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Maurizio Aceto, Elisa Calà, Federica Gulino, Francesca Gullo, Maria Labate,

Angelo Agostino and Marcello Picollo

The Use of UV-Visible Diffuse Reflectance Spectrophotometry for a Fast, Preliminary
Authentication of Gemstones
Reprinted from: Molecules 2022, 27, 4716, doi:10.3390/molecules27154716 . . . . . . . . . . . . . . 121

v



Ilaria Serafini, Kathryn Raeburn McClure, Alessandro Ciccola, Flaminia Vincenti,

Adele Bosi, Greta Peruzzi, et al.

Inside the History of Italian Coloring Industries: An Investigation of ACNA Dyes through a
Novel Analytical Protocol for Synthetic Dye Extraction and Characterization
Reprinted from: Molecules 2023, 28, 5331, doi:10.3390/molecules28145331 . . . . . . . . . . . . . . 145

Adele Bosi, Greta Peruzzi, Alessandro Ciccola, Ilaria Serafini, Flaminia Vincenti,

Camilla Montesano, et al.

New Advances in Dye Analyses: In Situ Gel-Supported Liquid Extraction from Paint Layers
and Textiles for SERS and HPLC-MS/MS Identification
Reprinted from: Molecules 2023, 28, 5290, doi:10.3390/molecules28145290 . . . . . . . . . . . . . . 167

Alice Dal Fovo, Marina Martı́nez-Weinbaum, Mohamed Oujja, Marta Castillejo

and Raffaella Fontana

Reflectance Spectroscopy as a Novel Tool for Thickness Measurements of Paint Layers
Reprinted from: Molecules 2023, 28, 4683, doi:10.3390/molecules28124683 . . . . . . . . . . . . . . 183

Pablo Aguilar-Rodrı́guez, Sandra Zetina, Adrián Mejı́a-González and Nuria Esturau-Escofet
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Editorial

Advances in Analytical Strategies to Study Cultural
Heritage Samples

Maria Luisa Astolfi 1,2

1 Department of Chemistry, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy;
marialuisa.astolfi@uniroma1.it

2 Research Center for Applied Sciences to the Safeguard of Environment and Cultural Heritage (CIABC),
Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy

The advancements of civilization are based on our ability to pass on the events and
knowledge of the past so that the next generations can start from an ever-higher level of
expertise. The memory of the past can be kept alive by preserving historical and artistic
assets, the cultural heritage of every nation.

In light of the above, this Special Issue (S.I.) aimed to collect studies that describe
interesting/relevant problems in analyzing cultural heritage samples and suggest analytical
strategies to solve/manage them. A total of 19 manuscripts were published (16 original
research articles and 3 reviews). The submitted papers cover different aspects of cultural
and archeological heritage protection, conservation, and restoration.

The sample matrix complexity belonging to cultural heritage, including archeological
samples, generally requires a multi-analytical approach. The integrated use of different
analytical techniques, with the preference for noninvasive or micro-invasive ones, allows
an in-depth understanding of the original materials and their degradation processes and
helps obtain innovative solutions for the restoration and conservation of artworks.

The paper by Cotte et al. [1] shows the advantages of techniques based on synchrotron
radiation and X-ray powder diffraction (XRPD) to study ancient cultural heritage materials.
In particular, high-angular-resolution X-ray powder diffraction (HR-XRPD) allows accurate
characterization of crystalline materials, while micro X-ray powder diffraction (μXRPD)
mapping provides additional information on the 2D or 3D distribution of crystalline phases
at the micrometer scale. The authors outline the potential of these instrumental techniques,
specific hardware and software developments to facilitate and speed up data acquisition
and processing, and show recent applications to pigments, paints, ceramics, and wood.

Recently, enormous advances have been seen in analytical strategies for studying
bioarcheological materials, particularly through mass spectrometry. The work of Bar-
beris et al. [2] offers a focused approach to the chemical characterization of human tissues,
embalming compounds, and layering organic ceramic materials. The authors applied a
rapid and noninvasive functionalized film method to collect various compounds, ranging
from macromolecules such as proteins to small molecules such as organic acids, and per-
form nontargeted analysis of the human remains of an Egyptian 18th dynasty individual
named Nebiri.

The synergistic action of air pollution, climatic conditions, and biological contamina-
tion can harm the preservation of historical and artistic heritage. In particular, prehistoric
artworks, including paintings and engravings, are particularly fragile as they are exposed to
different environmental impacts. With the use of nondestructive elemental and molecular
spectroscopies, it is possible to choose the most appropriate conservation and restoration
strategy for prehistoric artworks and better understand their evolution over time.

In work from Costantini et al. [3], micro-energy dispersive X-ray fluorescence spec-
troscopy (μ-EDXRF), Raman spectroscopy, and X-ray diffraction (XRD) enabled the charac-
terization of the degradation product, mineral substrate, and pigments in microsamples

Molecules 2023, 28, 6423. https://doi.org/10.3390/molecules28176423 https://www.mdpi.com/journal/molecules
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belonging to the open-air rock art site of Cueva de la Vieja (Alpera, Albacete, Spain). In
addition, an extensive phenomenon of biological activity was also found in almost all
samples analyzed.

The degradation of stone materials with the formation of unsightly and chromatic
stains may be related to the biological activity of specific microorganisms and promoted
by environmental factors such as temperature, humidity, and illumination. The work by
Cardellicchio et al. [4] investigates the degradation on a hypogeum wall of the “San Pietro
Barisano” rupestrian church, located in the Sassi of Matera (Italy), one of the UNESCO
World Heritage Sites. The authors present an innovative and ecological approach using
the biocidal action of a mixture of natural glycoalkaloids extracted from the unripe fruit
of Solanum nigrum. The disappearance of the biological patina was assessed visually
and using X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
and energy dispersive X-ray spectroscopy (EDS). Bio-patina analyses revealed the bio-
calcogenicity of some native microorganisms, which could, once the bio-cleaning phase
was completed, be isolated and reintroduced on the wall surface to act as consolidants.

Among the various forms of degradation affecting stone artifacts, colored stains that
form on surfaces in contact with metals or alloys are of particular concern. In the work of
Reale et al. [5], the mechanisms of rust formation and diffusion in carbonates are defined.
The different oxidation states of Fe are studied through the combined use of various
analytical techniques, such as optical microscopy (O.M.), SEM-EDS, XPS, and Mössbauer
spectroscopy. A better understanding of the composition and evolution of iron-based stains
may enable more proper care of archeological artifacts and specific treatments for more
effective and safe rust removal.

Studies of Fe speciation in archeological ceramics may be critical to gain insights
into the various types of clay used and the different techniques and temperatures of
clay firing. The study by Kozak et al. [6] reports the results of Fe speciation in ceramics
obtained from archeological sites. UV-Vis molecular absorption spectrophotometry was
used to determine Fe(II) and Fe(III). At the same time, the elemental composition was
determined by inductively coupled plasma optical emission spectrometry (ICP-OES) and
EDXRF spectrometry.

Among the most beautiful expressions of ancient art is the Roman mosaic. The
preliminary study by Colantonio et al. [7] suggests a multi-analytical approach using SEM-
EDS, XRF, nuclear magnetic resonance (NMR), Fourier-transform infrared spectroscopy
(FT-IR), and gas chromatography–mass spectrometry (GC-MS) to assess the causes of
chemical degradation of a black-and-white Roman mosaic at Palazzo Valentini near the
Roman Forum (Italy). The study’s results may improve the knowledge of the Roman mosaic
and its construction phases and enable the most appropriate strategies for its conservation
to be undertaken.

Another topic addressed in this S.I. is the study and evaluation of the authenticity of
precious stones belonging to cultural heritage. The work of Aceto et al. [8] suggests the
use of UV-visible diffuse reflectance spectrophotometry with fiber optics (FORS) as a rapid
and simple method for the preliminary identification of gemstones. It describes applying
chemometric pattern recognition methods for processing large spectral datasets.

Two papers, by Serafini et al. [9] and Bosi et al. [10], focus on the study of dyes. In the
former, the authors present and successfully apply an ammonia-based extraction protocol
and an innovative purification step based on the use of an ion-pair dispersive liquid-liquid
microextraction (IP-dLLME) for the purification and preconcentration of synthetic dyes
before high-performance liquid chromatography (HPLC-HRMS) analysis. Synthetic dyes
represent a relatively new field in cultural heritage analysis and are becoming increasingly
important due to the growing demand for conservation interventions in 19th–20th century
art productions. The case study of Serafini et al. [9] illustrates the advantages and need for
a multi-analytical approach to analyzing unknown artifacts. The combined use of Raman
spectroscopy and mass spectrometry can help interpret spectra and determine compounds
in synthetically dyed objects [9].
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The work from Bosi et al. [10] highlights the importance of developing analytical meth-
ods to preserve integrity and obtain increasingly comprehensive information on unique
objects with priceless historical or artistic significance. The authors propose a minimally in-
vasive approach for identifying madder, turmeric, and indigo dyes via hydrogel-supported
extraction and subsequent surface-enhanced Raman spectroscopy (SERS) analysis on the gel
after the addition of colloidal Ag pastes. In situ gel-supported microextraction was suitable
for multi-analytical dye identification in wool and tempera by SERS and HPLC-MS/MS,
after appropriate re-extraction and purification of the analytes [10].

Noninvasive cross-sectional analysis of pictorial stratigraphy in paintings, essential for
adopting the most appropriate cleaning strategies or assessing adhesion and compactness
between layers, is a major challenge in cultural heritage science. To date, no technique
can noninvasively and uniquely measure the thickness of pictorial layers, as these are
generally composed of heterogeneous and optically opaque materials. In the work of Dal
Fovo et al. [11], the possibility of obtaining stratigraphic information on the pictorial layers
from their reflectance spectra is explored. The use of a multi-analytical approach with
the combination of Raman spectroscopy, laser-induced breakdown spectroscopy (LIBS),
optical coherence tomography (OCT), FORS, and Vis-NIR multispectral reflectance imaging
on single layers of ten pure acrylic colors revealed the existence of a clear correlation
between the spectral response of diffuse reflectance and the micrometer thickness of acrylic
paint layers.

In the paper by Aguilar-Rodríguez et al. [12], the combination of different analytical
techniques (O.M., SEM-EDS, NMR spectroscopy, attenuated total reflectance (ATR) FTIR,
micro-ATR-FTIR, and GC/MS) allowed for the characterization of the composition and
painting technique of the mural Paisaje Abstracto painted in 1964 by Rafael Coronel
with an unknown synthetic medium on a wood panel support. This study shows an
innovative painting technique with poly(methyl methacrylate) (pMMA) as a binder and
hypothesizes that a higher pMMA/MMA proportion could affect the mechanical properties
and preservation of the mural, producing a rigid pictorial layer that fractures easily.

Studying paints and their components, such as binders, dyes, or pigments, may
allow us to acquire useful information to differentiate original from non-original materials
and date objects and artifacts. In the work of Macchia et al. [13], the combined use of
noninvasive in situ techniques, such as portable O.M. and multispectral imaging, and
nondestructive laboratory techniques, namely ATR-FTIR and SEM-EDS, allowed us to
obtain information on the compositional nature of the paints of two vehicles in the Museum
of Communication in Frankfurt (Germany), which were designed for the German postal
and telecommunications service. The study was also helpful in identifying authentic
materials to be preserved and areas that needed restoration to preserve the historical and
testimonial importance of these vehicles.

The study and preservation of objects, infrastructures, and works belonging to the
industrial archeological heritage is a relatively new area of research that emerged in the
1970s. Costantini et al. [14] aimed to identify the original color of the Ondarroa footbridge
in Spain with a view to its future restoration. Raman spectroscopy and μ-EDXRF were
used to characterize the pictorial layers of the footbridge. Colorimetric analyses were
also performed to discover the different pigments used. The authors were also able to
highlight the atmospheric impact on the preservation of the rotating bridge due to both the
effect of marine aerosol and the presence of acidic compounds in the environment from
anthropogenic activities.

Contemporary art is affected by a globally influenced, culturally diverse, and techno-
logically advanced world in which it is increasingly easy to communicate and exchange
information. Because of this, contemporary artworks are a dynamic combination of ma-
terials, methods, concepts, and subjects. The conservation of contemporary artworks has
become a new and exciting field of study, which needs continuous research because of
the ever-changing and more recent materials. The work of Alp et al. [15] provides pre-
liminary knowledge about the materials of works by contemporary artist Paolo Gioli. It

3



Molecules 2023, 28, 6423

diagnoses Polaroid emulsion transfers via noninvasive analysis with FORS, Raman, and
FTIR spectroscopies.

The work of Longoni et al. [16] confirms the importance of scientific investigations in
responding to specific conservation and restoration problems of modern and contemporary
artworks. The authors, after an initial visual inspection in visible and ultraviolet (U.V.)
light, apply noninvasive and micro-invasive techniques (XRF spectroscopy, FTIR, Raman
spectroscopy, and SEM-EDS) to investigate the materials in a silver monochromatic painting
by Lucio Fontana, preserved in the exhibition hall of the San Fedele Church in Milan (Italy).
The analytical data obtained made it possible to identify the composition of the metallic
varnish and the underlying dark layer, both from the point of view of the pigments and
binders used.

The review by Creydt and Fischer [17] discusses using omics technologies and various
sampling techniques for analyzing written artifacts. The authors show that each omics
strategy brings different information allowing better interpretation of data and a significant
increase in knowledge of the written heritage.

Two reviews concern lipid residues and their degradation products, such as fatty acids
and metal soaps, which are of great importance for the study of archeological objects and
oil paintings [18,19]. Organic archeological residues can provide important information
about past cultures, such as dietary habits, rituals, and medical practices [19]. In particular,
Filopolou et al.’s [18] review explores the possibility of using infrared spectroscopy to
investigate and distinguish fatty acids and their metal soaps. The authors show the
diagnostic use of the spectroscopic characteristics of some typical fatty monoacids, diacids,
and their Ca, Na, and Zn salts.

The review by Irto et al. [19] reports on artificial aging studies to elucidate the mech-
anisms of lipid degradation in archeological contexts and discusses methodologies for
sampling and extracting specific lipid biomarkers in ancient ceramics. The authors stress
the need to introduce innovative, miniaturized protocols to reduce the use of chemicals
and avoid extractions with organic solvents, which are often laborious and environmen-
tally unfriendly.
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Abstract: The European Synchrotron Radiation Facility (ESRF) has recently commissioned the new
Extremely Brilliant Source (EBS). The gain in brightness as well as the continuous development
of beamline instruments boosts the beamline performances, in particular in terms of accelerated
data acquisition. This has motivated the development of new access modes as an alternative to
standard proposals for access to beamtime, in particular via the “block allocation group” (BAG)
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mode. Here, we present the recently implemented “historical materials BAG”: a community proposal
giving to 10 European institutes the opportunity for guaranteed beamtime at two X-ray powder
diffraction (XRPD) beamlines—ID13, for 2D high lateral resolution XRPD mapping, and ID22 for high
angular resolution XRPD bulk analyses—with a particular focus on applications to cultural heritage.
The capabilities offered by these instruments, the specific hardware and software developments to
facilitate and speed-up data acquisition and data processing are detailed, and the first results from
this new access are illustrated with recent applications to pigments, paintings, ceramics and wood.

Keywords: synchrotron; X-ray diffraction; cultural heritage; beamtime access; paintings; pigments;
ceramics; artistic; crystallography; structural analyses

1. Introduction

Synchrotron radiation facilities are increasingly used to study ancient materials from
cultural heritage [1–3]. Assets of synchrotron radiation (SR)-based techniques are many, in
particular including the following: (i) the beam brightness, which offers small probes (down
to tens of nanometers) combined with high beam intensity (>1012 photons per seconds) and
consequently high acquisition speed and high data quality; (ii) the energy tunability, a key
property for absorption spectroscopy techniques, from X-ray to UV-vis and infrared range.
Many techniques such as X-ray fluorescence (XRF), X-ray powder diffraction (XRPD), X-ray
absorption spectroscopy (XAS), and phase contrast tomography are now commonly used
for the study of art history and for the knowledge and conservation of our cultural and
natural heritage [2]. More specifically, the possibility to use these methods with mapping
capabilities, sub-micrometric resolution and high sensitivity makes them highly suitable for
the multi-modal micro-analysis of highly heterogeneous and multi-layered tiny fragments
from artifacts [1].

The main assets of XRPD-based techniques, as compared to the other techniques listed
above, is not only the possibility to identify crystalline phases within complex mixtures, but
also to obtain information regarding their crystallite size, orientation, microstrain and their
crystal structure. Several XRPD-based set-ups and beamlines are available and complement
each other. They differ in their technical characteristics, namely maximum sample size
and weight, sample environment, beam size range, X-ray energy range, X-ray spectral
bandwidth, detection modalities, acquisition speed, level of automation, versatility, etc.
Notably, two complementary XRPD-based techniques are increasingly used by the cultural
heritage community: high angular resolution X-ray powder diffraction (HR-XRPD) and
micro X-ray powder diffraction (μXRPD) mapping. The former is key for the accurate
characterization of crystalline materials (e.g., identification and quantification, structure
refinement and crystallite size determination, description of the crystallographic structure).
The latter yields more qualitative information but provides additional insight into the
2D or 3D distribution of crystalline phases at the micrometre scale. When applied to
historical materials, these analyses can give clues about both the early life of the materials
(creation) and later phases of the life of the materials (degradation, past and present
conservation interventions) [4,5]. The same pigment can exist in different compositions, as
a consequence of different synthesis procedures (by varying the nature and ratio of starting
reagents, pH, etc.) or refinement steps. This can translate into different pigment grades,
colors, prices, stability, etc. [4,6]. Identifying precisely such formulations can give insight
into the decision of an artist to choose one or another quality of the same pigment or its
availability in a specific time period or region. As an example, lead white, a ubiquitous
pigment used since antiquity for paintings, is usually composed of a mixture of cerussite
(PbCO3) and hydrocerussite (Pb3(CO3)2(OH)2). Different ratios of these compounds and
different crystallite sizes can be associated with different post-synthesis treatments of the
white powder obtained after lead corrosion following the traditional production of lead
white [7]. This information was used to explain the presence of different lead whites in
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Leonardo da Vinci’s Virgin and Child with St. Anne [8]. Determining precisely the pigment
composition is also very important for conservation purposes. As an example, the various
chrome yellows (PbCr1−xSxO4, with 0 ≤ x ≤ 0.8) used by Van Gogh in the Sunflowers have
different yellow-orange hues, related to their different chemical composition and crystalline
structure, each with their own photochemical stability [6,9–11]). In general, in addition to
crystalline phase identification, determining their distribution within a multi-layer system
can reveal the way the artist applied artistic materials (e.g., in a painting process), but it
can also highlight materials which were not in the original artwork, for example materials
added during later modifications of the artwork (by the artist, by conservators), or materials
formed or deposited during degradation processes.

At synchrotron radiation facilities, continuous efforts are dedicated not only to opti-
mize techniques in terms of speed, lateral resolution, sensitivity, but also to implement new
techniques. This usually relies on the implementation of new optics, mechanics, electronics,
detectors, and less often on the upgrade of the synchrotron source itself. The European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France) has been benefitting from a major up-
grade program (EBS—Extremely Brilliant Source), its main component being a revolution-
ary new electron storage ring concept that increases the brilliance and coherence of the X-ray
beams produced by a factor of 100 (brilliance up to some 1022 ph/s/0.1%/mm2/mrad2).
The full exploitation of the ESRF-EBS calls for new paradigms in order to address new
long-term sustainability challenges related to the unprecedented X-ray beam properties.
By way of example, some experiments which would have typically required several hours
per sample can be carried out now in a few minutes. However, the time spent in writing
a two-page proposal, completing its technical and scientific review, in planning the ex-
periment, in setting-up the beamline, etc., stays fundamentally the same. It was therefore
essential to develop new access routes to ESRF beamlines. In the context of the H2020
European project STREAMLINE, new access modes are in development at the ESRF, in-
spired by the success of the block allocation group (BAG) system to schedule beamtime
used in structural biology for several years (https://www.esrf.fr/CommunityAccess (ac-
cessed on 1 February 2022)). This entails grouping together user experiments requiring
the same beamline set-up in a single project rather than having many users submitting
individual projects for one or two shifts (e.g., 8 h of beamtime). This not only saves time
in assessing proposals and setting-up the beamlines, but also maintains users’ flexibility
in the choice of projects and samples, and fosters collaborations and synergy within user
communities. Ten European institutes (Rijksmuseum, Amsterdam, The Netherlands; TU
Delft, The Netherlands; CNR-SCITEC, Perugia; Courtauld Institute of Art, London, UK;
Politecnico di Milano; Centre de Recherche et de Restauration des Musées de France, Paris,
France; Institut de Recherche de Chimie de Paris, Paris, France; Universitat Politècnica
de Catalunya, Barcelona, Spain; University of Antwerp, Belgium and the ESRF, Grenoble,
France) have proposed such a (Heritage) BAG for structural investigations of historical
materials. Within the Historical Materials BAG, different projects are grouped together that
all require structural information obtainable by X-ray powder diffraction at the ESRF, either
through μXRPD/μXRF mapping at ID13 or HR-XRPD at ID22. Through the Heritage BAG,
regular access to ID13 and ID22 (once every six months) is provided for a 2-year period
(2021–2023) to the partners, which is renewable upon request and reviewed at the end of
the 2-year period.

Below we present the experimental set-ups offered through the BAG, the hardware
and software developments implemented in the context of the BAG, and some recent
applications. Most of the applications are related to pigments and paintings; however,
the instruments can be exploited to analyze any artistic materials, as illustrated with the
examples of enamels and wood.
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2. High-Lateral Resolution 2D X-ray Diffraction Mapping at ID13

2.1. Beamline Description

ID13 is an ESRF undulator beamline dedicated to high-lateral-resolution diffraction
and scattering experiments using focused monochromatic X-ray beams [12]. Two end-
stations, a micro-branch (beam size ~2 × 2 μm2) and a nano-branch (beam size down to
100 nm), are operated in time-sharing mode. For the BAG, the microbranch was preferred
for different reasons: (i) a larger beam, to better fulfil powder diffraction conditions over
single-crystal-like diffraction when the beam size is smaller than the crystallite size; (ii) a
large range of sample stage scanning motors, allowing to mount large samples (used
for example to analyze centimetric papyrus fragments) or large sample holders (see next
section). Samples are mounted vertically, perpendicular to the X-ray beam. The energy
of the incident beam is chosen around 13.0 keV, typically in the pre-edge region of Pb, a
ubiquitous element in paintings. The energy is usually chosen to slightly excite Pb L3-edge
XRF, but without saturating the XRF detector, nor attenuating too much the transmission of
the beam through the material, and consequently the XRPD intensity. The beam is focused
to ~2 × 2 μm2 (flux ~2 × 1012 ph/s, at I = 128 mA electron beam current) using a compound
refractive lens set-up (CRL) mounted in a transfocator. For the study of beam-sensitive
samples, the flux can be reduced (typically by a factor of 10) by detuning the gap of the
undulator. XRPD maps are obtained by raster-scanning the samples and collecting 2D
XRPD patterns, in transmission, with a Dectris EIGER 4 M single photon counting detector
that acquires frames with 2070 × 2167 pixels (75 × 75 μm2 pixel size) at a rate up to 750 Hz.
A dwell time of 10 ms is usually sufficient to detect most of the crystalline phases, with
a reduced risk of beam damage (see below). XRF spectra are collected simultaneously
with XRPD patterns, using a Vortex EM detector and XIA readout electronics. A detailed
description of the set-up is shown in Figure S1, Supplementary Materials.

2.2. Sample Preparation and Mounting

For optical and electron microscopic observations, historical materials are regularly
prepared as transversal cross-sections. Such preparations are compatible with the ID13
set-up if the sample dimension, composition and density in the direction perpendicular
to the cross-section surface allow for sufficient transmission of X-rays at ~13 keV. The
resin blocks should be resized to the minimum dimensions in three directions, in order to
reduce the X-ray absorption by the resin and the space necessary to mount each sample
on the sample holders. Users are strongly encouraged, whenever possible, to prepare thin
sections, which offer a much better control of sample thickness and consequently of X-ray
transmission. Using thin sections allows having a controlled and homogenous probed
voxel over the 2D surface [13]. For this purpose, the ID21 microtome is regularly used to
prepare thin sections of ~5–10 μm. In the case of paint mock-ups applied on polycarbonate
sheets, sectioning can be performed without any prior embedding of the samples [14]. If
such sections are sufficiently large (>~1 mm) or in the case of a slice from a resin-embedded
sample, slices can be glued on two edges, keeping the 2D analysis region completely free of
any mounting material (Figure S2, right). Alternatively, and more particularly in the case of
historical small and precious samples, and/or when the fragments are fragile and prompt
to break when sliced, a piece of tape can be deposited on the surface of the cross-section to
maintain the paint structure during sectioning. This procedure as well as the preparation
of thin sections from existing and precious historical cross-sections are described in detail
in the supporting information of [15].

For materials which cannot be sliced with a microtome (e.g., glass, ceramics), a proce-
dure consisting of double-side polishing is recommended (for further details see supporting
information of [16]).

Cross-sections and thin sections are then mounted on specific sample holders (Figure S2).
This step is crucial to the success of the experiment. Indeed, because of the design of
the ID13 microscope, which is equipped downstream with an on-axis optical microscope,
changing the sample set requires a long (~30 min) procedure (see details in supporting
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information). The success of the BAG relies upon the user mounting as many samples
as possible on the same sample holder to reduce the set-up time with respect to data
acquisition time. To benefit from the higher speed of the horizontally scanning motor, the
direction where the sample is most heterogeneous is usually oriented horizontally.

2.3. Data Acquisition

While the ID13 set-up is controlled by BLISS commands, all the steps related to samples
(navigation, focus and selection of regions and points of interest (ROIs and POIs), data
acquisition) can be performed easily by non-expert users thanks to the graphical user
interface (GUI) Daiquiri (cf. Figure S3). It was primarily developed for ID21 [17] and was
recently deployed to ID13, and successfully commissioned and used for the BAG project.
This GUI is another key element for the success of the BAG. In only a few minutes, any
untrained user can perform the following:

(1) Define the sample name (which will automatically define the structure of data saving,
with one folder per sample), and possibly add comments about the sample;

(2) Navigate on the sample holder by clicking on plus/minus steps on the sample stage
motors or by clicking directly on the video image. A mosaic photograph of the entire
sample holder (collection of optical images taken while raster-scanning the sample
holder over 2D large regions) permits the user to observe, grab and queue positions
of interest for all the samples at once;

(3) Define a ROI over the 2D area to be scanned. A unique number is associated with
each ROI, which will be used in data naming;

(4) Select the conditions for each map (pixel size, dwell time, detector(s), low/high
flux (LF/HF) to mitigate beam damage, see below), position of the XRF detector (to
mitigate detector saturation);

(5) As an alternative to standard XRPD mapping, a single-point acquisition mode has
been implemented for the purpose of beam damage studies. This mode allows the
selection of POIs and the repeated acquisition of thousands of XRPD patterns at
unique positions, to monitor the evolution in the XRPD patterns (peak position,
intensity and width) as a function of accumulated dose;

(6) Build a queue of all the above ROIs and POIs scans and organize them along a priority
list.

(7) Once the experimental set-up is back to data acquisition mode (see supporting infor-
mation), the queue can be easily launched and continuously indicates the on-going
and remaining scans.

(8) Data produced during each scan is given a unique and automatic identifier and a
proper place within the experiment folder.

(9) Daiquiri also offers the possibility to visualize results in real time, such as XRF
emission or XRPD intensity over a pre-set range of channels or angles, respectively.
These images can be displayed, superimposed on the registered optical light image,
providing in real time first diagnostics about the sample composition.

The so-called ICAT tools implemented for the ESRF data policy strategy (https://
www.esrf.fr/datapolicy (accessed on 1 February 2022)) offer four panels: (i) the dataset list
(with metadata of each sample and tools for downloading data); (ii) the electronic logbook
(automatically filled with BLISS/Daiquiri command lines and error messages, but also
appended by users); (iii) shipping information for remote experiments; (iv) information on
and management of experiment participants.

Last but not least, the remote access mode, Guacamole, implemented at the ESRF
as a remedy to the limited access to the facility imposed by COVID-19, makes all these
steps easily available to anyone worldwide. This is an important step for the cultural
heritage community, giving a chance to non-expert end-users (conservators, art historians,
archaeologists, etc.) to join remotely the on-going experiments and use the X-ray beamline
as easily as they would use an optical microscope at home.
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2.4. Data Processing and Data Analysis

Data are produced as .h5 files, following the NeXuS convention and the ESRF data pol-
icy. The 2D XRPD patterns are azimuthally integrated using dedicated Jupyter notebooks,
based on the PyFAI software package [18]. The processing notebooks are open-source and
freely available at https://gitlab.esrf.fr/loic.huder/juno (accessed on 1 February 2022).
The first two notebooks (0 and 1) are used for the calibration of the set-up. The next two
(2a and 2b) deal with the azimuthal integration of 2D maps and series of repeated scans,
respectively. After having defined the sample and dataset names as well as the integration
parameters, any non-expert user can run the notebook through the Jupyter interface. The
plots of the average integrated XRPD pattern, and the map (or series) of the integrated
XRPD intensity shown in the notebooks offer a primary diagnostic of data quality and
processing. Integrated data is saved as .h5 files and can be converted to .edf format by
the notebook.

For the analysis of XRPD maps, the XRDUA software offers the most advanced
tools for a precise, quantitative Rietveld refinement-based fit of data in .edf format [19].
Alternatively, the PyMca ROI imaging software [20] offers tools for the calculation of map
intensities over 2-theta/q regions of interest, for the creation of average XRPD patterns over
a selection of pixels, or for performing principal component analyses, non-negative matrix
approximation calculations, etc. PyMca also offers the possibility to batch-fit XRF data, as
well as the combined analysis of XRPD and XRF data in master/slave panels. Finally, a
third Jupyter notebook offers tools for fast fitting of the .h5 files, as a linear combination
of a set of reference patterns. The development of machine-learning-based tools for the
analysis of μXRPD maps is subject of an ongoing PhD project, to further improve this
time-consuming step.

2.5. Assessment of Radiation Damage

The risk of radiation damage must not be neglected, even more so in the context of the
higher flux offered by EBS and for the study of hybrid and humid materials such as paint
samples. Various actions have been initiated to assess, understand and mitigate radiation
damage when analyzing cultural heritage materials [21,22]. Radiation damage manifests
itself in at least two effects: (i) the modification of the sample, in particular its optical aspect
but also its composition, which consequently leads to erroneous results in future chemical
analyses; (ii) the alteration of the measured XRPD data (formation or disappearance of
XRPD peaks, peak broadening). Radiation damage can be mitigated and prevented by
reducing the X-ray dose hitting the sample, in particular by decreasing the flux and/or the
dwell time [22]. In order to define the safety thresholds and establish safe procedures for the
analyses of (historical) paint fragments in the context of the BAG, dedicated experiments
were carried out on model samples to evaluate the two above points. Since paint samples
constitute the majority of the materials under investigation within the BAG, radiation
damage studies were carried out on a series of model oil paints prepared with different
pigments. As an example, Figure 1 shows selected results obtained on a lead white pigment
(mostly hydrocerussite). Some results obtained on chrome yellow pigments are presented
as well in the supporting information. To assess and understand the beam damage, optical
microscopy images and Fourier-transform infrared (FTIR) spectro-microscopy maps were
recorded at the ID21 beamline prior and posterior to a series of ID13 μXRPD maps, acquired
at different flux, different dwell time and as single or triple acquisitions (see details in the
supporting information). XRPD patterns were also collected repeatedly at POIs, in different
flux conditions, to monitor their evolution over time. The results show that with increasing
flux and/or dwell time a yellowing of the sample is observed (Figure 1a). Furthermore,
modification of the FTIR signal, notably in the C-H and C=O stretching mode domains,
is seen, in particular with a decrease in C=O ester and the formation of C=O acid peaks
(Figure 1b,c). After repeated XRPD acquisitions at the same point, a shift in position of
the peaks, a decrease in the total diffracted intensity and a broadening of the diffraction
peaks are observed. These changes are associated with amorphization leading to a loss
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of crystalline order in the material, thus reducing the intensity of the Bragg diffraction
(Figure S4). Additionally, new peaks appear and can be partially attributed to the formation
of metallic lead, Pb(0), through the reduction of Pb(II) (Figure 1d). Nevertheless, employing
low flux (flux ~1011 ph/s), and short dwell time (10 ms), which were the conditions
preferred for the analyses of painting fragments, the yellowing of the paint is not noticeable,
and no modification is detected in the FTIR nor XRPD data (map 1 in Figure 1a–c, and scan
1 in Figure 1d) guaranteeing the validity of the measurement. The complete set of results of
this study will be detailed in a forthcoming publication.

Figure 1. Assessment of radiation damage on a lead-white (mostly hydrocerussite) oil paint mock-up.
Seven μXRPD maps were acquired at ID13, with the following conditions (1 or 3 repeats; different
dwell times; at low flux (LF) or high flux (HF)): 1: 1 scan, 0.01 s, LF; 2: 1 scan, 0.01 s, HF; 3: 1 scan,
0.03 s, LF; 4: 1 scan, 0.03 s, HF; 5: 1 scan, 0.1 s, HF; 6: 3 scans, 0.01 s for each scan, HF; 7: 3 scans, 0.01 s
for each scan, LF. The pixel size was 2.5 × 2.5 μm2 to avoid overlap between two consecutive points.
The map width was 50 μm and the height sufficient to cover the entire thickness of the paint sample.
The maps are represented as rectangles in (a,b). (a) Optical microscopy after μXRPD. (b) μFTIR
map acquired in transmission mode (beam size 15 × 15 μm2, pixel size 10 × 10 μm2, 50 cumulated
scans per spectrum) after performing the μXRPD maps. The red/green display shows the integrated
intensity over the ν(CO) acid range (1683–1724 cm−1) and ν(CO) ester range (1726–1759 cm−1),
respectively. These regions are displayed in (c) by a red and green rectangle, respectively. (c) Average
FTIR spectra calculated over map 1, map 5 and a non-irradiated (NI) region. (d) XRPD 1D patterns
measured with repeated acquisitions of 10 ms at LF; from bottom to top: 1st scan, 2nd scan, average
of the first 10 scans, of the first 100 scans, and then average from x to x + 99, for x = 500, 1500, 2000,
2500, 3000, 4000, 5000, 6000, 7000, 8000, 9000, and 9900. The peaks assigned with Miller index (h k l)
values are those for which the evolution of the position and full-width-at-half-maximum (FWHM) is
reported in Figure S4.

3. High-Angular Resolution X-ray Diffraction at ID22

3.1. Beamline Description

Pioneering studies using HR-XRPD for the study of cultural heritage materials were
performed at the former BM16 beamline at the end of the 1990s [23], paving the way
for the exploitation of synchrotron radiation in Heritage Science. In the field of cultural
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heritage, HR-XRPD is used for phase identification and quantification, microstructure char-
acterization and, in some cases, complete structure determination [24,25]. Fast screening
of a series of samples can also be carried out, a convenient way to look for example at
modern reproductions obtained in the laboratory in controlled atmosphere (e.g., humidity,
temperature, for aging/long-term degradation studies).

The ID22 beamline (formerly BM16 and ID31) combines a continuous range of incident
energies (from 6 to 80 keV) with high brightness, also enhanced by the new EBS source,
thus offering the possibility to carry out high-quality HR-XRPD. A highly monochromatic
beam (ΔE/E~10−4, E being the energy of the incident X-ray beam) of about ~1 × 1 mm2

and of low-divergence arrives on the sample, and diffracted photons are measured by
scanning the 2θ circle which holds an EIGER2 2M-W CdTe pixel detector positioned behind
a set of 13 Si(111) analyzer crystals. Because of the small acceptance of an analyzer crystal,
precise 2θ angles of diffraction are defined, yielding very narrow resolution function, with
a resulting FWHM of about 0.0025◦ (2θ) at 35 keV for the 111 reflection of a NIST Si 640c
standard. The efficiency of detecting the diffracted radiation can be increased by operating
multiple crystals in parallel [26], and thirteen channels, 2◦ apart from each other, are cur-
rently available. The presence of a 2D detector combined with the analyzer crystals offers
additional flexibility in terms of data handling and processing [27], improving both peak
shape at low diffraction angles and counting statistics at high diffraction angles, resulting
in an overall increase in the quality of high-resolution powder diffraction data [28]. In
the context of the BAG, standardized operating conditions are provided, with an incident
radiation of 35 keV (λ = 0.3542 Å) to reduce absorption by the sample as well as limiting
potential radiation damage. One of the requirements for the BAG is to have the samples
compatible with the robotic sample changer (see part 3.2) in order to maximize data collec-
tion efficiency. However, more diverse setups (energy, sample stage, sample environment,
etc.) are accessible through standard proposal calls.

3.2. Sample Preparation and Mounting

Two main types of samples are being analyzed through the BAG at ID22: free powders
and artwork micro-fragments, both compatible with the use of borosilicate glass capillaries
as sample holders. The choice of the capillary size for the free powders depends on the
sample content and corresponding X-ray absorption coefficient, which can be calculated
from https://11bm.xray.aps.anl.gov/absorb/absorb.php (accessed on 1 February 2022).
In order to maximize the diffraction signal, a μR value (μ: linear absorption coefficient; R:
capillary radius) below 1.5 is recommended. Capillaries are then mounted on a magnetic
base, to be handled by the robotic sample changer in an automated way (see the robot at
former ID31 in action: https://www.youtube.com/watch?v=ACMScnxOYkM (accessed
on 1 February 2022). The most precious samples or samples requiring careful positioning
are usually mounted manually on the spinner of the ID22 diffractometer.

3.3. Data Acquisition and Data Analysis

Similar to ID13, ID22 operates with the new BLISS control system and uses similar
ICAT capabilities. In order to reduce preferred orientation, the samples are usually rotated
(nominal speed close to 1000 rpm), and diffraction data are collected through continuous
scanning of the 2θ circle at a chosen speed (from 0.5 to 30◦/min, 2◦/min being the default
one) and at the appropriate acquisition time in order to achieve a step size of about 0.0005◦
(2θ). Several scans per sample can be collected to improve the statistics. The diffraction
signals collected over the 13 channels (and over the different scans) are then combined
using dedicated beamline software [29], and the final high-resolution powder diffraction
pattern is obtained as a three-column ascii file (.xye). A new data processing suite taking full
advantage of the EIGER2 detector behind the analyzer crystals is under implementation [28].
Data analysis can be carried out with various software offering crystal phase identification,
microstructure analysis through Le Bail or Pawley fits, and phase quantification or structure
studies through Rietveld refinement.
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3.4. Assessment of Radiation Damage

The effects of radiation damage on the sample are sometimes visual, with a change of
color (usually a darkening) under the X-ray beam. As observed during ID13 experiments,
radiation damage usually results in diffraction peak shifting and/or broadening, and can be
assessed by looking at the evolution of the diffraction signal between two scans. To reduce
such effects, the incident beam can be attenuated, higher energies used, and faster scans
implemented. If repeated scans are recorded on the same position, after comparison, the
scans not showing signs of radiation damage can be merged to increase counting statistics.
In the case of powders in capillaries, a fast scan is generally carried out (>15◦/min), and
repeated several times on fresh zones of the capillary [30].

4. Some Recent Examples of Studies Performed within the BAG Project

4.1. Revisiting the Bamyian Buddhist Paintings to Obtain More Insight into Pigment Syntheses
and Early Oil Painting Practices in the Silk Road

As a first illustration of the BAG capabilities, Figure 2 reports an updated analysis
of an iconic example, presented in a pioneer publication about the application of SR
micro-analytical techniques for the analysis of painting fragments [31]. These fragments
were sampled from 6th–9th C. Buddhist wall paintings from Bamiyan, Afghanistan, and
analyzed at the ESRF in 2006. Thanks to SR-based micro-infrared analyses, the most
surprising scientific outcome was the identification of the use of the oil technique in these
very early wall paintings; nevertheless, results obtained with μXRPD/μXRF were also
very informative. In particular, different forms of lead white were identified based on
the variable cerussite to hydrocerussite ratios, revealing the use of different lead white
qualities, or the different use (and evolution) of the same pigment. Information about the
nature of degradation compounds (e.g., palmierite ((K,Na)2Pb(SO4)2), anglesite (PbSO4),
moolooite (CuC2O4.nH2O) and atacamite (Cu2Cl(OH)3)) were obtained as well. At the
time of these first experiments, the beam size available at the former ESRF ID18F beamline
was 15 × 1 μm2 (hor.×ver.). The flux and detector technology imposed long acquisitions
(5 s) but above all, a long lead time (10 s per pixel). To cover a corpus of ~40 samples, a
compromise was made between map size and resolution, and maps were collected as 2 or
3 vertical profiles only, to preserve the resolution in the direction of the paint stratigraphy
(vertical axis). Each map, of only ~2×100 pixels2 (hor.×ver.) necessitated about 50 min.
With the present EBS-ID13 instrument, the same samples could be reanalyzed, with larger
fields of view (up to 500 × 500 pixels2) covering the entire cross-sections, with a square and
smaller pixel of 1 × 1 μm2, and still within a reasonable amount of time (only 18 min for
the 500 × 500 pixels2 map). The larger field-of-view offers better statistics on the results.
The smaller pixel size allows imaging smaller details. As an example, Figure 2 shows a
comparison of data obtained in 2006 and in 2021, on thin sections from the same sample
from Foladi cave 4, ca. 7–8th C. AD. The sample is a multi-layer system composed of
(from depth to surface): a brown earthen plaster render covered with sizing layers, a white
ground layer, a red layer, covered with a thin white layer. The final thick green layer
highlights some whitish degraded aspect on its topmost surface. Ancient painters used
such superimposition of complementary colors (here orange/white/green) to produce
deep greens. XRPD data revealed that the two white layers are composed of different lead
whites. The large and high resolution map acquired at ID13 reveals big cerussite particles
(up to 50 μm diameter) in the ground white layer, while it appears much more finely ground
(and with a higher amount of hydrocerussite) in the white layer above. This confirms a
deliberate use of two distinct lead white qualities. Regarding the degradation layer, the
ID13 map reveals that palmierite, anglesite, and atacamite form a quasi-continuous layer
on top of the green layer. These new results provide a better understanding of the paint
technologies used in these very early oil paintings and for their conservation.
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Figure 2. μXRPD maps of two sections of a fragment from a Bamiyan wall painting, acquired (a) in
2006 at the ESRF at the former ID18F beamline (map size: 150 × 60 μm2, pixel size: 1 × 20 μm2), and
(b) in 2021 at beamline ID13 (map size: 800 × 370 μm2, pixel size: 1 × 1 μm2). The two acquisitions
are displayed with the same scale (see text for technical details).

4.2. Composition and Stability of Pigments Invented during the Industrialization Period (End of
18th- Beginning of 20th C.)

From the end of the 18th C., with the rise of modern chemistry and the discovery of
new elements and new minerals, artists and craftsmen had new materials at their disposal,
in particular pigments outperforming traditional pigments in tints and hues. This led
to major evolutions in artistic practices, in paintings (e.g., impressionism) but also in
glasses and ceramics. The more controlled synthesis procedure has an effect not only
on the optical properties, but also on the morphology of the pigment, on its chemical
composition and crystalline structure. Often, slight variations in the composition translate
into a high variation of color, but also sometimes stability. HR-XRPD is therefore essential
for distinguishing subtle variations in composition of crystalline artistic materials.

4.2.1. Deepening the Knowledge of Formulations of Cadmium Red Pigments

Cadmium reds are a class of 20th century artists’ pigments described by the formula
CdS1−xSex. For their vivid orangish/reddish tone and excellent covering power, many
well-known modern and contemporary painters, such as Jackson Pollock, often employed
cadmium reds [32–34]. Recently, the extensive study of artificially aged oil paint mock-ups
made up of CdS1−xSex with different x values, provided first evidence of the tendency of
cadmium reds toward photo-degradation and proved that the conversion of CdS1−xSex to
cadmium sulfates and/or oxalates is influenced by the oil binding medium and moisture
and depends on the Se content [33]. Thus, the proper understanding of the overall pigment
formulation and the stoichiometry of CdS1−xSex is highly relevant in view of the preventive
conservation of paintings containing cadmium reds.

CdS1−xSex pigments have been largely studied by XRPD techniques [32,33]. In par-
ticular, the peak positions of the XRPD pattern are strongly affected by the x value, since
the progressive substitution of an S atom with a larger Se one leads to a linear increase
in unit cell parameters [35]. Furthermore, the accurate fit of the peak profiles can reveal
microstructural features (such as crystallite size, and lattice defects and distortion) and pro-
vide quantitative information on both different crystalline phases and the amorphous phase.
Thanks to the recent advancements of instrumental techniques and computational methods
for data treatment it is often possible to obtain accurate structural and microstructural
properties also from conventional X-ray sources, although the use of synchrotron radiation

16



Molecules 2022, 27, 1997

X-ray beams allows overcoming the intrinsic limitations of laboratory diffractometers,
especially in terms of intensity, resolution and peak profile description.

As an example, Figure 3 shows a comparison of a portion of the Rietveld plots of an
historical cadmium red pigment powder dated back to ca. 1960–1970 and produced by
Kremer (hereafter called powder 442), in which the experimental XRPD pattern is compared
with that calculated from a structural model, thus enabling the refinement of the above
cited structural parameters (the Rietveld method) [36]. Figure 3a shows the (100), (002), and
(101) peaks of CdS1−xSex, collected with a laboratory diffractometer (PANalytical X’Pert
Pro in reflection geometry, X’Celerator detector, Ni filtered CuKα radiation). These peaks
seem to show only two contributions, which come from two CdS1−xSex phases (indicated
with I and II Roman numerals). The Rietveld refinement procedure successfully converged
with reasonably low agreement factors, and the refined x values for the two phases are
reported inside the box Figure 3a. Figure 3b shows the same portion collected at the ESRF
beamline ID22 (35 keV radiation). With this pattern (it was possible to clearly identify five
CdS1−xSex phases, indicated with I–V Roman numerals, some of them with a very small
difference in Se content (refined x values are reported in Figure 3b). Figure 3c shows the
detail of the (101) peaks of the ID22 pattern, in which the contribution of the five phases to
the global profile has been reported in different colors. The weight % of the five phases
plus barite are also reported, as obtained by the Rietveld analysis.

Figure 3. Portions of the Rietveld plots of the historical cadmium red pigment powder 442, show-
ing the (100), (002), and (101) reflections of CdS1−xSex phases, collected using (a) the laboratory
diffractometer and (b) the ESRF-ID22 beamline. (c) Enlargement of the frame marked in yellow in
(b) showing, in different colors, the contributions of the five CdS1−xSex phases to the (101) reflection.
The refined x values (and their standard deviation) for the different phases are reported in box (a) and
(b), while the weight % of the five identified phases, plus barite, are reported in box (c), as resulting
from the Rietveld analysis [37]. Black cross: experimental data; red line: calculated profile; dark green
line: difference curve. Vertical marks indicate the calculated positions of Bragg reflections for each
crystalline phase. The peak of silicon, used as internal standard, is marked with an asterisk (*).

Note the fact that the data recorded with the synchrotron radiation X-ray source
(Figure 3b) show a negligible instrumental contribution to the peak profile as compared
to that recorded with the conventional X-ray source (Figure 3a). To obtain an idea of
the instrumental contribution to the total peak broadening, it is sufficient to observe
the sharpness of the 111 reflection of the added crystalline silicon as internal standard
(marked with an asterisk in Figure 3b,c), as compared to the broadening of the other peaks.
Being a highly crystalline sample with ideal crystallite size, the Si peak broadening can
be specifically associated with instrumental effects. The virtual absence of instrumental
broadening enables a better evaluation of the microstructural characteristics of the sample,
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which contribute to the diffraction peak shape. So, while the laboratory pattern might be
reasonably well refined using an isotropic size and microstrain model, the peak shape of
the ID22 pattern allowed the refinement of an anisotropic model, from which the average
crystallite size and microstrain along different crystallographic axes can be estimated.

4.2.2. Understanding Paint Degradation in Picasso Cadmium Yellows

The degradation of modern cadmium yellow paints (CdS/Cd1−xZnxS) has been the ob-
ject of intensive research [38–43]. The study of micro-fragments of historical paintings and
of paint mock-ups established that the degradation process consists of the photo-oxidation
of the original form of cadmium sulfide into cadmium sulfate. This process is fostered by
environmental conditions [42] and by the presence of chlorine residues [40,41,43]. Research
is still ongoing to assess how the degradation rate is influenced by the synthesis method,
and in particular by the resulting pigment properties (e.g., particle size) and composition
(presence of residues/secondary products) [44]. Further research on historical samples and
paint mock-ups is still required to expand our knowledge on other factors influencing the
degradation pathways of cadmium yellow paints.

Pablo Picasso’s Femme (Époque des “Demoiselles d’Avignon”, 1907, Fondation Beyeler,
Riehen/Basel, Switzerland, Inv. 65.2) was the object of a wide conservation project, concern-
ing the history and pictorial techniques of the painting. During this study, a comparison
of the painting with an old slide from the museum archives revealed that the CdS-based
paints had retained their original bright yellow color only in some areas, while they had
turned brownish in other areas of the painting [45]. As these paints were subjected to
the same environmental conditions and hence to the same natural ageing, they represent
an important example for understanding the reasons behind the different stability of the
various CdS-based paints. To evaluate the differences down to the micrometric level, two
paint fragments from the different CdS areas were selected and studied employing SR
μXRPD techniques (Figure 4).

 

Figure 4. Detail of Picasso’s Femme containing both now-brownish (left) and vibrant (right) yellows.
Visible image and SR-μXRPD distribution maps of crystalline phases identified in (a) now-brownish
and (b) vibrant yellow micro-samples, extracted from representative areas of the painting. Samples
were prepared as cross-sections embedded in resin. The colors of the different crystalline compounds
identified are indicated in legend. The darker region in the center of the μXRPD maps is due to the
poor transparency of the sample to X-rays (measurements acquired in transmission mode).
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Analysis conducted at ID13 confirmed that Picasso employed (at least) two different
cadmium yellow paints [46]. The well-preserved yellow is a mixture of crystalline CdS
(hexagonal and cubic forms) with two different extenders, lead white (hydrocerussite)
and barium sulfate. In contrast, the now-brownish yellow is composed of amorphous
or poorly crystalline CdS, indeed no diffraction peaks are present, but CdS was detected
through μXANES measurements at S K-edge and Cd L3-edge at ID21. In this case, CdS is
mixed only with one extender, barium sulfate. Additional crystalline compounds, such
as cadmium hydroxychlorides, sulfates and carbonates, were also identified in the now-
brownish layer, which can be associated either to residuals of the pigment synthesis method
(hydroxychlorides and carbonates) [40,41,43] or to paint degradation (sulfates) [38,42]. This
finding provides the first clear evidence of the different crystallinity of CdS in the two
yellow paints employed by Picasso, a difference that can be ascribed to the production
methods of the pigment [43,47]. The different crystallinity of CdS in the two paints, along
with some residual of the starting reagents (i.e., Cd(OH)Cl), may have influenced the paint
stability, leading to a severe degradation in paint layers where the poorly crystalline and
highly reactive pigment with high presence of residues of the synthesis was used [48]. This
finding paves the way to further tailored research on model paints in the framework of the
Heritage BAG to correlate paint degradation with synthesis methods.

4.2.3. Tracking the Origin of the Color of “Thénard’s Blue”, from the Manufacture
Nationale de Sèvres

“Thénard’s Blue“ (CoAl2O4) is a spinel pigment, created in the early 19th century for
the Manufacture Nationale de Sèvres. Its adaptation into a porcelain glaze required nearly
80 years of trial-and-error research. Experiments at ID13 and ID22 were combined to follow
and understand, from structural and optical points of view, its complex evolution during
the formation of a low-fire porcelain glaze [49]. To this aim, a series of pigments with
composition Co1−xAl2+2x/3O4 (0 ≤ x ≤ 1) were prepared by co-precipitation and fired at
850–1400 ◦C. Then, porcelain glazes were prepared by mixing these pigments (33 w%) with
a Pb-rich flux and firing at 880 ◦C (i) in a crucible to obtain powder samples and (ii) on a
porcelain substrate (Figure 5a).

HR-XRPD at ID22 on powder samples was used to determine the crystal structure of
the pigments, (i) alone, and (ii) embedded in the glaze after the firing process. Quantitative
phase analysis with an internal standard enabled the determination of the solubility of the
pigment and the composition of the glass phase, in particular the proportion of metallic
oxides (Figure 5e). Complementary UV-visible spectroscopy showed the oxidation state of
cobalt and its environment, and how its color was changed once in the glaze.

Besides, cross-sections of the glazed porcelain samples were observed by scanning
electron microscopy coupled with an Energy Dispersive Spectrometer (SEM-EDS) analysis,
and thin sections were analyzed at ID13 to acquire μXRF and μXRPD maps. SEM revealed
the distribution of the pigment particles in the glaze (Figure 5c). EDS and μXRF detected
Co, but could not differentiate Co from the glaze matrix and from the pigment due to the
small size of the crystallites and the high penetration of electrons and X-rays, respectively.
Conversely, the μXRPD maps allowed a selective analysis of the cobalt contained in the
pigment, revealing the exact location of the spinel phase CoAl2O4. Comparing μXRF and
μXRPD maps allowed understanding how cobalt dissolves and diffuses inside the glass
matrix. As shown in Figure 5d, the Co-XRF signal (in red) is in proportion to CoAl2O4
XRPD signal (in blue) and is much more intense towards the surface of the glaze, indicating
a higher concentration of dissolved cobalt at the glass surface.
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Figure 5. Study of the stability of Co1−xAl2+2x/3O4 spinel pigments in a porcelain glaze. (a) Pigments
x = 0; 0.25; 0.5 and 0.75 fired at 1000 ◦C and their respective glazes; (b) Optical microscopy image of
the cross-section of a painted porcelain; (c) SEM image of the glaze layer of glazed sample (x = 0.25
at 1000 ◦C); (d) μXRF and μXRPD map of glazed sample (x = 0.25 at 1000 ◦C) acquired on ID13,
blue = μXRPD signal of the spinel phase, red = μXRF signal of Co (K-edge); the XRPD pattern of
CoAl2O4 in the glaze is then compared with the (e) HR-XRPD diagram of the pigment sample,
(x = 0.25, at 1000 ◦C) acquired on ID22 (35 keV).

Determining (i) the location of the cobalt in the glass phase, (ii) the location of the
pigments in the glaze, (iii) the evolution of the spinel structure during firing, (iv) the amount
of dissolved pigment and (v) the evolution of the color (linked to the oxidation state of
the cobalt and its environment), gave us a good understanding of the dissolution and
recrystallization mechanisms and will be discussed in a forthcoming paper. Eventually, the
long pending issues of coloration and instability met when adapting Thénard’s Blue into
a porcelain glaze found their explanation by this original combination of μXRF/μXRPD
mapping on ID13 and HR-XRPD at ID22.

4.3. Applications to Conservation Studies

SR-techniques are used not only to identify the original materials used by craftsmen
and artists and their possible degradation products, but they can also provide information
about chemical reactions involved in conservation treatments and characterization of the
penetration depth of the conservation products and efficiency of these treatments. As an
example, Ca K-edge 2D μXANES has been recently used at beamline ID21, in combination
to μXRPD mapping to study the stratigraphic distribution of calcium-based consolidants
applied in limestones [50]. Some experiments in the BAG have been similarly dedicated to
conservation purposes.

4.3.1. Revealing the Interactions of Inorganic Conservation Treatments with
Mg-Containing Frescos

The structural analysis of new crystalline phases formed in painted plasters after
inorganic-mineral treatments and the investigation of their distribution within the porous
matrixes are in high demand and a challenging task, as high phase selectivity, sensibility to
trace phases and micrometric spatial resolution are simultaneously required.

Several inorganic-mineral treatments are available and ammonium oxalate (AmOx,
(NH4)2C2O4·H2O) is one of the most widely used for the conservation of calcium carbonate
stone materials (both natural and artificial) [51–53].
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Here, a series of studies by μXRPD at ID13 and μXRF at ID21 (see technical details
in Supporting Information) focused on the interactions of AmOx treatment applied to
Mg-containing historical frescos with the following aims:

• Identify the new oxalate phases crystallized after the AmOx treatment in the presence
of Mg-rich and Ca-rich regions of the fresco;

• Localize the different oxalate phases with respect to each other, as well as to explore
their distribution in the different regions of the fresco stratigraphy.

As an example, Figure 6 summarizes some μXRF and μXRPD outcomes collected in
correspondence to the fresco painting. The stratigraphy of the fresco (shown in the optical
image of Figure 6a as (1) plaster, (2) intonachino, (3) ~10 μm portion of intonachino with
iron-based pigments) is well distinguishable in the μXRF distribution maps of Ca, Mg and
Fe (Figure 6b).

Figure 6. Analysis of the interactions of inorganic-mineral conservation treatments (AmOx) with Mg-
containing frescos by a combination of μXRPD and μXRF mapping carried out at ID13 and at ID21,
respectively. (a) Optical image of the fresco stratigraphy in cross-section: (1) plaster, (2) intonachino,
(3) ~10 μm external portion of intonachino with iron-based pigments. The investigated ROI was about
~500 × 400 μm2 at ID13 and ~ 400 × 400 μm2 at ID21. (b) RGB correlation of μXRF distribution maps
of calcium (Ca K), magnesium (Mg K) and iron (Fe K). The inset highlights the presence of iron-based
pigments in the external portion of the intonachino; (c) μXRPD distribution maps of calcite, whewellite
and glushinskite presented in a colourmap spanning from low (blue) to high (red) values of relative
intensity; (d) RGB correlation of the μXRPD distribution maps of calcite, whewellite and glushinskite.

Two different classes of reaction products are formed after the AmOx treatment:
magnesium oxalates (glushinskite) and calcium oxalates (whewellite and weddellite).
Magnesium oxalate and calcium oxalates are crystallized in different regions of the sample,
with glushinskite formed close to the surface and whewellite localized in the sub-surface
portion of the fresco painting (Figure 6c,d). The localization of weddellite has been studied
but it is not discussed here. No iron-oxalates have been detected.

The oxalate phases are formed within the intonachino as well as in the plaster substrate.
The comparison of the μXRF map of calcium and the μXRPD map of calcite shows that: (i) in
the portion of intonachino with iron-based pigments (layer 3), calcium ions are all ascribed
to calcium oxalates phases (no calcite); (ii) below the Fe-containing portion, the calcium
ions are ascribed to both calcium oxalates phases and calcite of the matrix (Figure 6c). These
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findings demonstrate that in the iron-based region of intonachino most of the original calcite
is converted to calcium oxalate phases. It follows that the oxalate framework restores
the microstructural cohesion of the fresco stratigraphy. In addition, the newly formed
calcium oxalate phases have a low solubility even to acid environments, providing an
advantageous acid resistance for painted carbonate substrates exposed to polluted urban
regions. Results of the complete study will be reported in a forthcoming publication.
Above all, the significant results obtained thanks to the ESRF-EBS and the high-spatial
resolution 2D μXRPD–μXRF mapping at ID13 and ID21 open up new insights in the field
of conservation treatments applied to painted plasters and historical painted materials.

4.3.2. Assessing Structural Damage in Wood Vessels

Even though most SR-based X-ray analyses are dedicated to evaluating the composi-
tion of inorganic pigments and paintings, the same techniques can also be used to analyze
various materials, including (bio)organic materials, such as wood, and to contribute to their
preservation. For instance, Sorres X, a 14th century cabotage ship, is a unique example of
the few medieval vessels preserved in the Mediterranean [54]. It was unearthed in 1990,
desalted, cleaned, treated, as usual, with polyethylene glycol (PEG) to consolidate its wood,
and since 2011, it has been kept in the Museu Marítim de Barcelona (Figure 7a). It currently
shows some recurrent sulfur and iron-containing efflorescence, which may be related to
more severe underlying problems threatening its integrity (Figure 7b–d). Sulfur species
(H2S, HS− and S2−), common in marine environments, can lead to the formation of more
oxidized species (sulfates, etc.), which can cause a significant volume expansion of the
wood. In turn, iron species may lead to the formation of iron sulfide and pyrite or act as
catalyzers and contribute to the degradation of wood components and PEG polymers into
small organic acids (cf. [55,56], and references within).

Figure 7. Study of the degradation of a waterlogged medieval timber hull. (a) View of the vessel Sorres
X (Museu Marítim de Barcelona), which has a total length of 9.5–10 m. (b) Detail of efflorescence on
pine wood. Back-scattering SEM images of (c) a thin cross section of the same pine wood sample and
(d) detail showing crystal accumulations on the inner side of the cell wall. (e) Average diffractogram
of a transversal 20 μm-microtomed section of the same pine wood sample, compared to reference
patterns and (f) corresponding microscopic image and (g) False-color μXRPD map, where the inner
part of the wood is on the left and the wood surface is on the right of the images. Colors in the μXRPD
map represent PEG (green), jarosite (blue) and gypsum (red); 456 × 386 μm2 map, obtained with a
2.5 × 2.5 μm2 beam, with a step of 1 × 1 μm2.
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In this context, the objective of the study is to determine the identity, extent and
distribution of sulfur, iron and other mineral species within the wood, in order to assess
internal wood damage and influencing factors (such as the kind of wood, depth, proximity
to old iron bolts). Analyses by μXRF and μXRPD at ID13 allowed us to discriminate
among chemical species, based on their distinct diffraction patterns (Figure 7e), and a
precise mapping of crystalline compounds with high spatial resolution in large maps from
microtomed cross-section slices (Figure 7f), such as the ones in Figure 7g. Sulfur and
iron-containing salts with different hydration degrees and oxides are present, together
with PEG, in different holm oak, pine and elm wood samples, showing the complexity
of redox processes occurring on and within the wood. In this particular sample, gypsum
(CaSO4·2H2O, in red) appears only as spots, apparently without a definite distribution,
whereas jarosite (KFe3(SO4)2(OH)6, in blue) and lower amounts of pyrite (FeS, see the
diffraction pattern) tend to accumulate near the surface (right side of the map) and around
collapsed cells. This is consistent with the distribution of iron and sulfur, but also, for
example, potassium and calcium, determined by μXRF (results not shown). PEG (in green)
has penetrated through the rays (long thin tubular structures—such as the one on the
upper left corner of the map—used for the radial conduction of water, minerals and organic
substances in the plant) and into the cells, preventing them from collapsing. These rays may
not only contribute to PEG diffusion, but also migration of salt and degrading bacteria [57].

Further analysis will help ascertain whether these compounds are ubiquitous and/or
homogeneously distributed in the vessel (similar to the Mary Rose ship [56]) or if they tend
to accumulate near the surface, as in the Baltic ships Vasa, the Crown and Riksnyckeln [58],
all of them extensively studied hulls.

5. Conclusions

As shown in the various examples above, the instruments offered at ID22 and ID13
are highly complementary and useful for the characterization of cultural heritage materials.
HR-XRPD is very efficient for the precise and sensitive detection of crystalline phases, their
identification, and the characterization of their microstructural and structural properties.
As shown in the examples above, the low detection limit allows us to detect minor phases,
and the high angular resolution allows us to differentiate phases (pigments) with slightly
different structures/stoichiometry. Complementarily, μXRPD imaging provides unique in-
sight into the stratigraphical distribution of these phases at the micrometer scale. Although
most of the applications concern paintings, the same techniques can be applied to ceramics,
wood, etc.

The Historical Materials BAG started in fall 2021, and two beamtime sessions have
already been allocated, two days at ID22 and four days at ID13. Thanks to the optimization
of sample mounting and data acquisition, and together with the improved capabilities of
the EBS source and the beamlines, 74 samples + 3 references, and a record of 186 samples +
2 references were analyzed by 12 and 15 end-users in these two experiments, respectively
(with both on-site and remote control). Noteworthy, these end-users represent almost as
many individual scientific projects and institutes, demonstrating clearly the high potential
of the BAG system. In total, seven nationalities are represented (six from European coun-
tries). Beyond an increased efficiency to collect data, the BAG demonstrated a high impact
in informing and training a new user community, in particular PhD students, who represent
more than half of the users. Additionally, it provides the possibility for non-expert users to
join a collective effort and to obtain support in all steps of the analytical workflow (from
beamtime allocation, sample preparation, data collection, to data analysis). This new ad
hoc access model is therefore a remarkable step forward to make synchrotron-based XRPD
analyses a standard method for the characterization and preventive conservation of our
cultural heritage.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27061997/s1, Figure S1: The ID13 X-ray microscope
at the micro-branch. The X-ray beam is displayed as the solid red line, stopped by the beam stop.
The dotted red lines represent XRPD signal. For readability, the XRF detector is not represented. It
is mounted orthogonal to the beam, on the left side in the beam axis. (Thanks to L. Lardière, ID13,
ESRF). Figure S2: Two examples of sample holders at ID13. Scale bar in each picture represents 1cm.
On the left, a 4 mm diameter 8-holes holder with fragments of model paints. Samples are glued
on tape. On the right, a 2 mm diameter 30-holes holder with thin sections of model and historical
paint samples. Sections are either pure paints (three top rows) or painting fragments embedded in
resin (three bottom rows). Sections are glued on both edges with carbon tape, such that the XRPD
signal comes from the paint only (no support material, see zoomed picture). Figure S3: The Daiquiri
graphical user interface and its main functionalities. The sample shown here is used for radiation
damage studies. A series of maps and points were selected for the analyses detailed in Section 2.5,
Figure S4: Evolution of peak position (left) and FWHM (right) of the (1 0 1), (1 0 4), (0 1 5) and (1 0 10)
XRPD peaks in a lead white (mostly hydrocerussite) oil paint mock-up during repeated acquisitions
of 10ms at low flux. Figure S5: Assessment of radiation damage on a chrome yellow (PbCr0.2S0.8O4)
oil paint mock-up. Seven μXRPD maps were acquired at ID13, with the following conditions (one or
three repeats; different dwell times; at low flux (LF) or high flux (HF)): 1: 1 scan, 0.01 s, LF; 2: 1 scan,
0.01 s, HF; 3: 1 scan, 0.03 s, LF; 4: 1 scan, 0.03 s, HF; 5: 1 scan, 0.1 s, HF; 6: 3 scans, 0.01 s for each scan,
HF; 7: 3 scans, 0.01 s for each scan, LF. The pixel size was 2.5 × 2.5 μm2 to avoid overlap between two
consecutive points. The map width was 50 μm and the height sufficient to cover the entire thickness
of the paint sample. The maps are represented as rectangles in (a) and (b). (a) Optical microscopy
after μXRPD. (b) μFTIR map acquired in transmission mode (beam size 15 × 15 μm2, pixel size
10 × 10 μm2, 50 cumulated scan per spectrum) after performing the μXRPD maps. The red/green
display shows the integrated intensity over the ν(CO) acid range (1674–1724 cm−1) and ν(CO) ester
range (1731–1759 cm−1), respectively. These regions are displayed in (c) by a red and green rectangle,
respectively. (c) Average FTIR spectra calculated over map 1, map 5 and a non-irradiated (NI) region.
References [59,60] are cited in the Supplementary Materials.
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Abstract: Biochemical investigations were carried out on the embalmed head of Nebiri (Museo Egizio,
Turin; S-5109)—an 18th Dynasty Ancient Egyptian dignitary—and on the canopic jar containing his
lungs (Museo Egizio, Turin; S. 5111/02) with the aim of characterizing the organ’s (lung) specific
paleo-proteins and of identifying the compounds used in his embalming “recipe”. The application
of a functionalized film method allowed us to perform a non-invasive sampling. Paleo-proteomics
confirmed the presence of lung tissue-specific proteins (organ specific) as well as the presence of
proteins linked to severe inflammation. Paleoproteomics and paleometabolomics further allowed the
identification of the main components of Nebiri’s embalming recipe: animal fats and glue, balms,
essential oils, aromatic plants, heated Pistacia, and coniferous resins. Both the use of Pistacia and conif-
erous resins in an early 18th Dynasty individual confirm Nebiri’s high social status. The technique
applied offers a targeted approach to the chemical characterization of human tissues, embalming
compounds, and organic materials layering in pottery. The ability of the functionalized film method to
harvest all types of compounds, from macromolecules (i.e., proteins) to small molecules (i.e., organic
acids) opens a new path in the study of ancient material culture; furthermore, it allows to perform
untargeted analysis, which is necessary when no a priori information is available.

Keywords: non-invasive chemical analyses; paleo-proteomics; paleo-metabolomics; New Kingdom; Nebiri

1. Introduction

Over the past two decades, the application of analytical chemistry to bio-archeological
materials has made enormous progress. More specifically, through the application of mass
spectrometry, minimum amounts of ancient molecules extracted from micro-samples have
been identified and quantified [1,2]. Recently, new methods for the non-invasive analysis of
cultural materials were developed [3–9]. Functionalized resins were successfully employed
to investigate the compounds used in ancient paintings and frescoes [10,11]; commercially
available skin sampling strips were applied to archeological materials to identify paleo-
proteins [9]; and other techniques were developed for the identification of in situ hydrogel
extraction of proteinaceous binders [5,6] or to reveal the taxonomic identification of ancient
archeological materials [8].

Naturally preserved and embalmed bodies from different archeological contexts rep-
resent a powerful source of information; over the last decades, investigations of Ancient
Egyptian mummies and associated funerary equipment have been extensively performed.

Molecules 2022, 27, 7208. https://doi.org/10.3390/molecules27217208 https://www.mdpi.com/journal/molecules
29



Molecules 2022, 27, 7208

For example, Habicht et al. carried out a multidisciplinary investigation on the sup-
posed remains of Queen Nefertari, the royal spouse of pharaoh Ramses II [12]. Similarly,
Bianucci et al. performed a multidisciplinary investigation on the embalmed corpses of
the Royal Architect Kha and his wife Meryt [13], while Jones et al. identified the em-
balming recipe and the evolution of early funerary treatments in a prehistoric Egyptian
mummy [14]. Proteomics analysis of two 4200-years-old embalmed mummies dated to
the First Intermediate Period provided molecular insight into their health conditions, sug-
gesting evidence of acute inflammation and severe immune response [15]. More recently,
the application of untargeted metabolomics for chemical characterization of canopic jars’
content and mummy samples from Ancient Egypt led to the identification of thousands of
ancient molecules [16,17]; however, no characterization of specific embalming recipes per
individual or per organ sampled was obtained [15,16].

The present research focuses on the application of a non-invasive functionalized film
method [4] to the analysis of the human remains of an 18th Dynasty Egyptian individual
named Nebiri.

2. Results and Discussion

2.1. Paleo-Proteomic Investigation of Nebiri’s Remains

Mass spectrometry was used to sequence ancient protein residues in a dedicated
laboratory for the analysis of ancient materials. We applied shotgun proteomics using
LC-MS/MS for the analysis of proteins harvested from the head and the lung of Nebiri
(Figure 1). The proteins were extracted from the external table of the right parietal bone
(in an area where the original textiles were lacking), the scalp, and the lungs using func-
tionalized films; they were then digested prior to the mass spectrometry analysis. Each
analyzed sample was preceded and followed by at least one blank injection in order to
assess peptide carryover. All the consumables used were new to avoid environmental
contaminations. Common protein contaminants were included in the database searches
and removed whether identified.

Figure 1. Pictures of the head of Nebiri (a) and of the canopic jar containing the lungs (b) taken
during the non-invasive sampling procedure.

2.1.1. Paleo-Proteins Extracted from the External Surface of the Right Parietal Bone

Several collagens and keratins were identified with the right parietal bone. While human
collagen alpha-1(I) chain (CO1A1_HUMAN), collagen alpha-2(I) chain (CO1A2_HUMAN),
and collagen alpha-1(III) chain (CO3A1_HUMAN) were the most abundant proteins,
two collagens from fowl, namely collagen alpha-1(I) chain (CO1A1_CHICK) and col-
lagen alpha-1(IX) chain (CO9A1_CHICK), with unique and specific peptides, were detected
(Table 1). Collagen alpha-2(I) chain (CO1A2_ONCMY) with two unique peptides originated
from a fish species was also identified.
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Table 1. Proteins identified in the head and in the lung of Nebiri. Sample, proteins, accession name,
score, and number of peptides identified for each protein are reported.

Sample Proteins Accession Name Score N. of Peptides

External table of the right
parietal bone

Collagen alpha-1(I) chain CO1A1_HUMAN 1436 23

Collagen alpha-2(I) chain CO1A2_HUMAN 1127 22

Collagen alpha-1(I) chain CO1A1_CHICK 764 12

Collagen alpha-2(I) chain CO1A2_ONCMY 66 3

Keratin, type I cytoskeletal 9 K1C9_HUMAN 464 5

Keratin, type I cytoskeletal 10 K1C10_HUMAN 236 5

Keratin, type II cytoskeletal 1 K2C1_HUMAN 225 5

Keratin, type II cytoskeletal 2 epidermal K22E_HUMAN 40 3

Keratin, type II cytoskeletal 5 K2C5_HUMAN 39 3

Collagen alpha-1(IX) chain CO9A1_CHICK 207 3

Collagen alpha-1(III) chain CO3A1_HUMAN 82 2

Lung tissue
(most abundant proteins)

Serum albumin ALBU_HUMAN 942 12

Protein S100-A9 S10A9_HUMAN 640 6

Ig alpha-1 chain C region IGHA1_HUMAN 469 5

Alpha-1-antitrypsin A1AT_HUMAN 376 7

Cathepsin G CATG_HUMAN 367 5

Hemoglobin subunit beta HBB_HUMAN 350 3

Histone H2A type 1 H2A1_HUMAN 340 3

Isoform H14 of Myeloperoxidase PERM_HUMAN 288 7

Alpha-1-antichymotrypsin AACT_HUMAN 236 6

Collagen alpha-1(III) chain CO3A1_HUMAN 210 5

Ig gamma-1 chain C region IGHG1_HUMAN 209 5

Hemoglobin subunit alpha HBA_HUMAN 190 3

Neutrophil defensin 1 DEF1_HUMAN 177 3

Lysozyme C LYSC_HUMAN 166 2

Histone H4 H4_HUMAN 158 2

Histone H2B type F-S H2BFS_HUMAN 137 4

Peroxiredoxin-2 PRDX2_HUMAN 125 2

Actin, cytoplasmic 1 ACTB_HUMAN 120 2

Tubulin beta-2B chain TBB2B_HUMAN 118 4

Fibrinogen beta chain FIBB_HUMAN 110 4

Neutrophil elastase ELNE_HUMAN 104 2

Isoform Gamma-A of Fibrinogen gamma chain FIBG_HUMAN 100 3

Band 3 anion transport protein B3AT_HUMAN 77 2

Isoform 2 of Haptoglobin HPT_HUMAN 77 2

Isoform 2 of Complement C4-A CO4A_HUMAN 76 3

Isoform 2 of Heat shock protein HSP 90-alpha HS90A_HUMAN 76 2

Myeloblastin PRTN3_HUMAN 75 2
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Table 1. Cont.

Sample Proteins Accession Name Score N. of Peptides

Scalp

Collagen alpha-1(I) chain CO1A1_HUMAN 1145 12

Collagen alpha-2(I) chain CO1A2_HUMAN 1010 13

Collagen alpha-2(I) chain CO1A2_CHICK 134 3

Collagen alpha-1(III) chain CO3A1_HUMAN 400 9

Keratin, type I cytoskeletal 9 K1C9_HUMAN 327 5

Keratin, type I cytoskeletal 10 K1C10_HUMAN 103 3

As for the presence of collagens from fowl, the proteins CO1A1_CHICK and CO9A1_CHICK
from Gallus gallus were identified. Both proteins were characterized by ancient modifica-
tions, indicating that the collagen was a component of the original material and did not
come from contamination with more recent conservation treatments. While it is reported
that animal glues were widely used as binders and adhesives, especially in Egyptian car-
tonnage, here the first scientific evidence of a proteinaceous material—an animal glue from
fowl—directly extracted from the surface of a human ancient bone is provided.

Interestingly, domestic fowls were raised during the 18th Dynasty as reported in the
literature [18]. In addition, the presence of fish collagen suggests that fish glue adhesives
were also used. Although Ancient Egyptian records do not describe their preparation
process in detail, it is known that these adhesives were used in the embalming procedures.
Fishing was a highly diffused practice in Ancient Egypt, and fish glue would have been
made by melting fish/fish scraps over a fire and then applied with the help of a brush/or
a spatula [19].

The fish collagen identified has been classified as belonging to the species Oncorhynchus mykiss
(Rainbow trout) and not to the Nile Tilapia, as one would have expected; this result is
mostly likely due to the fact that the full protein database of Tilapia spp. is not yet available
and only a few proteins have been characterized thus far. Although the use of fish oil was
reported in a previous study on Egyptian mummies [13], the authors did not find specific
markers attributed to this kind of animal oil.

2.1.2. Lung Proteins

The proteomic analysis of lung samples revealed the presence of 60 unique human
proteins (Table 1); among them are several specific biomarkers of lung tissue. Lung is
undoubtedly a major “immunological organ” since it contains a considerable amount of
lymphoid tissue. We identified neutrophil defensins (DEF1_HUMAN), which are antimicro-
bial peptides present in large amounts in the neutrophil [20]; hemoglobins (HBA_HUMAN
and HBB_HUMAN), which are involved in oxygen transport from the lung to the var-
ious peripheral tissues; the neutrophil serine proteases cathepsin G (CATG_HUMAN)
and neutrophil elastase (ELNE_HUMAN), which are involved in immune-regulatory pro-
cesses and exert antibacterial activity against various pathogens [21]; and haptoglobin
(HPT_HUMAN), which is known to be associated with the host-defense response to in-
fection and inflammation and is expressed at a high level in lung cells [22]. The identified
proteins were also subjected to gene ontology classification based on biological processes
with the Cytoscape software and the ClueGO plug-in. The analysis showed several lung
biological processes such as immune response, defense response to bacteria, and oxygen
transport (Figure 2). No proteins of animal origin were detected.
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Figure 2. Cytoscape-based ClueGo pathway analysis and visualization. Enriched pathways were
obtained from the Kyoto Encyclopaedia of Genes and Genome (KEGG) database. The figure reports
the functionally grouped networks of identified proteins. Terms are linked based on κ-score (≥0.4);
edge thickness indicates the association strength while node size corresponds to the statistical
significance for each term. Biological processes are also reported.

2.1.3. Proteins from the Scalp

Proteins extracted from the scalp were mainly human collagens (CO1A1_HUMAN,
CO1A2_HUMAN and CO3A1_HUMAN) and human keratins (K1C9_HUMAN and
K1C10_HUMAN). Besides these proteins, an animal collagen, namely collagen alpha-
2(I) chain (CO1A2_CHICK), was identified. All these proteins bear modifications specific
for ancient materials; in addition, the presence of collagen from fowl confirmed the use of
an original treatment with an ancient animal glue.

2.1.4. Ancient Protein Damage

Although proteins survive longer than DNA, they still decay naturally over time. The
identification of diagenetic protein modifications was used to distinguish paleo-proteins
from modern ones. Hydroxylation of proline, which is one of the main modifications of
collagen, was identified in all analyzed samples. Deamidation and aminoadipic acid from
lysine are more specifically related to degradation. Deamidation is usually associated with
protein biological aging; it plays an important role in protein degradation and has been
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correlated with the time of aging [23]. Aminoadipic acid from lysine is the most important
age-dependent form of oxidative damage. The presence of 2-aminoadipic acid in the ancient
samples can be associated with the decomposition that occurred immediately after Nebiri’s
death [24]. As reported in Table 2, all samples taken from the parietal bone, lung, and head
skin were characterized by the presence of deamidation and aminoadipic acid from lysine.
These results confirmed the ancient origin of the samples analyzed.

Table 2. Ancient modifications identified in proteins extracted from Nebiri’s remains. The name
of the protein, type of modification, and number of modified amino acids in each sample for each
protein are reported.

Protein Modification Scalp Parietal Bone Lung

Collagen alpha-1(I) chain Deamidated (NQ) 8 11 4

Collagen alpha-1(III) chain Deamidated (NQ) 3 2 2

Collagen alpha-2(I) chain
Deamidated (NQ) 3 4 1

Lys-> AminoadipicAcid (K) - 1 -

Collagen alpha-5(VI) chain Deamidated (NQ) - 1 -

Collagen alpha-3(VI) chain Deamidated (NQ) - - 1

Collagen alpha-1(IX) chain Deamidated (NQ) 1 - -

Collagen alpha-1(V) chain
Deamidated (NQ) - - 1

Lys-> AminoadipicAcid (K) - - 1

Collagen alpha-1(XXVIII) chain Deamidated (NQ) - 1 -

Collagen alpha-1(X) chain Lys-> AminoadipicAcid (K) - 1 -

2.2. Identification of Small Molecules with Untargeted Metabolomics Analysis

Paleo-metabolomic analysis was performed to investigate small molecules extracted
from Nebiri’s lungs, from the textiles, which originally wrapped the lung, and from the
inner surface of the lung’s canopic jar; this was done in order to identify the chemical
composition of the embalming “recipe” used to treat the body of the ancient Egyptian
dignitary. The paleo-molecules were extracted using functionalized films and then analyzed
using mono-dimensional and comprehensive GCxGC-MS. The complete list of identified
molecules across the samples are reported in Supplementary Table S2.

2.2.1. Textiles Wrapping the Lungs

The main components characterized in the lung’s textile samples were fatty acids,
which originally derive from triglycerides. Their distribution indicates that the major com-
pounds are myristic, palmitic, and stearic acids together with few amounts of margaric,
oleic, arachidic, azelaic, pimelic, and sebacic acids. The presence of cholesterol and of
odd-chain-length fatty acids combined with the presence of squalene, an isoprenoid hy-
drocarbon abundant in skin lipids, clearly indicates the presence of animal fats [25,26].
Furthermore, the presence of oleic acid as the only unsaturated fatty acid and the absence of
nonadecylic acid indicates that the origin of animal fatty acids may be from non-ruminant
animals (porcine or fowl) [27]. All these samples were collected from the external side of
the bandages, a condition which highly minimizes the possibility of contamination from
the lung.

Moreover, the lipid profile points to the use of a plant oil or a mixture of plant oils.
In fact, the presence of azelaic, pimelic, and sebacic acids, which form by the degradative
oxidation of originally unsaturated fatty acids, suggests the presence of a vegetable oil [28].
The presence of plant oil impregnating the funerary textiles was already observed as the
main balm component in previous studies on pharaonic embalming agents [14,27–29].

Aromatic acids characteristic of plant products, vanillic acid, benzoic acid, 4-hydroxybenzoic
acid, 4-methoxyphenol, and 4-methylbenzoic acid, were also present in the textiles. These
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compounds, together with vegetable tannins identified in the samples (pyrogallol, hydro-
quinone, and myo-inositol), confirm the use of plant extracts although it is impossible
to determine the vegetal genus/species. The presence of sucrose and D-mannopyranose
suggests the use of a plant gum or sugar as a component of the balm; again, it is not possible
to establish the original source, i.e., Acacia.

Coniferous resin was identified in the lung’s bandages samples. The mass spectra
signal of 15-Hydroxy-7-oxodehydroabietic acid, typical of aged conifer resin, was present
along with the terpenoid borneol; however, since borneol can derive from many different
plant extracts/essential oils or resins, it cannot be considered a marker of specific botanical
species. Beeswax markers and proteinaceous materials, such as animal glue, egg, or milk,
were not present in the analyzed samples.

2.2.2. The Jar Containing the Lung

The analysis of the samples taken from the inner surface of the jar containing the
lung revealed a slightly different chemical composition. The main fatty acids identified
were palmitic and stearic acids, with few amounts of myristic acids and traces of margaric,
azelaic, and pimelic acids. The palmitic/stearic ratio of two and the presence of azelaic and
pimelic acids indicate the use of a plant oil together with animal fats, as confirmed by the
identification in traces of the odd-chain fatty acids pentadecanoic and margaric acids.

The inner surface of the jar was also covered by traces of vegetable tannins such as
pyrogallol, hydroquinone, and 4-methylcatechol, thus confirming the use of plant extracts;
the conifer resin biomarker 15-Hydroxy-7-oxodehydroabietic acid was also identified.

2.2.3. Lung

The chemical composition of the lung samples were more complex compared with
those taken from the textiles and the jar samples. The hydrolysis and oxidation of lung
triglycerides and glycolipids generated a different distribution of monocarboxylic and
dicarboxylic acids. Palmitic and stearic acids are the main components, followed by myristic,
azelaic, and pimelic acids, while margaric and arachidonic are present only in traces.

The presence of odd-chain-length fatty acids and of three cholesterol degradation
products, namely 3,7-bis[(trimethylsilyl) oxy]cholest-5-ene, (3ß,7ß)-, 7-ketocholesterol, and
cholesta-3,5-dien-7-one confirmed that the analyzed sample is human pulmonary tissue, as
already shown by previous histological investigations [30]. The metabolomics analysis also
identified other metabolites, especially sugars, formed during the hydrolysis of glycolipids.

The oxidized 15-Hydroxy-7-oxodehydroabietic acid characteristic of the coniferous
resin was identified together with D-Pinitol and Resorcinol. Vegetable tannins such as
Scyllo-Inositol, o-Toluic acid, Pyroglutamic acid, 3-Phenyllactic acid, 2-furoic acid, 4′-
Hydroxyacetophenone, and Myo-Inositol confirmed the use of plant extracts.

Although the most specific triterpenoid of masticadienonate series (moronic, mastica-
dienoic, isomasticadienoic, and oleanonic acids) have not been detected in the monodimen-
sional GC-MS analysis, in the bidimensional GCxGC analysis, we found other biomarker
compounds, generally used to identify an antique Pistacia resin (Supplementary Table
S1) [31]: penta and tetra-cyclic triterpenes from resins of Pistacia species as oleanane-type
molecules, in particular β-Amyrin, with most abundant fragment ion at m/z 218 and Olean-
18-en-3-ol, o-TMS with main fragment ions at m/z 189 and 204; and a triterpenoid with
dammarane skeleton, Dammaran-3-one, 20,24-epoxy-25-hydroxy with characteristic base
peak at m/z 143 [32]. In this case, as well-described by Daifas et al. [33], we confirmed
that Pistacia resins were used for embalming treatments, probably for their antibacterial,
antifungal, and antiseptic properties [34] or they might have been employed in the prepara-
tion of kyphi ointment, as well as used for its religious significance [35]. Although various
authors reported the presence of two species of Pistacia, P. lentiscus and P. atlantica [36],
we were not able to discriminate the different species within the sample, possibly due to
the very low abundance of characteristic markers. However, the presence of Pistacia and
other triterpenoid compounds lead us to confirm that the embalming “recipe” used for
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Nebiri was expensive and typically reserved for the royalty or for extremely wealthy nobles
and notables [37].

Finally, vegetable tannins and phenols with antiseptic activities, derived from plants
as catechol and guaiacol, have been found. The presence of guaiacol in ancient recipes
might be linked to the use of wood smoke/cedar wood in the embalming process [38]. The
GCxGC-MS analysis also allowed the identification of juniperol (Cupressaceae family),
used as an embalming substance in mummies and canopes [16] (Table 3).

Table 3. Nebiri’s embalming “recipe”: list of main class of compounds associated with the samples
and relative assignment.

Class of Compound Sample Recipe Products

Linear monocarboxylic
saturated fatty acids;
Dicarboxylic acids;

Hydroxycarboxylic acids;
Monounsaturated fatty acids

Lung, canopic jar, head Plant oils and relative
oxidation products

Diterpenoids Lung, canopic jar, head Pinaceae resins

Aromatic acids Lung, canopic jar, head Vegetable balms

Monosaccharides Lung, canopic jar, head Human tissue or gums

Triterpenoids Lung Pistacia resin

Tannins Lung, canopic jar, head Cedar oil/wood smoke

Collagen proteins Scalp Animal glue
(fish and fowl)

3. Materials and Methods

3.1. Nebiri’s Lung and Head

Nebiri was an ancient Egyptian dignitary who lived 3500 years ago under the reign
of Thutmose III (1479–1424 BCE; 18th Dynasty). His tomb (QV30) was discovered in the
Valley of the Queens, in 1904, by the first director of the Egyptian Museum of Turin, Ernesto
Schiaparelli (1856–1928). Unfortunately, his tomb was plundered in antiquity by grave
robbers and his mummy was deliberately destroyed. Only his head (S.5109) and the canopic
chest (S. 5110; s. 5111/02; S-5112; S-5113) were preserved. Previous studies showed that the
man described as “Chief of Stables” died of acute decompensation of chronic heart failure
when he was 45–60 years old [39].

In the present study, non-invasive sampling was carried out on Nebiri’s head and
on the canopic jar containing his lung (S. 5111/02). Access to the content of this specific
canopic jar was granted by Museo Egizio of Turin (Italy) since the apical portion of the vase
was already broken and portions of the lungs and linen textiles were easily accessible. Paleo-
proteins, small molecules, and lipids were identified without damaging the mummy’s head
and his funerary vase whose long-term preservation is required by the current legislation
on Cultural Heritage (Figure 1a,b). Therefore, non-invasive sampling was performed on
Nebiri’s scalp, on the canopic jar containing the lung, on the lung tissue, and on the textiles
originally used to wrap both the head and organ. The functionalized film was placed in
contact with the surface of each sample for 5 min, and then removed leaving the original
ancient materials unmodified.

3.2. Small Molecules Extraction and Derivatization

Small molecules were extracted from the surface of the samples using three different
functionalized films: (i) a mix-bed cation/anion exchange film, (ii) a C4 resin film, and
(iii) a C8 resin film. Briefly, the films are based on ethyl-vinyl acetate (EVA) as a binder
of ground AG 501 mix-bed cation/anion exchange (from Biorad, Hercules, CA, USA), of
C4 resin and of C8 resin (both from Sigma), respectively. The mixture of melted EVA and
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resins were extruded in the form of a thin film in laboratory a week before the use. Prior
to their use on the object, the functionalized films were humidified with ultrapure water
and then the water was discharged. The films were positioned with extreme caution on the
surface of the samples for 10 min. The metabolite extracts were then eluted from the film
with 1 mL of ethanol for 30 min. Then, the strips were removed and the metabolites were
subjected to derivatization. The derivatization protocol was performed by adding 20 μL of
methoxamine hydrochloride in pyridine (20 mg/mL) and 30 μL of BSTFA. Samples were
incubated at 80 ◦C for 20 min after every addition, and then centrifuged for 15 min (14,500×
g at RT). Nitrogen steam was used to gently dry the samples before the gas-chromatography
analysis.

3.3. Proteins Extraction and Digestion

The proteins were extracted from the surface of the samples using a film function-
alized with a mix-bed cation/anion exchange and C8 resins, as previously described by
Barberis et al. [3,11]. The functionalized film was humidified with ultrapure water and
then the water was discharged. The film was positioned with extreme caution on the
surface of the sample for 10 min. The protein extracts were then eluted from the film with
500 μL of 1.0 M ammonium acetate in a tube for 30 min. Then, the strip was removed
and the proteins were first denatured with TFE at 60 ◦C, reduced with 200.0 mM DTT,
alkylated with 200.0 mM IAM, and finally digested with trypsin overnight. The peptide
digested were desalted on the Discovery® DSC-18 solid phase extraction (SPE) 96-well
Plate 25 mg/well (Sigma-Aldrich Inc., St. Louis, MO, USA).

3.4. GC-MS and GCXGC-MS Analyses

Gas chromatography–time of flight mass spectrometry (GC-TOF/MS) was performed
using an Agilent 7890B GC (Agilent Technologies, USA) and Pegasus (BT) TOF-MS system
(Leco Corporation, USA) equipped with an Rxi–5 ms column (30 m × 0.25 mm × 0.25 μm,
RESTEK, USA), stationary phase 5% diphenyl-95% dimethyl polysiloxane. High-purity
helium (99.999%) was used as the carrier gas at a flow rate of 1.00 mL/min−1. Samples
were injected in splitless mode at 280 ◦C. The chromatographic conditions were as follows:
initial temperature 40 ◦C, 5 min isothermal, 8 ◦C/min up to 300 ◦C, 20 min isothermal. The
MS parameters were as follows: electron impact ionization source temperature (EI, 70 eV)
was set at 250 ◦C; scan range 40/630 m/z, with an extraction frequency of 30 kHz. The
chromatograms were acquired in TIC (total ion current) mode. Mass spectral assignment
was perfomed by matching with NIST MS Search 2.2. Libraries, implemented with the
MoNa Fiehns Libraries. For the 2D analysis, a LECO Pegasus BT 4D GCXGC/TOFMS
instrument (Leco Corp., St. Josef, MI, USA) equipped with a LECO dual stage quad jet
thermal modulator was used. The GC part of the instrument was an Agilent 7890 gas
chromatograph (Agilent Technologies, Palo Alto, CA, USA), equipped with a split/splitless
injector. The first-dimension column was at 30 m Rxi-5 ms capillary column (Restek Corp.,
Bellefonte, PA, USA) with an internal diameter of 0.25 mm and a stationary phase film
thickness of 0.25 μm, and the second-dimension chromatographic column was a 2 m
Rxi-17Sil MS (Restek Corp., Bellefonte, PA, USA) with a diameter of 0.25 mm and a film
thickness of 0.25 μm. The carrier gas (helium) was used with a flow rate of 1.4 mL/min.
The secondary column was maintained at +5 ◦C relative to the GC oven temperature of the
first column. Additionally, the MS method was the same as the mono-dimensional analysis,
while the extraction frequency was 32 kHz, the acquisition rates was 200 spectra/s, and the
modulation period was maintained at 4 s for the entire run. The modulator temperature
offset was set at +15 ◦C relative to the secondary oven temperature, while the transfer line
was set at 280 ◦C [40,41].

3.5. LC-MS Analysis and Data Processing

The extracted proteins were analyzed with a micro-LC Eksigent Technologies system
(Eksigent, Dublin, OH, USA) that included a micro LC200 Eksigent pump with flow module
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5–50 μL, interfaced with a 5600+ TripleTOF system (AB Sciex, Vaughan, ON, Canada)
equipped with DuoSpray Ion Source and CDS (Calibrant Delivery System). The stationary
phase was a Halo C18 column (0.5 × 100 mm, 2.7 μm; Eksigent Technologies Dublin, USA).
The mass spectrometry data were searched using Mascot (Mascot v. 2.4, Matrix Science
Inc., Boston, USA) and Protein Pilot; the digestion enzyme was trypsin, with 1 missed
cleavage. The instrument was set to ESI-QUAD-TOF and the following modifications were
specified for the search: carbamidomethyl (C) as fixed modification, Acetyl (K), Deamidated
(NQ), Gln->pyro-Glu (N-term Q), Glu->pyro-Glu (N-term E), Hydroxylation (KP), Lys-
> AminoadipicAcid (K), Oxidation (M), Oxidation (P), Trp->Kynurenin (W) as variable
modification and hydroxylation of prolines and lysines when collagen was present [25]. A
search tolerance of 0.1 Da was specified for the peptide mass tolerance, and 50 ppm for the
MS/MS tolerance. The charges of the peptides to search for were set to 2+, 3+, and 4+, and
the search was set on monoisotopic mass. The databases employed were Swissprot human
reviewed (version 11032016, containing 42,179 sequence entries), cRAP (proteins commonly
found in proteomics experiments that are present either by accident or through unavoidable
contamination), and Metazoa (version 10082018, containing 103,419 sequences). Only
peptides with individual ion scores > 20 were considered for identification purposes. Only
proteins presenting two or more unique peptides, after screening for possible contaminants,
were considered positively identified.

