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Abstract

Artist paint is one of the most heterogeneous materials encountered in museum
conservation. While many scientific studies have been carried out on European easel
paintings, less work has focused on other painted artworks, as well as works from other
geographic regions. This thesis compiles results from four technical analysis projects on
different types of non-easel painted artworks at the Indianapolis Museum of Art (IMA)
and the Art Gallery of New South Wales (AGNSW), applying micro-analytical techniques,
including FTIR microscopy, Raman microscopy, SEM-EDS, micro-XRF, XRD, Py-GC/MS,
GC/MS and MFT. The painted artworks include 20t century ethnographic collections from
the Highlands of Papua New Guinea, inked prints from the “Poem series” by Japanese
artist Haku Maki, Robert Indiana’s painted aluminum outdoor sculptures, and Gustave
Baumann’s home-made paint on paper. These works have not been previously
investigated scientifically, and each presents specific museum curatorial and conservation
concerns such as technical art history, lightfastness, paint degradation and treatment
considerations. A range of natural and synthetic pigments, paint binders and
deterioration products were characterized, contributing to the technical art history and

understanding of paint degradation that informs conservation practices.
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Chapter 1

Introduction
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1.1 Background

In the process of documenting and conserving artworks, museum professionals such as
conservators, collection managers and curators may have a number of questions about
the artwork, which materially stems from an unknown question: “What did the artist use
at that time?” This question is often presented to the 20™ century conservator and
conservation scientist, who then employs different techniques coupled with knowledge of
art materials to investigate the issue. Through a scientific inquiry process, material-
related questions can be addressed with more certainty and results can be beneficial for
interventive and preventive aspects of paintings conservation, technical art history and

issues surrounding authenticity (P.N.A Sciences 2005).

The beginnings of scientific studies on artwork began around the late 18" century, but it
was not until the 20™" century when results begun to meet the standard of reliability
(Townsend & Boon 2012). Presently in the 21t century, instrumental techniques have
evolved into a wide range that suit the challenges of characterising painted artworks.
Broadly categorised into handheld or portable, mid-range bench-top instruments and
high end instruments, the mid-range forms the mainstay techniques that are most widely
practised in paint characterisation. To present, mid-range techniques capable of micro-
structural characterisation, namely microscopy, spectroscopy and gas chromatography-
mass spectrometry with pyrolyser, have been frequently applied. As a result, a non-
exhaustive list of databases, flowcharts and spectral signatures relating these techniques
to known artist paint materials have developed (Burgio & Clark 2001; Derrick, Stulik &
Landry 1999; Scherrer et al. 2009).

Regarding materials encountered in the museum, paint itself is a heterogeneous
substrate that makes it one of the more complex materials to analyse. Depending on the
ingredients present in the paint, how the paint is applied and the environment that the
paint is exposed to, many chemical reactions can happen at a micro-level that explains for
its appearance and associated degradation. With respect to the museum field, paint
characterisation by the afore-mentioned mainstay instrumentation techniques have been

well studied on easel paintings, especially oil paintings originating from Western Europe.
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Characterisation studies have accumulated numerous pigment, binder and varnish data
constituting artists’ oil painting recipes from different genres and Western art periods
(Mayer 1950; Wallert, Hermens & Peek 1995). Reference paint mock-ups have been
prepared via natural or artificial ageing, in either pure or mixed ingredients, to investigate
the deteriorating mechanisms. However, studies relating to paintings from other
geographical regions are less common. Paints that do not come from artist’s tubes, such
as printing inks and industrial paints, are potentially found on artworks, yet these had not
been commonly analysed. Paints prepared by home-made recipes, either sourced from
the natural environment or commercial sources, are un-conventional and may contain

materials previously unknown to the conservation field.

1.2 Thesis Aim

This thesis examines how instrumentation techniques can be applied to the scientific
study of painted artworks in museum context. To get a brief understanding of past
research carried out in this area, Chapter 2 provides a literature review of micro-
characterisation instrumentation techniques applied to paint materials in the museum
conservation field, highlighting the type of paint constituents found on artworks, issues

encountered in instrumental techniques and ways to overcome these difficulties.

The thesis then reports primary data obtained from case-study projects (Chapters 3-6)
formulated in collaboration with the Indianapolis Museum of Art (IMA) and the Art
Gallery of New South Wales (AGNSW). Each case-study aims to address specific
conservation and curatorial questions or problems associated with unknown painted
materials on non-easel painted artworks (ethnographical paints, printing inks, industrial

paint and home-made recipes).

Firstly, Chapter 3 features a scientific investigation of pigments and binders in painted
ceremonial objects collected from the Highlands of Papua New Guinea in the 1960s, an
area of research that has not been previously explored. Colours symbolise different
important meanings to the Highlanders and by identifying the pigments used for each
colour, it can contribute to the knowledge gap in technical art history. The possible

presence of natural vivianite, a rare blue pigment, seen in several objects first drew
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interest to its scientific analysis. In addition, a number of bright colours indicative of
modern pigments were also seen on the objects, generating an interest in tracing the
source of pigment in the Highlands. Highlanders favour paints with a high pigment to
binder ratio for better opacity, which makes it even more difficult to detect the organic
binder analytically. As such, sample or technique modifications were applied, revealing a

wide range of organic materials used.

Turning from investigating hand-made paints to ready-made paints, Chapter 4 describes
the characterisation of pigments used in printing inks, found on the ‘Poem series’ prints,
created in the 1970s by Haku Maki, a Japanese printmaker well-known for his unusual
style of embossed printmaking technique that appears to pop out with an illusion 3-D
effect. One of the paintings received particular attention because of an unknown white
efflorescence enveloping thinly on the black background. The conservator was also
concerned with lightfastness issues, as the pigments appeared too bright for a printing ink
and was deemed unusual for a print. Taking a micro-sample in this case is not preferred,
particularly because the fine print is in good condition and the paint layer is thin. Hence,
methods applied onto these prints are mainly non-invasive (i.e. Raman and XRF
spectroscopy). The results aim to characterise the white efflorescence that is aesthetically
disturbing, the pigment composition forming Maki’s palette and the lightfastness of the

colours.

