 936 cm ™',
associated with the O-H out-of-plane bending mode of unbound wa-
ter, suggesting a large content of water in our samples not reported
in the literature spectra of aged lime. Indeed, the reported spectra
were collected on the raw samples, not subjected to any heat treat-
ment. To reduce the water content and speed up the drying process
of the synthetised Ca(OH),, we heated the samples at different tem-
peratures in the 9go—500°C range. We measured the Raman spectra of
the heated samples by exciting, once again, the vibration modes with
visible and NIR laser sources (532, 632.8, and 1064 nm). Whilst no
contributions were detected in the 700-800 cm™' range with visible
excitations, a large temperature-dependent band peaked at about 780
cm ™! is recorded when exciting at 1064 nm (Figure 4). This finding
strongly supports the hypothesis that the recorded spectral feature is
related to the carbonation/calcination cycle and could be ascribed to
some luminescence centre promoted during the thermal treatment.

Figure 4 shows the Raman spectrum of the Ca(OH)z-heated sam-
ples at different temperatures (all the thermal treatments were carried
out for 1 h). Besides the three vibrational modes previously reported
(at 252, 357, and 680 cm ™), the spectra are characterised by a large
and composite contribution at 780 cm ™' and two new smaller peaks
at 283 and 1087 cm~'. In order to evidence the dependence of the
780 cm~! band on the temperature, the spectra were normalised to
the calcium hydroxide contribution at 357 cm™! (for this reason the
Ca(OH)2 bands appear as faint contributions in the figure). The in-
tensity of the 780 cm™' band increases as the temperature increases
up to 300°C; then, it largely decreases, as reported in the inset of
the figure. At the final investigated temperature (500°C), the relative
contribution of the two new bands at 283 and 1087 cm™! increases,
showing the formation of calcite (external E4 and internal A;y modes,
respectively) [37, 38].

The observation of the two calcite bands suggests that the carbon-
ation process is ignited by the thermal treatment. In order to under-
stand the possible connection between the formation of the 780 cm™
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Figure 4: Raman spectra with 1064 source of lime paste heated at different
temperatures for 1 hour in the air (the curve at 300°C was arbi-
trarily divided by 10 for clarity purposes). The insert shows the
normalised intensity of the bands at 1170 nm for the different tem-
peratures.

luminescence band and the carbonation process, we carried out the
thermal treatment at 300°C (corresponding to the maximum recorded
for the 780 cm™! intensity) under different environments, namely in
air and under nitrogen flux. The latter was exploited to eliminate the
presence of other possible reactive gasses, such as CO, and O, present
in air. The Raman spectra of lime paste heated in air and in nitrogen
at 300°C and excited at 523 and 1064 nm are reported in Figure 5. The
intensities are arbitrarily normalised to the peak of calcium hydroxide
at 357 em~ .

Confirming the previous results, the 780 cm™! band can only be
detected under 1064 nm excitation, whilst no contribution is recorded
under visible excitation. The spectra clearly indicate that the 780 cm ™!
luminescence band is largely decreased when the thermal treatment
is performed in nitrogen flux. We estimated the relative contribution
of the 780 cm ™! band with respect to the calcium hydroxide 357 cm ™!
band, the ratio increasing from 0.83 in nitrogen-treated samples up to
27 in the sample treated in the air.

As for the presence of calcite, we estimated its contribution by mea-
suring the ratio of the 1087 cm ™' band with respect to the 357 cm™
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Figure 5: Raman spectra of paste lime heated in air and in N2 atmosphere
for 1 h at 300°C with 532 and 1064 nm.

band. The calcite relative content is larger in the sample treated in
the air (the ratio is 0.8y) than in the sample treated in nitrogen (0.23).
To validate the aging process by thermal treatment, we measured the
XRD patterns and the high-resolution Raman spectra of the heated
samples. As reported in Figure 6a and 6b, no other phases of the com-
pounds are detected, revealing that the heating procedure does not
modify our samples. This is confirmed by vibrational spectra, where
we observed that the heat treatment slightly affects the position and
shape of Raman peaks, due to a possible small structural variation
(inset of Figure 6c).

DTA /TG analyses were performed through the system Perkin-Elmer
TGA7-DSCy varying the temperature in a controlled ramp of 10°/min.
We performed the analysis in N, and O, atmospheres and we ob-
served the same curve. Figure 6d and 6e reports the experimental
data obtained in N, atmosphere. Our measurements confirm that
below 370°C no mass loss of Ca(OH), is detected and beyond this
temperature takes place the conversion to CaO (a maximum of 440°C
is recorded), confirming all the results obtained in literature. In par-
ticular, considering the temperature values used in this work (range
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Figure 6: (a) XRD pattern of calcium hydroxide after synthesis; (b) XRD pat-
tern of calcium hydroxide after 200° C-heated exposed to air for 20
days; (c) 785 nm high resolution Raman spectra of synthesized Cal-
cium hydroxide exposed to air for 20 days; inset, the comparison
between the no-heated and heated calcium hydroxide 785-Raman
spectra, details of the 1087cm! band; (d) and (e)DTA /TG and DTG
analysis of Ca(OH), samples performed at N, and O, atmosphere.
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90 — 500°C), we calculated the percentage of CaO in our samples,
these results are reported in table 1. No carbonate phase is expected

Temperature 90 200 300 400 500
CaO (%) 0 0 0 20 100
Table 1: Percentage of CaO in the Ca(OH), heated samples from DTA/TG
analyses.

at these temperature in DTA/TG measurements as found in litera-
ture. Actually, as suggested by Koga et al. (Phys.Chem.Chem.Phys.
2018, 20, 26173), by adding a percentage of 15% of CO,, the carbona-
tion reaction take place beyond 600°C. Isothermal DTA /TG at 200°C
executed for 1h (same experimental condition of proposed synthetic
samples) does not reveal any mass variation both in O, and N, atmo-
sphere.

Based on these results, two considerations can be deduced: first, the
carbonation process is faster in oxidizing atmosphere; second, we
found a confirmation that the band is indeed a luminescence one,
and, in addition, we propose to assign it to some defect of the crystal
structure possibly interacting with the O, molecule or promoted by
the interaction/reaction with it. =~ To further characterize the kinetics

T=90°C
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Figure 7: Dependence of the luminescence bands with the time of heated
samples at T = 9o°C.

of the formation of the 780 cm™' luminescence band, we investigated
its temporal evolution by monitoring the Raman spectrum excited at
1064 nm for several days. The analysis was carried out on the samples
treated at different temperatures by leaving them in the air at room
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Figure 8: Dependence of the luminescence bands with the time of samples
heated in air at : (a) T = 200°C ;(b) 300°C; (c) 400°C and (d) 500°C.

temperature and under standard RH conditions (60%).

Figure 7 shows the spectra for the samples heated to 9o°C and arbi-
trarily normalised to the 1087 cm ™! calcite peak. In the luminescence
region, no emission bands are detected, whilst the peak of calcium
hydroxide (357 cm™' ) decreases during the time, suggesting that the
carbonation of lime paste takes place.

Indeed, in the time zero spectrum we observe both the contribution of
the peak around 936 cm ™! attributed to the O-H out-of-plane band
[35, 36, 39] and the one of calcium hydroxide at 357 cm~!, the for-
mer being higher than the latter; then, after four days both features
strongly decreased, indicating that the free water and the calcium hy-
droxide reacted to form calcite.

The Raman spectra of the sample heated to 200-500°C are reported
in Figure 8. In general, the luminescence band at 780 cm ™' is observed
for all the temperatures at the time zero spectrum and it undergoes
a large decrease as a function of time (see inset). The contribution
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of free water is clearly singled out only in the time zero spectrum
of the sample treated at 200°C spectra, whilst in the other cases no
free water contribution is detected, suggesting that, as expected, at a
higher temperature the whole nested water is eliminated by the ther-
mal treatment. The whole set of samples displays the formation of
calcite in the first days of observation.

Finally, we performed the same analysis on the samples treated un-
der nitrogen flux (Figure 9). Besides the smaller contribution of the
780 cm ™! luminescence band already noted in the time zero spectrum,
we also observed that the band undergoes a larger relative decrease
than in air, its relative intensity being reduced by a factor of 6 in nine
days for the nitrogen-treated sample, as compared to a reduction of a
factor of 2 in the same observation time for the air-treated sample.

Sample heated in nitrogen at 300 °C

luminescence region

—— O day
——9days
—— 20 days

1087 cm’”
¥

Normalized intensity [arb. units]

4 T T T T T T T
200 400 600 800 1000

Raman shift [cm™]

Figure 9: Dependence of the luminescence bands with the time of nitrogen-
heated samples at T = 300°C.

1.2.2 Kinetic model of Calcium Hydroxide carbonation

According to these findings, we can hypothesise a kinetic model of
the carbonation process that can be monitored from the relative inten-
sities of the Raman band at 1087 cm™' (calcite) and the luminescence
band at 780 cm ™! that we tentatively assigned to some calcium hy-
droxide crystal defect interacting with molecular oxygen [40, 41].

The formation of calcite is somehow related to the decrease of the 780
cm ™! luminescence band, suggesting that the defect responsible for



that luminescence is involved in the carbonation process. One can
hypothesise that the defect centre is largely reactive to environment
CO,, thus acting as a seed for the carbonation process. To monitor the
kinetic of the reaction, we consider the relative contribution of defects
centres (counted by the intensity of the 780 cm ™! luminescence band)
and the already formed calcite crystals (counted by the 1087 cm™
Raman band). We express the starting ratio as Ry = 11170% When the
time increases, the carbonation process occurs, and the luminescence
band decreases. To evaluate the fraction of emitting centres undergo-
ing carbonation at time t with respect to the starting population, we
calculate the normalised ratio R, defined as follows:

1780
Re  1a>(t)
R (t) = — = —1087 2
" Ro 111708807 (0) (2)

where the term R represents the relative starting concentration of
emitting defective centers with respect to the amount of calcite crys-
tals after the thermal treatment, and R; indicates the relative concen-
tration of the defects at the instant t during the progressive carbon-
ation process. By assuming a first order kinetic, in agreement with
the model proposed by Camerini et al. in [42], a rate equation can be
found, as follows:

o =y[1—Rp(t)] = (1 — e (3)

where « is the carbonation degree, T represents the characteristic
time of the process, and v is the maximum carbonation relative value
(asymptotic value in the graph).

Figure 10 reports the calculated model from experimental data
recorded over go days for the whole set of samples, that is the ones
treated at different temperatures and under different environments.

The first order kinetic model successfully fits the acquired data but
for the 500°C treated sample, where a second-order kinetics is ob-
served, suggesting that a second carbonation process is occurring be-
side the previously described one. It is important to underline that
the first-order kinetic model accounts for the fraction of centres that
can be transformed into calcite, the final amount being dependent
on the thermal treatment undergone by the sample. The curves show
that the process is slower for the samples treated at 9o°C (T = 10 days),
and is the fastest at 200°C, where the luminescence band had its max-
imum of intensity at zero time (Tt = 0.7 days); then, it decreases its
speed down to T = 25 days for the 400°C samples. Finally, at 500°C
the kinetics changes, as explained before. We can also note that the
nitrogen-treated samples (at 300°C) had a trend comparable with the
200°C samples (in air) with a slightly smaller final relative value of
the carbonated centres.

25



26

| 1. Carbonation of Calcium hydroxide

j ———
0.8+

)
e
g o064
° —T=90°C
5 —— T=500°C
T 044 — T=200°C
S ——T=300°C
= —— T=300°C-N2
S 0.2 —— T=400°C
3

0.0

time[days]

Figure 10: Kinetic model of our experimental data using Equation (3)

1.2.3 From the kinetic model to a frescoes dating model

In order to propose an aging model for lime wall paints exploiting
the above-mentioned first order kinetics to evaluate literature and ex-
perimental data, some crucial aspects and possible sources of error
need to be preliminarily investigated. Among the others, the choice
of a common Ry, the evaluation of the sampling depth, and the his-
tory of each sample are the most important. Each of these factors can
heavily influence the estimated age of an artwork through the final
alpha-value. In the following, we propose how each aspect can be
dealt with.

The first step is to apply Equation (3) to naturally aged frescoes, so
that we collected spectra of frescoes and wall paints from literature,
spanning a time interval of various centuries. As already done for syn-
thetic calcium hydroxide powders, we calculated the R¢-value of an
artwork as the intensity ratio between luminescent band at 780cm ™!
(1160-1170 nm) and the calcite band at 1087cm™~'. To estimate the
Ri-value of each artwork, we considered its declared age. The correct
evaluation of the carbonation degree « (see Equation (3)) stems from
the choice of a common Ry-value for all the artworks. In principle,
the Rp-value would be proportional to the storage/settling time of
the lime used and then it could depend on the manufacturing proce-
dure of each historic civilization. The points used for developing the
model belong to different historical periods with different syntheses
procedures, so they could have different Ry. In order to demonstrate
the importance of assuming a Ry common value, simulations of the
carbonation degree as a function of Ry are reported in Figure 11. The
increase in Ry leads to a decrease in the characteristic time of the curve
(tau). Then, at high Ry values, the carbonation degree reaches its max-
imum faster, showing that fits with Ry value greater than 7 are useful
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Figure 11: First order kinetic model calculated at different Ry.

to analyze a shorter time range (500 years), whilst lower values of Ry
allow the analysis of a larger time range.

We can remedy this problem by determining an average theoretical
Ro from literature data by plotting Ri-values as a function of the time
(Figure 12). According to Equation (3), and assuming the term y =1
(i.e., all the possible superficial centres are completely carbonated at
the end of the process), we get the following Equation (4):

R = Roe!/" @)

where 7T is the characteristic time of the process. The operated fit
returns an average Ry value of (3.4 £0.3). This value is in very good
agreement with the experimental Ry(inq) of modern industrial calcium
hydroxide (3.3 + 0.3, vide infra), realized with synthesis processes
very similar to ones of ancient civilization. Indeed, contemporary
production of calcium hydroxide in the construction industry follows
the consolidated settling/storage process explained, for example, by
Vitruvius in [43, 44], being the common procedures to obtain calcium
hydroxide by the natural process based on the storage/settling of the
material for a period ranging within nine months and two years. The
complete formation mechanism of this defective phase, in a natural
process, is not completely understood. Actually, a storage/settling in
an aqueous medium produces the formation of amorphous Ca(OH),
[45], and in an air medium, carbonation. Then, the production of this
defective band is still an object of study.

Thus, the value Ry(ing) = 3.3 could be considered a reasonable choice
because it is in agreement with the average Rop-value obtained from
the previous analysis. The industrial calcium hydroxide Ry(ing) was
obtained as the average ratio of the spectrum bands collected in dif-
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Figure 12: First order decay fit to obtain an average Ry value from literature
points

ferent points of the powder (see Figure 13a) and can be used in the
Equation (5) (naturally aged model) to extract the characteristic time
of the the carbonation process from the literature data:

a=1—Ryp=1———2_ —y(1—e V7 (5)

The fit obtained from these values is shown in Figure 13b and pro-
vides a characteristic time T = (1490 & 400)years (the asymptotic vy
value was set to 1, assuming that, according to the age of each re-
ported artwork, the carbonation process was completed). Although
the calculated tau seems to be very large for fresco paintings, it should
be remind that it represents the characteristic time associated with the
carbonation of the only defective phase of carbon hydroxide present
in the sample and not to the overall amount. In addition, accord-
ing to the literature [3, 46, 47], the natural carbonation reaction in a
fresco could be very slow, because of the decreasing of surface poros-
ity, shielding effect associated with external carbonated layers and
the presence of carbonated core-shell systems of calcium hydroxide
grains.

The reported fit assures that the model is able to date frescoes and
wall paintings belonging to different historical ages.
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Figure 13: (a) 1064 nm-Raman spectrum of calcium hydroxide acquired;
traces of calcite are present; (b) first order kinetics applied on
data taken from literature and experimental data.

1.2.4 Carbonation process as function of depth

To improve the validity of this model, we need to also consider how
the carbonation process, due to the diffusion of CO2 inside the fresco
wall proceeds in depth. As reported in the literature, the carbonation
process occurs in the whole wall due to diffusion of CO2 inside the
wall frame, and this phenomenon should be taken into account to de-
velop a more sophisticated kinetic model. In fact, carbonation starts
with the diffusion of dissolved CO2 molecules in pore water of wall
paste [48], and then the formation of calcium carbonate from calcium
hydroxide is observed. The result of this reaction is to alter the chem-
ical composition of the concrete, which reduces pH and can lead to
conditions which may cause the corrosion of reinforcing steel within
the concrete [49]; in particular, the carbonation process of the calcium
hydroxide in concrete can reduce the pH of concrete to values less
than 9 [50].

