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Abstract: A successful application of Er:YAG laser for the cleaning of a restored Assyrian relief
sculpture from the British Museum collection is presented. Displayed in the gallery, the sculpture
has darkened over time due to the natural deposition of dirt, in particular on restored parts.
Since traditional cleaning methods have demonstrated to be unsuccessful, a scientific investigation
was performed to identify the composition of the soiling and the materials used for the restoration.
The analysis suggested the presence of gypsum, calcium oxalate, carbonates and alumino-silicates on
the encrustation. The molded plaster, composed of lime and gypsum and pigmented aggregates,
was likely prepared at the end of the 19th century to mimic the stone color. It was repainted with
what was identified as a modern oil-based overpaint, applied to cover darkening during a second
conservation treatment in the 20th century. Laser trials were first performed on small areas of the
objects and on mock-ups to determine the critical fluence thresholds of the surface, investigated
through visual examination and analyses using Fourier transform infrared spectroscopy (FTIR) and
Pyrolysis-gas chromatography-mass spectrometry (Py–GC–MS). The right parameters and conditions
to be used during the cleaning process were, therefore, determined. The chemical selectivity of the
cleaning process allowed us to complete the treatment safely while preserving the restoration.

Keywords: Erbium YAG laser; laser cleaning; FTIR; Py–GC–MS; painted plaster; stone

1. Introduction

Dust deposition on museum objects is a challenging issue that requires attention and resources in
terms of collection management. Dust not only affects the appearance of objects but, if not regularly
removed, can accumulate and lead to the formation of a more cohesive and stubborn layer. Embedded
dust particulates can then translate into physical damage and chemical alterations of materials in
the long-term, as well as promote pests’ proliferation. To mitigate the risks and support preventive
conservation, several studies have focused on different aspects of dust; from identifying the composition
of soiling and their effects on substrates [1–4], to investigating the factors that promote dust adhesion and
“cementation”, such as RH fluctuation, salts formation and microbial growth [5–7], to understanding
the mechanisms of pollutant deposition through air movement and aerosol in indoor heritage [8–10].
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Once a cemented layer of dust is established on a museum object, it cannot be removed using
regular housekeeping practices such as vacuuming or dusting, and a different conservation approach
is required. Mechanical and solvent-cleaning methods are often used. However, they may require
large amounts of solvents or more than one treatment, which could potentially lead to less precise
cleaning and, consequently, damage to the object.

Laser treatment has increasingly become a popular conservation method for the cleaning of
stone sculptures and painted surfaces, as it is non-contact, selective and allows greater control,
particularly when dealing with delicate substrates [1]. The Nd:YAG laser, emitting at 1064 nm and
its harmonics, has demonstrated to be the most employed system for the cleaning of a different
range of materials [11,12]. It has been extensively applied for the removal of black crusts of various
thickness and biological growth from stone, marble and plaster [13–18], as part of the laser energy
is selectively absorbed by dark materials and reflected by the underneath substrate. This makes the
laser cleaning process self-limiting and ideal for such treatment. Greater progress has been made
in the development of laser technology, introducing to the field of conservation a range of different
Nd:YAG lasers that not only vary in terms of wavelength but also of pulse duration, between tens of
nanoseconds (long Q-switching) to tens of microseconds (short free-running) [19,20]. Research has
focused on evaluating the different laser cleaning mechanisms obtained depending on the laser system
to overcome effects such as discoloration of pigments on painted surfaces [21–25] and yellowing of
stone [11,13,26–29]. This has further extended the application of the Nd:YAG laser to a wider range of
cleaning purposes, including the removal of overpaints on easel paintings [30,31].

However, different types of laser have been introduced to conservation. Among them, the Er:YAG
laser is a promising tool for the cleaning of museum objects, although very few instances are reported
in the literature [32]. Its cleaning mechanism differs from other laser systems. The Er:YAG laser emits
radiation at 2940 nm, which is highly absorbed by materials containing hydroxyl (OH) groups, such as
water, solvents and organic substances. When OH groups are present on the surface, the laser energy
is absorbed, confining the radiation to the superficial layers of a small volume, thus reducing the depth
of ablation. The absorption of the laser wavelength induces direct heating of the irradiated material,
which can cause, in most cases, the photo-thermal disaggregation of the surface, without chemical
bond dissociation. If the material to remove does not include OH groups, water and solvents such
as isopropanol and ethanol can be used to moisten the surface, acting as absorbers and reducing the
penetration of the radiation, thus creating explosive localized vaporization, able to eject contaminants
and fragments of coatings [32,33]. The Er:YAG laser is effective for the removal of unwanted coating
and varnishes [34–38] and for the loosening of contaminants from delicate or unvarnished surfaces [39],
often as a two-step cleaning process using solvents. Used to remove soiling, organic coatings and
biological growth from stone, marble and plaster [40–45], the conditions reported are case-dependent
since characteristics such as the chemical composition and the thickness of the encrustation impact the
cleaning process and the final outcome. For these reasons, the identification of materials composition is
crucial for the selection of the appropriate treatment. However, in some instances, thermally induced
chemical transformations may also occur, leading to unwanted alterations of the substrate, such as the
color change of pigments containing OH groups [46] as well as the degradation of organic binders on
painted surfaces [32]. It is, therefore, important to understand how substrates interact with the laser
radiation and determine the critical fluence threshold (CFT) of materials on a case-by-case basis in
order to obtain a safe cleaning process.

