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Abstract: Calcium hydroxide, a crystal involved in the cycle of calcination and carbonation of
calcium oxide, finds several applications from cultural heritage to the dentistry branch or to the
construction industry. When excited at 1064 nm, Raman spectra of calcium hydroxide show a broad
composite band peaked at about 780 cm™!, corresponding to 1170 nm. Since it is not observed with
visible excitation, the origin of this band is debated, being assigned to some pre-existent luminescent
impurities or some structural defect of the lime formed after the synthesis of the material. To shed
light on the formation of this band, we synthetised the lime paste starting from pure calcite powders.
The obtained fresh Ca(OH); samples did not show any band in the investigated range, irrespective
of the laser excitation applied. A detailed analysis of the excitation and emission spectra in the
near infrared region did not show the 1170 nm band, supporting the hypothesis of a post-synthesis
origin. Thus, we carried out thermal treatments at different temperatures (90-500 °C) and under
different environments (in air or under nitrogen flux) on synthesised fresh Ca(OH), powders. We also
investigated the time evolution of the samples, monitoring the Raman spectra over 90 days after a
specific treatment. The collected data support the hypothesis of a defect-related luminescence centre,
whose formation depends on the temperature and environment of the treatment, which appears as a
preferential site for the carbonation process of the calcium hydroxide. These results can be useful in
the field of Cultural Heritage for dating purposes, and to determine the conservation state of Ca(OH),
containing relics to prevent the possible activation of degradation processes.
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1. Introduction

Among the natural oxide minerals (oxides, hydroxides, and oxyhydroxides) the metal oxides find
large applications for their optical, electronic, and magnetic properties. They are widely characterised
as solid catalysts and exploited for various reactions, including acid-base and redox reactions,
oxidation, dehydration, dehydrogenation, and isomerisation [1,2]. Calcium oxide (CaO), known also
as “burnt lime” or “quicklime”, crystallises in the cubic space group Fm-3m. It is white, caustic, and
alkaline at room temperature and can be easily prepared by thermal heating of calcium carbonate
(CaCO3). However, CaO is very unstable after cooling, and it spontaneously reacts with environmental
CO,, converting back to calcium carbonate or, in the presence of water, to calcium hydroxide (Ca(OH),).
CaCOj;, commonly extracted for industrial purposes, appears as fine white powder, and it is widely
retrieved in sedimentary rocks in the polymorph minerals calcite, trigonal space group R-3c, and
aragonite, orthorhombic space group Pmen. Calcium hydroxide (Ca(OH),, known as hydrated or
caustic lime) is an inorganic compound obtained by mixing or slaking water with calcium oxide. It
is a colourless crystal called Portlandite, typically found as white powder, belonging to the P3m1
space group.
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Calcium oxide, calcium hydroxide, and calcium carbonate are the main protagonists of the
carbonation/calcination cycle. Starting from calcite, it is possible to obtain calcium oxide via thermal
treatment above 900 °C [3-6]. Calcium oxide can react with water or with carbon dioxide to form
calcium hydroxide or, directly, calcium carbonate. As an alternative, calcium hydroxide reacts with
COy, leading to calcium carbonate as the final product.

The calcium carbonate cycle can be summarised as follows:

CaCOs3 + heat — CaO + CO, 1)
CaO + H,O — Ca(OH), 2)
Ca(OH), + CO; — CaCO3 + H,O 3)

All the calcium products obtained during the carbonation/calcination cycle are used in the
construction industry as malt or plaster compound [7-10], indicated by the general term “lime”.
Indeed, the term “lime” is frequently used in this branch to indicate calcium-containing inorganic
materials, in which carbonates, oxides, and hydroxides predominate. These products are exploited in
the building industry to prepare the mortar, a paste obtained by adding the required quantity of water
to a mixture of binding materials like cement or lime (mainly CaCO3 or Ca(OH);,) and fine aggregates
like sand. According to the typology of binding material, the mortars are classified into lime mortar,
gypsum mortar, or cement mortar. Lime plaster is a type of plaster composed of sand, water, and lime,
usually calcium hydroxide.

