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Abstract

The present study aims to characterize the components and assess the conditions of a deteriorated mural oil painting at Fatma
Ismail Palace (Agricultural Museum), Giza, Egypt. Different analytical techniques were used, i.e., the portable digital optical
microscope, stereo microscope, Infrared (IR), Ultraviolet (UV), Scanning Electron Microscopy with EDX (SEM.EDX), X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), and Gas Chromatography-Mass Spectrometry (GC MS).
The findings illustrated the execution technique and external surface of the mural oil painting. Furthermore, the used
microscopes showed various deterioration aspects, including flakes, cleavage, micro-cracks, cracks, as well as detached paint
layer and the painting ground from support in some parts. The results of elemental analysis by EDX and XRD showed that the
red pigment was red hematite, the yellow pigment was yellow ochre, the blue pigment was ultramarine blue (Lazurite), the
green pigment was earth green (Glauconite), and the black pigment was carbon black (Graphite). The analysis of soluble salts
showed that NaCl was the most common soluble salt. FTIR analysis determined the medium employed as a binder in the painting
ground and plaster layer. It showed the functional group of the plaster layer containing gypsum CaSOa. H20 without a binder
and that of the painting ground consisting of Calcite (CaCOs), barite (BaSOa4), glue, and oil. GC/MS analysis revealed that
walnut oil was used as a medium for the pigments. The present paper concluded significant findings about the analytical methods
of assessing the conditions and identifying the components of the mural oil painting. It showed that the mural oil painting
understudy suffered from several deterioration aspects. It recommends that further studies should tackle the conservation steps,
i.e., conservation treatment or preventive conservation.

Keywords: Mural oil painting; Agricultural Museum; Analytical techniques; Microscopes; Deterioration.

1. Introduction

The mural oil painting is defined as a method in
which the used oil colors are suspended in a carrier
medium of a dry oil [21]. The Egyptians extracted
linseed oil from early historical times [15]. Winters
[50] mentioned that oil was used as a medium for
painting in the 11 century. Furthermore, Mayer [21
Jreported that oil painting was used for decorative
purposes in England in the early 13" century,
continued in the 14" century, but was not commonly
used until the 15" century. It was popularly used by
the Flemish artist Jan van Eyck [21, 48, 50]. Then, it
moved to Italy by Antonello da Messina [48].

Mural oil paintings are multi-layers [28] . The wall
support includes lima stone, red brick, and structural
walls [19, 44]. A rough plaster layer consists of sand,
gypsum, and lima to give it the required strength,
texture, and porousness [6, 5, 26, 28, 42, 16] . The fine
plaster layer consists of a mixture of lime and fine
sand. It is softer than the previous layer to get a smooth

surface [6, 5]. The painting ground consists of a filling
material (white material), such as gypsum, lima, and
adhesive material (glue) [14]. Moreover, the paint
layer consists of pigment and oil medium (linseed oil,
walnut oil, safflower, and poppy seed oil) diluted with
plant turpentine or mineral turpentine [48, 43, 45, 50].
Paintings are carried out on the plaster layer, which is
applied directly on the wall, on canvas, which covers
the wall, or on a panel [31] .

Many external and internal factors may cause the
deterioration of mural oil paintings. The internal
factors result from differences in the physical property
among the layers. They result in stress and damage to
the mural’s original structure when ambient conditions
change [14, 18]. They also include the implementation
methods and the quality of the materials [5]. In
contrast, the external factors are caused by improper
environmental circumstances, including relative
humidity fluctuation (causing hygric and hydric
contraction, weakening, and dissolved binding
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medium and other components), temperature
fluctuation (causing thermal stress), salts (causing
crystal growth stress), excess light, gaseous
particulates and pollutants, earthquakes, heavy traffic,
and explosion [29, 5, 41, 26, 51, 46, 17, 14, 38, 18, 7,
34, 20, 16].

Several aspects of deterioration are obtainable, e.g.,
darkening, blanching, fading, craquelure (micro-
cracks), cracks [5, 51], flaking of paint layers at many
points, detachment from the preparatory and support
layers, powdering the mortars [41, 49, 12, 16] , salt
efflorescence, surface protrusions, plaster detachment
[12], and disruption [39, 16].

