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Abstract: Currently, approximately 70% of paintings in museum collections are affected by the pres-
ence of metallic soaps, evidenced by spherical globules visible on the surface of the paintings. They
are responsible for altering the paintings’ surface through processes such as exfoliation and cracking,
or even in the form of surface “skins” that appear in the pictorial layers. The objective of this study
is the investigation of the icon paintings from Saint Mary Monastery, Techirghiol, Romania, which
underwent some restoration procedures. This study is so important/significant, due to the presence
of efflorescence that is correlated with the conversion of some fatty acids, as palmitic acid, stearic
acid and azelaic acid, in the so-called metallic soaps through the reaction of the metals contained
in the pigments from the painting layer and the binder. The investigated paintings are strongly
affected by zinc carboxylate aggregation, and for this, the sample was embedded in polyester resin
and the obtained cross-section, after polishing, was investigated by microscopic techniques (optical
microscopy (OM), stereomicroscopy, and scanning electron microscopy with electronic dispersion
spectroscopy (SEM-EDS), Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, and
gas-chromatography with mass spectrometry (GC-MS) in good agreement with data from the litera-
ture. The potential result of this study is the identification and quantification of the metallic soap
generated as a white deposit (probably salts, a kind of white efflorescence), from the binding medium
of the metal carboxylate ionomer, by the crystallization of saturated fatty acids, through polymer-
ization in oil. Six pigments (calcite, lithopone, carbon black, red ochre, vermilion, and ultramarine),
present in the sublayers of the samples were identified.

Keywords: painting alteration; FTIR; GC-MS and SEM-EDS

1. Introduction

Works of art generally contain inorganic and/or organic compounds combined in
complex ways. This is the case of traditional oil paintings, in which inorganic and/or
organic pigments are mixed with a drying oil, after which the resulting mixture is applied
to a canvas, wood, or metal support, and a protective organic coating is applied on top.
Icons on wood are generally executed by using an artistic egg tempera technique on a
grounded wooden panel (or support) [1].

The support can be of lime tree or fir and consists of two or more tabletops glued
animal glue, while the painting layer consists of primer, color film and varnish [2].

The deterioration process of the painting layer (ground, strip, and varnish) is a very
complex one, the main effects being: erosion and scratches, crackles, fissures, cracks,
detachments, exfoliation, gaps, flight holes and galleries mold stains, candle wax spots,
carbonization, spots of dirt adherence, brown-red lacquer, varnish erasing, agglomerations,
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and carbonization [3]. Certainly, wood could contribute at the painting degradation process,
by deformations of the wooden countertop, cracks, and fractures [4,5].

The metal soap observed in paintings from the 17th to the 20th centuries is the most
aggressive degradation form occurring on many paintings, focusing on changes in surface
appearance, notably implicating lead, zinc, or other metal soaps in the formation of insol-
uble efflorescent crusts [6,7]. Although they are found in most old paintings, the action
mechanism of metallic soaps is unclear, primarily due to subsequent restorations that took
place [8-10]. Various publications have reported that the particularities of the materials,
as well as the artists” techniques, can be responsible for the formation of metallic soaps,
or the conservation procedures to which the respective paintings were subjected, or the
environmental conditions in which they were stored: relative humidity, high temperature,
or solar radiation [11,12].

Built in the 17th century by the peasants of Maioresti (Mures district), the wooden
Saint Mary monastery, Techirghiol, Constanta (Figure 1), dedicated to “St. Apostles Peter
and Paul” was moved in 1934 by King Carol II to the Pelisor Castle in Sinaia, where, after
the establishment of Communism, it remained in vain until Patriarch Justinian brought it
and restored it at Techirghiol, Constanta county (Figure 1). The church walls are made of
oak beams of varying thickness between 25-30 cm, horizontally superimposed and joined
by a technique specific to the Transylvanian wooden lodges called “dovetail tail” and in
some places by wooden nails. On the painted scenes on the walls, no original inscriptions
were preserved, some of which being rebuilt in the first part of the 19th century. It is one of
the few wooden churches that has preserved its entire painting. Between 1965 and 1967,
Patriarch Justinian initiated renovations and expansion of the fireplace (the wing extended
and overcrowded) and between 1975-1977 the left wing of the complex was built and the
perpendicular part joining the two wings gave the complex the appearance of traditional
monasteries (especially of the Brancoveanu dynasty).

=

-

Figure 1. The photo of St. Mary Church, Techirghiol (personal photo).