In the present work, we are mainly concerned with the structural and optical properties of calcium
hydroxide, one of the products of the calcium oxide cycle, as explained before, whose proprieties allow
its exploitation in different technological fields, from industrial building (vide supra) to endodontics,
from food and pharmaceutical industries to cosmetics and cultural heritage. As an example, Ca(OH),
was introduced into the endodontic field as a pulp-capping agent since the last century because of its
antimicrobial activity against common endodontic pathogens [11-13]. In the cultural heritage field, its
applications date back to several centuries ago, being used as a ligand and a white pigment. In the book
“II Libro dell’Arte”, Cennini called the calcium-carbonated phase mixed with calcium oxide/hydroxide
by the name “Bianco di San Giovanni” [14]. It was identified in walls and panel paintings of the Middle
Age, in Gothic mural paintings made during the 15th century [15], and it was also found mixed in the
casein and egg tempera media in many wall paintings of Giotto [14]. Calcium oxide/hydroxide is used
also in the “a fresco” technique as a binder, where the pigment mixed with water is applied to wet
lime plaster.

Prompted by our interest in the analysis and conservation of art relics, in this study we deal with
the attribution of a specific optical feature typically recorded in the vibrational spectra of calcium
hydroxide. It is indeed worth mentioning that Raman spectroscopy is very suitable in the cultural
heritage field because it is completely non-destructive and does not require any pre-treatment of
the samples. Moreover, thanks to advances in technology devices in recent years, it is possible to
collect excellent experimental data directly in situ, by means of optical fibers-coupled devices with
a small and compact dispersive apparatus, keeping the relic and its conservation condition under
control [16-20]. As for the calcium hydroxide, under 1064 nm laser excitation the Raman spectra of
Ca(OH);-containing artifacts [5,21], such as paintings, antique texts [16], or mortars of ancient buildings
made by grinding calcite stone (as reported by Vitruvio in his book “De architectura”) showed a large
composite band peaked at about 780 cm™!, whose attribution is still debated, mainly because of the
excitation dependence. The behaviour of this band appears correlated to the carbonation process,
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 [6]. This particular
trend can be clearly associated to the reaction of slaked lime to the environmental atmosphere. For
this reason, the mentioned band elicited our attention as a specific marker for those processes in
which a reaction driven by environmental conditions takes place. That is the case of frescoes or
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paintings and in general Cultural Heritage Ca(OH);-containing relics where a possible degradation
should be monitored. Schmida and Dariz [22] studied the Raman and luminescence spectra of CaO,
Ca(OH),, and CaCO3 with three different excitation wavelengths (514.5 nm, 632.8 nm, and 784.8 nm)
and excluded the vibrational nature of this band, hypothesizing a luminescence effect derived by
impurity (rare earth) elements. On the same grounds, other authors [23] investigated the fluorescence
of some calcium minerals, correlating the above mentioned band to rare earth impurities associated
with a particular structure or phase of this compound. Chaix-Pluchery et al. [22,24] studied the Raman
spectrum of calcium hydroxide (Aexc = 514 nm) at different temperatures and identified the formation
of a luminescence band around 1650 cm™! (that is, 562 nm) [24], but no evidence could be found in their
spectra of the 780 cm™! 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 [25]. On the other hand, a study of calcite luminescence [26] 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?Z*, Ce®*, or Eu®* ion impurities [27].

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. Another possibility is the formation of some kind of defects
during the carbonation/calcination cycle itself. Indeed, depending on the environmental conditions
(humidity and temperature), the cycle could re-start and proceed. Dubina et al. [28] reported that
the lime conversion 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 portlandite without carbonation, while for a higher RH concentration the partial
carbonation becomes relevant. However, the conversion process 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, we characterised the lime paste by analysing Raman spectra excited with visible
and NIR excitations and carrying out different thermal treatments of the samples, also under
different environment conditions, to support the assessment of a luminescence defect related to
the carbonation/calcination cycle. A complete understanding of the nature of this band can be useful in
the field of Cultural Heritage for dating purposes, as well as to determine the conservation state of
mural relics to prevent the possible activation of degradation processes.

2. Materials and Methods

2.1. Sample Preparation

Materials and CaCO3; 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 product was then wetted with distilled water and mixed to complete the
reaction. Finally, the obtained Ca(OH), was heated at different temperatures (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 treatments were carried out to achieve the same effect as the time decantation
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.
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2.2. Experimental Set-Up

2.2.1. Raman Measurements

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 (B&WTEK, Newark, NJ, USA) i-Raman Ex integrated system with a spectral
resolution, as declared by the constructor, of less than 8 cm~!. The spectra were collected with different
acquisition times between 20 s and 80 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 x Olympus objective to select the area on the samples.