4. Conclusions

Previous studies pointed to the fact that Nebiri was a high social status individual.
A virtopsy performed on the undamaged head of Nebiri showed an extremely careful
cosmetic treatment. A similar treatment was observed only in Yuya and Tjuiu, the parents
of Queen Tye, the royal spouse of King Amenhotep III (1388–1348 BCE). Nebiri’s high
status could also be inferred by the title “Chief of Stables”; at the beginning of the 18th
dynasty, “ownership of horses and their stables were frequently reserved for high-ranking
officials and those related to royalty” [30,38]. The results of the paleo-proteomics and paleo-
metabolomics investigation confirm all previous findings. Nebiri’s embalming “recipe”
was composed of a mixture of animal fat and glue, balms, essential oils, aromatic plants,
heated Pistacia, and coniferous resins. Pistacia and coniferous resins, non-native imported
resins from the north-eastern Mediterranean, were considered luxury goods and only
available for royal and high elite consumption [30]. Although quantitative information
related to the single components of the recipe is very hard to obtain on these ancient and
complex materials, our results suggest the dominance of plant oil and animal glue in
funerary textiles, which are the major “balm” component, while aromatic plant extracts
and gums were added to the mixture in minor amounts. Finally, conifer resins and Pistacia
were identified only in trace amounts and can be considered the minor components of the
embalming recipe.

From a chemical point of view, the method we used in this research offers an appro-
priate and non-invasive approach for the identification and characterization of human,
vegetable, and animal paleo-proteins and paleo-metabolites in ancient remains. The ability
of the film to harvest all types of compounds, from macromolecules such as proteins, to
small molecules like organic acids, is fundamental to study ancient remains as well as
fragile objects; furthermore, it allows performing an untargeted analysis, which is nec-
essary when no a priori information is available. Lastly, the method is very rapid, thus
allowing high sample throughput; the adsorbed molecules can be analyzed with any kind
of analytical instrument in dedicated settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27217208/s1, Table S1: Complete list of identified
molecules. Table S2: Heated Pistacia markers obtained from the lung sample with the untargeted
analysis by GCxGC-MS; the name of the molecules, formula, retention time in first and second
dimension and similarity > 700 (index of identification reliability) are given.
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Abstract: In this work, some micro-samples belonging to the open-air rock art site of Cueva de la Vieja
(Alpera, Albacete, Spain) were analysed. These samples were collected after and before a desalination
treatment was carried out, with the aim of removing a whitish layer of concretion that affected the
painted panel. The diagnostic study was performed to study the conservation state of the panel, and
to then confirm the effectiveness of the treatment. Micro energy dispersive X-ray fluorescence spec-
trometry, Raman spectroscopy, and X-ray diffraction were employed for the characterization of the
degradation product as well as that of the mineral substrate and pigments. The micro-samples analy-
sis demonstrated that the painted layer was settled on a dolomitic limestone with silicon aggregates
and aluminosilicates as well as iron oxides. The whitish crust was composed by sulfate compounds
such as gypsum (CaSO4·2H2O) with a minor amount of epsomite (MgSO4·7H2O). An extensive
phenomenon of biological activity has been demonstrated since then in almost all of the samples
that have been analysed, and the presence of calcium oxalates monohydrate (CaC2O4·H2O) and
dehydrate (CaC2O4·2H2O) were found. The presence of both calcium oxalates probably favoured the
conservation of the pictographs. In addition, some carotenoids pigments, scytonemin (C36H20N2O4),
and astaxanthin (C40H52O4) were characterized both by Raman spectroscopy and by X-ray diffraction.
Hematite was found as a pigment voluntarily used for the painting of the panels used in a mixture
with hydroxyapatite and amorphous carbon. The results of the analyses of the samples taken after
the cleaning treatment confirmed a substantial decrease in sulphate formation on the panel surface.

Keywords: Levantine rock art; μ-Raman spectroscopy; μ-EDXRF; XRD; sulfates; biodeterioration

1. Introduction

Several examples of Rupestrian art, which include paintings and engravings, are still
in a surprisingly preserved state. The first evidence of rock art known to this day has
recently been dated with a minimum age of 45,500 years in Leang Tedongnge (Sulawesi
Island, Indonesia), and this dating was based on uranium-series isotope analysis, which
was conducted on two small coralloid speleothems overlying the red painting. Prior to
this discovery, the first representation created was at least 43,900 years ago from an image
from Leang Bulu’ Sipong 4 in the limestone karsts of Maros-Pangkep, (South Sulawesi,
Indonesia) [1].

Thus, the main discoveries in terms of cave paintings occurred in South Africa [2],
Argentina [3], Peru [4], Southeast Asia [5,6], Australia [7], etc., while in Europe, the most
important ones were found in France and Spain, and they belonged to the transition period
between the Paleolithic and the Neolithic.
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Normally, this kind of artistic expression was carried out in closed spaces, such as
caves or rock shelters—in other words, in cavities dug out by atmospheric agents, where
populations have traditionally found shelter. These spaces suffer constant environmental
impacts, making prehistoric artwork particularly fragile. This is why such spaces need
constant monitoring in order to preserve them for many years to come. In this way, our
research group developed a long-term monitoring methodology to better understand the
conservation dynamics of rock art and its evolution over time, and this was based on the
use of non-destructive elementary and molecular spectroscopies [8].

The multi-analytical approach has been widely employed in the last twenty years for
the diagnostic study of the conservation state of caves and rock shelters where prehistoric
art was undertaken [9]. The approach has proven to be fundamental for the study of
the composition of raw materials as well as the study of painting technologies [10,11].
The palette of pigments employed was quite reduced, and was essentially composed of
mineral based-pigment obtained from the natural resources of the surrounding areas [12].
Although the pigments could be used pure in most cases, a bi-colour pictograph could still
be obtained, as in the case of the mixture of hematite and paracoquimbite (Fe2(SO4)3·9H2O),
and this was discovered for the first time in the Abrigo Remacha rock shelter (Villaseca,
Segovia, Spain) [13].

In addition, since these materials are exposed to the open air, several forms of alteration,
in the form of discolorations, crusts, and patinas, which are mainly due to the impact
of weathering, were characterized thank to the use of portable and laboratory analysis.
As reported by Hernanz et al., a crust composed of whewellite, gypsum, calcite, clay,
dolomite, α-quartz, anatase, and hematite was detected in several rock art sites in the
Iberian Peninsula. Wind-blown dust and surface water runoff may also have contributed
to the formation of these layers [14]. In this sense, gypsum and clayish minerals were
characterized as the main components of an ochre-coloured accretion covering several
parts of the third painted panel of the Hoz de Vicente rock shelter (Minglanilla, Cuenca,
Spain), and were responsible for the flaking process that was observed in some areas of the
painting panel [15].

In the open-air site of the engraved rock art of the Burrup Peninsula (Western Aus-
tralia), high concentrations of acidic and nitrate-rich pollution, from nearby industrial
complexes, provoked the colour change of the pictographs. The degradation phenomenon
was due to the dissolution of manganese oxide (MnO2) and iron compounds, such as
magnetite minerals triggered by acidic rain. This alteration induced the peeling of the
rock varnish layer and produced hematite minerals, illite (K, H3O)(Al, Mg, Fe)2 (Si,
Al)4O10[(OH)2,(H2O)], and kaolinite [Al2Si2O5(OH)4] [7].

The study of Pozo-Antonio et al. [16] also reported the process of colour change of
rock art on a granitic outcrop at the Mougas site of Galicia (Spain). Here, the colour change
phenomenon occurs on yellow and red nodes on the surface of the rock art. High tempera-
tures provoked by wildfires cause mineral transformations (of goethite into hematite), and
this increases the susceptibility of the rock to the weathering processes. Although most
of the degradation phenomena are caused by atmospheric agents, degradation processes
caused by anthropic factors have been discussed by Hernanz et al. [17], who detected the
presence of electric welding splashes from the erection of protective iron fences around the
rock art panels at the site.

In addition, gypsum and other salts, such as jarosite and bassanite, as well as biofilms,
were identified in tafoni, and were generated by the weathering of sandstones (Cerro
Colorado, Argentina). These secondary products were the result of impact weathering
revealing hydroclastic and haloclastic processes. These activities formed active granu-
lar disintegration, and flaking and chipping affected the preservation of some painted
panels [18]. Another extensive non-invasive study of Argentinean rock shelter paintings
was carried out by Rousaki et al. [19]. In this study, gypsum and calcite were commonly
found to be responsible for severe degradation in the form of crusts on pigmented as well
as non-pigmented areas together with calcium oxalate film. Most recently, the work of
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Ilmi et al. [20] demonstrated that the discoloration of Leang Tedongnge (Sulawesi Island,
Indonesia) rock paintings was caused by the presence of a grey/yellowish crust composed
mainly of gypsum. This was caused by the reaction between the calcium ions dissolved
in karst water infiltrations and the sulphate ions of minerals that are deposited on the
rock surface.

The presence of biological patinas in the form of calcium oxalate monohydrate
(whewellite, CaC2O4·H2O) and dihydrate (weddellite [CaC2O4·(2 + x)H2O, x ≤ 0.5]) have
been frequently identified in rock shelters. They are generated by the interaction of ox-
alic acid, a metabolic product of microorganisms, with carbonaceous materials of the
substrate [17]. Oxalate layers have also been used for attempting an indirect dating of
post-Palaeolithic open-air paintings [21,22]. Although the presence of these compounds
was mainly linked to the activity of microorganisms, previous studies on Ethiopian pre-
historic rock painting have shown that they can also be the result of the degradation of
organic matter, such as binder, that was employed in order to spread the pigments on the
substrate [23]. On the other hand, the investigation of Hedges et al. [24] demonstrated the
use of pigment containing calcium oxalate derived from local cacti and calcium carbonate
that was probably derived from local plant ash. However, these hypotheses have not
been entirely refuted, and the origin of oxalate compounds on rock paintings is a current
topic that is still being investigated. On the other hand, oxalates occur naturally and are
classified as organic minerals and oxalic acid in mineral deposits or in plants, fungi, and
lichens, or in the form of deposits in animal tissues that are generated by diagenesis and
biomineralization processes [25,26].

In the investigation of the Lower Pecos region in south-western Texas (USA), the
colour change of the rock art was caused by the formation of whewellite-rich rock crust
with gypsum and clay [27]. In addition, the study demonstrated a paleoclimate change
from dry to wet conditions of this area, since the biopatina revealed similarities between
whewellite microstructures and the desert lichen Aspicilia calcarea [28].

Therefore, due to the many factors that can degrade these extraordinary works of
art, the study of both original and secondary compounds is essential in order to plan
an appropriate restoration and conservation strategy for them. The current work was
focused on the study of the conservation state of Cueva de la Vieja, which is located near
Alpera (Albacete, Spain). Indeed, the main evidence of rock art in the Iberian Peninsula
comes from the eastern part, and extends along the entire Mediterranean coast. The
conservation site has been a UNESCO World Heritage Site since 1998 because the Levantine
style used represents a unique artistic expression in the European context. Levantine art is
mainly composed of paintings realized in semi-open spaces, such as rocky shelters, and
it is characterized by a figurative art that is dominated by scenes of daily life and social
activities, such as individual or group hunting scenes, dance, rituals, etc. Levantine art
was composed mainly of paintings, and it was realized with red pigments, ochre, and
oxides of manganese and iron. However, it has also been documented that there was a
use of charcoal of organic origin (wood charcoal and burnt bone) as black pigments, and,
moreover, a use of white earths (α-quartz, anatase, muscovite, and illite) and calcined bones
(apatite) as white colours [17,29–31]. Numerous scientific studies have been carried out in
the last 20 years with the aim of studying original compounds and degradation in order
indicate the best conservation strategy [29,32–34].

This study is contextualised in an intervention aimed at recovering the visibility of the
pictographs realized in the rock shelter, which include a diagnostic phase, the subsequent
cleaning and consolidation interventions by specialized restorers, and then a final phase
that will produce new digital tracing. Some samples were taken with the aim of studying
the composition of the support and the white layer which covered the paintings, and which
did not allow their original appearance to be appreciated from a chromatic point of view.
This first approach permitted us to indicate the most adequate cleaning intervention that
consisted of desalination of the panel. At the conclusion of the previous works, other
samples were taken after the treatment in order to verify its effectiveness. In this work,
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the elemental and the molecular analyses of all of the micro-samples were performed by
means of micro Raman spectroscopy, micro X-ray fluorescence, and X-ray diffraction in
a laboratory.

2. Result and Discussion

2.1. Sample Analysis Prior to Cleaning Treatment

Micro X-ray fluorescence analyses were performed to define the elemental composition
of the samples. For this purpose, several elemental images were acquired (Figure 1) on both
sides of the sample CV01. Although the whitish layer was not appreciable by the naked
eye on this sample, according to the restorers, the sulphur was homogeneously distributed
throughout the exposed surface of the sample if it was compared to the inner face, where
only some areas showed the presence of the element. On the other hand, calcium maps
showed the presence of this element distributed throughout the piece. The presence of
magnesium stood out in the CV01 sample, and it was more evident on the inner face.

Figure 1. Micro-EDXRF maps of the exterior (1) and inner (2) layer, respectively, of sample CV01.

In all of the micro-samples that were analysed, the presence of sulfur was less per-
ceptible at the elemental level on the inner face, while calcium and silicon were the major
elements. The main composition of the samples coming from the rocky support was based
on calcium, silicon, magnesium, aluminium, iron, and potassium, with titanium varying
slightly in its relative presence. On the other hand, in some samples, aggregates of titanium,
zinc, chrome, manganese, copper, and chlorine were evident, which corresponded to the
composition of the support. In some samples, sulfur was observed on the internal face,
too, mainly in the cracking zone of the samples (see Figure S1 in Supporting Information).
This suggested that the formation of sulfur compounds from the exterior part could be
responsible for the phenomenon of exfoliation of the support described by the restorers.

Regarding the only micro-sample that showed traces of visible red pigmentation
(Figure 2), the elemental map of iron coincided with the red area, suggesting the use of iron
oxide for the painting. On the other hand, the elemental maps of this sample did not show
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a homogeneous layer of sulphur in the surface, as indicated by the rock-bearing analysis,
and only some S hotspots were visible.

 

Figure 2. Micro-EDXRF maps of the sample with trace of red pigment.

By means of Raman spectroscopy, in the majority of the points analysed on the external
face of all samples, gypsum (CaSO4·2H2O, Raman bands: 180, 414, 492, 620, 670, 1008
and 1135 cm−1, Figure 3a) and calcium carbonate (CaCO3, Raman bands: 154, 282, 712
and 1986 cm−1) were largely detected. Even calcium magnesium carbonate dolomite
(CaMg(CO3)2, Raman bands: 178, 300, 724 and 1098 cm−1, Figure 3c) was identified in
many analysis points, and was recognized as one of the main compounds of the support.
Between the original compounds of the rock, Raman spectra of anatase (TiO2, Raman bands
142, 395, 514, 638 cm−1, Figure S2d), rutile (TiO2, Raman bands: 142, 242, 446, 612 cm−1,
Figure S2c), and quartz (SiO2, Raman bands 204, 264, 354, 465, 807 cm−1, Figure S2a) were
also recorded. In red and orange grains, Raman analysis showed the presence of hematite
iron oxides (Fe2O3, Raman bands: 224, 245, 294, 402, 500, 612, and 1315 cm−1, Figure S2b)
and goethite (α-FeOOH, Raman bands: 204, 246, 302, 389, 480 and 550 cm−1), which could
be responsible for the orange colour of the stone. Goethite and hematite were identified in
individual grains on the specimen and, therefore, their presence does not appear to be due
to the presence of pigmentation, and they are present as components of the rock.

Figure 3. Raman spectra of gypsum with trace of weddellite (We) (a), hematite with epsomite (E) (b),
and dolomite (c).
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In addition, a band at 985 cm−1 was detected in several spectra together with other
compounds—mainly gypsum, calcite, or hematite (Figure 3b). This signal could belong
to the magnesium sulfate heptahydrate so-called epsomite (MgSO4·7H2O) present on the
surface of the sample as a degradation product of dolomite. Moreover, on the internal
face, in most of the analysed points, the Raman spectrum of dolomite and calcium sulfate
dihydrate or gypsum were observed. In several cases, the same Raman spectrum shows the
coexistence of more than one compound at the same point of the analysis. In fact, several
spectra have evidenced the presence of a mixture of dolomite, gypsum, and epsomite,
which could clearly indicate sulfation of the original material.

This process could be favoured by the infiltration of sulfate-rich water coming from the
back of the painted panel, which carries sulphates from the stone, and which accumulates
them on the surface after evaporating in the open air. The formation of sulphates, especially
with various hydration molecules, such as epsomite, increases the porous pressure within
the rocky substrate during the hydration phase. Thus, sulfur was dissolved from rainwater,
mobilized, and precipitated during the crystallisation process due to rising temperatures.

In addition, according to the archaeologists, the repeated humidification of the panel
has been proven. This practice has been common to all open-air rock art sites since their
discovery a couple of decades ago, and the purpose is to improve the visualization of the
pictographs to the visitors. Considering that the white formation was located in the middle
of the panel, where the pictographs were made, the anthropic factor could possibly be the
reason for the formation of the sulphate layer. However, we cannot know exactly where the
water used for this practice comes from (probably from the spring adjacent to rock shelter).
It is not possible to know the composition of the water used when this practice was carried
out. However, the water in the province of Albacete is characterised by a high hardness and
the presence of sulphates, so much so that just this year, an osmosis plant for the treatment
of drinking water was established to reduce the presence of salts and improve its quality.

The possibility of S being mobilised from the top of the rock shelter, as shown in other
studies [8], up to the painted wall by a runoff process seems to be ruled out, as a percolation
process from the top of the panel was not evident. On the other hand, the sulfation of
the support does not appear to be due to the presence of atmospheric contaminants given
that the area where the Cueva de la Vieja is located is not highly affected by urban traffic or
industrial contamination.

With regard to the degradation by microorganisms, this was detected in both the
outer and the inner parts of many of the samples. For example, in the inner face of the
CV02 sample, in addition to hematite, calcite, and dolomite, the presence of a very well
defined spectra of carotenoid pigments stood out. Specifically, Raman spectra of the
carotenoid pigment astaxanthin (C40H52O4, Figure 4a), the most oxidized species among
the carotenoid pigments and synthesized by species such as lichens, were recorded at
several points. This identification has been made possible by the main Raman bands
at 1001, 1154, and 1508 cm−1 and by its overtones (2150, 2298, 2509, and 2654 cm−1),
which allowed it to be distinguished from other carotenoid pigments, such as carotene
and zeaxanthin. In addition to astaxanthin, Raman spectra of scytonemin (C36H20N2O4), a
pigment generally synthesized by cyanobacteria, were recorded (Figure 4b). The highest
intensity Raman bands that allowed its identification were at 1170, 1382, 1554, 1600, 1632,
and 1715 cm−1.

As observed under the microscope, the outer face of the sample CuVi03 was char-
acterized by a homogeneous white colour. In this layer, mainly gypsum and dolomite
spectra were recorded. Moreover, as observed in the image obtained with the microscope
(Figure S3), the traces of hematite were clearly visible with Raman analyses. This could
suggest the presence of pigmentation, as it did not appear as loose grains as it did in the
previous samples, which suggests an original composition. Therefore, this would indicate
the loss of polychrome. At any rate, Raman bands belonging to the calcium oxalates
whewellite (192, 204, 220, 248, 895, 1461, 1488 cm−1) and weddelite (138, 1475 cm−1) were
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also detected in the same area. The presence of calcium oxalates could also have favoured
the preservation of pigmentation in that area.

Figure 4. Raman spectra of astaxantin (a) and scytonemin (b).

Even in the unique sample taken from a painted area, the presence of hematite was
recognized by means of Raman spectroscopy as pigment that was voluntarily used. In
all of the recorded spectra, the presence of calcium oxalate was also identified along
with the broad bands between 1120 and 1650 cm−1 that belong to the aluminosilicate
compounds of the substrate. Calcium oxalates were even detected in the internal face of the
sample. According to previous investigations of the pictorial layer of a painted rock shelter
composed mainly of hematite, it was located between layers of calcium oxalate [35], and
both were caused by microorganism activity. The presence of this layer and one superior
to the pictographs would be factors that have allowed the conservation of prehistoric
paintings to this day. Although the presence of calcium oxalate in the internal part of the
sample with red pigmentation was also identified in our samples, its small size did not
allow a more in-depth study by means of a cross-sectional study of the sample.

In addition, in mixture with the iron oxide, even a single weak band located at
962 cm−1, typical of the hydroxyapatite (Ca10(PO4)6(OH)2) (Figure 5a), was visible in the
spectra, and this suggested that the red pigment hematite was probably mixed with calcined
bones. In the same spectra, moreover, broad bands belonging to amorphous carbon were
also evident (Figure 5b). Thus, it is plausible that a black pigment was voluntarily added to
hematite to obtain a darker colour.

Finally, molecular analysis of the crystalline part of the samples was performed with
X-ray diffraction analysis. As with the other techniques, the analysis was performed on
both the external and internal sides. In all samples, sample quartz, dolomite, and calcite
high in magnesium were identified as original compounds, which was in agreement with
the Raman spectroscopy analysis. Gypsum and compounds related to microbiological
activity, such as hydrated and dihydrated calcium oxalate (whewellite and weddelite),
were identified as the degradation compounds (Figure S4). Significant differences were
observed between the internal and the external part. Indeed, gypsum and oxalates were
detected only on the outside of the samples.

Finally, in the case of the sample containing red pigment, this technique could only
identify dolomite, hydrated calcium oxalate, and gypsum as impurities. Although Raman
spectroscopy identified hematite as the pigment voluntarily used, X-ray diffraction did not
reveal its presence. As XRD is only sensitive to crystalline compounds, this could indicate
a low crystallization of hematite in this sample. In addition, in this sample, small amounts
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of sulphates were also identified by all of the analytical techniques, and it is therefore
plausible that the whitish sulphate layer affects the integrity of the substrate more than
the areas where the pictographs are present. Undoubtedly, the presence of oxalates has
guaranteed the conservation of the paintings over the years, and it is for this reason that
they seem to be better preserved than the support itself. In any case, the sulfation of the
panel had to be treated with the aim of bringing the pictographs back to light. In addition,
the exfoliation of the support could cause the loss of the painted areas in the long term.

Figure 5. Raman spectra of hematite (H) with the signal of aluminosilicates, whewellite (Wh), and
hydroxyapatite (Hy) (a), and black carbon (b).

From this diagnostic study, it was decided that a desalination treatment by restorers
should be carried out on the surface of the panel with the aim of removing the whitish
layer that covered the pictographs. According to the report of the restorers, paper dressings
impregnated with low mineralization water were used, and were applied directly to the
sulfate crust. After a few minutes, they were removed, and then the surface was cleaned
with brushes, removing the remains. The operation was repeated a couple of times, and it
was completed using only distilled water.

2.2. Samples Analysis after the Cleaning Treatment

After completing the cleaning treatment, it was considered crucial to check its effec-
tiveness and to verify the reduction of salts. The attention of archaeologists was also drawn
to a series of points on the panel where an insoluble greyish crust remained after cleaning.
These were areas arranged around natural holes in the support, through which there was,
perhaps, a certain periodic emanation of water in the passage. In collaboration with the
restorer who was in charge of cleaning the panel, samples were collected so that the nature
of these grey crusts could be identified.

At first view, there was a considerable reduction in the surface sulphates by the naked
eye. Thus, the objective of the analysis of these samples was the characterization of the rock
surface after cleaning, verifying the removal of the sulfates and identifying other substances
remaining in the rock in order to raise hypotheses about their link to the conservation
processes in Cueva de la Vieja.

Although micro-EDXRF analyses still identified the presence of sulfur in the samples
taken after the treatment, it was heterogeneously present in the surface of the samples. As
this is a microanalysis technique, we were not surprised to detect the presence of sulphur
after the cleaning treatment. However, the semi-quantitative data from this technique,
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based on the intensity of the emission lines, indicated a decrease in the percentage of
sulphur in the samples collected after desalination. As can be seen from the micro XRF
map (Figure 6), the sulfur was still present on the surface of the micro-sample due to the
irregular surface, while the distribution of the calcium was homogeneous. Therefore, the
treatment did not act in hard-to-reach areas.

 
Figure 6. Micro-EDXRF maps of calcium and sulfur distribution after desalination treatment.

However, from an elemental point of view, the analyses carried out on the samples
after the cleaning treatment highlighted the presence of other elements whose emission
bands were either weak or absent in the previously analysed samples. The presence of
strontium associated with calcium was noticed in the samples after cleaning, and the bands
of iron, zinc, copper, phosphorus, and manganese appeared much more evident. The
emission lines of these elements belonging to the rocky support were partially hidden by
the high presence of sulfur in the white layer in some of the samples.

In the three samples that were collected in grey crusts, which had not been solubilised
during the cleaning treatment, high percentages of calcium were identified together with
silicon to a lesser extent. Raman spectroscopy detected the presence of very sharp Raman
bands of calcium carbonate that were always together with the calcium oxalate peaks
(Figure S5c). Under the light of the microscope, the samples looked like flat, grey-coloured
flakes. No Raman spectra of gypsum were recorded in these samples. On the other hand, in
one sample a strong band at 1067 cm−1 was visible (Figure S5b). According to the literature,
this band, together with the others of low intensity at 722 cm−1, belonged to the sodium
nitrate nitratine (NaNO3). This compound was not identified by XRD analysis, probably
because its presence was less than the detection limit of this technique. On the other hand,
XRD analyses clearly identified the presence of calcium carbonate, silicon dioxide, and
hydrated calcium oxalate in all three of the samples. Despite being a soluble compound,
some traces of nitrate remained even after cleaning. This compound was only identified
in one sample. Considering the fact that these samples were taken from an area where
water runs off, the formation of nitrates must be related to traces of organic matter carried
away by rainwater. In all samples, the most abundant compounds identified were calcite
and calcium oxalate hydrate, which demonstrates that the treatment significantly removed
the presence of sulphates without affecting the oxalate film that could contribute to the
preservation of the pictographs.

On the other hand, both Raman and XRD analyses demonstrated a very low presence
of gypsum in the remaining samples taken from the rock substrate. In these samples, in
addition to calcium carbonate, the compounds belonging to the rocky support, dolomite,
quartz, and hematite were recognized.

In order to obtain further confirmation of the effectiveness of the cleaning treatment, a
statistical analysis of the data obtained by micro EDXRF was carried out.

To extract the maximum information contained in the spectra data, the use of multi-
variate statistical methods was commonly applied for the data treatment. The most used
chemometric methods in the field of cultural heritage is the principal component analysis
(PCA) applied to observe clusters of samples based on a specific variable [36]. Principal
component analysis was largely employed in many investigations on several materials
belonging to cultural heritage [37,38]. This statistic approach allowed the simplification
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of data interpretation, especially when dealing with large measurement datasets. In the
literature, it was used for the identification of execution techniques, classification [39],
precedence studies [40], characterization [41], correlation of secondary products and envi-
ronmental agents [42,43], multispectral imaging treatment [44], colorimetric analysis [45],
long-term monitoring [8], etc.

In the field of rock paintings, PCA was employed for the treatment of a data matrix
of the LIBS spectra to verify the presence of clusters related to the depth profile analysis
of fragments of prehistoric rock wall paintings found at two Brazilian sites. In this way,
the clusters were attributed to distinct layers, and the stratigraphy of the samples was
characterized [46]. In the study of Linderholm et al. [47], PCA and PLS-DA procedures
were applied for near infrared spectroscopy data recorded at a Swedish Stone Age rock
painting site (Flatruet, Härjedalen). Chemometric analyses of the EDXRF data was even
conducted for the study of the La Peña de Candamo Cave (Asturias, Spain), which was
permitted in order to distinguish different painting techniques and the most degraded
areas [48].

In the field of cleaning treatment, the use of PCA is quite a new approach to evaluate
its effectiveness. In the literature, in relation to cleaning procedures, PCA has mainly been
applied for the treatment of colorimetric data in order to monitor natural weathering and
cleaning effects on outdoor Bronze monuments patinas [49], on mosaic tiles before and
after cleaning [45], or in indoor sustainable cleaning methodology for the sculpted stone of
the Duomo of Milan [50].

In our study, performing Principal Component Analysis (PCA) using EDXRF spectra
allowed the samples to be considerably separated considering the treatment they under-
went (Figure 7). Concretely, the PC2 vs. PC3 plot made it easier to see (i.e., more explicitly)
which differences appeared after applying the treatment on the samples. In Figure 7a, it
can be observed how the samples before the treatment are grouped mostly on the positive
part of PC2, whereas the samples analysed after the treatment are mostly grouped on
the negative part of the PC2. It is clear that PC2 (Figure 7b) is the component that better
explains the differences induced by the application of the conservation treatment in the
samples. By analysing this PC, it can be concluded that sulfur is the main element removed
during the treatment (from the elements detected by means of micro EDXRF). Actually,
the samples located on the positive side of the PC2 are characterized by a high presence of
sulfur, and those located on the negative side are characterized by a near absence of sulfur
and a high presence of iron. This fact helps us to understand the clustering of the samples in
the PC2 vs. PC3 plot, as the samples collected before the treatment are located in the more
sulfur rich area and the samples collected after applying the conservation treatment appear
in the region of the plot dominated by high Fe presence and low sulfur. Positive Al, Si, and
Fe K bands instead characterize PC3 (Figure 7c). These elements are the main components
of the rocky support, and the dispersion of the samples along this PC, especially after the
treatment, is explained by the heterogeneity of natural rock. Samples before the treatment
seemed to have a sulfur coating that masked rocky composition, preventing EDXRF from
detecting this natural heterogeneity.

To better understand the element variations and their relationship with the studied
samples, semi-quantitative XRF analyses were performed on the samples’ surface. Then,
these data were studied by chemometric methods by performing scores and loading bi-
plots. First of all, an outlier study was performed through the study of Hotelling T2 vs. Q
residuals. After removing outliers, scores and the loading PCA bi-plot (Figure 8) showed,
once again, the previously mentioned separation between the non-treated and treated
samples. It is wort mentioning, in fact, that both the PCA look very similar regarding the
distribution of the samples.
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Figure 7. (a) PCA score plot of XRF spectra obtained from the sample analysis before and after the
conservation treatment. (b) PC2 loading plot. (c) PC3 loading plot.

Figure 8. PCA bi-plot of EDXRF spectra obtained from the sample analysis before and after the
conservation treatment.

On the other hand, the bi-plot perfectly shows the relationship between the samples
and their elemental composition. On the one hand, all of the non-treated samples are
highly correlated with sulfur, as observed in the XRF spectra study. However, it must be
highlighted that the B6 sample is located near the treated samples, even if it is a non-treated
one. The reason for this is that this sample comes from red pictographs and, therefore, has
a red coat on its surface. This red coat is composed mainly by iron shifting this sample to
the area where iron dominates.

In addition, in this bi-plot, it is appreciated that the treated samples are distributed
depending on the Ca and Fe content. This can aid understanding of the different hues
observed in the rocky support going from whitish to reddish.

These plots also show some samples or some replicas of the same sample that instead
of being non-treated are located nearer the treated samples and vice versa. This fact is again
explained by the heterogeneity of a natural system such as a rock-shelter. Considering that
EDXRF analysis was performed collimating the X-ray beam to 25 microns, any analyses
are subjected to microscopic variation. In this way, it is logical to think that the surface
of the rock walls was not perfectly treated, and that minor points remained with a high
concentration of sulfur. Likewise, in non-treated samples, some microscopic points with
low S presence were located. These cases are just anecdotal, though, compared with
the majority of the analysed points from all of the samples (15 points for each sample
were recorded).
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3. Materials and Methods

3.1. Materials

The rock shelter Cueva de la Vieja is located to the east of the province of Albacete, 5 km
away from Alpera town, and it was discovered in 1910. It was included in the UNESCO
World Heritage list in 1998, as it is one of the most significant sites of the Rock Art of the
Mediterranean Basin of the Iberian Peninsula. The rock shelter is a relatively deep-painted
panel in full sunlight, where preserved paintings with both a large variety and a large
number of figures (human figures, archers, female representations, deer, goats, bulls, horses)
are distributed in a panel of 10 m length with the size of the figures ranging from 40 cm to
5 cm. All of these figures painted in red-ochre belong to the Levantine style. Even a group
of abstract and geometric motifs are present that correspond to the Schematic style. The
most ancient figures in the Levantine style are dated in the Epipaleolithic, which is in the
transition from the Paleolithic to the Neolithic period (8000 and 6000 B.C.), while the most
modern ones, in the Schematic style, belong to a period between 6000 and 3000 B.C.

The pictographs were barely visible before the cleaning treatment as a whitish layer
of concretion covered most of them (Figure S6). The paintings located at both ends of
the panel presented a lower incidence of this alteration and, in general, they could be
observed much better. On the other hand, alterations such as runoff areas, plaques, small
scales, fissures, alveolization, dissolution, and remains of animal activity were also noted.
Diagnosis of these alterations and of the processes that generate them was key for verifying
whether the panel would withstand cleaning of the whitish crust that makes it difficult to
see the cave paintings.

Six samples were analysed before the cleaning treatment. Five of these belonged to
the support, and the other one has traces of pigmentation. They were collected in degraded
areas where a flaking of the support was clearly visible. After the cleaning, six other
samples were collected again (Figure 9). Three of these last samples were collected from
an insoluble greyish crust that remained after the cleaning procedure. These areas were
located around natural holes in the support through which water could flow periodically.

 

Figure 9. 3D reconstruction de la Cueva de la Vieja after de cleaning treatment where the sampling
points (M1–6) are marked.

3.2. Methods
3.2.1. Micro-Energy Dispersive X-ray Fluorescence Spectroscopy (Micro-EDXRF)

The elemental maps were acquired using a M4 TORNADO EDXRF spectrometer
(Bruker Nano GmbH, Berlin, Germany). The analyses were performed under vacuum
(20 mbar) in order to improve the identification of the lighter elements. The lateral resolu-
tion used for spectral acquisitions was 20 μm. The maps were obtained using M-QUANT
software. To obtain the quantitative maps, the assignment of the elements and the deconvo-
lution of the spectral information were carried out. The maps were obtained by considering
the K-alpha line of each element.
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3.2.2. Micro-Raman Spectroscopy

The micro-samples were analysed for their molecular characterization using a confocal
Renishaw InVia Raman spectrometer (Renishaw plc, Wootton-under-Edge, UK) coupled
to a Leica DMLM microscope (Bradford, UK). The spectra were acquired with the Leica
50× N Plan (0.75 NA) lens with a 2 μm spatial resolution. The minimum theoretical spot
diameter, using the 532 nm laser, was for the Leica 50×, 0.9 μm, while using the 785 nm
laser, it was 1.7 μm. Additionally, for visualization and focusing, another Leica 5× N Plan
(0.12 NA) and a 20× N Plan EPI (0.40 NA) lens were used. For focusing on and searching
for points of interest, the microscope implements a motorized stage (XYZ). The power
applied was set at the source at a maximum of 50 mW, while on the sample, it was always
less than 20 mW in order to avoid possible thermodecomposition of the samples. Normally,
10–300 scans, each lasting 1–20 s, were accumulated to achieve a suitable signal-to-noise
ratio at an operating spectral resolution of 1 cm−1.

3.2.3. X-ray Diffraction

The mineralogical composition was characterized by means of the Analytical Xpert
PRO X-ray Diffractometer (XRD, PANalytical, Almelo, The Netherlands). The XRD system
is equipped with a copper tube, a vertical goniometer (Bragg–Brentano geometry), a
programmable divergence slit, a secondary graphite monochromator, and a Pixcel detector.
The measurement conditions were set at 40 kV, 40 mA and a scan ranging between 5 and
70◦ 2theta. Diffractogram interpretation was performed using Win-PLOTR software by
comparison with the PDF-4 standards database.

3.2.4. Chemometrics

EDXRF data was analysed using chemometric methods. Two kind of analysis were
performed with different aims. On the one hand, PCA analysis was performed using
all the EDXRF spectra. After an outlier study, data were mean centered. On the other
hand, a semi-quantitative elemental estimation was calculated from the EDXRF spectra.
With this dataset and, once again, after an outlier study, the data were mean centered. By
this means, a bi-plot study was performed relating scores and loadings. In this case the
entire XRF spectrum was employed, while a further statistical treatment was carried out
by considering the semi-quantitative data obtained with the aim of finding similarities at
elemental levels between all of the samples. For PCA, we used the PLS-Toolbox v.7.0.2
(Eigenvector Research, Wenatchee, WA, USA.) implemented in MATLAB 2010 software
(The MathWorks, Natick, MA, USA).

4. Conclusions

According to the results obtained on the micro-samples, it seems evident that the
nature of the analysed stone was dolomitic limestone, with aggregates of silica or alumi-
nosilicates as well as the presence of iron oxides, which were mainly hematite. In addition,
it has been possible to identify aggregates of anatase, titanium, copper, zinc and manganese.
In any case, a much-differentiated composition between the samples was not found. The
only sample that presented red pigmentation demonstrated that the pictographs were
conducted mainly with hematite mixed with amorphous carbon and calcined bones.

Regarding the external and internal analysis, the significant difference for the micro-
samples taken before the cleaning was the presence of a whitish formation in the form of
a crust on the external part. Raman and XRD analyses demonstrated that it was mainly
composed of gypsum with a minor amount of epsomite. The presence of both sulfates
was explained as reaction products of the original material (dolomitic limestone) as well as
by the observed relative presence of both degradation compounds. Thus, it appears that
a dissolution phenomenon of the original carbonate was taking place, and the following
reprecipitation was as sulfates. This reactivity of the material favoured the loss of the
consolidant and, therefore, its weakening. Anthropogenic factors and weathering processes
contributed to the formation of sulphates on the surface of the painted panel. According
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to our knowledge of the history of the rock shelter, the practice of humidifiying the panel
could be considered as the principal reason for the formation of sulfates, and might even
be due to the distribution of the white layer that was exactly on the central area where the
pictographs were made.

In addition, it was possible to observe the presence of compounds in almost all of the
analysed samples that showed the presence of biological activity by the identification of
calcium oxalates monohydrate and dihydrate as well as pigments such as scytonemin or
astaxanthin. This indicates that microorganisms, which may also favour the dissolution of
the original material and/or the acidification of the support, were affecting the material.
On the other hand, it is known from previous studies that the presence of calcium oxalates
is not harmful to paints, and that it would preserve their integrity over the centuries.
Therefore, evaluating the dangers of the activity of microorganisms for the conservation of
paintings can be a complex task.

To the naked eye, this whitish layer was removed thanks to the desalting treatment
carried out by the restorers. Since microanalytical techniques have been applied to the
study, they still detected the presence of sulfur after the cleaning, although in much smaller
quantities. In fact, analyses performed on the samples collected after the desalination
treatment showed the presence of calcium oxalates, predominantly whewellite, and showed
that calcium carbonate was the main compound. This showed that the treatment removed
most of the sulphate compounds without affecting the oxalate film, which is probably one
of the main factors that have enabled the pictographs to be preserved.

Statistical treatment of the XRF data using principal component analysis (PCA) con-
firmed the effectiveness of the treatment, and it highlighted the elemental composition of
each sample before and after the treatment. An increased presence of iron, manganese, zinc,
copper, and potassium belonging to the rocky substrate is actually evident in the treated
samples, which reveals the original nature of the panel.

Long-term monitoring will be carried out in the future by means of a portable instru-
ment in order to check the conservation status of the panel months after the desalination
treatment and to verify the influence of weathering processes on the whitish formation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28155854/s1, Figure S1: Distribution of sulfur in the
interior face of the sample CuVi04; Figure S2: Raman spectra of quartz (a), hematite (b) with calcite,
rutile with gypsum (c) and anatase (d); Figure S3: Microscopic image of traces of hematite; Figure
S4: Diffractogram corresponding to the sample CuVi01 and assignment of compounds gupsum,
whewellite, quartz, dolomite and weddellite; Figure S5: Raman spectra recorded in the samples taken
from grey formation show the presence of calcium oxalate whewellite and silicate compounds (a),
calcium carbonate (C) with nitratine (N) (b) and with whewellite (c). Figure S6: Painted panel from
Cueva de Vieja where the sampling points are marked. The whitish layer is visible on the centre where
the pictographs were made.
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Abstract: The investigation focused on the deterioration of the walls in the hypogeum of “San Pietro
Barisano” rupestrian church, located in the Matera-Sassi (Southern Italy), one of the UNESCO World
Heritage sites. The study evaluated the biocide activity of a mixture of natural glycoalkaloids (GAs)
extracted from the unripe fruit of Solanum nigrum and applied to clean a hypogeum wall surface
in the church affected by bio-patinas. The analyzed bio-patina, collected before treatment and, at
pre-established times, after treatment, showed changes in chemical composition detected by XPS,
accompanied by visible discoloration and biological activity variation. The biocidal action of the
glycoalkaloids mixture, directly employed on the wall surface, was effective after about four weeks for
most bio-patina colonizers but not for the fungal species that can migrate and survive in the porosities
of the calcarenite. Consequently, the cleaning procedure requires the integration of fungicidal actions,
combined with the consolidation of the surfaces, to obtain complete bioremediation and avoid
subsequent biological recolonization. SEM images and associated microanalysis of pretreated bio-
patina have revealed the biocalcogenity of some autochthonous microorganisms, thus preluding
to their eventual isolation and reintroduction on the wall surface to act as consolidants once the
bio-cleaning phase has been completed.

Keywords: glycoalkaloids; bio-cleaning; XPS; SEM/EDS; cultural heritage; San Pietro Barisano
church; Matera-Sassi

1. Introduction

In recent decades, historical and artistic heritage has undergone greater degradation
than in the past due to the synergistic action of atmospheric pollution, climate change,
and increased biological contamination. The conservation of this heritage also requires
the development of innovative, effective, and, at the same time, non-expensive protection
strategies. In particular, the biodeterioration of stone materials is related to the biological
activity of colonizing microorganisms favored by environmental factors such as temper-
ature, humidity, and lighting. The degradation process begins with surface alterations
that produce unsightly and chromatic stains. After the first phase of settlement of primary
microorganisms, biodegradation can considerably influence the integrity of the materials
with negative consequences on their conservation [1–4]. Photoautotrophic microorganisms
are the primary colonizers that can find suitable conditions to secrete exopolysaccharides,
alginates, and other compounds useful for binding to the rock. The constitution of this
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biofilm then favors the settlement of secondary colonizations and heterotrophic microorgan-
isms [5–8]. In recent years, studying biodegradation phenomena in sites of cultural interest
has also been one of the activities carried out within the project “Smart Cities, Communities
and Social Innovation, SCN_00520”, funded by the Italian Ministry of Research and Uni-
versity. The Sassi of Matera (Matera, Basilicata Region, Southern Italy) and the rupestrian
churches carved into the limestone have represented important study sites for the extensive
degradation phenomena of the surfaces also due to biological colonization [9,10]. In partic-
ular, attention was paid to the church of San Pietro Barisano (Figure 1), an example of a
typical architectural structure of the Matera-Sassi system. The church also has a hypogeum
on the lower level without natural light and enough air exchange. The climatic conditions
of the hypogeum, dedicated in the past to the putrefaction of corpses before the final burial
in the ossuary (Putridarium), were similar but extreme to those of the upper church with
a relative humidity of the surfaces above 90% and an ambient temperature between 11
and 17 ◦C [9]. In this environment, the microclimatic conditions provide an ideal “niche”
for developing photosynthetic organisms capable of exploiting the spectral emission of
artificial lighting. Consequently, suitable conditions are created for the development of
photoautotrophic organisms such as cyanobacteria, green filamentous algae, diatoms, and
mosses responsible for forming biofilms on surfaces. At the same time, the products of pho-
tosynthesis provide nourishment for the settlement of heterotrophic species such as fungi
and bacteria, the development of which produces an increase in biological activity on the
colonized surface [10,11]. Biodegradation due to the development of lichens, bacteria, and
fungi was also found in places of the upper church due to the high relative humidity and
water infiltrations produced by the high porosity of the calcarenite. In Figure 2, for example,
particular black crusts can be seen on the altar of St. Joseph [12,13]. For the elimination of
biological patinas on the surfaces of historical-artistic artifacts, up to now, both inorganic
compounds (such as sodium hypochlorite, hydrogen peroxide, and active chlorine) and
organic compounds (such as formaldehyde esters, methyl-phosphates, chloramines, etc.)
have been used [14]. These substances can be harmful to both humans and the environment
and can also cause damage to architectural materials [15]. The present research work,
therefore, was aimed at finding innovative and ecological approaches based on the use of
biocides derived from natural compounds, which can interfere, at the molecular level, with
the microbial communication system called “quorum sensing” and inhibit the initial phase
of microbial biofilm formation [16,17]. Among the natural biocides, glycoalkaloids deserve
attention. They are secondary metabolites produced by plants of the Solanaceae family,
which use them as chemical defenses against pathogens such as fungi, bacteria, and viruses.
A series of investigations on glycoalkaloids isolated from different species of plants of the
genus Solanum has demonstrated antifungal activity [18–20] and antimicrobial action [21]
of these compounds. Some glycoalkaloids have revealed antiviral activity. Glycoalkaloids
such as solamargine and solasonine can also inactivate various forms of herpes [22]. The
solasodine extracted from the flowers of Solanum dulcamara also inhibits the growth of
Escherichia coli and Staphylococcus aureus. In this work, the glycoalkaloids’ crude extract (con-
taining approximately 510 μM solamargine and 460 μM solasonine as main components)
obtained from the berries of Solanum nigrum was tested in the hypogeum of San Pietro
Barisano for bio-cleaning purposes. The experiment was carried out on a portion of the
wall with an extensive biological patina. Bacterial and fungi species on the internal walls
were identified with the final aim of choosing the best intervention strategy [13,17,23–25].
The disappearance of the biological patina was evaluated not only by a visual investigation
but also by surface analytical techniques such as XPS photoelectron spectroscopy [26,27],
scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS).
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Figure 1. External facade (a) and hypogeum (b) of the San Pietro Barisano church.

 

Figure 2. Black crusts on the altar of St. Joseph in the San Pietro Barisano church.

2. Results and Discussion

2.1. XPS Analysis

On the horizontal wall of the hypogeum, chosen as the study area, a sample of surface
patina was taken and subjected to XPS analysis before treatment with the glycoalkaloid
mixture. The analyses of this sample were compared with those of the samples taken after
treatment. Figure 3 shows the XPS wide spectra and the peaks of interest related to the
samples taken pre- and post-application of the glycoalkaloid mixture for four weeks.

 

Figure 3. Wide spectra of the samples of the horizontal wall of the hypogeum: pre-(blue) and
post-(red) application of glycoalkaloids extract.

The most representative elements in the labeled peaks were acquired at high resolution
to proceed with the semi-quantitative analysis via curve-fitting and to derive the chemical
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composition of the patina before and after treatment with glycoalkaloids. The C1s region is
the first to be analyzed (Figure 4) as it contains the carbonate peak, set at 290.0 eV from
previous analysis of calcarenite samples and used as an internal reference to correct the
shift on binding energies (BEs, eV) due to surface charging [28]. In addition, it is the region
most contributive in discerning the organic components associated with the bio-patina’s
biological activity and their intensity variation after the treatment with glycoalkaloids
(Tables 1 and 2).

Figure 4. Curve fitting of the C1s region pre-(left) and post-(right)application of glycoalkaloids.

Table 1. Corrected BE, normalized area, and assignments for C1s regions: pre-treatment sample.

Sample Pre-Treatment

Region Peak B.E. Corrected Assignments Normalized Area

C1s

1 283.0 C-C (polycyclics,
graphite, carbides) 312.5

2 283.8 C-C (polycyclics,
graphite, carbides) 3157.3

3 285.2 C-C, C-N 6596.0

4 286.7 C-OH, ϕ-OH, C=N 6429.4

5 288.8 C2O4
2− 1877.3

6 290.0 CO3
2− 5311.7

Table 2. Corrected BE, normalized area and assignments for the C1s regions: post-treatment sample.

Sample Post-Treatment

Peak B.E. Corrected Assignments Normalized Area

1 283.4 C-C (graphite, carbides, polycyclics) 883.0

2 285.0 C-C 4293.0

3 286.1 C-N, C-O, C-O-C 4267.4

4 287.6 C=O, O-C-O 2351.7

5 290.0 CO3
2− 7345.0

Comparing the C1s carbon regions before and after the treatment with the biocide
allows us to detect the decrease of the organic components related to the biological activ-
ity [29]. Indeed, it is possible to observe the disappearance of the peak due to calcium
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oxalate and the increase of the signal associated with the carbonate. These changes con-
firm the gradual removal of the biological patina, which initially covered the wall and
highlighted the calcarenite component, following the biocidal action of the glycoalkaloids
spread on the surface and left to act for four weeks. Figure 5 illustrates the Ca2p region
relating to the pre- and post-treatment, and Table 3 reports the assignments of the various
peaks. Noteworthy, the Ca2p region remains unchanged in shape, within the limits of
energy resolution with achromatic sources.

 

Figure 5. Curve fitting of Ca2p regions pre (left) and post (right) glycoalkaloids application.

Table 3. Peak assignment, corrected BE, and normalized area for the Ca2p region.

Pre-Treatment Post-Treatment

Region Peak
B.E.

Corrected
Normalized

Area
B.E.

Corrected
Normalized

Area
Assignments

Ca2p

1 345.4 386.9 345.8 614.8 Ca

2 347.3 3891.9 347.5 7106.2 CaCO3/Ca-alginate

5 355.4 80.2 355.6 143.3 Shakeup

6 359.2 80.2 359.3 143.3 Shakeup

Comparing the peaks of pre- and post-treatment and the related normalized areas,
calcium level increases due to the rise in the percentage of carbonate. The growth of
the calcium carbonate signal demonstrates the cleaning effectiveness; however, the XPS
analysis results show the incomplete removal of the surface patina’s organic components,
which may also include calcium alginate often found in biofilms of the colonizing organ-
isms [30]. Alginate is a component of the cell walls of algae. In this work, the presence of
microalgae (diatoms) was confirmed on the hypogeum walls by the SEM/EDS investigation
illustrated below.

The O1s regions centered at 533.0 and 532.2 eV, respectively, before and after treatment,
include a set of contributions due to the detected oxygenated compounds (C-O, O-H,
SiOx bonds, phosphates, sulfates, metal oxides, etc.), some of which are so closely spaced
in energy that they cannot be resolved by curve-fitting. However, the total area of O1s
made it possible to evaluate the goodness of the assignments through the stoichiometric
mass balance.

Table 4 shows the assignments of the peaks relating to minority components identified
in the other regions analyzed. The regions refer to elements attributable to silicate and
bioclastic compounds of the calcarenite and the metabolites present in the bio-patina,
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together with the carbonaceous components that make up the biofilm. Finally, after partial
and overall mass balance cross-checking, the results were summarized in the pie charts in
Figure 6, where the percentage distributions of the various chemical groups determined in
the samples before and after treatment with the glycoalkaloid mixture are shown. There
was a decrease in the organic carbon bound to the biological fraction present on the wall
and a simultaneous increase in the carbonate fraction (from 21.6% to 33.8%) and silicate
components typical of calcarenite rock (assuming as reference the chemical composition of
the highly porous Gravina’s calcarenite, mainly composed of calcium carbonate, as calcite,
phyllosilicates, and small percentages of quartz) [31]. The monitored changes confirm the
gradual removal of some components linked to the biological activity of the patina covering
the wall due to the biocidal action of the glycoalkaloids spread on the surface and left to
act for four weeks.

Table 4. Assignment related to Si2p, P2p, and Na1s peaks.

Region
B.E. Corrected

(pre-)
B.E. Corrected

(post-)
Normalized Area

(pre-)
Normalized Area

(post-)
Assignments

Si(2p) 102.7 102.8 608.0 839.5 SiC,SiO2

P(2p) 132.7 133.2 58.5 345.1 CaPO4

Na(1s) 1072.2 1072.4 387.6 613.7 NaH2PO4,
Na2HPO4

 

Figure 6. Percentage distribution of the chemical groups determined in the patina samples before
(a) and after (b) treatment with glycoalkaloids.

Samples were taken from the wall in the treated area, even 1 and 2 weeks after applica-
tion, to evaluate the biocide action according to the time of application. For brevity, below
are only reported results for the C1s region, highlighting the most significant functional
groups emphasized by the curve-fitting procedure. The comparisons of the C1s regions
(Figure 7) are exciting and show that after a week of application, the peak 5 relative to the
oxalate was no longer detectable. Moreover, the carbonate signal (peak 6) increased after
the second week while the carbonaceous components were reduced.
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Figure 7. Curve fitting of C1s regions post-1 week (left), post-2 weeks (right).

It is essential to underline the disappearance of the peak centered at about 289 eV,
attributable to oxalate, partially superimposed on the reference peak of carbonate at 290.0 eV
but easily resolved by curve-fitting after the treatment.

However, the normalized areas Ca2+/CO3
2− ratio was never unitary, as theoretically

expected for the stoichiometric calcium carbonate. The discordance from unity was de-
creased with the treatment time, and after four weeks, the Ca2+/CO3

2− ratio was nearly
0.90, reaching the lower limit of the uncertainty associated with XPS analysis, i.e., ±10% [28].
Thus, while the increase of the carbonate signal demonstrates the effectiveness of the clean-
ing action, the non-correct carbonate stoichiometry implies the bonding of calcium ions with
other components of the surface patina, which can also include calcium alginate produced
in the biofilm by the colonizing microorganisms, anchored on carbonate stones [5,6].

The carboxylic (COO−)2 interchain crosslinking with Ca2+ and the participation of
alcohol and ether groups of the alginate chain in the coordination sphere are reported in the
literature [32] together with the correspondent XPS assignments. These correspondences
(Ca2p3/2 347.7 and C1s 290.5 eV, practically superimposed to CaCO3 positions in both
regions) were experimentally confirmed with the XPS acquisition of an alginate-based
hydrogel, produced in our laboratory after a prolonged interaction with a Carrara marble
surface [33].

Figure 8 shows the color variation of the surficial patina during the four weeks of
treatment. During this period, the bio-patina reduced and simultaneously underwent
chromatic variations until the initial green color almost wholly disappeared. This confirms
that the producing-patina microorganisms were eliminated, demonstrating the effectiveness
of the treatment after four weeks, as also shown by the experimental data obtained with
the XPS analysis.
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Figure 8. Color appearance of the bio-patina in the hypogeum of San Pietro Barisano during the
treatment period with glycoalkaloids: (A) before the treatment; (B) post-1 week; (C) post-2 weeks;
(D) post-4 weeks.

2.2. Biological Analysis

From the bio-patina of the San Pietro Barisano rupestrian church hypogeum, several
bacterial and fungal species were isolated and further identified by their morphological
key features and molecularly recognized by PCR amplification and sequencing of the two
Internal Transcribed Spacers and 5.8 S gene (ITS1-5.8S-ITS2) from the nuclear ribosomal
RNA (for fungi) and 16S gene (for bacteria), as shown in Table 5 and Figure 9. All fungal
and bacterial nucleotide sequences were deposited in the GenBank (NCBI) under the fol-
lowing accession numbers: Botryotrichum atrogriseum (OP888461-OP888463); Penicillium
chrysogenum (OP890579-OP890581); Talaromyces pinophilus (OP894917-OP894919) and Cla-
dosporium herbarum (OP890587-OP890590). The sequences of bacteria also received their ac-
cession numbers: Staphylococcus warneri (CP003668.1); Brevibacillus (SRR17297603); Bacillus
cereus (CP020803.1); Bacillus mycoides (GCA_000832605); Bacillus firmus (SAMEA4076706).

Table 5. Bacterial and fungal species identified in the bio-patina of the hypogeum.

Bacteria Fungi

Staphylococcus warneri Botryotrichum atrogriseum

Brevibacillus spp. Penicillium chrysogenum

Bacillus cereus Talaromyces pinophilus

Bacillus mycoides Cladosporium herbarum

Bacillus firmus

The complex biological colony is typical of humid and poorly lit environments such
as hypogea, caves, and catacombs [11,34,35]. In these environments, the organisms find the
conditions suitable for their growth: humidity, organic material produced by primary or de-
composing organisms, artificial lighting, etc. Among the bacterial species identified, some
are toxic species, such as B. cereus, a pathogenic bacterium that produces toxins respon-
sible for food poisoning, and B. mycoides, capable of causing diseases in some organisms.
Among the fungal species, P. chrysogenum, a fungus belonging to the Aspergillaceae family,
is known to be a pathogen that forms blue or grey-green mold. Many fungi identified, such
as T. pinophilus, have high enzymatic activities capable of degrading various substrates.
Species of the genus Talaromyces produce enzymes beneficial for degrading biomass and
secondary metabolites. However, these enzymes are still poorly characterized due to the
lack of complete genetic information. To verify the biocidal action on the fungi found on the
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hypogeal walls, the glycoalkaloids extracted from S. nigrum were tested on B. atrogriseum
and T. pinophilus at the following concentrations: 100, 75, 50, and 25%. The in vitro results
showed low biocidal activity for these fungal species due to a restored activity of the fungal
colony four weeks after the treatment with glycoalkaloids [12]. Despite the antibacterial
activity of glycoalkaloids demonstrated by previous findings [23,36], the studied extract is
similarly in vivo characterized by low effectiveness towards fungal species. Under these
conditions, the treatment could even increase fungal colonies that can use dead bacterial
cells as a carbon source.

 

Figure 9. Fungal species isolated from hypogeum walls of the San Pietro Barisano rupestrian church
on PDA media (a,b = C. herbarium; c,d = B. atrogriseum; e,f = T. pinophilus; g,h = P. chrysogenum).

Fungal survival could also be favored by a possible migration inside the stone’s pores,
given the extensive alveolarization, making biocidal action difficult.

The role of various microorganisms in biofilms is still a complex matter; e.g., it is
notable the joint function of compounds such as calcium oxalate, which, although produced
by the symbiosis of fungal species and oxalotrophic bacteria, can only be metabolized by
the bacteria with the formation of calcium carbonate [37].

It is also worth emphasizing the lower efficacy of glycoalkaloids supported on gels [12].
However, gels, or sometimes cellulose pulp, have proved very useful within the Smart
Cities project to work more precisely and avoid the deposition of other contaminants on
the surface [31,38–41]. In the case of the hypogeum of San Pietro Barisano church, the
experimentation with sodium alginate-based gel did not give satisfactory results due to
degradation and liquefaction phenomena of the gel caused by the particular microclimatic
conditions [12].

2.3. SEM/EDS Results

Electron microscopy investigations were conducted only on fragments already de-
tached from the hypogeum walls under examination, thus examined before their treatment
with glycoalkaloids. The SEM image of Figure 10 highlights the presence of microalgae
on the hypogeum walls, in the specific case of diatoms, identified by the presence in the
relative EDS spectrum of silicon which is a component of the shell of these organisms. The
calcium carbonate crystals on the surface of the hypogeum walls do not have a regular
rhombic shape and, as shown in Figure 11 along the same fragment, their arrangement is
either linked to the chemical-physical equilibrium that is constantly established with the
high humidity environments (central image and EDS) and to the activity of the microorgan-
isms present in the patina as evidenced by the calcium carbonate deposits on the fungal
hyphae (left image), produced by the fungi themselves.
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Figure 10. SEM image and associated EDS spectrum of microalgae (diatoms) on the wall.

 

Figure 11. SEM images of calcium carbonate crystals produced by fungal hyphae (left) and of
calcite (center) taken from another area of a fragment free of colored patinas, with-related EDS
spectrum (right).

3. Materials and Methods

3.1. Sampling

Due to its microclimatic conditions and its walls with extensive biological colonization,
the hypogeum of San Pietro Barisano proved to be an ideal site for testing the biocidal
efficacy of glycoalkaloids.

Figure 12 illustrates the portion of the wall chosen for the various tests.

 

Figure 12. Study area with bio-patina in the hypogeum of San Pietro Barisano church. During the
cleaning test, the microclimate conditions of the wall surface portion sampled were locally ranging
between 89–92% humidity and 11–16 ◦C temperature.
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A non–invasive sampling was performed according to the standard procedures fore-
seen by the Normal Recommendations—1/88 [42]. The samples were obtained by gently
scraping the hypogeum walls before and after biocide treatment. With the aid of a spat-
ula, samples were collected by removing the bio-patina without affecting the underlying
calcareous substrate. The samples were homogenized and stored for XPS and microbiolog-
ical analyses to determine the chemical composition of the bio-patina and the biological
composition.

3.2. Glycoalkaloids Extraction

The glycoalkaloids used in this study were those extracted from unripe berries of
Solanum nigrum, a spontaneous plant belonging to the Solanaceae family, using the method
proposed by Cataldi et al. [43]. The freeze-dried berries were placed in an aqueous 1%
acetic acid solution. To facilitate the contact between the plant tissue and the extraction
solvent, the suspension was stirred for about 2 h and then centrifuged at 3000× g for
20 min at 4 ◦C. The pellet was suspended in 1% acetic acid, mixed, centrifuged, and
filtered through a 0.22 μm nylon filter (Whatman, Maidstone). The extracts, characterized
by liquid chromatography-mass spectrometry (LC-ESI-MS), contained similar amounts
of the two main glycoalkaloids, solamargine and solasonine, and other less abundant
components [17,23,36].

3.3. Surface Treatment of the Hypogeum Wall

A total of 500 mg of the extracted, lyophilized, and pulverized glycoalkaloids were
added to 10 mL of water [17]. The solution was spread directly on the surface of the
hypogeum wall, selected for the cleaning treatment, using a special soft brush. Since the
hypogeum is an environment with high humidity, it was not necessary to cover the portion
of the wall treated to prevent the applied solution from drying out. The surface treatment
time was set at four weeks. To monitor the biocidal action of the glycoalkaloids over time,
samples were also taken after 1 and 2 weeks. The changes in the bio-patina were followed
based on the visual appearance and the results of the XPS analysis.

3.4. X-ray Photoelectron Spectroscopy (XPS)

The samples for XPS analysis were homogenized in an agate mortar and then pressed
onto a double-sided copper tape, fixed adequately on a steel sample holder, to be safely
introduced in the analysis chamber of the spectrometer. XPS spectra were acquired with a
SPECS Phoibos 100-MCD5 spectrometer operating at 10 kV and 10 mA, in medium area
(diameter = 2 mm) mode, using a MgKα (1253.6 eV) and AlKα (1486.6 eV) radiations. The
pressure in the analysis chamber was less than 10−9 mbar during acquisition. Wide spectra
were acquired in FAT (Fixed Analyzer Transmission) or FRR (Fixed Retarding Ratio) modes.
High-resolution spectra were acquired in the FAT mode, with a constant pass energy of
9 eV and channel widths of 0.1 eV. They were “curve-fitted” using the Googly program,
which allows the evaluation of intrinsic and extrinsic features of XPS spectra [44,45]. Peak
areas and positions (Binding Energies, BE) as derived by the “curve-fitting” procedure
were, respectively, normalized using proper sensitivity factors and referenced to the C1s
carbonate carbon set at 290.0 eV [28]. The assignments of the corresponding chemical
groups and the relative percentage compositions were derived from the analysis of standard
compounds acquired in the laboratory and from the NIST X-ray Photoelectron Spectroscopy
Database [46].

3.5. Biological Analysis

To characterize the biological colonization, investigations were conducted at the School of
Agricultural, Forestry, Food and Environmental Sciences (SAFE) and Department of European
and Mediterranean Cultures (DiCEM) laboratories of the University of Basilicata, Italy.

Samples of powdered bio-patinas, stored in sterile Eppendorf tubes, were suspended
in a culture medium to isolate the bacterial strains and proceeded to the subsequent extrac-
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tion and characterization of the DNA. For the description of bacterial species, the analyses
were carried out according to the procedures indicated by Scrano et al. [17]. Bacterial
colonies were isolated and characterized based on their different morphologies. The iso-
lated strains were purified, and their DNA was used for molecular identification. Synthetic
oligonucleotide primers fD1 (AGAGTTTGATCCTGGCTCAG) and rD1 (AAGGAGGT-
GATCCAGCC) were used to amplify the 16S rDNA. As previously reported, PCR mixture
and amplification conditions were performed [23,47]. The PCR products were sequenced
using Genetic Analyzer 3130xl (Applied Biosystems), and the GenBank and EMBL database
performed the DNA similarity using the BLAST suite.

For fungal isolation, samples were collected in sterile vials containing 1 mL of bi-
distilled water, stored in the refrigerator at 4 ◦C, and analyzed within 24 h. A 100 μL of
fungal suspension was directly placed on Petri dishes containing “Potato Dextrose Agar”
(PDA) added with kanamycin (1 mg/L) and streptomycin (1 mg/L). The plates were
incubated in an incubator at 24 ◦C ± 1 ◦C in the dark for seven days. The pure fungal
cultures (PFC) were used for further morphological and molecular investigations and
preliminarily identified using a microscope (Axioscope, Zeiss-Germany) based on their
macroscopic and microscopic characteristics. The identification of the fungal species was
also carried out according to the technique described by Mang et al. [13].

Briefly, PFC mycelium was scraped from the colony’s surface and finely homogenized
using liquid nitrogen to isolate the genomic DNA (gDNA). The last was extracted from
approximately 100 mg of each sample with the NucleoSpin Plant II ™ kit (Macherey-Nagel,
Germany) following the manufacturer’s instructions. The gDNA of each PFC was then
subjected to Polymerase Chain Reaction (PCR) using ITS5 and ITS4 or Bt2a and Bt2b
primers which amplified a fragment of the Internal Transcribed Spacer (ITS) and the beta-
tubulin gene (TUB-2), respectively. PCR products were detected by 1.2% (w/v) agarose
gel electrophoresis, pre-stained with SYBR Safe DNA Gel Stain (Invitrogen Inc., Carlsbad,
CA, USA), and photographed with a camera under the transilluminator model Euro-Clone
(Pero, Milan, Italy). The amplicons were sequenced by Sanger Dideoxy technology using
the same primers as for PCR. All fungal nucleotide sequences obtained in this study were
deposited in the Genbank (NCBI). They were also compared with those existing there using
the Basic Local Alignment Search Tool (BLASTn) program to identify the fungal isolates at
genus and species level [47]. For correct identification of the identified taxa, uncultivated
fungal species and those of dubious labels found in the NCBI GenBank were excluded.

3.6. SEM/EDS Analysis

Scanning electron microscopy analyses were carried out on fragments detached from
the hypogeum walls at the CNR—IMAA (Institute of Methodologies for Environmental
Analysis of the National Research Council, Tito Scalo, Potenza) using a Scanning Electronic
Microscope with Field Emission Source (FESEM), Zeiss Supra 40 model, equipped with
Oxford INCA. Energy 350 Energy Dispersion Microanalysis System (EDS) and X-act S.D.D.
(Silicon Drift Detector) LN2-free detector. This tool allows for obtaining high-resolution
(nanometric) images using an “in-lens” detector of secondary electrons. Since these are non-
conductive stone samples, a metallization operation with graphite was carried out to obtain
a high-quality image. Each sample analyzed different areas at different magnifications,
using an acceleration voltage of 15 kV and an aperture of 60 μm. Using SEM, images
were obtained both from the secondary electrons, which give information on the surface
morphology and from the retro-scattered electrons through which it is possible to recognize
differences in the sample’s elemental composition. With the microanalysis system, it was
also possible to identify these elements from their X-rays emission detected by EDS (energy
dispersion spectrometry).

4. Conclusions

The biocidal activity of glycoalkaloids extract (mainly solasonine and solamargine),
already demonstrated against some bacterial species, was verified by treating a degraded
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surface of the hypogeum of the San Pietro Barisano church. The glycoalkaloid solution was
left in direct contact with the bio-patina for 4 weeks.

The cleaning effectiveness was visually checked with the color change of the surface.
Biological and electron microscopy analyses supplied information on the living components
and the characteristics of the surfaces, which are made up of porous calcarenite and offer
settlement sites for the various organisms. XPS photoelectron spectroscopy has proved to
be an interesting analytical technique for evaluating organic and inorganic components
present on the surface and studying the changes induced by the biocide treatment operated
by using glycoalkaloids. The visual results show that the biocide acts on the bio-patina by
reducing its color and thickness; from the XPS analysis, it was possible to demonstrate the
reduction of organic compounds attributable to biological activity.

The results highlighted the removal of the bacterial load but not the effect on the
fungal colonies.

Under these conditions, the treatment could increase fungal colonies at the expense of
bacteria and use dead bacterial cells as a carbon source. Fungal survival is also favored by
a possible migration inside the stone’s pores, given the extensive alveolarization present,
which makes the biocidal action of the gel difficult.

One of the immediate research perspectives is optimizing the cleaning process by
combining the antibacterial actions of glycoalkaloids with those of other natural extracts
with antifungal properties possibly supported on a gel, also of natural origin. In this
case, the particular microclimatic and humidity conditions present in the hypogeum of the
church of San Pietro Barisano are factors to be considered.

The biocidal actions could be integrated with the bio-consolidation of the treated
surface to confer resistance to the underlying support against new attacks by biodeteriogens.
As reported in the literature and highlighted here by the electron microscopy analyses,
some microorganisms can produce compounds chemically and structurally compatible
with the carbonate stones by decreasing their porosity. The development of innovative
bioremediation techniques based on native colonizing microorganisms capable of inducing
carbonate precipitation and structural consolidation represented one of the macro-objectives
of the SCN_0520 project.
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Abstract: In cultural heritage, unaesthetic stains on carbonate stones due to their close contacts with
metals are of concern for the preservation of sculptures, monumental facades and archeological
finds of various origin and antiquities. Rust stains made up of various oxidized iron compounds are
the most frequent forms of alteration. The presence of ferric iron on rust-stained marble surfaces
was confirmed in previous studies and oriented the choice of the best cleaning method (based on
complexing agents specific for ferric ions). However, the composition of rust stains may vary along
their extension. As the corrosion of the metallic iron proceeds, if the oxygen levels in the surroundings
are low and there are no conditions to favor the oxidation, ferrous ions can also diffuse within the
carbonate structure and form a variety of intermediate compounds. In this study, the iron stains
on archeological marbles were compared with those artificially produced on Carrara marbles and
Travertine samples. The use of integrated techniques (optical and scanning electron microscopy as
well as Mössbauer and XPS spectroscopy) with complementary analytical depths, has provided the
overall information. Rust formation and diffusion mechanisms in carbonates were revealed together
with the evolution of iron speciation and identification of phases such as ferrihydrite, goethite,
maghemite, nanomagnetite, and hematite.

Keywords: iron stains; mechanism of rust formation; iron speciation; Mössbauer spectroscopy; XPS;
SEM/EDS; OM

1. Introduction

The use of carbonate stones in cultural heritage has always interested both architecture
and statuary. Unfortunately, stone artifacts (especially those exposed in outdoor envi-
ronments), despite their resistance, show various forms of degradation, due to chemical,
physical or biological interactions recurring over time [1,2]. Among these, the colored
stains formed on stone surfaces when in contact with metals or alloy, such as iron-based
stains on carbonate stones or bronze statues on stone pedestals [3], are of considerable
impact, not only aesthetic. In particular, iron-based stains imply the diffusion of corrosion
products and related risk of cracking [4] and can originate from two distinct sources. The
first source is the oxidation of the iron coming in contact with the stone from the water
supply, mounting nails or screws, decorative elements, gratings, etc. A secondary source
is the oxidation of the iron minerals present in the stone, such as pyrite or marcasite or
other iron compounds. The first source of stain is the most common, as metallic iron, when
exposed to the natural environment (e.g., acid rain, humidity, and temperature variations),
is subject to corrosion and produces a colloidal phase of ferrous or ferric hydroxides, which
propagate both on the stone surface and inside, through the boundary grains. Subsequently,
the dehydration of these oxyhydroxides leads to the formation of different hydrated oxides,
which are less soluble and more difficult to remove [5]. Indeed, the choice of the correct
cleaning treatment is crucial for the need to combine the best stain removal, based on the
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solubility of the specific iron phases, with the restoration of the historical material “without
any structural damage”, in compliance with the theory of cultural heritage conservation [6].
Consequently, to realize an effective cleaning procedure, a better knowledge of the stain
compositions is required.

Although the pure phases of iron oxides are well known, as are their topotactic trans-
formations [7], the rust composition varies with the different environments that have deter-
mined its growth. Given that rust is mainly found to be composed of nanocrystalline ferri-
hydrite (Fe3+

10O14(OH)2), lepidocrocite (γ-FeOOH), goethite (α-FeOOH), and/or hematite
(α-Fe2O3) [8,9], the formation mechanisms of these phases within carbonate stones are
largely unknown and their interactions with carbonate matrix may be of critical relevance.
In fact, iron stains not only disturb the aspect of stones but can also cause chemical-physical
damage, as the oxidation of metallic iron to give oxidic phases leads to an increase in
volume of the layer surface, due to oxygen penetration in the crystalline lattice [10]. In the
case of iron oxidation inside the stone artifacts (bars, rods, or pins), the released corrosion
product is higher in volume than the original metal [11], and the ratio between the volume
of expansive corrosion product and the volume of iron consumed in the corrosion process
is called the “rust expansion coefficient” [12]. The resulting increase in volume associated
with the formation of corrosion products gradually induces tensile stresses within the
surrounding carbonate matrix and may strongly damage the stone artifacts.

In previous work [13–15] using surface techniques, we easily identified iron (III)
compounds on the surface of stained marbles and carbonate stones. We thus proposed as
suitable chelators for their removal the natural compounds glutathione and deferiprone
dispersed into alginate gel and two proteins of the transferrin family (lactotransferrin, Ltf
and ovotransferrin, Ovt) supported by cellulose pulp. The results, very satisfyingly, showed
the efficacy of the selected chelating agents, all known for their affinity for ferric ions in vivo,
antimicrobial activity and selectivity, ensuring safety for the carbonate structure and for
the operators. Each chelant has proved the best cleaning action when dispersed in the
most suitable support to be spread on the surfaces to be treated and removed after the
given contact time. Overall, the proposed green methodologies are suitable to remove
iron stains from carbonate stones as testified by visual inspection, optical microscopy, and
XPS, comparing the Fe/Ca ratio before and after cleaning. Also, it was seen that iron
(III) removal also always implies the removal of surface contaminants associated with
rust deposits, eventually bioactive [16]. The cleaning efficacy of the removal is strongly
dependent on (a) chelant properties and bioactivity, (b) volume of water retained by the
support, which determines the number of iron complexes to be therein dissolved, and
(c) type and entity of the rust deposit and its lateral and in-depth extension. In practice,
subsequent applications were foreseen to remove the rust patches completely, leaving the
layers underneath to be exposed outside following the first application. Clearly, within the
context of cultural heritage, particularly for archeological artifacts, different iron oxidation
states can be encountered at the subsurface and boundary interfaces; therefore, highly
differentiated treatments may be required.

In this work, we investigated iron stains of (a) historical archeological white marble
and (b) artificial iron-stained surfaces of Carrara marble and Travertine, suitably sized for
laboratory tests, using complementary analytical techniques, such as optical microscopy
(OM), scanning electron microscopy (SEM-EDS), X-ray photoelectron spectroscopy (XPS),
and Mössbauer spectroscopy. To better understand the development of rust on the carbon-
ate matrices from these comparisons, the laboratory approach (see Section 4) was simply
based on the seasonal monitoring of the corrosion products produced on Carrara marbles
and Travertine samples by metallic iron “placed in contact”, so as to recall the degradation
phenomena affecting ancient marbles over time under the recurring action of atmospheric
agents in outdoor and indoor conditions.

The main outcome was the definition of the different states of iron oxidation in rust
stains, the identification of the corresponding corrosion products, and insight on their
evolution over time.
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2. Results

2.1. Optical Microscopy (OM) and Electron Scanning Microscopy Coupled with X-ray
Microanalysis (SEM/EDS)

Optical microscopy allowed the choice of the most significant historical iron-stained
samples to be used for further analytical investigations. These samples (NS1, 19th cen-
tury A.D., and NS3 and NS8, 4th century A.D., Figure 1a, b, and c, respectively) show
the characteristic pigmentation of iron compounds, due to the oxidation of pins or brack-
ets, penetrated within the carbonate substrates visible in cross sections in reflected light
(Figure 1d–f, respectively). Fractures, as in Figure 1a, can be attributed to the insertion
of the pin and/or to the volume increase associated with metal oxidation. In all sam-
ples, the area surrounding the iron element shows a compact and brown coloration that
penetrates the grain boundaries inside the carbonate matrix, drawing reddish brown and
yellow–orange bands (Figure 1d–f) similar to cyclic precipitations of iron oxides, known as
Liesegang rings [17,18].

Figure 1. Sampling points, evidenced by red arrows, and images of cross sections acquired in reflected
light (25×), respectively, for samples NS1 (a,d), NS3 (b,e) and NS8 (c,f).

OM (with analysis in polarized light) showed important differences in the petrography
of the three historical marble samples (Figure 2).

Figure 2. Thin NS1 (a), NS3 (b), and NS8 (c) sections that show the infiltration of iron phases inside
the carbonate matrix. OM polarized light analysis, 25×.

NS1, a white calcitic marble, shows an isotropic microstructure, with lobed intergran-
ular sutured contacts and widespread triple junctions, with grain size between 0.55 to
1.03 mm (Figure 2a). Xenoblasts of calcite are visible, with evident rhombohedral and poor
lamellar polysynthetic geminations, rare and very small opaque minerals.

NS3, a calcitic marble, shows an isotropic microfabric with irregular shapes and grain
size between 0.2 and 0.6 mm, with sutured/lobated grain boundaries (Figure 2b).

NS8 shows a microfabric with size of 0.15–0.35 mm, with intergranular contacts,
mainly interlobates, although occasionally pseudolinear, and with an abundance of triple
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junctions (Figure 2c). In the same sample, in addition to the calcite, few opaque mineral
phases are visible. The texture is mainly isotropic; however, there are parallel bands with a
thickness of about 1 mm, while the average size of the crystals is smaller (0.06 and 0.15 mm).

In all these samples, the precipitation of iron oxides takes place mainly along the
fracture surface, the cleavage planes, and at the grain boundary cavitations, with a higher
concentration where the grains are very small (Figure 2). As expected, when the distance
from the metal element increases, the concentration of iron oxide hydroxides progres-
sively decreases.

The artificially stained samples (see staining procedure in Section 4), unlike the histori-
cal samples, show in the cross section (observed in reflected light) a superficial growth of
iron oxides a few micrometers in thickness in both the Carrara marble and Travertine. The
diffusion within the calcite matrix reaches about 1 mm maximum in Carrara marble, with a
decreasing color intensity, while for Travertine, diffusion filled mainly the voids (Figure 3).

Figure 3. Artificially stained samples. Cross sections images acquired in reflected light (10×) of
Carrara marble (a) and Travertine (b) stained outdoors for two seasons (spring and summer).

More information about the iron compounds and their distribution was obtained by a
detailed observation of thin cross sections by SEM/EDS in a portion of the sample where
the carbonate matrix is less compact, more porous, and carious, with uneven distribution
of iron compounds. The line scan on the NS1 sample shows the distribution profile of Ca
and Fe (Figure 4): on the opposite sides, there are the highest concentrations of Fe (left,
corresponding to the external part) and Ca (right). The concentration of Fe falls below half
at about 250 μm, Fe remains the most abundant elements up to about 800 μm, then there is
an area in which Ca and Fe alternately reach similar concentration, and finally Ca becomes
prevalent at a depth of about 1.7 mm.

Figure 4. SEM image (left) and elemental line mapping (right) of iron and calcium obtained for the
NS1 samples.

The observation of the thin NS3 section shows how the calcite was substituted by
iron-rich phases (see lighter zones in Figure 5a). The elemental analysis of point 1 (Table 1)
reveals low iron concentration (0.3 wt%). The carbonate matrix is still dominant, but
there is a noticeable penetration of the iron along the cleavage planes [19]. In point 2, a
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significant precipitation of Fe (Fe 55.6 wt%, Ca 4.3 wt%) increases the intergranular pore
spaces surrounding the residual carbonate grains.

Figure 5. SEM image of sample NS3 showing: (a) the replacement of calcite (gray color) by iron
rich phases (white color); (b) morphological presence of colloid microporous goethite and light gray
crystals of lamellar hematite. Red arrows highlight the diffusion front of iron. Points 1 and 2 were
analyzed by EDS (see Table 1).

Table 1. EDS element analysis (wt%).

Spectrum O Na Mg Al Si P S Cl K Ca Fe

1 43.3 0.1 0.7 0.2 0.3 0.1 0.1 0.1 0.0 54.8 0.3
2 33.0 0.7 0.7 0.4 4.3 0.6 0.2 0.1 0.2 4.3 55.6

In Figure 5a, the red arrows highlight areas with a very porous appearance that
represent the contact between the “healthy” portion of carbonate matrix and the diffusion
fronts of iron, which irregularly penetrates the calcite body along the intergranular contacts
and replaces it. Small fragments of calcite, residual, or precipitate from dissolution process
are visible. In Figure 5b, many voids appear partially filled with different iron phases [20]
that may be morphologically identified as microporous colloform goethite (dark gray) and
lamellar hematite crystals (light gray) [21]. Confirmation of all the natural samples by XRD
was impossible because of the small quantity of iron phases in the powder samples, which
were below the diffractometer detection limit (about 1 percent of a mineral’s content).

2.2. XPS Analysis

A systematic characterization of the artificial stains produced on marble samples was
undertaken by collecting the samples gently scraped as powders and homogenized for
XPS analysis, with the aim of determining the chemical states of iron and other elements
composing the rust deposited as a function of marble type, surface and inner corrosion, and
environmental conditions. A well-established curve-fitting procedure was used [22,23].

XPS spectra were processed and resolved in their peak components, thus allowing
chemical state assignments (using corrected positions in binding energy, BE eV) and relative
percentage composition (by the normalized peak area ratios). From the large number of
experiments on Carrara marbles and Travertine (whose comparative characterization is still
in progress), in this work we report the curve-fitted Fe 2p region for the stained Carrara
samples (Figure 6) with long exposure outdoors (spring/summer) and all the detailed
regions acquired (Table 2).
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Figure 6. Spectra of the Fe region obtained for the stained Carrara samples with long outdoor
exposure: (a) external growth layer; (b) interface zone.

Table 2. Curve-fitting results of the XPS regions of the Carrara marble samples with long outdoor exposure.
(a): C1s, O1s, Ca 2p (with superimposed Mg KL1L2 signal) and Mg 1s regions; (b): Fe2p regions.

(a)

Element, Orbital Chemical State
Carrara Surface Carrara Interface

Corrected BE (eV) Normalized Area Corrected BE (eV) Normalized Area

C1s → lower BE carbons * 283.5 122.8 283.3 247.1
C-C (IS) 285.0 1267.8 285.0 1887.4

C-O/C-O-C 286.0 946.9 286.5 328.9
O-C-O/C=O/COO 288.7 341.5 288.6 517.7

CO3
2−/COOR 290.5 723.1 290.1 3075.1

* Typical of carbides, polycyclic compounds etc.
Ca 2p3/2→Ca --- --- 344.8 130.1

nnaCaO/ 345.9 44.8 346.7 692.3
CaCO3 347.9 441.7 347.9 2437.6

Ca 2p1/2→ Ca --- --- 348.3 65.0
CaO 349.5 22.4 350.2 346.1

CaCO3 351.5 220.9 351.4 1194.4
Mg KL1L2

* --- --- 352.8 ---
SU1 CaCO3 --- --- 355.9 100.1
SU2 CaCO3 --- --- 359.7 121.4

* Auger signal
O1s-peak 1 (metal oxides) 530.4 2422.3 530.0 1275.8
O1s-peak 2 (calcite matrix) 532.3 4337.8 532.1 11610.0

Mg1s→ MgO 1304.8 51.8 1305.4 504.8

(b)

Fe2p3/2
Fe |→ Metallic

FeO ↔ Fe(II) compounds --- ---
704.6
708.2

30.0
28.7

Fe2O3main peak 710.7 387.1 710.2 67.0
Fe2O3 MS(I) 711.9 290.3 711.5 53.6
Fe2O3 MS(II) 713.8 130.6 713.5 21.4

Fe2O3 SU 720.6 185.6 719.6 43.5
Fe2p1/2

Fe |→ Metallic
FeO ↔ Fe(II) compounds

Fe2O3 main peak

---
---

724.1

---
---

193.5

717.6
721.2
723.5

15.0
14.4
26.1

Fe2O3 MS(I) 725.3 145.1 724.8 19.6
Fe2O3 MS(II) 727.2 65.3 726.6 9.1

Fe2O3 SU 734.2 92.8 732.6 16.0
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The curve-fitting results with the proposed identification of the corrosion products
formed on the external surface and at the carbonate interface of the iron-stained Carrara
marbles were considered the most suitable to be compared with those found in archeological
samples by other techniques, in particular Mössbauer spectroscopy (vide infra).

Both Table 2 and Figure 6a indicate the presence of only Fe3+ ions in the external
growth layer, in agreement with literature data and XPS results previously reported [15],
while Fe2+ compounds and other Fe-containing phases in reduced chemical states (more
difficult to identify) are co-present only in the interface zone, Figure 6b (vide infra).

In more detail, for the external layer, the Fe2p curve-fitting parameters matched exactly
those of the standard α-Fe2O3 acquired in the XPS laboratory [15], represented by four
peaks for each 2p3/2 and 2p1/2 doublet component, comprising one main peak, two
split multiplets (MS), and one shake-up (SU) satellite (Figure 6a). In contrast, for the
sample collected at the interface, in addition to the Fe3+ doublet still represented by the
multiplet and shake up satellites, two extra doublets, with their main 2p3/2 components
at significantly lower BE (708.2 eV and 704.7 eV), were required to properly fit the whole
Fe2p envelope (Figure 6b). To also reduce computational complexity, both components
were tentatively represented by only one doublet (2p3/2 and 2p1/2 separated by = 13 eV)
with a large FWHM (full width, half maximum) to match the experimental line, without
the need to split them into multiplet and shake-up satellites.

Considering in [24] the superimposed spectra of Fe3+, Fe2+ well-defined oxides and
Fe metallic, also reported in [15], and their relative BE positions well in agreement with
literature data [25–27] and the XPS online database [28], the two extra peaks of lowest
BE found at the interface are not straightforwardly identifiable, and further consideration
comprising all the other detailed regions, elaborated by curve-fitting (Table 2), is required.

In support, we recall the XPS studies of stratified systems, intercalated with or-
ganic and inorganic compounds, of worn surfaces, oxide nanoparticles, coupled inorganic
nanoparticles–nanocarbon for ultrafast batteries, encapsulated iron carbide catalysts, etc.,
just to mention some of the relevant publications [29–35].

Experimental results highlight the local information provided by XPS for the element
under investigation, dependent on chemical bonds, aggregation sizes, and surrounding
environments. Of relevant importance are the chemical shifts reported for intercalated Fe3+

and Fe2+ ions found at 709.5 and 707.8 eV, respectively, confined Fe2+ carbides at 708.2 eV,
and a variety of signals ranging from Fe3+ to metallic Fe, with the lowest BE feature of Fe
2p3/2 due to strong metallic aggregates at 705 eV, using an internal standard similar to
ours based on aliphatic/aromatic C-C set at 284.8 eV.

Based on a complete elaboration of the considerable data set collected during a triennial
doctoral research project [36], in light of the above insights, important information can be
gleaned from the data reported in Table 2 for each elemental peak, chemical state(s), and
relative intensity (peak area). The main outcome, based on peak area mass balance, taking
into account the stoichiometric coefficients for the given chemical states, is as follows.

Iron oxide spread on surfaces in the form of more or less hydrated Fe2O3 does not
affect the calcite structure, leaving the correct CaCO3 stoichiometry.

In agreement with previous work [13–15], iron stains are often associated with organic
contaminants that enter the rust composition. Of the contaminants deposited on surfaces,
the aliphatic carbons can be recognized by curve-fitting the C1s region and taken as the
internal standard, set at 285.0 eV, to correct all the binding energies.

At the interface depths, iron chemical states could be the result of its intercalation
within the carbonate structure and confined association. The peaks at the lowest BE side
of Figure 6b can thus be assigned to a variety of iron compounds ranging from metallic
and organometallic aggregation, through iron carbide and Fe2+ oxides prone to further
oxidation once exposed to air [28–35].

Concomitantly, comparing the surface and interface Ca:CO3 stoichiometry, a fairly
consistent imbalance was observed at the interface with excess calcium, represented as
CaO in Table 2, significantly shifted 0.6 eV to higher BE than surface CaO.
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2.3. Mössbauer Analysis

Mössbauer spectra were collected by measuring at room temperature samples made
of powder scraped from the inner and outer rust layers of both archeological and artificially
stained marble samples.

The samples with long outdoor exposure for one, two, three, and four seasons show
very similar Mössbauer spectra dominated by the presence of a strong paramagnetic
doublet, with an isomer shift of about 0.36 mm s−1 and a quadrupole splitting of about
0.60 mm s−1 (Figure 7).

Figure 7. Mössbauer spectra of marble samples artificially stained outdoors during: (a) one sea-
son (spring, Sp); (b) two seasons (spring and summer, Sp/S); (c) three seasons (spring, summer,
autumn, Sp/S/A); and (d) four seasons (spring, summer, autumn, winter, Sp/S/A/W). Observed
absorption intensity (I obs, black dots) and calculated total intensity (I calc, continuous blue line) are
plotted together with calculated absorption components (dashed red line for the Fe3+ central doublet,
continuous green line for accessory components).

According to the literature [37], this may be interpreted as due to an irresolvable
mixture of the Fe3+ oxide hydroxides lepidocrocite, ferrihydrite, nanogoethite, and nanohe-
matite, with the last two exhibiting superparamagnetic behavior because of an average size
<10 nm (Table 3). A doublet corresponding to Fe2+ was tentatively added to the spectrum
of the samples exposed outdoors for one season to verify if any signature of the possible
presence of reduced Fe was detectable, as indicated by XPS analysis at the interface zone to-
gether with even more reduced Fe as minority components. Unfortunately, the resolution of
the spectrum was so low that the presence of Fe2+ could be neither confirmed nor excluded
(Figure 7a). A weak additional sextet, with IS = 0.33 mm s−1 and HF 49 T, was clearly
observed only in the spectrum of the samples exposed for four seasons (Figure 7d). A likely
attribution of the sextet is to ferrimagnetic maghemite or, less probably, to ferromagnetic
nanohematite with average particle size >10 nm, both phases pointing to an evolution of
the rusty deposits with time.
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Table 3. 57Fe Mössbauer parameters relative to the studied archeological and artificially stained
marble samples.

Sample IS (mm/s)
QS

(mm/s)
HF (T) A (%) Attribution

Sp 0.34 0.57 – 100 Nanogoethite/lepidocrocite/ferrihydrite/nanohematite

Sp/S 0.37 0.59 – 100 Nanogoethite/lepidocrocite/ferrihydrite/nanohematite

Sp/S/A 0.36 0.61 – 100 Nanogoethite/lepidocrocite/ferrihydrite/nanohematite

Sp/S/A/W
0.37 0.61 – 89 Nanogoethite/lepidocrocite/ferrihydrite/nanohematite
0.33 – 49 11 Maghemite/hematite

AS25

0.35 0.60 – 14 Nanogoethite/lepidocrocite/ferrihydrite/nanohematite
0.30 – 48 54 Maghemite/hematite
0.34 – 50 32 Maghemite/hematite

NS1

0.37 – 36 17 Goethite
0.41 – 31 5 Nanomagnetite
0.59. – 20 24 Nanomagnetite
0.31 0.75 – 21 Ferrihydrite
0.76 1.18 – 33 Fe2.5+ (IVCT)

NS3

0.27 – 49 37 Maghemite/hematite
0.35 – 33 5 Nanomagnetite
0.67 – 20 6 Nanomagnetite
0.37 0.55 – 27 Lepidocrocite
0.67 1.15 – 25 Fe2.5+ (IVCT)

NS8

0.35 – 50 10 Maghemite/hematite
0.35 – 36 15 Goethite
0.35 – 28 22 Nanohematite
0.35 0.67 – 18 Ferrihydrite
0.67 1.44 – 35 Fe2.5+ (IVCT)

Note: Room temperature measurements. IS = isomer shift relative to α-Fe foil, QS = quadrupole splitting, HF =
magnetic hyperfine field, A (%) = percentage of total absorption area. Errors are estimated at about ±0.02 mm/s
for IS and QS, about ±0.7 T for HF, and no less than ±3% for both doublet and sextet areas.

By merging the spectra obtained from the different exposures (Figure 8a), it appears
evident that they are all dominated by the central quadrupole doublet, likely due to the
presence of Fe3+ oxyhydroxides, either amorphous or low crystalline (with average size
less than 10 nm). By increasing the outdoor exposure, such poorly crystalline, nanometer-
sized phases of Fe3+ oxyhydroxides reasonably underwent aggregation processes towards
relatively larger crystalline Fe3+ oxides, such as maghemite and/or hematite. A similar
multiple signature was also observed for the sample exposed indoors, AS 25, stained for
three months in a highly humid environment (Figure 8b). In this case also, the absorption
bands were fitted with a central doublet (IS = 0.35 mm s−1, QS = 0.60 mm s−1), interpreted
as lepidocrocite/ferrihydrite/nanogoethite/nanohematite, and two sextets (IS = 0.30 mm
s−1, HF 48 T, and IS = 0.34 mm s−1, HF 50 T), interpreted as maghemite/hematite (Table 3).
Other contributions due to Fe oxide/oxyhydroxide nanoparticles (emerging as relaxed
sextets) are possible, but they could not be fitted with confidence at room temperature.
Results obtained from sample AS25 demonstrate that Fe aggregation processes and stain
formation were more rapid for the sample exposed indoors than for those exposed outdoors,
even for a year. Similar results showing the stronger dependence of stain formation on
humidity with respect to time were obtained in the literature [38].

83



Molecules 2023, 28, 1582

Figure 8. Mössbauer spectra of: (a) marble samples stained outdoors after exposure of one-to-four
seasons (see Figure 7 for details); (b) sample AS25 stained for three months in a highly humid
environment. Observed absorption intensity (I obs, black dots) and calculated total intensity (I calc,
continuous blue line) are plotted together with calculated absorption components (continuous red
line for the Fe3+ central doublet, green and cyan for Fe3+ sextets).

Absorption spectra of the historical samples NS1and NS8 are quite similar and show
both quadrupole doublets and magnetic sextets (Figure 9). In the NS1 spectrum, the
two quadrupole doublets (IS = 0.31 mm s−1, QS = 0.75 mm s−1, and IS = 0.76 mm s−1,
QS = 1.18 mm s−1) were considered as due to the possible presence of Fe3+ from low
crystalline ferrihydrite and iron at a mixed valence Fe2.5+ from intervalence charge transfer
(IVCT), respectively. Concerning the three sextets, the first, IS = 0.37 mm s−1, HF =
36 T, was attributed to goethite, while the other two, being very relaxed with IS = 0.41
mm s−1, HF = 31 T and IS = 0.59 mm s−1, HF = 20 T, were tentatively attributed to
superparamagnetic nanomagnetite (Figure 9a and Table 3). In NS8, the two quadrupole
doublets (IS = 0.35 mm s−1, QS = 0.67 mm s−1, and IS = 0.67 mm s−1, QS = 1.44 mm s−1)
were attributed to the same Fe species identified in NS1, while two sextets were considered
as due to goethite (IS = 0.35 mm s−1, HF = 36 T) and maghemite (IS = 0.35 mm s−1, HF =
50 T), and the third, being very relaxed with IS = 0.35 mm s−1 and HF = 28 T, was tentatively
attributed to superparamagnetic nanohematite (Figure 9b). Rearranging the obtained pieces
of information, in NS1 and NS8, iron stains are tentatively attributed to the combination of
Fe2+–Fe3+-bearing amorphous/crystalline phases, such as magnetite nanoparticles, and
their oxidation products, likely Fe3+ oxide hydroxides of higher crystallinity and larger
size. Notably, the oxidation of NS8 is more advanced than that of NS1, as NS8 contains
maghemite and nanohematite in place of nanomagnetite. In the literature, a similarly broad
sextet pattern was described by a distribution of hyperfine fields attributed to medium-
sized nanoparticles [39].