The carbonation of lime inside a wall is related to the diffusion process
of the carbon dioxide. The carbonation process starts at the surface
(which is in direct contact with air) and penetrates slowly into the
wall interior, resulting in a function of depth. The carbonation slows
down in depth; then, the reduction of pH (due to the increasing of car-
bonate phase) is itself a function of depth, conditioning the strength
and durability of the painting.

The diffusion of CO2 in walls depends on many factors, such as CO,
concentration, porosity, and moisture inside the plaster and mortar,
that affect gas transport properties within the wall structure. At the
end of carbonation reaction, water is produced, and it further affects
the diffusion of CO2 and humidity [51] inside the wall layers. Thus,
due to the intrinsic interdependence of each parameter in the diffu-
sion process, any analytical model for the prediction of carbonation
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is intrinsically complex and should be based on a nonlinear scheme
[48]. Several experimental studies on concrete carbonation under out-
door and indoor conditions were carried out and they agreed with the
hypotheses that depth of carbonation is directly proportional to the
square root of the ageing time of the wall [52—-54]. Different mathemat-
ical formulations were developed to model CO2 diffusion in concrete
and the effect on the carbonation process, the most accredited one
being the following Equation (6) [55, 56]:

_ |2Dc0,[CO3Jt
XC_\/ [Ca(OH)2) ©)

where X, is the carbonation depth [m] at time t [s], D¢, is the effec-
tive diffusion coefficient of carbon dioxide [m?/s], [CO,] is the molar
concentration of carbon dioxide in the atmosphere in contact with the
wall layers [mol/ m?], and [Ca(OH),] is the molar concentration of cal-
cium hydroxide in the wall [mol/ m3].

The expression of the effective CO2 diffusion coefficient is D¢cp, =
®(1— 51)0Dgir,co,; it depends on the diffusion coefficient of carbon
dioxide in the air (Dgir,co,), the wall porosity ®, the water satura-
tion degree S1, and a parameter used to model the material tortuosity
(0). CO2 concentration is one of the most important parameters of
carbonation in a deep layer: under low CO2 concentration (2-20%),
the increase of carbonation depth was found to be higher than in the
case of high concentration exposure. The reason is mainly due to the
microstructure change caused by concrete carbonation, which makes
the surface layer denser, thus lowering the rate of CO2 diffusion into
wall layers [57].

Thus, a study on the depth-dependence of the carbonation process
is necessary because sampling at different depths can lead to large
differences on the estimated carbonation degree of an artwork. As
already reported [28, 29], analyzed points of a fresco could be taken
on the surface or on substrate layers, when, for example, examining
the spectra from a wall paints; in addition, optical objectives with a
high depth of field collects signals from many layers below the sur-
face. These facts can affect the fits proposed in Figures 11 and 13b,
possibly providing an explanation for the discrepancy of some points
with the model curve.

To perform this study, we needed to recreate a sample which pre-
sented not only similar characteristics of natural lime but also an ag-
ing speed compatible with a laboratory scale time. As previously
explained, the artificial aging was performed by thermal treatment
in the 90-400°C range, to reproduce the 780 cm™' band, to achieve
the same starting degree of defective calcium hydroxide and to study
their kinetics within an affordable laboratory time scale. We were able



to reproduce the carbonation process in surface obtaining Ry values
as a function of the temperature (within a variable range of 0.3 and
32). Now, we need to map the thermal treatments to natural aging
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Figure 14: Difference between Rp-values obtained from artificial aged mod-
els heated at different temperatures (Ro-temperature) and the Ro-
value of natural aged model (Rp-natural).

applying the model to the evaluation of the carbonation process in
depth. To this purpose, among the samples realized at different tem-
peratures, we selected the one heated at 200°C, whose measured Ry
value of (4.7 £0.6) is the most similar one to the Ry(inq) (fig. 14). In ad-
dition, to carry out the evaluation of the carbonation process along the
depth, we need to calibrate our previous kinetics models to the heat
treatments. Therefore, we estimated a conversion factor from the ratio
between the natural and artificial characteristic times as indicated in

Equations (7) and (8): -
Teq = " 7)

Tartificial

The same procedure can also be applied to map all the artificially

aged samples (at 20-300—400°C), as follows:

Tcalibrated 400°C = T400°C * Teq
Tealibrated 300°C = T300°C * Teq 8)
Tcalibrated 100°C = T100°C * Teq

The vy parameter related to the relative amount of carbonation ob-
tained in the previous section did not reach the asymptotic value of
1. Assuming that the luminescent band is related only to a hydrated
phase instead of a carbonated one, it is reasonable that, after a long
time, the entire amount of starting portlandite will naturally convert
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into calcite and that band may disappear. Therefore, we set y =1 in
the calibration equation. Finally, we can write the calibration Equa-
tion (9):

o= ] _ eft/Tcalibrated (9)

leading to the curves reported in Figure 15.
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Figure 15: Calibrated fits using Teq to obtain aging kinetic models pre-
treated for 1 h at different temperatures.

To analyze the carbonation process as a function of the sample
depth, the measurements performed in progressive depths were taken
over 18 days, with step of 2—-3 days, down to a depth of 4 mm from
the surface. This procedure aims to correlate the progressive diffusion
of CO, inside the sample, producing different kinetics of carbonation,
to the effect of ageing connected to the same carbonation as proposed
before.

As evidenced in Figure 16, the first order kinetic model accurately de-
scribes the carbonation process also in depth, but for the 4 mm case
(Figure 16a) where a linear trend is recorded. We can explain this
effect considering that the carbonation slows down as it proceeds in
depth because of many concurrent factors such as the increasing of
RH%, a low content of CO, available, etc. Thus, after 20 days, we are
able to appreciate only the linear range of the model (first part). The
other reported curves (between o mm and 3 mm) do show the same
trend and are successfully described by the model (the characteristic
time of each curve is reported in Table 2). Our results can be further
exploited to evaluate the diffusion of carbon dioxide (Dcp3z) and ver-
ify Equation (6) (Figure 16b).

If we assume that the ratio of Ca(OH), and CO,concentration is ex-
pressed by Raman derived Rn values, since the CO, diffusion pro-
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First Kinetic Fit T[Days] Maximum Carbonation Rel-
ative Value

omm 07409) 089(1)

0.5 mm 1.6(2) 0.84(1)

1 mm 2.3(2) 0.77(1)

2 mm 3.1(6) 0.74(2)

3 mm 6(1) 0.69(5)

4 mm - -

Table 2: Fit parameters of the carbonation curve in depth.

duces only the carbonation process, we can retrieve the relationship
between CO, diffusion and depth from the experimental data. As
reported in the figure, the data are well fitted by a square law rela-
tionship, confirming the hypothesis of Equation (6).
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Figure 16: (a)Kinetic model in depth for a sample heated at 200°C, (b) diffu-
sion coefficient for unit of [CO, ] in a sample heated at 200°C as
a function of carbonation depth at different days of air exposure.

The diffusion parameter increases remarkably with depth during
the first week of analysis, then it changes slowly. Moreover, CO, dif-
fusion is proportional to sample porosity, to the water degree (related
to RH) and the sample tortuosity [55, 56]. From this point of view, a
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possible explanation of the increasing trend with depth could reside
in the porosity variation. In fact, with the carbonation process, the
porosity of the medium decreases causing a gradient as a function of
the depth [58]. In addition, the enhancement of RH causes an increase
in the volume fraction of the pores occupied by water, thus leading to
a reduction of the diffusion parameter [59-61].  With the intention to
validate the model, the exposed results need to be validated with an
accurate study where the composition at single depth is determined.

1.2.5 Factors Conditioning the Model and Accuracy

Many factors are involved in the carbonation rate, and, as reported
in the previous figure, it is clear that carbonation measurements are
strongly related to the sampling depth in a fresco. Actually, the ob-
served kinetics associated with the sample depth can affect our dating
model, especially considering the sampling procedure.

We can define a “depth-parameter” related to the experimental sam-
pling procedures, to account for surface erosion, corrosion, crack for-
mation or substrate measurements with different objectives or in dif-
ferent layers of fresco.

To consider this source of uncertainty in our model, we considered
a depth parameter of about 0.5 mm and thus the values reported in
Table 2 for the 0.5 mm depth. This assumption is justified by consid-
ering that the characteristic time of 0.5 mm is twice the one of 0 mm
and that condition is sufficient to cause a considerable uncertainty.
The results are shown in Figure 17a where previous data are once
again considered with the addition of two new sets of experimental
data to further discuss the model.

Those samples, shown in Figure 17b and 17c, are characterized by pe-
culiar conservation conditions, so that they can represent a stress test
for our model. It is clear, indeed, that the two new sets do not follow
the dating model, or, reversing the sentence, the reported data display
that the known age of the samples and the estimated one largely dif-
fer because of the conservation conditions. One of the new samples
belongs to a fresco of the San Giuseppe Church (realized around the
end of the 18" century). The estimated carbonation degree is 250
years older than its real age (230 years old). The second sample be-
longs to a Sumerian wall painting dated around the second to first
millennium B.C. It shows a carbonation degree comparable with an
age of 700 years old in our model. As already stated, these data fall
out of the model curve because of the conservation conditions.

In the first case, the location of the fresco can explain the discrep-
ancy. It was painted in the vault of the Sacristy, typically illumined
with candles so that the carbon dioxide and smoke produced from
the candles, as testified by the superficial blackening of the paint and
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by Raman analysis [31], could have sped up the carbonation process
of the fresco. In the second case, the fragment remained buried until
a few decades ago, thus largely slowing down its carbonation pro-
cess. These two examples illustrate that the dating procedure is a
delicate one because many external factors could affect the carbona-
tion process here accounting for dating purposes. Among the others,
one should always consider water infiltration, indoor and outdoor
exposure, restoration interventions or burial conditions, which could
affect, as demonstrated here, the evaluation of the sample aging. To
conclude, applying the dating procedure from this preliminary model,
the age of a sample can be evaluated starting from the Equation (10)
(obtained from Equation (3)):

t=1In(1 —«) (10)

which presents, at the moment, an accuracy of 40% (see figure 18) in
relation to all the factors mentioned before. Important improvements
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can be obtained by (1) reducing the Terror related to the literature
points used in the text; and (2) increasing the experimental sampling
procedure (focus) to determine the R; parameter and then the carbon-
ation grade alpha. Despite the accuracy being not so good, it is not
so far from other methods like radiocarbon. If we consider the no-
destructivity of this technique, we retain in any case a good result.
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Figure 18: Time error in the dating procedure evaluated with a tau-error of
400 years (fitting procedure) and alpha-error equal to the semi-
dispersion of in deep-procedure (figure 17a ).

1.3 SYNOPSIS OF THE OBTAINED RESULTS

In this first chapter, by using the information obtained with NIR-
Raman spectroscopy appplied to calcium hydroxide, the carbonation
process of ancient wall paintings taken from literature and from exper-
imental samples was exploited to achieve a preliminary dating model
for frescoes. The model is based on the variation in relative intensity
ratio of two bands: the 780cm ™' band (excitation at 1064 nm) ascribed
to luminescence defects in calcium hydroxide and the 1087cm ' band
ascribed to vibrations of the carbonated phase.

To definitively give this attribution of the 780cm ™' band (1160 nm)
visible in the NIR Ramana spectrum of mural paintings, in ancient
mortars and in plasters, firstly we carried out a detailed optical anal-
ysis (photoluminescence excitation measurements in the 200-500 nm
spectral range and Raman measurements with laser sources at 405 nm,



532 nm, 632.8, and 1064 nm) of synthetic lime paste. The intensity of
this band is related to the temperature used for the heating process,
(in a range between 100 — 500°C), showing a maximum at 300°C and
also we noticed a dependence of the heating environment. In fact
changing from a reducing to an oxidizing one, we evidenced that the
interaction with molecular oxygen, and possibly carbon dioxide, is re-
quired to produce the defective centre responsable of this particular
emission. The centre acts as a preferential site for the carbonation pro-
cess of the powders observed during the aging of the samples over go
days, as indicated by the monomolecular model successfully applied
to heated samples, and subsequently to the literature wall paintings
samples.

In order to explain one of the possible discrepancy factors of the
kinetic model developed, a study of the carbonation process as a func-
tion of the depth in a synthesized calcium hydroxide sample was exe-
cuted. The aim of this study was to improve and set a validity region
of our starting model. We determined an accuracy band as the semi-
region between the surface and 500um of depth curves, comparable
with the variable sampling depth with 1064 nm-Raman source on a
painted surface.
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DEGRADATION STUDIES ON
DIFFERENT STANDARD
PIGMENTS

Pigments degradation is a dynamic phenomenon that affects numer-
ous materials in the field of Cultural Heritage. In fact, all the pig-
ments, organic and inorganic, synthetic and mineral, degraded over
time. Degradation can arise from environmental conditions, light
exposure, bacterial attacks, or the use of erroneous solvents during
the restoration process. It is well known, the most famous pigments
used in painting are usually semiconductors. Depending on the sur-
rounding environment, these materials are potentially not stable and
degradation processes can take place through reactions with the at-
mosphere, especially with molecules, such as carbon dioxide, sulfur,
oxygen, water, etc. [62, 63]. The result implies the formation of pati-
nas of new compounds due to carbonation or oxidation processes.
Sometimes, the environmental conditions cause a phase transforma-
tion in the mineral that can present a different color. The reaction
depends on many important parameters, such as temperature, light,
relative humidity, pristine defect density in the materials, points of nu-
cleation, time, etc. Several studies analyzed in detail the degradation
phenomena, ranging from structural properties to vibrational finger-
prints or colorimetric parameters [64—70]. The color change translates
into the variation of optical characteristics, like absorption, transmit-
tance and reflectance which correlate the electronic properties or band
structures with the macro effect on visible rendering. Degradation
products can be detected by the means of several well-known conven-
tional analytical and optical techniques such as Raman spectroscopy,
Reflectance, luminescence, XRD and SEM.

For the two degradation case studies presented in this work, we
decided to concentrate our attention also on nucleation processes due
to an initial presence of defects in the structure. Those point defects
could be related to different phenomena, such as, for example, light
exposure. Once the degradation process is observed, one can trace
back the numerous steps that led to the deteriorated materials, down
to the presence of nucleation areas where the process started. Some-
times, these nucleation areas can be readily observed on the surface
of the applied pigment. We want to promote a non destructive diag-
nostic tool to detect those puntual defects (so associated to the earliest
stages of degradation) and try to prevent further degradation, thanks
to the combined use of some optical technique (listed above), such as
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Raman spectroscopy, reflectance, and exploring the potential of pump
and probe for this purpose [71-76].

In fact, the transient absorption (TA) spectroscopy can be used

as a preventive tool in discovering defects responsible for the color
changes in the pigments. It is a proficient tool to understand the pig-
ment degradation, because it is able to investigate the changes of the
optical properties of a material [77-79]. In this technique, the probe
transmittance through the sample is measured both in presence and
absence of the pump, as a function of relative time delay between the
two pulses. Due to both linear and non-linear interactions, changes in
the absorption spectrum of the materials are observed, providing in-
formation about the optical interaction, the electronic band structure,
excitation and relaxation mechanisms, defects.
There are three main features that can be distinguished in a TA ex-
periment: Ground State Depletion (GSD) or Ground State Bleaching
(GSB), Excited State Absorption (ESA) and Stimulated Emission (SE)
[80]. In GSD the pump pulse excites the carriers from the ground
state to the excited state, thus causing the decrease of the ground
state population and the increase of the excited state population. This
change of the relative population of the two states lead to a decrease,
or bleaching, of the optical absorption, with negative differential ab-
sorption spectrum. ESA occurs when the pump photons excite the
carriers from the ground state to some excited intermediate state. Sub-
sequent probe photons may excite the carries from this intermediate
level to a still higher energy level, thus producing additional new fea-
tures in the absorption spectrum, with positive differential absorption
signatures. Lastly, SE occurs when probe photons stimulate the radia-
tive decay of carriers, previously excited by the probe, leading to the
increase of the probe intensity transmitted through the sample, with
negative differential absorption. A deepened analysis of ESA, GSD
and SE signals is very useful in studying the position of electronic
bands or the presence intermediate levels originating the optical tran-
sitions, especially when degradation is appearing.

In the next section, the darkening of the red vermilion, it will be
proposed a detailed example of how this optical technique in combi-
nation with other techniques such as reflectivity can be fruitfully used
for the preventive diagnostic for standard pigments.

2.1 CASE STuDIO: THE DARKENING OF RED
VERMILION

The darkening of red vermilion is the subject of numerous studies
engaging the entire community of Cultural Heritage scientists [81—



85]. This phenomenon was recently investigated to understand the
causes which determine the degradation and the role of other envi-
ronmental agents in this process [86-89]. Recent works shed light
on the possible phase transformation from alpha-cinnabar (red) to
beta-cinnabar (black) during the darkening [90, 91]. The process is
accentuated in presence of halide impurities ions (chlorine) and the
formation of metallic Hg was observed. At high concentration the
appearance of chlorine-based compounds was not excluded as found
in other works [92—96].

