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Abstract
Understanding the original techniques in the creation of an artwork is a prerequisite for the selection of themost
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Wall paintings degradation
appropriate conservationmethod. This is particularly essential inwall paintingswhere control of potential agents
of deterioration and efficient monitoring are limited due to the scale of the paintings and their exposure to un-
controllable environmental fluctuations. Analytical studies are increasingly focused on the investigation and
study of degradation products of organic binders originally added in the paintings on a lime-based plaster
ground.
In the framework of IPERION-CH (Integrated Platform for the European Research Infrastructure ON Cultural Her-
itage) project, a collaborative task is dedicated to obtain knowledge about original organic materials used inwall
paintings by evaluating and comparing different innovative methodologies and conventional diagnostic tech-
niques used for the investigation of markers related to alteration mechanisms and degradation products. The
non-invasive and microsampling methodology is first optimized on well-defined models that have been de-
signed to simulate different painting techniqueswith limewater and five organic binders in different relative pro-
portions. Future investigations will focus on the application of the optimized methodology on archaeological
samples.
In the present paper, preliminary results on a selected set of models, submitted in different stages of a well-
established artificial ageing protocol, demonstrate the specific complementary input of each analytical technique
included in the analytical approach (colour measurements, micro FTIR-ATR analyses in cross-sections, Evolved
Gas Analysis-Mass Spectrometry and Gas Chromatography-Mass Spectrometry). The comparative evaluation
and interpretation of the results is a step forward in the optimization of the approach and in relating the analyt-
ical findings detected on the analysed samples to the original compounds and the possible changes for each
groupof binders (proteins/gums) due to degradation or interaction depending on the pigment/metal ion present.
Lime ground
Proteinaceous binding media
Micro-FTIR-ATR mapping
Evolved Gas Analysis Mass Spectrometry (EGA/
MS)
Gas Chromatography-Mass Spectrometry (GC–
MS)
development of analytical methods for their investigation. In particular,
1. Introduction
Wall paintings are one of the oldest art expression, thanks to the du-
rability of its substrate, and offer us a well-preserved testimony of dif-
ferent archaeological contents and contexts. Lime-based wall paintings
cover a very long-standing uninterrupted tradition, through which we
can attest some well-established technical achievements often attuned
to novelties or particularities related to local workshops or stylistic
trends. Due to the historical and artistic importance of wall paintings,
in the last decades many scientific efforts have been devoted on the
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multi-technique strategies are nowadays well-established, providing
fundamental knowledge on the materials and painting techniques,
[1,2]. A first in situ investigation combining multispectral imaging and
non-invasive spectroscopic analysis (commonly XRF and FTIR) provides
a screening of thematerials used aswell as a preliminary understanding
of degradation issues present. Then, micro-destructive analyses applied
for the investigation of sample stratigraphies, such as elemental analysis
through energy dispersive X-ray analysis in the scanning electron mi-
croscope (SEM-EDX) and complementary microRamanmolecular anal-
ysis, allow an exhaustive description of pigment mixtures in paint
layers. A combined application of microFTIR spectroscopy and chemical
separation techniques gives an overview of the organic substances



present in the painting. However, the comprehensive characterization
of the organic substances used as binder either in fresh or in dry lime-
based plaster, still represent a crucial challenging issue in conservation
science, [3–5]. This lack of understanding may be ascribable to different
reasons. The organic substance is initially added in low binder-to-pig-
ment ratio and it is exposed to weathering processes that depend on
changing climatic conditions and to deterioration phenomena induced
by interaction with the substrate materials or with environmental pol-
lutants, [3,6–8]. The identification of aged binders even when present
in very small proportion can be obtained by chromatographic tech-
niques (GC–MS) coupled with statistical analysis (PCA), [9]. However,
it is common that original binders are fully degraded and only altered
residues of the original organic substancesmay bedetected on historical
wall paintings. The correlation of these alteration products with the ex-
istence of specific original organic matters is an analytical challenge, as
any diagnostic signatures are usually irreversibly changed.

The formation mechanism of metal carboxylates as degradation
product, starting from the autoxidation of the fatty content of binding
media (such as egg yolk or drying oil), has been demonstrated in several
studies, [10]. Additionally, there are few case studies found in literature,
investigating the ageing process of a lipidic binder in extensively deteri-
orated panel [11] or wall [7] paintings, through which metal oxalates
are considered as a final decay product related to the samemechanism.
In these studies, FTIR Imaging techniques were employed on paint stra-
tigraphies for the spatially resolved chemical speciation of the organic
lipidic binder (drying oil), its de-esterification products (free fatty
acids) and its decay products (metal oxalates and carboxylates). The
characterization and spatial correlation of both carboxylates and oxa-
lateswithin the paint stratigraphy provided a first indication suggesting
the origin and possible association of these degradation products. How-
ever, it is still not clear whether metal oxalates occur as decay products
exclusively by the gradual degradation of lipidic binders or if they can be
also generated by the degradation of non-lipidic organic media. It is
worth to note that the formation of oxalates may be also related to dif-
ferent degradation processes, associated with the presence of oxalic
acid, correlated with microbiological activity [12].

A research project for the advancement of our knowledge on the use
of organic binding media in ancient wall paintings is undertaken in the
framework of IPERION CH Research actions.

In attempt tofill a gap still present in diagnostic studies, this research
was focused on the comprehensive characterization of specific markers
related to alteration mechanisms and degradation products, in order to
obtain knowledge about the original organic materials used in wall
paintings. Thus, an advanced analytical protocol was defined and ap-
plied for the identification of degradation products instead of the origi-
nal materials, which may not be present in altered wall paintings.

Key aspects of the analytical approach is the evaluation, comparison
and effort of improving the various methodologies with a final aim to
develop strategies for selecting themost effective approaches to identify
and monitor changes in organic materials encountered in cultural heri-
tage wall paintings.

To this aim, a systematic study was carried out. Standard mockups
were prepared in the laboratory using different types of ancient recipes
and materials, and then submitted to the ageing protocol to reproduce
the most common exposure conditions for wall paintings. Finally, sam-
ples from each of the mockups were collected and analysed with com-
plementary spectroscopic and chromatographic techniques to disclose
new information on: (i) degradation mechanisms related to original
or restoration materials (ii) possible correlation of alteration products
with the original organic material even when it is hardly detectable;
(iii) possible factors that may trigger or boost the deterioration process
during ageing, (iiii) the role of the alkalinity of lime (OH) or of the reac-
tivity of the metal ions of the pigments in the degradation processes of
the system pigment-binder-lime ground.

In addition to the well-established methodology based on the
complementary evaluation of microFTIR spectroscopic data and
chromatographic analysis results obtained, Evolved Gas Analysis Mass
Spectrometry (EGA/MS) was also applied on samples before and after
accelerated ageing. Thus, mass spectrometric temperature-resolved in-
formationwas obtained and itwas possible to characterise thematerials
present, according to the products evolved from thermally induced re-
actions. Themodification of the thermal behaviour of thematerial is re-
lated to the physico-chemical changes undergone by the materials
while ageing. Understanding these changes is fundamental to interpret
the results obtained by other techniques and to establish a reliable ana-
lytical protocol overcoming the problematic and drawbacks linked to
the ageing of the material for the identification of highly degraded or-
ganic binders.

EGA/MS has been scarcely used in the literature to identify binders
in samples from artworks. However, approaches based on analytical py-
rolysis, DTMS and thermogravimetric techniques have been recently
applied to the characterization of proteinaceous materials [13], organic
residues in pottery [14], and to study the degradation phenomena of
collagen in archaeological bones [15] and of proteinaceous binders in
paint samples either laboratory prepared or from paintings and archae-
ological objects [16]. Results highlighted the promising potential of the
techniques to evaluate the degradation phenomena occurring and to
evaluate and characterise highly aged materials. In the present paper,
the results obtained on samples containing proteinaceous based binders
are presented and discussed, as a first part of the ongoing project. In-
deed, proteins have been largely used in wall painting, as original mate-
rials as well as restoration materials in past conservation procedures.
Nevertheless, little attention has been devoted to the characterization
of the interaction between proteins andmetal ions present in pigments,
considering the entire systempigment-binder-lime ground and the role
played by its alkalinity. The clarification of the behaviour of different
proteinaceous binders, with or without a lipid fraction, should assist in
a first step towards a broader understanding of the possible interactions
between natural polymeric binders and pigments' metals, in general.

2. Materials and methods

2.1. Model samples preparation

In order to understand the alteration mechanisms and optimize a
non-invasive and microsampling methodology, a set of mockups have
been prepared. Five organic binders (lipid/protein or polysaccharide
based) and four pigments (with chromophores based on metal ions of
different reactivity): Fe (red ochre, labeled as “2”), Pb (red lead, labeled
as “3”), Cu (malachite, labeled as “1”) and Carbon black, labeled as “4”
were selected and used for the preparation of the paint samples.