Figure 9. Mössbauer spectra of the historical marble samples: (a) NS1; (b) NS8. Observed absorption
intensity (I obs, black dots) and calculated total intensity (I calc, continuous blue line) are plotted
together with calculated absorption components (see text).

The absorption spectrum of the historical sample NS3 sample only appears to be
different from the previous ones (Figure 10), though it is made of two quadrupole doublets
and three magnetic sextets like them (Table 3). The two quadrupole doublets, one with IS of
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0.37 and QS of 0.55 mm s−1, the other with IS of 0.67 and QS of 1.15 mm s−1, are attributed
to lepidocrocite and IVCT Fe2.5+, respectively. One of the three sextets is well defined, with
IS = 0.27 mm s−1 and HF = 49 T, and is attributed to maghemite (less probably to relatively
large nanohematite), while the other two, being very relaxed with IS = 0.35 mm s−1,
HF = 33 T, and IS = 0.67 mm s−1, HF = 20 T, are tentatively attributed to superparamagnetic
nanomagnetite (Table 3).

Figure 10. Mössbauer spectra of the historical marble NS3. Observed absorption intensity (I obs,
black dots) and calculated total intensity (I calc, continuous blue line) are plotted together with
calculated absorption components (see text).

3. Discussion

By comparing studies on real samples differently aged with those on artificial spec-
imens stained at different exposure periods, we were able to make a contribution to the
definition of the mechanisms of iron stain formation and its speciation, which will be useful
to individuate procedures for better cleaning.

In agreement with the results of Beltran et al. (2016) [40], transport of the iron on
carbonate stones mainly occurs as a colloidal solution of oxyhydroxides, which transform
with time in more stable forms. In the present investigation, the transformation over time
is documented by Mössbauer spectroscopy that shows both in historical and artificial
stains the presence of nanometric clusters of Fe that, in the course of time, tend towards
larger oxyhydroxides/oxides. Iron diffusion was shown by microscopy techniques to be
dependent on structural characteristics and stone porosity. Using archeological samples, it
was demonstrated that iron replaces dissolved calcite, moving through the grain boundaries
along irregular paths by cycling precipitation of iron oxides. Moreover, XPS allowed
discriminating the chemical composition of the iron phases diffused inside the substrate
and those grown on the surface. As an example, the two samples in Figure 6 present only
carbonaceous contaminants and no others. As reported in Table 2, only magnesium oxide
is present, likely as an intrinsic component of the Carrara marble. The results already
explained in the XPS section can be compatible with the action of water and oxygen
triggering iron corrosion till a potential equilibrium is reached. Corrosion also depends on
the adsorption of organic contaminants, the lowering pH of rainwater due at least to the
presence of dissolved carbon dioxide, and eventually more acidic pollutants (sulfur and
nitrogen oxides) on dissolution and reprecipitation of calcium carbonate and other related
factors [41,42].

As expected, the actions of natural weathering, specific environmental pollutants,
alternating wetting and drying cycles, and seasonal fluctuations in climatic conditions
affect the stones’ integrity and the iron corrosion potential, inducing changes in the rust
composition and internal diffusion. It is therefore difficult to singly identify the factors
responsible for deterioration, as they can act in synergy and/or in temporal sequence with
different modalities, eventually including biodegradation processes [43].

We believe, however, that research combining parallel laboratory experiments and
advanced analytical techniques could progressively contribute to a more accurate character-
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ization of each case study, the overall outcome providing the right directions for effective
maintenance and conservation intervention.

4. Materials and Methods

4.1. Sampling

Several iron-stained samples (Table 4a) of white marble were collected from the
archeological remains of ancient Roman baths discovered beneath Palazzo Valentini (Rome,
Italy) and the warehouses of ancient marble sculptures of the Vatican Museum, according
to UNI 11182 (Description of alteration forms—Terms and definitions) and UNI EN 16085
(Methodology for sampling from materials of cultural property. General rules).

The artificial stains were produced through the oxidation of iron cubes (10 × 10 mm)
and nails put in contact with the surface of Travertine (Tivoli quarries) and Carrara marble
samples (50 × 50 × 20 mm), both indoors in a highly humid environment and outdoors
exposed on a terrace (Table 4b). The outdoor exposition was continued for one year to
achieve stains from iron oxides related to one to four seasons.

Table 4. (a) Archeological samples. (b) Artificially stained samples.

(a)

Sample Description Provenience Date

NS1 Base of bust Vatican Museum 19th century AD

NS3
Sarcophagus’

fragment Vatican Museum 4th century AD

NS8
Fragment of marble

slab

Roman bath Palazzo
Valentini
(Room 5)

4th century AD

(b)

Samples Description

AS25 Travertine stained indoor for three months
Sp Marble stained outdoor during spring

Sp/S Marble stained during spring/summer
Sp/S/A Marble stained during spring/summer/autumn

Sp/S/A/W Marble stained during spring/summer/autumn/winter

4.2. Analytical Techniques
4.2.1. Optical Microscopy

The preparation of thin and cross sections was performed according to the speci-
fications of the UNI 10922: 2001 Standard (Ref. Recommendations CNR—ICR NorMal
10/82, Natural and artificial stone materials—Preparation of thin sections and cross sections
of stone materials). The petrographic investigation was performed by means of optical
polarized light microscopy (transmitted and reflected) with a Zeiss Axiolab, equipped with
a Nikon D800 camera for digital image capture.

4.2.2. Scanning Electron Microscopy with EDS (Energy-Dispersive Spectroscopy)

Scanning electron microscopy was performed on the samples selected from optical
microscopy (NS1, NS3, NS8) using a Jeol JSM 5400 to determine the chemical composition
of mineral phases through EDS of backscattering (BSE) images. To produce an electrically
conductive surface for SEM, both thin and cross sections were coated using thin-film
evaporation of graphite in a vacuum coater, with a thin layer of about 20 nm thickness.

4.2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS spectra were acquired with a SPECS Phoibos 100-MCD5 spectrometer operating
at 100 W in FAT (fixed analyzer transmission) and medium area modality (spot diameter
≈2 mm), using Al Kα (1486.6 eV) and Mg Kα (1253.6 eV) achromatic radiation. The pressure

86



Molecules 2023, 28, 1582

in the analysis chamber was higher than 10−9 mbar (UHV, ultrahigh vacuum). The use of
the double anode (Al/Mg Kα) helps to distinguish XPS signals, varying in kinetic energy
with the source employed, from the X-ray-induced Auger signals, dependent on atomic
relaxation following photoemission [26]. High-resolution detailed regions (channel width
of 0.1 eV) were elaborated by curve-fitting using the home made Googly software [22,23]
qualitatively by referring the binding energies to the acquired spectrum α-Fe2O3 (standard
Aldrich) for correcting the surface charging and to literature data and quantitatively by
normalizing the peaks area with appropriate sensitivity factors [26]. For XPS acquisitions,
the surface sampling was performed by carefully scraping the surface of the blank and
stained marbles, respectively not in contact and in contact with the iron (nails, cubes). The
interface sampling was performed by immediately scraping the inner part of the marble
specimens left exposed after having the outer layers removed for the previous Surface
analysis. The powders collected were all stored in special inert and sealed plastic containers
to avoid external contamination.

Hence, by referring to the acquired spectrum α-Fe2O3 (Sigma Aldrich Hematite 99%,
St. Louis, MO, USA) and to literature data mentioned in the relevant paragraphs, the
oxidation products derived from curve-fitting for all analyzed samples could be compared
within the limits of XPS accuracy (±10%) [26].

4.2.4. Mössbauer Spectroscopy

The analyzed samples were homogeneous powder gently scraped from the surfaces
and interfaces of the stained specimens: three tiles of Carrara and Travertine. Two sam-
ples were similarly collected from indoor specimens and from the archeological artifacts,
observing the BB.CC. regulations for the sampling modality.

The absorbers were prepared by pressing finely the powder samples mixed with
powder acrylic resin (Lucite) to self-supporting disks of about 10 mm diameter. Sample
quantity at this stage was strictly dependent on the availability of the examined material,
with the drawback of—in some cases—staying at or near the detection limit. The amount
used should correspond to about 2 mg of iron oxide, with an absorption density in which
the thickness does not affect the Mössbauer results. In our case, these concentrations were
very difficult to reach, and to solve this problem long acquisition times (one or two weeks)
were used to ensure a good signal/noise ratio in data reading, and in all cases the powders
collected at the surface and interface zones were mixed and analyzed as a single sample.

Spectra were collected at 298 K (room temperature, RT) using a 57Co/Rh source and a
conventional constant acceleration mode. A multichannel analyzer with 512 channels was
used for the data recording at a range of velocity of −10 to +10 mm/s. A highly pure sample
of α-iron was used to calibrate the speed, and raw data were collected in 512 channels.
Spectra were elaborated by Recoil 1.04 [44] software accounting for symmetric Lorentz
curves. The χ2 test was used to individuate the best conditions and uncertainty was
obtained by the covariance matrix. A 0.02 mm/s uncertainty resulted for the isomer shift
(IS), quadrupole splitting (QS), and magnetic hyperfine field (HF). Uncertainty no lower
than ±3% was estimated for the doublet areas.

5. Conclusions

The results obtained concern the mechanisms of iron speciation and rust stain for-
mation over the surface and inner areas of carbonate matrices of either artificially stained
marbles exposed over time under different environmental conditions and archeological
finds. The analytical methods adopted provided complementary information and recipro-
cally confirmed the overall outcome. Optical microscopy gave preliminary information
and allowed the choice of the most significant samples. SEM/EDS also gave information
on the diffusion mechanisms and damage of the pore net. Mössbauer spectroscopy gave
information on iron oxidation states, mineral phases possibly formed as a consequence of
metallic iron alteration, and insights on their aggregation state. The surface sensitivity of

87



Molecules 2023, 28, 1582

XPS allowed the chemical states of iron associated with those mineral phases (and possible
aggregates) to be determined at a very local nanometer scale.

It was thus possible by means of combined techniques to effectively reveal the effect
of oxidation, crystal growth, and hydration/dehydration reactions in the progressive
transformation of iron compounds (and rust composition) from metal aggregates into
mixed phases containing Fe2+, Fe2.5+ and Fe3+ ions, such as magnetite followed by oxide
hydroxides maghemite, lepidocrocite, goethite, and as the last stage hematite.

The results obtained will have implications for the correct care of archeological arti-
facts, which—depending on their evolution of iron-based stains—may require different
treatments for effective and safe rust removal.
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8 Uniwersytetu Poznanskiego Street, 61-614 Poznań, Poland; lkozak@amu.edu.pl (L.K.);
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Abstract: This article presents studies on iron speciation in the pottery obtained from archaeological
sites. The determination of iron forms Fe(II) and Fe(III) has been provided by a very simple test
that is available for routine analysis involving the technique of molecular absorption spectropho-
tometry (UV–Vis) in the acid leachable fraction of pottery. The elemental composition of the acid
leachable fraction has been determined by inductively coupled plasma optical emission spectrometry
(ICP-OES). Additionally, the total concentration of the selected elements has been determined by
X-ray fluorescence spectrometry with energy dispersion (EDXRF). The results of the iron forms’
determinations in archaeological pottery samples have been applied in the archaeometric studies on
the potential recognition of the pottery production technology, definitely going beyond the traditional
analysis of the pottery colour.

Keywords: pottery; iron; speciation; archaeometry; spectrophotometry; spectrometry; pre-Roman
Iron Age

1. Introduction

Clay is a natural rock material that has been used as a building material by people for
over 10,000 years due to its availability and properties [1]. From a chemical perspective, it
combines one or more silicate minerals, also known as phyllosilicates, as well as traces of
metals, metal oxides, sand, and organic matter. Clay minerals are usually hydrated, and
they exhibit plasticity due to their water content. After drying and/or firing, they lose their
water content, and clay itself becomes hard and non-plastic [2]. Crafting vessels from clay
was definitely a large step in the development of prehistoric communities. Ceramics and
their properties, such as quality, element or water content, or even shapes and patterns, are
very important indicators in archaeometric research that can lead us to various conclusions
about the past [3].

Archaeometry is an important branch of archaeology that applies various scientific
techniques in order to acquire more information about archaeological samples, such as
pottery [4], metal artefacts, [5] or building materials [6,7]. The archaeometric study of
ceramics is especially important because the pottery was used daily by settled farming
communities [8]. Applying scientific methods to ubiquitous ceramic samples found at
various excavation sites helps us to find answers about the date and place of the pottery
production, the likely technique and parameters used during firing, or the purpose of their
creation [9–11]. Admixtures (and also clay firing parameters) can be markers providing
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information about connections between samples found in different places [12]. Redox and
phase speciation (for solid samples) can be used to determine the parameters in which the
studied object was formed [13]. Moreover, it can be used to understand the processes that
changed the chemical composition of an object from the state when it was formed [14].
Ceramics as works of art are often painted on the surface. There are numerous examples of
element speciation studies in ceramics in which the oxidation state of the elements was
the subject of determination: iron and manganese in Sicilian “proto-majolica” pottery [15],
iron in black glaze of Chinese pottery [16], cobalt in Chinese porcelains from the 16th to
17th century [17], and iron in ceramics from Brazil [18].

The pigments used in coatings or glazes are often metal oxides in different oxidation
states, which differ in colour [13]. Moreover, different parameters during clay firing are
responsible for elements’ oxidation state distribution, which is visible as a change in the
appearance of the ceramic form. Iron is an element that is the component of many silicate
minerals, such as illite, chlorite, glauconite, or biotite [19]. The determination of iron
speciation in pottery is especially important because various types of clay, just like different
clay firing techniques and temperatures, have a major influence on the oxidation state and—
furthermore—on the colour of ceramics [18]. Fe(III) is responsible for an orange-red colour,
whereas Fe(II) imparts a dark grey colour. In practice, both forms can simultaneously
exist in ceramics and their coatings, so the determination of the Fe(III)/Fe(II) ratio is of
great importance (Orecchio, 2011). The simplest way to quantitatively determine Fe(II) and
Fe(III), is to carry out a mineralisation of a powdered sample by hydrofluoric acid and to
use UV–Vis spectrophotometric methods in order to determine Fe(II) and Fe(III). A similar
method was proposed for studies of iron speciation in ancient pottery from Sicily [20]. The
sample was mineralised, and then the method for determining Fe(II) by the reaction of
Fe2+ with 1,10-phenanthroline was applied [21]. Moreover, the author determined the total
iron using ICP-OES, and the results were in agreement with those of the phenanthroline
method [20]. There are many other analytical methods for determining iron speciation, but
they require more advanced equipment. One of them uses Mössbauer spectroscopy, which
is based on the Mössbauer effect. It was applied in the recognition of the oxidation state of
iron in Brazilian ceramic samples, along with Scanning Electron Microscope (SEM), X-ray
fluorescence (XRF), and X-ray diffraction (XRD) [18].

A non-destructive X-ray absorption spectroscopy (XAS) is also used for archaeological
artifacts analysis. Compared with XRD, it does not require ordered structures [22]. There-
fore, it can be applied to amorphous samples with no restrictions on their type or size [23].
In addition, the Extended X-ray Absorption Fine Structure (EXAFS) range shows the local
structure around the iron sites. The whole study demonstrates numerous possibilities for
analysing samples by XAS [20].

In this article, the studies on iron speciation in archaeological pottery are described.
The results of the determination of iron forms: Fe(II), Fe(III) and chemical composition (the
occurrence of the selected elements, both total concentration and occurrence in the acid
leachable fraction of pottery) are compared for different archaeological sites.

2. Experimental

2.1. Instrumentation

For determination of the total concentration of selected elements (As, Ba, Ca, Co, Cr,
Cu, Fe, Mn, Mo, Nb, Ni, Pb, Rb, Sb, Sn, Sr, Th, Ti, U, Y, Zn, Zr) in pottery samples, the
portable XRF spectrometer Tracer III Handheld XRF Bruker (Billerica, MA, USA) was used.
The spectrometer has worked in quantitate mode (determination limits on the level of
1 mg kg−1, uncertainty level below 15%) elaborated by the manufacturer for geochemical
analysis with two built-in calibrations: Bruker Mudrock Major (Al, Ba, Ca, Fe, K, Mg, Mn,
and Ti determination; instrumental parameters: 15 keV, 25, μA, vacuum < 17 Torr); and
Bruker Mudrock Trace (As, Co, Cr, Cu, Mo, Nb, Ni, Pb, Rb, Sb, Sn, Sr, Th, U, Y, Zn, Zr
determination; instrumental parameters: filter 0.3048 mm Al and 0.0254 mm Ti, 40 kV,
12 μA). The problem of accuracy in studies was discussed in the Supplementary Data.
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ICP-OES spectrometer Agilent 5110 ICP-OES Agilent (Santa Clara, CA, USA) was
used in selected elements (Al, As, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd,
Ge, Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nd, Ni, Pb, Pd, Pr, Re, Rh, Sb, Sc, Se, Sm, Sr,
Tl, Tm, Y, Yb, Zn) for determination in simultaneous mode. The simultaneous axial and
radial view of plasma was allowed by the synchronous vertical dual view (SVDV). For
multi-elemental determination, the common conditions were used: 3 replicates, measuring
time 5 s, plasma gas flow 12.0 L min−1, auxiliary gas flow 1.0 L min−1, nebulizer gas flow
0.7 L min−1, Radio Frequency (RF) power 1.2 kW. For determination of higher level of the
selected elements, the alternative (less sensitive) wavelengths were used (indicated by bold
in Table S1). Spectrometer build-in method of background correction (fitted) was used.
The detection limits were calculated based on the standard deviation value of multiple
(n = 10) calibration blank analysis: 3-sigma criteria. The detection limits for all determined
elements were in the range of 0.01–0.09 mg kg−1 (Table S1 in Supplementary Data).

The uncertainty budget was estimated for the complete analytical procedure, in-
cluding preparation of samples, instrument calibration, and determination of the content
of elements. The propagated uncertainty (a coverage factor k = 2 for approximate 95%
confidence) was at a level below 20%.

Due to the lack of access to standard reference materials (CRM) for the multi-elemental
pottery analysis, the soil and sediments matrix CRM was used because of its geologi-
cal similarity to the raw materials of ceramics (post-glacial and sedimentary materials).
For the traceability studies, the following CRMs were selected: NIST 2709—soil; IAEA
405—estuarine sediments; CRM S-1—loess soil; BCR 667- estuarine sediments (Table S2 in
Supplementary Data). Due to the fact that the information about elements’ concentration
of acid extractable fraction was available only for NIST 2709a, the analysis of CRMs were
provided using two procedures: (i) with sample digestion using the mixture of concen-
trated HCl and HNO3 (aqua regia (AR)); (ii) with sample extraction by HCl following
the procedure described below. The first step allowed the calibration and interferences
correction to be checked (using spectrometer build-in background correction method); the
second step allowed the matrix-dependent interferences to be controlled. Additionally,
the standard addition method was applied for HCl extracts. In all procedures, the accept-
able recovery (in the range 80–120%) was found (Table S3 in Supplementary Data). In
colorimetric analyses, the photometer Slandi LF300 Slandi (Michalowice, Poland) was used
(measurements of absorbance at 470 and 520 nm). The detection limits for both iron forms
were determined by dilution of calibration standards, and the levels of 10 mg kg−1 were
determined for Fe(II) and Fe(III), respectively, with uncertainty below 15%. To check the
accuracy, the standard addition method was applied with good recovery (in the range
80–120%, Table S4 in Supplementary Data). Additionally, the reference procedures were
applied in accuracy studies (Table S5 and procedures description in Supplementary Data).

For homogenisation of the samples, the Pulverisette agate laboratory grinder Fritsch
(Idar-Oberstein, Germany) was used.

2.2. Reagents

Only analytical purity reagents and deionised water from a Milli-Q device Millipore
(Burlington, VT, USA) were used. Standard solutions (1.00 g L−1) of iron forms: Fe(III) and
Fe(II) were prepared from ferric ammonium sulphate dodecahydrate and ferrous ammo-
nium sulphate hexahydrate Acros-Thermo Fisher Scientific (Geel, Belgium), respectively.
The commercial standards (1.000 g L−1) were used for ICP-OES analysis Romil (Cambridge,
UK). The following reagents POCh (Gliwice, Poland) were used: 2.0 mol L−1 solution of
hydrochloric acid (HCl), 0.5% (m/m) solution of 2,2′-Bipirydyl (C10H8N2), acetate buffer
(sodium acetate and acetic acid), 5% (m/m) solution of potassium thiocyanate (KSCN).

2.3. Samples

The 78 fragments of pottery chosen for chemical analysis came from three archaeologi-
cal sites from western Poland. Sites were located in close proximity to each other: Borzejewo
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(B) and Poznań-Nowe Miasto (P), located in central Wielkopolska, and Grabkowo (G) in the
eastern part of Kujawy. The reference material for the mentioned sites was the archaeologi-
cal site of Poieneşti-Lukaševka Culture from Orcheiul Vechi (M) from Moldova. The whole
collection of analysed samples can be combined with a unified time horizon—associated
with the early phases of the younger pre-Roman Iron Age and an approaching cultural
component visible in the material, initially referred to as Jastorf Culture. This also applies
to the areas of Moldova. The collection of this reference material was the result of an
attempt to capture potentially similar cultural factors that could be manifested in radically
different raw materials. Furthermore, 126 pottery fragments from Pławce (Pl) in western
Poland were selected for comparative analysis. In the case of this latter site, the selection
criteria were the area of origin and cultural phenomena readable in archaeological material
analogous to other previously mentioned sites. An important factor was to implement an
analysis of all samples taken from the archaeological site.

2.4. Methodology

The acid leaching procedure was described for geochemical studies [24]. The estab-
lished analytical procedure of the speciation analysis [25,26] was optimised and applied
for pottery samples. The analysis by XRF technique was described in previous work [27].
The sample preparation procedure is identical to the one applied for metals determination
described in previous work [28]. The accuracy of the studies regarding all of the analytical
procedures has been described in the Supplementary Data.

2.5. Total Iron and Selected Elements Determination

The XRF analysis was provided in laboratory using desktop spectrometer-stand. The
pottery sample was placed on the spectrometer stand, oriented in correspondence with the
original external surface of the ceramic vessel, and analysed. After analysis, the sample
was rotated and the analysis was repeated. The acquisition time was 15 s. The mean value
of concentration of selected elements (As, Ba, Ca, Co, Cr, Cu, Fe, Mn, Mo, Nb, Ni, Pb, Rb,
Sb, Sn, Sr, Th, Ti, U, Y, Zn, Zr) and relative standard deviation were calculated from three
repetitions (n = 3).

2.6. Acid Leachable Fraction Analysis
2.6.1. Sample Extraction by Hydrochloric Acid

The extraction by hydrochloric acid (methodology of acid leaching) was prepared
following the previous studies [24]. The ceramic material was homogenised by grinding;
the coarse material was removed using a plastic sieve (diameter of particle > 0.02 mm).
Samples weighed to be 2.00 ± 0.01 g were put into a flask and 20 mL of hydrochloric
acid solution (2 mol L−1) was added. The flask (with a reflux condenser) was heated to
approximately 80 ◦C for 30 min. After cooling, the solution was drained through a paper
filter (rinsed previously using 200 mL of water) into a test tube; finally, water was added to
a volume of 50.0 mL.

2.6.2. Elemental Analysis

Hydrochloric acid extracts of samples were analysed using ICP-OES technique. The
selected elements were determined (indicated in the Supplementary Data).

2.6.3. Iron Chemical Forms Determination

The content of Fe(III) was determined using reaction of Fe(III) with thiocyanate in
pH < 2.0 (in the hydrochloric acid environment). The intensity of light absorption (ab-
sorbance) by red complex was measured at wavelength 470 nm by UV–Vis spectrophotome-
ter and compared with the calibration curve prepared using Fe(III) standard. The content of
Fe(II) was determined in reaction of Fe(II) with 2,2′-bipirydyl (in the acetate buffer (pH 4.5).
The intensity of light absorption (absorbance) by red complex was measured at wavelength
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520 nm by UV–Vis spectrophotometer and compared with the calibration curve prepared
using Fe(II) standard.

2.7. Statistical Analysis

The analysis of the experimental data was performed using computer software Statis-
tica 13.1 StatSoft—Dell (Round Rock, TX, USA). The multidimensional statistical analysis
(principal components analysis PCA) was provided for the results of XRF and ICP-OES
analysis to indicate the individual differences in the elemental composition of the pottery
samples. For all statistical tests, the probability value p = 0.05 was applied [29,30].

3. Results and Discussion

3.1. Analysis of the Pottery Fragments from Four Sites
3.1.1. Chemical Composition of Pottery

The results (n = 4964 of single results for 78 fragments of pottery from sites B, G, P
and M) of the total concentration of the elements (obtained in the XRF analysis of the raw
material) and the concentration of elements in the acid leachable fraction (obtained in the
ICP-OES analysis of the HCl extracts) were analysed using exploratory analysis (PCA). The
95.5% variability of the results was described by two components (Figure 1).

Figure 1. Results of Principal Components Analysis for elements concentration in pottery samples
from four archaeological sites (Borzejewo (B), Poznań-Nowe Miasto (P), Grabkowo (G), Moldova(M));
1—the group of samples from site M (Moldova), 2—the group of samples from the other sites.

It is clearly indicated that the elemental composition of the studied samples is different
for the pottery from Moldova and Poland. The difference is based on the geology of
the regions: the Moldovan clays were marine deposits, while, in Poland, the formation
of the clays was connected with the glacial and post-glacial processes. Different raw
materials (clay) were used for the production of the pottery, and they were indicated in the
composition of the material.

3.1.2. Iron Speciation in Pottery

The results of the determination of iron forms (Fe(II) and Fe(III)) were put together
in Figure 2. Two groups of pottery samples were formed: the first for pottery from
archaeological sites in Bozejewo (B) and Grabkowo (G)—group 1 in Figure 2—and the
second one for pottery from Poznan (P) and Moldavia (M)—group 2.
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Figure 2. The iron speciation in pottery samples: 1—the group of samples from sites Borzejewo (B)
and Grabkowo (G); 2—the group of samples from sites Poznań-Nowe Miasto (P) and Moldova(M).

The similarities of the iron speciation are different to the shapes of the chemical
compositions of the samples. Due to the different origin of the raw material (marine
clay versus glacial or post-glacial clay) used for pottery production, the pottery chemical
composition of the samples from the Poznan archaeological site is different to the pottery
chemical composition of the samples from Moldavia. The differences in the material from
which the ceramics are made are not reflected in the iron speciation. According to the
literature data, the presence of Fe (III) and Fe (II) forms and their Fe(III)/Fe(II) ratio reflect
the technology of the ceramics production process [18], particularly the temperature and
conditions of the ceramics firing process [31]. Thus, it can be concluded that, regardless
of the origin of the ceramics tested, and, therefore, the material (clay) from which it was
made, two groups of ceramic objects (Figure 3) stand out on the basis of iron speciation,
probably as a result of similar technological processes.

Figure 3. The Fe(III)/Fe(II) ratio for samples from sites Borzejewo (B), Poznań-Nowe Miasto (P),
Grabkowo (G), Moldova(M); 1—the group of samples with Fe(III)/Fe(II) ratio greater than 20 (sites
(Borzejewo (B) and Grabkowo (G))); 2—the group of samples with Fe(III)/Fe(II) ratio less than 20
(sites (Poznań-Nowe Miasto (P) and Moldova(M))).
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The first group consists of ceramics from two archaeological sites (B and G), character-
ized by high values of the Fe(III)/Fe(II) ratio, exceeding the range from 24 to 176 (median
values 101 and 95 for site B and site G, respectively). The predominant form of iron was
that of Fe(III), which indicates both a higher ceramic firing temperature and the provision
of an oxidizing environment during firing [20]. On the other hand, for the second group
of samples (P and M), the value of the ratio Fe(III)/Fe(II) was definitively lower, ranging
between 1 and 9 (median values 5 and 4 for site P and site M, respectively). This indicates
a definitively higher concentration of Fe(II) than for the first group, which indicates tech-
nology using a lower ceramic firing temperature, with a definitively limited supply of
oxidizing agent [32]. Importantly, the ceramic firing techniques, although characteristic of
a given archaeological site, were unrelated to both the origin of the source material (clay)
and the location of the site.

3.2. Analysis of Pottery Fragments from One Site

In the second step of the research, the mass pottery material obtained from one
archaeological site (Plawce—Pl) was analysed. The 126 pottery samples represented all
of the samples collected at the given site without any pre-selection or elimination. This
creates the opportunity to compare fragments of ceramics made of a similar material but
resulting from the actions of various pottery manufacturers.

3.2.1. Chemical Composition of Pottery

The results (n = 9198 of single results for 126 fragments of pottery from sites Pl) of
the total concentration of the elements (obtained in the XRF analysis of the raw material)
and the concentration of elements in the acid leachable fraction (obtained in the ICP-OES
analysis of the HCl extracts) were analysed using exploratory analysis (PCA). The 96.0%
variability of the results was described by two components (Figure 4).

Figure 4. Results of Principal Components Analysis for elements concentration in pottery samples
from Pl archaeological site.

The results of the exploratory analysis indicated that the actually tested ceramics
were characterized by a very similar chemical composition, which allows the hypothesis
of the local exploitation of one source of clay by ceramic manufacturers at the time to be
considered. Thus, we were dealing with a homogeneous set of ceramic fragments in terms
of chemical properties.
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3.2.2. Iron Speciation in Pottery

The results of the determinations of iron forms (Fe(II) and Fe(III)) were presented
together in Figure 5. Two groups of pottery samples were indicated based on Figure 2: the
first for pottery similar to pottery from archaeological sites in Bozejewo (B) and Grabkowo
(G)—group 1 in Figure 5, the second one for pottery “similar to” pottery from Poznan (P)
and Moldavia (M)—group 2.

Figure 5. The iron speciation in pottery samples: 1—the group of samples “similar to” pottery from
sites B and G; 2—the group of samples “similar to” pottery from sites M and P.

The factor Fe(III)/Fe(II) for samples from site Pl was shaped in a very broad range:
from 1 to 485 (Figure 6).

Figure 6. The Fe(III)/Fe(II) ratio for samples from site Pl: 1—the group of samples with Fe(III)/Fe(II)
ratio greater than or equal to 20; 2—the group of samples with Fe(III)/Fe(II) ratio less than 20.

For most (85) samples, the value of the Fe(III)/Fe(II) ratio was greater than or equal to
20. As stated above [20], this indicated a higher ceramic firing temperature, as well as the
presence of an oxidizing atmosphere during firing. For a smaller number of samples (41),
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the value of the Fe(III)/Fe(II) ratio was less than 20, indicating different firing conditions: a
lower temperature and a reducing atmosphere [32].

Despite the similar chemical composition of the examined ceramic fragments, sug-
gesting the origin of the raw materials from the same or a very geologically similar source,
the iron speciation showed a wide variation within the considered sample collection. The
reason for this could be the different technology used in different pottery workshops oper-
ating in the same place. In addition, a large variation in the value of the Fe(III)/Fe(II) ratio
may indicate the variability of the firing conditions even within one workshop. The high
variability of the results for the Fe(III)/Fe(II) coefficient may arise for two reasons: (i) the
inhomogeneity of the distribution of iron forms in single vessels; (ii) the high variability
of the firing conditions even within one pottery workshop. However, the inhomogeneity
indicated in point (i) may also result from the instability of the firing process and the lack
of its full repeatability. Although the group of analyzed pottery fragments was not large,
the results allow for the formulation of a hypothesis about the large differentiation and
randomness of the conditions of ceramics firing within one site.

4. Conclusions

The speciation analysis has been demonstrated to be a useful tool for archaeometrical
studies that make it possible to obtain new information about the characteristics of pottery.
However, the speciation studies require the destruction of a part of a sample (although this
is not problematic for mass pottery materials). The very simple, well-known, and, for most
researchers, readily available analytical procedures enable analysis of a great number of
samples. A large dataset is the ideal condition to provide a statistical analysis that can be
used to find the similarities and differences in the pottery as it pertains to the results of,
e.g., pottery manufacturing. It was found that the values of the Fe(III)/Fe(II) coefficient do
not depend on the origin of the original material from which the ceramics were made. On
the one hand, similar values of the Fe(III)/Fe(II) coefficient were obtained for pottery from
regions with different geology (clays from marine deposits versus clays whose formation
is connected with the glacial and post-glacial processes). On the other hand, the coefficient
values were different for pottery samples with a similar chemical composition coming from
the same area. Based on the literature, the reason for the differentiation of the Fe(III)/Fe(II)
coefficient can be indicated by the different technological processes used in the manufacture
of ceramics.

The most important novelty of the work is the development of simple, routine an-
alytical tools that enable the indication of the technology of producing ceramics. The
possibility of applying the developed procedures in the analysis of a large number of
samples allows the use of statistical analysis to interpret the results, which is not possible
with the traditional classification of ceramics based on their colour.

Supplementary Materials: The following are available online. Description of XRF accuracy studies,
ICP-OES analytical figures of merit: Table S1. Wavelengths used in analysis, detection limits (DL),
calibration range (range) and precision for ICP-OES determination, ICP-OES accuracy studies: Table
S2. Results of certified reference materials analysis, Table S3. Results of acid extractable fraction of
certified reference material NIST 2709a analysis and spike recovery in standard addition method,
Colorimetric analysis accuracy studies: Table S4. Spike recovery in colorimetric procedures, Table
S5. Results of iron forms determination using different colorimetric procedures and hyphenated
analytical systems References to previous works.
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Abstract: Palazzo Valentini, the institutional head office of Città Metropolitana di Roma Capitale,
stands in in a crucial position in the Roman archaeological and urban contexts, exactly between the
Fora valley, Quirinal Hill slopes, and Campus Martius. It stands on a second-century A.D. complex to
which belong, between other archeological remains, two richly decorated aristocratic domus. One of
these buildings, the domus A, presents an outward porticoed room with a fourth-century AD central
impluvium (open air part of the atrium designed to carry away rainwater) with a black/white tiled
mosaic pavement, the preservation status of which is compromised by an incoherent degradation
product that has caused gradual detachment of the mosaic tiles. To identify the product and determine
the causes of degradation, samples of the product were taken and subjected to SEM-EDS, XRF, NMR,
FT-IR and GC-MS analyses. The findings reported in this study can help restorers, archaeologists
and conservation scientists in order to improve knowledge about the Roman mosaic, its construction
phases, conservation problems and proper solutions.

Keywords: Roman domus; mosaic restoration; multi-method diagnostic; NMR; FT-IR; GC-MS

1. Introduction

Roman mosaic is one of the most beautiful expressions of ancient art that has survived
to this day. The etymology of the word “mosaic” comes from “Muse”, which was related to
the parietal decorations of the caves consecrated to the Muses that were built in Roman
gardens. The art of mosaic [1], as a decorative technique, found its first expression in the
Aegean culture in productions of natural colored pebble pavements, initially grounded
without stone processing and later carved to realize more refined geometries.

The retaining structure (substructio) for a mosaic pavement installation was made up
of three layers: a primer coat called statuminatio, consisting of a conglomerate of big pieces
of rocks with a fist-like size; a second layer, almost 25-cm deep, called rudus, made up of
three parts of gravel and one part of lime; a nucleus, almost half the depth of the previous
layer, composed of three parts of hydraulic lime mixed to crushed pottery and one part of
lime. This use of crushed pottery together with lime was defined opus signinum by Romans,
so-called from the town of Signia, renowned for its earthenware (“terracotta”) shingles,
and represented an innovation, compared with Greek mosaic pavements cemented with
lime, thanks to which mosaic basements gained major resistance and stability.

Tiles were inserted into a superficial plaster layer and their surface was made perfectly
smooth using appropriate tools to level them off. The last step involved applying a mixture
of marble powder, sand and lime to produce a compact and tough surface.

Molecules 2022, 27, 7765. https://doi.org/10.3390/molecules27227765 https://www.mdpi.com/journal/molecules
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Some beautiful examples of late Roman mosaic art, belonging to the floors of two
residential rooms, were found in 2005 in the underground excavations of Palazzo Valentini
in Rome [2–4], together with a private thermal complex, both pertaining to the fourth-
century A.D. phase, and most significantly offering two rich aristocratic domus.

Palazzo Valentini (Figure 1a), rising at a crucial point regarding Roman archaeological
and urban contexts, was found exactly between the Fora valley, Quirinal Hill slopes and
Campus Martius, and was built by Cardinal Michele Bonelli, starting from 1585, over a
preexisting building, Palazzo Zambeccari, from the middle of the sixteenthth century, that
he bought from Giacomo Boncompagni [5–7]. The great enlargement and renovation work
commissioned by Cardinal Bonelli were within the perspective of the supremacy of a nerve
center in the town [8], as confirmed by the Roman cartography of the time, i.e., Antonio
Tempesta’s “Veduta di Roma”, 1593 (Figure S1 of the Supplementary Material). In 1827, the
palace was bought by a banker, Vincenzo Valentini, to be his house, fostering the conclusion
of works towards the Fora.

 

Figure 1. In the red circle is evidenced Palazzo Valentini (source: Google Earth [9]) (a). The paviment
mosaic and the immediately facing wall (b).

The most significant and fascinating findings were the rooms pertaining to at least two
buildings of the middle and late Imperial Age, which were surely configurated as domus A
and domus B in the fourth century A.D.: indeed, their construction must be dated between
the reigns of Hadrian and Septimius Severus (117–211 A.D.), but their story continues until
the end of the fifth century A.D. [10].

The prestige of these two residences in the first half of the fourth century A.D. is
immediately confirmed by the richness of decorative setup, consisting of great mosaic
pavements in the peristilium (Figure S2a of the Supplementary Material) and the triclinium
(Figure S2b of the Supplementary Material) of domus A, and in the marble covering of a
staircase and an apsidal Aula in the domus B. The walls and pavements were covered by
refined opus sectile with different polychrome marbles, which provided the room with the
aspect of a boardroom.

The mosaic room is located at a depth of about 5.5 m under the modern street level
and is enclosed on three sides by two walls dating to about 1865, and one perimetral wall
of the palace, which has a basement window at its upper end, opening onto the road. The
state of decay is clearly visible in the photographs and is not present in any other area of
the excavation (Figure 2).
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Figure 2. Cont.
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Figure 2. Photos of the degradation (a) of the floor and (b) of the wall and optical microscope
image (c) on the surface of the black and white mosaic pavement (10× and 40× magnification,
respectively; width focusing 25 mm, 2 mm increments; 6 V/20 W halogen light). The sample of the
degradation product of the black and white pavement mosaic of domus B was analyzed under an
optical microscope in transmittance and reflectance).

Although the excavation areas investigated up to this day are still limited, compared
with the total extension of the area of interest, the quality and quantity of archaeological
remains allow us to assert with confidence that they belonged to an important residential
quarter of senators or dignitaries of the imperial court, which occupied the most part of the
NW and NE areas of the Trajan’s Forum.

The paper focuses on the state of chemical degradation of the mosaic’s right part
and the part immediately facing the wall (Figure 1b–d). The need to identify the causes
of chemical degradation is important for the historical reconstruction of the use of this
environment over time and for the correct restoration of the wall and, essentially, the
mosaic itself. This paper shows the preliminary results in the possible identification of the
compounds responsible for such degradation.

Further, it would be advantageous that all the operations were coordinated among
restorers, archaeologists, and conservation scientists in order to improve our knowledge
about the Roman mosaic, its construction phases, conservation problems, and proper
solutions to the problems.

Finally, it should be underlined that the archaeological excavation campaign started
eight years ago and has assumed unexpected dimensions and the perfect state of conserva-
tion of the structures has made it possible to undertake work to enhance the site and open
it to the public with the offer of a sophisticated multimedia system as virtual support to the
museum itinerary.

2. Results

During a study led by one of the authors to contrast micro-biological and micro-flora
growth, typical of hypogeum settings, by different enlightenment systems (the authors
apologize but the procedure and data cannot be displayed because they are under inter-
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national patent process/review, although some information can be found at ref. [11]), the
widespread presence of brown spots was observed and ascribed to some biodegradation
products but later assessed differently. As a result, the geometric black and white mosaic of
domus A was completely restored in 2007 (though without replenishing the detached tiles,
still present on the surface) to allow a clear reading for visitors.

By accurate examination, it was possible to observe that the mosaic tiles were intact,
and the degradation product was lying over the surface of the tile and in the interstices
between one tile and another; this suggested that the degradation mainly concerned the
mosaic mortar layer, essentially made up of calcium carbonate (CaCO3).

Degradation also extended to the room walls (Figure 2a,b) and seemed similar to that
affecting the pavement. Over the centuries (especially after the sixth century), the functional
use of these underground settings, located at between 3.5 and 5.5 m of depth in respect to
the current ground level, is unclear because of fragmented or missing documentation.

By OM, it has been possible to highlight a substantial homogeneity of the degradation
product, consisting of small grain aggregate with porous surface (Figure 3). Nevertheless,
the mosaic tiles are entirely covered by a yellowish-brown degradation product of incoher-
ent substance (Figure 2a,c), more damp and compact at some pavement points. In addition
to the visual and aesthetic damage, there is the implication of a loss of mechanical–structural
properties and, therefore, of binding power.

The samples taken from the pavimental mosaic and the wall were observed by SEM at
magnifications from 50× up to over 1000× to highlight the crystalline structure. The SEM
analysis confirmed the porous structure observed by means of optical microscope. EDS
microprobe analyses were then used to identify the elemental composition of the samples.
Figure 4a,b show the SEM images of the sample from the pavimental mosaic, whereas
Figure 4c,d show the SEM images of the sample from the wall. Table 1 reports the EDS
results obtained for both the floor and wall samples.

The difference between gypsum morphology and CaSO4 and CaCO3 morphologies
are important issues important at this point, requiring some consideration. Basically, it
should be remembered that the relationship between the thermodynamic concentrations of
Ca for pure CaCO3 and CaSO4 solutions is dependent on the pH of the CaCO3 solution.
CaSO4 precipitated in the form of gypsum has a needle shaped structure, while CaCO3 has
a spiral growth and precipitates in the form of calcite. The precipitate structure is affected
by the co-existence of salts. Their co-precipitation results in CaCO3 crystals interwoven
with CaSO4 crystals. This tends to result in a co-precipitate that is stronger than pure
CaSO4 and weaker than pure CaCO3 precipitate [12]. EDS spectra showed that the sample
from the pavement was almost entirely made up of gypsum (calcium sulphate, CaSO4)
with well grown and homogeneous crystals of small dimensions. A small quantity of
calcium carbonate (CaCO3) was also revealed, the occurrence of which can be ascribed to
the mosaic mortar, since the tile surfaces and bodies look intact, although moved along
from their inclusion points in the mosaic pavement. On the basis of such observation, it
can be supposed that the tiles have slipped from their location because of pressure exerted
by the degradation product (of a chemical or biological nature), which caused a physical
degradation with structural failure of the mortar [13,14].

The sample from the wall (Figure 4c,d) looks similar to the pavement one but contains
some fragments of a more compact aspect (zone A in Figure 4d). EDS spectra (Figure 5a,b,
Table 1) revealed a lower gypsum content and a higher one of calcium carbonate. There is
also a component, albeit minimal, of Mg (0.3%), Al (0.3%), and Si (0.8%), feldspars probably
imputable to grains of earth.
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Figure 3. (a) Photo of the samples of the degradation product of both the floor and the wall (glass
Petri plate 80 mm); (b) photo of the degradation product of the pavimental mosaic taken by the optical
microscope (1000× magnification; width focusing 25 mm, 2 mm increments; 6 V/20 W halogen light).
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Figure 4. SEM micrographs of the samples collected from pavimental mosaic (a,b) and from the
wall (c,d).

Table 1. EDS analysis (% w/w) of the wall and floor samples.

Spectrum C O S Ca Mg Al Si Total

Floor 16.5 47.9 14.6 21.0 100.0
Wall 25.9 51.1 4.9 16.7 0.3 0.3 0.8 100.0
A 1 24.7 47.6 11.1 16.6 100.0
B 1 25.9 56.1 7.8 9.8 0.4 100.0

1 Portions (particles “A” and “B”) of the wall sample as shown in Figure 4d.
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Figure 5. EDS spectra of (a) floor sample and (b) wall sample. For experimental condition: see
Section 4 (Materials and Methods).
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The more compact portion (particle “A”) differs from the others (particle “B”), with a
higher gypsum content and higher calcium carbonate (Figure 6b and Table 1). At higher
magnification (1000×) (Figure 6a), as expected very small grains became visible. Another
significant difference between the pavement and wall samples was the higher content of
Carbon, which cannot be fully imputed to the higher carbonate content because of the
lower Calcium (which, as for the pavement sample also cannot satisfy both gypsum and
carbonate stoichiometry), so revealing a higher content of organic compounds (Table 1).

Indeed, the yellowish-brown color of the degradation product, and the possible use
of the room as a deposit for materials, whose composition or consequences of their use or
abandonment were not clear, strengthens the presence of hydrocarbon compounds in the
samples collected from the pavimental mosaic and the wall. Following this hypothesis,
NMR analyses of pavement and wall samples were performed to identify contingent
organic compounds (Figure 7a,b) [15].

Analysis of the NMR spectra showed the presence of aliphatic hydrocarbons in the
samples (shift at 7.3 ppm is deuterated chloroform used as solvent). In particular, Figure 7b
clearly shows the presence of aliphatic hydrocarbons (shifts between 0.8 and 1.7 ppm). On
the other hand, Figure 7a shows a broad signal. The presence of some -OH group caused a
shift broadening. Basically, protons on carbon adjacent to the alcohol oxygen showed up in
the region of 3.4–4.5 ppm. The electronegativity of the alcohol oxygen de-shielded these
protons causing them to appear downfield, when compared to alkane protons. Further,
protons directly attached to the alcohol oxygen often appeared in the region of 2.0 to
2.5 ppm. These peaks tended to appear as short, broad singlets [16,17]. Actually, there was
also another reasonable interpretation of these broad signals in the NMR spectrum:. They
may also be the product of a larger molecular size of the compound or the presence of some
paramagnetic impurities in the sample. In any case, the identification of the substance
was carried out through a comparison with the online database of 1H-NMR spectra of
organic substances in CDCl3 provided by the National Institute of Advanced Industrial
Science and Technology (AIST). From the analysis of the 1H-NMR spectra, the presence of
aliphatic hydrocarbons seemed to emerge, some of which also contained amino and sulfur
groups, such as octane, 2-methylhexane, 2-mthylnonane, decylamine, 1-methyleptylamine,
methylpentylsulfide, sodium 1-octanesulfonate (Figure S3 of the Supplementary Material),
and, mainly, a more complex composition in the sample coming from the wall (Figure 7a)
than that coming from the pavement (Figure 7b).

The FT-IR analyses were conducted by putting the samples from the wall (Figure 8a)
and floor (Figure 8b) on potassium bromide (KBr) tablets. The spectra (recorded in the
range 4000–400 cm−1) confirmed the presence of calcium sulfate (by diagnostic peaks at
607, 1117, 1620 cm−1) in the product lying on the mosaic pavement (Figure 8b). The calcium
carbonate peak (at 875 and 1384 cm−1) was attributed to mosaic mortar, while the double
peak at 3400–3500 cm−1 was due to a N–H simple bond in the compound.

The FT-IR analysis of the samples coming from the wall (Figure 8a) and floor (Figure 8b)
showed that their hydrocarbon compositions were essentially similar. The possible reason
for this was common contamination. In addition, the study of the FT-IR spectra also
indicated that the sample coming from the floor contained only gypsum, whereas that
coming from the wall also contained calcium carbonate, which was associated with the
binder of the mortar that constituted it. Further, the FT-IR spectra also demonstrated the
presence of possible compounds containing N–H: these compounds could be the same as
those identified by NMR analysis and reported in the Supplementary Material, namely
1-methylheptylamine and decylamine.
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Figure 6. SEM photo (a) and EDS spectrum (b) of the spot of the particle “A” of the wall sample. For
experimental condition: see Section 4 (Materials and Methods).
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Figure 7. 1H-NMR spectra (300 MHz, CDCl3) of (a) wall and (b) pavement samples.
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Figure 8. FT-IR spectra (4000–400 cm−1; Globar source and deuterated triglycine sulfate, DTGS,
detector; 200 scans; resolution 2 cm−1) of samples taken from (a) wall and (b) floor (CaCO3 875 cm−1;
CaSO4 607 cm−1). The red/black and green/blue spectra in figure (a) and figure (b), respectively, are
related to two different samples from wall (a) and floor (b). The blue boxes show the signals due to
calcium sulfate.
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Finally, the GC-MS analysis on a floor sample subjected to chemical degradation made
it possible to identify the organic composition responsible for the yellow/brown color with
greater accuracy. Figure 9 shows the Total Ion Current (TIC) chromatogram, whereas Figure
S4 of the Supplementary Material shows the mass spectra of the identified compounds.
The MS spectra confirmed the NMR results, namely the presence of low molecular weight
hydrocarbons as octadecane and hexadecane, and the presence of sulfur as sulfurous acid,
and the identification of complex compounds, such as ethyl 5-chloro-2-nitrobenzoato and
tributyl-chloro-stannane.

Figure 9. GC-MS chromatogram (fused-silica capillary column, HP-5MS; stationary phase SE54;
30 m × 0.25 mm I.D. and 0.25 μm df; Tinj 300 ◦C; splitless mode 30 s; T transfer line 200 ◦C; program:
T0 120 ◦C, isothermal for 1 min, 30 ◦C min−1 up to 200 ◦C, 5 ◦C min−1 up 230 ◦C, then 30 ◦C min−1

up to T final 290 ◦C; carrier gas He; m/z from 50 to 700 at 70 eV.) of a pavement sample. Peaks:
1 hexadecane, 2 octadecane, 3 nonyl 2-propyl ester sulfurous acid, 4 tributylchloro-stannane. Mass
spectra are shown in Figure S4 of the Supplementary Material.

3. Discussion

Diagnostic analyses demonstrated that the black and white mosaic of the domus A was
affected by a diffuse degradation of chemical origin, with the formation of gypsum crystals,
due to the presence of sulfur in the topsoil beneath the mosaic bedding layer [18]. An
aesthetic degradation was also evident because of organic compounds with 10–20 carbon
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atoms that could be traces of some unrefined combustive oil used in the past, but not yet
present in the bedding layer, like the remains of up-to-date chemical pollutants used in
pharmaceutical and agricultural industries [19].

These modern pollutants, as well as the sulfur traces, could have arisen from the
aquifer beneath the mosaic room, permeating the overlying topsoil and consequently
filtering through the mortar in the form of salts, or could be present in the soil bordering
the mosaic room wall, which is still to be investigated. Another possible source of sulfur in
the urban context could be sulfur oxide air pollution, in particular, due to wood heating.
Still this system has by now almost completely disappeared in big cities such as Rome.
Considering the wide micro-flora colonization of Palazzo Valentini underground settings,
another hypothesis for the presence of sulfur could be special anoxygenic photosynthetic
bacteria, such as Thiobacillus sp., able to oxidize sulfur (from sulfuric acid or other sulfur
compounds produced during mineralization processes) to sulphates using the energy
produced to fix organic carbon (CO2) in the photosynthetic process. Anaerobic sulfur
bacteria can also partially oxidize sulfuric acid to elemental sulfur, which tends to form
sediment in soils and takes part in long cyclic processes [20].

Based on the results of this study, three different hypotheses can be drawn on the
reason for the deterioration. The first hypothesis is based on documents of the archaeolog-
ical excavation where it is reported that, in the seventeenth century, some underground
rooms of Palazzo Valentini, but at a higher level than the room of the domus B with the floor
mosaic, were used as a printing house. Therefore, it can be hypothesized that the traces of
hydrocarbons are attributable to printing oil percolating over time. A second hypothesis,
on the other hand, is based on the presumed presence, reported in the chronicles of the
seventeenth century, of a boiler in the room of the domus B and, therefore, on the fuel used
for the same. The critical point of this hypothesis is that, although we have news of this
boiler, it has never been found, much less traces of its possible presence. Finally, a third
hypothesis on the origin of the degradation, perhaps more concrete and real, is based on
more recent historical facts. Documentary research made during the excavation campaigns
reports the use of these underground rooms as fuel oil storage for a boiler installed in
proximity to the mosaic room. In addition, it is important to report that these subterranean
settings were changed into a bunker during the Second World War, still existing as part
of the exhibition itinerary, which extended to under Palazzo delle Assicurazioni Generali di
Venezia and whose frequentation probably implied the use of some combustive substance
for lighting and heating. This last hypothesis was confirmed in the finding, during the
excavation, of metallic remains (lids, etc.) of drums of traction/heating fuel.

A possible definitive solution could be the isolation of mosaic pavement (or at a still
unknown depth) from the underlying soil soaked with the organic compound. This kind of
expensive intervention should involve the surviving mosaic’s detachment, the excavation
of all back-up layers and an additional one to gain a tank far larger than the mosaic surface
extension for the new waterproofing layer coating, without binder and of suitable thickness.
The purpose of these steps would be reconstructing every bedding layer discovered during
the detachment operation and re-installing the pre-existing mosaic, eventually replenishing
it with tiles discovered in the new excavations (a similar approach has been chosen for the
Giotto frescoes in the Upper Basilica of Assisi).

Finally, it would be really important to use compatible materials, as similar as possible
to the original ones, such as ten-year aged hydrated lime, pozzolana, white marble powder,
washed river sand and the like, recovering old recipes mentioned by Romans or during the
Renaissance.

4. Materials and Methods

The sampling was performed at a few different points, in very small amounts, of
course. After this, the samples were collected together and homogenized in a mortar and
two representative samples were analyzed.
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The experimental approach involved the use of multiple analytical methods for better
identification of the compounds responsible for the degradation, namely Optical Micro-
scope (OM), Scanning Electron Microscope with Energy Dispersion Spectroscopy (SEM-
EDS), X-ray fluorescence (XRF), Nuclear Magnetic Resonance (NMR), Gas Chromatography
coupled with Mass Spectroscopy (GC-MS) and Fourier Transform Infrared Spectroscopy
(FT-IR). The authors opted for an analytical study to identify the substances involved and
their common role in the degradation action. For this purpose, samples of the degradation
product were taken from both the wall and the floor. Two samples of the degradation
product were taken with tweezers and spatula, one from the floor and one from the wall
(Figure 3a). The samples were observed under the Motic BA200 binocular optical micro-
scope (Figure 3b) and in reflection mode with the Motic MLC-150C optical fiber. The
instrument features were: 4×, 10×, 40×, and 100× quadruple nosepiece; focusing with
a width of 25 mm, in 2 mm increments; 6 V/20 W halogen lighting system with light
intensity control.

Samples were observed with SEM coupled with EDS to better investigate the crystal
structure. The use of EDS made it possible to get a non-destructive qualitative and semi-
quantitative sample analysis, identifying the chemical elements in the investigated spots
unequivocally [21]. SEM analysis, over information on topography and crystal structure
of the samples collected, also gave a grey-scale map of the surface, revealing zones with
different medium atomic density (where the heaviest elements, which in our spectra was
calcium, appeared clearer and brighter than those of lighter ones). As these were non-
metallic samples, they needed to be coated with a conductive material during SEM sample
preparation to make them compatible with SEM: a thin layer of gold was used by means
of a sputter coater. Microscope analyses were performed by an SEM instrument (mod.
Leica LEO 440 S, Wetzlar, Germany) equipped with an energy dispersive spectrometer for
X-ray EDS (mod. INCA Energy 400, Oxford Instruments, Abingdon-on-Thames, UK). SEM
allowed high magnification (beyond 100,000×) digital images of different kinds of samples
with an up to 5-nm resolution while EDS allowed identification of the elemental composi-
tion, both of the entire sample and on more or less restricted areas. Our main experimental
conditions were 10−6 hPa vacuum and 20 keV accelerating voltage. Diffractometry instead
revealed the presence of crystalline compounds. This was carried out using a Bruker AXS
D8 Focus automatic diffractometer for powders, operating in a reflection in Bragg Brentano
θ/2θ geometry with an exposure of 12 h.

In addition, NMR analysis was performed over the degradation product samples from
both pavement and wall of the mosaic room to analyze a possible organic component [22].
For NMR measurements, the samples taken from the pavimental mosaic and the wall were
dissolved in deuterated chloroform (CDCl3), and after being centrifuged and filtered, they
were subjected to 1H-NMR analysis. NMR analysis for the degradation product of the
pavimental mosaic [23] was carried out using the mod. 300 MHz Varian Mercury (Varian,
Palo Alto, CA, USA) operating at 300 MHz (superconducting magnet at 7.05 T). Chemical
shifts in 1H-NMR spectra were reported in parts per million (ppm) on the δ scale using the
solvent signal as an internal standard.

The Fourier transform infrared (FT-IR) spectroscopy was used to identify the organic
compound structure by using characteristic vibrations of molecules producing spectra
with characteristic bands in the infrared region (from 400 cm−1 to 4000 cm−1), where
single bands can be attributed to vibrations of specific chemical groups. FT-IR spectra
were carried out using an Alpha FT-IR instrument (Bruker Optics, Ettingen, Germany)
equipped with a Globar source (i.e., a microscope) and a deuterated triglycine sulfate
(DTGS) detector [24,25]. Each sample was analyzed, collecting 200 scans or more at a
resolution of 2 cm- 1 in the spectroscopic range 4000–400 cm−1. The spectra collected
showed excellent reproducibility [26].

Finally, a floor sample was analyzed by GC-MS, an analytic method by which complex
mixtures of chemical compounds may be separated, and the compounds were identified
and quantified. Each sample was dissolved in acetone and the analysis was performed by
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means of a HP-5890 Series II (HP, Rome, Italy) gas chromatograph coupled to a HP-5972
mass selective detector (HP). Chromatographic separations were achieved on a fused-silica
capillary column (HP-5MS), stationary phase SE54 (5% phenyl-95% methylpolysiloxane),
30 m × 0.25 mm I.D. and 0.25 μm df [27–29]. The chromatographic conditions were as
follows: injector temperature 300 ◦C; injections made in splitless mode (30 s delay before
opening the splitter); transfer line temperature 200 ◦C; initial oven temperature 120 ◦C,
isothermal for 1 min; 30 ◦C min−1 up to 200 ◦C; 5 ◦C min−1 up 230 ◦C; then 30 ◦C min−1 up
to the final temperature of 290 ◦C. The carrier gas was helium, constant inlet gas pressure
of 5 psi. The mass spectrometer was scanned from m/z 50 to 700 at 70 eV.

5. Conclusions

This paper is a preliminary study on a black and white Roman mosaic. In particular,
the authors wished to suggest a methodology for studying the state of degradation of an
archaeological find. Such degradation, due to the presence of hydrocarbons, which to date
cannot be dated with certainty, risk irreversibly damaging the mosaic, as well as the rooms
and the walls in such domus. Different analytical methodologies were used to understand
the organic composition involved in this contamination and the composition of the wall
and pavement. The contamination, as well as the sulfur traces, could have arisen from
the aquifer beneath the mosaic room, permeating the overlying topsoil and, consequently,
filtering through the mortar in the form of salts, or could be present in the soil bordering
the mosaic room wall, still not investigated. Another possible source of sulfur in the urban
context could be sulfur oxide air pollution, in particular due to wood heating, but this
system has by now almost completely disappeared in big cities like Rome. The authors
believe that all these findings are fundamental for preliminary studies but they could also
be very important for developing protocols of restoration and conservation. It should also
be considered that during the writing of this paper, a cleaning intervention was made on
the mosaic surface, but more invasive solutions should be applied in the event of a new
occurrence of the above-mentioned degradation problems. A possibly definitive solution
could be the isolation of mosaic pavement, or a still unknown depth, from the underlying
soil soaked with the organic compound to ascertain it. This kind of expensive intervention
should involve the surviving mosaic’s detachment, the excavation of all back-up layers and
of an additional one to gain a tank far larger than the mosaic surface extension for a new
waterproofing layer coating, without binder and of suitable thickness, with the purpose of
then reconstructing every bedding layer discovered during thedetachment operation and
re-installing the pre-existing mosaic, and eventually replenishing it with tiles discovered
in the new excavations (a similar approach has been chosen for the Giotto frescoes in the
Upper Basilica of Assisi).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27227765/s1, Figure S1: “Veduta di Roma” (1593) by
Antonio Tempesta: in the red box Palazzo Valentini is highlighted; Figure S2: Palazzo Valentini:
(a) domus A: rests of the peristilium with black and white mosaic pavement and bases for columns
or pilasters; (b) domus A: triclinium with colored geometric mosaic pavement; Figure S3. NMR
spectra of the aliphatic hydrocarbons identified in the investigated samples; Figure S4. Selected Ion
Monitoring (SIM) spectra of the compounds (octadecane, hexadecane, nonyl 2-propyl ester sulfurous
acid, tributylchloro-stannane) investigated in the floor sample.
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14. Sudoł, E.; Małek, M.; Jackowski, M.; Czarnecki, M.; Strąk, C. What makes a floor slippery? A brief experimental study of ceramic
tiles slip resistance depending on their properties and surface conditions. Materials 2021, 14, 7064. [CrossRef] [PubMed]

15. Mason, J. Nitrogen nuclear magnetic resonance spectroscopy in inorganic, organometallic, and bioinorganic chemistry. Chem. Rev.
1981, 81, 205–227. [CrossRef]

16. Fulmer, G.R.; Miller, A.J.M.; Sherden, N.H.; Gottlieb, H.E.; Nudelman, A.; Stoltz, B.M.; Bercaw, J.E.; Goldberg, K.I. NMR chemical
shifts of trace impurities: Common laboratory solvents, organics, and gases in deuterated solvents relevant to the organometallic
chemist. Organometallics 2010, 29, 2176–2179. [CrossRef]

17. Babij, N.R.; McCusker, E.O.; Whiteker, G.T.; Canturk, B.; Choy, N.; Creemer, L.C.; De Amicis, C.V.; Hewlett, N.M.; Johnson, P.L.;
Knobelsdorf, J.A.; et al. NMR chemical shifts of trace impurities: Industrially preferred solvents used in process and green
chemistry. Org. Process Res. Dev. 2016, 20, 661–667. [CrossRef]

18. Van Driessche, A.E.S.; Stawski, T.; Kellermeier, M. Calcium sulfate precipitation pathways in natural and engineering environ-
ments. Chem. Geol. 2019, 530, 119274. [CrossRef]

19. Stepanova, A.Y.; Gladkov, E.A.; Osipova, E.S.; Gladkova, O.V.; Tereshonok, D.V. Bioremediation of Soil from Petroleum Contami-
nation. Processes 2022, 10, 1224. [CrossRef]
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Abstract: The identification of gemstones is an important topic in the field of cultural heritage, given
their enormous value. Particularly, the most important precious stones, namely diamond, emerald,
ruby and sapphire, are frequently subjected to counterfeit by substitution with objects of lesser value
with similar appearance, colour or shape. While a gemmologist is able to recognise a counterfeit in
most instances, more generally, it is not easy to do this without resorting to instrumental methods.
In this work, the use of UV-visible diffuse reflectance spectrophotometry with optic fibres (FORS) is
proposed as a fast and easy method for the preliminary identification of gemstones, alternative to the
classical methods used by gemmologists or to Raman spectroscopy, which is by far the instrumental
method with the best diagnostic potential, but it cannot be used in situations of problematic geometric
hindrance. The possibilities and the limitations given by the FORS technique are critically discussed
together with the spectral features of the most important gemstones. Finally, the application of
chemometric pattern recognition methods is described for the treatment of large sets of spectral data
deriving from gemstones identification.

Keywords: FORS; reflectance; non-invasive; gemstones; colour

1. Introduction

Due to their enormous value, the identification of gemstones is an important topic
in the field of cultural heritage. Counterfeit is rather common, and particularly, the most
precious stones, namely diamond, emerald, ruby and sapphire, are frequently substituted
with gemstones of lesser value which have the same appearance, colour or shape. While a
skilful gemmologist with expertise may be able to differentiate between authentic and fake
gemstones, it can be challenging without resorting to instrumental methods.

The classical methods used by gemmologists are based on the measurement of the
refraction index, of the birefringence or double refraction and of specific gravity [1,2].
Apart from these methods, instrumental techniques are presently available which allow
even non-experts to correctly identify gemstones. Raman spectroscopy is one of the
techniques with the most accurate diagnostic potential due to the fact that it can provide a
fingerprint of nearly every known gemstone [3,4]; moreover, the process is completely non-
invasive and non-destructive. When a portable Raman system is available, this analysis
can be performed in situ, i.e., inside museums where precious artworks are kept, without
the need to remove the objects from their original location in order to analyse them in
laboratories [5–8]. Fourier Transform-Infrared (FT-IR) spectroscopy can be used as well,
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exploiting the various configurations available, i.e., absorbance, reflectance, Attenuated
Total Reflection (ATR), etc. [9].

Despite the reliability of Raman spectroscopy in the identification of gemstones, in
certain situations, it cannot be used because of geometric hindrances (e.g., an artwork
located inside a cabinet). The same holds when a jewellery artwork is to be analysed using
classical methods that need gemstones to be studied detached from the jewel frame.

Another technique commonly used in gemmological laboratories is UV-Visible-NIR
absorption spectrophotometry. It is well known that most gemstones owe their colour to
the presence of small amounts of transition metal ions occurring as impurities inside their
structure [10,11]: such gemstones are called allochromatic, in contrast to idiochromatic gem-
stones in which the chromophore is a main chemical constituent (an example is turquoise
-CuAl6(PO4)4(OH)8·4H2O-in which the chromophore is Cu2+). Particularly relevant is the
incomplete set of 3d electrons of transition metal ions. Since most of the d–d transitions
occur in the visible region, UV-Visible-NIR absorption spectrophotometry is suitable for
the identification of coloured gemstones. Other known phenomena causing the appear-
ance of colour in gemstones, such as charge-transfer and colour centres, generate spectral
features [12–14] that can be appreciated as well. However, this technique has two main
drawbacks in the analysis of gemstones: (1) when used in absorbance mode, it functions
on transparent gemstones only; (2) it can be used only on gemstones analysed in a labora-
tory. The first drawback can be addressed by means of an integration sphere, a sampling
geometry that enables the collecting of reflectance spectra even from opaque or translucid
gemstones, thus allowing to obtain apparent absorbance spectra; the second drawback cannot
be addressed.

One additional drawback of UV-Visible-NIR absorption spectrophotometry is the fact
that many gemstones are pleochroic, that is, they show two or three different colours when
viewed from different angles or irradiated with different lights. This means that although
such gemstones can be identified with Raman spectroscopy because the vibrational be-
haviour does not change even when the angle is changed, the absorption response—and
therefore the possibility to reliably identify these gemstone—will vary because of both the
different chromophore system present and the angle of collection of the response itself.

Finally, it is well known that artificial treatments, such as heating or irradiation, can
cause colour changes due to induction (or improvement) of the charge transfer mechanism
or creation of colour centres. In such cases, again, the absorption spectrum is changed
while the vibrational spectrum is not.

In such cases, a good alternative could be the use of a preliminary technique such
as UV-Visible diffuse reflectance spectrophotometry with optic fibres (FORS). The FORS
technique, due to the use of a small probe, can be employed in situ nearly anywhere without
steric constraints; moreover, the technique works on transparent, translucent and opaque
objects. A patented method has been recently issued by Takahashi and Perera [15]. When
examining pleochroic gemstones, it is relatively easy to change the angle of measurement
in order to verify the different responses. The diagnostic issues generated by the artificial
treatments of gemstones are obviously like those encountered in the absorption mode.
Ultimately, the FORS technique can be an advantageous alternative to classical methods
used in gemmology, in particular in cases where jewellery artworks cannot be moved from
their natural locations, such as museums.

In this work, the possibilities and the limitations given by the FORS technique in the
identification of gemstones are critically discussed.

2. Results

The spectral response yielded by the FORS analysis is mainly related to the chro-
mophore system of the gemstone. In most cases, this involves the presence of one or more
metal ions in specific oxidation states. The spectrum can therefore provide information
useful for (a) the identification of the gemstone and (b) its geographical or geological
provenance that can be related to the presence of specific elements.
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The FORS technique is particularly useful in cases where the analysis is carried out on
opaque material. In fact, these are the cases in which a larger amount of light is diffused
by the sample because of scattering and therefore can reach the detection system. Most
of the gemstones, however, are transparent or translucent; hence, the amount of reflected
radiation is low and poor spectra must be expected. Nevertheless, the spectral features
necessary for the identification (reflectance minima/apparent absorbance maxima) can
usually be detected with instruments of good sensitivity.

In FORS analysis of gemstones, the influence of ambient light (LED, neon lights, direct
sunlight) on the spectral response must be taken into account. To exploit the advantages of
this technique, the measurements are usually carried out in open systems, that is, presenting
the probe directly to the gemstone without covers, contrarily to the measurements carried
out inside spectrophotometers such as in transmission mode or with an integration sphere.
Ambient light can generate undesired spectral artefacts, which are sometimes easy to
recognise because they occur as sharp bands. A proper way to avoid this drawback is
to cover the tip of the probe with a small cylindrical sheath cut into a slope (Figure 1) to
exclude external sources of light.

Figure 1. FORS probe with a small cylindrical sheath to exclude external source of light.

In the following paragraphs, the possibility of identifying the most important gem-
stones with FORS will be evaluated. The discussion is arranged according to the colour of
gemstones. Spectra are shown mostly in Log(1/R) coordinates, i.e., in apparent absorbance,
in order to better appreciate the absorption features, except for cases in which lumines-
cence bands must be highlighted (e.g., sapphire, ruby), and so, the corresponding spectra
are shown in the usual reflectance coordinates. In the figures where multiple spectra are
presented, spectra are offset for clarity.

The identification of all the gemstones analysed has been previously confirmed by
means of Raman spectroscopy.

2.1. Blue Gemstones

The blue gemstone par excellence is the sapphire, a variety of corundum—Al2O3.
The mechanism of the blue colour generation in sapphires has long been debated [16].
Bristow et al. [17] provided spectroscopic evidence that the mechanism responsible is an
intervalence charge transfer (IVCT) between Ti4+ and Fe2+; Palanza et al. [18,19], besides
the IVCT mechanism, cited overlapping crystal field transitions of Cr2+, Cr3+, Ti3+, V2+ and
V3+ ions. In Figure 2, the FORS spectrum of a blue sapphire is shown: it is characterised by
main absorption bands at ca. 390, 456 and 706 nm due to Fe3+ and a band at 570 nm due to
Fe2+-Ti4+ IVCT.
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Figure 2. FORS spectrum in reflectance coordinates of a blue sapphire from Cambodia (solid line)
and a yellow synthetic sapphire (dashed line).

Sapphires, which usually are blue, can also be yellow–orange due to the presence
of Fe3+. The corresponding spectrum shows the absorption band at ca. 450 nm more
prominent and a shoulder at 413 nm (see Figure 2). Sapphires may also appear green when
both yellow and blue chromophores are present.

Additional spectral features in sapphires can include two luminescence bands at 693
and 694 nm, due to Cr3+ ions [20,21], that appear as a single sharp negative band in the
FORS spectrum (see Figure 1).

Recently [22,23], it has been demonstrated that UV-visible spectrophotometry, besides
other techniques [24], can differentiate treated and non-treated corundum, which is an
important issue in the gemstones market, based on the presence of a strong, wide absorption
band at ca. 555 nm due to the formation of the blue colour [FeTi]6+ complex.

The presence of Fe2+ and Fe3+ ions, instead, causes the typical blue–green colour of
aquamarine, which is due to a variety of beryl—Be3Al2Si6O18. The spectrum (Figure 3)
shows two main absorption bands at 425 nm, due to Fe3+ in octahedral sites, and at ca.
820 nm, due to Fe2+-Fe3+ intervalence charge transfer [25].

Figure 3. FORS spectrum in Log(1/R) coordinates of aquamarine.
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Another precious blue stone, known by mankind since at least 5 millennia, is the lapis
lazuli. The typical blue colour is due to the lazurite phase—Na6Ca2(Al6Si6O24)(SO4,S,S2,S3,
Cl,OH)2—while other accessory phases (e.g., diopside, calcite, pyrite) are present but do
not contribute significantly to the absorption features. The FORS spectrum (Figure 4) is
dominated by a main band at 600 nm and a second band at ca. 400 nm, which are both due
to the intervalence charge transfer mechanism of absorption between HS3

−, S2
− and S3

−
radicals entrapped in the lazurite cage. The second band has been considered as distinctive
for samples of Afghan origin [26].

Figure 4. FORS spectrum in Log(1/R) coordinates of lapis lazuli.

The turquoise is considered a step below the most precious gemstones. It is a hydrated
Cu and Al phosphate with formula CuAl6(PO4)4(OH)8·4H2O. The colour is mainly due to
Cu2+, with contribution by substituted elements such as Fe2+, Fe3+ and Zn2+. The FORS
spectrum of turquoise (Figure 5) shows a broad band at ca. 680 nm due to Cu2+ and a sharp
peak at ca. 420 nm due to Fe3+, accounting for a greener hue [27]. The presence of broad
absorption bands at ca. 620 and 680 nm usually indicates dyed turquoises [28].

Figure 5. FORS spectra in Log(1/R) coordinates of a natural turquoise (solid line) and a dyed
turquoise (dashed line).
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2.2. Green Gemstones

The most important green gemstone is the emerald, which is the most precious variety
of beryl—Be3Al2(Si6O18). The UV-visible absorption spectrum of emerald obtained by
FORS is well known and characterised by two main broad bands occurring at 440 and
616 nm, due to Cr3+ and V3+ ions, and two sharp bands occurring around 682 nm, due to
Cr3+ ions [29]. Spectral features due to Fe2+ (a broad band at 843 nm) and Fe3+ ions can be
present as well; the presence or absence of these features can provide information on the
geographic provenance of emeralds. In Figure 6, the spectrum of an emerald is shown in
comparison with the spectra of an emerald-like green glass coloured with Cu2+ and of an
emerald-like green glass coloured with Cr3+and Cu2+ (Kremer Pigmente 39132, Colored
Glass, Emerald Green, transparent): the possibility of distinguishing emerald from the two
glasses according to the absorption features is apparent, even in the case of glass containing
Cr3+, which is the same ion that generates the colour of emerald but inside a ligand field of
different strength.

Figure 6. FORS spectra in Log(1/R) coordinates of an emerald (solid line), a Cu2+ green glass (dashed
line) and a Cu2+/Cr3+ green glass (dotted line).

Another gemstone containing beryllium is the alexandrite, which is a variety of
chrysoberyl—BeAl2O4. It is a rare pleochroic gemstone that appears green in daylight
but turns red in incandescent light [30]. The colour is due to impurities of the Cr3+ ion
substituting Al3+ in the structure, which generate a main band at ca. 580 nm and a shoulder
at ca. 680 nm; another band at 446 and minor bands between 380 and 400 nm are due to
Fe3+. Figure 7 shows a comparison of the spectra of alexandrite, a green heliodor (another
gemstone of the beryl family) and of a yellow chrysoberyl (see below).

The chrome-chalcedony or mtorolite is a rare variety of chalcedony. Its aspect is green due
to Cr3+ impurities, and its reflectance spectrum (Figure 8) is dominated by a single band at
ca. 610 nm. It was commonly employed in glyptic art of the Roman age [31], possibly as a
substitute of emerald, and in medieval precious bindings such as the Pace di Chiavenna [32]
and the binding of the C Codex of Vercelli [33].
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Figure 7. FORS spectrum in Log(1/R) coordinates of alexandrite (dotted line), a green heliodor
(dashed line) and a yellow chrysoberyl (solid line).

Figure 8. FORS spectrum in Log(1/R) coordinates of chrome-chalcedony.

A very common gemstone is the malachite. Its absorption spectrum is dominated
by a peak at ca. 800 nm due to Cu2+ [34]; because this gemstone is opaque, it can be
distinguished from a transparent green glass but not from an opaque green glass coloured
with Cu2+, which will show similar absorption features. Chrysocolla is coloured by Cu2+

too, but the absorption maximum occurs at ca. 690 nm [35].
The peridot is a green-to-yellow variety of the mineral olivine, with formula Mg2SiO4·

Fe2SiO4. (Figure 9). The colour is due to Fe2+ ion [36] (weak bands between ca. 450 and
490 nm); other features at 513 and 653 nm can possibly be due to another chromophore such
as Cr3+.
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Figure 9. FORS spectrum in Log(1/R) coordinates of peridot.

2.3. Pink Gemstones

The rhodochrosite, a Mn(II) carbonate with formula MnCO3, is one of the pink gem-
stones. The colour is due to the three bands of Mn2+ occurring at 407, 445 and 547 nm
(Figure 1). Another Mn-containing pink gemstone is the rhodonite, a silicate with for-
mula MnSiO3. The spectral features are very similar to those of rhodochrosite, with Mn2+

bands occurring at 409, 456 and 549 nm (Figure 10). Therefore, FORS systems with the
350–1100 nm spectral range will generally be unable to distinguish between rhodochrosite
and rhodonite, while systems with an extended range up to 2500 nm will reveal spec-
tral features of the anions (carbonate and silicate in this case), thus enabling a more
accurate identification.

Figure 10. FORS spectra in Log(1/R) coordinates of rhodochrosite (solid line) and rhodonite
(dashed line).

2.4. Red and Purple Gemstones

Ruby, the most precious variety of corundum—Al2O3—owes its colour to Cr3+ [16].
It is relatively easy to identify and discriminate from its substitutes, such as ruby-like

128



Molecules 2022, 27, 4716

glasses, thanks to two luminescence bands occurring at 693 and 694 nm, due to Cr3+;
these bands can be clearly seen upon reflectance measurements, despite not being true
reflectance bands.

In Figure 11 (top), the FORS spectra of ruby and a ruby-like glass coloured with
selenium (Kremer Pigmente 39224, Colored glass, Gold ruby extra, transparent) are shown
in reflectance coordinates: the spectrum of ruby (solid line) is clearly dominated by the two
luminescence bands. In Log(1/R) coordinates (Figure 11, bottom), the spectrum of ruby
shows two absorption bands at ca. 413 and 550 nm, which were again due to Cr3+.

Figure 11. Top: FORS spectra in reflectance coordinates of ruby (solid line) and a ruby-coloured glass
(dashed line). Bottom: FORS spectra in Log(1/R) coordinates(same legend).

The difference between the spectral features of ruby and a ruby glass are evident. In
the former, the chromophore system is the Cr3+ ion in the network of corundum (Al2O3)
which causes the crystal-field splitting of the energy levels of Cr3+ [37]. In the latter,
the ruby colour can be obtained by adding Se, metallic Cu or metallic Au, but whatever
the chromophore is, the spectral features are widely different from those of Cr3+ ion
in corundum.
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The garnet group of minerals has a broad range of chemical composition and colours
from the most common red to orange, purple, brown, up to colourless [38]. The spectrum of
garnet is depending on the transition metal ions present in the structure, mostly Cr3+, Fe2+,
Fe3+, Mn2+ and V3+ [39,40] and on Fe2+-Ti4+ intervalence charge transfer, and it is usually
rich in features. In the spectrum in Figure 12, taken from a purple pyrope-almandine garnet
(dashed line), absorption bands at 397, 464, 505, 521, 618 and 697 nm can be attributed to
Fe2+, with the last band attributable also to Fe3+-Fe2+ IVCT; bands at 426 and 464 nm can
be attributed to Mn2+. The band at 573 nm may be attributed to Fe3+, Cr3+ and/or V3+. The
spectrum of an orange spessartite (solid line) is dominated by the features of Mn2+. at 410,
432 and 480 nm.

Figure 12. FORS spectrum in Log(1/R) coordinates of a spessartite garnet (solid line) and a purple
pyrope–almandine garnet (dashed line).

A particular case of red gemstone is the coral, one among the very few of organic nature.
The red-to-pink colour of corals is not due to inorganic chromophores but to carotenoids;
therefore, it is produced by electronic transitions among delocalised molecular orbitals [41].
Natural corals can be counterfeit by bleaching and dyeing the surface in order to obtain
a more homogeneous and rich coloration. In natural corals, the absorption spectrum is
dominated by a main band structured in three sub-bands at ca. 465, 498, and 525 nm, with
minor spectral features in the UV region. Dyed coral samples do not show these features.
In Figure 13, the FORS spectrum of a natural coral is shown.

Figure 13. FORS spectrum in Log(1/R) coordinates of a natural coral.
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2.5. Violet Gemstones

A violet–blue gemstone is the tanzanite, which is a pleochroic variety of zoisite—
(Ca2Al3[Si2O7][SiO4]O(OH)). The colour is mainly due to the V3+ ion [42]. Due to the
rarity of natural high-quality gemstones, lower-quality products are generated by means
of heat treatment. The absorption spectrum is dominated by the features of V3+ with two
main bands occurring at 600 and 750 nm and a shoulder at 540 nm (Figure 14).

Figure 14. FORS spectrum in Log(1/R) coordinates of tanzanite.

2.6. Yellow Gemstones

The chrysoberyl is a gemstone containing beryllium as the beryl family, of various
colours, although yellow and yellow–green are considered the most valuable. The FORS
spectrum is dominated by a sharp band at ca. 440 nm due to Fe3+, with a minor band at
502 nm (Figure 7).

Heliodor is another variety of beryl with golden–green to yellow–green hue. Its colour
is due to a mechanism of charge transfer between Fe3+ ions and the surrounding oxygen
ions [43], generating an absorption band at ca. 815 nm (Figure 7).

2.7. Multicoloured Gemstones

These gemstones represent a challenge for FORS analysis. In such gemstones, the
presence of metal ions impurities or other mechanisms of colour generation can vary
extensively, rendering the absorption response highly variable (although not the vibrational
behaviour), and it is difficult to identify specific spectral features. In some cases, the same
gemstone may include areas with different colours [44].

A very common group of multicoloured gemstones is that of quartz—crystalline
SiO2. It includes macro-, micro- and crypto-crystalline varieties, with a wide range of
colours arising from colour centres, from optica effects and from inclusions. [45]. The set
of varieties has recently been reviewed by Jovanovski et al. [46]. As to the most valuable
quartz gemstones, that is the macro-crystalline varieties, the main mechanism generating
colour is that of colour centres associated with ions external to the structure of quartz,
mostly Fe3+ and Al3+ [47]. Amethyst, the most precious variety of quartz, owes its violet
colour to Fe3+ impurities exposed to ionising radiation, arising from the natural decay of
40K nuclides or from artificial irradiation; irradiation causes the oxidation of substitutional
Fe3+ to Fe4+ and reduction in interstitial Fe3+ to Fe2+. [48]. Its FORS spectrum (Figure 1) is
characterised by a broad absorption band at ca. 540 nm; further bands are present at ca.
350 and 950 nm. It is not possible to distinguish between naturally or artificially irradiated
amethysts by means of the FORS response only.
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Another variety is citrine quartz, with a yellow to brown colour. While natural citrines
are rare, most of them are obtained by heat treatment of amethysts between 350 and
450 ◦C: this will increase the number of substitutional and interstitial sites filled with Fe3+.
The FORS spectrum (Figure 15) has no specific features, showing only a generic decrease
towards NIR.

Figure 15. FORS spectrum in Log(1/R) coordinates of amethyst (solid line), citrine quartz (dashed
line), smoky quartz (dotted line) and rose quartz (dashed–dotted line).

Smoky quartz is a variety in which the colour centres, created by natural or artificial
irradiation, are associated with impurities of Al3+. The FORS spectrum (Figure 15) will
present a main band at ca. 450 nm with a shoulder at ca. 670 nm. Additional colours can be
generated by heating, either natural or artificial.

Finally, rose quartz, the well-known variety of pink colour, owes its chromatic fea-
tures to fibrous inclusions of dumortierite and in particular to IVCT between Fe2+ and
Ti4+ that occur as impurities inside this aluminoborosilicate mineral [49]. The FORS
spectrum (Figure 15) contains a main band centred at ca. 500 nm and assigned to the
above-mentioned IVCT.

The opal is an unusual gemstone. It is a hydrous silica material—SiO2·nH2O—with
different degrees of crystallinity and crystal structure. It can be colourless, white, yellow,
orange, or red, besides other minor colour varieties. The particular aspect of precious opals,
also called noble opals, is due to the diffraction of light by the regular stacking of the silica
microspheres forming the body of the gemstone. The colour can be caused by specific
mineral phases; red–orange hues are usually associated with iron oxides. Hydrophane
gemstones from Ethiopia, which are very porous and can thus easily absorb water and be
subjected to dyeing or impregnation processes, can result in opals with an aspect similar to
fire opals from Mexico [50]. Wu et al. [51] have recently studied the possibility to distinguish
natural fire opals from dyed opals. Figure 16 shows a natural fire opal from Mexico (solid
line), with two inflection points at 462 and 563 nm that can be assigned to hydrated iron
oxides rather than to hematite [34], and an Ethiopian dyed opal (dashed line) with features
due to the impregnating solution.

The family of spinel comprises different members that can be defined as multiple
oxides with a highly variable composition [52]. The simplest composition is AB2O4 with A
representing a divalent ion and B representing a trivalent ion. This structure can accommo-
date different transition element ions that act as chromophores, such as Co2+, Cr3+, Cu2+,
Fe2+, Fe3+, Mn2+, Mn3+, and V3+. Consequently, there is a wide range of displayed colours
due to diverse absorption features determined by the presence of different transition ele-
ments. The most common spinels are red, coloured by Cr3+; blue, coloured by Fe2+ or Co2+;
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and pink, coloured by both Cr3+ and Fe2+. Figure 17 shows two examples of spectra. In
the spectrum of a red spinel, the band at 390 and the shoulder at 560 nm are attributed to
V3+, while the bands at ca. 410 and 535 nm are attributed to Cr3+. In the spectrum of a blue
spinel, the typical spectral signature of Co2+ in the tetrahedral site can be detected.

Figure 16. FORS spectrum in Log(1/R) coordinates of a Mexican fire opal (solid line) and an Ethiopian
dyed opal (dashed line).

Figure 17. FORS spectrum in Log(1/R) coordinates of a red spinel (solid line) and a blue spinel
(dashed line).

The topaz is a particularly challenging case for the FORS technique. Its formula is
Al2SiO4(F,OH)2, but its colour can vary from blue to green, yellow, pink, brown, and it can
even be colourless. In addition, it is a pleochroic gemstone. Blue is the most common colour
of topaz on the market, but natural topazes are rarely blue; indeed, the hue is obtained
artificially by means of heat treatment and irradiation. The spectrum shows a main band
at 620–650 nm depending on the measurement angle (Figure 18), which is possibly due
to irradiation-induced defects [53] or to Cr3+, Fe2+ and Mn2+ ions [54]. A pink colour
characterises the so-called imperial topaz but is instead caused by Cr3+ ion according to
the bands at 395, 418, 536 and 687 nm. Green-irradiated topaz shows features at 618 and
658 nm.
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Figure 18. FORS spectrum in Log(1/R) coordinates of a blue topaz (solid line), a pink natural topaz
(dashed line) and a green irradiated topaz (dotted line).

Tourmaline is the name of a large group of gemstones that share a common crystal struc-
ture (hexagonal) but have different compositions. The basic formula is XY3Z6(T6O18)·(BO3)3
V3W, with X, Y, Z, T, V, and W representing different elements and, hence, different chro-
mophore systems are possible. The main ions generating colour are Cr3+, Cu2+, Fe2+, Fe3+,
Mn2+, Mn3+, Ti4+ and V3+. The transition mechanisms can be due to the ligand field and/or
to IVCT. Therefore, as in the case of topaz, the tourmaline group is highly challenging for
the FORS technique, since it contains members of nearly all colours. Figure 19 shows a very
limited example of the many varieties: a red rubellite, with its colour ascending from the
absorption band at ca. 530 nm due to Mn3+ [55], and a green tourmaline with an intense
absorption band at ca. 710 nm due to Fe2+ ion and Fe2+-Ti4+ IVCT.

Figure 19. FORS spectrum in Log(1/R) coordinates of a rubellite variety (solid line) and a green
tourmaline (dashed line).

The zircon family comprises gemstones with the same formula—ZrSiO4—showing
different colours according to the chromophores. The origin of the colour is not entirely
clear [56]: pure zircon is colourless (it can a substitute of diamond), but more frequently,
the natural content of U4+ or Th4+ ions substituting Zr4+ in the structure generates blue
gemstones. The radioactive decay of these ions causes radiation damages that in turn
generate colour centres and the increase in red–brown and amber colours. The absorption
features of zircons can be highly variable; as an example, in Figure 20, the spectra of a
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green, a pink and a yellow zircon are shown. The features are mainly due to U4+ ion and to
colour centres.

Figure 20. FORS spectrum in Log(1/R) coordinates of a green (solid line), a pink (dotted line) and a
yellow (dashed line) zircon.

2.8. Uncoloured Gemstones

This group of gemstones constitutes a clear limit to the possibilities of FORS in their
identification. Uncoloured transparent gemstones, such as diamond or rock crystal (un-
coloured quartz), yield very poor—if any—spectral responses in the analysis in reflectance
mode. Whether cut gemstones or rough stones, the exciting light enters the material,
undergoes several refractions inside it and does not exit or exits very faintly; the result
is a nearly flat line at 0% reflectance. The well-known N3 centre of diamonds, a lattice
defect constituted by 3 nitrogen atoms bonded to a vacancy, causes an absorption band at
415.2 nm, but this cannot be seen by FORS. As a comparison, Drift-FT-IR spectroscopy can
differentiate diamond from cubic zirconia and synthetic moissanite which resemble it [57].
Lipatov et al. [58] claimed that optical absorption spectroscopy combined with cathodolu-
minescence spectroscopy can be used for identifying natural and synthetic diamond, but
they exploited spectra obtained in transmittance mode, not in reflectance.

2.9. Glassy Materials

Glasses and vitreous pastes were commonly used in medieval jewellery artworks,
possibly as substitutes of authentic gemstones [33]. FORS analysis cannot highlight the
glassy nature of a gemstone, of course, but it can provide indirect identification by yielding
information on the chromophore system. This is particularly true as far as vitreous pastes
are concerned, being them opaque materials. The main metal ions that impart colour to
glass, i.e., Co2+, Cu2+, Fe2+ and Fe3+, Mn3+ and Mn4+, etc. can be identified in the FORS
spectrum according to their typical absorption bands [59], therefore suggesting the presence
of glassy gemstones.

2.10. Comparison of FORS with other Techniques

The diagnostic potential of FORS in the correct identification of gemstones has been
tested by comparison of the FORS responses with those obtained with Raman spectroscopy
and with refractometry in the analysis of three precious medieval bindings: the Pace
di Ariberto o Evangeliario di Ariberto, held in the Museo del Tesoro del Duomo at Milan
(Italy), the Pace di Chiavenna, held in the Museo del Tesoro di San Lorenzo at Chiavenna
(Lumbardy, Italy) and the Legatura di Vercelli, held in the Museo del Tesoro del Duomo at
Vercelli (Piedmont, Italy). These notable jewellery artworks are datable to the 11th century
and are decorated with rich and various gemstone goods. In particular, the gemstones on
the Pace di Ariberto [60] and the Legatura di Vercelli [33] have been previously analysed with
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Raman spectroscopy, while the gemstones on the Pace di Chiavenna have been analysed with
refractometry by an expert gemmologist [32]. Table 1 shows the results of the comparison.

Table 1. Comparison of the results obtained with FORS, Raman spectroscopy and refractometry (Ref)
in the analysis of three precious bindings.

Gemstones Pace di Ariberto Pace di Chiavenna Legatura di Vercelli

FORS Raman FORS Ref FORS Raman

agate - 1
amethyst 24 24 6 6 5 5
carnelian - 1

chalcedony - 2
doublet - 4
emerald 16 16 7 7 3 3
garnet 11 11 55 56 14 14

glass/vitreous paste - 23 - 2 - 31
mtorolite - 1 - 1

pearl - 21 - 93 - 23
rock crystal - 18 - 2

sapphire 10 10 19 19 5 5
turquoise 2 2

other stones 1 6

total identified 63 134 87 190 27 84
unidentified by FORS 71 103 57

total excluding pearls, rock crystals and glassy materials 63 72 87 95 27 28
unidentified by FORS excluding pearls, rock crystals

and glassy materials 9 8 1

It is apparent that the diagnostic performances of FORS are satisfying in all three cases:
if pearls, rock crystals and glassy materials are not considered, between 88 and 96% of the
identification of the gemstones is correct.

2.11. Chemometric Treatment of Data

Among the greatest advantages of the FORS technique is the speed of analysis: spectra
can be collected in as low as 1 s, so that several spectra can be acquired in a short time.
This justifies the fact that FORS can be proposed as a survey technique in the identification
of gemstones on a complex jewellery artwork. After collecting several spectra, it can be
useful to treat them with multivariate analysis in order to identify groups of gemstones
with similar features. Using a well-known chemometric pattern recognition method,
Hierarchical Cluster Analysis (HCA), it is possible to discriminate gemstones, colour by
colour, according to their composition—or better to their chromophore system—which is
reflected inside the FORS spectrum as minima or luminescence peaks. As an example, this
approach is shown in the discrimination of the green gemstones contained in the three
above cited medieval bindings. The gemstones were the following:

26 emeralds (em);
10 emerald-like glasses coloured with Cu2+ (gg em);
6 green glasses coloured with Ni2+ (gg);
2 chrome-chalcedony gemstones (cc).

A total of 44 green gemstones have been included in the analysis. The FORS spectra
have been pre-treated by selecting the range 250–900 nm with a 1 nm path; this yielded
650 variables. Then, range scaling has been applied along the spectrum. After HCA,
the dendrogram shown in Figure 21 was obtained. The result highlights the differences
among the three main types of gemstones, arising from the spectral features of their FORS
responses. The two chrome-chalcedony gemstones were classified among the group of
green glasses.
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Figure 21. Dendrogram obtained by means of HCA on the FORS spectra of green gemstones.

3. Discussion

As it has been described in the previous paragraphs, one clear disadvantage of the
FORS technique in the identification of gemstones is its strict dependence from the chro-
mophore system and not from the structure of the gemstone. Nevertheless, apart from
diamond, the most important gemstones, i.e., ruby, sapphire and emerald, can be easily
discriminated from other gemstones with similar hues. This topic will be discussed in the
next paragraphs.

3.1. Ruby vs. Red Gemstones

The possibility of discriminating ruby from red–purple gemstones (Figure 22) relies
mostly on the typical luminescence bands of ruby, due to Cr3+, that do not even occur in
glasses containing Cr3+. The two absorption bands occurring at 413 and 550 nm are not
selective enough to allow a reliable identification. The red spinel, in fact, has a similar
chromophore, i.e., Cr3+, which generates absorption bands at 410 and 535 nm in addition
to a band at 390 nm due to V3+; however, the spectrum of red spinel generally lacks the
strong luminescence bands at 693/694 nm. Purple garnets, though showing a somewhat
similar hue, have a totally different spectral fingerprint with several bands (397, 426, 464,
505, 521, 573, 618 and 697 nm) due to Cr3+, Fe2+, Fe3+, Mn2+ and V3+. The red tourmaline
variety called rubellite shows a single absorption band at 530 nm due to Mn3+. Finally,
ruby glasses, regardless of the chromophore, have generally sigmoid-like spectra.

