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Abstract: This contribution focuses on the conservation of an Egyptian wooden sculpture (Inventory
Number Cat. 745) belonging to the Museo Egizio of Torino in northwest Italy. A preliminary and
interdisciplinary study of constituent painting materials and their layering is here provided. It was
conducted by means of a multi-technique approach starting from non-invasive multispectral analysis
on the whole object, and subsequently, on selected micro-samples. In particular, visible fluorescence
induced by ultraviolet radiation (UVF), infrared reflectography (IRR) and visible–induced infrared
luminescence were used on the whole object. The micro-samples were analysed by means of an
optical microscope with visible and UV light sources, a scanning electron microscope (SEM) with
an energy-dispersive X-ray spectrometer (EDX), Fourier transform infrared (FT-IR) spectrometer,
pyrolysis-gas chromatography/mass spectrometer (Py-GC/MS) and micro-particle induced X-ray
emission (PIXE). The characterization of the painting materials allowed the detection of Egyptian blue
and Egyptian green, and also confirmed the pertinence of the top brown layer to the original materials,
which is a key point to design a suitable surface treatment. In fact, due to the water sensitiveness of the
original materials, only few options were available to perform cleaning operations on this artwork. To
setup the cleaning procedure, we performed several preliminary tests on mockups using dry cleaning
materials, commonly used to treat reactive surfaces, and innovative highly water retentive hydrogels,
which can potentially limit the mechanical action on the original surface while proving excellent
cleaning results. Overall, this study has proved fundamental to increase our knowledge on ancient
Egyptian artistic techniques and contribute to hypothesize the possible provenance of the artefact. It
also demonstrated that polyvinyl alcohol-based retentive gels allow for the safe and efficient cleaning
of extremely water sensitive painted surfaces, as those typical of ancient Egyptian artefacts.
Keywords: cultural heritage; conservation; wooden sculpture; ancient Egyptian; ancient Egyptian
painting materials; cleaning treatment; water based systems; poly(vinyl alcohol) hydrogels; archaeometry
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sculpture. The thickness of the layers is not in scale.
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2. Materials and Methods
2.1. Painting Materials Analysis
To identify the used pigments and to study the complex structure of painting materials,
an approach based on non-invasive and micro-invasive techniques approach in a two-step
sequence was applied as provided in standard protocols for conservation purposes [15],
starting from non-invasive multispectral analysis on the whole object, and subsequently,
on selected samples.
For the characterization of painting materials three typologies of non-invasive analysis
techniques were employed: visible fluorescence induced by ultraviolet radiation (UVF),
infrared reflectography (IRR) and visible-induced infrared luminescence (VIL). UVF is
useful for the identification of different materials on the surface which are not easily
discerned using visible light, including previous conservation treatments. IRR uses the
near infrared to investigate under the paint layers and to highlight the potential presence
of preparatory drawings or other pictorial materials. Moreover, it can be combined with
visible light photographs to produce false colour (IRFC) images, which can be used to
tentatively identify pigments. Finally, the VIL technique is mainly used to identify the
presence of Egyptian blue. In all the cases the Adobe Photoshop (Adobe, San Jose, CA,
USA) software was used for the post-production of images.
UVF images were captured by means of a Xnite Nikon D810 camera (Nikon Corporation, Tokyo, Japan) coupled with a PECA 916 digital filter (Peca Products Inc., Beloit, WI,
USA). The illumination was obtained by means of two UV Labino® spot lamps UV light
MPXL and UV FLOODLIGHT (Labino, Stockholm, Sweden) with emission peak at 365 nm.
A white standard Spectralon® (Labsphere Inc., NH, USA, nominal reflectante: 99% in the
field of imaging) was used for the white balance.
To carry out IRR images, the sculpture was illuminated by means of two 800W
Varibeam halogen lamps (Ianiro, Eagle Beaming International Co. Ltd., New Taipei City,
Taiwan) and photographed by means of the Xnite Nikon D810 camera equipped with
an infrared filter (R72, Hoya, HOYA CORPORATION, Tokyo, Japan) for detecting the
wavelengths in the range 780–950 nm. In this case a ColorChecker® Classic 24 colours
(X-Rite, MI 49512, Grand Rapids, MI, USA) placed in the field of imaging was considered
for the chromatic balance.
VIL images were acquired using the same Xnite Nikon D810 (digital camera but
equipped with a Peca 910 filter (Peca Products Inc., Beloit, WI, USA, 750–950 nm). The
illumination was obtained by means of a LED light with 400–700 nm emission and a Peca
916 filter placed on it. As references, both a ColorChecker® Classic 24 colours and a pad of
Egyptian blue (Kremer Pigment n◦ 10060) were used.
To better understand the composition of painting materials and to contribute in
confirming the relevance of the surface layer to the original materials, micro-invasive
analysis were performed on micro-samples. Samplings were made in significant areas
of the sculpture. In particular, for the stratigraphic study small pieces were taken from
the body (layers sequence is shown in Figure 2a) and from the wig (layers sequence is
shown in Figure 2b). Moreover, a small amount of powder was extracted from the white