Researchers utilize several analytical techniques to
help identify the components of the studied painting
and highlight its deterioration mechanisms to develop
a suitable conservation plan. The analytical methods
help obtain conservation solutions by defining the
extent of deterioration and proposing appropriate
conservation methods. Non-destructive techniques
(portable equipment) are essential because they play a
part in the in situ analyses without sampling. The
observation of painting by the portable digital
microscope helps the evaluation state of paintings
[42]. It was used to examine the external surface, the
painting technique of the mural oil painting, and
samples containing geomaterials. It also shows the
morphology and texture of the parts [2, 23]. A stereo
microscope was used to explore the stratigraphy and
microscopic features of the paint layers, invisible
deterioration, and micro-organism colonies [24, 12].
Infrared (IR) showed the color layers below the
surface pigments. Ultraviolet (UV) images revealed
anomalies and characteristics of deterioration that are
hard to notice [8]. It was used to study the surface and
the various deterioration aspects, such as cracks and
places of retouching in the previous restoration [23].
Scanning electron microscopy with EDX (SEM.EDX)
has high-resolution observation of microstructural
characteristics and elemental analysis of the mural
paint layers, such as binders and pigments[12]. It
utilizes electromagnetic instead of light waves to
investigate samples in 3 dimensions. That is, it
illustrates a detailed image of the specimen's
topography to help investigate the morphology and
texture of painting and pigments of the historical
samples in high definition and detect their elements in
micron-sized areas [43, 2]. X-ray diffraction (XRD) is
used to identify the inorganic compounds in the plaster
layer, the white material type in the painting ground,
and the colored materials [42, 23]. Fourier transform
infrared spectroscopy (FTIR) is a non-destructive
technique and has been widely used for determining
the type of medium used as a bonding material on the
painting ground and oil medium [18, 23]. It relies on
the absorption of infrared radiation by the material. It
helps analyze the various chemical functions of a
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molecule via its characteristic vibrations. The
compounds were identified by comparing with
commercial or laboratory-designed spectral databases
[30, 32]. Gas Chromatography mass spectrometry (GC
MS) is used to determine the oil medium used in the
mural oil painting, which is one of the most important
ways to identify the fatty acids that make up the oil
medium [15, 18, 23].

The treatment of mural oil painting is a significant
process to repair all deterioration forms in the painting.
Some conservation treatments are required, including
cleaning, consolidation, removing the gypsum stains,
treating blanching, treating cracks and micro-cracks,
detachment of some parts from mural oil painting and
reinstalling them after treatment, reattaching the
flaking paint, and retouching.

2. Technical study and historical outlines of the
case study

The case study of this paper primarily focuses on a
unique mural oil painting known in Arabic as “Elsouk
Painting”, which means “the market painting”. It is
located in the scientific collection museum at the
Egyptian Agricultural Museum in Giza, Egypt [Fig.
1].

King Fuad initiated and executed the idea of the
museum foundation (1868-1936) after visiting the
Agricultural Museum of Budapest. In the same
context, King Fuad issued an official royal decree to
the government to establish the museum. It was known
then as King Fuad I Agricultural Museum. Due to its
uniqueness, the museum was classified as the first of
its kind in the Middle East and the second-largest
Agricultural Museum worldwide after Budapest.

The palace of Princess Fatima, daughter of
Khedive Ismail, in Giza City, was chosen to house the
newly established museum, which was officially
inaugurated on January 16, 1939 [10].

The painting mainly depicts various vending and
buying activities across the market. For instance, the
onlooker could observe a seated street vendor and a
lady shopper checking the exhibited products.

In 1927, the painting was executed directly on the
chosen wall during the actual building activities of the
museum.

