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Abstract

This paper aims to evaluate the Er:YAG laser efficacy to safely thin a varnish on a modern 19"
century oil painting. Tests were carried out under single and multiple laser scans directly on the
surface (dry) or after pre-wetting with deionised water (DIW) and a non-ionic surfactant
(Tween 20), fluence ranges of 0.56-2.40 J/cm? and 100 psec pulse duration. Microscope glass
coverslips were placed on the painting surface during irradiation to collect the condensed resin
fragments that were extracted from the varnished surfaces. Spectral clusterisation maps of
Multispectral Imaging (MSI) data of the irradiated surface supported the evaluation of the
procedure. Further evaluation was performed by stereomicroscopy and colourimetry. Fourier
Transform Infrared spectroscopy (FT-IR) and Pyrolysis Gas Chromatography / Mass
Spectrometry (Py-GC/MS) analysis indicated that the varnish resin was dammar. The collected
resin fragments were analysed by FT-IR. The results showed that the resin did not degrade even
at the highest level of fluence employed, thereby allowing a subsequent analytical evaluation.

Keywords: Er:YAG laser; Multispectral imaging; Fourier Transform Infrared spectroscopy
(FT-IR); Painting.

1. Introduction

The surface cleaning of easel paintings can be considered as one of the most critical, highly
sensitive and complex procedure in conservation [1]. This treatment is an irreversible process
as it is impossible to reconstitute what was removed from the original painted surface [2].

In the last decades, scientific research in conservation has provided viable alternatives to
traditional cleaning methods for paintings, among which there are laser treatments. The first
cited work on laser cleaning of paintings was an unpublished report by the Canadian
Conservation Institute in 1981 [3].

The interaction of the organic and inorganic paintings’ constituents with laser beams and the
subsequent removal mechanism of targeted materials, i.e. varnishes, patinas or/and restoration
materials, is multifaceted [4]. Recently, the use of the mid-infrared wavelength Er:YAG laser
(2940 nm) was successfully tested on easel paintings [5-7], as an alternative to traditional
cleaning methods, e.g. the use of solvent admixture or mechanical means.

The aim of this paper is to understand the effects of Er:Y AG-induced thinning of a painting’s
varnish, scanning its surface using one laser pulse per scan and determine the fluence range for
a safe varnish irradiation to avoid disruption of the underlying paint layers. In order to address
this, a multi-analytical approach was employed. Spectral clusterisation on multispectral
imaging data of the treated surfaces areas was carried out to monitor the efficiency of Er:-YAG
laser cleaning process based on the spectral reflectivity changes across the treated areas. This
enables the understanding of the treated surfaces effects including the thinning variations on
the varnish layer [8]. For the same reason, colourimetric analysis was also used to determine
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the impact of laser irradiation to the surface gloss based on factors that were introduced
elsewhere [9,10]. Subsequently, Attenuated Total Reflectance / Fourier Transform Infra-Red
(ATR/FT-IR) spectroscopy and Pyrolysis Gas Chromatography / Mass Spectroscopy were
carried out to characterise the varnish film of the painting prior to the Er:YAG laser irradiation.
Then, ATR/FT-IR was performed on the condensed fragments collected on the coverslips upon
laser irradiation. Extracting minute quantities of coatings with Er:YAG lasers is a reliable
sampling technique for analytical evaluation which has been established elsewhere [6,11-13].

2. Material and methods

2.1 Attenuated Total Reflection / Fourier Transform - Infra-Red Spectroscopy (ATR/FT-IR)
Attenuated Total Reflectance / Fourier Transform - Infra-Red (ATR/FT-IR) Spectroscopy was
carried out on a Perkin Elmer bench spectrometer coupled with an FT-IR microscope
(PerkinElmer Frontier, Spectrum 400™ FT-IR)? Prior to laser irradiation sampling was
conducted under a stereomicroscope by scraping off minor quantities of varnish with a stainless
steel scalpel blade N010. The laser irradiated surface was sampled directly during irradiation
by collecting the condensed material on glass coverslips, as described below in section 2.3,
which is an established micro-destructive sampling technique [6,11-13]. Samples of the
untreated and treated varnish were placed directly on the diamond window and pressed (up to
pressure gauge of 110). The working wavenumber range was from 4000 to 380 cm™, and the
spectra were acquired at 16 scans at 4 cm™ resolution. The background was automatically
subtracted. The ATR/FT-IR spectra were processed using PerkinElmer Spectrum™ 10
software suite. The integrated areas of the peaks corresponding to stretching vibrations of
hydroxide (2700-3700 cm™t), C-H (2850-3000 cm™*) and carbonyl (1500-1900 cm™*) bonds were
determined [14]. These spectra were normalised to an identical intensity at the C-H stretching
frequency of 2953 cm™ [15]. Consequently, the ratios of the integrated areas of the selected
OH/CH and the C=0/CH band were determined. The generated data were compared to the non-
irradiated sample to monitor any possible chemical changes after laser irradiation.