In a previous work [97], we obtained evidence of phase change
(alpha to beta) and metallic mercury formation following a photo-
degradation process.  Starting from this assumption the aim of this
study is oriented to deepen its degradation process using accelerated
degradation process through UV exposure and catalyzing the full pro-
cess with a chlorine solution, and analyzing the change induced with
the TA spectroscopy. The TA results will be also supported and cor-
roborated by a DFT (Density Functional Theory) simulation.

2.1.1  Red vermilion: structure, band gap and degradation theories

Structure

Several works report the crystal structure of the HgS system [98-100].
As reported by Ballirano et al. [86], the crystal structure of cinnabar
can be identified in three different phases: red «-HgS having trigonal
structure (P3721 space group) with lattice constants a=4.1489 A and
c=9.4947 A; black cubic B-HgS (F43m space group) with lattice con-
stant a=5.8461 A; y-HgS (hypercinnabar) with hexagonal structure
and lattice constants a=7.0103A and c=14.1307A.

Due to the impurities in the composition, the «-HgS phase converts
to cubic metacinnabar 3-HgS, in the temperature range between 373K
(HgS 99.97 %wt) and 635 K (HgS 99.999 %wt) [98, 99]. This transfor-
mation presents a value of enthalpy ranging from 2 to 8 kJ]/mol. In
addition, it was found a very low kinetic of the reverse transformation
from (-HgS to o-HgS phase at room temperature [86]. At 798 K the
metacinnabar transforms to hypercinnabar.

Degradation processess

Many references suggest different mechanisms ascribable to the dark-
ening of cinnabar. One hypothesis is associated with the phase trans-
formation from red hexagonal x-cinnabar into black cubic 3-cinnabar
(called also metacinnabar), formulated by Feller [87] and further stud-
ied in many other references. This implies that reflectance properties
of red cinnabar are altered by light exposure because of the produc-
tion of dark phase metacinnabar [84, 91].

41



42

Another hypothesis reports the formation of transition chloride com-
pounds (mercury chlorides or sulfochlorides) which present a darker
coloration with the consequent effect of total blackening of vermil-
ion. These chlorine-based compound like calomel Hg,Cl,, terlin-
guaite Hg2ClO, eglestonite Hg,Cl,O(OH), corderoite Hg.S,Cl, and
kenhsuite Hg352Cl2, are often instable and they dissociate re-forming,
in particular cases of relative humidity (RH) and pH, amorphous mer-
cury sulfide.

There is then the photochemical redox to obtain metallic Hg® and S°,
after catalysis by halogens at high RH under sunlight/UV exposure.
So the dark coloration is due to the presence of grey metallic Hg clus-
ters into the red pigment [83, 101].

And lastly a thermodynamic effect: the dissociation of x-HgS in
metallic Hg® and -HgS, due to a transition temperature in the range
373-673 K, as discussed before. The transition temperature can de-
crease drastically in presence of Cl ions, in the system Hg-S—-CI-H,O
with prevalence of Hg ions. As reported by Radepont et al. [82], at
300 K the effect of pH leads to a simultaneous presence of Hg® and
o — HgS with mutual concentration depending on pH. In this condi-
tion the presence of 3-HgS is not excluded. However, a predominant
concentration of Cl ions, depending on the pH, implies the formation
of Cl-based compounds like calomel or corderoite.

Band structure of alpha-HgS, beta-HgS and some Cl-based compounds

Alpha-HgS presents electronic characteristics as a semiconductor with
predominant direct transition. Doni et al. [102], studied the band
structure of alpha-cinnabar phase reporting in the Brillouin zone a
tirst conduction band at 2.2 eV from the top of the valence band. The
energy thickness of the first conduction band is estimated at around
1.5 eV. From the top of the first conduction band, the authors showed
a second conduction band located at 1.2 €V.

Figure 19(a) shows a schematic representation of the band structure
concerning the phase alpha. In relation to the previous phase, the
beta phase exhibits a very short bang gap around 0.25-0.54 €V which
characterizes its behaviour similar to metallic Hg. The electronic prop-
erties of beta-HgS were studied by Cardona et al. [103] in the Brillouin
zone. Instead of the alpha-phase, beta-HgS presents a unique conduc-
tion band. We reported in figure 19b a schematic representation of
the band structure.

For completing the possible scenario of the phase transformation,
especially in presence of chlorine impurities, we report also the
schematic band structure of calomel (Hg,Cl,), corderoite (x-Hg,S,Cl,)
and mercuric chloride (HgClL,) considered in literature the most likely
phases that could be formed during the degradation process (figure
19c). Following a recent work of Hogan et al. [83], we report the
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Figure 19: Sketch of band structure of HgS phases and some compounds
correlated to cinnabar darkening: alpha-HgS (a); beta-HgS (b);
alpha-Hg352Cl2 (c); HgCl2 (d), Hg2Cl2 (e).

schematic structure band and the energy gap of these chlorine-based
compounds. In particular, for corderoite, calomel and mercuric chlo-
ride the energy gap was estimated as 2.90 €V, 3.52 €V and 5.43 eV
respectively.

2.1.2 Materials and Methods

Analytical methodology

Pure HgS powder

Aim: degradation studies UV exposure -
on semiconductor pigments Hgs dopped with
Ple NaCl{catalyst )in 5M

Red vermilion ( HgS)

solution

Transient
absorption Reflectance

DFT-
simulation

Cd-pigments

Figure 20: Schematic representation of the methodology followed for the
studies of Red vermilion degradation.



44

Accelerated optical degradation processes, i.e. using UV light, were
carried out to study the degradation process of red vermilion. In or-
der to establish the role of chlorine, and to accelerate the degrada-
tion process, both pure and chlorine-doped samples were subjected
to optical exposure. Induced colour changes were investigated with
reflectivity, and possible electronic differences by means of ultraviolet
spectroscopy and DFT-simulation.

Samples for the Accelerated degradation process

Pure red cinnabar in powder form, provided by “Opificio Pietre Dure”
(Florence - Italy), having 65 pm grain and volume density of 8.1g/cm3
(Natural Cinnabar Monte Amiata 100% - CAS-Nr: 1344-48-5 — Red/
Medium - Kremer Pigmente Kio610- Pigment Red 106, C.I. 77766),
were dispersed in distilled water and mixed with 5 molar concen-
tration of NaCl. The mixture was hold under agitation for 1 h at
room temperature. Solutions were then applied to a specific support
to obtain a pigment deposit available for our analysis. All solutions
were dropped to glass slides and dried, with the final results of a
solid deposit of about 100um thickness and covering area of about
2cm?. We report the assigned nomenclature of samples connected di-
rectly to the molar concentration: 0.00M NaCl called “pure” and 5M
NaCl called “5M”. All synthetic samples were treated under the UV
light of a LED at 365 nm (emission with Lorentzian profile having
full width half maximum of 10 nm), under constant power density of
10mwW/ cm?, for time ranges between o and 200h. So the set of sam-
ples is composed by pure HgS not exposed (HgS-pure), the pure HgS
UV exposed for 148 h, HgS 5M not exposed and HgS 5M UV exposed
for 20 h. To complete the study, we analyzed also for comparison a
metallic Hg sample contained between two glass slides.

Experimental Set-up

TRANSIENT ABSORPTION SET-UP

Transient absorption measurements were performed with a pump-
probe differential spectrometer (Ultrafast Systems HELIOS-EOS),
with both pump and probe wavelengths generated by a Ti:Sapphire
regenerative amplifier (Coherent Libra-F-1K-HE-230), which deliv-
ers 100 fs long pulses at 8oo nm with 1 KHz repetition rate. The
main emission from the regenerative amplifier was splitted into two
branches: one sent to an optical parametric amplifier (Light Conver-
sion TOPAS C), in order to generate the pump wavelengths (400 nm
and 360 nm), and the other sent to the sapphire plate of the HELIOS
spectrometer, where multicolor probe beam was generated by means
of white light supercontinuum generation. The probe pulses were
time-delayed with respect to the pump pulses, by passing through a



variable digitally controlled optical delay line. The pump and probe
beams were then non-collinearly focused and overlapped on the sam-
ple surface, with the pump being chopped at 500 Hz, so that half of
the transmission spectra were recorded with the pump on, and half
with pump off. The Transmission spectra of the probe beam were
recorded as a function of the relative delay time, by means of CCD
spectrometers. Only for the case of metallic Hg the TA signal was
recorded in reflectance mode using a pump of 360 nm.

REFLECTANCE MEASUREMENTS

Reflectance measurements were performed by means of UV-Vis-NIR
Agilent Technologies Cary 5000 spectrophotometer equipped with in-
tegrating sphere module. The reflection configuration at 10° measures
the diffuse reflection of the sample with respect to a reference sample
which is considered to have a 100% reflectivity. A calibrated source
[MMuminant D65 was used to determine the reflectance spectra and for
calculating the colorimetric parameters. Pure and 5 M solutions were
dropped and dried upon an inert polyvinyl chloride (PVC) support
until a compacted homogenous powder deposit was obtained (disk
with r = 16 mm, thickness = 1 mm).

2.1.3 Results

In figure 21a, reflectance spectra of the analyzed samples are reported
in the range 400-800 nm.

These spectra can be correlated directly with the linear absorption
by operating a Kubelka-Munk transformation of reported curves. It
is worth noting that the first derivatives of reflectance spectra (fig.
21b) show two weak broad bands at around 650 and 730 nm in ex-
posed samples, suggesting additional absorption properties due to
the degradation process.

No other additional bands are evidenced especially in the region be-
fore 600 nm which represents the fundamental transition. These infor-
mation are useful in the interpretation of transient absorption spectra.
Figure 22 reports the Transient absorption spectrograms of unexposed
and exposed pure HgS sample. The pump-probe data were obtained
varying the pump power in a range between 0.002-0.600 mW and col-
lecting the signal in the “short live” range (10 ps — delay step 0.02
ps ) and “long live” range (10 ns — delay step 0.1 ns). We verified
that the selected wavelength (40onm) and excitation power did not
permanently modify the optical features of the investigated samples
in terms of color variation. On the contrary, we also exploited the 360
nm excitation in the case of pure HgS to show the effects of pump ir-
radiation. At this wavelength we obtained an evident and permanent
darkening of the surface.
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Figure 21: Reflectance (a) and first derivative Reflectance (b) spectra.

The false color scale of the spectrograms shows a differential absorp-
tion signal measured in optical density (OD) ranging from positive
(red color) to negative (blue color) values. TA spectra and decay pro-
tiles can be extracted from the maps by integrating the signal upon
specific time and wavelength range, respectively. Those spectra and
profiles are reported on top and on the right of each spectrogram. Re-
ported data are perfectly reproducible for each point of analysis and
are completely representative of these samples.

In figure 22a, unexposed pure sample (HgS pure) shows two short
negative signal at 670 nm (broad) and at 480 nm, the first ends after
6 ps and the second converts after 1 ps to a positive signal of about
10 ps. Positive signals were revealed over a pump power threshold of
200 pW. A different trend can be evidenced (fig. 22b) for the exposed
pure sample ( HgS UV) after 148h of UV irradiation, where a short
negative signal centered at 630 nm, converts within 3 ps into a com-
posite positive signal with two bands at 530 nm and 650 nm.

These positive signals have a “long-lived” time (see figure 22c). In
addition, this sample shows other two long signals in the ns scale, not
observed in the pure sample: a negative contribution between 650 nm
(broad band) and 800 nm (narrow band) and a positive one picked
at 480 nm. Both signals have a decay time of around 5 ns. The pos-
itive signal at 480 nm (2.58 eV) is compatible with an Excited State
Absorption (ESA) which promotes an electron to an excited state lo-
cated in the first conduction band (I C.B.), after pump absorption, to
the second conduction band (II C.B.) of the material when the probe
is absorbed (graphical rapresentation are shown in figure 25).

The negative features observed in both the samples are Ground State
Depletion (GSD) signals towards shallow trap levels due to intrinsic
defect formation in the first prohibited region. These levels are at
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Figure 22: Transient absorption maps, wavelength and time profiles of HgS
pure samples: unexposed sample (a); UV exposed (b); exposed
observed in long-time range (c); UV induced dark in unexposed
sample through 40 mW of 360 nm line (d).

around 1.82 €V (670-680 nm) in HgS pure and Hg UV samples. In
the latter sample, we found also a “long-lived” GSD signal at 8oo nm
(1.54 eV) associated to the formation of other defects after exposure to
the UV light. These defects cause the presence of deep traps from the
bottom of I C.B., which corresponds to a consistent darkening effect
in the visible region. The formation of new defects associated with
irradiation is further confirmed by the use of the pump at 360 nm
and power of 40 mW in the pure HgS sample (figure 22d), where ad-
ditional UV-induced negative signals at 740 and 770 nm are evident.
Moreover, the application of UV light to the samples changes drasti-
cally the characteristic decay time of the revealed signals that moved
in the ns range. In particular, a long ESA is revealed at 480 nm and
a long bleaching at around 8oo nm. The latter assumes a very similar
trend as compared to metallic Hg which presents a “long-lived” neg-
ative signal in the range of ns between 450 and 8oo nm (see figure 23).
The reported results suggest the formation of a cinnabar phase upon
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Figure 23: Transient absorption map, wavelength and time profiles of metal-
lic Hg.

UV irradiation with spectral features similar to metallic Hg. Con-
cerning the attribution of this phase and in particular the detection
of the beta-cinnabar phase, it is worth noting that in the investigated
spectral region it would be impossible to distinguish between beta-
cinnabar phase and metallic Hg. Indeed, according to the band struc-
ture sketched in figure 19, the band gap of the black beta phase is
around 0.25-0.54 €V which corresponds to the 220onm-5000nm IR re-
gion. This range is out of our experimental setup and, by using the
presented pump-probe configuration, it is impossible for us to distin-
guish between metallic Hg and beta phase. However, as illustrated
before, the presence of defectivities producing a band gap reduction,
and consequently a darkening effect, lead us to suppose a progressive
formation of a strongly defective alpha phase. We expect that when
the number of defects is structurally unsustainable for this configura-
tion, the alpha phase transforms to beta one, as proved in [90].
Regarding the samples doped with Cl-ions, we found a sort of
variability of the signal depending on the sampled point. This repro-
ducibility calls for a non-uniform effect of Cl doping on the samples,
as the grained morphology of the samples (see ref. [97]) could also
suggest. Despite these variations, the results can be reconducted to
few trends that mainly appear in the sampled points. We summarize
in figure 24 the main features of TA collected in these points. Unex-
posed doped sample exhibits a long positive signal at 4gonm, a short
negative signal at 670 nm which becomes positive after 2 ps, while
a double positive signal at 530 and 660 nm with time decay around
30 ps was delineated. In addition, short negative signals at around
770 and 810 nm can be evidenced for this sample. All the mentioned
results are reported in figure 24a-c.
For exposed doped sample, the interaction with UV light for 20 h
reveals a positive double signal similar to the one discussed for the
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Figure 24: Transient absorption maps, wavelength and time profiles of sM
doped samples: unexposed point 1(a); unexposed point 2(b); un-
exposed point 3(c); exposed point 1(d); exposed point 2 (e); ex-
posed observed in long-time range (f).

not irradiated sample, peaked at the same wavelengths, but with re-
duced decay time of 15 ps (figure 24d). At low pump power (50 pW)
the sample shows short negative signals at 740 nm and 795 nm which
end after 6 ps. Under the same low pump power condition, a very
short positive signal is observed at 776 nm (figure 24e).

The relevant variation with respect to the unexposed samples, ob-
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Figure 25: Reconstruction of darkening process in the band structure
sketches of HgS phases by means of ESA and GSD transitions
from TA maps: alpha phase (a); addition of shallow traps in in-
trinsic defective alpha-HgS (b); UV induced defects in alpha-HgS
(c); metallic behaviour of beta-HgS and metallic Hg (d).

served also in pure series, is the presence of long signals, positive and
negative, in the range of ns. In particular, we observed a positive sig-
nal at 480 nm with a decay time of around 1 ns and a negative signal
at 797 nm with a decay time of 3 ns. We reported these results in
figure 24f.

In summary, the presence of chlorine ions seem to not change the
structure of the alpha-phase, since only small variations in the GSD
spectra and characteristic decay times are revealed. In fact, as can be
seen in figures 24c and 24e, well-defined negative bands between 700
and 800 nm which can be ascribed to the presence of further trap cen-
ters due to the Cl- ions in the structure. Even the UV treatment does
not display an evident difference between doped and undoped sam-
ples, except for a shortening of characteristic decay times of involved
transitions.