Figure 22. FORS spectrum in Log(1/R) coordinates of ruby (solid line), red spinel (dashed
line), ruby garnet (dotted line), red tourmaline (dashed–dotted line) and a ruby-like glass
(dashed–dotted–dotted line).
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3.2. Sapphire vs. Blue Gemstones

The blue sapphire can be easily discriminated from blue aquamarine, blue spinel, blue
topaz and blue zircon (lapis lazuli and turquoise are of course not considered, being opaque
gemstones). The spectral features of sapphire, i.e., the bands at 390, 456 and 706 nm due to
Fe3+ and the band at 570 nm due to Fe2+-Ti4+ IVCT, are selective enough to allow a reliable
identification (Figure 23). Aquamarine, despite having Fe2+ and Fe3+ as the ions generating
colour, shows a main band at ca. 820 nm. A blue spinel coloured by Co2+ will show the
typical signature of the ion with three sub-bands between 550 and 650 nm, while a blue
spinel coloured by Fe2+ will show bands at 459, 655 and 902 nm. The blue topaz shows a
main large band at ca. 620 nm, due to irradiation-induced defects or to Cr3+, Fe2+ and Mn2+

ions. The blue zircon has a complex spectrum with sharp bands due to U4+, so it can be
easily recognised. Of course, blue glasses coloured with Co2+, Cu2+ or Fe2+ have spectral
features quite different from those of sapphire.

Figure 23. FORS spectrum in Log(1/R) coordinates of sapphire (solid line), a blue aquamarine
(dashed line), a blue spinel (dotted line), a blue topaz (dashed–dotted line) and a blue zircon (dashed–
dotted–dotted line).

3.3. Emerald vs. Green Gemstones

The discrimination between emerald and other green gemstones can be easily obtained
despite the fact that some of the potential substitutes have a similar chromophore, i.e., the
Cr3+ ion (Figure 24, top). The characteristic spectral features of emerald are two main bands
occurring at 440 and 616 nm and two sharp bands occurring at 682 nm, which are all due to
Cr3+ ion. Alexandrite, which has the same chromophore, shows a main band at ca. 580 nm
and sharp bands at 682 nm, plus another band at 446 due to Fe3+. Chrome-chalcedony has
a main band at 610 nm due to Cr3+ ion. Among the potential substitutes with Fe2+/Fe3+

chromophores (Figure 24, bottom), heliodor has a single band at 815 nm; chrysoberyl has a
sharp band at ca. 440 nm, due to Fe3+, and a minor band at 502 nm; peridot shows only
weak bands between 450 and 490 nm, due to Fe2+, and between 513 and 653 nm, due to
Cr3+; green tourmaline has a main intense band at ca. 710 nm, due to Fe2+ ion and Fe2+-Ti4+

IVCT. Green topaz, a version obtained by irradiation, shows two bands at 618 and 658 nm.
Finally, green glasses can be obtained by adding Cr3+, Cu2+, Ni2+ or V3+/V5+ [59], but in
no case, even in that of a Cr3+-containing glass, is the resulting spectrum comparable to the
one of emerald.
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Figure 24. Top: FORS spectrum in Log(1/R) coordinates of emerald (solid line), alexandrite (dashed
line), a green topaz (dotted line), a Cr3+ containing green glass (dashed–dotted line) and a chrome–
chalcedony (dashed–dotted–dotted line). Bottom: FORS spectrum in Log(1/R) coordinates of emerald
(solid line), chrysoberyl (dashed line), heliodor (dotted line), peridot (dashed–dotted line) and a green
tourmaline (dashed–dotted–dotted line).

3.4. Final Considerations

The results described above show that the FORS technique have clear limits in the
identification of gemstones but also clear advantages. A large number of gemstones can be
identified; in cases where a gemstone has different varieties (i.e., topaz, tourmaline, quartz,
etc.), the availability of a proper database can counteract the relative low diagnostic power
of the technique.

The main advantage of the technique lies in its ease and speediness of use, that
allows analysing jewellery artworks in a very safe way, without need of moving them
outside their natural locations. The building of complete databases, that include the largest
number of varieties, is a prerequisite for a proper use of this technique. In this view,
apart from accessing databases available in the literature and on the web [61], the best
choice is to build your own spectral database that is fully compatible with your own
instrumental setup.
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4. Materials and Methods

4.1. Samples of Gemstones

The gemstones analysed in this work, listed in Table 2, were provided by Effeffe
Preziosi di Gilberto Faccaro & C. at Valenza (city, Italy). Their identification was confirmed
by means of Raman spectroscopy.

Table 2. List of gemstones analysed in this work.

Gemstone Provenance Colour Notes

alexandrite Brazil green

amethyst Brazil violet

aquamarine Brazil blue

chrome-chalcedony unknown green 1

chrysoberyl Brazil yellow

citrine quartz Brazil yellow

coral Italy red

emerald Colombia green

garnet India purple Pyrope–almandine

garnet Kenya orange spessartite

glass with Cr3+ green Artificial 2

glass with Se red Artificial 2

heliodor Brazil green-yellow

lapis lazuli Afghanistan blue

opal Mexico various

opal Ethiopia various

peridot Sri Lanka green

rhodochrosite Romania pink

rhodonite Tanzania pink

rose quartz Brazil pink

ruby Myanmar red

sapphire Cambodia blue
sapphire yellow artificial

smoky quartz Brazil grey
spinel Russia blue
spinel Myanmar red

tanzanite Tanzania violet
topaz Brazil blue
topaz green artificial
topaz Brazil pink

tourmaline Brazil green
tourmaline Brazil red rubellite
turquoise China turquoise
turquoise China turquoise dyed

zircon Myanmar blue
zircon green artificial
zircon pink artificial
zircon yellow artificial

1 From the binding of the C Codex of Vercelli [33]. 2 Kremer Pigmente.
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4.2. UV-Visible Diffuse Reflectance Spectrophotometry with Optic Fibres (FORS)

FORS analysis was carried out with two instruments. Most of the measurements
were performed with an Avantes (Apeldoorn, The Netherlands) AvaSpec-ULS2048XL-
USB2 model spectrophotometer and an AvaLight-HAL-S-IND tungsten halogen light
source; the detector and light source are connected with fibre optic cables to a 1.5 mm
diameter FCR-7UV200-2-1,5 × 100 probe, which contains cables for both illumination
and detection; therefore, incident and detecting angles were respectively 45◦ and −45◦
from the surface normal in order to exclude specular reflectance. The spectral range of
the detector was 200–1160 nm; considering the range of emission of the light source, the
optimal range of acquisition of spectra was 350–1100 nm. The best spectral resolution of
the system, calculated as FWHM, was 2.4 nm. Diffuse reflectance spectra of the samples
were referenced against the WS-2 reference tile, guaranteed to be reflective at 98% or more
in the spectral range investigated. The investigated area on the sample was 1 mm diameter.
In all measurements, the distance between probe and sample was 2 mm. The instrumental
parameters were as follows: 10 ms integration time, 100 scans for a total acquisition time of
1 s for each spectrum. The reproducibility of the system, as far as the conditions (distance
between probe and sample, angle of the probe) are kept constant, is better than 5% in terms
of band position and height. The system was managed by means of AvaSoft 8 software
running under Windows 10™.

4.3. Raman Spectroscopy

In order to confirm the identification of the gemstones analysed in this work, all
of them were previously subjected to Raman analysis. For this task, a high-resolution
dispersive Horiba (Villeneuve d’Ascq, France) LabRAM HR Evolution model spectrometer
coupled with a confocal microscope was used. The instrument was equipped with 532,
633 and 785 nm excitation lasers, an 1800 lines/mm dispersive grating, an 800 mm focal
length achromatic flat field monochromator and a multichannel air-cooled CCD detector.
The spectral resolution was 2 cm−1. Spectra were taken with long working distance 50x
and 80x objectives. All spectra were recorder at full laser power. Exposure time was 1–10 s
according to needs (3 accumulations). The system was managed with LabSpec 6 software
running under Windows 10™.
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Abstract: The introduction of synthetic dyes completely changed the industrial production and use
of colorants for art materials. From the synthesis of the first synthetic dye, mauveine, in 1856 until
today, artists have enjoyed a wider range of colors and selection of chemical properties than was
ever available before. However, the introduction of synthetic dyes introduced a wider variety and
increased the complexity of the chemical structures of marketed dyes. This work looks towards
the analysis of synthetically dyed objects in heritage collections, applying an extraction protocol
based on the use of ammonia, which is considered favorable for natural anthraquinone dyes but has
never before been applied to acid synthetic dyes. This work also presents an innovative cleanup
step based on the use of an ion pair dispersive liquid–liquid microextraction for the purification and
preconcentration of historical synthetic dyes before analysis. This approach was adapted from food
science analysis and is applied to synthetic dyes in heritage science for the first time in this paper. The
results showed adequate recovery of analytes and allowed for the ammonia-based extraction method
to be applied successfully to 15 samples of suspected azo dyes from the Azienda Coloranti Nazionali
e Affini (ACNA) synthetic dye collection, identified through untargeted HPLC-HRMS analyses.

Keywords: synthetic dyes; ACNA; ammonia extraction protocol; dLLME; HPLC-HRMS; cultural heritage

1. Introduction

Historians and conservators consider 1856 a key year in the history of industry. The
work of the young British chemist William Henry Perkin introduced mauveine (the first
synthetic dye) [1], and this discovery started a new era in fabric dyeing. The synthesis of
dyes in laboratory environments opened up the possibility of exploring new methodologies
to obtain new hues and shades, which no longer relied upon the intrinsic variability of
natural dye resources [2]. For this reason, the price of production was reduced and the
dependency of the textile industry on natural dyes declined [3–5]. This synthesis completely
changed the face of the industry and allowed for rapid scaling up of textile dye production
and an increase in market access to textile dyes, leading to the launch of new large chemical
plants and companies across the world [6,7].

Feverish experimentation, encouraged by the new potential in terms of possible sub-
stances, colors and synthesis routes was the result of this new phase, which invested not
only the world of industry but also the world of art materials. Colored objects originating
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from this period of rapid expansion offer important information that can shape our un-
derstanding of the histories of industries and art that shaped the development, use and
production of these materials.

This importance explains why synthetic dye studies, which represent a relatively
new field in cultural heritage analyses due to their modernity, are rapidly increasing in
importance, taking into account that the artistic productions of the 19th–20th century now
require conservation interventions and raise curatorial questions [2,8].

While scientific analysis of synthetically dyed heritage objects is carried out in a similar
way to the analysis of natural dyes, chemical variabilities between the two groups introduce
different complexities. In general, synthetic dyes possess greater molecular uniformity than
natural dyes, which are often a mixture of different chromophore compounds (i.e., we can
count 68 anthraquinone dye molecules for madder roots). This is because they are produced
under controlled conditions in laboratory environments, whilst natural dyes are influenced
by a significant number of “uncontrolled” natural variables [4,5]. In contrast, however, a
vast range of molecular classes exist for synthetic textile dyes compared to natural dyes.
This reflects the extensive variability of the dye molecules able to be synthesized in the
laboratory compared to those that are derived from the natural world [6]. Due to this
incredibly high diversity in chemical structure, substituents, etc., it is difficult to develop
analytical protocols that are well suited to the identification of all of the different chemical
classes and typologies of synthetic dye; for example, charged dyes (e.g., reactive dyes) may
require different extraction methods than uncharged dyes.

This variability means that different processes may be required for the extraction
of different types of dyes from fibers. Furthermore, the variability introduces additional
challenges for the heritage scientist in identifying the chemical structures of unknown
dyes, as reference spectra do not exist for the thousands of potential commercial dyes
sold, and minor variations (e.g., substituent position) make even mass spectrometry data,
which do not require reference data, difficult to interpret. Reference spectra databases
currently only contain a small proportion of the dyes made and sold on the market, and the
vast range of available dyes make it difficult to develop, navigate and update databases—
making it challenging to use techniques that rely upon comparison with known compounds.
Moreover, inconsistencies in nomenclature—where different manufacturers refer to the
same dye molecules by their own brand names, or use similar names for chemically
different dyes—make it challenging to identify dyes even when their commercial names
are listed [2,9,10]. Together, these factors make the identification of these types of dyes from
historical and artistic matrices a highly complex matter; for this reason, it is desirable to
develop ad hoc methodologies and (re-)organize bibliographical sources.

However, the improved molecular uniformity within a single sample of synthetic dyes
makes some aspects of analysis simpler than for natural dyes, which are generally made up
of several low-concentration chromophores. For example, in spectroscopic analysis such as
Raman spectroscopy, synthetic dyes often produce more intense spectral peaks. This can
allow for spectra to be obtained without enhancements such as surface-enhanced Raman
spectroscopy, which is required for natural dyes [2,9].

The development of new protocols for synthetic dye analysis represents a relatively
new research area that has the potential to lead to significant improvements in how we
research and understand modern heritage objects. Toward this goal, some interesting work
has been published in recent years. For example, the excellent potential of nondestructive
or minimally invasive analyses using Raman and SERS for providing new information on
synthetically dyed heritage materials has been researched [9,11–14].

High-pressure liquid chromatography, coupled with mass spectrometry analyses
(HPLC-MS)—generally considered the “gold-standard for dye analysis”—require extraction
of the dye from a sample of the object. The extraction methods used for synthetic dyes
are generally adapted from natural dye studies, such as oxalic acid or organic solvent,
such as pyridine, at high temperatures [3,15], and applied directly to synthetically dyed
textiles [12]. However, if the chemistries of the synthetic dyes under analysis are considered,
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more effective extraction protocols can be developed for specific objects. Furthermore,
unlike other fields that employ synthetic dye analysis (e.g., food science) current methods
in heritage science do not usually consider the use of cleanup steps, which are used to
purify the sample before analysis. This lack of purification introduces impurities to the MS
spectra that can at times produce signals that are higher than dyes or overlap their signals.
These issues are even more pronounced in high-resolution mass spectrometry, which is a
technique the field is increasingly moving toward. Furthermore, as synthetic dyes come
from multistep synthesis and, therefore, may contain various side products, performing
any separation or purification on the final compounds may not be commercially feasible
for industries. Therefore, commercial synthetic dyes commonly contain a medium-high
purity, and the remainder comprises side products [16]. For these reasons, the application
of well-suited extraction methods (decided upon by the historical context and literary
information available for the object under analysis), the use of an effective cleanup step
(which isolates and purifies the molecules of interest before analysis), and analysis with
high-sensitivity techniques such as UHPLC-MS is a beneficial approach that avoids sample
losses, decreases spectral interference, and maximizes signal intensity [17].

Furthermore, historical textiles have occasionally been subjected to more than one
dyeing process, sometimes both natural and synthetic, as demonstrated previously [18].
In these cases, two separate samples must be taken from a textile artefact that is likely to
contain both natural and synthetic dyes. These factors work in opposition to the cultural
heritage goal of achieving minimal destructiveness and maximum information. Recent
papers are therefore starting to present methodologies that look at both components [12,19],
but these methods still employ acid conditions or organic solvents at high temperatures,
which have been demonstrated to be less effective in preserving the molecular pattern of
natural dyes (e.g., madder, cochineal dyes) compared to ammonia methodologies [20,21].

For this reason, in this paper, the authors propose a new extraction protocol and novel
clean up strategy for the recovery of synthetic dyes, starting from the innovative application
of the ammonia–EDTA extraction methodology to such compounds. In particular, the
method is focused on the development of a cleanup protocol to be used in the extraction of
acid dyes, starting from the azo class specifically. This class of dyes, characterized by a N=N
bond, was one of the earliest developed, with the first dye, Bismarck brown, commercially
synthesized after 1861, shortly after mauveine synthesis [2,22]. Different colors can be
obtained by modifications to the chemical structure, but the azo class is most typically
associated with red, yellow and orange hues [22]. Since their first appearance on the market,
azo dyes have been widely used in historical objects, representing one of the largest classes
of synthetic dyes; it is therefore common to find them in early synthetic dye collections [22].
For this reason, the authors considered them a relevant class with which to start research
with this specific focus.

Several previous analytical methodologies for azo dyes have been investigated in the
field of food science, as azo dyes were largely employed, such as in edible products, until the
emergence of scientific evidence related to the carcinogenic effects of some compounds in
this class [23]. In response, several governments banned their use and a rapid development
in analytical methods for the detection and identification of azo dyes in foods became
necessary for enforcement of these regulations [24–26]. Despite the extensive study of these
dyes in food science, heritage science has not yet utilized this significant body of work in
improving its methods for the identification of azo dyes.

This work therefore uses the methods developed for food science as a springboard
to propose a new methodology suited to the analysis of synthetic dyes in the heritage
field. The method was developed using three specific azo dyes, broadly representative of
the azoic acid dye class. The standards chosen were Acid Yellow 25 (CI: 18835), Congo
Red (CI: 22120) and Red 2G (CI: 18050). The choice of these three dyes lies not only in
their chemical properties (good water solubility and possessing negative charges), which
allows for the use of the ammonia extraction, but also because they are potential reference
standards for the historical samples chosen as a case study to evaluate the effectiveness of
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the methodology in the art–historical context. These historical samples were taken from
the Azienda Coloranti Nazionali e Affini (ACNA) collection at the Museum of Chemistry,
Sapienza University, and the links to these compounds were predicted through literature
research into the commercial names listed beside the samples selected for analysis.

The Museum of Chemistry, located within Sapienza University of Rome’s Department
of Chemistry, holds an extensive collection of early synthetic dyes from several different
dye companies and a significant group is represented by the dyes from the ACNA—an
Italian chemical company active from 1882 until 1999 [7]. The collection of dyes analyzed
contains dye powders in glass jars and card-backed sheets holding samples of dyed wool
fibers. These samples came directly from the ACNA laboratories, and this collection is
likely to date from the 1930s.

Researching this type of collection represents a precious opportunity to deepen his-
torical knowledge about the production of dyes in a precise historical period, which is
still understudied. The data produced also contributes to the published reference spec-
tra available for other researchers studying unknown dyes. Moreover, samples coming
from the ACNA laboratories can provide useful information to reconstruct the synthetic
processes followed and history of the industrial process. The nature of these samples also
means that many of these dyes may have been synthesized but then discarded due to their
performance on textiles not considered suitable for large-scale production or due to a lack
of chemical–physical properties.

2. Results and Discussion

The ammonia–EDTA protocol represents the first method of dye extraction in a basic
environment at room temperature. It was initially developed for natural anthraquinone
dyes due to the sensitivity of many dye components to the acid environment. The method
showed that, even in comparison with organic solvent methods, it could better preserve
highly sensitive glycosylated moieties [20,21]. Never before applied to synthetic dyes, the
present work arises from a desire to evaluate the performance of this methodology for a
different dye group. One motivation for the development of a method applicable to both
dyes is that it is not unusual to find textile artifacts that contain both natural and synthetic
dyes, especially in the years immediately following the synthesis of mauveine [18]. In cases
such as these, if this protocol was found to be applicable to synthetic dyes, it would be
possible to minimize the quantity of materials and maximize the information obtained from
a single extraction.

Recently, the ammonia protocol has been successfully applied for the microgel ex-
traction of natural anthraquinone dyes [27]. This research found that the application of a
cleanup protocol strongly improves the quality of the spectra obtained, as mentioned in
the introduction. Traditional liquid–liquid extraction (LLE) approaches cannot be used for
the cleanup of azoic acid dyes, which are charged species stored as powders with cationic
counter-ions before application to textiles to which they bind directly through their ionic
group [28]. When extracted from the textiles, they revert to their anionic form and hence
have a high affinity for water. This charged characteristic means they have an extremely
low affinity for less polar solvents; so, it is unlikely for them to be recovered from an organic
extracting solvent during liquid–liquid extraction. This is a significant gap in the literature
that this paper addresses through the application of dLLME with the addition of an ion
pair reagent (IP-dLLME).

2.1. Development of IP-dLLME Protocol

For the development of a cleanup protocol for synthetic dyes, solvent ratios were
decided by referring to a study on dLLME extractions of azo dyes from ice cream samples
presented by Faraji et al. [24]. dLLME has recently been applied for the first time to heritage
dye analysis, and this represents one of the first well-suited cleanup methods applied in
this field [29]. The method was first developed in 2006 for environmental science [30], and
nowadays is widely used in analytical chemistry fields including forensics, food science and
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environmental biology [30,31]. Based on a three-solvent system, dLLME involves the rapid
injection of an organic extracting solvent and a disperser solvent into an aqueous solution.
This forms a cloudy solution that maximizes the contact between phases, increasing the
opportunities for analytes of interest to move into the extracting phase. This promotion of
extraction means that smaller quantities of extraction solvent can be used with improved
recoveries. This has the benefit of combining purification and extraction into a single
step [29–33]. For synthetic azo dyes, the aim of using an ion pair reagent is to overcome
their very high affinity for water and allow for transition to a less polar extracting phase
during liquid–liquid extractions. The ion pair reagent tetra-n-butylammonium bromide
(TBAB) was used. The quaternary character of TBAB means that it has significant steric
hindrance and through this can form an “ion associate” with anionic molecules—such
as azoic acid dyes [34]. These ion associate pairs are bound by the steric effects of the
TBAB, and act in a similar way to nonpolar molecules. This apolar behavior allows the
ion associate pair to transition into the organic extraction solvent. The use of this ion pair
reagent enables the application of the dLLME cleanup protocol to synthetic dyes, and
whilst it can also be used with traditional LLE, the use of dLLME enhances extraction
recovery, efficiency and precision. TBAB was specifically chosen, as it is reported to be
significantly more efficient than the chloride and iodide countered quaternary ammonium
salts [35]. It was also successfully applied to azo dyes from food samples by Faraji et al. [24]
in the protocol used as the basis for this research.

The results of the disperser tests for synthetic dyes are displayed in Figure 1.

Figure 1. Comparison of the recoveries of three azo dye standards after the performance of dLLME
with chloroform as the extracting solvent trialing four dispersers: isopropanol, acetone, methanol
and acetonitrile.

Under the IP-dLLME protocol, all dispersers display good recoveries for all analytes.
The recovery of Congo Red—over 100% for all dispersers—is explained by a combination
of the error margins, and the matrix effect of the TBAB ion pair reagent. Despite the errors
in recovery attributed to matrix effects, the disperser trials were sufficient to evaluate that
the best recovery was achieved with methanol as the disperser. Methanol was therefore
used as the disperser for further tests.

To counter the matrix effects, further analyses used a spiked sample as a reference—
which takes into account the matrix. The spiked sample was prepared identically to
the experimental conditions described but using 100 μL methanol instead of 500 ppb
reference mix. After drying, the residue was reconstituted with the 500 ppb reference mix
before analysis.
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After deciding the best disperser conditions for the extraction of the synthetic azo dyes,
the state-of-the-art ammonia–EDTA protocol was applied alongside dLLME to assess its
effects on the recovery of the samples. The results of this analysis are presented in Figure 2.

Figure 2. Recoveries of the three trialed synthetic dye analytes with the complete analytical protocol
combining the ammonia and Na2EDTA extraction method with the novel dLLME cleanup protocol
developed in this research.

These results display a more significant reduction in recovery than was observed when
dLLME was performed alone—particularly with reference to Congo Red. This reduction
is likely to be attributed to the reference in this trial accounting for the matrix effect, but
also could be related to the application of the extraction protocol. However, despite this
reduction, recoveries are sufficient to verify the coherence and effectiveness of the complete
analytical protocol. This means that the ammonia–EDTA extraction method can now be
applied to synthetic dyes as well as natural dyes and brings together a coherent extraction
methodology that requires only one sample to be taken from artefacts suspected to contain
both natural and synthetic dyes. While the methodologies for cleanup for natural and
synthetic dyes are divergent, the improved recoveries of the ammonia–EDTA extraction
method are sufficient to allow for the extracted sample to be divided into two when both
natural and synthetic dyes are extracted.

2.2. Application to the Case Study: ACNA Industries Samples

This study marks a first step toward understanding the full collection of synthetic
dyes held by the Museum of Chemistry and provides insight into the naming conventions
of the ACNA, an understudied dye manufacturer. Information on ACNA dye naming
conventions provides a useful understanding that could aid further studies related to their
dyestuffs, both within the Museum of Chemistry and elsewhere. The study of these dyes
is an excellent opportunity to understand the behaviors and synthetic procedures of a
company that was active throughout the 20th century. Studying this through the lens of
a collection obtained directly from the manufacturer, such as the collection in Sapienza
University’s Museum of Chemistry, is uniquely useful for two reasons: It offers the chance
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to obtain information about dyes that were available on the market—which have the
potential to offer a synthetic dye database that can be referred to in the analysis of unknown
objects. It also provides the opportunity to study dyes that may never have been placed on
the market—which could provide insight into the internal testing methods and motivations
of the ACNA. In particular, results from dyes such as Rosso Amidonaftolo 2G and Giallo
Luce Solido 2G for which both powders and dyed fibers were analyzed provides interesting
information regarding the consistency of naming.

The samples were first studied using nondestructive Raman spectroscopy before
proceeding to extraction [8] and untargeted HPLC-HRMS analysis, presented in this pa-
per. These results were combined to obtain information regarding the identities of the
dyes studied.

Fifteen samples were taken from the collection—11 fiber samples from one card-backed
sheet (Figure 3a), and 4 powder samples from glass jars (Figure 3b: photo of a part of the
collection, where the jars are visible too). The samples were chosen after an initial visit,
during which names were recorded to allow for literary research into their commercial
names. This particular group of dyes was then chosen due to research indicating a high
likelihood that a majority of the dyes in the group are of the azo class.

(a) (b)

Figure 3. (a) Photograph of the card-backed sheet containing the sampled dyes. Note: all dyes
were sampled except Rodamina B, which was excluded due to predictions from the name that it
was likely to be a Rhodamine basic dye and hence would not be suitable for the new methodology;
(b) photograph of part of the collection of the dyes on display from the ACNA synthetic dye collection
based at Sapienza University of Rome.

2.3. HRMS Analyses—Analytical Challenges

To pursue the scope of identification of the dye compounds presents on the museum
samples, untargeted mass analysis was performed using an Orbitrap high-resolution mass
spectrometer. The mass spectrometry results contained several peaks that were present in
all analytes and hence likely to be related to the matrix and these were therefore discounted
when analyzing the data.

Where assignments agreed with the predictions formulated from the Raman spec-
troscopy interpretations [9], it was concluded that the molecules were highly likely to
correspond to the projected molecular structures. In cases where Raman spectroscopy
was not sufficient to obtain formal predictions about the molecular structures (particularly
when there were no corresponding spectra available in the literature) but the mass analyses
were able to provide possible predictions, Raman spectroscopy was utilized as further
confirmation of possible assignments. In some cases, characterization of the specific species
was not obtained and will require additional research.

The reasons for the difficulties associated with this characterization are the lack of
databases available for the identification of synthetic dye molecules, and sometimes the
dyes come from one specific company and therefore may not have been widely used or
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indeed ever been commercially available. Further challenges with the mass spectrometry
of azoic acid dyes most likely to be present in this collection are the fact that these species
contain varying degrees of charged character, meaning that m/z ratios may refer to several
different molecular masses.

Alongside this, where databases exist, they generally include the counter-ion mass
when reporting the overall molecular mass, so possible variations in the cationic species
must be considered. A summary table (Table 1) of evidence found and/or hypothesized is
presented and a case-by-case discussion, also in connection with the Raman data discussed
in [9], immediately follows.

Table 1. A summary table of evidences found and/or hypothesized for each sample.

Sample
Possible Match or Possible

Chemical Features
Chemical Structure

Arancio Luce G Acid Orange 31

Giallo Eliaminia RL Further studies ongoing

Giallo Italana 2G Structural similarities with Acid
Orange 31

Giallo Luce Solido
2G—powder Acid Yellow 11

Giallo Luce Solido
2G—fiber Further studies ongoing
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Table 1. Cont.

Sample
Possible Match or Possible

Chemical Features
Chemical Structure

Giallo Novamina 2G Acid Yellow 25

Rosso Amidonaftolo
2G Red 2G

Tartrazine J Further studies ongoing

Rosso Italana B Further studies ongoing

Rosso Luce Solido BL;
Rosso Italana R Further studies ongoing

Rosso Naftolo SJ
A naphthalene group (as suggested
by the name) as well as at least one
sulfonate group and one azo group

Rosso Novamina 2G Acid Orange 19
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Table 1. Cont.

Sample
Possible Match or Possible

Chemical Features
Chemical Structure

SEII Azoico Acido Pag Acid Orange 7

• Assignments of “Arancio Luce G”

Preliminary research for “Arancio Luce G” suggested a possible association of this
name to Acid Orange 10 and Food Orange 4, which have the same chemical structure
(C.I. 16230) [8,36]. Mass spectral data of the compound were fairly weak, with three unique
m/z peaks observed, all of which had relatively low intensity chromatographic peaks. The
peaks observed were for m/z 360.3131, 361.2608 and 526.0877. The highest intensity of these
peaks was observed at m/z 361.2608 and this species was therefore used to make some
possible projections (Figure 4). Projections were made considering that “Arancio Luce G”
is likely to be an azoic acid dye, and that the counter-ion is likely to be Na+ (as is usually
the case for this class). Regarding the species, which seems to be a singly charged azoic dye
based on the isotopic pattern observed, the m/z is likely to represent [M-Na]−, where M
would represent the molecular mass and be equal to 384.2506 u. When this information
was searched on chemical databases, a tentative possible assignment to Acid Orange 31
was made [37].

• Assignment of “Giallo Eliaminia RL”

Preliminary investigations into the identification of “Giallo Eliamina RL” were strongly
based on the nomenclature. Several chemical databases listed Yellow Eliamina as a syn-
onym for a variety of dyes: Direct Yellow 29, Direct Yellow 44, Direct Yellow 49, and Direct
Yellow 50. Except for Direct Yellow 29, the other molecules share some features. Specifically,
they are diazo structures with the presence of a central carbamide group.

Mass spectral data of the “Giallo Eliamina RL” powder revealed several species present
in the sample; however, a very intense peak corresponding to m/z 388.7797 at a retention
time of 2.25 min was by far the most prominent. The species seems to be a singly charged
azoic dye; the m/z is likely to represent [M-Na]−, where M would represent the molecular
mass and be equal to 411.7695u. Molecular weight searches into the projected mass were
performed but no yellow dyes were found to correspond.

• Assignment of “Giallo Italana 2G”

In the case of Giallo Italana 2G, preliminary studies were not indicative for identification.
The mass spectral data for “Giallo Italana 2G” presented three m/z species, and by

far the most intense was m/z 236.9883, which had a retention time of 3.35 min (Figure S1
in Supplementary Materials). The species, based on isotopic pattern observed, is a singly
charged azoic dye; thus, the m/z is likely to represent [M-Na]−, where M would represent
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the molecular mass and be equal to 259.9781u. Molecular weight searches into the projected
mass were performed but no yellow dyes were found to correspond. However, it is possible
to infer from the Raman spectrum [9] that the spectral template for “Giallo Italana 2G” is
likely to share structural details with Acid Orange 31.

Figure 4. Diagnostic peak at 361.2608 from Arancio Luce G.

• Assignment of “Giallo Luce Solido 2G”

Preliminary research on both the nomenclature and Raman spectra agreed that it
was highly likely that that “Giallo Luce Solido 2G” powder was likely to be the dye Acid
Yellow 11. From the interpretation of the Raman spectrum, whilst there were some spectral
similarities between the fiber sample and the powder sample, several of the peaks did
not correspond strongly [9]. Preliminary analyses considered that this may be due to the
dyeing process, but also introduced the possibility that the fiber and powder may have
different molecular structures despite sharing the same name.

Powder: The mass spectrometry analysis of the powder sample corroborated the
prediction that the dye was Acid Yellow 11. The mass spectrometry results indicated the
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presence of a very intense peak corresponding to m/z 357.0572 between retention times
2.59–2.99 min (Figure S2). The m/z corresponds to the following species: [M-Na]-, where M
is the mass of Acid Yellow 11 and is equal to 380.0555u. The spectrum of the “Giallo Luce
Solido 2G” powder was therefore considered highly likely to be Acid Yellow 11 [38].

Fiber: For the fiber species, there is no significant peak present corresponding to the
m/z 357.0572. This agrees with the preliminary Raman data in which the spectra did not
appear to completely match with the powder spectrum despite some similarities [9]. This
indicates that the powder and fiber samples named “Giallo Luce Solido 2G” are different
molecular species despite having the same commercial names.

The fiber sample did however present a very intense chromatographic peak corre-
sponding to an m/z 417.3234 at retention time 3.88 min. From this m/z, it is possible to draw
several interpretations, but if it is considered likely that the fiber is an azoic acid (which
the similarities in the Raman spectrum to the powdered sample would point towards) and
that the counter-ion is likely to be Na+, some projections for possible masses can be put
forward: the molecule, if singly charged, is characterized by a m/z ratio likely represen-
tative of [M-Na]-, and the molecular mass would likely be to be 440.3132 u. Molecular
weight searches into the projected mass were performed but no yellow dyes were found
to correspond.

• Assignment of “Giallo Novamina 2G”

Three molecules were proposed as possible identifications of the dye “Giallo No-
vamina 2G” from preliminary research on nomenclature: Acid Yellow 61, Acid Yellow 39
and Acid Yellow 25. Whilst no reference Raman spectra were available for Acid Yellow
61 and 39 for comparison, the Raman analysis on an analytical standard of Acid Yellow
25 performed in the laboratory was found to correspond strongly to the peaks of the “Giallo
Novamina 2G” Raman spectrum.

Upon mass spectrometric analysis, an intense chromatographic peak was observed
corresponding to m/z 526.0876 at retention time 2.86 min, which is exactly as observed
for the Acid Yellow 25 analytical standard. The m/z corresponds to the following species:
[M-Na]-, where M is the mass of Acid Yellow 25 with a sodium counter-ion and is equal to
549.0774u.

The chemical structure of “Giallo Novamina 2G” is therefore understood as highly
likely to be that of Acid Yellow 25 [39].

• Assignment of “Rosso Amidonaftolo 2G”

The predictions proposed by the preliminary research on both the nomenclature of the
dye “Rosso Amidonaftolo 2G” and the comparison of the Raman spectra obtained meant
that Red 2G was predicted as a likely candidate for the identification of the molecular
structure of both the powder and fiber samples.

This identification was corroborated by the presence of an intense chromatographic
peak corresponding to the m/z 464.0233 at retention times 2.17 min for the powder
(Figure S3) and 2.24 min for the fiber, which are close to those observed for the Red 2G
standard. Furthermore, another the peak at m/z 358.9780 was observed, as reported in the
literature [40].

Both the powder and fiber samples of Rosso Amidonaftolo 2G are hence identified as
highly likely to be Red 2G [41].

• Assignment of “Tartrazina J”

The preliminary predictions for “Tartrazina J” were tartrazine (based on nomenclature;
however, significant spectral differences were observed between the Raman spectra for
these compounds) and Acid Yellow 17 (based on a very strongly similar Raman spec-
trum) [9,42].

For Acid Yellow 17, the expected m/z peak is likely to exist at m/z 251.6546, corre-
sponding to the species [M-2Na]2−, where M is the mass of Acid Yellow 17 and is equal to
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551.2888u. This peak was not present in the spectrum of Tartrazina J, and it was therefore
inferred that the dye molecule is unlikely to correspond to Acid Yellow 17.

For tartrazine, there could be significant problems in detection with mass analysis
owing to a triple charge on a very small molecule and the existence of the molecule in
several states. In trials undertaken as part of this work, even an analytical standard of
tartrazine was could not be detected in targeted analysis, so it is unlikely that it would be
possible to detect the species in untargeted analysis—which is less sensitive for specific
compounds. Alongside this, the Raman spectrum of “Tartrazina J” showed some significant
spectral peaks that did not correspond to the peaks observed in the analytical standard
of tartrazine.

However, one of the recorded m/z peaks in the literature for tartrazine is m/z 233.1,
owing to the following species: [M-3Na+H]+ [43], and this peak was present in the mass
spectrum of “Tartrazina J”, alongside another equally intense peak at m/z 228.9509 (Figure
S4). Due to problems with analyzing Tartrazine, it was not possible to conclude whether
tartrazine may have been present in the sample, but if it is present, it is possible that the
dyed fiber may contain a mixture of dyes, which would account for the extra peaks on the
Raman spectrum [9].

• Assignment of “Rosso Italana B”

Preliminary research on the nomenclature of the “Italana” dyes yielded no results.
Raman spectral comparisons with databases indicated possible correlations with structures
similar to Acid Red 26 [9]. Upon corroboration with the mass spectral data, however, this
possible attribution was found to be unlikely, as the following predictions were made based
on the only diagnostic peak that appeared on the spectra, which had an m/z of 236.9884
and a retention time of 3.36 min. If the species is a singly charged azoic dye, the m/z is
likely to represent [M-Na]−, where M would represent the molecular mass and be equal
to 259.9782 u. If the species is a doubly charged azoic dye, the m/z is likely to represent
[M-2Na]2−, where M would represent the molecular mass and be equal to 519.9564u.

Molecular weight searches into the two projected masses were performed but no red
dyes were found to correspond.

• Assignment of “Rosso Luce Solido BL” and “Rosso Italana R”

For both “Rosso Luce Solido BL” and “Rosso Italana R”, m/z peaks corresponding
to the major peaks in the chromatogram were all present in a wide range of the spectra
acquired from the whole set of the museum’s dyes and were hence not considered to be
indicative of the dye compounds present in the samples. It is possible that, upon further
analysis of the chromatograms in the laboratory, other chromatographic peaks may be
identified, with more diagnostic m/z values. For “Rosso Italana R” in particular, a very
broad peak was acquired from 1.45–2.41 min, which unfortunately includes the retention
time of an extremely intense peak at m/z 360.3130, which appears in every spectrum. It is
therefore likely that if the diagnostic peak elutes within this range that its signal may be
overwhelmed by the intensity of the m/z 360.3130 peak in the mass spectrum and therefore
not be visible. For both “Rosso Luce Solido BL” and “Rosso Italana R”, the tentative
data obtained from preliminary predictions were not adequate for making any informed
decision about the identification of dyes without a defined mass peak.

• Assignment of “Rosso Naftolo SJ”

Naphthol reds are a very common and significantly varied range of azoic acid dyes,
so the name “Rosso Naftolo SJ” is not particularly indicative for obtaining preliminary
predictions from. Unfortunately, no preliminary predictions were possible based on Raman
comparisons [9].

This meant that the interpretation of the mass spectral data was approached only
with the understanding that the dye was likely to be a species containing a naphthalene
group. For interpretation of the chromatogram, the only intense peak considered likely to
be indicative of the molecular structure of the compound was the peak recorded at a m/z
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of 200.9741 and retention time of 3.08 min. This was therefore used to make a tentative
projection for the possible mass of the molecule as follows: if the species is a singly charged
azoic dye, the m/z is likely to represent [M-Na]−, where M would represent the molecular
mass and be equal to 223.9308u; if the species is a doubly charged azoic dye, the m/z is
likely to represent [M-2Na]2−, where M would represent the molecular mass and be equal
to 447.8616u.

Molecular weight searches into the two projected masses were performed but no red
dyes were found to correspond. The authors contend that due to the likelihood that the
dye molecule contains a naphthalene group (as suggested by the name) as well as at least
one sulfonate group and one azo group (as is the case for the other dyes identified from the
sample set), it is suspected that a molecule of mass 223.9308u is unlikely to correspond as
these components have a cumulative mass > 223.9308u.

• Assignment of “Rosso Novamina 2G”

Preliminary research on the nomenclature of “Rosso Novamina 2G” found two related
azoic acid dye species—however, a historical document [44] strongly indicated that “Rosso
Novamina 2G” is likely to be Acid Orange 19 [45]. No Raman spectra were available in
the literature for the standard for spectral comparisons to be performed, and the Raman
spectrum of “Rosso Novamina 2G” was also very strongly affected by the signals of the
wool compared to the other red dyes, meaning that only very few peaks were visible.

As such, the prediction was made solely on the nomenclature for this sample and it
was predicted that if the sample corresponded to Acid Orange 19, which has a mass of
519.0535u, then the major m/z peak in the mass spectral data should correspond to the
following species: [M-Na]− = 496.0655. Indeed, an intense peak corresponding to this m/z
was observed at a retention time of 2.88 min (Figure S5).

It is hence proposed that the identification of the dye “Rosso Novamina 2G” is likely
to be Acid Orange 19.

• Assignment of “SEII Azoico Acido Pag”

For “SEII Azoico Acido Pag”, unlike the other samples, the label on the glass jar
was simply handwritten. Due to this (alongside the fact that the naming format was
very different to the others in the set), it was deemed likely that the label may have sim-
ply corresponded to an internal sample management system and not the commercial
dye nomenclature. Research on the name found no bibliographic references, and a Ra-
man spectrum of this sample was not obtained due to the spectrum being overwhelmed
by fluorescence.

This meant that the mass spectrometry data were observed without any prior knowl-
edge or corroborative data about the possible molecular structure and hence were difficult
to interpret. There were several very high-intensity m/z peaks observed in the data. A
fairly intense chromatographic peak was observed corresponding to the m/z 231.5072
associated with Red 2G at a retention time of 2.14 (as observed with the standard), as well
as intense peaks at m/z 217.01257, 253.1350, 327.0452, 355.0767 and 577.4851. The peak
at m/z 327.0452—recorded at a retention time of 2.68 min—was by far the highest peak
observed; however, all peaks were of a significant magnitude, indicating that it is possible
that the sample is a mixture. This peak showed two diagnostic fragments at m/z 170.9987
and 155.98758 (Figure 5); for this reason, taking into account the literature data [46], it was
identified as Acid Orange 7 [47].
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Figure 5. Fragmentation of peak at m/z 327.0450, 2.73 min. The two diagnostic fragments at m/z
170.9987 and 155.9875 are visible.

3. Materials and Methods

3.1. Solvents and Reagents

High-purity analytical standards of Congo Red and Red 2G were purchased from
Sigma Aldrich. A ≥ 40% purity standard of Acid Yellow 25 was also purchased from Sigma
Aldrich. Solvents, acids and bases were purchased from Sigma Aldrich and used without
further purification. Na2EDTA·2H2O was purchased from Carlo Erba while TBAB and
other salts were purchased from Sigma Aldrich.

3.2. Development of Clean Up for Synthetic Dyes: dLLME

Development of the cleanup protocol was performed on a mixed reference sample
containing 500 ppb of Acid Yellow 25, Congo Red, and Red 2G. The analytes were dissolved
to 500 ppm and diluted to 100 ppm in Millipore water and the final dilution to 500 ppb was
then performed in methanol. All experiments were repeated three times and each replicate
was analyzed twice using mass spectrometry to obtain an average.
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3.2.1. Evaluation of Disperser for Synthetic Dyes

The dLLME method was adapted from a protocol outlined by Faraji et al. [24] for the
determination of azo dyes from ice cream samples. Chloroform was used as the extracting
solvent for the tests and methanol, isopropanol, acetonitrile and acetone were all trialed
as dispersers.

The disperser trials were carried out as follows: 500 μL of 100 ppb mixed standard
was placed together in a tube. The sample was then made up to 5 mL with Millipore water,
and 150 μL previously made up 2M tetra-n-butylammonium bromide (TBAB) in water
was added as the ion pair reagent. The tube was lightly swirled to ensure homogeneity.
Quantities of 750 μL of the desired disperser and 100 μL of chloroform were then drawn
up into a syringe and injected rapidly into the aqueous phase, forming a cloudy solution.
The mixture was then vortexed for 10 s and sonicated for 10 min before undergoing 5 min
of centrifugation at 4200 rpm. The bottom organic layer was removed with a syringe and
placed in a vial where it was dried under N2 flow. The extract was reconstituted with
100 μL methanol for analysis using HPLC-MS.

3.2.2. Trial of the Complete Analytical Protocol for Synthetic Dyes

After the dLLME procedure was set up, the chosen method was paired with the initial
extraction protocol to ensure functionality of the whole protocol when joined together.
The initial extraction method was exactly as described in the literature for natural dyes in
Serafini et al. 2017 [21]. After that, the dLLME protocol was applied, employing methanol
as the disperser, as described above.

3.2.3. Analysis of Historical Textile and Powder Samples

The fiber samples were extracted using the method described above. Specifically, the
fiber sample was placed in a vial containing 4.4 mg NaCl, 0.8 mL 30% NH3 and 0.8 mL
1 mM Na2EDTA. The samples were left in the extraction mixture and covered in aluminum
foil for 2 days and left to extract at room temperature. The solution was then pipetted out.
The sample was then placed under N2 flow to facilitate the evaporation of the ammonia,
and this was performed until a neutral solution was obtained.

The neutral solution was then placed in a tube and made up to 5 mL with Millipore
water to which 150 μL 2M TBAB was added. The tube was lightly swirled to ensure
homogeneity. Quantities of 750 μL methanol and 100 μL chloroform were then drawn
up into a syringe and injected rapidly into the aqueous phase, forming a cloudy solution.
The mixture was then vortexed and sonicated for 10 min before undergoing 5 min of
centrifugation at 4200 rpm. The bottom organic layer was removed and placed in vial,
where it was dried under N2 flow.

For the powder samples, it was not necessary to perform the initial extraction step
and therefore the samples were dissolved in 5 ml water in a tube and the dLLME protocol
was then performed directly on the sample.

HPLC-HRMS was then carried out using untargeted analysis by following the instru-
mental setup reported below.

3.3. HPLC-MS Analyses
3.3.1. Targeted HPLC-MS Analyses

Recovery analysis during method development was carried out using the results from
targeted HPLC-MS. For the chromatographic analysis, a Series 200 Perkin Elmer micro-LC
system equipped with an autosampler was used. The system was coupled to a PE-Sciex
API 2000 triple quadrupole mass spectrometer equipped with a TurboIon-Spray ionization
source, operating in negative ionization mode. The columns tested were a Kinetex XB-C18
2.6 μm core–shell particle column and a Luna-C18 5 μm column, and the Luna-C18 was
chosen. The system was used in SIM. To individuate the best chromatographic conditions
for synthetic dyes, three trials were performed on the mobile phases:

i. Phase A: 0.1% formic acid in acetonitrile; Phase B: 0.1% formic acid in water;
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ii. Phase A: 5 mM ammonium acetate in acetonitrile; Phase B: 5 mM ammonium acetate
in water;

iii. Phase A: methanol; Phase B: 5 mM ammonium acetate in water.

The mobile phases chosen were methanol and 5 mM ammonium acetate in Millipore
water in a gradient elution, as shown in Table 2.

Table 2. Gradient elution for HPLC-MS analyses.

Time (min)
Phase A
(MeOH)

Phase B
(5 mM Ammonium Acetate in H2O)

0.0 0% 100%
3.0 100% 0%
4.5 100% 0%
5.0 0% 100%
7.0 0% 100%

The SIM targets are listed below, in Table 3:

Table 3. Synthetic dye standard mass spectrometry targets.

Dye
Exact
Mass

Parent Ion
(m/z)

DP (V) FP (V) EP (V) CEP (V)

Acid Yellow 25 549.5537 526.2 −101 −140 −9 −29.66
Congo Red 696.6622 325.3 −38 −365 −9 −24.79

Red 2G 509.4200 231.5 −15 −326 −7 −22.52

Recoveries were calculated by performing peak area integrations with Sciex Ana-
lyst software, and these areas were compared to results from the original standards in
Microsoft Excel.

3.3.2. Untargeted HPLC-MS Analyses

Untargeted mass spectrometric data of the unknown museum samples were acquired
using a Thermo Fisher Scientific DionexTM UltiMateTM 3000 (RSLC) UHPLC system
equipped with an RS autosampler and coupled with a high-resolution Q-Exactive Orbitrap
mass spectrometer equipped with a heated electrospray ionization source (H-ESI).

The H-ESI source operated in negative ionization mode with tuning parameters set
at sheath gas flow rate (nitrogen) = 45 units, auxiliary gas flow rate (nitrogen) = 20 units,
spray voltage = −3.00 kV, capillary temperature = 350 ◦C, source temperature = 350 ◦C.
MS experiments were carried out in full scan–data dependent acquisition mode (Full-dds).
A full scan was conducted with a scan range between 100 and 800 m/z with a resolution
of 70,000 FWHM; automatic gain control (AGC) was 1 × 106, maximum injection time
was 100 ms. For MS/MS experiments, resolution was 17,500 FWHM, AGC was 5 × 106,
maximum injection time was 80 ms, loop count and TopN were 5, isolation window was
set to 2.0 m/z, the fixed first mass was 50 m/z. Minimum AGC target was 8 × 103 and
the intensity threshold was 1 × 106. The dissociation of molecular ions was induced in a
high-energy collision cell (HCD) by means of nitrogen; simultaneous experiments were
conducted at three different normalized collision energies: 10, 30 and 50%.

The Luna-C18 column used for the setting of the methods and the mobile phase
conditions individuated for the method development were used for analysis on histori-
cal samples.

3.4. Sampling from ACNA Collection

As mentioned in the introduction, the collection partially studied in this work comes
from the Museum of Chemistry, located within Sapienza University of Rome’s Department
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of Chemistry, which holds an extensive collection of early synthetic dyes from several differ-
ent dye companies. ACNA industry, an acronym for Azienda Coloranti Nazionali e Affini
(ACNA), was an Italian chemical company active from 1882 until 1999 [6]. The company
was extremely controversial throughout the entirety of its history. It was first founded as an
explosives factory that operated under the name Dinamitificio Barbieri and subsequently
the Italian Society of Explosive Products. The company later moved away from the produc-
tion of explosives and retooled as a colorant manufacturer after being acquired by Italgas
in 1925. The ACNA received significant investment from the fascist regime in the years
immediately following 1925, to promote Italian manufacturing industries, and its name
was once again changed, this time to the Associated National Chemistry Companies—at
which point it obtained the acronym ACNA. It was then acquired by the larger companies
IG Farben and Montecatini, who gave it its final name: Azienda Coloranti Nazionali e
Affini [48]. Under these companies, the ACNA manufactured colorants, working until 1999,
during which time their production caused extensive pollution of the surrounding areas,
inflicting severe damage to both the environment and the health of nearby residents [48].

Sampling of the ACNA Museum’s dye collection was carried out in July 2020 after a
preliminary viewing of the collection. The preliminary visit was used to take photographs
and note commercial names of dyes in the collection, which were then researched in the
subsequent months to identify possible assignments for the dyes based on the nomenclature.
Fibers (less than 1 mg) and powdered samples (about 1 mg) were then selected as the case
study for this research.

4. Conclusions

The primary aim of this work was the development and application of a novel ex-
traction strategy, based on the ammonia–EDTA protocol, adding a novel cleanup protocol
for the purification and enrichment of the analytes for the analysis of synthetic dyes from
historical and artistic matrices. As a secondary aim, the protocol developed for synthetic
dyes was applied to a real case study of historical synthetic dyes from the Museum of
Chemistry, Sapienza University to verify the effectiveness of this protocol in historical
sample analyses. This research adapted a methodology from the analytical science of food
and successfully developed a protocol well-suited to cultural heritage. For the dLLME
protocol, the best results were obtained with the use of methanol as the disperser solvent
with chloroform as the extracting solvent.

One of the main benefits of this application is that it allows for synthetic dyes to be
extracted alongside natural dyes in a single extraction step, with the ammonia extraction
protocol, and the best-suited dLLME protocol can be employed to purify the analytes. In
this way, both types of dye now only require the acquisition of a single sample instead of
two, minimizing the destructiveness of analysis.

For application to synthetic dye samples from the ACNA industrial collection, the
application of the novel analytical protocol for the extraction and preconcentration of
synthetic dyes was effective for this research, and it can therefore be considered a signif-
icant contribution to the study of synthetically dyed artefacts. Furthermore, the results
obtained confirmed the importance of scientific study in improving understanding of nam-
ing conventions in the context of the synthetic dye collections. In ACNA dyes, particularly
interesting was the case of “Giallo Italana 2G”, where it appears that, despite being labelled
with the same name and being from the same company, the dyed fiber and powdered
sample are likely to have different chemical structures. In contrast, in “Rosso Amidonaftolo
2G”, the chemical structure was consistent between the powder sample and the dyed
wool. This is a strong exemplification of the complexity of the study of synthetic dye
collections—where, even within a single company, naming conventions can vary widely.

The case study also perfectly illustrates the benefits and necessity of a multi-analytical
approach to the analysis of unknown artefacts. In some cases, Raman spectroscopy was
highly indicative of the likely assignment of the structure, but when compared with
the mass spectral results, the preliminary assignment was shown to be incorrect. This
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was illustrated with the “Tartrazina J” sample, which appeared strongly similar to the
spectrum for Acid Yellow 17, but the expected m/z was not observed in the mass spectrum.
Contrastingly, for some samples, the indicative nature of the Raman meant that mass
spectra could be rapidly interpreted to corroborate the data, for example, with “Rosso
Amidonaftolo 2G”. In other cases, such as for “Arancio Luce G”, the preliminary data were
not indicative of a particular compound but could be used to corroborate the data obtained
from the mass spectrum.

Moreover, the preliminary investigations using Raman analyses once again demon-
strated the importance of a multi-analytical approach, which meant that several samples
from the collection could be analyzed with only a very small textile sample.

It is also hoped that further studies will be conducted in the future, and hopefully
provide more indicative data for the unidentified samples, thus implementing the database
of such dyes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28145331/s1, Figure S1: Diagnostic peak at 236.9883
from Giallo Italana 2G; Figure S2: Chromatograms of Giallo luce solido 2G, powder, with the
diagnostic peak at 357.0572 at 2.59–2.99 min; Figure S3: Diagnostic peak at 464.0233 from Rosso
Amidonaftolo-powder. Figure S4. Chromatograms of Tartrazine J, fiber; Figure S5: Chromatograms
of Rosso Novamina 2G, fiber, with the diagnostic peak at m/z 496.0655, 2.88 min.
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Abstract: To date, it is still not possible to obtain exhaustive information about organic materials
in cultural heritage without sampling. Nonetheless, when studying unique objects with invaluable
artistic or historical significance, preserving their integrity is a priority. In particular, organic dye
identification is of significant interest for history and conservation research, but it is still hindered
by analytes’ low concentration and poor fastness. In this work, a minimally invasive approach for
dye identification is presented. The procedure is designed to accompany noninvasive analyses of
inorganic substances for comprehensive studies of complex cultural heritage matrices, in compliance
with their soundness. Liquid extraction of madder, turmeric, and indigo dyes was performed directly
from paint layers and textiles. The extraction was supported by hydrogels, which themselves can
undergo multitechnique analyses in the place of samples. After extraction, Ag colloid pastes were
applied on the gels for SERS analyses, allowing for the identification of the three dyes. For the HPLC-
MS/MS analyses, re-extraction of the dyes was followed by a clean-up step that was successfully
applied on madder and turmeric. The colour change perceptivity after extraction was measured with
colorimetry. The results showed ΔE values mostly below the upper limit of rigorous colour change,
confirming the gentleness of the procedure.

Keywords: dyes; in situ extraction; hydrogels; SERS; dLLME; HPLC-MS/MS; colorimetry

1. Introduction

While sample reduction and procedure miniaturisation are generally desirable in
analytical chemistry, the principle of minimal invasiveness is imperative when analysing
cultural heritage and, where possible, completely noninvasive analyses are preferred.

Nonetheless, when sampling is forbidden the study of organic components is disad-
vantaged. Dyes, in particular, represent one of the most complex challenges because of their
low concentration and tendency to fade. When they are in complex matrices, care must be
taken not to completely lose information about their presence. Noninvasive techniques,
like fibre optic reflectance spectroscopy (FORS) or fluorescence spectroscopy, were proved
to be effective, in some instances, for dye identification in rather simple matrices [1–5], but
they generally lack specificity. Because of their strong fluorescence, dyes are not suited for
Raman spectroscopy identification. However, fluorescence can be quenched when signals
are enhanced by means of metal nanoparticles (NPs), and very good dye spectra can be ob-
tained by means of surface enhanced Raman spectroscopy (SERS) [6–10]. Nonetheless, the
phenomenon occurs when the analyte interacts with metal NPs, which cannot be applied
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directly on the artifact and, thus, micro sampling is required anyways [6,11]. To overcome
this problem, different kinds of solid substrates have been proposed over the last decade.
For instance, cellulose films incorporated with NPs can be applied directly on the artifact’s
surface and, following SERS measurements, can be removed, therefore limiting the residues
left behind [12].

Gels, on the other hand, can be loaded with extraction solvents and used to perform
extractions directly from the artifacts. Gels can be prepared with NPs inside or covered
with NPs after removal from the artifact, just before undergoing SERS analysis in the place
of samples [13–18]. Hydrogels, in particular, because of their water retention and release
properties, are appreciated for in situ extractions by means of aqueous solutions. Agar
gel prepared with Ag NPs has repeatedly been used to obtain a Ag-agar gel support for
SERS analyses [14–18]. A Ag-agar gel loaded with an extraction solution was applied on an
artifact surface for dye extraction and then left to dry for SERS analyses. While drying, an
agar gel shrinks consistently, promoting the close interaction of Ag colloids with the dyes,
thus enhancing the SERS signals [19].

However, in spite of SERS efficacy, when it comes to dye analyses, it must be said
that high-performance liquid chromatography (HPLC) coupled with diode array detector
(DAD) and mass spectrometry (MS) specificity is unrivalled. Hence, when possible, the
common procedure involves removing a paint sample larger than 200 μm, or 1–2 mm of
thread [6], for the dye extraction from the matrix. But complications with dyes are yet to
end; extraction is a very critical and debated step, and useful information can be lost even
with a consistent sample in hand. This is because traditional extraction methods imply the
use of HCl and high temperatures. These harsh conditions are needed to break the chemical
linkage between dyes and their metal substrate. Nonetheless, this way the linkage between
glycosylated dyes and their sugar moiety becomes broken, too. Even if dye identification is
possible based exclusively on aglycones, glycosylated molecules can be extremely precious
to obtain specific information [20]. Taking this into account, several alternatives to HCl
have been proposed [21–26], from mild acids to organic solvents, mostly supported by high
temperatures. In 2015, a completely new basic approach, based on ammonia, was proposed
for anthraquinone dyes [27]. The extraction solution, composed of NH3, Na2EDTA, and
NaCl, is able to break the linkage between dyes and their metal substrates, preserving the
entire glycosylated molecules at ambient temperature. The resultant analytical composition
of ammonia extracts matches the source composition reported in the literature [27]. In
2020, the ammonia–EDTA extraction method was combined with hydrogel-supported
microextraction in an attempt to coalesce SERS with the HPLC-MS/MS identification of
dyes for the first time [19]. This procedure was designed to obtain as much information
as possible on the analytes while preserving their molecular pattern together with the
artifact’s soundness. The ammonia solution, being aqueous, is very suited to hydrogel
extraction, and its ability to work at ambient temperature makes direct application on the
object possible. After extraction from wool, anthraquinone dyes were re-extracted from
the gel support, and an additional liquid–liquid extraction was performed to purify the
analytes and eliminate Na2EDTA and NaCl, both of which are not compatible with the
HPLC-MS/MS system. To test the procedure, agar gel and Nanorestore Gel® HWR (high
water retention), designed and produced by the Italian Center for Colloids and Surface
Science (CSGI), were compared. The outcomes revealed that while SERS analyses provided
good results, traditional liquid–liquid extraction was not able to recover the small amount
of analyte extracted, and a dispersive liquid–liquid microextraction (dLLME) clean-up
procedure was thus developed and validated for this purpose. The development and
validation study, which comprehends the application of this methodology to archaeological
textiles, is under submission to another journal by the same authors. During the presented
work, the whole procedure was also adapted to paint layers and extended to additional
dye classes. Three textile mock-ups were prepared dying wool using madder, indigo,
and a direct dye: turmeric. Furthermore, madder lake pigment and indigo in powder
were mixed with egg yolk to obtain tempera paint mock-ups. While the ammonia–EDTA
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extraction and dLLME clean-up procedure was used on madder and turmeric, indigo gels
were imbibed into an aqueous solution of NaOH:Na2S2O4 1:2, able to reduce indigotin into
its water-soluble form, leuco indigo [16,28] (Figure 1). Once in the hydrogel pores, leuco
indigo re-oxides into indigotin when in contact with the atmosphere. A dLLME clean-up
procedure was then tested to re-extract indigoids from the gels for the HPLC-MS/MS
analyses. All details are listed in Section 3 (Materials and Methods).

Figure 1. Indigo reduction reaction into leucoindigo using sodium hydrosulphite in alkaline solution:
sodium hydrosulphite is oxidised into sodium sulphite (SIII → SIV), releasing two electrons [28].

2. Results and Discussion

2.1. Extraction
2.1.1. Madder and Turmeric

The ammonia–EDTA extraction solution was visibly able to extract madder and
turmeric dyes both from wool and paint layers. As already observed by Germinario
et al. [19], agar gel was homogeneously coloured after extraction (Figure 2a), while for
the Nanorestore Gel® HWR, the dyes appeared more concentrated on the contact surface
(Figure 2b), in accordance with its high retention power.

 
 

(a) (b) 
Figure 2. (a) Agar gel (3% w/v) after 3 h extraction from wool dyed with madder; (b) Nanorestore
Gel® HWR after 3 h extraction from wool dyed with madder.

2.1.2. Indigo

Agar gel was extremely effective for indigoid dye extraction from both wool and paint
mock-ups. The gel appeared greenish coloured right after extraction; however, after contact
with the atmosphere, the oxidation of leucoindigo back to indigotin slowly turned the
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colour back to blue. Conversely, the Nanorestore Gel® HWR showed not to be compatible
with the reducing solution. After soaking, the gel appeared altered by look and by touch.
A substance absorbed from the solution or degradation product was observable right
at the centre of the gel cylinder (Figure 3), and the Nanorestore Gel® HWR consistency
was hardened.

 
Figure 3. Nanorestore Gel® HWR after 90 min soaking in aqueous solution containing
NaOH:Na2S2O4 1:2.

2.2. SERS
2.2.1. Madder and Turmeric

Spectra were acquired directly on the gels after the addition of Ag colloids. The colloids
were made in pastes to prevent excessive absorption into the gel cylinders (see Section 3
(Materials and Methods)). The spectra recorded show SERS scattering peaks attributable to
madder and turmeric dyes (Table 1). Peaks at approximately 1270–1280 and 1320 cm−1,
observed in the spectra of the agar gel after madder extraction from textile and paint
mock-ups (Figure 4a), are diagnostic for the presence of alizarin and are attributed to the
C-C stretching, H-C-C, and C-C-C bending modes of the anthraquinone ring [15–19,29–34].

Table 1. Main SERS scattering peaks observed in the spectra of agar gel (3% w/v) and Nanorestore
Gel® HWR after extraction of madder and turmeric from wool and tempera mock-ups. The vibrational
modes are reported as ν (stretching) and δ (bending).

Peaks from Madder Attribution Peaks from Turmeric Attribution
Peaks from the Gel

Matrix

Agar Gel
(3% w/v)

Nanorestore
Gel® HWR

Agar Gel
(3% w/v)

Nanorestore
Gel® HWR

Agar Gel
(3% w/v)

Nanorestore
Gel® HWR

Tempera Textile Tempera Textile Textile Textile 838 cm−1

1000 cm−1

1034 cm−1

1268 cm−1

1332 cm−1

1383 cm−1

1461 cm−1

839 cm−1

999 cm−1

1249 cm−1

1321 cm−1

1355 cm−1

1422 cm−1

1448 cm−1

1760 cm−1

1144 cm−1 1155 cm−1 1156 cm−1 1160 cm−1 ν C-C, δ
C-H 1139 cm−1

-

skeleton
vibr.

1270 cm−1 1283 cm−1 1290 cm−1 1292 cm−1 ν C-C, δ
H-C-C 1166 cm−1 skeleton

vibr.

1320 cm−1 1321 cm−1 1324 cm−1 1315 cm−1 ν C-C, δ
H-C-C 1290 cm−1

δ C-C-C,
C-C-H and

C=CH
1615 cm−1 1614 cm−1 1622 cm−1 1611 cm−1 ν C=O 1600 cm−1 δ C-OH
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(a) (b) 

Figure 4. (a) SERS spectra of agar gel (3% w/v) after 15 min extraction of madder from tempera paint
and 3 h extraction of madder from wool; (b) SERS spectra of Nanorestore Gel® HWR cylinders after
15 min extraction of madder from tempera paint and 3 h extraction of madder from wool.

The peak at approximately 1615 cm−1, mainly visible in the spectrum from wool
extraction, is attributed to the C=O stretching of the anthraquinone ring [14,15,29,30].
The peak at approximately 1150 cm−1 (1144 for tempera and 1155 cm−1 for wool) can
be ascribed to the C-C stretching and C-H bending modes of the dye molecules [29].
Additional medium and weak intensity peaks between 800 and 1000 cm−1, such as the
one at 887 cm−1, are attributed mainly to anthraquinone skeletal vibration [14,15,29]. The
peaks at approximately 1450 cm−1 are generally attributed to alizarin C-O stretching
and C-O-H and C-H bending [14,15,30]. The scattering band at 1398 cm−1, on the other
hand, is diagnostic for the presence of purpurin [30,34,35]. This peak is reproducibly
more pronounced after extraction from wool than from tempera and could be due to the
different preparation recipes. Additional peaks, such as the ones at approximately 1360 and
1505 cm−1, could not be assigned to specific modes of anthraquinone dyes and can, hence,
be related to the complex molecular pattern extractable from madder roots. Scattering peaks
at approximately 1330–1350 cm−1, however, were already observed in the agar gel [19,35],
and its attribution, hence, remains uncertain.

Madder spectra acquired on Nanorestore Gel® HWR (Figure 4b) similarly exhibit
peaks at approximately 1155, 1290, 1320, and 1620 cm−1. The peaks were less intense in
comparison to the ones from the gel matrix, especially after extraction from wool. In this
latter case, peaks at approximately 1422 and 1449 cm−1, with a shoulder at 1465 cm−1, were
preferentially enhanced. These peaks are generally attributed to alizarin C-O stretching
and C-O-H and C-H bending [14,15,29]. Nonetheless, peaks in the same positions were
also observed in the gel matrix. In addition, the Nanorestore Gel® HWR matrix presents
some peaks at approximately 1320–1350 cm−1 that overlap with the ones typical of alizarin.
A peak at 1041 cm−1, visible after extraction from tempera, is attributed in the literature
to the alizarin ring C-C-C in-plane bending [29]. The intensity of this specific peak in
this spectrum could be due to the geometry of the interaction between the analytes and
the AgNPs.

In general, on the paint layers as on the textile, the typical anthraquinone dye SERS
scattering peaks were more recognizable after agar-gel-supported extraction. This is in
accordance with already published results [19]. This can be related to the high water
retention of Nanorestore Gel® HWR, which could, in some instances, hinder the extraction
solution release and, hence, the analytes collection.

In the case of turmeric, too, typical SERS scattering peaks could be observed on the
agar gel after extraction from wool (Figure 5). Signals at 1139 and 1166 cm−1 can be
assigned to the molecular skeleton vibration, while the signal at 1290 cm−1 is due to the
phenolic ring C-C-C, C-C-H, and C=CH bending [36]. Lastly, the band at 1600 cm−1 can
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be assigned to the C-OH bending and its shoulder at 1630 cm−1 to the C=C and C=O
stretching [36,37]. The peak at 999 cm−1 is likely due to the gel matrix. On the contrary,
no peaks related to curcumin could be observed on Nanorestore Gel® HWR after the dye
extraction. As mentioned for madder, the difference in the extraction capabilities can be
explained by taking into account the difference in water retention.

Figure 5. SERS spectra of agar gel (3% w/v) after 3 h extraction of turmeric from wool.

In general, the gel matrices exhibited rather reproducible signals. While the agar gel
peak positions are reproducible, anyways, their intensities can change consistently. This
fact is a consequence of the agar gel macromolecular structure, which can have variable
interaction with AgNPs.

The signals observed on the Nanorestore Gel® HWR blank were also quite repro-
ducible during the experiments that were carried out, and the main scattering peaks were
at 839 cm−1, 999 cm−1, 1355 cm−1, 1422, and 1448 cm−1.

To avoid any attribution uncertainty, however, especially in the region around 1320 and
1450 cm−1, SERS analyses of dyes re-extracted from the gels will be attempted in the future.

2.2.2. Indigo

Because of the degradation that occurred in the reducing solution, the Nanorestore
Gel® HWR was not able to extract indigo. Spectra were, thus, acquired only on the agar gel
after indigo extraction and Ag colloid pastes addition.

In the spectra recorded, intense and sharp peaks related to indigoids were visible
(Figure 6 and Table 2).

Figure 6. Spectra of agar gel (3% w/v) cylinders after 5 min extraction of indigo from tempera and
from wool.
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Table 2. Main scattering peaks observed in the spectra of agar gel 3% (w/v) after extraction of
indigo from wool and tempera mock-ups. The vibrational modes are reported as ν (stretching) and
δ (bending).

Peaks from Indigo Attribution
Peaks from the Gel

Matrix

Tempera Textile

675 cm−1

1000 cm−1

1440 cm−1

544 cm−1 543 cm−1 δ C=C-CO-C and C-N
597 cm−1 594 cm−1 δ C-C and C-N

1224 cm−1 1223 cm−1 δ N-H and C-H
1250 cm−1 1248 cm−1 δ C-H, C=C, and N-H
1574 cm−1 1573 cm−1 ν C=C and C=O

The intense peaks at 544 and 597 cm−1 are related to the indigotin C=C-CO-C and
C-N bending modes and to the C-C and C-N bending modes, respectively. The peak
at 1224 cm−1 is due to the molecule N-H and C-H in-plane bending, while the one at
1250 cm−1 is due to the C-H, C=C, and N-H in-plane bending [16]. The strong signal at
1574 cm−1 can be attributed to the molecule’s C=C and C=O stretching modes [16,38].

The SERS peaks obtained are consistent with the ones published by Platania et al. [16],
who extracted indigo from cotton using agar gel loaded with the same reducing solution
(NaOH:Na2S2O4 1:2). Nonetheless, in comparison to the spectrum obtained by Plata-
nia et al., the spectra reported here exhibit a pronounced enhancement of the peaks at 545,
597, and 1573 cm−1. Interestingly, the spectra obtained after extraction from wool and after
extraction from tempera are very similar in spite of the different preparation recipes and
are highly reproducible.

2.3. HPLC-MS/MS
2.3.1. Madder and Turmeric

The chromatograms obtained show the presence of the target analytes selected. The
chromatographic peaks related to alizarin fragmentation (Rt = 4.17 min) and purpurin
fragmentation (Rt = 4.52) could be observed after re-extraction from agar gel applied on
wool (Figures 7 and 8).

 

Figure 7. Alizarin chromatogram relative to agar gel (3% w/v) madder extraction from wool. The
chromatogram in darker pink refers to the transition from 239 to 210 m/z, while the chromatogram in
lighter pink refers to the transition from 239 to 167 m/z.
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Figure 8. Purpurin chromatogram relative to agar gel (3% w/v) madder extraction from wool. The
darker chromatogram refers to the transition from 255 to 227 m/z, while the lighter chromatogram
refers to the transition from 255 to 171 m/z.

On the contrary, re-extraction from Nanorestore Gel® did not produce satisfying results.
The chromatographic peak areas of the analytes are greater for agar gel (3% w/v)

extraction than for Nanorestore Gel® HWR extraction. Again, this is in accordance with
their different water retention.

Regarding the extraction from tempera paint layers, no peaks related to alizarin
and purpurin were observed. Nonetheless, considering the SERS results obtained, the
extraction times from the paint mock-ups could be adjusted to further increase the amount
of analyte collected.

The dLLME clean-up procedure, successfully tested and validated for aglycones and
glycosylated dyes, demonstrated efficacy also with turmeric. The chromatographic peaks
related to curcumin transitions (Rt = 4.68) could be observed after re-extraction from agar
gel and Nanorestore Gel® HWR. No peaks related to the analyte were observed in the
reference blanks.

2.3.2. Indigo

Because of the extraction solution complexity, the clean-up procedure developed for
indigoids (see Section 3 (Materials and Methods)) could not be perfected. The formation of
a sulphur salt was observed both in the aqueous phase and organic phase after dLLME. For
this reason, HPLC-MS/MS analyses of indigoid dyes with this procedure requires further
studies, and the protocol is still under refinement. Considering the good results obtained
by means of SERS, however, the reducing solution could be further diluted to hinder the
salt precipitation.

2.4. Colorimetry
2.4.1. Madder and Turmeric

The colour variations induced using gel-supported liquid extraction are mainly around
the colour tolerance applied in the industrial field (ΔE = 3 CIELAB units) considered the
upper limit of rigorous colour tolerance (Table 3) [39].
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Table 3. Colour variation (ΔE00) measured for every mock-up before and after dye extraction.

Sample Name Description Gel
Extraction

Time
ΔE00

R1R
Tempera paint,

madder lake
pigment

Agar gel
(3% w/v) 15 min 2.97

Nanorestore Gel®

HWR
15 min 4.96

ROB Wool dyed with
madder

Agar gel
(3% w/v) 3 h 2.09

Nanorestore Gel®

HWR
3 h 2.76

 
CUR Wool dyed with

turmeric

Agar gel
(3% w/v) 3 h 3.87

Nanorestore Gel®

HWR
3 h 5.24

I1AR Tempera paint,
indigo over azurite

Agar gel
(3% w/v) 5 min 4.14

IND Wool dyed
with indigo

Agar gel
(3% w/v) 5 min 1.52

On madder, only Nanorestore Gel® HWR extraction from tempera paint induced
a colour variation higher than three. However, no mark was visible on the paint to the
authors’ eyes. Agar gel, on the other hand, induced a colour variation of 2.97 CIELAB
units, and showed better results when analysed by means of SERS. On wool, both Nanore-
store Gel® HWR and agar gel extraction was invisible, leaving a large margin for further
developments.

Turmeric colour measurements showed that the dye is sensitive to the extraction
solution. After 3 h, a light shift to a reddish colour was effectively visible under careful
observation. Nevertheless, the presence of turmeric could be detected using both SERS and
HPLC-MS/MS, which means there could be a margin for a reduction in the extraction time.

2.4.2. Indigo

The reducing solution proved to be harsher than the ammonia–EDTA solution. The
extraction time was reduced from 3 h to 5 min on wool, providing very good SERS results
and a colour variation of only 1.52 CIELAB units (Table 3). Conversely, the extraction on
tempera induced a colour variation of 4.14 CIELAB after 5 min. Considering the spectra
obtained, the reducing solution could be further diluted and the extraction times adjusted.

3. Materials and Methods

3.1. Materials

Madder roots (Rubia tinctorum L.) and alum (KAl(SO4)2) were purchased from “Chroma”
srl. Genuine indigo in pieces (Indigofera Tinctoria), rabbit skin glue, and CaSO4 were pur-
chased from Kremer Pigmente (Germany). Bricks were purchased from “Mattone Romano”
srl (Italy). KC4H5O6 was purchased from a grocery shop. Turmeric was purchased from
Chroma. Agar in powder (ash 2.0–2.4%), solvents, and salts, such as ammonia (30–33%),
NaCO3 (≥99.0%), Na2S2O4 (≥82.5%), K2CO3 (with impurities ≤55.0 ppm), NaOH (≥95%),
hydroxylamine hydrochloride (99.9%), NaCl (with impurities ≤0.005% as insoluble matter),
Na2EDTA (with impurities ≤0.005% as insoluble matter), silver nitrate (≥99.0%), HCl
(37%), HCOOH (≥95%), 2-propanol, and 1-pentanol, were purchased from Sigma-Aldrich.
Nanorestore Gel® High Water Retention was purchased from CSGI (Center for Colloid and
Surface Science).
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3.2. Lake Pigments Preparation

Red madder lake pigment was prepared following a recipe from Daniels et al. [40].
Briefly, 5 g of madder roots were soaked in 150 mL distilled water and left overnight. The
roots in water were heated up until 70 ◦C for 30 min. After filtration, 2.5 g potassium
alum was added to the solution, and the temperature was brought to 80 ◦C. Meanwhile,
0.94 g K2CO3 was dissolved in 25 mL water and gently poured into the dye bath under
continuous stirring. The lake pigment formed was left to precipitate overnight. Once
precipitated, the lake pigment was filtered and finely ground.

3.3. Paint Mock-Ups Preparation

Paint mock-ups were made on bricks prepared with eight layers of CaSO4 and rabbit
skin glue and applied with a brush [41]. The organic pigments were mixed with a solution
of 2 mL water and an egg yolk. The pigments were mixed with the binder in a rough
proportion 2:1 (w/v) using a spatula and then applied by means of a brush, and then left to
age naturally for six months.

3.4. Wool Dyeing

Textile mock-ups were prepared from wool dyed using madder, indigo, and turmeric.
First, 2 g wool yarn was mordanted as follows: 620 mg alum and 120 mg potassium
bitartrate (KC4H5O6) were dissolved in 250 mL of distilled water. The solution was warmed
to 40 ◦C and kept for ten minutes. Wool was soaked in the solution once cooled down.
The temperature was increased again to 80 ◦C for 40 min and kept for 1 h under gentle
magnetic stirring [27]. Once at ambient T, the wool was removed, squeezed, and left to dry.

To dye wool using madder, 1 g madder roots was soaked in 400 mL distilled water
and warmed to 35 ◦C. One gram of mordanted wool was soaked, the temperature was
brought to 80 ◦C over 40 min, and then kept for 1 h under gentle magnetic stirring [27].

For direct wool dyeing using turmeric, 0.5 g turmeric in powder was soaked in
400 mL distilled water, brought to 90 ◦C, and then kept for 15 min under magnetic stirring.
Successively, 1 g unmordanted wool was soaked and left for 30 min at the same temperature.

To dye wool with indigo, 0.6 g ground indigo was added to 10 mL distilled water at
45 ◦C. Successively, a solution of 0.6 g NaCO3 in 6 mL distilled water and a solution of 1.5 g
Na2S2O4 in 50 mL distilled water at 45 ◦C were added one after the other. The mixture
obtained was brought to 55 ◦C and kept for 20 min. Afterwards, 3 g unmordanted wool
was soaked in the bath and left for 10 min. The wool was then removed and left in contact
with the atmosphere to allow the dye to re-oxidise.

After the dyeing was performed, distilled water was always used to wash the wool
until the rinse was transparent; then, it was left to dry and age naturally for six months. The
textile mock-ups were made by winding dyed wool yarns around microscope glass slides.

3.5. Agar Gel Preparation

For the agar gel preparation, 0.24 g agar in powder was added to 8 mL distilled water
in a 100 mL beaker. The beaker was then gently shaken in a boiling water bath for 10 min
so that the polymer reached its melting temperature. The solution was cooled for 30 min at
ambient temperature and stored in a refrigerator overnight [19,35].

3.6. Ag Colloids Pastes Preparation

The Ag colloids were prepared following the protocol developed by Leopold and
Lendl [19,42]. Specifically, 20 mg NaOH was added to 5 mL MilliQ water, and 21 mg
NH2OH · HCl was added to another 5 mL MilliQ water. The two solutions were mixed
together and poured into a solution of 17 mg AgNO3 in 90 mL MilliQ water under constant
magnetic stirring. The obtained Ag colloid solution was stored in the fridge. To obtain col-
loidal pastes, 10 mL colloids were centrifuged at 4500 RPM for 20 min, and the supernatant
was discarded [43,44].
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3.7. Gel-Supported Liquid Extraction

Agar gel 3% (w/v) and Nanorestore Gel® HWR, as a commercial product, were cut
into cylinders of approximately 4 mm in diameter. The cylinders were soaked for 90 min
in a solution of NH3 (30–33%) and Na2EDTA 1 mM (1:1). NaCl was added until a final
concentration of 4.7 mM [19,20,27]. After 90 min, the gel cylinders were removed using
tweezers and left to lose 5% of their weight. In the case of indigo extraction, after soaking in
the reducing solution, the gel cylinders were quickly dried on absorbent paper and applied
directly on the mock-ups to avoid prolongated contact with O2 in the atmosphere. The gel
cylinders were applied on paint and textiles with glass slides on the top to prevent solution’s
evaporation. The extraction time varied, from 5 min on the paint layers to 3 h on the textiles.
The whole procedure workflow is summarised in Figure 9 as a schematic diagram.

Figure 9. Schematic diagram of the whole gel-supported liquid extraction workflow for SERS and
HPLC-MS/MS identification.

3.8. SERS Analysis

For the SERS analyses, 20 μL of colloidal pastes were poured on the gel face, which was
in contact with the mock-ups. The gels were then left to dry for 12 h at ambient temperature.
The SERS analyses were carried out directly on the dry gel using a Horiba Jobin-Yvon HR
Evolution micro-Raman spectrometer equipped with a He-Ne laser (λ = 633 nm) coupled
with a microscope with a set of interchangeable objectives. The spectra were collected
using a 100× magnification objective, and the laser intensity was varied from 0.15 to
0.75 mW. The acquisition time was varied from 5 to 10 s and the scan number from 30 to
60, depending on the sample, in order to obtain the best signal-to-noise ratio. A minimum
of three spectra were collected for every sample, both on the reference gel soaked into the
extraction solution (blank gel matrix) and the gel after the dyes’ extraction. All spectra were
processed using OriginPro 9 software (©OriginLab): the background was subtracted fitting
a polynomial baseline to the power of five, the spectra were normalised, and “adjacent
averaging” smoothing was applied to reduce noise.

3.9. dLLME

The dLLME clean-up procedure was developed and validated to enhance dyes re-
covery. The development and validation study is under submission to another journal by
the same authors. After the gel-supported liquid extraction from the mock-ups, the dyes
were re-extracted from the gels for the HPLC-MS/MS analyses using the same aqueous
solution. The gels loaded with madder, and the turmeric dyes were soaked in 0.8 mL NH3
(30–33%), 0.8 mL Na2EDTA (1 mM), and 4.4 mg NaCl. After 24 h, 495.6 mg NaCl was
added together with 1 mL HCl 6 M and 0.8 mL HCOOH (≥95%) to bring the solution
pH to 3. The dyes were then extracted from the aqueous phase into the organic solvent:
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250 μL 2-propanol was added to every sample and, subsequently, together in the same
syringe, 200 μL 1-pentanol and 100 μL 2-propanol were vigorously injected to obtain a
highly dispersed thee-phasic system, known as a cloudy solution [28,45,46].

For indigo dyes, the gels were re-extracted in 1.5 mL distilled water containing
NaOH:Na2S2O4 1:2 (w/w). After 24 h, 530 μL HCl 6 M was added, and the solution
volume was brought to 5 mL with distilled water. For the extraction into organic solvent,
750 μL 2-propanol and 100 μL chloroform were vigorously injected together to obtain the
cloudy solution [46]. All samples were successively sonicated for 10 min and centrifuged
for 10 min at 10,000 RPM and 5 ◦C. The aqueous solution was discarded. For samples
containing anthraquinone dyes, 1-pentanol was washed using 3.1 mL of a solution of
2.8 M NaCl. Lastly, the organic solvent was evaporated under N2 flow. All samples were
reconstituted with 100 μL MeOH:H2O 1:1 for the HPLC-MS/MS analyses.

3.10. HPLC-MS/MS Analyses

For the chromatographic analysis, a SCIEX Exion LC AD System was used. The system
was coupled to a Sciex QTRAP 6500 mass spectrometer system with electrospray ionisation
(ESI) and multicomponent IonDrive Technology.

The column chosen was a reversed phase BEH C18 (2.1 mm × 50 mm) with 1.7 μm
silica particles. The injected volume was 3 μL. The mobile phases chosen were 0.1% formic
acid in Millipore water (phase A) and 0.1% formic acid in acetonitrile (phase B). The gradient
programme is shown in Table 4. Table 5 reports the MRM transitions used for the main
target analytes’ identification (in negative) based on optimisation using certified standards.
Identifications were made relying on retention times and two fragmentation transitions.

Table 4. Chromatographic gradient used during for HPLC-MS/MS analyses.

Time (min)
Phase A:

0.1% HCOOH in H2O
Phase B:

0.1% HCOOH in ACN

0.00 95% 5%
1.00 95% 5%
5.00 35% 65%
5.20 0% 100%
6.50 0% 100%
7.00 95% 5%
8.50 95% 5%

Table 5. Instrumental parameters optimised to detect every analyte basing on MRM transitions
(negative mode). The parameters were optimised relying on certified standards analysis and literature
reports [47–49].

Analyte
Parent Ion

(m/z)
Fragments

(m/z)
DP (V) EP (V) CE (V) CXP (V)

Alizarin 239
210 −120 −8.1

−49 −15
167 −40 −10

Purpurin 255
227 −109 −8.3

−38 −21
171 −42 −13

Curcumin 367
134 −40 −2.5

−48 −13
158 −44 −14

3.11. Colorimetric Measurements

To assess the perceptivity of the procedure on paint layers and textiles, colorimetric
measurements were performed before and after gel-supported extraction, and the ΔE val-
ues were calculated. Colorimetric coordinates were acquired using fibre optic reflectance
spectroscopy (FORS) in the visible range. The spectrophotometer used was a BWTEK Exem-
plar LS (B&W Tek, Plainsboro, NJ, USA) with a tungsten lamp BWTEK (series BPS101, 5 W,
emission spectrum from 350 to 2600 nm and 2800 K colour temperature). The acquisition
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range was from 180 to 1100 nm, with a resolution from 0.6 nm to 6.0 nm. The fibre optic, a
THORLABS RP22, was used with a head to obtain a 45◦ inclination of the probe. The mea-
surements were performed in the dark, before and after gel extraction, on the same point.
Every measurement was repeated three times and mediated. The CIE L*a*b* parameters
were extracted from the spectra using the software BWSpec. The colour variation ΔE00 was
calculated using the formula reported in the CIEDE2000 guidelines [39,50].

4. Conclusions

In conclusion, gel-supported in situ extraction of madder, turmeric, and indigo was applied
for the first time on wool and tempera paints for SERS and HPLC-MS/MS dyes identification.

The ammonia–EDTA solution proved to be able to extract turmeric, a direct dye,
from textiles. Furthermore, the solution, already tested on water soluble paint layers [36],
allowed anthraquinone dye extraction also from tempera paints that were naturally aged
for six months.

The dyes extracted using the ammonia–EDTA solution were identified directly on the
gels after Ag colloid pastes addition by means of SERS. While madder-related peaks were
clearly distinguishable on both agar gel and Nanorestore Gel® HWR, no turmeric-related
peaks could be detected on Nanorestore Gel® HWR.

A reducing solution, already tested by Platania et al. for gel-supported extraction
from cotton [16], was selected for indigoids. Nanorestore Gel® HWR demonstrated to
not be compatible with the reducing solution, while agar gel extraction was successful on
wool and tempera paints. The SERS analysis on agar gel produced very good results, and
indigoids-related peaks were clearly recognizable and highly reproducible.

A dLLME clean-up procedure was applied for the HPLC-MS/MS analyses. The
procedure was necessary for the dye re-extraction from the gels and purification before
injection in the instrument.

The dLLME clean-up workflow was already applied by Serafini et al. for the HPLC-
MS/MS identification of anthraquinone dyes extracted from ancient textiles using the
ammonia–EDTA solution. The results are under submission to another journal. The
procedure demonstrated, for the first time, to be effective also for the HPLC-MS/MS
identification of turmeric.

Moreover, a clean-up protocol for HPLC-MS/MS analysis of indigoids is still under
development. Further dilution of the reducing solution could be effective in perfecting the
dLLME procedure tested, which could not be applied because of a salt precipitation.

For both spectroscopic and chromatographic analyses, dye-related signals observed
after Nanorestore Gel® HWR extraction were less intense when compared to the ones
observed after agar gel (3% w/v) extraction.

This is in accordance with the Nanorestore Gel® HWR retention power. Hence, unless
dealing with very water sensitive materials [36], agar gel use is preferable.

The colour change results on the mock-ups before and after gel-supported liquid extrac-
tion were very promising for all dyes tested. Considering the SERS and HPLC-MS/MS results,
there is still a margin for improvement. The gel cylinder dimension could be consistently
reduced and extraction times extended to make the procedure completely imperceptible.

Future research will be focused on artificially aged mock-ups to assess the effect of
degradation phenomena on invasiveness and extraction efficiency.

Ultimately, the presented gel-supported in situ extraction is suited for multianalytical
dye identification. Techniques traditionally used to study dyes, both invasively and nonin-
vasively, can be combined without interferences from the matrix. During HPLC-MS/MS
analyses, the addition of further transitions to the instrumental parameters related to the
analytes of interest can allow for a more accurate portrayal of the dyes’ molecular pattern,
including glycosylated moieties [28]. Thus, the approach constitutes a valid alternative
to accompany noninvasive analyses of inorganic substances for comprehensive studies of
cultural heritage without posing a threat to their integrity.
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Abstract: A major challenge in heritage science is the non-invasive cross-sectional analysis of paint-
ings. When low-energy probes are used, the presence of opaque media can significantly hinder the
penetration of incident radiation, as well as the collection of the backscattered signal. Currently,
no technique is capable of uniquely and noninvasively measuring the micrometric thickness of
heterogeneous materials, such as pictorial layers, for any painting material. The aim of this work was
to explore the possibility of extracting stratigraphic information from reflectance spectra obtained by
diffuse reflectance spectroscopy (DRS). We tested the proposed approach on single layers of ten pure
acrylic paints. The chemical composition of each paint was first characterised by micro-Raman and
laser-induced breakdown spectroscopies. The spectral behaviour was analysed by both Fibre Optics
Reflectance Spectroscopy (FORS) and Vis-NIR multispectral reflectance imaging. We showed that
there is a clear correlation between the spectral response of acrylic paint layers and their micrometric
thickness, which was previously measured by Optical Coherence Tomography (OCT). Based on
significant spectral features, exponential functions of reflectance vs. thickness were obtained for
each paint, which can be used as calibration curves for thickness measurements. To the best of
our knowledge, similar approaches for cross-sectional measurements of paint layers have never
been tested.

Keywords: paintings; reflectance spectroscopy; OCT; LIBS; Raman spectroscopy; thickness measurements

1. Introduction

In recent decades, a wide variety of scientific techniques have been tested and opti-
mized for the study of cultural heritage (CH) objects. The need to preserve the material
integrity of works of art has directed the research toward defining non-invasive analyti-
cal approaches based on the combined application of methodologies that do not involve
sampling or risk of damage to the object. A major challenge in heritage science is the
non-invasive cross-sectional analysis of the pictorial stratigraphy in paintings. Thickness
measurement of the micrometric layers is essential, for instance, to monitor the removal
of surface materials during the cleaning operation [1] or to assess the compactness and
adhesion between layers. In a non-invasive approach, when low-energy probes are used,
the presence of opaque media can significantly hinder the penetration of the incident
radiation, as well as the signal collection from within the examined materials.

One of the most widely used techniques for non-invasive stratigraphic measurements
on paintings is Optical Coherence Tomography (OCT) [2,3]. Primarily applied in the field
of ophthalmology, OCT is an interferometric method based on a Michelson interferometer,
yielding 2- or 3-dimensional tomographic imaging that allows the visualization of the
internal structure of pictorial layers with an axial resolution ranging from 1 to 10 μm (in
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air). The incident radiation is backscattered by the material and the optical interference is
observed whenever the signal superposes with the reference beam, within the coherence
length of the light source. The measurement is based on the detection of signals generated
at the interfaces between different media—i.e., when the incident radiation experiences a
refractive index (n) mismatch. OCT has proven particularly effective in probing materials
that are semi-transparent in the near-infrared (NIR) spectral range. This includes most
varnishes applied by artists on the painting surface with a protective and/or aesthetic
function [4]. By combining an OCT setup with confocal microscope optics, which enables
the beam focussing inside the material rather than on the outer surface, even highly
reflecting coatings can be measured [5]. Pictorial layers, however, are often composed of
pigments with dispersion and/or absorption properties that do not allow their thickness
to be assessed by OCT. Moreover, the n-mismatch causes a delay in the optical path of
the reference beam and, therefore, the optically measured distances must be corrected
to geometrical distances by dividing them by the refractive index of the material. In the
NIR, the refractive index of semi-transparent materials used in paintings is conventionally
given as 1.5. However, pictorial layers (pigment dispersed in the binder) are often highly
heterogeneous and exhibit variable optical properties that result in different n values.
Therefore, if n is not known, the correct thickness of the painting layers is not achievable.

In recent decades, alternative methods to OCT have been proposed for the non-
invasive in-depth analysis of paintings. Among others, Terahertz imaging [6,7] has proven
effective in yielding 3D data sets of interfaces and projections of paintings in the presence
of absorbing species. However, the low axial resolution achievable with THz radiation
makes this method unfit for micrometric measurements of pictorial layers.

The use of Nuclear Magnetic Resonance (NMR) to obtain stratigraphic information
on easel and wall paintings is also well-documented in the literature [8,9]. NMR profiling
was tested to investigate both signal intensity and transverse relaxation time distribution,
showing that the dependence of signal intensity on relaxation times makes the interpreta-
tion of the stratigraphic information difficult [10]. The NMR-sensitive volume averages
the effect of irregularities in the layers and the signal from adjacent layers. In addition,
the application of this method is hampered by the lack of application-specific operating
software, while the low mass sensitivity resulting from low NMR frequencies results in
long measurement times.

More recently, Nonlinear Optical (NLO) techniques [11] have been successfully used
for cross-sectional analysis of a wide variety of artistic materials, including paint and
varnish samples. The combined application of different NLO modalities allows for the
acquisition of compositional and structural information based on the detection of fluo-
rophores (by Multi-Photon Excitation Fluorescence, MPEF), crystalline or highly organized
structures without inversion symmetry (by Second Harmonic Generation, SHG), or local
differences in refractive index, i.e., interfaces (by Third Harmonic Generation, THG). While
for MPEF and SHG, the main limitation in the stratigraphic analysis of paintings is the
presence of highly diffusing and/or absorbing media (pigments) [12], the applicability of
THG is confined to layers of transparent material, forward detection being the only possible
configuration [13].

A cutting-edge methodology recently proposed for cross-sectional analysis in paint-
ings is photoacoustics, which in a sense, can be considered complementary to OCT, as it
takes advantage of the presence of non-transparent materials [14,15]. Acoustic waves are
generated by the absorption of the radiation emitted by an intensity-modulated pulsed laser.
The exponential attenuation of acoustic waves in the frequency domain, which depends
on the absorption coefficient of the medium and the propagation path, can be exploited to
measure the thickness of the examined material. Although early applications reveal the
technique’s potential [16], to date, its use is limited to specific cases only.
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Given the above, it can be stated that, at present, there is no technique that can uniquely
and non-invasively measure the thickness of heterogeneous and optically opaque materials
such as pictorial layers.

In this work, we explored the feasibility of achieving stratigraphic information of
painting layers from their reflectance spectra measured by Diffuse Reflectance Spectroscopy
(DRS) [17]. In heritage science, DRS is typically applied for the analysis of paintings in multi-
and hyper-spectral imaging modes or using fibre optics for point-wise measurements. The
main objective is typically the identification and mapping of pigments and binders based
on the absorption properties of electronic and vibrational transitions of molecules [18].
In the imaging mode, the use of the NIR spectral range allows for the visualization of
hidden details underneath the painted surface related to the artistic working process, such
as underdrawings and underpaintings. Diffuse reflectance is defined as the ratio of the
irradiance of light reflected back to the detector to the irradiance on the surface of the object,
as a function of wavelength. The measured light backscattered from the object includes
contributions from the air/surface interface and varies with illumination and collection
geometry.