It consists of a back wall that plays the role of the
primary painting support, a rough plaster layer, a fine
plaster layer, an underpainting layer (Painting ground),
and paint layers. The dimensions of the specified case
study part of the mural painting measure 173 cm (long)
x 154 cm (wide).
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Fig 1. Mural oil painting “El souk Pamtmg”

2.1. Documentation of the painting using AutoCAD

Imaged were obtained using AutoCAD that
showed Elsouk painting and deterioration aspects,
such as blanching, craquelure (micro-cracks), cracks
[5, 51], flaking of paint layers at many points [41, 12,
49, 16], disruption [16, 39], cleavage [22] , and
gypsum stains [Fig.2].
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Fig 2. Documentation of the El souk Painting, and
deterioration aspects using AutoCAD.
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3. Materials and methods
3.1. Sampling

The researchers collected samples of the plaster
layer, painting ground, and small amounts of the red,
yellow, blue, green, and black pigments from detached
parts of the painting.

3.2. Analytical techniques
3.2.1. Portable digital light microscope

The portable digital microscope (1200X is made
by ROHS) was used to investigate the surface
morphology of the painted layers of the painting. It
helped investigate the brushstrokes and identify the
pigments mixing method, whether done on the
painting or the pallet, using an investigation method
known as Vertical Photo Microscope (V.P.M).

3.2.2. Stereo microscope

Stereomicroscope (Leica MZ6) with 80X at the
Central Laboratories Sector, the Egyptian Mineral
Resources Authority, Ministry of Petroleum was used
to study the stratigraphic and microscopic features of
the paint layers sample.

3.2.3. Infrared (IR)

IR (PHILIPS, Incandescent 230- 250V BR 125,
infrared double reflector system) was used to penetrate
below the surface pigments layers and reveal details
otherwise difficult to see.

3.2.4. Ultraviolet Examination (UV)

UV (Nikon D90 digital single-lens reflex) was used
to study the surface and the various deterioration
aspects, such as cracks and places of routing in the
previous restoration.

3.2.5. Scanning Electron Microscopy with EDX
(SEM.EDX)

SEM.EDX (SEM Model Quanta 250 FEG (Field
Emission Gun) attached with EDX Unit (Energy
Dispersive X-ray Analyzes), with accelerating voltage
30 K.V., magnificationl4x up to 1000000 and
resolutions for Gun.ln). FElI Company, the
Netherlands) was used at the Central Laboratories
Sector, the Egyptian Mineral Resources Authority,
Ministry of Petroleum to investigate the surface
morphology and texture of the painting and pigments
of the historical samples and their elements of micron-
sized areas.

3.2.6. X-ray diffraction (XRD)

XRD (device model (Empyrean), step size [°2Th.]
of 0.0130, scan step time [s] of 29.0700, measurement
temperature [°C] of 25.00, anode material of Cu, K-
Alphal [A] of 1.54060, K-Alpha2 [A] of 1.54443, K-
Beta [A] of 1.39225, K-A2 / K-A1 Ratio of 0.50000,
and generator settings of 30 mA, 40 kV) was used at
the National Institute of Standards to identify the
compounds in the plaster layer, the white material type
in the ground layer, and the colored materials.

3.2.7. Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR with the following specifications (a Nicol

380 spectrophotometer (Thermos Scientific), the
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wavenumber range of 4,000-400cm) was used to
analyze the sample (0.002g) was mixed with kb to
reach (0.2g) to form a round disk suitable for
measurement at the National Institute of Standards. It
helped determine the type of medium used as a
bonding material on the painting ground.

3.2.8. Gas Chromatography-Mass Spectrometry
(GC/MS)

GC-MS analysis was performed (Agilent
Technologies 7890B GC systems combined with
5977A mass selective detector). A capillary column
was used (HP-5MS Capillary; 30.0 m x 0.25 mm ID x
0.25 pm film) and the carrier gas was helium at a
pressure of 8.2 psi with 1 pl injection. (Jun 2014) at
the Faculty of Science, Ain Shams University, to
determine the oil medium used in the mural oil
painting.

4. Results and discussion
4.1. Examination of the mural oil painting
4.1.1. Infrared (IR), Ultraviolet (UV)

IR images showed that the pigment layers below
the surface pigments didn't appear [Fig. 3 (b) ]. UV
images revealed the surface and the various
deterioration aspects, such as cracks [23] and no
previous restoration [Fig. 3 (c) ].