2.2 Pyrolysis - TMAH- Gas Chromatography / Mass Spectroscopy (Py-TMAH-GC/MS)
Pyrolysis - Gas Chromatography / Mass Spectrometry was carried out on a Thermo Finnigan
Focus GC Gas Chromatograph with an Agilent DB5-MS Ul column (ID: 0.25 mm, length: 30
m, df: 0.25 um, Agilent, Santa Clara, CA, USA), fitted with a Pyrola 2000 Platinum filament
pyrolyser (PyroLab, Sweden). A sample of the order of 0.5 mg was directly derivatised in an
aliquot of 1 pl of 25wt% in methanol tetramethylammonium hydroxide (TMAH) and placed on
the Pt filament. The Pyrolyser was coupled to a DSQIlI Mass Spectrometer. The inlet
temperature to the GC was kept at 280 °C. The helium carrier gas flow rate was 1 ml/min with
a split flow of 13 ml/min. The MS transfer line was held at 280 °C and the ion source at 250
°C. The pyrolysis chamber was heated to 175 °C, and pyrolysis was carried out at 600 °C for
2s for the majority of samples. The temperature program was set as follows: 40 °C for 2 mins
followed by 26 mins of 8 °C/min to 250 °C followed by 10 mins of 3 °C/min up to 280 °C, and
a final step at 280°C held for 20 mins to a total run time of 58 mins. Acquisition was carried
out in a Total lon Count mode, where all ions in the range 40-800 m/z were monitored. The
data were examined and processed using Thermo Scientific Xcalibur™ 2.2 version.
Characterisation was verified with previous findings [16-20].

2.3 Laser Cleaning Tests

A Fotona Fidelis*®, VSP Er:-YAG laser (A = 2.94 um) in Very Short Pulse (VSP) mode (laser
pulse duration (tp)~ 100 usec) was employed. The laser was equipped with an articulated mirror
arm and was operated in the free-running mode. The beam was delivered perpendicularly onto
the varnish surface by a straight collimated full-beam titanium handpiece R11, held by the laser-
operator like a pen. The laser beam diameter was set at 3 mm, both in the handpiece and in the
Fidelis™ display, and the pulse repetition rate was set at 2 Hz.



A Fotona XS Dynamis Er:YAG laser in the VSP mode was employed to determine the laser
working distance and the laser beam diameter prior to the laser cleaning tests on the painting.
A titanium handpiece R11 was fixed at three different working distances: 2, 5 and 10 cm. The
distances were measured from the lens at the end of the handpiece up to the surface of a
photosensitive black paper. The laser beam was released to create a series of laser beam spots
on the paper. The laser spot areas were calculated and fluences were determined by dividing
the laser energy by the measured spot areas. Each manually determined fluence was compared
to fluence reading on the Fidelis™ display (Fig. S1).
The laser irradiation tests were carried out in fluences, as shown in the laser unit display,
ranging from 0.6 to 2.4 J/cm?®, from this point on the fluence values would be referred to as
“nominated fluences”. The working distance measured between the end of the handpiece and
the painting surface (nineteenth century easel painting, size: 95 x 54 cm) was kept constant at
5 cm. Single and multiple laser pulses were fired onto the painting surface, creating a total of
twenty-two tested areas (Fig. 1). In each of them, six different tests were run (15x15 mm
squares) (Fig. 2), at first on the dry-irradiated surface and then using five different wetting
agents, which were:

- Deionised Water (DIW);

- 1% (v/v) of non-ionic surfactant (Tween®20°) in 50 mL of Deionised water

(DIW+TW?20) [1];

- 50 (%V/v) Industrial Methylated Spirit (IMSY) in deionised water (50% IMS+DIW);

- 50 (%v/v) IMS and White Spirit (WS*) (50% IMS+WS);

- White Spirit (WS).
These solvents and solutions employed were thoughtfully selected to monitor the interaction of
the laser with various surface polarities[12] by using Cremonesi-Wolbers solubility tests
[1,21]. According to the latter tests, binary solvent mixtures, composed of WS and acetone or
WS and IMS, were used at various concentrations [1,7] in order to monitor the polarity
threshold for the efficient solubilisation of the varnish film. Furthermore, the Fractional
Solubility Parameter provided an indication of the surface polarity and it was calculated for
each of the agents®.
Prior to the laser irradiation of the varnish surface, all the glass coverslips (15x15 mm) were
cleaned using deionised water, acetone, ethanol and then dried.
For the pre-wetting procedure, the painting surface was wetted with cotton swabs. The latter
loaded with wetting agents were firstly drained on a blotting paper before the swabs were rolled
three times on the varnish surface. Then, the area was immediately covered with thin glass
coverslips and irradiated with the laser. Considering practicalities and previous trials [12], for
tests based on two laser scans, the varnish surface was pre-wetted at the beginning of each laser
scan. For trials based on three laser scans, the varnish layer was pre-wetted only once prior to
laser irradiations.

2.4 Studio photography

The twenty-two test areas were photographed using a Canon digital camera Compact-Macro
Lens 50mm 1:2,5 fixed/prime. Each set was captured before and after laser irradiation in the
same lighting conditions using visible (VIS) daylight and ultraviolet (UV) lamps. VIS: Bowens
SL855 with 8 daylight light (approximately 5800 K) sources provided illumination in the visible
and near-infrared regions. UV lamps (UV 72W blacklight) had an emission between 315 and
400 nm (peak 365 nm). A Kodak Wratten 2E filter cutting off wavelengths below 415 nm was
employed for the UV induced fluorescence imaging.

2.5 Stereomicroscopy

Stereomicroscopic observations of the painting surface were carried out before and after laser
irradiations in reflected light with a Leica Stereo Zoom S6 D 6.3:1 stereomicroscope (6.3X -
20x magnification) that provides a field of view up to 36.5 mm. A Leica MC170 HD
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Microscope Camera (5 Megapixel HD) and a set of LED fibre optic lights were employed to
capture the micrographs.