The spectral reflectance behaviour of pigments and pictorial layers has been exten-
sively studied [19–21]. It has been shown that the reflectance signal measured from pigment
mixtures in paintings is the result of the nonlinear combination of the reflectance of the in-
dividual pigments. To cope with the complexity of spectral data interpretation, as well as to
reduce the high dimensionality of DRS imaging datasets, new approaches based on artificial
intelligence (AI), e.g., deep neural networks (DNN), have been recently explored [22].

In this preliminary study, we tested the proposed approach by examining single layers
of pure paint, thus avoiding the use of optical models to predict the reflectance of pigments
in mixtures [23] and not taking into account the influence of the surface roughness on
the spectra [24]. A mock-up was created for this specific purpose: ten acrylic paints were
laid with increasing thicknesses, ranging from 50 to 350 μm, on both white and black
backgrounds. The chemical composition of each paint was first characterised by micro-
Raman [25] and laser-induced breakdown spectroscopy (LIBS) [26]. The thickness of each
layer was then measured by OCT, taking as a reference the portion of the visible substrate
at the edge of the paint layer. The spectral behaviour was analysed by both Fibre Optics
Reflectance Spectroscopy (FORS) and Vis-NIR multi-spectral reflectance imaging. Finally,
for each acrylic paint, meaningful spectral features were identified to assess the dependence
of the reflectance on the layer thickness, thus obtaining non-linear fitting curves.

To the best of our knowledge, no similar approaches have been explored before for
cross-sectional measurements of paint layers.

2. Results

2.1. Chemical Characterization of the Acrylic Paints with LIBS and Micro-Raman Spectroscopy

The chemical composition of the ten acrylic paints was assessed by LIBS and micro-
Raman spectroscopies (Table 1), using the information reported in the literature [27–32]
and NIST [33] and IRUG [34] databases. Further information on the chemical composition
of the phthalocyanine paints (PBC, PBL and PGL) can be found in our previous work [35].

Figure 1 shows the LIBS (top) and micro-Raman (bottom) spectra of cobalt blue
(CB), cadmium red (CR), cadmium yellow (CY) and primary blue cyan (PBC) acrylic
paints. The spectra measured on the other analysed paints are displayed in Figure S1 in
the Supplementary Material. For all paints, the chemical composition (Table 1) agrees
with what was declared by the manufacturer (Table 2), except for the absence of titanium
dioxide in permanent green light (PGL) and the presence of additional components in most
of the analysed paints, ascribed to the binder and fillers. Specifically, atomic emissions
of Mg, Si, Ca, Al, Sr, Ba and Na detected by LIBS are ascribed to fillers such as kaolin
(Al2Si2O5(OH)4), gypsum (CaSO4· 1/2H2O), carbonates (CaCO3, MgCO3), glass powder
and barite (BaSO4) [31]. The molecular bands of CN (Violet band), CH and C2 (Swan bands)
are due to the acrylic binder, as well as to the organic pigments. The LIBS results obtained
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in these findings agree with the ones by micro-Raman spectroscopy. Bands from calcium
sulfate (1007 cm−1), calcium carbonate (1085 cm−1) and barium sulfate (985 cm−1) are
observed in each acrylic paint and attributed to the fillers. Additional bands at 482, 600,
620, 837, 841, 1106, 1150–1200, 1240, 1305, 1449, 1452, 1728, 2411 and 2800–3100 cm−1 are
attributed to the constituents of the polymeric binder [27–32].

Table 1. Summary of elemental and molecular composition of the acrylic paints as found by LIBS
and micro-Raman spectroscopies. The main elemental components and the Raman characteristic
bands are indicated in bold.

Paint
Identified Elemental Components by

LIBS
Identified Raman Bands [cm−1] and Relative Intensities *. In

Brackets the Excitation Wavelength

CB Mg, Si, Co, Al, CN, Ca, Sr, C2, Na 198 m, 408 w, 512 m, 609 w, 750 w, 1007 m, 1150–1200 w, 2411 s,
2800–3100 s (λexc = 532 nm)

CR
Mg, Si, Cd, Al, CN, Ca, Sr, CH, C2, Ba,

Na
136 s, 200 s, 269 s, 488 w, 587 s, 841 w, 985 w, 1007 w, 1150–1200 w,

1305 w, 1452 m (λexc = 632 nm)

CY
Mg, Si, Cd, Al, CN, Ca, Sr, CH, C2, Ba,

Na
212 s, 309 s, 353 w, 600 s, 841 w, 985 w, 1007 s, 1150–1200 w, 1305 m,

1449 s, 1728 w (λexc = 632 nm)

PBC Mg, Si, Al, Cu, CN, Ca, Ti, CH, C2, Na
231 w, 255 w, 482 w, 590 m, 680 m, 747 w, 837 w, 841 w, 951 w,

1007 w, 1037 w, 1106 w, 1143 w, 1150–1200 w, 1305 m, 1341 w, 1451
m, 1527 s, 1595 w, 2672 w, 2870 w, 2976 w, 3056 w (λexc = 532 nm)

PBL Mg, Si, Al, Cu, CN, Ca, Ti, Sr, C2, Na
142 w, 231 m, 255 m, 433 s, 482 w, 590 s, 609 s, 680 s, 747 w, 831 w,
841, 951 w, 1007 w, 1037 w, 1143 m, 1150–1200 w, 1200 w, 1341 s,

1451 s, 1527 s, 1595 w, 2870 w, 3056 w (λexc = 532 nm)

PGL
Mg, Si, Cd, Al, Cu, CN, Ca, Sr, CH, C2,

Ba, Na

162 w, 505 w, 620 w, 685 s, 818 m, 978 w, 985 w, 1007 w, 1080 m,
1150–1200 m, 1200 m, 1284 s, 1340 m, 1388 s, 1503 s, 1536 s

(λexc = 532 nm)

PRM Mg, Si, Al, CN, Ca, CH, C2, Na
841 m, 1007 w, 1150–1200, 1240 m, 1316 s, 1570 s, 1592 s, 1645 s

(λexc = 632 nm)

PI Mg, Si, Al, Ti, CN, Ca, C2, Na

186 m, 223 w, 261 w, 318 w, 360 w, 401 w, 525 w, 600 w, 623 w,
646 w, 802 m, 922 w, 1066 w, 1090 m, 1162 m, 1150–1200 m, 1171 m,
1266 s, 1326 s, 1351 s, 1402 s, 1489 s, 1513 s, 1500 m, 1593 s, 1667 w

(λexc = 532 nm)

TW Mg, Si, Ti, CN, Ca, C2, Na 138 m, 230 m, 445 s, 609 s, 841 w, 1007 w, 1452 w, 2900–3100 s
(λexc = 532 nm)

ZW Mg, Zn, CN, Ca, CH, C2, Na
330 w, 381 w, 435 s, 620 m, 841 m, 1007 s, 1075 w, 1150 m,

1150–1200 m, 1449 m, 1452 s, 1728 m, 2800–3100 s (λexc = 532 nm)

* s: strong; m: medium; w: weak.

LIBS results reported in Table 1 show the presence of the main paintings markers such
as Co for cobalt blue (CB), Cd for cadmium red (CR) and cadmium yellow (CY), Cu and
Ti for permanent blue light (PBL), Cu for permanent green light (PBC and PGL), CN and
C2 for primary red magenta (PRM), Ti, CN and C2 for primary yellow (PI), Ti for titanium
white (TW), and Zn for zinc white (ZW).
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Figure 1. LIBS (top) and micro-Raman (bottom) spectra of cobalt blue (a,e), cadmium red (b,f),
cadmium yellow (c,g) and primary blue cyan (d,h) acrylic paintings, respectively. The micro-Raman
spectra are baseline subtracted.
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Table 2. List of the ten analysed acrylic paints with their chemical composition and commercial code.

Paint with Acronym Chemical Composition and Commercial Code (Maimeri Brera™)

Cobalt Blue (CB) Cobalt(II) Aluminate [CoAl2O4], PB28—77346

Cadmium Red Medium (CR) Cadmium Selenide Sulphide [Cd2SSe], PR108—77202

Cadmium Yellow Medium (CY) Cadmium Sulphide [CdS], PY35—77205

Primary Blue Cyan (PBC) Copper Phthalocyanine β [C32H16CuN8], PB15:3—74160

Permanent Blue Light (PBL)
Titanium Dioxide [TiO2] PW6—77891,

Chlorinated Phthalocyanine [C32HCl15CuN], PG7—74260,
Copper Phthalocyanine β [C32H16CuN8], PB15:3—74160

Permanent Green Light (PGL)
Arylide yellow, PY97—11767,

Titanium Dioxide [TiO2], PW6—77891,
Chlorinated Phthalocyanine [C32HCl15CuN], PG7—74260

Primary Red Magenta (PRM) Quinacridone [C20H12N2O2], PV19—73900

Primary Yellow (PI) Arylide Yellow, PY97—11767

Titanium White (TW) Titanium Dioxide [TiO2], PW6—77891

Zinc White (ZW) Zinc Oxide [ZnO], PW4—77947

2.2. Thickness Measurements with OCT

Four xz tomograms (8 × 0.6 mm2, pixel size 3.5 μm2) were acquired in each painted
area. Given the low transparency of most of the analysed paints, the layer thickness was
measured by taking the signal generated at the interface air-background (visible at the edges
of each painted area) as a reference, as shown in Figure 2. The thickness of each pictorial
layer was calculated as the average over 20 values, resulting in a range between a minimum
of 45 μm (area 1) to a maximum of 350 μm (area 5) for all acrylics. For each thickness, the
error, i.e., the standard deviation, resulted below 6 μm for all areas, demonstrating the
micrometric homogeneity of the paint layers. Only three acrylics, namely PBC (Figure 3),
PRM, and PY, showed sufficient transparency to enable the evaluation of their refractive
index, which was calculated by dividing the thickness measured with OCT by the real one.
The resulting n values at 1300 nm, i.e., at the OCT radiation wavelength, are in the range of
1.35–1.40 for both PBC and PRM, and 1.45–1.50 for PY.

Figure 2. Assemblies of OCT tomograms acquired in Cobalt Blue (CB) paint laid on white (a) and
black (b) backgrounds. For each area (1–5), thickness values are reported in red and calculated as
the geometrical distance between the air–paint and the paint–background interfaces, with the latter
highlighted by the light-blue line.
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Figure 3. OCT results on Primary Blue Cyan paint laid on white background (PBCw); (a) microscope
image of one of the five paint surfaces, with the red arrow indicating the location and length of
the acquired section; (b) zoom-in of layer 3 delimited by the red rectangle in respective tomogram,
enabling the assessment of the optical and real thicknesses used for calculating the refractive index
of the acrylic paint; (c) OCT tomograms acquired on the five areas with increasing thickness (1–5),
showing the transparency of the paint layer to the radiation probe.

2.3. Thickness Measurements with Reflectance Spectroscopy

FORS and multi-spectral data were compared for each paint, as shown in Figure 3a–d.
In the graphs, the average spectra of each painted area (1→5) are plotted together with the
spectrum of the underlying substrate (white or black background). First and second deriva-
tives were computed for all spectra to facilitate the identification of the spectral feature best
representing the reflectance dependence on the material thickness. For all paints, the trend
of the reflectance as a function of the thickness is expressed by an exponential function,
following the equation:

y = y0 + AeR0x (1)

where y = R%, y0 = offset, A = initial value, R0 = growth constant, and x = layer thickness.
In the case of CB paint, the maximum reflectance R% values in the 808–811 and

710–760 nm ranges were selected for the white and the black background series, respec-
tively, and plotted as a function of the thickness (Figure 4e,f). We noticed that the presence
of the black background affects the position of the point of maximum reflectance, causing
a blue shift as the thickness of the paint layer decreases and becomes gradually more
transparent. In the presence of the white background, however, the point of maximum
R remains around 810 nm regardless of the thickness of the paint layer. The resulting
exponential fit curves (coefficient of determination R2 > 0.98) show a good match between
FORS and reflectance scanning results.
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Figure 4. Results of diffuse reflectance spectroscopy on Cobalt Blue (CB) paint. Spectra acquired on
each thickness layer (CB1-5) with FORS (a,b) and with the multi-spectral scanner (c,d) are reported
with the spectra of the background (white or black). Maximum reflectance R% values in the 808–811
and 710–760 nm ranges are plotted as a function of the five OCT thicknesses (e,f). The length of
the error bars is the standard deviation of each dataset. Red lines represent the fitting exponential
functions.

The spectral feature selected for the analysis in the FORS spectra was not always
identifiable in the spectra from the spectral cube due to the significantly lower spectral
resolution of the multi-spectral scanner. Therefore, in order to evaluate the applicability of
the proposed method in multi-spectral imaging mode, matching key points were found
in the two datasets. With this aim, the results of PBC laid on the white background are
shown in Figure 5 as an example. The spectral region between 600 and 1200 nm was
chosen as significant for our computation: the multi-peak FORS spectra were fitted with a
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5th-degree polynomial (Figure 5a) to reconstruct the shape of the multi-spectral spectrum.
Maximum reflectance at 950 nm was then considered for both datasets. The resulting
exponential fitting functions of the two DRS data show good accordance (Figure 5e). The
same maximum was considered for the paint laid on the black background (Figure 5b,d,f)
without fitting the FORS spectra to retrieve the same spectral feature. In this case, the
reflectance measured on the thickest layer (PBC5 = 284 ± 10 μm) was excluded from the
exponential fitting calculation (Figure 5f), since it clearly deviated from the increasing
trend, being lower than that of PBC4. This measurable thickness threshold has also been
found in other pigments for thicknesses exceeding 270 microns. Remarkably, this limit
of detectability was exclusively found in the FORS spectra. This is possibly due to the
different measurement configurations between the two DRS modalities, which results in a
greater homogeneity of illumination and, therefore, depth of detection achievable with the
multi-spectral scanner than with fibre optics.

Figure 5. FORS (a,b) and multi-spectral scanner (c,d) results on Primary Blue Cyan (PBC) paint. The
R% values at 950 nm are plotted with the five OCT thicknesses (e,f). The length of the error bars is
the standard deviation of the dataset. Red lines represent the exponential fitting of the experimental
points.
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Optimal agreement between FORS and multispectral data was found in acrylics
showing high transparency in the NIR range. As an example, results on PRM on a black
background are shown in Figure 6a–c. As for highly scattering pigments, such as ZW
shown in Figure 6d–f, an exponential fit curve could be derived only in the presence of
the black background. Additionally, in this case, the detection limit found with FORS is
250 microns for both PRM and ZW, corresponding to the thickness of area 5.

Figure 6. FORS (a,d) and multi-spectral scanner (b,e) results on Primary Red Magenta (PRM) and
Zinc White (ZW) paints. R% values are plotted with the five OCT thicknesses (c,f). The length of the
error bars is the standard deviation of the dataset. Red lines represent the exponential fitting of the
experimental points.

As expected, in the presence of the white background, the reflectance of the identified
spectral feature was found to decrease exponentially with increasing paint thickness for
all acrylics. In contrast, in the presence of the black background, the reflectance was
found to increase exponentially. The fitting parameters of function (1) for the ten acrylic
paints, together with the considered spectral feature, are summarized in Table 3. In few
cases, the high scattering or absorption properties of some pigments made it impossible to
identify the spectral feature of interest for the application of the exponential fit. Specifically,
the proposed method could not be applied to CR, CY, PBL, TW and ZW laid on a white
background and PGL laid on a black background. In all the other cases, the quality of the
fitting (coefficient of determination R2) resulted in a value higher than 0.98.

Finally, the proposed method was tested on a sample of cobalt blue laid on canvas
(Figure 7a). In the FORS spectrum (Figure 7b), obtained from the average of nine spectra, the
maximum at 760 nm, previously identified on the mock-up for CB, resulted in R% = 82 ± 1.
The corresponding thickness obtained using the exponential functions derived from both
FORS and scanner analysis ranges from 145 to 178 μm (Figure 7c), which includes the
actual thickness range measured with OCT, i.e., 150–165 μm (Figure 7d).
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Table 3. Fit parameters of the exponential function (1) describing for each paint the dependence of
the reflectance of the spectral feature identified with FORS and multi-spectral scanning on the layer
thickness.

Paint Background
Spectral Feature
and Range [nm]

Technique
Fitting Parameters

Adjusted R2

y0 A R0

CB

w max @808–811
FORS 75.29 23.78 −7 × 10−3

0.98
Scanner 71.46 23.13 −5 × 10−3

b max @710–760
FORS 70.1 −74.28 −9 × 10−3

0.99
Scanner 64.16 −79.75 −11 × 10−3

CR

w n.a.
FORS n.a. n.a. n.a.

n.a.
Scanner n.a. n.a. n.a.

b flex @1400
FORS 94.19 −36.15 −9 × 10−3

0.98
Scanner 87.7 −36.6 −10 × 10−3

CY

w n.a.
FORS n.a. n.a. n.a.

n.a.
Scanner n.a. n.a. n.a.

b flex @1705
FORS 65.93 154.23 −25 × 10−3

0.99
Scanner 69.01 −97.52 −19 × 10−3

PBC

w max @950
FORS 33.03 66.86 −6 × 10−3

0.99
Scanner 36.52 53.01 −8 × 10−3

b max @925–950
FORS 38.46 −37.28 −8 × 10−3

0.99
Scanner 37.21 −34.98 −7 × 10−3

PBL

w n.a.
FORS n.a. n.a. n.a.

n.a.
Scanner n.a. n.a. n.a.

b max @1230
FORS 91.73 −127.65 −24 × 10−3

0.99
Scanner 86.42 −78.84 −18 × 10−3

PGL

w max @1050
FORS 69.17 22.57 −8 × 10−3

0.99
Scanner 64.72 22.90 −8 × 10−3

b n.a.
FORS n.a. n.a. n.a.

n.a.
Scanner n.a. n.a. n.a.

PRM

w flex @610
FORS 45.97 −7.06 −4 × 10−3

0.97
Scanner 43.76 −3.72 −5 × 10−3

b flex @610
FORS 29.93 −20.94 −6 × 10−3

0.99
Scanner 29.34 −23.34 −10 × 10−3

PY

w max @2010
FORS 32.97 29.38 −6 × 10−3

0.99
Scanner 33.13 24.45 −6 × 10−3

b max @550–570
FORS 91.12 −45.4 −6 × 10−3

0.99
Scanner 80.9 −42.05 −9 × 10−3

TW

w n.a.
FORS n.a. n.a. n.a.

n.a.
Scanner n.a. n.a. n.a.

b max @1230
FORS 100.86 −72.65 −17 × 10−3

0.99
Scanner 89.51 −60.77 −19 × 10−3

ZW

w n.a.
FORS n.a. n.a. n.a.

n.a.
Scanner n.a. n.a. n.a.

b max @420–520
FORS 101.20 −50.74 −14 × 10−3

0.99
Scanner 98.77 −46.81 −14 × 10−3
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Figure 7. FORS and OCT results on CB laid on canvas: bright field image of the sample (a), with
the arrow indicating the position and length of the OCT profile; averaged FORS spectrum (b) with
a maximum at 760 nm considered for the analysis—the length of the error bars is the standard
deviation; exponential functions previously obtained in the mock-up from FORS and scanner spectra,
with R% measured on canvas sample reported in light blue (c); OCT tomogram of the paint layer
with the measured thickness (d).

3. Materials and Methods

3.1. The Painting Mock-Up

The acrylic paints (extra-fine acrylic colours—Maimeri BreraTM, Milan, Italy) selected
for this study are reported in Table 2, with their commercial code and chemical composition
(as declared by the manufacturer). The surface of the wooden support, a tablet with size
12.5 × 26 × 1 cm3, was prepared with a layer of acrylic primer (Lefranc BourgeoisTM,
Paris, France), which was accurately smoothed with fine-grit sandpaper. Half of the
surface was covered with black acrylic paint (Carbon Black—PBk7—77266), as shown in
Figure 8. Each acrylic colour was laid on five adjacent areas of 1 cm2 (1–5 in Figure 8b) with
increasing thicknesses. To this aim, a nearly 50 μm thick tape (Kapton Cypress—DuPontTM,
Wilmington, DE, USA) was used as a reference, i.e., depending on the desired thickness, 1
to 5 layers of tape were overlapped on both sides of the area to be painted. A glass spatula
was used to spread the pigments in the various thicknesses in order to make their surface
as even as possible.

Figure 8. Acrylic painting mock-up: (a) photograph and (b) RGB image acquired with the multi-
spectral scanner. For each acrylic, laid on the black (b) or white (w) backgrounds and labelled with
the respective acronym (Table 1), the five areas with the increasing thickness (1→5)are delimited by
the horizontal dotted lines.
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The proposed method was finally tested on a sample made of a canvas industrially
prepared with a gypsum-based primer and covered with a layer of Cobalt Blue acrylic
paint.

3.2. Micro-Raman Spectroscopy

In order to enhance the detection of Raman signals emitted by high fluorescent paints
such as Cadmium Yellow (CY), Cadmium Red (CR), and Primary Red Magenta (PRM),
Raman analysis was carried out with two devices using different excitation wavelengths.

The first device is a Renishaw InVia 0310–02 System based on a continuous Nd:YAG
laser excitation source at 532 nm. The diameter of the laser spot on the sample was
diffraction limited to 1 μm by the objective lens (50×). The system is equipped with a Leica
microscope (DMI 3000 M) and an electrically cooled CCD camera. The laser power was set
between 0.15 and 0.30 mW.

The second device is a Renishaw Raman microscope RM1000 system coupled with
an optical Leica DM LM microscope. The system is equipped with a refrigerated CCD
camera and a CW He-Ne laser emitting at 632 nm, operating at a power of 3–30 mW, with a
probing depth of 2 μm.

For all measurements, the spectral resolution was set at 4 cm−1 with an integration time
in the range 10–60 s, the final spectra resulting from the accumulation of three individual
ones.

3.3. Laser-Induced Breakdown Spectroscopy (LIBS)

The setup for LIBS analysis comprises a Q-switched Nd:YAG laser operating at its 4th
harmonic at 266 nm, with a pulse duration of 15 ns and a repetition rate of 1 Hz. An f = 10 cm
lens allows for fluences up to 6.6 J/cm2. The luminous emission was collected and dispersed
by a 0.30 m spectrograph with a 1200 lines/mm grating (TMc300, Bentham, London, UK)
coupled to an intensified charged coupled device (ICCD, 2151 Andor Technologies, Belfast,
UK). Spectra were recorded at a 0.2 nm resolution, with a temporal gate of 3 μs and a delay
of 500 ns, in order to avoid the continuous Bremsstrahlung emission. The laser beam was
directed toward the surface of the samples at an angle of 45◦ by using different mirrors.
A cut-off filter of 300 nm was placed at the entrance of the spectrograph to reduce the
scattered laser light and avoid second-order diffraction. The shot-to-shot fluctuation of
laser pulse energy was less than 10%. The spectra resulted from summing the emissions
of the ablation products after five successive laser pulses, a number that provided a good
signal-to-noise ratio.

3.4. Spectral-Domain Optical Coherence Tomography (Sd-OCT)

The OCT device used in this study is a Thorlabs Telesto-II, working in the 1300 nm
regime, with an axial resolution of 5.5 μm in air and a lateral resolution of 13 μm. The
maximum field of view (FOV) is 10 × 10 mm2, with a 3.5 mm imaging depth. The system is
controlled via a 64-bit software running on a high-performance computer. The 3D scanning
probe with an integrated video camera allows for high-speed imaging (76 kHz) for rapid
volume acquisition and live display. The sample stage provides XY translation and rotation
of the sample along with the axial travel of the probe. The 2D tomograms were acquired
with a pixel size of 3.5 μm2.

3.5. Fibre Optics Reflectance Spectroscopy (FORS)

FORS spectra were acquired with a Zeiss Multi-Channel Spectrometer, including
two modules, the MCS601 UV-NIR C and the MCS611 NIR 2,2, with spectral sensitivity
in the 190–1015 nm and 900–2200 nm range, and a spectral resolution of 0.8 nm/pixel
and 5 nm/pixel, respectively. The size of the illumination spot was ∅ = 3 mm, and the
illumination/observation geometry was 45◦/0◦. The output signal was processed through
dedicated software, providing also CIEL*a*b* coordinates with standard D65 illuminant
and 2◦ observer. The calibration procedure was performed following CIE indications
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for non-contact spectrophotometric measurements by measuring a certified white 100%
reflectance reference standard (Spectralon, LabsphereTM, North Sutton, PA, USA) and
background noise.

For this specific application, it was essential to obtain spectra with reproducible
reflectance, as the absolute intensity value is the core physical quantity to prove our thesis.
Therefore, we defined an optimized procedure to both stabilize the signal intensity at each
measurement and minimize fluctuations between the two modules. For each area (each of
the five thicknesses), five reflectance spectra were measured in five different points with
three consecutive acquisitions interleaved with dark correction by automatic closure of the
device shutter.

For each area, five averaged spectra (over three acquisitions to check the signal stabil-
ity) were obtained, which were then averaged to obtain a single spectrum for each thickness,
together with the standard deviation. The reflectance of the white and black backgrounds
was also measured following the same procedure. Therefore, a total of 1530 spectra were
acquired on the painting mock-up (510 spectra for each measured point). Spectral data
were processed in OriginLab environment.

3.6. Reflectance Imaging Spectroscopy (RIS)

The multispectral scanner [36] developed at CNR-INO operates in the range
395–2550 nm providing simultaneously 32 narrow-band images (16 VIS + 16 NIR) and
pointwise spectral information. The simultaneous movement of both the lighting system
and collecting optics, placed in a 45◦/0◦ illumination/detection geometry, allows for uni-
form illumination and minimal heating of the surface. During the scanning, an autofocus
system ensures the optimal target-lens distance. The system has a 250 μm sampling step
(4 points/mm) and 500 mm/s maximum speed. A proper calibration procedure was per-
formed by measuring a certified white 100% reflectance reference standard (Spectralon™)
and background noise, following CIE indications for non-contact spectrophotometric mea-
surements. The spectra reported in this work were extracted from the spectral cube using an
in-house developed software. Each spectrum is averaged over an area of ∅ = 8 mm selected
on each painted region. Given that the system has a 250 μm sampling step (4 points/mm),
each spectrum is averaged over ~805 pixels.

4. Conclusions

The chemical characterization of the considered ten acrylic paint materials was ob-
tained by LIBS and micro-Raman spectroscopies, providing complementary information
for the identification of elemental and molecular compounds in each paint and highlighting,
in some cases, discrepancies with the chemical composition declared by the manufacturer.

The results obtained with the proposed method show that there is a clear correlation
between the spectral response of the diffuse reflectance and the micrometric thickness
of acrylic paint layers. Using two DRS modes (FORS and multispectral scanner), it was
possible to identify significant spectral features (maxima and inflexion points) where the
exponential decay of the reflectance on the layer thickness was evident. The resulting
exponential fitting functions showed good agreement between the two techniques, both
showing opposite trends depending on the substrate (white or black) for all paints. The
fitting function defined for cobalt blue was used to estimate the thickness of a layer of paint
spread on canvas, which was consistent with the thickness measured by OCT.

Measuring the thickness of a pictorial layer from its spectral characteristics can over-
come some limitations of the OCT technique. Knowing a priori the refractive index of
the material in order to correct optical distances in OCT tomograms is often not possible,
especially for pigment mixtures typically found on paintings. Here, we have shown that
the proposed method allows the measuring of the thickness of ten acrylic paints, including
optically opaque pigments that cannot be measured by OCT, such as CY and CR (only in
the presence of a black background), without the need to know their refractive index.
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In this work, the feasibility of the method was demonstrated, assuming a single-layer
homogeneous paint was present. For more complex situations, such as layers stratifications
or pigment mixtures in painted artworks, more advanced techniques for feature extraction
can be used [37]. Moreover, a systematic study based on specific spectral reflectance models
simulating the painting composition and structure should be developed, considering the
optical behaviour of each component. The presence of multilayers or pictorial mixtures,
commonly found in paintings, requires the creation of a much larger database. In this view,
approaches based on AI could be tested. An interesting development of the technique is
the possibility of obtaining thickness maps on painted surfaces using hyperspectral reflec-
tography, which offers spectral resolution comparable to FORS, but over large scanning
areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28124683/s1, Figure S1: Chemical characterization of
the acrylic paints with LIBS and micro-Raman spectroscopy.
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Abstract: During the 20th century, modern painters experimented with different mediums and painting
techniques, one of them was Rafael Coronel in his mural painting, Paisaje Abstracto (Abstract landscape).
The painting was created with a peculiar pouring technique and an unknown binding medium;
ageing produced fractures and severe conservation problems. Therefore, the characterization of
the painting medium became an urgent matter in order to understand the current condition of the
painting and to develop a proper treatment. The aim of this research was to characterize the chemical
composition and painting technique of Paisaje Abstracto. To approach this goal two microsamples
were taken and analyzed by optical microscopy (OM), scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS), nuclear magnetic resonance (NMR) spectroscopy, attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR), micro attenuated total reflection
Fourier transform infrared spectroscopy (micro-ATR-FTIR) and gas chromatography/mass spectrom-
etry (GC/MS). The analysis allowed for the identification of cadmium sulfide (CdS) and titanium
dioxide (TiO2) as inorganic pigments; aluminosilicate fillers; poly(methyl methacrylate) (pMMA)
as a binder; MMA monomer, red organic pigment PR181; benzoyl peroxide, dibutyl phthalate and
1-octadecanol as organic additives. This study presents an innovative painting technique with pMMA,
a medium not commonly used by artists, which was probably polymerized onto the painting support.

Keywords: pMMA; multianalytical characterization; painting medium; mural painting art; NMR;
micro-ATR-FTIR

1. Introduction

Paisaje Abstracto (Abstract landscape) is a transportable mural painted in 1964 by Rafael
Coronel (1932–2019) to decorate the hall that leads to the Library at the Museo Nacional de
Antropología (MNA, National Museum of Anthropology), in Mexico City. Rafael Coronel
created an abstract composition that presents large areas of bright colors emerging from
darker regions; a horizontal red haze at the center dominates the rectangular format. The
painting technique is unusual, the composition lies over the texture qualities but there are
no visible brushstrokes, as if the drying of the binding medium was slow. The resulting
rough surface recalls a landscape, a coarse bubble-like crust with elevations and valleys. It
seems to be created by pouring red, yellow and blue dense painting layers intermingled
with black, gray and dark ocher thin layers, in a manner that recalls the experiments with
automatist painting of American abstract expressionists or French tachistes.

The painting is not signed, and no documentation has been found at the museum
archives about the author or the materials used by the artist. Between 1963 and 1964, at
an early stage in his career, Rafael Coronel was experimenting with abstraction, but also
with figurative painting, and it is evident that he was searching for new materials and
techniques. Some sketches, painted with synthetic binding medium over canvas, were
found at the artist collection; they bear the title Abstracción (Abstraction) and present a
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red irregular area over a black rough surface. At the same time that the Paisaje Abstracto
was painted, Coronel produced another well documented figurative painting, El mundo
espiritual de los mayas peninsulares (The Spiritual World of Peninsular Mayas), for the
same museum with a rather traditional brushwork technique using acrylic painting.

These paintings are part of the ambitious project developed by Architect Pedro Ramírez
Vázquez for the creation of the acclaimed MNA in 1964. Developed under Adolfo López
Mateos’ government (1958–1964), it became a symbol of Mexico’s cultural heritage [1].
The MNA project combined contemporary monumental architecture, innovative displays
and Modern art, with the intention of giving a prominent place to Mesoamerican and
indigenous art, but also to present Mexico as a cosmopolitan country through the inclusion
of Modern tendencies [1].

The MNA Modern art project included sculptures, murals and assemblages, in which
23 artists associated with diverse and even contrasting artistic tendencies participated:
social realists, advocates of pure painting or abstraction, and even surrealists, in an array of
the proposals in conflict between the 1950s and 1960s in Mexico. Rafael Coronel pertained
to the younger generation, sometimes called Ruptura, a term that inefficiently defines
several divergent artistic groups and artists that rebelled against the Mexican School of
Painting or muralism and their social realism [2]. Many of the younger painters, such as
Rafael Coronel, preferred to be understood as individuals rather than as a group. Coronel
was sometimes affiliated with the proposals of the New Presence or interiorista manifestos,
an introspective current that evocated personal emotions through the violent application of
painting, but was neither associated with abstraction or figuration [3].

The younger generation of Mexican painters rejected social realism associated with
muralism, but were interested in David Alfaro Siqueiros’s innovations with industrial
binding mediums and techniques such as cellulose nitrate lacquers and spray guns, com-
monly used for the automotive industry. They appreciated the diversity of possibilities that
offer synthetic mediums to create textures, volumes and color contrast, and in that sense,
Paisaje Abstracto seems to be an experiment with industrial binding mediums to produce an
abstract composition.

In this paper, we characterize the composition and painting technique of Paisaje Abstracto,
which was painted with an unknown synthetic medium over a wood panel support; the
painting layers are rigid and detached due to the expansion of the wood. During the last
conservation process, two samples were provided by restorers in order to understand the
materials and techniques used by the artist with the intention of designing the treatments. This
paper presents the study of the binder; the additives, aggregates, and organic and inorganic
pigments of these two samples that were analyzed by Optical Microscopy (OM), Scanning
Electron Microscopy–Energy Dispersive X-ray Spectroscopy (SEM-EDS), Nuclear Magnetic
Resonance (NMR) Spectroscopy, Attenuated Total Reflection Fourier Transform Infrared
spectroscopy (ATR-FTIR), Micro Attenuated Total Reflection Fourier Transform Infrared
spectroscopy (micro-ATR-FTIR) and Gas Chromatography/Mass Spectrometry (GC/MS).

The study is also aimed at examining the functionality, performance and time saving
of scientific instruments suitable for the analysis of works of art of the period, many made
with synthetic or innovative unknown materials. The selected methodology could be
proposed as a protocol to be used for the art historical study and conservation of modern
paintings created during the second half of the twentieth century.

Regarding the NMR spectroscopy technique, is important to mention that it is a
powerful and frequently used technique in many fields, from basic to applied sciences,
to characterize both molecular and supramolecular structures of organic and inorganic
compounds. The main disadvantage of NMR spectroscopy is its low sensitivity compared
to chromatographic separation coupled with any kind of mass spectrometry detection. This
is an essential issue for cultural heritage analysis due to the limited amounts of samples
available. However, the sensitivity of NMR spectroscopy has increased enormously be-
cause of recent improvements in hardware and instrumental advances. Therefore, in recent
years, NMR spectroscopy as a tool for characterizing complex mixtures has increased,
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particularly in the field of cultural heritage, as it provides valuable insights in the identifi-
cation of organic materials such as waxes, paint binders, pigments, additives and organic
degradation products [4–9].

2. Results

2.1. Description of the Technique and Observations of the Conservation State

The painting structure of Paisaje Abstracto (Figure 1) is quite simple; the medium and
pigments were applied directly onto a hardwood plywood panel, formed by two plywood
sheets that were sustained by a reticular wood stretcher. Originally, a wooden frame
reinforced the structure. These kinds of hardwood panels, of monumental dimensions
(3.90 × 2.40 m) were produced by the museography staff and are similar in structure and
dimensions to other paintings in the museum [10].

 

Figure 1. Photo of Paisaje Abstracto by Rafael Coronel after intervention. Photo: D.R. ©Digital Archive
of the Collections of the National Museum of Anthropology, INAH, Canon, 2018.

The painting layer was possibly applied over the support placed in a horizontal
position. It seems more like the materials were poured over the surface, creating textures
and considerable elevations, a kind of topographic relief formed by the unevenness of the
surface. When samples were observed under the magnifying lenses, the surface had a
bubble texture of spheres. Under UV lighting, the surface of the painting presents strong
fluorescence in red, dark brown and yellow areas [10]. The palette is restricted: blue, yellow,
orange, red, dark ochre, black and white, were applied by areas. The intense colors emerge
from a darker foreground; multiple textures increase the formation of a layered, volcano-
like structure. The painting layer has an average of 1 cm of thickness with elevations that
may protrude as high as 3 cm.

Only one side of the original frame was preserved; the stretcher was in good condition,
but the plywood panels had deformations that detached two sections of the plywood from
the stretcher and formed a concavity. The upper section to the right of the painting was
separated by about 1.30 m and was detached almost 6 cm from the stretcher [10].

Possibly the loss of the frame, the changes in relative humidity and the particularly
rigid, uneven and thick painting layer, produced a severe deformation of the plywood
panels, and consequently a bulge detachment and the fracture of the painting layers in the
heavier areas. The fractured and split areas from the support were veiled by conservators
with non-woven fabric to prevent them from falling [10].

The rigidness of the painting layer and its lack of flexibility compromise its adhesion to
the wood panel support. On the other hand, the wood support is reactive to the conditions
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of relative humidity and temperature, which alter its dimensions cyclically. The chemical
composition of the painting layer forms a rigid solid that will not meet the dimensional
changes of the wood panel.

2.2. Optical Microscopy Study

Figure 2a is a micrograph of the cross section of the sample with polarized light, where
six layers can be distinguished: the first layer is yellow, followed by a greyish layer, then a
dark red color and finally the red surface paint layer. In all the samples, an agglomeration
of spherical structures is observed. Figure 2b shows the cross section of the sample with a
UV filter from 460 to 490 nm, where the intermediate gray layer, identified in Figure 2a,
presents different fluorescence caused by the overlay of rich binder layers and fillers, and
pigments layers. Whitish regions with increased fluorescence that could be attributed
to pigments or inorganic fillers are evident. The artist did not use a ground preparation
for this mural; he applied, directly onto the support, the different layers of paint, where
the surface paint layer was red (obverse side) (Figure 2c) and the first was a yellow layer
(reverse side) (Figure 2d). The yellow painting layer has a flat surface because this side was
attached to the panel.

 

Figure 2. Cross section micrograph of the mural Paisaje Abstracto sample (area studied approximately
2100 × 1400 microns, magnification: 5×). (a) Polarized light; (b) UV filter, 460 to 490 nm (FITC);
(c) sample without preparation, front surface area (approximately 3 × 6 mm); (d) back of the sample.
Images (a,b), the cross section micrographs present the paint layers in reverse order (those closest to
the panel are at the top).

2.3. Elemental Composition Analysis by SEM-EDS

Figure 3a shows the backscattered electrons (BSE) micrograph of the Paisaje Abstracto
cross-section, in which low-contrast circular regions with a size between 20 and 150 m
predominate, which are embedded in a heterogeneous matrix.
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Figure 3. (a) SEM micrograph (BSE, 15.0 kV, 100×, area studied approximately 3000 × 1800 microns).
Elemental mappings (EDS, 15.0 kV, 100×) of predominant elements: (b) C, (c) O, (d) Al, (e) Si, (f) Ti,
(g) Cl and (h) S.

The matrix is composed of an organic material due to its high presence of C and O
(Figure 3b,c). The presence of inorganic components with different geometries is observed.
The yellow pigment was identified as cadmium yellow due to the presence of Cd and S in
the same region (Figure S1). The presence of Al and Si (Figure 3d,e) in the same regions
suggest the presence of an aluminosilicate filler. Ti (Figure 3f) was related to white titanium
pigment TiO2. In the red surface region of the sample, shown in Figure 2a, no elements that
could be related to an inorganic pigment were detected. The predominant presences of Cl
and S (Figure 3g,h) suggest the presence of an organic pigment.

2.4. Organic Compound Elucidation by NMR

The structure of the major organic compounds present in the sample of Paisaje Abstracto
were elucidated by the interpretation of one-dimensional (1H and 13C) and two-dimensional
(COSY, ed-HSQC and HMBC) NMR spectra. COSY spectra allowed us to identify homonu-
clear correlations between vicinal hydrogens separated by two or three bonds. The HSQC
was used to determine correlations between directly bonded hydrogen to carbon atoms.
Additionally, thanks to the multiplicity-edited HSQC, it was possible to differentiate be-
tween CH/CH3 and CH2 groups. The HMBC gives heteronuclear correlations between
hydrogen and carbon atoms separated by two, three and, sometimes in conjugated systems,
four bonds, giving connectivity information.

The spectra of 1H, 13C, ed-HSQC, HMBC and COSY are reported in Figures S2–S12.
Based on the analysis of the NMR spectra, the compounds in the following subsections
were elucidated (see Table 1 for NMR data and molecule structure). Atom numbering is
indicated in each structure only for assignment purposes. The analytic process to reach
them is presented below.

2.4.1. Binding Medium

The principal component in the sample is the binder which was identified as pMMA
due to the HMBC correlation from the methylene protons broad signal H-2 (δ1H 1.81 ppm)
with three methyl carbon signals C-1 (δ13C 16.66, 18.82 and 21.24 ppm), a methylene carbon
C-2 (δ13C 51.24–54.48 ppm), a quaternary carbon C-3 (δ13C 44.74 ppm) and a carbon in a
carbonyl group C-4 (δ13C 176.26–178.44 ppm) (Figure S4). The carbonyl group was identified
as an ester due to the HMBC correlation from the methyl protons signal H-5 (δ1H 3.60 ppm)
to C-4. All this indicates that the binder is exclusively composed of atactic pMMA due to
the tacticity observed [11].
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Table 1. Spectroscopic data (700 MHz, CDCl3) of compounds identified in Paisaje Abstracto sample.
Arrows in green indicate key HMBC correlations and in purple indicate key COSY correlations.

Compound/Structure/Assignment/Correlation Label δH/ppm (Multiplicity 1, J/Hz) δC/ppm HMBC (H→C)

poly(methyl methacrylate)

 

1 0.85 (bs) 16.66 C-2, 3, 4

1 1.01 (bs) 18.82 C-2, 3, 4

1 1.21 (bs) 21.24 C-2, 3, 4

2 1.81 (bs) 51.24–54.48 C-1, 2, 3, 4

3 — 44.74 -

4 — 176.26–177.96 178.44 -

5 3.60 (bs) 51.93 C-4

Methyl methacrylate 1 3.75 (s) 51.93 C-2

2 — 167.86 -

3 — 136.38 -

4 1.94 (s) 18.49 C-2, 3, 5

5′ 5.56 (s) 125.61 -

5” 6.10 (s) 125.61 C-2, 4

Benzoyl peroxide 1 7.60 (t, 7.49) 133.69 C-3

2 7.47 (t, 7.81) 128.63 C-2, 3

3 8.08 (d, 6.78) 130.28 C-1, 3, 5

4 — 125.60 -

5 — 167.79 -

Dibutyl phthalate 1 7.53 (dd, 5.8, 3.4) 131.03 C-2, 3

2 7.71 (dd, 5.8, 3.4) 128.92 C-1, 3, 4

3 — 132.63 -

4 — 167.91 -

5 4.31 (t, 6.7) 65.72 C-4, 6, 7

6 1.72 (q, 6.9) 30.74 C-5, 7, 8

7 1.44 (h, 7.4) 19.28 C-5, 6, 8

8 0.96 (t, 7.4) 13.87 C-6, 7

Linear chain alcohol

 

1 0.88 (t, 7.0) 14.2 C-2, 3

2 1.29 (bs) 22.80 C-1, 3

3 1.25 (bs) 32.10 C-4

4 1.25 (bs) 29.40 C-3

5 1.34 (bs) 25.80 C-4

6 1.56 (bs) 32.89 C-4, 5, 7

7 3.64 (t, 6.7) 63.27 C-5, 6

PR181

1 — NA 2 -

2 NA 2

3 — 125.09 -

4 — 143.63 -

5 7.09 (s) 129.05 C-3, 7, 9

6 — — -

7 7.36 121.98 C-3, 5

8 — NA 2 -

9 2.73 18.85 C-3, 4, 5

1 Multiplicity: [s] singlet, [d] doublet, [t] triplet, [q] quintet, [h] hexaplet, [dd] doublet of doublets, [bs] broad
signal. 2 NA: Not assigned.

206



Molecules 2023, 28, 564

2.4.2. Monomer

The MMA monomer was also identified due to the HMBC correlations from methyl
protons H-4 (δ1H 1.94 ppm) to a carbonyl C-2 (δ13C 167.86 ppm), a quaternary carbon C-3
(δ13C 137.38 ppm) and a methylene carbon signal C-5 (δ13C 125.61 ppm), which indicate the
presence of a methacrylate (Figure S5). The HMBC correlation, from methyl protons H-1
(δ1H 3.75 ppm) to C-2, confirmed the identification of the MMA monomer.

2.4.3. Catalyst

The catalyst benzoyl peroxide was elucidated from the COSY correlation between the
aromatic protons H-1 (δ1H 7.60 ppm) and H-2 (δ1H 7.47 ppm) and between H-2 and H-3
(δ1H 8.08 ppm) (Figure S6). The HMBC correlations from H-3 to aromatic carbons C-1 (δ13C
133.69 ppm) and C-3 (δ13C 130.28 ppm) and a carbonyl signal C-5 (δ13C 167.79 ppm) confirmed
the presence of benzoyl peroxide which is commonly used as a catalyst (Figure S7).

2.4.4. Plasticizer

The HMBC correlation from the aromatic protons H-2 to aromatic carbons C-1 (δ13C
131.03 ppm) and C-3 ( 132.63 ppm), and a carbonyl signal C-4 (δ13C 167.91 ppm), indicate
the presence of a symmetric ortho disubstituted aromatic system (Figure S8). The aliphatic
system of the molecule was identified with the COSY correlation between methylene
protons H-5 (δ1H 4.31 ppm) and H-6 (δ1H 1.72 ppm), H-6 and H-7 (δ1H 1.44 ppm) and
H-7 and methyl signal H-8 (δ1H 0.96 ppm) (Figure S9). The HMBC spectra confirmed the
presence of dibutyl phthalate with the correlation from methylene protons H-5 to carbonyl
signal C-4, and methylene carbons C-6 (δ13C 30.74 ppm) and C-7 (δ13C 19.28 ppm).

2.4.5. Additive

A linear chain alcohol structure was elucidated from COSY correlation between methyl
protons H-1 (δ1H 0.88 ppm) and methylene H-2 (δ1H 1.29 ppm), H-2 and methylene H-3
(δ1H 1.25 ppm), methylene H-5 (δ1H 1.34 ppm) and methylene H-6 (δ1H 1.29 ppm), and
H-6 and methylene H-7 (δ1H 3.64 ppm) (Figure S10). The HMBC correlation from H-4 (δ1H
1.25 ppm) to methylene carbon C-2 (δ13C 22.80 ppm) and from H-5 and H-6 to methylene
carbon C-4 (δ13C 29.40 ppm) shows the linear connectivity from C-1 to C-7 (Figure S11).

2.4.6. Pigment

The HMBC correlation from methyl proton H-9 (δ1H 2.73 ppm) to aromatic carbons C-3
(δ13C 125.09 ppm), C-4 (δ13C 143.63 ppm) and C-5 (δ13C 129.05 ppm), with correlation from
H-5 (δ1H 7.09 ppm) to C-3 and C-7 (δ13C 121.98 ppm) (Figure S12), indicate the presence
of a tetra-substituted aromatic system which can be attributed to red pigment PR181
due to the identification of Cl and S in SEM-EDS (Figure 3g,h) in the red regions of the
cross section (Figure 2a).

2.5. ATR-FTIR Study

ATR-FTIR analytical characterization was performed to identify the binder and pigments
in the Paisaje Abstracto sample. The ATR-FTIR spectrum (Figure 4c) were assigned by relating
them to the bands of the pMMA binder and these were compared with those of reference li-
braries. However, the bands of the characteristic groups of the additives, previously elucidated
by NMR, were not observed due to their low concentration (see Table 2).

2.5.1. pMMA

The presence of pMMA was confirmed by comparing the profile of the ATR-FTIR
spectra and the absorbance of diagnostic peaks within the literature. The signals attributed
to the binder were the carbonyl stretching mode at 1722 cm−1; the asymmetrical stretching
mode of carbonyl group a(C-CO-O) at 1240 and 1270 cm−1; the asymmetrical stretch-
ing mode of ester group a(C-O-C-) at 1144 and 1190 cm−1; the C-H combination band
of -CH3 at 2847 and 2922 cm−1; the band which included the symmetrical stretching
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mode s(C-H) of O-CH3 with s(C-H) of -CH3 and asymmetrical stretching mode a(CH2) at
2948 cm−1; a(C-H) of O-CH3 with a(C-H) of -CH3 at 2994 cm−1; the ones related to symmet-
rical bending modes s(C-H) of -CH3 and O-CH3 at 1386 and 1434 cm−1; the signal related
to asymmetrical bending a(C-H) of -CH3 at 1446 cm−1; the methylene scissoring mode
signal (CH2) at 1482 cm−1; the signals that correspond to rocking mode (C-H) of CH2, CH3
and O-CH3, respectively, at 842, 967, 988 cm−1; and the skeletal stretching mode bands
(C-C) at 749, 1063 cm−1 [12,13].

 

Figure 4. Cross sectional micrograph of the isolated layer yellow sample: (a) visible microscopic
image, (b) chemical map displaying the intensity of the absorbance peaks at 2860 to 3040 cm−1,
(c) comparison between ATR-FTIR (dark line) and micro-ATR-FTIR spectra obtained from the high-
lighted region in false color image (orange line).
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Table 2. ATR-FTIR absorption bands associated with the analyzed compounds in the Paisaje Abstacto
sample. The anti-symmetric and symmetric stretching and blending modes are denoted with νa, νs, a and s.

Component Wavenumber (cm−1)/[Intensity 1]/Assignment References

poly(methyl methacrylate)

749 [m] ν(C-C) skeletal mode, 842 [m] γ(CH2),
967 [sh] γ(α-CH3), 988 [m] γ(O-CH3), 1063 [m]
ν(C-C) skeletal mode, 1144 [vs] and 1190 [vs]
νa(C-O-C-), 1240 [s] and 1270 [s] ν(C-O), 1386

[m] δs(C-H) of α-CH3, 1434 [s] δs(C-H) of O-CH3,
1446 [s] δa(C-H) of α-CH3, 1482 [m] δ(CH2), 1722

[vs] ν(C=O), 2847 [vw] and 2922 [sh]
combination band involving O-CH3 and CH2,
2948 [m] νs(C-H) of O-CH3 with νs(C-H) of

α-CH3 and νa(C-H), 2994 [m] νa(C-H) of O-CH3
and νa(C-H) of α-CH3.

[11,12]

Red Pigment PR 181
1654 [vs], 1562 [m], 1434 [s], 1386 [w], 1294 [sh],

1240 [w], 1190 [sh], 1096 [sh], 1048 [sh], 842 [vw],
823 [vw], 781 [vw], 468 [vw].

[13,14]

Cadmium sulfide (CdS) 1114 [sh], 700 [vw], 669 [vw], 607 [vw], 572 [vw] [15–18]
1 Intensity: [vs] very strong, [s] strong, [m] medium, [w] weak, [vw] very weak, [sh] shoulder.

2.5.2. Organic Pigment

The ATR-FTIR spectra obtained from the red layer (Figure S13) shows bands associ-
ated with the red pigment PR181 [14,15]. Some bands that are present in the ATR-FTIR
reference spectrum of the red pigment PR181 can also be associated with pMMA vibrations.
Those bands are methyl group scissoring (H-C-H) at 1434 cm−1; combination band at the
1386 cm−1 band of methyl group scissoring (H-C-H), benzene ring bending (C-C-H) and
symmetrical stretching s(C-C-C); combination band at 1240 cm−1 which includes the
bending of benzene ring (C-C-H), asymmetrical stretching of thiophene ring a(C-C-C), sym-
metrical stretching of benzene ring s(C-C-C), and symmetrical bending of methyl groups
s(H-C-H); combination band at 1190 cm−1 that includes the bending of benzene ring
(C-C-H), asymmetrical stretching of thiophene ring a(C-C-C and C-C-S), symmetrical
stretching of benzene ring s(C-C-C); and a band identified at 842 cm−1, of which its vi-
bration was not assigned. However, and based on the compounds identified by NMR,
the ATR-FTIR bands that can only be assigned to the red pigment and thus confirm its
presence in the sample are band at 1654 cm−1 related to carbonyl in thiophene ring (C=O),
stretching of benzene and thiophene ring (C-C-C) band at 1562 cm−1; combination band
at 1294 cm−1 that includes the asymmetrical stretching of benzene ring a(C-C-C), sym-
metrical stretching of thiophene ring s(C-C-C) and symmetrical bending of methyl groups
s(H-C-C-C-H); combination band at 1096 cm−1 scissoring of benzene ring (H-C-C-C-H),
carbon-chloride stretching (C-Cl), symmetrical stretching of benzene ring a(C-C-C), benzene
ring and methyl group rocking (H-C-C-C-H) and asymmetrical stretching of thiophene
ring s(C-C-S), 1048 cm−1 thiophene ring stretching (C-C); combination band at 823 cm−1

of benzene ring rocking (H-C-C-C-H), symmetrical stretching of thiophene ring s(C-S-C)
and carbon-chloride stretching (C-Cl); the combination band at 468 cm−1 of benzene ring
and methyl group symmetrical bending s(H-C-C-C-H), thiophene ring bending (C-C-O)
and carbon-chloride stretching (C-Cl); and a band at 781 cm−1, of which its vibration was
not assigned.

2.5.3. Inorganic Pigment

The presence of CdS pigment was confirmed with the bands related to the Cd-S bond
at 700, 669 and 607 cm−1. Additionally, bands related to cadmium yellow PY37 ATR-FTIR
spectra (1114 and 572 cm−1) were attributed to this pigment [16–19].
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2.6. Micro-ATR-FTIR Analysis

In order to clarify the molecular composition of the spheres, a micro-ATR-FTIR map-
ping of the cross section of the sample was carried out. Figure 4a shows the optical
microscope image of the mapped region and Figure 4b shows the chemical map obtained
by integrating the bands at 2860 to 3040 cm−1. Figure 4c shows the micro-ATR-FTIR spectra
of the cross section of the sample, indicated in Figure 4b, and the stacked ATR-FTIR spectra
obtained from the sample surface. The chemical map in Figure 4b confirms that the spheres
are mainly composed of pMMA, both on their surface and inside.

2.7. GC/MS Analysis

The molecular weights of the volatile and thermostable compounds were confirmed
by GC/MS (see chromatogram in Figure S14 and mass spectra in Figure S15a–d). The com-
pounds identified were Benzoyl peroxide (RT = 11.38 min), dibutyl phthalate
(RT = 23.38 min), 1-octadecanol also known as Stearyl alcohol (RT = 24.77 min) and the red
pigment PR181 (RT = 40.84 min).

3. Discussion

Commercial artistic paintings are typically copolymerized MMA monomers with ethyl
or n-butyl acrylate and methacrylate [19]. The finding of pMMA homopolymer as the
binder of Paisaje Abstracto was unanticipated. The use of pMMA as a material for artistic
purposes is uncommon and has not been reported before in artistic paintings.

The lack of organic and inorganic additives suggests that Rafael Coronel manufactured
his own paint for this mural, mixing methyl methacrylate, poly(methyl methacrylate),
benzoyl peroxide, aluminosilicate fillers, additives and organic and inorganic pigments.
The layer sequence of polymer and pigment observed under the microscope support
this statement. It seems that the artist poured mixtures of different colors with the see
chromatogram in Figure S14 and mass spectra in Figure S15a–d support placed horizontally,
producing elevations in the surface.

Based on the organic compounds identified by NMR, it could be proposed that Coro-
nel used an application process similar to the Kulzer patented method to produce dental
prosthetics in the mid-1930s [20]. Moreover, the alcohols most used in coating formulation
are those with a maximum length of 5–8 carbons as biocides [21]. Therefore, the identifica-
tion of 1-octadecanol could be more related for surgical or dental prostheses and dental
repairs, as it was patented by Bayer Ag in 1952 [22].

Coronel may have used a higher proportion of pMMA/MMA, which could explain
the formation of pMMA spheres [23]. The lack of miscibility of the polymer in the monomer
can inhibit the chain transfer reaction of the monomer radical to the prepolymerized pMMA
which did not allow optimal curing [24]. A modification in the pMMA/MMA proportion
could affect the mechanical properties of the painting, especially the compressive strength,
yield stress and compressive modulus [25,26].

4. Material and Methods

4.1. Sampling

During restoration, due to the dimensional changes (by expansion or contraction) of
the wood panel, two microsamples were detached from the upper right corner. Conserva-
tors from the MNA provided the samples. Both samples had a red color on the outer surface
and both had the same sequence of six layers: (i) yellow directly over the support, (ii) green,
(iii) gray, (iv,v) two translucent ones, and (vi) red on top. In general, the painting layer
was very prominent and thick; the stratigraphy of the samples measured approximately
2500 microns, but there were regions in the painting that were thicker than this section. The
samples were inspected with an optical fiber microscope (Keyence, Osaka, Japan), then one
sample section was reserved for chemical studies of isolated layers: yellow and red; the
other sample section was embedded in Claro Cit©, a cold mounting acrylic resin produced
by Struers (Roper Technologies, Sarasota, FL, USA), for the stratigraphic analysis.
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4.2. Optical Microscopy

Samples were studied with an Axio Imager Z2 optical microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a Xenon arc lamp for UV fluorescence with 430–465 nm and
465–500 nm filters and a HAL100 light source in reflected light mode. The inspection under
the optical microscope was performed over the cross sections.

4.3. Scanning Electron Microscopy—Energy Dispersive X-ray Spectroscopy

The electron micrographs were acquired with an EVOMA25 SEM (Carl Zeiss, Oberkochen,
Germany) primarily with a backscattered electron detector. An accelerating voltage was
applied between 15.0–17.0 keV, due to the organic composition of the sample and its
sensitivity to be damaged by X-rays. The chemical elemental analysis of the samples was
performed with an Energy Dispersive Spectroscopy microprobe, 30 mm (Bruker, Bremen,
Germany) and PB/ZAF analysis. Samples were studied as cross sections. Double-stick
carbon tape was used to attach and render the samples conductive. The images were taken
using variable pressure (80 Pa) under nitrogen flow to avoid electrostatic charges on the
samples’ surfaces.

4.4. Nuclear Magnetic Resonance Spectroscopy

NMR spectra were acquired with a Bruker Avance III HD 700 spectrometer (Bruker,
Billerica, MA, USA) operating at 16.4 T (700 and 175 MHz for 1H and 13C frequency, respec-
tively) equipped with a 5 mm z-axis gradient TCI cryoprobe. The 1H-NMR and 2D-NMR
experiments were acquired at 298 K with standard pulse sequences from the Bruker library
and processed with MestReNova software (v. 14.0, Mestrelab Research SL, Santiago de
Compostela, Spain). The 2D-NMR experiments acquired were 1H-1H correlation spec-
troscopy (COSY), 1H-13C edited heteronuclear single quantum correlation spectroscopy
(edited-HSQC) and 1H-13C heteronuclear multiple-bond correlation spectroscopy (HMBC).
The chemical shifts (δ) are reported in ppm relative to the solvent resonance as the internal
standard (CDCl3: δ1H = 7.26 ppm).

4.5. Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy

ATR-FTIR was performed on samples without preparation with the Cary 600 spec-
trophotometer (Agilent Technologies, Santan Clara, CA, USA). The range used by the IR
spectra was 4000–400 cm−1. Spectra were acquired with 128 scans at 4 cm−1 resolution. All
data were processed with Origin software. The signal identification was compared with
the published literature.

4.6. Micro-Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy

Micro-ATR-FTIR analyses were performed on cross sections with an Agilent Cary 620
FTIR microscope (Agilent Technologies, Santa Clara, CA, USA) with a 64 × 64 Focal Plane
Array (FPA) detector coupled to an Agilent Cary 660 FTIR spectrometer. Data were collected
at 1.1 μm per pixel resolution using a micro Germanium Attenuated Total Reflection crystal
accessory and processed using Agilent Resolutions Pro software (Agilent Technologies,
Santa Clara, CA, USA). The Field of View (FOV) was 70 × 70 μm. Spectra were acquired in
the spectral range between 4000 to 900 cm−1, performing 128 scans at 4 cm−1 resolution.

4.7. Gas Chromatography/Mass Spectrometry

Mass spectra were acquired using an Agilent 7890B gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) equipped with capillary column HP-5ms cross-linked
(5%-phenyl)-methylpolysiloxane (30 m × 0.25 mm × 0.25 μm) and an Agilent 5977A mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA) operated in positive mode
with electron impact ionization (70 eV). The injector was set at 280 ◦C and the interface at
310 ◦C. The initial temperature for the GC column was 40 ◦C, held for 1 min, increased at
8 ◦C min−1 to 310 ◦C, held for 10.25 min. The helium flow rate was 1 mL min−1. The mass
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range of the mass spectrometer was 30–600 m/z and mass fragments were identified by
their respective spectra through NIST v. 14 mass library searches.

5. Conclusions

The combination of analytical techniques allowed for the precise identification of
the major components present in Paisaje Abstracto. The pMMA identified as the binder
is not a common polymer employed in artists’ acrylic media alone; instead, the MMA is
commonly copolymerized with other monomers and blended with inorganic additives,
pigments and fillers. pMMA spherical micro-structures are not observed in other artist’s
acrylic formulations, but, nevertheless, these kinds of spheres are commonly observed in
dental acrylic cement. Thus, it was possible to propose a hypothesis of the unique painting
technique followed by Rafael Coronel to create the mural. The characterization of the
polymer suggests a higher pMMA/MMA proportion which may have also affected the
mechanical properties and conservation of the mural, causing a rigid painting layer that
fractures easily.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28020564/s1, Figure S1: (a) SEM micrograph
(BSE, 17.0 kV, 1500×). (b) Elemental mappings (EDS, 17.0 kV, 1500×) of predominant elements: (c)
C, (d) O, (e) Cl, (f) Cd, (g) Ti, (h) S, (i) Al and (j) Si; Figure S2: 1H-NMR spectra (700 MHz, CDCl3)
of isolated layers: (a) yellow and (b) red. Structures and colored signals of the binder (blue), MMA
monomer (violet), catalyst (green), plasticizer (orange), additive (cyan) and red pigment PR181,
are indicated; Figure S3: 13C-NMR spectra (175 MHz, CDCl3) of isolated yellow layer; Figure S4:
HSQC (blue-orange) and HMBC (green) spectra (700 MHz, CDCl3) of isolated yellow layer. The
structure of the acrylic binder pMMA with the key correlation and the assignment of the signals in
the spectra are shown; Figure S5: HSQC (blue-orange) and HMBC (green) spectra (700 MHz, CDCl3)
of isolated yellow layer. The structure of methyl methacrylate monomer with the key correlation
and the assignment of the signals in the spectra are shown; Figure S6: COSY spectrum (700 MHz,
CDCl3) of isolated yellow layer. The structure of benzoyl peroxide (BPO) with the key correlation
and the assignment of the signals in the spectrum are shown; Figure S7: HSQC (blue-orange) and
HMBC (green) spectra (700 MHz, CDCl3) of isolated yellow layer. The structure of benzoyl per-
oxide (BPO) with the key correlation and the assignment of the signals in the spectra are shown;
Figure S8: HSQC (blue-orange) and HMBC (green) spectra (700 MHz, CDCl3) of isolated yellow layer.
The structure of dibutyl phthalate (DBP) with the key correlation and the assignment of the signals in
the spectra are shown; Figure S9: COSY spectrum (700 MHz, CDCl3) of yellow layer. The structure
of dibutyl phthalate (DBP) with the key correlation and the assignment of the signals in the spectra
are shown; Figure S10: COSY spectrum (700 MHz, CDCl3) of isolated yellow layer. The structure of
1-octadecanol with the key correlation and the assignment of the signals in the spectra are shown;
Figure S11: HSQC (blue-orange) and HMBC (green) spectra (700 MHz, CDCl3) of isolated yellow
layer. The structure of 1-octadecanol with the key correlation and the assignment of the signals in
the spectra are shown; Figure S12: HSQC (blue) and HMBC (green) spectra (700 MHz, CDCl3) of
isolated red layer. The structure of red pigment PR181 with the key correlation and the assignment of
the signals in the spectra are shown; Figure S13: ATR-FTIR spectra obtained from the red layer. The
bands associated with the red pigment PR181 are indicated; Figure S14: Chromatogram of isolated
red layer. The peaks with the identified compounds are presented at the respective retention times;
Figure S15: Mass spectra of the identified compounds in the isolated red layer. (a) Benzoyl peroxide,
(b) dibutyl phthalate, (c) 1-octadecanol and (d) red pigment PR181.
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Abstract: Over the centuries, humans have developed different systems to protect surfaces from the
influence of environmental factors. Protective paints are the most used ones. They have undergone
considerable development over the years, especially at the turn of the 19th and 20th centuries. Indeed,
between the two centuries, new binders and pigments have been introduced in the constituent
materials of paints. The years in which these compounds have been introduced and spread in the paint
market allow them to be defined as markers for the dating of paints and painted artifacts. The present
work is focused on the study of the paints of two vehicles of the Frankfurt Museum of Communication,
i.e., a carriage and a cart, that was designed for the German Postal and Telecommunications Service
roughly between 1880 and 1920. The characterization of the paints was performed through in situ
non-invasive techniques, i.e., portable optical microscopy and multispectral imaging, and laboratory
non-destructive techniques, i.e., FT-IR ATR spectroscopy and SEM-EDS. The analytical investigation
and the comparison with the data reported in the literature allowed us to determine the historicity of
the paints, which are all dated before the 1950s.

Keywords: protective coating; paint; binder; pigment; characterization; non-invasive techniques;
FT-IR ATR; SEM-EDS

1. Introduction

Over the centuries, several protective paints that could be applied to artifacts have
been produced.

As to vehicles used for transportation, the function of the pictorial coating was pro-
tection from the outdoor environment and their consequent degradation [1–4]. Currently,
protective paints are highly specific according to the substrate on which they have to
be applied while, until the first half of the 20th century, the choice was based on the
type of environment in which they would have been placed: namely indoor or outdoor
environments [5–7].

Protective paints consist of three components: binders, dyes or pigments, and ad-
ditives. Over the centuries, especially at the turn of the XIX and XX centuries, several
developments in the production of paints were mainly linked to the introduction of new
binders and pigments [4,6–11]. These developments are attributable to two main factors
that have characterized the centuries: the Industrial Revolution and the automobile’s mass
production. These two events led to the growth of the first paint factories in the early 19th
century, which started developing linseed oil paints, galvanizing processes, and TiO2-based
pigments in 1918. Linseed oil is a natural oil that is characterized by a concentration of
linoleic acid-fatty acid whit formula C18H32O2-around 70%, and consequently has a high
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number of double bonds. This characteristic makes linseed oil have a high drying power,
which is one of the main reasons for its wide use in paintings and the production of paints
until the first half of the 20th century [12,13]. With the introduction of synthetic resins,
advancements in the coating industry quickly followed to meet market demand. Thus, in
the middle of the XX century, natural oils that were traditionally used in paint formulations
were being replaced by synthetic resins. Therefore, the identification of an oily medium in
a coating may suggest that it was produced before 1950, while the presence of synthetic
resins suggested a later dating. Furthermore, alkyd paints almost completely replaced oil
paints in the second half of the XX century [4,6,7,11,13–15].

Pigments can be used as markers as well. Among them, the most important ones
that have this role are lead-based pigments, zinc white, lithopone, and titanium white.
Lead-based pigments, especially lead white (basic lead carbonate 2PbCO3·Pb(OH)2), has
been traditionally used to produce paint matrices. Due to the discovery of their toxicity,
their use decreased between the XIX and XX centuries [4,6,7,16–18]. In the years leading up
to World War II, consumers paid more attention to health and environmental risks, and paint
manufacturers began to study safer alternatives to replace lead and other toxic elements.

Zinc white (ZnO) was discovered in the late 1700s; lithopone, a mixture of 70–72 wt%
of barium sulfate (BaSO4) and 30–28 wt% of zinc sulfide (ZnS), was discovered in the
late 1800s. They were commonly used to replace lead white in the first half of the XX
century [4,6,7,9,14–16,18]. In 1918, the first titanium white was produced as a mixture of
30% titanium dioxide (TiO2) and barium sulphate (BaSO4). Soon, titanium white started to
be the most widely used white pigment in paint matrices of titanium white (TiO2). Indeed,
a study carried out by the International Agency for Research on Cancer (IARC) highlights
an increase in the paints produced with titanium white (about 80%) and a decrease in paints
produced with lead white or lithopone in these years [18]. Consequently, the presence of
this pigment allows the paint to be dated after that year and with greater probability after
1940 when the use of white titanium spread.

Other markers can be defined through the evolution of colored pigments and
dyes [6,7,16]. Until the first half of the 1900s, multiple pigments were used for the
formulation of paints. In the XIX century, new pigments were introduced to the mar-
ket, such as synthetic ultramarine blue (Na8–10Al6Si6O24S2–4), zinc and lead chromates
(ZnCrO4 or PbCrO4), cadmium sulfides (pigments containing CdS), and Paris green
(Cu(C2H3O2)2·3Cu(AsO2)2). Their presence suggests that the paints were produced before
the 1950s. The use of these pigments decreased progressively due to the discovery of the
toxicity of some of them, but especially due to the spread of synthetic dyes. Synthetic
compounds such as aniline (an aromatic compound, C6H7N), azo dyes (organic compounds
characterized by the functional group R-N=N-R′, where R and R′ are often aryl groups),
and phthalocyanines (macrocyclic organic compounds whose formula is (C8H4N2)4H2),
became the most widely used compounds for paints. Therefore, their presence allows the
paints to be dated after the 1950s [4,6,7,16].

The coatings’ composition allows for the acquisition of useful information for the
dating of objects and artifacts. However, paints are composed of different constituents,
such as binders, pigments, and other fillers. Additionally, several chemical compounds
have been used for their production over the centuries. Thus, their characterization is not
simple and requires a multi-analytical approach [19].

A preliminary study is generally required, especially if several layers overlap. Optical
microscopy (OM) is commonly used for this analysis and allows for the acquisition of
information on the object’s stratigraphy [19,20]. Additionally, multispectral imaging is
often used in the cultural heritage sector since it is a non-invasive technique based on
ultraviolet, visible, and near-infrared radiation. It allows more details of the surface to be
obtained, such as alterations due to aging, and to discriminate any different constituent
materials [21–23].

As for the characterization of the chemical composition of paints, numerous techniques
can be used. Mass spectroscopy techniques, such as laser ablation-inductively coupled
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plasma-mass spectrometry (LA-ICP-MS), have been useful for obtaining trace-level in-
formation. Chromatographic techniques, such as pyrolysis–gas chromatography–mass
spectrometry (Py-GC-MS), allow information to be obtained on the polymer fraction,
namely the binder. Furthermore, X-ray fluorescence spectrophotometry (XRF) is used for
elemental analysis, while X-ray diffractometry (XRD) allows for the determination of the
inorganic fractions’ composition and structure [19,20,24–33].

Despite the multiple possibilities, FT-IR spectroscopy, Raman spectroscopy, and SEM-
EDS appear to be the most commonly used analytical techniques in the cultural heritage
sector [19,20,24,25]. FT-IR and Raman spectroscopies are non-destructive techniques, often
not requiring sample preparation. The first allows for the characterization of the organic
fraction and only part of the inorganic one. The second allows for the identification of the
inorganic component and, in particular, the metal compounds. However, the latter is often
affected by the fluorescence phenomenon, which does not allow an interpretable spectrum
to be obtained [19,24]. Furthermore, SEM-EDS allows information to be acquired on the
morphological aspect of the samples, through secondary electrons, and on the elemental
composition of the materials, by exploiting X-rays emitted by the sample [20,24].

This work is focused on the study of the protective paints of two vehicles belonging to
the Museum für Kommunikation in Frankfurt and used by the German postal service at
the turn of the two centuries. The first one is a cart for telecommunications services and
is dated approximately 1920–1940 (Figure 1). This cart was constructed in the Reichspost
era and was continuously used by the postal service also during the German Democratic
Republic (GDR). The cart was found in the garden of a former postal employee in 2015. It
was partially sunk into the ground, where it presumably stood for decades after having
been taken out of service.

The second vehicle is a carriage of the German postal service, dated around 1880
(Figure 2). The carriage was found in 1999 when the King’s family house was demolished.
It is currently stored at the Museum für Kommunikation in Frankfurt. It has been probably
used for the postal service between Schramberg and Rottwell until 1910.

 
Figure 1. Image of the cart for telecommunication service.

The main purpose of this work was the characterization of the inorganic and organic
fractions of the vehicles’ paints through the use of pigments as markers to allow the discrim-
ination between original and non-original materials. A preliminary study of the surfaces
has been carried out through the use of the multispectral imaging system and portable
optical microscopy. Both these techniques have enabled the selection of more significant
sampling areas to be analyzed with SEM-EDS and FT-IR ATR spectroscopy. Additionally,
Raman spectroscopy analyses were performed. However, they were inconclusive due to
fluorescence interference and are thus not reported in this paper. This study was thus aimed
at identifying and dating the constituent materials by using analytical techniques that are
available and easily implementable in most museums’ laboratories for the identification of
object materials. For this reason, specific techniques were used to assess the effectiveness of
their combined application, defining a replicable operational methodology. This approach
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can have useful applications in many museums with relatively modern objects that can be
characterized, such as vehicles of various natures, with a high historical value. Furthermore,
the study aimed at detecting the areas requiring subsequent restoration intervention.

 

Figure 2. Image of the carriage of the family King.

2. Results

2.1. Multispectral Imaging
2.1.1. The Cart

The multispectral images of the cart’s different areas show the different fluorescence
that was induced by three layers of paint (Table 1).

Table 1. Summary of images obtained in different areas of the cart with multispectral analysis using
visible light (VIS), ultraviolet fluorescence, and infrared reflectography (IR).

Area VIS UV FLUORESCENCE IR 850

Left panel, top left corner

   

Right panel, area where
the plate was posted

   

Rear door, top left corner
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Table 1. Cont.

Area VIS UV FLUORESCENCE IR 850

Right panel, plate

   

The outermost layer, which is light grey in VIS light, is characterized by a low yellowish
fluorescence that contrasts with the fluorescence induced on the surface of the intermediate
grey-greenish layer. The dark grey layer in contact with the wooden support does not show
any fluorescence (Figure 3).

  
(a) (b) 

Figure 3. (a) Details of the UV fluorescence image of the paints on the right panel; (b) Enlargement
(10×) of the area.

Moreover, the investigation allowed the presence of some areas to be highlighted
that appeared reddish in both visible and UV light while showing a black color in IR
reflectography (Figure 4).

   
(a) (b) (c) 

Figure 4. Details of the iron cart structure: leakage due to corrosion; (a) Image in visible light;
(b) Image in UV fluorescence; (c) Image in IR reflectography.

These areas are related to the leakage that resulted from the degradation of the cart’s iron
structure, the solubilization of corrosion products, and the pouring of iron–ions-rich solutions.

2.1.2. The Carriage

The analysis performed by multispectral imaging in UV light showed a bluish-yellow
ultraviolet UV fluorescence spread over the entire surface of the carriage (Table 2). Such
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fluorescence could be due to an oil-based paint that aged over time. The UV fluorescence
also allowed the widespread presence of cracks in the paint layer to be highlighted, as well
as localized corrosion in several areas of the metal panels that appeared darker.

Table 2. Multispectral images showing different areas of the carriage: visible light (VIS), ultraviolet
fluorescence (UV), and infrared reflectography (IR).

Area VIS UV FLUORESCENCE IR 850

Symbol on the right side

   

Symbol on the left side

   

Rear panel

   

Left-side panel

   

Rear-left wheel

   

Left-side flap
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Table 2. Cont.

Area VIS UV FLUORESCENCE IR 850

Rear wheel axle

   

The multispectral investigation performed on the symbol present on the right and
left side of the carriage underlined an uneven response under UV radiation (Figure 5a,b).
Indeed, darker areas could be noticed, which appeared to be lighter in IR reflectography
(Figure 5c). The areas in which the fluorescence is less marked (darker in the photo) present
a greater reflection of the IR radiation, and these areas appear lighter. These differences can
be presumably related to the loss of the finishing layer.

   
(a) (b) (c) 

Figure 5. (a) Symbol panel of the right side of the carriage in UV fluorescence; (b) Enlargement (10×)
of the area in UV fluorescence; (c) Enlargement (10×) of the area in IR reflectography.

On the rear panel (Figure 6), the IR reflectography allowed the presence of two yellow
paints to be noticed that are characterized by different reflections of the IR radiation.

   
(a) (b) (c) 

Figure 6. (a) Image of the rear panel of the carriage collected under visible light; (b) Enlargement
(10×) of the area in VIS; (c) Enlargement (10×) of the area in IR reflectography. The chromatic
differences between the two yellow paints, in visible light and their different reflection of the IR
radiation are highlighted.

The more superficial layer appears darker in IR, while the underlying one shows a
lighter tone due to the greater reflection of infrared radiation. These characteristics are
attributable to the use of different paints. The same feature was also found in the rear axle
of the wheels.
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2.2. Portable Optical Microscopy
2.2.1. The Cart

The investigation was performed using the optical microscope and allowed the stratig-
raphy of the grey cart to be identified alongside the presence of a deposited particulate on
the surface (Figure 7a).

  
(a) (b) 

Figure 7. Optical microscope images of the cart’s stratification. (a) Image collected at 50× magnifi-
cation in which the dark grey (1), greenish grey (2), and light grey (3) layers are visible; (b) Image
collected at 200× magnification where the deposited particulate is present (4).

The layers, starting from the innermost one to the outermost one, can be described as follows:

1. Dark grey layer.
2. Greenish grey layer.
3. Light grey layer.

2.2.2. The Carriage

The analysis that was carried out with optical microscopy made it possible to observe
the complex stratigraphy of the carriage’s paints, which was mainly characterized by the
superimposition of four paint layers (Figure 8).

  
(a) (b) 

Figure 8. Optical microscope image of the layering on the carriage: (a) Image collected in VIS light,
showing the substrate (1), the bright yellow layer (2), the yellow-brown layer (3), that is above
or under the red layer, and the red layer (4); (b) Image collected in UV light, where the finishing
layer-with a bluish fluorescence can be observed (5) above the colored layers.

Starting from the bottom, the stratigraphy can be described as follows:

4. The support: it is mostly metal-based, while some areas are made of wood.
5. The bright yellow layer: it is present in a few areas of the carriage, such as the back

panel of the box letter, the rear axles of wheels, and the metal axes under the left panel
of the box letter.

6. The yellow-brown layer.
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7. The red layer.
8. The finishing layer.

The finishing layer is characterized by a bluish-yellow fluorescence. It shows widespread
cracking and degradation signs which seem to be due to anomalous contractions of the
material itself (Figure 9).

  
(a) (b) 

Figure 9. Optical microscope image (200× magnification) of the area corresponding to the postal
service’s symbol. (a) Image collected in VIS light showing the cracking process with thinner (1–2)
and thicker cracks (3) that reach the yellow paint; (b) Image collected in UV light highlighting the
islands of different sizes and shapes where the finishing layer is present (4), and an area with different
fluorescence in which the layer is absent (5).

The craquelure was presumably induced by the imperfect adhesion between the
finishing layer and the underlying ones but also by exposure to UV radiation and a high
level of relative humidity [34]. In the overlapping areas of the red paint on the yellow
one, such cracks are not limited to the surface only, but reach the underlying yellow layer.
All types of branched cracking are according to variable, straight, or concentric crosslinks.
These crosslinks intersect each other, forming islands of various sizes and shapes. Some
areas of the carriage, such as the panels, show that the symbols are characterized by the
absence of the finishing layer (Figure 10). Indeed, in these areas, it is possible to detect the
underlying paints, which have a different fluorescence when observed in ultraviolet light
(Figure 10b).

Moreover, the metal support of the carriage appears to be corroded, and some areas of
the superimposed paint layers appear darker, presumably due to corrosion products of the
underlying laminate (Figure 10).

  

(a) (b) 

Figure 10. Optical microscope images (200× magnification) of one of the metal panels: corrosion of
the laminate (1–3), causing the darkening of the yellow paint (2–4). (a) Image collected in VIS light;
(b) Image collected in UV light.

223



Molecules 2023, 28, 2197

Black paint was used exclusively for decorations (Figure 11).

  
(a) (b) 

Figure 11. Optical microscope images of the areas showing the black paint. (a) Image (50× magnifi-
cation) collected in VIS light showing the black paint (1) under the yellowish brown (2) and red (3)
layers; (b) Image (50× magnification) collected in VIS light showing the black layer (4) above the red
one (3).

2.3. Fourier Transform Infrared Coupled Attenuated Total Reflectance (FT-IR ATR)

The colored paints of both the carriage and the wagon are characterized by similar
FT-IR ATR spectra (Figures 12 and 13).

Figure 12. FT-IR ATR spectra of the three grey paints of the cart.
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Figure 13. FT-IR ATR spectra of the colored paints of the carriage.

The main difference is in the bands at 1400 and 870 cm−1, which are almost completely
absent in the black paint of the carriage and the paints of the wagon. These bands can
be linked to the presence of carbonates, which are therefore found in greater amounts
in the yellow and red paints of the carriage compared to its total or almost absent in the
grey-black paints. The interpretation of spectra allowed for the assignment of the following
bands [35–43]:

o 3500–3400 cm−1: stretching of the O-H bonds, present in linseed oil and also in
some silicates;

o 2950–2800 cm−1: stretching of the C-H bonds present in the aliphatic chains of the oil;
o 1730 cm−1: stretching of the C=O bond of the esters present in the siccative oil;
o 1600–1400 cm−1: stretching of the COO- group of carboxylates, the presence of which

is due to the degradation of the drying oil in the presence of metal cations;
o 1400 and 870 cm−1: asymmetric stretching of the carbonate group (CO3

2−);
o 1163 cm−1: asymmetric stretching of the C-C-O bonds of the esters present in the oils;
o 1080–1020 cm−1: vibrational stretching of the Si-O and Si-O-Si bonds, which is typical

of silicates.

The paints of the two vehicles are, therefore, characterized by the presence of aged
drying oils, silicates, and sometimes carbonates, while the bands related to carboxylates
(1600–1400 cm−1) are due to the aging process and degradation of the drying oil.

The analysis of the finishing layer present on the surface of the carriage required
the extraction of the finishing layer from the sample with methyl ethyl ketone (MEK).
The spectrum acquired on the extracted materials showed the characteristic bands of an
oil-based component and carboxylates, similar to the spectra collected on the colored
paints (Figure 14).
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Figure 14. FT-IR ATR spectrum of the finishing layer extracted using MEK (above) and the spectrum
of degraded linseed oil (bottom).

2.4. Scanning Electron Microscopy Coupled with Energy Dispersive Spectroscopy (SEM-EDS)
2.4.1. The Cart

SEM/EDS data of the cart’s paints allows important differences between the light
grey paint to be highlighted; hence, the most external and recent one compared with the
innermost ones, with the dark grey paint directly applied on the wood.

The dark grey paint is characterized by the presence of zinc, barium, and carbon
(Table 3). Arsenic is present in low percentages and cannot be related to the color of the paint.
For this reason, it can be linked to the wooden support possibly having undergone a biocide
treatment. Indeed, arsenic is a poisonous compound that is used for the disinfestation of
insects, while copper is generally used for bacteria. The high percentages of carbon suggest
that it could have been used with a pigment of organic origin (e.g., carbon black).

Table 3. SEM image collected on the grey inner paint of the cart. In the table, the data obtained by
the EDS analysis are reported.

 

Spectrum C O Mg Si S Ca Fe Zn As Ba

Spectrum 1 45.7 36.2 0.2 0.3 4.8 0.2 0.8 4.2 0.3 7.3

Spectrum 2 44.8 32.6 0.4 0.3 5.4 0.3 1.1 5.5 0.4 9.3

Quantitative values in wt% (±0.2).

The SEM-EDS analysis carried out on the outermost paint layers (Table 4) made it
necessary to exclude carbon from the elements’ count in order to obtain more significant
information on the elements present in smaller quantities, such as silicon, potassium, and

226



Molecules 2023, 28, 2197

calcium. It is, however, likely that the pigment used to give the grey color can be identified
as carbon black, as in the previous paint’s analysis.

The elemental analysis carried out on the intermediate paint layer (Table 4; Spectrum 3),
i.e., the greenish-grey one, allowed a greater presence of zinc and barium to be noticed,
which were probably used to make the dark grey paint lighter. The EDS analysis collected
on the light grey layer (Table 4; Spectra 1–2) was characterized by the presence of zinc and
titanium. The presence of titanium is of the utmost significance since it is absent in all
other grey paints. This element can be linked to the use of titanium white together with
zinc white to obtain the desired color gradation and opacity of the paint. Additionally, the
presence of iron can be related to the chromatic alterations resulting from the solubilization
and leaching of the iron corrosion products of the wagon’s structure.

Table 4. SEM/EDS analysis of sample 16. Data obtained by the EDS analyses. The analyzed sample
is characterized by the two outermost layers: the light gray layer (1) on which spectra 1 and 2 were
collected; the intermediate layer (2) on which spectrum 3 was collected.

 

Spectrum O Al Si S K Ca Ti Fe Zn Ba

Spectrum 1 1.4 29.7 13.0 55.9

Spectrum 2 66.3 1.8 3.9 2.7 0.3 1.1 13.6 3.4 6.9

Qualitative values in wt% (±0.2).

In addition, the paints related to the iron axes (sample 18) showed a yellowish-brown
color that was characterized by the presence of titanium and a high iron content (Table 5).
Eventually, titanium was related to the use of titanium white, as already stated in the results
obtained on the light-grey paint, while the iron was related to the corrosion of the metal
axes containing superimposed paint layers.

Table 5. SEM image collected on sample 18. In the table, the EDS analysis is reported. Spectra 1–3
were collected on the brownish paint; Spectrum 2 was acquired on the underlying grey layer.

 

Spectrum C O Al Si P S Cl K Ca Ti Fe Zn Ba

Spectrum 1 - 65.5 2.9 2.3 - 2.9 - 0.3 1.2 5.3 17.9 1.7 -

Spectrum 2 38.0 31.3 0.5 - - 4.7 - - 0.4 - 1.3 13.7 10.1

Spectrum 3 - 63.1 2.6 2.3 0.4 3.8 0.3 0.3 1.6 6.8 16.6 2.3 -

Quantitative values in wt% (±0.2).

2.4.2. The Carriage

The results of the SEM-EDS analysis allowed for the identification of the pigments
based on the evaluation of detected chemical elements.

The bright yellow paint on the top of the metal support is characterized by a high
amount of lead, which is not present in the other examined paints (Table 6). This paint
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represents the original layer of the carriage, whose yellow color is attributable to the
presence of lead compounds.

Table 6. SEM image collected on the bright yellow paint of the carriage at high magnification. In the
table, the data obtained from the EDS analysis are reported.

 

Spectrum O Al Si S K Ca Fe Zn As Br Ba Pb

Spectrum 1 62.6 1.4 - - - 1.4 - 13.0 - - - 20.8

Spectrum 2 62.2 1.5 1.9 4.1 0.5 1.6 9.7 11.3 0.0 - 4.0 3.2

Spectrum 3 44.8 - - - - 2.4 13.4 - 0.0 5.4 34.0

Spectrum 4 74.7 2.6 2.5 3.5 - 1.6 1.8 6.0 - - 2.0 5.3

Quantitative values in wt% (±0.2).

SEM-EDS analysis on the yellow-brown paint (second layer) allowed for the presence
of silicates to be noticed. Due to the extensive corrosion of the metal panels (Figure 10),
iron was excluded from the elemental analysis of the yellow paint, as it was attributable to
both corrosion products and the use of iron-based pigments (Table 7). However, the lack of
other chromophores indicates that the pigment of the paint is likely yellow earth.

Table 7. SEM image collected on the yellow-brown paint of the carriage. In the table the reported
data were obtained from the EDS analysis (excluding iron).

 

Spectrum C O Al Si S K Ca Zn Ba

Spectrum 1 52.4 46.3 0.3 0.2 0.2 - 0.5 0.3 -

Spectrum 2 - 77.0 - 1.3 9.4 0.6 10 1.7 -

Spectrum 3 24.8 51.5 - 3.8 4.8 - 9.2 1.3 4.6

Quantitative values in wt% (±0.2).

The SEM images of the red paint (Table 8) show the significant cracking forming
regular blocks (third paint layer). It is a characteristic feature of the cracking induced by an
imperfect adhesion between the red layer and the yellow paint layer underneath [34,44].
In the elemental analysis, carbon was omitted because its high value did not allow the
semiquantitative determination of other elements, such as zinc, barium, sulfur, and calcium.

The results reported in Table 8, together with the elemental analysis acquired on
a detail of the surface layer (Table 9), underline the presence of an organic compound.
This information allows for the hypothesis that the paint was characterized by an organic
dye that provided the red color. Moreover, higher magnification enabled the observation
of uniform particles without a specific structure that could be attributed to materials
not relevant to the paint. Indeed, the observation in the backscattered electrons (BSE)
mode showed the presence of light particles on a dark matrix that was relevant to organic
compounds. The presence of these inorganic particles was found in all paints and is
attributable to earthy dust or plaster on the walls of the storage environment.
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Table 8. SEM image of the red paint of the carriage. In the table are reported the data obtained from
the EDS analysis.

 

Spectrum O Mg Al Si S K Ca Fe Zn Ba

Spectrum 1 78.0 - 2.5 4.0 5.3 0.5 4.3 1.2 4.2 -

Spectrum 2 70.6 0.6 1.3 2.0 11.2 - 11.2 0.8 2.3 -

Spectrum 3 52.0 - 2.5 5.2 11.0 0.4 3.4 2.8 6.2 16.5

Quantitative values in wt% (±0.2).

Table 9. SEM image collected on the red paint of the carriage at high magnification. In the table, the
data obtained from the EDS analysis are reported.

 

Spectrum C O Al Si S Ca Fe Zn Ba

Spectrum 1 47.6 44.0 - - 0.4 7.0 0.4 - 0.6

Spectrum 2 - 78.3 1.5 1.8 - 18.4 - - -

Spectrum 3 43.4 31.0 - - 3.8 0.8 0.9 1.0 19.0

Spectrum 4 35.0 29.0 - - 6.3 0.7 0.8 1.0 27.0

Quantitative values in wt% (±0.2).

The black paint used for decorations on the red one is characterized by purely organic
components, as shown by the SEM/EDS analysis (Table 10). No chromophore elements
were detected. Thus, the black color was most likely given by the carbon present in the
pigments of organic origin (e.g., carbon black). Traces of silicates, zinc, barium, sulfur, and
calcium were also found, similar to the other paints.

Table 10. SEM image collected on sample 3. In the table, the data obtained from the EDS analysis of
the black paint are reported.

 

Spectrum C O Al Si S Ca Fe Zn Ba

Spectrum 1 39.0 51.4 0.7 1.2 1.1 4.4 0.2 0.5 1.6

Quantitative values in wt% (±0.2).
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3. Discussion

The data provided by the multi-analytical investigation on the two vehicles, together
with information found in the literature, have made it possible to obtain useful information
regarding the composition of the matrices of paints, thus enabling their dating.

Multispectral imaging and optical portable microscopy allowed for the detection of the
cart’s stratigraphy, which appeared to have a simpler structure compared to the carriage.
Indeed, it consists of three layers: the dark grey paint in direct contact with the wooden
support, as well as the original paint; the greenish-grey paint, namely the intermediate
one; the light grey paint, namely the outermost one. On the other hand, the carriage
shows a stratigraphy consisting of the metal support, four paint layers (a yellow one, a
yellow-brown one, a red one, and a black one corresponding to decorations only), and a
finishing layer that is visible under UV radiation.

The chromophore element, which gives the grey color to the three paints, has been
identified as carbon due to the use of a dye or an organic pigment.

SEM-EDS analysis allowed for the detection of high concentrations of lead in the
innermost yellow paint layer, which could be related to the use of a yellow lead pigment.
As previously mentioned, this pigment was used until the 1940s in Europe [4,6–9,14,15].
Zinc has also been found in the greenish-grey intermediate layer. It could be linked to the
use of zinc white (zinc oxide) and/or lithopone, which have been used mainly since the late
19th century until the first half of the 20th century [5–8,14,16,18]. The presence of barium
could be related to the use of lithopone (a mixture of barium sulfate and zinc sulfide)
but also to the use of natural barite: a white pigment used as a filler. Further fillers that
were detected in the vehicle’s layer matrices consist of silicates and carbonates [4,6,7,14,18].
Furthermore, the chromophore element provided the grey color of the three paints, which
were identified as carbon, while the presence of arsenic could be related to an insect
biocide for the wooden support [30]. The outermost paint (the light-grey one) is mainly
characterized by the presence of titanium, related to the use of titanium white. This pigment
was discovered in the 1920s and was increasingly used from the 1940s [4,6–9,14,15]. The
elemental analysis allowed for the identification of zinc in high concentrations in the
outermost paint layer, suggesting the use of a composite titanium pigment made up of
titanium and zinc whites. This information allowed for the dating of the paint presumably
after the 1920s, when titanium white was discovered, and before the 1970s, when titanium
oxide was no longer used as a composite pigment [16]. Eventually, SEM-EDS analysis
also detected iron, especially in the outermost paint layers. The presence of this element
is due to the corrosion of the metal axes of the cart structure, leading to the formation of
chromatic alterations, which was also observed through multispectral imaging. The FT-IR
ATR analysis highlighted the presence of silicates and carbonates while also detecting
the characteristic bands of degraded oils in both the finishing layer, and the paint layer
underneath. In all the paints, the presence of an oily binder could suggest that they
might date before the 1940s when paints based on synthetic resins took over [4,6–9,14,15].
Whereas FT-IR spectroscopy detected the vibration bands associated with chemical bonds
and oils of similar functional groups, it was not possible to define the exact type of oil. The
most commonly used oily binder has been linseed oil, and it may have been used for the
production of studied paints [4,6–9,14,15]. Despite these considerations, all oily binders
were used up until the first half of the 20th century, when they were then completely
replaced by synthetic resins [4,6–9,14,15].

The FT-IR ATR carried out on the carriage showed the presence of silicates and
carbonates, as well as the characteristic bands of oil and carboxylates, highlighting once
again the presence of degradation products of oily substances [43]. As in the cart, the
presence of peaks at 1600–1400 cm−1 is related to the stretching of the COO- a group of
carboxylates, which highlights the significant degradation of the drying oil.

While FT-IR ATR spectroscopy did not allow the exact identification of the pigments or
dyes used for the red and black paints in the carriage, the SEM-EDS analysis allowed for the
detection of a high concentration of lead in the innermost yellow paint layer, which could
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be related to the use of a yellow lead pigment. As previously mentioned, this pigment was
used until the 1940s in Europe [14].

The bright yellow paint was lost in most areas of the carriage and was replaced by
yellow-brown paint. Even though the SEM-EDS analysis of this paint’s samples required
the exclusion of iron since the high values could be related either to the corrosion of the
metal sheets or the use of yellow ochre, this is one of the most used yellow pigments in
history [45].

The two other paintings of the carriage, i.e., the red paint and the black one were used
for decorations. They are characterized by a high carbon content, suggesting that both
paints were related to the use of dyes or organic pigments.

The SEM-EDS analysis also highlighted the presence of calcium, silicon, barium,
sulfur, and zinc in all the paint layers. The presence of calcium and silicon can be attributed,
respectively, to the use of carbonates and silicates, while barium and sulfur enabled the
hypothesis of barite. All these compounds were used in the paints’ formulation as fillers to
improve stability and decrease production costs. Zinc is attributable to the use of zinc oxide:
a pigment that was discovered in the late 18th century and became common in the late 19th
century. However, the presence of zinc and barite did not allow the exclusion of the use of
lithopone: another opaque white pigment that has been used since 1880 [5–8,14,16,18].