In 2018 a conservation campaign on a series of objects from the British Museum collection was
carried out prior to their display in the exhibition “I am Ashurbanipal, king of the world, king of
Assyria” (8 November 2018–24 February 2019). Among the objects, a head of a winged bull was chosen
to feature in the exhibition as one of the few surviving sculptures from the palace of Ashurbanipal’s
father, King Esarhaddon (680–669 BC), left unfinished at his death. This sculpture had been extensively
restored in the past with plaster around the beard, nose, shoulders and hair. These restored parts
had probably originally been painted to match the color of the limestone but were covered by a
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disfiguring dark layer of cemented dust obscuring the details of the sculpture. The object required
conservation treatment, which would include structural stabilization, as well as cleaning, in order to
improve its appearance (Figure 1). Preliminary tests by the conservator showed that the dark layer had
low solubility in water, acetone, industrial methylated spirit (IMS) or enzymes, and well-established
solvent cleaning methods proved ineffective. As a Fourier-transform infrared spectroscopy (FTIR)
analysis performed on the surface of the dark layer highlighted the presence of strong absorbers in
the OH-region centered ~3400 cm−1, it was decided to investigate the use of the Er:YAG laser for the
cleaning of the sculpture, in particular the restored parts and fragile paint layer, motivated by the
affinity of the laser wavelength with the dark layer to remove.
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Figure 1. Human-headed winged bull (Registration number 1849,1222.1) before cleaning. The molded
plaster (beard, nose, shoulders and hair) appears darker than the original limestone. ©Trustees of the
British Museum.

In this paper, the scientific analysis and conservation treatment of the head sculpture are
presented. A multianalytic approach using optical microscopy (OM), FTIR, Raman and scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) was chosen to evaluate
and identify the composition of the restored parts and the dark soiling to remove. The effects of
the laser irradiation on the substrate and cleaning process were investigated using OM, FTIR and
pyrolysis-gas chromatography-mass spectrometry (Py–GC–MS) [47]. The conditions are provided as
an example of the applicability of the Er:YAG laser for the cleaning of painted plaster and stone in
museum collections.

2. Materials and Methods

2.1. The Assyrian Limestone Relief Sculpture

The object (Registration Number 1849,1222.1) under investigation is part of a human-headed
winged bull (lamassu), a protective figure often used to adorn the entrances of ancient Assyrian palaces.
It was excavated by Sir Austen Henry Layard during his archaeological excavations in the Assyrian
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mounds surrounding Nimrud. Discovered towards the end of 1846 in the South West Palace (entrance c)
and resting near the remains of the body [48], the fragment was found “nearly entire”, consisting
mostly of the upper part of the face and crown, decorated with bull’s horn carved in a very rough gray
limestone [49]. The head, currently on display in the gallery, was brought to the British Museum after
its arrival in Britain in August 1849 on board of H.M.S. Meeanee [50].

Little is known about the conservation history of the object, but records indicate that it has been
on display for possibly more than 150 years. Some archival information can be found in the official
guidebooks of the British Museum. In particular, a complete description of the statue, including the
molded beard, nose, shoulders and hair, is included in the 1852 edition, dating a first restoration to
the second half of the 19th century shortly after its registration in the Museum Collection [51,52].
In addition to illustrations, the statue appeared in some early photographs: it is shown on a plinth
in the background of a view of the Assyrian gallery, taken by Roger Fenton (about 1857–1859) [53],
and again in a series of photographs commissioned to Frederick York in 1875 [54]. In the latter, a much
darker nose, beard and shoulders are visible, probably as a result of London’s pollution and dirt
deposition. It is likely that a second conservation treatment was then performed during the first half
of the 20th century to clean and retouch the restored parts, as it appears more homogenous in color
in a photograph dated around 1936 [49,55]. When compared with the contemporary appearance of
the statue, a missing row of feathers can be observed on the left side of the plain rob. It appears that
the statue underwent a localized restoration around the bottom areas to repair part of the missing
feathers decoration, potentially damaged when it was moved. Along with other Museum’s objects,
the sculpture was evacuated to a safe location to salvage the collection during the Second World War.
The Assyrian galleries were then installed in the 1960s for redisplay purposes, and the statue was
relocated to its current position, as it was decided that the head, originally part of the lamassu sculpture,
should be displayed at appropriate height.

State of Conservation

Through visual examination, it was observed that the restored parts had been more affected by
dust deposition than the original limestone. This had led to differential darkening, and cleaning of the
restored parts was needed to improve the overall appearance of the sculpture.

A detailed examination allowed acquiring significant information about the internal structure of
the restored parts. The lower part of the object, originally missing, had been restored using different
materials, such as limestone, clay and plaster. It became clear that the original part of the head had
been placed on a limestone block to provide stability and support. Terracotta components, as well as
other clay-based ceramic elements, such as bricks, had been mainly used in order to give the restored
part a framework for the outermost layer, which was then cast in plaster. The size of the restored parts
and the joints, which are still visible on the surface, indicated that the cast had been made using a
multi-piece mold. The examination also revealed several cracks indicating that the structure of the
restored parts became unstable and required consolidation. Additionally, as mentioned above, it was
observed that lower parts were probably damaged and repaired using different materials. The repair,
which consisted of the restoration of the bottom part of the feathers, gave the surface an inconsistent
and unsightly appearance.