Appl. Sci. 2023,13, 2124

30f19

Wooden icons represent the most common image of interest in religious worship. They
can be made of deciduous (linden) or coniferous (fir) wood, and sometimes they are made
of successive tops, glued together with animal glue. The wooden panel is prepared by
applying several layers of white gesso (a thick layer of plaster), because this leads to the
smoothness of the surface and minimal roughness [13]. The paint layer consists of primer,
colored paste, and varnish. After drying, the icon is covered with a varnish such as olipha
(a mixture of linseed oil and turpentine).

The old wooden paintings found in the Orthodox churches were made using the
tempera or oil technique, being later varnished or not, applied to the wooden panels
prepared as mentioned previously. In the tempera technique, mineral pigments are mixed
with water and egg yolk. Common pigments were used, as follows: iron oxide for red,
iron oxide-hydroxide for yellow, and lapis lazuli for blue [14-17]. Taking into account
all the identified species, the mechanism of metallic soap formation is the following: the
polymerization of the oil and the binding of the carboxyl group to the pigment used,
following these steps: the migration of metal ions in the network of polymerized oil; the
binding of the carboxylate ion to the metal; the crystallization of the metal soap determined
by the presence of saturated fatty acids; the diffusion of metal ions and fatty acids to the
core of the metal soap, and its migration to the painted surface [18].

In the case of zinc soap, the zinc-containing pigments and drying varnishes readily
react with fatty acids in oil-based paints to form zinc carboxylates. Through the formation
of these carboxylates, processes such as severe cleavage, the loss of paint, disfigurement
due to some agglomerated formations, increased transparency and surface efflorescence
occur, are to list only a few problems associated with zinc soaps. As they crystallize, zinc
soaps can cause severe delamination - both between and within layers of paint-resulting
in the loss of structural integrity of the painting [19]. Different phases were identified
during zinc soap formation: amorphous zinc soaps, considered as the intermediate stage,
and crystalline zinc soaps, as the final stage in the degradation process, which causes
delamination and increased brittleness of the paint [20,21].

There are many studies related to the deterioration of paintings associated with the
aggregation of metallic soaps. In general, zinc-based aggregates contain soaps formed from
palmitic and stearic acids [22,23]. By oxidation, the paint becomes more polar, and the zinc
stearate and palmitate formed become less compatible with the paint matrix and form a
separate phase [14-17]. However, the azelaic acid, a product of oxidative degradation of
the predominant C18 unsaturated fatty acids in dried oils, is identified near the perimeter
of the aggregates [24].

The white crusts that appear on paintings from the 17th—18th century can be caused
by humidity gradients and capillarity as factors responsible for migration to the surface.
The oleic acid levels could be an indicator of embrittlement in zinc oxide paints, due to the
oxidation of oleic acid (C18:1) to azelaic acid during paint curing, by comparison with the
modern paints, where the formation of fatty acid soaps immobilizes and prevents migration
of stearic and palmitic acids to the surface [25].

Metal soaps are complexes of metal ions from pigments with long-chain fatty acids.
The adoption of ZnO by the paint industry in artists’ paints in France appeared as early
as 1784 [26], and in Great Britain, zinc-white watercolor paints appeared in 1834 [27]. The
first occurrence of zinc white in oil tubes was only reported in 1860. There is documentary
evidence that zinc oxide was progressively incorporated into prepared paints and pigment
materials, often undeclared [28].

The characterization of the materials and degradation products (metal soaps) found
in this type of artwork, and how metal soaps influence the appearance of the artwork
and the selection of the restoration procedures, have to be investigated. Additionally, the
paint layers” deterioration based on lead pigments appears as craters (holes with 100 pm
diameter and protrusions), as whitish protruding materials [15].

For the identification of the components of the painting layer, among the most used
specific analytical techniques are: scanning electron microscopy with energy dispersive
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spectroscopy (SEM-EDS), which allows the elemental analysis of the pigments and additives
used, gas chromatography coupled with mass spectrometry (GC-MS), the latter allowing
the identification of chemical changes in paints during oil drying [29]. In some cases, the GC-
MS technique involves a specific preparation of the sample by hydrolysis and methylation
of fatty carboxylic groups, leading to esters, free acids, and metal carboxylates [30]. In
addition to these techniques, Fourier transform infrared spectroscopy (FTIR) is also used,
which allows the identification of metal soaps in paints, the metal associated with the
carboxylate group (through peaks attributed to asymmetric CO (v,5(CO)) and symmetric
CO (vs(CO)) [31]. As an example, lead, calcium, and copper carboxylates from 15th
century paintings were identified by v,5(CO) frequencies 1540 and 1513, 1576 and 1539,
and 1585 cm 1. Metal soap chains can also be identified by Raman spectroscopy [32]. Last,
but not least, the elemental distribution of metals and the new formed metal carboxylates
can be obtained by X-ray fluorescence (XRF) [33] and, respectively, by X-ray diffraction
(XRD) [34,35]. All these techniques allow the identification of the morphology, the elemental
composition, and the crystalline phases of the metallic soaps.