Most important, all the transitions involved in pump-probe mea-
surement do not appear as compatible with the formation of other
chlorine-based phases like calomel or mercury chloride which present
a higher band gap than pure cinnabar. Only the corderoite phase



could have a possible matching since its band gap at 2.90 eV is com-
patible with the revealed ESA signals, but in that case the formation
of deep traps at 1.82 eV and 1.54 €V could hardly explain the observed
darkening phenomena and the recorded changes in the kinetics of the
absorption features.

Band gap calculations

Following the just proposed comments, we calculated the band gap
for the experimental samples starting from the Reflectance spectrum
and by elaborating the Tauc plots for Kubelka Munk function [104,
105] expressed in equation 11:

(1 —R)?

FR) =—%

(11)
Figure 26 displays the results obtained in samples before and after the
UV treatment, evidencing the transition to a phase with a reduced
gap. In particular, we reported in the figure the direct and indirect
transitions for all the samples that are summarized in Table 3. Upon

Sample Direct transition [eV] Indirect transition[eV]
Pure HgS NO UV 2.05 1.97
Pure HgS UV 1.92 1.57
5M HgS NO UV 2.08 1.93
sM HgS UV 2.01 1.77

Table 3: Direct and indirect transitions values for all the samples calculated
from figure 26 before and after UV exposure.

UV irradiation, pure HgS transitions move from 2.05 eV to 1.92 eV
for direct transitions and from 1.97 €V to 1.57 €V for indirect tran-
sitions. The HgS 5sM sample changes the transitions from 2.08 eV to
2.01 eV (direct) and from 1.93 €V to 1.77 €V (indirect). These values are
compatible with GSD signals obtained by pump-probe and a similar
trend evidenced in the first derivative reflectance spectrum (figure 21),
where two satellite broad bands are indicated at 650 nm and 740 nm.
We underline that the presence of indirect transitions justifies the time
extension of pump-probe signal from picoseconds to the nanosecond
regime.

Actually, as suggested by several authors [106-108], a phonon as-
sisted recombination for these indirect transitions influences the time
of the entire process, especially the absorption of free carriers. Indeed,
as studied by Cooper et al.[78], the change of differential absorption
coefficient du is a function of both photon energy and time (Eq. 12):

4m

da(E,t) = )

(dkag, + dKr + KDrude) (12)

As evidenced in equation 12, the change of the extinction coefficient
depends on the shifting of the band gap (dkat,), broadening of the
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Figure 26: Tauc Plots for Kubelka Munk function from Reflectance spectra
of analyzed samples: direct and indirect transitions for pure and
doped samples not exposed to UV light (a); direct and indirect
transitions for UV exposed pure and doped samples (b).

band gap dkr, and Drude-like free-carrier absorption kpyge compo-
nents. This equation is related to the experimental differential optical
density (dOD) through the Beer-Lambert law. In particular, follow-
ing the recent study by Cooper, the time dependence of dOD can be
determined by the sum of two terms:

dOD(A,t) = dOD(t) + Q(t)dODthermal (13)

which represent, respectively, the contribution of above-mentioned
extinction coefficient parameters and a time-dependent weighted
function (Q(t))of thermal contributions. Cooper hypothesized that
the temporal evolution in the picosecond regime is dominated by
a relaxation of hot photo-excited carriers which occurs primarily
through carrier/carrier scattering. Conversely, carrier/lattice scatter-
ing and consequent dissipation to lattice heating occur in a second
time up to the nanoseconds regime. This trend is consistent with
our experimental results and could explain the change of time range
associated to the band gap reduction causing the darkening macro
effect. In addition, the carrier/lattice scattering is favorable in the
transition to quasi metal (beta phase) or metal nature (metallic Hg),
where phonon assisted recombination and lattice heating occur
efficiently.

The role of chlorine ions in HgS deserves a brief discussion in order
to summarize the effects produced in the process. In terms of TA,
chlorine ions do not cause a particular effect in ESA or GSD signals in
samples without UV exposure. For what concerns the doped sample
after UV irradiation we evidenced a lower threshold for short GSD
and a higher threshold for long GSD and ESA signals. The spectral



positions of intermediate states which origin the optical transition
seem not to change with the presence of chlorine ions.

To conclude our analysis, Tauc plots confirm the presence of
alpha-cinnabar with a defective phase, but the formation of other
chlorine-based compounds having a band gap over 2.0 eV seems to
be ruled out, since all the mentioned possible Cl related structures,
corderoite, calomel and mercury chloride, are endowed with higher
values of band gap.

Fluence dependence

The power range used for this study was chosen following a fluence
study of the TA signal, as HgS is a semiconductor, so its optical prop-
erties (especially the charge carrier dynamics) depend strongly on the
carrier density (and hence the illumination power). Subsequently, we
opted for the minimum required power to observe a TA signal to
avoid inducing sample alteration. In figure 27 TA signals and char-
acteristic times as a function of injection fluence derived from pump
power is proposed.

At low fluence, the GSD is the most predominant phenomenon. In
this process, a fraction of carriers’ number is promoted in the excited
state, while the carriers” amount in the ground state decreases leading
to a negative signal of TA. In the first fluence range, signal intensities
and characteristic times follow a linear trend as a function of pump
power, while as the laser fluence increases we observed a saturation
of these observables and, in some cases, an inversion in the trend.
This phenomenon is well known in literature [109]: at higher laser
fluences, the third-order non-linear effects such as absorption satura-
tion, exciton-exciton annihilation, Auger processes, and excited-state
absorption are prominent. During such non-linear excitation phenom-
ena, the excited states may get fully filled (near full bleach of the
ground state) leading to TA signal saturation and even a trend inver-
sion. Indeed, the GSD lifetimes in the present case show a decreasing
trend with an increase of laser fluence, which further suggests the in-
volvement of third-order non-linear effects.

In figure 27a, a trend of the saturation model for the intensity depen-
dence of the transient absorption of a material was fitted using the
fallowing equation, as reported in the literature [110-113]:

Aoy (Fo)

B ()

+ BF (14)

where Ax(F) is the fluence-dependent TA, Axy(Fy) is the TA when the
fluence is close to zero, F is the pump fluence, Fs is the saturation flu-

53



54

| 2. Degradation studies on different standard pigments

_ Hg pure noUV B 620-670 nm
0.005
30- HgS pure noUV ® 79%nm
[ ]
0.004 - 25 [ ] [ ]
[
| |

_0.003 ° ® 204 ® )
a [
2 4 .
= w154 "]
< 0.002 L] % [ ]
! 1041 m

0.001 )

B 620-670 nm o548
® 796 nm
0.000 = saturation model 00 F
0 50 100 150 200 260 300 350 400 o S0 100 150 200 280 300 350 400
Fluence (ul/cm?) Fluence (uJ/cm?)
(a) (b)
% 480 nm
0.0025 B Hysteresis
HgS pure no UV *

0.0020

0.0015 4

0.0010 4 [
[m

0.0005H m ®

L]
*
0.0000 g* * *

-0.0005

AA (MOD)

-0.0010 T T T T T T 1
0 50 100 150 200 250 300 350

Fluence (pJ/cm?)

(c)

Figure 27: Fluence dependence of TA (GSD) at different spectral regions.
Saturation model is preliminary reported in a) (blue line).

ence of the material, while 3, predominant at high fluence, expresses
other non-linear processes due to two-photon absorption.

Concerning the ESA signal, we analysed in detail the 48onm tran-
sition in unexposed pure sample (see figure 27c). In this case a non-
linear scaling with pump power is recorded, with a threshold around
200uW (fluence of 70u]/cm?), further confirming the involvement of
non-linear processes. In addition, a hysteresis, a possible permanent
changes once the threshold is reached, of this signal is evident, in fact
the same ESA signal recorded after 200pW shows higher values at
lower fluence irradiation.

2.1.4 Density Functional Theory calculations

Quantum-mechanical calculation were performed by means of the
Quantum- Espresso package [114] based on density-functional the-
ory (DFT), periodic-boundary conditions, plane-wave basis sets, and
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pseudo-potentials to represent the ion-electron interactions. The local
density approximation (LDA) with the Slater exchange and Perdew-
Zunger [115] correlation were used together with PAW pseudo-
potentials [116, 117]. The electronic Kohn Sham wave functions were
expanded using a plane wave basis set, up to a kinetic energy cut-
off of 29Ry. Monkhorst-Pack grids were used to sample the Brillouin
zone, 444-point was used. The structures were fully relaxed to their
equilibrium configuration through the calculation of the forces on
atoms and the stress tensor. In the relaxed equilibrium configuration,
the forces are less than 0.004 €V /A and the deviation of the stress ten-
sor from a diagonal hydrostatic form is less than 0.5 kbar.

In order to shed light on the nature of the experimentally observed
traps, and with the intention to confirm the phase transition, we per-
formed a DFT calculation starting from literature and following our
previous work where the S vacancies led to an excess of Hg [97].

The initial structure of Alpha-HgS, obtained from single crystal
data, was fully optimized to the equilibrium positions and the su-
percell containing 48 atoms was relaxed to a target pressure smaller
than o.skbar. The corresponding optimized lattice parameters a and c
were found to be respectively a= 4.225 A and c=9.7678 A which agree
to better than 3% with the experimental values of a=4.15 A and c=9.5
A [86]. Starting from the Alpha-HgS optimized structure, we esti-
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Figure 28: (a)DFT calculation of energy gap of alpha-HgS as a function of
S vacancies in the structure; (b) Electronic density of states for
pristine HgS and number of vacancies NV = 1x10%'cm 3.

mated the corresponding band structures by means of the Quantum-
espresso package. The calculations show an indirect energy gap of
0.93 €V which is considerably smaller than the corresponding experi-
mentally gap of 2.25 eV [118].

The energy gap underestimation is a well-known DFT problem which
appears when local density functionals are used in the calculations.
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In order to characterize the effects of point defects on the alpha-
HgS optical properties, we performed a series of band-structure cal-
culations on alpha-HgS having an increasing density of S vacancy in
the range 6.5x10%° —4.9x10?'cm™=3. Figure 28a shows the alpha-HgS
energy gap as a function of the vacancy concentration. We observe an
overall non-monotonic energy-gap (EG) in relation to the number of
vacancies (NV). For NV up to 6.5x10%°°cm =3 the EG does not signifi-
cantly change with respect to pristine alpha-HgS. On the other hand,
by increasing NV in the range 1 — 2x10?'cm™3, we observe a signifi-
cant EG reduction down to 0.25 €V, suggesting a possible transition
to the beta-phase. We attribute such an energy gap reduction to the
occurrence of spurious vacancy energy levels within the energy band
gap. This hypothesis is confirmed in Fig. 28b, where the electronic
density of states is plotted for pristine HgS and for NV=1x10*"cm 3.
The inset clearly indicates the presence of energy vacancy levels po-
sitioned within the energy gap which is therefore reduced down to
a value of o0.25 €V. Finally, for NV=4x10?"cm—3, we observe an un-
expected EG increase up to 1.1 €V. However, by analyzing the cor-
responding HgS structure we observe an overall lack of hexagonal
crystallinity being the system mostly amorphous.

2.1.5 Synopsis of the obtained results

In the previous sections, transient absorption on pure HgS and chlo-
rine doped HgS samples was used to characterize the optical prop-
erties of Red Vermilion in relation to the darkening effect studied in
literature. The results were compared with those obtained in samples
exposed to UV light which presented evident blackening of their orig-
inal color.

Pump probe measurements reveal positive and negative signals as-
cribed to a broad short GSD at 680 nm and ESA at 480-500 nm. The
former is attributed to the presence of traps (0.2 eV from the bot-
tom of the first conduction band) in a “defective” phase, the latter
to transitions from the first to the second conduction band. In par-
ticular, with the intention to explain the darkening phenomenon, the
GSD signals were also studied in UV exposed samples which reveal,
beyond the short GSD, the presence of long a GSD at 780-800 nm com-
patible with a phonon-assisted transition. This behavior is compatible
with indirect transitions which explain the reduction of the band gap
and reflect the darkening process. Actually, for UV exposed samples
the analysis of Tauc plots from Kubelka Munk function of reflectance
spectra reveals a band gap change from around 2.0 eV to 1.57 eV for
pure HgS and from around 2.0 eV to 1.77 eV for sM HgS.

The results are in agreement with DFT simulations that show a pro-
gressive reduction of the energy gap as a function of S vacancies in
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the cell of alpha-HgS structure. The formation of intra-gap defect
levels is also confirmed. In addition, all the transitions involved in
pump-probe measurement do not appear as compatible with the for-
mation of other chlorine-based phases, confirm our previous results,
obtained with the use of Raman spectroscopy, where a kinetic model
of phase transition from cinnabar to beta-cinnabar and metallic Hg
was proposed.
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2.2 CASE STUDIO:Cd-PIGMENTS

During the nineteenth century, new inorganic pigments were synthe-
sized and used extensively by coeval artists [119, 120] for their char-
acteristics, such as high color intensity, low cost, and covering power;
they substituted the well-known ancient pigments in numerous Im-
pressionist and early Modernist paintings. Cadmium yellow degra-
dation afflicts numerous paintings realized between the XIX™ and
XXt centuries of many famous artists, such as Pablo Picasso, Vincent
Van Gogh, Georges Seurat, Henri Matisse, Ferdinand Leger, Edvard
Munch, and James Ensor [121-125]. The degradation process and its
kinetics is not completely understood. It consists of chalking, lighten-
ing, flaking, spalling, and, in its most deteriorated cases, the forma-
tion of a crust over the original yellow [122].

In this section, to understand the degradation process of CdS pig-
ments, the effect of calcination, the role of inner defects, and to clar-
ify which degradation products could be originated, we simulated
several artificial ageing processes on two kinds of CdS commercial
samples: the yellow and orange ones. Both of them are also studied
in combination with the binder and the canvas, to make mock-ups
of oil on canvas painting, to discriminate which elements create the
“fading/chalking” phenomena, which further degrades with whitish
compounds or dark crusts, and who is the major responsible for color
changes in paints. Also for these pigments, the degradation process
can be studied and linked to the presence of a distribution of some
electronic levels due to color centers, associated with point defects,
from which the nucleation process can start, complementing conven-
tional diagnostic techniques with pump and probe.

2.2.1 Cd-pigments structure and synthesis

Yellow cadmium pigment is constituted by a cadmium sulfide (CdS)
semiconductor, presenting both crystalline and amorphous forms.
The hexagonal phase (x-CdS) is found in nature as the mineral
greenockite, with space group P63mc, the cubic structure belongs to
the space group F43m (3-CdS), known as hawleyite mineral [126],
while the amorphous form is a chemically synthesized product.

The synthesis procedure can be divided into wet and dry processes.
The latter could have, as starting materials, cadmium oxide, cadmium
metal, or cadmium carbonate, each of which can be mixed with sul-
fur and heated to 300°C-500°C in the absence of air. The wet process
consists in a solution with soluble sulfide (such as hydrogen sulfide,
sodium sulfide, or barium sulfide) and soluble cadmium salts, such
as chloride, cadmium nitrate, cadmium sulfate, or cadmium iodide,
with a final precipitation of CdS [121]. During the 20" century, to



produce different hues from the light yellow typical of CdS, its syn-
thesis started to be changed by inserting zinc to lighten the color and
selenium to increase the red hue.

2.2.2 Degradation pathway and final products

Many studies were performed on Impressionist paints to understand
the degradation process and identify which degradation products
arise. Some authors [121] suggesting that the degradation process
appears to have affected only the material that is in direct contact
with moisture and (UV) light, so the degradation process is due to
oxidation in the CdS pigment, with the final formation of cadmium
sulfate as a degradation product.

In [123, 124] the authors suggested the presence of cadmium carbon-
ate as a secondary degradation product following the primary photo-
degradation of CdS, perhaps by the capture of atmospheric CO,, or
a tertiary process involving a further breakdown in cadmium oxalate
into cadmium carbonate.

Other degradation products individuated in degraded paints are
cadmium oxalate, cadmium sulphate hydrate, and cadmium oxide.
All of them can be derived from starting materials or filler products
in paints but, as asserted by Mass et al. [122], their presence on
the surface and not in the depth of the paint layer, is the proof of
their degradation character. The cadmium oxalates are concentrated
near the surface of the paint layer, demonstrating that this is a photo-
oxidation product rather than a paint filler in the cadmium yellow
paints. Cadmium sulfates have high solubility, so their presence in
traces throughout the paint layer can be explained as mobile photo-
oxidation products or, again, as starting reagents.

In addition to paintings, hexagonal CdS is one of the most impor-
tant semiconductors for high-tech applications, for solar energy har-
vesting, among others, because of its bandgap around 2.4 eV [127] and
calcination studies of synthetic CdS and consequent photo-oxidation
by visible light exposure were carried out for this research field [128],
in which CdO was detected as final photo-degradation product and
it was also found that the calcination treatment decreases the trap
states.