belt and from the brown paint covering all the surface of the sculpture. To minimize the
invasiveness, no samplings were made on yellow decorations, on the black lines on the wig
and on the basement because they were considered not significant for conservation aims.
The samples from body and wig were prepared in a polished section and were
observed by means of a BX51 mineropetrographic microscope (Olympus Corporation,
Shinjuku, Tokyo, Japan) in visible and UV light, interfaced to a PC by means of a digital
camera. The acquisition and processing of images is carried out using the proprietary
software analySIS Five.
SEM-EDX measurements were performed in order to determine the chemical composition of the main minerals. A JSM-IT300LV scanning electron microscope (JEOL, Tokyo,
Japan) equipped with an energy-dispersive X-ray spectrometer (EDX), with a SDD (Oxford
Instruments, Oxford, UK), hosted at the Earth Science Department of the University of
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Torino, was used for the determination of major elements. The measurements were conducted in high vacuum conditions after covering of the sample surface with a conductive
layer. Spot analyses were acquired under the following conditions: accelerating voltage
15 kV, counting time 50 s, process time 5 µs and working distance 10 mm. The EDXacquired spectra were corrected and calibrated both in energy and in intensity thanks to
measurements performed on cobalt standard introduced in the vacuum chamber with
the samples. The Microanalysis Suite Oxford INCA Energy 200 (Oxford Instruments,
Abingdon, Oxfordshire, UK) that enables spectra visualization and elements recognition,
was employed. A ZAF data reduction program was used for spectra quantification. The
resulting full quantitative analysis was obtained from the spectra, using natural oxides and
silicates from Astimex Scientific Limited® (Astimex, Kista, Sweden) as standards. All the
analyses were recalculated using the MINSORT computer software [16].
Preliminary ion beam analyses (IBA) measurements, in particular micro-particle
induced X-ray emission (PIXE) tests were carried out in order to determine the presence of
minor and trace elements in correlation with each pigment layer. This information could
be useful to characterize the material and to find markers helpful in to identifying different
productions in time. IBA measurements were carried out at the micro-beam line of the
Legnaro National Laboratory (INFN-LNL) located in Padova (Italy), using a 2 MeV proton
beam. Because samples are placed in a vacuum chamber for the measurements, they were
prepared following a procedure reported elsewhere [17], which is similar to the one used
for SEM anaysis.
Fourier transform infrared (FT-IR) spectroscopy was carried out to characterize the
white pigment of the belt and brown surficial layer. The measurements were conducted on
selective micro-samples with a Vertex 70 FT-IR spectrophotometer (Bruker, Billerica, MA,
USA) coupled with a Bruker Hyperion infrared microscope working in transmission mode
with the aid of a diamond cell.
On a sample from the brown layer, pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was performed with an EGA/PY-3030D pyrolyzer (Frontier Lab, Koriyama, Fukushima, Japan) interfaced with a 6890N Network GC System (Agilent Technologies, Wilmington, DE, USA) with HP-5 cross-linked 5% Ph Me silicone capillary
column (30 m × 0.25 mm × 0.25 µm) and a 5973 Network Mass Selective Detector (Agilent
Technologies). The sample was derivatized with the thermally assisted hydrolysis and
methylation (THM) method using tetramethylammonium hydroxide (TMAH) in aqueous
solution at a concentration of 25% by weight (Sigma-Aldrich, Milan, Italy). Pyrolysis was
carried out at 650 ◦ C for 12 s. The interface temperature of the pyrolyzer and of the injector
of the gas chromatograph was 300 ◦ C. The following temperature program was used for
the gas chromatographic separation: isotherm of 2 min at 50 ◦ C, ramp of 10 ◦ C/min up
to 300 ◦ C, isotherm at 300 ◦ C for 5 min. The carrier gas was helium (1.0 mL/min) and
split ratio was 1/20 of the total flow. Mass spectra were recorded under electron impact at
70 eV, scan range 40–650 m/z. The interface was kept at 280 ◦ C, ion source at 230 ◦ C and
quadrupole mass analyzer at 150 ◦ C. All instruments were controlled by Enhanced Chem
Station (ver. 9.00.00.38) software. The mass spectra assignment was done with the Wiley
138 and NIST2008 libraries and by comparison with literature data.
2.2. Mockups for Cleaning Test
2.2.1. Mockups
On the basis of the results on pigment characterization (described in Section 3.1),
seven different layers of colours have been prepared on glass slides, in five replicas (series).
A picture of the samples as prepared is shown in Figure 4a. Due to the presence of losses
and superficial abrasions, experimental preliminary activity to define the better cleaning
treatment was carried out on mockups featuring also the paints underneath the brown
top layer (samples A–D in Figure 4a). Samples E, F and G, which mimic the polychromies
underneath the brown top layer, have been used to test the effect of different cleaning
procedures on surfaces with variable roughness underneath the brown layer. Commercial
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Holding GmbH, Hanau, Germany)Brown
equipped
with a G
filtered (coated
quartz
glass
simulating
a
3
mm
window
glass,
cutting
l
<
300 nm)
Egyptian green (KP.10064) +
Preparation layer-KP.10064-S.7060030
2
xenon lamp and withBlack
an average
irradiation
of 750 W/m and an internal temperature
(S.7060030)
+ Brown
Brown of
about
50 ◦ C.
1 Pigment
manufacturers: KP = Kremer Pigment; Z = Zecchi; S = Sinopia.
1