The paint model systems were prepared on a HERAKLITH (wood
wool) support, 25 mm thick, covered with a lime mortar as follows:

- 1st layer (7–8 mm thick): slaked lime mixed with an inert material
(fine quartz sand/pumice, 3:1) at a ratio 1:3

- 2nd layer (1 mm thick): pure slaked lime applied once the mortar
was solid but not dry

The slaked lime used was aged (N30 years).
The paint layers were applied on the freshly (after one week) dry

lime ground layer that had not been fully carbonated. In order to simu-
late different painting techniques, each organic binderwas used in three
relative proportions: (i) limewater + a small amount of organic binder,
(ii) organic binder at medium content, (iii) higher concentration of or-
ganic binder. For practical reasons it was not easy to quantify the pig-
ment/medium ratio each time. Instead, for the execution of the
patches with only organic binder, at medium (ii) and high (iii) content,
after the completion of the patch (ii) the relative amount of the binder
in the paint mixture was increased by adding portions of binder, in
order to obtain a translucent layer.



Table 1
Description of the set of samples considered in this paper, as shown in Fig. 1.

Binders Pigments
red ochre (2) and red lead (3)

Red ochre 1st layer: red ochre
2nd layer: red lead

Binder 0 (limewater without any organic
binder)

WP0_2A WP0_3A

Binder 1 (limewater + egg yolk, low content) WP1i_2A WP1i_3A
Binder 1 (egg yolk) WP1ii_2A WP1ii_3A
Binder 1 (egg yolk, high content) WP1iii_2A –
Binder 2 (limewater + gelatin, low content) WP2i_2A WP2i_3A
Binder 2 (gelatin) WP2ii_2A WP2ii_3A
Binder 2 (gelatin, high content) WP2iii_2A –
Binder 4 (limewater + egg white, low content) WP4i_2A WP4i_3A
Binder 4 (egg white) WP4ii_2A WP4ii_3A
Binder 4 (egg white, high content) WP4iii_2A –
The panels have been prepared in duplicates, one set is left to beNat-
urally Aged (NA), while themeasurements were carried out exclusively
to the second set, at time T0 ~ 5 months after preparation and then at
gradual stages of Accelerated Ageing (AA). The measurements taken
at times T3 and T5 of artificial ageingwere comparedwith themeasure-
ments taken before (at time T0) the artificial ageing of the panels.

The results presented here are referred to the first part of the re-
search, which was focused on the models painted with three proteina-
ceous binders and the two red pigments (red ochre “2” and red lead
“3”). The complete consideration of all binders and pigments involved
in the prepared models will be the subject of a next publication. Each
panel of dimensions ~10 × 6 corresponds to a different binder, WP1
(Egg yolk/distilled water, 1:1), WP2 (fine gelatin powder/distilled
water in the ratio 1:8.) and WP4 (egg white/distilled water, 2:1),
while in WP0 only lime water has been used as a binder, (showed in
Fig. 1 and described in Table 1). In the panels with organic binder, com-
prised of 5 vertical sections, from the left to the right, the two first sec-
tions, labeled “i”, were painted with limewater and a small amount of
organic binder, the two next vertical sections, labeled “ii”, were painted
with a medium content of organic binder and the fifth vertical section,
labeled “iii”, was painted with a higher concentration of organic binder.

In order to simulate simple and complex stratigraphies, for each
binder, over a first red ochre layer (“2”) a layer of red lead (“3”) was ap-
plied on sections (i) and (ii). Therefore, in the patches “i2” and “ii2” the
paint layer contains only red ochre while the patches “i3” and “ii3” are
constituted of a first layer of red ochre over which a layer of red lead
was applied. The vertical section with high amount of binder, labeled
“iii 2” includes only a single - red ochre - paint layer (Fig. 1).

As, to the best of our knowledge, egg yolk has never been analysed
using EGA/MS before. Commercial freeze-dried egg yolk has been
analysed as a referencematerial in order to support the data interpreta-
tion of the model samples WP1, Freeze-dried egg yolk in powder was
purchased by Bresciani S.r.l. (Milano, Italy).

The pigments used for the preparation of the models were pur-
chased from KREMER Pigmente, the natural gelatin powder from Abio.
gr, No 4877 and the eggs from the market (biological products). The
Fig. 1. Photograph of the panels under study, WP0: with lime water without any organic bin
dimensions ~10 × 6 cm comprises 2 × 5 sections: from the left to the right, (i) – two sections
sections with medium amount of organic binder and the two red pigments, (iii) one section
five-sectioned row (B), a mowilith layer was applied to simulate a consolidation procedure, bu
chemical composition of the pigments was certified as, 40,020 French
natural Ochre RTFLES, (Fe2O3 + SiO2 + Al2O3) and 42,500 Red Lead,
(Pb3O4).

2.2. Accelerated ageing

A Light/Temperature/RH ageing protocol was applied using the
Atlas Ci400 weatherometer: Irradiance of Xenon-arc Ci400 at
0.5 W/m2 with an outer filter CIRA/soda lime and inner filter Type S
borrosilicate to stop far UV-light; RH 60% and T 40 °C. The impact of
the accelerated ageing processwasmonitoredwith FTIRmeasurements
applied in regular time intervals (T0: starting point of AA, 5 months
after preparation of the models, T1: after 14 d of AA; T2: after 21 d;
T3: after 28 d; T4: after 42 d and T5: after 47 d = 1128 h). At time T5,
FTIR monitoring was showing significant modification in the analysed
spectra of the proteinaceous binders justifying the necessity for com-
prehensive analysis and comparative evaluation of the results obtained
with the different techniques. EGA/MS and FTIR analysis were also
der WP1: egg yolk-based, WP2: gelatin-based and WP4: egg white-based. Each panel o
with lime water plus a low amount of organic binder and the two red pigments, (ii) two
with higher concentration of organic binder and red ochre. At each panel, in the lowe
t samples from this row will be the subject of future study.
f
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performed at an intermediate artificial ageing time (T3) in order to es-
tablish the evolution of the modifications occurring. After the assess-
ment of the results presented in this work, further accelerated ageing
will be applied in order to analyse the final degradation products of
the observed going along mechanisms.

The weathering facility allows to accommodate the models in a ro-
tating system, which assures equivalent exposure to the weathering
conditions for all models. The selected protocol applying a RH/T and
light ageing simultaneously refers to indoor artificial ageing exposure
conditions and the main parameters to push is the Relative Humidity
and Light (filtered in the far UV), keeping the temperature no higher
than 40 °C.

2.3. Noninvasive measurements on the paint surface

Diffuse reflectance measurements in the visible have been carried
outwith aMINOLTA 2002 spectrophotometer possessing an integration
sphere, with a spot sizeΦ 4 mm.

2.4. Optical microscope and micro FTIR-ATR mapping on cross-sections

A Thermo Nicolet (Thermo Fisher Scientific, Waltham, MA, USA),
iN™10MX imaging microscope, fitted with a mercury-cadmium-tellu-
ride (MCT) detector cooled by liquid nitrogen, was used for mapping
analysis. The measurements were performed using a slide-on ATR ob-
jective, equipped with a conical germanium crystal, in the range
4000–675 cm−1, at a spectral resolution of 4 cm−1. A dedicated soft-
ware, OMNIC Picta™ (Thermo Fisher Scientific, Waltham, MA, USA),
was applied for a combined manipulation of the spectra dataset.

Cross-sections were prepared following the standard procedure, [8].
Briefly, the micro fragments were first embedded in KBr pellets. After-
wards, the pellet obtainedwas submitted to the polyester-resin embed-
ding procedure. The double embedding system allowed to prevent the
infiltration of the polyester resin into sample's porosities, avoiding con-
tamination which may hamper the correct characterization of organic
substances present within the samples. A dry polishing procedure was
applied using Micro-Mesh® silicon carbide papers (Micro-Surface
Finishing Inc., Wilton, USA) with successive grid from 2400 up to
12,000.

Cross-sections were observed and documented stratigraphically by
means of dark field observations performedwith the use of an Olympus
(Olympus Optical, Tokyo, Japan) BX51 microscope equipped with an
Olympus DP70 digital scanner camera. A 100-W halogen projection
lamp and an Ushio Electric (USHIO Inc., Tokyo, Japan)
USH102D ultraviolet (UV) lamp were employed for the acquisition of
visible and UV-fluorescence images, respectively.