The degradation pathway can be summarized with the fallowing
reactions. The action of light with energy equal to or higher than CdS
band gap leads to the formation of electron-hole pairs:

CdS+hv —e +ht (15)
The holes oxidize the cadmium compound with:

CdS +2h* — Cd*" +S. (16)
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At this point, the contact with air oxygen leads to the oxidation of
sulfur to sulfate:
CdS +20; — Ca** +S0%- (17)

More generally, the paint’s exposure to moisture and air can lead to
a fading in yellow with the formation of cadmium sulfate hydrate, as
confirmed by XRD measurements in [121]. Therefore, the chemical
reaction is:

CdS +20; + H,0 — CdSO4 - H,0 (18)

L. Monico et al. proposed another mechanism of sulfate formation
considering the action of surface holes [129]:

CdS +4h,

sur

4 2H,0 4 0, — CdSO, +4H™ (19)

2.2.3 Materials and Methods

Analytical methodology

CdS is a pigment typically used in oil paintings. In order to under-
stand and explain the typical elements and degradation factors found
in the literature, an accelerated degradation study was carried out on
each component element of a painting. The first step was to character-
ize only the pigment powders after thermal and optical degradation
processes. Subsequently, the role of the binder and canvas when pig-
ment is mixed with them was studied. The determination of degra-
dation products, colour changes and optical variations were studied
by means of various optical and analytical techniques such as Raman
spectroscopy, SEM, XRD, reflectivity, luminescence and transient ab-
sorption.

Red vermilion ( HgS)

Aim: degradation studies

on semiconductor pigments

Cd-pigments

200 < _ Thermal e
S0 nanen [ treatment D V-
J satment —_— uv-
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Transient
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Figure 29: Schematic representation of the methodology followed for the
degradation study of Cd-pigments.



Samples in powders

Cd-pigments used for accelerated degradation studies were bought
from Kremer pigments. We used pigments number 21040 (white yel-
low) and 21080 (orange) and called them C-A and S-A respectively.
The artificially aged samples were named with the initial C or S to
indicate the yellow or orange paints, followed by a number indicating
the temperature of heat treatment (300-400-500) and duration of heat-
ing (1h, 2h, 6h). With the “UV” term we expressed the UV exposure
realized by Hg lamp, with wavelength at 365 nm, followed by the rel-
ative exposure time (in hours) up to 56 hours with a density power of
7mW/cm? .

The thermal treatment is obtained using a temperature range between
300 and 500°C for different heating times (1h, 2h, 4h, 6h). Their
chromatic and structural variation were measured with micro-Raman
spectroscopy, reflectance, TR-PL spectroscopy, X-ray diffraction, and
transient absorption. Then these samples (and those without treat-
ment) were stored at room temperature, 50% relative humidity (RH)
in contact with air, illuminated by ambient light from Compact Fluo-
rescent Lamps (CFL) for 4h/day for 6 months.

To perform UV exposure the acquired powder was mixed with dis-
tilled water and dispersed on a slide. The sample was exposed with
Hg-lamp combined with a filter to remove the visible components
and leave mainly the 365 nm component. The exposure was made
at room temperature and with an RH value of 50%. The reflectance
spectra were collected by step of 8 hours a day and the other mea-
surements are made only on the raw samples and at the end of the
process for a total period of three weeks of air exposure.

Sole binder and Mock-ups of oil on canvas

The degradation process of binder (linseed oil acquired by Zecchi
Company) was made by deposition of oil on a slide and exposed
to UV radiation (365 nm) of filtered Hg lamp for different hours with
P=60mW/cm?.

We also realized mock-ups of oil on canvas. The canvas samples
were of two typologies: painted only with oil and a composition of
oil plus pigments in the previous mass ratio of 0.5:1. The degradation
process was realized with a deuterium lamp as previously indicated.
One canvas was exposed for 5 days and after this period stored in
the dark at room temperature, and 50% RH, leaving it in contact with
air for 15 days. The second one was kept under continuous UVC-
exposure of the deuterium lamp for 15 days, at room temperature
and 50% RH. Reflectance spectra were collected at different steps of
24 h and 48 h of UV-exposure, while Raman spectra at the starting
and endpoint of each degradation process. These kinds of samples
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are named O-canvas-, C-canvas-, S-canvas- followed also in this case
by the time of exposure.

Time-Resolved Photoluminescence (TR-PL)

TR-PL measurements were recorded by using different excitation sys-
tems. One excitation with 100 fs long pulses delivered by an optical
parametric amplifier (Light Conversion TOPAS-8oo-fs-UV-1) pumped
by a regenerative Ti:sapphire am-plifier (Coherent Libra-F-1K-HE230).
The repetition frequency was 1 kHz. The second excitation with 100
fs long pulses from Ti:sapphire oscillator Coherent Chameleon Ultra
IT having a repetition rate of 80 MHz. PL signal was recovered by
a streak camera (Hamamatsu C10910) equipped with a grating spec-
trometer (Princeton Instruments Acton Spectra Pro SP-2300). All of
the measurements were collected in the front-face configuration to re-
duce inner-filter effects. Proper optical filters were applied to remove
the reflected contribution of the excitation light.

2.2.4 Results

Heating process

The starting pigments were characterized first by XRD to obtain infor-
mation about the phase composition and additive compounds. At a
later time, a second analysis with reflectance and Raman spectroscopy
was conducted to have more detail on structural modifications during
the aging process.

XRD analyses revealed the presence of barium sulfate (see figure
30a), in a percentage of about 7(1)% with respect to the remaining
Cdyj_xZn,S in yellow cadmium (x=0.19). The orange one revealed the
presence of hexagonal CdS;_Sex and CdS (figure 30b). The phase
identification confirms the mixture of CdZnS and BaSO, for yellow C-
samples and CdSeS for orange S-samples. Thermal treatments on the
two mentioned samples, C-A and S-A, were made at different temper-
atures (300°C,400°C,500°C) for 1h and, for the 500° C temperature,
we performed the calcination also for 2h, 4h, and 6h until obtaining a
notable chromatic change.

The XRD measurements performed for the samples heated at 300 —
400 —500°C for 1 hour are reported in Figure 30a and 30b. As dis-
played in the patterns, a perceptible difference is shown only in the
C-500- 1h curve, in which a broadening of the region between 24 and
34° is present. This broadening could be associated with an increase
in structural disorder related only to the CdZnS compound. Actually,
studies in the literature on thermal stability on BaSO, demonstrate
that its XRD pattern did not change for this compound [130]. Con-
trary to what was discussed in the introduction, no evidence can be
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reported in this analysis about the formation of other compounds,
such as CdSO4 and CdO. Only in the case of heat treatment at 500°C
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Figure 30: (a) XRD patterns of C-A heated and no-aged samples; (b) XRD
patterns of S-A heated and no-aged samples.

Normalized intensity[a.u.]

for 6h, the formation of these compounds is detected, justifying the
observed change in color. Actually, by increasing the heating time
to 6 hours at 500°C, the XRD measurements were able to detect the
degradation products. As can be seen from Figure 30a and 30b, the
C-500-6h patterns show peaks of CdSO4 - 2CdO and in the S-500-6h
sample, also the presence of a pure Cd-sulfate phase. The chromatic
variation among the samples was measured from the reflectance spec-
tra. The first derivative spectra for the yellow cadmium are shown in
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Figure 31: (a) first derivative reflectance spectra for heated C-A samples;
and (b) the color chart of C-A, S-A , C-500-6h, and S-500-6h sam-
ples.

Figure 31a and the strongest variations recorded at 500°C after 6h are
summed up in the CIE color chart in Figure 31b. The calculated CIE
coordinates, relative simulated colors, and the maximum value of the
first derivative (Xy) are listed in table 4.

By heating the C-A sample, a notable shift in X, towards high wave-

Sample L a b Xo[nm]| Simulated  Sample L a b Xo[nm] Simulated
color color
C-A 94,1 -11,1 101 496.9 S-A 78,2 35,3 92,6 514.5 , 556
C-300C-1h 103 -17,3 101 494,2 S-300C-1h 92,2 42,4 107 512,553
C-400C-1h 93,7 -8,89 | 101 497,7 S-400C-1h 76,8 28,4 85,3 514, 552.8
C-500C-1h 85,8 -5.08 75.6 502.3 S-500C-1h 76.4 29.9 89.7 514.3, 552.9
(a) (b)
Sample L a b Xo[nm]| Simulated Sample L a b Xo[nm] Simulated
color color
C-A 94.1 S11.1 101 496.9 S-A 78.2 35.3 92.6 514.5, 556
C-500C-2h 100 -5,91 84 506.4 S-500C-2h 89,7 37.1 95 514, 553
C-500C-4h 104 -5,66 99,3 508 S-500C-4h 91,5 43.2 105 513, 555
C-500C-6h 91 -0.81 86.9 511 S-500C-6h 70.4 32.1 62.6 515, 556

(c) (d)

Table 4: Chromatic variation on C-A and S-A samples after heating process
obtained by reflectance spectra.

lengths is produced. The shift in the S-sample is not remarkable, as
can be seen from the X, values in Table 4, where the peaks of the first
derivative range from 514.5 and 556 (for the no-treated S-sample) to
515 and 556 (for S-500-6h). As is known from the literature, the X,-
value is linked to the direct bandgap value [131-133], so the shift in
sample C is compatible with a decrease in the direct bandgap and it
can be explained by the formation of the CdO compound after a ther-
mal treatment, as proved by [128, 134]. On the contrary, reflectance
measurements suggest another change: heated samples reveal an in-
crement in the luminosity L parameter in CIE Lab coordinates. This



change could be associated with the formation of whitish compounds,
probably CdSO, [135].

As the calcination time increases, we generally register raise in the L
parameter (Table 4) for both S-A and C-A samples.

We can explain this behavior considering that the colorimetric coordi-
nates can be influenced by the combination of grain dimensions with
the formation of mentioned compounds, CdO and CdSO,. If the tem-
perature increases, the grain size in the sample is larger (see Comelli
et al.) and this means a decrease in luminosity but also a major for-
mation of cadmium sulfate and the presence of a darker compound,
such as CdO. Therefore, the effect of the co-presence of a whitish and
a darker compound, in addition to the variation in grain sizes of the
sample, can influence the variability in the L parameter, which does
not follow a linear increase as a function of the heat treatment. Actu-
ally, luminosity L decreases again after 6h at 500°C, during which, as
hypothesized before, a predominant brownish compound is forming
(CdO), inducing a reduction in this parameter.

To confirm this assumption, we performed TR-PL measurements

and the results are included in Figure 32a: we reported the emission
of C-samples before and after the thermal treatment, where, again, a
visible red shift is present. Actually, the peak moves from 480 nm
in sample C-A to 510 nm in the sample heated at 500°C for 6 h. In
Figure 32b, the TR-PL kinetics for the S-samples that do not present
substantial variation as a function of the temperature are shown. A
Gaussian deconvolution of the spectra for different temperatures was
calculated for sample C and the respective band positions in eV are
represented in Table 5.
TR-PL analysis was made on the time scale, ranging from a picosec-
onds regime to the nanosecond scale, revealing the presence of three
decay times derived by three emission channels (11, T;andt3). In the
case of the CA sample, as indicated by previous studies in the lit-
erature [136], the shorter time 77 around 8-13 ps is attributable to
the bandgap emission, while t; < 100 ps andt; of 730 ps are associ-
ated with superficial and intermediate structural defects, respectively.
While 11 and T3 times remain constants as a function of the temper-
ature, the intermediate time T, changes assuming a maximum value
of 200 ps at 400°C. This behavior seems to be compatible with the for-
mation of CdO nuclei. Actually, in the literature, pure CdO presents
two decay times, one in a range of 100-500 ps and one in a range of
1-3 ns [137]. This assumption is not exhaustive for the presence of
this compound and a detailed study is necessary to corroborate this
hypothesis.

TRPL was performed also in the microseconds range, confirming
the presence of deep trap states (TS) emissions [136, 138], with a slow
broad emission in the spectral region 650-750 nm and a strong sharp
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Figure 32: (a) Comparison between the PL emission of C-A sample and the
C-samples heated at 500°C for 1 h and for 6 hours and respective
decay fits for C-A and C-500-1h samples; (b) TRPL spectra of S-
A sample; in inset, the time-resolved spectra of the two bands
of emission (one related to CdS and the second to -Se inclusion)
with relative bi-exponential decay fit; (c) TRPL microsecond-scale
analysis for C-A and C-400-1h samples; in inset, time-resolved
tit of 700-800 nm emission band for both the samples; (d) TRPL
microsecond-scale analysis for S-A and S-400-1h samples; in inset,
time-resolved fit of 700-800 nm emission band.

peak at 790 nm due to crystal defects (see Figure 32c, d). Even using
this technique, no evidence of time decays ascribable to CdSO, can
be reported, leaving unresolved the variation in the L parameter dis-
cussed before, associated with the formation of a whitish compound.
To shed light on this behavior, a complete Raman characterization of
the samples, at different wavelengths, was essential to better under-
stand which probable compounds are formed by heating.

For confirming the CdO formation hypothesis, the Raman spectra
could not be helpful. In the literature, there are different and contrast-
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Figure 33: 1064nm excited Raman spectra before and after 500°C for 6h.
Sample EV) | t1lps] | T2lps] | T3lps]
C-A 2.56 8-13 50 730
C-300-1h | 2.55 8-13 150 727
C-400-1h | 2.56 8-13 200 730
C-500-1h | 2.51 8-13 100 728
C-500-6h | 2.48 8-13 50 707

Table 5: Value of emission channels for exciting

P=235uW.

wavelength =450 nm,

ing Raman spectra associated to cadmium oxide [139, 140]; otherwise,
according to some authors, cadmium oxide should not be Raman ac-
tive [141]. Therefore, the individuation of this secondary compound
cannot be undoubtedly approved from our Raman spectra.
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Figure 34: (a) 532nm-Raman spectra of C-A and C-500-6h; in inset, the R.O.1
with the value of the peaks obtained by the deconvolution pro-
cess; (b) Variation in TO/LO bands in high-resolution 532nm ex-

cited Raman spectra of yellow samples.

However, the other discussed possible compound was detected. Ac-
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tually, the Raman spectrum collected with 1064 nm shows the pres-
ence of a big amount of sulfate compound (Figure 33), as demon-
strated by the presence of a strong peak around 1000cm !, typical for
SO, vibration modes. The existence of this band is revealed also in
the samples treated at lower temperatures than 500°C. To define, with
greater precision, the position of the sulfate vibration and, therefore,
to be able to identify the compound, the Raman spectra were acquired
with a better resolution (Icm™'), with a 532 nm source.

The Raman spectra with high resolution presented a shift of about
6cm ™! between the peaks due to the heat treatment, visible also with
the help of a deconvolution procedure by Lorentzian curves around
990-1000cm " (SO , vibration), see Figure 34a, confirming the whitish
CdSO, formation.

As previously discussed, no peaks related to CdO and CdSO, com-
pounds at lower temperature than 500°Care noticeable by XRD, sug-
gesting the possible formation of a thin superficial layer of whitish
CdSO, crust, undetectable with the XRD technique because of the
detection limit threshold. Only a broadening in the region between
24°and 34° was revealed, suggesting a progressive structural disorder
in the phase CdZnS.

This hypothesis can be confirmed with a detailed analysis of some
vibrational modes of the Raman spectra. As reported in the literature
[142, 143] the ratio between the 215 cm ™! (TO multi-phonon process)
and 300cm~1(LO) peaks of Cd-pigment Raman spectrum can provide
information about the structural disorder, comparing the spectra of
the natural and heated samples. In our case, the calculated ratio is
drawn in Figure 34b. As reported in [143], the increase in structural
disorder and zinc content leads to a decrease of 215cm ™! band for
the TO mode. In our yellow samples, the heat treatment produces a
decrement in TO-peak intensity, as can been seen directly by the spec-
tra reported in Figure 34a, confirming the hypothesis.

Finally, to obtain further confirmation and information about the su-
perficial effect of heating treatment, SEM-EDS measurements were
also performed on these two samples. For the sake of brevity, the EDX
analysis for each analyzed point of the samples (see figure 35) will not
be reported here, but only a summary tables of possible degradation
compounds detected. In Table 6, stoichiometric calculations on the
element percentages to reach Cd saturation suggest, again, the pres-
ence of hydrate sulfate compounds and almost a double amount of
Cd-oxide.