While indoor paints have been commonly analysed in museum artworks, outdoor painted
sculptures receive less attention. Chapter 5 presents the scientific investigation of
material composition in “Numbers 0-9”, the first set of sculptures by Robert Indiana.
Originally fabricated in the 1980s, the sculptures comprise of industrial polyurethane
paint on welded aluminium. Signs of recurring paint failure in spite of conservation
attempts motivated for an in-depth scientific study. Scientific characterisation of the paint
layer stratigraphy serves to uncover the inherent causes for loss of gloss and paint

adhesion.

Chapter 6 studies the home-made recipe of one of Gustave Baumann’s preparatory
sketches. Baumann is known to make his own paints, yet the ingredients in his studio lack

evidences of a binder, hence there has been an ongoing interest to determine the binder
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he used. The preparatory sketch of painted paper in this study shows one of the worst
damages amongst Baumann’s collections, and it has been a conservation interest to
determine the causes for the extensive paint delamination. In this case study, the
determination of organic binder by spectroscopy means was found to be insufficient and
another technique was sought to complement the data interpretation. The technique
developed by the research group in University of Pisa, is able to simultaneously identify
more than one binder class in the same paint micro-sample using GC/MS (Lluveras et al.
2010), making it a promising technique for this application. This technique was validated
in Appendix A and applied to the analysis of the organic binder in Baumann’s paint

sample.

Lastly, Chapter 7 concludes the results of the case-studies, focusing on the selection of
instrumental methods and data interpretation. The results and discussion also generates

potential topics for future research.
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2.1 PAINT COMPOSITION

Paint consists of finely divided pigment particles evenly dispersed in a liquid medium or vehicle;
it has the property of drying to form a continuous, adherent film when applied to a surface for
decorative or protective purpose (Mayer & Sheehan 1991; Steele, Stern & Stott 2010). In the
context of ancient art and archaeology, paint has been encountered from the earliest
beginnings on wall paintings in caves, shelters and rock surfaces. Pigments and associated
inorganic salts such as carbon black, red and yellow ochres, brown plattnerite, white whewellite,
weddelite and chalk were reported (Edwards & Chalmers 2005). The binding media used varies
and arises from the natural environment, including beeswax (Gomes et al. 2013), egg, blood, fat,
saliva (Prinsloo et al. 2013), plant saps and animal glue (Scott et al. 2009; Wong & Agnew 2013).
The different techniques of applying paint have evolved a variety of paintings spanning across
time periods, cultures and continents. Paintings range from Eastern scrolls (pigments, water-
soluble gum or proteinaceous binder), Western murals and easels (pigments, oils, wax) to other
forms of painted art, such as woodblock prints (inks containing linseed oil, natural resin or
driers applied with pressure onto a paper) and contemporary sculptures (mostly synthetic
resins and pigments). Comprehensive works outlining the historical paint materials and recipes
are best described by Rutherford and Stout (Rutherford & Stout 1966) and Mayer and Sheehan
(Mayer & Sheehan 1991). The chemistry of organic binders (Mills & White 1994), historical
pigments (Eastaugh 2013) and modern pigments (Buxbaum & Pfaff 2005; Herbst & Hunger

2002) were also well studied.

Traditionally, pigments were made by careful selection of minerals, followed by sieving and
grinding into fine powder, which was later dispersed in different binding media by hand-
grinding to form paint of a desired consistency. The traditional recipe frequently employs
linseed oil, poppy oil, walnut oil, gum arabic, casein, egg, natural terpenoid resins (dammar,
copal, mastic etc.) and various inorganic pigments and fillers (e.g. chalk, gypsum). The
combinations of different pigments, binders and substrate can alter the properties of paint,
such as accelerated drying of oil paints containing Pb, Mn and Cu pigments (Tumosa &
Mecklenburg 2005), pigment discoloration (Daniels, Stacey & Middleton 2004; Goltz et al. 2003;
White 2007) and formation of metal lead soaps (Cotte et al. 2006; Plater et al. 2003; Robinet &
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Corbeil 2003). These also change with respect to relative humidity, temperature and light

(Bayne & Butler 2013; Gervais et al. 2013; Saunders & Kirby 2004; Tan et al. 2013).

Since the first paint tube was invented in 1841, the production of ready-mix paints increased
with popular demand. From 1965 onwards, numerous companies were marketing them under
different brand names (Learner 2000). This trend is parallel to the discovery of synthetic
polymers and resins in the early 20" century. The modern day recipe contains a wider variety in
paint composition, of which synthetic organic pigments, additives, driers, drying oils, non-
drying oils, and synthetic resin were often encountered (Learner 2004). In modern oil paints,
non-drying oil is added to drying oils to impart slower drying and reduce cost (lzzo 2010).
Synthetic binders such as polyvinylacetate (PVA) (resin: 1914, emulsion: 1940s), nitrocellulose
(mid-1920s), phenol-formaldehyde (late 1920s), alkyds (late 1930s), polyurethane (ca. 1937),
acrylic solutions (late 1940s), acrylic emulsion (late 1950s) and water mixable oils (1990s) have
been introduced and employed on artworks (Learner 2000; Standeven 2011). New lines of
pigments, namely synthetic organic pigments with high tinting strength and lightfastness
(Lomax & Learner 2006) and DayGlo pigments (fluorescent dyes and polymeric materials that
emits intense light even in daylight) were increasingly found in modern day paints and inks
(Fremout & Saverwyns 2014). Characterisation of modern paints reveals new conservation
problems such as plasticiser migration, dirt pickup, water sensitivity, soap formation,
lightfastness of synthetic organic pigments (Burnstock & van den Berg 2014; Ghelardi, Degano,
Colombini, Mazurek, Schilling, Khanjian, et al. 2015; Learner 2007; Ormsby & Learner 2009) or
to some effect, an improper choice of primer (Llamas & Talamantes 2014; Maor & Murray

2007).

2.2 SAMPLING CONSIDERATIONS

Sampling is considered destructive to the artwork and should be avoided where possible.
Nevertheless, micro-sampling of artworks is still frequently practised as the pros of sampling in
giving a more detailed and confident material information outweigh its cons, especially when
the paint matrix is heterogeneous and multilayered. In certain museum institutions, permission
should be sought to justify the purpose of sampling an artwork. As a general guide, the amount

sampled and method of sampling depends on the choice of instrumentation technique. Sample
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amounts required for spectroscopy are usually much lower than chromatography. It is generally
considered acceptable as long as the physical damage is not visible to the unaided eye, which
also depends on other factors such as the type of artwork, surface topography, colour, position

of sampling etc.