2.5. Evolved Gas Analysis Mass Spectrometry (EGA/MS)

The EGA/MS instrumentation consists of amicro-furnaceMulti-Shot
Pyrolyzer EGA/Py-3030D (Frontier Lab) coupled with a
gas chromatograph 6890 Agilent Technologies (Palo Alto, USA)
equipped with a deactivated and uncoated stainless steel transfer tube
(UADTM-2.5 N, 0.15 mm i.d. × 2.5 m length, Frontier Lab). The GC was
coupled with a 5973 Agilent Mass Selective Detector (Palo Alto, USA)
single quadrupole mass. A program temperature was chosen for the
micro-furnace chamber: initial temperature 50 °C; 10 °C/min up to
700 °C. Analyses were performed under a helium flow (1ml/min)
with a split ratio 1:20. The micro-furnace interface temperature was
kept at 100 °C higher than the furnace temperature until the maximum
value of 300 °C. The inlet temperaturewas 280 °C. The chromatographic
ovenwas kept at 300 °C. Themass spectrometer was operated in EI pos-
itive mode (70 eV, scanningm/z 50–600). The MS transfer line temper-
aturewas 300 °C. TheMS ion source temperaturewas kept at 230 °C and
theMS quadrupole temperature at 150 °C. Samples (1mg) were placed
into a stainless steel cup and inserted into the micro-furnace. The
sample underwent a thermal decomposition in inert atmosphere (He)
over the chosen heating range, and evolved gaseous compounds were
transferred to the mass spectrometer and directly ionized and analysed
as a function of time.

2.6. Gas Chromatography-Mass Spectrometry (GC-MS)

An Agilent 6890N 5973 GC–MS was used for the identification of
lipids and proteins. The samples were weighed (between 50 and 700
μg) on a Cahnmicrobalance and are representative of typical wall paint-
ing samples' size. The samples fragmented easily and it was impossible
to separate the paint from the ground layer. A sample was deposited
into a high recovery crimp top vial and, subsequently, analysed by fol-
lowing three consecutive methods. First, it was tested for extractable
components by adding ethanol:hexane (1:1) and heating to 60 °C for
1 h. Next, it was injected into GC–MS with the following conditions.
25 M × 0.2 mm × 0.2 μm DB-5HT. Helium 1 ml/min. Splitless injection
280 °C. Transfer line 300 °C. Oven 80 °C (2 min), 10 °C/min to 340 °C
(12min); 20 °C/min to 360 °C (5min). The samplewas allowed to evap-
orate and Meth Prep II (a transesterification reagent) was added to the
sample vial and heated to 60 °C for 1 h and injected into the GC–MS to
identify any lipid components (see GC–MS conditions above). Lastly,
the sample was hydrolysed (and amino acids reacted with ethyl
chloroformate) and analysed in SCAN and SIM mode by GC–MS. The
GC–MS conditions and method for amino acid analysis is described in
detail and is based on seven “stable” amino acids: alanine, glycine, L-va-
line, L-leucine, L-isoleucine, L-proline, and L-hydroxyproline, [17]. The
identification of proteins by GC–MS is accomplished by comparing the
amino acids (building blocks of proteins) of each sample to those of
standard reference materials using the method of correlation coeffi-
cients. A perfect match is a correlation coefficient of 1.0, but for most
samples 0.97 is an acceptable match.

3. Results and discussion

3.1. Visual examination and non-invasive measurements on the paint
surface

Systematic measurements of diffuse reflectance in the visible range
coupled with colorimetric measurements were carried out on the
paint surface of themodels to document the colour changes upon accel-
erated ageing, which in certain cases are clearly perceptible with the
naked eye. Examining the visual appearance of the models (Fig. 1),
there is not a clear distinction in colour or texture of the paint surface
among the different binders. However, considering the workability of
the paint during preparation, egg tempera (both WP1 and WP4) was
smoother to spread and adhere on the ground compared to gelatin
(WP2) which was not easy to homogenise and work, especially when
added to the limewater (samples WP2i_xx).

The L*a*b* values (CIELAB 1976) for the samples before (at time T0)
and at time T5 of AA as well as the respective calculated colour differ-
ences ΔΕ are included in Table 2.

The most significant differences in colour (ΔΕ values indicated in
red, in Table 2), whichwere also evident through comparative visual ex-
amination, refer to a considerable colour change from bright orange to
dull brown for the samples of red lead, which applies for all mediums,
included the limewater. In fact, the evaluation of the diffuse reflectance
spectra in the visible allows to assess at a first immediate and non-de-
structive manner any modification at the pigment level. In the present
study, it was attested that up to the considered stage of accelerated age-
ing (T5), there was not any structural change for red ochre. In the con-
trary, for red lead, the comparative evaluation of the spectra acquired on
the red leadpatches (T5 vs T0) (Fig. 2) suggests that the colour change is
probably related to the pigment decomposition. Thus, it was possible to
observe the attenuation of the S shaped reflectance with maximum at
630 nm, characteristic of the Pb3O4 structure, and shift of the inflection



Table 2
Comparative colourmeasurements on thepanelswith the red pigments, at time T0 (5months after preparation) and at time T5 (T5: after 47 days of AcceleratedAgeing). Thehigher colour
differences, indicated in bold, were measured on the colour patches with red lead.

L*(D65) a*(D65) b*(D65) L*(D65) a*(D65) b*(D65) ΔL* Δa* Δb* ΔE

WP1i_2A_T0 56.69 27.49 28.45 WP1i_2A_T5 53.07 26.97 28.30 −3.62 −0.52 −0.15 3.66
WP1ii_2A_T0 41.14 27.06 24.91 WP1ii_2A_T5 42.93 24.20 22.44 1.79 −2.86 −2.47 4.18
WP1iii_2A_T0 61.74 30.12 35.66 WP1iii_2A_T5 61.36 28.49 33.23 −0.38 −1.63 −2.43 2.95
WP1i_3A_T0 62.95 34.60 38.76 WP1i_3A_T5 58.23 21.86 29.16 −4.72 −12.74 −9.60 16.64
WP1ii_3A_T0 56.65 40.11 51.79 WP1ii_3A_T5 48.31 27.39 31.04 −8.34 −12.72 −20.75 25.73
WP2i_2A_T0 57.51 26.81 28.45 WP2i_2A_T5 55.76 25.82 27.51 −1.75 −0.99 −0.94 2.22
WP2ii_2A_T0 45.85 25.49 26.25 WP2ii_2A_T5 45.03 25.12 24.62 −0.82 −0.37 −1.63 1.86
WP2iii_2A_T0 47.11 33.45 33.02 WP2iii_2A_T5 47.75 29.22 28.28 0.64 −4.23 −4.74 6.39
WP2i_3A_T0 63.32 43.39 52.59 WP2i_3A_T5 60.37 40.26 49.06 −2.95 −3.13 −3.53 5.56
WP2ii_3A_T0 60.34 46.12 59.23 WP2ii_3A_T5 49.78 30.36 35.55 −10.56 −15.76 −23.68 30.34
WP4i_2A_T0 53.96 28.1 29.83 WP4i_2A_T5 50.03 27.85 29.7 −3.93 −0.25 −0.13 3.94
WP4ii_2A_T0 49.79 25.82 25.81 WP4ii_2A_T5 47.5 25.09 25.77 −2.29 −0.73 −0.04 2.40
WP4iii_2A_T0 55.34 30.17 30.48 WP4iii_2A_T5 48.92 28.51 26.45 −6.42 −1.66 −4.03 7.76
WP4i_3A_T0 59.85 36.63 44.51 WP4i_3A_T5 58.17 33.88 41.05 −1.68 −2.75 −3.46 4.73
WP4ii_3A_T0 58.16 37.88 43.83 WP4ii_3A_T5 46.56 25.72 25.82 −11.6 −12.16 −18.01 24.63
point generally towards lower wavelengths (with the exception of the
samples with WP4: egg white based binder that the inflection point
shows a bathochromic shift, Fig. 2(d)). It is worthy to note that the ob-
served colour change is more significant in the samples with higher or-
ganic binder content (samples 3ii) than the samples with lower content
(samples 3i) or without any organic medium (sample WP0_3A). Red
lead is known to be an unstable pigment in light, but also highly
Fig. 2.Comparative diffuse reflectance spectra in the visible acquired on the paint surface of the r
WP0 – lime water, (b) WP1- egg yolk based, (c): WP2-gelatin based and (d): WP4-egg white
sensitive to humidity changes. The fading of red lead pigment in wall
paintings and possible related degradation products have been exten-
sively studied in model samples and real artworks, [18–22].

Although the three proteinaceous binders considered in this study
presented differences in the workability of the paint, their behaviour
during ageing proved to be dependent only on their chemical composi-
tion. Dissimilarities and detectable degradation products during the
ed leadpatchesWPx_3i andWPx_3ii, at time T0 and T5 of AA, for thedifferent binders, (a)
based.
:



Table 4
FTIR-ATR mapping results on sampleWP1iii_2A before (T0) and after accelerated ageing,
(T5: after 47 days of AA). * indicates new band after ageing; ** indicates bandmodified af-
ter ageing.

Layer Diagnostic FTIR
bands (cm−1)

Assignments Original
components

Components
identified after
ageing

Ground
layer
(0)

3640 O\\H stretch Calcium
hydroxide,
calcite

Calcium hydroxide,
calcite1400 CO3 stretch

875 CaCO3 bend
Paint
layer
(1)

1734** broad
band

C_O stretch Silicates,
proteins, lipids

Silicates, proteins,
lipids
Calcite,
Calcium oxalates,
free fatty acids,
Ca carboxylates

1648 C_O stretch
1576* COO− asym.

stretch
1538 COO− asym.

stretch
1410* CO3

2– stretch
1320* C\\O stretch
1031 Si\\O stretch
accelerated ageing seem to be mainly related to the lipidic content of
the proteinaceous binder. Consequently, FTIR data on the egg white
based samples (WP4xx) are not discussed as they did not disclose any
additional information compared to those obtained on gelatin-based
model samples (WP2xx). Equally, the discussion of the GC–MS results
was based on the same binders, WP1 and WP2, as representative of
the two types of proteinaceous media, lipidic (WP1) or pure (WP2).