UV process

In order to establish the light stability in Cd pigments used in paints,
a UV treatment at 365 nm, with different exposure times, was con-
ducted. To characterize the pigment variations, after this degradation
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C-A

C-500-6h

(@) (b)
S-A $-500-6h

(c) (d)
Figure 35: SEM images with points for EDX analyses

Point 1 | Point 5 Point 2 | Point 3
[%] [%] [%] [%]
Cd (Se,S) 26.3 27.6 CdZnS 32.7 38.7
CdS0O4(8/3H,0)| 24.4 26.3 CdSO4(8/3H,0)| 32.2 23.7
CdoO 49.3 46.1 CdO 35.1 37.6
(a) (b)

Table 6: Calculation of cadmium saturation for S-500-6h sample (a); and C-
500-6h sample (b).

process, we adopted Raman spectroscopy, reflectance, luminescence,
and transient absorption. As found in the literature [129], the UV ac-
tion in the presence of oxygen can produce the formation of sulfate
compounds.

In particular, Raman analyses performed on the yellow sample
confirmed a broad band in the region of sulfate vibrations between
990cm ! and 1008cm ! (see Figure 36a). To establish if the new sul-
fate compound is derived from CdS degradation or if the starting
barium sulfate converted to another form, in Figure 36b, the decon-
volutions (Lorentzian functions) for the artificially and no-degraded
samples are presented in the region of interest (R.O.I). The C-UV-56h
signal consists of two peaks, one located at 994cm ™" with an area of
0.89 and the other one at 1007 cm ™! with an area of 0.5. The former is
very similar to the one of the C-A band (grey line) located at 992cm ™!
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C-UV-56h Point Point
1[0/0] 2[0/0]

CdZnS 13.3 64

CdSO4(8/3H20) | 86.7 36

CdoO - -

-52- in excess 1.3 1.7

Table 7: Calculated Cd-compound percentage by saturation of Cd-amount.

(attributed to BaSO,). The deconvolution procedure presents a slight
red shifting and about a doubling of the relative area, suggesting a
conversion of barium sulfate to another form. The latter can be as-
sociated with CdS degradation in cadmium sulfate. In fact, the peak
at 1007 cm ™! is usually associated with cadmium sulfate compounds
bound with the xH;O molecule [144].

To confirm the formation of this species, a compositional analy-
sis by means of SEM-EDS was made. For the C-UV-56h sample, the
results summarized in Table 7 confirm the presence of Cadmium hy-
drate sulfate and a possible excess of —S,, suggesting the formation
of a notable amount of Cd vacancies inside the CdS crystal after light
exposure. This is another known cause for the color change in the
Cd pigment, as previously reported in the literature [145]. Actually,
the Cd vacancies led to the formation of an intra-gap level with NIR
emission and time decays of some microseconds, as already discussed
before in the case of thermally treated samples.

With the intention of determining the real effect of color change,
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Figure 36: (a) Raman spectrum of C-UV-56h sample with 532 nm excitation
wavelength; in inset, the deconvolution of the region of sulfate;
(b) deconvolution of the region g9oo—1060 cm~! of C-A Raman
spectrum.

a detailed colorimetric analysis was performed. Reflectance spectra



were collected with 8 h steps of UV exposure and the related CIE Lab
coordinates were calculated. The L parameter tends to increase (fig
37a), mainly for the C-A sample with light exposure and the shape
of the first derivative, after 56 h, widens, showing a blue shift, typi-
cal of the addition of light and white shades in yellow pigments, as
studied by Gueli et al. [135]. The total variation in CIE coordinates
is represented in CIE space (fig 37b). The S-A sample did not show
a remarkable difference in CIE coordinates after 56 h of UV exposure
as visible from the color space diagram. To speed up the reading of
chromatic variations, a graph with the relative value for each coordi-
nate is shown in Figure 37a, where we tried to express the amount of
the total color variation by the AE value through a first kinetic model
(exponential fit) for the C-A sample:

AE = A(1 —el"¥/7) (20)

where A is the asymptotic value of the AE curve (the final step of con-
version of CdS to CdSO,, involving the chromatic change from yellow
colors to white ones) and tau is the characteristic time of reaction. Af-
ter a time of about 40 h, the conversion is completed.

To understand what UV light accomplishes in the process, we mon-
itored the stability of the studied pigments, kept in standard environ-
mental conditions, and we observed that, effectively, the degradation
also started slowly in a natural way. After a deposition above a slide,
the samples, heated and no-heated (Figure 38), were kept at room
temperature with 50 RH%, illuminated by artificial light (Compact
Fluorescence Lamps) for 4h/days for 6 months. NIR-Raman spectra
were acquired showing the development of a new shoulder in the sul-
phate region.

In Figure 38, the deconvolution of this region is represented. Even
in this case, the formation of sulphate compounds was recorded, re-
vealing that the action of light and mainly of the oxygen leads to
degradation in Cd pigments. The optical variations registered on cad-
mium yellow can be explained in detail with an in-depth study of the
electronic properties of this pigment and its behavior after the accel-
erated degradation process.

For this reason, we characterized, with pump—probe spectroscopy, the
optical differences induced in our samples after UV exposure and
heat treatment. To clarify the used nomenclature, we will describe,
as a short-lived signal, those that last some picoseconds up to tens of
picoseconds and long-lived signals, those ranging from hundreds of
ps to ns. As reported in Figure 39a, the C-A sample shows a broad
positive signal (excited state absorption—ESA), centered at 477 nm,
with a duration of 300ps. In addition, a shorter negative broad signal
in the region between 650 nm and up to 80oo nm is presented.

As a comparison, thermal treatment at 500°C for 6h drastically
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Figure 37: (a) CIE coordinate trend for C-A and S-A samples exposed to
UV radiation. The AE for the yellow sample shows exponential
growth; (b) color changes

changed the previous ESA signal (figure 39b). In this case, the spec-
trum is composed mainly of a broad short-lived signal, having differ-
ent peaks in the region between 475 and 580 nm. Before 475 nm, the
same ESA observed for the C-A sample is observed, but with a dura-
tion of only 5 ps. The broad short-lived signal after 20ps converted
into a negative signal, probably stimulated emission (SE). Around 750
nm, we have another positive signal with the same duration (about 20
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Figure 38: (a) Raman spectrum of C-A sample exposed to 6 months in air in
a range between 9oo and 1110 cm~'; in inset, the band deconvo-
lutions; (b) Raman spectra of S-A sample and S-A after 6 months
in air; in inset, the deconvolutions of the R.O.I (sulphate region)
for the sample exposed to air; (c) deconvolutions of the R.O.I for
the C-500-1h sample exposed to 6 months to air; (d) deconvolu-
tions of the R.O.I for the S-300-1h sample exposed for 6 months
to air; (e) deconvolutions of the R.O.I for the S-400-1h sample
exposed for 6 months to air.

ps) but with a longer rise time. The ground state depletion (GSD)
signal in the near infrared is located only in the region 775-815 nm
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and with a very short time of about 5 ps. The disappearing of the
broad trap state band (negative signal between 600 and 750) after the
thermal treatment agrees with the TR-PL measurements in the micro-
second scale mentioned before (Figure 32c).

The UV exposure led a further broadening of the ESA signals (Fig-
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Figure 39: Transient absorption map of (a) C-A sample, (b) C-500-6h sam-
ple, (c) C-UV-56h sample, (d) S-A sample, (e) S-500-6h sample,
and (f) S-UV-56h sample.

ure 39c) with respect to the C-A sample up to 630 nm, after which
a broad short-lived negative signal started from 640 nm. Additional



positive bands start a few picoseconds after the pump absorption, sug-
gesting a non-radiative relaxation to a lower level, from which starts
the probe absorption.

Concerning the orange sample, the no-treated powder is composed
of a long-lived ESA signal centered at around 495 nm. No negative
signals were detected for this sample (Figure 39d).

The heated sample (Figure 39e) showed the same ESA signal and, in
addition, a new very broad long-lived negative signal in a region be-
tween 550 nm and 815 nm (2.25eV-1.52 eV) attributed to a GSD. This
result is compatible with TR-PL measurements where the new trap
states around 750-820 nm were obtained after the heating relax after
microseconds (Figure 32d).

The UV-exposed sample showed variations in the kinetics of ESA
signal, which became shorter (duration of about 40 ps) and the forma-
tion of a new broad negative signal centered at 570 nm. The latter can
be broken up into two regions with different kinetics, as can be clearly
seen from Figure 39f, associable to a long-lived GSD signal at 570 nm
and short-lived GSD at 650 nm, both towards trap states. To produce
a first interpretation of these results, we can hypothesize that the neg-
ative signal in the NIR around 780 nm, found in both normal and
UV-exposed samples, could be linked to Cd vacancies, as confirmed
by SEM-EDS calculation and by previous authors [145]. Furthermore,
the substantial difference in UV exposure for the C-sample resides
in the broadening of absorption signals, attributable to a change in-
side the conduction band structure, new levels due to the formation
of defects, and changes in electronic transfer, as suggested by differ-
ent kinetics observed in some positive signals. The thermal treatment
and UV exposure, mainly for orange samples but even, to a lesser de-
gree, in white yellow, led the formation of new trap states inside the
bandgap, defects responsible for the darkening effect in aged samples.

Binder degradation

The next step was to analyze the degradation of linseed oil (most
used by impressionists) to discriminate which degradation process
could be the most efficient for the complex mock-up of oil on can-
vas. As previously reported in the literature, the light exposure on
linseed oil implies changes in its Raman spectrum. In details, in the
region between 700-1800 cm ™!, it is known the decreasing of the 1264
(CH=CH rocking), 1022, 971 (CH=CH wagging), and 912cm~' bands,
and the disappearance of the 940 cm™' (w(CH) in CH=CH wagging)
peak [146]. We performed a detailed analysis of this process by age-
ing the oil with the exposure of Hg lamp and deuterium lamp.

The results are reported in figure 40a and 4ob. In our Hg-aged lin-
seed oil, the Raman spectrum (figure 40a) showed an amorphization
of the 866 cm ™! band (it becomes broader), a notable decrease of 940,
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Figure 40: (a) Raman spectra of raw and irradiated oil samples after 28 h

of Hg lamp and 40 h of deuterium lamp; (b) Raman spectra of
raw and irradiated oil samples after 5 days of exposure to UVC
lamp; (c) absorbance spectra of the different degradation process
of linseed oil; (d) the differential absorption Ax using slide as
reference.

1264, 1655 (C=C isolated cis) bands, and the increase of the 1081, 1022,
1302, 1439 (8CH;) and 1655¢cm ™! bands.

The 1743 cm ™! (C=0) band showed a soft increase of its intensity
and a slight shift towards lower cm~'. An evident inversion of inten-
sity between the 1264 and 1302cm ™' bands is observed. The action of
a 365 nm source produced a remarkable alteration of the 1264 cm™
band associated with CH=CH cis rocking, but the color of the sample
did not show the yellowing process previously reported.

After 28h of 60mW/cm? of Hg lamp exposure, no chromatic changes
for the oil were found. The absorbance spectrum is indeed like the
fresh oil one, except for the formation of a very broad and low band
around 450 nm (fig 40c). The exposure to after UVC irradiation, on
the contrary, leaded to a yellowish process even after 24h, the pro-



cess becoming more remarkable after 5 days, as demonstrated by the
new intense shoulder around 340 nm in the absorption spectrum (see
tigure 4oc and 4od). Also in this case, the Raman spectrum showed
traces of degradation similar to what seen for Hg lamp exposure, but
in this case, the 1264cm ™' peak was not altered and the change of
the 866cm ™! peak (ascribed to amorphization) shows an increase of
intensity and broadening to high wavenumber side of the band.

The 1435, 1302, 1747 cm ™! bands become higher, while the 1265 and
1657 cm™! peaks decreased and a new shoulder around goo cm~! was
observed.

Since UVC exposure produced irradiation effects (yellowing) on the
oil whilst 365 nm did not causes any change in color, to understand
the total process of the Cd-paint degradation we investigated the UVC
irradiation on the complex mock-up (oil with canvas and pigments).

Pigments on canvas degradation

We prepared and analyzed the complex mock-ups made of the only
linseed oil spread on canvas and both pigments plus linseed oil
spread on the canvas. The large chromatic changes induced in the
tirst mock-up sample are reported in Table 8, whilst a summary for all
the mock-ups is proposed in figure 41a where a CIE diagram shows
the significative colour variation. After 5-7 days of deuterium lamp
irradiation the oil deposited on the canvas showed a visible yellowish,
the degradation increasing by increasing the days of exposure. The
trend is confirmed by naked-eye inspection of the sample (figure 41b)
and by reflectance spectra (figure g1c).

NIR-Raman spectra of these mock-ups were collected after 5 days
of UVC lamp exposure in order to identify structural modification
caused by the exposure. The degradation of the mock-ups is visible
in figure 41d: the canvas and the oil (as described before) showed
alteration in the intensity of some bands, but no additive compound
was detected.

In addition, after a further 16 days air exposure, Raman spectra on
the same mock-ups did not evidence any degradation related to the

Oil on canvas | L a b AL Aa Ab AE Colour
o days 74 -3.55 | .11 |- - - -

2 days 73 -4.17 | 1.01 |-1.00 |-0.62 |-0.10 | 1.18

7 days 76,5 |-5.6 7.93 | 250 |-2.05 | 682 | 7.55

12 days 70 -5.35 | 11.4 |-4.00 |-1.80 | 10.29 | 11.19

16 days 76 -6.07 | 13.8 | 2.00 |-2.52 | 12.69 | 13.09

20 days 723 |-6.39 | 16,7 |-1.70 |-2.84 | 15.59 | 15.94

Table 8: Chromatic coordinates of 0il on canvas exposed to different UVC
time exposure.
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Figure 41: (a) CIE coordinates of the mock-ups before and after the UVC
exposure; (b) picture of these mock-ups; (c) reflectance spectra of
the oil at different days of UVC-exposure; (d) Raman spectra of
raw and irradiated canvas.

formation of sulfates in both pigments (fig 42a and 42b). We then per-
formed a longer UVC irradiation (15 days) and collected the Raman
spectra (not reported for sake of clarity). Even in these samples no
additive sulfate compounds were detected. The Raman analyses were
repeated even after 6 months of exposure to air, still no degradation
products were present on the surface. The reported results seem to
suggest that the oil acts as a protective film avoiding the direct contact
of the pigment with the atmosphere and with the light, generating a
slowdown in the degradation of the pigment.

Indeed, up to 5 days of irradiation of the binder no degradation
is observed and only for larger exposure the binder itself turned into
pale yellow, showing differences in the vibrational spectrum as com-
pared to the raw binder, as discussed before. The UV light also af-
fected the canvas, in fact its Raman spectrum presented variations in
peaks intensities as compared to the no-degraded sample. However,
in this short period, no compositional change of the inorganic pig-
ments spread on the canvas was detected, although the reflectance
spectra registered a small blue-shift trend in the C-samples (figure
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Figure 42: (a) Raman spectra of yellow pigment spread on the canvas at o
and 5 days of exposure; (b) Raman spectra of orange pigment
spread on the canvas at 0 and 5 days of exposure.

43a) and a small red shift in the S-samples (figure 43b), better evi-
denced by the corresponding first derivative spectra reported in the
insets.

To summarize the overall color variation caused by the UV expo-
sure in each step, we compared all the variation of the CIE coordi-
nates and the total difference AE in table 9. The weight of oil-canvas
degradation is predominant since the total variation AE assumes the
value of 15.9. Single pigments present a maximum variation AE for
sample C which takes on the value of 6.2 after only 56h of UV expo-
sure. In this regard, the results allow us to confirm the provisional
protective role of oil for sample C, which reacts with the environment
in a reduced way, concluding with a total variation AE of only 3.5 af-
ter 20 days. We can assume that, after this primary protective action,
a progressive degradation of the oil leads to its vulnerability to the
environment as suggested by the literature. However, the same fea-
ture cannot be confirmed in sample S where the mixture of oil with
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Figure 43: Reflectance spectra of irradiated C-sample (a) and S-sample on
canvas.

pigments brings about the opposite effect: a variation of 27.2 with
respect to 2.4 of the sole S pigment mainly due to oil yellowing.

Sample AL Aa Ab AE
C-UV-56h 5.9 -2.21 | 2 6.2
S-UV-56h 1.6 -1 1.4 2.4
Oil-canvas-20d | -1.7 -2.84 | 15.59 | 15.9
C-canvas-20d -3.1 1.71 | -0.2 3.5
S-canvas-2o0d -5.5 8.8 25.1 | 27.2

Table 9: Color differences between the aged and no-aged samples.

2.2.5 Synopsis of the obtained results

Light-yellow and orange pigments from Kremer were artificially de-
graded through different accelerated ageing: heat treatment and UV
light exposure. Whereas the orange pigment seems more stable, the
yellow one degrades more markedly.