2.3 INSTRUMENTAL TECHNIQUES

The technical analysis of artefacts often employs non-invasive or micro-destructive techniques.
Non-invasive techniques are considerably beneficial when extracting a micro-sample from an
artwork is neither permitted nor feasible. In particular, non-invasive imaging techniques have
been developed to analyse artworks. From early use of X-ray, UV and infrared, imaging of
artwork has expanded to use of NIR confocal laser scanning microscopy (Daffara, Fontana &
Pezzati 2009) and optical coherence topography (Targowski & lwanicka 2012) that offers optical
sectioning of painted layers, reflectance transformation imaging that reveals surface texture
(Tamayo, Andres & Pons 2013), high resolution digital microscopy that produces focused
images of greater depth of field and 3D profile of the paint surfaces (Boon 2014). Aside from
imaging, characterisation using portable handheld XRF is by far the most popular of such non-
invasive techniques (Shugar & Mass 2012). Portable XRF coupled with XRD was used to obtain
simultaneous elemental and phase information from paintings (Eveno, Moignard & Castaing
2011). Fibre optics reflectance spectroscopy has been used to distinguish pigments based on

the spectral distribution (Cheilakou, Troullinos & Koui 2014; Poldi & Caglio 2013).

Performances of portable and handheld instruments have not superseded the quality of data
(signal to noise ratio (SNR) and spectral resolution) achievable with benchtop instrumentation,
due to miniaturisation of optical and electronic components and instrumental constraints to
variation (Vandenabeele et al. 2007). Benchtop instrumentation have been modified to suit
non-invasive analysis; a Raman benchtop instrumentation can be fitted on a moveable gantry
to analyse moderately sized works in-situ (e.g. manuscripts, books and paper-based work)
(Ernst 2010). A combination of micro-Raman and micro-XRF spectroscopy with sample spot size
collimated to microns (< 100 um) have been shown to produce reliable results in a number of
pigment characterisation studies (Aibéo et al. 2008; Castro et al. 2008; Fremout et al. 2006).

Over the past decade, portable and handheld instruments with imaging and characterising
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capabilities have shown improved performances, narrowing their gap with benchtop
instrumentation (Brunetti et al. 2016). However, it should be highlighted that non-invasive
techniques are still more suited to routine-based analysis of homogeneous samples, whereas
detailed chemical information of unknown heterogeneous or layered paint samples still
requires micro-sampling and complementary benchtop micro-analysis (Aceto et al. 2012;

Mazzeo, Roda & Prati 2011).

To present, a number of analytical techniques have been maturely developed in conservation
science labs and affiliated research institutions (Madariaga 2015; Stuart 2007; Townsend &
Boon 2012). These mainstay techniques include microscopy, vibrational, X-ray spectroscopy
and chromatographic analysis with mass spectrometry, which shall be further elaborated in the

following sections.

2.3.1 VIBRATIONAL SPECTROSCOPY

2.3.1.1 FTIR SPECTROSCOPY

With Fourier transform Infrared (FTIR) spectroscopy, the class of compounds such as
inorganic/organic pigments, dyes, inorganic salts, substrates, and binders may be determined
(Derrick, Stulik & Landry 1999) and the study of paint ageing and changes of chemical
composition are also possible (Duce et al. 2014). One of the most comprehensive review
focuses the widespread applications of FTIR spectroscopy to various polychrome works of art
(Casadio & Toniolo 2001), due in part to the ease of performing a direct measurement and in
part to the versatility of different analyses modes. The interpretation of spectral data is highly
dependable on an in-house database or referencing literature and online databases,
complemented with functional group analysis. IRUG (Infrared and Raman Users Group) forms

the most common platform for shared database on art materials (Price & Pretzel 2007).

Amongst all modes of analyses, transmission mode has shown the most success with paint and
associated art materials and the quality of the spectra allows the development of reference
libraries. Solid powders compressed between diamond cells form a suitably thin layer for
transmission FTIR microscopy. Due to the diffraction limit at 20 um, the sample size required
needs only be about 50-100 um to achieve a reasonable SNR and account for sample loss. The

second most frequently used mode of analysis with regards to paint samples is attenuated total

11| Page



reflectance (ATR), where sufficient contact of the ATR tip with sample is necessary. ATR-FTIR
spectra provides information about surfaces, as the IR radiation penetrated only the upper few
microns of the paint, facilitating surface deterioration studies. ATR produces a spectrum
resembling transmission spectra, hence is suited for comparison to most existing reference
libraries. However, it should be noted that ATR spectra may show slight peak shifts to lower
wavenumbers and higher relative intensities at lower wavenumbers when compared to
transmission spectra libraries (Smith 2011). If a micro Ge-ATR is used, the effective spatial
resolution is reduced from 20 um (diffraction limit) further to 5 um, suitable for analysis of thin
paint cross-sections (Joseph et al. 2010; Kaszowska et al. 2013; Rizzo 2008). Another mode of
analysis that is less frequently mentioned is the use of IR photoacoustic spectroscopy (PAS).
PAS-FTIR spectroscopy has been applied to inorganic pigments analysis (Von Aderkas et al.
2010), and has been shown to prevail over transmission FTIR when analyzing fungal growth on
alkyd paints (Cappitelli et al. 2005). While reflection (specular or diffuse) is ideal in preserving
the paint sample integrity, it is not often the choice of analysis due to its tendency to spectrum
distortion, poor SNR, the requirement for polished or flat surfaces and incompatibility with
existing IR databases (Sessa, Bagan & Garcia 2013; Vetter & Schreiner 2011). Although specular
reflection has been applied successfully to the characterisation of historical paint cross-sections
employing mathematical Kramers-Kronig transformation (Van der Weerd et al. 2002), the same
research group reported in a subsequent study that the overall spectral quality from specular
reflectance was poor (Van der Weerd, Heeren & Boon 2004). Fixing a long optical fibre probe
from the benchtop FTIR spectrometer further decreases the sensitivity. As such, its use is not
favourable with irregular painted surfaces encountered in most art samples. Additionally,
‘transflection’ or ‘absorption/reflection’” mode can be employed, which is a reflection mode
that requires a thin sample placed on an infrared reflective glass slide. This technique is more
commonly used for liquid paint smears and has been used to identify the surfactant in water
extracts of aged acrylic dispersion gel media (Learner 2007). The double transmission in a
‘tranflection’ mode allows higher signal to be obtained from a thin sample, however, spectra

obtained via this mode can possibly undergo spectral distortions (Bassan et al. 2009).