Fig 3. (a) photograph, (b) images under Infrared light, (c)
images under Ultraviolet light.

4.1.2. Vertical Photo Microscope (V.P.M)

The images of the V.P.M. illustrated that the artist
employed the multi-layer method and fine impasto in
some parts of the painted layer and the method of
mixing pigments applied directly on the painting [Fig.
4 (a, b, 0)].

I Rl

LA v |
Fig 4. (a, b, c) showed the multi-layer method and fine impasto
in some parts of the painted layer, and the method of mixing
pigments applied directly on the painting.

Egypt. J. Chem. 65, No. SI:13B (2022)

4.1.3. Portable digital light microscope

The optical microscope images illustrated the
different deterioration aspects of the mural oil
painting, such as cracks [5, 51] [Fig. 5 (a, b) ], micro-
cracks [43] [Fig. 5 (c, d)] , flakes [Fig. 5 (e, f) ],
cleavage [22] [Fig. 5 (g)] , and the detachment of the
paint layer and the painting ground from support in
some areas [41, 12, 43, 16] [Fig. 5 (h, i)] .

o,
Sl ‘g "‘,',. %4 : s
Fig 5. showed the different deterioration aspects of the mural
oil painting with the digital light microscope.
Notes: (a, b) cracks, (c,d) micro-cracks, (e, f) flakes, (g)
Cleavage, (h, i) detachment of the paint layer and the painting
ground from support.

4.2. Examination and analysis of the plaster,
painting ground, and pigment samples

4.2.1. Plaster layer

The portable digital light microscope images
illustrated the fine plaster layer and deterioration
aspects, such as micro-cracks, salts, and irregular
surfaces [Fig. 6 (a)]. These aspects were also shown
by the stereo microscope [Fig. 6 (b) ]and SEM. They
showed gaps, spaces, unrelated granules, clear surface
[Fig. 6 (c) ], and the distinctive shape of the gypsum
[Fig. 6 (d) ]. The EDX analysis illustrated that this
layer consisted of Ca (49.57%), S (12.04), O (30.86%),
and other elements, as shown in (Table 2). These
elements are referred to as gypsum CaSOs. H,O. To
confirm this finding, XRD was applied. It illustrated
that the plaster layer sample consisted of gypsum
CaS04. H20, which constitutes 93.0%. This result is
consistent with Schmidt et al. [42] and Ali et al. [ 1].
This layer also contained anhydrite (result from
around gypsum with high temperature), which
constitutes 3.6%, Quartz, which constitutes 1.3%,
calcite (CaCOs), which constitutes 1.1% as a result of
the painting ground and the soluble salts extracted
from the sample: Halite (NaCl), which constitutes
1.0% [Fig. 6 (e) ]. This result is consistent with
Bianchin et al. [3]. FTIR spectrum illustrated a
functional group of gypsum CaSOs4. H,O due to the
stretching band SO, at 1130cm™, stretching band
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S=0 at 1622 cm™,1686 cm™ and stretching band O-H
at 3404 cm?, 3547cm™ [Fig. 6 (f) ]. This layer
consisted of gypsum without a binding material. This
finding agrees with Derrick et al. [9] and Salvadori et
al. [40].
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Fig 6. Results of examination and analysis of the plaster layer.
(a) showed the deterioration aspects of the plaster layer with a

digital light microscope X500, (b) showed the deterioration
aspects with a stereomicroscope X80. (c) SEM micrographs of
the plaster layer, (d) The distinctive shape of the gypsum.
(e)XRD chromatogram of the plaster layer. (f) FT-IR spectra
of the plaster layer.