3.2. microFTIR-ATR mapping on paint cross-sections

The analysis of paint cross-sections was aimed at characterizing the
molecular composition of degradationmarkers, aswell as their distribu-
tion within the paint stratigraphy. The importance of the spatial distri-
bution of such components may represent a key tool in providing
crucial information related to inter-correlation among components
and degradation products. Thus, the analysis was aimed at offering a
new insight into the correct description of degradation processes
in proteinaceous based samples. Red samples containing red lead and/
or red ochre mixedwith egg yolk or gelatin, submitted to the same age-
ing protocol for gradually longer time, were investigated and compared
(Table 3).

3.2.1. Egg yolk-based paints
Two different types of samples containing egg yolk were investi-

gated at different ageing times: WP1iii_2A and WP1ii_3A. The first
was characterized by a single pigment layer applied on the lime ground,
using a high content of binder. The molecular characterization of the
paint stratigraphy allowed for the location of different components, ac-
cording to the technique applied for the preparation of the paintmodels
(Table 4). Inmore detail, calcium carbonatewas identified as the princi-
pal component of the ground layer thanks to bands at 1400 cm−1 and
875 cm−1, ascribable to the CO3

2– stretching and CaCO3 bending, respec-
tively. Interestingly, calcium hydroxide (Ca(OH)2) was also detected
(see band at 3640 cm−1), suggesting its use as original component
and indicating its incomplete carbonation. The use of a high content of
binder, was clearly evident in the intense IR bands ascribable to the si-
multaneous presence of proteins and lipids in the paint layer. In partic-
ular, well defined bands were detected at 1644 cm−1 and 1538 cm−1

(attributed to C_O stretching and N\\H bending, respectively), to-
gether with the carbonyl group at 1737 cm−1. The characteristic
bands of OH stretching at 3690 cm−1 and the band at 1032 cm−1, sug-
gested the presence of hydrated silicates.

After ageing, no evident changes were detected in the molecular
composition of the ground layer, in which the presence of calcium hy-
droxide was still detectable. On the other hand, it was possible to ob-
serve significant modification of the spectral profile of the pigment
layer. The carbonyl band became broader, probably due to the
Table 3
Description of the microsamples taken from the mockups painted with egg yolk (WP1)
and gelatin (WP2) binders at different accelerated ageing stages, (T0, T3 and T5) and pre-
pared in cross-section configuration to be analysed with FTIR-ATR mapping.

Binder Red ochre (paint layer 1) Red ochre (paint layer 1)
Red lead (paint layer 2)

Egg yolk WP1ii_3A_T0
WP1ii_3A_T3
WP1ii_3A_T5

Egg yolk (high content) WP1iii_2A_T0
WP1iii_2A_T3
WP1iii_2A_T5

Gelatin WP2ii_3A_T0
WP2ii_3A_T3
WP2ii_3A_T5

Gelatin (high content) WP2iii_2A_T0
WP2iii_2A_T3
WP2iii_2A_T5
triglyceride hydrolysis processes. Indeed, it is known that the degrada-
tion of egg tempera paintingsmay bemainly related to the fatty compo-
nents with the formation of free fatty acids groups, [23]. This outcome
corroborated the hypothesis that some pigments (such as the iron-
based pigments)may promote the hydrolysis processes. It is worth not-
ing that iron carboxylateswere not detected, confirming the behavior of
iron-based pigments in the degradation of egg paint films described in a
previous paper [23]. Interestingly, after ageing, calcium carbonate
seems to increase within the paint layer. This outcome is showed in
Fig. S-1, by comparison of the false colourmaps of thedistribution of cal-
cium carbonate in the paint layer of samples before (T0) and after (T5)
accelerated ageing. However, this result will be further investigated in
order to better describe the phenomena, which may be associated
with the ongoing carbonation process.

Moreover, interaction between the organic binder and calcium salts
occurred. Calcium carboxylates were clearly visible after ageing due to
the presence of the diagnostic double bands at 1576 cm−1 and
1538 cm−1. Few studies report the identification of calcium carboxyl-
ates in egg or oil paint samples, [10]. FTIR-ATR chemical mapping per-
formed on sample WP1iii_2A showed the distribution of calcium
carboxylates overall the red pigment layer, Fig. 3d. The formation of cal-
cium oxalateswas observed in the upper part of the paint layer (Fig. 3e)
based on the absorption band at 1320 cm−1 associated with the COO−

symmetric stretchingmode (Fig. 3a). This distribution was probably in-
duced by exposure of the paint layer, rich in binder, to artificial ageing.
This evidence demonstrate the correlation between aged binder (char-
acterized by the presence of a lipidic content) and the production of
oxalates.

Sample WP1ii_3A showed a more complex paint stratigraphy com-
pared to the previous described: over an egg yolk tempera layer with
red ochre, applied on the ground, a second paint layer with red lead
was applied (layer 2, Fig. 4c). In this case, a medium content of binder
was used for both the red layers.

Red lead layer was characterized mainly by the presence of the typ-
ical spectral profile of egg binder due to the absence of absorption band
of the pigment (lead oxide) in theMid IR region.Moreover, traces of cal-
cium carbonate were also identified (Table 5).

Ground and red ochre layers after ageing showed similar behaviour
to those observed in the sample WP1iii_2A, indicating that there is no
influence from the different amount of binder between the samples
WP1iii_2A and WP1ii_3A. In particular, red ochre layer showed in
both samples an increment in the relative amount of calcium carbonate
(Fig. S-2) as well as the formation of the band at 1718 cm−1 ascribable
to the presence of fatty acids groups produced by the triglyceride hydro-
lysis processes (Fig. 4d). Moreover, calcium carboxylates were also



Fig. 3. Sample WP1iii_2A_T5: a) spectrum extracted from the red ochre layer (Layer 1); b) visible light microscopic image: white square indicates the region submitted to FTIR-ATR
mapping analysis; c) false colour map of calcium carbonate (peak area 875 cm−1); d) false colour map of calcium carboxylate (peak area 1576 cm−1); d) false colour map of calcium
oxalates (peak area 1320 cm−1).
identified thanks to the presence of the diagnostic band at 1576 cm−1

(Fig. 4e). It was possible to clearly visualize the distribution of that
band in the red ochre layer as well as in the upper part of the ground
layer (Fig. 4d), formed probably due to the simultaneous presence of
free fatty acids and a high concentration of calcium in these areas of
the paint stratigraphy.

As already observed in model and real samples, lead ions are partic-
ularly prone to form metal carboxylates with material containing tri-
glycerides [7,23]. Indeed, the presence of such degradation process
was observed in the red lead layer of the aged sample WP1ii_3A_T5
thanks to the bands at 1542, 1563 and 1350 cm−1 (Fig. 4b), which
may suggest the formation of neutral and/or basic form of lead acetates.
However, it is worth to note that the identification of specific lead car-
boxylates can be difficult. Thus, usually two types of carboxylates spe-
cies may be detected in aged oil paintings. The first is characterized by
sharp bands associated with the crystalline metal complexes, while
the second type is probably related to amorphous species and less or-
dered lead fatty acid salts characterized by much broader bands, often
shifted from the band maximum of crystalline soap [24,25].

In layer 2, the intensity of the carbonyl band at 1730 cm−1 was re-
duced and almost totally replaced by the band at 1718 cm−1. This
could be an indication that the production of free fatty acids and their
conversion into lead carboxylates did not occur at the same rate. Cal-
cium oxalateswere detected, thanks to the band at 1320 cm−1 together
with a shoulder at 1622 cm−1, ascribable to the COO− asymmetric
stretching mode (Fig. 4b). Even though the intensity of these bands
was weak, probably due to the small amount of product present, it
was possible to clearly locate the oxalates in the upper part of the
paint layer (Fig. 4g). In addition, traces of lead carbonate were also de-
tected thanks to the band at 680 cm−1. The formation of lead carbonate
in red lead pigment layers has been already described as the result of
degradation phenomena in oil and egg-based paints [14].

3.2.2. Gelatin-based paints
Samples containing gelatin as a binder were submitted to the FTIR-

ATRmapping analysis in the attempt to the better evaluate the spectral
behaviour of proteinaceousmaterialswith a limited or absent content of
triglycerides.

The equivalent sample typologies, presenting one (WP2iii_2A) or
two (WP2ii_3A) pigment layers were investigated.