Reflectance spectra and chromatic coordinates in the CIELab space re-
vealed that the heating treatment, executed in a range of 100-500°C
until 6h, causes a prominent color variation for the light-yellow pig-
ment in terms of bleaching. XRD and Raman spectroscopy suggest
that the cause is attributable to the formation of sulfate compounds
and possible cadmium oxide, detected in the XRD pattern of the
sample heated at 500°C for 6h, after the reaction with the oxygen
present in the environment atmosphere. This interpretation is also
confirmed by the punctual SEM/EDS analysis. The formation of deep
trap states and oxide products after thermal treatment was also con-
tirmed by TRPL measurement, performed in the ps and micro-second
scale. The same conclusion for the formation of whitish compounds
can be adopted for UV treatment, which allows one to demonstrate,
by means of Raman spectroscopy and SEM-EDX, the formation of a
superficial sulfate phase. In addition, the action of UV light for the
yellow sample, and both UV and thermal exposure for the orange one,
seems to produce a defective phase where intra-gap energy levels are
generated.

Actually, with the help of pump-probe measurements, GSD and

long ESA signals due to the formation of trap levels are evidenced
in the visible and near-infrared region, both for light-yellow and or-
ange pigments. If structural defectivities are activated by light ex-
posure, the reaction with atmosphere seems to also produce darker
compounds, such as cadmium oxide, and whitish compounds, such
as cadmium sulfate, as previously reported in the literature.
In addition, the investigation was extended on the study of the in-
teraction between UV light and the binder or canvas support, taken
singularly, or combined with the pigments. The color variation was
even revealed in linseed oil and canvas with no pigments exposed to
UV light, while the formation of sulfate phase in the combined sys-
tems is not observed. This condition suggests a complex color change
due to the single variation of canvas, o0il, and pigments.

Finally, it may be assumed that a visible color variation of CdS pig-
ment, caused by natural factors like time, light, and atmosphere, is
determined by three factors: 1) oil degradation which translates into
a darkening and yellowing process that is more remarkable in the S-
sample; 2) after temporary protection, degraded oil does not act in
the same way on the pigment that, exposed to the environment at-
mosphere, reacts with the oxygen forming sulfate (bleaching) or/and
oxide compounds. The third factor, the degradation of the canvas
itself, contributes to the yellowing as a minor factor.
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STRATIGRAPHY OF ANCIENT
FRESCOES: ANEW APPROACH
WITH PHOTOACOUSTIC AND
SORS IMAGING

Photoacoustic (PA) imaging is a novel, powerful diagnostic technique
utilized in different research fields. In particular, during the last years
it has found several applications in Cultural Heritage (CH) diagnos-
tics. PA imaging can be realized in transmittance or epi-illumination
(reflectance) mode obtaining variable levels of contrast and spatial res-
olution. The first detection geometry can be used only on thin objects
including paintings, and multi-layered documents, revealing hidden
layers, and measuring the thickness of very thin optically turbid paint
layers.

The second acquisition geometry has recently shown its potential
in providing diagnostic information in artistic mock-ups of different
thickness.

The aim of this chapter is to test for the first time the potential of the
PA imaging technique to reconstruct stratigraphic profiles of thin and
thick frescoes surfaces, one of the most challenging artwork objects,
moving from real fragments to mock-ups, exploring also the limits
and the advantages of this diagnostic method in this challenging ap-
plication.

Furthermore, we attempt to combine PA imaging with Spatially Off-

set Raman spectroscopy (SORS) technique, obtaining complementary
information. SORS is another technique recently applied for stratig-
raphy in multi-layered samples, and is based on laser defocusing to
receive information from the underlying layers.
Despite the fact that the principles of SORS are entirely different from
the PA techniques, they can potentially employ the same excitation
source, offering the possibility to be integrated together into a sin-
gle hybrid instrument for obtaining stratigraphic characterization of
a sample. In this direction, we have experimentally demonstrated that
the apparent information complementary between PA and SORS di-
agnostic methods can be carried out in a realistic case of multi-layered
fresco samples. The combined use of these two techniques has been
proven useful to achieve detailed hidden information on the investi-
gated fresco samples.
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3.1 PHOTOACOUSTIC TECHNIQUE

Photoacoustic imaging has several applications in different science
branches, ranging from biomedical to Cultural Heritage (CH) fields
[147-156], due to its capability to provide in-depth optical absorption
contrast with high spatial resolution.

In the field of conservation and artwork diagnostics, it has recently
found several applications such as revealing hidden underdrawing
on paintings [157-160], discovering degradation and retouching fea-
tures in historical oil paintings [152], uncovering text in multilay-
ered documents [161], and monitoring laser cleaning interventions
on stonework [162, 163].

The photoacoustic (PA) imaging is based on the absorption of a pulsed
laser beam by a turbid material, with consequent thermal expansion
and production of an initial local pressure rise (po) proportional to the
local laser optical fluence F, the dimensionless Griineisen parameter I',
the percentage of pulse energy converted into heat 1y, and the optical
absorption coefficient for the employed wavelength [164, 165], which
is mathematically expressed by the following relation:

po = N'uannF (21)

The initial local pressure propagates in the form of ultrasonic waves
prior its detection by an ultrasonic transducer (air-coupled or immer-
sion), located in-behind the sample in transmission geometry, or on
the same side with the laser beam in epi-luminescence (reflectance)
geometry. The generated acoustic wave is typically found in the MHz
frequency regime, with the detected amplitude directly proportional
to the local absorption coefficient of the medium for the employed ex-
citation wavelength [166], providing, in this manner, excellent optical
absorption contrast with high sensitivity.

The recorded acoustic wave can propagate in the materials and en-
counter low attenuation, about up to three orders of magnitude less
than near-infrared optical radiation [149], permitting to receive infor-
mation from deep layers located a few hundreds of um or even a few
mm below the sample’s surface.

Recent work [153] demonstrated the potential of the new epi-
illuminescence geometry photoacoustic system for obtaining informa-
tion of hidden graphite layers found in various wall painting mock-
ups. In this work, we extend further the capabilities of this new appa-
ratus as regards the accurate reconstruction of the transverse profiles
of real ancient fresco fragments, realized with the overlap of many pic-
torial layers, estimating the thickness values of the successive layers.
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3.2 SORS TECHINQUE

The SORS (Spatially Offset Raman Spectroscopy) is a technique for
overcoming the turbidity of the sample, which makes even radiation
with great depth of penetration such as in the IR impenetrable at cer-
tain depths.

There are three different variants of the SORS: defocusing micro-
SORS, full micro-SORS, and fiber optic micro-SORS. For the fresco
sample (highly turbid media) we reached a good compromise be-
tween sensitivity and spatial resolution by applying the first one.

The defocusing micro-SORS is based on defocusing the microscope’s
objective on the sample to obtain information on the underlying lay-
ers. The zero position of defocusing is defined as the position in
which the sample is in focus and its Raman spectrum is mainly char-
acterized by its surface signal [167-169]. By defocusing, i.e. increas-
ing the space between the objective and sample of a Az, new Raman
spectra are obtained gradually characterized by the contribution of
the sub-surface layers. One can highlight these contributions by sub-
tracting the surface signal at zero position, achieving non-destructive
depth-resolved chemical and structural analysis of the CH objects by
Raman spectroscopy.

In general, a spectrum dominated by the signal from the only surface
is obtained by using a sub-millimeter pinhole, which allows the con-
tribution of the inner layers to be masked. After careful subtraction
of the surface signal, it is possible to follow the intensity trend of a
particular compound as a function of the defocusing distance, result-
ing in non-invasive stratigraphic profiles of the multi-layered sample

[170, 171].
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3.3 MATERIALS AND METHODS

Analytical methodology

To determine the stratigraphy of frescoes, real samples and mock-ups
with different pigments and with variable thickness were analyzed
using Photoacoustic and SORS techniques. The estimation of their
thicknesses was carried out by observing their cross sections under
electron and optical microscopes. The Photoacustic and the SORS are
used with the same exciting wavelength in the NIR.

Real frescoes
fragments

Aim: how to determinate
fresco painted layers Thickness estimation by

—same \,,

stratigraphy with a new SEM
approach?

Production of
frescoes layered
mock-ups

Figure 46: Schematic representation of the methodology followed for the
stratigraphy reconstruction of frescoes.

3.3.1  PA experimental set-up

The imaging apparatus employed a Q-switched Nd:YAG laser (SL404,
Spectron Laser Systems, Rugby, UK; maximum pulse energy 30 m],
pulse duration: 10 ns, pulse repetition rate: 10 Hz) emitting infrared
radiation at 1064 nm. The beam was initially attenuated and reduced
in diameter to 1.2 mm using an adjustable iris diaphragm so that the
pulse energy on the sample’s plane is less than 0.9o mJ. A positive



lens with a focal distance equal to 50 cm was used to focus loosely
(spot size: ca. 1 mm) the optical radiation, improving the sensitivity
of the imaging system. Each sample was placed at the bottom of a
3D-printed sample holder filled with distilled water, which served as
an immersion medium for the efficient propagation and subsequent
detection of PA signals. The sample’s front surface was irradiated to
generate laser-induced ultrasound from the highly absorbing layers.
The generated PA waves were transmitted through the painted lay-
ers and water prior to their detection in reflectance configuration by
a broadband, spherically focused piezoelectric transducer (HFM28,
SONAXIS, Besancon, France; nominal central frequency 73 MHz; fo-
cal distance: 4.53 mm; numerical aperture 0.44). The signals were
subsequently enhanced by two low-noise radio frequency (RF) ampli-
tiers (TB-414-8A+, Mini-Circuits, Camberley, UK; gain: 31 dB) con-
nected in series to achieve a total gain of 62 dB, which was adequate
for the digitization and recording of PA waveforms by an oscilloscope
(DSO7034A, Agilent Technologies, Santa Clara, CA,USA; bandwidth:
350 MHz; sample rate: 2 GSa/s). To form an image, the sample
was raster scanned with high-precision XY motorized stages (SMTF-
75LSo5, Standa, Vilinius, Lithuania), to attain a point-by-point data ac-
quisition synchronized with the trigger signal of the laser source. The
recorded waveforms were averaged two times for signal-to-noise ratio
(SNR) improvement, transferred to a computer, and band passed be-
tween 100 kHz and 30 MHZz for high-frequency noise elimination. The
modulus of the Hilbert-transformed PA waveforms was estimated for
the reconstruction of the imaged layers in 3D. Depending on the size
of the underlying sketch area, the scanning regions had dimensions
ranging between 2x2 to 4.5x4.5 cm? respectively, and were sampled,
in all cases, using a pixel size of 300x300um?. The total time required
for the recording of a PA image ranged from 2.5 to 4 h. Control
and synchronization of the PA imaging system were accomplished
using custom-developed software, whereas image processing was per-
formed through Image] and MATLAB programming environment.

3.3.2 SORS measurements

Measurements were performed in ambient air at room temperature
with a compact spectrometer BWTEK (Newark-USA) i-Raman Ex in-
tegrated system with a spectral resolution of 8cm~'. For each experi-
mental setup, all the spectra were collected with an acquisition time of
about 60 s (five replicas) and power excitation between 5 and 15 mW
concentrated in a spot of 0.3 mm? on the surface through a Raman
Video MicroSampling System (Nikon Eclipse for high-resolution and
BAC151B in the other case) equipped with a 20 Olympus objective to
select the area on the samples. Each measurement area represents a
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sampling surface of about 1cm?.

Micro-SORS measurements were carried out with the above Raman
system by collecting the spectra in different sample positions.

The SORS measurement is obtained by acquiring the spectrum of the
surface and then operating a progressive defocusing to provide the
contribution of sub-layers. With the help of a sub-millimeter pin-
hole (diameter of 500 um), the contribution of the upper surface (zero
point) is isolated with respect to the sublayers. Then, after removing
the aperture, spectral acquisition was perfomed at fixed defocusing
distances (10, 20 and 30 um steps) from the zero position. Zero posi-
tion spectrum and defocused spectra were finally subtracted to extract
the Raman contribution at a specific defocusing distance.

3.3.3 Samples

Real fresco samples

The 3 fresco fragments (called respectively F.o1, F.oz2 and F.03) belong
to a fresco of San Giuseppe Church in Cagliari (ca. 1870 AD.) which
has been unintentionally detached from the vault because of aging.
All the samples appear to constitute by different layers of plaster and
painted on their top surface using different pigments. A 1cm cross
section along the depth direction was cut from one of the fragments
to analyze the layer composition by surface Raman spectroscopy and
scanning electron microscopy (SEM) imaging. Samples were analyzed
at different points distributed on internal and external surfaces and
they were not modified after recovery; the fragments were subjected
to gentle dust cleaning with soft brushes. For facilitating the reader,
Table 10 summarize all the samples with each point of analysis. F.o1

Fresco fragments from San Giuseppe Church

Sample | Substratum Painted N° of layers
line
E Concrete, calcium hydroxide L1 3 layers
.01
L2 2 layers
L3 2 layers
Fo2 Concrete, calcium hydroxide Lq 1 layer
F.o3 Concrete, calcium hydroxide Ls 3 layers (same composition of L1)
Fresco Mock-ups
Sample | Substratum Painted N°of layers
line
M.o2 Lime, sand, calcium hydroxide | Total area 1 layer: lapislazuli
M.oy Lime, sand, calcium hydroxide | Total area 1 layer: cadmium orange (CdSeS)
Vo2 Compact earthenware Area 1 3 layers: graphite, cadmium yellow
’ (CdS) and ochre
Area 2 2 layers: graphite, cadmium yellow
Area 3 1 layer: graphite
V.03 Compact earthenware Area 1 2 layers: ochre and cadmium yellow
Area 2 2 layers: ochre and cadmium orange

Table 10: Real fresco samples and mock-ups.

is composed of L1, L2, and L3 painted lines having different stratig-
raphy: L1 is dark in the top, L2 is white and L3 brownish-grey. L1 is



composed on the whole by three layers including the dark one, while
L2 and L3 present two layers considering the visible one on the sur-
face. Sample F.o2 is composed of only one layer called L4. In sample
F.o3 the only line analyzed is the brownish labelled as L5, equal in
composition and structure to the L3 line of Fo1. All these samples
and lines are shown in detail in Table 11.

Fresco mock-ups

To test the PA performances in stratigraphic imaging, and provide a
comparative study with the results obtained with SORS profiles, ad-
ditional fresco mock-ups were realized: M.o2 and M.oy with lime,
sand, and calcium hydroxide substrates (the typical composition of a
fresco, the “arriccio” and “intonachino” ) covered by lapislazuli and
cadmium orange (CdSeS) respectively.

In addition, other samples V.02 and V.03 were made with compact
earthenware. These are composed of different layers: V.02 presents 3
layers, the bottom one made of graphite, the second by cadmium yel-
low (CdZnS), and then ochre. Sample V.03 is composed of a bottom
layer made of ochre and two covering layers: one containing cadmium
yellow and the other cadmium orange.

The different compositions of pigments used in mock-ups samples
were selected to have a complete scenario about the absorption prop-
erties of PA source in order to verify the contrast feature of this tech-
nique in a multi-layered structure.

3.4 RESULTS

3.4.1  Frescoes from San Giuseppe Church

As the first step, SEM-EDX analysis was performed on different
cross-sections of the samples (see figure 47 and table 11 ) to confirm
the presence of different layers, and their chemical compositions. In
the same table we propose also the cross-section imaging obtained
with PA, and the relative PA later view images. A detailed analysis of
these results will be leaded below in this paragraph. Cross sections
confirmed the presence of several pictorial layers up to a maximum
of three and a minimum of one, with variable thickness evaluated
with different scales of magnification. The lime wall support (called
intonaco) is not smoothed and homogeneous, making even the su-
perficial brushstrokes inhomogeneous. The elemental compositions
derived from EDX are listed in Table 12 for L4 line (F.o2 sample), in
which higher atomic percentages are relative to Ca, Si, C, and O, a
typical composition of a mortar and amount of Fe, Ca, S are due to
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Sample

Fo1

Fo2

Fo3

Table 11: Moving from the right, we have: a) the picture of fresco fragments;
b) the cross-section images; c) cross-section imaging obtained with
PA; d) and relative PA later view images.

the pigments of the painted layer. Their distribution in sample F.o2 is
shown in Figure 47.