2.6 Colourimetry

Colourimetric measurements were carried out with a Konica Minolta Spectrophotometer CM
2600-D covering a 360-740 nm spectral range at spectral resolution of 10 nm. The spot
diameter was set at 3 mm, using a Target Mask CM-A147. The data were acquired in both
Specular Component Included (SCI) and Specular Component Excluded (SCE) modes. Three
measurements for each examined area (inside the laser-treated tests and outside near the edge
of the untreated areas) were averaged to obtain each data point. The data used for this study
were the lightness values L* ranging between 100 (brightest white) and O (darkest black)
acquired in SCI and SCE modes [9,10,22]. In SCE mode a glossy surface returns values closer
to zero (darker) than a matte surface of the same colour [22].

According to Kun et al. (2014) [9] and Sanderson et al. (2015) [10], SCI = SCE+GRF (Gloss
Related Factor). Thus, the change in the painting’s surface, before and after laser irradiation,
was calculated by the following formulas:

GRFy, = Lsc,, — Lsce, (Ea. 1)
GRF, = Lg¢1, — Lscg, (Eg. 2)
where indices b and a correspond values before and after irradiation, respectively.

Therefore, the irradiation impact to the surface gloss can be determined as:

AGRF = GRF, — GRF, (Eq. 3)

Herein, the surface was not further processed with any solution after laser irradiation, which is
common in art conservation procedures [7].

2.7 Multispectral imaging

Multispectral Imaging (MSI) was performed using an XpeCAM X01 camera (XpectralTEK).
The device, equipped with a 5M pixels monochrome CMOS sensor, and a 35 mm / F1.3
objective lens, acquired a sequence of spectral images ranging from 350 - 400 nm every 10 nm,
400 - 700 nm every 25 nm and 700 - 1200 nm every 50 nm. The same light sources as those for
studio photography were employed. A white Diffuse Reflectance Target (DRT) was used for
calibration purposes. The DRT was placed very close and parallel to the painting surface,
enabling spectral intensity calibration and corrections for inhomogeneous illuminance of the
surface. Acquisition was performed for both DRT and sample images. Each spectral image was
then normalised with the corresponding DRT spectral image. MSI data were processed with an
advanced image-processing programme, Tensor Image Processing Platform (TIPP),
specifically designed to analyse MSI data™. The acquired spectral images were then processed
by a blind clustering method (k-means clusterisation) [23], where individual pixel spectral
similarities were mapped with a single colour. Spectral clustering was carried out on 11 spectral
images in the 360 - 550 nm wavelength range, in which the aged varnish absorbed strongly
(Fig. S1). Distinct areas were classified by significant reflectance differences. The generated
MSI clusterisation maps provided information related to the percentage of the varnish thinning.
Quantification of the laser irradiation efficacy was performed via calculation of the clusters’
surface coverage, in each scanned area.

3. Results and Discussion

3.1 Varnish Characterisation

Prior to the laser irradiation tests, the varnish of the painting was characterised by means of
ATR/FT-IR and Py-TMAH-GC/MS, which showed that it was a triterpenoid (TTP) dammar
resin varnish. The ATR/FT-IR spectra are reported in Fig. 3 and their frequency assignments
are listed in Table 1. The presence of the broad absorbance band at 3400 cm corresponding to
2940 nm, attributed to stretching vibrations of O-H groups, indicates the absorption at the



Er:YAG laser wavelength [5]. Methyl and methylene groups gave two sharp absorption peaks
at 2943 and 2875 cm™ due to asymmetric CHs/CH2 and symmetric CHz stretching, while 1453
and 1380 cm™ peak were attributed to the C—H bending of CH2 and CHa, respectively [24,25].
The triterpenoid varnish painting sample showed a characteristic IR absorbance peak at 1705
cm?, due to the C=0 carbony! stretching vibration of the resinous acids [26]. The band at 1630
cm™ corresponded to the C=C stretching, 1165 cm™ and 1236 cm™ were attributed to the
saturated C-C stretching vibrations. The peak at 874 cm™ indicated CH out-of-plane
deformation of two hydrogen atoms in aromatic rings [24]. The chromatogram of the Py-
TMAH-GC/MS study showed a series of peaks between 35 and 58 minutes (Fig. 4) correspond
to a TTP resin. The main peaks were identified in the mass spectra as dammaradienone,
dammaradienol, dammarenolic acid, oleanonic acid, hydroxydammarenone, oleanonic
aldehyde, ursonic acid and ursonic aldehyde (Table 2, Figs. S3-S10). The presence of
dammarenolic and ursonic acids (Figs. S5 and S9) indicated that the resin was dammar
[16,17,19,24,27,28].

3.2 Er:YAG Laser tests

The procedure for the Er:YAG laser tests was carried out on a 19" century modern oil painting
to breakdown and thin the dammar varnish without removing it (Fig. 1). A gradual increase in
the nominated fluence was used, and coverslips were placed in between the paint surface and
the handpiece to collect resin fragments for further analyses. Laser irradiation run both on dry
surface and with wetting agents, ranging from auxiliary OH-containing solvents (such as DIW
and IMS) to a non-OH solvent (WS). Since the efficiency of the Er:YAG laser is directly
proportional to the number of OH groups present in the surface [29], hydroxides were
introduced by adding hydroxylated liquids, which aided to increase the laser interaction with
the varnish layer [11,30], therefore reducing the heat diffusion of the incident 2.94 um beam in
the bulk [5,31,32]. Laser irradiation resulted in circular spots that were identified on the dammar
varnish surface. The spots were gradually more defined when increasing the nominated
fluencel. Due to this effect, the gloss of the varnish surface was progressively reduced to a
whitish appearance also because of augmented light scattering.