In both of the samples the red ochre layer was characterized before
ageing by the presence of the C_O stretching (amide I) andN\\Hbend-
ing (amide II) absorption bands, ascribable to the proteinaceous binder.
Moreover, hydrated silicates were clearly identified thanks to the Si\\O
stretching and O\\H stretching bands at 1032 and 3690 cm−1, respec-
tively. The analytical investigation of paint cross-sections after ageing
did not highlight any significant modifications in the molecular compo-
sition of the red ochre and ground layer in sample WP2iii_2A (data not
shown) or in sample WP2ii_3A (Table 6).

The red lead layer in the unaged sampleWP2ii_3A, showed the char-
acteristic spectral features of proteinaceousmaterials, together with the
band at 1398 cm−1 related to the CO3

2– stretching vibration. Bending
modes at 875 and 680 cm−1 revealed the contemporary presence of cal-
cium carbonate and of probably basic lead carbonate (Table 6), [26].
Traces of lead carbonate in unaged samples suggested a fast and initial
conversion of the lead oxide into lead carbonate. Subsequently, the rel-
ative intensity of the diagnostic band at about 680 cm−1 increased with
ageing, as well as the intensity of the CO3

2– stretching band (Fig. 5).
Moreover, the additional presence of the band at 3535 cm−1 suggested
the formation of the lead carbonate hydroxide.

The literature reported some tentative explanations on the conver-
sion mechanism of red lead into lead carbonate. This process was usu-
ally observed in oil or egg paints, due to the action of some acids, most
likely derived from the organic binder or the environmental pollution
(e.g. acetic acid), which reacts with lead to initially produce lead acetate
and lead hydroxide. Subsequently such forms are converted into lead
carbonate in the presence of carbon dioxide, [23]. The discussion re-
garding the origin of the altered phase has been the subject of research
focused on the stability of red lead pigment in wall paintings, [20]. In
that case, the authors ascribed the causes of the carbonation to the inter-
action of the paint layer with the atmospheric carbon dioxide, which
lead to an increment of acidity of the surface.



Fig. 4. SampleWP1ii_3A_T5: a) spectrum extracted from the red ochre layer (Layer 1); b) spectrum extracted from the red lead layer (Layer 2); c) visible light microscopic image: white
square indicates the region submitted to FTIR-ATRmapping analysis; d) false colour map of free fatty acids (peak area 1718 cm−1); e) false colour map of calcium carboxylate (peak area
1576 cm−1); f) false colour map of lead carboxylate (peak area 1563 cm−1); g) false colour map of calcium oxalates (peak area 1320 cm−1).
However, according to the data here presented, for the first time this
conversionwas undoubtedly observed in a pure protein (without any li-
pidic content) paint layer, opening the way to further investigation on
the degradation process.

Finally, it was not possible to detect oxalates in any of the gelatin-
based samples investigated. This outcome, in comparison with those
observed in the egg-based samples, confirmed what already observed
in real samples, [7]: the lipidic fraction in the binder may encourage
the formation of metal oxalates.

3.3. Analytical pyrolysis (EGA/MS)

3.3.1. Egg-based paints
To the best of our knowledge, egg yolk has never before been

analysed using EGA/MS. For this reason, in order to support the data in-
terpretation of the samples described in Section 2.1 corresponding to
WP1, freeze-dried egg yolk was first analysed as a reference material.
The total ion thermogram (TIT) profile of freeze-dried egg yolk (Fig. 6
(a)) shows a profile that is substantially different from those obtained
from purely proteinaceous binders shown in the literature [16]. Dried
hen's egg yolk contains 65% of fats and 35% of proteins, differently to
egg white that contains 98% of proteins and a 2% of fats. Egg
glycerolipids consist of glycerides of unsaturated and saturated fatty
acids that in hen's egg are as follows: 27% palmitic acid, 9% stearic
acid, 44% oleic acid, 13% linoleic acid [27].
The TIT of egg white, mainly consisting of ovalbumin, was shown to
present two non-well resolved peaks, ascribable to two main thermal
degradation steps at 330 °C and 430 °C, in agreement with the charac-
teristic profile of a globulin protein [16] with an imidazole derivative,
toluene, benzeneacetonitrile, phenol and indole, as well as nitrogen-
containing cyclic compounds named diketopiperazines (DKPs) such as
Cyclo (Pro-Leu), Cyclo(Pro-Ile) and Cyclo (Pro-Val), being the main py-
rolysis products. The TIT of freeze-dried egg yolk instead, Fig. 6(a),
shows an initial temperature range (A) between 200 and 250 °C,
followed by two well-resolved decomposition steps peaking at 310 °C
(C) and 410 °C (D), all of which show different average mass spectra.
The m/z of the compounds identified in the freeze-dried reference egg
yolk and egg yolk based model samples (WP1iii) are summarised in
Table 7.

The mass spectra (Fig. 6(b)) associated to the temperature range A
in Fig. 6(a) shows fragment ions that point to the presence of cholesterol
(m/z 353, 368, 386) [28]. The average mass spectra associated with the
degradation steps B, C and D show the presence of masses related to the
presence of a lipid material (Fig. 6(c), (d) and (e), respectively). The
mass spectra associated to the main degradation step (C) shows the
presence of fragment ions related to the EI ionisation of free fatty
acids (RCOOH), particularly themolecular ions [M]•+of palmitic, stearic
and linoleic acids (m/z 256, 284 and 280), as well as the fragment ion
[M-H20]•+ of oleic acid (m/z 264). m/z 264 is also observed in the MS
spectrum of linoleic acid.



Table 5
FTIR-ATR mapping results on sample WP1ii_3A before (T0) and after accelerated ageing,
(T5: after 47 days of AA). * indicates new band after ageing; ** indicates bandmodified af-
ter ageing.

Layer Diagnostic
FTIR bands
(cm−1)

Assignments Original
components

Components identified
after ageing

Ground
layer
(0)

3640 O\\H stretch Calcium
carbonate,
calcium
hydroxide

Calcium carbonate,
calcium hydroxide1400 CO3 stretch

875 CaCO3 bend

Paint
layer
(1)

3275 N-H stretch. Silicates (ochre),
Calcium
carbonate
(traces)

Proteins, lipids, silicates
(ochre), calcium
carbonate, free fatty
acids
Calcium carboxylates

3690 O\\H stretch
1730**
(broad)

C_O stretch

1718* COOH
1649**
(shoulder)

Amide I

1574* COO− asym.
stretch

1538** COO− asym.
stretch

1400 CO3 stretch
1030 Si\\O stretch

Paint
layer
(2)

3275 N\\H stretch Proteins, lipids,
calcium
carbonate
(traces) Silicates
(traces)

Proteins, lipids, Free
fatty acids, lead
carboxylates, calcium
and lead carbonate,
Calcium oxalates.

1718* COOH
1640**
(shoulder)

Amide I

1563* COO− asym.
stretch

1570*
(shoulder)

COO− asym.
stretch

1542** COO− asym.
stretch

1406 CO3 stretch
1351*
1320/1310 COO stretch
Peaks ascribable to the fragment ions RCOO•+ (m/z 255, 267, 283
and 321) and RCO+ (m/z 239, 267, 264) were observed (Fig. 6(e)) in
the mass spectra associated to the degradation step (D) in Fig. 6(a),
and they are related to the thermal decomposition of acylglycerols,
[29,30].

The presence of fragment ions related to proteinaceousmaterials can
be observed in the mass spectra obtained in the shoulder at 270 °C (B)
and in the temperature range between 450 and 500 °C (E). The average
mass spectrum related to the shoulder (B) shows the presence of m/z
154 (Fig. 6(c)), which is a fragment ion encountered in themass spectra
of DKPs, probably related to the DKPs identified in the literature for egg
white samples and specified in Table 7. In themass spectra associated to
Table 6
FTIR-ATRmapping results on sampleWP2ii_3Abefore (T0) and after accelerated ageing (T5: afte

Layer Diagnostic FTIR bands
(cm−1)

Assignments Original components

Ground layer (0) 3637 O\\H stretch Calcium carbonate, ca
1400 CO3 stretch
875 CaCO3 bend

Red ochre paint layer
(1)

3686 O\\H stretch Silicates (ochre), Prote
3613 O\\H stretch
1643 Amide I
1546 Amide II
1404 CO3 stretch
1027 Si\\O stretch

Red lead paint layer
(2)

3633 O\\H stretch Proteins, Calcium carb
(traces).3535* O\\H stretch

1650 Amide I
1554 Amide II
1395** (higher intensity) CO3 stretch
1041 Si\\O stretch
683** (higher intensity) PbCO3 bend
the range 450–500 °C (Fig. 6(f)), fragment ions related to oxygen andni-
trogen containing aromatic compounds (m/z67, 80, 91, 117, 131) can be
distinguished, to be ascribed to the decomposition of the more ther-
mally stable portion of the polypeptide chain of the proteinaceous frac-
tion of egg yolk.