4.2.2. painting ground

The images of the portable digital light optical
microscope illustrated deterioration aspects, such as
salts [Fig. 7 (a) ], which were confirmed by the stereo
microscope [Fig. 7 (b) Jand SEM. They also showed
irregular surfaces [Fig. 7 (c) ]. SEM also showed
micro-cracks, gaps, spaces, unrelated granules, and
calcite [ Fig. 7 (d) ]. The painting ground consisted of
a filling material (white material), such as gypsum,
lima, and adhesive material (glue) [14]. Analyzing the
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painting ground with EDX showed some elements
(Table 2), such as C (30.69%), O (41.66), Ca
(11.72%), Ba (3.38%), and others. These elements
referred to the use of calcite "calcium carbonate™
(CaCO0s) and barite "barium sulfate” BaSOa in the
painting ground. To confirm this finding, XRD was
applied. It illustrated calcite (CaCOs) (78.5%), barite
(BaS0s) (8.6%), halite (NaCl) (1.9%), and gypsum
CaS04. H20 (10.9%) as a result of the plaster layer [
Fig. 7 (e) ]. FTIR spectrum illustrated the functional
groups of calcium carbonate (CaCOs) with a
stretching band CO3? at 1419cm™ and bending band
O-C-0 at 874cm™ and the functional groups of oil with
a stretching band O-H at 3406cm™? and 3547cm?,
stretching band C-H at 2852cm?, 2924cm'?, stretching
band C=0 at 1732cm?, bending bands C-H at 1419cm
L, stretching band C-O at 1119cm™, and torsion band
C-H at 712cm*. In addition, it showed the functional
groups of glue with a stretching band N-H at 3248cm’
L stretching band C-H at 2852cm?, 2924cm?,

stretching band C=0 at 1618cm™, bending bands C-N-
H at 1560 cm™?, and bending bands C-H at 1419cm™?
Fig 7. (f) ]. This result is consistent with Derrick et al.

[9].
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Fig 7. Results of examination and analysis of the painting
ground. (a) showed the deterioration aspects of the painting
ground with digital light microscope X500, (b) showed the
deterioration aspects with stereo microscope X80. (c) SEM
micrographs of the painting ground, (d) The shape of the
calcite.(e) XRD chromatogram of the painting ground.
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(f) FT-IR spectra of the painting ground.

4.2.3. The Pigments and oil medium
4.2.3.1. The oil medium type

The paint layer consists of pigments and oil media
(linseed oil, walnut oil, safflower, and poppy seed oil)
diluted with plant turpentine or mineral turpentine [48,
43, 45, 50].GC MS analysis revealed that the oil
medium used was “walnut oil”. Relative amounts of
the fatty acids illustrate the drying oils by highlighting
the ratios of the peak areas among fatty acids
derivatives stearic/palmitic [13, 47]. The analysis
results (GC MS) revealed the ratio between the stearic
acid [Fig. 8 (a) 1(24.54%) and palmitic acid [Fig. 8
(b) 1(75.45%) was 0.32, indicating that the oil used
was walnut oil (Table 1) [ Fig. 8 (c) ]. This result is
consistent with Vicente [47].
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Fig 8. GC — MS analysis results of the oil medium.

(a) GC — MS spectra of the fatty acid (stearic acid), (b) GC -
MS spectra of the fatty acid (palmitic acid) in the sample. (c)
spectra showed the ratio of the fatty acids (stearic/palmitic) in
the sample.

Table 1. showed the ratio of the fatty acids (stearic/palmitic) in

the sample.

Fatty Acids Retention (Min) Content %
Stearic 15.38 24.54
Palmitic 14.38 7545
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4.2.3.2. The red pigment
Cross-section images of the digital optical

microscope illustrated that the artist adopted the multi-
layer technique. The artist used a multi-layer for the
red pigment with a thickness of 0.02mm [Fig. 9 (a) ].
These images demonstrated deterioration aspects,
such as flakes, salts, dust, and dirt [Fig. 9 (b) ]. These
aspects appeared with the stereo microscope [Fig. 9 (c)
Jand SEM. There were also gaps and spaces, micro-
cracks, irregular surfaces, and granules of different
sizes [Fig. 9 (d, e) ]. EDX analysis illustrated that the
red pigment consisted of O (2.76%), Fe (12.38%), Zn
(19.40%), and other elements, as shown in table (Table
2), denoting red hematite. This result is consistent with
Bikiaris et al. [4] and Beltran [2]. These elements were
mixed with white zinc. To confirm this finding, XRD
was applied. XRD analysis illustrated that the red
pigment sample consisted of red hematite (Fe;Os3),
which constitutes (5.3%) [Fig. 9. (f) ]. This result is
consistent with Pomies et al. [35], Moussa et al. [26],
Gialanella et al. [11], Prieto et al. [36], and Mohie et
al. [23]. Hematite was the first pigment of art history
[35] . It was obtained by heating goethite up to
moderate temperatures (300-350°C), depending on
the level of impurities in the material and
microstructural features, such as grain size and shape
[27]. XRD also showed white zinc (ZnO) (0.9%), as
well as calcite and barite because of the painting
ground and gypsum as a result of the plaster layer.