The tests showed that irradiation of the varnish had similar results when the surface was: a)
dry or pre-wetted with WS, b) pre-wetted with DIW and DIW+TW?20, and c) pre-wetted with
50% IMS+WS and 50% IMS+DIW. As reported in section 2.3, Cremonesi-Wolbers solubility
tests [1,21] were carried out on the painting prior to irradiation. Specifically, by comparing the
values of non-polar dispersion forces, fa, polar dipole forces, fp, and hydrogen bond forces, fn,
the presence of a natural resin varnish was determined [1,33-35]. The test of solubility carried
out before the laser test revealed that neat IMS could have partially solubilised the varnish. For
this reason, the data discussed in this paper were those of the dry irradiated and the DIW+TW20
pre-wetted tests to evaluate the Er:YAG laser efficacy to safely interact with the varnish layers.
Nominated fluences between 0.7 and 2.4 J/cm? generated an evident breakdown of the surface,
and the tests proceeded with one, two and three laser scans (Figs. 5 and 6). The varnish thinning
was verified by detecting the condensed material on the coverslips and by visually assessing
the painting surface under visible and UV light.

In correspondence to the dry irradiation tests, the desired outcome was obtained by one scan at
2 Jlcm? and two scans at nominated fluences ranging from 0.7-1 J/cm? with no apparent colour
variation of the varnish surface by eye (Fig. 5). An over-treatment, identified as the generation
of a brown hue of the irradiated area, was visually assessed after one laser scan at 2.1 J/cm?, as
well as at two laser scans of the surface at 1 J/cm? using the stereomicroscope. This visually
assessed colour variation can be related to laser-induced photothermal and photomechanical
effects [6,29,31,36]. Satisfying results in terms of a gradual thinning of the varnish without a
brownish discolouration were obtained in the presence of DIW+TW20 at one laser scan at 2.4
Jlem?, two laser scans applications at 2.3 J/cm? and three laser scans applications at 2.1 J/cm?,
respectively (Fig. 6, Table 3).



Furthermore, all the tested areas developed a change in the surface morphology of the irradiated
varnish, which showed the formation of micro-roughness (Fig. 5 Ill and Fig. 6 1l1), as also
discussed elsewhere [30,31,36]. The tests showed that dry irradiation resulted in the collection
of more resin fragments on the cover slips than the pre-wet tests at the same laser settings (Fig.
7).

3.3 Colourimetric measurements

Colourimetry allowed to assess a consistent increase in lightness L* in SCI and SCE modes for
the tested areas after laser irradiation (Table 3). This increase in L*, being this parameter related
both to the increased light scattering and therefore to the increased brightness of the varnish,
confirmed the visually observed whitening of the irradiated varnish and its disruption induced
by laser irradiation. L"sci and L"sce values before and after laser irradiation, were employed to
determine the gloss related factors, GRF» and GRFa (Eq. 1 and 2). Thus, the AGRF (Eq. 3)
determines the impact due to laser irradiation, corresponding to the reduction in gloss of the
surface (Table 3 and Fig. 8).

The plot in Figure 7 shows that the dry irradiated areas with one laser scan had a higher AGRF
value compared to the two laser scanned areas. It is possible to observe a considerable gap
between the area scanned once with the area scanned twice, except for the areas irradiated at
0.6 J/cm? due to the weak laser interaction with the varnish surface. By increasing the fluence,
in the dry irradiated areas with one laser scan, an increasing trend in the interaction is detected
with a maximum at 2 J/cm? followed by a decrement. The same pattern is observed in the two
times scanned areas with a peak at 1 J/cm?. In this plot it is possible to identify a good
correlation between the maximum AGRF value with the desired outcome that was visually
assessed for the one laser scan areas at 2 J/cm? (Fig. 5). In the case of the two laser scanned
areas, the maximum AGRF is obtained at about 1 J/cm?, which is in agreement with the post-
irradiation visual assessment of the surface.

A similar comparison is made in the AGRF values of the prewetted surfaces at one and two
scans, where the values of the one scan surfaces are higher than the values for the two scans. In
this case, the AGRF data of the one scan areas remain almost stable up to 1.5 J/cm? and
significantly increase at 2 J/Jcm?. AGRF data of the two scanned prewetted areas are almost
stable at all fluences. The three scanned prewetted areas could not be compared here because
these areas were only prewetted once prior to irradiation which caused significant light
scattering at the varnish surface compared to the one- and two-scanned areas. However, the
data are reported in table 3.

These results along with UV fluorescence findings were combined with multispectral imaging
data to further evaluate the efficacy of the Er:YAG laser irradiation (Table 4).