2.2. Analytical Techniques

The materials were investigated using a multianalytic approach. The characterization of the
restored parts was performed on samples that were removed from existing damaged areas before and
during cleaning tests. The analysis of the limestone was performed in situ, using a portable digital
microscope (Dino-Lite, Hemel Hempstead, UK). Evaluation of the laser effects on lead white mock-ups
was done using Raman spectroscopy and the portable digital microscope.
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2.2.1. Optical Microscopy (OM)

Examination of the surface and cross-sections of the samples was performed using a VHX-5000
digital microscope (Keyence UK Ltd., Milton Keynes, UK), with a magnification between 20× and
1500×.

2.2.2. Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX)

An Oxford Instruments INCA x-act EDX system (Silicon Drift Detector) attached to a Hitachi
S3700 N variable pressure (VP)-SEM (Hitachi High-Technologies Corporation, Tokyo, Japan) was used
for elemental analysis of the surface dirt and cross-sections of the restored parts, operating in low
vacuum mode (30 or 40 Pa) at 20 kV and at a working distance of 10 mm. The EDX was optimized
using a Co (Cobalt) standard. Data were analyzed with the Oxford Instruments Aztec Energy analysis
software (3.0 SP1 version) for qualitative analysis.

2.2.3. Raman Spectroscopy

Raman spectroscopy was carried out to characterize the restored parts and mock-ups using a
Jobin Yvon LabRAM Infinity spectrometer (Groupe HORIBA, Kyoto, Japan), equipped with a green
(532 nm) and red laser (785 nm) with a maximum power of 2.4 mW at the sample, a liquid nitrogen
cooled CCD detector and an Olympus microscope system. The instrument was calibrated using a
silicon standard, with a wavenumber deviation of 3 cm−1. Spectra were collected for 5–10 s (at least
five repetitions) on a spectral range of 100–1600 cm−1. Fine gratings of 1800 g/mm and 900 g/mm were
used, and the power of the laser was adjusted depending on the sample (0.1–50%). Samples were
placed onto a microscope slide and analyzed without any further treatment.

2.2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was performed on a Nicolet 6700 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) attached to a Continuum IR microscope equipped with MCT/A detectors.
Samples taken from the surface of the restored parts before and after cleaning were analyzed in
transmission mode, flattened in a diamond microcompression cell. The field of view was controlled
by the sliding aperture, which, when fully open, gives a maximum area of analysis of 100 × 100 µm2.
The spectra were acquired over a range of 4000–650 cm−1 using 32 scans at a resolution of 4 cm−1 and
automatic gain.

2.2.5. Pyrolysis-Gas Chromatography-Mass Spectrometry (Py–GC–MS)

Py–GC–MS analysis was carried out on samples from the overpaint layer applied during the
second restoration campaign (first half of the 20th century). The two samples were taken before and
after the laser cleaning to evaluate possible compositional changes in the surface layer.

Analytical pyrolysis was performed using 1,1,1,3,3,3–hexamethyldisilazane (HMDS,
chemical purity 99.9%, Sigma Aldrich Inc., St. Louis, MI, USA) as a derivatizing (silylating) agent for
the in situ thermally-assisted derivatization of pyrolysis products. The instrumentation consisted of
a micro-furnace Multi-Shot Pyrolyzer EGA/Py-3030D (Frontier Lab, Fukushima, Japan) coupled to
a gas chromatograph 6890 (Agilent Technologies, Palo Alto, CA, USA) equipped with an HP-5MS
fused silica capillary column (30 m × 0.25 mm i.d., 0.25 µm-thickness, Agilent Technologies, Palo Alto,
CA, USA). The GC was coupled with an Agilent 5973 Mass Selective Detector operating in electron
impact mode (EI) at 70 eV. The pyrolysis temperature was 550 ◦C, and the interface temperature was
300 ◦C. Similar amounts (ca. 50–100 µg) of sample and HMDS (2 µL) were inserted into stainless steel
cups. The GC injector was used with a split ratio of 1:10 at 300 ◦C. Chromatographic conditions were
as follows: initial temperature 36 ◦C, 10 min isothermal, 10 ◦C·min−1 up to 280 ◦C, 2 min isothermal;
20 ◦C·min−1 up to 310 ◦C, 20 min isothermal. Helium (purity 99.995%) was used as carrier gas with a
constant flow of 1.0 mL·min−1.
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2.3. Laser Cleaning Treatment

A Fidelis XS Erbium yttrium aluminum laser (Er:YAG) (Fotona, Ljubljana, Slovenia) emitting
at 2940 nm was used for the cleaning tests and treatment of the object. The laser was set with a
pulse duration of 100 µs delivered through an articulated arm. The laser spot size, as measured on
thermal paper, was between 2.2 and 4.0 mm in diameter. Fluence was determined during the cleaning
tests, and frequency was kept at 2 Hz during tests and at 10 and 20 Hz during cleaning. A Dino-Lite
microscope was used to monitor the laser cleaning during the tests.

3. Results

3.1. Characterization of the Restored Parts and Soiling Composition

The analysis of the materials used in the restoration of the beard, nose, shoulders and hair was
performed on detached fragments. The main results are summarized in Table 1.