In conclusion, the diagnostic investigations allowed the identification of the carriage’s
paints, which are oil-based paints containing pigments based on zinc, barium, and lead
for the bright yellow paint only. The characterization suggested the dating of the paints
before 1950 when the oil paints were replaced by paints based on synthetic resins, which
were discovered in the first decades of the 20th century. The absence of titanium allows for
estimating the dating of the paints before the 1940s.

4. Materials and Methods

4.1. The Vehicles

As previously mentioned, this article is focused on the study of protective paints used
on two vehicles. They are conserved at the Museum für Kommunikation in Frankfurt and
were used by the German postal service at the turn of the two centuries.

The first one is a cart for telecommunications services and is dated approximately
1920–1940 (Figure 1). This cart was constructed in the Reichspost era and was continuously
used by the postal service throughout the German Democratic Republic (GDR). The cart
was found in the garden of a former postal employee in 2015. It was partially sunk into the
ground, where it presumably stood for decades after having been taken out of service.

The second vehicle is a carriage of the German postal service, dated around 1880
(Figure 2). The vehicle was found in 1999 when the King’s family house was demolished. It
is currently stored at the Museum für Kommunikation in Frankfurt. It is supposed to have
been used for the postal service between Schramberg and Rottwell until 1910.

4.2. Portable Optical Microscopy

A portable optical microscope Dino-Lite AM411-FVW (Dino-Lite Europe, Almere, The
Netherlands) was used to investigate the surface morphology. It was performed using
different magnifications, from 40× to 220× (where X = enlargement), and three illumination
modes: visible (VIS), ultraviolet (UV), and ranking (VIS-RAD) light.

4.3. Multispectral Imaging

Multispectral imaging was carried out through VIS, UV, and infrared (IR) spectrum
bands. Fluorescence UV was used to identify and characterize the presence of film-forming
substances on the surface, while mid- and near-infrared spectrum bands verified the
presence of different materials based on their interaction with infrared radiation. The
investigation was carried out with the Madatec multispectral system (Madatec, Pessano
con Bornago, Italy) consisting of a Samsung NX500 28.2 MP BSI CMOS camera. Ultraviolet
fluorescence was observed using CR230B-HP Madatec UV spotlights (365 nm), HOYA

231



Molecules 2023, 28, 2197

UV-IR filter cut 52, and Yellow 495 52 mm F-PRO MRC 022. Infrared reflectography images
were obtained using an 850 nm filter.

4.4. FT-IR ATR Spectroscopy

Spectroscopy FT-IR was performed to characterize the paint materials at the functional-
group level. The spectra were gained using the Nicolet Summit FT-IR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) and equipped with the Everest™ Diamond ATR
accessory, with an instrumental resolution of 8 cm−1; 32 scans were performed on each
sample, and the respective spectra were analyzed using the database library and the
scientific literature. The analysis was carried out on 18 samples taken from the areas
highlighted in Table 11. Samples (1 × 1 mm) were taken from the selected areas using a
scalpel to sample the whole layer structure of the stratigraphy.

Table 11. Sampling areas.

Vehicle Vehicle’s Side Sampling Areas

Carriage Right side and rear axle (sample 6)

 

Carriage Rear panel of the box letter
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Table 11. Cont.

Vehicle Vehicle’s Side Sampling Areas

Carriage Left side, flap under the seat

 

Carriage Front panel

 

Carriage Left symbol (was detached; found
inside the left flap)
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Table 11. Cont.

Vehicle Vehicle’s Side Sampling Areas

Cart Left panel

 

Cart Frontal panel

 

4.5. SEM-EDS

The SEM-EDS technique was performed to carry out morphological, structural, and
chemical analysis on the same samples used for FT-IR ATR analysis. The investigations
were carried out with a VEGA3-Tescam instrument (Tescan, Brno, Czech Republic) coupled
with an Inca 300 Energy Dispersive X-ray (Oxford Instruments Analytical, High Wycombe,
United Kingdom) microanalysis system. Samples were analyzed in a high vacuum with a
beam potential of 30 KeV: a suitable intensity to be able to perform the elemental compo-
sition in EDS acquisition. The SEM observations were performed in secondary electrons
(SE) together with backscattered electrons (BSE). Furthermore, operating a high vacuum
allowed for reliable quantitative values and even light elements.

5. Conclusions

The exposure of objects to the environment led to changes in their properties, func-
tionality, and integrity. For this reason, protective paints have been traditionally used to
protect surfaces from the external environment. They have undergone great evolutions
over the years. Specifically, the transformations increased at the turn of the 19th and 20th
centuries, thanks to the discovery and development of new compounds, together with the
withdrawal from the market of toxic elements.

Oily binders were used until the first half of the 20th century, while synthetic binders
were discovered in the 1920s, completely replacing oily binders in the second half of the
century. Between the 19th and 20th centuries, significant developments occurred in the
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pigments’ manufacturing process as well. These changes were mainly represented by the
progressive disposal of lead-based pigments and the discovery of new pigments, such as
zinc white, lithopone, and titanium white.

Due to the potential of such binders and pigments to be used as markers for the dating
of objects and artworks, the present study aimed at characterizing the paints of the cart and
the carriage belonging to the Museum für Kommunikation in Frankfurt while estimating
their dating and identifying the authentic materials to be preserved. The paints of the
two vehicles might have been applied before 1950, as they are oil-based. The paints of the
carriage and the innermost paints of the cart might be dated before 1940, before the widespread
use of titanium white. In addition, the outermost paints of the cart are characterized by the
presence of titanium and are thus dated between the 1920s and the 1950s.

In conclusion, the analytical investigations allowed the carriage and the cart to be
dated, confirming their authenticity and also gaining significant information on the paints
used in Germany for the decoration of vehicles in the postal service. Furthermore, obtaining
information on the compositional nature and historical importance of the paints is essential
for directing any restoration project which aims to preserve the historical and testimonial
importance of these vehicles.
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Abstract: In this work, micro-Raman spectroscopy and micro-energy-dispersive X-ray fluorescence
spectroscopy (μ-EDXRF) were applied on microsamples taken from the Plaiko Zubixe footbridge
(1927) located in Ondarroa (Basque Country, Spain) in order to investigate the original paint coating
and make an evaluation of the conservation state before its restoration. Elemental and molecular
images were acquired for the study of the compounds distribution. Some modern pigments such as
phthalocyanine blue and green pigments, minium, calcium carbonate, Prussian blue, and hematite
were identified. Barium sulfate and titanium dioxide were recognized as opacifier agents. Thanks
to the study of the stratigraphies, it has been possible to determine the original paint layer, which
includes lead white, ultramarine blue, carbon black, and barium sulfate. In addition, colorimetric
analyses made it possible to know the CIELab values of the original layer in order to reproduce the
original colour during the planned restoration work. The massive presence of chlorine detected
by μ-EDXRF and the corrosion products of the rust layer, in particular akaganeite and hematite,
highlighted the atmospheric impact in the conservation of the bridge because they were due to the
effect of both marine aerosol and to the presence of acidic components in the environment coming
from anthropogenic activity. This work demonstrated the usefulness of a scientific approach for the
study of industrial archaeology heritage with the aim to contribute to its conservation and restoration.

Keywords: industrial heritage; μ-Raman spectroscopy; μ-EDXRF; pigments; conservation state

1. Introduction

The archaeological industrial heritage is a relatively new concept, born in the 1970s,
when the need to preserve the proofs of industrialization process after they had been fallen
into disuse or abandoned was declared [1]. Indeed, the industrial heritage concerns a
particular type of heritage that includes objects, infrastructures, and works created during
the industrial revolution, mainly for practical rather than decorative purposes that have
had a strong impact on the territory and some of which have now been recently declared
historical heritage.

On the one hand, the conservation of the industrial heritage concerns individual
objects that can represent a symbol for the city and its inhabitants. On the other hand,
the rehabilitation of the industrial heritage can involve entire urban areas, producing
an evident increase in tourism and promoting a social, environmental, and economic
development of the cities [2,3]. Therefore, regardless of the social impact, the industrial
heritage conservation is unquestionably a topical issue.

Its restoration could be carried out with scientific standards, respecting the original
appearance and the economic and technological environment of the time, or by creating a
new work, a replica of the existing. In other situations, although the original appearance of
a work was different, the authorities can decide to restore the appearance that the work
had in the last few years. These latter cases are mainly linked to social or cultural reasons.
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However, a scientific diagnostic approach, through the use of diagnostic techniques,
capable of gaining knowledge of the technologies and materials used, has not been widely
adopted in this field of research as has been the case for other types of works of art [4–6].
Currently, there are not many examples of scientific research in the literature concerning
the study of industrial heritage. One of the most recent is the work by Tissot et al. [7] on
the paint coatings of three energy generators from the early 20th-century power plant at
Levada de Tomar (Portugal) that shows the importance of applying a scientific-diagnostic
method even for the study of objects belonging to the industrial revolution [5].

The conservation of the industrial cultural heritage is strongly influenced by the
environment in which the object is located. Both metal and steel, of which the industrial
heritage is mainly composed, are considered among the most resistant materials, and
for this reason they have been used for the construction of bridges and infrastructures.
Despite this, if they are located near sources of humidity or environments with high
relative humidity values, they can suffer from faster oxidation processes over the years.
In particular, a marine atmosphere is one of the most corrosive environments for metallic
structures due to the influence of marine aerosol. It is composed by organic and inorganic
matter dissolved in water and includes primary (PMA) and secondary aerosol (SMA)
particles. The primary aerosol is composed by suspended sea water drops rich in chloride-
ions, generated by the interaction between wind and waves on the surface of the sea, which
are deposited on the terrestrial surfaces according to a dry or wet deposition process [8].
The high content of airborne chlorides, mainly in the form of NaCl or KCl, react extensively
with iron materials [9].

In addition, it is well known that the presence of SO2 as well as the action of other acid
gases, such as NOx and CO2, can cause the increase of the corrosion rate in metals through
wet or dry deposition mechanisms [10,11]. In wet deposition, the atmospheric acid gases re-
act with the humidity and/or rainwater, giving rise to their acidic aerosols (H2CO3, H2SO4,
and HNO3). The acidic nature of the moisture film deposited on the surface generates first
the oxidation and then the dissolution of the metal, accelerating the corrosion mechanisms
and the consequent formation of nitrate, sulfate, and carbonate salts. In dry deposition,
the atmospheric gases can react directly with solid particles deposited on the surfaces [12].
Moreover, in an urban site close to the coast, the marine aerosol is rich in airborne partic-
ulate matter including metals such as Pb, Cd, Cr, Mn, Cu, Mo, Rh, Ni, As, Ti, V, and Hg
coming from combustion processes, traffic, and industrial activity [13]. In addition, factors
such as turbulence of the air, chemical affinity between pollutants, and the material and
reactivity of the pollutants can accelerate the deposition phenomena [10]. Although in some
cases the corrosion products have a protective function [14–16], in coastal atmospheres the
presence of certain corrosion products, such as akaganeite (FeO0.833(OH)1.167Cl0.167) [17],
can accelerate the corrosion rate in metal works of historical interest.

Thus, the rehabilitation of the iron-building heritage has been necessary because of the
deterioration produced by natural and anthropogenic factors that endangered their survival
and their usefulness to the society for which they were designed. This is the case with
the Ondarroa footbridge. The footbridge belongs to the tradition of mobile iron bridges
built in numerous navigable channels. Its particularity of being one of the few remaining
rotating bridges preserved today, the only one in Spain, makes it a unique architectural
element worthy of being preserved and a symbol of the country. Due to its precarious
state of conservation, a restoration intervention was planned, which also had the aim of
restoring its original colour.

Thus, the present work aims at identifying the original colour of the footbridge of
Ondarroa with a view to its future restoration so that it would be possible to recover its
original appearance, since the metallic structure has been subjected, as a whole, to various
chromatic changes from its construction to the last interventions. In addition, the impact
of marine aerosol and the harbour environment in the bridge will be documented by the
characterization of different corrosive compound and biomarkers.

240



Molecules 2022, 27, 3609

For this purpose, a scientific diagnostic study was necessary. The study was carried out
on six micro samples, five of them as cross-sections, by means of elemental (micro-energy-
dispersive X-ray fluorescence spectroscopy) and molecular analysis (Raman spectroscopy)
after a careful observation under an optical microscope. Colorimetric analyses were also
performed to know the colour values of the different pigments used.

2. Results and Discussion

2.1. Characterization of the Paint Layers

Two samples collected in different areas in the largest piece, which belongs to the
low part of the railing (Figure S1a, Supplementary Materials) received in the laboratory,
presented the same stratigraphic composition; therefore, only the results of one sample are
shown below. Specifically, three different homogeneous layers, two outermost green ones
(Figure S2a,b) and one inner red/orange (Figure S2c), were recognized by observing the
samples with a stereomicroscope.

Thanks to Raman analyses, it was possible to identify the compounds that characterize
the different paint layers. The outermost layer (layer a in Figure S2) of dark green colour
was composed of phthalocyanine green (C32H3Cl13CuN8, Raman bands at 688, 740, 744,
815, 977, 1079, and 1208 cm−1, Figure 1a) [18], while the intermediate layer (layer b in
Figure S2) of lighter green colour was made mainly with the phthalocyanine blue pigment
(C32H16N8Cu, Raman bands at 236, 257, 483, 594, 680, 747, 779, 832, 953, 1007, 1108, 1143,
and 1193 cm−1, Figure 1b) [18]. In addition, in many Raman spectra a very weak peak at
1038 cm−1 was visible (Raman band marked in the red circle in Figure 1b). This band could
belong to the yellow azo pigment PY100 used in small amounts, mixed with phthalocyanine
blue, to obtain a green colour. Contrary to the green coloured layers, the innermost orange
layer (layer c in Figure S2) was made by mixing two compounds, minium (Pb3O4 Raman
bands: 122, 152, 224, 313, 390, and 548 cm−1) [19] and a smaller amount of barium sulfate
(BaSO4, Raman bands: 453, 460, 618, and 987 cm−1, Figure 1c) [20] since all the Raman
spectra recorded in this area showed the main features of both compounds.

Figure 1. Raman spectra of the compounds identified in the subsample (SUBS-1a) in cross-section:
phthalocyanine green (a), phthalocyanine blue with traces of azo pigment PY100 (in the red circle) (b),
minium plus barium sulfate (*) (c).

As can be seen in the Raman spectroscopy images (Figure 2) carried out considering
the band with the highest intensity of each compound, the green layers consist of phthalo-
cyanine green (Figure 2b) and phthalocyanine blue (Figure 2c), respectively. On the other
hand, the presence of barium sulfate used in mixture with minium was confirmed due
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to the presence of the two compounds in the same pictorial layer, as is evident from the
overlapping of the Raman images in Figure 2e,f. The presence of the yellow azo pigment
was identified on two pictorial layers in mixture with phthalocyanine blue and even with
minium and barium sulfate like in the Raman image shown in Figure 2d. The Raman map
was obtained considering the band at 1038 cm−1, assigned to SO3

− symmetric stretch [21],
in order to avoid the overlapping with barium sulfate since both compounds have a Raman
bands in the same position (989 cm−1).

Figure 2. Raman image of a cross-sectional sample (sample SUBS-1a) (50×) collected from the railing
piece (a) and its molecular composition: phthalocyanine green (b), phthalocyanine blue (c), yellow
azo pigment (d), barium sulfate (e) and minium (f).

Thus, in this part of the bridge, after applying red lead, barium sulfate, plus a yellow
azo pigment, a green paint (phthalocyanine blue and yellow azo pigment) was applied,
and over it a dark-green one (phthalocyanine green),which was the colour that is visible
currently. The use of red lead, currently banned due to its toxicity, was probably employed
as antioxidant paint, following the rules in the second half of 20th century [22].

Unlike the previous case, the subsamples that were collected from the piece that permit
the movement of the bridge (Figure S1b) showed a different stratigraphic composition
from a first observation with the stereoscopic microscope. The first analysed subsample
(SUBS-1b), collected from a green area, shows four homogeneous and well-defined layers
(Figure S3). The outermost pictorial layer was entirely composed of phthalocyanine green
(Figure S4a). In the second one, white in colour, which probably represents the primer
layer, rutile (α-TiO2, Raman bands a: 442 and 608 cm−1) [23] and calcium carbonate
(CaCO3, Raman bands at: 282 and 1086 cm−1) [23] were detected, as seen in Figure S4b.
Additionally, the innermost green layer of a lighter shade was composed of a mixture of
Prussian blue (Fe4 [Fe (CN)6]3, Raman bands a: 277, 364, and 530 cm−1) [24] and barium
sulfate (Figure S4c).

Another pictorial layer was recognized, previously applied, thanks to the Raman
spectroscopy images showed in Figure 3. At first glance, this layer had the same hue as the
previous one and only by observation with a stereoscopic microscope it was not possible
to recognize the two different layers. However, the Raman images made it possible to
distinguish one more pictorial layer, entirely composed of phthalocyanine blue (Figure 3g).
Thus, in this sample four layers were found, respectively, from the oldest to the most recent:
phthalocyanine green, rutile mixed with calcium carbonate, Prussian blue with barium
sulfate, and phthalocyanine blue.
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Figure 3. Optical image (a) and Raman spectroscopy image of the sample in section showing its
molecular composition: phthalocyanine green (b), rutile (c) and calcium carbonate (d), barium
sulfate (e), Prussian blue (f), and phthalocyanine blue (g). The black line through the sample is a
crack in the sample.

Consequently, the stratigraphy of this subsample showed that on a black layer (its
stratigraphy is described in the following subsample), a phthalocyanine blue primer was
applied (layer g in Figure 3), on which another layer was composed of Prussian blue and
barium sulfate (layer e + f in Figure 3). Next, another white primer composed of rutile
and calcium carbonate was applied (layer c + d in Figure 3), and finally, a green layer of
phthalocyanine green (layer b in Figure 3), which was the one visible nowadays.

Raman analysis on the surfaces of the subsample (SUBS-2b) taken from a black area
showed the presence of carbon black, homogeneously distributed throughout the entire
surface. Underneath, there was a heterogeneous layer consisting mainly of hematite found
in grains of different sizes (Fe2O3, Raman bands a: 222, 240, 290, 405, 490, and 608 cm−1,
Figure S5a) [25]. In addition to iron oxide, the analyses on this layer have made it possible
to recognize at various points of the Raman spectrum characteristic of a material composed
of silicon and carbon (similar to silicon carbide wire, SiC, with Raman bands at: 150, 763,
786, 795, and 964 cm−1, Figure S5b) [26]. Raman bands belonging to barium sulfate were
also identified in the same layer. The distribution of the three compounds is indicated in
the Raman images in Figure S6.

The observation of one of the subsamples (SUBS-3b) taken in the piece shown in
Figure 1b, which is part of the system that allowed the movement of the bridge, allowed us
to recognize a more complex stratigraphy. This sample was collected in the lower area of the
dark piece where probably the original painting could remain. The first outer layer was dark
in colour applied over a heterogeneous red and white layer that presented grains of different
sizes as in the piece previously described. Additionally, a thicker layer of black colour and
another of green colour could be clearly recognized. According to the observation with
the stereomicroscope, the first layer applied in the sample was a heterogeneous layer of
grey colour with dark and blue grains as shown in Figure 4. The detail of the blue-greyish
layer, whose thickness was around 1.5 mm, is showed in Figure 4c. In the lower part of the
mentioned layer of blue-grey paint, remains of iron oxide flakes (reddish colour) detached
from the metallic surface were also observed.

243



Molecules 2022, 27, 3609

Figure 4. Cross-sections at diferent magnification (a–c) of the painting sample SUBS-3b from a black
area where the original paint layer is visible.

At first, the subsample was analysed by micro-energy dispersive X-ray fluorescence
(μ-EDXRF) to study its elemental composition. The elemental maps of each element on
the analysed sample are shown in Figure 5. The μ-XRF analysis indicated the presence
of chlorine, iron, silicon, barium, and zinc, uniformly distributed in the outer part of
the subsample. Surprisingly, chlorine was not detected in the green layer indicating
the absence of phtalocyanine green in this case as the green pigment. Iron and silicon
belong to the first interior layer where hematite and the silicon carbide compound were
detected. On the other hand, some of these elements such as iron, chlorine, silicon, barium,
and zinc did not belong to the exterior green paint layer, but rather they were elements
trapped by the atmospheric particles of the marine aerosol that arrived at the bridge
continuously. Although the marine aerosol is mainly composed of chlorides, it can also
carry fine particles in suspension composed of beach sand (in this site, there is a beach close
to the bridge) that mainly contributes to increase Si and Fe concentration on the surface.
The evidence of iron in the lower area of the sample, on the other hand, refers to remains
of the metal support that belongs to the bridge structure and this contributes to the mass
fraction of Fe in the sample. The presence of barium inside the subsample was evident
occupying much of its surface and it was the element with the highest concentration in the
sample. Among the main elements of this interior, sulfur, lead, calcium, and zinc stand out.
The semi-quantitative values of each element in the sample SUBS-3b are shown in Table 1.

Table 1. EDXRF elemental data (wt.%) of sub sample SUBS-3b.

Sample ID Mg Al Si S Cl K Ca Fe Zn Sr Ba Pb Cr

SUBS-3b 1.63 0.78 3.4 7.2 16.4 0.3 10.8 12.8 3.44 0.98 28.2 13.9 0.2

In addition, in urban and harbour areas, other ions are also present in a suspended way
such as Ba2+, Zn2+, Ca2+, K+, Mg2+, Fe3+, Al3+, Sr2+, NH4

+, HCO3−, and Br−. The source
of these anions and cations can reside in the influence of maritime traffic, port activities,
and also industry or road traffic [27].
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Figure 5. Micro-energy-dispersive X-ray fluorescence spectroscopy (μ-EDXRF) maps of the sample
SUBS-3b from a black area.

The molecular composition of the most layers was the same as in the previous sub-
sample (SUBS-2b), since carbon black was identified on the outside and, underneath, there
was a heterogeneous layer with hematite, barium sulfate, and the silicon carbide. This
pigment composition accounts for the presence of the elements Si, S, Ba, and Fe identi-
fied by μ-EDXRF analysis. In this sample, the green colour was not related with the use
of phthalocyanine pigments. Indeed, Prussian blue, the yellow pigment lead chromate
(Raman bands at 337, 360, 376, 402, and 840 cm−1 Figure S7a) and barium sulfate were the
major components of the green colouration identified in the interior of the subsample. In
addition, lead white (2PbCO3·Pb(OH)2) was found in some points of analysis in this area.
Thus, the presence of lead was very irregular, and it represents the second main element, of
the total sample after Ba. However, a major content of lead appears in the lower part of the
sample (the one in contact with metallic iron) that could be associated with the use of lead
white, identified mostly in the blue and grey layers (as will be seen later as well) and only
in traces in the green layer. The low values of chromium in the XRF semi-quantification,
belonging to lead chromate, was justified with the high absorption coefficient both of lead
of the same pigment and of lead white used in the mixture. Additionally, by Raman spec-
troscopy other minor compounds were detected in that blue-green layer, such as gypsum
(Raman bands at 412, 492, 617, 668 1008, and 1134 cm−1, Figure S7b) [28] and anatase
(β-TiO2, Raman bands at 140, 192, 393, 512, and 635 cm−1, Figure S7c) [29].

In the oldest grey paint layer, in most of the analysed points, Raman spectra of barium
sulfate were recorded, with all the characteristic bands (Raman bands: 453, 460, 618, 648,
987, and 1140 cm−1, Figure 6a) both in the matrix and in loose grains of different sizes.
Additionally, in the black and blue grains, Raman spectra of carbon black (Raman bands:
1347, and 1602 cm−1, Figure 6b) and ultramarine blue (Al6Na8O24S3Si6, Raman bands: 260,
546, 583, 805, 1095, and 1644 cm−1, Figure 6c) [30] were recorded, respectively. In addition,
lead white (Raman band at 1050 cm−1) was identified in the original paint layer, although
in lesser quantity compared to the other compounds (Figure 6d). All the pigments found
in the original paint layer of the footbridge are shown in the Raman spectra collected in
Figure 6.
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Figure 6. Raman spectra recorded in the original grey layer (sample SUBS-3b): barium sulfate (a),
carbon (b), ultramarine blue (c), and lead white (d).

No chlorine compounds were found by Raman spectroscopy in this sample. The pres-
ence of this element, identified by μ-EDXRF only in the outermost part of the sample, is
possibly due to the characteristics of the natural marine environment in which the bridge is
located, as discussed later in detail.

The results allow reconstructing the execution of painting on the railing structure.
Its original colour was greyish blue (see blue layer of Figure 4) composed of the mixture
of ultramarine blue and carbon black. These pigments were mixed with lead white and
anatase, with these latter ones probably being used as opacifiers [31]. On top of this greyish
blue layer, another paint of a more greenish blue hue was applied (see greenish layer
above the blue in Figure 4) composed of Prussian blue mixed with lead chromate and
dispersed in barium sulfate (with traces of gypsum) and anatase. Over time, a hematite
antioxidant primer was applied and over it, a black to cover possibly all rust formation and
colour flakes.

2.2. Colorimetric Studies

Colour measurements in CIELab colour space were collected from the pieces of the
bridge (Figure S1) delivered to the laboratory (Table 2) that permit the replication of colour.
Therefore, the values of the green colour and of the original greyish blue colour were
recorded, obtained by carefully scraping the surface of the piece that allows the rotation of
the bridge.

Table 2. Lab values of the colours measured in the samples in Figure S1.

Colour L * a * b *

Green (Figure S1a) 34.96 −11.22 1.68
Greyish blue (Figure S1b) 44.47 −0.14 2.07

* The CIELAB color space is referred with asterisks to prevent confusion with Hunter Lab.

2.3. Evaluation of the State of Conservation for the Iron Structure of the Bridge

The Raman analyses were also applied for the study of corrosion products in the iron
structure generated by the exposure of the bridge to the marine environment that favoured
its disintegration. The state of conservation of the pieces delivered to the laboratory was
different from each other; therefore, an oxidized chip (SUBS-4b) without a paint layer from
the piece in Figure S1b and a sample (SUBS-2a) with paint layer from the base of the railings
(Figure S1a) were selected.
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The Raman maps (Figure 7) carried out in the oxidized sample SUBS-2a, treated as
cross-section, highlighted the presence of goethite (α-FeOOH, Raman bands: 250, 330,
390, 478, and 550 cm−1 as shown in Figure 8a) [32] as the main compound in the internal
area of the oxidized chip, as seen in the Raman image shown in Figure 7a. The presence
of magnetite (Fe3O4, Raman bands: 550 and 663 cm−1 shown in Figure 8c) [33] was also
identified by point-by-point Raman spectroscopy, and its presence is important in the
rust area as shown in the Raman image of Figure 7c. On the other hand, the presence of
lepidocrocite (γ-FeO(OH), (Raman bands: 215, 249, 305, 345, 376, 523, 645, and 1300 cm−1 as
depicted in Figure 8b) in the edges of the sample and in correspondence to microfractures
of the subsample was identified as seen from the Raman image shown in Figure 7b. This
observation is in good agreement with other investigations that documented the formation
of lepidocrocite associated to local more aerated conditions [34,35]. This species of iron
oxyhydroxide is known to be one of the most unstable forms of the corrosion compounds,
which can transform into the more stable goethite with the succession of wet–dry cycles
during the passivation of the corrosion processes [36]. This means that in the sample, the
decay process has not been yet completed and is still going on.

Figure 7. Raman images show the distribution of goethite (a), lepidocrocite (b), and magnetite (c) in
the sample SUBS-2a.

Figure 8. Raman spectra of goethite (a), lepidocrocite plus astaxanthin (A) (b), magnetite (c), aka-
ganeite with traces of astaxanthin (A) and carbon (C) (d), and hematite (e) from the sample SUBS-4b.
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In agreement with our results, previous studies on rust surfaces on mild steel demon-
strated that in marine environments, lepidocrocite develops preferentially on the outermost
surface, irrespective of the chloride ion deposition rate, while magnetite and akaganeite
(not found in this sample), an oxyhydroxide formed in chlorine rich atmospheres, mainly
form near the base steel. In addition, according to Diaz et al. [37] with the increase of the
exposition time, rust layers become thicker, and the lepidocrocite is partially transformed
into goethite generating a stratified bilayer structure of rust consisting of a porous outer
layer of lepidocrocite and an inner layer of compact goethite.

As mentioned, even magnetite was identified in the subsample as a corrosion product.
Its formation is commonly detected as a decay compound in rust developed in marine
atmospheres, and it is usually detected in the inner zone closest to the base steel, where the
lower oxygen availability favours its development [38,39].

Raman results revealed that the structure was also affected by biological colonization.
The carotenoid pigment astaxanthin, recognized by the three main bands at 1509 cm−1

(ν1 C=C), 1152 cm−1 (ν2 C-C and 1001 cm−1 (ν3 C-H) and even by the overtones at 957,
1191, 1448, 2150, 2296, and 2650 cm−1, was detected in extended areas of the sample [40].
The spectrum in Figure 8b shows astaxanthin and lepidochrocite in the same spot area,
showing how the colonization process extends also to the oxidized rusts. Among the
carotenoid pigments, astaxanthin is the most oxidized species and is known to be synthe-
sized by photosynthetic organisms such as cyanobacteria, fungi, and algae as a defense
mechanism against atmospheric pollution. For this reason, it was proposed as bioindicators
of high concentration of SO2 in the atmosphere [41]. In our study, the presence of astax-
anthin in corrosion patina was probably related to the acidic environment in which the
bridge was located. The industrial activity present in the outskirts of the city and the close
proximity to the port are the responsible for the high concentration of this compound in the
oxidized microsample.

Furthermore, surface analyses were carried out on a microsample (SUBS-4b) collected
from an oxidized area of the sample that allowed the movement of the bridge (Figure S1b).
Only the presence of lepidocrocite, with a globular morphology, was identified in the
inner surface of the metal fragment. On the other hand, the exterior side showed a more
heterogeneous composition. The presence of akaganeite (FeO0.833(OH)1.167Cl0.167), a highly
unstable Cl− bearing corrosion phase, was detected in some black areas of the sample. This
compound was characterized by its Raman bands at 310, 390, 535, and 724 cm−1 (Figure 8d),
and its identification in the sample suggested the high impact of the chloride rich marine
aerosol in the rotating bridge structure. As the akaganeite structure is characterized by
tunnels partially occupied by chloride anions parallel to the c-axis of the tetragonal lattice,
it tends to form low density, compared with other corrosion products, and fragile rust
layers promoting cracking and exfoliation phenomena [42]. According to the investigation
of Li et al. [43], once the akaganeite is saturated with Cl− and it cannot take up any more
Cl−, free Cl− can be available to accelerate corrosion at anodic sites.

In the same spectrum showing akaganeite, the presence of black carbon (Raman bands:
1360 and 1600 cm−1 as seen in Figure 8d) was evident. This suggests an important amount
of carbon in the small spot of the Raman observation (approximately 10 μm in diameter)
that can only be explained by deposition of atmospheric particulate matter containing soot.

The presence of hematite (Figure 8e) was also identified in some points on the rust
layer. This formation of hematite was not largely documented in the literature between
the corrosion products. In the research of De la Fuente et al., it was identified from the
ferrihydrite formation only in a rust layer exposed to an industrial and marine atmosphere.
The presence of hematite could be related to the influence of acid rainwater, and an SO2-rich
atmosphere could have favoured the transformation.

Thus, the identification of compounds such as hematite, carbon or the most oxidized
form of carotenoid pigments reflect the environmental conditions that affected the iron
of the bridge during the years. In fact, it is located in an area where SO2 emissions are
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generated by the burning of fuel oils from boats, or by gases produced by industries located
nearby and transported by winds.

3. Materials and Methods

Microsampling and Laboratory Instrumental Set Up

The Ondarroa footbridge, known as Plaiako Zubixe (the Bridge of the Beach in the local
Basque language) was inaugurated in 1927 with the name Pasarela de Alfonso XIII and until
the 1980s, due to its peculiarity as a revolving bridge, it allowed boats to pass through the
Artibai river. Since 2016, the walkway has been closed to pedestrians for safety reasons,
due to its serious state of deterioration due to corrosion caused by the marine environment
in which it is located. In 2008, it was declared a Cultural Asset by the Basque Government
since, due to its rotating system, it represents an exceptional example that remains today of
the solutions adopted, in previous decades, to allow the transits of boats and vehicles in
the estuaries.

Two metal pieces were received in the laboratory and collected from different parts of
the bridge. The samples have been taken in some points (Figure S1) where different paint
layers appeared using a scalpel. Two subsamples were taken for their stratigraphic study
from the piece that belongs to the lower part of the bridge railing, which is green in colour
on the outside and has a circular geometric decoration (Figure S1a). Four subsamples were
taken from the second piece that belongs to the base of the railings and that permitted the
movement of the bridge (Figure S1b). In this case, the piece was partially covered with
a layer of green paint while other areas show a green/black tone, with extensive areas
where no pictorial layer appears and only the highly degraded metallic material could be
seen. All samples have been treated as cross-sections, but since two samples of the railing
piece were identical from a compositional point of view, only the results of one sample
were showed. All the samples collected on each piece and the techniques employed are
summarized in Table S1.

Six samples taken from the two pieces (Figure S1a,b) were prepared as cross-sections
to acquire complete information on their stratigraphy. For the cold encapsulation of the
collected samples, an acrylic polymer based on methyl methacrylate was used. After
encapsulating the samples, they were polished to obtain a completely smooth surface.
The polishing of the cross-sections was carried out with the Metkon Forcipol 1 polisher
(Barcelona Quálites, s.l.) using WS FLEX 18C and 16 waterproof sandpaper (P320-2000)
and cloths for the last finish with diamond paste with a granulometry of 1 μm.

First, high resolution images of the fragments were obtained using an SMZ-U stere-
omicroscope (Nikon, Japan) coupled with a Nikon DigitalSight DS-L1 camera.

Then, Raman analyses were performed using an InVia micro-Raman confocal spec-
trometer (Renishaw, UK) coupled to a Leica DMLM microscope equipped with 5×, 20×,
50×, 50× (long distance), and 100× objectives and using 532 and 785 nm as the excitation
laser source. The lasers were set at low power (no more than 1 mW) to avoid thermal
transformation of the samples. Data acquisition was carried out using Wire 4.2 software
(Renishaw). Spectra were acquired between 150 and 3200 cm−1 (mean spectral resolu-
tion 1 cm−1) and several scans were recorded for each spectrum in order to improve the
signal-to-noise ratio (3-20 s, accumulations of 5-200). Around 40 Raman spectra were
recorded for each sample. For samples with a more complex stratigraphy, nearly 50 spectra
were collected.

The elemental distribution maps were acquired using an M4 TORNADO EDXRF
spectrometer (Bruker Nano GmbH, Germany). The lateral resolution used for spectral
acquisitions was 20 microns. For most of the elements, the selected line was the Kα1,
except for Ba for which its corresponding Lα1 line was employed. In addition, to improve
the detection of the lightest elements (Z > 11), the measurements were acquired under a
vacuum (20 mbar) by means of a diaphragm pump MV 10 N VARIO-B. Data collection
and interpretation were carried out by means of the software M4 TORNADO (Bruker
Nano GmbH), whereas the quantitative analyses were carried out using the deconvo-
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lution M-Quant software package based on the application of fundamental parameters
quantitative methods.

Colour measurements were made with a PCE-CSM 5 Trisstimulus colorimeter with
a measurement spot size of 4 mm, measurement geometry in the integrating sphere with
an incidence angle of 8◦ and the reflectance measured diffusely, CIELab colour space with
illuminant D65 and standard 10-degree observer.

4. Conclusions

In this work, micro-Energy Dispersive X-ray fluorescence (μ-EDXRF) and Raman
spectroscopy have been successfully used at first in the characterization of the pictorial
layers of Ondarroa’s rotating walkway. Considering the lack of knowledge of the paints
used for metal structures at the beginning of the twentieth century, a scientific diagnostic
study was necessary. The samples collected from the two green pieces have made it possible
to identify the original polychrome of the Ondarroa footbridge, Plaiako Zubixe, as well as
the following applications of different pictorial layers.

The original colour of the current green parts of the bridge was not green. It was
a greyish blue colour that was obtained by mixing ultramarine blue, in very fine grains
(~30/90 μm), with larger grains (~300 μm) of carbon black and lead white, dispersed in
a greater amount of sulfate of barium, used as opacifier. The discovery of the original
blue-grey layer is fully compatible with the black and white images of the catwalk, taken at
the time of its inauguration.

However, despite the fact that the diagnostic analyses had shown that the current
green colour did not correspond to the original, the inhabitants decided to restore the
same colour that the bridge had in recent years. This work is a clear example of how the
restoration of a work of art does not only concern the object itself. When it is part of a
community or it is considered as a symbol of a city, the rules that are generally applied to
the restoration do not apply when the opinion of an entire community prevails.

The bad oxidation state of the bridge has been the reason for its closure to the pedes-
trian and boat passage. Undoubtedly, the port marine environment in which it was
constructed accelerated the oxidation state of the iron structure. This assumption was
confirmed by the presence of iron degradation compounds, mainly akaganeite, which
causes a cyclic alteration phenomenon that often ends with the total consumption of the
iron core. In the same way, the identification of hematite and carbon demonstrated the
SO2 impact from ships, road traffic, and industrial activity. Thus, the different iron oxides
identified as corrosion products of the metal structure as well as the organic carotenoid
(astaxanthin) acting as a bioindicator of the bad air quality, to which the bridge has been
exposed since its construction, denotes the influence of both natural and anthropogenic
factors in the state of conservation of the rotating bridge.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27113609/s1, Figure S1: Parts of the rotating bridge from
which the samples analysed were extracted, Figure S2: Image of the cross-section (sample SUBS-1a)
from the piece that belongs to the lower part of the railing showing the three paintings layers and the
iron support, Figure S3: Image with a stereoscopic microscope of the sample collected in a green area,
Figure S4: Raman spectra of the compounds found in the subsample collected from a green area:
phthalocyanine green (a), rutile plus calcium carbonate (C) (b), Prussian blue plus barium sulfate (SB)
(c) and phthalocyanine blue (d), Figure S5: Raman spectra of hematite (a) and of the silicon-carbon
compound (b), Figure S6: Raman images show the distribution of hematite (b), a silicon and carbon
material (c) and barium sulfate (d), Figure S7: Raman spectra of barium lead chromate with Prusian
blue (PB) and lead white (LW) sulfate plus gypsum (G) (b) and anatase (c) from the sample SUBS-3b,
Table S1: Subsamples collected from each piece of the rotating bridge and techniques employed for
their characterization.
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Abstract: The aim of this research is to study and diagnose for the first time the Polaroid emulsion
transfer in the contemporary artist Paolo Gioli’s artworks to provide preliminary knowledge about the
materials of his artworks and the appropriate protocols which can be applied for future studies. The
spectral analysis performed followed a multi-technical approach first on the mock-up samples created
following Gioli’s technique and on one original artwork of Gioli, composed by: FORS (Fiber Optics
Reflectance), Raman, and FTIR (Fourier-Transform InfraRed) spectroscopies. These techniques were
chosen according to their completely non-invasiveness and no requirement for sample collection. The
obtained spectra from FTIR were not sufficient to assign the dyes found in the transferred Polaroid
emulsion. However, they provided significant information about the cellulose-based materials. The
most diagnostic results were obtained from FORS for the determination of the dye developers present
in the mock-up sample which was obtained from Polacolor Type 88 and from Paolo Gioli’s original
artwork created with Polacolor type 89.

Keywords: polaroid chemistry; polacolor; fibre optics reflectance spectroscopy; Paolo Gioli; chromium
(III) complex of azomethine dye; chromium complex of an azo pyrazolone; blue copper phthalocyanine

1. Introduction

Conservation of contemporary artworks is a new thrilling field that needs continuous
research due to the utilization of the newest and ever-changing materials, mediums, and
ideologies in the making of a work of art. Contemporary art considers the use of all
materials, along with different forms of exposition, ranging from the absence of material to
its accumulation. A restorer must pay good attention to the composition of the artwork
and consecutively to the decision-making process regarding the conservation steps which
will be applied to the artwork. At this point, the detailed knowledge about the artwork
materials on a scientific level is crucial. Therefore, what conservation science provides to the
literature through analytical techniques is of great importance for art preservation. From
this perspective, this study presents research diagnosing Paolo Gioli’s Polaroid emulsion
transfers by following a multi-spectral approach. Gioli was an Italian contemporary artist
born in Sarzano (Rovigo) on 12 October 1942. The above-mentioned significance of the
artist’s material plays even a bigger role for Gioli’s art because he used the Polaroid for its
material plasticity and versatility. He transferred the emulsion to different receptor layers
(paper, silk, wood, etc.), while denying having used fully what the Polaroid Corporation
has to offer, from the cameras to the instructions. The artworks he created are of great
complexity on an aesthetic level and, also, on a chemical one. Since knowledge about
the chemistry and the conservation of Polaroid materials is not broad enough, analysing
the Polaroid materials transferred to a different support is an important contribution and
a discovery of a different aspect of the photographic materials from the scientific point
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of view. It is fundamental to mention that the original photographic material on which
the analysis will be applied is aesthetically complete and in very good condition, and it
is a perfect representation of the artists’ intention: every single trace contributes to the
wholeness of the artwork. Therefore, also material-wise, the sampling from the material
surface was impossible. For this reason, a completely non-invasive spectroscopic protocol
was chosen both for the mock-up sample, produced by using the film Polacolor type 88,
and the original artwork of Paolo Gioli, in which he used Polacolor type 89. Photographic
material is expected to give complications while performing non-invasive diagnostics, due
to its organic components, and this is a limitation of this research. Moreover, since no prior
diagnostics has been carried out on Polaroid materials transferred on different receptor
layers, in our case paper, it is hard to foresee the information potential achievable from
single techniques. However, for the same reason, this represents the first ever research to
provide primary information about the protocols to be followed for the analysis of such
materials in the future. From the conservation science point of view, Polaroid film represents
an undiscovered field and needs further research to fully determine the substances used.
Paolo Gioli’s works being constructed of complex experimental layers of materials add a
further dimension to future research.

Chemistry of photographic materials has been studied extensively by past schol-
ars [1–27] through several analytical techniques [4,5,26,28–44]. The colour photography
mechanism is based on silver halides (AgX) just as black and white photography. The silver
halides in colour photography act as mediators for transforming light into organic dye
images [15]. The use of colour filters for the colour photography dates to the production of
colour images by James Clerk Maxwell in 1861, which relies on the additive colour system
whereby the three primary colours (red, green, and blue) produce the full gamut of colours
on the composite final image. On the other hand, the subtractive colour process, subtracts
red, green, or blue light from the visible spectrum. Therefore, the original image produces
a positive, through the intermediate step of a negative image. Cyan, magenta, and yellow
are the colours used for the subtractive colour system [23].

The mechanism of instant photography was first published in 1947 [45]. The Po-
laroid Corporation published the early instant photography concepts in 1948 of black and
white [46]. The beginning of the coloured peel-apart system was put on the market in
1963 by Polaroid Corporation, Cambridge, NA, USA Afterwards, integrated (mono-sheet)
systems called SX-70 (1972, Polaroid), PR-10 (1976, Kodak, New York, NY, USA), and FI-10
(1981, Fuji Photo Film, Tokyo, Japan) appeared as more elaborate systems [15]. Polaroid
prints film has the same subtractive colour principle as regular colour negative films. The
main difference is that all the chemicals, including the developer and the dyes (referred as
the developer-dye) are enclosed within a thin sheet of film. In the so-called “peel-apart”
films, the negative and the positive is stripped apart to reveal the image [21].

A reagent system is an essential part of each instant film. Dry processing is realised by
using a highly viscous gel reagent and therefore restricting the amount enough to complete a
single photo. The viscosity of the reagent is provided by water-soluble polymeric thickeners
including hydroxyethyl cellulose, the alkali metal salts of carboxymethyl cellulose, and
carboxymethyl hydroxyethyl cellulose. The high viscosity enables the accurate metering
to form a thin film and serves as an adhesive for the two sheets during processing. The
reagent is highly alkaline, and this property can remain stable due to the sealed pod that
contains the reagent. Sealing also protects the reagent from oxygen until the development
of the film. The reagent contains reactive components that participate in image formation,
deposition, and stabilisation [47]. The function of the developing agent consists in reducing
exposed silver halide grains to metallic silver and thus facilitating the formation of the
oxidized species of the developing agent. This species reacts with a colour coupler in the
emulsion to form a dye [48].

In the Polacolor instant film, a single reagent is used to obtain a negative and a
positive image. The quantity of reagent that is available to produce the positive image
is controlled as a function of the development of the silver halide latent image as an
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oxidation product of the reagent, which is a substance that is immobile in a photosensitive
element while depositing the unreached reagent on a print-receiving material to provide
the positive image. The reagent, when oxidised, provides a reaction product which has
a low solubility in a processing liquid than the unreached reagent [23]. In particular, the
multilayer negative contains a set of blue-, green-, and red-sensitive emulsions. Each layer
contains respectively a dye developer complementary in colour to the emulsion’s spectral
sensitivity. A negative section comprises the lower part of the film, and a positive section
the upper part. These sections are physically one unit until they become separated by the
viscous alkaline reagent after exposure. The alkaline reagent is enclosed in pods at the
edge of the film. It is spread between the two sections by automatic rollers [48]. The dye
developers get oxidated and immobilised due to the development of the exposed grains
during processing. The non-immobilised dye developer then migrates through the layers
of the negative to the image-receiving surface to form the positive image. Dye developers
must have good diffusion properties and must stay inert within the negative before that
it is processed. The diffusion must also remain stable to light and have suitable spectral
absorption characteristics after the processing [10].

When Polaroid Corporation first introduced Polacolor film in 1963, the dye developers
were a set of two azo dyes for yellow and magenta and anthraquinone for cyan [23].
However, it was seen that over time these dyes needed further light fastness and stability.
More recent developments in dye-developer chemistry have primarily focused on achieving
further light fastness and stability and have resulted in the introduction of premetallized
dyes in the Polacolor 2 and SX-70 material. The technique used for metallized dye images
used the image wise transfer of dye developers which included chelating dye systems [49],
especially metal complex azo dyes, renowned for their great stability to light [16,50–53].

2. Results and Discussion

2.1. Mock-Up
2.1.1. FORS

Out of 20 points where acquisions were made, points T2, T5, T8, T14, T10, and T20
show the most intense bands (Figure 1), which result useful for the identification of the
dyes. Bands centered around 490–505, 562–565, and 681–684 nm were the most recurring,
as shown in Table 1.

The paper substrate does not affect or distort the obtained results because the colourant
is abundant enough to absorb the light and, therefore, does not make it possible for the light
to arrive to the paper surface. This has been proved by obtaining the apparent absorbance
spectrum of the paper and comparing it with the absorbance spectra of the analogues
of the coloured areas. Therefore, the reflectance of the paper has been ignored for the
interpretation of the results obtained.

For the identification of the dyes, we compared the experimental data with the litera-
ture characteristic absorption ranges and maxima for several dyes used in Polaroid films.
In general, yellow, magenta, and cyan dye couplers ideally absorb the wavelength ranges
specifically: 600–700 nm is the typical range for a cyan dye, 500–600 nm for a magenta dye,
and 400–500 nm for a yellow dye.

In our case, as shown in Table 1, the absorption density around 682–685 nm is present
for every analysed point, and it is associated with the absorption of the red component
of visible light by the cyan dye. From research made on copper phthalocyanine dyes in
solution [52–55], the absorption maxima of such dyes result at 678–688 nm, which are
compatible to our results obtained from every sample point [15,24,48,49] (Figure 2).

The maxima around 560–565 nm wavelength range are also present in all the spectra;
this is indicative of the magenta dye. For what is reported about Polaroid films, magenta
dyes have azo-pyrazolone structure in coordination with Chromium, with absorption max-
ima varying also on the substituent groups of the dye [49] (Figure 3). In particular, magenta
dye developer used for Polacor 2 films—with the X group being SNO2(CH2CH2OH)2,
the Y group being C6H5, and the Z group being CH3—presents absorption maximum in
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the mentioned range, according to [49]. Therefore, this is likely the structure of the dye
developer present in the mock-up (Figure 4).

Figure 1. Absorption bands of the sample Polaroid 88 transferred on paper obtained by
FORS spectrophotometer.

Table 1. Absorption maxima of the mock-up Polaroid 88 transferred on paper obtained by FORS
spectrophotometer.

Points Absorbance Max (nm)

T1 560, 682

T2 564, 685

T3 564, 683

T4 500, 561, 682

T5 443, 564, 682

T6 501, 564, 682

T7 500, 564, 685

T8 562, 682

T9 505, 562, 682

T10 560, 682

T11 501, 565, 682

T12 502, 563, 682

T13 501, 560, 682

T14 503, 564, 682

T15 505, 564, 684

T16 563, 684

T17 564, 683

T18 505, 564,683

T19 562, 682

T20 456, 564, 684
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Figure 2. Blue copper phthalocyanine compound.

Figure 3. The general structure for a Chromium complexed magenta dye developer in Polaroid films;
the X, Y, and Z substituents could vary in different dyes of the same typology.

Figure 4. Structure of the magenta dye developer present in Polacolor 2 films and identified in the
studied mock-up.
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Regarding the yellow dye, it is important to notice that only the point T5 presents an
evident maximum at 443 nm, while points T4, T6, T7, T9, T11, T12, T13, T14, T15, and T18
have maxima shifted around 500–505 nm. The other points do not show evident maxima
in this range (Table 1), even if for all the spectra broad absorptions are observable in the
extended 430–500 nm range. The research of [32] demonstrates that, due to degradation, the
absorption maxima at around 440 nm of the yellow dye shift towards lower wavelengths,
which in our case is the least detectable and least stable zone. Moreover, the bands tend to
become wider and lower in intensity. Finally, yellow dyes could have some unwanted green
absorption due to degradation phenomena [48]. In order to highlight which were the points
which could be indicative of the original yellow dye and which could be more affected
by degradation processes, colorimetric data (L* a* b* coordinates) were also obtained
to understand the correlation of the absorbance results and the state of the yellow dye
(Table 2).

Table 2. The L* a* b*data of the acquired spectra of sample points T1–T20.

Point L* a* b*

T1 78.37 7.243 23.830

T2 68.49 4.805 19.961

T3 65.46 6.279 18.444

T4 59.29 6.329 14.921

T5 65.13 3.359 23.101

T6 49.90 8.333 14.516

T7 45.78 7.725 13.677

T8 54.82 10.898 13.000

T9 39.94 9.091 12.545

T10 63.73 6.769 18.838

T11 41.12 13.288 15.784

T12 47.02 11.160 15.140

T13 46.17 11.040 15.779

T14 30.58 13.827 13.844

T15 40.39 11.700 14.025

T16 58.35 7.935 17.138

T17 54.93 7.852 15.279

T18 49.30 15.432 14.817

T19 52.27 10.981 16.194

T20 56.07 12.205 21.171

In the spectra corresponding to points T2, T5, and T20, a wide curve is observable
between 409 and 480 nm (Figure 1), even if its remarkably broader in comparison to the
band of other dyes (for instance, in the case of T2, the maximum cannot be identified with
certainty). Moreover, no evident band is observable around 500 nm. The colorimetric data
for these points presented the highest value for the b* coordinate, confirming a higher
concentration for the yellow dye, while no particular evidence of degradation products
involving a greenish shade is observable. On the other side, the point T9 corresponds to the
lowest value of b* coordinate, while in the apparent absorbance spectrum a maximum of
T9 at 500 nm is remarkable (see Supplementary Figure S6). At this point, the degradation
of the yellow dye to green degradation products can be hypothesized. A similar trend is
observable for the other points. From these data, it is possible to affirm that, for Polaroid
emulsions, bands between 400 and 490 nm are indicative of original yellow dyes, but their
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eventual broadness could not allow a specifical attribution, while signals at 500 nm are
likely indicative of green degradation products, with similarities to phenomena observed
for other typologies of photographic films [48].

2.1.2. FTIR

Reflectance FTIR spectra present some drawbacks for the spectral interpretation; for
example, since the sent light is being reflected, depending on the physical state of the
material of interest, the results may show shifted, noisy, or negative peaks where there is
supposed to be a maximum. This factor was considered while interpreting the results.

The FTIR spectra corresponding to the area where the emulsion transfer was made
and the paper itself showed a similar pattern due to the gel state and the thinness of the
measured film (Figure 5). The signals at 1088, 1129, 1370, and 1641 cm−1 and the broad
absorption band between 3443 and 3715 cm−1 are characteristics of cellulose found in the
paper [56], while the peaks at 1377 and 1433 cm−1 may suggest the presence of Arabic
gum, used as binder of the cellulosic paper. Point F3, the lightest area in hue, shows a more
similar spectrum to the paper than point F1 and F2.

Figure 5. FTIR spectra of points F1, F2, F3, paper, and the dry obtained from the mock-up sample.

F1 differentiates from F3 and the paper from the fact that the peaks at 1088 and
1177 cm−1 in F1 are way less intense; meanwhile, the peak, found in F3 and paper at
1129 cm−1, is shifted to 1145 cm−1 in F1 and F2. The peak at 1281 cm−1 was found in
F3, and the paper does not exist in F1 and F2, while the signals at 1473 and 1609 cm−1,
observable in F1 and F2, cannot be seen in F3 and the paper. The stretching band between
3400–3300 cm−1 region gets lower in intensity in F1, F2, as it occurs in the spectrum of the
dry gel. The spectrum of point F1, which has the highest dye density, is the most similar
to the spectrum of the dry gel, for instance, the peak at 784 cm−1 is only observable in
these spectra. Finally, peaks at 840 and 896 cm−1, which are not present in point F3 and
the paper, are observed in the fingerprint region of the spectra acquired in correspondence
to both the point F1 and the dry gel area. These differences in spectra of F1 and F2 are
attributed to the photographic emulsion transferred on paper. In particular, the signals
at 830–840 and 890–897 cm−1 are reported in the transmission spectra of hydroxyethyl
cellulose, with reference to [57]. Moreover, the single firm peak at around 1140–1145 cm−1

found in the spectra of the dry gel, F1, and F2 is also present in the hydroxyethyl cellulose.
The comparison with the FTIR reflection spectra of hydroxyethyl cellulose (directly on the
powder and on the film obtained from the drying of its dispersion in water) confirmed this
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attribution (see Supplementary Figures S7 and S8), even if it is fundamental to highlight
that some artifacts are present in the reference spectra due to several factors. In particular,
if the peak at 893 cm−1 is observable in all the spectra, it is important to mention a probable
overlapping with a close band at 899 cm−1 of the paper. The band at 835 cm−1 could be
affected from deformations for the aggregation state of the material: it results barely visible
in the solid-state spectrum, while it has a maximum in the spectrum of the film from the
water dispersion. The band at 1140 cm−1, instead, presents a derivative-like shape in both
the reference spectra, while it could overlap with paper bands in the mock-up spectrum.
Considering the materials used for producing Polaroid gels [47], where the viscosity of
the reagent was provided by water-soluble polymeric thickeners including hydroxyethyl
cellulose, the attribution of the above-mentioned peaks to hydroxyethyl cellulose should
be cited taking into account these spectral deformations and the eventual overlapping with
cellulose signals.

2.2. Paolo Gioli’s Original Artwork
2.2.1. FORS

The paper of Gioli’s artwork has an absorption maximum at 374 nm, which is found
to be identical to the paper which is used for the mock-up.

All points turn out to have maxima in similar wavelengths to those of yellow, magenta,
and cyan dyes used in the Polacolor 2 system, which also correspond to our FORS results
from the mock-up emulsion transfer (Table 3). However, in the original artwork of Paolo
Gioli, the colours are much better preserved simply because the artist used recently expired
or non-expired films. Therefore, the maxima of the bands obtained from the FORS analysis
result in different intensities based on the prevailing dye found in the point of interest, and
the band intensities are significantly higher compared to the mock-up (Figure 6).

Table 3. Absorption maxima of the points chosen from Paolo Gioli’s original artwork obtained by
FORS spectrophotometer.

Points Absorbance Max (nm)

G1 450, 535, 569, 681

G2 570, 620, 680

G3 528, 570, 626, 680

G4 450, 536, 573, 684

G5 536, 573, 615, 684

G6 536, 575, 683

G7 536, 575, 683

G8 580, 615, 683

G9 577, 617, 677

With reference to the maxima of the bands reported in Table 3, hypotheses about the
molecular structure of the dyes can be formulated. The wide maximum at 450 nm, evident
in G1 and G4, can be attributed to the yellow dye used in Polacolor 89, a chromium (III)
complex of azomethine type dye showing a maximum at this wavelength as expected from
a Polacor 2 dye complex [48,49]. The absorption density is higher in the zone of yellow and
red (400–600 nm) and lower in in the zone of blue (600–700 nm) which explains the reddish
colour of the point.

The maxima around 535 and 575 nm, which change in relative intensity according to
the overlapping with the bands of other dyes, are indicative of the magenta dye. These
maxima differ from the analogue observed at 567 nm for the mock-up, so a different dye
can be hypothesized. The difference is probably caused by the X substituent group of the
magenta dye complex, which is fundamental for the differentiation of the dye complex.
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In the original artwork of Gioli, Y group is C6H5, the Z group is CH3, and the X group is
found to be a cyanide group (CN) with reference to [35] (Figure 7).

Figure 6. Absorption bands obtained by FORS spectrophotometer from Paolo Gioli’s original artwork.

Figure 7. Magenta a chromium complex of an azo pyrazolone of type.

A main band at 680 nm, along with another one at about 615–620 nm, is observable
in all the points, even if its intensity is dominant for G5. These signals, as observed
for the mock-up, are compatible with the characteristic ones of copper phthalocyanine
compounds [15,24,48,49].

2.2.2. FTIR

The spectra of the points GF3 and GF4 had interference fringes that made it difficult
to acquire accurate information. Therefore, the results obtained from points GF3 and GF4
were not taken into consideration. The main signals for the spectra of points GF1, GF2, GF5,
and paper are shown in Table 4.

It can be stated that all three spectra are significantly similar to each other even
though they represent different areas of the artwork having different hues (Figure 8). The
characteristic signals of cellulose, found in the paper and reported in Section 2.1.2, can be
noted [56].
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Table 4. Bands of the FTIR spectra of points GF1, GF2, G5, and paper.

Acquisition Point Wavenumber

GF1 724, 820, 893, 976, 1078, 1099, 1139, 1206, 1313, 1335, 1386, 1403,
1459, 1481, 1604, 1655, 2109, 2725, 2911, 3482, 4004, 5141 cm−1

GF2
820, 904, 945, 1066, 1088, 1145, 1161, 1206, 1268, 1285, 1313,

1335, 1352, 1380, 1436, 1464, 1492, 1604, 1655, 1671, 2103, 2137,
2523, 2725, 2882, 3409, 4026, 4777, 5153 cm−1

G5 713, 825, 903, 1083, 1127, 1162, 1240, 1318, 1364, 1448, 1644,
2103, 2143, 2513, 2720, 2866, 2916, 3522, 4021, 4766, 5203 cm−1

Paper
720, 877, 899, 1003, 1016, 1043, 1090, 1130, 1176, 1205, 1236,

1282, 1321, 1336, 1357, 1373, 1433, 1452, 1643, 1795, 2069, 2129,
2518, 2723, 2904, 3443, 4021, 4749, 5177 cm−1

Figure 8. FTIR spectra of points GF1, GF2, and GF5; of the paper obtained from the original artwork
of Gioli; and of the reference dry gel. Signals of the dry gel are highlighted.

Compared with FTIR spectra of the the mock-up emulsion transfer, the spectra of
Paolo Gioli’s original artwork shows major similarities. In the fingerprint region of the
three spectra, all points present peak around 825–830, 893–904, and 1139–1145 cm−1 which
show their analogues in the spectrum obtained for the dry gel. As observed in the mock-
up spectra, these peaks could be indicative of hydroxyethyl cellulose, even if a certain
overlapping with the signals of cellulose cannot be excluded, as discussed above, which
would explain a certain shift (Supplementary Figures S9 and S10). With reference to the
literature, in a study that covers the identification of copper complexes of pyrazolone
dyes by FTIR in transmission mode [54], the signals in the range at 1600–1680 cm−1 are
due to the aromatic functionality of the pyrazolone dyes. The absorption bands around
1445–1465 cm−1 may indicate the presence of N=N stretching vibrations. It is fundamental
to highlight that these signals overlap with those of cellulose at 1641 and 1433 cm−1,
respectively, but the higher similarity between GF1 and GF2 spectra and the dry gel one
in comparison to the paper one is evident: in particular for GF1, the spectrum shows the
same pattern in the 1580–1680 cm−1, with two maxima at 1604 and 1655 cm−1, observable
for the dry gel and attributable to aromatic groups of pyrazolone dye, while no maximum
for the cellulose is evident at 1641 cm−1 [58]. These signals would confirm the presence of
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pyrazolone complexes, constituting the magenta and yellow dyes, previously considered
based on FORS data.

3. Materials and Methods

3.1. Sample Preparation

In order to test the diagnostic protocol, a Polaroid transfer mock-up was prepared
following a technique similar to Paolo Gioli’s. The following equipment has been used:
Polaroid Polacolor Type 88; receptor paper: Fabriano water colour papers (as a smoother
surface will capture the image better, hot pressed watercolour paper was preferred); Po-
laroid EE 100 land camera; a rolling pin; a hard smooth working surface; scissors; timer;
surgical gloves. The dry transfer method consisted of the steps explained in detail by [59].

The chosen artwork of Paolo Gioli to be analysed takes part of the “Cameron Obscura”
series that he created in 1981.

3.2. The Spectroscopic Analysis

For the analysis of the mock-up created by transferring the Polacolor 88 film to paper
and the original artwork of Paolo Gioli, three different spectroscopic methods are chosen
to be applied: FORS (Fiber Optics Reflectance Spectroscopy, Plainsboro, NJ, USA), Raman
Spectroscopy and FTIR (Fourier Transform InfraRed, Ettlingen, Germany) spectroscopy.
The reason to apply more than one analytical method is from the simple fact that each
method is complementary to each other, and therefore, their results are comparable and
more informative [60–62].

3.2.1. FORS
Analysis of the Mock-Up Polaroid Emulsion Transfer

In this research, FORS was used to have a preliminary and complementary method to
determine the dyes and the dye developers found in the transferred Polaroid 88 emulsion
transfer on paper.

Since the film was expired and out of the developing gel sacs, of the eight films placed
in the camera, only one was in a liquid phase, and only one mock-up could be obtained.
The developing gel contained in the other seven films was dry and therefore could not
provide an image. The film containing the liquid gel had two sacks, and only one has
broken to release the gel. Therefore, the image obtained had an irregular form, though
it presented different tonalities of a similar hue. For statistical purposes, 20 points were
analysed in correspondence with the overall image on the mock-up, while an area was
analysed on the gel contained in the sac (Supplementary Materials: Figure S1). For every
analysed point, 10 spectra were acquired.

The analysis was conducted using Exemplar LS from B&W Tek, Inc., Plainsboro, NJ,
USA, with a wavelength Range of 200 to 850 nm, spectral Resolution 1.5 nm together with
the BPS101 Tungsten Halogen Light Source with a spectral range of e 350 nm to > 2600 nm.
Data were acquired via a handheld probe, with an analysis area of 2 mm2, placed at 45◦ in
close contact with the sample. This equipment was calibrated using a certified reflectance
standard provided by B&W Tek, Inc., Plainsboro, NJ, USA. Spectra were recorded in
10 scans with an integration time of 80 μs par scan. In order to compare the obtained
spectra with absorbance ones available in literature for dyes, we calculated the apparent
absorbance spectra from the reflectance ones using Origin 2021 Software, according to
procedures reported in literature [52,54,55] and using the conversion in Equation (1):

Abs ∝ log(
1
R
) (1)

where Abs is the absorbance and R is the reflection spectrum. The experimental apparent
absorption spectra can be used for qualitative identification of the dyes based on the
apparent absorption maxima, assuming that transmission of the light through the sample
can be considered neglectable. It has been preferred to analyse mainly the absorption
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spectra of the dyes because spectral data of the dyes in the literature are mainly found in
solutions and, therefore, in absorbance. Comparing dyes in a solid state with the dyes in
solution involves some limitations to their identification, since differences among spectra
of the same molecule in different phases must be considerd (different wavelenght maxima,
presence of multiple bands, different band broadness, etc.) However, taking into account
the scarce availability of standards and reference spectra of solids for this typology of
analytes and with reference to the fact that this is a preliminary study for Polaroid matrices,
this approach was chosen.

Analysis of Paolo Gioli’s Original Artwork

The analysis was conducted with the same instrumentation as the mock-up sample.
Spectra were recorded with 70 μs integration time with 10 acquisitions. Inflection points in
the reflectance mode were determined using the first derivative spectrum, and the pseudo
absorbance spectrum was generated by calculating the negative logarithm of the reflectance
of the sample of each spectrum using Origin 2021 Software. Ten points, including the paper,
were chosen to be analysed from Gioli’s original artwork (see Supplementary Figure S2).
Ten acquisitions were made from each point.

3.2.2. Raman

Three different points were chosen from the transferred emulsion on paper sample,
R1 being the darkest, R2 being the medium, and R3 being the lightest in hue (see Supple-
mentary Figure S3). Paper and the dry gel contained in the sac of the Polacolor 88 were
also analysed.

The instrument used was LabRAM HR Evolution Confocal Raman Microscope (laser
wavelength: 633 nm), by HORIBA, Kyoto, Japan. The used objective was 100× for each
point. For the paper 100% laser intensity was set, for the dry gel 2.5%, and for the transferred
emulsion on paper 5%. For all points, the acquisition ranges were 100–1000, 1000–1900,
and 2400–3300 cm−1. The acquisition time for paper was 20 s with 30 acquisitions, for the
dry gel 3 s with 500 acquisitions, and for the transferred emulsion on paper, it was 5 s with
60 acquisitions.

However, the results obtained from Raman Spectroscopy did not provide information
about the analysed sample. In fact, strong interference fringes were observed. For this
reason, the method was not used for the Paolo Gioli’s artwork. Indeed, with reference
to the great potential of Raman spectroscopy in providing molecular information, this
analytical issue should be deepened. This will be the object of further studies, when other
experimental conditions will be tested: for instance, variation of the spot size. However, we
preferred highlighting this aspect in order to make the reader aware of possible setbacks
for other studies on similar matrices.

3.2.3. FTIR
Analysis of the Mock-Up Sample

The instrumentation used for the FTIR analysis was Bruker Optics-IFS 66 v/s Vacuum
FT-IR, Ettlingen, Germany. The instrument was combined with the Hyperion 2000 IR
microscope with 15× objective and used in the Reflection mode, since the sample was not
transparent enough to transmit the IR radiation. Combining microscopy with FTIR allowed
us to perform a completely non-invasive analysis.

Four different points were chosen from the transferred emulsion on paper sample, F1
being the darkest, F2 being the medium, and F3 being the lightest in hue and P0 being the paper
(see Supplementary Figure S4). In addition, the powdered dry developing gel was analysed
too. As reference, a small gold plate as a reflective surface was used. Three measurements were
taken from every sample point using the following parameters: 4 cm−1 resolution, 256 scans,
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wavenumber covering from 400 to 6000 cm−1 using OPUS software. To obtain a pseudo-
absorbance spectrum, the following Equation (2) is used (R = reflectance, R1 = reference:

Abs ∝ − log(
R
R1

) (2)

Analysis of Paolo Gioli’s Original Artwork

The instrumentation used for the FTIR was the same as the mock-up. Five different
points were chosen from the transferred emulsion on paper sample (see Supplementary
Figure S5). As reference, a small gold plate as a reflective surface was used. Three mea-
surements were taken from every sample point using the following parameters: 4 cm−1

resolution, 256 scans, wavenumber covering 400 to 6000 cm−1 using OPUS software. A
pseudo absorbance spectrum was obtained with the above-mentioned equation.

4. Conclusions

The aim of this research was the characterization of the Polaroid emulsion transfer
in Paolo Gioli’s artworks, contributing preliminary knowledge to the literature about the
materials of the artworks and the appropriate protocols which can be applied for future
studies. We faced several limitations during the making of the mock-up sample due to the
aging of the Polaroid 88 film. The film expired in November 1985. Therefore, the alkaline
gel, which was supposed to reach the film layers to provide a positive image, was dry.
Moreover, since production of these films was discontinued by the Polaroid Corporation, it
was significantly hard to find the Polacolor films that Gioli used.

When performing FTIR, combination of the microscope with the FTIR in reflectance
mode was used, since our sample will not be transparent enough to transmit IR radiation
and since it was crucial to perform a technique that was non-invasive. The obtained
spectra from FTIR gave significant results about the cellulose found in the paper, and
the presence of Arabic gum as a binder of the paper was detected. FTIR results also
showed the presence of hydroxyethyl cellulose as the thickening agent of the gel contained
in the sac (in our case in a dry state), differing from the fingerprint region of only the
paper itself. However, this assignation is only hypothetical because working in reflectance
mode brought limitations to the assignment of the peaks due to spectral deformation and
overlapping with cellulose signals. The FTIR spectra acquired from the original artwork
of Paolo Gioli showed very similar results to our mock-up sample, but the presence of
pyrazolone dyes could be confirmed from the spectra of the points analysed. Furthermore,
the presence of hydroxyethyl cellulose as the thickening agent of the gel was evaluated also
in this case. However, further research is necessary to define the efficacy of FTIR for the
analysis of Polaroid emulsions transferred on paper by Paolo Gioli. In particular, extended
studies on the materials present in Polacolor film, aimed to precise individuation of spectral
artifacts and determination of single component contribution to the spectrum, are required,
and they will be the object of further studies. About the determination of the dye developers
present in both the mock-up sample, obtained from Polacolor 88, and Paolo Gioli’s Original
artwork created with Polacolor type 89, the most diagnostic results were obtained from
FORS. With reference to the literature, the main dyes used in the Polacolor Types 88 and 89
were determined from the apparent absorbance maxima, which allowed hypothesizing
their structures and molecular substituents. However, other studies involving further
characterization of original materials are necessary, in order to confirm the data reported in
literature and also to support these results. The characterization of the dye developers with
complementary techniques (e.g., chromatography, mass spectrometry [63,64]) is foreseen
and desirable. In conclusion, new perspectives are open: from the conservation science
point of view, Polaroid film characterization represents a new frontier to be investigated,
whose results could be fundamental for future preservation, as it could be the case with
Paolo Gioli’s works. Further research, involving complementary analytical techniques and
ageing studies, is required in order to deepen our knowledge about instant photography
materials, conservation, and occurrences.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27207023/s1, Supplementary Figures Figure S1: Points
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Abstract: In several of his artworks, for instance the Venezie cycle, Fontana employed metallic paints;
previous investigations on such materials highlighted the use of different synthetic binders and of
thick paint layers below the metal one, having different colours to change the visual perception of
the metallic surface. In the present work, a monochrome silver “Concetto spaziale” by the Italo–
Argentine artist belonging to a private collection recently gifted to the museum of the Church of
San Fedele in Milano, Italy, was investigated to deepen the knowledge of this particular group of
Fontana’s paintings. The artwork was initially visually inspected in visible and ultraviolet (UV)
light. Subsequently, a non-invasive spectroscopic investigation was performed by X-ray fluorescence
(XRF), reflection Fourier-transform infrared (FTIR) and Raman spectroscopy. A minute fragment of
silver-coloured paint was taken from the reverse of the painting, near the cut edge, and examined
by scanning electron microscopy coupled with energy dispersive X-ray analysis (SEM-EDX) and
micro-Fourier-transform Raman (FT-Raman) spectroscopy. The analytical data made it possible
to identify the composition of the metallic paint layer and of the underlying dark one, both from
the point of view of the pigments and of the binders used, also highlighting the potential of the
non-invasive and micro-invasive methods adopted in the investigation.

Keywords: XRF; FTIR; Raman spectroscopy; SEM-EDX; FT-Raman; modern painting; metallic paint

1. Introduction

The worldwide recognized importance of the pictorial works by Lucio Fontana, the
well-known Italian–Argentine artist (1899–1968), derives both from the continuous research
and innovation of his figurative and abstract way of expression, and from his pioneering
use of innovative materials. These include, for example, fluorescent colours and many
different synthetic paints, such as nitrocellulose, alkyd, polyvinyl acetate and acrylics,
which became commercially available as he created his artworks and which he often used
in multiple layers and together [1–4].

In the present work, a multi-technique approach was applied to investigate the mate-
rials in a painting by Lucio Fontana, preserved at the exhibition hall of the Church of San
Fedele in Milano and belonging to Fontana’s Tagli (Cuts) series. The artwork, a “Concetto
spaziale-Attesa” (Spatial Concept-Wait) dated 1961, is particularly interesting as it is a
silver monochromatic painting and therefore belongs to those works in which the artist
employed a metallic paint.

A few previous investigations have been published about the materials of Fontana’s
works based on metallic paints. In the paintings of the Venezie cycle, even if considered to be
part of the Olii series, the use of a synthetic alkyd resin as a binder has been identified [1,2,5].
The reason for this choice was traced to the considerable thickness of the paint layer which,
if obtained with a drying oil, would probably show significant drying craqueleure. More
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precisely, in Fontana’s silver paintings, the thick paint layer usually lies under a very
thin layer of silver-coloured paint and has different colours, ranging from ochre to red or
black, to change the perception of the metal surface above [2]. Furthermore, pyrolysis–gas
chromatography–mass spectrometry analyses showed, at least in one case (painting 61 O
41), the presence of low quantities of polyvinyl acetate (PVA) in addition to alkyd resin [1],
while in another Venezia painting (61 O 53), a silver acrylic coating was detected on a hard
polyester layer [6].

In the present work, characterization of painting materials was carried out to answer
specific questions raised by conservation issues and restoration needs. It is not necessary to
point out that the precise knowledge of materials is mandatory to perform correct and long-
lasting restoration. A sequence from general to specific was adopted in the investigation. It
is worth noting that scientific analyses, and in particular non-invasive procedures, are be-
coming more and more applied also in cases of modern and contemporary paintings [7–9]
and to get information about degradation phenomena [10]. After a visual inspection in both
visible (also with an optical digital microscope, OM) and ultraviolet light, we approached
the problem using non-invasive techniques, in detail X-ray fluorescence (XRF), reflection
Fourier-transform infrared (FTIR) and Raman spectroscopy. These techniques were chosen
for their proven synergy on pictorial materials [11,12] and due to their different penetration
depths, which can help reconstruct stratigraphic sequences without sampling, opening up
interesting applications to off-limits masterpieces, such as the present case. Furthermore,
all these techniques together present the ability to investigate different types of materials
(organic, or inorganic such as vitreous or metallic). XRF is useful to get a rapid and reli-
able determination of medium-heavy elements, even when present in light matrix [13,14],
without any sample preparation and regardless of the substrate material. This allows indi-
viduation of the pigments used in a wide variety of artefacts in a non-invasive way [15,16],
even on modern materials [17]. XRF penetration depth depends on the matrix and the
atomic number of the investigated element, and it can range from tens of micrometres
to a few millimetres; the synergy with techniques with different penetration depths can
give hints about the stratigraphy of the different layers of material [18]. Reflection FTIR
spectroscopy can provide information on binders, even synthetic ones [19], adhesives [20]
and inorganic materials such as carbonates or sulphates [21] with a penetration depth
of about ten microns. Raman spectroscopy is suitable for the identification of pigments,
both inorganic [22] and synthetic organic [23,24]. The penetration depth of the Raman
technique depends on the excitation wavelength used and its absorption by the material
examined, and can in principle be greater when using NIR exciting radiation [25]. In the
present work, due to the physical properties and chemical composition of the metallic
paint, more complete characterization of this material also required micro-analyses in
addition to the non-invasive ones, carried out on a small sample taken from the back
of the painting near the edge of the cut. To this end, scanning electron microscopy cou-
pled with energy dispersive X-ray analysis (SEM-EDX) was used for elemental analysis,
while micro-Fourier-transform Raman (FT-Raman) spectroscopy was exploited to identify
the binder.

2. Materials and Methods

2.1. The Painting

The work, preserved in the exhibition hall of the Church of San Fedele in Milano (as
indicated above), was created on a canvas measuring 99.8 × 79.8 cm. It bears the artist’s
signature and a numerical sequence (1 + 1-7741F) on the back.

Belonging to the Nanda Vigo collection, this work was created by Fontana using
silver-coloured paint and is characterized by a diagonal texture of considerable thickness,
probably made with the aid of a paintbrush.

The canvas showed deformations caused by the considerable layer of colour spread
on the front, as well as an extension of the original cut in the upper part (about 10 cm)
where the threads of the original canvas had broken. The cut was “closed” on the back by
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the “teletta”; this had been placed by the artist, but the painting suffered structural damage
in the area of the tear, where it was detached (Figure 1).

Figure 1. Some details of alterations observed in the monochrome silver “Concetto spaziale” by
Lucio Fontana: (a) crack developed from the upper end of the cut; (b) tear in the original canvas and
“teletta”; (c) degradation of the pictorial material; (d) old restoration in the lower area of the cut, with
presence of a textile patch, observed under UV light.

An old restoration intervention was visible on the lower side of the cut; in fact a patch,
also black, had been placed over the “teletta”.

A previous restoration intervention was also visible due to the presence of altered
retouchings carried out in the upper left and right corners of the painting.

The front of the work was affected by an aesthetic deterioration caused during the
drying of the material (Figure 1); yellowed areas could be seen in the thickest and most
depressed spots due to accumulation of binder.

Some small micro-holes of the silver layer suggested the presence of an underlying
black layer. This led to the supposition that the silver layer was only a surface finish, as
reported by some of the texts examined [2].

The artist’s cut, placed in the central part of the painting, showed slight deformation,
and its edges fell toward the “teletta”.

The work was placed inside a wooden frame with plexiglass protection.
Restoration was also performed on the basis of the scientific analyses. After the surface

was dusted with soft brushes, the “teletta” was detached and repaired, the interruption
of the support canvas was restored, the structure was reinforced from the back by strips
of synthetic veil with Beva® Gel as an adhesive, and then the “teletta” was repositioned.
Aesthetic intervention was limited to lightening the visual interruption points of the
monochrome drafting in order to restore the continuity and correct reading of the work.
Finally, the work was placed back in the frame, and on the back, a cardboard plume panel
was added to protect the work from weather variations and atmospheric dust.
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2.2. Reference Materials

Alkyd and poly(vinyl)acetate binders were purchased from Kremer Pigmente (Aich-
stetten, Germany) to acquire reference spectra.

2.3. Measurement Areas

The different spectroscopic techniques listed above were applied to several areas of the
silver-coloured surface, including some points where surface inhomogeneity was present,
such as areas with pictorial layer leaks or binder stains, and an area with evident restoration.
The reverse of the work was also considered, focusing in particular on the canvas and on
the silver-coloured dripping near the edges of the cut.

The measurement areas on which XRF, reflectance FTIR and Raman analyses were
performed are listed in Table 1. OM was also performed on some measurement areas, as
indicated in the same table.

Table 1. Areas of Lucio Fontana’s monochrome silver painting on which in situ spectroscopic
measurements were performed.

Measurement Area Techniques Description

1 * reflectance FTIR, XRF, Raman front side, silver-coloured paint

2 * reflectance FTIR, XRF front side, black spot (gap in the
silver-coloured paint)

3 * reflectance FTIR, XRF front side, yellow stain

4 * reflectance FTIR, XRF front side, upper left corner,
possible retouching

5 * reflectance FTIR, XRF, Raman back side, canvas
6 reflectance FTIR back side, adhesive residue
7 reflectance FTIR back side, adhesive residue

8 * XRF back side, silver paint dripping
* These measurement areas were also subjected to optical digital microscope (OM).

As mentioned in the Introduction, a small sample of silver-coloured paint taken from
the back side of the painting near the edge of the cut (near Point 8) was also examined with
FT-Raman and SEM-EDX.

2.4. Optical Microscopy

A portable digital optical microscope (DinoLite, 5Mpx) was used to get images with
50× or 200× magnification to support chemical analyses. The microscope was equipped
with a polarising filter to reduce the gloss of the shiny surface.

2.5. X-ray Fluorescence (XRF)

XRF investigation was performed using an Assing LITHOS 3000 portable spectrometer,
with quasi-monochromatic excitation at 17.4 keV (100 μm transmission Zr filter on a Mo
target X-ray tube); the analysed area on the sample was about 4 mm radius. Working
conditions were 25 kV and 300 μA, and the measuring time was 100 s (live time); the
energy efficiency of the spectrometer is low for energies below 2.5 KeV. Sensitivity of the
spectrometer is low for energy below 2.5 keV, not allowing the detection of light elements
(from approximately Z = 17).

2.6. Reflection FTIR Spectroscopy

A Bruker Alpha FTIR spectrophotometer in reflection mode was used for non-invasive
analyses. The instrument is equipped with a reflection module for contactless measure-
ments and a deuterated triglycine sulphate (DTGS) detector, which operates at room
temperature and guarantees a linear response in the spectral range between 7500 and
375 cm−1. An integrated camera of approximately 6 mm diameter allows the operator to
select the area to be measured. FTIR spectra were acquired with a resolution of 4 cm−1 as a
sum of 100 scans after the acquisition of the background spectrum on a gold mirror. The
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reflection spectra in the mid-IR (MIR) region were processed by Kramers–Kronig transform
using Bruker OPUS software.

2.7. Raman Spectroscopy

A Bruker BRAVO handheld spectrometer was used for Raman measurements. This
instrument is based on patented SSE™ technology, which provides the excitation of spectra
by means of two diode lasers operating at different temperatures and emitting, respectively,
at 785 and 850 nm. An appropriate algorithm allows extraction of the final Raman spectral
data. The spectra are collected in two sequential steps, from 300 cm−1 to 2000 cm−1 and
from 2000 cm−1 to 3200 cm−1. The average spectral resolution is approximately 11 cm−1.
The applied laser power is less than 100 mW for both lasers, and the beam is focused on
an area of approximately 500 μm × 100 μm, so the power density is really limited. The
acquisition time and the number of accumulations were automatically set by the instrument.
In particular, the Raman spectrum on Area 1 was recorded with an exposure time of 13 s
and 2 accumulations, while the spectrum on Area 5 was recorded with an exposure time of
5.4 s and 8 accumulations.

2.8. FT-Raman Spectroscopy

FT-Raman spectra were recorded between 4000 and 200 cm−1 directly on the sample
taken from the back of the painting, without any preparation. A Jasco FT-Raman RFT-600
spectrometer was employed, using the 1064 nm emission of a Nd:YAG laser for excitation.
The laser output power was about 180 mW. Spectra were acquired as the sum of 300 scans.
The resolution was 4 cm−1.

2.9. SEM-EDX Analysis

SEM-EDX analyses were performed on the same sample from the back of the painting
using a Hitachi TM 1000 microscope with a resolution of 1 nm and equipped with an energy
dispersion X-ray (EDX) spectrometer. The accelerating voltage was 15 kV.

3. Results and Discussion

Due to the synergy of the applied techniques, which exploited different penetration
depths, and due to the presence of small gaps in the paint layers, it was possible to
investigate the whole stratigraphy, composed of the preparation layer of the canvas, a dark
layer and the silver-coloured paint.

3.1. Front of the Painting

On the front side of the artwork, the silver-coloured paint (Area 1) returned FTIR
reflectance spectra with a characteristic slope towards lower wavenumbers due to the
optical properties of the metallic surface (Figure 2a). In the same spectra, the only bands
attributable to the binder were found around 2975, 2940 and 1740 cm−1 and did not allow
its precise identification. At the same time, no relevant signals could be observed in the
Raman spectrum.

In the small black areas observed in some empty spaces of the silver-coloured paint
(Area 2), the presence of an alkyd component could be recognized, as demonstrated by the
characteristic FTIR bands at 1280, 1123, 1068, 744 and 703 cm−1 (Figure 2b) [26], which are
clearly evident in the reflection spectrum of an alkyd binder spread on canvas acquired as
reference (Figure 2c). As its bands were detected in the gaps of the metallic paint, the alkyd
binder is more reasonably associated with the underlying black paint layer.
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Figure 2. FTIR specular reflection spectra of areas on the front of the “Concetto spaziale”: (a) silver
paint (Area 1); (b) black spot in an empty space of the silver paint (Area 2); (c) reference alkyd
resin spread on canvas; (d) yellowish spot corresponding to an accumulation of binder (Area 3);
(e) differential spectrum between spectra (b,d); (f) reference polyvinyl acetate spread on canvas;
(g) possible retouching in the upper left corner of the painting (Area 4). In all cases the spectra shown
were obtained from the experimental reflectance data using the Kramers–Kronig transform, with the
exception of spectrum (d), which was obtained from a transparent material superimposed on the
metallic surface, and is thus shown as pseudo-absorbance, log(1/R). In spectrum (g), the bands due
to calcium carbonate are distorted due to specular reflectance of a material with a higher particle size.

For this reason, to acquire possible information about the binder in the silver-coloured
paint, a yellowish stain present on the front of the painting (Area 3) and presumably due
to accumulation of binder was examined by reflection FTIR spectroscopy. Even if the
spectrum obtained was not of excellent quality, it still allowed us to observe once again the
main bands due to an alkyd resin (Figure 2d), with the doublet around 700 cm−1 slightly
displaced, probably due to distortion associated with the reflection conditions. However, in
the region of the spectrum from 1250 to 1000 cm−1, different components seem to overlap.
In order to possibly highlight these components, we decided to subtract the FTIR spectrum
of the alkyd resin from that of the yellow stain. In the difference spectrum (Figure 2e), a
band around 1245 cm−1 can now be clearly detected and, together with the signal around
1370 cm−1, can be possibly assigned to polyvinyl acetate (PVA) [20,27], as also confirmed
by the comparison with the reference spectrum acquired for this binder (Figure 2f).

If, as suggested by Gottschaller for other paintings with silver-coloured paint by
the same artist [2], the silver-coloured layer is very thin and superimposed on a sort of
underlying “bole”, it can be hypothesized that the alkyd binder is due to the latter, while
the vinyl binder is associated with the metallic paint. On the portion of silver-coloured
paint in the micro-sample taken from the cut on the back of the work, it was in fact possible
to acquire an FT-Raman spectrum with bands at 2939, 1734, 1438 and 632 cm−1 (Figure S1),
attributable to polyvinyl acetate [27], but in that case it could also be due to the adhesive
used to fix the “teletta” (see Section 3.2). Nevertheless, it should be emphasized that neither
in the IR spectra nor in the Raman spectra obtained on the silver-coloured paint have ever
been observed characteristic signals of an acrylic binder for this painting. In particular,
the typical band of such a binder around 1170 cm−1 [19,20] is lacking in the IR spectra
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(Figure 2a,d), and the Raman bands at about 800–840 cm−1 reported in the literature for
an acrylic polymer [28,29] were also not observed in the FT-Raman spectrum of the silver
paint in the micro-sample (Figure S1).

As for the pigments, considering the XRF results summarised in Table 2, the com-
parison between the spectra obtained on the silver-coloured area (Point 1) and the gap of
paint do not show any difference in the detected elements, but the change in the Compton
scattering peak intensity indicates a higher presence of light elements in the silver-coloured
paint. The same applies to Point 3, the yellow binder stain. A difference is instead evident if
comparing the spectra obtained on the silver-coloured area on the front with those acquired
on the back of the painting: in the front, the presence of Ba and Co is highlighted. The
former, typical of modern painting, is in the form of barium sulphate or lithopone (if mixed
with zinc sulphide), often used as filler or extender due to its stability. Possibly the painter
used it to disperse silver-coloured material (see also MO image in Figure 3). Co is instead
usually linked to the use of blue pigments; we can thus speculate (also on the basis of the
MO images in Figure 3) the presence of small quantities of cobalt blue, which could also
be the matter of the dark priming used as a ground. Unfortunately, no further evidence
could be obtained for this pigment from the non-invasively acquired vibrational spectra,
and no samples from the front of the painting were available for microanalysis in the
laboratory. Anyway, even if the presence of Co alone could indicate a possible use of smalt
blue, with the painting being a contemporary one, this pigment can be correctly excluded.
Indeed, modern cobalt acrylic paints have been recognized in other Fontana works by
Gottschaller et al. [1] and Ferriani et al. [3]. In particular, the latter paper reports the use of
cobalt blue (acrylic).

Table 2. Elements detected by XRF on the areas described in Table 1, with the exception of Area 8,
which is extensively discussed in the text.

Measurement Area Principal Elements Trace Elements

1 * Pb Cu, Co, Ba (Zn)
2 * Pb Cu, Co, Ba
3 * Pb Cu, Co, Ba
4 * Ca, Pb Ti, Fe, Cu
5 * Pb

* These measurement areas were also subjected to optical digital microscope (OM).

Figure 3. (left) OM (200×) of the front of the painting: small metallic grains and blue pigment grain
are visible; (right) OM (200×) of the restored area on the front of the painting: the different aspect of
the silver area is evident, together with the green painting.

The material responsible for the metallic appearance of the paint could definitely be
recognised as aluminium thanks to SEM-EDX analysis of the small fragment taken from
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the edge of the cut on the back of the painting (Figure 4). It is interesting to note that in
the part of the fragment not covered by the silver paint, only lead could be observed, in
agreement with the results of non-invasive XRF analysis.

Figure 4. (a) SEM image of the sample taken from the silver dripping near the cut on the back
of the “Concetto spaziale”; (b) EDX spectrum of the sample area with the highest mean Z value,
corresponding to the silver paint; (c) EDX spectrum of the sample area with the lowest mean Z value,
corresponding to preparation layer of the canvas.

Finally, possible retouching has been identified in the upper left corner of the painting.
The FTIR spectrum obtained there clearly shows the presence of calcium carbonate, again
with a vinyl binder (Figure 2g). XRF as well reveals a high presence of Ca, together with Ti
and Zn, while the Ba signal completely disappears (Figure 5).

Figure 5. Comparison of XRF spectra in logarithmic scale for the original (1) and restored (4) areas on
the front of the painting.
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3.2. Back of the Painting

The back of the canvas, uniformly beige in colour, merely shows the presence of
lead (from white lead, as identified by reflectance FTIR, see below), for which both L
series (9–15 keV) and M series (2.3–2.4 keV) are detected in XRF spectra. We can thus
claim that the light brown/yellow shade is not given by the presence of heart/ochre. The
detection of M lines indicates that lead is also present in the surface layer of the back of the
canvas; these signals disappear when investigating the silver-coloured dripping, as even
its small thickness can absorb such low-energy signals. On the other hand, in the dripping
spectrum, the Compton scattering peak is more intense, indicating a lower average Z of
the material, and thus the presence of non-detectable elements, such as Al, S and/or Cl,
besides organic compounds. In this same spectrum, low signals of iron and copper are also
present, correlated to the silver-coloured pigment, mainly composed of light elements, as
shown by SEM-EDX (see Section 3.1). Indeed, very low signals due to traces of barium and
cobalt are also detectable in this spectrum.

Reflectance FTIR measurements were also performed on the back of the canvas (Area 5)
and showed bands at 1420, 1044 and 683 cm−1 typical of lead white (Figure 6a). The Raman
spectrum obtained on a corresponding area was also characterized by a sharp peak at
1050 cm−1 due to the same pigment (Figure S2). No traces of the components of so-
called cementite, used in the preparation of the reverse of many of Fontana’s paintings [1]
and usually containing calcium carbonate, could be detected by such techniques. In the
literature, the use of lead white is mentioned for the preparation layer of another “Concetto
spaziale” (60 O 81) [3] belonging to the Olii series, but has not been reported yet as primer
for the reverse of Fontana’s painting. The only similarity with cementite-based preparations
is the high density of the pigment [1], which is demonstrated by the fact that the bands
due to lead white dominate the FTIR spectrum (also in the near IR region, data not shown),
with the exception of a weak signal around 1730 cm−1, making it difficult to identify the
binder used. Anyway, the creamy colour observed for the layer is most likely due to the
ageing of the binder itself.

Figure 6. FTIR specular reflection spectra (after Kramers–Kronig transformation) of areas on the
back of the “Concetto spaziale”: (a) beige canvas (Area 5); (b) adhesive residue that gives yellowish
fluorescence in UV light (Area 6); (c) adhesive residue which gives white fluorescence in UV light
(Area 7). In spectrum (c), the bands marked with an asterisk (*) are probably due to residues of the
PVA adhesive.
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Still on the reverse of the painting, near the black gauze “teletta”, two different
adhesives could be identified based on FTIR reflectance spectra (Areas 6 and 7). The first
one, which produced a yellow fluorescence under UV light, was, as expected, a PVA-based
material, most likely Vinavil®, commonly used by the artist to glue the “teletta” on the
reverse of the cuts [2]. It was easily identified thanks to the bands at 1740, 1431, 1375, 1247,
1123 and 1023 cm−1 [27] (Figure 6b). The second, which produced white emission when
irradiated with UV light (Figure 1d), was instead recognized as a polyamide adhesive based
on its bands at 3320, 2930, 2860, 1640 and 1545 cm−1 [30] (Figure 6c), and was presumably
used in the previous restoration on the underside of the cut.

4. Conclusions

Lucio Fontana was an indefatigable experimenter who borrowed the materials he
used in his masterpieces from other fields, even from industrial experimentation. This
attitude results, nowadays, in restoration challenges that cannot be faced without the help
of scientific investigations to give information about materials and techniques. The present
work takes a key piece in the bare literature about the subject and confirms the fundamental
importance of scientific investigations prior to restoration for modern and contemporary
art where artists experimented with new materials to express a new function of art.

Indeed, the analytical data obtained made it possible to identify the composition of
the metallic paint and of the underlying dark layer, both from the point of view of the
pigments and of the binders used, also highlighting the potential of the non-invasive and
micro-invasive methods. The coupling of techniques with different penetration depths and
the presence of some small micro-lacunae of the silver-coloured layer let us understand the
stratigraphy of the painting, where the silvered layer is only a surface finish, as reported in
other cases [2]. Moreover, two different types of binder for the silver and black colours were
detected, confirming this hypothesis. In particular, in the silver-coloured paint, aluminium
could be recognized as a metal, and poly(vinyl)acetate was hypothesized as a binder,
while for the underlying black paint layer, an alkyd resin could be identified as a binder,
and the presence of cobalt suggested the use of cobalt blue as a pigment. Finally, on the
back of the painting, two different adhesives were recognized, namely one based on PVA,
commonly used by the artist to fix the “teletta”, and a polyamide possibly employed in a
previous restoration.