3.4 Multispectral imaging

Following irradiation, the thickness of the remaining varnish layer, presented a high variability.
Spectral clusterisation resulted to 3 clusters depicted in different colours (Fig. 9). Black colour
corresponds to the non-irradiated varnish. Green represents an early-stage varnish thinning,
while red represents a gradual deeper reduction, resulting in a thinner remaining varnish layer.
The absorption of the varnish is dependent on its physical and chemical characteristics, such as
its thickness and the concentration of compounds with light absorbing functional groups, such
as those generated in degradation products in dammar resin due to ageing [37,38]. The study of
the spectral image sets, in the scanned areas, showed that up to 425 nm the reflectance was
exclusively due to the varnish layer (Fig. S2). Upon ageing, dammar varnishes absorb strongly
not only in the UV but also in the blue part of the visible spectrum (400-490 nm) due to the
presence of unsaturated quinines [24,37,39]. Thus, background reflectance is minimised due to
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the strong absorption of the varnish in the blue, as also is evidenced in the presented case (Fig.
S1).

However, in order to negate any contribution from underlying paint layer in the scanned areas,
the ratio between the average reflectance spectra of the red and green clusters was determined
(Fig. 10). Considering that the green and red clusters represent raster of scattered points of
thicker and thinner films of the remaining varnish, this ratio clearly represents the reflectance
difference due to thickness. A similar approach was previously reported to monitor the
thickness of black crust layers on marble substrates [40].

Fig. 10 shows the similar spectral characteristics of the irradiated varnish regardless of the pre-
wet or dry irradiated procedure. In the two laser scanned pre-wetted and dry areas the ratios of
the green over red clusters resulted in identical spectra, providing further evidence that no
contribution from the background was detected. This is also due to the fact that the two laser
scanned areas, regardless of pre-wetting, were processed with the same method as reported in
section 2.3. Regardless of scattering which offsets the spectra in Fig. 10, it can be seen that the
aged varnish reflected strongly at 380 nm and that by increasing the laser scans, and therefore
gradually thinning the varnish layer, a stronger reflectance at 370 nm was eventually recorded.
The gradual reflectance shift from 380 nm to 370 nm is in line with previous findings on
UV/VIS spectrophotometry of TTP resins thinned with excimer lasers [24]. In this spectral
region, tails of the carbonyl groups of hydroperoxides, aliphatic acids, and aldehydes with peak
absorption at wavelengths below 250 nm, affect the UV absorption and reflection of the films
due to n —=n* transitions [41]. Moreover, absorbance in the near UV is gradually shifted
towards shorter UV wavelengths as function of depth [24], which was verified in the presented
study (Fig. 10). In addition to the aforementioned information, the clusterisation maps (Fig. 9)
indicated that the interactions of the dry and pre-wetted varnish with the laser were different
and determined the progressive thinning of the varnish layer.

The percentage surface coverage of the clusters of the dry and the DIW+TW20 irradiated areas
as a function of nominated fluence showed that pre-wetting the surface results in a more
controlled interaction (Fig. 11). In particular, the dry irradiated surface presented an abrupt
thinning of the varnish with lower fluencies. For instance, 2 scans at the dry irradiation
procedure maximised the varnish thinning abruptly between 0.6 and 0.7 J/cm?, contrary to the
pre-wet procedure where a similar result was obtained more gradually in a higher nominated
fluence range from 1 to 2 J/cm?. Thus, this study indicates that pre-wetting offers a more
controlled and gentle interaction.

3.5 Further Spectroscopic Evaluation

The ATR/FT-IR spectra obtained from the residual varnish collected on the coverslips
(acquired at different nominated fluences) upon laser irradiation were therefore compared with
the varnish sample that was not irradiated (Fig. 12). Given that resin fragment were directly
extracted from the glass coverslips the results were not affected as in the case of the visual
interpretation due to light scattering at the surface of the irradiated varnish, as observed on the
three-scanned areas. The ratios of the integrated areas of the OH/CH and the C=0/CH bands
did not show significant changes in dry and pre-wet mode after scanning the surface one time.
However, it was possible to detect small differences in the varnish after two or three laser scans
irradiations. The absorbance band at 3700-3100 cm™ attributed to OH stretching vibrations
showed no changes in intensity also at the highest nominated fluence at 2.1 J/cm? in all tests.
Conversely, the intensity of the carbonyl stretching vibration band gradually decreased by
increasing the nominated fluence (Fig. 12), as was also observed in KrF excimer laser ablated
triterpenoid varnishes [24,42]. Taking it all into account, there was not a considerable
modification in the OH/CH and C=0/CH ratios of the treated varnish fragments by increasing
the nominated fluence. However, the lightly decrease in the carbonyl stretching vibration has
suggested the presence of a degradation gradients in the triterpenoid varnish [24,42].



4. Conclusions

This paper provides an example where an Er:YAG laser was used to thin a dammar varnish of
an oil painting, as evidenced by ATR/FT-IR and py-TMAH-GC/MS. Laser irradiation tests led
to diverse results depending on whether the surface was directly irradiated dry or pre-wetted
with deionised water with a non-ionic surfactant. The tests were effective in the nominated
fluences ranging from 1 to 2.4 J/cm? in one, two and three laser scan applications. Multispectral
imaging clusterisation maps of the tested areas were particularly useful for the evaluation and
monitoring of the laser effects to the surface.