As paint layers contain a multitude of organic and inorganic materials, nearly the whole IR
spectrum can be exploited. Mid-IR is most frequently used to provide information on the binder,

synthetic organic pigments and extenders or fillers. While the far IR (600-50 cm™) has been
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employed in differentiating inorganic pigments and ochres (Kendix et al. 2009; Vahur, Ulla &
Leito 2009), it is not available with a FTIR microscope, which implies the need for relatively
larger sample amount (in the order of milligrams) for analysis in a spectrometer equipped with
far IR detector. Near-IR microscopy (NIR) is comparatively underutilised in cultural heritage
investigations, but a few studies have shown that the combination and overtone bands in NIR
complement mid-IR, allowing binders of similar compositions to be interpreted (Sciutto et al.

2014; Tommaso et al. 2012).

The main problem of FTIR spectroscopy lies in the overlapping IR bands contributed by a
mixture of compounds. Secondly, FTIR spectroscopy detects the bulk of the material, which
means trace or minor components may not be identifiable in a mixed matrix. The spectrum is
usually sensitive to inorganic materials (i.e. clay, fillers, salts), which give distinct strong bands
that obscure other bands due to binder or pigments. Some ways to minimise or eliminate
interfering IR bands include solvent extractions (Doménech-Carbd et al. 2001; Sarmiento et al.
2011) and treatment of sample with HF (Smith, Newton & Altherr 2015). Deconvolution of
spectra helps to an extent in defining peak maxima of shoulders or broad bands, in which case

was shown to be able to identify < 1 % of resin in mixed furniture finishes (Derrick 1989).

2.3.1.2 RAMAN SPECTROSCOPY

Raman spectroscopy, when coupled to a microscope, only requires a sample size of less than a
micron, allowing Raman signals to be obtained from tiny particles and layers in paint cross-
sections. The application of Raman spectroscopy to heritage materials and artworks had been
extensively reviewed (Bersani & Lottici 2016; Centeno 2015; Edwards & Chalmers 2005; Smith
& Clark 2004; Vandenabeele, Edwards & Moens 2007; Yu & Butler 2015). A number of studies
have generated databases for the interpretation of artist pigments and minerals (Bell, Clark &
Gibbs 1997; Burgio & Clark 2001; Burrafato et al. 2004; Castro et al. 2005), synthetic organic
pigments (Colombini & Kaifas 2010; Fremout & Saverwyns 2012; Scherrer et al. 2009;
Vandenabeele, Moens, et al. 2000), natural binders (Daher et al. 2010; Vandenabeele, Wehling,
et al. 2000) and synthetic binders (Anghelone, Jembrih-Simbiirger & Schreiner 2014).

The ease of degradation of pigments under laser illumination, especially those that are darkly
colored, means that pigments require an initial low power (< 1 mW) for a Raman experiment.

Pigments respond differently to different lasers and the general rule is to use a laser close to
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the color of the pigment (Analytical Methods Committee 2015). This rule may not apply when
pigments are mixed with other substances, and the sensitivity of the pigment of interest may
prove better at other wavelengths. Furthermore, the rule does not take into account of
resonance raman, a phenomenon whereby the excitation wavelength coincides with the
electronic transition of the molecule, enhances the Raman scattering intensities and leads to
selective enhancement of certain vibrational modes. At different laser wavelengths of
excitation, some pigments such as PG7 (phthalocyanine green) can generate a different
fingerprint spectrum, possibly due to resonance raman in effect. Resonance Raman has been
used to enhance the scattering intensities in the study of synthetic ultramarine (Clark, Dines &
Kurmoo 1983). Heterogeneity in the sample matrix can also present difficulty in data
acquisition. For example, the Raman spectrum can be obtained successfully when analysed on
raw pigments, but when mixed with other pigments or fillers (e.g. clay), some spectral bands
are suppressed, while others are enhanced. This is because the relationship of pigment
proportion and scattering intensity is non-linear (Breitman, Ruiz-Moreno & Gil 2007). Raman
signals can be entirely swamped by fluorescence, the most common limitation faced in Raman
spectroscopy. Pigments with poor Raman scattering property mixed with oil binding media
suffered from fluorescence effects even after long acquisition scans (Burrafato et al. 2004).
While solvents may separate unpolymerised binders from a pigment, separating different

pigments or polymerised binder by solvent solubility is not feasible.

A number of ways have been proposed for reducing problems with fluorescence in Raman
spectroscopy. The use of lasers at longer wavelengths (i.e. 785 nm or FT-Raman (1064 nm))
generates less or no photoluminescence and have been well-applied to a range of pigments and
binders (Burgio & Clark 2001; Ellis, Claybourn & Richards 1990). Pulse UV irradiation (non-
thermal photoablation) (Lopez-Gil, Ruiz-Moreno & Miralles 2006) and photobleaching of
samples may also be able to reduce the photoluminescent background. Mathematical
processing techniques such as shift excitation Raman difference spectroscopy (SERDS), which
involves the use of two closely spaced excitation wavelengths (tunable laser), and shift
subtracted Raman spectroscopy (SSRS), which consists of taking the difference between two
closely spaced spectral shifts (different grating positions), have been reported as ways to
remove fluorescence background and enhance the SNR of the peaks (Bell, Bourguignon &

Dennis 1998; Osticioli, Zoppi & Castellucci 2006; Rosi et al. 2010). The success of such spectral
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processing methods, however, is limited to improving SNR of weak Raman signals above a
photoluminescent background and is not effective where the background photoluminescence

occurs in orders greater than the Raman signals (Tuschel 2016).