A cross-sectional examination is shown in Figure 2a. The layers identified were the following:

• A bulk of a late 19th-century restoration, a colored plaster, composed of a mixture of fine and
coarse pigmented aggregates to imitate the color and texture of the original stone;

• A thin dark line, as shown at higher magnification in Figure 2b, possibly an early finishing material
or organic coating, typical of historical plasterworks in the 19th century. It has probably darkened
over time due to degradation and dirt deposition [16,56];

• A white overpaint, acting as a ground layer;
• An orange layer, not homogenous in thickness throughout the cross-sections;
• An additional thin white layer, found in some areas, possibly applied to lighten the surface of the

restored parts and mimic the hue and texture of the original stone and intricate beard (Figure 2c);
• A thin dark deposition, i.e., cemented dirt.

It is possible that the paint layers were added to the object during a later restoration campaign
to reduce the contrast between the darkened areas of the restored parts (ii) and the original stone to
refresh the color of the restoration [57]. The aim of laser cleaning was to remove layer (vi) only and
uncover the paint layer.
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Figure 2. Digital microphotographs of a restored part in cross-section, highlighting the stratigraphy
(a) shows the bulk of the 19th-century restoration (i) and possibly an early finishing material or organic
coating that has darkened due to deposition of dirt (ii), then repainted with coats of white (iii, v) and
orange (iv) paint; a thin dark deposition layer (vi) is observed throughout the paint layer. The sequence
of the stratigraphy is not homogenous throughout the restored part. (b) and (c) show close-ups of an
area of the restored part with evidence of past dirt deposition (ii), then repainted (iii and iv), and of an
area where an additional layer of white was applied to lighten the surface color (v). ©Trustees of the
British Museum.



Coatings 2020, 10, 1099 7 of 21

Table 1. Summary of the results.

Layer Materials SEM/EDX Raman FTIR Py–GC–MS Notes

i Bulk Ca, Al, Si, Fe
(S, K, Cl, Mg, Mn) – Calcite and vaterite

Gypsum –
Lime plaster + gypsum with inclusions of
clay and oxide minerals to give color and

texture similar to the original stone.

ii Dark layer Al, Ca, S, Si, Fe, Cu, K – – – Evidence of previous accumulation of dirt
and dust, then covered with paint.

iii, v White paint
layer

Pb, Ca, Al
(Ba, S, Ti, Na, Cu, K, Si)

Lead carbonate
Calcium carbonate

Lead carbonate
Oil

Possible metal
soaps

Mono- and dicarboxylic
acids (oil)

Traces of phthalates

Lead-based paint (Pb(OH)2·2PbCO3) in
modern oil medium. Evidence of oxidation
and hydrolysis of triglycerides due to aging.

Possible barium sulfate as an extender

iv Orange
paint layer

Pb, Ca, Cr, Ba
(Al, Fe, K, K, Fe, Cu)

Basic lead chromate
Lead carbonate –

Mono- and dicarboxylic
acids (oil); Traces of

phthalates

Lead-based paint (PbCrO4·PbO and
Pb(OH)2·2PbCO3) in modern oil medium

vi Surface dark
layer

Al, Ca, K, S, Cl, Si, P, Ti,
Fe, Cu, Ba, Cl (Pb) –

Gypsum
Calcium oxalate

Calcite
Alumino-silicates

Organic compounds

Mono-, di-, oxy- and
hydroxyl-carboxylic acids

(highly oxidized oil)
Traces of phthalates

Heterogeneous cemented dust, mainly
composed of gypsum and oxalates, as a

result of environmental pollution deposition
and degradation of the aged organic binder.

Pb attributed to the paint layer
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The FTIR analysis of the bulk of the restored parts (Figure 3a) revealed the presence of calcium
carbonate (CaCO3) as the main component and reaction product of the carbonation process of lime
plaster Ca(OH)2. The spectrum is characterized by the CO3

2− ν3 asymmetric stretching mode at
~1410 cm−1, the ν1 symmetric stretch at ~1087 cm−1 and the O–C–O ν2 out-of-plane bending mode
at 874 cm−1. The ν4 in-plane bending mode at 713 cm−1 and 744 cm−1 are assigned to calcite and
vaterite, respectively, CaCO3 polymorphs [58]. The broad vibration band in the region 900–1200 cm−1

suggested the presence of Si–O groups, characteristic of clay minerals. Bands at 3549, 1621, 669 and
601 cm−1 were attributed to gypsum. A broad absorption band in the OH stretching region was also
observed due to the presence of structural hydroxyl groups [59]. EDX mapping highlighted Ca as
the main element, as well as Si, Al, Fe in the inclusions. Elements such as S, K, Cl, Mg and Mn were
also detected.
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The Raman spectra of the white and orange paint layers are presented in Figure 3b,c. The analysis
of the white layer revealed the presence of lead white pigment, i.e., lead carbonate (Pb(OH)2·2PbCO3).
This was confirmed by the characteristic shift at 1053 (s) cm−1 attributed to lead carbonate [60].
EDX analysis highlighted Pb as the main element, as well as Al and Ca. The paint also contains calcium
carbonate as a filler, as suggested by the band at 1088 (vs) cm−1 [60]. In the orange layer, Pb and Cr
were detected as main components. The Raman spectrum (Figure 3c) showed bands at 140 (m), 320 (w),
339 (m), 350 (vw), 377 (m), 823 (vs), 835 (s), 845 (s) cm−1, attributed to chrome orange, i.e., basic lead
chromate (PbCrO4·PbO) [60–62]. Chrome orange is a synthetic pigment that was widely used by artists
at the end of the 19th century and the beginning of the 20th century [63,64]. EDX analysis on both thin
dark layers highlighted the presence of Al and Ca, as main elements, as well as S, Si, Fe, Cu, K and Cl
probably due to environmental pollution.