A gloss related impact due to irradiation was in good agreement with the visual assessment of
the post-treated surface. Furthermore, ATR/FT-IR spectra carried out on the resin scrapings
assessed the laser cleaning efficiency process by monitoring the changes in the OH/CH and
C=0O/CH ratios. Laser irradiation did not show a considerable modification in the
abovementioned ratios. The minor decrease in the C=0O/CH ratios, however, indicated that the
dammar varnish was less deteriorated in the bulk than in the surface [42]. Overall, this work
supplied an insight into the mechanism of the Er:YAG laser irradiation of varnished paintings.
This alternative method can enable the conservator to address a cleaning procedure using less
invasive and safer techniques when laser irradiation is used within appropriate energy levels.
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Figure captions:

Fig. 1 — The nineteenth century oil painting “Hunting Scene” (95 X 54 cm) with the
Er:YAG laser test areas (A); Laser cleaning in progress (B).

Fig. 2 - Detail of one tests (one scan, 2.1 J/cm?). At top left the dry irradiated area is shown,
followed by other irradiated areas pre-wetted with the following solutions: deionised water
(DIW), 1% v/v Tween20 in DIW, 50% v/v Industrial Methylated Spirit (IMS) in DIW, 50%
v/v IMS in White Spirit and White Spirit. All the laser irradiated areas were 15x15 mm.

Fig. 3 — ATR/FT-IR spectra of the TTP varnish samples collected on the nineteenth
century painting by scalpel and control dammar (inlet).

Fig. 4 — The Py-TMAH-GC/MS chromatograph that indicates that the varnish of the painting
was dammar. The MS spectra are shown in Figs. S3-S10

Fig. 5 - Micrographs of the dry irradiated test areas with a satisfactory outcome. A: One
laser scanned area at nominated fluence 2 J/cm? and B: two laser scanned area at
nominated fluence 0.7 J/cm?; 1) visible light (VL); I1) UV induced fluorescence; 111) VL
stereomicrograph. All the laser irradiated areas studied were 15x15 mm.

Fig. 6 — Micrographs of the DIW+TW?20 prewetted irradiated test areas with a satisfactory
outcome. A: One laser scanned area at nominated fluence 2.4 J/cm?, B: two laser scanned
area at nominated fluence 2.3 J/cm? and C: three laser scanned area at nominated fluence
2.1 J/lcm?; 1) visible light (VL); 11) UV induced fluorescence; I11) VL stereomicrograph.
All the laser irradiated areas studied were 15 x 15 mm.

Fig. 7 — UV induced fluorescence of resin fragments collected on glass coverslips upon
dry (A) and pre-wet (B) laser irradiation at 1.5 J/cm?. The glass coverslipls were 15 x 15
mm

Fig. 8 — Gloss related impact due to laser-irradiation (AGRF) as a function of nominated
fluences. A good correlation of this factor with the disruption of the varnish at these
fluences as visually assessed for the dry irradiation tests was observed. In the case of the
wet irradiation tests this correlation was less representative, perhaps due to the
significantly less material that escaped the irradiated varnish.

Fig. 9 - Multispectral Imaging clusterisation maps of one (A) and two (B) laser scanned
areas at nominated fluence 15 J/cm?. The sequence of the cleaning test areas is the same
as in Fig. 2. All the laser irradiated areas shown are 15 x 15 mm.

Fig. 10 - Ratios of average reflectance spectra of red and green clusters, representing
reflectance differences due to remaining varnish thickness as reported elsewhere [41].

Fig. 11 — A % clustered reflection monitored by the spectral imaging clusterisation maps
as a function of fluence for the two laser scan applications in the dry and pre-wet tests.
The gradual reduction of the varnish from the early stage (green line) to the deeper
thinning (red line) was captured by spectral imaging. The black line corresponds to the
remaining varnish within the irradiated spots.
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Fig. 12 — ATR/FT-IR spectra of the resin fragments collected on the glass coverslips,
acquired at nominated fluence 1.5 and 2.1 J/cm? and of the untreated varnish (control).
ATR/FTIR spectra of: the dry irradiated area after two laser scans (A); and the pre-wetted
area after three laser scans (B). The spectra show the gradually reduction in intensity of
the C=0 stretching group by increasing fluence. Baseline points ranging from 3700-3100,
3100-2700, and 1900-1550 cm™.

Table captions:
Table 1 —Wavenumbers corresponding to the maxima of the IR absorbance bands of the control
dammar and the painting varnish [24,26,43].

Table 2 — Molecules recorded via Py-TMAH-GC/MS. The data are in line with findings
published elsewhere [16,17,19,24,27,28].

Table 3 — The table provides the Lg¢; ~ and Lgcg, - and the GRF data before and after
laser irradiation and the AGRF values. Standard deviations (o) of all data are provided.
Data in bold represent the least efficient visually assessed outcome. Underlined data
represent an acceptable level of irradiation of the varnish with no identification of brown
hue of the laser scanned area.

Table 4 - Multispectral Imaging (MSI) Clusterisation Analysis data of the Er:YAG laser
irradiated areas. Green % corresponds to a gradual reduction of the early stage varnish thinning.
Red % coincides with gradual deeper irradiation of the varnish layer. The Black % corresponds
to the remaining varnish within the irradiated spots.
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Triterpenoid varnish painting

dammar sample
Wavenumbers Band assignment
1 Wavenumbers
(cm™) (cm?)
3400 3400 vs O-H
2930 2943 vas CH3/CH;,
2867 2875 vs CHs
1705 1705 v C=0 (aldehydes, ketones and carboxylic acids)
1640 1630 v C=C of cis -C=C-
1453 1453 8 CH3/CH;
1379 1380 8 CHs
1250 1236 v C—C vibration, 8 C—H in ring
1178 1165 8 C-H inring, v C-O in esters, v C-C in alkanes
1026 1033 8 C-Hinring, v C-O
923 - C—H out-of-plane deformation, (one only H attached
to ring)
891 874 C—H out-of-plane deformation, (two adjacent H
attached to ring)
Table 1
Retention
Time Compound Molecular structure MW m/z Figure
(min)
45.3 dammaradienone 424 109, 189, S2
205
46.3 dammaradienol 426 109, 207 S3
OH
495 dammarenolic acid 472 109, 454 S4
HO O
F
53 oleanonic acid 548 143 S5
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hydroxydammarenone