Pigment
= Kremer
Pigment;
Z = Zecchi;+S = Sinopia.
Emanufacturers: KP
Yellow
ochre
(KP.40301)
Preparation

After the first step of ageing, we simulated the fatty superficial dirt detected on the
artefact (Figure 4b), by applying a thin layer of INCI hands cream (Yves Rocher® , now
AGroup
first ®step
of artificial
been
foreseen
to of
simulate
the oxidation
Rocher
, Rennes,
France) toageing
obtain ahas
greahsy
surface
capable
incorporating
dust.

a
radation of the binders The samples have been aged for 500 h in a simulating sola
ation solar box Heraeus Suntest CPS (Heraeus Holding GmbH, Hanau, Ge
equipped with a filtered (coated quartz glass simulating a 3 mm window glass, c
< 300 nm) xenon lamp and with an average irradiation of 750 W/m2 and an intern
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Dust was recovered from the filter of a museum vacuum cleaner commonly used in maintenance operations by Centro Conservazione e Restauro La Venaria Reale professionals.
On each sample, a small area was covered during the application to be used as a reference.
After applying a thick coat of dust, samples were placed in a humidity non-watertight craft
chamber, realized with a wooden structure covered with Melinex® foils. Water at 25 ◦ C
was nebulized until saturation, and samples were left there for 4 h, i.e., the time needed
to return to the outside environmental conditions. This procedure allowed dust to better
adhere to the surfaces. Afterwards, dust excess not firmly attached to the surface was
removed shaking the mockups upside down and using a compressed air jet by means of
an airbrush.
2.2.2. Selected Cleaning Materials
Latex free high-density polyurethane (PU) sponges (Deffner&Johann® , Röthlein, Germany) have been compared with innovative highly retentive hydrogels. The use of this
specific PU sponges is common in the professional practice in case of archaeological materials, with procedures that follow the results of a European research project specifically
dedicated to dry-cleaning [8].
Among the available innovative highly retentive hydrogels recently introduced in
conservation practice, twin-chain polymer hydrogels based on poly(vinyl alcohol), developed within the H2020 European project NANORESTART (grant agreement 646063),
were selected. One of the most interesting features of these systems is their capability of
adapting to the three-dimensional objects and irregular surfaces, such as the painted areas
of the Egyptian sculpture. Moreover, the hydrophilic poly(vinyl alcohol)-based structural
network makes the gel capable of holding large amounts of aqueous liquid, while the
highly retentive properties limit the liquid’s penetration so that cleaning occurs only at the
interface, without affecting the surrounding area or leaving residues. Within the European
project, formulations were tailored to adapt to the specific requirements of several case
studies, but also served as prototypes for a series of multipurpose gels, which were formulated to target typical cleaning cases. Gels are named Nanorestore Gels® Peggy 5 and
Nanorestore Gels® Peggy 6 (CSGI, Florence, Italy), being the first more retentive and rigid
than the second. Both formulations are available in different shapes, including thin foils
(sheets) or in parallelepiped shape (gum).
After some preliminary test, Nanorestore Gel® Peggy 6 (sheets, PG6) and Nanorestore
Gel® Peggy Gum 5 (PG5 Gum) were selected. The first are more flexible and easily adapt
to the artefact. The second ones were selected due to their shape that provides an easier
handling and allow for a gentle and punctual mechanical action, possibly increasing the
efficacy of the cleaning.
With the aim of defining the best cleaning procedure, different combinations of materials and application lengths were tested, as summarized in Table 2.
Table 2. Cleaning tests carried out on mockups. For each sample a non-soiled area has been kept as reference.
Materials Tested
on Each Sample