Fig 9. Results of examination and analysis of the red pigment.

(a) showed a cross-section with a digital light microscope
X250 for the red pigment sample. (b) showed the deterioration
aspects of red pigment with digital light microscope X500, (c)
showed the deterioration aspects with stereo microscope X80.
(d, &) SEM micrographs for the red pigment.
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(f) XRD chromatogram for the red pigment.

4.2.3.3. The yellow pigment

Cross-section images of the digital optical
microscope illustrated that the artist adopted the multi-
layer technique. The artist used the yellow pigment
layer with a thickness of 0.02mm and applied it to
several layers of pigments: the red pigment with a
thickness of 0.0lmm, the white pigment with a
thickness of 0.09mm, the black pigment with a
thickness of 0.01mm, and the painting ground with a
thickness of 0.02mm [Fig. 10 (a) ]. These images
showed deterioration aspects, such as irregular
surfaces, cracks, dust, salts, and dirt [Fig. 10 (b) ].
These aspects also appeared with the stereo
microscope [Fig. 10 (c) ] and SEM. They displayed the
shape of granules, micro-cracks, different sizes of
granules, gaps, and spaces on the surface [Fig. 10 (d,e)
]. EDX analysis illustrated that the yellow pigment
contained O (19.90%), Fe (3.52%), and other
elements, as shown in table (Table 2), suggesting the
use of yellow ochre Fe;03.H,O mixed with red
hematite (Fe;Os). This result is consistent with
Bikiaris et al. [4], Mugnaini et al. [27], Bianchin et al.
[3], and Proietti et al. [37]. To confirm it, XRD was
applied [Fig. 10 (f) ]. XRD illustrated that the yellow
pigment consisted of yellow ochre Fe;O. H,0 (3.3%).
This result is consistent with Mugnaini et al. [27] and
Prieto et al. [36]. It also contained red hematite
(22.2%), as well as calcite and barite as a result of the
painting ground.
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Fig 10. Results of examination and analysis of the yellow
pigment. (a) showed a cross-section of digital light microscope
X250 for the yellow pigment sample. (b) showed the
deterioration aspects of yellow pigment with digital light
microscope X500, (c) showed the deterioration aspects with
stereo microscope X80. (d, €) SEM micrographs for the yellow
pigment. (f) XRD chromatogram for the yellow pigment.

4.2.3.4. The blue pigment
Cross-section images of the digital optical

microscope illustrated that the artist adopted the multi-
layer technique. The blue pigment layer thickness was
0.0lmm [Fig. 11 (a) ]. These images showed
deterioration aspects, such as salts, flakes, dust, and
dirt surface [Fig. 11 (b) ]. These aspects also appeared
with the stereo microscope [Fig. 11 (¢) ] and (SEM).
Besides, they showed cracks, gaps, spaces, and
irregular surfaces [Fig. 11 (d) ], and granules with
different sizes [Fig. 11 (e) ]. Analyzing the blue
pigment by EDX showed some elements, such as Al
(0.73%), Si (0,67), S (6.56) in Spot 1, and Na (2.98%)
in Spot 2. These elements referred to the use of
ultramarine blue (lazurite)
(3Na20.3Al,03.6Si02.2NazS). Other elements are
shown in (Table 2). To confirm these findings, XRD
was applied. XRD analysis showed ultramarine blue
(lazurite) (9.0%), white zinc (ZnO) (26.5%), as well
as calcite and barite because of the painting ground,
and gypsum because of the plaster layer [Fig. 11 (f) ].
The Europeans broadly used the pigment ultramarine
in the 14™ and 15" centuries. It was obtained by
crushing, grinding, and cleaning the raw material to
separate other minerals from lazurite. Using lapis
lazuli was limited because it was expensive, and
cheaper alternatives were available, including
Prussian blue and the potassium-cobalt glass pigment.
Nevertheless, in 1828, Jean Baptiste Guimet
synthesized ultramarine with a similar chemical
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composition to lazurite. Lapis lazuli could be
identified by optical microscopy or under SEM
because the morphology of its particles and variations
in the particle sizes differed from the uniform, small,
and round particles of the synthetic ultramarine blue
pigment [33].