The FTIR spectrum on the surface prior to laser cleaning (Figure 4a) is characterized by a broad
absorbance band centered around 3400 cm−1, suggesting that the dark layer is composed of materials
that are rich in OH groups, main absorbers of the Er:YAG wavelength (2940 nm), highlighting the
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potential of this particular laser for the removal of the unwanted layer [32,45]. The bands at ~3550,
3406 (OH stretching vibration), and additionally 1113 and 668 cm−1 (S–O stretching and bending,
respectively) indicated the presence of gypsum, whereas the bands at 1640, 1325 (C=O stretching
vibration) and 783 cm−1 (O–C–O bending vibration) suggested calcium oxalate [65]. The broadband
centered at ~1445 cm−1, the sharp band at 876 cm−1 and peak at 713 cm−1 were attributed to calcite.
Bands in the Si–O stretching region (900–1200 cm−1), in addition to 796 cm−1, suggested the presence
of alumino-silicates, as confirmed by the EDX analysis. Peaks at 2924 and 2853 cm−1 were attributed
to the CH2 stretching (asymmetric and symmetric, respectively) of aliphatic chains, highlighting the
presence of organic compounds. The results suggested that the dark layer is mainly composed of
gypsum, calcium oxalate, and inorganic components, consistent with observations on patinas and
encrustations found on stone and marble in churches and outdoor environments due to weathering,
biological activity, pollution and/or alteration of previous organic-based treatments [66,67]. The object,
like other sculptures at the British Museum, was inevitably exposed to high levels of pollution in the
19th and 20th centuries, which have led to the formation of the dark cohesive layers [68].
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3.2. Laser Treatment 

Laser tests were first performed on commercial pure lead white samples prepared in the 
laboratory to determine the critical fluence threshold (CFT) of the pigment and evaluate if 

Figure 4. Digital microphotograph and characterization of the soiling layer on the restored parts before
cleaning with Er:YAG laser. (a) FTIR spectrum and (b) Py–GC–MS chromatogram: trimethylsilyl
(TMS) derivatives of 1, lactic acid; 2, hexanoic acid; 3, glycolic acid; 4, heptanoic acid; 5 glycerol
(2TMS); 6, benzoic acid; 7, octanoic acid; 8, glycerol (3TMS); 9, nonanoic acid; 10, decanoic acid;
11, triethylene glycol; 12, diethyl phthalate; 13, dodecanoic acid; 14, octanedioic acid; 15, triethylene
glycol; 16, nonanedioic acid; 17, tetradecanoic acid; 18, decanedioic acid; 19, hexadecanoic acid;
20 octadecanoic acid. ©Trustees of the British Museum.