More notably, the surface-enhanced Raman spectroscopy (SERS) technique has shown much
success for its potential to enhance quantum vyield, permitting analysis of highly fluorescent
dyes and lakes at low concentrations not otherwise feasible with conventional Raman direct
analysis. The most recent review of SERS applied to characterising organic colourants in
artworks provided a comprehensive overview of current analytical procedures and recent
innovations (Pozzi & Leona 2016). Most commonly, silver nanoparticles are prepared following
the protocol by Lee and Meiser (Lee & Meisel 1982). A small drop of silver nanoparticles
adjacent to the paint specimen, coupled with aggregating agents (e.g. NaClOs, KNOs), can
multiply the amplitude of the Raman signals from the dye to orders ranging to 10'° or greater
above the photoluminescent background (Shadi et al. 2004). The reason for such enhancement
is unclear, but has been proposed as due to chemical means (polarity enhancement leads to
charge transfer between metal and molecule) or electromagnetic means (plasmon resonance
occurs in the field of metal) (Wustholz et al. 2009). Several studies have shown the applicability
of SERS to identify the dyes from sample amounts of a few tens of micron-sized dyed fibre
(Bruni, Guglielmi & Pozzi 2010; Bruni et al. 2011; Chen et al. 2006). The SERS method for
detection of colourants on fibres has evolved from classical extraction of dye, to in-situ ‘on-the-
sample’ non-extraction hydrolysis (Leona & Lombardi 2007; Leona, Stenger & Ferloni 2006), to
direct ‘on-the-fibre’ analysis without need for pre-treatment (Casadio et al. 2010; Jurasekova et
al. 2008). The range of dyes analysed by SERS also expanded to other sample forms, including
micro-sized grains of oil paint samples (Oakley et al. 2011), pigment grains from a watercolor
painting (Brosseau, Casadio & Van Duyne 2011) and direct SERS analysis on paint cross-sections
(Frano et al. 2014). Other than dye molecules, SERS has also found application to natural and
synthetic organic pigments on pastel artworks (Brosseau, Rayner, et al. 2009), quinacridone
synthetic organic pigments (Del Puerto et al. 2011), PB15 pigments in house paints (Harroun et
al. 2011) and natural resins (Lau, Livett & Prawer 2008). Recently, Leona et al. innovated a non-
invasive SERS technique without a mechanical removal of sample from an artwork. The method
used a hydrogel to transfer the dye or ink from paper, followed by SERS analysis on the

hydrogel and no observable change is seen on the paper (Leona et al. 2011). Despite the extent
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of applied literature, the application of the technique SERS is still at an initial stage. SERS
spectra are different from those obtained with dispersive spectroscopy and SERS databases are
limited to natural and synthetic dyestuffs (Bruni, Guglielmi & Pozzi 2011; Casanova-Gonzalez et
al. 2012; Pozzi, Porcinai, et al. 2013). Mixtures of dyes present difficulty in interpretation and
studies combining TLC with SERS appears promising (Brosseau, Gambardella, et al. 2009;

Cafiamares et al. 2014; Geiman, Leona & Lombardi 2009; Pozzi, Shibayama, et al. 2013).

2.3.1.3 MAPPING/ IMAGING

A paint chip’s complex stratigraphy containing multiple material layers (i.e. cracks, localized dirt,
pigments, fillers) or heterogeneous ingredients, can capitalize on the benefits of mapping or
imaging (Boon, Ferreira & Keune 2005; Joseph et al. 2010; Kaszowska et al. 2013; Spring et al.
2008). With mapping or imaging capability, the spectral information is distributed over a larger
area. It requires the preparation of a paint cross-section with a flat, polished surface that is free
from resin contamination, especially of concern regarding FTIR mapping/ imaging. The classical
method of preparing a paint cross-section often encounters two problems: (1) resin smearing
over the paint cross-section and (2) resin infiltrating the spaces of a porous paint, coating the
pigment particles (Derrick et al. 1994). To overcome these problems, methods of preparing
cross-sections were introduced, which include compression between two diamond cells (Van
der Weerd, Heeren & Boon 2004), microtoming with polycarbonate foil (Pouyet et al. 2014),
replacement of resin with AgCl (Pouyet et al. 2014), KBr (Kopecka & Svobodova 2014) or NaCl
(Prati et al. 2013), encapsulation of the sample utilising cyclododecane (CCD or CizHja) as
barrier to resin (Kopeckd & Svobodova 2014; Martin de Fonjaudran et al. 2008; Prati et al.
2010), polishing devices (Loon 2008; Mazzeo et al. 2007) and ion milling system (Boon &
Asahina 2006).

2.3.1.4 DATA PROCESSING

When comparing fingerprint regions of multiple samples, the subtle differences may not be
cogent enough for analysis. With chemometric processing methods such as Principal
component analysis (PCA), a type of Eigenvector analysis, the variances of a large set of data
can be reduced to principal components, enabling similar samples to be distinguished by
geographical location, age, or original source. PCA combined with spectroscopy data is a

powerful tool applied to the heritage field. It has been used to discriminate common binding
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media in artworks (Sarmiento et al. 2011), separate natural and synthetic indigo (Vandenabeele
& Moens 2003), discriminate fresh and naturally aged lipidic binders (Manzano et al. 2012),
differentiate of artificially and naturally aged protein-based binding media (Nevin et al. 2008),
semi-quantify pigment/binder ratio in lead-based paints (Pallipurath et al. 2014) and improve
the drawbacks of FORS data arising from irregularities on an artwork surface (Sessa, Bagan &

Garcia 2014).

2.3.2 ELEMENTAL ANALYSIS

2.3.2.1 ENERGY DISPERSIVE X-RAY FLUORESCENCE (EDXRF) SPECTROSCOPY

A few excellent resources of portable/ handheld XRF applied to the field of archaeology and
heritage have been published, including segments pertaining to paints (Potts & West 2008;
Shackley 2010; Shugar & Mass 2012). Although portable/ handheld XRF has been advocated as
a non-invasive technique, it should be noted that high energy X-rays penetrating into the
artwork material do cause permanent modification at the atomic level. However, these effects
are minor and not of major concern. The most visible damages observed were reported as
darkening of polished copper, transparent glass and yellowing of white fabrics (Mantler &

Schreiner 2000).

Problems with overlapping peaks, artifact peaks, inter-elemental absorption effects,
layering/shielding effects, detection of low-Z pigments, and modern pigments are commonly
encountered with XRF applied to painted artworks. Round-robin tests using XRF on the same
paint model samples highlighted the difficulty in differentiating Cd in modern pigment from Pb
sum peak and detection of low Z blue pigments in the presence of Cu based blue, and the
detection of unusual elements (e.g. Hafnium) in modern pigments (Namowicz, Trentelman &
McGlinchey 2009). The limitation of XRF in detecting light elements constituting dyes, lakes and
ultramarine (or lapis lazuli) has been highlighted (Bonizzoni et al. 2007). The identification of
mixtures containing barium with titanium, or lead white, vermilion with orpiment is challenging
due to closely spaced characteristic x-rays, while small amounts such as cobalt blue were

difficult to detect in earth pigments (McGlinchey 2012).