Additional NIR-Raman measurements were also carried out on
fresco samples in order to individuate the chemical phases of the el-
emental analysis conducted by SEM-EDX. Raman spectra of L1 and
L4 painted lines are shown in Fig. 48. In detail, the 3 layers of L1
line present the following characteristics: the upper one is black, com-
posed of amorphous carbon black (graphite) recognizable by the two
characteristic Raman bands at 1325 cm™' and 1580 cm™! mixed with
calcite having a strong peak at 1081 cm ™! (CO, symmetric stretching
[172]); the intermediate layer with a visible brownish/greyish color
is composed of a mixture of calcite, graphite, hematite (characteristic
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Element | Line Intensity Weight % Weight % | Atom % Atom % err | Compound
Type err %

C K 103.87 22.37 0.37 35.78 0.59 22.37
O K 69.78 33.26 0.43 39.93 0.52 33.26
Na K 4.69 0.58 0.04 0.48 0.03 0.58
Al K 24.26 1.93 0.05 1.37 0.03 1.93
Si K 143.47 11.10 0.10 7.59 0.07 11.10
S K 17.28 1.31 0.04 0.79 0.02 1.31
@l K 7.41 0.67 0.03 0.36 0.02 0.67
K K 15.24 1.54 0.05 0.75 0.02 1.54
Ca K 225.58 26.40 0.20 12.65 0.09 26.40
Fe K 2.93 0.84 0.07 0.29 0.03 0.84

Table 12: SEM-EDX analysis on L4 line of F.o2 sample, in the point indicated
by a blue cross in Table 11.

peaks at 286, 410, 614 cm ™' due to Fe-O symmetric stretching [173]),
and gypsum with the strong band at 1006 cm™! related to —SO 4 Sym-
metric stretching [174]. The last one is a mixture of hematite, calcite,
calcium hydroxide (large band at 780 cm™! [175]), and gypsum. Line
L4 of Foz sample is composed of a single pink layer with the same
composition of the just mentioned layer of L1. Also in this case, the
pink hue is obtained by a mixture of hematite, calcite, calcium hydrox-
ide, and gypsum (in anhydrous and hydrate phases).

(a) (b) (c) (d)

Figure 47: Elemental distribution maps for the sample characterized by Lg.

The thickness results of the relative layers obtained from the SEM
and optical images are shown in Table 13. The high error values
associated with these thicknesses are due to the inhomogeneity of
the fresco surface: the brush strokes are applied on a non-uniform
intonaco substrate. Thus, the thickness values listed in the table are
derived from an average of different cross-sections at different points
of measurement and the errors are calculated as their deviation
standards.

After this preliminary characterization of real fresco fragments, we
can concentrate our attention to the PA stratigraphic analyses. The
experimental results derived from an average of 20 depth profiles
of the three different samples obtained by Image]. To obtain the
depth profiles we fitted the experimental data with Lorentzian and
Gaussian functions as displayed in Figure 49. From stratigraphic
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Figure 48: Raman spectra of different painted lines of fresco fragments.

images of Figure 49, in comparison with the Table 11 (images in
column c), we excluded from our analysis the signal derived by
thickness below 1 mm of depth, because they are probably spurious
signals due to the reflection of PA waves in the substratum. This
assumption is confirmed by a detailed study of mock-ups realized
with different bases (see next paragraph). As revealed by the decon-
volution procedure in Fig. 49(a), L1 painted line is composed of three
layers with 60, 71, and 137 um respectively with a maximum error of
25 %.

L3 is also made up of the overlap of two layers, as confirmed by
cross-section images, with thicknesses assessed by PA techniques of
70 and 85um. The Ly thickness, evaluated in the second fresco frag-
ment (F.o2 sample) confirm its composition of one layer. Due to the
surface roughness of the sample, we estimated separately the manxi-
mum and the minimum thicknesses for this stratum, to decrease the
associated absolute errors, obtaining 95um < d < 170pum. All the
estimated PA values are consistent, inside the error bands, with the
SEM measurements as shown in Table 13.

From the images of Table 11 (column d, the lateral view), some par-
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SEM analysis

Li[pm] L3[pm] Lg[pm]
TSt = (8T £30) | 1°t = (8T £30) | 1°t = (107 £50)
2nd — (60 £20) | 24 = (60+20)
37d — (80+30)

PA analysis
Li[pm] L3[pm] Lg[pm]
TS = (60 £ 15) | 15t = (70 £ 21) | dmax = (170 £40)
2nd — (71 4£20) | 2Md = (85420) | dmin = (954 15)
37d (1374 30)

13: Thickness measurements of different layers of fresco samples by
SEM and PA imaging.
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Figure 49: Stratigraphic profile fit obtained by PA imaging for the different
painted lines: a) z-profile of L1; b) z-profile of L3; z-profile of L4
zone- maximum ¢) and minimum d) thickness evaluation.

ticular area, such as the L2 white line, presents a low PA signal that
makes it difficult to define an accurate z-profile in that region. For
this reason, in our preliminary study, we focused our attention exclu-
sively on the darkest painted surface area providing high PA contrast.
To have a complete characterization of sample F.o1 and thus, a strati-
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graphic analysis in the white area, we used the micro-SORS technique,
recently applied for stratigraphy for CH objects.

For micro-SORS measurements, we employed the same excitation
wavelength employed for PA imaging (1064 nm), to avoid fluores-
cence signals from the painted surface.

Also for micro-SORS technique, the investigation of frescoes samples
represents a challenging task due to their inhomogeneous structure
and the low-depth penetration in such turbid media, independently
on the selected laser wavelength and focusing objective.
The results shown in figure 50 are obtained by an average of five
different z-profile points, as done for PA signals.

Firstly, we analyzed the F.o2 sample made with one layer to make
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Figure 50: (a) Micro-SORS image of the sample F.02;(b) F.o1 in the L2 zone
(white).



a comparison with the PA analysis. The depth profile is obtained
following the decrease of the 410 cm™' peak intensity, associated with
the red pigment (hematite), with respect to the intensity of the band
at 1087 cm ™! (calcite deriving from the substratum layer). To better
visualize the variation associated with the interface of a new stratum,
we estimated the first derivative of the z-profile. The thickness
obtained for L4 was found at (165 £ 30)um, in good agreement with
the previous analysis.

Moving to the white layer of sample Fo1, looking for the SORS
profiles, we followed different ratio intensities associated with each
component of this layer to better identify their stratigraphy. Fig. 50(b)
offers the trends of hematite and graphite peaks at 410 cm™' and
1360 cm~! respectively, with respect to the principal band of calcite at
1087 cm~!. For sake of brevity we reported only the first derivative
of the analysis. From the hematite peaks, the obtained profile shows
three layers at 70, 175, and 250 um, with the thickness of about 70
pum, 100 pm, and 75 pm respectively.

For what concern the graphite profile, two layers are visible at 170
and 350 pm, but the simultaneous presence of this compound in two
adjacent layers makes less accurate the identification of their profile.
This specific problem is not so unusual in painted artworks. For this
reason it is necessary reconstruct the stratigraphic information by
combining the information from various profiles.

3-4.2 PA and SORS on Fresco Mock-ups: comparing limits and
applicability

With the intent of validating the PA imaging methodology and ex-
ploring its limits or advantages on fresco samples, different frescoes
mock-ups were realized. In Table 11(c) where the PA transversal
view imaging are shown, three separate signals with the same trend
but a decrease of the intensity are visible. This condition could
be associated to spurious wave reflection phenomena in the fresco
substratum with respect to the real signal of the painted surface
(higher contrast in the image). In fact, in the fresco fragments, the
substratum is composed of sand grains with variable sizes, which
could produce spurious oscillation of the PA signal derived from the
surface.

To verify this assumption, and exclude the two signals below the
brighter one in our analyses of depth, we reproduce two different
typologies of frescoes mock-ups: the first one made with the original
substratum (sand, calcium hydroxide, calcite), similar to the real
fresco fragments of Table 11, and the second one made with a
homogeneous substratum of compact earthenware. Both the men-
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tioned typologies were realized with different painting structures as
reported before in Table 10 for samples Moz, Moy, Voz and Vos3.
The different PA profile images obtained from these mock-ups are

(b) (c) (d)

Figure 51: PA imaging of transverse view of a) Moz2; b) Mo7; c) Vo2 ; d) Vo3
samples with relative pictures.

shown in Fig. 51. In particular in figures 51a and 51b the samples
made with an original fresco substrate (the “arriccio”) presented
another shade line below the sharp one in contrast with those
obtained in V.02 and V.03 samples (see figures 51c and 51d). This
finding confirms the hypothesis that the second signal is due to
some artifacts of the PA waves originated by the presence of size
variable substratum grains. The intensity of this spurious signal
seems to be proportional to the absorbance and the thickness of the
top layer. In order to avoid the contribution of these spurious signals
and to present an analysis on multi-layered samples, we focused
our attention only on the second group of samples, V.03 and V.02
(made from the succession of up to 3 layers), and we executed also a
comparative analysis with SORS profiles.

Actually, by using these samples, we want to test the PA stratigraphic
capability for thick-painted layers, obtained with pigments present-
ing higher or lower absorbance in the NIR region. These pigments
are spread with larger thicknesses unlike the real sample analyzed
above (<200 pm) to demonstrate the maximum depth that can be
achieved using the PA signal. All PA measurements were compared
with SORS results obtained in the same analyzed regions to provide
complementary information about the stratigraphy.

Sample V.03 was made with two different cover layers, obtained
with Cd-yellow and Cd-orange pigments. Below them, a red layer of
ochre is present, and in the middle of the sample, some areas of this
red layer were left visible.

The obtained PA transversal image is noisy, and the contrast is not
very strong (Fig. 51(d) and Fig. 52), since the two colors chosen for
the cover layer don’t absorb enough in the NIR region, but it is still
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Figure 52: PA stratigrafic profile fit of Vo3 sample for: a) the yellow zone;
b) the red spots from the bottom layer; c) the orange zone; d)
micro-SORS profiles of the same regions.
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possible to see the difference in intensity between the orange and
yellow areas. In fact, the latter shows greater intensity due to its
higher NIR absorbance. The two cover layers have respective depths
of 500 um for the yellow and 400 pm for the orange. The red spot
belonging to the bottom layer shows a PA profile with a maximum
peak shifted of about 500 um compared to the signal of the top layers,
in agreement with its real position.
However, since the very low signal associated with the orange layer
hinders the estimation of the PA profile, we obtained only a curve
with a medium value of 550 pm (Fig. 52(c)). Higher signals are
generated from the yellow stratum, through which we were able
to receive information also from the bottom layer, as shown by the
deconvolution procedure in Fig. 52(a). In this case, we obtained a
thickness of 490 um for the yellow and an estimation of 600 um for
the substratum composed from the union of the red layer and the
intonaco.

A comparison with the SORS profiles it is immediately possible by
studying the graph of fig. 52(d), in which, for sake of brevity and
clarity, we put only the first derivative of the depth curves. In this
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Figure 53: Layers fit of V.02 sample obtained from PA stratigraphic images
for: a) the dark area, b) the yellow area, c) the red area.

case, we followed different relative ratios based on the compound
present on the surface. For example, in the yellow area, we normalize
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the spectra with a characteristic peak of CdS and we followed the
distribution of calcite (1087 cm™'), obtaining an average thickness
of 400 pm for both the layers, yellow and red. In the red spots,
we found only a minimum associated with the red layer with an
average thickness of 300 pm. The orange zone revealed two minima,
respectively around 370 and 8oo pm. For what concerns the yellow
top layer, the obtained value underestimates the real thickness, but
it should be noted that the gathered information is derived from the
average of different sampling points (inhomogeneous surface) and
the combination of different compound profiles (different ratios). In
addition, the SORS profile is linked to the depth of “defocusing”,
which does not always match the exact thickness of the sample under
examination, as well explained by the literature [167-171].

Regarding sample V.02, PA and SORS profiles (see fig 53 and 54)
show on the whole a bottom dark zone composed of only a layer
of graphite (around 250-350 pm), in the middle the yellow area
composed of two layers, the graphite seen before, and a cover layer
of yellow cadmium of around 200-300 um. Finally the red area is
composed by the previous yellow layer covered by a stratum of red
ocher (about 500-600 um). In particular, as seen before for sample
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Figure 54: SORS analysis of V.02 sample

V.03, the yellow cadmium is not a good absorber of the NIR excitation
source (very low pixel intensity associated with its signal), even if in
tigure 53(b) an identification of its thickness and the thickness of the
dark layer below it is possible. In this case we obtained 300 pm for



100

the yellow stratum, 350 pm for the dark one, and a broad band of
around 740 um for the white substratum.

In fig 53(a) the dark zone was analyzed obtaining around 330 um
for the painted layer and a broad signal composed of different bands
associated with the substratum until a maximum of 8oo um. For the
red area (see figure 53(c)), the deconvolution showed two peaks, the
intense one of about 600 pm associated with the red layer and a very
weak shoulder for the underlying yellow layer of around 230 pm.
No further information on other underlying layers can be obtainable
from these PA images.

In fig. 54 we propose the SORS stratigraphic results obtained from the
same area discussed before. Following the intensity ratio between the
calcium hydroxide (780 cm ') and the hematite (410 cm ™), starting
the defocusing from the top red layer, we obtained tree pigmented
layers with average thickness values of around 500 um (red), 200
um (yellow) and 150 um (dark), followed by a white substratum
which starts below 830 um of depth. The values obtained with SORS
technique are more accurate than the PA ones in this sample, even if
there is a slight underestimation of the real thickness of the red layer,
which could be explainable with the inhomogeneous surface.

These preliminary results show that, even if for thicknesses of more
than 200 pm we can estimate with PA the fresco stratigraphy, their ac-
curacy decreases as a function of the layer thickness (over 400 um)
and the absorbance at the source wavelength. The final result be-
comes quite approximate especially when the surface signal is weak.
However, the combined use of SORS, even in such thicknesses, makes
it possible to obtain information with a fair degree of accuracy, over-
coming the PA limits encountered in some mock-up compositions.

3.5 SYNOPSIS OF THE OBTAINED RESULTS

In this chapter, we sought for the first time the exploration of the pho-
toacoustic (PA) imaging potential using an excitation wavelength at
1064 nm to reveal the stratigraphy of highly turbid and inhomoge-
neous materials such as frescoes, combining it also with micro-SORS,
using the same wavelength. The results of the PA on real samples
were also complemented by studies on mock-ups of different thick-
nesses and realized with different materials to increase the informa-
tion recovery of this novel approach and validate the obtained results.
Although the frescoes are not homogenous and are characterized by
grains of different sizes which can cause reflections of the main sig-
nal, an estimation of the stratigraphy of the painted surface is possible,
and when the PA cannot properly work due to low absorbance from
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the surface pigments, the SORS technique can be easily used.

This work is presented as a preliminary study on some frescoes mock-
ups with the future aim to increase the variability of the fresco sam-
ples and systematically their thickness to achieve a maximum limit
of the PA imaging accuracy. In addition, to overcome the limits en-
countered in this study, different excitation wavelengths could be em-
ployed to investigate layers presenting variable optical absorption and
structural properties. Finally, a future goal will be to extend the ver-
satility of the technique to other painting surfaces, such as canvas
and pictorial panels, and combine it with other imaging techniques to
obtain full knowledge of the sample under examination.






CONCLUSION

In this research work, we sought to expand the knowledge in the
diagnostics field of cultural heritage by using new experimental ap-
proaches.

In the first chapter, an extensive use of the Raman technique was
made to develop a kinetic model based on the carbonation of cal-
cium hydroxide. This work was preceded by a fine characterization
of its Raman spectrum, resolving the open question on the nature
of the band at 780 cm~'. Following our experimental results, this
band can be finally attributed to luminescence phenomena. The pro-
posed kinetic model is only preliminary, and it could be improved by
considering other factors that affect the rate of carbonation, such as
the presence of organic coatings. This affination process will make it
applicable as a correct dating model, regardless of the conditions be-
neath which the fresco was found and the method of its preservation.

In the second chapter, three famous pigments, the red vermilion
known as cinnabar and two standard pigments used by the Impres-
sionists, cadmium yellow and orange, were studied with artificial
degradation processes. In the case of cinnabar, a careful characteriza-
tion of its defects by pump and probe confirmed the phase variation
attributable to its blackening. These results were also expected by a
DFT-simulation. In the case of cadmium pigments, we found different
degradation products such as sulphates, oxides, and the presence of
cadmium vacancies through the application of various analytical and
optical techniques. For the latter pigment, typically used in oil paint-
ings, the study was also extended to the degradation of canvas and
oil to define their contribution in the full degradation process. Future
studies are aimed at the application of non-linear optics to study the
degradation of the binder and the organic canvas, in order to obtain
further information about their alteration.

In the third chapter, a new approach derived from the combination
of photoacoustic technique and defocusing Raman micro-SORS was
applied to analyze the stratigraphy of fresco paintings. With the aid
of real samples and mock-ups, we attempted to explore the limits,
potentiality, and complementary nature of these two methodologies
in the stratigraphic reconstruction of the analyzed samples. Future
efforts will be dedicated to extending the applicability of this new ap-
proach to other cultural heritage objects and developing a completely
non-invasive methodology.

This thesis presents itself as an initial research work both on the
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degradation of individual pigments and also for the application of
new methodologies for diagnostics, which opens new insights and
theories for the diagnostic investigation, conservation and restoration
of cultural heritage.
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