Objective

PG6

Tuning the length of gel sheet’s application

PG6
PG5 Gum
PG6
PG5 Gum
PU sponge (DJ) 1
PG6
PG5 Gum
PU sponge (DJ) 1

Comparing the effect of gel gums applied on
wet and dry surfaces
Comparing the best result obtained with
hydrogels with the traditional dry cleaning
method
Evaluating the boost in efficacy by
combining the two methods
1

Test Name

Test Description

2a
2b
2c
3a
3b
3c
4a

180 s
150 s
120 s + 60 s
90 s + 90 s
60 s + 60 s
30 s
PG6 (90 s + 90 s) + PG5 Gum on a still wet surface
PG6 (90 s + 90 s) +
PG5 Gum on a dried surface
PG6 (90 s + 90 s) + PG5 Gum on a dried surface
Mechanical removal. Sponges previously washed in
demineralized water
PU sponge (DJ) 1 + PG6 (90 s) + PG5 Gum on a dried surface
PU sponge (DJ) 1 + PG6 (120 s)
PU sponge (DJ) 1 + PG5 Gum on a dried surface

4b
1a
1b
5a
5b
5c

DJ = Deffner & Johann®
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2.2.3. Assessment of Cleaning Results
Colorimetric analyses were used to assess the efficacy of the cleaning methods in
terms of removal of the dirt layer. Three replicas for each measurement were acquired. A
Konica Minolta CM-700d colorimeter (Konica Minolta, Osijek, Croatia), with a range of
measurement of 400–700 nm, step 10 nm, measurement field of 3–8 mm, d/8 geometry,
standard D65 illumination and standard 10◦ observer was used. The measures were
expressed in L*, a* and b* colour space coordinates CIE 1976 and in cylindrical space
CIELCH. The specular component included (SCI) data, which allows obtaining results
closer to the human eye sensitivity to colours was used. ∆E was calculated using the
∆E00 , starting from the colorimetric coordinates of samples before soling and after cleaning
operations [18].
Optical microscopy was used on sponges and gels after use, to verify the presence
of grains of pigment and thus to evaluate the invasiveness of each test method. Besides
this, optical microscopy was carried out to monitor the effects of treatments on the surfaces
before and after treatments. The equipment used in this phase was an OLYMPUS SZ X10
(Olympus Corporation, Shinjuku, Tokyo, Japan), interfaced with a PC through a digital
camera OLYMPUS Color View I. For capturing and processing the images, analySIS Five
software was used.
In addition to this, we documented eventual changes in morphology of the surface, by
reflectance transformation imaging (RTI) both before soiling and after the treatments. The
RTI technique, based on computational photography, enables the interactive relighting of a
subject from any direction, and it is normally used on small areas to emphasize tiny aspects
of the surface [19,20]. The samples selected were the ones with the calcite layer only, which
are more sensitive to water-based treatments, and with Egyptian Blue and Green ones, for
their grain size (respectively the type A, B and C).
Referring to the preliminary measures acquired on the case study, necessary to better
calibrate the conservation treatments, we carried out conductivity and superficial pH
measurements; the first one has been acquired to work in isotonic conditions with the
original painted surface and the second to avoid ionizing action of the cleaning solution [21].
A 2 mm thick pad of agarose (4% in demineralized water) was applied on the object surface
for 120 s after having removed the main layer of dust. Conductivity measurement was
performed with a LAQUAtwin conductivity meter EC-22 range (Horiba, Kyoto, Japan) and
pH analysis was performed with a Hanna Instrument HI 981037 Skin and Scalp pH Tester
(Hanna Instruments, Woonsocket, RI, USA).
3. Results and Discussion
3.1. Painting Materials Characterization
Figure 5 shows the OM images of the two sections sampled from the wig (Figure 5a,
sample A) and from the body (Figure 5b,c sample B) of the sculpture. The main painting
layer scheme described in Figure 2 is visible. In particular, from the bottom to the top of
the wig sample a green-white-red-brown sequence is clearly distinguishable (Figures 5a
and S1). In this case the first white preparation layer is not recognizable because it was not
included in the sampling procedure. Regarding the sample from the body (Figure 5b with
a detail in Figure 5c) the first white preparation layer can be seen in the bottom part of the
stratigraphy. In this case the sequence is white-blue-white-green-brown. The brown layer
seems to be thicker in the body compared to the wig. By means of VIL, SEM-EDX, FTIR, PyGC/MS and FT-IR all the principal painting layers observed in OM images were identified.
Micro-PIXE was used to obtain additional information on minor and trace elements.
FTIR and micro-PIXE spectral data as well as the SEM-EDX results (elemental analysis)
are provided as Supplementary Material.
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Figure 5. Optical Microscopy images (OM) of the two samples taken from the wig (a), sample A,
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and some unsaturated fatty acids (n. 23, 25). These compounds, together with C27 –C30
and some unsaturated fatty acids (n. 23, 25). These compounds, together with C27–C30 linlinear alkanes (n. 30, 32, 34, 36), are markers of lipidic substances such as natural waxes.
ear alkanes (n. 30, 32, 34, 36), are markers of lipidic substances such as natural waxes.