Results were thus used for the critical restoration performed, in particular for de-
tachment of the “teletta” and for mending the tear. Assays and solubility tests were also
performed based on the analytical results to decide which solvent to apply for the removal
of the black canvas and the subsequent suturing of the interrupted threads. Acetone in a
10% and 20% thickened form in Nevek was used, with progressively longer setting times,
in line with the vinyl nature of the adhesive used in laying the black cloth, as shown by
the results of the scientific analyses. Thanks to this solution, it was then possible to detach
the upper part of the canvas from the back of the cut by making the minimal amounts of
solvent necessary for the reactivation of the glue, proceeding in parallel with a dry method
for the mechanical removal of the adhesion at the points of greatest fragility of the fabric.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/molecules27144442/s1. Figure S1: FT-Raman spectrum of the silver
paint in the sample taken from the dripping on the back of the canvas; Figure S2: Raman spectrum
from the back of the canvas.
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Abstract: This review explains the strategies behind genomics, proteomics, metabolomics, metal-
lomics and isotopolomics approaches and their applicability to written artefacts. The respective
sub-chapters give an insight into the analytical procedure and the conclusions drawn from such
analyses. A distinction is made between information that can be obtained from the materials used in
the respective manuscript and meta-information that cannot be obtained from the manuscript itself,
but from residues of organisms such as bacteria or the authors and readers. In addition, various
sampling techniques are discussed in particular, which pose a special challenge in manuscripts. The
focus is on high-resolution, non-targeted strategies that can be used to extract the maximum amount
of information about ancient objects. The combination of the various omics disciplines (panomics)
especially offers potential added value in terms of the best possible interpretations of the data re-
ceived. The information obtained can be used to understand the production of ancient artefacts, to
gain impressions of former living conditions, to prove their authenticity, to assess whether there is a
toxic hazard in handling the manuscripts, and to be able to determine appropriate measures for their
conservation and restoration.

Keywords: ancient artefacts; written manuscripts; omics strategies; panomics; artefact profiling;
archaeometry

1. Introduction

In recent years, it has increasingly become apparent that cooperation between the
humanities and natural sciences represents a particularly valuable symbiosis for the preser-
vation of the common cultural heritage [1]. In this context, the so-called omics disciplines
for the chemical analysis of historical artefacts have received enormous attention. However,
its application to ancient objects is still in its infancy. Nevertheless, in manuscript research,
the term “biocodicology” has taken on special significance, introduced only a few years ago
by Fiddyment et al., referring to the study of biological information in a manuscript using
genomics and proteomics strategies [2]. We propose to extend this approach to include
further omics disciplines such as metabolomics and metallomics as well as isotopolomics, as
these are also suitable for chemical analyses of ancient manuscripts and provide additional
information.

While omics disciplines have been applied for several years in medicine, plant breed-
ing, or food quality control, the application to ancient objects is relatively new [3,4]. Occa-
sionally, the term paleo-omics is also used in this context [5]. Paleo-omics strategies have
so far been applied mainly to understand biodeterioration processes and, if necessary, to
adopt appropriate strategies for conservation. Therefore, the focus has been predominantly
on the analysis of microorganisms. Thus, these are actually meta-omics methods since it
is not the objects themselves that are detected, but residues from other organisms [6–11].
Nevertheless, the analysis of ancient materials using omics strategies has also increased in
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recent years. In the case of manuscripts, the focus is in particular on the writing surfaces
and the inks, dyes, and pigments [2,12,13].

In general, the suffix -omics refers to comparative chemical analyses with which a
complete or almost complete cellular level, tissue, organ, or organism can be recorded.
However, in this regard, it should be noted that not all elements, molecules, or sequences
can usually be fully detected. The classic omics disciplines include genomics (DNA), tran-
scriptomics (RNA), proteomics (peptides and proteins), and metabolomics (metabolites),
which together describe the flow of information from genotype to phenotype (Figure 1).
For this reason, this context is often referred to as the omics cascade or as the central dogma
of biology. However, RNA is mostly not very stable to environmental influences, which is
why it is not usually used for the analysis of ancient artefacts. Nevertheless, sometimes
ancient RNA can be detected if the right environment conditions are present [14]. In ad-
dition, it should be noted in metabolomics analyses that not only are metabolites often
detected, but also other small organic compounds (<1500 Da) that are not naturally formed
but synthesised by humans, the so-called xenobiotics. These can be, for example, dyes,
pesticides, drugs, or cosmetics [15].

Figure 1. Omics disciplines that can be applied to the analysis of ancient artifacts including the
analysis methods commonly used. High-resolution platforms typically applied for omics analysis
are colored grey. Low-resolution methods are coloured black. They are also commonly applied
for analysing ancient artefacts, but they do not offer the resolution and sensitivity required for
omics approaches. In addition, it is shown for which scientific questions the different strategies
can be used. While the direct information can be taken from the writing surfaces, inks, dyes,
or pigments, meta-information results from residues from other organisms. Abbreviations: GC-
MS, gas chromatography mass spectrometry; FORS, Fiber Optics Reflectance Spectroscopy; HIS,
hyperspectral imaging; ICP-MS, inductively coupled plasma mass spectrometry; IR, infrared; IRMS,
isotope ratio mass spectrometry; LC-MS, liquid chromatography mass spectrometry; LIBS, laser-
induced breakdown spectroscopy; MALDI-MS, matrix-assisted laser desorption/ionisation mass
spectrometry; MSI, multispectral imaging; NGS, next generation sequencing; NMR, nuclear magnetic
resonance; PIXE, particle-induced X-ray emission; TOF-SIMS; time-of-flight secondary ion mass
spectrometry; UV, ultraviolet; VIS, visible; XRF, X-ray fluorescence.
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The terms genome, transcriptome, proteome, and metabolome refer to the entirety of
the analytes with regard to the respective omics discipline. Based on these terminologies,
other omics approaches have emerged such as metallomics (metals), isotopolomics (isotope
ratios), or microbiomics (community of microorganisms. Furthermore, omics strategies
are carried out without prior identification of the detected compounds, which is why they
are also called non-targeted and are necessarily based on comparison with reference data.
The use of non-targeted omics strategies requires high-resolution and sensitive analytical
technologies to capture as many analytes as possible and to increase the information content
accordingly. Since very large data sets are inevitably generated using omics approaches,
bioinformatic and chemometric methods must be used for data evaluation. Bioinformatic
approaches primarily include sequence analysis and are used in genomics and proteomics
datasets. While chemometric methods are mainly used for pattern recognition using multi-
variate methods. They are suitable for the evaluation of metabolomics and metallomics
data sets, but can also be used for the evaluation of genomics and proteomics data in order
to visualize relationships [16].

Data evaluation should not be underestimated and, depending on the selected omics
approach and the data structure, can involve a great deal of time and effort. These require-
ments are accompanied by an appropriate infrastructure and trained staff, which can often
only be guaranteed in specially equipped laboratories. The non-targeted strategies are
in contrast to the so-called targeted methods, in which analytes are known a priori and
are usually also absolutely quantified. This achieves maximum comparability of the data
sets but is accompanied by a loss of information. The advantage is that targeted strategies
usually require less complex technological equipment. However, since no comprehensive
analysis is carried out, these are not classic omics disciplines [3,13,17,18].

The analysis of the genome, proteome and metabolome is particularly suitable for
organic materials such as writing surfaces made of papyrus, paper, parchment, leather,
plant leaves, wood and wood bark, bamboo, silk, tapa, amate, textiles, and wax as well
as inks, pigments, or dyes containing organic components. In addition to biological
identity and taxonomy, further research questions may concern the production process
or conservation methods, e.g., palm leaves manuscripts are protected with various plant
extracts, which can be easily identified by mass spectrometric metabolomics methods [19].
In addition, such studies can be used to record similarities and differences, for example, to
determine whether certain fragments or pages belong together, or to assign geographical
origins [20–22]. In particular, the meta-information obtained with these techniques can
provide indications of bacterial or fungal infestation of manuscripts, which can be helpful
to stop biodeterioration processes and also to protect the people who handle the analysis
material [23–25]. In addition, they are also suitable for obtaining information about the
authors or the readers [26–32]. The analysis of certain stable isotopes using isotopolomics
approaches can provide further information. The ratio of 14C and 12C, which can be
applied to date artefacts, is of particular importance. It should be noted, however, that this
method can only date the material used, not when a manuscript was actually written by an
author [33,34]. Metallomics strategies including certain isotope ratios of metals are mainly
suitable for analysing inorganic writing materials such as metals, stones, ceramics, clay
tablets, glass, or bones [35]. They are also of great relevance for the analysis of inorganic
components in pigments, dyes, and inks [18,36].

By combining the various omics levels, a comprehensive elementary and molecular
profile can be created about an object and a maximum depth of information can be gen-
erated. This procedure is also called panomics or multi-omics profiling and is used, for
example, in medicine or in the analysis of food (food profiling). In the context of manuscript
analyses, we propose the terms “manuscript profiling” and “artefact profiling” to cover not
only manuscripts but also other objects that play an important role in the context of cultural
heritage such as images, sculptures and other ancient manmade objects items [3,37,38].
The analysis of ancient artefacts and manuscripts using omics strategies is still a relatively

285



Molecules 2023, 28, 4872

young field of research, and the terminology is evolving accordingly. Table 1 lists some of
the most important terms.

Table 1. Glossary of key terms.

Term Explanation

Archaeometry Application of physics, chemistry, geology, and engineering
sciences to analyse various archaeological materials [39].

Biocodicology Application of genomics and proteomics approaches to ancient
manuscripts [2].

Codicology Analysis of the technical craft aspects and physical properties of a
manuscript [40,41].

Omics/Paleo-omics

Comparative analysis of different elemental or molecular
entireties [3]. In the context of studies on ancient manuscripts or
artefacts, the focus is on the analysis of the actual object, e.g., the
writing surfaces or the inks used. The prefix “paleo” means old or
ancient [5,42].

Meta-omics

The focus of meta-omics studies is not the object itself, but the
residues of other organism, e.g., microorganisms or the authors
and readers [11]. Depending on the omics strategy chosen, the
terms meta-genomics, meta-proteomics or meta-metabolomics are
used, for example.

Paleography

The term refers to the study of ancient writings to be able to make
spatial or temporal classifications. The focus is, for example, on
the forms of the letters, spelling, or the use of typical
abbreviations [40,41].

Panomics

The prefix “pan” comes from the Greek and means all, every, or
whole [43]. The term panomics is used for personalised medical
questions or when analyzing food. It is a networked, symbiotic
approach based on genomics, transcriptomics, proteomics, and
metabolomics-based data [38,44].

In addition to the analytical methods explained in this publication, there are numerous
archaeometric approaches to deciphering information about ancient manuscripts. This
also includes, e.g., physical methods such as computed tomography as well as various
microscopic methods, which, however, do not fall within the scope of panomics applications
and are therefore not considered in this review. For the same reason, we have not gone into
detail about low-resolution technologies either, as they typically capture only a fraction of
the information compared to the high-resolution technological platforms used for typically
omics investigations, although the boundaries can certainly not be drawn clearly.

2. Sampling Strategies

A challenge with all higher resolution archaeometric approaches is the sampling.
Measurements directly on the object (in situ) offer an alternative, but these usually operate
in a lower resolution range. In this context, a total of three approaches are being pursued
as follows: non-invasive, minimally invasive, and invasive. (i) The gentlest methods are
non-invasive approaches that do not require sampling or contact between the instrument
and the object. However, even with such procedures it must be considered that long-term
damage to the artefacts can occur; for example, if the objects are exposed to ultraviolet (UV)
light for a long time, the ageing processes can be accelerated. (ii) With minimally invasive
methods, sampling or contact with the measuring instrument is not macroscopically visible.
In contrast, invasive approaches require either close contact with the object or sampling
that is macroscopically visible. In addition, these procedures can be categorised into non-
destructive and destructive methods. Non-destructive methods require that part of the
object is removed but not destroyed and made available for further analysis. This is the
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case, for example, with fibre analyses. Using destructive approaches, on the other hand,
the sample material is completely destroyed when, for example, the mass spectrometric
measurements are carried out [18]. In general, the greatest information density can be
generated with invasive methods precisely because they can be used not only to detect
analytes on the surface, but also those elements, molecules, or sequences in the deeper
layers. In addition, there is a larger quantity of analytes obtained in this way, so that the
sensitivity of the analytical methods increases accordingly. However, since the greatest
damage can also be caused with invasive approaches, a careful cost-benefit analysis is
required to determine which extraction method is best suited. An alternative may be
to use small pieces that naturally fall off old objects for analysis. In most cases, about
2–5 mm2, respectively a few milligrams, are already sufficient to perform the corresponding
analyses [19,45–49].

2.1. Sampling Strategies for High Resolution Omics Approaches That Can Be Performed on Site

Most of the high-resolution analytical methods listed in Figure 1 typically require
minimally invasive or invasive sampling. Furthermore, in most cases the sample is also
destroyed or must be prepared specifically for the measurement, so that no further mea-
surements are possible with this part. Since sampling is one of the most challenging aspects
of working with ancient objects, much research has been performed in this area in recent
years and alternative sampling techniques have been developed. In addition to the classic
use of adhesive tapes, scalpels to scrape the surface, sponges, and swabs, a micro-aspiration
technique has recently been introduced that allows molecules to be picked up from the
surface with a simple vacuum [45,50–54]. A more destructive alternative is the simple and
inexpensive polyvinyl chloride (PVC) rubber method described by Fiddyment et al. [2,55].
Promising results were also obtained using a film of ethyl vinyl acetate (EVA) in which
C8 and/or C18 resins as well as cation/anion exchangers or metal chelators were fused.
Before use, the film is moistened and placed on the manuscript so that the corresponding
analytes are adsorbed. About 1–2 cm2 of the surface of the samples are covered with the
film [27,56,57]. Some research groups have also had good experience with hydrophilic
nanogels, which can be enriched with a variety of solvents, as well as enzymes such as
trypsin (see Section 4). The area that the authors of this study covered with the gel was only
3 mm2 [58]. Another approach is based on the use of the fungal protein hydrophobin Vmh2,
which can be obtained from the edible fungi Pleurotus ostreatus. The protein is placed on a
cellulose loose acetate surface covering an area of 2 cm2. Hydrophobins are characterised by
their surface-active and amphiphilic properties. However, they are currently still expensive
as they are not produced on a large scale [59,60]. Further experiments were carried out with
a polishing film that was applied to polystyrene rods with a diameter of a few millimeters.
The film was carefully rubbed over the samples. During this process, the analytes were
absorbed by the film and could then be analysed [61]. Moreover, it may already be sufficient
to take up analytes from the surface of a manuscript with small volumes of solvent and
then to analyse the solution obtained [62].

For the analysis of small organic molecules and metabolites by mass spectrometry
(MS), the atmospheric solids analysis probe (ASAP) procedure can be used. For this
approach, a glass capillary probe is rubbed over the surface of a manuscript and the
adhering analytes are then introduced into a mass spectrometer via an atmospheric pressure
chemical ionisation (APCI) source. The glass capillary probes can also be shipped, which
is why this procedure can be carried out on site, e.g., in libraries or private collections.
By using a APCI source, analytes <2000 Da can be detected [63,64]. In probe electrospray
ionisation (PESI) technology, a similar approach is taken, but it can be assumed that larger
molecules are still detectable since an electrospray is generated. The difference is that
instead of a glass capillary, a metal needle (similar to an acupuncture needle) is used for
sampling. By moistening and by applying a high voltage to the needle, an electrospray is
generated, which leads to the ionisation of the analytes, and which can then be analysed
using a mass spectrometer. According to the best of our knowledge, this approach has
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not yet been carried out on ancient objects, but on various biological samples [64–66].
However, it could still be a suitable alternative in the future. Further possibilities for on-site
sampling are provided by special laser systems, which are discussed in Section 2.2, due to
the technological requirements.

Not all the options listed here have been tested on manuscripts at this point, though
some have also been tried out on paintings, for example, which is why it is currently not
possible to make a conclusive assessment as to which area sizes need to be sampled. In
addition, such considerations must also take into account the material used, the state of
preservation of the manuscript, and the aim of the study in order to decide which sampling
method is the most appropriate in each case.

Although all these methods are nearly non-invasive or minimally invasive, curators
often have reservations about allowing sampling because some of these methods require
the surface of the manuscript to be moistened. However, these methods also have the
advantage that sampling can be carried out quickly and easily as well as on site so that
the historical documents or measuring equipment do not have to be transported at great
expense. In addition, immovable objects such as gravestones or inscriptions on walls can
also be sampled. Although this type of sampling is normally invisible to the naked eye,
slight colour changes can still occur, which should be carefully checked in advance.

2.2. Sampling Strategies for High Resolution Omics Approaches That Require No Sample
Preparation but Must Be Performed in a Laboratory Environment

In contrast to the on-site strategies described, there are micro-invasive alternatives that
require a laboratory infrastructure. The advantage of these techniques is that they enable
spatial resolution and require no sample preparation. These include, in particular, ambient
ion sources for coupling to mass spectrometers such as direct analysis in real time (DART),
desorption electrospray ionisation (DESI) and nanospray desorption electrospray ionisation
(nano-DESI). Those designs are particularly suitable for the analysis of metabolites and
small organic molecules in a mass range <2000 Da since the ionisation energy is not
sufficient for larger molecules [64].

For example, minimally invasive DART-MS analyses were performed on parchment
to identify potential conservation treatments. In the context of old manuscripts, it became
clear that it is important not to set the temperature of the DART carrier gas too high in
order to avoid damage such as burn marks on the manuscripts [67]. Further, analyses
using DART-MS were also carried out to differentiate between various types of paper,
although the paper was not sampled directly, but rather small pieces that had previously
been separated with tweezers [68]. In addition, there is a study on different inks using
DART-MS. It turned out that inks change very significantly after the first application since
volatile compounds evaporate before a stable state is established [69]. However, all these
studies were not carried out on very old material, which is why a conclusive evaluation
of this strategy in the context of ancient manuscripts is not possible at this stage. Further
research in this area is needed, although DART sources are currently not very widespread.

While DART-MS designs use plasma for ionisation, the ionisation of DESI-MS or
nano-DESI-MS couplings is based on an electrospray to which the surface of a manuscript
is exposed. In contrast to DESI, a second capillary is used with nano-DESI to transport the
analytes to the entrance of the MS. In this way, the efficiency is improved and more stable
mass spectrometric signals are obtained, which is particularly helpful when analysing old
artefacts since the analytes are present in comparatively low concentrations [64]. DESI-MS
approaches have been applied to ancient artefacts to detect peptides in historical flint plates
and pottery shards, and to analyse inks [70–73]. However, as with the DART-MS studies,
the focus has so far been on more recent samples. Nevertheless, such studies can provide
indications of the extent to which a transfer to historical manuscripts is possible and what
damage can occur.

In secondary ion mass spectrometry (SIMS) technology, the surface of an object is
bombarded with primary ions, and the actual analytes are released as secondary ions for
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further analysis by an MS analyser. SIMS must be performed in ultra-high vacuum, i.e., the
sample must be vacuum stable and the samples must not be too large and thick, depending
on the design of the equipment used. The advantage is that both organic and inorganic
components can be detected and that a depth profile can be created. A further development
of SIMS technology are nano-SIMS applications, which are characterised by a particularly
high spatial resolution. SIMS platforms have been widely used for the study of ancient
paintings [74]. In addition, other materials such as glass or bronze were also analysed [75].
Studies carried out on ancient manuscripts using SIMS do not yet exist. However, there
have been numerous studies on the analysis of inks and also one on parchment, which
have so far focused mainly on recent samples, but which can serve as a starting point for
further developments [76–81].

In addition, the detection of inorganic elements by means of laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) is relatively well established for the
analysis of ancient artefacts. The ablation site is not visible to the naked eye. Small spots or
grooves can only be seen under a microscope. An LA-ICP-MS instrument usually consists
of an ablation cell in which the object is located and can be moved in x-, y-, and z- axes.
Using a focused laser beam, the analytes on the surface of the sample are transferred
into the gas phase, which is transported to an ICP-MS system by means of a carrier gas
(Ar or He). Different laser types (solid state, e.g., Nd:Yag or gas eximer, e.g., ArF) with
different wavelengths and pulse durations can be used for the ablation process, which
on the one hand have an impact on the damage to the object and on the other hand on
the signal intensities. Especially when analysing precious ancient artefacts, lasers with
shorter wavelengths are preferable since the damage is the least (no frayed spots appear)
and the ablation is efficient and fast [82–84]. However, the size of the artefact is limited
by the ablation chamber in the currently commercially available designs. Nevertheless,
there are alternative options to overcome this disadvantage. One possibility is open and
moveable ablation cells or the complete omission of a cell, i.e., the laser is used under
ambient conditions. In order to ensure the exchange of air for argon, diaphragm pumps or
special designs of gas exchange instruments are applied in such constructions [82,85,86].
LA-ICP-MS instruments for the analysis of historical manuscripts have in particular been
used thus far to require the chemical composition of iron gall inks since the metals obtained
in these colours can be catalytically active and can accelerate the degradation processes of
the historical documents (see Section 6.2) [36,87].

Based on the laser systems described, portable ablation systems were also developed
with which sampling can be carried out directly on site, e.g., for sampling wall inscriptions
or gravestones that cannot be transported to a laboratory. Consequently, such systems are
more likely to be assigned to the methods from Section 2.1. The technological similarities
have been mentioned in this section. The challenge with portable systems is on the one
hand the size as well as the weight, and on the other hand the technical requirements
such as efficient cooling of the laser unit. Diode-pumped solid-state (DPSS) lasers with a
wavelength of 532 nm and a pulse rate of <1 nm, which can be operated with air cooling, are
suitable for meeting these requirements. Since these lasers can only generate comparatively
long wavelengths above the UV range, highly transparent materials cannot be analysed.
Nevertheless, these designs can be used to generate appropriate aerosols from suitable
objects, which can be collected on filters using a membrane pump and then analysed
using, for example, ICP-MS instruments. However, compared to laser-induced breakdown
spectroscopy (LIBS), which is quite similar in terms of sampling technique, and X-ray
fluorescence (XRF) measurements, the limits of detection achieved using this approach are
in the lower ranges (see Section 6.1) [88–90]. In the meantime, there are some successful
application examples of this portable laser system which have been carried out on antique
objects such as archaeological silver, antique glass beads, or various gold objects [91–93].

So far, sampling techniques from historical artefacts based on laser ablation methods
are mainly used for the analysis of inorganic analytes. Nevertheless, there are also ways
of removing organic molecules from surfaces gently and as non-destructively as possible
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using laser processes. Both UV and infrared (IR) lasers are suitable for this demand whereby
the water content can be relevant and with which method better results can be obtained
since the IR laser initially triggers a sudden evaporation of water molecules, taking the
analytes with them. The analytes can be ionised directly from the resulting aerosol, e.g.,
by means of an electrospray, and then passed into an MS instrument. Alternatively, the
ablation cloud can be collected on site with the help of membrane pumps or as condensate
on slides and later analysed in a laboratory. Depending on the type of laser used, these
methods are called laser ablation electrospray ionisation (LAESI) if an IR laser is used,
or electrospray laser desorption ionisation (ELDI) if a UV laser is used. In the past, both
methods could be applied to detect both small polar molecules and larger peptides, as well
as proteins in biological materials [94–96]. Intact DNA molecules could also be removed
from organic materials using an IR laser [97]. At the present time, it is difficult to estimate
whether a transfer of such a technical strategy to old materials is possible and how high the
information content is in comparison to the other methods presented since there is currently
no experience in this regard. Furthermore, it is currently not known how destructive such
processes are for writing materials. However, in recent years, lasers have been increasingly
used to clean paintings. It was also shown that the same type of laser (UV excimer KrF
laser) applied for cleaning processes can also be applied for laser-induced fluorescence (LIF)
measurements. Possibly, such developments can also be suitable for omics investigation of
ancient manuscripts [98].

3. Paleogenomics and Metagenomics Analyses

Genome analyses, which focus on examining DNA sequences, are particularly suitable
for determining the biological identity (genotyping) of plant and animal writing surfaces by
sequencing the extracted DNA. In addition to the taxonomic classification, this also includes
the determination of sex, breed, and degree of relationship. Furthermore, the analysis of
exogenous DNA sequences allows gaining meta-information about the microbiome. Not
only is nuclear DNA suitable for such investigations, but also DNA from mitochondria and
chloroplasts. The latter two DNA types have the advantage of being available in higher
copy numbers, which can facilitate the analysis. In addition, they are in most cases only
inherited from the mother’s side, which can often make data interpretation easier. The
investigation of ancient DNA (aDNA) is particularly challenging since the sequences are
highly degraded (<100 base pairs) depending on the environment conditions and their age.
Both endogenous and exogenous nucleases are responsible for the degradation processes.
There are also environmental influences such as temperature, humidity, pH value, and UV
radiation. In addition, the DNA of the writing surface can already be largely destroyed
during the production process. This is the case, for example, with paper, which undergoes
various chemical and physical processing steps during its manufacture, which is why the
DNA can no longer be detected in most cases. Conversely, certain conditions such as low
temperatures and a dry environment can have a strong preservative effect [2,99–102].

First, DNA fragmentation begins with the hydrolysis of the bases, especially the purine
bases, whereby the bases are cleaved from the sugar-phosphate backbone of the DNA dou-
ble strand (depurination). As a result, single-strand breaks occur in the backbone of DNA
sequence and the DNA double helix breaks into smaller pieces. In addition, deamination
reactions take place in which cytosine is converted into uracil and 5-methylcytosine into
thymine. Furthermore, guanine can be deaminated to xanthine and adenine to hypox-
anthine. Due to the conversion of cytosine to uracil, thymine is incorporated instead of
guanine during the generation of the complementary counterstrand when amplifying DNA
by PCR prior to sequence analysis. Thus, such reactions have the consequence that in
sequence analyses, erroneous information can be generated [101,103]. However, since this
reaction occurs particularly frequently in the single-stranded overhangs of the fragmented
aDNA pieces, the relatively high thymine concentration can also be used to check the au-
thenticity of aDNA and distinguish recent DNA from aDNA [102,104,105]. Further, aDNA
is characterised by intra-molecular and inter-molecular cross-links. These are formed by
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bonds of the sugars of the DNA backbone with the amino groups of DNA bases or with
amino acids of proteins (Maillard reaction). In addition, thymine dimers can form. Such
modifications mean that the DNA cannot be amplified by PCR and cannot be sequenced.
However, they occur comparatively little, and each DNA molecule occurs in many copies.
This redundancy ultimately helps in the detection of the correct sequence. Usually, the
conversion of cytosine into uracil predominates [101,103].

In addition to the high degree of fragmentation and the small amount of sufficiently
long DNA sequences, the extraction of aDNA is also challenging because many other DNA
sequences from various organisms (i.e., from microorganisms and animal pests) are often
also extracted, which are usually present in abundant concentrations [99,100]. In order to
avoid additional contamination, it is advisable to carry out laboratory work in an appro-
priate clean room under special protective conditions [102,106,107]. Furthermore, several
software tools and strategies have been developed that can help distinguish contaminations
of aDNA with modern DNA [108–110].

3.1. Analytical Procedure for Genomics Analyses

The amount of samples required for DNA analysis can vary greatly and depends
primarily on the material of the manuscript and its state of preservation. In addition, it
remains to be considered whether, for example, the microbiome should only be examined
superficially, or whether a comprehensive characterization of the writing surface or ink
should be carried out. Furthermore, the method used for the detection of the DNA se-
quences must be taken into account. In the case of parchment manuscripts, which have so
far been researched most frequently with DNA analyses, fragments with a size of approx.
5 mm2 were used by most working groups. A visual impression of the required size of the
fragments can be found in the publication by Piñar et al. [48,111]. From historical papyrus
manuscripts, it was possible to extract DNA from pieces with a size of approx. 1 cm2 [112].
In the case of non-destructive work, e.g., with the rubber method, an assessment is much
more difficult since only superficial DNA can be obtained, which may be heavily contami-
nated with microbial DNA. In such cases, we recommend using the relevant literature and
comparable methods and materials as a guide.

Various protocols exist for the extraction of aDNA from historical artefacts, which
are used depending on the material and the scientific question. It is difficult to estimate
how much DNA and in what condition the DNA is actually still present in old materials.
Furthermore, the success of the extraction depends strongly on the method. In this context,
there are various studies dealing in particular with the optimization of the extraction
process of aDNA [51,113–115].

In parts, the extraction procedures are similar to those used for the extraction of mod-
ern DNA. However, there are also some special features to consider. In general, a lysis
buffer is added after DNA sampling, which can be completed using the rubber method, for
example (see Section 2.1). The buffer contains detergents such as cetyltrimethylammonium
bromide (CTAB) or sodium dodecyl sulfate (SDS) to destroy the secondary and tertiary
structure of membrane proteins; mercaptoethanol or dithiothreitol (DTT) to cleave disulfide
bridges in proteins; polyvinylpyrrolidone (PVP) to bind polyphenols and polysaccharides;
and if necessary, enzymes to degrade proteins. After incubation for about 24 h at temper-
atures between 37 and 55 ◦C, depending on the temperature optimum of the enzymes
used, the DNA is purified, for example, with silica columns or by two-phase extraction
by means of phenol and chloroform. Subsequently, the DNA is precipitated with ethanol
or isopropanol and stored in a buffer of tris-(hydroxymethyl)-aminomethanhydrochlorid
(TRIS-HCl) and ethylenediaminetetraacetic acid (EDTA) as well as Tween-20 for long-term
storage [51,100,102,111,116].

Since, as already described, the deamination of cytosine to uracil leads to errors in
sequencing, it can be helpful to treat the DNA extract with certain enzymes to reduce error
rates. Uracil DNA glycosylase (UDG) is suitable for this purpose, as it removes uracil
from the DNA sequence. Abasic sites remain, which are cut off with endonuclease VIII
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(Endo VIII). This procedure is also referred to as uracil-specific excision reagent (USER)
treatment and is sold as an enzyme mixture by New England Biolabs. However, the aDNA
sequence is fragmented even more by this reaction, and the higher thymine content is
lost as an authentication parameter. For this reason, it is appropriate to treat one part
of the DNA extract with and one part of the DNA extract without these enzymes [117].
Additional enzymatic methods have been developed to correct other aDNA modifications.
An overview can be found in the reference cited [103].

In the past, DNA sequencing was commonly performed using Sanger’s chain termina-
tion method. However, this procedure is both very time consuming and expensive. With
the development of next generation sequencing (NGS) instruments, ultra-high throughput
parallel sequencing have become possible. Consequently, both the costs and the time
required could be reduced. A whole range of different instrument types are now avail-
able, which have significant differences in read lengths, capacities, error rates, runtimes,
acquisition, and maintenance costs. Currently, instruments from the manufacturer Illumina
dominate the sequencing market, with about 80% of the instruments sold [118,119]. While
second-generation devices first amplify the target DNA sequence using polymerase chain
reaction (PCR), which can be very error-prone, third- and fourth-generation platforms do
not need this step. However, relatively long DNA sequences are required for the third-
generation and fourth-generation designs [118]. Since aDNA is usually highly fragmented,
platforms of the second-generation are often preferred. Nevertheless, there are efforts to
concatenate short DNA molecules in such a way that they become accessible for third-
and fourth-generation instruments [102,120]. However, at the present time, the newer
instruments are currently still used primarily in the context of cultural heritage issues in
order to obtain meta-information from recent DNA sequences, especially to record the
microbiome. In this context, the small MinION platform by Oxford Nanopore Technologies
plays a special role (see Section 3.3) [121,122].

The second-generation instruments are based on the shotgun and sequencing by
synthesis (SBS) approach, in which the genome is first fragmented enzymatically or me-
chanically, since only short reads can be taken into account [118]. Due to the high degree of
fragmentation of aDNA, the first step can be omitted, and the so-called library preparation
can take place directly after the DNA extraction. However, the manufacturers’ standard
protocols for preparing libraries are often not optimal for the analysis of aDNA, since
they are associated with a high loss of the template DNA sequences [99,123]. For this
reason, different strategies have been developed specifically for fragmented and dam-
aged aDNA sequences. Classically, a double-stranded library preparation is performed
in which double-stranded adapters are bound to the ends of the double-stranded DNA
sequences. The DNA sequences are then denatured and bound single-stranded to a carrier
material by means of the adapters, and an amplification is carried out. Depending on
the NGS system, a bridge or emulsion PCR is used to be able to detect sufficiently strong
signals in the subsequent sequencing. During sequencing, a complementary DNA strand
is synthesised and a corresponding signal in the form of a light beam or a change in pH
value, e.g., is generated when the respective complementary base is incorporated [124,125].
However, the disadvantage of this procedure is that only double-stranded DNA sequences
can be detected, but aDNA sequences are often present as single strands. For this reason,
a method for the production of a single-stranded library was developed specifically for
severely damaged DNA sequences. This approach considers both single-stranded and
double-stranded DNA sequences. For this purpose, the double-stranded DNA molecules
are first denatured with heat and then a single-stranded adapter is ligated to the respective
ends. The adapter contains biotin, which is bound to streptavidin-coated beads. After
adding an oligonucleotide that binds to the adapter, a double strand can be generated
from the single strand by means of PCR. A double-stranded adapter is tied to the opposite
free end of the double strand. The biotin-streptavidin bond is broken with heat and the
DNA double strand is converted into two single strands, with which amplification and
sequencing can be carried out analogously to double-stranded library preparation [126].
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The single-stranded library approach is both more time consuming and expensive. For
this reason, various modifications were made [127–129]. This includes in particular the
so-called single-tube library preparation procedures, in which the many individual steps
otherwise required for library preparation are combined in a few steps, so that the hands-on
time is reduced. In addition, DNA loss when transferring the extract from a used tube to a
new tube can be minimised because fewer reaction tubes are needed overall. A prerequisite
for this simplification is an optimised composition of the chemicals and enzymes required
for the individual steps [129,130].

The analysis of NGS data from aDNA sequences can be very challenging and time-
consuming, as only short reads are obtained, which often contain errors and artefacts. For
this reason, assignments are made using reference genomes from organisms that may be
closely related. De novo assembly, as can be performed using NGS data of modern DNA
sequences using overlapping reads, is mostly not possible due to the short read lengths. An
overview of suitable software tools that can be used for the analysis of aDNA expressions
was recently published by Orlando et al. [102].

As an alternative to the described non-targeted NGS methods, target enrichment
sequencing approaches are also suitable, in which previously known DNA sequences are
first bound to a target-specific single-stranded DNA bait, amplified, and then detected using
NGS technologies. Such procedures are cheaper and can simplify the analysis especially
when only a small amount of aDNA is present, but since this is a targeted approach and
no omics technique, there is a risk that potentially relevant DNA sequences will not be
detected, and information will be lost [131].

3.2. Analysis of Endogenous DNA Sequences

In the past, endogenous genomic analysis of aDNA was used specifically to study
parchment manuscripts [48,55,132–134]. Such analyses can help, for example, to reassemble
fragments of manuscripts or archives into a whole since it can be assumed that fragments
originating from the same animal belong to each other. In addition, they provide informa-
tion about the way of life of people in certain regions, for example, whether cow or sheep
breeding was more common or whether manuscripts were produced in other places and
only later reached a distant region. Examples include the study of the Dead Sea Scrolls as
well as the analysis of a New Zealand founding document to which an additional blank
parchment page could be added [20,135]. Further studies in this regard were carried out
on a gospel book produced using various animal species (calves and sheep) and different
sexes. It was particularly noticeable that four female animals and one male animal were
used for the production of the parchment. Since female animals have a higher value as
breeding animals, one would not initially expect this ratio. A possible explanation could
be the occurrence of a cattle disease at the time of writing the manuscript, or that female
animals were deliberately chosen as sacrificial offerings for the text. Conversely, it is also
possible that there was an oversupply of females, as the males were mainly used as work
animals. [133]. Another example is the analysis of endogenous DNA of Slavonic codices
made from parchment of different animal species [48,136].

An older study from 2002 describes the decay of endogenous DNA in papyri and
suggests a half-life of DNA of 19–24 years. According to this study, DNA in papyrus
manuscripts is not detectable up to an age of 500–700 years. The detection was performed
on chloroplast DNA, which was first amplified by PCR as well as specific primers and then
analysed by electrophoresis [112]. Since new possibilities have emerged in the meantime
due to the introduction of NGS strategies, it would be useful to check this assumption with
the more recent developments. Further studies on plant materials such as wood, which
was used both as writing material and for book bindings, and palm leaves suggest that
the extraction and analysis of endogenous DNA from degenerate manuscripts should be
successful and may provide information about their origin and use [51,137,138]. To the best
of our knowledge, however, written artefacts have not yet been sufficiently well researched
in this context [139].
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3.3. Analysis of Exogenous DNA Sequences

In addition to the analysis of endogenous DNA from historical manuscripts, metage-
nomic analyses of ancient manuscripts are performed to detect the microbiome of insects,
fungi, bacteria, archaea, as well as viruses, in particular to track and, if necessary, to stop
biodeterioration processes. Such analyses may also be important to protect people handling
the ancient materials from potentially dangerous organism. The majority of published
studies in this area are based on culture-based methods and the use of various genetic
fingerprinting methods such as polymerase chain reaction denaturing gradient gel elec-
trophoresis (PCR-DGGE). Nevertheless, NGS developments have also found their way into
this research field, especially since the frequently used culture-dependent methods can only
detect a fraction of the total microorganisms present in environmental samples [140–143].
NGS approaches are distinguished between metabarcoding methods, also known as am-
plicon sequencing, and whole metagenome shotgun sequencing (WMS) strategies. In the
former, only specific marker genes are sequenced by NGS strategies and matched with a
database. For the taxonomic determination of bacteria and archaea, the highly conserved
16S rRNA sequence, and for fungi, the internal transcribed spacer (ITS) regions 1 and 2
as well as the 5.8S rRNA, 18S, and 28S sequences, are particularly suitable. In contrast,
in WMS, the total DNA that can be extracted from an organism or sample is used for se-
quencing. In this way, WMS allows not only taxonomic classification, but also identification
at the species or strain level. However, due to the enormous amount of data obtained in
this approach, data analysis remains a challenge [144,145]. In addition to analysing the
microbiome, examining exogenous DNA sequences can also be used to obtain information
about the authors and readers. For example, it is possible to deduce the frequency of
use of the manuscripts based on the amount of human DNA, although special care must
be taken to determine whether it is modern DNA or aDNA in order not to draw false
conclusions [133].

Numerous microbiomes analyses have been carried out on manuscripts made of
parchment. A compilation recently published can be found in Piñar et al. [146]. One of the
first studies performed with NGS on parchment manuscripts concerned the appearance
of purple spots. According to Migliore et al., halophilic archaea are responsible for the
purple spots that appear on some parchment manuscripts over time. It is assumed that
parchment comes into contact with numerous microorganisms during the manufacturing
process. These include halophilic and halotolerant microorganisms that enter into the
parchment through treatment with sea salt. Under the right conditions, the archaea can
reproduce and gain energy from bacteriorhodopsin and light. In the process, they also
attack the collagen structures. With a decrease in salinity and an increase in humidity,
they collapse, and purple stains remain. At the same time, more marine bacteria begin to
grow, feeding on the remains of archaea and the attacked collagen matrix. Gradually, more
and more bacteria and fungi can colonise, causing the collagen to break down so that the
manuscripts begin to disintegrate [24,147]. Another research group held Actinobacteria
and Aspergillus species responsible for the appearance of the purple spots. The different
findings are not necessarily mutually exclusive since presumably various microorganisms
colonise manuscripts at different times [46].

Other microorganisms detected are mainly associated with the human microbiome.
These include, for example, propionibacteria as well as Staphylococci and Streptococci. It
is suspected that the bacteria infected the manuscripts through handling and use, but
also through kisses. Such bacteria can also be involved in the decomposition of the
manuscripts [48,133,146].

In addition, viruses were also detected in parchment samples, which only became
really possible with the use of NGS technologies [146]. Some of the viruses (Siphoviridae)
could be identified as bacteriophages, the occurrence of which was associated with coloni-
sation of the parchments by certain bacteria [48,136,146]. Other viruses such as Merkel cell
polyomavirus are associated with the human “virobiota” and can therefore be traced back
to contact with human skin [48,136,146].
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Paper manuscripts are particularly prone to fouling by fungi, which release enzymes
such as cellulases, amylases, gelatinases, proteases, and lipases that lead to degradation of
the historical materials by attacking the cellulosic structures. Furthermore, fungi often form
acidic metabolites that can further degrade the chemical structures of the paper through
acid hydrolysis. In addition, there are stains and discolorations due to fungal infestation,
as chromophoric molecules are released. The stain-causing fungi that colonise paper
include, in particular, Aspergillus and Penicillium [148]. Since paper such as parchment
is a hygroscopic material, it is therefore particularly important that the documents are
stored in suitable conditions, avoiding temperatures above 23 ◦C and humidity above
65% [140,141,149]. In most published studies on paper manuscripts in recent years, culture-
dependent methods or fingerprinting approaches have been used, too [141,142,148,150,151].
However, in a recently published study on a paper manuscript from the 11th century, it
could be shown that the combination of culture-dependent methods and NGS methods
in particular has significant advantages since the two approaches complement each other
and provide complementary information [25]. A similar result was obtained from the
analysis of a book, in which a higher level of biodiversity could be detected using a
culture-independent NGS approach that targeted the 16S and 28S rRNA genes [152].

Microbiological examinations of papyrus manuscripts have so far hardly been carried
out, even if there are numerous attempts to stop the microbiological deterioration of them
by applying various substances [153]. To our knowledge, there are no studies available in
connection with NGS for the detection of microorganisms. There is only one study that
was recently published to identify fungi using a culture-dependent approach. The authors
describe this study as the first of its kind and show how little is actually known in this
context. [154].

Furthermore, some studies were conducted on wax seals, also to better understand
biodeterioration processes. Bacteria as well as various fungal species were detected. NGS
methods were applied in the studies so as to be able to detect nob-cultivable microor-
ganisms as well. In addition to a second-generation NGS system (MiSeq Illumina), the
MinION platform by Oxford Nanopore Technologies was used to analyse bacterial 16S
rRNA and fungal ITS as well as 28S rRNA genes [155–157]. The Minion platform is a small
and portable sequencer, the size of a small glasses case, which is based on the so-called
nanopore technology. Sequencing with this design is comparatively inexpensive, and
can be performed directly on site. By measuring current changes, the nucleobases can be
detected, and the sequence can be read out. Comparatively, long reads can be sequenced
with this technology, but the error rate is quite high, which can be reduced by increasing
the coverage or, in the case of double-stranded DNA molecules, by using a duplex ap-
proach [118]. Currently, this technology is more suitable for the sequencing of modern and
exogenous non-fragmented sequences and is therefore well suited for microbiome analysis,
but not for aDNA [121,122].

4. Paleoproteomics and Metaproteomics Analyses

The first investigations of amino acids in ancient fossils date back about 70 years.
However, the big breakthrough came only with the use of soft-ionisation mass spectrometer
instruments at the beginning of 2000 by Ostrom et al. [158]. Until then, peptides or
proteins had to be analysed using gel-based techniques and protein sequences determined
using Edman sequencing, which is time-consuming, expensive, and limited to a length
of around 20 amino acids. Compared to the investigations that are carried out on aDNA,
paleoproteomics analyses are still a comparatively young field of research [159].

The results obtained from proteomics studies show some overlap with those from
genomic analysis (Figure 1). Thus, proteomics approaches can also be used to investigate
the biological identity of manuscripts. In contrast to DNA analysis, the taxonomic resolu-
tion is not as high, e.g., it is not possible to determine gender or the degree of relationship.
However, proteomics analysis can be applied to identify different types of tissue, e.g., if
egg yolk or egg white was used. In addition, proteomics analyses are suitable for the
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detection of proteinaceous residues, e.g., from paint binders, glues, and certain surface
treatments [13,159,160]. The major advantage of proteomics compared to genomic analysis,
especially for historical artefacts, is that ancient peptide sequences are more stable and may
still yield results when aDNA sequences are too fragmented to analyse. The stability of
proteins depends on various parameters. On the one hand, this includes environmental fac-
tors because, similar to DNA molecules, high temperatures, extreme pH values, moisture,
or enzymes can lead to the degradation of the protein sequences. On the other hand, the
primary and thus the secondary, tertiary, and possibly quaternary structure also have a ma-
jor influence on stability, which can lead to some proteins being broken down more quickly
than others. Compared to DNA molecules, proteins are also present in larger quantities.
However, unlike genomics techniques, it is not possible to carry out an amplification of
the analytes. The qualitative and quantitative occurrence of proteins depends on various
endogenous and exogenous factors. This means that compared to DNA sequences, greater
diversity must be expected, which can have both advantages and disadvantages: on the
one hand, this diversity makes data analysis more difficult, and on the other hand, in the
best case scenario, additional information about an object is obtained [2,13,159,160]. The
performance of proteomics is faster and cheaper compared to DNA analysis. However,
since genomics and proteomics studies often provide complementary information, both
techniques are used at best [2,13,159]. A procedure that is already being carried out by
some working groups [55,133,152].

During the ageing of proteins, fragmentation occurs through hydrolysis of the back-
bone of the protein sequences, in which the peptide bonds are cleaved. Smaller peptides
or free amino acids are also obtained as reaction products [161]. Further, ageing reactions
can affect the side chains of the amino acids. The focus here is on the non-enzymatic
deamidation reactions of glutamine to glutamic acid and asparagine to aspartic acid, which
can be used to distinguish between ancient and modern proteins and sometimes even as
a tool for estimating ageing (“molecular clock”). However, it must be noted that environ-
mental factors and the protein structure can have a strong influence on such reactions.
In addition, deamidation reactions can also occur in vivo, which is why the results are
sometimes not very meaningful [161–165]. Nevertheless, it has recently been proposed
to use the deamidation grade of glutamine for the calculation of a Parchment Glutamine
Index (PQI). However, the focus is not on the time-dependent deamidation, but on the
production process, in particular the liming with Ca(OH)2, the animal type used, and the
thickness, since these factors also have an influence on the deamidation grade [166].

Except for glycines, all proteinogenic amino acids have at least one chiral carbon atom
and can occur in the L- or D- conformation. In most cases, amino acids occur in biological
systems as L-isomers. The conversion of L-amino acids to the corresponding D-enantiomers
is called amino acid racemisation (AAR) and can also be used as a marker of ageing.
However, these reactions are also influenced by many exogenous factors and the protein
structures, which must be taken into account for a reliable assessment [161]. In addition to
the reactions described, numerous other degradation and conversion processes can occur
during the ageing of proteins. These include chemical processes such as Maillard reactions,
dehydration, decarboxylation, lactamisation, aldol cleaveage, oxidation, phosphorylation,
and dephosphorylation as well as hydroxylation and dehydroxylation. Additionally, there
are enzymatic degradation reactions by the microbiome. Such reactions make the data
more complicated, but can also serve as important authenticity markers for distinguishing
between modern and ancient sequences [161].

4.1. Analytical Procedure for Proteomics Analyses

Proteins or peptides can be extracted from ancient manuscripts either directly from
smaller fragments or using the methods described in Section 2 such as the rubber method,
the use of EVA films, hydrophobin, or gels. Researchers that prefer destructive sampling
for proteomics analyses also use small fragments with a size of approx. 5 mm2 or about
5 mg, similar to DNA analyses [134,167]. The proteins and peptides can then be dissolved
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with different buffers. For further analysis, two different approaches are followed, referred
to as bottom-up and top-down strategies. As in many other research areas, proteomics
analyses of ancient manuscripts are usually carried out using the bottom-up approach, in
which the proteins and peptides are first enzymatically digested (Figure 2). The enzymatic
digestion is usually performed with the enzyme trypsin. Trypsin is an endopeptidase and
cleaves peptide bonds behind the amino acids lysine and arginine at the C-terminus. The
smaller peptides obtained can then be analysed using mass spectrometers and assigned
to the corresponding proteins with the help of matching to databases. The disadvantage
of this approach is that complete sequence coverage can often not be achieved and that
fragments with post-translational modifications (PTMs), protein truncations, as well as
alternative splicing events cannot be identified [13,147,168]. In the top-down approach,
intact proteins are analysed so that proteoforms can also be characterised.

Figure 2. Typical sample preparation steps for performing bottom-up analysis.

However, there are some physical and technological limitations with this approach.
On the one hand, these result from the fact that the extraction and purification of intact
proteins is significantly more difficult because there are in many cases limits caused by
their solubility, which is why some of the sampling methods described in Section 2 also
suggest in situ digestion with trypsin. On the other hand, there are limitations set by the
mass spectrometric detectors since the sensitivity of most detectors is inversely propor-
tional to the mass of the proteins. However, some efforts currently exist to overcome this
disadvantage [169]. The extent to which there are still really intact proteins in ancient
manuscripts is questionable and, as already mentioned above, depends on the material
used and on the exogenous factors during storage. Nevertheless, such an approach could
certainly provide information about the composition of very stable molecules such as colla-
gen. Furthermore, information about the degree of degradation of the ancient materials
could be obtained [13,170]. In addition to these two classic approaches, there is also the
middle-down proteomics approach, with which the low sequence coverage of the bottom-
up approach can be improved, and simultaneously it is ensured that the limitations of the
top-down approach are reduced. In the middle-down approach, the enzymatic process is
carried out with proteases, which do not work quite as efficiently as trypsin, so that larger
peptides are obtained. This strategy is relatively new and to our knowledge, has not been
used to research ancient manuscripts [13,171].
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Mass spectrometric analysis of proteomics experiments is performed in most cases
with matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF), liquid chro-
matography electrospray ionisation (LC-ESI)-Orbitrap, or liquid chromatography electro-
spray ionisation-quadrupole time-of-flight (LC-ESI-QTOF) instruments. Both MALDI and
ESI are soft ionisation techniques that largely avoid initial fragmentation of the analytes.
MALDI and ESI sources are complementary to each other. In the best case, both techniques
are used to obtain as much information as possible about a sample, especially since both
technologies can cause ion suppression effects, which can lead to analytes not being de-
tected [13,168]. To reduce ion suppression effects in MALDI and to achieve the highest
possible ion yield, so-called MALDI-2 methods have been developed in recent years. In
this procedure, normal desorption and ionisation of the matrix as well as analytes first
take place using a UV laser. Immediately afterwards, when the MALDI plume has formed,
post-ionisation is carried out with a second laser in order to achieve a charge transfer
from post-ionised matrix molecules to neutral analyte molecules [172,173]. This technique
should be particularly useful for examining extracts from ancient artefacts in which only
low concentrations of the analytes are present, either because a large part has already been
degraded or because, for example, the sampling was non-invasive and only a few analyte
molecules are present. However, although this strategy was developed a few years ago,
it has only recently become commercially available and, to our knowledge, no studies of
ancient artefacts or manuscripts have yet been published.

To minimise ion suppression in ESI-based instruments, the analytes are usually pre-
separated using capillary electrophoresis- (CE) or LC-systems. NanoLC systems are par-
ticularly suitable for this purpose. In addition to improving analyte coverage due to the
increase in sensitivity, these systems have the advantage that the amounts of solvent re-
quired can be reduced, which has a positive effect on costs and sustainability [13,174].
The coupling of a nanoLC-ESI system with an orbitrap analyser enables platforms with a
particularly high resolution and sensitivity. Orbitrap analysers, currently only available for
sale by Thermo Fisher, are often used as hybrid instruments by implementing a quadrupole
or an ion trap. The newer designs, known as Orbitrap tribrid mass spectrometer, have
three mass analysers. These are a quadrupole, an ion trap, and the orbitrap. Together, they
enable various multiple analyte fragmentation options, which simplifies structure eluci-
dation by recording MS/MS or MSn spectra [175]. Such designs are particularly suitable
for bottom-up approaches in which a peptide fragment fingerprinting (PFF) analysis is
performed. In this way, sequence information can be obtained and, if necessary, de novo
sequencing can also be carried out. Different strategies are pursued for the recording of
MS/MS spectra, such as data-dependent analysis (DDA also known as information de-
pendent acquisition (IDA)) or data independent analysis (DIA). Typically, in non-targeted
measurements, DDA experiments are performed, and MS/MS are recorded from the most
abundant ions. In order to ensure the best possible coverage of the various precursor ions
by means of MS/MS spectra, decision or exclusion algorithms are often used. However, it
may still be the case that only the most intense signals are captured, and important smaller
signals are not fragmented. This risk can be reduced by means of DIA experiments and
the application of strategies such as elevated-energy mass spectrometry (MSE, supported
by Waters, Milford, CT, USA), all-ion fragmentation mode (AIF, from Thermo Fischer
Scientific, Waltham, MA, USA and Agilent Technologies, Santa Clara, CA, USA), parallel
accumulation serial fragmentation (PASEF, supported by Bruker, Billerica, MA, USA) or
sequential window acquisition of all theoretical mass spectra (SWATH, introduced by Sciex,
Framingham, MA, USA). However, the evaluation of the data is more complex [44].

In contrast, in peptide mass fingerprinting (PMF) experiments, full scan spectra are
recorded, and the peak lists obtained are compared to appropriate databases to carry out
identification. This procedure is relatively simple and fast, but has the disadvantage that the
corresponding databases must be available. For the latter approach, MALDI-TOF designs
are often used, too [13,159,160].
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TOF analysers can be coupled using both ESI and MALDI sources. In the meantime,
dual platforms are also available that can be operated with both sources and can therefore be
used more flexibly. When coupling a TOF analyser with an ESI interface, an LC or nanoLC
unit for separating the sample extracts and a quadruple are usually also installed in order to
be able to carry out fragmentation experiments. One of the most disruptive developments
in recent years regarding the construction of such LC-ESI-QTOF-MS platforms is the
integration of ion mobility (IM) cells, with which the ions can be separated according to
their size, shape, and charge using electric fields and a drift gas. In this way, isomers and
isobaric molecules can also be distinguished from each other. In addition, the collision cross
section (CCS) value is received as a further identification parameter and the MS/MS spectra
rate can increased which can be helpful when performing PFF experiments [44,64]. Carrying
out proteomics studies, the use of IM cells is suitable for both top-down and bottom-up
approaches to improve sensitivity and the number of detectable features. Although LC-ESI-
QTOF-MS instrumentation currently plays a minor role in proteomics analysis because the
mass resolution is not comparable to orbitrap designs, the implementation of IM cells offers
a high added value that makes these designs interesting for proteomics experiments [176].
There is also the possibility to upgrade Orbitrap analysers with field asymmetric ion
mobility spectrometry (FAIMS) cells, but these IM cells have a different physical principle
than the usual IM cells of TOF analysers, which is why, for example, no CCS values can
be generated [44,64]. Other suitable mass analysers are fourier-transform ion cyclotron
resonance (FT-ICR) designs and, under certain circumstances, triple quadrupole (QqQ) or
QTrap couplings. The latter two are used when analytes that are already known are to
be detected and, in most cases, also to be quantified, since they are particularly sensitive.
However, this is a targeted approach and not a non-targeted omics procedure. FT-ICR
analysers have the best mass resolution and mass accuracy, but scan rates are comparatively
slow, making coupling with LC techniques cumbersome. They are also relatively expensive
to purchase and maintain, which is why they are not very widespread. An overview of
the various advantages and disadvantages of the various analysers can be found in the
references given [175,177,178].

The introduction of mass spectrometric methods for the analysis of proteins and
proteins has brought many advantages, but it also has some disadvantages. This includes
the fact that many signals cannot be correctly identified because the signal-to-noise ratio is
too low, databases are incomplete or unexpected PTMs are present. In addition, fragments
of sequences can be detected, but not the complete sequence itself. All these factors together
mean that only a fraction of the information can be obtained. Especially when analysing
ancient proteins or peptides, it can be assumed that these disadvantages have a particularly
negative effect. To overcome these drawbacks, efforts are currently being made to make
the method described in Section 3.3 for sequencing DNA and RNA using nanopores
accessible for protein sequence analyses. At the moment, there are still a few challenges in
development that need to be solved. Nevertheless, such a strategy could take proteomics
investigations to a new level in the future [179].

4.2. Analysis of Endogenous Proteomics Sequences

Endogenous proteomics analyses are particularly suitable for the rapid taxonomic
determination of the animal species used in parchment manuscripts. The first studies
in this regard were carried out on a pocket Bible, also known as the “Marco Polo Bible”,
from the 13th century, as well as on a Qur’an folio from the 9th century. In both studies,
sampling was performed destructively by removing small pieces of parchment [167,180].
Just a few years earlier, in 2010, Buckley and Collins coined the term “zooarchaeology
by mass spectrometry” (ZooMS) and described the identification of animal species from
proteinaceous material using characteristic peptide sequences of collagen I by means of
an PMF approach [181,182]. In 2015, this method was further developed and minimally
invasive sampling with the PVC rubber mentioned in Section 2.1 was suggested. In this
method, collagen molecules or fragments are detached from the surface by careful erasing
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and bound to the rubber residues using the triboelectric effect. Subsequently, analytes can
in turn be extracted from the erase residues, digested using trypsin and analysed by a
MALDI-TOF instrument. The authors of this study refer to this procedure as electrostatic
zooarchaeology by mass spectrometry (eZooMS) [55]. Recently, this approach has been
extended by an automated data evaluation procedure [183]. Since the first application,
several studies have been carried out on manuscripts from parchment using the eZooMS
approach. In the majority of publications, genomics- and proteomics-based methods were
used to take advantage of both omics strategies. The results obtained allow conclusions to
be drawn about the animal species used and thus in turn interpretations of geographical
origin, production processes, and livestock [55,133,134,184–188]. In addition, certain animal
skins were probably used deliberately, either because of price differences or because of
their practical utility. For example, legal deeds from thirteenth to twentieth century in the
United Kingdom were probably mostly made of sheepskin because fraudulent changes
can be more easily traced on it [189]. Furthermore, proteomics analyses are suitable for the
investigation of illuminated manuscripts and inks since these were often produced with
proteinaceous binders and glues, e.g., from the egg yolk and/or egg white of various birds,
as well as from gelatin, collagen, or milk of various animals and certain plants, e.g., gum
arabic [12,190].

The examples listed show that proteomics analyses are particularly suitable for the
analysis of protein-rich materials such as parchment or leather. However, it was recently
possible to extract proteins from Tibetan paper fragments and thus draw conclusions about
the manufacturing process. Proteins from Stellera chamaejasme, which often served as a
plant basis for Tibetan paper, could be detected, as well as proteins from milk and wheat,
which probably served as binders and fillers [191]. However, it must not be forgotten that
paper is often very highly processed, and it can therefore be difficult to identify peptide
sequences still present in the paper, which is why proteomic analyses are not always
promising depending on the type of paper production [2].

4.3. Analysis of Exogenous Proteomics Sequences

Analysis of the exogenous proteome of writing artefacts can be used to characterise
the microbiota, as in genomics-based studies. In a direct comparison between genomics-
and proteomics-based studies, almost the same results were obtained. However, a better
characterisation of the microorganism was possible with the NGS technologies, which
is partly due to the currently available databases [152,192]. To date, comparatively few
proteomics studies were carried out to identify microorganisms for the investigation of
ancient artefacts. In other areas such as food analysis and medical issues, proteome-
based approaches have already established themselves as a standard method for detecting
microorganisms [193].

In addition to examining bacteria that settle on ancient manuscripts or that normally
occur on the human skin flora but are relatively unspecific, bacterial residues were also
identified in some cases, which allow some conclusions to be drawn about the authors of
the manuscripts. This includes, for example, a study conducted on a typewritten letter by
George Orwell. A bottom-up analysis was used to identify peptide markers that confirmed
that Orwell was a carrier of Mycobacterium tuberculosis [30]. On the basis of an original
manuscript by the Russian satirist Mikhail Bulgakov, it could also be proven that the author
died of nephrotic syndrome. This study was preceded by other investigations in which
morphine was detected. However, it was not initially clear whether the morphine entered
the manuscript through consumption by the author or by other people. With the detection
of protein markers specific to kidney disease, the authors of the two studies concluded
that morphine was used by Bulgakov himself to alleviate his suffering [27,28,56]. Further
proteomic investigations were carried out on the death registers from Milano of 1630.
In addition to peptides that could be used to identify Yersinia pestis pathogens, anthrax
proteins were also unexpectedly detected. In addition, numerous other peptide markers
could be identified that originate from humans, mice, and rats and indicate vegetable
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protein residues from potato, corn, rice, carrot, and chickpeas, which presumably came
from the authors’ meals [26]. Protein residues from foodstuffs such as honey, eggs, cereals,
milk, and legumes have been detected on parchment manuscripts used as birth girdles.
Presumably, these foods were used for treatment during pregnancy and childbirth. In
addition, the scientists also found numerous human proteins, probably from vaginal
secretions, among other things, which indicates a practical use of the parchment rolls [188].

5. Paleometabolomics and Metametabolomics Analyses

As the end product of genetic and enzymatic processes, metabolites are closest to the
phenotype and at the last stage of the omics cascade. In addition to endogenous factors,
the presence and absence of metabolites as well as their various concentrations within an
organism are particularly influenced by exogenous factors. Compared to the proteome,
the metabolome shows stronger changes to exogenous factors because metabolites often
serve as inhibitors and activators for enzymes and changes in gene expression or enzyme
transcription are slower, so that modifications of the proteome do not always correlate
with changes in the phenotype. In animals, relevant exogenous factors can be, for example,
different food sources, while in plants, the climate and the availability of nutrients play
a role. In addition, metabolome analyses are also suitable for detecting xenobiotics, i.e.,
analytes that are foreign to the organism such as drugs, cosmetics, or organic dyes, as
already mentioned in Section 1. Metabolomics analyses are relatively widely used in the
analysis of foods to distinguish geographical origins, different varieties or cultivation,
storage and processing conditions. In addition, they are often applied for medical issues,
e.g., to detect certain diseases and to understand the course of the disease [3,17,44,64].
However, the use of truly non-targeted metabolomics approaches for the analysis of ancient
manuscripts is currently the least common. This circumstance is probably also related to
the fact that metabolites are often not very stable to exogenous factors and can be broken
down and transformed quickly, which can make interpretation of the data more difficult.

Nevertheless, some studies have recently been published in this context, as is made
clear in Sections 5.1 and 5.2. However, so far, the part of the studies of small organic
molecules in which single selected organic molecules were in the foreground (targeted
studies) predominates.

5.1. Analytical Procedure for Metabolomics Analyses

Metabolites can be destructively obtained directly from small pieces of the manuscript,
but also with less destructive sampling strategies, e.g., EVA films or ASAP and PESI
approaches, as well as with special ionisation techniques such as DART and DESI sources
or with the help of laser systems (see Section 2). The amount of sample required for
metabolomics analysis can vary greatly when working destructively with fragments. While
a few μg of sample material are sufficient for pyrolysis–gas chromatography (Py-GC-MS)
analyses, 5–50 mg of the samples are required in most cases for gas chromatography–mass
spectrometry (GC-MS), liquid chromatography–mass spectrometry (LC-MS), or nuclear
magnetic resonance (NMR) spectroscopy analyses [19,190,191,194–196]. It may be possible
to further reduce the amount of sample required by using new technologies such as nanoLC-
MS couplings [64]. An alternative could also be to perform different analyses from the same
extraction approach. Such a procedure has been performed, for example, at a mural for the
analysis of lipids and proteins by exploiting the different solubilities of the analytes [197].

Solvents such as water, acetonitrile, methanol, isopropanol, or chloroform are suitable
for extracting metabolites, for example, from the EVA film or from small pieces. The
selection of the appropriate solvent depends on the physical and chemical properties that
are the focus of the analysis and the device platforms applied. In order to bring as many
metabolites as possible into solution, it can also be helpful to use methods for cell disruption,
e.g., ball mills or ultrasonic waves [21].

Usually, MS and NMR spectroscopy platforms are used for non-targeted studies of
metabolites (Table 2). For non-targeted investigations of metabolites using MS, the high-
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resolution mass analysers already mentioned in Section 4 such as QTOF, Orbitrap, or
FT-ICR are generally applied. These are often also coupled with LC or LCxLC, nanoLC, or
CE units via ESI sources. Alternatively, MALDI-TOF instruments can be used to analyse
metabolites, or surface-assisted laser desorption/ionisation (SALDI)-TOF experiments can
be performed [3,44]. SALDI is a modification of MALDI. The organic matrices typically
used in MALDI experiments often lead to interferences in low mass ranges, which makes it
difficult to detect the actual analyte molecules. With SALDI-based approaches, inorganic
matrices are usually used, with which these interferences can be avoided, which is why
SALDI is more suitable for the analysis of metabolites [151]. In addition, the chromato-
graphic separation of metabolites can be carried out using GC or GCxGC couplings if
the analytes are correspondingly volatile or have been chemically derivatised beforehand.
GC-MS approaches have the advantage that they allow headspace analysis to investigate
volatile compounds without having to destroy the samples [198]. Another option for rapid
sample preparation is to use Py-GC-MS platforms. With these instruments, small sample
quantities of a few μg are heated to decomposition and then the thermal degradation
products are characterised using GC-MS [194,195].

The GC units are usually coupled to a mass spectrometer via electron ionisation (EI)
or chemical ionisation (CI) sources. However, a higher number of analytes can usually be
detected with LC-MS couplings compared to GC-MS-based platforms. To our knowledge,
no comparative studies have been carried out on ancient artefacts in this context, but on
other matrices so that the results can be transferred accordingly [44,64].

Mass spectrometers are very sensitive and allow the detection of analytes with a wide
variety of chemical and physical properties, as long as they can be ionised. However,
mass spectrometric measurements that are carried out at longer time intervals are not very
reproducible, which can make it difficult to compare the acquired data directly. There are
various strategies how to deal with the low reproducibility, especially in the case of high-
resolution non-targeted measurements [44]. Alternatively, NMR spectroscopy instruments
are also suitable for use in metabolomics studies, which can deliver repeatable measurement
results over long periods of time. NMR spectroscopy devices, however, are less sensitive
and usually only small numbers of different analytes can be recorded with them, which
can be crucial when studying old manuscripts if only a small amount of sample is available
anyway. Nevertheless, it can be helpful to use MS and NMR spectroscopy platforms in
combination since they can be used to detect different metabolite classes [199–201].

In addition to the relatively widespread high-resolution NMR spectroscopy instru-
ments with field strengths of several hundred MHz, small and compact tabletop low-
resolution NMR spectroscopy devices equipped with permanent magnets are also used in
manuscript research. These have the advantage that they are mobile and only require a
power connection with no cooling with liquid nitrogen or helium since no superconducting
magnets are used [200,202]. In addition, special designs such as the NMR-MOUSE instru-
ment enable non-destructive surface analyses and the creation of depth profiles of objects
of any size as long as they are hydrogen-containing materials. However, the information
content obtained with these smaller instruments is significantly lower since no non-targeted
analyses are carried out to detect individual metabolites; instead, structural and moisture
analyses are the priority to obtain information about the composition, condition, and age
of manuscripts. Similar information can also be obtained by solid-state NMR spectroscopy
(13C CP MAS (Cross Polarisation/Magic Angle Spinning) NMR spectroscopy) [203,204].

Metabolomics analysis data are usually evaluated using multivariate methods to
extract differences between various sample groups. However, it is often quite challenging
to identify the most relevant metabolites. In the case of LC-MS data, this is completed by
acquiring additional MS/MS spectra, the interpretation of which requires some experience.
The CCS values mentioned in Section 4.1, which are recorded using an additional IM cell,
can significantly simplify this step. GC-MS data are typically acquired at 70 eV with an EI
source. Since these are standard parameters, which, unlike LC-MS applications, also deliver
very reproducible results, identification using database comparisons is well established.
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In the case of high-resolution NMR spectroscopy data, the substances are assigned either
on the basis of the chemical shift, the integration of the signals and the scalar coupling, or
with the aid of reference substances [178].

Table 2. Advantages and disadvantages of the different technology platforms suitable for metabolite
detection [199,205–207].

Technology Metabolite Coverage Advantages Disadvantages

GC-MS

- mainly polar metabolites, e.g.,
sugars, amino acids, organic
acids as well as fatty acids
after hydrolysis also from
non-polar lipids

- depending on the sample,
several thousand metabolites
can be detected

- depending on the analysis
material, up to several
thousand metabolites can be
detected

- very sensitive (approx.
nmol/L-μmol/L)

- relatively robust and cheap
- good reproducibility

- analytes must be easily
ionisable

- thermally labile analytes
cannot be measured

- the injected sample volume
cannot be measured again

- the analytes often have to be
derivatised

LC-MS

- polar metabolites e.g., sugars,
amino acids, organic acids or
fatty acids and lipids e.g.,
such as glycerols,
phospholipids as well as
sterols

- depending on the sample,
several thousand metabolites
can be detected

- depending on the analysis
material, up to several
thousand metabolites can be
detected

- very sensitive (approx.
pmol/L-nmol/L-nmol/L)

- numerous ionisation sources
are available to detect
analytes with a wide variety
of chemical and physical
properties

- it is possible to carry out very
fast direct infusion
experiments

- analytes must be easily
ionisable

- the injected sample volume
cannot be measured again

- relatively expensive to
purchase and maintain

- low reproducibility
- limited robustness

NMR
spectroscopy

- mainly polar metabolites e.g.,
sugars, amino acids, organic
acids

- depending on sample, only
hundreds of metabolites can
be detected

- poorly ionisable metabolites
can also be detected

- the sample extract is still
available after the
measurement and can be
measured again

- very reproducible results

- the detectable number of
metabolites is significantly
lower compared to GC-MS or
LC-MS platforms

- less sensitive compared to MS
instruments (approx.
μmol/L-nmol/L

- very expensive to purchase
and maintain depending on
the field strength

5.2. Analysis of Endogenous Metabolites

So far, metabolomics studies have been used in particular to understand the degra-
dation and ageing processes of writing surfaces. In most of these studies, not only were
antique samples analysed, but also artificially aged samples that were previously exposed
to higher temperatures or humidity as well as treated with acids and alkalis in order to
be able to use corresponding reference standards for comparative analyses. In addition to
CE-MS and NMR spectroscopy instruments, Py-GC-MS platforms were used particularly
frequently in order to be able to detect specific degradation metabolites. Such studies have
been carried out for all relevant organic writing surfaces such as paper [196,198,208–212],
papyrus [213], parchment, and leather [214,215]

In addition, metabolomics studies can be applied to gain information about the ma-
terials used for the production of the writings surfaces, e.g., what plant materials were
used [191,194,195,216] or whether animal ingredients were added to a predominantly
cellulose-based paper. The latter can be demonstrated, for example, by analysing the amino
acid profile [196].
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Furthermore, metabolomics studies have been applied to the investigation of preser-
vation methods of manuscripts. Thus, it was possible to detect the surface treatment of
parchments with castor oil and glycerol by means of a DART-MS based approach using
multivariate methods for data evaluation [67]. Additionally, for the study of conservation
methods, but on Indian palm leaf manuscripts, a GC-MS approach was used to identify
diverse plant oils acting as insecticides and fungicides [19].

Moreover, metabolomics studies have been used to study inks, e.g., to identify the
natural dyestuffs or binders [12,217]. Further investigations in this context were carried out
on medieval illuminated scrolls of parchment in order to elucidate the paint recipes [190],
to characterise the production of orchil, a purple dye that can be obtained from various
lichens [218] and on the writings of the Italian physicist Alessandro Volta. In the latter
study, around 1800 metabolites were recorded using a GC-MS platform, which indicate,
among other things, that the ink was produced from Rubia tinctorum [219].

By carrying out metabolomics analyses of different sample groups, it is also possible
to determine the geographical origin of materials or to prove whether artefacts have certain
similarities and differences. We were able to show this recently with wood samples, for
example [21,22]. However, it can be assumed that this approach can also be transferred to
other organic plant materials such as palm leaf manuscripts or papyrus manuscripts and
that classification studies of ancient documents should also be possible if corresponding
reference samples are available. An example of this is a study performed on ancient Tibetan
paper to characterise the plant material used. The analysis was based on a comparison of
an ancient paper manuscript with a modern reference sample of handmade paper [191].

In addition, metabolomics approaches can also be used for questions about authen-
tication, as was illustrated, for example, by the works of the Scottish poet Robert Burns.
The focus of this study was the examination of inks and paper in order to distinguish the
author’s original works from fakes [62].

5.3. Analysis of Exogenous Metabolites

Like genomics and proteomics approaches, metabolomics studies of exogenous metabo-
lites are also suitable for detecting the infestation of written artefacts with microorganisms.
For example, the volatile metabolome of moulds growing on parchments was analysed
using headspace GC-MS analysis to determine whether active mould growth could be
detected in this way. The results should help conservators to take appropriate measures or
not in order to avoid unnecessarily burdening the sensitive documents with disinfection
measures [220]. Furthermore, the foxing of paper samples was analysed using a SALDI-
TOF-MS approach to obtain information about the microbial mechanisms involved in
foxing formation and to identify the substances that lead to staining of the paper [151].
Another study, which was also carried out using SALDI-TOF-MS, focused on bee wax seals.
Some of the detected metabolites could be associated with microbiological degradation
processes, too [156].

In addition, information about the authors or the readers of a written artefact can
also be obtained by means of metabolomics studies. For example, a recent analysis of a
booklet, a certificate for a thermometer, an article, and other personal objects belonging to
the American writer Jack London, could not prove the consumption of opium, morphine
and heroin. This result contradicts the relatively widespread assumption that Jack London
consumed these substances regularly. However, the authors of this study were instead able
to identify twelve other drugs believed to have been used by Jack London [221].

6. Metallomics and Isotopolomics Analyses

Metallomics analyses are particularly useful for examining inorganic materials such
as metals, stones, ceramics, clay tablets, glass or bones. They are also of importance
when analysing inks, as these often contain inorganic components [18,36,87]. In addition,
metallomics analyses also provide important information about the toxicity of ancient
objects and thus about how to handle them safely [35,36].
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6.1. Analytical Procedure for Metallomics and Isotopolomics Analyses

Various destructive, non-destructive, and micro-destructive analytical methods are
suitable for the analysis of metals from written artefacts. The non-destructive methods
include XRF and PIXE, while LIBS is a micro-destructive method [18]. In addition, ICP-MS,
in particular LA-ICP-MS (see Section 2.2) instruments, can also be used for metallomics
approaches, which are the most sensitive. Usually, samples that are to be measured using
ICP-MS are digested with acids (e.g., nitric acid) and oxidizing substances (e.g., hydrogen
peroxide) to remove any organic residues before analysis. However, this step requires
comparatively large sample volumes, which is why laser ablation methods have been
developed. These are directly coupled with ICP-MS instruments, which means that wet-
chemical digestion can be omitted [44,82].

The application of XRF instruments for the analysis of manuscripts is one of the most
widely used research methods, and its usefulness has now been documented in numerous
publications [18]. Using XRF instruments, electrons are excited from the inner atomic shells
and ejected so that electrons fall back from the outer shells to the inner shells. During
this process, characteristic fluorescent X-rays are released, which can be used to draw
conclusions about the respective element. When working with X-rays, it is important to
remember that the rays can cause long-term damage to the objects to be examined. Since
the devices can often be easily transported, they can be used directly on site [222].

Alternatively, elemental analysis can also be performed using ion beams such as those
generated by proton-induced X-ray emission (PIXE) instruments. In this technique, protons
or alpha particles are directed at the ancient object, which also cause electrons to be ejected
off the element’s inner shells, which in turn leads to the release of characteristic X-rays.
For PIXE analyses, the samples must not be too large since they are usually placed in a
vacuum chamber. However, there are now also designs that do not require a vacuum, but
the lateral resolution is then lower and the detection limits increase [223]. Unlike the XRF
devices, PIXE instruments cannot be transported. XRF platforms have reduced sensitivity
compared to PIXE instruments when analysing light elements, which is why XRF devices
are more suitable for detecting elements with higher masses [222].

In LIBS analyses, parts of the sample are ablated with a laser and transferred to a
plasma at temperatures of several 1000 K. The excited atoms and ions emit characteristic
emission spectra when returning to a lower-energy state, from which the composition of
the sample can be deduced. LIBS instruments are also transportable [222].

In a comparative study on egg tempera pigments, oil based pigments, decorated
glazed ceramics, and coins, it was shown that all three platforms (XRF, PIXE, and LIBS)
have different advantages and disadvantages, which is why the authors recommend a
combined analysis or to base their choice on the sample matrix, the most appropriate
technology [222].

While the detection limit for XRF, LIBS, and PIXE is in the ppm range, LA-ICP-MS
instruments can measure down to the ppb range. However, it must be noted that it depends
heavily on the devices used and the different matrices. In addition, the instruments differ in
the analytical coverage with regard to the detectable elements and in the resolving power,
which is relevant, for example, if not only the individual elements are to be distinguished
from one another, but also their isotope ratios. Further differences result from the lateral
resolution and the penetration depth [224]. Accurate quantitation is a challenge with
all of the techniques listed. In general, certified reference materials are used that have a
matrix similar to that of the objects to be examined. However, such reference materials for
ancient manuscripts are not actually available, so in most cases only qualitative analyses
are performed [54,225,226].

Isotopolomics data are usually evaluated using multivariate analysis methods, as is
the case with metabolomics analyses. However, it is not necessary to identify the variables
here, which is why the data analysis can be carried out much more easily and quickly,
especially since the number of detected elements is also kept within a manageable range [3].
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6.2. Analysis of Endogenous Metals and Isotope Ratios

Metallomics analyses are part of numerous publications that have been carried out on
written artefacts, as already mentioned, the analysis of the inks and illuminated manuscripts
is in the foreground. More detailed information on this can be found in the recently
published review by Burgio [18]. The questions of ink analyses relate in particular to their
composition in order to gain information about their manufacture, but also to prevent ink
corrosion, as occurs with iron gall inks, and which can lead to damage to the historical
documents due to acid catalysis and/or redox reactions [36,87,227]. However, Cappa et al.
recently pointed out that metal analysis should not be used alone to discriminate inks,
as only the elemental compositional information is not sufficient to provide an adequate
characterisation. Therefore, the authors recommend combining inorganic analyses with
other methods that also record organic compounds [18,228].

Furthermore, metallomics approaches can also be used to date inks, to prove their
authenticity, or to determine the geographical origin [18]. For the latter, the isotope ratios
of lead, strontium, and iron have proven to be particularly suitable [229,230].

In addition, information about the writing surfaces themselves can also be obtained.
For example, a high proportion of calcium in parchments indicates certain production
methods and can provide information about the microbial flora [48,136]. Moreover, it is
possible to distinguish newer and older documents from parchment by means of element
analyses and also to identify the type of animal that was used for the production of the
parchment [231]. Metallomics analyses are also suitable for analysing paper samples, e.g.,
to differentiate between different types of paper [232].

6.3. Analysis of Exogenous Metals and Isotope Ratios

Metallomics studies can also be used to obtain information about the authors and
readers of the written artefacts. For example, elevated levels of lithium could be found
in books that Joseph Stalin read and that also contained comments by him. Lithium is
used to treat various mental disorders. Accordingly, the authors hypothesised that the
lithium residues detected were related to Stalin’s treatment of a mental disorder [32]. The
same working group also analysed some pages of a book written by Johannes Kepler.
Comparatively, high amounts of gold, silver, mercury and lead were detected, which
is why the authors of the study suggested that Kepler may have been involved with
alchemy [29]. Another study in this regard was carried out on the memoirs of Giacomo
Casanova. Increased levels of mercury sulphide (cinnabar) could be detected. Mercury
sulphide is highly toxic, but was previously used to treat gonorrhoea, a disease from
which Casanova also suffered, which is probably why the increased cinnabar levels were
detectable on the historical documents [31]. In addition, information about the writing
process itself can be obtained. Metal analyses on Greek papyrus rolls were able to detect
lines drawn, which the authors of the manuscripts probably used as layout templates [233].

7. Application of Panomics Strategies to Manuscript Research

Most of the published studies on ancient manuscripts are based on the application of a
single omics strategy. However, there are also examples where different omics approaches
were combined for the analysis of old manuscripts. Some examples in this context can
be found in Table 3. Nevertheless, with such analyses it must always be noted that the
palaeographic interpretation must not be disregarded, as was evident, for example, in the
relatively well-known case of the “Gospel of Jesus’ Wife”, where the chemical analyses
indicated that it was an ancient manuscript. In the meantime, however, it is assumed that it
is a forgery, since the text and writing style do not correspond to the style of the time [49].
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Table 3. Exemplary studies for the analysis of ancient manuscripts employing more than one omics
technology.

Scientific Issue Omics Technology Analytical Method Reference

Characterization of Parchment
Genomics NGS

[55]Proteomics LC-MS and MALDI-TOF

Characterization of Parchment
Genomics NGS

[133]Proteomics MALDI-TOF

Characterization of Parchment
Genomics NGS

[134]Proteomics MALDI-TOF

Characterization of Parchment
Genomics NGS

[136]Metallomics FTIR, XRF, MSI

Characterization of Parchment
Proteomics MALDI-TOF, FTIR

[185]Metabolomics Amino acid analysis, FTIR, GC-MS

Metallomics FTIR, Raman, Energy dispersive
X-ray spectroscopy

Organic composition of parchment and paint
binders

Proteomicse MADLI-TOF
[190]Metabolomics GC-MS

Studying the manufacturing process of
Tibetan paper

Proteomicse LC-MS
[191]Metabolomics GC-MS

Isotopolomics Radiocarbon Dating

Composition of ink binders Proteomics MALDI-TOF
[12]Metabolomics GC-MS and LC-MS

Analysis of paper foxing Genomics NGS
[151]Metabolomics SALDI-TOF

Identification of microbial communities in
book collections

Genomics Culture-dependent analysis and NGS
[152]Proteomics MALDI-TOF

Disease and treatment of nephrotic
syndrome by the author Mikhail Bulgakov

Proteomics LC-MS
[27,28,56]Metabolomics GC-MS

Infection of Casanova with gonorrhea
bacteria

Proteomics LC-MS
[31]Metallomics Special mini-Hg-sensor

Investigating the microbiological and
metabolic diversity of beeswax seals

Genomics NGS
[156]Metabolomics SALDI-TOF

Characterization and study of the
biodeterioration as well as the associated

microbiome of a wax seal

Genomics Culture-dependent analysis and NGS
[155]Metabolomics Raman, FTIR

Metallomics Energy dispersive X-ray spectroscopy

8. Conclusions

The use of omics technologies offers numerous possibilities for the analysis of written
artefacts. Each omics strategy contributes different information, which ensures a significant
increase in knowledge about the written heritage, especially through the combination
of several omics disciplines. In the meantime, there are already numerous examples in
which the various strategies are combined with one another, so it is possible to draw more
comprehensive conclusions about the individual artefacts [12,49,151,156,190,191]. It is to
be expected that this trend will continue to increase in the coming years and will also be
further strengthened by the introduction of new analytical technologies and databases.
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Abstract: In a cultural heritage context, fatty acids are usually found as breakdown products of lipid-
containing organic remains in archaeological findings, binders in aged oil paintings, and additives in
modern art-related materials. They may further interact with the ionic environment transforming
into metal soaps, a process that has been recognized as a threat in aged paintings but has received
less attention in archaeological objects. The investigation of the above related categories of materials
with infrared spectroscopy can provide an overall picture of the organic components’ identity and
demonstrate their condition and prehistory. The capability of investigating and distinguishing fatty
acids and their metal soaps through their rich infrared features, such as the acidic carbonyl, the
carboxylate shifts, the variable splits of alkyl chain stretching, bending, twisting, wagging, and
rocking vibrations, as well as the hydroxyl peak envelopes and acid dimer bands, allows for their
direct detailed characterization. This paper reviews the infrared spectra of selected saturated fatty
monoacids and diacids, and their corresponding sodium, calcium, and zinc salts and, supported by
newly recorded data, highlights the significance of their spectroscopic features.

Keywords: fatty acids; metal soaps; oil binder; archaeological organic remains; infrared spectroscopy

1. Introduction

Lipids (glycerol triesters), existing as organic residues in archaeological findings (such
as pottery and metal vessels) or as binders in oil paintings, are prone to hydrolytic damage
producing free fatty acids (FA) [1–4]. Furthermore, FA in aged oil paintings may further
react with abundant pigment metal ions in their molecular vicinity to form fatty acid metal
salts (FAMS, metal soaps) [5–7]. Similar reactions may occur with calcium and other metal
ions in archaeological samples, although they have been investigated in relatively fewer
circumstances [8–10].

The analytical investigation of organic archaeological residues has received attention
due to the resilience of organic molecules, such as lipids and their breakdown products,
which helps researchers access information on dietary habits, rituals, and other practices
developed by cultures of the past [11–15]. For instance, extended research has been done
in ancient unglazed pottery since they offer a convenient protective medium, though
allowing for the intrusion of organic compounds, preserves said compounds from envi-
ronmental degradation for millennia [16–38]. Relatively fewer cases have been reported
in wooden containers such as coffins [39] or metal alloys such as copper [9,40]. Most of
the above cases have been studied through gas chromatography combined either with
mass spectrometry (GC-MS) [18,20,28,33,34,38,41–43] or isotope ratio mass spectrometry
(GC-IRMS) [30,36–38,41]. This technique allows for the accurate quantification of analytes.
For instance, the oil content was analyzed in ancient amphorae found in the Late Bronze
Age shipwreck of Uluburun [26] and the site of Amarna (Egypt) [44], or shipwrecks dating
from the First Punic War [45]. In addition, the profiling of the adsorbed oil gradient within
the clay fabric of potsherds has been investigated [44].
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The acquisition of infrared spectra significantly assists analytical efforts, such as the
ones mentioned above. Although detailed infrared analysis, such as the chemical mapping
of paint cross-sections has been successfully conducted [46–48], the technique has gener-
ally been restricted to simple ‘screening’ or ‘fingerprinting’ in organic residue analysis.
Nevertheless, its value has been recognized for guiding further analytical efforts [31,49].
Infrared spectroscopic analysis of lipid-containing samples is a fast technique that generally
demands minimal sample workup, which based on their molecular bonding [24,50–52],
provides rich information on their chemical components [50,53–55], such as glycerol es-
ters, fatty acids, and metal salts. However, interpretation of complex samples can be
tedious and problematic since frequent band overlaps impose difficulties for a secure
assignment [56–62]. Thus, a necessity emerges for the accurate identification of fatty com-
ponents in samples characterizing their existing condition through close examination of
their infrared spectra.

In addition, advanced technological capabilities have led to the development of
reflection-based techniques in combination with microscopy [7,46,48,63–68], which vastly
expanded the depth of information offered by the method.

In the field of art, infrared spectroscopy has played a significant role in identifying and
studying the binding media in oil paintings [7,69,70], and possibly more importantly, the
severe deterioration caused by the formation of metal soaps [7,47,69,71–79]. In archaeology,
infrared spectroscopy has also played a decisive role in analyzing organic archaeological
residues [9,11,32,39,40,79]. Identifying fatty substances through their infrared spectra can
elucidate chemical transformations such as the mineralization of acidic organic components
in aged samples. Notably, organic molecular markers that connect the current condition of
the materials with their original one can assess the prehistory of cultural heritage objects
and their possible uses in antiquity [9,11,25,32,39,66,80,81].

This paper reviews the infrared spectra of selected fatty monoacids, diacids, and their
sodium, calcium, and zinc salts, and points out their detailed features for detecting these
compounds directly in their samples and further assessing their structural condition. The
rich information gained through the close inspection of spectroscopic features can help
researchers benefit in their investigations to a level beyond typical infrared screening.

2. Results and Discussion

2.1. Molecular Structure Phenomena in Fatty Acids

The intermolecular attraction of acidic carbonyls due to hydrogen bonding induces
a dimerization phenomenon where FA associate in a handshake mode forming head-
to-head molecular pairs (or ‘dimers’) [82–86]. This was first shown experimentally by
Pauling, followed by normal mode vibrational analysis [87,88]. In combination with
hydrophobic alkyl chain associations, the above results in the bilayer coordination of
fatty acid molecules described in Figure 1a [89–91]. Extensively studied through infrared
spectroscopy, hydrogen bonding has been recognized and studied in alcohols and car-
boxylic acids since the 1930s [86,92–96]. As a concept, it gained profound attention in
the second half of the previous century [87,88,95,97–101], while advanced computational
capabilities during the last two decades have further led to elucidating intermolecular
phenomena [102,103].

Carboxylic acids carry a hydrogen bond donor (the OH group) and a hydrogen bond
acceptor (C=O) within the same unit and are, therefore, ideal molecules for studying
the phenomenon. First, as a profound manifestation of the hydrogen bonding attraction,
the hydroxyl stretch is considerably downshifted, compared to their ‘free’ state, and
characteristically broadened [93–95,101]. Secondly, the dimerization phenomenon induces
additional dimer infrared bands due to the impeded stretching of associated hydroxyls and
carbonyls and restricted bending of the C-O-H group (see below). Moreover, intermolecular
associations between long alkyl chains of FA induce crystal packing (Figure 1), affecting
their melting points [104,105] and infrared spectra.
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Figure 1. Molecular conformations of fatty acids. (a) Type B structure of stearic acid (adapted
from [94]); (b) octanedioic acid (C8di) and (c) nonanedioic acid (C9di) (adapted from [96]).

2.2. Infrared Spectra of Saturated Monoacids and Their Metal Salts
2.2.1. Monoacids

The infrared spectra of saturated fatty acids (sFA) have been studied and their features
have been previously reported [106–111]. In particular, studies for C8:0–C18:0 [112–116]
may provide powerful identification tools. The published information, supported by newly
recorded spectra, is presented and discussed below.

In sFA, the zig-zag hydrocarbon chains assume an overall linear direction, which gener-
ally allows for close chain approaching in the bulk phases, and finally, for diverse polymor-
phic structures, which subtly differ for odd- and even-numbered acids [108,109,115,116].
Fatty acids with chains shorter than that of C9:0 are liquid at room temperature, while
C10:0, with a melting point of 31.3 ◦C, is marginally crystallizable [117]. The latter, along
with the higher FA, show pronounced structural infrared features indicative of the crys-
talline state. Furthermore, even-numbered fatty acids, such as stearic (C18:0), crystallize
in temperature-dependent polymorphs A (triclinic) and B, C, and E (monoclinic with
orthorhombic sub-cells) [89,108,118]. Structure C is observed at temperatures higher than
35 ◦C. At room temperature, the metastable monoclinic structure E transforms to the domi-
nating orthorhombic structure B (shown in Figure 1a), where head-to-head acid pairs in
trans-planar (or fully extended) chain geometry are formed [89,103,118,119]. This allows
the alignment and packing of hydrocarbon chains.
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To better study FA infrared spectra, the spectra can be divided into seven regions, each
generally having a particular vibrational character. Maxima and assignments are shown in
Table 1.

Table 1. Main infrared peaks and assignments of saturated fatty carboxylic monoacids and diacids.

Peak Maxima, Wavenumbers (cm−1) 1

Assignment Notes
Monoacids

Octanedioic
(Suberic) Acid

Nonanedioic
(Azelaic) Acid

3600–2800 br 3037 3045 vOH Typically, very broad with
vague maximum.

2960–2956 m-w n.a. n.a. vasCH3
Variable, according to the number

of carbons.

2934–2919 s 2991, 2951, 2941,
2911 2977, 2937, 2915 vasCH2

Variable, according to the number of
carbons; higher-frequency maxima

correspond to a lower distance from
the COOH group.

2875–2872 w, s n.a. n.a. vsCH3
Variable, according to the number

of carbons.

2851 m-s 2872, 2855 2875, 2858, 2847 vsCH2
Variable, according to the number

of carbons.

2670, 2565 br 2759, 2676, 2599,
2534

2774, 2698, 2621,
2553

vO-H•••O=C
(dimer stretching

band)

Structured with weak shoulders; more
extended in diacids.

1703 vs 1695 1694 vC=O, acidic

1472, 1464, 1411 m 1470, 1410 1471, 1411 δCH2 scissoring

Split into three components (two in
diacids); the 1472 and 1464 cm−1

components are better resolved for
monoacids C16-C24.

1457–1450 w n.a. n.a. δasCH3
Contribution is lower for higher

carbon-number chains.

1431 m-w 1426 1436 δipCOH Relatively broad; often missed
due to overlaps.

1372 m-w δsCH3 (‘umbrella’
vibration)

1356–1347 m-w 1334 1360, 1346 τCH2
Splitting in progressions for acids in

their crystalline state (in room
temperature, higher than C10).

1318–1185 m-w 1360, 1346 1317, 1282, 1268,
1254, 1208, 1196 wCH2

Splitting in extended progressions for
acids in their crystalline state (in room

temperature, higher than C10).

1112–1075 m-w n.o. 1105, 1098 vC-OH
Up-shifted for longer hydrocarbon

chains. Weak, or not observed
for diacids.

943–935 m, br 932 920
δoopC-O-H•••O=C

(bending dimer
band)

795–741, 725–710 w 796, 725 776, 726 ρCH2
Stronger in long hydrocarbon chains;
the 725 cm−1 peak is doubly split in

crystalline monoacids.
690 683 681 δoopC-O-H

1 in bold: the stronger peaks in the case of multiplets. v: stretching vibration; vs. symmetric stretching; vas antisymmetric stretching;
δ: bending vibration; δs symmetric bending; δas antisymmetric bending; δip: in-plane bending; δoop: out-of-plane bending; ρ: rocking
vibration; τ: twisting vibration; w: wagging vibration.

The Acidic Hydroxyl Stretching Region

The hydroxyl group is involved in the intense hydrogen bonding between molecules of
the same type, which controls the structural conformations in the unit cell (Figure 1a). The
O-H stretching region contains a typically broad, intense band, indicative of the acidic OH
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hydrogen bonding at 3600–2800 cm−1 with a vague maximum of around 3050–3000 cm−1

(Figure 2a).

Figure 2. Infrared spectra of fatty acids. (a) Full spectra with shaded areas highlighting characteristic features; (b) C-H
stretching; (c) carbonyl stretching; and (d) rocking vibrations. In all spectra: (i) C8, octanoic; (ii) C9, nonanoic; (iii) C10,
decanoic; (iv) C12, dodecanoic; (v) C14, tetradecanoic; (vi) C16, hexadecanoic; (vii) C18, octadecanoic; (viii) C24, tetracosanoic. The
negative peak at ~2380 cm−1 for C8 corresponds to carbon dioxide as a result of improper background subtraction.
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An additional broad band at 2750–2500 cm−1 is assigned to hydroxyl-carbonyl inter-
actions due to acid dimers [120]. Weak maxima are also observed in this region at ~2670
and 2560 cm−1, often labeled as ‘satellite bands,’ and are somewhat unclear as they have
been assigned to contributions from combination/summation of δOH and vC-O, Fermi
resonance, as well as ionic resonance structures [57,121–123]. Nevertheless, they may work
as supporting evidence for detecting FAs through infrared spectra of complex mixtures [57].

The C-H Stretching Region

The structural similarities between hydrocarbon chains in sFA and n-alkanes were
recognized early and associated with their infrared spectra [107,109], although crucial
differences were also pointed out [124]. The C-H stretch region contains the methyl (CH3)
and methylene (CH2) vibrations, each of these sub-categorized into antisymmetric (asym-)
and symmetric (sym-) vibrations [58,59,108,109,125], the former always observed at higher
wavenumbers than the latter (Figure 2b). The maxima depend on the methyl or methylene
group proximities to the carbonyl group (the closer to the carboxyl group, the higher the
frequency) and the hydrocarbon chain length. Interestingly, the vasCH2 maxima for acids
C3 and C4, with only α- and β- methylene groups (spectra not shown here), appear as high
as 2990 and 2973 cm−1, respectively [108,126]. Additional CH2 groups that build longer
chains contribute to the methylene stretching band with a maxima around 2932 cm−1 (as
shown in the deconvolution analysis in Figure S3a–c). Further addition of CH2 groups
contributes to the sub-band at 2921–2919 cm−1 (Figure S3b,c). For C18:0, the 2919 cm−1

peak is the main contributor to the antisymmetric band.
A trend for vasCH3, vasCH2, vsCH3, and vsCH2 maxima as a function of the hydrocar-

bon chain length can be seen in Figure 3. The maxima decrease from short to mid-size (C12)
chains, beyond which no significant change is marked (within the spectra acquisition reso-
lution: 4 cm−1). Moreover, the intensity ratios of methylene over methyl peaks are related
to the number of CH2 groups in the chain, thus reflecting the hydrocarbon chain length.