3.2. Laser Treatment

Laser tests were first performed on commercial pure lead white samples prepared in the laboratory
to determine the critical fluence threshold (CFT) of the pigment and evaluate if discoloration may occur.
CTF is defined as the lowest fluence (energy per surface unit) at which changes in the material are
observed. The samples were irradiated in dry conditions with a single laser shot at increasing fluences,
and surface changes, such as color, texture or gloss variations, were observed under a Dino-Lite
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microscope. During the experiments, a CFT of 1.4–1.6 J/cm2 was found when a color change (yellowing)
was detected. Lead white, identified by the shift at 1052 (s) cm−1 before irradiation (Figure 5a, in
blue), is converted to lead oxide (PbO), likely massicot and litharge, as evidenced by the broad bands
centered at 84, 111, 144 and 284 cm−1 in the Raman spectrum (Figure 5a, in red) [69]. Evidence of
yellowing was also observed after several consecutive pulses at 1.2 J/cm2. However, it was found to be
reversible. Temporary yellowing effects using the Nd:YAG laser (1064 nm) have been documented
on medieval pigments [22,70], and it was reported that the duration of the color change could last
from several hours to some days, depending on the laser energy applied. This has been described as a
conversion mechanism of lead white into lead monoxide and consequent reconversion [23]. Alteration
of pure pigment (without binders) has also been reported when irradiated by the four wavelengths
(1064, 532, 355, 266 nm). The pigment turned grey and then black, resulting in a mixture of metallic lead
(Pb), lead oxide (PbO) and lead dioxide (PbO2) forms. However, it regained its original color within
one week after exposure to air and CO2 [71]. Although the Er:YAG laser mechanism differs from the
Nd:YAG laser, it is possible to assume that the energy transferred to the sample has locally sufficiently
increased the temperature to induce the conversion. By increasing the fluence, a blackening of lead
white was also observed, with some degree of reconversion. The Raman spectrum of blackened areas
(Figure 5a, in black) is characterized by bands at 84, 139 and 284 cm−1, which closely resemble bands
attributed to massicot. This has been described as a product of laser-induced thermal degradation
of plattnerite (PbO2), deriving from the degradation of lead white [72]. Irradiation at fluences above
2.2 J/cm2 caused permanent darkening of the pigment, which also remained after artificial aging.
Blackening could be a result of the reduction to metallic lead [70,73], difficult to detect by Raman due
to its poor scattering properties [69]. Permanent laser-induced degradation of lead white is shown in
Figure 5b,c, where globules of metallic lead were observed after irradiation.
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Figure 5. (a) Raman spectra (λ = 532 nm) of lead white samples before irradiation (in blue),
after irradiation at 1.4–1.6 J/cm2 when yellowing occurred (in red) and when darkening was observed
(in black); SEM images before (b) and after (c) laser irradiation at fluence above 2.2 J/cm2. ©Trustees of
the British Museum.
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To remove the soiling on the restored plaster parts (Figure 6a), irradiation tests with the Er:YAG
laser were conducted with a fluence in the range of 1.1–1.8 J/cm2 in dry and wet conditions with
a 10–20 Hz pulse rate. Using a fluence of ~1.8 J/cm2 and above in dry conditions caused cracking
and abrasion of the paint layer, visible under high magnification. When used in wet conditions,
a microdistillation mechanism was observed, due to the penetration of the solvent underneath the
very thin dark layer and into the paint layers, causing the disaggregation of the surface and complete
removal of the paint. This left the bulk of the restored part exposed. Cleaning of the restored part was
achieved with fluences below 1.8 J/cm2 in dry conditions. The irradiated area turned gray (Figure 6b),
most likely due to the enhancement of light scattering phenomena caused by an increase in the surface
roughness. The laser treatment was then followed by gentle swabbing using water to remove the
soiling and obtain the desired cleaning result (Figure 6c). This was now possible as the overall surface
area exposed is higher, improving the cleaning ability of the solvent. The surface was left to fully dry
after swabbing, before continuing with the laser. Two-three laser passes were found to be sufficient
to remove the dark layer, monitoring the cleaning with the portable microscope. A similar result
was reported on the removal of a soot film embedded in the paint of an unvarnished 19th-century
oil painting, where the contaminant was turned into fine dust, which was then wiped off with a
moistened cotton swab [39]. Although the laser parameters used for the cleaning of the restored parts
overlapped with the CFT found for the mock-ups, we did not observe discoloration of the underneath
paint layer during cleaning, suggesting that the laser interacted with the dark layer only. Using a
fluence very close or even higher than the CFT is not uncommon with the Er:YAG laser [35]. This is
because the contaminant is typically not ablated by the Er:YAG laser irradiation, but its top surface
is disrupted due to thermal effects. A strong absorber at 2940 nm, such as the dirt covering the
sculpture (Figure 4a), acts as a thermal barrier for the material underneath as it absorbs most of the
laser energy [33]. The key to using a fluence close to the CFT is to proceed one laser pass at a time.
As soon as the top layer is disrupted, the laser stops being used, and the contaminant layer is removed
using solvent through swabbing.
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Figure 6. Digital microphotographs of the restored parts before (a), after laser irradiation (b) and
after swabbing the residues with water (c); close-up of the nose before (d) and after cleaning was
completed (e). ©Trustees of the British Museum.
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A similar approach was used for the limestone; however, on a much smaller scale (Figure 7a),
as the original stone did not require as much cleaning as the restoration. In that case, cleaning was
performed very locally at a fluence in the range of 1.6–1.8 J/cm2 in dry conditions with a 10 Hz pulse
rate (Figure 7b), followed by swabbing the irradiated area with a 50:50 mixture of water and acetone
(Figure 7c). Cleaning of the stone allowed highlighting the natural pigmentation of the limestone,
as shown in Figure 7d,e.
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Figure 7. Digital microphotographs of the stone (eyebrow) before (a) after laser irradiation (b) and
after swabbing with a 50:50 mixture of water and acetone (c). Close-up of the eye before (d) and after
cleaning was completed (e), highlighting the natural pigmentation of the limestone. ©Trustees of the
British Museum.

3.3. Investigation of the Effects of Laser Irradiation

After cleaning the restored parts, a decrease of the broad absorption band in the OH region, as well
as of the bands attributed to oxalates, sulfates and alumino-silicate components, was detected by FTIR,
as shown in Figure 8a. This is consistent with the removal of the dark layer, highlighting the efficacy of
the Er:YAG laser to target OH-rich materials. The IR spectrum is characterized by the CO3

2− bands at
1409 cm−1 (ν3 asymmetric stretching), 1045 cm−1 (ν1 symmetric stretching), 839 cm−1 (ν2 out-of-plane
bending), the split in the ν4 in-plane bending vibration at 690 and 681 cm−1 and the OH stretching
vibration near 3540 cm−1, corresponding to lead carbonate of the painted surface [74]. Additionally,
the presence of an organic binder was detected, indicated by the C=O stretching vibration bands of
carboxylic acids and esters centered at ~1737 cm−1, the C–H stretching bands at 2955 (CH3), 2928 and
2854 cm−1 (CH2, asymmetric and symmetric, respectively) and the C–O stretching bands of esters at
1170 and 1099 cm−1, suggesting the presence of an oil-based paint [75]. A small shoulder at ~1710 cm−1

was also observed, which was attributed to C=O stretching vibrations due to the formation of free
fatty acids as a result of hydrolysis of triglycerides and the formation of dicarboxylic acids due to
oxidation [76]. The broad shoulder centered at ~1550 cm−1 may indicate metal carboxylates as a result
of metal soaps formation due to the interaction of lead salts with the oil binder [77,78].