While XRF has commonly been used in qualitative analysis, quantitation is not considered

appropriate in artists’ paints, considering that the composition of each paint layer, the degree
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of homogeneity and variable thickness in each paint layer are usually unknown. Interpretation
of layered paint surfaces remains uncertain with solely in situ-XRF and almost always requires
destructive sampling of paint cross-sections. However, where the paint recipe is known, XRF
guantitation studies on paintings can be potentially useful for revealing the technique. By
inserting XRF datasets into an algorithmic software for multilayer analysis (Solé et al. 2007), the
non-destructive ability to approximate thicknesses of varnishes and glazes (De Viguerie, Sole &
Walter 2009) and paint composition in multilayer paintings (De Viguerie et al. 2010) have been
reported. XRF mapping/ imaging coupled with synchrotron source that are performed over
painted surfaces, offers a high resolution visual distribution of the elemental composition

hidden in paintings (Anitha et al. 2011; Dik et al. 2008; Howard et al. 2012).

2.3.2.2 SCANNING-ELECTRON MICROSCOPY (SEM)-ENERGY DISPERSIVE SPECTROSCOPY (EDS)

Similarly to XRF, quantitation using EDS for unknown heterogeneous paint samples is unreliable.
With the advent of partial vacuum or environmental SEM, the need to carbon coat non-
conductive paint cross-sections surfaces is avoided. Mapping functions also allow the detailed

elemental composition to be determined across the layers.

With regards to elemental database, a comprehensive book reporting on the EDS spectra of
over 60 minerals present in sedimentary rocks is a good reference resource (Severin 2004). As
elemental interpretation is usually restricted to qualitative analysis, the lack of database as
compared to spectroscopy is not surprising. However, a database of elemental intensity ratios
in mixtures of artist pigments and standard paint formulations may be potentially useful for

interpreting modern paint mixtures.

2.3.3 GAS-CHROMATOGRAPHY (GC)/ MASS SPECTROMETRY (MS) AND

PYROLYSIS (PY)-GC/MS

Binders found on painted artworks can simultaneously contain one or more of the following
chemical classes: carbohydrates, proteins, glycerolipids, wax esters, wax, natural and synthetic
resins. Although FTIR spectroscopy and Secondary lon Mass Spectrometry (SIMS) have been
applied to binder analysis, the identification has been limited to the binder class (Edwards &

Vandenabeele 2012). Since early studies of binder characterisation, GC/MS has been most
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widely employed, and the applicability was extended with the addition of a pyrolyser. Several
reviews including GC/MS applied to paint binders, along with exemplary case-studies, serve as
excellent resources (Colombini & Modugno 2009; Doménech-Carbé 2008; Edwards &
Vandenabeele 2012; Hutanu, Woods & Darie 2013), with the most recent updating on the
latest progresses of analytical methods including the degradation of organic materials in
artworks (Bonaduce et al. 2016). In general, the paint sample size required for Py-GC/MS can be
as low as about 10 pg while for GC/MS, about 0.2-0.5 mg is needed, which is more than that
required by spectroscopy and is often considered a macro analysis. Nevertheless, the detail of
information obtained from separating the chemical components provides more information

beyond the chemical class.

2.3.3.1 SAMPLE PREPARATION METHODS

2.3.3.1.1 GC/MS

Since art paint samples are mostly solid particles that are not sufficiently volatile, a sample pre-
treatment by wet chemistry processes is of fundamental importance. This usually involves time-
consuming solvent extraction, hydrolysis, clean-up and derivatisation (Edwards &
Vandenabeele 2012). The choice of method depends on the chemical class of compounds
suspected in the sample. Numerous methods targeting the analysis of a single chemical class
have been developed and tested on common art binding media (Colombini et al. 2000; Gimeno-
Adelantado et al. 2002; Marinach, Papillon & Pepe 2004; Mateo-Castro et al. 2001; Schilling
2005). Common cations (i.e. Ca®*, Fe?*, Cu?* ) in pigments can interfere with protein and lipid
analysis (Gimeno-Adelantado et al. 2001). To overcome such pigment-binder interferences,
insoluble salts have been removed via ammonia extraction of proteins into aqueous solution,
whereas soluble cations such as Cu?* were removed by passing the amino acid hydrolysate
through cation exchange resins and eluting with ammonia (Colombini, Modugno & Giacomelli
1999). Similarly for carbohydrates, a double exchange resin for removal of soluble salts was
found necessary (Andreotti et al. 2006). Sugars that undergo methanolysis and silylation with
HMDS (hexamethyldisilazane) (Marinach, Papillon & Pepe 2004) or hydrolysis with TFA followed
by silylation with HMDS (Vallance et al. 1998) produces highly complex chromatograms, where
1 to 5 peaks can appear for each monosaccharide. To avoid the formation of multiple peaks,
sugars are converted to acyclic methoximes, followed by acetylation and this procedure

generates two peaks per monosaccharide (Lluveras-Tenorio et al. 2012a; Pitthard et al. 2006).
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However it does not detect uronic acids. On the other hand, by mercaptalating the anomeric
carbon with EtSH:TFA (2:1) and silylating with HMDS or BSTFA (N,O-Bis (trimethylsilyl)
trifluoroacetamide), a simple chromatogram with only one peak for each analyte is produced,
in which both aldoses and uronic acids can be detected (Bonaduce et al. 2007; Dhakal &
Armitage 2013; Pitthard & Finch 2001). Softer resins such as sandarac, certain copal and elemis
can be simply extracted with solvent prior to derivatisation, without the need for hydrolysis
(Marinach, Papillon & Pepe 2004). Where resins are hard or have extensively esterified (e.g.
shellac), hydrolysis is required (Derry 2012; Pitthard et al. 2006; Sutherland 2010). Pure wax
such as paraffin wax does not need sample pretreatment as the aliphatic alkanes are volatile
enough to be separated by GC. To extract the wax into liquid phase, non-polar solvent
cyclohexane has been used (Marinach, Papillon & Pepe 2004). Wax esters (e.g. beeswax and
canauba wax) and non-drying oils may or may not require hydrolysis, depending on the
unsaturation content and extent of C=C oxidation or hydrolysis (Bonaduce & Colombini 2004;
Kimpe, Jacobs & Waelkens 2002; Mottram et al. 1999; Regert, Langlois & Colinart 2005; Steele,
Stern & Stott 2010). In contrast, drying oils found on aged artworks have largely polymerised
and usually undergoes alkaline hydrolysis, acidification, fatty acid extraction and derivation

(Andreotti et al. 2006; Colombini et al. 2002).