However, the specific markers of the main natural waxes (e.g., 15-hydroxyhexadecanoic
However, the specific markers of the main natural waxes (e.g., 15-hydroxyhexadecanoic
acid for beeswax) are missing. The presence of cholesterol (n. 37) could be due to the use
acid for beeswax) are missing. The presence of cholesterol (n. 37) could be due to the use
of an animal wax or animal fats, not better identified and probably mixed with other fatty
of an animal wax or animal fats, not better identified and probably mixed with other fatty
substances [25,26]. These same compounds are also present in human sebum and could
substances [25,26]. These same compounds are also present in human sebum and could
be due to the manipulation of the object, a hypothesis also supported by the presence of
be due to the manipulation of the object, a hypothesis also supported by the presence of
squalene, a marker compound present in fingermarks [27]. Moreover, the peaks assigned
squalene, a marker compound present in fingermarks [27]. Moreover, the peaks assigned
to glycerol (n. 1) and dicarboxylic acids with eight and nine carbon atoms (here detected as
to glycerol (n. 1) and dicarboxylic acids with eight and nine carbon atoms (here detected
dimethyl esters, n. 13 and 16) can be related to glycerol-based lipids of oils, fats or body
as dimethyl esters, n. 13 and 16) can be related to glycerol-based lipids of oils, fats or body
lipids of microorganism that might be present in the sample.
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As for saccharides, markers derived from arabinose (n. 6, 7), rhamnose (n. 8, 10) and
galactose (n. 14, 15) have been detected, as expected for gum Arabic [28]. Gum Arabic was
extensively used as binding medium in ancient Egypt, therefore its finding on the surface
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As for saccharides, markers derived from arabinose (n. 6, 7), rhamnose (n. 8, 10) and
galactose (n. 14, 15) have been detected, as expected for gum Arabic [28]. Gum Arabic
Coatings 2021, 11, x FOR PEER REVIEW
14 of 22
was extensively used as binding medium in ancient Egypt, therefore its finding on the
surface of the sculpture is consistent with the presence of a paint layer [23,29]. Furthermore,
yellowing of gum Arabic due to aging has been associated with the darkening of paints
of the sculpture is consistent with the presence of a paint layer [23,29]. Furthermore, yelcontaining Egyptian blue, which in many ancient artefacts appear brownish green or almost
lowing of gum Arabic due to aging has been associated with the darkening of paints conblack [30]. This phenomenon, observed on several objects decorated with Egyptian blue
taining Egyptian blue, which in many ancient artefacts appear brownish green or almost
paints,
could
co-responsible
for theoncurrent
of the
sculpture.
black [30].
Thisbephenomenon,
observed
several visual
objectsaspect
decorated
with
Egyptian blue
Some
of
the
aromatic
compounds
identified
(n.
17,
20)
could
paints, could be co-responsible for the current visual aspect of the sculpture. be attributed to a
contamination
to the compounds
wood material
of the(n.
sculpture
[31]. be
However,
the
Some of thedue
aromatic
identified
17, 20) could
attributed
tobuilding-block
a concompounds
of
lignin
(i.e.,
methyl,
ethyl,
n-propyl
and
vinyl
guaiacols)
are absent, so it
tamination due to the wood material of the sculpture [31]. However, the building-block
appears
more
that methyl,
their origin
different.
The
same
compounds
were so
identified
in
compounds
of likely
lignin (i.e.,
ethyl,isn-propyl
and
vinyl
guaiacols)
are absent,
it
appears
more
likely
that
their
origin
is
different.
The
same
compounds
were
identified
in
Egyptian mummification balms and it was hypothesized that they are oxidation products
Egyptian
mummification
balms
it wasofhypothesized
that they
are oxidation
products
of
balsamic
resins secreted
byand
plants
the Umbelliferae
family
[32]. Hydroxyaromatic
of
balsamic
resins
secreted
by
plants
of
the
Umbelliferae
family
[32].
Hydroxyaromatic
acids are also markers of humic acids and tannin-derived materials (n. 2, 3, 4, 5, 9, 11,
acids
also markers
of humic
acids and tannin-derived
materialsof(n.their
2, 3, brown
4, 5, 9, 11,
17, which
17,
20)are
[33,34].
The latter
are particularly
interesting because
colour
20) [33,34]. The latter are particularly interesting because of their brown colour which
tends to black when combined with iron [35]. These compounds could also contribute to
tends to black when combined with iron [35]. These compounds could also contribute to
the dark colour of the superficial layer of the sculpture.
the dark colour of the superficial layer of the sculpture.
To investigate
investigateinindeep
deep
brown
layer,
a petrographic
of the mineral
To
thethe
brown
layer,
a petrographic
study study
of the mineral
grains grains
included
in
the
gum
was
carried
out
to
verify
its
compatibility
with
an
Egyptian
included in the gum was carried out to verify its compatibility with an Egyptian territoryterritory
origin.
particular,
a fine
formed
bysmaller
clasts than
smaller
than 100
microns
is present
origin. InInparticular,
a fine
sandsand
formed
by clasts
100 microns
is present
(Fig(Figure
ure 10). 10).