Experimental pattern. Bue
80 [86-601-4512] € Ca 03 Calote (36.0%)
900 96-230-0113] 0 Zn zinc_oxide (26 5%

Eq
” . ol ) B\ A-—L
70.00 80.00 90/
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Fig 11. Results of examination and analysis of the blue pigment.
(a) showed a cross-section of digital light microscope X250 for
the blue pigment sample. (b) showed the deterioration aspects of
blue pigment with digital light microscope X500, (c) showed the
deterioration aspects with stereo microscope X80. (d, e) SEM
micrographs for the blue pigment. (f) XRD chromatogram for
the blue pigment.

4.2.3.5. The green pigment

Cross-section images of the digital optical
microscope demonstrated that the artist employed the
multi-layer technique. The green pigment layer
consisted of mixed green and blue pigment with a
thickness of 0.01lmm [Fig. 12 (a) ]. It showed the
deterioration aspects of the sample, such as salts
crystallization on the surface, flakes, dust, and
dirt[Fig. 12 (b) ]. These aspects also appeared with the
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stereo microscope [Fig. 12 (c) ] and SEM. They also
displayed cracks, gaps, and spaces on the surface,
irregular surface, and granules of different sizes [Fig.
12 (e,f) ]. EDX analysis showed that the green
pigment consisted of Mg (0.20%), Al (0.46%), K
(0.28%), and Fe (0.89%), suggesting the use of green
earth (Table 2). To confirm this finding, XRD was
applied. It illustrated that the green pigment contained
earth green (glauconite), calcite as a result of the
painting ground, and gypsum as a result of the plaster
layer [Fig. 12 (f) ]. The green pigments were copper-
based in Egypt, while in the Roman area, the most
diffuse green pigments were green earth, mainly
celadonite and glauconite. The green earth was
obtained by mixing minerals with different
compositions, structures, and colors. The chemical
structure of celadonite and glauconite was complex,
with large differences in morphology, crystalline
order, and composition. Celadonite had a crystalline
structure with a blue nuance, with the following mean
chemical formula: K(MgFez)(Fes, Al)[Sis010](OH)s.
Glauconite was green earth with a structureless
crystalline than celadonite, denoting the main
chemical formula (K, Na)(Fes, Al, Mg)2(Si,
A|)4010(OH)2 [25].
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Fig 12. Results of examination and analysis of the green
pigment. (a) showed a cross-section of digital light microscope
X250 for the green pigment sample. (b) showed the deterioration
aspects of green pigment with digital light microscope X500, (c)
showed the deterioration aspects with stereo microscope X80.
(d, e) SEM micrographs for green pigment. (f)XRD
chromatogram for the green pigment.

4.2.3.6. The black pigment

The cross-section images by the digital optical
microscope illustrated that the artist used the multi-
layer technique: The black pigment layer thickness of
0.01mm was applied to several layers of blue pigment
with a thickness of 0.02mm [Fig. 13 (a) ]. These
images showed deterioration aspects, such as salts,
flakes, and dust [Fig. 13 (b) ] that were highlighted
with stereo microscope [Fig 13 (c)], and SEM. In
addition, they showed micro-cracks, gaps, spaces,
irregular surfaces, and unrelated granules of different
sizes [Fig. 13 (d, e) ]. According to EDX analysis, the
black pigment contained C (49.35%) that was high
with other elements, as shown in table (Table 2); this
high concentration referred to the use of carbon black
“graphite” (C). This result is consistent with Beltran
[2] and Proietti et al. [37]. To confirm this finding,
XRD was applied. It showed that the black pigment
contained carbon black “graphite” (C), calcium
carbonate as a result of the painting ground, and
gypsum as a result of the plaster layer [Fig. 13 (f) ].
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Fig 13. Results of examination and analysis of the black pigment.
(a) showed a cross-section of digital light microscope X250 for
black pigment sample. (b) showed the deterioration aspects of
black pigment with digital light microscope X500, (c) showed the
deterioration aspects with stereo microscope X80. (d, €) SEM
micrographs for the black pigment. (f) XRD chromatogram for
the black pigment.