Py–GC–MS was performed to confirm the identification of the surface layer and highlight any
major changes in its composition after laser irradiation. Due to the inhomogeneity of the paint layers,
as shown in Figure 2b,c, the sample after cleaning included both the white and the orange layer.

The total ion chromatogram (TIC) of the sample before cleaning showed the predominant presence
of aliphatic mono– and dicarboxylic acids (Figure 4b). Among them, hexadecanoic (P–palmitic)
and octadecanoic (S–stearic) acids showed the highest relative abundance, followed by nonanedioic
(A–azelaic) acid. This was in agreement with the general composition of a drying oil obtained by
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analytical pyrolysis [79]. In particular, azelaic acid is the final product deriving from the auto-oxidation
of the unsaturated side chains of a drying oil [80–82], thus showing a relatively high oxidation state of
the oil. Py–GC–MS is not the right technique to speculate about the origin of the oil unless specific
molecular markers are detected, e.g., 12–hydroxyl–9–cis–octadecenoic (ricinoleic) acid for castor oil [83].
No specific molecular marker was detected in our case. Moreover, parameters traditionally used in
GC–MS analysis, such as A/P ratio and P/S ratio, cannot be considered in a quantitative way when
pyrolysis is applied [84]. For all these reasons, no further information about the type of oil was obtained.
Nevertheless, in addition to carboxylic acids, other minor compounds were detected, including glycerol
and some phthalates (isobutyl, diethyl and dibutyl phthalates). These are known additives usually
found in modern oil-based paint compositions to modify specific properties [85]. Phthalates are used
as plasticizers, and glycerol is a common precursor of modern oil-based paint compositions [86,87].
Although the data did not allow us to further classify the type of binder, the results were generally
consistent with a lead white modern oil-based paint with good drying properties, which is in agreement
with both the supposed time of application (first half of the 19th century) and a rapid restoration use.Coatings 2020, 10, x FOR PEER REVIEW 13 of 22 
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Figure 8. Digital microphotograph and characterization of the surface layer after cleaning with Er:YAG
laser and swabbing the residues with water. (a) FTIR spectrum and (b) Py–GC–MS chromatogram:
refer to Figure 4 for labels.

The TIC of the sample after laser cleaning (Figure 8b) showed the presence of all the compounds
identified in the sample before cleaning. However, a clear relative reduction of the dicarboxylic acids
was observed. These are richer in OH groups, and the result was therefore interpreted as further proof
of the efficacy of the laser treatment. Additionally, as dicarboxylic acids are not part of the cross-linked
network of the polymer and are partially responsible for the yellowing of oil binders, their partial
removal by laser contributed to the better appearance of the surface after laser cleaning.
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3.4. Conservation Treatment

The examination revealed a number of significant cracks, which indicated that the structure of the
restored part became unstable with time. A network of cracks, their location (mostly at the bottom
part of the cast), and pattern provided relevant information about the loss of mechanical strength and
cohesion between different layers and materials used in the restoration. This had to be addressed in
order to impart strength to the whole structure. The comprehensive consolidation was completed
with different solutions of acrylic resin—Paraloid B72—in acetone and IMS, ranging from 5% to 40%.
Given different sizes of the cracks and rather complicated internal structure, the resin was introduced
using different application methods. This was done in order to reach deeper layers of the structure.
The remaining cracks and losses in the cast were filled with microballoons in 20% Paraloid B72 and
finished flush with the surface. Finally, the fills were toned down with acrylic paints.

The later repair to the bottom part of the plaster was approached in a slightly different way.
The overpaint, shown in Figure 9a, was uncovered after the laser cleaning. It was presumably acrylic
paint, in accordance with the conservation materials used in the 1960s for retouches. It was removed
using acetone from the plaster fill, which appeared to be structurally sound, and then toned down
with acrylic paint.
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the internal structure as well as evaluate the penetration of the consolidation treatment in real time. 

Figure 9. Detail of the late repair on the lower part of the sculpture. (a) Laser cleaning revealed that
alternated dark and light brushstrokes of paint were used to repaint the damaged part, giving an
inconsistent appearance in comparison with the original restoration (b). The repair was not completed
in the back, allowing to check the condition of the internal structure of the restored parts (c). ©Trustees
of the British Museum.

The fill, which most likely was made as a result of damage to the lower part of the restoration,
was completed only in the front and both sides of the sculpture, as shown in Figure 9b. The back
remained untreated, with the outer layer of the cast missing (Figure 9c), probably left unfinished as it
would not have been visible when displayed in the new location. This area allowed us to investigate
the internal structure as well as evaluate the penetration of the consolidation treatment in real time.
The edge of the remaining layer was consolidated where necessary, capped with the microballoons
paste and finally toned down to color match the limestone (Figure 10).
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4. Discussion

It was observed that the painted plaster was more affected by dust deposition than the original
limestone, suggesting that the material composition of the substrate had a more pronounced tendency
to incorporate dust, embedded in the paint layer by a matrix composed of OH-rich molecules and
justifying the use of the Er:YAG laser. Cleaning of the limestone was mostly achieved through
mechanical cleaning or using the laser just on difficult areas, while cleaning of the restoration was not
possible with traditional methods.