Figure 3. Graph illustrating the trends for (a) vasCH3, (b) vasCH2, (c) vsCH3, and (d) vsCH2 peak
maxima with respect to the total number of carbons in sFA. Lower-chain acids, not discussed in the
main text, are included to further emphasize the trend.

The Acidic Carbonyl Stretching Region

The carbonyl group absorption maxima depend on the conformation and packing of
the hydrocarbon chains, which are more intense in long chains. The acidic carbonyl stretch-
ing vibration maximum (vC-O) is generally observed around 1710–1700 cm−1 (Figure 2a);
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this maximum is considerably downshifted compared to that of isolated molecules (for
instance, in the gas phase) [59]. Since the acidic carbonyl group participates in intermolecu-
lar hydrogen bonding with the hydroxyl group of a pairing molecule (Figure 1a), the acidic
carbonyl downshifts and relatively broadens (Figure 2c) [58,59]. At room temperature,
even-numbered acids from C10 and higher are solid and associate efficiently in their crystal;
as a result, hydrogen bonding is stronger and results in moderately down-shifted peaks
at ~1700 cm−1. An additional significant feature is the shoulder at 1687 cm−1 observed in
C14–C24 (Figure 2c), which can be assigned to a tighter association between dimers.

The CH2 and CH3 Bending Region

The methylene vibration is typically observed at 1465–1430 cm−1 for all sFA due to
the symmetric in-plane bending (or ‘scissoring’) mode, as shown in Figure 2. A sharp,
medium-strong peak around 1470 cm−1 is observed. For longer alkyl chain acids, the
band is resolved in two sub-bands (~1473 and 1464 cm−1) with a contribution of the
α-CH2 group at ~1411 cm−1. On the other hand, the CH3 symmetric bend (the ‘um-
brella’ vibration) appears at around 1370–1350 cm−1, while the antisymmetric appears at
1473 cm−1 [56,58,59,127,128]; the relative intensity of these bands generally diminishes
with increasing hydrocarbon chain length. Figure S1 zooms in the 1570–1000 cm−1 region,
showing bands more clearly for the crystallizable FAs.

The CH2 Twisting and Wagging Region

This region is characteristic of crystallizable compounds and materials containing
long saturated hydrocarbon chains; as a typical feature, band splitting in the form of band
progressions appears [59] (shown in Figure 2a and, in more detail, in Figure S1). Early
systematic studies that started in the 1950s, based on the coupled oscillator model of the
zigzag-shaped hydrocarbon chain [107,124,129,130], offered a better understanding of this
phenomenon. In the crystalline state, the twisting vibration of sFA is split throughout
1368–1329 cm−1 which better resolves upon chain increase; double-split CH2 twisting
peaks are observed in C14:0-C18:0, while four-split are observed in C24:0.

A similar phenomenon is even more pronounced for the methylene wagging vi-
brations, where extensive splitting in the form of progressions at 1320–1160 cm−1 are
observed [107–110,131]. The multiplicity of progressions (which can be termed as w1, w2,
etc.) increases with increasing hydrocarbon chain length (seen in detail in Supplementary
Materials Figure S1), showing a multiplet of bands, the number w of which appears to
follow the rule w = n

2 − 1, where n is the total number of carbons in a fatty acid. Moreover,
the distancing between consecutive w bands diminishes with increasing hydrocarbon chain,
approx. 34 (for C10), 29 (C12), 24 (C16), 18 (C18), and 13 cm−1 (C24). The progressions may
be stronger in well-crystallized samples, for instance, when the crystalline state is slowly
formed upon the annealing of a fatty acid melt [108,109,132,133]; this is demonstrated
in Figure S3 for stearic acid (C18:0), where a recrystallized C18:0 sample after a heating-
annealing cycle is compared with the one that was recorded as purchased. Generally, on a
practical level, when these bands are distinguishable, the carbon number of the fatty acid
can be estimated.

Hydroxyl C-O Stretch and C-O-H Bending Region

The carbon-oxygen bond of the acidic hydroxyl stretches (vC-O) at around 1100 cm−1

and appears as a medium peak (Figure 2a); for liquid fatty acids, the band is relatively
broad at 1100–1110 cm−1, while for solid acids, it is split at 1124 cm−1 (weaker) and
1075–1122 cm−1 (stronger). The latter upshifts upon moving from C10:0 to C18:0, while in
C24:0 this peak almost disappears (Figure S1).

The C-O-H in-plane bending vibration (δip C-O-H) is observed as a medium, relatively
broad peak at ~1431 cm−1 [59]. Although it is often partly overlapped in unknown,
complex samples, its diagnostic value can be significant. Likewise, the out-of-plane bending
vibration (δoop C-O-H), which typically appears as a weak peak at around 690 cm−1 and
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is also responsible for a medium-strong broad peak at 943–935 cm−1 [56,59] due to dimer
formation, is also of diagnostic value (Figure 2a).

The CH2 Rocking Region

This band may span in the 780–700 cm−1 range [124]. In-phase CH2 rocking vibration
most prominently appears at 725–710 cm−1 (Figure 2d). In the crystalline state (and
similarly with hydrocarbons), the band splits into a doublet with Δv 7–10 cm−1, due to the
anisotropic coupling of similar vibrations in adjacent CH2 groups [109,134]. As shown in
Figure 2d, splitting intensifies for long hydrocarbon chains (C14:0, C16:0, C18:0, and even
more for C22:0).

Infrared Maxima and Crystallization

Most spectral characteristics discussed above depend on the state of fatty acids. Ef-
ficient crystal packing results in the downshifting of acidic carbonyl and the formation
of CH2 structural features (twisting, wagging progressions, and splitting of bending and
rocking vibrations). On the other hand, non-crystallizable sFA, such as C8:0 and C9:0
(melting points 16.5 ◦C and 12.4 ◦C, respectively) show a relatively uniform broad band
at 1380–1180 cm−1 with poorly resolved shoulders (Figure 2a); the lack of multiplicities
reflects their non-crystalline nature at room temperature. A marginal case is capric acid
(C10, melting point 34 ◦C), where crystallization at room temperature is not always efficient
and although the wagging progressions are evident, the carbonyl peak appears upshifted
(1708 cm−1), and the rocking vibration is not split (Figure 2a,c).

The rocking band is significant and of diagnostic value regarding the chain length and
effectiveness of crystallization. While the twisting and wagging progressions (discussed
above) appear for any solid-state FA (i.e., for C10 and higher), the rocking band splits for
chains longer than C14, as shown in Figure 2a,d. Furthermore, effective crystallization may
affect the shape of the split band (i.e., even and deeper-split sub-bands in well-crystallized
samples). The crystallization effect is shown in Figure S3 by comparing the CH2 rocking
band of C18:0 before and after the annealing-recrystallization cycle. In conditions favoring
even more efficient packing (such as freezing in 10K [124]), the rocking vibration is even
more split where coupling with the twisting vibration is evident as a progression ranging
from 1065 to 720 cm−1.

2.2.2. Fatty Monoacid Metal Salts

Fatty acids can be transformed into FAMS in the presence of metals [135,136] and
reactive metallic compounds such as oxides, hydroxides, and salts [62,71,137–139]. In
paintings, many of these metallic compounds exist in inorganic pigments and have been
found to cause soap formation, particularly of zinc and lead, a phenomenon that has
received considerable attention from researchers due to the detrimental effects in works
of art [5,77,87,140–142]. Their presence in archaeological samples and other cultural her-
itage objects has also been documented [8,9]. In particular, calcium soaps are considered
to be common products through FA adsorption to calcium carbonate in the geological
environment and ceramics [27,143,144], since their formation is favored due to their very
low solubilities in water (Ksp of the order of 10−17 mol3/L3). Other metal soaps can also
be expected, such as copper, aluminum, cobalt, and iron [84,139,145]. This mineralization
process, which can be followed by inspecting infrared spectra of samples, may prolong
the preservation of the lipid fraction in the burial or other environments due to low sol-
ubility. Moreover, the above may lead to a severe underestimation of lipid yields during
routine chromatographic analysis involving lipid extraction with organic solvents [27]. In
the light of the above, chromatographic analysis methodologies measuring metal soaps
as added components in lipid analysis of cultural heritage samples have recently been
considered [146]. Finally, contamination by cleaning agents, including the sodium soaps
(typically, stearates), may not be excluded. For all the above reasons, identifying FAMS in
the sample prior to any chemical processing offers significant help in assessing the overall
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lipid load in a sample and further assessing its prehistory. To this end, the infrared spectra
of calcium, zinc, and sodium fatty acid salts are presented, and their characteristic features
are pointed out.

The infrared spectra of FAMS have been studied to some extent [78,87,133,138,147]. In
support of the current discussion, selected sodium (representative of late-historical cleaning
agents and modern additives in routinely used materials), calcium (typically expected
in interaction products of FA with the calcareous environment) and zinc soaps (a usual
case of metal soaps in oil paintings) were prepared in the laboratory (see Materials and
Techniques). Their infrared spectra were recorded.

Although soap spectra generally share similar features, diagnostically significant
differences can be observed regarding the carboxylate and some of the hydrocarbon chain
vibrations. Moreover, in the case of the bivalent ions Ca and Zn, hydrated salts were
produced, as evidenced by the intense, broad, crystalline water peaks (at ~3440 and
~1626 cm−1 for the calcium salt, and ~3565–3580 and 1620–1600 cm−1 for the zinc salt).
Spectra are shown in Figure 3 (sodium), Figure 4 (calcium), and Figure 5 (zinc), while peaks
with their assignments are listed in Table 2.

Figure 4. Chemical structures of metal carboxylates. (a) Ionic form of monovalent metal ions; (b)
unidentate coordination; (c) chelating bidentate coordination; and (d) bridging bidentate coordination
to calcium ions. Structures adapted from [148,149,152].

The Carboxylate Stretching

The carboxylate bands typically exist in pairs corresponding to the antisym-
metric (vasCOO−) and symmetric (vsCOO−) carboxylate vibrations at 1575–1530 and
1460–1400 cm−1, respectively.

The coordination geometry plays a significant role in the band maxima [147–149].
Moreover, the separation between the antisymmetric and symmetric band, often called
the Δ (‘delta’) value, depends on the coordination symmetry; the lower the symmetry, the
higher the Δ. More specifically, carboxylates may assume various symmetry levels based
on whether they exist in a pure ionic form (or a salt) or metal-coordinated forms such as
the unidentate, the chelate bidentate, and the bridging bidentate [148–151] (Figure 4). In
the lower-symmetry unidentate complexes (Figure 4b), the antisymmetric maximum is
expected to appear close to that of the corresponding carboxylic acid. The more symmetric
ionic and chelating bidentate structures (Figure 4a,c, respectively) appear at roughly similar
frequencies, while the bridging bidentate is even lower [149]. The maxima are very sensitive
to the metal type (i.e., ion mass, electronegativity, and effective charge [87]) but generally
insensitive to alkyl chain length, as shown in Figure S4.
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Table 2. Main infrared peaks and assignments of monoacid and diacid metal salts.

Peak Maxima, Wavenumbers (cm−1) Assignment Notes

Monoacid Metal Soaps
Octanedioate

(Suberate) Metal Soaps
Nonanedioate (Azelate)

Metal Soaps

3600–3300 3590, 3521 Zn 3565, 3521 Zn vO-H (cryst. water) In Ca and higher Zn monoacid
salts. Only in zinc diacid salts.

2956 n.a. n.a. vasCH3

2940(sh), 2926–2916
2942, 2930, 2909 Na

2978, 2939, 2921, 2907 Ca
2939, 2927, 2905 Zn

2943, 2936, 2921, 2907
Na

2976, 2947, 2921, 2915 Ca
2939, 2927, 291 Zn

vasCH2

Downshifted (3–5 cm−1) in
monoacid salts, for >C16 (Ca, Na)

and >C14 (Zn). Structured in
diacid salts.

2874–2870 n.a. n.a. vsCH3

2856–2850 Na salts
2851 Ca and Zn salts

2863 Na
2860, 2850 Ca
2867, 2851 Zn

2858, 2848 Na
2862, 2849 Ca
2867, 2850 Zn

vsCH2

Downshifted (~5 cm−1) in
monoacid Na salts, for >C9. Split

into two components
in diacid salts

1628 (br) Ca salt
1617–1619 Zn salts

C12-C24
1607 Zn 1616 Zn δH-O-H (cryst. water) In Ca and higher Zn monoacid

salts. Only in zinc diacid salts.

1560 Na salts
1579, 1542 Ca salts

1551, 1532 Zn salts, C8, C9
1540 (br) Zn salts C10-C24

1563 Na
1581, 1544 Ca
1551, 1537 Zn

1575 Na
1581, 1542 Ca
1556, 1534 Zn

vasCOO- Singlet for Na and higher Zn salts.
Doublet for Ca and lower Zn salts.

1472–1459 Na salts
1473 Ca salts

1467–1464, Zn salts

1463, 14447, 1432, Na
1468, 1455, 1431, 1411 Ca

1467, 1460, 1450 Zn

1463, 1405 Na
1468, 1434, 1420 Ca

1468, 1456 Zn
δCH2 scissoring

Single peak, a stable frequency for
Ca and higher monoacid Zn salts.
Four- or three-fold structuring in

diacid salts.

-
1458 Zn salts n.a. n.a. δasCH3

Overlapped in Na salts;
undetectable in Ca salts.

Detectable as unresolved shoulder
in Zn lower salts.

1423 Na salts
1433, 1411 Ca salts

1410, 1399 Zn salts C8, C9
1398 Zn salts C10-C24

1416 Na
1436, 1405 Ca
1412, 1399 Zn

1434 Na
1431, 1411 Ca
1407, 1398 Zn

vsCOO- Singlet for Na and higher Zn salts.
Doublet for Ca and lower Zn salts.

- n.a. δsCH3 (‘umbrella’
vibration)

Undetectable in most
monoacid salts

1400–1351 Na salts
1380–1287 Ca salts
1375–1260 Zn salts

1356 Na
1359, 1332 Ca

1366 Zn

1339 Na
1343, 1318 Ca

1353 Zn
τCH2

Progressions of 4 or 5 sub-bands in
monoacid salts. Singlet or doublet

in diacid salts.

1341–1180 Na salts
1278–1190 Ca salts
1250–1045 Zn salts

1293, 1200 Na
1293, 1261, 1247, 1217,

1201 Ca
1303, 1207 Zn

1316, 1288, 1273, 1253,
1233, 1195 Na

1286, 1251, 1200 Ca
1285, 1243 Zn

wCH2

Progressions following the n/2
pattern (n = total carbon atoms) in

Na and Ca salts.
Sub-bands in Zn salts.

1185–1100 Na
1114 Ca

1067–1105 Zn
1100 1100 Unassigned

Weak single band; up-shifting with
longer carbon chains in monoacid
Zn salts. Single band; not observed

in Na and Zn C8di salts.

855–849 δCH3 + vC-C. Not observed in monoacid zinc
and diacid soaps.

725–717, 698
721 Ca salts

747, 723 Zn salts
ρCH2 Doublet for Na and Zn salts; single

peak for Ca salts.

v: stretching vibration; vs: symmetric stretching; vas: antisymmetric stretching; δ: bending vibration; δs: symmetric bending; δas:
antisymmetric bending; δip: in-plane bending; δoop: out-of-plane bending; τ: twisting vibration; ρ: rocking vibration; w: wagging vibration.
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Figure 5. Infrared spectra of fatty acid sodium salts. (a) Full spectrum; (b) C-H stretching region; and (c) carboxylate region.
In all spectra: C8, sodium octanoate; C9 sodium nonanoate; C10, sodium decanoate; C12, sodium dodecanoate; C14, sodium
tetradecanoate; C16, sodium hexadecanoate; C18, sodium octadecanoate; C24, sodium tetracosanoate; C9 and C24 are
contaminated with sodium carbonate (intense peaks at ~1450 and 867 cm−1). The negative peaks at ~2380 cm−1 correspond
to carbon dioxide as a result of improper background subtraction.
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The sodium soaps can be correlated with the ionic structure (Figure 4a),
showing carboxylate maxima at ~1560 cm−1 and 1425 cm−1 for vasCOO− and vsCOO− ,
respectively [149]. Specifically, for sodium stearate (C18Na), the antisymmetric band ap-
pears as a doublet at 1573 and 1559 cm−1 (Figure 5c), possibly due to two different sub-cell
arrangements [153]. Interestingly, deviations of the above are observed in cases where
sodium salts co-crystallize with their corresponding FA. A unified acid-soap carbonyl
stretch is observed in above, at ~1740 cm−1, attributed to a hydrogen bonding decrease
combined with changes in acid-soap conformations [153].

For the calcium soaps, double-splitting is observed for all FAMS at 1580 and 1542 cm−1

(vasCOO−) and 1435 and 1419 cm−1 (vsCOO−), indicating two different denticities in
the coordination structure (Figure 6). Splitting of this type has been reported for pre-
cipitated calcium soap molecular units in bulk acquiring three-dimensional molecular
geometry [84,154]. On the other hand, for two-dimensional calcium soap layers, such as
those formed through the interaction of fatty acids with calcium-containing surfaces, the
doublet becomes a singlet (1550 cm−1 for the antisymmetric band) [155]. Since the calcium
soaps as reaction products of free fatty acids with calcium carbonate are generally expected
in specific archaeological contexts [27,143,144], the above maxima are generally expected
and have been in some instances observed [8,9].

The zinc salts (Figure 7) in most cases show single, relatively broadened carboxylate
bands at 1540 (vasCOO−) and 1398 cm−1 (vsCOO−). However, in the case of the shorter-
chain fatty acid salts (C82Zn and C102Zn), splitting is observed at 1550 and 1532 cm−1

(vasCOO−), and 1410 and 1399 cm−1 (vsCOO−) [72,73,155].
As a general remark, the splitting in both asym- and sym- carboxylate bands of the

divalent metal salts into doublets has been previously observed and attributed to bidentate
and unidentate salt types (Figure 4) [154,156]; the splitting can be as large as ~40 cm−1

for the calcium salts, while it is significantly smaller for the zinc salts. The trends in
antisymmetric and symmetric carboxylate maxima for various sodium, calcium, and zinc
soaps are shown in Figure S4. A significant feature of the carboxylate bands is the separation
Δν between the antisymmetric and symmetric peaks, considered to depend on factors
such as the type of metal, the ligand, and the coordination type and denticity [157,158],
the packing of chains [158–161], as well as the molecular environment (solvent, or other
materials in the molecular environment) [73,160]. As shown in Figure S4 (values drawn
from spectra in Figure 4, Figure 5, and Figure 7), the Δν value in the lower-symmetry
sodium soaps is generally expected to be ~137 cm−1, while for the higher-symmetry
calcium and zinc, this is expected to be higher at 142–144 cm−1 [158].

The calcium and zinc salts show similar Δv values at 143–144 cm−1 (with the exception
of the C24 salt), suggesting higher-symmetry bidentate coordination. The differences in
separation values between the sodium and the divalent salts are marginal as they are
comparable with the wavenumber uncertainty limit (4 cm−1, see Materials and Techniques).
Our data shows a deviation for the C8Zn and C9Zn salts, showing Δν values at 131 cm−1.

As a general remark, the carboxylate bands can be significantly broadened and shifted
so that Δv decreases when soaps are formed in an amorphous molecular vicinity (as is
the case of metal soaps formed in paintings with the glassy molecular environment of the
binding medium) [6,73,160].
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Figure 6. Infrared spectra of fatty acid calcium salts. (a) Full spectrum; (b) C-H stretching region; and (c) carboxylate region.
In all spectra: C8, calcium octanoate; C9 calcium nonanoate; C10, calcium decanoate; C12, calcium dodecanoate; C14, calcium
tetradecanoate; C16, calcium hexadecanoate; C18, calcium octadecanoate; C24, calcium tetracosanoate. Contaminated with
small amounts of calcium carbonate (peaks at ~1435 and 874 cm−1). The negative peaks at ~2380 cm−1 correspond to
carbon dioxide as a result of improper background subtraction.
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Figure 7. Infrared spectra of fatty acid zinc salts. (a) Full spectrum; (b) C-H stretching region; and (c) carboxylate region.
In all spectra: C8, zinc octanoate; C9 zinc nonanoate; C10, zinc decanoate; C12, zinc dodecanoate; C14, zinc tetradecanoate;
C16, zinc hexadecanoate; C18, zinc octadecanoate; C24, zinc tetracosanoate. The negative peaks at ~2380 cm−1 correspond
to carbon dioxide as a result of improper background subtraction.
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The C-H Vibrations

As a general remark, the CH2 antisymmetric stretching band in FAMS shows fewer
components and lower variability in their maxima than those in FAs. Spectra are shown in
Figure 3b, Figure 4b, and Figure 5b, for the three metal salts, respectively. For the carbons
closer to the carboxylate group, maxima appear at higher frequencies (2945–2935 cm−1),
while for the more distanced ones, these are downshifted at approximately 2920 cm−1.
Notably, for the sodium salts of fatty acids with chains shorter than C14, the peaks are
resolved to ~2957, 2940, and 2920 cm−1. The sym- CH2 stretching typically appears at
2857–2850 cm−1, and the CH3 stretching appears at 2956 (asym-) and 2874 cm−1 (sym-).

The methylene bending vibrations were found at 1460–1470 cm−1 (Na salts),
1468–1473 cm−1 (Ca salts), and 1456–1467 cm−1 (Zn salts), respectively, while the methyl
bending is either very weak or not observed at all. This region is shown in Figure 3c,
Figure 4c, and Figure 5c. The twisting vibrations are observed at 1400–1260 cm−1 as pro-
gressions of four or five peaks, which are quite intense for Ca and Zn salts. The wagging
vibrations are also observed as progressions, generally at 1270–1180 cm−1, similar to those
of the corresponding FA, although relatively weaker and at numbers that follow the n/1
pattern (where n is the number of total carbon atoms). The weak bands at 870–860 cm−1

are assigned to the coupling between δCH3 and vC-C [84]. Finally, the splitting of rock-
ing vibrations in the form of doublets at 745–723 cm−1 is observed only for zinc salts
(Figure 7a). In most other cases, this is elusive, reflecting a misalignment of the hydrocarbon
chains, possibly induced by the big difference between the ionic group and hydrocarbon
chain polarities.

Based on the recorded spectra, the above results refer to the pure materials, and there-
fore ‘ideal’ situations in the absence of organic additives, inorganic materials, etc.; spectra of
soaps present in ‘real’ samples may differ in their subtle features such as progressions and
splitting. Metal soaps on surfaces may acquire liquid crystal character [138]; in the case of
a divalent metal (calcium, zinc), the hydrocarbon chains arrange on both sides of the metal
ion plane. When this arrangement is unperturbed (for instance, in pure salts), alkyl chains
longer than C12 align well to show the progressions and splittings, as described above.
However, the non-polar liquid crystal layer may occasionally accommodate foreign com-
pounds of small MW (solvents, degradation products, etc.) that may disrupt the ordered
chain alignment and, therefore, diminish the intensity of these features [138,145,161]. In
these cases, the appearance of progressions and split peaks can be considered as a measure
of phase purity. Nevertheless, more research is needed to investigate the crystallization
phenomena of metal soaps in various environments.

2.3. Infrared Spectra of Selected Diacids and Their Metal Salts
2.3.1. Azelaic and Suberic Acids

During the last 50 years, research has shown that diacids, especially nonanedioic and
octanedioic (azelaic, C9di, and suberic, C8di, respectively) acids, are standard oxidation
products of polyunsaturated fatty acids [75,84,162]. They are commonly detected in or-
ganic remains of archaeological objects containing unsaturated oils [1,2,10,163–165], and
in oil-based paintings [76,166–169]. Specific features in diacid spectra (shown in Figure 8,
maxima and assignments in Table 1) can be helpful in their identification and distinction
from monoacids.

The acidic carbonyl absorption for diacids is observed at ~1695 cm−1, downshifted
compared to monoacids due to more efficient hydrogen bonding between carboxyl groups.
According to their structural characteristics, carboxyl groups are associated with intense
intermolecular hydrogen bonding, resulting in monoclinic crystals. As seen in Figure 1b,c,
the structures differ depending on odd- and even-numbered chains [91,170–173].
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Figure 8. Infrared spectra of selected dicarboxylic acids and their sodium, calcium, and zinc salts. (a) Full spectrum;
(b) C-H stretching region; and (c) 1800–1150 region. In all spectra: C8di, octanedioic acid (suberic acid); C9di, nonanedioic
acid (azelaic acid); C8diNa, C8diCa, and C8diZn, sodium, calcium, and zinc octanedioates (suberates), respectively; C9diNa,
C9diCa, and C9diZn, sodium, calcium, and zinc nonanedioates (azelates), respectively.

Similar to monoacids, the hydroxyl stretching is typically observed as a broad band,
spanning 3200–2800 cm−1. On the other hand, and in contrast to monoacids, the hydroxyl
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dimer band is structured, showing at least seven characteristic satellite bands spanning the
2810–2459 cm−1 region (Figure 8b).

Besides the expected absence of methyl bands, which can be seen as a diagnostic
feature in spectra, the methylene stretching region is characteristically more complex than
those of monoacids with split antisymmetric and symmetric bands. In the case of aze-
laic acid, this is more intense with both the vasCH2 and vsCH2 bands triply resolved at
2977–2914 cm−1 and 2875–2847 cm−1, respectively (Figure 8b). The difference in the CH2
stretching bands between the two acids can be attributed to a different crystal geometry
allowing polymorphism in their monoclinic structures based on parallel and vertical orien-
tations among the carboxyl group planes, resulting in different crystal packing between
even- and odd-numbered diacids [90,91,115,172–179].

The methylene bending vibrations are observed as doubly split bands at ~1470 and
1410 cm−1 (Figure 8c). The twisting vibrations are triply split (1360, 1346, and 1315 cm−1)
in azelaic acid, while they show a uniform peak in suberic acid (1333 cm−1). The wagging
vibrations are triply split in both acids at 1290–1250 cm−1. The rocking vibration appears
as two medium-weak peaks at ~796 and 725 cm−1 for both acids with no evident splitting.

The hydroxyl bending (δC-O-H) appears as an obscure band at 1425 and 1435 cm−1,
for C8di and C9di, respectively [115] (Figure 8c). The acidic carbonyl C-O stretch is a very
weak doublet at 1105 and 1098 cm−1 for azelaic, while it is not observed for suberic acid
(Figure 8a). Finally, the out-of-plane C-O-H bending is shown at 681 cm−1 for both acids,
while its dimer counterpart appears as a broad band at 932 (suberic) and 920 cm−1 (azelaic).

2.3.2. Diacid Metal Salts

In the case of diacid salts, most research has been done in the art paintings context.
However, the literature for their systematic infrared spectra is limited [84,180], despite
the fact that the corresponding fatty acids are widespread in oil paintings and specific
archaeological samples, and the formation of their salts through ion exchange is more than
expected. As a result of their difunctional character, diacid metal salts may associate with
divalent metal ions with both their ionic ends; this way, metal-coordinated ionic networks
can be formed with an ionomer character [6,75,145], which through their diminished mo-
bility may act as a stabilizing means for the medium. This structural phenomenon has
been proposed as a ‘self-repair’ mechanism by diacid salts which mitigates the detrimen-
tal effect caused by soap formation in paintings [84,145]. Although diacids have been
investigated in lipid-containing archaeological samples [164], diacid salt formation has
not been reported, and therefore, no data exist for similar phenomena in the various
archaeological environments.

Similarly, with the previous cases, suberate (C8 dicarboxylate, or C8di), and azelate
(C9 dicarboxylate, or C9di) salts with sodium, calcium, and zinc were also synthesized
in the laboratory (see Materials and Methods). As seen in the spectra of Figure 8, the
main infrared features of suberates and azelates (listed in Table 2) are similar to those of
monoacids, although with subtle, but important differences. Specifically, the zinc salts
appear in their hydrated form, with crystalline water observed at 3560–3520 cm−1 and 1607,
and 1616 for C8di and C9di, respectively (Figure 8a). The carboxylate bands are intense and
characteristic, appearing as an asym-/sym- pair (Figure 8c). For the sodium salts, a pair of
single carboxylate peaks are observed at 1563–1575 (asym-) and 1416–1405 (sym-) (Figure 8c).
On the other hand, each vibration is doubly split at ~1575–1544 (asym-) and 1431–1410
(sym-) for calcium and ~1551–1534 (asym-) and 1412–1400 (sym-) for zinc. By analogy to
monoacid salts, the splitting can be attributed to differences in coordination geometry. The
splitting value (Δvsplit) is 40 cm−1 for the calcium salts, while it is significantly smaller,
~18 cm−1, for the zinc salts.

Most methylene bands in diacid salts are characteristically structured, possibly as
a result of interactions in the crystalline phase (Figure S1b,c). The antisymmetric CH2
stretching band is split into four components for the calcium salts at 2978–2907 cm−1, four
components for sodium, and three for zinc salts at 2940–2905 cm−1 (see Figure 8b). The
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CH2 bending band (scissoring) is also structured at 1463–1405 cm−1, with the suberate
band being more extended than the azelate. The methylene twisting is observed as a
single peak at ~1360 cm−1 for most salts, while wagging appears as a progression at
1318–1195 cm−1, significantly more extended for the azelates. Finally, the CH2 rocking is
observed at 725–705 cm−1 for the sodium and calcium diacid salts and 747, 723 cm−1 for
the zinc salts.

3. Materials and Methods

3.1. Materials

Fatty acids were purchased from Sigma-Aldrich (Kenilworth, NJ, USA): octanoic, or
caprylic (CH3(CH2)6COOH or C8:0, ≥99%), nonanoic, or pelargonic (CH3(CH2)7COOH
or C9:0, ≥99%), decanoic, or capric (CH3(CH2)8COOH or C10:0, >98.0%), dodecanoic, or
lauric (CH3(CH2)10COOH or C12:0, ≥99%), tetradecanoic, or myristic (CH3(CH2)12COOH
or C14:0, ≥99%), hexadecanoic, or palmitic (CH3(CH2)14COOH or C16:0, ≥99%), oc-
tadecanlic, or stearic (CH3(CH2)16COOH or C18:0, ≥98.5%), tetracosanoic, or lignoceric
(CH3(CH2)22COOH or C24:0, ≥99%), octanedioic, or suberic (C6H12(COOH)2 or C8di,
98%), and nonanedioic, or azelaic (C7H14(COOH)2 or C9di, 98%).

Moreover, additional material and reagents were acquired as follows: sodium hydrox-
ide (Sigma-Aldrich >88%), water (Honeywell, Charlotte, NC, USA, HPLC grade), calcium
chloride (anhydrous, Sigma-Aldrich, ≥93%), zinc chloride (Sigma-Aldrich, ≥98%), ethanol
(Merck, Kenilworth, NJ, USA, 99.5%), chloroform (Sigma-Aldrich, anhydrous, ≥99%),
xylene (mixture of isomers, ≥98.5%), and acetone (Honeywell, ≥99.5%).

3.2. Synthesis of Fatty Acid Metal Salts

Sodium salts of fatty acids C8:0–C24:0 were prepared by adding 0.1 mmol of the
corresponding acids to 1 mL of sodium hydroxide 0.1 M solutions in ethanol (Honeywell);
for the diacid (C8di and C9di) sodium salts, two equivalents of the base was added. The
solutions were initially warmed up to 80 ◦C on a heating plate, followed by sonication for
15 min. When precipitation was complete, the products were investigated with infrared
spectroscopy, where the full conversion to the sodium salt was confirmed for all cases.

The calcium and zinc salts of fatty acids C8:0–C24:0 were prepared by substitution
upon mixing aqueous solutions of the corresponding sodium salts (prepared in the previous
step and pre-heated on a plate for full solubilization) with aqueous solutions of calcium
chloride (Merck, Kenilworth, NJ, USA) and zinc chloride (Sigma-Aldrich, Kenilworth, NJ,
USA). The mixtures were sonicated until full conversion was evident through infrared
spectroscopy. Infrared spectra of obtained salts (shown in this paper) were in agreement
with the literature [71,78,82–85].

3.3. Fourier Transform Infrared Spectroscopy

All samples were in powder form and analyzed according to the following procedure:
each sample was mixed with KBr, pulverized in a pestle and mortar, and pressed in a
13 mm disc using a hydraulic press. Infrared spectra of the KBr discs were recorded in
transmission mode using a Perkin Elmer Spectrum GX 1 FTIR spectrometer equipped
with a DTGS detector at 4000–650 cm−1, 32 scans, and 4 cm−1 resolution. Spectra of acids
are shown normalized on the carbonyl peak. Spectra of salts are shown normalized on
the highest carboxylate peak. Deconvolution of the C-H region (3000–2800 cm−1) was
done using the Peak Fitting application of GRAMS/AI (Thermo) software, using a mixed
Gaussian (50%) and Lorentzian (50%) function, at low sensitivity. In all cases, the standard
error was lower than 0.00647, while R2 was better than 0.9987.

4. Conclusions

The investigation of fatty acids and their metal salts as degradation products of fatty
substances in oil paintings and particular archaeological objects can be of high impor-
tance. This work explores the usability of infrared spectroscopy for characterizing these
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compounds in related complex samples. The spectra of some typical fatty monoacids,
diacids, and their sodium, calcium, and zinc salts are investigated, and their features were
examined in terms of their diagnostic usability.

Intermolecular interactions are fundamental for the acidic carbonyl maxima, which
downshift from 1713 (for C9 monoacid) to 1703 cm−1 (C14–C24); these are further down-
shifted to 1694–1695 cm−1 in diacids. Crystallization and effective molecular associations
in the higher members are key factors for this phenomenon, and in some cases, they are in-
hibited due to unfavorable molecular environments; acidic carbonyl maxima are relatively
high, at ~1710 cm−1. The same phenomenon also causes broadening of the dimer band at
945–920 cm−1.

In salts, carboxylate absorptions exist in antisymmetric-symmetric pairs (at
1590–1530 and 1436–1398 cm−1, respectively), often existing in doublets, with separa-
tions (Δv) depending on the metal. The distinctly higher frequency (181–1579 cm−1 of the
calcium salts is helpful for their identification. In these maxima, chain lengths have little
or no effect. On the other hand, inefficient crystallization may affect the band envelopes
and the separation of both bands. The hydroxyl stretch spans the 3200–2800 cm−1 region
of acids with a maximum of around 3000 cm−1. Dimer formation is a typical feature in
carboxylic acids, characteristically appearing as a broad maximum involving the stretching
vibrations at 2800–2400 cm−1 (in diacids, it appears as a structured band) and as a relatively
broad band involving the bending vibrations at ~940 cm−1.

The various C-H vibrations significantly depend on monoacid chain lengths and
intermolecular interactions among them. In crystallizable samples, splitting in stretch-
ing, bending, and rocking vibrations and the characteristic progressions in twisting and
wagging for the longer-alkyl chain acids are often a diagnostic asset. Diacids also show
splittings but no progressions. Progressions are also expected in metal monoacid soaps,
although significantly weaker and more elusive, and therefore, their diagnostic capability
is limited.

The rich spectroscopic features of fatty acids and their salts significantly benefit their
diagnostic use. A close inspection of an infrared spectrum recorded from complex samples
containing fatty acids, or their metal salts, can provide direct evidence for their condition.

Supplementary Materials: The following are available online, Figure S1: Infrared zoomed-in region
(1570–1000 cm−1 of crystalline (at room temperature)) of even-numbered monoacids: decanoic
(C10:0), dodecanoic (C12:0), tetradecanoic (C14:0), hexadecanoic (C16:0), octadecanoic (C18:0), and
tetracosanoic (C24:0). Figure S2: Deconvolution and peak fitting of the vC-H band region of (a)
octanoic (C8:0), (b) decanoic (C10:0), and (c) octadecanoic (C18:0) acids. Figure S3: Infrared spectrum
of palmitic acid (C16:0) (a) as purchased from the vendor, and (b) after a heating (melting)-annealing
cycle. Insets: (i) CH2 wagging region; (ii) CH2 rocking region.
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Abbreviations and Symbols

FA: fatty acids; FAMS: fatty acid metal salts (or metal soaps); FAE: fatty acid esters; FTIR: Fourier
Transform Infrared Spectroscopy; C8:0–C24:0 saturated octanoic-tetracosanoic fatty acids; signifies
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total carbon number; C8di, C9di: octanedioic and nonanedioic acids; Δv: the difference between
peak maxima between antisymmetric and symmetric carboxylate absorptions in metal soaps; sFA:
saturated fatty acids.
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Abstract: Several studies have been performed so far for the effective recovery, detection and quantifi-
cation of specific compounds and their degradation products in archaeological materials. According
to the literature, lipid molecules are the most durable and widespread biomarkers in ancient pottery.
Artificial ageing studies to simulate lipid alterations over time have been reported. In this review,
specific lipid archaeological biomarkers and well-established sampling and extraction methodologies
are discussed. Although suitable analytical techniques have unraveled archaeological questions,
some issues remain open such as the need to introduce innovative and miniaturized protocols to
avoid extractions with organic solvents, which are often laborious and non-environmentally friendly.

Keywords: lipids in pottery; archaeological biomarkers; ancient pottery; ageing study; sampling of
lipids; lipid extraction; lipid derivatization

1. Introduction

Organic residues in archaeology refer to a wide variety of amorphous organic remains
commonly associated with ceramic containers or tools, found in archaeological contexts.
The extraction and analysis of such organic residues from pottery can provide answers
to a variety of archaeological questions about diet, food storage and processing, rituals
and medical practices, trade and the use of commodities, domestication of animals, etc.,
thus contributing to unveiling crucial hints about daily life of the ancient societies. In
fact, it is well known that ceramics were used, not only for decorative purposes, but,
significantly, for a wide variety of functions [1,2]. Broadly speaking, culinary pottery can be
distinguished according to its use, i.e., storage containers, processing vessels (employed for
grinding, crushing, mixing, marinating, boiling, roasting etc.) and tableware (for eating or
serving) [3–5]. Organic residues can be found both in the inner and outer part of the pottery
container as visible remains, surface deposits and encrustations. A surface residue on the
vessel’s outer walls may derive from soot deposited during cooking activities on the fire.
In contrast, visible burnt residues adhering to the inner wall of a container can result from
the charring of food [6–9]. More commonly, organic residues occur as invisible absorbed
material within the porous unglazed vessel wall. Both visible and invisible organic residues
can derive not only from the processing or storage of foodstuffs, but also from nonculinary
practices, i.e., sealing or waterproofing purposes [8,10], to create coatings of the inner
surface of ceramic [11]. However, containers could be used for multiple functions and/or
reused or recycled for different purposes over time. From the aforementioned, it is clear
that establishing specific functions and uses of pottery vessels is a truly daunting task.
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Consequently, the most innovative technologies in analytical chemistry must be closely
merged with adequate archaeological guidance in order to unravel the origin of organic
residues and gain crucial hints on ancient human activities.

To date, lipids (i.e., fats, waxes and resins) represent one of the main chemical classes
of substances investigated in archaeological pottery. This is due to their hydrophobicity that
makes them less prone to loss by solubilization than other more soluble organic compounds
(i.e., carbohydrates, proteins) [8,12], thus limiting their percolation and allowing their
persistence in the original site. Conversely, more polar substances are more susceptible
to decay, especially those containing nitrogen and phosphorous atoms [13]. Although the
resistance to decay and the hydrophobic character of the lipids could make them excellent
candidates as “archaeological biomarkers” [14–17], it should be highlighted that most
of them are featured by reactive functional groups that fatally lead to their decay over
time. In addition, the strict relationship between edible lipid substances and preservation
should be kept in mind. The main characteristic of foodstuffs is their digestibility in
the gastrointestinal tract. This means that lipid molecules are also likely susceptible to
degradation by microorganisms in the burial environment [18]. Consequently, the lipids
may undergo in situ chemical or microbiological degradations over time. This fact further
complicates the interpretations on the origin of lipid matter [3].

It is well established, however, that some archaeological environments can retard
the degradation of lipids, for instance, very dry climactic conditions [19–21] or acidic
soils [4,22,23] may retard their decay. In addition, the entrapment of lipid molecules within
a ceramic matrix preserves or, at least, retards their alteration [13,24]. The degree of preser-
vation is highly dependent on the chemical and physical conditions (pH, temperature,
biomass and humidity) of the burial environment. This means that preservation of the
lipid matter in an archaeological context depends mainly on the presence of favorable
conditions. The literature data indicate that pottery vessels possess suitable characteristics
for absorbing organic material and preserving it during burial over millennia [25–27],
whilst the contamination of organic residues from the burial soil occurs only rarely. The
entrapment of lipids in organic or mineral matrices generally limits their loss by microbi-
ological degradation. In fact, the access of exocellular enzymes produced by degrading
microbes to lipid matter would be prevented, especially in highly dense or vitrified ma-
terials due to their low porosity and permeability [26]. Lipids are also well-preserved
in carbonized organic residues on pottery [28], probably due to microencapsulation that
inhibits microbial activities. The encapsulation of organic residues within clay surfaces may
also limit the access of microorganisms, but the presence of water and other reactive species
may cause some chemical degradation processes, such as hydrolysis or oxidation, leading
to the formation of specific “archaeological biomarkers” [26]. For example, the partial
hydrolysis of triacylglycerols (TAGs) leads to the formation of diacylglycerols (DAGs) and
monoacylglycerols (MAGs), while the complete hydrolysis involves to the formation of
free fatty acids (FFAs) [29]. A detailed overview of such hydrolysis products in ancient
pottery is elucidated in the next paragraph.

2. Lipids and Archaeological Biomarkers

In the last decades, the analysis of organic residues coming from foodstuffs, balms
and perfumes found in pottery has been mainly focused on the determination of lipids.
Archaeological biomarkers are specific molecules, often detected at trace levels, providing
useful information on the origin of organic residues and clues about the potential function of
the ceramic container in which they have been found [30,31]. In this section, the distribution
and composition of the main lipid constituents detected in pottery such as acylglycerols
(TAGs, DAGs and MAGs) and FFAs, and minor lipid constituents such as sterols (STs),
natural waxes and terpenoids, will be discussed. The chemical structures of the most
common lipids reported in the literature are illustrated in Figure 1.
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Figure 1. Examples of lipids detected in archaeological pottery samples: (a) tripalmitoylglycerol,
(b) 1,3-dipalmitoyl-glycerol, (c) 1-palmitoyl-glycerol, (d) palmitic acid, (e) palmitoleic acid, (f) linoleic
acid, (g) sitosterol, (h) cholesterol, (i) ergosterol, (l) dehydroabietic acid, (m) oleanolic acid, (n) betulin,
(o) tetracosanyl 15-hydroxypalmitate, (p) hexadecyl eicosanoate.

2.1. Triacylglycerols, Diacylglycerols and Monoacylglycerols in Pottery

TAGs have sometimes been found in organic residues from pottery, since they usually
readily decompose by means of chemical and microbial processes [13,32]. In the case of fats
derived from ruminants (cattle, goats, sheep) and non-ruminant (pigs) animals, a narrow
distribution of TAGs from C42, and from traces of C44 to C54–C56 carbon atoms has been
detected, respectively. In dairy products from ruminant animals, a large distribution of
TAGs from C40 to C54 was identified, whereas in marine and freshwater fish, they were not
found [3,33].

As aforementioned, TAG decomposition reactions lead to the formation of DAGs,
MAGs and FFAs. A low abundance of DAGs containing C32, C34, C36 long-chain acyl
carbon atoms, together with significant concentrations of C16 and C18 MAGs, as well as
C40–C48 wax esters, have been detected in archaeological pottery [33]. MAGs and DAGs
containing C16:0 and C18:0 acyl moieties are degradation products of TAGs possibly present
in raw animal fats [34]. The presence of these specific DAGs and MAGs, together with
high concentrations of C18:0 and C16:0 FFAs, is representative of the degradation of animal
fats [19] due to the use and/or subsequent burial of pottery for many centuries, as observed
by Evershed et al. [35] by performing in-laboratory decay studies on animal fats.

2.2. Free Fatty Acids as Archaeological Biomarkers

FFAs are the principal constituents of hydrolyzed fats and oils, the most encountered
and investigated lipid types associated with archaeological pottery [36]. Despite many
FFAs being identified in archaeological ceramic sherds [37,38], only some of them were
detected in significant amounts, especially if the ceramic containers have been treated
at high temperatures for cooking purposes or they have been subjected to burial, being
exposed to chemical reactions (oxidation, hydrolysis, condensation) [1,39]. FFAs consist, in
most cases, of an unbranched hydrocarbon chain, mainly containing an even number of
carbon atoms, commonly from 12 to 24, and a terminal carboxyl group. FFAs can differ
from each other, not only in the carbon chain length, but also in the number of double
bonds along the carbon chain. In such a respect, FFAs can be classified as saturated FAs
(SFAs), monounsaturated FAs (MUFAs) and polyunsaturated FAs (PUFAs) [40].
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The distribution of SFAs is strongly related to the nature of the organic residue detected
in ceramics [30]. The most abundant medium chain SFAs found in pottery samples con-
tain an even carbon number, such as palmitic (C16:0, hexadecanoic acid) and stearic (C18:0,
octadecanoic acid) acids. These compounds are ubiquitous, since they can be identified
both in animal and vegetable products [41]. On the other hand, lauric (C12:0, dodecanoic
acid), arachidic (C20:0, eicosanoic acid) and behenic (C22:0, docosanoic acid) acids can be
detected in significant amounts in coconut, palm and peanut oils, while myristic acid
(C14:0, tetradecanoic acid) can be found in plant seed oils and dairy products [42]. Short
chain FAs containing an even carbon number, namely butyric (C4:0, butanoic acid), caproic
(C6:0, hexanoic acid), caprylic (C8:0, octanoic acid) and capric (C10:0, decanoic acid) acids,
were identified in pottery in which ruminant milk fats, palm or coconut oil were con-
tained [41]. SFAs with an odd carbon number such as pentadecylic (C15:0, pentadecanoic
acid), margaric (C17:0, heptadecanoic acid) and nonadecylic (C19:0, nonadecanoic acid) acids
were also revealed in ceramics [40,41]. Their origin is mainly linked to bacterial, milk and
ruminant fats [43]. Short and medium chain SFAs with an odd carbon number, namely
valeric (C5:0, pentanoic acid), enanthic (C7:0, heptanoic acid), pelargonic (C9:0, nonanoic
acid), undecylic (C11:0, undecanoic acid) and tridecylic (C13:0, tridecanoic acid) acids, were
detected in archaeological ceramics used as containers for the flowering plants valerian,
rancid oils, pelargonium and other vegetable oils and dairy products, respectively [41].
In C6–C24 saturated fatty acids, as well as unsaturated FFAs, such as oleic (C18:1ω9, cis-
9-octadecenoic acid) and linoleic acid (C18:2ω6, cis-9, cis-12-octadecadienoic acid) acids, a
variable composition of C14–C20 alcohols, C16 and C18 MAGs, and C23–C29 n-alkanes was
detected, together with small organic acids and monosaccharides deriving from glucose
and glycerol, in pottery jars, vessels and amphorae possibly employed to store, contain and
transport, at the same time or in different moments, vegetable oils or animal products with
fermented alcoholic beverages (grape juice, wine) or sauces (Roman sapuum, mulsum or
defrutum) [44–46]. Although tartaric and syringic acids were traditionally considered as
wine biomarkers, the identification of wine in archaeological pottery remains controversial,
since the aforementioned compounds can come from different sources [45,47–49]. Glutaric,
fumaric, lactic malic, succinic and malonic acids, together with proper archaeological and
historical support, could provide a more reliable interpretation of the data [46].

The Isotopic analysis of the δ13C values of the main C16:0 and C18:0 FFAs [50], their
difference (Δ13C = δ13 C18:0– − δ13 C16:0) [3], as well as the proportions of selected SFAs [42],
are particularly useful to obtain information about the origin of lipids determined in pot-
tery [3,14,51–58]. Regert suggested that if the lipidic residue derives from non-ruminant ani-
mals, C16:0 and C18:0 FFAs are isotopically enriched in 13C with respect to those found in rumi-
nants and Δ13C > −1‰, whereas goat adipose fats are featured by −3‰ < Δ13 C < −1‰ [3].
Whenever the source of the organic residue is a dairy product of ruminant animals, C18:0
acid is depleted in 13C with respect to adipose animal fats, and Δ13 C < 3.3‰. In the case
of marine organisms, C16:0 and C18:0 FFAs are isotopically enriched in 13C with respect
to those of terrestrial animals, although their values are not so different than domestic
pig adipose fats. Freshwater fish resources are isotopically depleted in 13 C for both C16:0
and C18:0 acids with respect to marine fats [59]. Copley et al. observed organic residue
displaying Δ13C > −1‰ which derive from ruminant fats, since the C18:0 free fatty acid
is depleted in ruminant tissues because of bacterial processing in the rumen [60]. Shoda
and colleagues confirmed the validity of the C16:0 and C18:0 FFA’s carbon isotopic varia-
tion criteria for the identification of lipids from ruminant animals. The same author also
analyzed organic residues containing free fatty acids enriched in 13C, similar to those deter-
mined by performing analogous measurements on modern marine fish and salmonids [61].
This origin was further confirmed by the presence of a high (>80%) relative amount of
the 3S,7R,11R,15-phytanic acid (SRR), typical of aquatic organisms. In the case of organic
residues found in pottery vessels employed for cooking, containing and/or mixing different
type of food such as lipids derived from acorns and chestnuts, freshwater fish, wild boar,
wild ruminants and salmonids, the author [61] applied a concentration-dependent mixing
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model [62] taking into account δ13C16:0 and δ13C18:0 values together with the %SRR [63].
Dunne et al., investigating lipid residues found in ceramic bottles employed for childhood
nutrition and determined Δ13C values between −3.4‰ and −3.7‰, which is attributable
to the use of dairy ruminant products. Only in the case of one sample were the Δ13C values
in the range between the dairy and non-ruminant fats, suggesting a possible mixing in the
pottery vessel of pig or probably human milk with dairy products [64]. In another paper,
Dunne and co-workers confirmed that C16:0 and C18:0 FFAs δ13C values are particularly
useful to gain information on biosynthetic and dietary origin of fats detected in pottery from
different ancient periods. The author observed lipidic residues deriving from non-ruminant
animals featured by δ13C16:0 and δ13C18:0 values in the ranges from −11.0‰ to −28.1‰ and
−11.0‰ to −26.9‰, respectively, and 0.1‰ < Δ13 C < 7.4‰. A ruminant adipose origin
was attributed to samples displaying δ13C16:0 and δ13C18:0 values from −14.0‰ to −28.8‰
and Δ13 C ≤ −0.9‰. Dairy fats were identified with −3.0‰ < Δ13 C < 5.7‰, mixed rumi-
nant and non-ruminant fats were featured by Δ13 C values in the range from −0.1‰ to
−0.5‰ and mixed dairy and adipose fat with δ13C16:0 and δ13C18:0 values from −22.4‰
to −27.3‰ and −25.5‰ to −30.0‰, respectively, and Δ13 C = −3.2‰ [65]. Whelthon
and co-workers asserted a comparison between the δ13C of archaeological C16:0 and C18:0
FFAs and modern reference animal fats can be considered reliable for animal fats only.
Conversely, free fatty acids coming from plant product processing can cause a depletion in
13C and influence the δ13C C16:0 and C18:0 values. The author also stated that FFAs featured
by a 13C enrichment or depletion for both the C16:0 and C18:0 could derive from the marine
or freshwater commodity processing, respectively [18].

The investigation of the C16:0 and C18:0 FFA ratio is correlated to the study of the effect
of environmental conditions on the FA degradation. Accordingly, some factors such as tem-
perature, humidity and oxygen presence, are useful for the determination of degradation
processes and their influence on the FFA concentration [42]. Notarstefano et al. suggested
that whenever the C18:0 content is much higher than the C16:0 one (0.2 < C16:0/C18:0 < 0.6),
the organic residues detected in pottery may come from herbivore animals [66]. If the
amount of C18:0 is slightly higher than C16:0 (0.9 < C16:0/C18:0 < 1.3), the residues may
have an animal origin. On the contrary, a C18:0 level slightly lower than the C16:0 amount
(1.2 < C16:0/C18:0 < 2.0), may indicate a vegetable residue that, in the presence of long chain
alcohols, may also suggest the presence of waxes. Gregg and Slater indicated that when the
C16:0/C18:0 value is between 1.0 and 2.0, the residues could contain decomposed animal
fats, while if its value is higher than 3.0, they may come from vegetable oils [53]. Kimpe
and co-workers stated that when the ratio of C16:0/C18:0 is 1.0 ± 0.1, it means that the
pottery vessels were employed for cooking purposes [54]. However, this conclusion was
based on the analysis of only two vessel samples, and consequently should be considered
with caution. The strategy of using the C16:0/C18:0 ratio as an archeological biomarker
to evaluate the residue origin in pottery has not been completely accepted by some au-
thors [3,67], since significant amounts of C16:0 and C18:0 FAs could also be the result of
the conversion of unsaturated FAs to SFAs. Sikorski considered the interpretation of data
based only on the C16:0/C18:0 ratio doubtful, since they can occur in high concentration
either in plant or in animal sources [67]. Whelton et al. suggested a cautious interpretation
of the calculation of the C16:0/C18:0 ratio coming from archaeological fats with respect
to modern ones, due to the different solubilities and volatilities of FFAs, which could
interfere with the correct ratio value estimation [18]. Other authors suggested that fur-
ther FFAs or different ratios could provide a more reliable and accurate identification
strategy [3,55,57,68,69]. Regert observed that, if the concentration of C16:0 is lower than
C18:0, and a small concentration of C15:0 and C17:0 FFAs is also determined, together with
oleic acid and its isomers, the organic residue may come from ruminant fats, including
dairy products [3]. On the contrary, if the C16:0 content is higher than C18:0 and long chain
FFAs containing three double bonds are detected, the organic residue could be related
to fish fats. Olsson and Isaksson [57,70] proposed a C18:0/C16:0 inverse ratio combined
with long-chain FA presence. This condition could suggest the nonvegetable nature of
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organic residues. Based on this concept, a C18:0/C16:0 ratio lower than 0.48 could be in-
dicative of fish residues [57], whereas a value of C18:0/C16:0 higher than 0.48 could reveal
the occurrence of decomposed fat in terrestrial animals [71]. In addition, Marchbanks
and Malainey [55,69] proposed detailed ratios and indices among FAs for determining
the nature of organic residues in archaeological pottery. For example, the percentage
ratio (C12:0 + C14:0)/(C12:0 + C14:0 + C18:2ω6 + C18:3ω3) is less than 18% for vegetable oils,
between 22% and 39% for fish fats, and higher than 47% for terrestrial animal fats. Analo-
gously, Malainey [69] considered the FFA ratio (C15:0 + C17:0)/(C12:0 + C14:0 + C16:0 + C18:0)
to discriminate against monogastric and ruminant animal fats residues. Eerkens and
co-workers [68] stated that when this ratio exceeds 0.04, the organic residue may derive
from ruminant fats. Last but not least, a C17:0 branched/C18:0 ratio was suggested by some
authors [42,72,73] as archaeological biomarkers in order to identify organic residues coming
from monogastric animal and ruminant fats.

Naturally occurring unsaturated FAs are featured by one to six double bonds along
the carbon chain, in most cases with a cis configuration [40]. MUFAs are mainly distributed
in plant oils such as olive, sesame and sunflower oils, or in avocados, peanuts, almonds,
pecans, walnuts and cashews, while PUFAs are found in plant-based foods, oils and fish
(trout, salmon, herring) [30,74]. The most common MUFAs detected in archaeological
ceramic samples are palmitoleic acid (C16:1ω7, cis-9-hexadecenoic acid) and oleic acid. In
the case of adipose fats derived from ruminant animals, a mixture of isomers of oleic acid
with a double bond at the C9, C11, C13, C14, C15 and C16 positions has been also detected.
In porcine fats and dairy products from ruminant animals only a single isomer of the
oleic acid has been found as an unsaturated FA [3]. In addition, cis-vaccenic acid (C18:1ω7,
cis-11-octadecenoic acid) was identified in milk and ruminant fat residues and erucic acid
(C22:1ω9, cis-13-docosenoic acid) in rapeseed and mustard oils. Elaidic acid (C18:1ω9, trans-
9-octadecenoic acid) was also detected in archaeological pottery used as containers for
hydrogenated fats. The most abundant PUFA identified in archaeological ceramics is
the already mentioned linoleic acid, which can be found in vegetable oils residues [41].
With respect to fish oils, FFA fingerprints are quite complex since SFAs (C14:0, C16:0 and
C18:0), MUFAs (C16:1ω7, C18:1ω9) and PUFAs containing 18, 20 and 22 carbon atoms with
a high degree of unsaturation (and up to six double bonds) have been reported [75].
Considering the high degree of unsaturation of PUFAs in fish oils, the probability that
these molecules may degrade over time (by both chemical and biological degradation)
is significant [13,76,77]. This means that a loss of unsaturated FAs over SFA compounds
can be expected, hampering their possible detection in pottery [3,18]. In marine and
freshwater fish, isomers of ω-(o-alkylphenyl) alkanoic acids (APAAs) (see Figure 2) with
16, 18 and 20 carbon atoms and positional isomers could be produced by degradation of
tri-unsaturated FAs [3]. This was explained in terms of a multi-step alteration process,
starting with the alkali isomerization of the acids, very likely promoted by pottery clays,
followed by a 1,5-hydrogen shift with the formation of a conjugated triene system. Then, a
cis/trans isomerization and an intramolecular Diels–Alder mechanism with aromatization
may occur and produce conjugated cyclic products. Alternatively, a 1,7-hydrogen shift,
an intramolecular Diels–Alder reaction and a final step of aromatization could lead to the
formation of the mentioned products [22]. Vicinal dihydroxy acids are other oxidation
products of unsaturated FAs. The position of the hydroxyl groups along the carbon chain
indicates the original double bond position in the FA precursor. Such molecules, containing
from 16 to 22 carbon atoms, have been detected in ancient pottery [78]. Furthermore, high
concentration levels of isoprenoid fatty acids (IFAs), such as pristanic acid and phytanic
acid, depicted in Figure 2, and low levels of 4,8,12-trimethyltridecanoic acid (4,8,12-TMTD),
can be found in marine animals. On the other hand, they are not present in terrestrial
animals [3,37]. The branched structures of IFA compounds are particularly resistant to
degradation; therefore, they are listed as archaeological biomarkers for the identification
of fish oils contained in pottery vessels [79,80]. In the case of adipose ruminant and non-
ruminant animal fats, oxidation reactions could cause the formation of unsaturated short-
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chain dicarboxylic, hydroxy- and dihydroxy carboxylic acids, both in the free and esterified
form [19]. The detection of (α,ω)-dicarboxylic acids ranging from C5–C7 to C12–C13 has
been reported in the literature [38]. The azelaic acid (nonanedioic acid, Figure 2) represents
one of the most detected (α,ω)-dicarboxylic acids, indicating that FA precursors were
featured by a double-bond at the C9-position (i.e., oleic acid). Alkaline hydrolysis of FFAs
could also produce ω-hydroxy even-numbered saturated carboxylic acids with 8–12 carbon
atoms. Heating animal fats could induce the condensation of FFAs and the formation of
odd-numbered monounsaturated ketones ranging from C29 (nonacosan-15-one, Figure 2)
to C33 (tritriacontan-16-one)-C35 (pentatriacontan-18-one) [3].

 

Figure 2. Examples of lipids degradation products detected in archaeological pottery samples:
(a) ω-(o-alkylphenyl)alkanoic acid, (b) 11,12-dihydroxydocosanoic acid, (c) pristanic acid, (d) azelaic
acid, (e) ω-hydroxydodecanoic acid, (f) sitostanone, (g) cholestanone, (h) nonacosan-15-one, (i) n-
nonacosane, (l) 7-oxodehydroabietic acid, (m) betulone.

2.3. Minor Lipid Constituents in Archaeological Samples

Phospholipids (PLs) are structural components of biological cell membranes [8]. They
consist of a phosphoric acid unit, often linked to a nitrogen-containing molecule and two
FAs [81,82]. PLS are the constituents of the carcass fat of wild ruminants with higher
concentrations with respect to the acylglycerols [83]. In soil, where pottery sherds are
usually found after prolonged burial, PL’s occurrence is transitory due to degradation
processes that make them difficult to detect after many centuries, so that the only extractable
compounds belonging to this class are hypothesized to derive from living biomass [83].

STs are precursors of some hormones and structural components of cell walls [30].
Their low concentrations in pottery, as well as the possible cross-contamination due to
the handling of pottery during the excavation or post excavation phases, make the STs
identification particularly questionable [18]. STs can be mainly grouped into phytosterols
and zoosterols based on vegetable and animal origin, respectively [8]. Phytosterols, such as
sitosterol, stigmasterol and campesterol, and their oxidation products such as sitostanone
(Figure 2), sitostanol and campestanol, can be identified as organic residues coming from
vegetable oils, cereal grains and nuts. For this reason, they are considered plant ST biomark-
ers in archaeological potsherds [42]. They were sometimes identified in visible carbonized

351



Molecules 2022, 27, 3451

residues on the inner surface of pottery vases or in the botanical remains of carbonized
seeds [42,66]. The most abundant zoosterol is undoubtedly cholesterol, a component of
the biological membranes of mammal cells and a precursor of estrogen and steroid hor-
mones (progestogens, glucocorticoids, androgens, mineralocorticoids) [84]. Cholesterol
either has an exogenous source, coming from animal food, and/or an endogenous origin,
because it is produced in the animal liver [84]. Whelton et al. stated that its detection
should be viewed with caution due to a possible contamination from human skin lipids [18].
Only if cholesterol is determined together with its hydroxy-, oxo-, epoxy, ketone oxidized
derivatives, such as cholestanol and cholestanone (Figure 2), produced by the heating of
animal fats in pottery vessels or the natural decay, can it be considered as an archaeological
biomarker [33,85]. Saturated odd-numbered mid-chain ketones from C29 to C35, such as
nonacosan-15-one (Figure 2), triacontan-14-one, triacontan-15-one, hentriacontan-16-one,
dotriacontan-15-one, dotriacontan-16-one, tritriacontan-16-one, tetratriacontan-17one and
pentatriacontan-18-one, as well as C33 and C35 monounsaturated ketones, were also de-
tected in pottery containers where animal fats were processed [3]. Ergosterol is a specific
mycosterol, component of fungal cell membranes with the function of cholesterol in animals
and precursor of ergocalciferol (vitamin D2). In lipid residues found in prehistoric pottery,
it was considered a potential biomarker for alcohol fermentation in beer, bread or wine [42],
but Isaksson et al. highlighted that ergosterol detection in pottery could also derive from
modern contamination [71].

Other lipids identified in organic residues extracted from pottery could include natu-
ral waxes biosynthesized by insects, such as honey and beeswax, or by plants, that form
hydrophobic coatings on their outer surface, as in the case of leaf or epicuticular waxes,
and protective layers on the skin, hair and feathers of animals [3,30,74,82,86]. Wax com-
position is heterogeneous and varies with plant or animal type [87]. Waxes from leafy
plants are characterized by long chains archaeological biomarkers, such as odd-numbered
alkanes (C25–C33), even-numbered alcohols (C20–C34) and aldehydes (C24–C28), as well as
C39–C52 esters [88,89]. Some organic compounds are considered to be specific biomarkers
of plant oils as a source of organic residues, as in the case of Brassicaceae seed oil, widely
employed in ancient times, whose chemical fingerprints are gondoic acid (C20:1ω9, cis-11-
eicosenoic acid) and the aforementioned erucic acid. Oxidation processes occurring on
these compounds could produce vicinal dihydroxy acids and (α,ω)-dicarboxylic acids.
Vicinal dihydroxy acids such as 11,12-dihydroxy arachidic (11,12-dihydroxyeicosanoic acid)
and 13,14-dihydroxybehenic (13,14-dihydroxydocosanoic acid) acids, as well as the (α,ω)-
undecanedioic and (α,ω)-tridecanedioic acids, are chemical fingerprints of Brassicaceae seed
oils [29]. n-Nonacosane (Figure 2) and its oxygenated derivatives nonacosan-15-one and
nonacosan-15-ol are indicators of the processing of cabbage, turnip, kale and broccoli vegeta-
bles [30,89]. In waxes, the formation of soluble salts and volatilization reactions caused by
heating of the ceramic vessel, could produce loss of FAs and of n-alkanes, respectively [82].
Beeswax is featured by long-chain odd-numbered alkanes (C23–C33), even-numbered FAs
and even-numbered C40–C54 wax esters. Esters are more resistant to hydrolysis than TAGs
so that wax can be considered less vulnerable to degradation processes and more likely de-
tectable in archaeological samples with respect to TAGs [87]. Partial degradation products
could occur over time on beeswax esters and produce long-chain even-numbered alcohols
(C24–C34), FAs and n-alkanes.

Lipids detected in pottery could also originate from natural products not employed
as foodstuffs, such as those coming from resins, tars, pitches and bitumen and wax from
beeswax used for non-dietary purposes. These products were stored in vessels, used
as sealants, for decoration, as adhesives for repair aims, as illuminants, ointments, cos-
metics, balms and medicines. The main lipids detected in these matrices are terpenoids,
whose structures are featured by isoprene (C5H8, 2-methylbutadiene) units that can be
classified in monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20) and triter-
penoids (C30) with 2, 3, 4 and 6 isoprene units, respectively. Terpenoids generally show a
good preservation [90], even if their degradation products were detected in archaeological
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pottery samples. The loss of low molecular weight terpenoids, such as monoterpenoids
and sesquiterpenoids, was observed due to their volatility [82]. Diterpenoids such as
dehydroabietic and didehydroabietic acids, as well as their oxidation products, namely
7-oxo-dehydroabietic (Figure 2), 7-oxo-abietic and 15-hydroxydehydroabietic acids, are
considered specific archaeological biomarkers of Pinaceae family resins [66,91,92]. Some of
these compounds can provide information on the resin heating conditions, as for methyl
dehydroabietate, which indicates that pine resin was heated at high temperatures and in
the presence of wood [91]. Such molecules are often detected together with wine-related
compounds such as tartaric acid, since resins were employed as sealing or waterproof-
ing agents in pottery vessels, and for wines aromatization. In addition, pine resins were
used in firing containers to improve the mechanical and thermal resistance of ceramic to
heating [66]. Triterpenoids such as oleanonic and oleanolic acids, together with other com-
pounds, are chemical fingerprints of storax resin [93]. Betulin, lupeol and their derivatives,
such as lupenone, betulone (Figure 2) and betulinic acid, are archaeological biomarkers of
birch bark [94]. In the last decade, a pentacyclic triterpene methyl ether named miliacin,
commonly found in millet grains, was also identified in prehistoric pottery vessels [38,95].

3. Artificial Ageing Studies

In-laboratory alteration processes such as thermal decomposition, oxidation and
hydrolysis of lipids have been investigated in order to simulate the natural degradation
occurring in archaeological contexts. Such ageing studies can provide key elements to
better interpret the origin of animal fats and plant oils that are partially or totally altered
over time. The elucidation of the chemical and biochemical mechanisms responsible for
the alteration of pristine molecules also allows for the unveiling of the life history of an
organic residue. For example, long-chain ketones are formed via free radical-induced
dehydration and decarboxylation mechanisms, which involve intensive heating of the
carboxylic FAs up to over 300 ◦C [25]. As a result of such cooking activities, the degradation
of unsaturated FAs over 270 ◦C with formation of APAAs was also reported. This means
that their detection may provide clues on the original constituents fired in pottery.

FAs containing at least one double bond along the carbon chain are particularly
sensitive to oxidation reactions. The oxidation process involves the inclusion of an oxygen
atom in the carbon chain, the scission of the double bond and formation of lower molecular
weight species [29]. As reported by Rottlander and Schlichtherle, the oxidation rate of
FAs depends on the degree of unsaturation. This means that MUFAs are oxidated much
more slowly than PUFAs [77]. (α,ω)-Dicarboxylic and ω-hydroxycarboxylic acids are often
the main oxidation products, as reported by Colombini et al. [29]. The authors performed
ageing experiments by heating gondoic and erucic acid standards at 120 ◦C for three
weeks [29]. Gas chromatography–mass spectrometry (GC–MS) analyses revealed that
oxidation products were strongly influenced by the double bond position along the carbon
chain. Accordingly, (α,ω)-undecanedioic and (α,ω)-tridecanedioic acids were the most
abundant oxidation compounds and their formation via radical oxidation mechanism was
consistent with the gondoic and erucic structures, respectively. The GC–MS chromatograms,
reported in Figure 3, also highlighted the presence of minor constituents with short- and
medium-chains, indicating further reaction mechanisms such as migration of the radical
adjacent to the carboxylic group [29]. Alternatively, Bondetti and co-workers focused their
attention on the study of APAA species as degradation products of MUFAs and PUFAs [96].
Their formation was the result of double-bond rearrangements during protracted heating
of lipids present in animal and plant tissues. The carbon chain length of APAAs allowed
the organic residues coming from aquatic or terrestrial source to be distinguished. In
fact, the presence of APAA with 20 and 22 carbon atoms could be directly related to the
cooking of aquatic organisms such as freshwater and marine animals [97], since they derive
from their long-chain FA precursors, eicosapentaenoic (C20:5ω3, eicosapentaenoic acid
or EPA) and docosahexaenoic acid (C22:6ω3, docosahexaenoic acid or DHA), which are
quite common in aquatic sources. In contrast, APAA-C16 and APAA-C18 species can be
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considered as archaeological biomarkers for revealing the terrestrial nature of the organic
residue, belonging to both the animal and the plant kingdoms. In addition, the simulation of
the degradation reactions allowed the authors to establish a further threshold value of 0.06
for the ratio APAA-C20/APAA-C18, in order to discriminate aquatic sources from terrestrial
products. Moreover, Hammann et al. recently carried out artificial ageing of cholesterol in
ancient clay potteries [84]. The authors demonstrated that cholesterol undergoes complete
degradation at 100◦C in the presence of a high content of FAs, consistent with those
observed in animal fats (100:1 w/w, FA to cholesterol). However, the pro-oxidative behavior
of FAs had a minimal effect on the cholesterol degradation when low concentration levels
were registered (1:4 w/w, FA to cholesterol). In-laboratory heating experiments suggested
that the clay contributed to the cholesterol degradation. In fact, different degradation
products were observed during the experiments involving cholesterol heating with the
clay material only. Since both FAs and the clay surface may contribute independently to
degradation reactions, the absence of cholesterol in cooking lipid residues in ancient pottery
is not surprising. Within such a context, the detection of cholesterol in clay pottery should
be examined with caution [84].

Figure 3. GC–MS chromatogram of aged gondoic (A) and erucic (B) acid standards. Reprinted
with the permission from Ref. [91]. Copyright 2005 John Wiley and Sons, Ltd. Peak assignment
is described as follows: (1) nonanoic acid, (2) (α,ω)-butanedioic acid, (3) decanoic acid, (4) (α,ω)-
pentanedioic acid, (5) (α,ω)-hexanedioic acid, (6) (α,ω)-heptanedioic acid, (7) ω-hydroxyoctanoic
acid, (8) dodecanoic acid, (9) (α,ω)-octanedioic acid, (10) ω-hydroxynonanoic acid, (11) (α,ω)-
nonanedioic acid, (12) ω-hydroxydecanoic acid, (13) tetradecanoic acid, (14) (α,ω)-decanedioic
acid, (15) ω-hydroxyundecanoic acid, (16) (α,ω)-undecanedioic acid, (17) ω-hydroxydodecanoic acid,
(18) hexadecanoic acid, (19) (α,ω)-dodecanedioic acid, (20) ω-hydroxytridecanoic acid, (21) (α,ω)-
tridecanedioic acid, (22) ω-hydroxytetradecanoic acid, (23) oleic acid, (24) octadecanoic acid, (25)
(α,ω)-tetradecanedioic acid, (26) gondoic acid, (27) eicosanoic acid, (28) 9,10-dihydroxyoctadecanoic
acid, (29) 9,10-dihydroxyoctadecanoic acid, (30) erucic acid, (31) docosanoic acid, (32) 11,12-
dihydroxyeicosanoic acid, (33) 11,12-dihydroxyeicosanoic acid, (34) nervonic acid, (35) tetracosanoic
acid, (36) 13,14-dihydroxydocosanoic acid and (37) 13,14-dihydroxydocosanoic acid. All compounds
are intended as TMS derivatives.

The alteration of lipid substances over time is also partly mediated by bacterial action.
In fact, it is well known that bacteria adapt readily where essential nutrients, including
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lipids, are available. Consequently, the effects of bacterial activity on lipids in archaeological
organic residues have been discussed in the literature. Dudd et al. designed laboratory
experiments in order to simulate the decay of absorbed lipid matter in ceramic vessels
under oxic conditions [98]. In detail, two of the most popular foods in antiquity, milk
and olive oil, were absorbed on sherds and incubated at 30 ◦C in a flask with mushroom
compost (mushroom humix manure). The decay of lipid compounds was monitored at
different times intervals. In-laboratory ageing experiments indicated that the degraded
lipid profile of milk was indistinguishable from that of adipose fat. Extreme caution is
therefore required in the assignation of such lipid matter. In addition, the bacterial-induced
decay of lipids shows typical biomarkers such as branched-chain and odd carbon number
FAs. However, such compounds naturally occur in milk fat due to the presence of bacteria
in the rumen [99], thus the bacterial action on lipid degradation cannot be established with
sufficient certainty [98]. On the other hand, the simpler lipid profile of olive oil allowed the
authors to assess the contribution of bacteria to the decay of the original lipids, presumably
resulting from the combination of microbiological and abiological hydrolysis [98]. In fact,
the detection of branched chain FAs in olive oil indicated that bacterial organisms were
actively responsible for the decay of the olive oil in potsherds, although to a lesser extent
than other degradation mechanisms.

4. Sampling and Extraction Protocols of Lipids from Ancient Pottery

The capability of elucidating the lipid composition of materials used by the ancient
societies can ensure that their practices remain part of our cultural heritage. Consequently,
the chemical analysis of preserved lipid matter in archaeological contexts is not a simple
and routine procedure, but it requires careful planning of the entire analytical workflow,
from the sampling strategy to the interpretation of the analytical data. For a successful
research study, a project design sampling strategy is the first and crucial aspect that must
be emphasized. In fact, a significant criticism of the sampling methods has already been
highlighted in the literature [8,18]. It seems quite clear that a single vessel or limited
number of vessels cannot provide meaningful data, except for minor circumstances such as
an archaeological sample coming from a “special depositional context” or showing “special
typological characteristic” [18]. This means that a robust sampling strategy involving a
large number of sherds (20–30) is necessary in order to statistically represent the time
period, excavation site, burial conditions, object shape and pottery typologies. A large
number of samples also enables the examination of a range of potential variables that may
affect the quality of analytical data [8,18]. Another fundamental aspect involves the strict
collaboration between the analyst and the archaeologist, essential to ensure a coherent
strategy to the whole process. For example, the archaeological area can provide preliminary
relevant information regarding the context and relationships within and between sites, as
well as the absolute and relative chronological information, pottery typologies, materials
etc. [18]. If such information is not included in the project design sampling strategy, the
entire research may be of questionable quality. Appropriate handling and storage protocols
are the key requirements to avoid the presence of contaminants. In general, the first source
of contamination is linked to the organic matter in the burial environment. Animal and plant
materials, as well as microbial synthesis from bacteria and fungi, represent all potential
interfering agents that should be critically addressed. In order to exclude any possible lipid
contamination, it is advisable to perform a comparison of the analytical data between the
pottery excavated from the burial site and the surrounding soil. The effectiveness of such
an approach was demonstrated by Heron et al. [100]. Contaminant agents can also come
from handling of the sherds, both during excavation and post-excavation [18]. For instance,
the human contact introduces lipid contaminants including cholesterol and squalene that
can be mistaken with animal organic residues preserved in the vessels. Squalene is known
to degrade over time; therefore, its detection is usually assigned to modern handling.
On the other side, as aforementioned, the presence of cholesterol should be interpreted
with caution due to its capability of surviving in organic residues of pottery, except when
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exposed to a high firing temperature [100]. Contaminants can also arise from materials used
for the storage of samples such as phthalate plasticizers. In this case, paper bags, rather than
plastic bags, solve the problem of plasticizer contamination, although these substances are
easily identifiable and do not affect the analysis of lipids on pottery [8]. As routine practices,
the monitoring of a blank sample is crucial for the detection of lipid contaminants. This
measure allows not only for the examination of the purity of the chemicals (solvents and
reagents), but also to evaluate the entire analytical protocol including the chromatographic
instrumentation. Based on this assumption, the pottery analyses should be performed
when a blank, without any lipid contaminants, is obtained. Of course, this approach can
only be used to establish contaminants introduced in the laboratory, not those introduced
through handling and storage protocols.

Organic residues in archaeological pottery represent very complex matrices, therefore
it is necessary to optimize an adequate sample treatment. Generally, lipids are analyzed
by using chromatographic techniques coupled to an MS detector [101] in order to reveal
the correct identity of the lipids in a univocal manner. The extraction step is mandatory in
order to purify and isolate the lipid compounds. As a rule, there is not a univocal protocol
of sample preparation that is suitable and applicable for all archaeological matrices and
compatible with all the analytical techniques. For this reason, numerous sample treatments
have been described in the literature over the years for lipid analysis in pottery.

In term of lipid extraction, the literature data confirm that solvent-based extractions
are the most common. Recently, Whelton et al. reported that chloroform:methanol (2:1 by
volume) and dichloromethane:methanol (2:1 by volume) solvent mixtures have been used
for the extraction of lipids from ceramics [18]. In these solid–liquid extraction techniques,
widely utilized in foodomics and lipidomics research, lipid compounds are simultaneously
extracted and isolated into a liquid layer. For example, Harper et al. utilized 5 mL of a
2:1 v/v dichloromethane:methanol solution to extract lipids from pottery [102]. Evershed
et al. extracted lipids from powdered sherds (2 g) by using a chloroform:methanol (10 mL,
2:1 by volume) solvent mixture [103]. Both protocols demonstrated to be suitable in the
extraction of FFAs, MAGs, DAGs and TAGs from archaeological samples. An alterna-
tive extraction strategy has recently been optimized by Tanasi et al. [104]: a solution of
chloroform:methanol:water (1:1:0.9) was added to suspend the powder and extract “free”
lipids. Compared to the waterless extraction procedures described above, such strategy
requires that lipid compounds and interfering substances are partitioned into two layers:
the upper methanolic phase containing virtually all of the non-lipid substances and lower
chloroformic phase consisting of lipids [105]. From a methodological point of view, such a
protocol requires the use of a centrifuge to allow the clear separation of the biphasic system.
In order to improve the extraction of lipids, some authors also introduced sonication, as
described by Regert et al. [3].

Alternative solvent-based extraction protocols have also been reported in the literature,
especially whenever the recovery of polar lipids such as dicarboxylic acids and hydroxyl
acids was incomplete, by using the well-established chloroform:methanol extraction. In fact,
lipid molecules containing one or more polar functional groups, such as carboxyl (–COOH)
and hydroxyl (–OH) portions, form strong intermolecular interactions (i.e., hydrogen
bonds, dipole–dipole, ion–dipole and electrostatic interaction) with the polar surface of
the ceramic matter. This means that their removal/extraction from ceramic is favored by
more aggressive alkaline or acid reagents. The effectiveness of the alkaline treatment was
demonstrated by Regert et al. [34]. In detail, a portion (1 g) of sherd, already subjected
to a solvent-based extraction, was re-extracted with 10 mL of NaOH methanolic solution
(0.5 M) at 70 ◦C for 90 min. Alkaline treatment confirmed the presence of (α,ω)-dicarboxylic
acids (from C7 to C12) and α-hydroxy carboxylic acids (from C8 to C12) in the total lipid
composition of organic residues that were not extractable by using a chloroform/methanol
solvent mixture. The capability to extract the most polar lipids was also evaluated by
using acidified methanolic solution (H2SO4–MeOH, 2% by volume) [51]. An alternative
extraction technique is represented by the microwave-assisted extraction (MAE). One of the
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main advantages of this strategy is the reduction in the extraction time due to the different
mechanism, by which heat is transferred to the solution. In fact, the use of microwaves
allows the rapid heating of the solution, keeping the temperature gradient to a minimum.
This actually increases the heating speed of the extraction mixture [106]. Although the MAE
technique has great potential for heating materials, the correct selection of the extraction
solvents is the fundamental requirement for a successful application. As a general principle,
a solvent utilized in the conventional extraction procedures is not suitable in the MAE
process if it is not able to absorb microwave energy. The use of MAE in the archaeological
field has recently been reported by Blanco-Zubiaguirre et al. [24]. The extraction of TAGs
was performed by mixing 1 g of the archaeological ceramic sample with 900 μL of the
chloroform:hexane solution (3:2 by volume). The power of microwaves was fixed to 600 W
for 25 min (temp. 80 ◦C). The authors also performed the extraction and simultaneous
saponification of FAs by using a KOH ethanolic solution (10% w/v). In this case, the power
of the microwave was 200 W for 60 min (temp. 80 ◦C). Other authors have performed the
microwave-based extraction of lipids from ancient pottery [53,107], but the MAE approach
is not widespread in archaeometry yet.

Last but not least, an innovative extraction technique based on the use of supercritical
fluids has been recently explored by Devièse et al. [108]. As reported by the same authors,
supercritical fluid extraction (SFE) has not yet been widely explored in the field of archaeo-
logical science, but the results of this pilot study are very promising. First of all, the SFE
technique does not require the destruction of the sherd sample, since the lipid extraction
can be performed without any further grinding step by pestle or mortar. This aspect is
crucial for the reduction in the potential source of contamination that can substantially
affect the analytical results. In addition, the methodology involves the use of supercritical
carbon dioxide (CO2), an excellent extraction solvent due to its relatively high density
and consequently high solvation power. Further, it presents a low viscosity and high
diffusion coefficient that allows fast extraction. From the environmental point of view, the
supercritical CO2 greatly reduces the use of organic solvents. In fact, only small portions of
solvents are combined with the supercritical fluid in order to change its polarity. Devièse
et al. [108] optimized the extraction of lipids from pottery by the SFE method using water
and ethanol as cosolvents, which are less toxic than extraction solvents conventionally
used in solid–liquid extraction. Regarding the extraction performance, the SFE allowed
the authors to detect, in laboratory-made ceramic samples, higher quantities of lipids than
those obtained by using a conventional solvent-based extraction (chloroform:methanol, 2:1
by volume) protocol. In addition, small amounts of unsaturated FAs were surprisingly
detected in the SFE extracts, while they remained unrevealed using the solvent-based
method. The SFE procedure thus showed a high extraction yield of lipids from ceramic
containers, a fundamental requisite to establishing the correct functions of ceramic vessels.
In light of the extraction procedures so far described, the solvent-based extractions are
certainly the most widely used in the archaeological field, due to their reproducibility and
reliability. However, these methodologies involve numerous sample preparation steps,
sometimes more than necessary, that affect not only the duration of the entire analytical
process, but also the quality of the analytical data in terms of extraction yield and con-
tamination. With regard to the alternative and innovative strategies, both MAE and SFE
techniques are still not particularly widespread for lipid analyses in archaeological pottery.
As a general rule, the most innovative experiments take a long time to be accepted and
used instead of the conventional procedures. Nevertheless, the effort required to migrate
from a traditional extraction method towards an innovative one is counterbalanced by the
equal or higher extraction yield that can be obtained in a shorter time. In addition, these
alternative methodologies include practices that are in accordance with the miniaturization
of chemicals consumption, preferential usage of low-toxicity reagents and a reduction in
waste production.

Focusing on the total FA composition, widely elucidated by using GC techniques, a
derivatization step is mandatory to convert the lipids into more volatile and less polar
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compounds [109]. In fact, if, on the one hand, high-molecular weight species such as FAs
linked to glycerol (i.e., TAG), cholesterol or long-chain aliphatic alcohols (i.e., waxes) are not
amenable for GC separation, on the other hand molecules containing functional groups such
as –COOH or –OH (i.e., carboxylic acid, dicarboxylic acid, sterols, etc.) can form a hydrogen
bond between compounds. This leads to poor volatility, insufficient thermal stability and
low detectability due to the strong interaction between polar components and the stationary
phase of the GC column [110]. Thus, the derivatization is a very useful procedure to modify
the chemical structure of a compound and improve its chromatographic properties. In
the archaeological field, different derivatization strategies are reported in the literature.
The most common one is the saponification reaction followed by methylation or silylation,
which is a classical method for the preparation of fatty acid methyl esters (FAMEs) from
acylglycerols [111]. For example, Harper et al. performed the methylation of lipid residues
by using sodium hydroxide (KOH) in a methanol solution (5 M) as basic catalyst [102].
The methylation reaction was carried out in an ultrasonic bath for 30 min. Based on
the mechanism of transesterification (ester exchange), the acylglycerols were completely
methylated into FAMEs. However, FFAs are not normally esterified by using a methanol
solution in the presence of a basic catalyst [105]. In order to overcome this drawback,
Romanus et al. investigated the FAME composition of archaeological potsherds by using a
dual-stage derivatization approach [112]. In detail, the method involved the use of boron
trifluoride (BF3) in methanol (50% w/v) as an acid catalyst and KOH in methanol (1 M) as a
basic catalyst in order to simultaneously methylate acylglycerols and FFAs. The addition
of BF3 was particularly advantageous, although methoxy artefacts can be produced by
the addition of methanol across the double bond of FAs, especially in the presence of a
very high concentration level of BF3 (i.e., 50% w/v) [105]. For this reason, it is strongly
suggested to use lower concentrations of BF3 in methanol, in order to avoid the formation
of the by-products that can alter the real FAMEs composition. In such a respect, some
authors performed the lipid derivatization using a BF3 methanolic solution 14% w/v at
70 ◦C for 1 h [6,79]. The silylation reaction involves the replacement of a labile hydrogen
from acids or alcohols with a trimethylsilyl (TMS) group and the formation of derivative
esters. Compared to the methylation approach, silylation allows the derivatization of
multiple functional groups, such as carboxyl or hydroxyl, in one step. One of the most
common silylation reagents used is N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA)
with the addition of 1% trimethylchlorosilane (TMCS) [29,34,91,103].

Many procedures have been described in the literature, in which lipids are extracted
and methylated at the same time [4,51,113,114]. Such a strategy is the so-called “direct
extraction-derivatization”, which reduces the number of clean up-steps and is therefore
particularly advantageous in terms of time and costs per analysis [109]. On the other side,
the risk that non-lipid contaminants may interfere with subsequent GC analyses should
be considered as well [105]. Such an approach was performed by Correa-Ascencio and
Evershed [51]. The authors used an acidified methanolic solution (H2SO4-MeOH, 2% by
volume) for extracting and simultaneously methylating lipid residues in powdered sherd
samples. The developed strategy involved the heating of the reaction mixture at 70 ◦C
for 1 h. Compared to the conventional solvent extraction (CHCl3–MeOH, 2:1 v/v), the
direct methanolic acid treatment enhanced the recovery of lipid residues, which is an
ideal condition considering the low concentration levels of the lipid residues in pottery.
In addition, the use of the acidified methanolic solution allowed the authors to reveal the
presence of some polar lipid compounds such as dicarboxylic acids and long-chain ketones,
which were unextracted using the CHCl3–MeOH method. Both lipid extraction protocols
were also evaluated by Reber [115]. The analytical workflows of the applied procedures
are illustrated in Figure 4.
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Figure 4. Analytical workflows of both conventional solvent extraction (chloroform/methanol) and
direct extraction derivatization protocols. Reproduced with kind permission of MDPI [115].
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The effectiveness of the direct extraction derivatization procedure was also demon-
strated by Demirci et al. [114] and Papakosta et al. [116]. Besides the typical lipid distri-
bution found in archaeological pottery (i.e., FAs, acylglycerols), the acidified methanol
treatment allowed the extraction of APAAs, with carbon atoms ranging from 18 to 22, and
isoprenoid FAs, including pristanic and phytanic acid. Some lipid-based archaeological
studies and related analytical strategies, including extraction and derivatization approaches,
are listed in Table 1.

Table 1. Examples of lipid-based archaeological studies and relative analytical approaches.

Pottery Samples and
Archaeological Site

Lipid
Biomarkers

Extraction Derivatization
Analysis
Method

Probable
Origin

Ref.

n.35 from Zamostjen
n.2 from Joton
n.20 from
Tianluoshan

APAAs

Solvent
Extraction:

MeOH/H2SO4
(4 h at 70 ◦C)

Direct extraction-
derivatization

GC-MS
GC-MSD Aquatic [96]

n.6 from Western
Iberian Peninsula

ω-Hydroxy acids
and cholesterol

Solvent
Extraction:

CH2Cl2/MeOH
(2:1)

BSTFA + 1% TMCS * GC-MS Beeswax [117]

n.14 from George
Reeves, Mississippi
Valley

Sterols, alkanols,
alkanes and
terpenoids

Solvent
Extractions:

CHCl3/MeOH
(2:1)
and

MeOH/H2SO4

BSTFA + 1% TMCS
(70 ◦C for 1 h)

NaOH in methanol
(75 ◦C for 1 h)

GC-MS Fish/shellfish
and plants [115]

n.20 from Pax Julia
Civitas, Lusitania

FAs, acylglycerols
and sterols

Solvent
Extraction:

CHCl3/MeOH
(2:1)

BSTFA + 1% TMCS
(microwaveoven 700 W

for 30 s)
GC-MS Plant oil [118]

n.172 from
Northwest India FAs

Solvent
Extraction:

MeOH/H2SO4
(4 h at 70 ◦C)

Direct extraction-
derivatization

GC-MS
GC-C-IRMS Animal fat [4]

n.12 from three sites:
Jneneh, Sahab and
Tell Abu al-Kharaz.

FAs, alkanols,
MAGs, DAGs,

sterols

Solvent
Extraction:

CHCl3/MeOH
(2:1)

BSTFA + 1% TMCS * GC-MS Plant oil and
animal fat [16]

958 potsherds from
14 different sites
in Britain

C16:0 and C18:0

Solvent
Extractions:

CHCl3/MeOH
(2:1)

BSTFA + 1% TMCS
(70 ◦C for 1 h)
BF3-methanol

(14% w/v)
(70 ◦C for 1 h)

GC-MS
GC-C-IRMS

Ruminant
adipose and

dairy fats
[60]

n.63 from
Samburu, Kenya FAs

Solvent
Extraction:

MeOH/H2SO4
(1 h at 70 ◦C)

Direct extraction-
derivatization

GC-MS
GC-C-IRMS

Ruminant
fats [7]

n.15 from sites in
Sardinia and
Calabrian
n.17 from Sicily

FAs, DAGs, TAGs
and estolides

MAE extraction:
KOH in ETOH

(10% w:v) 200 W
for 60 min

BSTFA + 1% TMCS
(60 ◦C for 30 min)

GC-MS
HPLC/ESI-

Q-ToF
Cereal [119]

n.101 from
13 different sites
in Japan

FAs and isoprenoid
FAs

Solvent
Extraction:

MeOH/H2SO4
(4 h at 70 ◦C)

Direct extraction-
derivatization
BF3-methanol

(14% w/v)
(70 ◦C for 1 h)

GC-MS
GC-C-IRMS

Aquatic oils
and marine

foods
[6]
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Table 1. Cont.

Pottery Samples and
Archaeological Site

Lipid
Biomarkers

Extraction Derivatization
Analysis
Method

Probable
Origin

Ref.

n. 5 from
Sahab, Jordan FAs

Solvent
Extraction:

CHCl3/MeOH
(2:1)

BSTFA + 1% TMCS * GC-MS Animal and
ruminant fat [17]

n. 12 from
Chrysokamino FAs

Solvent
Extraction:

CH2Cl2/Et2O
(1:1)

Diazomethane and
KOH

(25 ◦C for 24 h)
GC-MS Plant oil [120]

n. 10 from Qasr
Ibrim, Egypt

TAGs, DAGs,
MAGs, FAs,

hydroxy FAs and
(α, ω)-dicarboxylic

acids

Solvent
Extraction:

CHCl3/MeOH
(2:1)

BSTFA + 1% TMCS
(70 ◦C for 1 h)
BF3-methanol

(14% w/v)
(75 ◦C for 1 h)

GC-FID
GC-MS

GC-C-IRMS
Plant oil [19]

n.6 from Florencen
n.1 from the Pla
d’Almatà site
(Balaguer, Lleida,
Spain)

FAs, MAGs and
sterols

Solvent
Extraction:

CHCl3/MeOH
(2:1)

BSTFA + 1% TMCS
(70 ◦C for 1 h) GC-MS

Animal fats,
ruminants

and
vegetable oil

[121]

n. 15 from two sites,
one in East Asia and
one in Europe
(Poland)

FAs and APAAs

Solvent
Extraction:

MeOH/H2SO4
(4 h at 70 ◦C)

BSTFA + 1% TMCS
(70 ◦C for 1 h)

GC-MS
GC-C-IRMS Plant oil [95]

n.2 from Switzerland

FAs, hydroxy FAs,
alkylresorcinols

and
(α,ω)-dicarboxylic

Solvent
Extractions:

CH2Cl2/MeOH
(2:1)
and

MeOH/H2SO4

BSTFA + 1% TMCS
(70 ◦C for 1 h) GC-MS Cereal grains [122]

n.2 from old quarter
of Lekeitio (Basque
Country,
northern Spain).

FAs, TAGs,
(α,ω)-dicarboxylic

acid and
dihydroxy FAs

MAE extraction:
(1) CHCl3:Hex

(3:2)
600 W for

25 min
(2) KOH in

ETOH (10%)
200 W for

60 min

BSTFA + 1% TMCS
(60 ◦C for 30 min)

GC-MS
HPLC-ESI-Q-

ToF
Fish oil [24]

* Temperature and duration conditions not defined.

5. Conclusions

The study of lipid residues in pottery is a key element to ensure that the practices
of ancient societies remain part of our cultural heritage. The detailed composition of the
lipid matter can unveil crucial hints about daily life, diet, food storage and processing,
ritual and medical practices, etc. A large number of studies discussed in the first part of
this review deal with specific archaeological lipid biomarkers. Within such a context, it
appears that TAGs, DAGs, MAGs and FFAs represent the main classes of lipids detected
in pottery. Nevertheless, the importance of other lipid classes such as (α,ω)-dicarboxylic
acids, APAAs, beeswax, sterols, etc. has been highlighted.

As far as lipid alteration over time, mediated by thermal decomposition, oxidation and
hydrolysis reactions is concerned, several authors have simulated the natural degradation
of lipids occurring in archaeological contexts in the laboratory. Such artificial ageing
studies are of significative importance since they allow the clarification of the degradation
mechanisms responsible for the decay of lipid structures. From the discussion reported
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in the second part of the review, it can be concluded that careful planning of the entire
analytical workflow is the pivotal step for a successful research study in the archaeological
context. An adequate sampling strategy must be developed in order to ensure the quality
of analytical data. First of all, a considerable number of samples guarantees the reliability of
the study, especially from a statistical point of view, because it takes into account a range of
potential variables affecting the quality of the data. In addition, special care should be given
to the handling and storage protocols to avoid the presence of potential contaminant agents,
both during excavation and post-excavation. In general, the main rules to be applied have
been clarified in this review article.

Finally, several analytical approaches useful for the lipid characterization of ancient
pottery have been discussed. From the literature data, organic solvent-based extractions
resulted in well-established protocols. However, despite the fact that this type of approach
guarantees reliability of the analytical data, no particular developments have been made
in term of innovation or miniaturization for the reduction of chemicals. In the light of the
studies reported so far, the extraction strategies need further optimization in order to be
competitive with the well-established methodologies currently in use.
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