In this paper, the presence of metallic soaps, as well as the degradation processes
related to several icons painted on wood from the Romanian church (Sf. Maria Monastery,
Techirghiol) are analyzed. In order to comply with the cultural heritage protection criteria,
only small, detached fragments were used for the experiments, with no heritage value and
no possibility of reuse. Prepared as cross-sections, the samples were examined using optical
microscopy (OM), scanning electron microscopy with energy dispersive spectroscopy (SEM-
EDS), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, wavelength-
dispersive X-ray fluorescence spectroscopy (WDXRF), and gas chromatography with mass
spectrometry (GC/MS).

2. Materials and Methods
2.1. The Church Painting Samples

The photographs of the painted surfaces from where the samples have been taken
(0.5-1 mm) can be seen in Figure 2.

Figure 2. The interior of church nave—eastern part used for sampling.
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2.2. Characterization Methods

Optical microscopy (OM) images were obtained with a Novex Microscope BBS trinocu-
lar microscope (EUROMEX Microscopen, Arnhem, The Netherlands) (magnifications: 40,
100, 400, 1000x). The microscope is equipped with a digital video camera (EUROMEX-
HOLLAND), through the microscope software (ZenPro), allowed the acquisition of data
in real time. The images were processed using the Image]J 1.50 software (free soft). Addi-
tionally, the optical microscopy was recorded by a ZEISS Primo Star optical microscope
working at 4x and 100x magnifications. The equipment is equipped with a digital video
camera (Axiocam 105) that allows the acquisition of data in real time.

For the cross-section investigations, the damaged paint fragments, with sizes between
0.5 and 1 mm were embedded in polyester resin, dried at room temperature, and then
microtomed with a tungsten knife. After the resin cured, the samples were dry polished
using Micromesh™ polishing cloths.

For stereomicroscopy, a Stereo trinocular stereomicroscope (EUROMEX Microscopen
B.V,, BD Arnhem, Holland), model 1903, was used (magnification degrees of 7—45x).

For Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) a
SU-70 (Hitachi, Japan) microscope was used with a magnification range: 30 x-800.000x.
This microscope has an energy dispersive spectrometer (EDS) device for a qualitative and
quantitative elemental analysis.

The wavelength dispersive X-ray fluorescence (WDXRF) was carried out on a Rigaku
ZSX Primus II spectrometer (Rigaku, The Woodlands, TX, USA) equipped with an X-
ray tube with Rh anode, 4.0 kW power, with front Be window (30 um thickness). The
measurements were carried out under vacuum atmosphere on pressed pellets.

FTIR spectra (ATR-FTIR) were recorded on paint cross-sections using a Vertex 80
spectrometer (Bruker Optik GMBH, Ettlingen, Germany) in the range 4000400 cm™~!,
32 scans, resolution 4 cm !, with the attenuated total reflectance mode, ATR, equipped
with a germanium crystal. Data were processed and interpreted using Bruker Opus
7.5 software. Additionally, the spectra were interpreted by comparison with references in
the material collection of the Database of ATR-FI-IR spectra of various materials.

Raman spectra have been measured with a Raman wavelength portable analyzer
(Rigaku, The Woodlands, TX, USA) equipped with a 785 and 1064 nm stabilized laser,
providing high sensitivity. A resolution of 4 cm ™! with a laser power of 252 mW was used
for measurements. The data were collected and processed with the Opus 7.0 software
(Bruker Optics GmbH, Ettlingen, Germany).

For the chromatic parameters’ measurements, a CR-410 colorimeter (Konica Minolta,
Tokyo, Japan) was used. By applying the CIELAB standard [36,37], the following parame-
ters were measured:

L*-brightness (L* = 0 (black) to 100 (white);

a*-red/green variation (a*-red /green coordinate, with + a* meaning red and-a* meaning, green),
b*-yellow /blue variation (b*-yellow /blue coordinate, with + b* meaning yellow and-b*
meaning blue).

For gas chromatography with mass spectrometry (GC-MS) analysis, a GC/MS Triple
Quad Agilent chromatograph has been used with the following parameters; DB-WAX
column (L =30 m, D =250 um, d = 0.25 pm); Oven Program: 50 °C for 5 min, 4 °C/min
at 150 °C, 10 °C/min at 320 °C; carrier gas: He, Flow = 1 mL/min; QQQ Collision Cell:
Quench Flow Gas (He) = 2.2 mL/min; Collision Flow Gas (N2) = 1.5 mL/min; Source: EI,
Electron Energy: 70 eV, Temperature: 230 °C, auxiliary temperature: 280 °C.