A high relative abundance of dicarboxylic acids was observed on the restored part before laser
cleaning, highlighting a high state of oxidation of the paint binder, corresponding to the degraded
“skin” of the paint layer. It also indicates a certain degree of hydrolysis of triglycerides, which is
influenced by moisture and fluctuations of RH. An increase in water sensitivity in modern oil-based
paints, depending on their formulation, has been usually observed in 20th and 21st-century paintings,
which are often unvarnished (uncoated), therefore, more vulnerable to aging and to environmental
factors [88–90]. However, paints containing metal ions such as lead and zinc, although high in diacids
content, have been found to be non-water sensitive and to promote metal soaps formation. This has
suggested that other factors may contribute to the stability of the paint [91]. It is, therefore, possible to
hypothesize that the cementation of dust on the painted plaster has occurred not only as a result of
deposition, interaction of hygroscopic particulate with moisture and consequent formation of salts,
as observed in indoor environments [6], but also due to an increase in the polarity of the painted
surface due to aging. This could have consequently attracted more dust particulates on the restored
parts of the statue than on the limestone.

Although a full characterization of the dust was not in the scope of this paper, the presence of
organic debris (e.g., fibers, hair, pollen), as well as microorganisms cannot be fully excluded. Recently,
a study on dust analysis conducted at the British Museum has demonstrated that several organic
components, such as feathers, cotton fibers, pollen and mites, can also be found deposited on objects
displayed in galleries [2].
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As evidenced by the characterization of the surface after laser cleaning, laser irradiation produced
a thermally induced disruption of the organic components and materials containing OH groups in the
dark layer, responsible for the cementation of the dust [33]. It is speculated that the weakening of these
compounds broke down the cohesiveness of the inorganic components, increasing the roughness and
surface area of the layer. After just a few laser passes, the cemented dust was completely removed by
swabbing, as a greater surface area increases the exposure to solvents.

5. Conclusions

This study aimed to investigate the applicability of the Er:YAG laser and to understand the cleaning
mechanism for the removal of cemented dust in museum collections, in particular painted plaster.
Although this laser does not have self-limiting properties when it comes to the removal of dark layers
and encrustation, similar to the Nd:YAG laser, it was able to perform selective cleaning of unwanted
OH-rich materials in a quick and efficient way, where traditional methods failed, thus reducing
treatment time as well as solvent use. In this case, the preliminary FTIR analysis of the dark layer
was essential to determine the most appropriate laser wavelength, showing a strong affinity with the
Er:YAG laser.

The analysis of samples taken from the soiled plaster enabled the substrate composition to be
identified as a lime plaster painted mostly with lead white in a modern oil-based medium, and the dark
layer as mainly composed of gypsum, oxalates and inorganic components, present in environmental
particulate and pollutants. Additionally, a stratigraphy of the samples suggested that the restored
parts had been subjected to past interventions in order to improve their appearance.

The laser treatment was shown to interact primarily with materials rich in OH groups, including
degradation products, which was beneficial for this specific case. The material to remove was found
to absorb strongly at the laser emission wavelength, enabling the treatment to be performed in
dry conditions (without requiring a pre-wetting agent) as well as confining the interaction to the
near-surface. On the contrary, the use of a wetting agent (wet conditions) was demonstrated to promote
explosive vaporization and ejection of the dark layer as well as the painted surface, probably due to
the penetration of the solvent underneath the fragile paint layer. The use of wetting agents is therefore
not indicated for the removal of very thin layers, in particular, if OH groups are already found in the
composition, or for the cleaning of porous materials, as the solvent would penetrate into the structure,
potentially damaging the underneath layers while irradiating the area with the Er:YAG laser.

The analyses demonstrated that, after laser cleaning, removal of soiling compounds was
successfully achieved. A notable reduction of the dicarboxylic acids, corresponding to the degraded
“skin” of the paint layer, was also observed. The removal of this oxidation layer, responsible for
yellowing, improved the overall aspect of the molded plaster.

In addition, no damage was detected visually or using an optical microscope during the cleaning of
the paint, such as darkening or yellowing of lead white, which was observed when directly irradiating
the surface of mock-ups in laboratory conditions. This suggested that the dark layer covering the
sculpture acted as a thermal barrier, absorbing most of the laser energy. The laser treatment was
confined to the surface, and heat did not significantly dissipate to the underneath layers.

This study has demonstrated that cleaning with the Er:YAG laser is a promising technique for the
removal of cemented dust from unvarnished painted surfaces of museum artifacts.
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pp. 63–76.

29. Godet, M.; Vergès-Belmin, V.; Gauquelin, N.; Saheb, M.; Monnier, J.; Leroy, E.; Bourgon, J.; Verbeeck, J.;
Andraud, C. Nanoscale investigation by TEM and STEM-EELS of the laser induced yellowing. Micron 2018,
115, 25–31. [CrossRef] [PubMed]

30. Siano, S.; Osticioli, I.; Pavia, A.; Ciofini, D. Overpaint removal from easel paintings using an LQS Nd:YAG
laser: The first validation study. Stud. Conserv. 2015, 60, S49–S57. [CrossRef]
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