54 (3-oxo-dammara- 442 103’2305’ S6
20,24-diene)
55.5 oleanonic aldehyde 409 189,203,232 S7
55.6 ursonic acid 468 205 S8
. 133, 203,
56.4 ursonic aldehyde 438 232,409 S9
Table 2
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Colourimetry before laser irradiation

Colourimetry after laser irradiation

E?nigg)]y Nomlr}isi(rjnlzz)luence Cleaning Systems AGRF = ¢
Lycryem* 6 LicEn,* 0 GRF o6 | Ly, *6 Lsg, *06 GRF,t6

Dry — 1 Scan 42+ 0.6 40+ 0.7 2+0.1 43+ 1.1 43+ 1.3 1+£0.2 1+£0.1

Dry — 2 Scans 32+£0.5 31+£0.1 1+0.2 36+0.9 B+l 03+0.1 1+£0.1

40 0.6 DIW+TW20 -1 Scan | 39+ 0.5 38+£0.2 2+0.2 44 + 0.6 44 + 0.6 04+0.0 1+0.1
DIW+TW20 -2 Scans | 32+ 1.3 31+1.3 1+0.0 37+0.7 37+ 0.7 0.2+ 0.0 0.4+0.0

DIW+TW20 -3 Scans | 33+ 2.8 31+2.7 2+0.1 40+ 0.6 39+ 0.6 1+0.0 1+0.0

Dry — 1 Scan 32+ 1.3 30+ 1.3 2+0.0 38+0.1 37+ 0.1 0.3+0.0 1+0.0
Dry — 2 Scans 31+0.3 31+ 0.4 05+0.1 38+ 0.8 37+0.8 0.1+0.0 | 04£0.0

50 0.7 DIW+TW20 -1 Scan | 35+ 1.7 33+£1.3 2+0.3 43+ 1.2 42+ 1.2 1+£0.0 1+0.2
DIW+TW20 -2 Scans | 31+ 0.5 31+0.6 05+0.1 37+1.1 37+1.1 0.1+0.0 0.3+ 0.0

DIW+TW20 -3 Scans | 30+ 1.0 27+£1.0 3+£0.0 35+£0.3 34+£0.3 1£0.0 3+£0.0

Dry — 1 Scan 35+1.9 33+ 1.9 2+0.0 43+ 0.7 42+ 0.6 0.2+ 0.0 2+0.0

Dry — 2 Scans 34+ 3.4 32+2.3 1+0.8 35+ 0.7 35+ 0.9 02+0.2 1+0.4

70 1 DIW+TW20 -1 Scan | 38+ 1.9 36+25 2+0.4 39+ 3.2 38+ 3.3 1£0.1 1+0.2

DIW+TW20 -2 Scans | 34+ 0.8 32+0.4 1+0.2 38+ 0.6 38+ 0.6 0.3+0.0 1+£0.1

DIW+TW20 -3 Scans | 34+ 3.4 32+4.1 205 37£0.9 36+£0.9 05+ 0.0 1+0.3

Dry -1 Scan 32+1.3 30+ 1.6 2+0.2 37+£0.4 37+ 0.4 0.2+ 0.0 2+0.1

Dry — 2 Scans 32+1.1 32+0.9 1+0.2 38+0.2 38+ 0.2 00 1+0.1

110 15 DIW+TW20-1Scan | 32+ 1.2 31+ 1.6 1+0.2 41+ 1.4 41+ 1.4 0.2+ 0.0 1+£0.2

DIW+TW20 -2 Scans | 34+ 1.8 33+£1.5 1+0.2 38+0.5 38+ 0.5 0.1+0.0 1+£0.1

DIW+TW20 -3 Scans | 32+ 0.7 30£0.8 1+0.1 33+ 1.7 33+£1.7 05+ 0.0 1+0.0

Dry — 1 Scan 35+ 4.3 30+ 2.6 5+1.2 40+ 0.2 40+ 0.2 0.2+ 0.0 5+0.8

Dry — 2 Scans 35+ 0.7 34+0.8 1+0.1 39+ 0.9 38+0.9 02+0.0 |1£0.1

140 2 DIW+TW20 -1 Scan | 28+ 4.5 25+ 4.7 4+0.1 36+0.4 36+0.3 03+0.1 3+0.0

DIW+TW20 -2 Scans | 35+ 0.5 34+ 0.5 1+£0.0 39+1.2 39+1.2 01+00 | 1+0.0

DIW+TW20 -3 Scans | 32+ 1.8 30+£2 2+0.1 35+0.8 35+ 0.8 0.3+0.0 1+0.1

Dry —1 Scan 33+0.1 31+£0.5 2+0.2 39+0.3 39+0.3 0.2+ 0.0 2+0.2

Dry — 2 Scans 36+0.6 36+0.6 1+0.0 39+1.3 38+ 1.3 0.1+0.0 1+0.0

150 2.1 DIW+TW20-1Scan | 35+ 2.8 33+ 2.7 2+0.1 39+1.1 39+1.1 0.2+ 0.0 2+0.1
DIW+TW20 -2 Scans | 35+ 1.3 34+1.4 05+0.1 37+1.2 37+1.2 01+0.0 | 03+£0.1