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 Reflecting
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
spectral resolution of about 1 cm™!. Spectra were recorded in the Stokes region by a 1200 grooves/mm
grating monochromator and a charge-coupled device (CCD) detector system.

2.2.2. Photoluminescence (PL) and Photoluminescence Excitation (PLE) Measurements

Samples were excited with different laser sources at 405 nm, 532 nm, and 632.8 nm to collect the
luminescence through a detection system composed by the spectrometer B&WTEK (Newark, USA)
with a spectral 1040-1460 nm IR range (corresponding to a 1002500 cm~! Raman shift). The emission
signal was collected in front face mode by a wide spectral range optical fiber of 200 um 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 collecting the emission signal by means of the
previous detection system. All the emission spectra were recorded in the air at room temperature, 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 90 days to check the aging
effect on the calcium hydroxide samples under standard environmental conditions (average temperature
20 °C, average pressure 1 atm, and 60% of average RH). This time period was estimated to be enough
to evaluate the kinetic of the studied processes.

3. Results and Discussion

The target of our investigation is to assess the origin of the excitation-dependent band in the range
of 700-800 cm™!, observed in calcium hydroxide only under 1064 nm laser excitation. The discussion
of the results is carried out by a comparison to the features at low and high wavenumbers (vide infra).
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 1, we compare a reference spectrum
excited at 532 nm [29] to the spectra of our synthesised samples excited at 532 nm (Figure 1a) and
1054 nm (samples not subjected to thermal treatments—Figure 1b). 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
Eg and Ajg modes) [30]. As reported in the figure, the spectra of our samples 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 [31,32]. The reported spectra do not show any contribution in the 700800 cm™! range irrespective
of the laser excitation exploited, in contrast to the literature spectra of aged calcium hydroxide gathered
under 1064 nm excitation.
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Figure 1. Raman spectrum of the lime paste: reference obtained with 532 nm excitation and the
experimental sample, without thermal treatment, and with excitation at (a) 532 nm and (b) 1064 nm.

To support these results, we analysed the PLE measurements by monitoring the IR emission range,
with no evidence, also in these experiments, of any contribution around 1170 nm (corresponding to the
780 cm~! Raman band under 1064 nm laser excitation). These observations support the idea that the
Raman band in the 700-800 cm~! range reported in some literature spectra [22] does not belong to
vibrational features nor to luminescence characteristics of fresh pure calcium hydroxide.

To further analyse the origin of these optical findings, we considered the carbonation/calcination
cycle reported in the introduction. As already observed, the Raman spectrum excited with 1064 nm
excitation (Figure 1b) shows a large contribution of the band at 936 cm™!, associated with the O-H
out-of-plane bending mode of unbound water, 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 treatment. To reduce the water content and speed up the
drying process of the synthetised Ca(OH),, we heated the samples at different temperatures in the
90-500 °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 2). 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 2 shows the Raman spectrum of the Ca(OH),-heated samples 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), bands appear as faint contributions in the figure).
The intensity 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 Eg and internal Aj; modes, respectively) [4,33].
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Figure 2. Raman spectra with 1064 source of lime paste heated at different temperatures for 1 h in
the air (the curve at 300 °C was arbitrarily divided by 10 for clarity purposes). The insert shows the
normalised intensity of the bands at 1170 nm for the different temperatures.

The observation of the two calcite bands suggests that the carbonation process is ignited by the
thermal treatment. In order to understand the possible connection between the formation of the
780 cm~! 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 3. The intensities
are arbitrarily normalised to the peak of calcium hydroxide at 357 cm™!.

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 measuring the ratio of the 1087 cm™~!
band with respect to the 357 cm™! band. The calcite relative content is larger in the sample treated in
the air (the ratio is 0.87) than in the sample treated in nitrogen (0.23).

Based on these results, two considerations can be deduced: first, the carbonization 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 Oy molecule or promoted by the interaction/reaction with it.