The samples collected from the paintings was prepared in the following way: 100 mL
of dichloromethane and 100 mL of 2 M KOH solution were mixed with the sample (<0.1 mg).
The obtained solution was stirred for about 2 min and left for 15 min at 60 °C. After that,
500 mL of a solution of HCl and CH30H (1:1) were added and the final product was
extracted three times using with 100 mL of dichloromethane. The solution was evaporated
to 150 mL under a mild flow of N, and finally analyzed by GC-MS.
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3. Results and Discussion

In oil painting conservation, the occurrence of metal soaps through the reaction
between metallic ions and saturated fatty acids is currently a growing concern. In the
case studied in this paper, large deposits of metallic soaps were found on the exposed
surface of the paintings, visible by optical microscopy and stereomicroscopy. However,
some case studies have been reported where saturated fatty acids migrated from the paint
layer and crystallized on the paint surface. All these processes affect both the oil painting
aspect and their structural integrity. Additionally, the formation of metallic soap created a
painted surface with protrusions, visible by optical microscopy, in good agreement with
the specialized literature [24].

For identifying the metallic soap and the degradation products of these icons, the
following directions are followed in this work:

(1) The study of macro and microscopic aspects that reveal the current state of icon
paintings. In this sense, discussions are addressed about the visible changes of the painting
and the related microscopic findings: stratigraphy, the presence of efflorescence and all
defects detected using optical microscopy and SEM analysis;

(2) The characterization of the materials used, original pigments and binders, but also
those added during the previous restoration procedures;

(3) The identification of degradation products (metallic soaps and other efflorescence).

The stratigraphic layers of representative paint fragments from each sampling location
were examined with an optical microscope and stereomicroscope. All samples contained a
colored layer (blue, green, or red) and a white base layer, with possible intermediate layers
of gray or black paint. The collected samples are composed of several layers of paint, most
likely due to the repeated interventions that took place over time.

The pigments and the places where they were taken are shown in Table 1. In this
table are also attached the related chromatic parameters, as useful data in classifying these
pigments in the color classes.

The granular texture observed in the images provided by optical microscopy can
be a first explanation for the formation of metallic soaps. In Figure 3, images of the
variously painted areas are presented, and aggregates of metallic soaps that have pene-
trated/protruded through the paint surface, have been identified.

Metallic soap efflorescence, observed by OM, appears as transparent or whitish opaque
masses, with a circular shape, with a diameter between 10 and 200 pm and can reach up to
500 pm or even larger [17]. In our case, the opaque mass has the size of 30-50 um. This
metallic soap can penetrate the surface of the pictorial layer, migrate to the surface of the
painting and lead to the formation of crusts of lead carbonates, hydroxy chlorides, sulfates
and sometimes oxalates, increase the transparency of the pictorial layer, affect the wooden
support allowing artists to become visible in some paintings in oil [25].

Aggregates with small dimensions are possible and lead to an expansion of the volume,
in order to later pierce the surface layers and erupt on the surface. In some cases, the damage
caused by metallic soaps appears as dark spots, most likely attributed to preservation
treatments and can be due to the accumulation of dirt and layers of aging varnishes and
coatings, and some pustules appeared on the surface.

The microscopic analysis of the paint samples detached from these icons corroborated
with WDXRF and EDS results, and highlighted the presence of zinc soap as a fluffy deposit
formed at the painting surface; this being the cause of the deterioration of hundreds of oil
paintings dating from the 15th to the 20th centuries [38,39].

OM is completed with stereomicroscopy, which allows to clearly observe the white
layer of metallic soaps formed at the pigment surface, Figure 4. Additionally, by using
the microscope tool it was possible to measure the size of the white deposit from the
surface painting.
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Table 1. The description of the samples collected from Techirghiol church (Church Naos-eastern
part).

Sampling Site Sampling Point Sample Name, Description and Analysis

Green decoration
FTIR, SEM-EDS, OM, GC-MS, colorimetry

St. Nichifor and St. Dimitrie Icon
1(L*=48.12; a* = 5.15; b* = 27.67)

Red decoration

FTIR, SEM-EDS, OM, GC-MS, colorimetry
3 (L*=40; a* = 35.92;

b* = 36.60)

4 (L*= 69.88; a* = 4.25; b* = 37.61)

Pilda Slabanogului Icon
2 (L*=19.06; a* = —4.01; b* = 14.27)

Blue decoration

FTIR, SEM-EDS, OM, GC-MS, colorimetry
5 (L*=27.49; a* = —2.73; b* = 10.92)

6 (L*=46.29; a* = 28.05; b* = —29.76)

St. Nichifor and St. Dimitrie Icon

50.20 pm 50.20 um

Figure 3. The optical microscopy of the efflorescence generated by blue pigments.
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Figure 4. Stereomicroscopy of blue pigment with white deposit (A,B) images and SEM images of
blue pigment (C) and of the white deposit (D).