DIW+TW20 -3 Scans | 31+ 1.0 29+ 0.8 2+0.1 31+£0.5 30+ 0.5 1+£0.0 1+0.1

Dry —1 Scan 31+ 2.0 28+ 2.4 3+0.3 42+ 0.1 42+ 0.1 0.1+0.0 3+0.2

160 2.3 DIW+TW20 -1 Scan | 30+ 1.3 27+ 1.4 3+0.1 36+0.8 36+0.8 0.2+ 0.0 2+0.0

DIW+TW20 -2 Scans | 35+ 2.0 33+2.4 2+0.3 39+ 0.6 39+ 0.5 0.2+0.0 1+0.1

Dry —1 Scan 32+2.4 31+2.7 1+0.3 39+ 0.4 38+ 0.4 01+0.0 |1£0.2

170 2.4 DIW+TW20 -1 Scan | 30+ 0.6 29+ 0.6 1+0.0 37+0.7 38+ 0.7 0.1+0.0 1+0.0
DIW+TW20 -2 Scans | 35+ 0.9 35+ 0.9 0.3+0.0 39+ 0.5 39+ 0.5 01+0.0 | 02+£0.0

Table 3
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Energy (mJ) Nominated

Cleaning systems

Spectral Imaging Clusterisation Analysis

Fluence (J/cm?) Green % Red % Black %

40 0.6 Dry — 2 Scans 88 9 3
DIW+TW20 — 2 Scans 84 14 2

DIW+TW20 — 3 Scans 23 76 1

50 0.7 Dry — 2 Scans 8 92 0
DIW+TW20 — 2 Scans 69 26 5

DIW+TW20 — 3 Scans 80 16 4

70 1 Dry — 2 Scans 17 83 0
DIW+TW20 — 2 Scans 72 19 9

DIW+TW20 — 3 Scan 19 81 0

110 15 Dry — 1 Scan 25 75 0
Dry — 2 Scans 31 69 0

DIW+TW20 - 1 Scan 45 45 10

DIW+TW20 — 2 Scans 41 58 1

DIW+TW20 — 3 Scans 66 34 0

140 2 Dry — 1 Scan 29 70 1
Dry — 2 Scans 6 94 0

DIW+TW20 - 1 Scan 46 52 2

DIW+TW20 — 2 Scans 5 95 0

DIW+TW20 — 3 Scans 66 34 0

150 2.1 Dry — 1 Scan 8 91 1
Dry — 2 Scans 3 97 0

DIW+TW20 - 1 Scan 12 88 0

DIW+TW20 — 2 Scans 14 86 0

DIW+TW20 — 3 Scans 71 12 17

160 2.3 Dry — 1 Scan 4 96 0
DIW+TW20 — 1 Scan 33 67 0

DIW+TW20 — 2 Scans 9 91 0

170 24 Dry — 1 Scan 12 88 0
DIW+TW20 - 1 Scan 40 60 0

DIW+TW20 — 2 Scans 29 71 0

Table 4
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Notes

@ The spectrometer was equipped with a Universal Attenuated Total Reflection (UATR) single polarization
accessory using a pure diamond ATR unit. The spectrometer was part of the Spotlight 400N FT-NIR Imaging
System.

b

¢ Tween 20: Polyoxyethylenesorbitan monolaurate supplied by Sigma Aldrich

d Supplied by Thermo Fisher scientific. Methylated spirit industrial 74 O.P.. Component: Ethyl alcohol > 94%;
Methyl alcohol 3- 6%; Water 1%.

¢ Sigma Aldrich

f The interactive solvent and solubility triangle®© -
http://www.icr.beniculturali.it/flash/progetti/TriSolv/TriSolv.html

9 Fractional Solubility Parameter for: a) DIW was Fd 18 (non polar dispersion force - Van der Waals or instant
dipole), Fp 28 (polar dipole force - permanent dipole), Fh 54 (hydrogen bonding force); b) 50% IMS+DIW was
Fd 26.82, Fp 23.12, Fh 50.06; ¢) 50% IMS+WS was Fd 62.82, Fp 11.12, Fh 26.06; d) WS was Fd 90, Fp 4, Fh 6.
P http://www.tipp.gr, 10/2017.

" All the data were imported in TIPP, and the raw spectral cube was created for both the test areas images and the
white reference images. Using the XpeEye acquisition software, the contribution of the dark current was removed
a priori from both the test areas and DRT images. Subsequently, the sample’s spectral cube was normalised by a
TIPP module, correcting the spectral intensity profile and any unevenness of the light across the test areas. This
was achieved by dividing the sample’s spectral images (with the relative DRT’s spectral images and multiplying)
with the known reflectivity of the DRT at each wavelength band investigated. Registration was conducted by a
custom-made algorithm specifically designed to operate with data derived from multi-spectral imaging systems
[44].

I This specific effect was clearly visible at naked eye but, in this case, it was not recorded with OM and SEM
techniques (mainly due to the size of the painting).

KThe full set of data generated from the tests were not provided in this paper. Please refer to the corresponding
author if needed.
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