The analysis of WP1iii_2A and WP1ii_3A samples containing red
ochre and red lead pigments, based on Fe and Pb respectively, showed
a similar behaviour while ageing. Fig. 7 shows the results obtained for
WP1iii_2a and 3a (red ochre and red lead, respectively), which
underwent several modifications during ageing.

Fe based samples (WP1iii_2A) showed the following behaviour:

a) The TIT profile (Fig. 7(a)) of the sample at time T0 shows two main
degradation steps (C and D), similarly to the reference freeze-dried
egg yolk analysed (Fig. 6) and related to the thermal decomposition
of the glycerolipid component. Cholesterol is still present, evolved in
the temperature range between 200 and 250 °C (A). The relative
abundances of the degradation steps are however different with re-
spect to the reference freeze-dried egg yolk analysed, indicating a
different thermal behaviour.

b) At T3 (Fig. 7(c)), TIT shows four different not well-
resolved degradation steps at 280 (step A), 324 (step B), 400 (step
C) and 460 (step D) °C. The mass spectra associated with steps A
and B show the characteristic fragment ions ascribable to
heptadecanenitrile and octadecanenitrile [31] (Fig. 7(e)) while
those associated to the steps B and C show the characteristic frag-
ment ions (m/z 67, 91, 117, 131) of nitrogen and oxygen containing
aromatic compounds, characteristic of the pyrolysis of proteins. Cho-
lesterol is not present anymore. The mass spectra corresponding to
the curve above 500 °C show the presence of m/z 78 and 128, char-
acteristic of aromatic molecules (benzene, naphthalene), which
have been indicated as resulting from the pyrolysis of highly aggre-
gated - crosslinked proteins (Fig. 7(f)), [16].

c) The TIT of T5 (Fig. 7(c)) shows little changes with respect to T3

The TIT curve of Pb containing samples (WP1ii_3a) at T0 (Fig. 7(b))
showed twomain degradation steps (A and B): themass spectra associ-
ated with the first one (A, peaking at 303 °C) show the characteristic
fragment ions of heptadecanenitrile and octadecanenitrile (Fig. 7(e)),
while those associated with the second peak (B, peaking at 450 °C)
show the characteristic fragment ions (m/z 67, 91, 117) of nitrogen
and oxygen containing aromatic compounds, as well as m/z 78 and
128, characteristic of aromatic hydrocarbons (benzene, naphthalene)
(Fig. 7(f). Little differences are observed in the TIT curves of T3 and T5
(Fig. 7(d)) but for some changes in: a) the definition of two degradation
r 47days of AA). * indicates newbandafter ageing; ** indicates bandmodified after ageing.

Components identified after ageing

lcium hydroxide Calcium carbonate, calcium hydroxide

ins, Calcium carbonate Silicates (ochre), Proteins, Calcium carbonate

onate (traces), lead carbonate Proteins, basic lead carbonate, Calcium carbonate
(traces)



Fig. 5. SampleWP2ii_3A: a) spectrum extracted from the red lead layer (Layer 2) of sampleWP2ii_3A_T0; b) spectrum extracted from the red lead layer (Layer 2) of sampleWP2ii_3A_T5;
c) visible light microscopic image: white square indicates the region submitted to FTIR-ATR mapping analysis; d) false colour map of lead carbonate (peak area 683 cm−1).
steps (B and C) for the thermal degradation of themost thermally stable
fraction of the protein and b) themodification of the relative abundance
of the thermal degradation steps showing a relative increase of the step
leading to the evolution of heptadecanenitrile and octadecanenitrile
with the ageing.

3.3.2. Gelatin-based paints
The paint model systems examined at time T0 (WP2iii_2A and

WP2ii_3A) showed two non-well resolved peaks, ascribable to two
main thermal degradation steps at 330 °C and 430 °C and a shoulder
at 380 °C, in agreement with the degradation steps described in the lit-
erature for proteinaceous materials, in particular for animal glue [16].
The maximum temperature of the TIT corresponds to the first degrada-
tion step around 330 °C. Fig. 8 shows the total ion thermogram (TIT) of
the Fe based (WP2_iii_2A) and Pb based (WP2 ii_3A) samples at times
T0, T3 and T5.

The average mass spectra corresponding to these degradation steps
are also in agreement with those highlighted in the literature [16]. The
mass spectra corresponding to the thermal degradation step centered
at 330 °C (Fig. 8(c)) showed the presence of m/z 70, 111, 124, 154,
186, 170 and 210 - ascribable to DKPs - while m/z 67, 91, 107 and 117
- ascribable to aromatic and nitrogen-containing aromatic compounds
(pyrrole and alkyl-pyrrole, indole and alkyl-indole, phenol and alkyl-
phenol, toluene, styrene and ethyl-cyanobenzene) - were observed in
the mass spectra corresponding to the degradation step at 430 °C (Fig.
8(d)). The identified proteinaceous DKPs and aromatic compounds are
summarised in Table 8. DKPs are formed upon heating by cyclisation
of neighbouring amino acids in a polypeptide chain: diketopyrrole,
cyclo (Pro-Gly), cyclo (Pro-Pro) and Cyclo (Pro-Hyp) are themost abun-
dant DKPs produced by gelatine [16], in agreement with the amino acid
composition of collagen, containing high amounts of proline and hy-
droxyproline. Aromatic and nitrogen-containing aromatic compounds
are formed due to the thermal degradation of the lateral chains of
some amino acids, as well as the pyrolysis of the more thermally stable
portions of the protein [15]. Pyrrole is themost abundant aromatic com-
pound produced by the thermal degradation of gelatin, [16].
Upon artificial ageing (T3 and T5 samples), the TIT curves of the
samples showed a behaviour in agreement with the one observed for
aged and degraded samples in the literature [14]. The TIT curve at
time T3 (Fig. 8(a) and (b)) shows an increase of the relative abundance
of the peak centered at 400 °Cwith respect to that at 330 °C. Samples at
time T5 (Fig. 8(a) and (b)) doesn't show the degradation step at 330 °C
related to the production of DKPs, and the TIT is dominated by a peak as-
sociated with the evolution of aromatic and nitrogen-containing com-
pounds, which is shifted towards higher temperatures, with a
maximum at around 430 °C. A third non well-resolved peak centered
at 460 °C is associated with mass spectra dominated by the presence
ofm/z 78, ascribable to benzene (WP2iii_2A-T3 and T5; WP2ii_3A_T5),
as also observed for ancient and extremely degraded samples [16]. The
average mass spectra of these peaks are provided in Fig. 8(e) and (f).

Fig. 8(g) and (h) show the extract ion chromatogram of the frag-
ment ions monitoring the nitrogen and oxygen containing aromatic
compounds (m/z 91), the DKPs (m/z 154, 186) and pyrrole (m/z 67) at
times T0 and T5, relative to WP2iii_2A corresponding to Fe based
pigmented (red ochre) paint layers. The curves highlight that - upon
ageing - there is a decrease of the relative amounts of DKPs evolved
from the sample, and the temperature at which aromatic molecules
are evolved presents a maximum 50 °C towards higher temperatures.

3.4. Quantitative Gas Chromatography-Mass Spectrometry (GC–MS)
analysis

Artificially aged (at time T5 = 47 days) model paint samples
composed of gelatin (WP2) and egg yolk (WP1) with red ochre (pig-
ment 2) or red ochre/red lead (pigments 2/3) were analysed for any
degradation products by GC–MS. The first step was solvent extraction
to identify extractable degradation compounds. Next, Meth Prep II (a
transesterification reagent) was used to identify lipids and other meth-
ylated compounds. Lastly, the sampleswere analysed in scanmode after
hydrolysis and derivatization, to further identify degradation products
as well as in SIM mode to quantify the stable amino acids and calculate
the correlation coefficient to known reference proteins.



Fig. 6. (a) TIT of the freeze-dried egg yolk (b), (c), (d), (e), (f) average mass spectra of the temperature ranges indicated in panel (a) as areas A, B, C, D and E, respectively.

Table 7
Main DKPs and aromatic compounds identified in freeze-dried egg yolk and egg yolk
based samples (WP1).

Compound Mass spectra

DKPs Cyclo (Pro-Leu) 70, 86, 125, 154, (210)
Cyclo (Pro-Ile) 70, 86, 125, 154, (210)
Cyclo (Pro-Val) 70, 72, 125, 154, (196)

Aromatic
compounds

Imidazole derivative 123, 138, 151, 166
Toluene 51, 65, 91
Benzeneacetonitrile 51, 63, 77, 90, 117
Phenole 55, 66, 94
Indole 89, 90, 91, 117
Heptadecanonitrile 57, 71, 83, 97, 110, 124, 138, 152, 166, 180,

194, 208, 222
Octadecanonitrile 57, 71, 83, 97, 110, 124, 138, 152, 166, 180,

194, 208, 222, 236, 264
Lipid material Palmitic acid 60, 73, 129, 185, 213, 256

Stearic acid 55, 60, 73, 129, 185, 241, 284
Oleic acid 55, 69, 83, 97, 111, 264, 282
Linoleic acid 55, 67, 81, 95, 110, 280
[CH3(CH2)nCOO+]
(n = 16, 18)

255, 283

[CH3(CH2)nCO+] (n
= 14,16)

239, 267

cholesterol 55, 91, 107, 135, 145, 213, 255, 275, 353,
368, 386
3.4.1. Extraction with ethanol:hexane
Extracts of the red ochre and red ochre/red lead egg yolk based sam-

ples (WP1i, WP1ii, and WP1iii 2A and 3A) contain free fatty acids from
the egg lipid fraction (palmitic and stearic). Free palmitic and stearic
acids were not detected in lime water (WP0 2A and 3A) or gelatin
(WP2i, ii, and iii 2A and 3A) samples. Protein degradation products
that are both low in molecular weight and soluble in ethanol and hex-
ane were not observed in any of the samples with the methodology
applied.