In the case of optical microscopy, whitish points and small fragments of metallic soap
or varnish are visible in all the investigated fragments, as a sign of the metallic soaps gener-
ation or subsequent conservation procedures, Figure 5. A fractally aggregated distribution
of the metallic soaps is visible and these images are a conclusive image of the damage
propagation. It is known that the zinc oxide is a pigment that readily reacts with fatty acids
in oil-based paints to form zinc carboxylates. Zinc stearate and zinc palmitate aggregates
are associated with deterioration in late 19th and 20th century paintings, following the
fractal aggregation theories [40].

Figure 5. The optical microscopy of the metallic soap generated by the pigments.

In this context, for a better visualization, SEM images are used to identify the material
structure aspect, degradation processes, or conservation additions. Effects such as porous



Appl. Sci. 2023, 13, 2124

90f19

film, cracks and an irregular surface, holes in and under the surface, and overlapping layers
of paint could be observed. Further, the additional white area is seen in Figure 6, attributed
to the plaster used to cover the holes, or missing part of this icon.

Figure 6. SEM images of green, red and blue colored samples (from left to right).

SEM images show that the soap exhibits several small (semi-)crystalline domains, each
with a coordinated layered structure of 50-100 nm in size, without a specific orientation.
The newly formed structures are organized in successive layers that formed a 3D flower-
like structure generated by the initial precipitation of the zinc soaps. The distribution of
these domains is quite homogeneous, thus confirming the hypothesis that the nucleation
processes take place in the binding environment and not at the level of the pigment
particles [41]. This finding suggests that zinc soaps can be present as amorphous zinc
carboxylates, bound to the network of oxidized, cross-linked oil, as well as crystalline zinc
soaps, generated by paint degradation [42].

The WDXRF analysis, of the pigments Table 2, reveals that the common contributing
elements detected in the red layer were Fe, Ca, Al, and Si (EDS analysis display similar
semi-quantitative results). Additionally, Ba is present, but not P, which could mean that
black bone has not been used. It is suggestive of a Fe-based pigment such as an ochre
possibly mixed with calcium carbonate or sulphate (sulphur has a high concentration),
possibly from the gypsum identified on the restored part of the painting, Figure 7.

The EDS analysis reveals the presence of sulfur (S), which can be bound to both
calcium (Ca) and barium (Ba). Barium is generally present in the paint layers as barium
sulfate (BaSO,), a white thinner commonly used for pigments, or as lithopone (BaSO4 and
ZnS). Indeed, synthetic barium sulfate was developed in the early 19th century. Lithopone
is a white pigment produced since 1874 and widely used in soil layers or as filler [43]. The
calcium could be related to the presence of calcium sulfate (gypsum, CaSOy), which was
commonly used as a preparation layer from early medieval times to modern times [44].
The analysis also highlighted the presence of zinc in the primer layer, confirming the use of
zinc oxide (Zinc White). Gypsum (CaSO4-2H,0) was rarely found and used alone or in
combination with ZnO.
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Table 2. The elemental analysis (WDXRF) of the investigated pictural layers.
Sample
El
ement Green Red Blue
C 43.43 £0.21 2525 £0.13 38.26 £0.19
o 4217 +£0.73 49.21 +0.25 39.15 £+ 0.56
Na 0.34 £0.01
Mg 0.20 £ 0.01 0.03 £ 0.01 0.25 £ 0.01
Al 0.56 £ 0.01 0.13 £0.01 0.64 £ 0.01
Si 1.09 £ 0.01 0.28 +0.01 1.35 £0.01
P 0.35 £ 0.01 0.74 £ 0.01
S 1.09 £ 0.01 11.31 £ 0.04 1.60 +0.01
Cl 0.19 £ 0.01 0.19 £0.01 0.14 £ 0.01
K 0.14 £ 0.01 0.18 +0.01 0.154+0.01
Ca 6.84 £ 0.03 11.10 + 0.05 517 £0.03
Ti 0.32 £ 0.02 0.05+0.01
Cr 0.70 £ 0.02 0.15 £ 0.01
Fe 1.68 + 0.03 0.17 £0.01 4.83 +0.04
Zn 0.73 £+ 0.05 7.54 £+ 0.07
Ba 1.92 £0.05 0.44 £ 0.02

Figure 7. The presence of gypsum on painting layer.