Figure 10.
(b)(b)
images
of the
surface
layerlayer
that is
composed
by an by
organic
mate- material
Figure
10.OM
OM(a)
(a)and
andSEM-BS
SEM-BS
images
of the
surface
that
is composed
an organic
rial in which different minerals are dispersed; simplified geological map of Egypt (c).
in which different minerals are dispersed; simplified geological map of Egypt (c).

Numerous
particles
were
observed
in this
mainly mainly
of quartz,
Numerousmineral
mineral
particles
were
observed
inlayer
this consisting
layer consisting
of quartz,
calcite and white mica. In accessory quantities there are also biotite, pyroxene, iron oxides,
calcite and white mica. In accessory quantities there are also biotite, pyroxene, iron oxides,
apatite and sulphides. Respect to the provenance study, among the various minerals
apatite and sulphides. Respect to the provenance study, among the various minerals
found, the most interesting was potassium white mica. It constantly shows a phengitic
found,
the most
interesting
was
potassium
white in
mica.
It constantly
shows
a phengitic
composition,
in the
sense that it
shows
an enrichment
Si and
a reduction in
Al, comcomposition,
in the sense
that of
it shows
an enrichment
in Si andphengite
a reduction
in Al, compared
pared to the theoretical
formula
muscovite
[36]. In the literature,
is commonly
to
the theoretical
formula rocks
of muscovite
[36].
Inconditions
the literature,
is the
commonly
associated
with metamorphic
that formed
under
of highphengite
pressure, in
associated
rocksallows
that formed
under
ofwith
highEgyptian
pressure, in the
subduction with
zonesmetamorphic
[37]. This therefore
to confirm
the conditions
compatibility

subduction zones [37]. This therefore allows to confirm the compatibility with Egyptian