To further characterise the kinetics 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 temperature and under standard RH conditions (60%). Figure 4 shows the spectra
for the samples heated to 90 °C and arbitrarily normalised to the 1087 cm™! calcite peak. In the
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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.
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Figure 3. Raman spectra of paste lime heated in air and in N, atmosphere for 1 h at 300 °C with 532
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Figure 4. Dependence of the luminescence bands with the time of heated samples at T = 90°.
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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 [31,32,34] and the one of calcium hydroxide at 357 cm™, the
former being higher than the latter; then, after four days both features strongly decreased, indicating
that the free water and the calcium hydroxide reacted to form calcite.

The Raman spectra of the sample heated to 200-500 °C are reported in Figure 5. 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 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 thermal treatment. The whole set of samples displays the
formation of calcite in the first days of observation.

T=200 °C Sample heated in air at 300 °C
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Figure 5. Dependence of the luminescence bands with the time of samples heated in air at T = 200 °C
(A), 300 °C (B), 400 °C (C), and 500 °C (D).

Finally, we performed the same analysis on the samples treated under nitrogen flux (Figure 6).
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.
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Figure 6. Dependence of the luminescence bands with the time of nitrogen-heated samples at T = 300 °C.

According to these findings, we can hypothesise a kinetic model of the carbonation process
that can be monitored from the relative intensities of the Raman band at 1087 cm™! (calcite) and the
luminescence band at 780 cm~! that we tentatively assigned to some calcium hydroxide crystal defect
interacting with molecular oxygen [35,36]. 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 undergoing
carbonation at time ¢ with respect to the starting population, we calculate the normalised ratio R,
defined as follows:

I7g0
Ry(t) - Ko _ Do) @
Ro (o)
where the term 11170% (0) represents the relative starting concentration of emitting defective centres with
respect to the amount of calcite crystals after the thermal treatment, and 11170% (t) indicates the relative

concentration of the defects at the instant # during the progressive carbonation process. By assuming a
first order kinetic, in agreement with the model proposed by Camerini et al. in [37], a rate equation can
be found, as follows:
o= y[1-Ra(t)] = v(1-e7%), ©)
where « is the carbonation degree, T represents the characteristic time of the process, and vy is the
maximum carbonation relative value (asymptotic value in the graph).
Figure 7 reports the calculated model from experimental data recorded over 90 days for the whole
set of samples, that is the ones treated at different temperatures and under different environments. The
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first order kinetic model successfully fits the acquired data but for the 500 °C treated sample, where a
second-order kinetics is observed, suggesting that a second carbonation process is occurring beside
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 90 °C (t = 10 days), and is the fastest at 200 °C, where the luminescence band had
its maximum of intensity at zero time (t = 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.
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Figure 7. Kinetic model of our experimental data using Equation (2).

4. Conclusions

In this study, we carried out a detailed optical analysis (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 lime paste to definitively assign the nature of the band
located at about 1160 nm (780 cm™~! under 1064 nm excitation). The 780 cm™! band is present in mural
paintings, in ancient mortars, and in plasters, and a complete understanding of its nature can be useful
in the field of Cultural Heritage. In addition, it is also observed in modern synthetic lime paste, applied
in the dentistry branch or to the construction industry.

Thermal treatments of the samples at different temperatures in the 90-500 °C range reveal
different optical features and time trends. Only the Raman spectra realised with excitation of 1064 nm
revealed the presence of this strong band when the sample was heated at 200 °C or above, supporting
the hypothesis of a luminescent centre. The intensity of the band is related to the heating process
temperature, showing a maximum at 300 °C. By changing the environment from a reducing to an
oxidizing one, we evidenced that the interaction with molecular oxygen, and possibly carbon dioxide, is
required to produce the defective centre. Finally, the centre acts as a preferential site for the carbonation
process of the powders observed during the aging of the samples over 90 days, as indicated by the
monomolecular model successfully applied to samples treated below 500 °C. The thermal treatments
carried out clearly reveal that the carbonation cycle is involved in the formation of the 780 cm™! band,
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evidencing a correlation between the latter and the temperature, with a maximum at 300 °C. Thus, by
exciting a specific artifact or a lime paste at 1064 nm and recording the luminescence/Raman spectrum,
one can infer, from the relative contribution of the detected features, the history of the sample and
exploit the recorded kinetic curves to develop a dating model of Cultural Heritage relics, such as “a
fresco” paintings.
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