The presence of silica (5i), aluminum (Al), magnesium (Mg) and iron (Fe) suggests
the use of green earth in the first layers of paint [45]. This could be partially responsible
for the bluish-green color of the paint layer, along with the presence of chromium (Cr),
which could be attributed to either green chromium oxide, viridian (hydrated chromium
(III) oxide) [46]. The presence of magnesium, silica, and calcium, may indicate calcium and
magnesium silicates in all blue pastels.

Iron oxide pigments were also used to produce the red shades [47]. Iron oxide paints
are durable and resistant to light and weather. The intensity of their color depends on
the amount of the present chromophore: hematite (red), hydrohematite (mummy or red-
brown), goethite (yellow), etc. The brown and red-brown paints were found to contain
impurities of baryta white. The black pigment is most likely bone black, with such a finding
being indicated by the presence not only of carbon, but also of magnesium and calcium
phosphates [48].

Depending on the ratio of the components involved, for blue colors the hues vary
from blue-green to violet, which, when mixed with white pigments, emit hues ranging
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from pale blue (paleo) to grey-blue [49]. In this context could be the L*a*b* value for each
color collected and measured from the icons (Table 1). At temperatures above 250 °C
(candlelight), the pigment may darken, sometimes acquiring a greenish tint.

The aspects of FTIR spectra of the main components that could be identified for all the
present pigments from both icons, are shown in Figure 8.

A, a.u.
—— green pigment
' blue pigment |
0.8 -
0.7 5
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, cm™’
Figure 8. ATR-FTIR spectra of the analyzed samples (green color pigment, blue color pigment, red
color pigment).

The red layer displayed a pronounced broad band between 990 and 1290 cm~!. Such
spectral regions host features compatible with those of a sulfate (983, 1087, 1116, and
1182 cm~1), probably barite (BaSO,), to which the two uncertain peaks at 611 and 638 cm !
also appear to be assigned. Barite could be present as a natural impurity, since its identi-
fication as an artist’s pigment occurred long after the making of this icon [50-53]. Small
amounts of anhydrite (CaSOy4) and arcanite (K;SO,) were detected, and their presence
can be attributed to interactions with environmental pollutants. The presence of hematite
supports the EDS results, through Fe content. Additionally, calcite could be identified by
the bands from 1440, 875, 712 cm ™!, because usually calcite is used as mix or as substrate
for painting [54,55].

By separating the white deposit from the pigment surface (in this case blue pigment),
the FTIR spectrum reveals the main specific bands of the components, Figure 9.

The most obvious characteristic for the detection of metal soaps in oil paint layers is
the intense asymmetric stretching vibration of the carboxylate head group, for Zn soaps
this band is at 1547cm ! [56].

Interestingly, the IR spectra of zinc oleate and zinc azelate also show a split carboxylate
band structure, similar to the short-chain zinc soaps, Figure 10.
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By analyzing all these results, it could be observed that in FTIR spectra of all icons’
pigments, the bands of acids could be identified, in very good agreement with literature [57].

The pigments used in painting are mineral, natural, or synthetic minerals: colored
clays with hydrated iron oxide (ochre) or anhydrous iron oxide (red ochre), Fe, Al, Mg,
and K hydro silicate (green), silicates (blue enamel), lazurite, calcium carbonate (calcite).
To obtain more shades, these pigments were blended with white, probably calcite or
titanium dioxide (from previous restoration), remaining from some previous restorations’
procedures, or as impurity from natural raw materials used for pigments preparation.



Appl. Sci. 2023,13, 2124

13 0of 19

The red pigment is a red inorganic pigment as Fe;O3 (hematite). Hematite is identi-
fied by the FTIR spectrum that highlights the bands characteristic of hematite (x-Fe;O3)
located at 467 cm~! and 534 cm~!. At the same time, for the purpose of obtaining differ-
ent shades, the masters probably used the white Tarigrad pigment containing a natural
aluminum silicate-Al,O3-25i0,-2H,O-white, and the white lime pigment constituted by
calcium hydroxide. According to FTIR spectra, gypsum from the painting can be identified
(1627 cm~! and 1126 cm™1) and the proof of its application has been shown above, by
visual photo taken from the church. Quartz is generally indicated by the typical doublet at
779-800 cm ! [32].