Table 2. EDX analysis results of the plaster, painting ground,
and pigment samples.

Elements  plaster  Painting Red Yellow Bluc pigment  Green Black
layer ground  pigment  pigment Spotl Spot2  pigment  pigment
(Mass%))  (Mass%) (Mass %)  (Mass %) (Mass %) (Mass %) (Mass %)

C 6.00 30.69 243 16.96 5187 5621 851 4935

3086 41 66 276 19.90 1960 1460 979 16.80

Na 0.00 449 0.00 0.00 0.00 285 0.00 293
Al 0.00 000 077 089 073 074 046 056
Mg 0.00 150 0.00 0.00 0.00 0.00 0.20 0.00
Si 153 194 0.00 102 067 060 076 040
5 1204 400 419 1336 656 0.00 493 3.60

(] 0.00 062 061 158 0.00 0.00 164 236
Ag 0.00 0.00 0.00 112 0.00 0.00 0.00 0.00
Ca 4957 172 1873 16.64 15.07 836 7.53 16.71
Cs 0.00 000 236 0.00 0.00 0.00 0.00 0.00
Ba 0.00 338 2467 19.03 0.00 0.00 274 729
Ce 0.00 000 591 0.00 0.00 0.00 064 0.00
Eu 0.00 0.00 557 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 1238 352 0.00 0.00 089 0.00
Zn 0.00 0.00 19.40 6.25 493 0.00 61.63 0.00
Sn 0.00 000 0.00 0.00 056 0.00 0.00 0.00
Mo 0.00 0.00 0.00 0.00 0.00 731 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 028 0.00

5. Conclusions

Microscopic investigations illustrated using a
multi-layer method and fine impasto in some parts of
the painted layer. The artist did color micing directly
on the artwork. The investigations also showed some
deterioration aspects, such as cracks, micro-cracks,
flakes, salts, cleavage, and the detachment of the paint
layer and the painting ground from support in some
parts of the mural oil painting. Infrared (IR) revealed
pigment layers below the surface pigments layers, and
Ultraviolet (UV) revealed the surface and the various
deterioration aspects mentioned above. The analysis
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results by (GC MS) showed that the color medium
used was walnut oil. The results of elemental analysis
by EDX revealed the presence of the main elements of
gypsum, including Ca, S, and O in the fine plaster
layer and the main elements of calcite and barite, such
as C, O, Ca, and Ba in the painting ground. The red
pigment was characterized by O, Fe, and Zn correlated
with red hematite mixed with zinc white. Analyzing
the yellow pigment by EDX illustrated some elements,
such as O and Fe. These elements referred to the use
of yellow ochre. The blue pigment elements, such as
Al, Si, S, and Na, indicated ultramarine blue
(Lazurite). The identified elements from the green
pigment by EDX analysis were Mg, Al, K, and Fe,
referred to as green earth. Analyzing the black pigment
by EDX illustrated that C was high, suggesting the use
of carbon black “graphite”. The FTIR analysis showed
that gypsum was used as a filler and binder material
for the fine plaster layer. Additionally, the artist used
glue for the painting ground.

The study findings attained with the help of several
methods of analyses and examinations illustrated that
the mural oil painting had many deterioration
manifestations. Thus, urgent conservation actions
should be carried out, including cleaning,
consolidating, removing gypsum stains, treating
blanching, and handling microcracks and cracks. They
also include attaching the attached parts, reinstalling
after handling, reattaching the flacking paint, and
retouching.
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