3.4.2. Lipid analysis with Meth Prep II
Red ochre and red ochre/red lead egg yolk samples (WP1i, ii and iii

2A and 3A) contain fatty acid profiles similar to linseed oil. Palmitic
(P), stearic (S), and azelaic (A) acids ratios are used to distinguish be-
tween different types of drying oils. The yolk paint samples in this
study had an A/P ratio equal to 1 or smaller and the P/S ratio was
found between 1.5 and 2.5, Table 9. These results could be interpreted
as a drying oil, as the lipid portion of the yolk closely resembles drying
oils.

3.4.3. Protein and amino acid analysis
The analysed limewater paintmodel samples contain trace amounts

of amino acids, WPO 2A (0.06%) and WPO 3A (0.04%). The amino acid
profiles do not match any known reference proteins, but can be useful



Fig. 7. Total ion thermograms (TITs) of samplesWP1iii_2A (a) andWP1ii_3A (b) at T0; TITs of samplesWP1iii_2A (c) andWP1ii_3A (d) at different ageing times: T3 (slashed line) and T5
(dotted line); Average mass spectra associated to areas A (e) and B (f) in panel b.
as background blanks. WP1i, ii and iii 2A and 3A contain amino acids
(between 0.4 and 1.6%) that correlate to egg yolk. WP2i, ii, and iii con-
tain amino acids (between 0.2 and 1.7%) that correlate to gelatin. Re-
sults are summarised in Table 9.

Fig. 9 shows the percentage of each amino acid to the total amino
acids found in the red ochre and red ochre/red lead samples tested
(WP1i, ii, and iii 2A and 3A) after accelerated ageing at time T5. A sam-
ple of unagedwhole eggwithout pigment is included for comparison. In
all aged paint model samples, increased percentage of alanine, glycine,
valine and leucine is observed, with corresponding decrease of phenyl-
alanine and glutamic acids.

Fig. 10 shows the results of the gelatin-basedmodel samples analysis
of red ochre and red ochre/red lead paints (WP2i, ii and iii 2A and 3A),
after accelerated ageing at time T5. Unaged gelatin without pigment is
included for comparison. In all aged paint samples there is an increase
in alanine, glycine, and proline, with a decrease in hydroxyproline.
Even with this reduction of hydroxyproline, all of the samples tested
showed a good match to gelatin, with a correlation coefficient of 0.98
to 0.99, Table 9. GCMS chromatograms showed the differences between
amino acids found in egg yolk and gelatin in red ochre and red lead
paints, Fig. 11.

Even though amino acid degradation products are likely present,
theywere not easily identified byNIST library. Identification of degrada-
tion markers (SCAN mode) proved to be extremely difficult, as new
peaks were observed but could not be identified because the NIST GC–
MS library did not match the new peaks identified in the amino acid
SCAN analysis.

3.5. Synthesis of the results

Besides the individual value of novel results obtainedwith the differ-
ent analytical methods employed in the present study, there are some
general considerations that came out through a complementary inter-
pretation of the data obtained, whichmay shed light on open questions
about the degradation mechanisms in aged paint systems simulating
ancient wall paintings. The comparative evaluation of the results ob-
tained at progressive stages of accelerated ageing on the paint models
with different proteinaceous binders, with or without a lipid fraction,
provided some new data towards a broader understanding of the possi-
ble interactions that may occur during long term natural ageing be-
tween different polymeric binders and pigments' metals, in the paint
systems of typical wall paintings configurations.

3.5.1. Identification of the nature of the original binder in the aged samples
GC–MS analysis is accepted as the most accurate approach for the

identification of organic binders, in particular in the case of the widely
use proteinaceous binders in the paintings on a lime mortar ground in
plastered walls. However, the analytical performance and the accuracy



Fig. 8. Total ion thermograms (TITs) of sampleWP2iii_2A (a) andWP2ii_3A (b) at different ageing times: T0 (solid line), T3 (slashed line) and T5 (dotted line); Averagemass spectra of the
thermal degradation steps ofWP2iii_2A:associated to the temperature ranges 310–340 °C (c) and 410–440 °C (d) at T0 and the peak at 410–440 °C (e) and the shoulder at 450–470 °C (f)
of the sample at T5. Extract ion thermograms of m/z 67 (pyrrole),m/z 91 (alkyl benzene),m/z 154 and 186 (DKPs), at times T0 (g) and T5 (h) of sample WP2iii_2A.

Table 8
Main DKPs and aromatic compounds identified in the gelatin-based paint samples
WP2iii_2A and WP2ii_3A.

Compound Mass spectra

DKPs Cyclo (Pro-Gly) 83, 98, 111, 154
Cyclo (Pro-Pro) 70, 96, 138, 166, 194
Cyclo (Pro-Hyp) 70, 86, 124, 210
Diketodipyrrole 65, 93, 130, 186

Aromatic compounds Pyrrole 52, 67
of the results in the exact identification of the original bindermay be af-
fected by the nature of the degradation mechanisms between pigment
metal ions and the binder. The rate and products of these degradation
mechanisms also depend on the amount of the proteinaceous substance
originally added to the paint as a sole bindingmedium or to strengthen
the binding power of limewater.

In the GC–MS analysis of gelatin – based model samples, WP2xx, it
has been shown that in the aged samples with both pigments consid-
ered (red ochre and red lead), there is a considerable decrease of the



Table 9
Summary of GC/MS results on the paint model samples WP0, WP1 andWP2, for pigments 2and 2/3, at time T5. % AA (Amino Acids) and % FA (Fatty Acids) are weight percent (mg/mg),
where ND = not detected. The correlation to egg and gelatin are reported, as well as Palmitic (P), Stearic (S), and Azelaic (A) acid ratios.

Sample %AA % FA Binder Pigment Correlation to whole egg Correlation to gelatin Comments

WP0_2A 0.06 ND Limewater Red Ochre 0.49 0.83
WP0_3A 0.04 ND Limewater Red Ochre and Red Lead 0.61 0.85
WP1i_2A 0.8 0.6 Egg yolk Red Ochre 0.98 0.22 P/S 1.7 A/P 0.8
WP1i_3A 0.4 0.4 Egg yolk Red Ochre and Red Lead 0.97 0.25 P/S 2.2 A/P 1.0
WP1ii_2A 0.8 0.4 Egg yolk Red Ochre 0.99 0.14 P/S 2.3 A/P 0.4
WP1ii_3A 1.6 1.1 Egg yolk Red Ochre and Red Lead 0.99 0.28 P/S 2.2 A/P 0.7
WP1iii_2A 1.1 0.6 Egg yolk Red Ochre 0.97 0.27 P/S 2.3 A/P 0.4
WP2i_2A 0.2 ND Gelatin Red Ochre 0.28 0.99
WP2i_3A 0.7 ND Gelatin Red Ochre and Red Lead 0.24 0.99
WP2ii_2A 0.8 ND Gelatin Red Ochre 0.09 0.99
WP2ii_3A 1.7 ND Gelatin Red Ochre and Red Lead 0.11 0.99
WP2iii_2A 1.4 ND Gelatin Red Ochre 0.12 0.99
relative amounts of hydroxyproline, the amino acid which is generally
accepted as the characteristic marker for the identification of animal
glues. Hydroxyproline is highly reactive and can turn to alanine, aspartic
acid and glutamic acid (and other amino acids). Oxidative degradation
of collagen is catalyzed by metals, [32] and different amino acids can
be formed with ageing, [33]. All amino acids are subject to oxidation,
but at different rates. Serine, threonine, proline, and hydroxyproline
Fig. 9. Percent amino acids in aged egg-yolk paint model samples (WP1x_2A and WP1x_3A)
included for comparison. In all aged paint model samples, increased percentages of alanine,
glutamic acids.
are rapidly oxidized while glycine is less prone to oxidation due to a
lack of functional group, [34]. The derivatization procedure using ethyl
chloroformate (ECF) can be problematic in the presence of ochre and
red lead as the unstable amino acids such as aspartic acid, glutamic
acid, serine and threonine are negatively impacted during hydrolysis
and derivatization,with the consequence, in this case, the ineffective re-
covery of the amino acids, [17]. However, even with the observed
, after accelerated ageing at time T5. A sample of unaged whole egg without pigment is
glycine, valine and leucine are observed, with respective decrease of phenylalanine and



Fig. 10. Percent amino acids in aged gelatin paint model samples (WP2x_2A andWP2x_ 3A), after accelerated ageing at time T5. A sample of unaged gelatin without pigment standard is
included for comparison. In all aged paint samples there is an increase in alanine, glycine, and proline, with a decrease in hydroxyproline.
reduction of hydroxyproline and changes in relative amounts of
the other amino acids, all of the samples tested showed a good match
to gelatin or egg. Moreover, the presence of new unknown degradation
products in the chromatograms needs further research for their
recognition.