For the blue pigments, based on WDXREF, EDS, and FTIR, could be identified a mixture
between ultramarine (Na, Ca)g(AlSiOy4)e(SOy, S, Cl),, and lazurite (Na, Ca)g (AlSiO4)4(S,
504), with very small concentrations of CrpO3-Fe304 and ZnO. Lazurite, as an aluminosili-
cate, is the essential ingredient of lapis lazuli and the mineral that gives it the blue color.
Lazurite is a sodium, calcium, aluminosilicate mineral that contains sulfur: the color is due
to a charge transfer between sulfur atoms.

(https:/ /www.minerals.net/mineral/lazurite.aspx, accessed on 10 December 2022).

The “green earth” pigment is a mixture of Fe, Mg, Al, K (mainly minerals as celadonite
and glauconite). Additionally, CroO3-Fe3QOy, viridian, hydrated chromium oxide, like green
zinc or green Rinmann’s green (CoZnQOy), and iron oxide, are present in this pigment. The
presence of all these elements could be identified by elemental analysis.

The green pigments based on chromium, such as viridian and chromium oxide, did
not exist in the 18th century, so it can be presumed that these pigments could be sourced
from different restoration procedures which occurred in time.

Figure 11 shows the FTIR spectrum of the ZnS nanoparticles. The spectra exhibit
strong bands appearing in the 1114, 1259, 1384 assigned to ZnS nanoparticles [58]. The
peaks at 612 cm ™! are assigned to the ZnS band (i.e., corresponding to sulphides) [59,60].
The O-H bending region due to absorbed water appears at 1620 cm~!. The stretch vibration
adsorption of ZnO at 420—460 cm~! is not detected, which indicates that ZnS was not
oxidized to ZnO during the preparation as reported by She Yuan-Yuan et al. [61].

Metallic soaps contain pigments based on heavy metals, such as lead or zinc, which
react with the fatty acids resulting from the hydrolysis of glycerides in the oil binding
medium or from the protective layers [62]. Soap inclusions in oil paintings, studied by
gas chromatography-mass spectrometry (GC-MS) and Fourier transform infrared spec-
troscopy (FTIR), concluded that they contain saturated C16 (palmitic) and C18 (stearic) zinc
carboxylates, and relatively small amounts of zinc azelate (C9) [63,64].

In Raman spectra, Figure 12, a strong band near 545 cm !, along with a weaker band
near 1098 cm !, are the features of Ultramarine pigment (artificial Lapis lazuli) [65-68].
By EDS and WDXRE, were identified the four key elements (apart from oxygen) of this
pigment, Na, Al Si, and S.

The band near 1085 cm ™! is arising from calcite, and the presence of BaSOy is evi-
denced by the band near 987 cm L. The presence of Ba, S, and Zn above identified indicate
that the main component is lithopone (BaSO4 + ZnS). Additionally, the presence of Ca
indicates the presence of CaCOj (calcite) near 1085 cm~! was observed in the spectra from
the same area obtained.
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The three bands near 224 cm !, 291 em !, and 408 cm !, and the weaker band from
611 cm ™!, are indicative of the presence of red ochre (Fe;O3 + clay). Of the known red
pigments, only haematite (the basic component of red ochre) contains iron.

The two peaks near 1725 cm ™! (v(C=0)) and 1 160 cm ™! (v(C-O)) are assigned to
the presence of triglycerides, basic constituents of the binding material. The relatively
broad carbonyl band is arising from the contribution of oxidation products of triglycerides
(aldehydes, ketones, and carboxylic acids). The band from 1600 cm ™! (v(C=Q)) is partly
due to unsaturated triglycerides present in the binding materials. Because of the sample
constraints mentioned previously, it is rather difficult to make unequivocal assertions about
the organic substances present in the sample on the basis of the Raman spectra alone.

The zinc ions from the pigments bind to the carboxylate ions in the polymerized oil
network as an intermediate step in paint aging [69], a process in which the diffusion of
metal ions and fatty acids takes place to explain the appearance of metal soaps in the paint
structure oil. The use of a protein binder by master painters is demonstrated by the presence
of linoleic, stearic, azelaic, and palmitic fatty acids, according to GC-MS measurements,
Figure 13. Azelaic acid is a marker of the use of drying oil.
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Figure 13. The main components from pictorial layer.

Additionally, long-chain hydroxycarboxylic fatty acids could be derived from waxes,
such as beeswax, and has been used as a binder in a painting technique called encaustic.
The use of a protein binder by master painters is demonstrated by the presence of linoleic,
stearic, azelaic, and palmitic fatty acids, according to GC-MS measurements [70].

Monocarboxylic and dicarboxylic saturated fatty acids (azelaic and palmitic acid are
the most abundant), indicate the presence of a lipid material, and are found in all the
analyzed samples [71].