Most sample pretreatment methods have been devoted to identifying a single class of
compound. Only a few works have been able to identify more than one class of compounds in
the same paint micro-sample (Castro et al. 1997; Singer & McGuigan 2007), and even fewer
have employed microwave hydrolysis, which is advantageous in certain ways (Colombini et al.
1999; Rampazzi et al. 2002). The study by Lluveras et al. (Lluveras et al. 2010) contains the most
updated protocol built up from previous literature and allows the identification of glycerolipids,
proteins, carbohydrates, wax and terpenoids in the same microsample (Andreotti et al. 2006;
Bonaduce, Cito & Colombini 2009). By using ammonia extraction in the first step, proteins,
gums and organic acids are separated from wax, unsaponified resins and unhydrolysed
triglycerides. An ether extraction of organic acids in combination with the residue from the first
step constitutes the neutral lipid-resin-wax fraction. The aqueous gum/protein solution was
acidified and C4 OMIX tips (sorbents with high binding capacity for polypeptides) were used to

extract the polypeptides to form the protein fraction. The remaining solution then constitutes
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the gum fraction. Each of these fractions were then hydrolyzed, cleaned-up and derivatised

before analysis by GC/MS.

2.3.3.1.2 PY-GC/MS

With Py-GC/MS, the solid sample can be directly pyrolyzed or treated with TMAH in MeOH
prior to pyrolysis. However, use of TMAH has its limitations, including decarboxylation reactions
of carboxylic acids (loss of a CO,), isomerisation of polyunsaturated fatty acids (shift in C=C
position), formation of dehydration products (loss of H.0). Therefore, other derivatising agents
such as HMDS, Methprep Il (a methanolic solution of m-trifluoromethylphenyl

trimethylammonium hydroxide) are used as well (Colombini & Modugno 2009).

2.3.3.2 DATA INTERPRETATION

2.3.3.2.1 TRADITIONAL BINDERS BY GC/MS

Interpretation of GC/MS data often rely on markers and intensity ratios, which has been most
commonly employed in the identification of fatty acids. As palmitic and stearic acids are stable
with age, the P/S (palmitic/ stearic) ratio is most often used to differentiate these drying oils.
P/S = 1-2is linseed oil, P/S = 2-3 is walnut oil and P/S = 3-8 is poppyseed oil, P/S = 2.5-3.5 is egg
(Colombini & Modugno 2009; Edwards & Vandenabeele 2012). Care should be taken in
assessing P/S ratios, as it is found to be unreliable when more than one binder exists (such as
egg and wax), or when other microorganisms contribute and alter the level of fatty acids
(Colombini & Modugno 2009). Similarly, the presence of pigments and age of paint also
changes the P/S ratios (Bonaduce et al. 2012). Other useful markers include O/S (oleic/ stearic)
ratio (for differentiating young and aged oil paints), A/P (azelaic/ palmitic) ratios (for
differentiating drying oil and egg tempera) (Colombini & Modugno 2009), D/G ratio (where D
represents the sum of dicarboxylic acid and G= glycerol, indicate photo-oxidative reactions) and
P/G ratio (migration of fatty acids) (Schilling 2005). However, modern oil paints composing
varied amounts of drying and non-drying oil, with possible inclusion of stearate or other
additives, require a different set of ratios (A/P, D/P, A/Sub (suberic), O/S, P/G, A/G, P/S, S/G,
A/S, D/S) for composition analysis (lzzo 2010).

The GC/MS characterisation of various terpenoid resins relevant to paintings have been studied
in detail, both aged and unaged (Cartoni et al. 2004; Dietemann et al. 2009; Doelen 1999;

Osete-Cortina et al. 2004). The complications arise from the complex composition of different
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compounds in the resin, from harvest to photo-oxidation with light and applied as a varnish
(Dietemann 2003; Doelen 1999). In addition, the interpretation can be complicated by different
age, grade and geographical origin of the resin. An overview of the analytical steps for sample
treatment and the data evaluation specific to protein binders has been reviewed (Colombini &
Modugno 2004). To classify the protein binders (collagen, milk protein, egg yolk, egg glair),
amino acid ratios such as gly/glu, gly/asp, pro/asp, glu/pro, glu/asp, glu/ala, ala/pro, ala/gly
ratios are often used (where gly: glycine; glu: glutamic acid; asp: aspartic acid; pro: proline; ala:
alanine) (Castro et al. 1997; Colombini et al. 1999; Keck & Peters 1969). However, these data
may not be applicable for intra- and inter-laboratory comparisons, as responses of amino acid
change with the analytical procedure (Colombini & Modugno 2004). One of the main difficulties
encountered in protein characterisation is the low yield of amino acids in the chromatogram.
Cations, especially lead, copper, calcium, iron and manganese, often found in pigments, have a
high tendency to form complexes with amino acids, lowering the yield (Colombini, Modugno &
Giacomelli 1999; De la Cruz-Cafiizares et al. 2004). Monosaccharides from the substrate and
gum binder can also condense with amino acids, leading to a lower yield. In general, the initial
proportion of proteins in the paint sample, the tendency of protein loss with increasing transfer
steps, the experimental conditions taken in protein hydrolysis and the amount of proteins
extracted into the sample aliquot, all have a potential to affect the final yield of the amino acids
(Colombini & Modugno 2004; Colombini & Modugno 2009; Edwards & Vandenabeele 2012). To
characterise the type of gum, the relative amounts of monosaccharides in unknown paint
samples were compared to that of reference gum samples (Bonaduce et al. 2007). However,
the data evaluation may be complicated by different issues, such as the potential
contamination of substrate sugars, protein-sugar reaction, pigment-sugar interaction,
differences in monosaccharide recovery, ageing effects and other causes due to sample (season,

maturity, part of plant) (Lluveras-Tenorio et al. 2012a, 2012b).