Coatings 2021, 11, 1335

15 of 21

territory and to constrain the area of origin of the raw material used by the Ancient
Egyptians, as part of the covering layer of the statue in question. By observing a simplified
geological map of Egypt, the territory can be divided into three main geological units (see
Figure 10c). In the central-northern sector of Egypt, sedimentary rocks of carbonate origin
from the Cenozoic age mainly crop out [38]. The presence of abundant silicate clasts in the
analysed sample makes it possible to exclude with good approximation that the material
used comes from this sector of Egypt and, in particular, from the delta area of the Nile.
In the southern sector of Egypt, on the other hand, sedimentary rocks of the Cretaceous
age referred to the Nubian Sandstone Formation occur [39]. Even the outcrop area of
these sandstones can be excluded as the area of origin of the raw material, as the Nubian
sandstones are extremely pure and almost exclusively made up of quartz clasts. Finally,
the eastern sector of Egypt is characterized by the presence of very ancient crystalline
rocks (pre-Cambrian in age, corresponding over to 500 million years), which are called
Arab-Nubian shield. To this geological unit belongs both the famous Aswan granites and
metamorphic units of continental crust [40]. Granites very rarely contain white mica and
therefore it can be excluded that the material comes from the Aswan area. Instead, the
different metamorphic units out cropping in the Egyptian Eastern Desert are characterized
by metamorphic conditions favourable to the stability of phengitic mica. In particular,
the eastern desert is crossed by the Wadi Hammamat, an ancient road link between the
Nile and the Red Sea, frequented by the Ancient Egyptians since the fourth dynasty and
especially in the Ramesseid era, a period to which the production of the Papyrus of the
Mines also dates back [41]. Therefore, based on the mineralogical data collected using
the SEM analysis, it is possible to infer that the raw material for the covering layer of the
sculpture is compatible with Egyptian territory. Probably it comes from areas of the eastern
desert and was transported along the Wadi Hammamat, while other sources such as the
Nile delta and the Aswan area are to be excluded.
3.1.3. Other Pigments
The red pigment in the sample A (taken from the wig) was attributed to red ochre
because from SEM-EDX analysis it turns out to be rich in iron with minor contents of other
elements such as silicon, aluminium, magnesium and potassium (Figure S1). The result
was confirmed also by means of micro-PIXE measurements. Red ochre was a very common
pigment used starting from the fourth millennium BCE through the Roman period [23].
All the white layers used as preparation, both in sample A and sample B, are made
of calcite, another very common material employed in Ancient Egypt starting from the
Predynastic Period [23]. No presence of sulphur as main element was observed, excluding
the use of gypsum or anhydrite. Moreover, from preliminary micro-PIXE (Figure S4)
analysis no particular differences were observed in minor and trace elements (Si, S, Cl,
Fe and Cu) in the intermediate and first layers, even though the result is not sufficient to
hypothesize a contemporaneity of the two layers.
For what concerns the decorative elements, FT-IR analysis (Figure S5) carried out
on a sample from the white belt have shown the presence of huntite, Mg3 Ca(CO3 )4 , a
carbonate mineral which provides a brighter white than calcite. Its use in Ancient Egypt is
documented starting from third millennium BCE [23].
No analyses were considered necessary to understand the artwork for conservation
purposes on black and yellow decorations. The black pigment is made probably of charcoal
or carbon also considering their strong absorption in IR images, and the yellow pigment
was attributed to yellow ochre, in consideration of literature, its hue and morphology [42].
3.2. Cleaning Tests on Mockups
Following the conservation cleaning treatments guidelines, preliminary tests were
carried out on mockups (see Table 1) to evaluate the effect of each selected method with the
aim of defining the safest and most efficient cleaning protocol to treat the original surface.
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The first cleaning tests were performed using the two selected cleaning methods
alone, i.e., PU sponges and highly retentive hydrogels. In particular, we focused in finding
the best combination of application length and number of applications for PG6. Then,
we evaluate the effectiveness of PG5 Gum to finalize a cleaning procedure performed
with PG6. Results obtained using the two cleaning methods alone were then evaluated.
Afterwards, in order to take advantage of the strengths of the tested methods and to
minimize their weaknesses, we combined the dry and the water-based cleaning treatments.
The characterization of samples before and after cleaning tests allowed to evaluate the
performances of the materials and to determine the failure point of each treatment.
Several tests were carried out using PG6 to define a time range to work safely and
efficiently on the surface to be cleaned, i.e., the maximum and minimum length of application were defined. Thanks to the OM, we observed that after the application of a PG6 for
180 s, a partial alteration of the substrate took place, as testified either by the presence of
bigger grains on the gel’s surface in contact with the substrate to be cleaned or by colour
changes in the applied gel. On the other hand, applications shorter than 90 s did not result
an effective cleaning of the surface.
Moreover, we compared the effect of a single long application with two subsequent
shorter applications, having the same or higher overall contact time. For instance, we
noticed that a single 2-min-long application allowed to obtain good cleaning results but
caused a partial migration of the pigment from the surface. On the other hand, a two
steps application provided comparable results, without changes in the original materials,
granting higher control on the cleaning action. Overall, the most promising results were
obtained with a two-step application of PG6 (3a test, 90 s + 90 s), although some residues
of dirt were still present on the surface, requiring a localized refining of the cleaning.
To that aim, PG5 Gums were tested both on dry (after complete evaporation of the
water released by PG6) and wet (immediately after the application of PG6) surfaces. PG5
Gums performed in a satisfying way for the localized removal of dirt residues. It is
worth noting that, during application, the gum should be gently handled (not squeezed)
to prevent uncontrolled release of water. Overall, the best results were obtained by the
application of PG5 Gum over the dry surface, which withstands a mechanical action, even
if gentle, better than wet and softened materials.
The single methods (PU sponges and the best PG systems combination) showed a
good potential for the cleaning of water-sensitive surfaces, even if both displayed some
limitations. In particular, PU sponges efficiently removed the dust layer, but at the expense
of the integrity of the original paint layer. In fact, several coloured particles were detected on
the surface of the sponges, especially when applied on mockups prepared using pigments
with larger grains (see Figure 11a). On the contrary, highly retentive hydrogels did not
interfere with the original material, i.e., no coloured particles were detected on gel’s
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surfaces (see Figure 11b), but the system only partially removed the dirt layer, providing
an incomplete cleaning effect.
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For this reason, as indicated in Table 2, we tested different combination of the two
methods, to define an effective cleaning procedure (tests’ series 5). The best results were
obtained with a preliminary gentle dry-cleaning step that provided a partial removal of
the dirt without altering the original surface. The second step, carried out with PG6 (90 s)
removed the dirt layer left on the surface without damaging the treated material. PG5 was
then applied on dried samples, refining the cleaning with a localized action completely
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Figure 11. (a) OM image (25×) of the PU sponge after cleaning at the interface of green sample (set
n.1); (b) OM image (25×) of the PG6 after cleaning at the interface of blue sample (set n.2).
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the entire stratigraphy. Therefore, it was decided to consolidate the pictorial layers befor
the cleaning treatment, by injecting locally, only where needed, a solution of hydroxy
propyl cellulose (Klucel G®, CTS Europe®, Milan, Italy, 2% in ethanol), which was deemed
compatible with the original materials.
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the cleaning treatment, by injecting locally, only where needed, a solution of hydroxyl
propyl cellulose (Klucel G® , CTS Europe® , Milan, Italy, 2% in ethanol), which was deemed
compatible with the original materials.
After that, based on the results obtained on mockups, we selected the best procedure
for the superficial cleaning of the Egyptian statuette. The measure of pH (6.62) and
conductivity (3 µS/cm) suggested not to consider necessary to use a buffer solution, so as
to avoid any need of rinsing the surface with a subsequent application of water-loaded
gels to remove buffer residues.
The tests conducted on mockups were fundamental for the cleaning of the artefact.
However, as expected, some adjustments have been performed during cleaning operations,
especially where a thicker layer of dirt was present. In those areas, a 2-min-long single
application of PG6 was needed to remove most of the soil. The finishing of the cleaning
was carried out with PG5 Gum, which were deemed particularly useful in areas with
major undercuts.
Overall, the selected cleaning procedure of the artefact increased the perception of the
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painted decoration, leading to a general matting of the surface that results in a clearer tone
of the brown layer, according to its supposed original appearance (Figure 14).
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the Aswan area are to be excluded. The dark colour of this layer might be due to several
reasons: we hypothesize that the original brown colour was darken by the alteration of