Phthalates are also identified in the chromatogram in Figure 13; they are a sign of the
microbial population present in the painting layer. The peaks corresponding to phthalate
derivatives can be easily observed in the investigated samples.

Regarding the lipid content, palmitic acid, stearic acid, and azelaic acid, are present
in all the analyzed samples, Table 3. Special attention was paid to the determination of
the azelaic acid content, because of its high level in the drying oil. In fact, it has been
determined that if a sample has a ratio of azelaic acid to palmitic acid (A/P) greater than 1,
a drying oil is present in the sample, while an A/P ratio close to 0.1 suggests that it may be
egg material present [72]. The paint layer contains a binding medium prepared from an
emulsion of egg and walnut oil. Egg is the most commonly used bonding medium for base
coat application (present in chromatogram at retention time 8-12).
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Table 3. Summary of the main compounds and materials identified in the chromatograms of the
lipid-resinous fraction of the samples.

Sample Lipid Material Drying Oil Pine Resin Related Pine Phthalate Long Chain
Markers Resin Derivatives Hydroxycarboxylic
Compounds Acids
Green yes Yes Yes Yes yes yes
Red Yes Yes No No Yes yes
Blue yes yes no no yes yes

Based on the results obtained in this work, it can be concluded that in this church
only a few species of pigments were identified, and mainly the traditional ones, such as
vermilion, lazurite, green earth, bone black, and red/yellow ochre. Other pigments are
synthetic pigments, such as ultramarine blue, and synthetic iron pigments.

However, it should be mentioned that not all these pigments are original. Some of them
appeared during subsequent restoration interventions and complicated the composition of
the pictorial stray.

The analysis of the binding media from the investigated samples highlighted their
organic nature [73]. Moreover, in the restoration processes that took place in churches over
time, alkyd resins and even pine resins were used as surface coatings.

In addition to pigments, varnishes were used in restorations for protection against
wear, against the action of different environmental factors, and to improve the appearance
of a painting by saturating the color and imparting gloss [74]. Until the 16th century, dry
oils (e.g., linseed or walnut oil) and resins (e.g., sandarac or mastic) were practically the
only means of varnishing paintings. From the end of the 16th century, varnishes produced
by dissolving resins appeared [75]. Apart from these, there was an intermediate group,
namely those containing both resins and oleoresins (e.g., Venetian turpentine), known as
“mixed varnishes”. Apart from varnishes containing oil and/or resin, egg white (often
combined with gums) was also occasionally used for varnishing purposes [76].

The diagnostic procedures and chemical analyses are very important now, in order to
know the most useful procedure to save and keep alive such monuments. Before cleaning
and applying the restoration measures, some microscopic examinations of the paint surface
are recommended. The study of painting layers raises major problems, due to the difficulty
of separating these layers of micrometric thickness (1-200 um), as well as due to their
heterogeneity (components, impurities and/or degradation products resulting from aging
processes). The identification and characterization of pictorial layers is an essential aspect
in the conservation and restoration of paintings.

4. Conclusions

Based on the pigment’s analysis from the pictorial layers of the icons in the Church
of Saint Mary in Techirghiol, the appearance of the degraded surface and the forms of
degradation due to the metallic soaps were highlighted in this paper through analytical tech-
niques. Pigments, binders, and varnishes were investigated, for the metallic soaps formed.
Through FTIR, the broadening of the absorption region associated with carbonyl groups
was highlighted as a result of the formation of new bands in the region 1800-1700 cm !,
respectively, the formation of metal salts - the region 1600-1500 cm~!. At the level of
binders, it was observed that many of the diagnostic bands disappear due to the aging
processes. Complementary to the spectral and microscopic techniques, GC-MS analyzes
were carried out. The presence of monocarboxylic and dicarboxylic saturated fatty acids
(azelaic, stearic, and palmitic acid), indicated the presence of a lipid material, which is
found in all the analyzed samples.

The high level of azelaic acid could be a marker of the presence of the drying oil. If
a sample has a ratio of azelaic acid to palmitic acid greater than 1, it can be concluded
that drying oil is present in the sample; if the sample contains a ratio between azelaic
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acid and palmitic acid less than 1, it can be proof of the existence of egg material. In the
investigated case, the A/P ration is very small, so the egg is present in these icons (present
in chromatogram at retention time 8-12).

The binding medium used for the paint layer contain egg and walnut oil. Phthalates
are identified and are a sign of the microbial population present in the paint layer.

The signs of previous restoration procedures have been evidenced by gypsum presence
and by elements discovered after 1900.
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