2.3.3.2.2 SYNTHETIC BINDERS BY PY-GC/MS AND GC/MS

The use of Py-GC/MS has been largely applied to the characterisation of synthetic polymers
such as acrylics, alkyds, PVA emulsions, nitrocellulose and polyurethanes (Hiltz 2015; Osete-
Cortina & Doménech-Carb6é 2006; Ploeger, Scalarone & Chiantore 2008; Wei, Pintus &
Schreiner 2012, 2013). Marker compounds for characterising synthetic binders are clearly

highlighted and often serves as a good starting reference (Learner 2004). The issue becomes
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complicated when more than one type of binder exist in the paint chip, complicating the data
evaluation. In such cases, Schilling et al. used an atypical analytical treatment method with
GC/MS, enabling the characterization of artist’s oil colours mixed with alkyd house paints in
Jackson Pollock’s drip paintings (Learner 2007). Additives that are commonly found in modern
paints are usually difficult to detect analytically due to their low concentration, large molar
mass and vast number of commercially available products. A few papers have demonstrated
the Py-GC/MS characterisation of additives, such as plasticisers in poly vinyl acetate (PVAc)
paint (Silva et al. 2009), polyethylene glycol (PEG) surfactants in acrylic emulsion paints
(Scalarone & Chiantore 2004), wetting agents, defoamers, metal soap and stabiliser in
commercial oil, acrylic and emulsion paints (lzzo et al. 2014). The characterisation of
polyoxyethylene (POE) additives in water-mixable oils (WMQ) paints using the analytical
procedure (n-butylamine, BSTFA and HMDS) with GC/MS was also demonstrated (Learner
2007). Synthetic organic pigments can also appear in the pyrogram, which may or may not
interfere with the binder identification. A number of studies provided markers for
characterising common synthetic organic pigments in paints using Py-GC/MS (Germinario, van
der Werf & Sabbatini 2015; Ghelardi, Degano, Colombini, Mazurek, Schilling & Learner 2015;
Learner 2004; Russell et al. 2011; Sonoda 1999).

The application of Py-GC/MS to traditional binders of oils, proteins, carbohydrates, resins and
waxes seems promising in some studies (Chiantore, Riedo & Scalarone 2009; Colombini &
Modugno 2009; Fabbri & Chiavari 2001; Ling et al. 2007; Stevanato et al. 1997). However, it
should be highlighted that the specimens tested in these studies were either unpigmented
reference samples or commercial paints with single binder classes and it has been reported that
Py-GC/MS is not reliable when applied to many traditional binders (Cappitelli 2004; Learner
1996). In the case of proteins, identification can be complicated by rearrangement reactions
and the low recovery of amino acids (Edwards & Vandenabeele 2012). Markers for proteins
appear differently even when the same derivatising agent is used, making it difficult to compare
data across literature (Colombini & Modugno 2009). In the case of gums, the technique may
result in incomplete derivatisation and yield, hence it is not useful to quantify or detect minor
components, which are important in attributing to the type of gum (Colombini & Modugno
2009; Tommaso et al. 2012). Even different portions taken from the same gum sample for

analysis can correlate poorly to each other (Shedrinsky et al. 1989). When using Py-GC/MS to
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characterise resins, oils and waxes in aged and heterogeneous samples, results seem more
promising, as demonstrated in the study of violin varnishes (Chiavari, Montalbani & Otero 2008)
and animal fats mixed with oil-based paints in Picasso paintings (Cappitelli & Koussiaki 2006).
However, a study comparing Py-GC/MS and GC/MS shows that for the same sample, weaker

resinous peaks are obtained in Py-GC/MS (De la Cruz-Caiiizares et al. 2005).

2.4 CONCLUSIONS

Paint is a heterogeneous mix of varying proportions of pigments (inorganic pigments, organic
dye/lakes, synthetic organic pigment) and binding media (protein, carbohydrate, lipid, resin,
wax, wax esters). Fillers (or extenders) and additives may be added in paints. The composition
varies depending on the source (e.g. artist’s prepared recipe vs a ready-made paint), the period
(e.g. traditional oil paint vs modern oil paint) and the technique (e.g. style of application).

Pigment characterisation can be further complicated by its origin (natural or synthetic).

Although various techniques have been frequently applied to paint materials, the acquisition of
good quality data and data interpretation on painted artworks can be challenging, considering
that the paint sample is usually heterogeneous, multi-layered, of an unknown composition,
aged or degraded and that only micro-amounts are available or sometimes not permitted for
sampling. The success of a confident characterisation is highly dependable on the availability of
relevant references, sample type, sample quantity and technique development. Vibrational
spectroscopy may be easy to operate due to a simplified design, but the interpretation is often
hampered by a lack of database or mixture of compounds. In Raman spectroscopy,
fluorescence is often the main obstacle. Fortunately, different techniques have been proposed
for overcoming fluorescence, of which SERS has received most attention due to its notable
capability of Raman scattering enhancement. To complement the characterisation of
pigment/filler, elemental information can be obtained using XRF and SEM-EDS. While elemental
analysis is usually straightforward, the interpretation of data has to consider different
instrumental limits, source contamination and sample matrix. As artist’s techniques of
application and paint recipes differs, preparation of universal standards qualified for
quantitative analysis is not feasible and elemental analysis has been carried out qualitatively

with semi-quantification.
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In the case of GC/MS applications, the sample preparation procedures and data interpretation
is more time-consuming and tedious compared to spectroscopy techniques. It demands an
understanding of organic chemistry pertaining to the paint constituents, which determines the
type of sample treatment, derivatisation and instrumentation parameters. Where this
information is unknown, spectroscopic techniques can be used as a first analysis prior to
deciding the sample preparation method. While Py-GC/MS requires less sample amount and
involves a simpler sample preparation procedure than GC/MS, piecing the fragments to the
original structure may not always be achievable. The production of secondary fragments
overlaps with parent peaks or creates additional peaks that complicate interpretation.
Comparison of chromatographic results cannot solely rely on published data due to variances in
instrumentation design, method and sample methodology and largely depends on a well-
established in-house database. Despite these drawbacks, chromatographic mass spectrometry

is still an invaluable technique to organic analysis of paint materials.
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