In archaeological wall paintings, the protein concentrations in the
analysed paint samples are often lower than 1% by weight of amino
acids. In the present study it has been attested that for the samples
taken on the aged (T5) paintmodels, with limewater and a low organic
binder content, either egg-based or gelatin-based (e.g. WP1i_2A,
WP1i_3A WP2i 2A, WP2i_3A), the amino acids content was between
0.2 and 0.8%. Amino acids will further degrade with ageing,
transforming into unknown byproducts, making the identification of
proteinaceous binding media increasingly difficult.

Exploring the EGA/MS pyrolysis analytical data, at amacromolecular
level, the paint model systems analysed after accelerated ageing
showed a behaviour that is attested in archaeological paint samples:
the older and the more degraded the samples are, the higher the tem-
perature at which the polypeptide chain is thermally degraded, and
the smaller the relative amounts of DKPs that are formed upon ageing.
It has been proposed that the higher the temperature atwhich aromatic
molecules are evolved and the smaller the relative amount of DKPs
evolved, the older or more degraded the sample would be,
hypothesising that DKPS cannot be produced upon ageing when the
protein is highly aggregated and cross-linked [16].
Therefore, in extensively aged samples, the identification of the orig-
inal binder is not possible by using analytical pyrolysis, as specific DKPs
are not present anymore, and the pyrolytic profile of aromatic com-
pounds loses its specificity. On the other hand, when highly thermally
stable proteins are obtained, they show very little solubility, challenging
also GC–MS approaches [16]. The data here presented for gelatin-based
paints suggest that further ageing would lead to those conditions, in
which the protein becomes extremely thermally stable, as observed in
some ofmost degraded samples presented in the literature [16], indicat-
ing that the protein identification might become extremely complex, if
possible at all with classical approaches.

However, it has been shown in this study that things stand
differently in egg yolk containing paints. Hexadecanonitrile and
octadecanenitrile, which we identify as result of the thermal degrada-
tion of the product of a strong chemical interaction between the car-
bonyl moieties of egg lipids and the primary amine group of Lysine
and Arginine, the lipoproteins of egg yolk, were still clearly present in
the EGA/MS profiles of the most degraded samples analysed.

This would indicate that egg (yolk or whole egg) could be identified
even in very aged and degraded samples by using analytical pyrolysis,
despite the absence of DKPs and other characteristic compounds such
as indole, benzeneacetonitrile or methyl-phenol in their pyrolytic pro-
files, based on the detection of hexadecanonitrile and octadecanenitrile.
Interestingly, egg yolk showed a similar ageing behaviour for all the pig-
ments analysed while other proteinaceous materials (gelatin) seem to



Fig. 11.GC–MS Chromatograms of Amino Acid Analysis in SCANmode. The top chromatogram correspond to the egg-yolk based paint sampleWP1ii 3A and the bottom chromatogram to
gelatin based paint sample WP2ii 3A. Alanine (1), glycine (2), valine (3), leucine (4), isoleucine (5), norleucine (6), serine (7), proline (8), glutamic acid (9), hydroxyproline (10),
phenylalanine (11). FA = fatty acid. The unidentified peak labeled with * is attributed to contamination, as it is present in the limewater paint (WP0 3) as well (results not shown).
behave differently on the basis of the pigment admixed, meaning that
there is a role played in the ageing of the paint system by the pigment
and not solely by the lime mortar.

3.5.2. Identification of degradation products or mechanisms
One of the principal aims of the research was to elucidate degrada-

tionmechanisms and to define alteration products that could be consid-
ered as markers of original substances in the paint system. To this aim,
the contribution of micro FTIR-ATR mapping in the layer-resolved mo-
lecular analysis of degradation markers following gradual stages of age-
ing was proved essential to advance our understanding of possible
mechanisms happening through the paint stratigraphy over time.

The study of cross-sections of the paintmodels with egg-yolk binder
and Fe/Pb red pigments (WP1 (ii, iii) (2, 3)) allowed to confirm that the
degradation of egg tempera paint systems due to ageingmay be mainly
related to the fatty components in the yolk with the formation of free
fatty acids groups. As in many studies in literature, also in the present
study, it was possible to identify the free fatty acids and the carboxylate
groups in the egg yolk/red ochre paint layers (samples WP1 (ii, iii) 2A)
correlated with the broadening and the reduced intensity of the car-
bonyl band, which is probably linked to triglyceride hydrolysis pro-
cesses. Importantly, as observed in the red ochre paint layer of the
examined models, although the mechanism seems to be triggered by
the presence of the red ochre's iron ions, which act in favour of the hy-
drolysis process, the identified carboxylate compoundswere ascribed to
calcium carboxylates. This finding may be explained by an enrichment
of calcium carbonate attested in the paint layers, which is possibly re-
lated to the ongoing carbonation process of lime during ageing, as the
paint models were prepared when the lime ground was merely dried.
Additionally, the formation of calcium oxalates, also observed within
the paint layer of the same cross-sections, was assigned as final product
of the degradation mechanism starting from the autoxidation of the
fatty content of the bindingmedium (WP1 – egg yolk). The higher con-
centration of oxalates located in the upper/superficial part of the paint
layer confirms common findings demonstrated in several studies in an-
cient wall paintings. This distribution is probably induced by exposure
of the paint layer rich in binder to (artificial) ageing.

In the case of models prepared with a second red lead paint layer
(WP1ii_3A), the reactivity of lead ions to form metal carboxylates in
paints with lipidic binders was confirmed. In parallel, the upwards mo-
bility of calcium salts and thefinal formation of calcium oxalates located
within the uppermost red lead layer, was also attested in these
bilayered (red ochre/red lead) stratigraphy.

In the samples with read lead in the second paint layer, a fast (al-
ready at initial stages of ageing) and increasing with time conversion
of the lead oxide into lead carbonate was identified. Although red lead
does not present any characteristic bands in theMid IR range, its degra-
dation was followed in the FTIR spectra by the progressive formation of
basic lead carbonate upon ageing. A significant decomposition of the
read lead pigment has been also evidenced through the comparative
diffuse reflectance measurements in the visible range acquired on the
paint surface of the models with all the examined binders.

In the case of gelatin-based paint layers (WP2ii_3A), despite the sig-
nificant conversion of lead oxide to (basic) lead carbonate attested in
the FTIR measurements, a relative stability of the proteinaceous binder
was observed. The examination of these samples allowed also for a pre-
liminary statement referring to the attribution of calcium oxalates to
specific substances present in the paint system. The microFTIR-ATR
mapping analysis of equivalent sample typologies, presenting one
(WP2iii_2A) or two (WP2ii_3A) paint layers but containing gelatin in-
stead of egg binder, demonstrated that after ageing there was not any
significant degradation of the spectroscopic profile of Mid-IR protein



bands (amide I and II). Consequently, the absence of any oxalates in all
the gelatin-based samples presumably dissociates the formation of oxa-
lates from a non lipidic binder and confirmswhatwas already observed,
that the lipidic fraction in the binder may encourage the formation of
metal oxalates. However, further studies will be aimed at validating
these results also on different types of lipidic or non-fatty binders, sub-
mitted to different weathering treatments.

4. Conclusions

The proposed in this study non-invasive and microsampling meth-
odology was optimized on well-defined models that have been de-
signed to simulate different painting techniques with limewater and
organic binders, typical of ancient wall paintings.

A first comparative evaluation and complementary interpretation of
the results was approved on the study of model paint systems with
three proteinaceous binders, egg-yolk, gelatin and egg-white based.
Furthermore, the outcomes of the study up to date needs to be further
evaluated taking into account different aspects. In particular, the contin-
uance of the project will allow the expansion of our data and contribute
to:

- Confirm, adjust or refine the results on the role of the reactivity of
the metal ions of the pigment in the degradation of the system pig-
ment – binding medium –lime ground with the examination of the
paint model systems with two additional pigments, malachite (Cu)
and Carbon black.

- Examine the impact of the ageing in the degradation of the paint sys-
tem in the case of different binding media. At a next step, polysac-
charide binders will be studied, with the analysis of paint models
prepared with Arabic and Tragacanth gums. At a final step, compar-
ative evaluation of the results on proteinaceous and polysaccharide
binding media will follow.

- Explore possible evolution of the degradation mechanisms with the
continuation of the ageing protocol to be applied for additional time
intervals.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.microc.2018.03.007.
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