Coatings 2021, 11, 1335

19 of 21

covering layer of the sculpture is compatible with Egyptian territory. Probably it comes
from areas of the eastern desert, while other sources such as the Nile delta and the Aswan
area are to be excluded. The dark colour of this layer might be due to several reasons: we
hypothesize that the original brown colour was darken by the alteration of the gum Arabic
used as binder, and by the addition of humic acids and tannin-derived materials that could
be related to the destination of use of the sculpture, possibly a funerary one.
The cleaning of ancient Egyptian artefacts is still an open problem, because it often
implies the removal of overlapped materials and superficial dirt from hydrophilic, porous
and extremely delicate surfaces, which often do not feature any finishing layer. For those
reasons, the dry cleaning is often preferred to solvents or water-based cleaning methods.
However, this specific case study had further challenges: its three-dimensionality, the
fragility of the original materials, the complex layering and the irregular morphology of
the surfaces complicated the cleaning process, and the chromatic similarity between the
non-homogeneous dirt layer and the underlying brown pigment layer below needed an
even more careful monitoring of the cleaning operations.
The application of PU sponges on mockups allowed for the almost complete removal
of soil, but at the expense of the integrity of the original paint layer. In fact, several pigment
grains were removed for the surface together with the dirt layer. The best results in terms of
cleaning effectiveness and non-invasiveness to the original surfaces have been obtained by
a gentle action using PU sponges followed by the application of highly retentive polyvinyl
alcohol-based gels, namely PG6 and PG5 gums. The preliminary application of PU sponges
allowed for the partially removal of the soil without altering the original surface, while
the gels permitted a gradual and controlled action at the interface without removing
pigments’ grains. Following the promising results obtained on mockups, the ancient
Egyptian statuette was cleaned successfully and safely.
To summarize, thanks to this study, we had the chance of collecting new insights about
the chemical composition of the artefact, which can be fundamental for archaeologists and
art historians. Moreover, it was demonstrated that, when confined in highly retentive gels,
water-based systems can be safely used for the cleaning of hydrophilic surfaces. Future
perspective may involve additional testing of these flexible and elastic hydrogels on other
artistic surfaces that are highly reactive to aqueous-based treatments, with the aim of
expanding the palette of available tools for conservators working on fragile, sensitive and
delicate works of art, improving the results that can obtained with the sole traditional
dry-cleaning methodologies.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/coatings11111335/s1, Figure S1: SEM-EDX maps of the main elements in the sample A. The
first image in gray scale is the SEM-BSE image, Figure S2: Elemental analysis (weight %) by means of
SEM-EDX of three representative blue grains. The blue squares are the areas of analysis. On top right
are shown the optical images of the grains, Figure S3: Elemental analysis (weight %) by means of
SEM-EDX of a representative green grain. The green squares are the areas of analysis. In the center is
shown the optical images of the grain, Figure S4: Semi-quantitative elemental analysis by means of
PIXE of different green (top) and white preparation (bottom) layers, Figure S5: FT-IR analysis carried
out on a sample from the white belt has shown the presence of huntite.
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